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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 1p19g codeletion and to risk of
oligodendrogliomas (P=2.31 x10-%4).

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 vlll 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 Il and grade Il 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

RESUME

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
(1p19qg non codélétés) et oligodendrogliomes (1p19 codeletés).

La premiére partie du manuscrit est une contribution a 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 particulierement exploré
I’association entre les loci a risque et les sous-groupes moléculaires. Nous avons
montré que certains loci sont associés aux gliomes IDH wild-type et aux
glioblastomes (rs2736100 a proximité de RTEL1, rs6010620 a proximité de
TERT, rs3851634 a proximité de POLR3B) et que d’autres sont associés aux
gliomes IDH mutés (rs4295627 et rs55705857 a proximite de CCDC26,
rs498872 a proximité de PHLDB1, rs7572263 a proximité de IDH1, rs11196067
a proximité de VTI1A, rs648044, a proximité de ZBTB16 et rs12230172).
Notamment rs4295627 et rs55705857 a proximité de CCDC26 sont fortement
associés a la codeletion 1p19q (P=2.31 x10-%%)

La deuxiéme partie de mon travail est dédiée a la caractérisation de
fusions spécifiques oncogéniques entre les génes 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 géne 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
I’amplification de EGFR et avec la forme tronquée EGFRvIII et inversement,
sont associées a I’amplification de CDK4 et de MDM2 et a la délétion du 10q.
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Les fusions FGFR3-TACC3 sont associées a une expression intense et
diffuse de FGFR3 en immunohistochimie (IHC). Nous avons montré que I’THC
pour FGFR3 est un marqueur prédictif trés 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 géne de fusion FGFR3-TACC3
avec un inhibiteur tyrosine-kinase (TK) specifique 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 génes de
fusions FGFR3-TACC3 chez tout nouveau gliome IDH wild-type nouvellement
diagnostiqué qui pourrait ainsi bénéficier d’un traitement par inhibiteur TK
specifique pour FGFR.

Dans la troisieme section, nous avons développé une méthode
diagnostique non invasive avec la 1-H spectroscopie en résonance magneétique
(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 I’oncometabolite 2-hydroxyglutarate (2 HG) qui s’accumule
de maniere spécifique dans les gliomes IDH mutés. Nous avons analysé de facon
prospective une cohorte de 25 patients avant chirurgie pour probable gliome de
grade Il et grade I11 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 1’association avec le grade et le profil
génomique.

Nous avons trouvé que la MEGA-PRESS est hautement speécifique
(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 a long terme pourra préciser la valeur d’une diminution
du 2 HG aussi bien pronostique que prédictive de réponse aux traitements anti-

cancéreux.
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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:

e IDH mutations principally differentiate the more indolent lower-grade
gliomas (grade Il and grade Ill and progressive glioblastoma) from
primary glioblastoma, the most aggressive of gliomas.

e 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

11
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decarboxylation of isocitrate to a-ketoglutarate (a-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 1qg (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; VVogazianou, 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

12
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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
WHOQO’s 2016 (Louis, 2016) basing of IDH and 1p19q status, is reported in Figure
1.1

Histology Astrocytoma Oligoastrocytoma Oligodendroglioma Glioblastoma
l ] I }
R A S — Fl
| /l\
IDH stat !
us IDH mutant IDH wild-type : IDH mutant IDH wild-type
1
1
I
1 | Glioblastoma, /[DH mutant |
1p/19q and‘ ATRX loss* . 1
other genetic TPS3 mutation” 1p/19q codeletion i
parameters : | Glioblastoma, IDH wild-type
l .
I
1
I
Diffuse astrocytoma, IDH mutant | B e e
]
Oligodendroglioma, /[DH mutantand 1p/19q codeleted Genetic testing not done
or inconclusive
v

After exclusion of other entities:
Diffuse astrocytoma, IDH wild-type
Oligodendroglioma, NOS

<________.

Diffuse astrocytoma, NOS
Oligodendroglioma, NOS
Oligoastrocytoma, NOS
Glioblastoma, NOS

* =characteristic butnot
required for diagnosis

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.

13
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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. lavarone and Dr.
Lasorella’s research group at Columbia University:

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

gliomas,

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

background of FGFR-TACC positive gliomas,

e we validate a screening method and correlate with FGFR3 expression

e we characterize clinical features and evolution of patients harbouring

FGFR-TACC fusions, and

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

patients harbouring FGFR-TACC fusions.

14
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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:

e to develop and apply Magnetic Resonance Spectroscopy (MRS)
protocols for non invasive detection of 2 HG accumulation in IDH
mutant glioma patients,

e to explore correlations of 2 HG accumulation by MRS and 2 HG
tissue dosages, and

e 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.

15
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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 CAT, 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 aresult, in the first article (Labussiere, 2014) we reported that:

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

e 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

e 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

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

TERTp-mut status in gliomas.

16
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In a second study (Labussiere, 2014) we focussed on glioblastoma:
e showing that TERTp-mut is an independent factor of poor prognosis in
GBM, and even stronger in IDH mutated GBM
e 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.

17
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FULL PAPER
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TERT promoter mutations in gliomas,
genetic associations and clinico-pathological
correlations

M Labussiére'?3, A L Di Stefano’ %34, V Gleize'?3, B Boisselier'%>°, M Giry'?3, S Mangesius'??3,
A Bruno'?3, R Paterra®, Y Marie®’, A Rahimian'237, G Finocchiaro®, R S Houlston®, K Hoang-Xuan'23?,
A Idbaih"23?, J.Y Delattre’?37, K Mokhtari'?37:1 and M Sanson™'2:37.9

'Sorbonne Universités, UMPC Univ Paris 06, Centre de Recherche de I'lnstitut du Cerveau et de la Moelle épiniére, Paris 75013,
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University of Pavia, 27100 Pavia, Italy; Slnstitut du Cerveau et de la Moelle épiniére (ICM), Plateforme de Génotypage Séquengage,
Paris 75013, France; ®Dipartimento di Neuro Oncologia Molecolare Fondazione I.R.C.C.S. Istituto Neurologico C. Besta, Milano
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Hospitalier Pitié-Salpétriére, Laboratoire de Neuropathologie R. Escourolle, Paris 75013, France

Background: The role of telomerase reverse transcriptase (TERT) in gliomagenesis has been recently further strengthened by the
frequent occurrence of TERT promoter mutations (TERTp-mut) in gliomas and evidence that the TERT SNP genetic rs2736100
influences glioma risk. TERTp-mut creates a binding site for Ets/TCF transcription factors, whereas the common rs2853669
polymorphism disrupts another Ets/TCF site on TERT promoter.

Methods: We sequenced for TERTp-mut in 807 glioma DNAs and in 235 blood DNAs and analysed TERT expression by RT-PCR in
151 samples. TERTp-mut status and TERTp polymorphism rs2853669 were correlated with histology, genomic profile, TERT mRNA
expression, clinical outcome and rs2736100 genotype.

Results: TERTp-mut identified in 60.8% of gliomas (491 out of 807) was globally associated with poorer outcome (Hazard ratio
(HR)=1.50). We defined, based on TERTp-mut and IDH mutation status, four prognostic groups: (1) TERTp-mut and IDH-mut
associated with 1p19q codeletion, overall survival (OS)>17 years; (2) TERTp-wt and IDH-mut, associated with TP53 mutation,
OS =97.5 months; (3) TERTp-wt and IDH-wt, with no specific association, OS = 31.6 months; (4) TERTp-mut and IDH-wt, associated
with EGFR amplification, OS=15.4 months. TERTp-mut was associated with higher TERT mRNA expression, whereas the
152853669 variant was associated with lower TERT mRNA expression. The mutation of CIC (a repressor of ETV1-5 belonging to the
Ets/TCF family) was also associated with TERT mRNA upregulation.

Conclusions: In addition to IDH mutation status, defining the TERTp-mut status of glial tumours should afford enhanced
prognostic stratification of patients with glioma. We also show that TERTp-mut, rs2853669 variant and CIC mutation influence Tert
expression. This effect could be mediated by Ets/TCF transcription factors.

The telomerase reverse transcriptase (TERT) gene encodes Lansdorp, 2008; Cesare and Reddel, 2010). The increased
a highly specialised reverse transcriptase, which adds telomerase activity seen in cancer leads to preservation
hexamer repeats to the 3’ end of chromosomes (Aubert and of telomeres, allowing tumours to avoid induction of

*Correspondence: Dr M Sanson; E-mail: marc.sanson@psl.aphp.fr
Received 27 April 2014; revised 18 July 2014; accepted 12 September 2014; published online 14 October 2014
© 2014 Cancer Research UK. All rights reserved 0007 - 0920/14

2024 www.bjcancer.com | DOI:10.1038/bjc.2014.538

18



Prognostic impact of TERT promoter mutation in gliomas

Anna Luisa Di Stefano

BRITISH JOURNAL OF CANCER

senescence (Smogorzewska and de Lange, 2004; Shay and
Wright, 2011).

Somatic mutations of the TERT promoter (TERTp-mut) have
recently been documented in various cancers (Griewank et al,
2013; Horn et al, 2013; Huang et al, 2013; Liu et al, 2013), but
particularly in glioma (Aapola et al, 2000; Arita et al, 2013; Killela
et al, 2013; Liu ef al, 2013). 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 C>T and
1,295,250 C>T, respectively), creating binding sites for Ets/TCF
transcription factors that are associated with a two- to four-fold
increased transcriptional activity (Brennan et al, 2013; Huang et al,
2013).

There is increasing evidence that TERT variation also
influences cancer susceptibility. Notably, the SNP rs2736100 is
associated with glioblastoma (GBM) risk, especially for IDHI
wild-type GBM (Shete et al, 2009; Simon et al, 2010; Di Stefano
et al, 2013). Recently, germline mutation of the TERT promoter
at position — 57 has been shown to cause familial melanoma
(Horn et al, 2013).

Here, we have (1) determined the prevalence and prognostic
impact of TERT promoter mutations, in 807 patients with glioma
(WHO grades II, III and IV). (2) examined the relationship
between TERT promoter mutation and tumour subtype and (3)
assessed the contribution of germline mutations in these patients
and in familial glioma and patients with glioma and melanoma.

PATIENTS AND METHODS

Patients and tissue samples. 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. Patients studied fulfilled the
following criteria: histologic diagnosis of primary glial tumour
according to the WHO classification; complete clinical data and
follow-up information available within in the neuro-oncology
database (Onconeurothéque Paris). Blood DNAs from 80 patients
with familial glioma requited through the Onconeurothéque
service were also studied. For controls we made use of data
previously generated on 1090 French individuals, which have been
described previously (Shete et al, 2009).

Molecular analysis. DNA was extracted from fresh-frozen
tumours or formalin-fixed paraffin-embedded (FFPE) tumours
using the QTAmp DNA minikit (Qiagen, Courtaboeuf, France) and
the iPrep ChargeSwitch Forensic kit (Life Technologies, Saint
Aubin, France), respectively, DNA was extracted from EDTA-
venous blood samples using a standard saline method. DNAs were
quantified using Nanodrop (Thermo Fisher Scientific, Villebon sur
Yvette, France).

Genomic profiling was performed by CGH-array analysis or
SNP array, as previously described (Idbaih et al, 2008; Gonzalez-
Aguilar et al, 2012). Mutational status of IDHI, IDH2 and TP53
was determined by Sanger sequencing, as described (Sanson et al,
2009). MGMT promoter methylation status was determined by
bisulphite modification and subsequent two-stage nested methyla-
tion-specific PCR (Everhard et al, 2006).

Mutation analysis of exons 1-20 of CIC was undertaken using
454 Sequencing Technology (Roche Applied Science, Meylan,
France). Details of PCR primers are shown in Supplementary
Table 1. All variations were then validated by Sanger sequencing
using the same primers.

Genotyping of rs2736100 has been previously described (Shete
et al, 2009).

The TERT promoter was amplified using GGCCGATTC
GACCTCTCT (GTCCTGCCCCTTCACCTT for FFPE samples)

and AGCACCTCGCGGTAGTGG primers and Sanger sequencing
performed using an ABI Prism 3730 DNA Analyzer (Applied
Biosystems, Villebon sur Yvette, France).

To determine TERT mRNA expression, tumours were lysed
using Lysing Matrix D tube and FastPrep instrument (MP
Biomedicals, Illkirch, France) and RNA extracted using the iPrep
Trizol Plus RNA Kit (Life Technologies). In all, 300 ng of RNA was
retrotranscribed with the Maxima First-Strand cDNA Synthesis Kit
(Thermo Scientific, Villebon sur Yvette, France). The ¢DNA
obtained was used as a template for the determination of TERT
mRNA expression by qPCR using a QuantiFast assay (Qiagen).
The AACp method was applied to normalise to the expression of
TERT mRNA, using both the expression of f§ actin and a non-
tumour brain tissue sample.

Statistical analysis. The s test was used to compare the
distribution of categorical variables and unpaired t-test or
Mann-Whitney test associations with continuous variables.

Overall survival (OS) was defined as the time between the
diagnosis and death or last follow-up. Patients who were still alive
at last follow-up were considered as a censored event 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 last follow-up were considered as a
censored event in analysis. To identify clinical and/or genomic
factors associated with OS or PFES, survival curves were calculated
by the Kaplan-Meier method and differences between curves
assessed using the log-rank test. Variables with a significant P-
value were then used to develop a multivariate Cox model. In all
analyses a P-value of <0.05 (two-sided) was considered to be
statistically significant.

RESULTS

Somatic and constitutional TERTp-mut status. Tumours from
807 patients (451 male; median age at diagnosis 51.0 years, range,
17.3-89.1; 206 grade II, 206 grade IIl and 395 grade IV) were
screened for TERTp-mut. Complete patient characteristics are
shown in Supplementary Table 2.

Tumours from 491 of the 807 patients (60.8%) were TERTp-
mut-355 C228T (72.3%) and 136 C250T (27.7%). One GBM and
two grade II oligodendrogliomas carried both C250T and
C228T. These three cases were considered as TERT C228T
mutant in all subsequent analyses. To confirm the mutations were
somatic, we screened germline DNA of 91 of the cases. No
mutation was detectable in germline DNA. We also investigated for
the presence of TERTp-mut, in 80 familial glioma patients and 64
glioma patients with a second cancer —14 with melanoma
(Supplementary Table 2). In none of the cases was a — 149, — 124
or — 57 mutation identified.

rs2853669 genotypes were available for 385 of the tumours. The
distribution of genotypes showed no significant departure from
HWE (39 CC, 161 CT, 185 TT P = 0.650). There was no difference
in the distribution of genotypes between the TERTp mut and the
TERTp wt cases (TT 45.8 vs 53.5%, CT 44.3 vs 36.0% and CC: 10.0
vs 10.5%, respectively).

We then investigated a purported association between somatic
TERTp-mut and rs2736100 genotype in 518 glioma patients,
finding no association in the whole group (allele A frequency 371
out of 616=60% vs 249 out of 420 =59%, P=0.9) or when
stratifying by IDH status and tumour class (Supplementary
Table 3).

Case—control comparison of showed a stronger association with
rs2736100 with IDH-wt gliomas but not with TERTp-mut gliomas
(Supplementary Table 4). Collectively, these data imply there is no
association between TERTp-mut and rs2736100 genotype. In
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addition, we did not find any significant association between TERT
promoter mutation and the other gliomas susceptibility SNPs
rs11979158, 152252586, rs4295627, rsd4977756, rs498872 and
rs6010620 (data not shown).

TERTp-mut is associated with GBM and EGFR amplification,
and with oligodendroglioma, Ip19¢ codeletion and CIC muta-
tion. TERTp-mut was associated with an older age at diagnosis in
all gliomas (median age 56.1 years for TERT mutated patients vs
40.0 years; t-test P<0.0001) and when stratified by grade (median
age at diagnosis 40.4 years vs 36.1 for grade II, P=0.008; 53.3 vs
37.8 for grade III, P<0.0001 and 59.6 vs 53.6 years for grade IV,
P<0.0001).

TERTp-mut was more frequent in GBM than in grade II or III
tumours (299 out of 395 = 75.8% vs 189 out of 412 = 45.9%; xz test
P<10" "), more frequent in oligodendrogliomas than in astro-
cytomas/oligoastrocytomas for grade IIT (52 out of 81=64.2% vs

Table 1. Distribution of TERT promoter mutations in gliomas

according to WHO histological classification
C250T c228T All TERT
i ions (%) ions (%)
Grade Il 26/206 (12.5) 65/206 (31.4) 91/206 (44.0)
All 0/13 (0.0 113 (2.7) M3 (7.7
OAIl 7174 (9.5) 13/74 (17.6) 20/74 (27.0)
[ell} 197119 (16.0) 51/119 42.9) 70/119 (58.8)
Grade Ill 30/206 (14.6) 68/206 (33.1) 98/206 (47.8)
Al 0/30 (0.0) 12/30 (40.0) 12/30 (40.0)
OAlll | 15/95 (15.8) 19/95 (20.0) 34/95 (35.8)
o 15/81 (18.5) 37/81 (45.7) 52/81 (64.2)
Grade IV | GBM | 77/395 (19.5) 222/395 (56.2) | 299/395 (75.7)
Abbreviations:  All=diffuse  astrocytoma;  Alll =anaplastic  astrocytoma; GBM =
ligode | Olll=anaplastic oligodendrogli ; OAll =

oligoastrocytoma; OAlll=anaplastic oligoastrocytoma; TERT = telomerase reverse tran-
scriptase; WHO =world health organisation.

46 out of 125 =30.7%: * test P=0.0001) and for grade IT (70 out
of 119=588% vs 21 out of 87=24.1%; > test P<10 °).
Additionally, there was no difference in the ratio of C228T/
C250T mutations among the different grades (Table 1).

TERTp-mut was identifiable in 87.9% (94 out of 107 of gliomas
with 1p19q codeletion (90 oligodendrogliomas, 17 oligoastrocyto-
mas; 26 (24.3%) on C250T and 68 (63.6%) on C228T) as compared
with 58.8% of non-codeleted gliomas (341 out of 580, y~ test
P<0.0001). EGFR amplification was present in 183 tumours (142
GBM) and was mutually exclusive with 1p19q codeletion: 163
(89.1%) having TERTp-mut (121, C228T) as compared with 51.8%
(323 out of 624) of EGFR non-amplified tumours (7 test
P<0.0001). The association of TERT promoter mutations with
other molecular alterations commonly seen in glioma is detailed in
Supplementary Table 5 and Supplementary Figure 1. We
investigated whether there was a relationship between CIC
inactivating mutations and TERTp-mut in grades II and IIL. CIC
mutation was associated with TERTp-mut in 85% of the cases (28
out of 33), compared with 61% (25 out of 41) in CIC-wt tumours
(7% test P<0.04).

TERTp-mut is associated with increased TERT mRNA expres-
sion. We investigated the transcriptional consequences of TERTp-
mut in 153 tumours for which mRNA was available. We found a
three-fold increase in mRNA expression between TERTp-mut and
non-mutated groups (mean + s.e.m. 1.03 + 0.37 vs 3.44 + 0.88 AU;
Mann-Whitney test P<0.0001. Figure 1A).

Since the presence of the rs2853669 -C allele disrupts an Ets2
binding site (Rachakonda et al, 2013), we investigated the effect of
rs2853669 genotype on TERT mRNA expression. Tumours
harbouring the variant allele (CC+CT) showed a two-fold
reduction in TERT expression, as compared with TT homozygotes
(respective means +s.em. 2.97£1.01 and 6.57+2.04 AU;
Mann-Whitney test P=0.005). This relationship was also
seen in the TERTp mutant cohort, however we did not
evidence any significant association in TERTp wt tumours
(Figure 1B and C).
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Figure 1. Expression of TERT mRNA in gliomas. The Mann-Whitney test was used to compare the expression of the different groups.

(A) Expression of TERT mRNA according to TERT promoter mutation status. TERTp mutation (C228T n=88 or C250T n=230) is associated with
higher TERT mRNA expression compared with TERTp-wt group (n=35) (P< 0.0001 in both cases). (B) Expression of TERT mRNA according to
152853669 status. Variant allele carriers (n = 70) present a lower TERT expression than TT homozygotes (n = 66) (P= 0.0053). (C) Expression of TERT
mRNA according to TERTp and rs2853669 status. TERT mRNA expression is lower for the variant allele carriers (n= 62) compared with TT (n = 56)
in TERTp-mut subgroup (P =0.0079). For TERTp-wt group, only seven CC +CT samples and eight TT samples were available. (D) Expression of
TERT mRNA according to CIC mutation status. TERT mRNA expression is increased in CIC mutant tumours (n = 18) compared with CIC wild type
(n=11; P=0.043). (E) Impact of rs2853669 and CIC mutational status TERT expression. In the CIC-wt cohort, TERT expression was lower in
CC +CT subgroup, as compared with TT subgroup (P=0.0159). For the variant allele carriers (CC + CT), expression of TERT was increased in the
CIC mutant group (n=8), as compared with CIC wt (n=5) (P=0.0016). *P<0.05; **P<0.01; ***P<0.0001.
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Since Ets/TCF transcription factors, including ETV1-4 tran-
scription factors are controlled by CIC (Dissanayake et al, 2011),
we also investigated a specific relationship with CIC mutation. We
found TERT mRNA expression was two-fold higher in CIC mutant
tumours, compared with CIC wild-type gliomas (Mann-Whitney
test P=0.043) for the whole group (Figure 1D), and for the
carriers of the variant allele (Figure 1E). The variant allele C was
also associated with a decrease in TERT mRNA expression in the
CIC wt group.

Prognostic impact of TERTp-mut is dependent on tumour
grade. For patients with grade IIT and IV gliomas TERTp-mut
was associated with a significantly shorter PFS and OS (Figure 2;
Supplementary Table 6). For example in grade IIT gliomas,
median OS of TERT promoter normal patients was twice longer
(62.6 vs 29.4 months) than OS of TERT promoter mutated (log-
rank test P=0.013). This was in sharp contrast with low-grade
gliomas, where OS was better for patients with TERTp-mut
(>16 years vs 97.5 months, P =0.013). There was no difference
in outcome between C228T and C250T TERTp-mut in any of the
analyses.

In a multivariate Cox model analysis incorporating IDH
mutation, age at diagnosis, 1p19q codeletion, MGMT promoter
methylation, Karnofsky performance status, WHO grade and
extension of surgery (Table 2) TERTp-mut was seen to be an
independent negative prognostic factor for OS (Hazard ratio
(HR) = 1.50; 95% CI: 1.07-2.09, P=0.018).

Overall survival
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TERTp-mut is associated with specific prognostic and molecular
subgroups. Given TERTp-mut is associated with both 1p19q
codeletion and EGFR amplification, which are mutually exclusive
alterations with opposite prognostic effects and TERTp-mut had
a different effect in low- and high-grade gliomas, prompted us to
refine our survival analysis (Figure 3). Gliomas can be stratified
into four distinct prognostic groups according to IDH and
TERTp-mut status: (1) TERTp-mut and [DH-mut, highly
associated with 1p19q codeletion (83.9%, 94 out of 11), OS>
17 years; (2) TERTp-wt and IDH-mut, associated with TP53
mutation (67.7%, 67 out of 99, OS =97.5 months); (3) TERTp-wt
and IDH-wt, with no specific association (all negative), OS = 31.6
months; (4) TERTp-mut and IDH-wt, highly associated with
EGFR amplification (44.1%, 161 out of 365, OS = 15.0 months)
(Figure 4).

TERTp-mut confers a poor prognosis except if associated with
1p19q codeletion. We considered the prognostic impact of the
above classification in grades II, III and IV (Figure 5;
Supplementary Table 7). In grades II and III, TERTp-mut was
predictive of a longer survival in the IDH mutated group, but
shorter survival in the IDH wt group. This finding can be explained
by the fact that 94 out of 114 of TERTp-mut-IDH-mut are 1p19q
codeleted. Indeed in the GBM group that do not include any 1p19q
codeletion, TERTp-mut is associated with a particularly poor
prognosis in IDH-wt tumours (OS=13.8 vs16.5 months,
P=0.006) but surprisingly also in IDH-mut (OS=13.8 vs 29.1
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Figure 2. Prognostic impact of TERT promoter mutation status on overall survival and PFS, according to grade. Survivals were compared using
the log-rank test (Mantel Cox). In grade Il gliomas (n=206), TERTp mutation is associated with better survival (median > 16 years vs 97.5 months;
P=0.013). There is also a trend for better PFS (median 41.3 vs 33.3 months; P=0.068) (A) whereas in grade Il (B; n=206) and grade IV gliomas
(C; n=395), TERTp mutation is associated with poorer survival (median 29.4 vs 62.6 months P=0.013 and 13.8 vs 18.4 months P<0.0001)
and PFS (median 15.1 vs 22.4 months P=0.006 and 8.3 vs 10.4 months P<0.0001).
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Table 2. Cox model for overall su;

al and progression-free survival

I Overall survival I Progression-free survival !
Parameters HR 95% Cl for HR P HR 95% Cl for HR P
Age at diagnosis <60 years 0.631 0.470-0.848 0.002 0798 0.610-1.044 0.0991
IDH mutation 0.586 0.369-0.930 0.023 0707 0.473-1.056 0.090
1p19q codeletion 0.182 0.076-0.436 <0.0001 0433 0.257-0.730 0.002
Surgery vs biopsy 0.586 0.435-0.791 <0.0001 0896 0.682-1.178 0.432
MGMT promoter methylation 0.652 0.497-0.855 0.002 0.691 0.539-0.887 0.004
KPS>70 0.553 0.404-0.757 <0.0001 0567 0.421-0.763 <0.0001
Grade 1.850 1.400-2.444 <0.0001 1215 0.989-1.494 0.064
TERT promoter mutation 1.497 1.071-2.092 0.018 1.766 1.299-2.401 <0.0001
Abbreviations: Cl=confidence interval; HR=hazard ratio: IDH =isocitrate dehydrogenase; KPS = Karnofsky P Status; TERT =tel reverse The analysis was
conducted on 362 tumours with all parameters available.

IDH mutation Histology
TERT promoter mutation | [l
1p19q codeletion WA
EGFR amplification LA
Ch10q loss oA
p16 deletion | W oAl
MGMT promoter methylation || | 01 1 | r ' ol
P53 mustion 1] RE B AN RUUNE RO L] = Rl ol
CIC mutation [ | I Il
Grade

Histology | B3

| Kl
Grade | 1

Figure 3. Association of TERT promoter mutations with the major genetic alterations in gliomas (n=806). Each tumour is represented by a

column. A yellow box indicates the presence of the genetic alteration, the

absence in blue, and the cases not assessed are indicated in grey. The

stratification has been done using four groups: IDH mut-TERTp mut, IDH mut-TERTp wt, IDH wt-TERTp wt and IDH wt TERTp mut. TERTp mutation
is associated with two mutually exclusive alterations: 1p19q codeletion and EGFR amplification.
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Figure 4. Prognostic stratification of gliomas according to IDH and TERT promoter mutation status (n= 804). (A) Overall survival. (B) Progression-

free survival. We identified four prognostic subgroups, (1) TERTp-mut and
(OS=97.5 months, PFS 28.6 months), (3) TERTp-wt and IDH-wt, (OS= 31
months, PFS 8.5 months).

months, P=0.022) (Figure 6). In contrast TERTp-mut was
associated with a poorer outcome in IDH-wt gliomas irrespective
of grade (OS: 76.2 vs 94.8 months in grade IT P=ns; 18.0 vs 36.5
months in grade Il P=0.007; 13.7 vs 17.5 months in grade IV
P=0.006).

DISCUSSIO

Given that 60% of tumours being TERTp-mut, TERT is the most
frequently mutated gene in gliomas thus far identified (Arita et al,
2013; Killela et al, 2013; Liu et al, 2013). We found TERTp-mut
glioma patients were older, consistent with previous reports of
other malignancies (Griewank et al, 2013; Killela et al, 2013).

IDH-mut (OS> 17 years, PFS 46.9 months), (2) TERTp-wt and IDH-mut
.6 months, PFS14.1 months) and (4) TERTp-mut and IDH-wt (OS =15.0

Unlike melanomas, in which germline TERTp mutations have been
reported to cause familial melanoma (Horn et al, 2013), we found
no evidence that TERTp-mut contributes substantially to predis-
position to gliomas or the glioma/melanoma syndrome.

Our data showed that TERTp-mut is generally associated with
poorer outcome in high-grade gliomas, consistently with previous
data, on glioma (Killela et al, 2013, 2014), and other tumours
(Rachakonda et al, 2013). In contrast, however we observed a trend
for better outcome in low-grade gliomas. Stratifying tumours by
both IDH1/2 and TERTp-mut status provides insight into this
apparent paradox, identified four molecular subtypes of gliomas
with distinct prognosis, In IDH mutated tumours, TERTp-mut is
largely confined to 1p19q codeleted oligodendroglial tumours that
have the best outcome (Kaloshi et al, 2007; van den Bent et al,
2013). Mutation of CIC, recently identified (Bettegowda ef al, 2011;
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Figure 5. Prognostic stratification of gliomas according to IDH and TERT promoter mutation status (four subgroups) in grade Il (n=205), grade
1l (n=206) and grade IV (n=394). Median survivals are indicated in months if not otherwise stated. TERTp mutation is associated with a poorer
outcome in IDH-wt gliomas whatever the grade. TERTp mutation is associated with better outcome in IDH mut grades Il and Ill (OS: > 16 years vs
107.8 months in grade Il P=0.004; > 16 years vs 102.4 in grade lll P=0.0005). In contrast, the survival of grade IV with TERTp mutation and
IDH-mut is extremely poor compared with TERTp-wt (13.8 vs 29.1 months; P=0.022).

Yip et al, 2012) is also primarily a feature of this group (Figure 3).
In contrast, if TERTp-mut is associated with IDH1/2 wild-type
tumours, then it is mainly seen in the context of GBM (276 out of
340) with almost half of them (124 out of 276) having an EGFR
amplification which is associated with poor outcome. In our study,
this subgroup also included 54 grade III gliomas that had a
particularly poor OS of 20.1 months. Taken together, our data
show that the prognostic impact of TERTp-mut is highly
contextual and depends on the histologic and genomic background
of the tumour.

From a mechanistic point of view, TERTp mutation leads to the
creation of a putative binding site for Ets/TCF transcription factors
(Huang et al, 2013), leading to a two- to four-fold higher
expression of telomerase (Arita et al, 2013; Huang et al, 2013;
Nault et al, 2013; Rachakonda et al, 2013). The activity of
telomerase reverse transcriptase is closely correlated with TERT
mRNA level. The expression of TERT is regulated by many
transcription factors binding motives located in its promoter and

by epigenetic and chromatin remodelling mechanisms (Kyo et al,
2008; Zhu et al, 2010). Among the complex regulation of
telomerase expression, rs2853669 has been shown to modulate
both TERT expression and impact on prognosis in bladder cancer
(Rachakonda et al, 2013). Indeed, the presence of the variant allele
disrupts a pre-existing Ets2 binding site and results in the decrease
of TERT expression in our series. However, unlike bladder cancer,
rs2853669 variant does not modify the prognostic impact of
TERTp mutation in our glioma series (data not shown). Our data
also suggest a link between CIC mutation and TERT expression in
the context of glial tumours. Indeed, the presence of the variant
allele of rs2853669 did not result in a reduction of TERT expression
in the CIC mutant subgroup.

Among the 40% gliomas lacking TERTp mutation, ~50%
harbour an IDH mutation (mostly astrocytomas (43 out of 180)
and oligoastrocytomas (91 out of 180), which are frequently TP53
mutated. In this group, mutations in the ATRX gene (alpha
thalassaemia/mental retardation syndrome X-linked), or in its

www.bjcancer.com | DOI:10.1038/bjc.2014.538

2029

23



BRITISH JOURNAL OF CANCER

Anna Luisa Di Stefano

Prognostic impact of TERT promoter mutation in gliomas

Overall survival

IDHmut TERTp mut

Progression-free survival

100
200, N Gradell Grade I
& —Grade ll & g0 ~—Grade I
5 —Grade V. § —Grade IV
s $
i« 3o
2 a0 £ 40
= =
EEY ERY
0+ 1
50 100 150 200 250 0 50 100 150 200
Time (months) Time (months)
Grade || _| Grade Ill |Grade IV Grade ||_| Grade Il |Grade IV]
Median survval | 16 years|> 16 years| 13.6 Medan suvval | 47.8 57.2 78
IDHmut TERTp wt
100 Grade I 100 Grade I
2 —Gradelll — Grade Il
£ 80 —Grade v < 80 — Grade IV
§ 8
g & g 60
2 40 2 40
2 2
20 5 20
@ @
0 L
100 200 300 0 50 100 150 200
Time (months) Time (months)
Grade || _| Grade Il |Grade IV Grade |l | Grade Il |Grade IV]
Median survival 107.8 26 376 (Median survival 321 229 9.4
IDHWt TERTp wt
100 Grade 100 Grade Il
= —Grade ll —Grade Il
< 80 —Gradelv & 80 ——Grade IV
5 £
560 g 60
2 40 2 a0
2 =
< S 2
L?) 20 (7]
0+ 4
0 50 100 150 200 250 0 50 100 150 200
Time (months) Time (months)
[ T Grade Il | Grade Il [Grade IV] Grade 1| | Grade Il [Grade 1V]
[Fegmswa] o8 | %5 [ 175 | [edonsuwwal 45 | 205 | 04 ]
IDHwWt TERTp mut
100
100 Grade I Grade I
£ —Gradelll T go ~—Grade Il
= —Grade V¢ ——Grade IV
5 2
R £
240 £40
Z Z
H H
5% 3%
04 b
o 50 100 150 0 20 40 60 80
Time (months) Time (months)
Grade |I_| Grade Il |Grade V| Grade || _| Grade |ll |Grade |V]
Median survival 76.2 20.1 13.7 Median survival 285 9.3

Figure 6. Prognostic stratification of gliomas according to grade in the four molecular subgroups (IDH mut TERTp mut n=122; IDH mut TERTp
wt n = 180; IDH wt TERTp wt n =114, IDHwt TERTp mut n = 340). There is a dramatic difference of survival between grade IV (OS = 13.8 months)
and grades Il 411l (OS> 16 years) in the IDH-mut-TERT-mut group (P<0.0001). In contrast, the group 2 (IDH-mut-TERT-wt) is much more

homogeneous through grades II-IV.

partner death domain-associated protein (DAXX), which are
involved in alternative lengthening telomere (ALT) phenotype,
have been frequently documented (Jiao et al, 2012; Kannan et al,
2012; Liu et al, 2012; Killela et al, 2013) and are mutually exclusive
with telomerase reactivation. The IDH-wt and TERTp-wt group
includes mostly GBM tumours (58%, 66 out of 114). The ‘triple
negative’ low-grade gliomas, characterised by a poorer outcome
also conform to these categories (Metellus et al, 2010). Telomere

maintenance mechanism has not been investigated yet in this
subgroup.

A more detailed analysis shows the four group classification,
recently reported (Killela et al, 2014) is an oversimplification (see
Supplementary Figure 2 and Figure 5); for example, the TERTp-
mut-IDH-mut is indicative of better outcome for grades II and IIT
with an OS> 17 years, but is associated with a poorer outcome in
GBM (OS=13.8 months), whereas in GBM the best group
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prognostic is those patients with TERTp-wt-IDH-mut group
(0S=29.1 vs 13.8 months for the TERTp-mut-IDH mut group).
This discrepancy is unlikely to be solely explained by the
relationship between TERTp mutation and 1p19q codeletion,
present in 89% (94 out of 106) of our TERTp-mut-IDH-mut grades
1 and II1, but none of our grade IV tumours. In fact, the survival of
patients with TERTp-mut-IDH-mut grades II and III, without
1p19q codeletion was not significantly different from those with
1p19q codeleted tumours (median OS = 10 years) (Supplementary
Figure 3).

In conclusion, our data confirm the high frequency
of TERTp-mut in glioma and show that these mutations
clusterise into specific entities, with distinct clinical significances.
TERTp mutations are mostly associated with poor outcome,
except for 1p19q codeleted grade IT and grade III, and for EGFR
amplified grade III and grade IV (Supplementary Figure 2A
and B, respectively). A telomere maintenance mechanism (either
TERTp mutation or ATRX/DAXX mutations) is involved in
>80% of gliomas and appears therefore as a unique feature in
these tumors, offering the prospect of new therapeutic
approaches.
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Combined analysis of 7ERT, EGFR, and

IDH status defines distinct prognostic
glioblastoma classes

ABSTRACT

Objective: To identify the prognostic significance of TERT promoter mutations (TERTp-mut) and
their associations with common molecular alterations in glioblastomas (GBMs).

Methods: We sequenced the TERTp-mut in DNA from 395 GBMs and analyzed the results with
their respective histology, genetic profile (IDH1 mutation, EGFR amplification, CDKN2A homo-
zygous deletion, loss of chromosome 10, TP53 mutation), and overall survival (OS).

Results: TERTp-mut were found in 299 of 395 GBMs (75.7%) and were associated with an older
age (median 59.6 years for TERTp-mut vs 53.6 years for TERT promoter wild type [TERTp-wt],
p < 0.0001). TERTp-mut was an independent factor of poor prognosis (OS = 13.8 vs 18.4
months), in both IDH-mutated (OS = 13.8 vs 37.6 months, p = 0.022) and IDH-wt GBMs
(OS = 13.7 vs 17.5 months, p = 0.006). TERTp-mut was associated with IDH-wt, EGFR ampli-
fication, CDKN2A deletion, and chromosome 10q loss, but not with MGMT promoter methylation.
In the TERTp-wt group, OS was twice longer in EGFR-wt than in EGFR amplification GBMs (OS =
26.6 vs 13.3 months; p = 0.005). In the EGFR-wt group, patients with TERTp-wt had a signif-
icantly better outcome (OS = 26.3 vs 12.5 months, p < 0.0001), whereas in the EGFR ampli-
fication group, patients with TERTp-mut survived longer (OS = 15.8 vs 13.3 months, p = 0.05).
Taken together, the absence of both EGFR amplification and TERTp-mut is associated with longer
survival in patients with GBM (26.5 months for patients with IDH-wt, 36.7 months for patients
with IDH mutation).

Conclusions: The analysis of TERTp-mut, in combination with EGFR amplification and IDH muta-
tion status, refines the prognostic classification of GBMs. Neurology® 2014;83:1200-1206

GLOSSARY

CDKN2A = cyclin-dependent kinase inhibitor 2A; EGFR = epidermal growth factor receptor; GBM = glioblastoma; IDH =
isocitrate dehydrogenase; MGMT = methylguanine methyltransferase; OS = overall survival; PFS = progression-free sur-
vival; TERT = telomerase reverse transcriptase; TERTp-mut = TERT promoter mutation; TERTp-wt = TERT promoter wild
type; TP53 = tumor protein p53; wt = wild type

Recently, mutations affecting the promoter region of the telomerase reverse transcriptase
(TERT) gene have been reported in numerous cancers.'™ Gliomas and especially glioblastomas
(GBMs) were among the most frequently affected tumors.*” These mutations occurred in 2
hotspot positions (chr5, 1,295,228 C>T and chr5, 1,295,250 C>T), located —124 and — 146
base pairs upstream from the ATG start site (—124 G>A and —146 G>A).” Both mutations
conferred enhanced 7ERT promoter activity, possibly by generating a consensus binding site
(CCTGAA>CCGGAA) for E-twenty-six transcription factors.>?

The TERT gene codes for a highly specialized reverse transcriptase catalyzing, with other
members of the telomerase complex, the 3" extension of chromosome ends by adding hexamers
repeats.*” TERT expression and telomerase activity are usually low in normal tissues, and the
constant shortening of telomeres finally leads to cell senescence. In contrast, most human
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cancers are characterized by an increased activ-
ity of telomerase allowing the maintenance of
telomere length, thus avoiding induction of
senescence and conferring unrestricted growth
properties to cancer cells.'""!

A number of genetic and genomic alterations
have already been described in GBM, including
epidermal growth factor receptor (EGFR)
amplification, cyclin-dependent kinase inhibitor
2A (CDKN24) homozygous deletion, methyl-
guanine methyltransferase (MGMT) promoter
methylation, and isocitrate  dehydrogenase
(IDH) mutation. To date, only MGMT pro-
moter methylation and /DH mutation have
been proven to be prognostic in GBMs.'>'

In this study, we investigated the prevalence
and the prognostic impact of 7ERT promoter
mutations (7ERTp-mut), in a series of 395
patients with GBM treated in our department.
We then correlated the 7ERTp-mut status
with the other genetic alterations.

METHODS Patients and tissue samples. Selection of pa-
tients was based on the following criteria: histologic diagnosis
of primary GBM according to the World Health Organization clas-
sification, and clinical data and follow-up available in the neuro-
oncology database (Onconeurothéque Paris). We considered
primary GBM when the first symptoms appeared less than 3
months before the patient was referred to the dlinics We
excluded patients known to have a history of scizure or known
low-grade gliomas.

The QIAamp DNA Mi
from frozen tumors, as described by the manufacturer (Qiagen,
Courtaboeuf, France). DNA was extracted from blood samples
using a conventional saline method.

For the determination of EGFR amplification, CDKN2A
homazygous deletion, and loss of chromasomes 9 and 10, genomic
profiling was performed by comparative genomic hybridization
arcay analysis or single nucleotide polymorphism array, as previ-
ously described.'** Mutational status of IDH1, IDH2, and TPS3
(cumor protein p53) was determined using the Sanger technique, as
previously described. ' MGMT promoter methylation status was
detemmined by 2-stage nested methylation-specific PCR affer bisul-
fite modification.'”

Kit was used to extract tumor DNA

Standard protocol approvals, registrations, and patient
consents. Collection of tumor and blood samples and clinico-
pathologic information was undertaken with informed consent
and relevant ethical board approval in accordance with the tenets
of the Declaration of Helsinki.

Determination of TERTp-mut status. The promoter
region of the TERT gene was amplified as follows:
TERT-F  GGCCGATTCG. TCTCT and TERT-R
AGCACCTCGCGGTAGTGG; 3 minutes at 94°C; 35
cycles at 94°C 15 seconds, 60°C 45 seconds, 72°C 1 minute,
with a final step at 72°C for 8 minutes. PCR products were then
purified with the Agencourt AMPure XP PCR purificadion
protocol (Beckman Coulter, Villepinte, France). Purified PCR
products were then sequenced using the Big-Dye Terminator
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Cyde Sequencing Ready Reaction (PerkinElmer, Villebon sur
Yvette, France). Sequences were puiified with the Agencourt
CleanSEQ protocol according t the manufacturer's instructions
(Beckman Coulter) and analyzed on an ABI Prism 3730 DNA
Analyzer (Applied Biosystems, Saint Aubin, France).

Statistical analysis. The x° test was used to compare the gen-
i R ;
was calculated with a Mann-Whitney test.
Overall survival (OS) was defined as the time between the
diagnosis and death or last follow-up. Patients who were seill alive

otypes’ distrib with variables

at the last follow-up were considered as a censored event in anal-
ysis. Progression-free survival (PFS) was defined as the time
between the diagnosis and recurrence or last follow-up. Patients
who were recurrence-fiee at the last follow-up were considered
as a censored event in the analysis. To find clinical and/or
genomic factors related to OS (or PES), survival curves were cal-
culated according to the Kaplan-Meier method, and differences
between curves were assessed using the log-rank test. Variables
with a significant  value were used to build a multivariate Cox
model. Two-sided p values <0.05 were considered significant.

RESULTS Somatic and constitutional 7ERTp-mut status.
A population of 395 primary GBMs was screened for
the presence of 7ERTp-mut. Median age at diagnosis
was 58.5 years (range 18.2-89.1). Median Karnofsky
Performance Score was 80 (range 20-100). At diagno-
sis, 281 patients (71.1%) underwent partial or total
surgical resection and 114 (28.9%) were biopsied.
One hundred seventy-four patients were teated with
radiotherapy and temozolomide. One hundred forty-
four patients were treated upfront with radiotherapy
alone, either because they were treated before 2005
(122 patients) or because they were older than 70
years (21 patients). Twenty-seven patients received
upfront chemotherapy. Fourteen patents did not
The
information was missing for 36 patients, who have
been excluded from all PES analyses. Median OS was
14.8 months and median PES was 8.6 months.

We found 299 (75.7%) TERTp-mut, induding 222
C228T (74.2%) and 77 C250T (25.8%) mutations.
One tumor had both C228T and C250T mutations.
This patient was considered as C228T 7ERT mutant
for all subsequent analyses. Patients with 7ER7p-mut
were older than patients with 7ERT promoter wild type
(TERTp-wt) GBMs: median age at diagnosis was 59.6
vs 53.6 years, respectively (» < 0.0001). There was no

receive any specific oncology treatment.

difference of age at diagnosis between patients harboring
(C228T and C250T 7ERT mutations (data not shown).
To confirm that such mutations were all somatic events,
we investigated the presence of the 7ERTp-mut in
blood DNA corresponding to 56 7ERTp-mut GBMs.
No mutation was found in blood DNA (data not
shown).

TERTp-mut is an independ
in GBM. In patients with GBM, patients with
TERTp-mut had significantly shorter OS and PFS

than patients with 7ER7p-wt. Median OS was 13.8

factor of poor
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[ Figure 1 Prognostic impact of TERT promoter mutational status in glioblastomas
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(A) Overall survival. (B) Progression-free survival. TERT = telomerase reverse transcriptase.

months in patients with 7ER7p-mut compared to
18.4 months in patients with TERTp-wt (p <
0.0001) (figure 1). Accordingly, PFS was 8.3 and
10.4 months, respectively (p < 0.0001). We did
not find any difference in outcome between the
C228T and C250T TERTp-mur (figure e-1 on the
Neurology® Wieb site at Neurology.org).

We then input the following factors as candidate
variables in the multivariate Cox proportional haz-
ards regression model analysis: age at diagnosis,
IDH mutation, extent of surgery, concomitant and
adjuvant chemotherapy, Karnofsky Performance
Score, MGMT promoter methylation status, and
TERTp-mut. TERTp-mut appeared as an independent

[ Table 1 Multivariate analysis of prognostic factors for overall survival ]
ivari lysi iate analysis

Parameters Survival, mo P HR 95% Cl for HR P

KPS
>70 174 <0.0001 0801 0.569-1.127 0.2049
<70 117

IDH
Mutated 266 0.005 0603 0.332-1.094 0.0978
Nonmutated 145

Extent of surgery
Surgery 158 0.001 0528 0.378-0.737 0.0002
Biopsy 101

Age at diagnosis
>60y 107 <0.0001 1720 1272-2325 0.0005
<60y 176

Treatments
Concomitant and adjuvant TMZ 19.0 <0.0001 0478 0.351-0.651 <0.0001
Other 131

MGMT promoter
Methylated 158 0.022 0684 0.515-0.908 0.0090
Nonmethylated 138

TERT promoter
Mutated 83 <0.0001 1624 1.122-2350 0.0105
Nonmutated 104

Abbreviations: Cl = confidence interval, HR = hazard ratio; IDH = isocitrate dehydrogenase; KPS = Karnofsky Perfor-

mance Score; MGMT = y
temozolomide.
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[ Table 2 Multivariate analysis of prog: ic factors for -free survival ]
Univariate analysis Multivariate analysis

Parameters Survival, mo P HR 95% Cl for HR p

KPS
>70 8.8 0.001 0784 0.573-1.074 0.1321
<70 7.4

IDH
Mutated 9.4 0.002 0.564 0.323-0.988 0.0439
Nonmutated 8.5

Extent of surgery
Surgery 88 0.275
Biopsy 7.8

Age at diagnosis
>60y 75 <0.0001 1482 1119-1.962 0.0063
<60y 95

Treatments
Concomitant and adjuvant TMZ 101 <0.0001 0473 0.354-0.6733 <0.0001
Other 74

MGMT promoter
Methylated 8.2 0.012 0.660 0.504-0.865 0.0027
Nonmethylated 82

TERT promoter
Mutated 83 <0.0001 1.488 1.065-2.079 0.0204
Nonmutated 104

Abbreviations: Cl = confidence interval; HR = hazard ratio;
mance Score; MGMT hyl i h

IDH = isocitrate dehydrogenase; KPS = Karnofsky Perfor-

temozolomide.

prognostic factor for both OS and PES in GBM
(tables 1 and 2).

TERT are d with specific progn
and molecular subg; The of TERTp-mut
with the other molecular alterations frequendy found in

GBMs is presented in table 3.

Association of TERTp-mut with common molecular alterations found in
gliomas

[ Table 3

TERTp-mut TERTp-wt P
EGFR amplification 131/299 (43.8) 13/96 (13.5) <0.0001
Chr 10q loss 253/299 (84.6) 41/95 (432) <0.0001
CDKN2A deletion 141/299 (47.2) 27/96 (28.1) 00013
IDH mutation 8/284 (28) 22/88 (25.0) <0.0001
TP53 mutation 35/114 (30.7) 16/34 (47.1) NS
'MGMT promoter methylation 107/245 (43.7) 40/70 (50.6) NS

Abbreviations: CDKN2A = cyclin-dependent kinase inhibitor 2A; Chr = chromosome;
epidermal growth factor receptor; IDH = i MGMT = meth
yltransferase; NS = not significant; TERT = telomerase reverse transcriptase; TERTp-mut = TERT
promotor mutation; TERTp-wt = TERT promoter wild type; TP53 = tumor protein p53.

Data are n (%).

EGFR =
i h

30

TERT = tek reverse transcriptase; TMZ

IDH mutation was associated with 7ERTp-wt GBM
(22/88 [25%] vs 8/284 [2.8%)] in TERTp-mut GBM).
We therefore enquired whether the higher incidence of
IDH mutation could explain the better outcome of
TERTp-wr patients compared with 7ERTp-wt GBM.
However, stratifying our population according to
the TERTp status, we found that 7ERTp-mut was
prognostic in both /DH-wt GBM (OS = 13.7 vs
17.5 months, p = 0.006) and /DH-mutation GBM
(OS = 13.8 vs 37.6 months, p = 0.02). Morcover,
it is particularly striking to note that /DH mutation
was associated with a better outcome in T7ERTp-wt
GBM (OS = 37.6 vs 17.5 months, p = 0.04) but
not TERTp-mut GBM (OS = 13.8 vs 13.7 months,
» = not significant) (figure 2).

In contrast to /[DH mutation, EGFR amplification,
present in 144 GBMs, was associated with TERTp-
mut GBM (131/299 [43.8%] vs 13/96 [13.5%] in
TERTp-wt GBM). We found that EGFR amplification
had no prognostic impact per se (figure e-2). However,
when stratifying according to TERTp status, we found
that EGFR amplification was associated with shorter
OS and PFES in the TERTp-wt group (OS = 13.3 vs
Neurology 83

September 23, 2014 1203

© 2014 American Academy of Neurclogy. Unauthorized reproduction of this article Is prohiblted.



1204

Anna Luisa Di Stefano

[ Figure 2

Prognostic impact of TERT promoter mutation in glioblastomas stratified according to IDH mutation ]
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(A) Overall survival. (B) Progression-free survival. IDH =
transcriptase.

26.6 months, p = 0.005) but not in the 7ERTp-mut
group (OS = 15.8 vs 12.5 months, p = not signifi-
cant) (ﬁgure 3). It is striking to note that in the EGFR-
wt group, patients with 7ERTp-mut had a poorer out-
come compared to patients with 7ERTp-we (OS =
12.5 vs 26.6 months, p < 0.0001), whereas in the
EGFR amplified group, patients with 7ERTp-mut
had a better outcome than patients with 7ERTp-wt
(OS = 15.8 vs 13.3 months, p = 0.05). To better
understand this paradox, we compared the age of these
different populations: there was no significant differ-
ence of age in the EGFR amplified group berween
TERTp-mut patients (59.1 years) and TERTp-wt
patients (55.7 years) (p = 0.5), whereas TERTp-mut
patients were signifiandy older than 7ERTp-wt
patients (60 vs 49 years, p < 0.0001) in the EGFR
nonamplified group. We therefore analyzed the impact
of the 7ERTp-mut according to age in the EGFR-wt
group. The results, reported in figure e-3, show thatin
cach age category (<50 years; 50-65 years; >65

isocitrate dehydrogenase; TERT = telomerase reverse

years), patients with 7ERTp-wt had a longer survival,
bu this was particularly relevant in the group of pa-
tients younger than 50 years.

We also found that 7ERTp-mut were associated
with chromosome 10q loss and CDKN2A4 homozy-
gous deletion, but these associations did not result in
a prognostic stratification of our cohort.

Prognastic classification of GBMs based on TERTp, EGFR,
and IDH status. Building on these results, we propose a
4-group molecular dassification of GBMs: (1) GBMs
with 7ERTp-mut constituting a homogeneous group
(OS = 13.8 months); (2) GBMs with EGFR
amplification and 7ERTp-wt (OS = 13.3 months),
all of which are /DH-wt; (3) /DH mutation having
no prognostic impact in this group; and (4) EGFR-wt
and TERTp-wt, characterized by a much better
prognosis particularly in the presence of the /DH
mutadon (OS = 37.6 months), but even in the
absence of the /DH mutation (26.5 months) (figure 4).

of

Figure 3 Prog
amplification status

Surviving fraction (%)

ing to TERT promoter mutation and EGFR

—— TERTp-mut EGFRamp
TERTp-mut EGFR-wt

—— TERTp-wt EGFRamp

TERTp-wt EGFR-wt

0 60 80 100
Time (months)

4
Time (months)

(A) Overall survival. (B) Progression-free survival. amp = amplification; EGFR = epidermal growth factor receptor; TERT =

telomerase reverse transcriptase.
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We further dissected the prognostic impact of the
TERTp-mut in the context of different generic back-
grounds. EGFR amplification is a hallmark of GBM.
It affects 40% of GBMs and is mutually exclusive
with /DH mutation. In line with previous reports,
we show here that EGFR amplification has no prog-
nostic impact in the whole GBM population.*2*
However, determination of the 7ERTp-mut status
revealed that in the 7ERTp-wt group, patients with
EGFR-wt had a median survival twice superior to
that of patients with EGFR amplification. Conse-
quently, we show a very sharp and opposite effect
of the 7ERTp-mut on survival according to EGFR
status. Similar results have been obrained in medul-

[ Figure 4 Survival curves corresponding to the 4 prognostic groups ]
100+ —— TERTp-mut
—— EGFRamp TERTp-wt

804 —— EGFR-wt TERTp-wt IDH-mut
< —— EGFR-wt TERTp-wt IDH-wt
3
<
2 60+
B
£
2 40
e
2
S
0 204

0 T T T T 1 lobl
0 20 40 60 80 100

Time (months)

TERTp-mut (OS = 13.8 months); EGFR amp with TERTp-wt (OS = 13.3 months); EGFR-wt
with TERTp-wt and IDH-wt (OS = 26.5 months); EGFR-wt with TERTp-wt IDH mutation
(0S = 37.6 months). amp = amplification; EGFR = epidermal growth factor receptor;
IDH = isocitrate dehydrogenase; mut = mutation; OS = overall survival; TERT = telomerase
reverse transcriptase; TERTp-mut = TERT promoter mutation; TERTp-wt = TERT promoter
wild type; wt = wild type.

DISCUSSION 7ERT is the most frequently mutated
gene in GBMSs,*®” suggesting that it may be an carly
event in the development of these tumors. These
mutations create a putative binding site for the
E-twenty-six/ternary complex factor transcription fac-
tors and increase 2- to 4-fold transcriptional activity of
the e ing tel activity confers

a selective advantage and promotes immortalization of
cells by preventing the senescence induced by telomere
shortening.

In our series, 7ERTp-mut were associated with an
older age at diagnosis, as previously reported in medul-
loblastomas,” conjunctival melanomas,' and recently in
gliomas."” Telomeres are shorter in the GBMs of older
patients,® and preventing telomere shortening may
therefore be more critical in older patients. Accord-
ingly, the polymorphism 52736100, which maps to
the TERT locus, has also been associated with the
IDH-wt and older age gliomas.*'

In this work, we show that 7ERTp-mut is an inde-
pendent factor of poor outcome in GBMs. Indeed,
we clearly show here that this effect is not due to the
association of /DH mutation with 7ERTp-wr status
as previously believed.” Morcover, the impact of
TERTp-mut is even stronger in patients with /DH
mutation than in patents with /DH-wt, with a
median OS  decreasing from 37.6 months in
TERTp-wt to 13.8 months in 7ERTp-mut. In other
words, our data suggest that the favorable prognostic
impact of the /DH mutation in GBMs is lost in the
presence of an associated 7ERT mutation, because
the survival in /DH mutation TERTp-mut GBMs is
identical to standard (i.e., /DH-wt) GBMs.

© 2014 American Academy of Neurclogy. Unauthorized reproduction of this article Is prohiblted.
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also showing an opposite prognostic
effect of TERTp-mut according to different genetic
subtypes.” Our study also makes it clear that the
difference of age—a well-known prognostic factor in
GBM—is not a valid explanation, because in the
EGFR amplified subgroup, patients with TERTp-
mut were older but stll had a better outcome
(OS = 15.8 vs 13.3 months, p = 0.05).

Finally, we propose a 4-group molecular classifi-
cation that summarizes our results: when either
EGFR amplification or TERTp-mut is present, the
prognosis is poor with median survival ranging
from 12 to 16 months. Median survival is much
better when none of these 2 alterations is present,
ranging from more than 2 years for patients with
IDH-wt, to more than 3 years for patients with
IDH mutation.

In this study, we found that the 7ZERTp-mut is a
strong and independent prognostic marker in GBM,
and is not related to /DH status. We also show an
opposite prognostic effect of TERTp-murt in EGFR-
wt GBM. Finally, we propose a refined prognostic
classification of GBMs based on the joint analyses

of TERT, EGFR, and IDH.
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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, PHLDBL1 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-19g 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 %)
(Enciso-Mora, 2013). This locus does not show a differential association between
rs78378222 histological phenotype (GBM versus nhon-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 8qg24.21, 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°). Analysis revealed an imputed
low-frequency SNP rs55705857 (P=2.24 x10%) 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%": P=2.31 x10"%in 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 (8924.21)
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:
e a first meta-analysis of four GWAS (totalling 4,147 cases and
7,435 controls), reporting new risk loci for glioblastoma (GBM)
at 12023.33 (rs3851634, near POLR3B, P=3.02x10*) and non-
GBM at 10025.2 (rs11196067, near VTI1A, P=4.32x1079),
11923.2 (rs648044, near ZBTB16, P=6.26x10!), 12g21.2
(rs12230172, P=7.53x101!) and 15024.2 (rs1801591, near ETFA,
P=5.71x107?) (Kinnersley, 2015).
e 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 2933.3, is associated with non-GBM
(P=2.18x10%°, 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 2933.3 could potentially disclose
additional insights into the aetiological basis of IDH mutant gliomagenenesis.

Reported articles are included in this section.
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Genome-wide association study identifies
multiple susceptibility loci for glioma
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Previous genome-wide association studies (GWASs) have shown that common genetic
variation contributes to the heritable risk of glioma. To identify new glioma susceptibility loci,
we conducted a meta-analysis of four GWAS (totalling 4,147 cases and 7,435 controls), with
imputation using 1000 Genomes and UK10K Project data as reference. After genotyping an
additional 1,490 cases and 1,723 controls we identify new risk loci for glioblastoma (GBM) at
12923.33 (53851634, near POLR3B, P=3.02 x 10 ~?) and non-GBM at 10g25.2 (rs11196067,
near VTIA, P=432x108), 11q23.2 (rs648044, near ZBTBI6, P=6.26 x 10~ ™), 12q21.2
(rs12230172, P=7.53x 10~ and 15q24.2 (151801591, near ETFA, P=5.71x10~°). Our
findings provide further insights into the genetic basis of the different glioma subtypes.
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liomas account for ~40% of all primary brain tumours

and cause around 13,000 deaths in the United States of

America each year!. Gliomas are heterogeneous and
different tumour subtypes, defined in part by malignancy grade
(for example, pilocytic astrocytoma World Health Organization
(WHO) grade I, diffuse ‘low-grade’ glioma WHO grade II,
anaplastic glioma WHO grade IIT and glioblastoma (GBM) WHO
grade IV) can be distinguished?. Gliomas are typically associated
with a poor prognosis irrespective of clinical care, with the
most common type, GBM, having a median overall survival of
only 10-15 months'.

While the glioma subtypes have distinct molecular profiles
resulting from different aetiological pathways®, no environmental
exposures have, however, consistently been linked to risk except
for ionizing radiation, which only accounts for a very small
number of cases!. Direct evidence for inherited predisposition to
glioma is provided by a number of rare inherited cancer
syndromes, such as Turcot’s and Li-Fraumeni syndromes, and
neurofibromatosis®. Even collectively, these diseases however
account for little of the twofold increased risk of glioma seen in
first-degree relatives of glioma patients®. Support for polygenic
susceptibility to glioma has come from genome-wide association
studies (GWASs) that have identified single-nucleotide
polymorphisms (SNPs) at eight loci influencing glioma risk—
3q26.2 (near TERC), 5p15.33 (near TERT), 7p11.2 (near EGFR),
8q24.21 (near CCDC26), 9p21.3 (near CDKN2A/CDKN2B),
11q23.3 (near PHLDBI), 17p13.1 (TP53) and 20q13.33 (near
RTELI) (refs 6-10). Perhaps not surprisingly there is variability in
genetic effects on glioma by histology with subtype-specific
associations at 5p15.33, 20q13.33 and 7811.2 for GBM and at
11q23.3 and 8q24 for non-GBM glioma®’.

Recovery of untyped genotypes via imputation has enabled fine
mapping and refinement of association signals, for example, in
identification of rs55705857 as the basis of the 8q24 association
signal in glioma'!. Recently, the use of the 1000 Genomes Project
and the UK10K projects as a combined reference panel has been
shown to improve accuracy compared with using the 1000
Genomes Project data alone, allowing imputation of alleles with
frequencies ~0.5% to be viable'2,

Here we report a meta-analysis of four GW ASs totalling 4,147
cases and 7,435 controls to identify new glioma susceptibility loci,
after imputation using the 1000 Genomes and the UK10K Project
data as reference. After genotyping an additional series of 1,490
cases and 1,723 controls we identified new risk loci for GBM at
12q23.33 and non-GBM at 10q25.2, 11q23.2, 12q21.2 and
15q24.2. Our findings provide further insights into the genetic
basis of the different glioma subtypes.

Results

Association analysis. To identify additional glioma susceptibility
loci we conducted a pooled meta-analysis of four GWASs in
populations of European ancestry, the UK-GWAS, the French-
GWAS, the German-GWAS and the US-GWAS, that were gen-
otyped using either Ilumina HumanHap 317, 317+ 240S,
370Duo, 550, 610 or 1M arrays (Supplementary Table 1). After
filtering, the studies provided genotypes on 4,147 cases and 7,435
controls of European ancestry (Supplementary Table 1,
Supplementary Fig. 1). Consistent with our previous analysis®,
quantile-quantile (Q-Q) plots for the German and the US series
showed some evidence of inflation (inflation factor based on the
90% least-significant SNPs, Zgo=1.15 and 1.11, respectively),
however after correcting for population substructure usin§
principal-component analyses as implemented in Eigenstrat'®,
/g9 for all four studies was <1.05 (combined /Zgp= 105,
Supplementary Fig. 2). To achieve consistent and dense

2 L

genome-wide coverage, we imputed unobserved genotypes at
> 10 million SNPs using a combined reference panel comprising
1,092 individuals from the 1000 Genomes Project and 3,781
individuals from the UK10K project. Q-Q plots for all SNPs
(minor allele frequency (MAF) >0.5%) post-imputation did not
show evidence of substantive over-dispersion introduced by
imputation after Eigenstrat adjustment (combined /oo=1.07,
/.00 for individual studies = 1.04-1.06; Supplementary Fig. 2).

Pooling data from each GWAS into a joint discovery data set,
we derived joint odds ratios (ORs) and 95% confidence intervals
(CIs) under a fixed-effects model for each SNP with MAF >0.005
and associated per allele Eigenstrat-corrected P values. Overall
and histology-specific ORs were derived for all glioma, GBM and
non-GBM. In the pooled data set, associations at the established
risk loci for glioma at 5p15.33, 7p11.2, 8q24.21, 9p21.3, 1123.3,
17p13.1 and 20q13.33 showed a consistent direction of effect with
previously reported studies (P<5.0x10"% Fig. 1 and
Supplementary Table 2). In contrast we found no significant
support for the association between rs1920116 near TERC
(3926.2) and risk of high-grade glioma recently reported by
Walsh et al'® (combined P value for GBM=0.17%
Supplementary Table 2 and Supplementary Fig. 3). While the
UK-GWAS and the study of Walsh et al. share use of UK 1958
Birth Cohort controls, the other three GWAS we analysed are
fully independent.

After filtering at P<5.0 x 10~ ¢ in either all glioma, GBM or
non-GBM, we selected 14 SNPs for follow-up, mapping to
distinct loci not previously associated with glioma risk (Fig. 1 and
Supplementary Table 2). rs141035288, rs117527984, rs138170678
were not taken forward as there was poor concordance between
imputed and sequenced genotypes (Supplementary Table 3), and
rs145034266 could not be genotyped as it mapped within a highly
repetitive region.

The 10 remaining SNPs underwent replication genotyping in an
additional set of 1,490 glioma cases and 1,723 controls (UK
replication series, Supplementary Table 4). Meta-analysis was then
conducted across discovery and replication stages, with genotype
data available on 5,637 cases and 9,158 controls. In the combined
analysis five SNPs showed an association with tumour risk, which
was genome-wide significant (Table 1)—rs3851634 (12q23.3,
Pepn=3.02x1079),  rs11196067 (109252,  Pron.am=
432x1079), rs648044 (11232, Pyoncem=626x10711),
rs12230172 (12q21.2, Pyon.cam=7.53 x 10~ 1) and rs1801591
(15q24.2, Pyon-gem=5.71 X 107%). We tested for secondary
signals at each locus by adjusting for the sentinel SNP in each
region, but found no evidence for independent associations
(Supplementary Fig, 4).

The association signal at 12q23.3 defined by rs3851634 was
specific for GBM. The rs3851634 maps to intron 12 of the gene
encoding polymerase III, RNA, subunit b (POLR3B; Fig. 2a)
within a ~350-kb block of linkage disequilibrium (LD) at
12q23.3, which also contains the genes CKAP4 and TCP1L2. The
other four SNP associations defined by rs11196067, rs648044,
rs12230172 and rs1801591 were specific to non-GBM glioma.
rs11196067 (10g25.2) is located in intron 7 of VTIIA (vesicle
transport through interaction with t-SNAREs 1A, Fig. 2b).
Similarly rs648044 (11q23.2) is also intronic mapping within
ZBTB16 (zinc finger and BTB domain-containing protein 16,
alias PLZF; Fig. 2c). The rs12230172 (12q21.2) maps within the
lincRNA RP11-114H23.1 and is centromeric to the gene encoding
PHLDAT1 (centromeric pleckstrin homology-like domain, family
a, MEMBER 1, Fig. 2d). rs1801591 (15q24.2) is responsible for
the p.Thr1711le substitution in ETFA (electron transfer flavopro-
tein, alpha polypeptide gene, which resides within a 500-kb region
of LD to which ISL2, TYRO3P and SCAPPER genes also map
Fig. 2e).
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Figure 1| Genome-wide meta-analysis P values (-log;oP, y axis) plotted
against their chromosomal positions (x axis). (@) All glioma, (b) GBM
(c) non-GBM. The red and blue horizontal lines represent significance
thresholds of P=5.0 x 10 =8 and P=5.0 x 106, respectively.

Relationship between the new glioma SNPs and tumour profile.
To investigate the impact of the new risk SNPs on glioma subtype
we examined rs11196067, rs648044, rs12230172, rs1801591
and rs3851634 genotypes in the French case series for
which comprehensive histology and molecular phenotyping
had been performed (Supplementary Data 1). The GBM SNP
rs3851634 was associated with 10g-deleted glioma (P=0.016).

In the case of non-GBM SNPs rs11196067 showed the strongest
association with grade II glioma (P=32x10"°) and TP53
non-mutated glioma (P=5.82x 10~ %); rs648044 with grade II
oligodendroglioma (P=0.026) and 10q non-deleted glioma
(P=0.006); rs1801591 with grade II astrocytoma (P = 0.001) and
IDHI/IDH2 mutated glioma (P=0.005) and rs12230172 with
grade II oligodendroglioma (P=0.009), IDHI/IDH2 mutated
(P=10.009) and 10q non-deleted glioma (P = 0.003).

Functional annotation of risk variants. For each of the sentinel
risk SNPs at the five risk loci (as well as correlated variants,
r2>0.8) we examined published data'®!> and made use of the
online resources HaploReg v3, RegulomeDB and SeattleSeq for
evidence of functionality and regulatory motifs at genomic
regions (Supplementary Table 5). rs1801591, which is responsible
for the ETFA p.Thrl71lle substitution, resides within a highly
conserved region of the genome (genomic evolutionary rate
profiling (GERP) = 5.65) and the amino-acid change is predicted
to be damaging (PolyPhen = 1). Although rs648044 exhibits low
evolutionary conservation (GERP = —9.32) it maps within a
strong DNase hypersensitivity site and predicted enhancer/super-
enhancer element for multiple tissues including the brain. The
region surrounding rs648044 is also predicted to interact with the
ZBTBI6 promoter, which combined with alteration of a Pax-5
motif is suggestive of direct functional impact. rs12230172
localizes within a moderately conserved region (GERP = 3.41)
and occupies promoter histone marks in the brain as well as
enhancers predicted to associate with transcriptional start sites for
PHLDAI and GLIPRI. rs11196067 in VTIIA, while having a low
conservation score (GERP = 0.719), occupies enhancer histone
marks in embryonic stem cells although not in brain cells.
Similarly, rs3851634 maps to a moderately conserved region
(GERP =2.37) and occupies enhancer histone marks in 18 organs
including the brain.

eQTL analysis of the five new glioma SNPs. To gain further
insight into the functional basis of rs11196067, rs648044,
rs12230172, rs1801591 and rs3851634 associations we performed
an expression quantitative trait loci (eQTL) analysis using
RNA-Seq expression data on 389 low-grade gliomas (LGGs) and
138 GBMs from The Cancer Genome Atlas (TCGA), together
with lymphoblastoid cell line RNA-Seq data on 363 samples from
GEUVADIS!®. We examined for an association between SNP
genotype and expression of genes mapping within 1Mb of the
sentinel SNP (Supplementary Data 2). After adjusting for
multiple testing within each region no statistically significant
eQTL was seen for rs11196067, rs12230172, rs1801591 or
rs3851634. The strongest association between rs648044
genotype and gene expression was with ZWI0 in LGG
(P =5.7 x 10~ ?), with the risk allele (T) associated with lower
expression, remaining significant after adjustment for multiple
testing. To explore the possibility that rs648044 is correlated with
a SNP exhibiting a stronger association with ZW10, we examined
associations with ZW10 expression in LGG tumours in all SNPs
in LD (2> 0.4) with rs648044. All of the proxy SNPs examined
were more weakly associated with ZWI10 than rs648044
(Supplementary Table 6). Following on from these analyses we
made use of publically available eQTL mRNA expression array
data on adipose tissue, lymphoblastoid cell lines and skin from
856 twins (MuTHER!'7) and 5,311 non-transformed peripheral
blood samples using the blood eQTL browser'®. The risk allele
(C) of rs3851634 was associated with significantly lower levels of
POLR3B (P=7.49 x 10~ °) in peripheral blood analysis with a
nominally significant association in skin (P=0.0052). The risk
allele (T) of rs1801591, was associated with significantly lower
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Table 1| Association between SNP and glioma risk in discovery and replication data sets for rs11196067, rs648044, rs12230172,
rs3851634 and rs1801591.

MAF All glioma GBM Non-GBM
SNP Case Control _Study P OR (95% CI) P OR (95% CI) P OR (95% CI)
15111696067 038 041  FRE 500x 1075 079 (0.71-0.89) 0.26 0.91 (0.78-1.07) 254x10~® 074 (0.66-0.84)
(VTIA) GER 0.44 0.95 (0.83-1.08) 0.88 1.01(0.86-119) 0.5 0.88 (0.75-1.04)
109252 UK 0.012 0.85 (0.75-0.96) 034 0.91(0.76-110) 811x1073  0.81(0.69-0.95)
A/T USA 0.016 0.88 (0.80-0.98)  0.097 090 (0.79-1.02)  0.033 0.87 (0.76-0.99)
Replication 0.56 097 (0.88-1.07) 091 099 (0.89-111) 033 0.93 (0.81-1.07)
Combined 432x10~6 0.89 (0.85-0.93) on 0.95 (0.89-101)  432x10~8 0.84 (0.79-0.89)
15648044 040 038 FRE 0.019 115 (1.02-1.30) 0.93 099 (0.83-118) 176 x10~3 123 (1.08-1.41)
(ZBTBI16) GER 0.043 116 (1.00-134) 039 1.08 (0.90-130) 0.016 125 (1.04-1.50)
11923.2 UK 078 1.02 (0.89-1.16) 0.044 0.82 (0.67-0.99) 0.037 1.20 (1.01-1.42)
c/T USA 0.088 110 (0.99-1.23) 0.62 0.97 (0.86-1.09) 1.02x1073 127 (110-1.46)
Replication 097 1.08 (0.97-119) 0.59 0.97 (0.86-1.09) 416x10~% 129 (112-1.48)
Combined 529 x10™% 110 (1.04-1.16) 0.32 0.97 (0.90-103) 626x10~"" 125 (117-1.34)
1512230172 045 046 FRE 0.054 0.90 (0.81-1.00) 0.72 1.03 (0.88-120) 4.40x1073 0.84 (0.74-095)
(intergenic) GER 0.043 0.88 (0.77-1.00) 0.84 098 (0.84-116) 217 x1073  0.78 (0.66-091)
12q21.2 UK 0.44 095 (0.84-1.09) 0.77 0.97 (0.85-111)  0.42 0.94 (0.80-110)
G/A USA 030 095 (0.86-1.05) 055 1.04 (0.92-118)  0.018 0.85 (0.75-0.97)
Replication 1.84 x10~¢ 079 (0.70-0.86) 7.00x10~3 0.85(0.76-096) 359x10~8 0.67 (0.58-0.77)
Combined 157 x10~© 0.8 (0.84-093) 0.22 096 (0.91-1.02)  7.53x10~"  0.81(0.76-0.86)
153851634 027 030 FRE 0.053 0.89 (0.79-1.00) 0.020 0.81(0.69-0.97) 0.25 0.93 (0.81-1.06)
(POLR3B) GER 018 091 (0.73-1.04) 0.12 0.87 (0.73-1.04)  0.59 0.95 (0.80-1.14)
12q23.3 UK 0.058 0.88 (0.60-0.89) 1.56 x10~3  0.73 (0.60-0.89) 0.92 1.01 (0.85-1.20)
/€ USA 284x107% 081(073-0.91) 721x10"*% 0.79 (0.68-0.90) 0.021 0.84 (0.73-098)
Replication 0.022 0.88 (0.79-0.98) 500x10~3 0.83 (0.74-0.95) 0.57 0.96 (0.83-1.11)
Combined 4.07 x10~7 087 (0.82-0.92) 3.02x10~° 0.81(0.76-0.87) 0.037 0.93 (0.87-1.00)
151801591 010 009 FRE 667 %1073 132 (1.08-161) 0.29 117 (0.87-158)  251x10~3 140 (113-1.74)
(ETFA) GER 0.037 1.25 (1.01-1.53) 017 1.20 (0.93-156)  0.052 131 (1.00-1.72)
15q24.2 UK 0.44 1.08 (0.88-1.33) 0.93 099 (0.73-133)  0.23 117 (0.90-1.53)
G/A USA 0.016 1.23 (1.04-1.46) 0.97 1.00 (0.80-124) 513x10™% 156 (1.26-194)
Replication 016 113 (0.95-133) 0.89 1.01(0.83-1.23)  0.013 131 (1.06-1.63)
Combined 275x10™° 120 (110-1.30) 032 1.06 (0.95-118)  571x10~° 136 (1.23-1.51)
ORs derived with respect to the minor allele, highlighted in bold. The SNPs rs3851634 and rs1801591 were directly genotyped while rs1196067, rs648044 and rs12230172 were imputed with imputation
information scores (Is) of 0.99, 0.87 and 1.00, respectively. Sample sizes in the individual data sets are as follows: FRE (French-GWAS), 1,423 cases and 1,190 controls; GER (German-GWAS), 846 cases
and 1,310 controls; UK (UK-GWAS), 631 cases and 2,699 controls; USA (USA-GWAS), 1,247 cases and 2,236 controls; replication, 1,490 cases and 1,723 controls; combined, 5,637 cases and 9,158
controls. MAF, minor allele frequency in discovery series.

ETFA levels in peripheral blood (P=7.90 x 10~ '2); there was a
nominally significant association in MuTHER lymphoblastoid
cell lines (P= 0.037).

Somatic mutation of newly implicated risk genes in glioma. We
examined mutation data from TCGA for evidence of recurrent
mutation in genes annotated by the new GWAS signals. Collec-
tively POLR3B, ETFA, VTI1A, ZBTB16 and PHLDAI are altered
in 8% (22/286) of LGG as compared with 3% (8/273) of GBM
(P=0.014, Supplementary Table 7) providing support for these
genes having a role in glioma tumorigenesis.

Individual variance in risk associated with glioma SNPs. To
explore the relative contributions of previously reported and
newly described loci to glioma risk, we applied the method of
Pharoah et al.' to eight previously reported SNPs as well as the
five new risk SNPs (Supplementary Table 8). The variance in risk
attributable to all 12 SNPs is 26%, 27% and 43% for all glioma,
GBM and non-GBM, respectively.

Pathway enrichment of glioma GWAS SNPs. To gain further
insights into the biological basis of associations we performed a
pathway analysis on GWAS associations in all glioma, GBM and
non-GBM. Applying a false discovery rate (FDR) threshold of
<0.1 revealed enrichment for 14 pathways in all glioma, 8 in
GBM and 9 in non-GBM tumours (Supplementary Table 9).

4 URE C(

Pathways implicated in GBM tumours primarily include DNA
repair and Notch-signalling, whereas for non-GBM tumours
pathways were primarily associated with cell-cycle progression
and energy metabolism (Supplementary Table 9).

Discussion
To our knowledge we have performed the largest GWAS of
glioma to date, identifying five novel glioma susceptibility loci at
12q23.33, 10q25.2, 11g23.2, 12q21.2 and 15q24.2 and taking the
total count of risk loci to 12. Through making use of a combined
reference panel from the UK10K and the 1000 Genomes Projects
we were able to recover genotypes from ~ 8 million SNPs for
association analysis, a significant increase from using array SNPs
alone. In addition, we have provided further evidence that genetic
susceptibility to glioma can be subtype specific, emphasising the
importance of searching for histology-specific risk variants.
While deciphering the functional impact of these SNP
associations on glioma development requires additional analyses,
a number of the genes implicated have relevance to the biology of
this cancer a priori. As well as participatin% in regulating insulin-
stimulated trafficking of secretory vesicles?, VIIIA plays a key
role in neuronal development and in_selectively maintaining
spontaneous neurotransmitter release™. Intriguingly recent
GWAS have identified associations between the VTIIA SNPs
rs7086803 and lung cancer’? and between rs12241008 and
colorectal cancer®; rs7086803 and rs12241008 are not
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Figure 2 | Regional plots of discovery-phase results, rates and in state tracks for five glioma-risk

loci. Results for: (a) 1223.33, rs3851634 (GBM); (b) 10q25.2, rs11196067 (non-GBM); (c) 11q23.2, rs648044 (non-GBM); (d) 12921.2 rs12230172 (non-
GBM); and (e) 15924.2, rs1801591 (non-GBM). Plots show discovery association results of both genotyped (triangles) and imputed (circles) SNPs in the
GWAS samples and recombination rates. The — logyo P values (y axes) of the SNPs are shown according to their chromosomal positions (x axes). The lead
SNP in each combined analysis is shown as a large circle or triangle (if imputed or directly genotyped, respectively) and is labelled by its rsID. The colour
intensity of each symbol reflects the extent of LD with the top genotyped SNP, white (2= 0) to dark red (r =1.0). Genetic recombination rates, estimated
using HapMap samples from Utah residents of western and northern European ancestry (CEU), are shown with a light blue line. Physical positions are
based on NCBI build 37 of the human genome. Also shown are the relative positions of University of Carolina, Santa Cruz (UCSC) genes and transcripts
mapping to the region of association. Genes have been redrawn to show their relative positions; therefore, maps are not to physical scale. Below each plot is
a diagram of the exons and introns of the genes of interest, the associated SNPs and the chromatin state segmentation track (ChromHMM) for H1 neural
progenitor cells derived from the epigenome roadmap project, as per legend. TSS, transcriptional start sites.

correlated with each other (2 =0.22, D' = 0.72) and are also not
correlated with rs11196067 (r>=0.03/0.00 D' =1.00/0.22,
respectively), suggesting the existence of multiple risk loci
within the region with different tumour specificities.

ZBTBI6 is highly expressed in undifferentiated, multipotential
progenitor cells and its expression has been shown to
influence resistance to retinoid-mediated re-differentiation in
(11;17)(q23;21) acute promyelocytic leukaemia?!. The BTB
domain of ZBTBI6 has transcriptional repression activity and
interacts with components of the histone deacetylase complex
thereby linking the transcription factor with regulation of
chromatin conformation®. Although rs648044 lies within an
enhancer active in brain and is predicted to interact with the

ZBTB16 promoter, providing an attractive functional basis for the
11q23.2 association through differential ZBTB16 expression, we
found a strong association between rs648044 and ZWI10
expression in LGG (P=5.7 x 10~ °). Since ZWI10 plays a role
in chromosome segregation®® it also represents a plausible
candidate for the 11q23.2 association.

We also observed a strong association between ETFA expres-
sion and rs1801591 in peripheral blood (P=7.90 x 10~ '),
ETFA participates in mitochondrial fatty acid beta oxidation;
shuttling electrons between flavoprotein dehydrogenases and the
membrane-bound electron transfer flavoprotein ubiquinone
oxidoreductase?”. Mutations of ETFA have been reported to be
a cause of recessive glutaric acidaemia IIA (refs 28,29), which
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features gliosis. While the p.Thrl71Ile change is reported to
decrease thermal stability of ETFA® thereby providing evidence
for a direct functional effect the strong eQTL data is consistent
with the functional basis for the 15q24.2 association being
mediated through differential expression.

RNA polymerase IIT (POLR3B) is involved in the transcription
of small noncoding RNAs and short interspersed nuclear
elements, as well as all transfer RNAs!. Although mutations in
POLR3B have been shown to cause recessive hypomyelinating
leukoencephalopathy®? thus far there is no evidence implicating
the gene in the development of glioma. Albeit in peripheral blood
there was a strong association between POLR3B expression and
13851634 (P=7.49 x 10~ °), providing a possible functional
basis of the 12¢23.2 association.

At 12q21.2 rs12230172 maps within RPI11-114H23.1, a
lincRNA of currently unknown function. Although only lying
adjacent to PHLDA1, the known 11923.3 association maps to the
related gene PHLDBI, which is also specific to non-GBM
tumours’. Although a role for PHLDAI in glioma has yet to be
established downregulation of PHLDAI in neuronal cells has
been shown to enhance cell death without Fas induction®,
additionally PHLDA1 expression may be involved in regulation of
anti-apoptotic effects of IGFI (ref. 34).

Intriguingly across all of the four GWAS data sets we analysed
we did not replicate the association between rs1920116 (near
TERC) at 3q26.2 and risk of high-grade glioma recently reported
by Walsh et al. 10 (p=83x 102 OR=1.30 versus P=0.18,
OR = 1.06 relative to the G-allele in our GBM data set), despite
our study having a similar power to demonstrate a relationship
(1,783 GBM cases, 7,435 controls in our study as compared with
1,644 cases, 7,736 controls). It is, however noteworthy that the
Walsh et al. analysed both anaplastic astrocytoma and GBM.
While we could not demonstrate a significant association with
either subtype we did see an association between rs1920116 and
TP53-mutated glioma (P=0.016, Supplementary Data 1)
suggesting that the association might be restricted to a specific
molecularly defined subtype of glioma.

Our findings provide further evidence for an inherited genetic
susceptibility to glioma. Future investigation of the genes targeted
by the risk SNPs we have identified is likely to yield increased
insight into the development of this malignancy. We estimate that
the risk loci so far identified for glioma account for 27 and 43% of
the familial risk of GBM and non-GBM tumours, respectively, of
which 0.8% and 7.6% can be explained by the loci newly reported
in this study (Supplementary Table 8). Although the power of our
study to detect the major common loci (MAF>0.2) conferring
risk > 1.2 was high (~80%), we had low power to detect alleles
with smaller effects and/or MAF<0.1. By implication, variants
with such profiles probably represent a much larger class of
susceptibility loci for glioma because of the truly small effect sizes
or submaximal LD with tagging SNPs. Thus, it is probable that a
large number of variants remain to be discovered. In addition, as
we have recently shown, stratified analysis of glioma by molecular
profile may lead to the discovery of additional subtype-specific
risk variants. However, such subtype analyses can increase
the statistical burden of adjusting for multiple testing.
For example, if applying an additional Bonferroni correction for
GBM and non-GBM subtypes, the rs11196067 (VTIIA) associa-
tion at P=8.64 x 103 would not be declared genome-wide
significant. An issue in future subtype analyses of glioma will
therefore be to have sufficient study power to mitigate type II
error given the additional constraints of multiple testing. Further
efforts to expand the scale of GWAS meta-analyses through
international consortia and increasing the number of SNPs taken
forward to large-scale replication will be required to address this
challenge.

6 { AN

Methods
Ethics. Collection of blood samples and dlinico-pathological information from
patients and controls was undertaken with informed consent and relevant ethical
review board approval in accordance with the tenets of the Declaration of Helsinki.
Ethical committee approval for this study was obtained from relevant study centres
(UK: South East Multicentre Research Ethics Committee (MREC) and the Scottish
i Research Ethics Ci i France: APHP Ethical Committee-CPP
(comité de Protection des Personnes); Germany: Ethics Commission of the Medical
Faculty of the University of Bonn; and USA: University of Texas MD Anderson
Cancer Institutional Review Board).

Genome-wide association studies. We used GWAS data previously generated on
four non-overlapping case-control series of Northern European ancestry, which
have been the subject of previous studies®’; summarized in Supplementary Table 1.
Briefly, the UK-GWAS was based on 636 cases (401 males; mean age 46 years)
ascertained through the INTERPHONE study’”. Individuals from the 1958

Birth Cohort (n = 2,930) served as a source of controls. The US-GWAS was based
on 1,281 cases (786 males; mean age 47 years) ascertained through the MD
Anderson Cancer Center, Texas, between 1990 and 2008. Individuals from the
Cancer Genetic Markers of Susceptibility (CGEMS, n = 2,245) studies served as
controls*®¥”. The French-GWAS study comprised 1,495 patients with glioma
ascertained through the Service de Neurologie Mazarin, Groupe Hospitalier Piti¢-
Salpétriére Paris. The controls (n= 1,213) were ascertained from the SU.VLMAX
(SUpplementation en Vtamines et MinerauxAntioXydants) study of 12,735
healthy subjects (women aged 35-60 years; men aged 45-60 years)*®. The German-
GWAS comprised 880 patients who underwent surgery for a glioma at the
Department of Neurosurgery, University of Bonn Medical Center, between 1996
and 2008. Control subjects were taken from three population studies: KORA
(Co-operative Health Research in the Region of Augsburg; n = 488) (ref. 39);
POPGEN (Population Genetic Cohort; n = 678) (ref. 40) and from the Heinz
Nixdorf Recall study (n=380) (ref. 41).

For we made use of DNA from 1,490 glioma
cases recruited to an ongoing UK study of primary brain tumours (National Brain
Tumour Study). Controls were healthy individuals that had been recruited to the
National Study of Colorectal Cancer Genetics*? and the GEnetic Lung CAncer
Predisposition Study®. All cases and controls were UK residents and had self-
reported European ancestry. Controls reported no personal history of cancer at the
time of ascertainment. Genotyping of rs76178334, rs4432939, rs182521816,
rs12780046, rs1 1196067, rs648044, rs12230172, rs3851634, rs1801591 and
1578543262 was performed using competitive allele-specific PCR KASPar
chemistry (LGC, Hertfordshire, UK, primer sequences detailed in Supplementary
Table 10). Conditions used are available on request. Call rates for SNP genotypes
were >95%. To ensure quality of genotyping in all assays, at least two negative
controls and 1-10% duplicates (showing a concordance >99%) were genotyped.
For SNPs with MAF <5%, at least two known heterozygotes were included per
genotyping plate, to aid clustering.

Statistical and bioinformatic analysis. Data were imputed for all scans for over
10 million SNPs using IMPUTE2 v2.3.0 (ref. 44) software and the 1000 Genomes
Project (Phase 1 integrated release 3, March 2012 (ref. 45)) and the UKI0K data
(ALSPAC, EGAS( EGADO00001 195, and TwinsUK,

EGAS EGADO , studies only) as reference panels
(Supplementary Table 1). Genotypes were aligned to the positive strand in both
imputation and g ping. Imputation was conducted sep for each scan in
which before imputation each GWAS data set was pruned to a common set of
425,190 SNPs. Poorly imputed SNPs defined by an information score (Is) <0.70
and Hardy-Weinberg equilibrium P<1.0 x 10~ 5 were excluded from the ana-
lyses. Tests of association between imputed SNPs and glioma was performed under
a probabilistic dosage model in SNPTEST v2.5 (ref. 46).

Eigenvectors for the GWAS data sets were inferred using smartpca (part of
EIGENSOFTv2.4 (refs 13,47)) using ~ 100,00 Id-pruned SNPs. Eigenstrat
adjustment was carried out in SNPTEST by including the first 10 eigenvectors as
covariates. The adequacy of the case-control matching and possibility of
differential genotyping of cases and controls was evaluated using Q-Q plots of test
statistics. The inflation factor 4 was based on the 90% least-significant SNPs as
previously advocated*S. Testing for secondary signals was carried out in SNPTEST,
adjusting for the sentinel SNP using the ‘-condition_on’ option. Visualization of
population ancestry was carried out in smartpca by projecting query samples onto
eigenvectors inferred from the 1000 Genomes Project populations (Supplementary
Fig. 1). Meta-analysis of GWAS data sets under a fixed-effects model was
undertaken in META v1.6 (ref. 49) using the inverse-variance approach. Cochran’s
Q-statistic to test for heterogeneity and the F statistic to %uan(ify the proportion of
the total variation due to heterogeneity were calculated®. Py values <0.05 are

idered ch istic of large h ityC. In addition, analyses stratified by
glioma tumour histology and mol istics were p 1. All
statistical P values were two sided.

Estimates of individual variance in risk associated with glioma-risk SNPs was
carried out using the method described in Pharoah et al' assuming the familial
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risk of glioma to be 1.77 (ref. 51). Briefly, for a single allele (i) of frequency p,
relative risk R and In risk r, the variance (V}) of the risk distribution due to that
allele is given by:
Vi=(L=p)E +2p(1 = p)(r — B 4 p(2r — E)*
Where E is the expected value of r given by:
E=2p(1-p)r+2p*r
For multiple risk alleles the distribution of risk in the population tends towards the
normal with variance:
V= Z Vi

The total genetic variance (V) for all ibility alleles has been estimated to be

for eQTL analysis. The association between SNP and gene expression was
quantified using the Kruskal-Wallis trend test.

We additionally queried publically available ¢QTL mRNA expression data using
MTHER, and the Blood eQTL browser. MUTHER contains expression adipose
tissue, lymphobl d cells and skin exp data from 856 healthy twins'”.
rs500629 was used as a proxy for rs648044 (*=0.52, D' =0.85). The blood eQTL
browser contains expression data from 5,311 non-transformed peripheral blood
samples'®. Putative eQTLs were thresholded at FDR <0.1.
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All glioma GBM glioma Non-GBM glioma
Locus Sul SNP Position Alleles RAF __INFO__ P Odds ratio [ Odds ratio 3 Odds ratio
1p313 GEM rs12752552 65229233 I/C  0.870 0954 407107 118(111-123] 2.04x10° 122(115-131) 478&a0° 111{103-118)
1g321 non-GBM  rs4252707 204508147 GfA 0220 0990 297107 112(107-117) 0015 107(1L01-113) 33ma0®  119(112-126)
1984 non-GBM  rs12076373 243851947 G/C 0837 0992 497x10° 109(104115) 0846 099 (0.54-106) 2.63x10°"° 123(116132)
2333 non-GBM  rs7572263 209051586 AfG 0756 0998 25810° 111(106-115) 0013 106(101-117) 2318a0% 120(113126)
3p1a1 non-GBM  rs11706332 66502381  A/C 0456 0991 10610° 108(105-113) 0158 103(0.99-108) 7.66x10°  115(1.09-120)
107433 non-GBM  rs11598018 105661315 C/A 0462 0557 307107 110({106-114) 00103 106(101-111) 33%a0* 114(105-170)
11141  GBM rs11233750 22397014  C/T 0868 0988 540I0°  114(108121) 9.95x10% 124(116133) 0532 0.58 (0.91-1.05)
11q21 non-GBM  rs7107785 95747337 I/C 0479 0995 296x10° 107(L03-111) 0844 100(0.55-104) 3870 116(111-121)
14q12 non-GBM  rs10131032 33250081 G/A 0916 099 23310° 117(109-124) 0247 105(0.57-113) 50%HA0*  133(122-144)
16p133  GBM rs2562152 123896 AT 0850 0930 11810° 109(104-115) 1.9%a0° 121(113129) 0348 1.00(0.93-1.07)
16p133  non-GBM  rs3751667 1004554 C/f 0208 0992 B75a0* 114(L09-118) 595x10° 113(107-119) 26Lac® 118(112-135)
16q121  GBM rs10852606 50128872 T/C 0713 0993  366a0Y  114(110-119) 12%10™ 118(113-124) 24207 108(103-114)
27q131  GEM rs7235573 38477930 G/A 0507 0995 864x107  109(106113) 176x10* 115(110120) 0325 102 {097-1.07)

Table 1: Association statistics for top SNP at each of the newly-reported glioma risk loci. at P<5x10" are hi in bold. Odds ratios were

derived with respect to the risk allele underfined and highlighted in bold. Risk allele frequency (RAF) is according to European samples from 1000 genomes

project. The INFO column indicates the average imputation info score across the studies in the discovery phase, with a score of 1 indicating the SNP is

directly genotyped in all studies.

Figure 2: Forest plots of effect size and direction for the new SNPs

associated with glioma risk.
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Figure 3: Regional plots of discovery-phase association results, recombination rates and
chromatin state segmentation tracks for the new glioma risk loci.
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Figure 4 -Relative impact of SNP associations at known and newly identified risk
loci for GBM and non-GBM tumours
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Supplementary Figure 1: Q-Q plots of association statistics for the GWAS datasets

pre- and post-imputation.
B c

A=1.41

A= 104 -

A=141

E
I J K L.
o a0 | RSt
: ~ | ' R .
A GICC d), B. GICC (adjusted for first 2 PC), C. GICC and Imputed d), D. GICC

Genotyped and Imputed (adjusted for first 2 PC), E. UCSF genotyped (unadjusted), F. UCSF genotyped (adjust for first 4 PCs), G. UCSF
genotyped and imputed (unadjusted), H. UCSF genotyped and imputed (adjust for first 4 PCs), |. MDA Genotyped and imputed (unadjusted), J.
MDA genotyped and imputed (adjust for first 2 PCS), K. NIH genotyped and imputed (unadjusted), L. NIH genotyped and imputed (adjusted for

first 4 PCs)

All Glioma GBM Non-GBM
Pre-ac Post Qc** Post Qc Past Qc
Total |cases |controls |Total |cases |controls |Total |cases |centrals |Total |cases |controls

Baylor College of Medicine 40 40 '] 11 1 '] [ 6 o 5 5 0
Brigham and Wiomen's Hospital 247 235 22 215 153 22 123 101 22 £ 76 22
Columbia 215 54 151 166 40 126 150 24 126 141 15 126
Case Western Reserve University | 74 0 14 67 56 11 a4 33 11 34 3 11
Cenmark 1054 | 522 532 1008 | 435 512 B11 233 512 05 134 512
Duke 876 522 254 782 578 204 627 423 204 338 134 204
Mayo 833 376 457 503 358 445 633 154 445 504 155 445
MD Anderson 1783 | 1505 278 1140 | 531 215 571 353 215 774 555 213
Wemorizl Sloan Kettering 652 285 369 531 233 252 416 124 252 356 104 252
North shore 306 133 173 264 133 141 217 76 141 187 45 141
Sweden 1400 | 476 524 1356 | 455 &51 1162 | 270 851 1075 | 188 B51
E;'::i:;;yo‘:a"vm' san 673 333 340 506 277 25 381 152 225 350 121 223
3 514 758 116 874 766 108 451 383 108 356 258 108
University of Southern California [ 257 S 155 135 a3 85 115 25 85 105 15 BE
[ 5,364 |5.535 |3.873 7.858 | a.572 |3.286 5.75a | 2.466 | 3.286 5183 |1.857 |3.286

* lsraeli samples and whole gznome amplifed samples were excluded at the initisl G regarding DNA quality contral.

*+ samples were exduded for call rate < 39%, mismatch between reported sex and genatyped sex chromasomes, European ancestry < 50% (as estimated using FastPop). When

two individuals’ samples were identified as having high IBD, the sample with the lower call rate was exduded.

Supplementary Table 1: Summary characteristics of the GICC substudies
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Supplementary Figure 1: PCA plots of the GWAS datasets

(a) GICC study

Supplementary Figure 3: Forest plots of effect size and direction for the SNPs
from previously reported loci associated with glioma risk.
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Locus. SNP Position I D" GERP __ CADD _ Gene Annotation  RepulomeDB _ FANTOMS. Super-enhancer
1p3L3 1512127031 65224865 097 098 0118 1378 RAVEA2 intronic & None None
512752552 65229299 1 1 0.225 3.011 RAVER2 intromic NA None: None
1q321  rs16853822 204450341 087 007 378 2514 PK3C2E intronic 4 enhancer_tss brain (many)
156668637 204452295 087 097 -179 1802 PK3IC2B intronic & enhancer_tss brain (many)
1535634264 204454570 087 097 NA NA PiK3C28 intronic & enhancer_tss Brain (many)
rs12036042 204469314 089 098 204 9248 55kbS'OfPIKICZE  intergenic a4 enhancer_tss brain (many)
512031912 204476113 092 098 -0646 2013 9.4kb5' of MOMS intergenic 4 enhancer_tss brain (many)
brain (many)
1512028476 204276361 092 098 -243 343 91kbS'ofMDMs intergenic & enhancer_tss astrocyte_cell
1512039365 204488687 089 008 0427 8685 MDMJ intronic 1 ‘enhancer_tss
1512041243 204450470 089 0098 -DBS6 568 MDMJ intronic 1 ‘enhancer_tss
1512039968 204480674 089 008 0954 2816 MDMJ intronic 4 enhancer_tss
1561817059 204282522 088 096 NA 0333 MDM4 intronic & enhancer_tss
rsB98388 204500257 083 098  -238 4643 MDM4 intronic 4 enhancer_tss
rs4252697 201501383 081 098 206 1209 MDM4 intronic 5 enhancer_tss
rsa252700 201506174 084 098 NA A MDM4 intronic A ‘enhancer_tss
rsazs2707 208508147 1 1 0766 0488 MDMZ intronic na ‘enhancer_tss
rsa252733 204516918 089 096 0628 2139 MDME intronic NA ‘enhancer_tss
rs11801299 204529084 087 096 -222 0925 MDME intronic & enhancer_tss
1512029692 204532323 087 096 0102 1725 MDMJ intronic 5 enhancer_tss
rsB689629 204539291 086 095 0217 4751 MDMJ intronic 2 ‘enhancer_tss
rsE1817450 204543578 087 096 0994 878 707bp¥ ofMDM4  intergenic 5 enhancer_tss
1948 rs320337 243814548 OB 099 MNA 1406 AKT3 intronic NA ‘enhancer_tss
52345993 243815373 083 098 NA 0131 AKT3 intronic NA ‘enhancer_tss
rs10803150 243822600 081 096 -206 1805 AKTF intronic 3 ‘enhancer_tss
5200593524 243826003 034 096 NA NA AKT3 intronic 6 enhancer_tss
rs320320 243835186 082 1 176 9429 AKT3 intronic 5 enhancer_tss
rs1843655 243837150 055 099 0149 0975 AKT3 intronic 5 enhancer_tss
154478795 243844576 095 099 140 3716 AKTS intronic & enhancer_tss
All glioma GBM glioma Non-GBM glioma
Locus ‘Source SNP Position Alleles  RAF INFO L. Odds ratio P ‘Odds ratio L4 Odds ratio
3q26.2 Published rs1920116 169579971 GfA 0710 1000 7 36x10° 1.08 (1.04-113) 146x10° 110(105115) 0049 1.05(1.00-111)
3q262  Thissmdy rs3772150 163500487 GfA 0757 0998  225x10° 111(106115) 268x10° 111{1.06117) 0012 1.07 (1.02-1.13}
5p15.33 Published rs2736100 1286516 cfa 0493 1000 234x10%° 129(125134) 120x10%° 141(135147) 7280 116(110-121)
5p1533  Thisswdy rsI0069690 1279780  CfI 0276 0816 271x10% 145(139-151) 833107 161(153-169) 114010 127(120-134)
7p112 Published rs2252586 54378524 C/T 0281 1000 138a10° 116(111-120) 7.8%10° 120(115126) 18%10°  110(105-116}
7pllz Thisstudy rs75061358 54916280 T/G 0039 0909 362x107 142(133-152) 494x10* 163{150-176) 15410  128(118-140)
7p112 Published rs11579158 55159345 A/G 0831 1000 121x107 124(118130) 154x10™ 131(124133) 77310° 116(108-123)
7pl12 Thisstudy  rs723527 55134872  AfG 0573 0954 583107 117(113-121) 47%10% 125{120-131) 82510° 108(103-114)
Bq24.21  Published rs55705857 130645652 A/G 0057 0795 953x10" 199(185213) 945¢107 127(116140) 72&x10™ 339(3.08-3.71)
9p213 Published  rs4977756 2 GfA 0400 1000 146:0% 1328(123132) 42410% 134(129140) 2283a0* 120(1151326)
9p213  Thissmdy rs634537 22032152 T/6 0411 0576 124x10° 130(125134) 72310° 137(131-143) 105a0° 121(116127)
10q25.2  Published rs11196067 114465065 A/T 0579 0883 379107 108(104-112) 0182 103(099-108) 35310°  115(110-121)
10g25.2  Thisstudy rs11599775 114459657 GfA 0620 0965 434x10° 108(104112) 0299 102(098107) 34410°  116(110-122)
Published rs648044 114030799 A/G 0350 0886 35510° 106(102-110) 0363 058(093-103) 466x107  119(113-125)
119233 Published  rs498872 118477367 A/G 0307 1000 40%:10" 114(110-118) 0715 101(096-106) B846x10°  135(1.28-141)
110233 Thisswdy rs12803321 118480115 G/C 0643 0576  9.93x10™° 117(127-122) 0769 101(096-105) 63310°  142(135-149)
12212  Published 2730172 7624; A/6 0543 0598 0012 1.05(1L01-108) 0541 059(094103) 550:10°  111(106-117}
12212  Thisstudy rs1275600 76263551 /A 0595 0983 267x10° 107(103-111) 0862 100{096105) 37%10°  116(110-121)
12q23.33 Published rs3351634 106812902 TfC 0702 0898 396x10° 106(102-110) 541x10° 109(1.04114) 0452 1.02 {0.97-1.07}
12q23.33  Thisstudy rs12227783 107041782 AfT 0.851 0978 5.86x10° 1.12(106-118) 160x10° 116(1.08-124) 0058 1.07 (1.00-1.15}
15q242  Published rs180151 76578762 GfA 0088 1000 356x107 117(110-124) 0343 104(096112) 636x10° 133(123-144)
15242  Thisstudy rs77633300 76538455 G/C 0086 0952 148107 118(111135) 0258 104{057-113) 160x10°  135(1.35-146)
17p13.1 Published  rs78378222 7571752 T/6 0013 0910 864x10° 253(219-251) 4.82x10°° 263(222-311) 4700”7 273 (2.27-3.28)
2001333 Published 62308835 A6 0794 1000 281x10° 134(129140) 54%10% 146(133154) 260x10°  119(112-125)
20q1333  Thisstudy rs2297440 62312299 T/C 0796 0993 160x10%° 136(130-142) 366x10% 148(140-156) 690x10°  120(113-126)
y Table 2: Best signals from published risk | in n Shown for each region are the

Europea
GWAS tagSNP as well as the most associsted variant within a 500kb window in the imputation and the associated odds ratio and P-values associated with

each. Odds ratios derived with respect to the allele underlined and highlighted in bold. Shown are the association statistics for previously published SNPs in
each locus, as well as the most associated SNP in this study if differing from the published SNP. Risk allele frequency {RAF) is according to European samples
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All glioma GBM Non-GBM

Locus SHP RAF Odds ratic %risk Oddsratio %risk Oddsratio % risk
Previously reported loci
3q26.2 rs3772190 0.757 111 0.30 111 030 1.07 0.13
5pl15.33 rs10069690 0.276 145 415 161 B6.81 1.27 172
Tpll.2 rs75061358 0.099 142 165 163 3.20 1.28 0.82
Tpll.2 rs723527 0.573 117 091 125 183 1.08 022
Bg24.21 rs55705857  0.057 199 383 127 046 3.39 12.04
Op21.3 rs634537 0411 1.30 251 137 36l 1.21 132
10g25.2 rs11599775  0.620 1.08 0.21 1.02 0.01 1.16 0.78
11g23.2 rso48044 0.390 1.06 0.12 0.98 0.01 1.19 108
11g23.3 rs12803321 0.643 117 085 10 0.00 142 424
12g21.2 rs1275600 0.595 1.07 017 1.00 0.00 1.16 0.80
12g23.33 rs12227783 0.851 112 0.24 116 042 1.07 0.09
15q24.2 rs77633900 0.08B6 118 032 104 0.02 135 1.06
17pl131 rs78378222 0.013 253 166 263 1.80 273 1495
20g13.33 rs2297440 0.796 1.36 231 148 3.75 1.20 0.81

TOTAL 19.22 22.24 27.06
Loci first reported in this study
1p31.3 rs12752552 0870 1.18 047 122 0.67 111 0.19
1g32.1 rs4252707 0.220 112 033 1.07 0.12 1.19 0.78
1g44 rs12076373 0.837 1.09 0.15 0.99 0.00 123 0.88
2q333 rs7572263 0.756 111 0.30 106 0.09 1.20 092
3plda.l rs11706832 0456 1.08 022 103 0.03 1.15 073
10g24.33 rs11598018 0462 1.10 0.34 106 0.13 1.14 0.64
11gi41 rs11233250 0.868 1.14 0.30 124 0.80 098 0.01
11g21 rs7107785 0479 1.07 0.17 1.00 0.00 1.16 0.83
14qg12 rs10131032 0916 117 0.29 1.05 0.03 133 094
16pl3.3 rs2562152 0.850 1.09 0.14 11 0.70 1.00 0.00
lepl3.3 rs3751667 0.208 1.14 043 113 0.37 1.18 0.68
l6gl21 rs10852606 0.713 1.14 053 118 0.84 1.08 0.18
22q131 rs2235573 0.507 1.09 028 115 0.73 1.02 0.01

TOTAL 3.94 4,51 6.79

OVERALL 23.16 26.75 33.84

Supplementary Table 4: Individual variance in risk associated with glioma SNPs. For each
glioma risk locus, the relative risk per risk allele of the highest assocated SNP is given. Risk
allele frequency (RAF) is according to European samples from 1000 genomes project.
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Figure 1: Genome-wide meta-analysis P-values (—log,,P, y axis) plotted
against their chromosomal positions (x axis)
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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, 13g 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 Ill and grade
I1), 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 TACCS3, 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 mMRNA, 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 TACCS3 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
AZDA4547 (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. a-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. lavarone, 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 Il and
grade Il gliomas were published in Clinical Cancer Research in 2015 (Di
Stefano, 2015). In this article:

e we confirmed that RT-PCR sequencing is a sensitive and specific
method to identify FGFR-TACC-—positive patients,

e we detected for the first time FGFR3-TACC3 fusions in about 3% of
IDH wild-type non-GBM (grade 11 and grade 111) and we confirmed
the frequency of 3% of IDH wild-type glioblastoma,

e we found that FGFR3-TACC3 fusions are associated with uniform
intratumor expression of the fusion protein

e we found that the presence of FGFR-TACC fusions are mutually
exclusive of the IDH mutation, EGFR amplification, EGFR vllI
variant and that it is associated with higher frequency of MDM2 and
CDK4 amplifications, and

e 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, Pl Prof
Marc Sanson) which is the first world-wide phase Il 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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Abstract

Purpose: Oncogenic fusions consisting of fibroblast growth
factor receptor (FGFR) and TACC are present in a subgroup of
glioblastoma (GBM) and other human cancers and have been
proposed as new therapeutic targets. We analyzed frequency and
molecular features of FGFR-TACC fusions and explored the
therapeutic efficacy of inhibiting FGFR kinase in GBM and grade
Il and III glioma.

Experimental Design: Overall, 795 gliomas (584 GBM, 85
grades I and 111 with wild-type and 126 with IDH1/2 mutation)
were screened for FGFR-TACC breakpoints and associated molec-
ular profile. We also analyzed expression of the FGFR3 and TACC3
components of the fusions. The effects of the specific FGFR
inhibitor JNJ-42756493 for FGFR3-TACC3-positive glioma were
determined in preclinical experiments. Two patients with
advanced FGFR3-TACC3-positive GBM received INJ-42756493
and were assessed for therapeutic response.

Results: Three of 85 IDH1/2 wild-type (3.5%) but none of
126 IDH1/2-mutant grade Il and III gliomas harbored FGFR3-

Introduction

The history of successful targeted therapy of cancer largely
coincides with the inactivation of recurrent, oncogenic, and
addicting gene fusions in hematologic malignancies and recently
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TACC3 fusions. FGFR-TACC rearrangements were present in 17
of 584 GBM (2.9%). FGFR3-TACC3 fusions were associated
with strong and h bus FGFR3 i They
are mutually exclusive with IDHI/2 mutations and EGFR
amplification, whereas they co-occur with CDK4 amplification.
JNJ-42756493 inhibited growth of glioma cells harboring
FGFR3-TACC3 in vitro and in vivo. The two patients with
FGFR3-TACC3 rearrangements who received JNJ-42756493
manifested clinical improvement with stable disease and minor
response, respectively.

Conclusions: RT-PCR sequencing is a sensitive and specific
method to identify FGFR-TACC-positive patients. FGFR3-
TACC3 fusions are associated with uniform intratumor expres-
sion of the fusion protein. The clinical response observed in the
FGFR3-TACC3-positive patients treated with an FGFR inhibitor
supports clinical studies of FGFR inhibition in FGFR-TACC-
positive patients. Clin Cancer Res; 21(14); 3307-17. ©2015 AACR.

See related commentary by Ahluwalia and Rich, p. 3105

in some types of epithelial cancer (1, 2). Glioblastoma multi-
forme (GBM) is among the most lethal forms of human cancer,
and targeted therapies against common genetic alterations
in GBM have not changed the dismal outcome of the disease
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Translational Relevance

This article reports an unbiased screening assay for FGFR-
TACC fusions in glioma that overcomes the great variability of
variants that are generated by FGFR-TACC chromosomal
translocation in human cancer. FGFR-TACC fusions occur in
grade II and 111 glioma harboring wild-type IDH1 with fre-
quency similar to glioblastoma (GBM), therefore providing a
clue to the aggressive clinical behavior of this glioma subtype.
The molecular characterization of fusion-positive glioma
revealed that FGFR-TACC is mutually exclusive with EGFR
amplification but co-occurs with CDK4 amplification. FGFR~
TACC -positive glioma displays strikingly uniform and strong
expression of the fusion protein at the single-cell level. Pre-
clinical experiments with FGFR3-TACC3-positive glioma
cells treated with the fibroblast growth factor receptor (FGFR)
inhibitor JNJ-42756493 showed strong antitumor effects, and
treatment of two patients with recurrent GBM harboring
FGFR3-TACC3 resulted in clinical improvement and radio-
logic tumor reduction. These findings validate the treatment
with FGFRinhibitors of patients with glioma harboring FGFR-
TACC chromosomal translocations.

(3. 4). Underlying biologic features, including infiltrative growth
behavior, intratumoral heterogeneity, and adaptive resistance
mechanisms, coupled with the unique challenges of intracranial
location present significant problems in its effective management.
Despite surgery and chemoradiotherapy, most patients rapidly
recur and no effective treatment options are available at that stage.
Besides GBM, which features the highest grade of malignancy
among glioma (grade 1V), lower grade gliomas, which include
grades Il and 111, are a heterogeneous group of tumors in which
specific molecular features are associated with divergent clinical
outcome. The majority of grade Il and 11l glioma (but only asmall
subgroup of GBM) harbor mutations in IDH genes (IDHI or
IDH2), which confer a more favorable clinical outcome. Con-
versely, the absence of IDH mutations is associated with the worst
prognosis (5).

We have recently identified FGFR-TACC gene fusions (mostly
FGFR3-TACC3 and rarely FGFR1-TACC1) as the first example of
highly oncogenic and recurrent gene fusions in GBM. The FGFR-
TACC fusions that have been identified so farinclude the tyrosine
kinase (TK) domain of FGFR and the coiled-coil domain of TACC
proteins, both necessary for the oncogenic function of FGFR-
TACC fusions. We also tested tumor dependency on FGFR-TACC
fusions in preclinical mouse models of FGFR-TACC glioma and
observed marked antitumor effects by FGFR inhibition (6). After
our report, FGFR3-TACC3 fusions have been identified in pedi-
atric and adult glioma, bladder carcinoma, squamous lung car-
cinoma, and head and neck carcinoma, thus establishing FGFR-
TACC fusions as one of the chromosomal translocation most
frequently found across multiple types of human cancers (6-15).

From a mechanistic standpoint, we discovered the unexpected
capacity of FGFR-TACC fusions to trigger aberrant chromosome
segregation during mitosis, thus initiating chromosome instabil-
ity (CIN) and aneuploidy, 2 hallmarks of cancer. However, we still
have an incomplete und ding of the full of the
structural variants of FGFR-TACC fusions occurring in GBM and

lower grade glioma. Furthermore, it remains unknown whether
FGFR-TACC fusions mark distinct grades of glioma and GBM
subtypes.

To date, 8 variants of the FGFR3-TACC3 fusion have been
reported that mostly differ for the breakpoint in the TACC3 gene
(6-15). Because of the close proximity of FGFR3 and TACC3 (the
2 genes map at a distance of 70 Kb on chromosome 4p16.3),
detection of FGFR3-TACC3 rearrangements by FISH is not a
feasible option with the currently available methods. Here, we
report a screening method for FGFR-TACC fusions that include a
RT-PCR assay designed to identify the known and novel FGFR3—
TACC3 fusion transcripts, followed by confirmation of the in-
frame breakpoint by Sanger sequencing. Using this assay, we have
analyzed a dataset of 584 GBM and 211 grade Il and III gliomas.

A crucial question with fundamental clinical relevance for any
novel candidate target mutation is the frequency of the alteration
in the cancer cell population, thus discriminating between a
clonal or subclonal origin of the mutation. In fact, GBM is
characterized by a formidable degree of subclonal heterogeneity,
whereby neighboring cells display amplification and expression
of different receptor tyrosine kinase (RTK)-coding genes (16-19).
‘This notion poses major therapeutic challenges for targeting any
individual RTK will result, at best, in the eradication of a limited
tumor subclone. In this study, we determine that brain tumors
harboring FGFR-TACC fusions manifest strong and homoge-
neous intratumor expression of the FGFR3 and TACC3 compo-
nent invariably included in the fusion protein, when analyzed by
immunostaining. We also report a significant clinical benefit
following treatment with a specific inhibitor of FGFR-TK in 2
patients with GBM who harbored FGFR3-TACC3 rearrangement.

Materials and Methods

Patients and tissue samples

This study includes a cohort of 746 untreated patients with
histologic diagnosis of glioma from 5 institutions. Forty-nine
recurrent gliomas from Pitié-Sal pétriere Hospital and one recurrent
glioma from the University of Calgary (Calgary, Canada) were also
included. A summary of the patient cohort is provided in Table 1.

‘Tumor specimens, blood samples, and clinicopathologic infor-
mation 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-Salpétriere Hospital,
clinical data and follow-up are available in the neuro-oncology
database (Onconeurotek, GH Pitié-Salpétriere, Paris).

‘Two recurrent patients with GBM harboring FGFR3-TACC3
were enrolled in the dose escalation part of JNJ-42756493 trial
(NCT01962532) at the Gustave Roussy Institute (Paris, France).

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 was retrotranscribed with the
Maxima First Strand cDNA Synthesis Kit (Thermo Scientific) or
SuperScript 11 (Invitrogen). RT-PCR was performed using Accu-
Prime 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-3 minutes (94°C-30 seconds/61°C-30 seconds/68°C-1

3308 Clin Cancer Res; 21(14) July 15, 2015 Clinical Cancer Research
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Table 1. Frequency of FGFR3-TACC3 fusions in GBM and grade II-lll glioma

Immunostaining
FGFR3 positive/sample
Tumor sample source Cases (GBM), n Detected fusions, n analyzed
Pitié-Salpétriere Hospital 380 9 9/9
Besta Neurological Institute 8 5 2/2
University of Calgary 60 +1R? 2+ 1R N H/1R?
Montreal Neurological Institute Bl 1 -
University of British Columbia 8 ] =
Total 584 (100%)° 17 (2.9%)
Immunostaining
FGFR3 positive/sample
Tumor sample source 1DH status Cases (grades lI-lID. n Detected fusions n analyzed
Pitié-Salpétriere Hospital IDH wt 85° (100%) 3(3.5%) 3/3
IDHI/IDH2 Mut 126 (100%) 0 (0%) 0
NOTE: Distribution of the FGFR3-TACC3 fusions in GBM (top) and lower grade glioma (bottom) samples stratified according to the institution of origin. The table

reports number of cases analyzed, number of tumors harboring FGFR3-TACC3 fusion transcrij d ts of FGFR3 immL g
are further classified according to /DH status (IDHI and /DH2). The respective frequency of FGFR3-TACC3 in GBM, glioma grades II-1ll /DH wild type (wt), and IDH

mutant (Mut) glioma is reported in parentheses.
°R, recurrent GBM.

“Recurrent GBM from the University of Calgary Dataset is not included in the total count of GBM.

“Twenty-five cases of 85 are unknown for /DH2 status.

minute 40 seconds) for 35 cycles, 68°C-7 minutes. FGFR1-
TACCI fusions were amplified with FGFR1ex16-FW: 5-TGC
TGTGGAGGAACTTTTCA-3’ and TACClex13-RV: 5-CCCAAACT-
CAGCAGCCTAAG-3" primers (94°C-30 seconds/60°C-30 sec-
onds/68°C-1 minute 40 seconds for 35 cycles). PCR products
were subjected to Sanger sequencing.

FGFR3-TACC3 genomic breakpoints were analyzed in 6
FGFR3-TACC3-positive samples, 5 of which from the Pitié-Sal-
pétriere Hospital and 1 from Montreal Neurological Institute
(Montreal, Canada). Three additional samples (MB-22, TCGA
27-1835, and TCGA 06-6390) available from our previous study
(6) were also included in the analysis. Fifty nanograms of gDNA
was used in the PCR reaction, performed with Accuprime
Taq Polymerase (Invitrogen) and PCR products were Sanger
sequenced. Primers used in genomic PCR were designed according
to the breakpoint sequence in the mRNA; the list of primers used
are: FGFR3ex17-FW 5'-TGGACCGTGTCCTTACCGT-3' (PCRsam-
ples 3048, 4373, 4867, 4451, MB-22, OPK-14, 06-6390, 27-1835
and sequencing sample 3048, 4373, 4867, 4451, MB-22, OPK14,
06-6390, 27-1835); FGFR3ex16-FW 5'-GGTCCITTGGGGTCC-
TGCT-3’ (PCR and sequencing sample 3808); TACC3ex6-RV
5'-CCTCTTTCAGCTCCAAGGCA-3’ (PCR and sequencing sam-
ples PCR 4451 and OPK-14); TACC3ex8-RV 5'-TCTACCAG-
GACTGTCCCTCAG-3’ (sequencing samples 3048 and 4373);
TACC3ex9-RV 5-GGGAGTCTCATTTGCACCGT-3' (PCR samples
3048,4373,4867 and sequencing sample 4867); TACC3ex10-RV
5'-CTGCATCCAGGTCCTTCTGG-3" (PCR and sequencing sam-
ples MB-22 and 06-6390); TACC3ex11-RV 5'-CCAGTTCCAG-
GITCITCCCG-3' (sequencing samples 27-1837 and 3808); TAC-
C3ex12-RV  5-CAACCTCTTCGAACCTGTCCA-3'  (PCR  and
sequencing samples 27-1837 and 3808). PCR conditions were
94°C-30 seconds/60°C-30 seconds/68°C-2 minute 30 seconds for
40 cycles. For amplifications performed with the primer TAC-
C3ex9-RV, the program was 94°C-30 seconds/56°C-30 seconds/
68°C-2 minute 30 seconds) for 40 cycles.

Quantitation of FGFR3 and TACC3 transcripts in GBM

The relative expression of FGFR3 and TACC3 regions included
in or excluded from the fusion transcript was assessed by qRT-
PCR. Primer pairs with comparable efficiency of amplification

www.aacrjournals.org
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were identified, and efficiency was assessed using serial dilutions
of cDNA (20) prepared from OAW28 ovarian carcinoma cells that
contain wild-type FGFR3 and TACC3 (21). Primers used are: N-
terminal region of FGFR3, FGFR3-N: Forward 5'-AAGACGATGC-
CACTGACAAG-3', Reverse 5'-CCCAGCAGGTTGATGATGTTTT-
TG-3; C-terminal region of TACC3, TACC3-C: Forward 5'-
TCCTTCTCCGACCTCTTCAAGC-3/, Reverse 5-TAATCCTCCA-
CGCACTTCTTCAG-3'. To amplify transcripts in regions excluded
from FGFR3-TACC3 fusion, primers were designed in the
C-terminal region of FGFR3, FGFR3-C: Forward 5-TACCTG-
GACCIGTCGGCG-3/, Reverse 5-TGGGCAAACACGGAGTCG-
3 and N-terminal domain of TACC3, TACC3-N: Forward 5'-
CCACAGACGCACAGGATTCTAAGTC-3/, Reverse 5'-TGAGTTT-
TCCAGTCCAAGGGTG-3'. All reactions were performed in trip-
licate and the data are reported as fold change + SD.

fl ence and i histochemistry
Forimmunofluorescent (IF) staining of FGFR3, 5-pum formalin-
fixed, paraffin-embedded (FFPE) sections were subjected to anti-
gen retrieval with citrate buffer for 8 minutes. Primary antibodies
were: FGFR3-N (1:400, sc-13121, Santa Cruz Biotechnology),
FGFR3-C (1:2000, sc-123, Santa Cruz Biotechnology), TACC3-
N (1:600, ab134153, Abcam), and TACC3-C (1:300, NBP1-
01032, Novus Biological). Secondary biotinylated antibodies
were used at 1:50,000 followed by streptavidin and TSA Cy3-
conj d. Nuclei were ined with 4',6-diamidino-2-
phenylindole (DAPI). For immunohistochemical (IHC) analysis
of FGFR3 expression, antigen retrieval was performed for 12
minutes and FGFR-3 antibody (sc-13121, Santa Cruz Biotechnol-
ogy) was diluted 1:500. Biotinylated anti-mouse antibody
(1:30,000) and streptavidin were added before incubation with
the chromogen. Nuclei were c ined with h li

Molecular characterization of tumor samples

Mutational status of IDH1, IDH2, TERT promoter, as well asthe
methylation status of the MGMT promoter was analyzed in the
Pitié-Salpétriere cohort. Expression of IDH1-R132H mutant was
analyzed by IHC in 500 cases as previously described (22). IDH1
and IDH2 gene mutations were identified by Sanger sequencing in
464 and 388 gliomas, respectively (5). IDH wild-type tumors are
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defined according to the absence of IDH1-R132H immunoposi-
tivity and/or mutations in IDH1 and IDH2 genes. TERT promoter
status was determined by thesame technique in 277 samples (23).
Hypermethylation of the MGMT promoter was tested in 242
samples by bisulfite pyrosequencing (24). The presence of EGFR-
vlll was evaluated by RT-PCR in 118 samples using EGFR-FW 5'-
CITCGGGGAGCAGCGATGCGAC-3" and EGFR-RV 5'CIGTCC-
ATCCAGAGG AGGAGTA-3' primers (25).

Copy number variations analyses have been performed on 192
tissue samples using CGH arrays using BAC arrays (n = 187),
Agilent 4 x 180 K (n = 2), Nimblegen 3 x 720 K (n = 2), and
Agilent 8 x 60 K (n = 1). Results were normalized using control
DNA from matched blood samples as previously described (26).
Additional analyses of 193 tumor specimens were performed by
SNP array, using Illumina Omni (n = 110), lllumina HumCore
(n=32), lllumina 370K (n = 27), or lllumina 610 K (n = 24), as
previously described (27). Array processing was outsourced to
Integragen. Raw copy numbers were estimated at each of the SNP
and copy number markers. Biodiscovery property SNP-FASST2
algorithm was then used to segment copy number data. Segments
were mapped to hgl8 genome assembly (28). Copy number
alterations magnitudes called log-R ratio (LRR) were classified
using simple thresholds: deletion (x < —1), loss (—1<x< —0.2),
gain (0.2 < x <1), or amplification (x > 1) according to default
Nexus 7.5 software. For additional 56 gliomas, 10q loss was
assessed on tumor and blood DNA by microsatellite analysis,
whereas amplification of EGFR, MDM2, and CDK4, and deletion
of CDKN2A gene, were determined by qPCR, as previously
reported (29, 30).

‘The molecular profiles obtained in Pitié-Salpétriere dataset
were combined with those available in The Cancer Genome Atlas
(TCGA) data portal. TCGA GBM segmented copy number vari-
ation profile was downloaded from The UCSC Cancer Genomics
Browser (31). Copy number variations (CNV) were measured
experimentally using the Affymetrix Genome-Wide Human SNP
Array 6.0 platform at the Broad TCGA genome characterization
center (32). Raw copy numbers were estimated at each of the SNP
and copy number markers. Circular binary segmentation was then
used to segment the copy number data (28). Segments are
mapped to hgl8 genome assembly at Broad.

For CNV analysis of the regions across FGFR3 and TACC3 genes,
we considered samples for which RNAseq and CNV data were
available or samples for which only CNV data were available and
RT-PCR sequencing of FGFR3-TACC3 fusion had been performed.
Overall, 158 GBM (all with a wild-type IDH1 gene) satisfied these
criteria. Among them, 5 hatbored an FGFR3-TACC3 fusion, where-
as 153 were FGFR—TACC-negative. The CNV magnitudes, called
LRR, were classified using the following thresholds: deletion
(x<—1),loss (—1<x < —0.2),gain (0.2 < x < 1), oramplification
(x > 1), according to the Atlas-TCGA (32). The analysis of the
genomic regions encompassing EGFR, MDM2, CDK4, CDKN2A,
7p, 10q, according to hgl8 genome assembly, was performed to
evaluate their CNV. EGFRvlII mutation status was inferred accord-
ing to Brennan and colleagues (32). The frequencies of the aberra-
tions of these genes in FGFR3-TACC3-positive and -negative
samples were calculated and the obtained data were then com-
bined with the Pitié-Salpétriere Hospital dataset.

Statistical analysis
Differences in the distribution on categorical variables were
analyzed using the Fisher exact test. The values were adjusted for

multiple testing according to Benjamini and Hochberg false
discovery rate (FDR). A g value < 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 < 0.05 (2-sided) was considered to be
statistically significant.

Cell culture and cell growth assay

GIC-1123 gliomaspheres were cultured in neurobasal medium
(Invitrogen) supplemented with B27, N2 (Invitrogen), EGF, and
FGF2 (20 ng/mL, PeproTech). Mouse astrocytes Ink4A-Arf '
were cultured in DMEM supplemented with 10% FBS. Cells were
seeded at 1,000 cells per well in a 96-well plate and treated with
INJ-42756493 (Active Biochem, #A-1278). After 72 hours, cell
viability was assessed using the MTT assay. Data are mean -+ SEM
of 6 replicates. Experiments were performed 3 times.

Subcutaneous xenografts and drug treatment

GIC-1123 cells (5 x 10°) were injected subcutaneously in the
flank of athymic nude (nu/nu) mice (Charles River Laborato-
ries). Mice carrying about 200 mm® subcutaneous tumors were
randomized to receive 12 mg/kg JNJ-42756493 (Active Bio-
chem, #A-1278) or dimethyl sulfoxide (DMSO) in 1% Tween
80 by oral gavage. Tumor diameters were measured with caliper
and tumor volumes estimated using the formula: 0.5 x length
x width”. Data are mean = SD of 9 mice in each group. Mice
were sacrificed when tumors in the control group reached the
maximal size allowed by the IACUC Committee at Columbia
University (New York, NY).

MRI imaging and evaluation of clinical response to JNJ-
42756493

Baseline and follow-up imaging assessments were performed
on 1.5-Tesla MR imaging systems, including at least axial T1-
weighted images before gadolinium injection, Axial or 3D
FLAIR (fluid-attenuated inversion recovery), dynamic suscep-
tibility contrast MR perfusion (0.1 mmol/kg of gadobutrol),
axial and 3D T1-weighted images after gadolinium injection.
Tumor response was assessed according to the RANO criteria
(33). Contrast-enhancing lesion volume was assessed with the
help of a semiautomated volumetry tool (SegmentiX), based
on shape detection and thresholding, with control and manual
correction of edges when necessary. Because exclusion of cystic
or necrotic portions of the lesion may be affected by operator
subjectivity, we included them both for volumetric and axial
measurements.

DSC (dynamic susceptibility contrast) perfusion datasets were
processed with vendor's software suite (Neuroperfusion, Philips),
including coregistration and rCBV (relative cerebral blood vol-
ume) parametric maps generation with 3 different algorithms
(Gamma-variate fitting, Arterial Input Function-based deconvo-
lution and Model Free).
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Results

Detection of FGFRI-TACCI1 and FGFR3-TACC3 fusions in GBM
and grade I1-111 glioma

To determine the frequency and molecular features of FGFR-
TACC fusions in human patients with glioma, we screened a
cohortof584 GBMand 211 grade lI-11I glioma treated at 5 neuro-
oncology centers (Table 1). One hundred eight were grade 11l (49
IDH wild-type, 52 IDH1 mutant, and 7 IDH2 mutant) and 103
were grade Il (36 IDH wild-type, 63 IDH1 mutant, and 4 IDH2
mutant). We also established the IDH mutational status of 333
GBM and determined that 303 harbored wild-type IDH1/2 and 30
were mutated at codon 132 of IDHI. We designed a RT-PCR assay
for the detection of all known and possibly new variants of
FGFR1-TACC1 and FGFR3-TACCS3 fusions that retain the mRNA
sequences coding for the key FGFR-TK and TACC domains
required for the oncogenic activity of the fusion protein (Figs.
1 and 2A-D). Overall, we found 20 tumors with an FGFR3-
TACC3 fusion, of which 17 were GBM (2.9% positives) and 3
lower grade glioma harboring wild-type IDH1/2 genes (3.5%
positives). The size of the FGFR3-TACC3 RT-PCR amplicons
ranged from 928 bp (for FGFR3ex18-TACC3ex13) to 1,706 bp
(for FGFR3ex18-TACC3ex4). The FGFRI-TACCI fusion was
detected in one grade Il IDH wild-type glioma (Fig. 1). Conversely,
we did not find any IDHI/2-mutant glioma harboring FGFR-
TACC fusions (P < 0.02). Sanger sequencing of the fusion ampli-
cons revealed that each FGFR-TACC ¢DNA joined in-frame the
sequence coding for the entire TK domain upstream of TACC-
coding sequences that invariably include the coiled-coil TACC

FGFR3

FGFR-TACC Identification and Inhibition in Glioma Patients

domain (Fig. 1). However, we detected a notable variability
among FGFR3-TACC3 fusion isoforms, whereby 5 of the iden-
tified variants occurred only in individual cases (Fig. 1). Further-
more, 6 fusion transcripts emerged as new variants that have not
been reported before in human cancer (marked in red in Fig. 1).

Next, we designed suitable PCR primers to map the genomic
breakpoint coordinates for 9 FGFR3-TACC3-positive samples for
which gDNA was available (Supplementary Figs. S1 and S2). We
successfully reconstructed the genomic breakpoints by Sanger
sequencing and found that they differ for each of the 9 positive
cases. Interestingly, even cases harboring the same FGFR3-TACC3
transcript splice variants (#4451 and #OPK-14 joining exon 17 of
FGFR3 to exon 6 of TACC3; #3048 and #4373 joining exon 17 of
FGFR3 to exon 8 of TACC3; #3808 and #27-1835 joining exon 17
of FGFR3 to exon 11 of TACC3) had different genomic break-
points (Supplementary Fig. $2). Taken together, the above find-
ings indicate that the noticeable variability among FGFR3-TACC3
fusion transcripts and genomic breakpoints is efficiently resolved
by the RT-PCR screening assay.

Immunostaining analysis of FGFR3-TACC3-positive tumors
We analyzed the expression of the FGFR3 fusion protein by IHC
or IF using an antibody that recognizes the N-terminal region of
FGFR3 (FGFR3-N) in 12 GBM and 3 lower grade glioma harbor-
ing FGFR3-TACC3 fusions for which sufficient tissue was avail-
able. Remarkably, each of the 15 positive tumors but none of
those that had scored negative in the RT-PCR assay, displayed
strong positivity for FGFR3 in the vast majority of tumor cells but
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not endothelial cells throughout the analyzed tumor section (Fig.
2A-H). Notably, IF using an antibody that recognizes an epitope
at the C-terminus of TACC3, which is invariably retained within
FGFR3-TACC3 variants (TACC3-C), reproduced the staining
pattern of the FGFR3-N antibody in FGFR3-TACC3-positive
tumors. Conversely, negative or very weak staining was obtained
in FGFR3-TACC3-positive tumors with antibodies recognizing
the regions of FGFR3 (FGFR3 C-terminal region, FGFR3-C) and
TACC3 (TACC3 N-terminal region, TACC3-N) constantly exclud-
ed from FGFR3-TACC3 fusion proteins (Supplementary Fig.
S3A). Consistently, quantitative RT-PCR of GBM harboring
FGFR3-TACC3 fusions showed that the expression of the N-
terminal coding region of FGFR3 and the C-terminal coding
region of TACC3 (which are included in the fusion genes) is
markedly higher than the expression of the C-terminal coding
region of FGFR3 and the N-terminal coding region of TACC3,
which are excluded from the fusion transcripts (Supplementary
Fig. S3B). We also analyzed one recurrent GBM from a patient

TG ACG TCC ACC GAC GTA AAG GCG ACA CAG

SSEERRIERT,
|

Figure 2.

Identification and immunostaining of
FGFR3-TACC3-positive tumors
Results from RT-PCR screening in
representative samples from the Pitié-
Salpétriere Hospital (A and C) and the
Besta (B and D) datasets. M, DNA
ladder. Schematic representation of
the FGFR3-TACCS3 fusion transcripts
identified in samples GBM-4620 (C)
and GBM-021 (D). The junction
sequences on the mRNA and the
reading frame at the breakpoint are
reported. Representative
microphotographs of hematoxylin
and eosin (H&E) and FGFR3
immunostaining in the FGFR3-
TACC3-positive samples GBM-4620
(E) and GBM-021 (F) and 2 FGFR3~
TACC3-negativesamples (GandH).a,
H&E, 10x magnification; b, HE,
40x magnification; ¢, FGFR3,

10x magnification; d, FGFR3,

40x magnification.

whose tumor had been found positive for FGFR3-TACC3 at the
initial diagnosis and who had recurred after concurrent radio-
therapy and temozolomide treatment. The recurrent tumor
retained the same FGFR3-TACC3 fusion gene and protein that
was present in the untreated GBM as determined by RT-PCR
sequencing and FGFR3 IF, respectively (Supplementary Fig.
$4). Although this requires additional evaluation, the retained
uniform positivity for FGFR3 in this recurrent GBM suggests that
targeting the FGFR3-TACC3 fusion protein at relapse is a valid
therapeutic strategy.

Clinical and molecular characteristics of glioma patients with
FGFR3-TACC3 fusions

Clinical and molecular profiling data were available for 591
patients, including 380 GBM (9 with FGFR3-TACC3 fusions) and
all 211 lower grade glioma (3 with FGFR3-TACC3 fusions). Of
these 12 patients, 5 are males and 7 females, aged 48 to 82 years
(median = 61 years). We sought to determine the molecular
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Table 2. Molecular alterations in /DH wild-type glioma harboring FGFR3-TACC3 fusions

FGFR3-TACC3 % of FGFR3-TACC3 FGFR3-TACC3 % of FGFR3-TACC3 P (Fisher

positive, n positive negative, n negative test) q (FDR)
EGFR amplification 0/16 0.0% 166/41 40.4% 4E-04 0.0012
CDK4 amplification 7/16 43.7% 41/408 10.0% 8.E-04 0.0024
MDM2 amplification 4/16 25.0% 24/408 5.9% 0.016 0.048
EGFRvIII 0/16 0.0% 37/219 16.9% 0.083 025
CDKN2A deletion 4/16 25.0% 188/41 45.7% 013 0.39
Chr. 7p gain 12/15 80.0% 242/374 64.7% 028 0.84
Chr.10qg deletion 12/16 75.0% 253/420 60.2% 03 09
TERT promoter mutation 9/m 81.8% 128/163 785% 08 1
MGMT promoter hypermethylation 6/12 50.0% 73/160 45.6% 0.7 1
NOTE: The table reports the absoll ber and frequency ) of individual gli pecific molecular intumors scoring positive or negative

for FGFR3-TACCS3 fusions. The analysis is done on the Union dataset (TCGA and "Pitié-Salpétriere Hospital" datasets, see Materials and Methods for details).
Statistically significant associations are indicated in bold (Fisher exact test, g values adjusted with FDR).

profileof FGFR3-TACC3-positive glioma. To do so, we combined
the analysis of CNVs and somatic mutations of key GBM genes in
our dataset with the SNP6.0 high-density genomic array analysis
of 158 TCGA-derived GBM samples fully annotated for FGFR3-
TACC3 fusion genes (the RNA-seq and/or RT-PCR analysis of
these samples had revealed that 5 of them harbor FGFR3-TACC3
fusions; ref. 6). Patients with FGFR3-TACC3 fusions displayed
unique characteristics (Table 2). FGFR3-TACC3 fusions were
mutually exclusive with EGFR amplification (0 of 16 vs. 166 of
411; P =0.0004, FDR g value corrected for multiple comparisons
= 0.0012) and showed a clear trend against the presence of the
EGFRulII transcript variant (0 of 16 vs. 37 of 219; P = 0.083).
Conversely, CDK4 amplification was significantly more frequent
in FGFR3-TACC3-positive tumors (7 of 16 vs. 41 of 408, P =
0.0008; FDR g value = 0.0024). A less significant association of
FGFR3-TACC3 fusions was also seen with amplification of
MDM2, which as CDK4, maps to chromosome 12q (4 of 16 vs.
24 of 408, P = 0.016; FDR g = 0.048). We found no statistical
association between FGFR3-TACC3 fusions and other geneticand
epigenetic alterations that commonly occur in gliomas harboring
wild-type IDH genes (CDKN2A deletion, TERT promoter muta-
tions, gain of chromosome 7p, loss of chromosome 10q, and
methylation of the MGMT promoter; Table 2). When compared
with the IDH wild-type patient population of grade II and 1Il
glioma and GBM, there was no significant difference in PFS or OS
between patients positive or negative for FGFR3-TACC3 (Sup-
plementary Fig. S5A and S5B).

Finally, we sought to establish whether the CNV analysis of the
FGFR3 and TACC3 genomic locicould be used to predict positivity
for FGFR3-TACC3 fusions. The analysis of high-density SNP6.0
arrays of the 158 GBM samples from TCGA revealed that 10
samples displayed different degrees of copy number gains encom-
passing the entire FGFR3 and TACC3 loci (Supplementary Fig. $6).
However, none of them harbored FGFR3-TACC3 fusions. Con-
versely, the 5 FGFR3-TACC3-positive samples in the dataset
harbor microamplification events involving only the exons of the
FGFR3 gene that are included in the fusion breakpoint. This
finding suggests that any CNV survey that is less accurate than
high-density SNP arrays could fail to identify the genomic marks
associated with true FGFR3-TACC3-positive cases.

Predinical and clinical relevance of targeting FGFR3-TACC3
fusions

INJ-42756493 is a potent, oral pan-FGFR tyrosine kinase
inhibitor with ICs, values in the low nanomolar range for all
members of the FGFR family. It has demonstrated potent anti-
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tumor activities in nonclinical models with FGFR aberrations,
including squamous non-small cell lung cancer, gastric cancer,
breast cancer, hepatocellular cancer, endometrial, and bladder
cancers (34, 35). To ask whether JNJ-42756493 is effective in
targeting specifically FGFR-TACC-positive cells, we treated with
JNJ-42756493 mouse astrocytes expressing FGFR3-TACC3,
FGFR3-TACC3 containing a mutation that inactivates the kinase
activity of FGFR3 (FGFR3-TACC3-KD) or the empty vector. We
also studied the effect of JNJ-42756493 on human glioma stem
cells GIC-1123 that harbor the FGFR3-TACC3 gene fusion (6).
These experiments revealed that both mouse astrocytes and GIC-
1123 that express FGFR3-TACC3 but not cells expressing the
KD mutant fusion or the empty vector are highly sensitive to FGFR
inhibition by INJ-42756493 with an IC5, of 3.03 and 1.55 nmol/
L, respectively (Fig. 3A and B). Next, we tested whether oral
treatment with JNJ-42756493 of mice-bearing xenografts of
human GIC-1123 affects tumor growth. Mice were randomized
to receive vehicle or JNJ-42756493 (12 mg/kg). Mirroring the in
vitro results, JNJ-42756493 elicited a potent growth inhibition of
GIC-1123 tumor xenografts (Fig. 3C and D) with a statistically
significant tumor regression after 2 weeks (P value of the slope
calculated from the treatment starting point = 0.04). The above
findings provide a strong foundation for the treatment of patients
with GBM harboring FGFR-TACC rearrangements with JNJ-
42756493.

Two patients with recurrent GBM harboring FGFR3-TACC3
fusions were treated with JNJ-42756493 in a first-in-man phase |
trial. Patient 1, male aged 52 years, underwent partial surgical
resection of a right parietal GBM, followed by fractionated radio-
therapy and concomitant temozolomide as first-line treatment
(36). The RT-PCR sequencing analysis of the GBM specimen
revealed positivity for the FGFR3-TACC3 fusion (FGFR3-
exon17-TACC3-exon 6, sample 4451, Supplementary Figs. S1 and
$2) and the immunostaining using FGFR3 antibody on paraffin-
embedded sections showed strong positivity in a large fraction of
tumor cells (not shown). After 5 cycles of temozolomide, the
patient presented with dizziness and headache and brain MRI
revealed tumor progression (Fig. 4A). At this time, the patient was
enrolled in the JNJ-42756493 trial and received JNJ-42756493
(12 mg/d administered in cycles of 7 days followed by 7 days off-
treatment). After 3 weeks, the patient reported a marked clinical
improvement (complete regression of dizziness and headache).
On MR, the sum of product diameters (RANO criteria, Fig. 4B)
and volumetry (Fig. 4C) measured without excluding cystic and
necrotic components showed disease stabilization. However, the
tumor mass underwent significant decrease of the enhancing
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parenchyma (—44%) with formation of a cystic portion in the
central core (33). The objective response was further corroborated
by the marked reduction of the extent of tumor vascularity
estimated by quantitative analysis of rCBV (relative cerebral blood
volume) from dynamic susceptibility MR perfusion maps (37)
(Fig.4D). Stabilization lasted for 115 days. During JNJ-42756493
treatment, mild and manageable toxicity was observed (grade |
hyperphosphatemia, asthenia, dysgueusia, dry mouth, keratitis,
and grade Il nail changes). After 4 months, tumor progressed on
MRI locally both on T1 contrast-enhanced area and T2/FLAIR
hypersignal. The patient was reoperated and subsequently treated
with CCNU. He is still alive, but in progression after 21 months
from diagnosis and 287 days from the start of the anti-FGFR
therapy.

Patient 2 is a 64-year-old woman, affected by left parietal GBM,
diagnosed by stereotactic biopsy. The tumor was positive for
FGFR3-TACC3 gene fusion by RT-PCR sequencing and showed
diffuse FGFR3 expression in most tumor cells (Fig. 2A, C and E,
sample 4620). The patient received as first-line treatment fraction-
ated radiotherapy and temozolomide according to the Stupp
protocol (36), but after 2 cycles of monthly temozolomide, she
presented with clinical deterioration including progressive head-
aches, right homonymous hemianopsia, and memory impairment.
Brain MRI performed 3 and 4 months after the completion of
concomitant chemoradiotherapy revealed tumor progression with
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Figure 3.

Preclinical evaluation of FGFR3-
TACC3 inhibition by JNJ-42756493. A,
mouse astrocytes expressing FGFR3-
TACC3 (F3T3), FGFR3-TACC3-KD
(F3T3-KD), or the empty vector
(Vector) were treated with the
indicated concentration of JNJ-

42756493, Cell viability was
determined by the MTT assay. Error
bars show mean + SEM (n = 6). B,
survival analysis of GIC-1123 treated
with JNJ-42756493. C, the FGFR-TK
inhibitor JNJ-42756493 suppresses
tumor growth of subcutaneous tumors
generated by GIC-1123. After tumor
establishment (arrow), mice were
treated with vehicle or JNJ-42756493
(12 mg/kg) for 14 days. Values are
mean tumor volumes - SD (n = 9 mice
per group). P value of the slope
calculated from the treatment starting
point (arrow) is 0.04. D, photograph
showing tumors dissected from
vehicle or JNJ-42756493-treated
mice after 2 weeks of treatment.

4 5 6
log [JNJ-42756493], pmol/L
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increase of the left parietal mass and the appearance of a small
contralateral lesion (Fig. 4E). The patient was thus enrolled in the
JNJ-42756493 trial (12 mg/d administered in cycles of 7 days
followed by 7 days off-treatment) and showed clinical improve-
ment after 4 weeks (regression of headaches, visual field defect, and
memory impairment). Best response was observed after 104 days of
treatment with a 22% reduction of tumor size according to the
RANO criteria (Fig. 4F) and 28% according to volumetry (Fig.4G).
Grade | hyperphosphatemia, nail changes, and mucositis were
observed. Clinical status remained stable until disease progression
occurring 134 days after the start of the anti-FGFR therapy. The
patient is still alive and is receiving a third-line chemotherapy with
nitrosoureas and bevacizumab.

Discussion

FGFR-TACC fusions are potent oncogenic events that when
present in brain tumor cells confer sensitivity to FGFR inhibitors
(6). Since our original identification of recurrent FGFR-TACC
fusions in GBM, small subgroups of patients harboring FGFR-
TACC translocations have been identified in several other tumor
types (7-15). Here, we report an unbiased RT-PCR-sequencing
analysis for the identification of all possible functional FGFR-
TACC fusion transcripts. The screening of a large glioma dataset
from multiple institutions not only confirmed that FGFR-TACC
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Baseline and posttreatment MRI of patients treated with JNJ-42756493. Patient 1 (A-D). A, post-gadolinium TI-weighted images show the target lesion on the right
parietal lobe. The interval (days) from the beginning of follow-up is indicated above each MRI. B, analysis of sum of product diameters (SPD) before and
during the anti-FGFR treatment (RANO criteria). C, analysis of tumor volume (cm®) before and during the anti-FGFR treatment. During anti-FGFR treatment, a
stabilization of the tumor was observed according to RANO criteria and volumetry. D, perfusion images at baseline and after 20 days of anti-FGFR treatment.
rCBV post-gadolinium Tl-weighted images with color overlay of rCBV are shown. Patient 2 (E-G). E, two different MRI slice levels of superior and middle

part of the lesion are presented. F, analysis of SPD before and during the anti-FGFR treatment. During the anti-FGFR treatment, a reduction of 22% of tumor size
was observed. G, volumetric evaluation showed a 28% tumor reduction. Vertical red arrow indicates the start of anti-FGFR treatment (baseline).

rearrangements occur in about 3% of human GBM but also
revealed that FGFR-TACC fusions are present in the subgroup
of IDH wild-type lower grade glioma (grades II-11I) with preva-
lence similar to that of GBM. IDH wild-type grade Il and Il glioma
have a significantly worse clinical outcome than the IDH-mutant
glioma and manifests molecular and clinical features that resem-
ble GBM (5). Our finding that FGFR-TACC fusions occur in IDH
wild-type but not in IDH-mutant glioma provides an important
clue for the molecular characterization of this glioma subtype.
Furthermore, the clustering of such potent oncogenic events in
IDH wild-type glioma underscores the particularly aggressive
nature of this group of glioma. While we showed that FGFR-
TACC fusions cluster within the poor clinical outcome subgroup
of IDH wild-type glioma, these translocations do not seem to carry
prognostic value within the IDH wild-type subgroup of patients
with glioma. However, the sample size of patients harboring
FGFR-TACC fusions is too small to draw definitive conclusions
with respect to the impact on survival, and larger studies will be
necessary to clarify the prognostic role of FGFR-TACC fusions in
IDH wild-type glioma.

Besides mutual exclusivity between IDHI mutations and
FGFR-TACC fusions, our results showed that patients with
FGFR3-TACC3 rearrangements lack EGFR amplification and
EGFRuIII but are significantly enriched for amplification of CDK4
(and MDM2 to a lesser extent). Knowledge of these molecular
characteristics will help select those patients who most likely
harbor FGFR-TACC rearrangements and design combinatorial
targeted therapies that might be more effective in the FGFR-
TACC-positive glioma subgroup.
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The molecular screen uncovered 6 new FGFR3-TACC3 fusion
events. Together with the previously identified variants, others
and we have reported 12 distinct isoforms of FGFR3-TACC3,
thus revealing a remarkable variability of FGFR3-TACC3 tran-
scripts in human cancer (see Supplementary Table S1 summa-
rizing the structure of all the FGFR-TACC variants identified to
date). The structural heterogeneity of FGFR3-TACC3 fusions is
yet more pronounced at the genomic level, whereby each fusion
event harbors distinct genomic breakpoints, even for identical
fusion transcripts. This finding underscores the notion that
targeted genomic analyses are unlikely to be suitable
approaches for the molecular diagnosis of FGFR3-TACC3 pos-
itivity. Conversely, the unbiased identification of FGFR3-
TACC3-positive tumors with the RT-PCR sequencing assay
reported here overcomes the limitations of screening only for
previously identified FGFR3-TACC3 fusions and provides a
simple molecular diagnostic assay.

Rather than displaying uniform amplifications of the FGFR3
and TACC3 genomic loci, FGFR3-TACC3-positive samples har-
bor small, intragenic microamplification events typically encom-
passing only the exons of the FGFR3 and TACC3 genes included in
the breakpoint (6). This finding is consistent with the notion that
a "fusion breakpoint principle” sustains the CNVs of driver gene
fusions such as FGFR3-TACC3 in which local CNVs target exclu-
sively the breakpoint region (38). We note that such small and
irregular CNVs may easily go undetected from CNV analyses
performed using platforms less-sensitive than the high-density
SNP6.0 genomic arrays. Furthermore, the notion that FGFR3-
TACC3-negative GBM may harbor uniform amplifications across
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the FGFR3 and TACC3 loci argues against the standard analysis of
FGFR3 and/or TACC3 CNVs as a method for the selection of
FGFR3-TACC3-positive tumors.

There is a growing body of evidence supporting the notion that
GBM is a markedly heterogeneous tumor. The formidable degree
of intratumor heterogeneity of GBM is a potential cause of failure
of targeted therapies in these tumors. In particular, the intratumor
heterogeneity of GBM has previously been recognized in light of
the mosaic expression of the RTK genes EGFR, PDGFRA, and MET
by neighboring cells (16-19). Thus, in the majority of GBM,
amplification or overexpression of individual RTK genes are
present in a subclonal fraction of tumor cells and co-exist with
amplification/expression of other RTK-coding genes within the
tumor mass. Therefore, it was essential to determine whether such
heterogeneity was also present in gliomas harboring FGFR-TACC
translocations. The immunostaining of FGFR3-TACC3-positive
tumors revealed that positive specimens manifest strong and
uniform expression of the fusion protein, which is also retained
after recurrence. This behavior is reminiscent of other driver
chromosome translocations (BCR-ABL, EML4-ALK) and is com-
patible with the glioma-initiating functions of FGFR-TACC
fusions (6). It is also the scenario expected for a driver oncogene
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whose activity remains essential for tumor e regard-
less of secondary genetic alterations that occur during tumor
progression.

The strong antitumor effects obtained with JNJ-42756493 in
glioma cells harboring FGFR3-TACC3 fusions have built a
compelling rationale for the treatment of patients with glioma
positive for FGFR-TACC rearrangements. JNJ-42756493 is an
oral ATP-competitive pan-FGFR selective inhibitor that inhibits
tyrosine phosphorylation of activated FGFR at nanomolar
concentrations (34, 35). The enrollment of 2 patients with
recurrent FGFR3-TACC3-positive GBM in a phase I trial with
JNJ-42756493 showed that this treatment has tolerable toxicity
and clear antitumor activity, thus validating FGFR-TACC as a
therapeutic target. Therefore, targeted inhibition of FGFR-TK in
preselected IDH wild-type FGFR-TACC-positive glioma may
provide clinical benefits for patients with recurrent glioma who
currently lack valuable therapeutic options. In conclusion, we
have shown the importance and feasibility of prospective
genotyping for FGFR-TACC fusions in patients with glioma
and provided a preliminary evidence of clinical response that
warrants the investigation of the sensitivity of gliomas harbor-
ing FGFR-TACC rearrangements to FGFR kinase inhibition in
clinical trials.
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Supplementary Figure 1

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

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
GBMO0822: GBM harboring wild-type FGFR3 and TACC3 genes; GBM3808; GBM1133;
GBMO0826; GBM3048: GBM harboring FGFR3-TACC3 (F3-T3) fusion. Error bars are SD of
triplicate samples.
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Supplementary Figure 4

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

The FGFR3-TACC3 fusion gene and protein are retained in recurrent GBM. (A) FGFR3-
TACCS3 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 mMRNA 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

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 0S=32.80 months) and FGFR3-TACC3 negative
(N=326, Median 0S=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

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.
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FGFR3exon17-TACC3exon11

FGFR3exon17-TACC3exon10

FGFR3exon17-TACC3exon8

FGFR3-TACC3
FGFR3exon17-TACC3exond

FGFR3exon17-TACC3exon6
FGFR3exon18-TACC3exond
FGFR3exon17-TACC3exon9 INS63bp
FGFR3exon18-TACC3exon9 INS66bp
FGFR3exon18-TACC3exon5
FGFR3exon18-TACC3exon5 INS33bp
INS71bp

FGFR3exon18-TACC3exon13
FGFR3exon18-TACC3exon11

FGFR1-TACC1 FGFR1exon17-TACC1exon7

29

Brain Tumors, N=10 (N=2,%. N=2.". N=6, Present Study).
Bladder Cancer, N=6 (N=3,'2. N=3,"")

Lung Cancer, N=13 {N=4,". N=9,"").

Brain Tumors, N=5 (N=1% N=1.%. N=3, Prosent study).
Oral Cancer, N=1,".

Head and Neck Cancers, N=2,"".

Bladder Cancer, N=3,”.

Lung Cancer, N=6 (N=4,". N=2,"").

Brain Tumors, N=6 (N=2,". N=4, Present study).
Lung Cancer, N=1,".

Brain Tumors, N=2 (N=1.%. N=1,"%).

Bladder Cancer, N=1".

Brain Tumors, N=2, Present study

Brain Tumors, N=1, Prosent study

Brain Tumors, N=1,%.

Brain Tumors, N=1, Present study.

Brain Tumors, N=1, Present study.

Brain Tumors, N=1, Present study.

Lung Cancers, N=1,"".

Brain Tumors, N=1, Present study.

Lung Cancers, N=1.".

Brain Tumors, N=5 (N=1,° N=3,'%; N=1, Present study).

Supplementary Table 1

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-Salpétriere 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 Francaise) and POLA French Networks (Hopital Pitié-Salpétriére,
Onconeurotek, Paris; Hopitaux Civils de Lyon; Hopital Foch Suresnes; Institut
du Cancers d’Angers; Hopital la Timone, Marseille; CHU Bordeaux, Hopital
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-Salpétriere Hospital, clinical data and follow-up are available in the

neuro-oncology database (Onconeurotek, GH Pitié-Salpétriere, 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 Il (Invitrogen). RT-PCR was

Performed using AccuPrime Tag 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 lllumina 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 hgl8 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, pl6 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 g-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 1V,
144 grade 111 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 1V, 72 grade 111 and 68 grade 1V).
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 Il 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 Il, grade Il 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.
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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 0S=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
0S=40.1 months) and FGFR3-TACC3 negative (N=400, Median 0S=19.0 months) (P=0.006).
Red indicates FGFR3-TACC3 positive patients, green indicates FGFR3-TACC3 negative patients
and open circles represent censored patients.
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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%.

87



Anna Luisa Di Stefano

FGFR3 IHC + FGFR3 IHC - |Total
FGFR3-TACC3 negative 41 185 226
FGFR3-TACC3 positive 10 0 10
Total 51 185 236

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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Patient 11- ID 5862 Patient 11- ID 5862 Patient 11- ID 5862

A B C
FGFR3 EX 17 TACC3EX 11 3 Toe

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 EGFRvVIII 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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Alterati N° of FGFR3- % of FGFR3-TACC3 N of FGFR3-TACC3 % of FGFR3- P q
reration
TACC3 positive positive negative TACC3 negative (Fisher test) (FDR)
EGFR amplification 0/34 0% 139/358 38% 0.0001 0.01
CDK4 amplification 5/29 17% 24/337 7% 0.06 0.14
MDM2 amplification 5/30 16% 17/380 4% 0.01 0.04
EGFRvill 0/12 0% 29/82 35% 0.01 0.04
p16 deletion 9/28 32% 163/358 45% 0.23 0.43
10q loss 23/25 92% 225/346 65% 0.004 0.03
7p gain 19/23 83% 213/310 69% 0.23 0.43
13qloss 3/22 13% 53/318 17% 1 1
14qloss 3/21 14% 45/297 15% 1 1
TERT promoter
. 19/25 76% 234/301 78% 0.80 0.98
mutation
MGMT promoter
N 6/15 40% 82/180 45% 0.79 0.97
hypermethylation
H3B and H3F3A
. 0/8 0% 7/99 7% 1 1
mutations
BRAFV600E mutation 0/12 0% 3/224 1% 1 1
MET amplification o/9 0% 0/31 0%
PTEN mutation 3/9 33% 21/108 19% 0.38 0.53

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 10qg loss in FGFR3-TACC3
positive and lower of EGFRVIII variant (underlined). g-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-TACCS3 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 EX®6) 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 Il 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:

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

or are receiving AZD4547
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e longest survivals correspond to patients with especially long remission
intervals after first line treatment
e 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 | and phase Il 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-
TACCS3 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;932.3) 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 (1d 5008 in Figure 4.3.1). We confirmed the presence of FGFR3-
TACCS3 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 Da3: 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 a-ketoglutarate (a-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 1p19qg-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 a-
ketoglutarate (a-KG), but also to a gain-of-function that results in the conversion
of 0-KG to the “oncometabolite” 2-hydroxyglutarate (2 HG) (Dang, 2009). 2 HG
is a competitive inhibitor of multiple a-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 pmol of 2 HG per
gram of tumor) by 100 fold, and 0.045 to 0.68 umol/gr in IDH wild-type gliomas.
No differences have been observed for a-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, GIn, 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 (ml), 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:

e 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

e 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).

o 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.
e size of voxel (ranging from 1.8 and 8 cm?®)

e magnetic field (3to 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, H20 = water, H202 = 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, a-KG = alpha-ketoglutarate
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Crene Muclaide change  Amino acid change W (%)

TDHI G3gsA R132H Gl (9179
C30dT R132C 29 (4.2%)
C3044 R1325 11 {15%)
CA%40G B30 1 (1A%
G395T R132L 2025

TDH? G515A R1T2IK 200 {6 5%
GS15T R1728 & {193%)
AS14T R1T2W 5 (162%)

Table 5.1Adapted from (Hartmann, 2009). Type of 716 IDH1 and 31 IDH2 mutations and
frequency among mutations in 1,010 WHO grades Il and IIl 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 Ill gliomas from Pitié Salpétriére 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 aKG, 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 ymol/gr in IDH mutated gliomas and from 0.045
to 0.68 umol/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:GIn:GABA:NAAG. Line widths of all spectra were broadened to mimic in-vivo spectra.
GABA = gamma-aminobutylic acid, GIn = glutamine, Glu = glutamate, NAAG = N-
acetylaspartylglutamate, 2 HG = 2-hydroxyglutarate
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a Normal brain b Grade 4 glioblastoma (o} Grade 2 oligodendroglioma
(IDH1 mutated)
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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 (2x2x2 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, y-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,
IFor 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
Il and grade Il 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 11 and grade 111 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-Salpétriere 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-um-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 QlAamp 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 (Bruker) 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.erndimga.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 Il or grade 111 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 cma3 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 Il (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, h\TERT 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 Il and one was a glioblastoma.
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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 Il or grade Il 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 pmol/gr in IDH mutated gliomas and from 0.045 to 0.68
pumol/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 (r?=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+/1p19qg+) versus IDH mutant-non codeleted gliomas
(IDH+/1p19g-).

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 Il (3.3 mM) and grade Il (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 1V versus grade Il) and P=0.003 (grade IV versus grade Il)-by MRS
(Figure 5.3.3in 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 111 (median 125 nmol/mg; range 23.80-336 nmol/mg) and grade I1
(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 Il, 15 grade Il 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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Pe Sex Ageat Histological diagnosis IDH status '}"wf’ | ATRX MRS 2 HG CRLB (%) Tumor2HG concentration
diagnosis g (mM) (nmol/mg)
1 M 31 diffuse astroyctoma grade IT IDHI R-132H o loss 12 31 17
2 M 32 diffuse astroyctoma grade IT IDH1 R-132H no loss 2.26 26 18.0
3 M 33 diffuse astroyctoma grade IT IDH1 R-132H no loss 4.48 14 117.0
4 F 32 diffuse astroyctoma grade IT IDHI1 R-132H no loss 3.79 6 138.0
5 M 33 diffuse astroyctoma grade II IDH1 R-132G na loss 1.76 20 145.0
6 F 27 diffuse astroyctoma grade I IDH1 R-132H no loss 1.47 28 2130
7 F 49 diffuse astroyctoma grade 11 IDH1 R-132H no loss 433 1 3160
8 ¥ 39 oligodendroglioma grade 1T IDH1 R-132H yes mainained 142 2 68.0
9 F 51 oligodendroglioma grade 11 IDH1 R-132H yes mainained 247 15 459
10 F 48 anaplastic astrocitoma grade 11 IDH1 R-132H no loss 3.34 14 117.9
11 M 38 anaplastic astrocitoma grade 111 IDH1 R-132H no loss 2.76 21 68.0
12 F 32 anaplastic astrocitoma grade 111 IDH1 R-132H no loss 4.06 12 115.0
13 M 40 anaplastic astrocitoma grade 111 IDH1 R-132H no loss 3.18 15 133.0
14 F 45 anaplastic astrocitoma grade 111 IDHI1 R-132H no loss 2.04 15 209.0
15 F 25 anaplastic astrocitoma grade 111 IDH1 R-132H no loss 411 10 3040
16 ¥ 30 anaplastic astrocitoma grade 11 IDH1 R-132H no loss 3.93 9 336.0
17 M 4 anaplastic oligodendroglioma grade I11 IDH1 R-132H no mainained 1.66 26 238
18 M 32 anaplastic oligodendroglioma grade I11 IDH1 R-132H yes mainained 167 18 79.0
19 M 54 anaplastic oligodendroglioma grade ITI IDHI R-132H yes maintained 33 13 1540
20 M 56 glioblastoma IDH2 R-172K na loss 68 8 613.0
21 M 45 glioblastoma IDH1 R-132H yes maintained 8.56 6 130.0
2 M 2 ganglioglioma grade I IDHI and IDH2 wild-type no na 0 999 1.0
23 M 48 diffuse astroyctoma grade IT IDH1 and IDH2 wild-type no maintained 117 69 na
24 F 63 diffuse astroyctoma gxudc 1 IDH1 and IDH2 wild-type na maintained 0.07 999 na
25 M 4 glioblastoma IDH1 and IDH2 wild-type no maintained 0.77 65 29

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.

2 HG MRS positive 2 HG MRS negative Total

IDH mutated glioma 20 1 21
IDH wild-type glioma 0 4 4
Total 20 5 23

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<309%). Green Dots correspond to grade Il, blue dots to grade Il and red
dots to grade V. 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 Il, blue dots correspond to grade 1l 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
mutlpl19q codeleted versus IDH mutant 1p19qg 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 111 and grade 11 by t
test (P=0.0001 and 0.003 respectively).

In grade 1V, tumor 2 HG shows a trend to higher concentrations (median 371 nmol/mg; range
130-613 nmol/mg) versus grade 111 (median 125 nmol/mg; range 23.80-336 nmol/mg) and grade
Il (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).

132



Anna Luisa Di Stefano

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 Il and 11l 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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Purpose of review

This review summarizes recent studies on the predictive value of molecular markers in adult gliomas,
including 1p/19q codeletion, MGMT methylation, IDH mutation and markers identified using omics and

next-generation sequencing studies.

Recent findings

The long-erm results of the Radiation Therapy Oncology Group and European Organization for Research
and Treatment of Cancer frials in anaplastic oligodendroglial glioma have shown that the 1p/19q
codeletion predicts an overall survival benefit from early PCV (procarbazine CCNU vincristine)
chemotherapy. This benefit can also be predicted using gene expression-based molecular subtypes of
gliomas while the predictive value of the IDH mutation in this context requires further study. In elderly
patients with glioblastoma, the analysis of MGMT methylation status in two phase lll trials suggests that this
alteration may guide treatment decisions; however, this finding still needs confirmation in prospective
studies. Omics and nexi-generation sequencing studies have identified additional potential predictive
markers. In particular, IDH mutations, BRAF V60OE mutations and FGFR gene fusions might predict efficacy

of therapies targeted against these alterations.

Summary

Currently, the 1p/19q codeletion is the only well established predictive marker with clinical utility.
However, it is likely that other molecular markers such as MGMT methylation, IDH mutation and those
identified using omics and next-generation sequencing studies will further guide treatment decisions in adult

gliomas.

Keywords

1p/19q codeletion, glioma, IDH mutation, MGMT methylation, predictive biomarker

INTRODUCTION

Until recently, treatment decisions in glioma were
based on clinical, radiological and histological fac-
tors with little use of predictive molecular markers
[1]. When treating anaplastic gliomas, many neuro-
oncologists used the 1p/19q codeletion status for
care decisions but this strategy was not supported by
strong evidence [27]. In glioblastoma patients less
than 70 years, MGMT methylation predicts a stron-
ger benefit of temozolomide radiochemotherapy,
but is not decisional in this population, as unme-
thylated patients can benefit from this regimen [3].

Now, the long-term results of the Radiation
Therapy Oncology Group (RTOG) and European
Organization for Research and Treatment of Cancer
(EORTC) trials have clearly established that the
1p/19q codeletion predicts a benefit for early chemo-
therapy in anaplastic gliomas, and two phase I trials
suggest that MGMT methylation should guide

1040-8746 © 2013 Wolters Kluwer Health | Lippincott Williams & Wilkins
Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

treatment decisions in elderly patients with glioblas-
toma [4*"-7"]. In addition, omics and next-gener-
ation sequencing studies have identified gene
expression signatures and molecular markers that
could predict treatment efficacy, particularly when
using targeted therapies [8*-10™].
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KEY POINTS

o In anaplastic gliomas, 1p/19q codelefion predicts
early chemotherapy benefit.

o The predictive value of MGMT methylation in elderly
glioblastoma patients is promising but needs
further confirmation.

o In the near future, predictive biomarkers will likely
guide the use of targeted therapies.

CHROMOSOME 1P/19Q CODELETION

In 1998, the 1p/19q codeletion has been associated
with response to chemotherapy in anaplastic oligo-
dendrogliomas [11]. However, in contrast to its well
established prognostic value, the predictive value of
the 1p/19q codeletion had, until recently, remained
a topic of debate.

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 [12]. 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 [13-15]. Using fluorescence in-situ
hybridization or loss of heterozygosity techniques
with probes focusing solely on 1p36 loci (as classi-
cally performed) may be insufficient to discriminate
between the two types of 1p deletions [13]. 1p/19q
codeletion is almost always associated with an IDH1/
IDH2 mutation and is exclusive from TP53, ATRX
mutations and from EGFR and other gene amplifi-
cations [16,17%,18%,19"]. Mutations of CIC (located
on 19q) and FUBP1 (located on 1p) occur in approxi-
mately 60 and 15% of cases, respectively, and are
specific to 1p/19g-codeleted tumors [19™,20™,21].
The recently identified mutations of the TERT pro-
moter, which lead to increased telomerase expres-
sion, seem to be present in nearly all 1p/19q-
codeleted tumors [22%,23%24""]. These mutations
are also present in the majority of primary glioblas-
tomas. In contrast, they are rare in IDH mutated
nonlp/19g-codeleted gliomas. These tumors harbor
ATRX mutations that maintain telomere length
independently of telomerase activity (alternative
lengthening of telomeres) [24™]. At the gene expres-
sion level 1p/19q codeletion is associated with a
proneural gene expression profile and the expres-
sion of neuronal genes [25]. In particular, inter-
nexine alpha expression can be used as a surrogate
marker of the 1p/19q codeletion and has a strong
prognostic value in anaplastic gliomas [26-28].

690 www.co-oncology.com

In the mid 1990s, two phase III studies — one by
the RTOG and the other by the EORTC - were
initiated to test if adding PCV (procarbazine CCNU
vincristine) chemotherapy to radiotherapy as part of
the initial treatment might improve the overall
survival (OS) of patients with anaplastic oligoden-
droglial tumors (AOTs). The first results of these two
studies, published in 2006, showed that PCV and
radiotherapy increased progression-free survival
(PFS) but did not affect OS and that this outcome
was true irrespective of 1p/19q status [29,30]. After a
median follow-up of 11 years, the long-term results
of both studies now clearly demonstrate that 1p/19q
codeletion is not only a major prognostic factor but
also a major predictive factor of early chemotherapy
benefit [4™,5%]. In patients with 1p/19g-codeleted
tumors, PCV and radiotherapy resulted in a nearly
three-fold increase in median PFS compared with
radiotherapy alone (8.4 years versus 2.9 years in the
RTOG study; 13 years versus 4.1 years in the EORTC
study) and in a two-fold increase of the median OS
(14.7 years versus 7.3 years in the RTOG study;
median OS not reached versus 9.3 years in the
EORTC study). In contrast, early PCV was associated
with only a modest increase in PFS with no effect on
OS in nonl1p/19qg-codeleted tumors. Therefore, the
updated results of the RTOG and EORTC study
define radiotherapy and PCV as the new standard
of care for newly diagnosed 1p/19g-codeleted AOTs.
However, the survival curves of patients with 1p/
19qg-codeleted AOTs treated with radiotherapy alone
or radiotherapy and PCV only began to diverge at
S years, which suggests that some 1p/19q-codeleted
tumors are not sensitive to PCV. As such, additional
biomarkers need to be identified within 1p/19q
tumors. Although radiotherapy and PCV did not
improve median OS in nonlp/19q-codeleted
tumors, the survival curves indicated a higher rate
of long-term survival in this group compared with
those in the group that received radiotherapy alone.
Because noncodeleted tumors that harbor IDH
mutations are associated with a far better prognosis
than nonlp/19g-codeleted tumors that express
wild-type IDH, assessing the value of IDH status to
predict early chemotherapy benefits in nonlp/19g-
codeleted tumors would be interesting [16]. In the
EORTC study, robust conclusions could not be made
because of the limited number of patients with AOTs
that were both nonlp/19g-codeleted and IDH-
mutated. Further molecular analyses from the RTOG
study are expected. Interestingly, a translational
study on the EORTC study demonstrated that the
benefit of early PCV chemotherapy could be more
reliably predicted by tumor gene expression profiles
[8%]. One hundred and forty AOTs were assigned to
main gliomas subtypes [called intrinsic glioma
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subtypes (IGS)] previously identified based on unsu-
pervised gene expression analysis. Tumors assigned
to IGS-9 (which was enriched in 1p/19q codeleted
tumors) significantly benefited from adjuvant PCV.
A similar (although nonsignificant) trend was
observed for tumors assigned to IGS-17 (which
was enriched in IDH mutated but nonlp/19g-code-
leted tumors).

In low-grade gliomas (LGGs), 1p/19q codeletion
also has a strong prognostic value. The median
survival duration is 12-15 years in the presence of
the 1p/19q codeletion and 5-8 years in the absence
of the codeletion [1]. In the largest published series
of patients treated with up-front temozolomide,
the 1p/19q codeletion was associated with both a
higher response rate (72 versus 46%) to chemother-
apy and a longer duration of response (>40 versus
20 months) [31]. However, its predictive value needs
to be confirmed in prospective clinical trials [32].
Analysis of the outcome according to the 1p/19q
codeletion in the RTOG phase III trial (radiotherapy
versus radiotherapy and PCV in unfavorable LGGs)
and in the EORTC/NCIC phase III trial (up-front
radiotherapy versus up-front temozolomide in pro-
gressive LGGs) are expected to clarify the predictive
and clinical values of 1p/19q in LGGs.

06-METHYLGUANINE-DNA METHYL
TRANSFERASE

MGMT silencing through methylation of its pro-
moter induces low expression of MGMT protein
and decreases DNA-repair activity, which increases
sensitivity to alkylating agents.

MGMT methylation occurs in approximately
40% of glioblastomas. In 2005, it was identified as
both a strong prognostic and predictive marker in
glioblastomas treated with temozolomide radio-
chemotherapy [33]. However, assessment of MGMT
methylation was not incorporated into treatment
decisions because MGMT methylation was only
demonstrated to be a quantitative predictive
marker. Indeed, when the effect of concomitant
and adjuvant temozolomide versus radiotherapy
alone was evaluated in the EORTC/NCIC 26981/
22981 glioblastoma trial, the benefit of radioche-
motherapy was higher in MGMT-methylated
patients (23.4 versus 15.3 months, P=0.004) than
in MGMT-unmethylated patients (12.6 versus 11.8
months, P=0.035). However, the latter group still
benefited from this treatment, particularly in terms
of long-term survival [34].

A retrospective analysis of MGMT methylation
was recently performed in two phase III trials, the
NOA-8 and the Nordic trials, which evaluated the
effect of radiotherapy versus temozolomide
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chemotherapy in elderly glioblastoma patients
[6™,7""]. MGMT methylation was analyzed in 56
and 69% of patients in the NOA-8 and the Nordic
trial, respectively. In the NOA-8 trial (patients
>65 years), MGMT-methylated patients had a longer
PFS when treated with temozolomide as opposed to
radiotherapy (8.4 versus 4.6 months, P=0.01),
whereas MGMT-unmethylated patients had a longer
PFS when treated with radiotherapy than with temo-
zolomide (4.6 versus 3.3 months, P=0.01). A similar
yet not significant trend was observed for OS. The
Nordic trial (patients >60 years) showed a nonsigni-
ficant trend toward longer OS in MGMT-methylated
patients when treated with temozolomide rather
than with radiotherapy (hazard ratio=0.64,
P=0.07), but MGMT-unmethylated patients did
not fare better when treated with radiotherapy than
with temozolomide. PFS data were not available for
this trial, as these data were deliberately not col-
lected. These results, together with another retro-
spective study, suggest that MGMT methylation
could guide treatment decision in elderly patients
with glioblastoma [35"]. However, the data are not
yet robust enough to be translated into the clinic
and need prospective validation. The results of the
NCIC/EORTC phase III trial (accelerated radiother-
apy versus accelerated radiotherapy and temozolo-
mide) are awaited to clarify the predictive value of
this alteration in elderly patients with glioblastomas
and the place of combined radiochemotherapy in
this population.

Until now, the use of MGMT methylation as a
predictive factor has also been limited by the fact
that the optimal technique to study MGMT meth-
ylation is still debated. In a recent study, the rate of
MGMT-methylated patients varied from 33 to 60%
depending on the method that was used [36].
Methylation-specific PCR has been used as a stand-
ard to study MGMT methylation, but this method is
only qualitative and lacks automation. Therefore,
alternative semiquantitative and quantitative
techniques have been developed. However, these
techniques do not study exactly the same regions
of the MGMT promoter. Therefore, as the methyl-
ation pattern of the promoter can be heterogeneous,
some patients are classified as methylated or as
unmethylated depending on the technique used
[36™]. Two recent studies suggested that pyrose-
quencing was the most reliable technique and had
the best predictive value [36™,37". Interestingly,
both the methylation-specific PCR and the pyrose-
quencing technique analyze a region of the MGMT
promoter, wherein methylation was recently shown
to display the highest negative correlation with
MGMT expression and the highest positive corre-
lation with survival [38""].
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In contrast to glioblastomas, MGMT methyl-
ation in anaplastic gliomas appears until now only
as a prognostic factor without predictive value
[39,40]. This may be explained by the fact that, in
these tumors, MGMT methylation is tightly associ-
ated with IDH mutation and a diffuse hypermethy-
lated phenotype [38™,41].

IDH1/IDH2 MUTATIONS

Isocitrate dehydrogenase mutations have a strong
diagnostic and prognostic value in adult diffuse
gliomas but no clear predictive value [42]. Whether
IDH mutated non1p/19q-codeleted anaplastic glio-
mas benefit from early PCV chemotherapy remains
to be determined. The IDH mutation has been
suggested to predict the response to first-line temo-
zolomide chemotherapy in low-grade gliomas, but
this finding requires confirmation [43]. An analysis
of the outcome according to the IDH mutation in
the RTOG phase III trial (radiotherapy versus radio-
therapy and PCV in unfavorable LGGs) and the
EORTC/NCIC phase III trial (up-front radiotherapy
versus up-front temozolomide in progressive LGGs)
is expected to clarify the predictive value of IDH
mutation in LGGs. However, IDH mutation might
predict the efficacy of mutant IDH inhibitors in the
future. Important advances have been achieved in
the understanding of the pathophysiology of IDH
mutations. As suggested by the distribution of its
mutations, the mutated IDH protein has been
shown to be oncogenic [44"]. IDH mutations result
in the abnormal production of 2-hydroxyglutarate
(2-HG) that is structurally similar to a-ketoglutarate.
2-HG competitively inhibits multiple a-ketogluta-
rate enzymes leading to histone and DNA hyper-
methylation, altered cell differentiation and
activation of enzymes implicated in hypoxia-indu-
cible factor (HIF) degradation [45%"-47"%]. Most
interestingly, a selective R132H-IDH1 inhibitor
has recently been shown to specifically impair the
growth of IDH1-mutant glioma cells and promote
their differentiation [48].

NEW PREDICTIVE BIOMARKERS
IDENTIFIED THROUGH OMICS AND NEXT-
GENERATION SEQUENCING STUDIES

Omics studies have enabled the classification of
gliomas into molecularly homogeneous subgroups
that are of prognostic value, independently of
histology [49]. These subgroups could also be of
predictive value. Erdem-Eraslan et al. [8"] demon-
strated that the gene expression profiles of anaplas-
tic glioma could be used to predict the benefit of
early PCV chemotherapy. In glioblastomas, Verhaak
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et al. [50] suggested that the molecular classification
into four subclasses (classical, mesenchymal, pro-
neural and neural) predicts the benefit of a more
intensive treatment. Patients with mesenchymal
and classical glioblastomas showed increased OS
when treated with temozolomide radiochemother-
apy and/or more than three cycles of adjuvant
temozolomide, which was not the case for patients
with proneural glioblastomas. The classical subclass
has also been suggested to be associated with a
higher response rate to first-line chemotherapy
[51]. However, these results require validation in
prospective studies. Extensive molecular studies
have also identified recurrent alterations that could
predict the efficacy of targeted therapies. BRAF alter-
ations were first identified in the majority of pilo-
cytic astrocytomas suggesting that these tumors
might be candidates for BRAF inhibitors [52,53].
In these tumors, the most frequent alteration is a
KIAA1549-BRAF fusion transcript. This alteration is
also found in a small subset of diffuse gliomas, in
particular  1p/19q-codeleted oligodendrogliomas
[54%]. Subsequently, activating BRAF V600E
mutations were found in two-thirds of pleomorphic
xanthoastrocytomas and gangliogliomas as well as
in 50% of epithelioid glioblastomas (an uncommon
glioblastoma variant not recognized in the WHO
2007 classification) [S55,56%57,58,59%]. However,
this mutation is rare (<5%) in other diffuse gliomas,
including  glioblastomas.  Interestingly, this
mutation can be easily assessed using a V600E
mutation-specific antibody and a small case study
suggested that vemurafenib (a potent BRAF inhibi-
tor with clinically meaningful activity against BRAF-
mutated metastatic melanoma) could be active in
adults with recurrent pleomorphic xanthoastrocy-
tomas that showed a BRAF mutation [60,61%]. MET is
amplified in approximately 5% of glioblastomas and
could predict the efficacy of crizotinib, an oral small-
molecule inhibitor of the MET and anaplastic lym-
phoma kinase (ALK) tyrosine kinases that is highly
effective in lung cancers with ALK translocation
[62%]. Oncogenic EGFR alterations are much more
frequent (40%), but anti-EGFR therapies have failed
to demonstrate clinical activity until now. However,
new EGEFR tyrosine kinase inhibitors could be more
effective [63™]. Finally, high-throughput RNA
sequencing studies identified recurrent activating
FGFR fusion transcripts in a small subset of glioblas-
tomas (3%) that might be good candidates for the
use of anti-FGFR-targeted therapies [9*%,10""].

CONCLUSION

Major advances have been achieved in the molecu-
lar characterization of adult gliomas, which led to
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the identification of strong diagnostic and prognos-
tic markers. Predictive biomarkers are more difficult
to identify and need to be validated in prospective
clinical trials before being translated into the clinic.
Currently, the 1p/19q codeletion is the only well
established predictive marker with clinical utility.
However, it is likely that other molecular markers,
such as MGMT methylation, IDH mutation and
those identified using omics and next-generation
sequencing studies, will further guide treatment
decisions for gliomas in the near future. Because
many of these new predictive biomarkers will most
likely be present in only small subsets of patients,
facilities that can perform prospective high-
throughput molecular analyses of gliomas will be
necessary [64"].
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64. Chi AS, Batchelor TT, Dias-Santagata D, et
= molecular profiling of human gliomas. J Nemoor\col 2012; 110 89-98.
This study shows that high-throughput molecular profiling incorporated into the
routine clinical evaluation of glioma patients may enable the rational selection of
patients for targeted therapy dlinical trials and thereby improve the likelihood that
such trials will succeed.
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Section Editor
Robert C. Griggs, MD

Editors’ Note: In reference to “White matter hyperintensities ]
on MRI in high-altitude U-2 pilots,” Hellmann-Regen et al.
identify potentially confounding factors, in addition to
hypobaria, that are seen in military pilots, including high Gz
stress and radiation exposure, and suggest a “regular pilot”
control group. Author McGuire responds by sharing unpublished
findings on a group of altitude-chamber technicians.

—Megan Alcauskas, MD, and Robert C. Griggs, MD
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ACUTE LATE-ONSET ENCEPHALOPATHY AFTER
RADIOTHERAPY: AN UNUSUAL LIFE-
THREATENING COMPLICATION

Paul J. Regal, Newcastle, Australia: Di Stefano et al.!
reported 5 patients who developed steroid-responsive
encephalopathy 9 months to 17 years after whole-
brain radiotherapy for brain mmors. MRI, CSF, EEG,
and other laboratory tests excluded almost all other
potential causes for encephalopathy. The favorable
response to [V methylprednisolone in 2-6 days further
restricted the field of potential causes. The authors
decided that brain biopsy, a potendal gold standard,
was not necessary. Brain autopsy on the 2 patients
who died 2-2.5 years after autopsy was not under-
wken. I wonder whether the authors estimated the
denominator—the number of patients teated with
whole-brain radiotherapy—to yield these 5 cases. In
addition, it would be interesting to know the incidence
of other forms of encephalopathy after radiotherapy.
From my research in the Central Coast Australia Delir-
ium Intervention Study—a prospective domized

Anna Luisa Di Stefano

WriteClick:

&
Editor’s Choice

radiation therapy. These were not available in our ret-
rospective case series. Two patients did not show MRI
abnormalities targetable by brain biopsy. In the remain-
ing patients, brain biopsy was not performed because of
patients’ critical conditions at the dme of ALERT syn-
drome and the subsequent improvement and MRI nor-
malization after high-dose steroids. In this serting, we
judged brain biopsy as an invasive procedure exposing
patients to a disproportionate risk.

Patients 1 and 3 died at hospitals not within our site
of acute respiratory distress due to pulmonary infection.
They had no recent neurologic symptoms or MRI alter-
ations. Although autopsy could have been informative,
it was not performed. We intend to collect neuropatho-
logic specimens from patients presenting with similar
symproms from all sites wishing to collaborate with us.
As a retrospective study, neuropsychological tests were
not serially performed.

From 1998 o 2011, patients were admitted into
4 different neurologic sites at the onset of neurologic
symptoms. We cnnot correctly estimate the number
of patients receiving whole-brain radiotherapy in origin
departments but we suggest that a more informative
denominator would be the number of long-surviving
patients after brain irradiation. To answer this, we are
conducting a prospective clinical study on long survivors
after brain irradiation to explore the underlying mecha-
nisms of acute encephalopathy and its relationship with
chronic postradiation complications.

© 2014 American Academy of Neurology

1. Di Swefino AL, Berzero G, Vitali P, et al. Acute late-onset

controlled trial for subjects age 65+—both the
informant-rated instrumentl activities of daily living
and informant-rated apathy evaluation score declined
significantly in the days prior to delirium. Perhaps
the authors could provide the cognitive scores before
encephalopathy, on admission, and after recovery.

Author Response: Anna L. Di Stefano, Giulia Ber-
zero, Enrico Marchioni, Pavia, Italy: We thank
Dr. Regal for his comments. Peculiar characteristics
of acute late-onset encephalopathy after radiotherapy
(ALERT) syndrome are acute onset and rapid response
to steroids. We agree with the value of neuropathologic
findings in the setting of unusual complications of

Neurology 82 March 25, 2014
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WHITE MATTER HYPERINTENSITIES ON MRI IN
HIGH-ALTITUDE U-2 PILOTS

Julian Hell Regen, Kim Hinkel Francesca
Regen, Berdin, Germany: McGuire et al.' presented

interesting data on the prevalence and location of white
g P

matter hyperintensiies (WMHs) in MRI scans of high-
alritude pilots. The authors demonstrated thar WMHs
differ between the pilot group and a matched group of
healthy controls. They concluded that these differences
may be the result of hypobaria in the pilot group. While
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Parametric Response Maps of Perfusion MRI May Identify
Recurrent Glioblastomas Responsive to Bevacizumab
and Irinotecan

Domenico Aquino', Anna Luisa Di Stefano?”, Alessandro Scotti'®, Lucia C ini®, Elena Anghileri®,
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Abstract

Background: Perfusion weighted imaging (PWI) can be used to measure key aspects of tumor vascularity in vivo and recent
studies suggest that perfusion imaging may be useful in the early assessment of response to angiogenesis inhibitors. Aim of
this work is to compare Parametric Response Maps (PRMs) with the Region Of Interest (ROI) approach in the analysis of
tumor changes induced by bevacizumab and irinotecan in recurrent glioblastomas (rGBM), and to evaluate if changes in
tumor blood volume measured by perfusion MRI may predict clinical outcome.

Methods: 42 rGBM patients with KPS =50 were treated until progression, as defined by MRI with RANO criteria. Relative
cerebral blood volume (rCBV) variation after 8 weeks of treatment was calculated through semi-automatic ROl placement in
the same anatomic region as in baseline. Alternatively, rCBV variations with respect to baseline were calculated into the
evolving tumor region using a voxel-by-voxel difference. PRMs were created showing where rCBV significantly increased,
decreased or remained unchanged.

Results: An increased blood volume in PRM (PRMcgy.) higher than 18% (first quartile) after 8 weeks of treatment was
associated with increased progression free survival (PFS; 24 versus 13 weeks, p=0.045) and overall survival (OS; 38 versus 25
weeks, p=0.016). After 8 weeks of treatment ROI analysis showed that mean rCBV remained elevated in non responsive
patients (4.8+0.9 versus 5.1%1.2, p=0.38), whereas decreased in responsive patients (4.2+ 1.3 versus 3.8+ 1.6 p=0.04), and
re-increased progressively when patients approached tumor progression.

Conclusions: Our data suggest that PRMs can provide an early marker of response to antiangiogenic treatment and warrant
further confirmation in a larger cohort of GBM patients.
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Introduction Perfusion weighted imaging (PWI) can be used to measure key
aspects of tumor vascularity in vivo and recent studies suggest that

Glioblastomas (GBM) are highly vascularized tumors, leading to perfusion imaging may be uscful in the carly ment of
development of therapeutic strategics targeting tumor angiogencsis response to angiogenesis inhibitors. Sorensen, studying recurrent
[1]. Bevacizumab, a monoclonal antibody targeting the vascular GBM patients treated with cediranib, an inhibitor of the VEGF
endothelial growth factor (VEGF), has recently entered into the receptor tyrosine kinases, calculated a “vascular normali
clinical arena and represents the front-runner among currently index” by combining Ktrans (the rate of transfer of the contrast
available antiangiogenic drugs [2]. Despite the significant number agent (CA)), microvessel volume and circulating collagen IV and
of studies based on GBM treatment with bevacizumab, alone orin - found that this index (measured 1 day after treatment initiation)
combination with other drugs, in vivo modifications induced by was predictive of overall and progression-free survival (OS and
treatment are poorly defined [3]. Morcover, although the highly PFES) [5].
variable response to bevacizumab, currently there are no Cha et al. studied 18 patients with recurrent malignant gliomas
prospectively validated predictive or prognostic biomarkers for it treated with both thalidomide (an antiangiogenic agent) and
[4]. carboplatin: changes in relative Cercbral Blood Volume (rCBV)
PLOS ONE | www.plosone.org 1 March 2014 | Volume 9 | Issue 3 | 90535
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are better correlated with treatment response than enhancing
tumor size [6].

In 16 patients with recurrent GBM treated with bevacizumab,
Sawlani observed that mean rCBV, mean leakage coefficient and
hyperperfusion volume (HPV), defined as the fraction of tumor
with an rCBV above a pre-specified threshold, correlate with time
to progression [7].

Parametric Response Maps (PRM) are voxel-wise analytic
approach to quantify significant regional changes in tumor
physiology after therapy [8,9].

Aim of this work is to compare PRMs with the classical Region
Of Interest (ROI) approach [10] in the analysis of tumor changes
induced by bevacizumab and irinotecan in recurrent GBM, and to
evaluate if changes in tumor blood volume measured by perfusion
MRI may predict clinical outcome [11].

Methods

Ethics statement

All patients in the current work were part of a study carried out
according to the Italian Decree Law of May 8", 2003 allowing
treatment of patients with no other therapeutic option, with drugs
not yet approved by the Italian Regulatory Agency, but with
evidence of efficacy in phase IT clinical trials [11]. The protocol
was approved by the Ethics Committee of the Neurological
Institute “Carlo Besta™ of Milan and registered in the Institute
databasc (#1/08). All patients gave written informed consent. All
clinical investigation were conducted according to the principles
expressed in the Declaration of Helsinki.

Patients

Forty-two of these patients who underwent the same MRI
protocol, were enrolled [11]. All patients underwent prior surgery
and radiochemotherapy according to the Stupp’s protocol [12],
followed by second or third line chemotherapy.

Magnetic Resonance Imaging (MRI) was performed with a 1.5-
T MR Unit (Magnetom Avanto; Siemens, Erlangen, Germany)
before starting therapy and followed up every 8 weeks until tumor
progression or treatment discontinuation.

RANO criteria were used to assess tumor response and tumor
progression; however, to assess changes of FLAIR hyperintensity,
a threshold of 25% or more of the maximal cross-sectional arca
was used [13,14]. Bascline tumor volumes were determined on 3D
post-gadolinium T1 ghted images by manually outlining the
enhancing portion of the lesion using MRIcro (http://www.
mccauslandcenter.sc.edu/mricro/). The total enhancing volume
was obtained as the product of the number of enhancing voxels
and the voxel volume.

We used the following four criteria to assess MR patterns of
discase at baseline and at progression [15]. Local discase: unifocal,
contiguous with the primary site or resection cavity or within a
3 cm margin. Distant discase: a second non-contiguous lesion in
addiction to disease at the primary site. Multifocal discase: three or
more non-contiguous lesions including the primary site (cerebro-
spinal fluid spread of discase was also defined as multifocal
disease). Diffuse discase: extending more than 3 cm beyond the
primary site with poor or indistinct contrast enhancement or
FLAIR margins.

Acquisition protocol

The radiological MR protocol included: 1) a 3D post-contrast
MPRAGE  Tl-weighted sequence (TR\TE\TI=1160\4.21\
600 ms, matrix=384x512, voxel size=0.47x0.47x0.9 mm,
192 slices, AT = 1.42 min); 2) a 3D FLAIR sequence (TR\TE=

PLOS ONE | www.plosone.org
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5000\477 ms, matrix = 256 x256, voxel size = 1 x1 x1, 160 slices);
3) PWI was performed with a Dynamic Susceptibility Contrast
(DSC) GRE echo-planar (EPI) sequence (TR\TE = 2040\53 ms,
flip angle = 30°, matrix size = 128 x 128, voxel size = 2x2x5 mm,
50 dynamic volumes of 17, AT = 1.42 min). Acquisitions were
carried out during the injection of the gadolinium-based contrast
agent Gadovist (Bayer), 1 mol/L. A bolus injection of 9 cc was
administered at 5 mL/s using an d injector. To mini
T1-shortening effects, a contrast agent predose of 3 cc was used to
saturate leaky tissue from the blood-brain barrier breakdown.

Post-processing

Every DSC-MRI volume was spatially co-registered to the first
one at bascline by an affine 12 DOF registration. Post-contrast T1-
weighted images were co-registered and resampled to match the
spatial resolution of the DSC volume of reference.

DSC-MRI data were processed to create rCBV  maps.
NordicICE (http://www.nordicneurolab.com) was used for per-
fusion processing, including a CA leakage correction caused by
blood-brain barrier disruption, and an automated gamma-variate
fitting of first-pass CA concentration curves.

The following two methods were used to cvaluate rCBV
variation during treatment.

Region Of Interest (ROI). Thrce separated ROIs were
placed in regions of highest perfusion scen on the rCBV color
maps at baseline. Size and morphology of ROIs were maintained
constant (circular 40 mm? arca) and the maximum value
recorded. Reference ROI was drawn on contralateral normal
white matter, with the same size and position [10,16]. rCBV
variation after 8 weeks of treatment was calculated through semi-
automatic ROI placement in the same anatomic region as
bascline.

Parametric Response Maps (PRMs). This technique was
previously used to assess DWI variation at two end-points for cach
patient after radiotherapy in GBM [17] and create rCBV maps of
patients with grade III and IV gliomas receiving concurrent
radiochemotherapy [8,9].

Two ROIs were drawn by an experienced neuroradiologist on
contrast-cnhanced T1-weighted images: the first including all
tissues into the enhancement arca, the second covering the
hyperintense arca that was judged to be necrotic. This second
volume was then subtracted from the first one and the selected
region defined as the “tumor region”. A control ROI of the same
size was drawn contralaterally on frontal, normal white matter.

Perfusion changes over time were quantified by using a voxel-
by-voxel analysis in the tumor region, drawn at bascline [17]. In
case of progression another ROI was drawn on the new tumor
volume and the sum of this ROI and bascline ROI was considered
as definitive ROL The rCBV values of cach voxel within the
tumor at weck 8 and at time of progression were compared with
bascline values. To evaluate their difference two thresholds were
set: they were determined to be the 95% confidence intervals (C.L)
(1.96xSD) obtained comparing the rCBV values of the two time
points in the normal contralateral white matter. The tumor region
was then subdivided in three regions represented with different
colors: 1) areas with rCBV greater than the upper threshold
(increased CBV, iCBV), represented in red; 2) arcas with rCBV
lower than the lower threshold (decreased CBV, dCBV),
represented in blue; 3) arcas unchanged (wCBV), represented in
black (Figure 1). Colored maps were than overlayed/merged on
T2 reference images, allowing a qualitative assessment of perfusion
changes in pathological arcas. The procedure was repeated at each
time point until progression.
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Figure 1. Parametric Response Maps creation process. 1) comparison of the rCBV values of a ROl placed on the normal white matter between
the baseline and the time point under examination; 2) Classification of increased, decreased and unchanged differences values in the tumor area on
the basis of the previously determined thresholds; 3) Chromatic representation of the difference map obtained by the subtraction of the baseline
map from the time point one. Red voxels indicate an increase of rCBV, blue a decrease and black voxels are unchanged.

doi:10.1371/journal.pone.0090535.g001

Statistical analysis

PFS and OS were calculated from treatment onset until discase
on or death/last follow-up, if censored. Kaplan Meier
analysis estimated PFS and OS. The log rank test
differences in progression or survival in patients with different
clinical or radiological parameters. These parameters were set at
the 25% 50% 75% 907 percentile and separately evaluated in all
patient

Correlations between radiological and clinical parameters or
treatment response we sed using the Mann-Whitney exact
U test. The Wilcoxon rank sum test evaluated differences among
radiological parameters at bascline, week 8 or progression. All p-
sided.

assessed

values were two:

A

and a Cox proportional hazard
were performed on variables showing
ally significant differences at univariate analysis to nves-
tigate their independent prognostic role. In particular, rCBV
All statistical
project.org)

variation was used as a dichotomic paramecter.
analyses were performed using the R software (www.

Results

Clinical results

Patients’ clinical and demographical bascline characteristics are
reported in Table 1. In particular, MR showed in 31 cases (74%)
local discase, in 6 (14%) multifocal and in 5 (12%) distant discase.
No patient was previously treated with bevacizumab or other anti-
angiogenic drugs.

During treatment three patients discontinued irinotecan before
progression due to low tolerance and continued bevacizumab as
monotherapy.

Tumor volumes at bascline were significantly lower in patients

presenting local discase than in patients presenting distant or

PLOS ONE | www.plosone.org

multifocal discase (median 17.2 versus 36.7 and 40.8 cm®,
respectively; Mann Whitmey p = 0.01)

Median follow-up was 33.5 wecks

(range 9-111 weeks). At the
time of this analysis, four of 42 patients were progression-free,
three died before discase progression and four were alive.

Median OS was 35.0 weeks (CI 25.5-44.5); OS at 6 months
66% (CI 52.0-80.0) and OS at 12 months 22% (CI 9.0-36.0).
Median PFS was 20.0 weeks (CI 11.8-28.2), PFS at 6 months was
40%.

Median OS and median PFS were not significanty different
when considering: sex, age =40 versus <40, age =60 versus <60,

T

KPS =70 versus <70, and partial responsc versus stable/
sase according to RANO criteria [13].

Patients with local pattern of dis at bascline had longer PFS
and OS than patients with distant or multifocal discase at baseline
(PFS 28.0 versus 9.0 weeks, p<0.001; OS 41.0 versus 18.0 or 19.0
weeks respectively, p=0.001. Figure 2).

All patients underwent MRI at baseline and 8 weceks after

treatment onset; 32 patients were also assessed 16 weeks after
treatment onsct.

Magnetic resonance results

MRI at 8 weeks after treatment onset showed partial responses
in 9 cases, stable discase in 23 patients and progressive discase in
10. In this report we define patients showing progression at 8§
weeks as non-responsive, and patients radiologically improved or with
¢ as responsive. No other partial or complete response
was observed later.

able dise:

The analysis of tumor responses to treatment at 8 weeks or later
time points was available in 32 patients: other 10 patients died or
interrupted  treatment  before  progression or had incomplete
neuroimaging.
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Table 1. Patients characteristics at baseline.
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Characteristic No. of pts %
Male 27 64
Female 15 36
Median age [all pts] (range) 53 (15-76)

<40 9 21
40-60 25 59
=60 8 20
Median [all pts] (range) 70 (50-100)

<70 5 12
70-80 33 78
90-100 4 10
De novo GBM 36 86
Secondary GBM 6 14
Disease recurrence: 1%/2™ 27/15 64/36
Radiotherapy 42 100
19/2™ line chemotherapy 42115 100/36
Median tumor volume, cm* (range) 22.29 (0.97-132.6)

Local 31 74
Multifocal (Leptomeningeal dissem). 6 14
Distant 5! 12
Diffuse 0 0

cc, cubic dissem, di

MR, magnetic

doi:10.1371/journal.pone.0090535.t001

Twenty patients (16 with local and 4 with multifocal discase) did
not show changes when compared to baseline. Seven patients
converted to a diffuse pattern of discase (6 patients starting from
local and 1 from distant pattern), whereas 5 converted to
multifocal discase (2 from local and 3 from distant discase).

Analysis with the ROl method

Results are detailed in Table 2. Mcan rCBV of all patients at
bascline was 4.4 (1.2 SD) (Table 2a).

Patients with local discase at bascline showed significantly lower
rCBV than patients with distant or multifocal discase at bascline
(p=0.041).

In all patients mean rCBV decreased significandy at 8 weeks
(44%1.2 SD versus 4.1+ 1.6 SD; p=0.040), but was statistically
unchanged at 16 weceks (3.7+1.3 SD; n.s.). The serial measure-
ment of rCBV at all time points until progression, performed in 24
patients, showed that rCBV changes differendy within time
according to treatment response. After 8 wecks of therapy 32
responsive patients showed a significant decrease of rCBV with
respect to the baseline (4.2+1.3 versus 3.8%1.6 p =0.04), whereas
10 non responsive patients, who progressed at 8 weeks maintained
clevated rCBV (4.8£0.9 versus 5.1+ 1.2, p=0.38) (Figure 3a).

Patients who progressed after 8 wecks showed an initial
significant decrease of rCBV, followed by a progressive tendency
to increased rCBV as long as they approached tumour progres-
sion.

In particular, when progression occurred at 16 weeks (8 cases) a
new increase in rCBV at 16 wecks occurred after a significant
decrease at 8 weeks (Figure 3b); a decrease at 8 weeks in rCBV was
also observed in patients who progressed at 24 weeks or later (6
cases), but in the following MR performed before progression a
light continuous increase of rCBV was observed (Figure 3c).

PLOS ONE | www.plosone.org

pts, patients.

The radiological pattern of discase at progression might
influence rCBV changes. While patients with local, distant or
multifocal discase at progression showed an initial rCBV decrease
followed by a new increase, patients with diffuse discase at
progression maintained a low rCBV (Table S1 in File S1).

Parametric response maps (PRM)

Increased or decreased blood volume in PRM was defined as
PRM¢py. or PRMcgy. respectively, as in the work of Galban et
al [8]. At 8 weeks we observed a mean PRMegy of 30%+16%
and a PRM¢gy. of 18%*14% in all patients. Similar data were
obtained at 16 wecks of treatment: PRM ¢y was 32% *=19% and
PRMcpy. was 17%=%14% (Table 2b).

If we consider PRM results dividing patients into non-
responsive and responsive, at 8 weeks we found a lower PRM ey
value in non-responsive than responsive (23%*19% versus
33% £ 14%, not significant) (Table 2b). Most of the non-responsive
presented PRMe gy, <18% (first quartile, p=0.04).

We also examined perfusion at progression in 24 patients using
PRMs: PRM v+ was 30% *£20% and PRMgy. 20% *18%. No
significant difference in PRM at progression was found dividing
patients according to treatment response or pattern of discase at
progression (sce Table S2 in File S1).

Correlation with survival

Median PFS and OS were longer in responsive patients (PFS: 8
versus 17 months, p<0.0001; OS:18 versus 39 months, p<<0.0001).

Tumor volume higher than 75° percentile (44.5 cm®) was
associated with significantly shorted PFS (14 versus 18 wecks,
£=0.023) and OS (24 versus 39.00 weeks, p=0.049).

Using the classical ROI method rCBV values (at baseline and 8
weceks) did not correlate with PFS or OS. PRM analysis, on the
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Figure 2. Correlations between PRMcgy, higher than 18% and i i disease and PFS/OS. A: Patients

with PRMcgy, higher than the first quartile, 18%, had longer survival than the others. B: Patients with local pattern of disease at baseline had longer
PFS and OS than those with distant or multifocal disease.
doi:10.1371/journal.pone.0090535.9002

Table 2. a) Mean rCBV max at different timepoints b) mean PRMcgy- and PRMcg+ at different time points.
a.

No. of pts Baseline rCBV 8 week-rCBV
All patients 42 44+12° 41+16°
Non-responsive 10 48+09 51x12
Responsive 32 42+13¢ 38+16"
MR pattern at Baseline
Local 31 42+10° 40+15
Multifocal or Distant 1 49416 4519
a-b p=0.04; c-d p=0.01; e-f p=0.04.
b.

No. of pts PRMcgy- PRMcg\+
All patients 42 18%+14% 30%+16%
Non-responsive 10 12%11% 23%+19%
Responsive 32 19%*15% 33%*14%
MR pattern at Baseline
Local 3 19%:15% 31%+16%
Multifocal or Distant 1 15%:10% 29%+18%
doi10.1371/journal.pone 0090535 £002
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Figure 3. Mean rCBV ch ding to P within time. a) Mean rCBV remained elevated in non responsive patients

who progressed after 8 weeks of treatment. b) Mean rCBV resulted in a significant decrease at 8 weeks, and in a new increase at 16 weeks, when
progression occurred at 16 weeks. ¢) Mean rCBV showed a decrease at 8 weeks also in patients who progressed at 24 weeks or later but in the
following MR performed before progression a light continuous increase of rCBV was observed.

doi:10.1371/journal.pone.0090535.g003
did show corrclations with survival. Patients with
PRMggy+ higher than 18% (first quartile) showed a significantly
longer survival (Figure 2): median OS was 38.0 wecks in patients
with PRMggy. =18% and 25.1 wecks in patients with
PRMepy+<18% (p=0.016); median PFS was 24.3 wecks in
patients with PRM¢py. =18% and 13.1 weeks in patients with
PRMegyvs <18% (p=0.045).

contrary,

Multivariate analysis

A multivariate analysis and a Cox proportional hazards
regression analysis were performed on variables showing statisti-
cally significant differences at univariate analysis to investigate
their independent prognostic role. Multifocal or distant pattern of
discase at baseline and PRMcpy.<18% were independent
predictors of shorter PFS (HR 8.2, p=<0.0001 and HR 3.2,
p=0.021, respectively).

Multifocal and distant pattern at baseline were the only
independent predictors of OS (HR 3.1, p=0.01), (Table 3).

Discussion

GBM is a tumor characterized by heterogencous features with
different regional expressions of potential therapeutic targets such
as EGFR and VEGF [18,19]. The pattern of microvascular
proliferation can be various within the tumor with both simple,
hyperplastic capillaries with increase endothelial cellularity and
lumen patency, and complex, large collections of capillaries with
p lly thrombosed slit-like lumen, microvascular hyperplasia,
resulting in minimal perfusion to the surrounding tumor tissue
[20] [17].

MRI and Positron Emission Tomography (PET) can give
detailed information about tumor heterogeneity. In particular,
advanced MRI techniques could lead to a better microstructural
and functional characterization of gliomas. Diffusion MRI giving
information about the degree of cellularity in the different portions

Table 3. Univariate and multivariate analysis.

of tumoral and peritumoral areas could be predictive and
prognostic in glioma and scems to correlate with survival in
patients treated with bevacizumab [17,21-23]. Spectroscopy MRI
(H-MRS) can inform about metabolite concentration in the
tumoral portions and could be an early indicator of response to
antiangiogenic therapy [24,25].

Dynamic Susceptibility Contrast-MRI (DSC-MRI) gives infor-
mation about microvascular density and antiangiogenic therapy
cfficacy and could be helpful in tumor grading. In particular,
rCBV may provide a prognostic information complementing
histopathology [16,26].

In our work we used DSC-MRI to evaluate the hemodynamic
response over time in patients affected by recurrent GBM and
treated with bevacizumab and irinotecan. We chose this technique
because of its extended use in the clinical practice and due to the
characteristics of rCBV. Indeed rCBV is a reliable indicator of
microvascularization [27] and can be used to assess glioma grade
[16,28] and distinguish progression from pseudo-progression [29].
Morcover, some studies demonstrated that rCBV correlates with
overall survival [27,28,30].

The most common methods to evaluate rCBV over time arc the
ROI-based and the histogram-based. The first one is highly user-
dependent but allows a precise identification of the portion of the
tumor to be analysed; on the other hand, it cannot accurately
characterize the hemodynamic heterogeneity of high grade

gliomas. The histogram-based method is less user-dependent and
allows a better representation of the tissue heterogeneity, with
similar sensitivity but higher specificity than the ROI method
[8,16]. Its main limitation is spatial localization: it gives
information about glioma heterogencity and might give indica-
tions about glioma grade, but it is not able to spatially localize
regions where rCBV changes occur.

In this work the ROI method was used in comparison to PRMs.
The PRMs [8,9] is a voxel-wise technique estimating point by
point the rCBV differences over time to better inquire the

Progression Free Survival

Overall Survival

Model Univariate p values Multivariate p values Univariate p values Multivariate p values
Volume =4447 cm® 002 ns. 004 ns.
Multifocal and Distant pattern <0.0001 <0.0001 0.01 0.01
PRMcgy. <18% 0045 0.02 0016 ns.
doi:10.1371/journal.pone.0090535.t003
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hemodynamic features of the tumor and to spatially localize the
occurrence of hemodynamic changes. We compared PRMs with
the classical ROI approach to investigate which one could better
characterize the temporal variations of the tumor during therapy
and have a better prognostic value.

The main result of the study is the correlation of PRMs with
PFS at treatment onset. PRM ¢y, > 18%, in particular, proved to
be a valid prognostic marker of response whereas rCBV obtained
by classical ROI showed no correlation with survival. These results
are in accordance with those by Sorensen et al. [5], and Batchelor
ctal. [31] but different with respect to data published by Galban et
al. [8] where PRMggy. rather than PRMcgys, was predictive of

This discrepancy could be mostly due to the different type of
therapy used in the two studies: radio-chemotherapy in the study
of Galban et al [8], bevacizumab and irinotecan in our population.
Tonizing radiation and classical chemotherapy tumor growth
through the induction of DNA damnage, while Bevacizumab is a
target therapy inducing inhibition of vessel expansion, regression
of pre-existing vasculature and inhibition of bone marrow derived
cell and/or endothelial progenitor.

Other relevant differences include different kinds of tumors
(grade IIT and I'V gliomas versus recurrent high grade gliomas) and
time points considered: they studied subjects before therapy and
1-3 wecks after treatment onset, we studied our subjects before
therapy and every 8 weceks until progression. More recently
Galban et al. showed the predictive value of the PRMs in
association with ADC functional diffusion maps [32]. Using this
method, they studied high grade gliomas treated with radio-
chemotherapy before the beginning of therapy and three weeks
after, finding that the combination of PRMapc. and PRMcpy.
has a predictive value, strongly correlating with OS at 1 year.
Morcover, in this study patients received a treatment different
from bevacizumab/irinotecan and were observed for a shorter
duration.

Using PRMs Batchelor et al. [31] demonstrated that treatment
with cediranib, a pan-VEGF receptor tyrosine kinase inhibitor,
increases perfusion, in 50% of patients with newly diagnosed
GBMs and that these patients survive 9-mo longer than those
whose perfusion does not increase.

Differently from the PRMs method, the classical ROI approach
did not provide a significant correlation with survival, in
accordance with previous results by Galban et al. [8]. In addition,
at 8 weeks the classical ROI method showed an initial decrease of
the rCBV values, whereas the PRMs method showed greater
PRMgv=+. The ROI method registered the mean rCBV variation
in three ROIs placed in the points of maximum rCBV in the
chnancement region [16], whercas the PRMs consider a greater
volume and analyze differences in a voxel-wise manner. Thus the
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first method is biased by the user ROI selection as it only takes into
consideration the regions of maximum rCBV. Thus, mean rCBV
after 8 weceks of treatment remained clevated in non responsive
patients, but decreased in responsive patients, followed by a
progressive tendency to increase as long as patients approached
tumor progression.

On the contrary, the PRM method is less user-dependent as it
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sclection criterias.

As previously reported [30], the PRMs tecnique is preferable
because it offers the same sensibility but a higher specificity than
the ROI classical approach. Interestingly, in non-responsive
patients no major modification of perfusion was observed after
treatment, suggesting that in non-responsive patients angiogenesis
might be less VEGF dependent [33].

Even if the PRMs approach is affected by intrinsic limitations
[8,17], such as the need of a high quality image registration, it
provided relevant information. Its potential to predict survival in
recurrent GBM treated with bevacizumab and irinotecan, adds to
previous results in high grade gliomas treated with radio-
chemotherapy [8], making it a promising prognostic biomarker.
Morcover, the tecnique (bom with the analysis of ADC maps [17])
could be used in combination with other kind of sequences, such as
the Dynamic Contrast Enhanced-MRI (DCE-MRI) to obtain
more detailed informations about the biology of the discase under
treatment.
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Tumoral neoangiogenesis characterizes high grade gliomas. Relative Cerebral Blood Volume (rCBV), calculated with Dynamic
Susceptibility Contrast (DSC) Perfusion-Weighted Imaging (PWI), allows for the estimation of vascular density over the tumor
bed. The aim of the study was to characterize putative tumoral neoangiogenesis via the study of maximal rCBV with a Region of
Interest (ROI) approach in three tumor areas—the contrast-enhancing area, the nonenhancing tumor, and the high perfusion area
on CBV map—in patients affected by contrast-enhancing glioma (grades IIT and IV). Twenty-one patients were included: 15 were
affected by grade IV and 6 by grade III glioma. Maximal rCBV values for each patient were averaged according to glioma grade.
Although rCBV from contrast-enhancement and from nonenhancing tumor areas was higher in grade I'V glioma than in grade
III (5.58 and 2.68; 3.01 and 2.2, resp.), the differences were not significant. Instead, rCBV recorded in the high perfusion area on
CBV map, independently of tumor compartment, was significantly higher in grade IV glioma than in grade III (7.51 versus 3.78,
P = 0.036). In conclusion, neoangiogenesis encompasses different tumor compartments and CBV maps appear capable of best
characterizing the degree of neovascularization. Facing contrast-enhancing brain tumors, areas of high perfusion on CBV maps
should be considered as the reference areas to be targeted for glioma grading.

1. Introduction

Gliomas are the most common brain primary neoplasms
and are classified based on histologic parameters includ-
ing atypia, vascular endothelial proliferation, necrosis, and
mitosis [1, 2]. A common histopathological characteristic for
both grade III and grade IV glioma is vascular endothelial
proliferation,which is known to correspond to blood brain
barrier disruption and tumoral neoangiogenesis [3, 4] as

evidenced by contrast-enhancement observed using conven-
tional Magnetic Resonance Imaging (MRI).Although neuro-
radiological necrosis is a hallmark of glioblastoma (GBM;
grade IV glioma), it is not a constant finding. Therefore it
can be difficult to distinguish between grade IIl and grade IV
gliomas using conventional MRI.

Dynamic Susceptibility Contrast (DSC) Perfusion-Weight-
ed Imaging (PWI) measures concentration of a paramagnetic
contrast material in the organ, providing reliable information
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on blood flow and vascularization. Among other perfusion
parameters such as Cerebral Blood Flow (CBF) and Mean
Transit Time (MTT), Cerebral Blood Volume (CBV) was
shown to best correlate with tumoral neoangiogenesis and
subsequently glioma grading. In particular, Relative Cerebral
Blood Volume (rCBV), reflecting increased capillary density,
was shown to be significantly higher in high grade gliomas
(grade 11T and grade IV gliomas) than low grade gliomas
(grade II glioma) and with higher values in grade IV [5].

Although rCBV increase is recognized as a surrogate
marker of malignancy [6-8], differentiation between grade
111 and grade IV glioma is not consistently reproducible [8-
).

Furthermore, rCBV increasesin glioblastoma multiforme
(GBM) peritumoral area [10] and the peculiar pattern of
rCBV increase surrounding glioblastoma contrast-enhancing
tumor bed [12, 13] raises the question of where measuring
rCBV values may best distinguish between grade III and
grade IV gliomas.

In this study we investigated rCBV differences in patients
with gradeIIl and grade IV glioma using a Region of Interest-
(ROI-) based method in three different tumor areas: the
contrast-enhancing area, the nonenhancing tumor, and the
high perfusion area on CBV map.

The aim of the study was to determine which tumor com-
partments showed rCBV differences related to glioma grade.

2. Materials and Methods

We examined perfusion MRI from 21 patients affected by
histologically proven high grade gliomas: fifteen patients were
affected by grade IV glioma and 6 patients by grade III glioma.

Twelve patients underwent a DSC perfusion examination
before surgery and 9 with residual tumor were examined after
surgery after a median of 6.8 months. All patients undergoing
perfusion after surgery had residual tumor and were not in
progression at the time of DSC perfusion examination. All
patients in this study were affected by primary disease and
in particular grade IV glioma patients were all affected by
primary GBM.

Demographical characteristics of patients are detailed
in Table 1. Glioma grading was assessed by an experienced
neuropathologist according to WHO criteria 2007 [2]. The
study was approved by the local Institutional Review Board
and all patients provided informed consent.

All participants were scanned using a 1.5T Philips Intera
Gyroscan (Philips Medical System, Best, The Netherlands)
with a maximum slew rate of 150 Tm ™' s and a maximum
gradient amplitude of 30 mT/m. All scans were performed
using an 8-channel SENSE (sensitivity encoding parallel
imaging) head coil.

The scanning protocol included the following.

Anaxial 2D spin-echo (SE) T2-weighted Fluid Attenuated
Inversion Recovery (FLAIR) image: echo time (TE)/repeti-
tion time (TR)/inversion time (TI) = 140/11000/2800 ms, flip
angle (FA) = 90°, echo train length (ETL) = 50, acquisition
matrix = 256 x 188, FOV = 250 mm? (for an in-plane reso-
lution of 0.9 mm X 1.3 mm), slice thickness = 5mm, gap =

Anna Luisa Di Stefano
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TABLE 1: Patients’ clinical data and tumor diagnosis.

WHO glioma Number of Age (years) Sex ratio
grade patients (median, range) (male/female)
111 6 49 (24-66) 6.0

v 15 63 (23-80) 15

1mm, number of excitations (NEX) =2, and number of
slices = 24.

An axial 2D SE T1-weighted image: TE/TR = 15/649.5 ms,
FA = 90", ETL = 1, acquisition matrix = 260 x 209, FOV =
250 mm? (in-plane resolution of 0.9 mm x 1.2mm), slice
thickness = 5mm, gap = Imm, NEX = 2, and number of
slices = 24.

An axial 3D perfusion weighted gradient echo (GRE)
sequence (Principles of Echo Shifting with a Train of Obser-
vations, PRESTO) for Dynamic Susceptibility Contrast MRI:
TE/TR = 8/16.72 ms (effective T2 = 23.71ms), FA =7°, ETL =
7, acquisition matrix = 64 x 64, FOV = 220 mm? (in-plane
resolution of 3.44 mm x 3.44mm), slice thickness = 3mm,
NEX = 1, and number of slices = 30 with 40 temporal local-
izations. This sequence was acquired with a standard dose
of 0.2mmol/Kg body weight of gadopentetate dimeglumine
(Gd-DTPA) contrast agent (Gadovist) which was injected at
arate of 4 mL/s, followed by a 20 mL continuous saline flush.
Using a 0.05mmol/Kg dose, presaturation of the baseline
signal prior to the PWI acquisition was done to reduce T1-
effects as well as potential contrast leakage effects due to blood
brain barrier disruption.

An axial 3D Tl-weighted fast field echo (FFE) sequence
after the PWI: TE/TR = 4.6/25ms, FA = 30°, ETL = 1,
acquisition matrix = 256 x 256, FOV = 250 mm’ (in-plane
resolution of 0.98 mm x 0.98 mm), slice thickness = 1.6 mm,
gap = 0, NEX = 1, and number of slices = 170.

Postprocessing was performed using Olea Medical Perf-
Scape software (version 2.0). The DSC acquisition was cor-
rected for patient motion using the built-in feature of Perf-
Scape. The T1 SE, FLAIR, and T1 3D FFE images were then
coregistered and resampled into the space of the DSC MRI.
It is well known that disruption of the blood brain barrier,
as is common in high grade tumors, can lead to inaccurate
measures of CBV [14]. As such, the correction for leakage
effects option in PerfScape was employed.

Relative CBV (rCBV) was calculated from three separate
ROIs that were placed in three different compartments: the
area of contrast-enhancement, the nonenhancing tumor, and
high perfusion area seen on the CBV color overlay maps.
In the contrast-enhancement area, necrosis was excluded
from CBV measure. The nonenhancing surrounding tumor
ROIs corresponded to areas of T2/FLAIR hyperintensity
outside contrast-enhancement. We ensured that T2/FLAIR
ROIs were not placed in areas of contrast-enhancement as all
images were coregistered. Placement of ROIs on the CBV map
was performed in high perfusion areas independently of the
contrast-enhancement and T2/FLAIR ROI locations.

Morphology and size of the ROIs were constant (ellipti-
cal-40 mm? area) and the maximum value was recorded for
each compartment according to Law et al. [15].
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TaBLE 2: Mean rCBV values according to histological grading. Relative Cerebral Blood Volume (rCBV) was measured with the ROI-based
approach in three distinct areas: the high perfusion area on CBV map (“CBV map” in the table), the contrast-enhanced area (“CE” in the
table), and the nonenhancing tumor (“Non-CE” in the table). Only rCBV values measured in the high perfusion area in CBV map showed

significant difference between grade I11 and grade IV gliomas.

WHO glioma grade
&t & CBV map B

rCBV; mean (SD)

CE P Non-CE P

Glioma grade 11T
Glioma grade IV

3.78 (1.70)
751 (3.84)

0.036

3.01 (1.02)
5.58 (5.48)

2.20(1.73)
2.68 (2.93)

0.27 0.71

All values were normalized to a corresponding ROI
placed in contralateral normal brain parenchyma. All ROIs
were placed by two operators (A.D, N.B.) via consensus. Max-
imal rCBV values for each patient were averaged according to
glioma grade.

Differences between grades and tumor areas were tested
using t-test. ANOVA was used in order to compare rCBV
values in different subgroups of patients. Contingency anal-
ysis was performed by Fisher’s exact test. In all analyses we
considered a P value of 0.05 (two-sided) as being statistically
significant.

3. Results

Twelve patients underwent a DSC perfusion examination
before surgery (3 patients affected by grade III glioma and
9 patients affected by grade IV glioma) and 9 patients with
residual tumor were examined after surgery after a median
of 6.8 months (3 patients affected by grade III glioma and 6
by grade IV glioma). Distribution of patients according to the
timing of perfusion MRI (presurgery versus postsurgery) was
not significantly different between grade I11 glioma and grade
IV (P =0.67).

In the grade III glioma subgroup, 2 patients were affected
by anaplastic oligodendroglioma and 4 patients by anaplastic
astrocytoma; in the grade IV glioma subgroup all patients
were affected by glioblastoma.

Mean rCBV values from patients are detailed in Table 2.
In the grade III glioma subgroup, mean rCBV was higher in
the contrast-enhanced area than nonenhancing tumor (3.01
and 2.20, resp., P = 0.11); rCBV recorded in CBV map, inde-
pendently of tumor compartment as seen on conventional
MRI, was 3.78.

In glioma grade IV, mean rCBV was higher in contrast-
enhanced area than nonenhancing tumor (5.58 and 2.68,
resp., P = 0.04); the mean rCBV recorded in the CBV map
was 7.51.

Between glioma grade III and glioma grade IV, no
significant differences in rCBV were observed in the contrast-
enhancement area and in the nonenhancing tumor (P =
0.27 and 0.71, resp.). Inversely, mean rCBV was significantly
higher in grade IV gliomas than in grade III (P = 0.036) in
the high perfusion area of CBV map independently of tumor
compartment, as seen on conventional MRI (Figure 1).

4. Discussion

Neovascular proliferation is a hallmark of malignant gliomas
and PWI is useful in glioma grading through detection

Relative CBV
']

I w m 1 m 1w
CBV map Non-CE CE

FIGURE 1: Scatter-plot diagram representing rCBV values according
to grade and tumor area. Circles represent grade I1I, squares grade
IV. Green color represents rCBV values measured in CBV map;
blue color represents rCBV values measured in the nonenhancing
tumor (Non-CE); orange color represents rCBV values measured in
enhancing area (CE). Lines correspond to mean value and error bars
to standard error of the mean. Only rCBV values measured in
the high perfusion area in CBV map showed significant difference
between grade I1I and grade IV gliomas.

of vascular density and of the grade of tumor-associated
neovascularization [7, 16].

The measure of rCBV is commonly used in order to
predict glioma grade or to differentiate radionecrosis from
tumor recurrence in a diagnostic setting. Several reports
on rCBV increases in peritumoral area of glioblastoma [10,
13] have suggested that there is a mismatch between the
extension of effective vascular proliferation and area of
contrast-enhancement.

In this work we mapped rCBV maximal increase in two
different compartments of glioma grade III and glioma grade
IV—the contrast-enhancing area and nonenhancing tumor
with a ROI-based method. rCBV was also recorded in high
perfusion area of CBV map independently of corresponding
tumor area on conventional MRI.

Values of rCBV recorded in this work are consistent with
the other reports in the literature [6]. As expected we found a
significantly higher rCBV in contrast-enhanced area than in
nonenhancing tumor in the grade IV glioma subgroup.

Concerning rCBV differences according to the tumor
grade, we did not find significant differences of rCBV values
recorded in contrast-enhancing area or nonenhancing tumor
between grades 11l and IV.
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FIGURE 2: Axial coregistered contrast-enhanced axial Tl-weighted image (a), FLAIR image (b), and CBV map (c) from a patient
affected by glioma grade IV. In the CBV map (c) warmer colors indicate higher CBV values suggesting higher perfusion and
neovascularization. Comparison of CBV map (c) and contrast-enhanced axial Tl-weighted image highlights a mismatch area (surrounded
by the circle) corresponding to the extension of the high perfusion area outside the contrast-enhancement: this indicates a more extensive

neovascularization than that shown by conventional MRI (a, b).

Only measures of rCBV in the high perfusion area on the
CBV map showed a significant difference between grade I11
glioma and grade IV, with higher values in grade IV.

Taken together, these results support the idea that neoan-
giogenesis heterogeneously encompasses both contrast-
enhancing and nonenhancing tumor areas. The contrast-
enhancing areas appear to reflecta higher degree of neoangio-
genesis, although the difference with respect to nonenhanc-
ing areas was significant only in grade IV glioma subgroup.

Interestingly, we did not find significant differences in
maximal rCBV in neither of these two areas when comparing
grades III and IV. This suggests that basing rCBV measure-
ments on signal characteristics of conventional MRI may not
be sufficient to distinguish between grade III and grade IV
gliomas.

Glioblastoma has been shown to present with a more
heterogeneous neovascularization than grade III glioma [12].
In particular glioblastoma present, more so than with lower
grades, areas with low perfusion due to necrosis, area of
focal rCBV increase, and also increased rCBV values in
peritumoral normal-appearing parenchyma [14, 17].

In particular, a special pattern of rCBV increase in
peritumoral area can occur ina “stripe like” fashion which has
been termed a “striate sign.” This feature has been described
as mostly represented in glioblastoma rather than lower grade
gliomas and in particular with respect to grade III glioma
[12, 13]. The same authors showed that this specific pattern
of rCBV in peritumoral area was significantly associated
with normalized choline increase and with the subsequent
appearance of contrast-enhancement in the same area [12,
13]. A similar example of mismatch between high perfusion
area from CBV map and contrast-enhancement observed in
our patients is shown in Figure 2. Histopathologically, these

patterns of rCBV may reflect diffuse migration of glioma cells
along vascular channels of the white matter tracts spreading
beyond the visible tumor border [18].

Taken together, these results support the hypothesis that
only the rCBV map represents extensively the neovascu-
lar phenomena, its extension into apparently normal sur-
rounding parenchyma, and its quantitative difference among
glioma grades.

Limits of the study are the small sample size and poten-
tial sampling differences from the ROI-dependent method
of measure which may increase interobserver variability.
Nevertheless the latter is the most used in clinical routine.
Additionally, all ROIs were placed in consensus by two
authors. The fact that some patients were scanned before
surgery and other patients afterwards presents an additional
confound. However, we did not find any significant differ-
ences between the pre-/posttreatment groups (results not
shown). Nevertheless, we cannot rule out the possibility that
surgical intervention in some patients may have influenced
the results.

In conclusion, maximal rCBV values measured directly
on the CBV map seem to best characterize the extensive
neoangiogenesis phenomena of high grade gliomas and
quantitative difference of microvascular density between
grade III and grade IV glioma. Such measurements should
be considered as the reference map for glioma grading and
potentially for serial measures of rCBV modification during
antiangiogenic treatment.
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Background. We performed a retrospective study to assess whether the initial molecular characteristics of glioblastomas (GBMs)
were associated with the response to the bevacizumab/irinotecan chemotherapy regimen given at recurrence. Results. Comparison
of the genomic and gene expression profiles of the responders (7 = 12) and nonresponders (7 = 13) demonstrated only slight
differences and could not identify any robust biomarkers associated with the response. In contrast, a significant association was
observed between GBMs molecular subtypes and response rates. GBMs assigned to molecular subtype 1GS-18 and to classical
subtype had a lower response rate than those assigned to other subtypes. In an independent series of 33 patients, neither EGFR
amplification nor CDKN2A deletion (which are frequent in IGS-18 and classical GBMs) was significantly associated with the
response rate, suggesting that these two alterations are unlikely to explain the lower response rate of these GBMs molecular subtypes.
Conclusion. Despite its limited sample size, the present study suggests that comparing the initial molecular profiles of responders
and nonresponders might not be an effective strategy to identify biomarkers of the response to bevacizumab given at recurrence.
Yet it suggests that the response rate might differ among GBMs molecular subtypes.
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1. Background

In recurrent glioblastomas (GBMs), studies have shown a
high response rate (30-50%) to bevacizumab, a human mon-
oclonal antivascular endothelial growth factor (VEGF) anti-
body, administered alone or in combination with irinotecan,
demonstrating a 35-50% estimated 6-month progression-
free survival (PES) [1-3]. Simple biomarkers that would help
in selecting patients most likely to benefit from bevacizumab
would be very helpful, but no such markers are available to
date. In the present study, we hypothesized that the response
to bevacizumab plus irinotecan given at recurrence might be
related to the molecular characteristics of the initial tumor.
To identify predictive biomarkers, we compared the initial
GBM genomicand gene expression profiles of respondersand
nonresponders to bevacizumab plus irinotecan given at the
time of recurrence.

2. Methods

2.1. Patients. We retrospectively identified responders and
nonresponders to bevacizumab/irinotecan chemotherapy.
This study was approved by the ANOCEF review board. All
patients who underwent a genetic analysis of tumor samples
collected for this study signed a written informed consent
form. The patients’ clinical characteristics are summarized in
Table 1 and see additional Table 1in Supplementary Material
available online at http://dx.doi.org/10.1155/2014/282815. All
of the 25 patients included in this study had de novo GBM
according to the 2007 World Health Organization Classifi-
cation [4] and were initially treated according to the Stupp
regimen [5]. To exclude patients with possible pseudopro-
gression, only those patients with a progression occurring
more than 3 months after the end of the radiochemotherapy
treatment were selected [6]. Patients received bevacizumab
(10 mg/kg) plus irinotecan (125mg/m?) every two weeks
either at the first (n = 15), second (n = 9), or third
(n = 1) recurrence (chemotherapy details are available
in additional Table 1). To identify clinically meaningful
biomarkers of the response, the patients were considered to
be responders if they achieved a complete or partial response
according to RANO criteria [6] and presented more than
6-month progression-free survival (PFS); the patients were
considered to be nonresponders if they progressed within 4
months.

2.2. Samples. The samples were provided as snap-frozen
sections of the areas immediately adjacent to the region
used for the histopathological diagnosis. Only samples rep-
resentative of the tumor and from which high-quality DNA
and/or RNA could be obtained were selected (n = 25). A
total of 21 samples were available for the genomic Illumina
SNP array study, which included samples from 8 responders
and 13 nonresponders. The gene expression array study was
performed on 23 samples (including 19 samples common to
the SNP array study): 11 responders and 12 nonresponders.

Anna Luisa Di Stefano
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2.3. Genomic and Gene Expression Data

2.3.1. RNA and DNA Extraction. Total RNA was extracted
using the RNeasy Lipid Tissue Mini Kit (Qiagen), and
DNA was extracted using the QIAamp DNA Mini Kit
(Qiagen) following the manufacturer’s instructions. Both
the RNA and DNA were assessed for integrity and quan-
tity, following stringent quality control criteria (CIT pro-
gram protocols http://cit.ligue-cancer.net/). The genomic and
gene expression analyses were performed using R software
(http://www.R-project.org/).

2.3.2. Gene Expression Arrays. The gene expression arrays
were performed using the IGBMC microarray platform
(Strasbourg, France). Total RNA was amplified, labeled,
and hybridized to the Affymetrix Human Genome U133
plus2 GeneChip, following the manufacturer’s protocol
(Affymetrix, Santa Clara, CA, USA). The microarrays were
scanned using an Affymetrix GeneChip Scanner 3000, and
the raw intensities were quantified from the subsequent
images using GCOS 1.4 software (Affymetrix). The data
were normalized using the robust multiarray average method
implemented in the R package affinity [9].

Unsupervised hierarchical clustering analysis was per-
formed using the Pearson correlation metric. Only probesets
with an Affymetrix annotation class A and located on
autosomes were considered. Differences between the sample
clusters were tested using the Chi-squared test, and genes
differentially expressed between the tumors of responder and
nonresponder patients were assessed using the t-test followed
by Benjamini and Hochberg correction. The analyses of the
gene sets using KEGG and Biocarta pathways and Gene
Ontology terms, Molecular Signature Database gene sets,
and Stanford Microarray Database gene sets were performed
on the 1000 most differentially expressed genes (500 genes
upregulated in responders and 500 genes upregulated in
nonresponders) using hypergeometric tests [10]. We used
the published centroid-based classifier of Verhaak et al. to
classify our samples according to their system [7]. Samples
were assigned to one of the six molecular subtypes of
gliomas (called intrinsic glioma subtypes (IGS)) described
by Gravendeel et al. [8] using ClusterRepro (an R package;
http://crantastic.org/packages/clusterRepro) [11].

2.3.3. Genomic Arrays. The genomic arrays were performed
using the IntegraGen Platform (Evry, France). DNA was
hybridized to Illumina SNP Human CNV370 chips according
to the instructions provided by the array manufacturer
(Illumina, San Diego, CA). The raw fluorescent signals were
imported into Illumina BeadStudio software and normalized
as previously described [12] to obtain the log R ratio (LRR)
and B Allele Frequency (BAF) for each SNP. A supplemental
normalization procedure tQN [13] was applied to correct for
dye bias. The genomic profiles were then segmented using the
circular binary segmentation algorithm (DNAcopy package,
Bioconductor) (14] into the LRR and BAF data separately, as
previously described (13, 15]. The absolute copy number and
genotype status of the segments were then determined using
the genome alteration print (GAP) method [15].
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TABLE 1: Patient characteristics.
Nonresponders Responders

Number of patients 13 12
Median age (years) at diagnosis (range) 56 (37-69) 62 (57-72) t-test P = 0.01
Biopsy/resection (%) 0/100 25175
Initial treatment (%) RTCT (100%) RTCT (100%)
Median delay (months) between diagnosis and bev./iri. onset (range) 1 (7-22) 13 (5-27) Ns
Recurrence number at bev./iri. onset

First 8 7

Second 4

Third 1 0
Median KPS at bev./iri. onset 70 80 Ns
Median PFS after bev./iri. onset (months) 24 9.4 P < 0.0001
Median OS after bev./iri. onset (months) 6.4 18.9 P =0.0001
Median OS since diagnosis (months) 18.3 36.4 P=0.002

RTCT: temozolomide radiochemotherapy; bev.firi.: bevacizumab/irinotecan chemotherapy; KPS: Karnofsky performance status; PFS: progression-free

survival; OS: overall survival; ns: not significant.

The data are available in the ArrayExpress database
(http://www.ebi.ac.uk/arrayexpress/), ArrayExpress acces-
sion: E-MTAB-951.

2.34. RT-PCR. The gene expression of NPTX2, EPHA7,
SOCS2, PDGFD, PRKCZ, and ENPP4 in the tumors and
nontumor control tissue were analyzed using UPL probe
real-time quantitative polymerase chain reaction (QPCR)
analysis. The reference gene was PPIA. The sequences of
the primers and probes are listed in additional Table 2. The
real-time QPCR reactions were performed as follows: 1X
LightCycler 480 Probes Master (Roche Applied Science), 4
pmoles each primer, 2 pmoles Universal ProbeLibrary Set,
Human, and 8 ng cDNA. The real-time QPCR cycles were as
follows: initial denaturation at 95°C for 110 minutes and 45
cycles of 95°C for 10 seconds and annealing at 60°C for 30
minutes. The 2-DeltaDeltaCT method was used to determine
the relative expression levels. The calculation of the relative
amounts of the studied transcript compared to the reference
transcript was performed using the LightCycler 480 Software
(Roche applied science). The final results were expressed as a
ratio of the expression levels of the studied gene and reference
in the sample, normalized to the ratio of the reference gene
expression in the calibration RNA.

2.4. Independent Data Set. An independent series of
33GBMs from the Salpétriere database treated with the
bevacizumab/irinotecan combination at recurrence (31 out
of 33 were treated at first recurrence) was used to assess the
impact of the CDKN2A homozygous deletion and EGFR
amplification. These alterations were assessed in the initial
tumor using CGH arrays as previously described [16]. The
response according to RANO criteria was assessable in 29 of
the patients. RNA was available for 7 of the responders and
11 nonresponders and was used to study NPTX2, EPHA7,
SOCS2, PDGFD, PRKCZ, and ENPP4 gene expression using
RT-PCR.

3. Results

3.1. Patients’ Characteristics. Twelve responders and thir-
teen nonresponders were included. All of the MRIs were
reviewed. All of the patients exhibited an evaluable disease
at the initiation of bevacizumab plus irinotecan treatment.
The patients’ characteristics are shown in Table 1. After
bevacizumab/irinotecan onset, the responders had a longer
progression-free survival (PES) and overall survival (OS)
than the nonresponders. The OS since diagnosis was also
significantly longer for the responders (Table 1).

3.2. Responders and Nonresponders Have Very Similar
Genomic and Gene Expression Profiles. The comparison of
the genomic profiles (gains, losses, homozygous deletions,
and amplifications) of the responders (n = 8) versus
nonresponders (1 = 13) demonstrated only slight genomic
differences (Figure 1, additional Tables 3a and 3b), with the
most consistent being an entire chromosome 20 gain that was
significantly more frequent in the nonresponders (Fisher’s
exact test P = 0.04). EGFR amplification (9/13 in non-
responders versus 4/8 in responders) and CDKN2A locus
homozygous deletion (8/13 in nonresponders versus 4/8 in
responders) were also more frequently observed in nonre-
sponders, but the difference was not significant.

Similarly, the comparison of the gene expression profiles
of the responders (n = 11) and nonresponders (n = 12)
demonstrated only few differences. Sixty probe sets (fifty-one
in responders and nine in nonresponders) were differentially
expressed, witha t-test P value < 0.05and a fold change above
2, though with a very high (95%) false discovery rate (addi-
tional Table 4). Neither the expression of VEGF nor its recep-
tors were associated with the response to the treatment. Using
RT-PCR we studied the expression of 6 genes implicated
in angiogenesis and overexpressed in responders (ENPP4,
PRKCZ, and EPHA7) or nonresponders (NPTX2, SOCS2,
and PDGFD) in an independent series of 7 responders and
11 nonresponders. EPHA7 [17] is implicated in endothelial
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FIGURE 1: Genomic profiles of responders and nonresponders. Genomic profiles of responders and nonresponders to the beva-
cizumab/irinotecan regimen. For each chromosome, the telomere of the short arm is on the left and the telomere of the long arm is on
the right. The y-axis corresponds to the frequency of gains and losses in each group of patients.

tubulogenesis, and PRKCZ has been implicated in VEGF
transcriptional activation [18]. NPTX2 has been shown to be
overexpressed in edematous versus nonedematous gliomas in
the absence of increased VEGF expression [19]. PDGFD is a
proangiogenic factor [20], and SOCS2 is involved in IGFIR
signaling and is also a proangiogenic factor [21]. However,
with the exception of SOCS2, we failed to confirm similar
overexpression in the responders/nonresponders that was
significant in this independent series (additional Table 5).
Lastly, the pathway analysis performed on the 1000 genes that
were most differentially expressed (500 genes upregulated
in responders and 500 genes upregulated in nonresponders)
demonstrated that these gene lists were significantly enriched
in genes with different ontologies (additional Tables 6 and 7).
The list of upregulated genes in the responders was signif-
icantly enriched in genes upregulated in the normal brain,
whereas the list of upregulated genes in the nonresponders
was enriched in genes that have been shown to be upregulated
during hypoxia [22] and also in genes that might be targets of
the transcription factor HIFL.

3.3. GBMs Molecular Subtypes Are Associated with Different
Response Rates. As responders and nonresponders had very
similar gene expression profiles, we hypothesized that there
might be several subgroups of responders and nonrespon-
ders. To test this hypothesis, we performed an unsupervised
hierarchical clustering analysis of the 23 GBMs included
in the gene expression study. As shown in Figure 2, three
main subgroups were identified. This clustering was robust
and conserved across different gene lists and clustering
methods. However, none of the three clusters was enriched
in responders or nonresponders, and some responders and
nonresponders could have very similar gene expression pro-
files. Therefore, to assess whether transcriptomic subgroups

of GBMs previously identified in larger series of patients were
associated with a specific pattern of response to the beva-
cizumab/irinotecan regimen, we classified our 23 samples
according to the transcriptomic classifications of Gravendeel
etal. [8] and of Verhaak et al. [7] and estimated the response
rate in each subgroup. According to Gravendeel et al. [8],
14 GBMs were assigned to molecular subtype 18 (1GS-18), 3 to
molecular subtype 22 (IGS-22), and 6 to molecular subtype
23 (IGS-23). According to Verhaak et al. [7], 9 GBMs were
classified as classical, 6 as mesenchymal, 5 as proneural, and
3 asneural. The 9 classical GBMs were also assigned to IGS-
18 which in addition consisted of 3 neural and 2 proneural
GBMs. Interestingly, the GBMs assigned to IGS-18 were more
frequently not responsive than the GBMs assigned to IGS-22
or 1GS-23 (10/14 versus 2/9, Fisher’s exact test P value = 0.03)
and a similar trend was observed for classical versus non-
classical GBMs (7/9 versus 5/14, Fisher’s exact test P value =
0.09). Conversely, IGS-18 GBMs had a shorter PFS after
bevacizumab/irinotecan than 1GS-22/23 GBMs (3.2 months
versus 9.4 months, P = 0.01) and classical GBMs had
a shorter PES than nonclassical GBMs (2.2 months versus
8.3 months, P = 0.003) (Figure 3). Overall survival after
bevacizumab/irinotecan also tended to be shorter in IGS-18
than in 1GS-22/23 GBMs and in classical than nonclassical
GBMs (7 months versus 18.9 months, P = 0.06 and 6.6
months versus 14.3 months, P = 0.06).

3.4. Neither EGFR Amplification Status Nor CDKN2A Locus
Homozygous Deletion Status Is Associated with the Response
Rate, the Progression-Free Survival, or the Overall Sur-
vival after Bevacizumab/Irinotecan Initiation. Because, in
our series, EGFR amplification and CDKN2A homozygous
deletion were more frequent in IGS-18 GBMs than in IGS-
22/23 GBMs (11/14 versus 0/5, Fisher’s exact test P value <0.01
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FIGURE 2: Unsupervised hierarchical clustering of the 23 GBMs. The heatmap was constructed using the 2365 probesets (quantile 0.95),
with the greatest robust coeflicient of variation between the tumor samples. The samples and genes were clustered using Ward’s linkage
and Pearson’s correlation coefficient. For each probe set, the lowest and highest intensity values are displayed in blue and red, respectively.

Response: black = responder, white = nonresponder. Verhaak = class according to Verhaak et al’s classification [7]: neural = green, classical =
red, mesenchymal = blue, and proneural = orange.
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FIGURE 3: Progression-free survival according to Gravendeel et al. [8] and Verhaak et al. [7] molecular subtypes. GBMs assigned to IGS-18
(dashed line) had a shorter PFS after bevacizumab/irinotecan than those assigned to IGS-22 and IGS-23 (plain line) (3.2 months versus 9.4

months, P = 0.01). GBMs dlassified as classical (dashed line) had a shorter PFS than those classified as nonclassical (2.2 months versus 8.3
months, P = 0.003).
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TasLE 2: Characteristics of the 33 patients from the Salpétriere
database for whom the impact of EGFR amplification and CDKN2A
locus homozygous deletion was assessed.

Characteristics of the 33 patients of the independent dataset

Number of patients 33
Median age (years) at diagnosis (range) 59 (25-81)
Initial treatment (%) RTCT (100%)
Med%af] delay (months) between diagnosis and 15 (3.5-60)
bev./iri. onset (range)
Recurrence number at bev./iri. onset

First 31

Second/third n
Response according to RANO

Complete 4

Partial 11

Stable 7

Progression

Not assessable 3
EGFR amplification 13
CDKN2A homozygous deletion 12
Median PFS after bev./iri. onset (months) 55
Median OS after bev./iri. onset (months) 9.7
Median OS since diagnosis (months) 29
RTCT: lomide radioch herapy; bev./iri.: bevaciz b/irinotecan

chemotherapy; KPS: Karnofsky performance status; PFS: progression-free
survival; OS: overall survival; ns, nonsignificant.

and 10/14 versus 1/5 Fisher’s exact test P value = 0.1, resp.)
and also more frequent in classical than in nonclassical GBMs
(9/9 versus 2/10, Fisher’s exact test P value < 0.01 and 10/14
versus 1/5 Fisher’s exact test P value = 0.02, resp.), we decided
to evaluate the impact of these two genomic abnormalities
in an independent series, in order to assess if these genomic
abnormalities contribute to the lower response rate of IGS-
18 and classical GBMs. This independent series comprised
33GBMs from the Salpétriere database treated with the
combination of bevacizumab/irinotecan at recurrence and
for whom the CDKN2A locus homozygous deletion and
EGFR amplification status were available in the initial tumor.
The patients’ characteristics are shown in Table 2. However,
we did not observe any significant association between
EGFR amplification and/or CDKN2A deletion status and the
response rate to bevacizumab/irinotecan, the PFS, or the OS
after bevacizumab/irinotecan initiation.

4. Discussion

Several studies have identified radiological, plasmatic, or
clinical markers of the response to bevacizumab [23-25]. The
objective of the present study was to identify biomarkers
predictive of the response to bevacizumab/irinotecan given
at GBM recurrence based on the transcriptomic and genomic
characterization of the initial tumor. Given the dramatically
different clinical and radiological response patterns to this

Anna Luisa Di Stefano
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treatment, we hypothesized that the comparison of a lim-
ited series of well-selected responders and nonresponders
would be sufficient to identify robust and clinically useful
biomarkers if such markers do exist. However, although the
responders and nonresponders had dramatically different
response patterns, we found that the two groups of patients
had very similar genomic and gene expression profiles
and we failed to identify any robust predictive biomarker.
There are several possible hypotheses to explain this finding.
First, the genomic and transcriptomic characteristics of
the initial tumor might not be predictive of the response
to bevacizumab/irinotecan given at recurrence because the
molecular profile of recurrent GBMs might have significantly
changed. However, Sathornsumetee et al. demonstrated that
the expression of VEGF and CA9 (a marker of hypoxia)
assessed by immunohistochemistry in the initial GBM was
associated with the response and survival, respectively, in
patients receiving bevacizumab and irinotecan at recurrence
[26]. Interestingly, we similarly found that the profile of
nonresponders was enriched in genes upregulated during
hypoxia, though not influenced by VEGF expression. A
second hypothesis to explain the absence of major differ-
ence between the profiles of responders and nonresponders
is that the criteria used for defining the responders and
nonresponders in the present study were not appropriate.
These criteria were chosen to discover biomarkers that might
be clinically meaningful and that might identify responders
that achieve both a radiological response and prolonged PFS
(>6 months) and to differentiate these patients from those
who progress rapidly, regardless of the radiological response.
Another hypothesis (and we suggest the most likely) is that
the comparison of responders and nonresponders (regardless
of the criteria) might not be the best strategy to identify
biomarkers of the response. Indeed, this strategy assumes
that all of the responders and nonresponders share common
characteristics, which might be inappropriate if there are
not one but several subgroups of responders/nonresponders
with different mechanisms of response or resistance. In fact,
both Verhaak et al. and Gravendeel et al. demonstrated that
this is likely to be the case, as they identified transcrip-
tomic subgroups of GBMs that seem to display different
patterns of response according to the treatment used (7,
8]. Furthermore, we previously found that mesenchymal
GBMs were more likely to respond to radiotherapy, whereas
classical GBMs were more likely to respond to first-line
alkylating chemotherapy [10]. In our series, though it was
not designed to study this association, we observed an
interesting association between GBMs molecular classes and
the response rates. Using Gravendeel et al. classification,
GBMs assigned to IGS-18 had a lower response rate to
bevacizumab/irinotecan than the GBMs assigned to 1GS-22
and IGS-23 [8]. Using Verhaak et al. classification a similar
trend was observed for classical GBMs (7] when compared
to nonclassical GBMs. This is in agreement with the fact that
1GS-18 GBMs are generally assigned to the classical subtype
(9 out of 14 cases in our series) [27]. As EGFR amplification
and CDKN2A deletion status are two genomic hallmarks of
1GS-18 and classical GBMs, we next studied the impact of
these two genomic abnormalities in an independent series
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of 33 patients. However, we did not identify any significant
association with the response rate to bevacizumab/irinotecan
suggesting that EGFR amplification and CDKN2A deletion
are not responsible for the lower response rate of IGS-18 and
classical GBMs to bevacizumab/irinotecan.

Taken together, our findings suggest that comparing
the initial genomic and gene expression profiles of respon-
ders and nonresponders might not be an effective strategy
to identify robust biomarkers of the response to beva-
cizumab/irinotecan given at recurrence. Yet, they also suggest
that GBMs molecular subclasses are associated with the
response to this treatment. This result however needs to be
validated in a prospective and larger series of patients.
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Herpes simplex encephalitis in glioma patients:

a challenging diagnosis
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ABSTRACT

Objectives In recent years, herpes simplex encephalitis
(HSE) has been reported with increasing frequency in
settings of immunosuppression, such as acquired
immunodeficiency, transplantation and cancer. As
observed, in immunocompromised individuals HSE
presents peculiar clinical and paraclinical features, and
poorer prognosis.

Methods Here we describe a retrospective series of
seven cases of HSE in patients with high-grade glioma
(HGG), collected among three institutions in a 5-year
period (during this time, a total of 1750 patients with
HGG were treated).

Results Diagnosis of the condition was particularly
challenging due to the confounding clinical presentation
and the atypical biological findings. As a result, antiviral
treatment was started with a sharp delay compared with
immunocompetent hosts. Prognosis was poor, with high
short-term mortality and severe residual disability in
survivors.

Conclusions The substantial incidence of HSE
observed in our centres together with the difficulty in
diagnosing the condition suggest that the incidence of
this complication may be highly underestimated. The aim
of our report is to strengthen the observation of HSE in
patients with HGG and outline the key elements that
may allow its diagnosis.

INTRODUCTION
Herpes simplex encephalitis (HSE) is the most
common form of sporadic encephalitis in the
general population, with an incidence of 2-4 cases
per million people annually." Although most com-
monly seen in immunocompetent hosts, in recent
years several cases of HSE in settings of immuno-
suppression—such as acquired immunodeficiency,
transplantation and cancer—have now been
reported.” * In immunocompromised patients, HSE
may present with atypical clinical and biological
features,” * making the diagnosis challenging even
for expert neurologists. In patients with brain
tumours, the diagnosis of HSE is made even more
difficult by the presence of neurological signs and
symptoms attributable to the tumour itself.

Single cases of HSE in high-grade glioma (HGG)
patients are scattered through literature, but the
actual incidence of this complication is unknown.

We report seven cases of HSE in patients with
HGG, collected among three institutions in a
S-year period, and review the existing literature.
The aim of our report is to strengthen the observa-
tion of HSE in high-grade glioma patients, describe
the peculiar clinical and biological profile of HSE
in this setting and outline the key elements that
may allow its diagnosis.

CASE SERIES

Here we describe a series of seven patients with
HGG who developed HSE during cancer treatment,
collected among three institutions (C. Mondino
National Institute of Neurology Foundation, Pavia,
Italy; C. Besta Neurological Institute, Milan, Italy;
AP-HE Groupe Hospitalier Pitié-Salpétriere, Paris,
France). Every centre conducted an Internal Review
Board-approved retrospective study using an institu-
tional database of all patients receiving a diagnosis
of ‘herpes simplex encephalitis’ and ‘glioma’ from
the period between 1 January 2008 and 30
September 2013. During this time, a total of 1750
patients with HGG were treated in the three
institutions.

Patients developed HSE during different steps of
HGG evolution: one patient 2 weeks after surgery
(patient 7), four patients during the Stupp protocol
(patients 1, 2, 5 and 6) and the remaining
two (patients 3 and 4) 4 and 13 months after its
conclusion while receiving a first-line or second-line
chemotherapy.

Clinical and paraclinical findings in our seven
patients are detailed in table 1.

All the patients were receiving daily steroids, and
four of the seven patients showed a grade II or I
lymphopenia (CTCAE V3.0). The main clinical fea-
tures of HSE included fever (7/7), stupor/coma
(7/7) and partial seizures (6/7). In two patients
(patients 2 and 4), an encephalitis was suspected
due to the clinical and electroencephalographic
appearance of a new epileptic focus contralateral to
the tumour site, and in three others (patients 1, 3
and 7) due to persistent consciousness alteration. In
all cases, systemic infections and tumour progres-
sion were excluded on the basis of chest X-ray,
urine and blood testing, and brain CT scan.
Cerebrospinal fluid (CSF) analysis revealed slight
blood-brain barrier damage in all seven patients,

J Neurol Neurosurg Rarity and the difficulty in diagnosing the condi- but lymphomonocytic pleocytosis in only three.
Psychiatry 2015;86: tion might cause to underestimate the occurrence The diagnosis of HSE was confirmed by CSF ana-
374-371 of HSE in patients with HGG. lysis and PCR for herpes simplex virus 1 (HSV-1),
374 Berzero G, et al. J Neurol Neurosurg Psychiatry 2015;86:374-377. doi:10.1136/jnnp-2013-307198
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Table 1 Clinical and paradinical findings in our seven patients

Tumour characteristics CSF analysis  Delay in
el ol —— antiviral
Age/ Side  Delay since Lymphocytes! Clnical WBC/ Protelns  treatment
Patient gender Type loation (RL) Stupp  CurentCHT  Steroids mm features  Seizures  EEG MRialterations  mm’ mg/dL  (days)  Evolution
1 T GEM R0 L Ongang. Deamethasone 525 Fever, coma Partiol Left subcontinuous  Left emporomesisl <2 79 7 Death for HSE §
ath week 8 molday (Gs 6) Slow activity with  and cerebellum g
sharp waves 8
2 M = L Ongoing Deamethasone 1790 Fever, stupor, Masticatory  Right epikeptic  Bilateral >50 203 8 Sunvived with 3
3d week 8mg iday aphasia,  seures  abnormalitis  temporomesial residual 3
behavioural  generalised cognitive 2
alterations. status. impaiment g
epilepticus and
behavioural 3
changes 8
3 S9F GBM  Cerebellar Completed  Irinotecan/ Prednisone 550 Fever, coma  No Bilateral diffuse Bilateral 3 5 Death for HSE _S
vemis 13months  bevacizumeb 40 moiday (353 skow abnormalites  fontotemporal :
beoe  (20d Ine) with g8
pseudo-periodic g
pattern 3
4 S&F GBM T L Completed  Temazolomide Dosage not 300 Fever, coma  Partial Right epileptic Right temporoinsular 13 109 4 Survived with §
Amonths (15t line) available (Ges 8) abnormalities residual s
before cogritive B
impairment 2
5 6IM GM T R Ongong, Dosagenot - Fever, coma  Portial statis Lt periodic Bilaeral 2 1% 3 Death for HSE 3
4th week available (GCS6)  epilepis,  emispheric temporcinsular >
genealised  skowing, ight &
seizures. epileptic s
abnormalities 2
6 SIM GLu K L Ongang Dexamethasone 500 Fever, stupor  Partial Bilteral Rght temporomesial <2 64 3 Survived with g
Astro. 4t week 16 moiday pseudo-periodic  and insular residual o
frontotemporal cognitive §
slow abnormalities impaiment B
7 6YM  GBM T L Stppnot None Dexamethasone  — Fever, Partial Diffuse epileptic  Bilateral 18 183 3 Death for HSE 3
pesformed 4 mgiday dyphasia,  seures,  actviy frontotemporoinsular g
coma (GCS 3) generalised
status.

epilepticus
Astro, asocytoma; CHT, chemotherapy; CSF, cerebrospinal fuld; F, frontal; GCS, Glasgow Coma Scale; GBM, glioblastoma multiforme; Gr, grade; HSE, herpes simplex encephalits; | insula; O, ocdipital; P, parietal; T, temporal; WEC, white blood cells
ot available.
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positive in all the patients with high CSF/serum replication
ratio. MRI showed monolateral or bilateral typical HSE altera-
tions in all cases. Apparent diffusion coefficient (ADC) maps
were positive, indicating restricted diffusion in temporomesial/
basal areas, in all four patients in whom diffusion weighted
imaging (DWI) was acquired (figure 1). Despite treatment (intra-
venous acyclovir, 10 mg/kg every 8 h/daily), four patients died
of the infection, while the three who survived were left with
severe residual cognitive impairment and disability.

DISCUSSION

This retrospective study represents the largest series of HSE in
high-grade glioma patients and describes the peculiar clinical
and paraclinical profile of HSE in this population.

HSE clinical presentation was dominated by the presence of
mild to moderate hyperthermia, stupor and recurrent seizures
up to status epilepticus. Diffusion-weighted MRI was constantly
altered, and resulted in an early and helpful tool to direct the
following diagnostic work-up. CSF profile was misleading due
to absence or poor evidence of CNS inflammatory markers.
This finding may be possibly addressed to an anergic immune
compartmental cellular response and has been reported in
patients receiving brain irradiation and prolonged steroids.* All
seven cases were eventually confirmed by PCR testing on CSE,
emphasising the importance to perform this test even in the
absence of pleocytosis. In addition to the peculiarities attribut-
able to the background of immunosuppression, in patients with

~—

Figure 1
left insula. (B) During acute herpes simplex encephalitis (HSE), i

FLAIR
Patient 2 MRI pattern. (A) 22 days after surgical resection in the lateral left temporal lobe, with residual anaplastic astrocytoma in the
lving bilateral temp

HGG the diagnosis of HSE is made even more difficult by the
broad spectrum of alternative causes that can produce a similar
clinical ~ phenotype:  tumour  progression,  early-onset
radiation-induced encephalopathy and systemic infectious or
metabolic diseases. Antiviral treatment was started as soon as
diagnosis HSE was evoked. Still, the diagnostic delay was
remarkable in our series: the median time from admission to
starting antiviral treatment was 5 days in our series compared
with the average of 7 h reported in immunocompetent hosts.”
The delay in diagnosis may have possibly contributed to the
poor prognosis we observed. On the basis of our experience, we
report three key elements that, occurring alone or in combin-
ation, should prompt early suspicion of HSE in glioma patients:
hyperthermia, acute consciousness alteration rapidly progressing
to coma and the appearance of new epileptic foci not corre-
sponding to the site of the primary tumour. In these scenarios,
diffusion-weighted MRI and PCR for HSV on CSF, followed by
empirical treatment with acyclovir, should be promptly
undertaken.

In recent years, the literature is enriching with reports of HSE
in immunocompromised patients,” including patients with sys-
temic neoplasms® and primary CNS tumours.” * We conducted
a review of the literature and found 14 previously reported
cases of HSE in patients with gliomas,”'® with details reported
in online supplementary table S2. Consistently with that found
in our series, HSE occurred during different steps of cancer
history (in five patients perioperatively,” in six patients during

~

ial structures, more in the left hemisphere, where

diffusion restriction and contrast enhancement is also more evident. (C) One year after the acute HSE: significant cerebral atrophy especially in
bilateral temporomesial structures, where subtle abnormalities remain but no contrast enhancement. The residual anaplastic astrocytoma is stable.

376

Berzero G, et al. J Neurol Neurosurg Psychiatry 2015;86:374-377. doi:10.1136/jnnp-2013-307198

169



Anna Luisa Di Stefano

Downloaded from http:/jnnp.bmj.com/ on May 2, 2015 - Published by group.bmj.com

Neuro-oncology

radiotherapy '*~'* and in the last three patients within 3 months

of its completion® * '), and evolution was characterised by
high mortality or severe morbidity despite antiviral treatment.

Regarding aetiology, patients with HGG are surely exposed to
a number of conditions predisposing to infections, such as
chronic steroid treatment, chemotherapy-induced myelosuppres-
sion and the tumour itself. Steroids are known to have profound
effects on the distribution and function of lymphocytes. The
related risk of infections is proportionate to the dose and dur-
ation of steroid administration and patients with HGG usually
require steroid treatment for the entire disease duration, and
particularly during combined radiochemotherapy. The Stupp
protocol'” is since 2005 the standard of care in patients with
HGG. In our experience, temozolomide provokes neutropenia
during the concomitant and adjuvant phase, and a peculiar pro-
longed lymphopenia during the concomitant phase, when asso-
ciated to chronic steroids. In the case of HSE, lymphopenia is
most likely the defect to promote the infection and was
observed in four of the seven patients in our series. Additionally,
the impairment of cell-mediated immunity induced by steroids
and chemotherapy is worsened by the local and systemic
immunosuppressive  effect of HGG-induced ~cytokines.'
Irradiation is known to have a great impact on neurons and
immune cells, and all patients with HGG receive radiotherapy
as part of the Stupp protocol.”” Considering HSV elective
tropism towards temporomesial structures, it is remarkable that
half of the patients reported in literature and in our series suf-
fered from a temporal neoplasm, thus suggesting that direct
local irradiation may play a role in promoting viral reactivation.
This may also be part of the reason why, of all major viral infec-
tions, HSE is the most frequently reported in patients with brain
cancer.

On the basis of our observations, we would like to raise the
attention of neurologists and oncologists on HSE as an underes-
timated, rare but non-negligible complication in patients with
HGG. Stupp protocol is already recognised to be a time of sus-
ceptibility for opportunistic infections, and prophylactic anti-
microbial treatment is recommended by a number of
oncological guidelines'® to prevent Preumocystis carinii pneu-
monia. Conversely, invasive viral infections are considered a rare
event in patients with solid tumours, and therefore antiviral
prophylaxis is not recommended. Still, compared with other
patients with cancer, HGG are contemporary exposed not only
to a severe cell-immunity impairment but also to the local insult
of radiotherapy. Antiviral prophylaxis with acyclovir has proven
effective and is already recommended in a number of haemato-
logical malignancies during the period of leucopenia to prevent
herpesviruses reactivation.'” Acyclovir is usually well tolerated,
and major side effects are very rare. On these grounds, consider-
ing the poor prognosis HSE has shown in patients with HGG, a
benefit/risk discussion for the introduction of acyclovir prophy-
laxis may be pertinent in the neuro-oncology community.
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The frequency of metastatic brain tumors has increased over recent years; the primary tumors most
involved are breast cancer, lung cancer, melanoma and renal cell carcinoma. While radiation therapy
and surgery remain the mainstay treatment in selected patients, new molecular drugs have been devel-
oped for brain metastases. Studies so far report interesting results.
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Introduction

Metastatic brain tumors are the most common intracranial neo-
plasms in adults and are a significant cause of deleterious effects
on many critical neurological functions. Moreover, morbidity and
mortality rates are higher for patients who develop brain metasta-
sis (BM); over the last few years, the frequency of BM has increased
due to longer survival of patients through more effective systemic
treatment and earlier BM detection by improved neuro-imaging.

Estimates of BM incidence vary from 20% to 50% [1]; analyses of
patient data from the Metropolitan Detroit Cancer Surveillance
System showed a total incidence proportion of BM of 9.6% [1];
the incidence proportion of BM was highest for lung cancer
(19.9%), followed by 6.9% for melanoma, 6.5% for renal cancer,
5.1% for breast cancer. However, as described in various studies,
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the incidence of BM may be higher than observed, due to asymp-
tomatic BM [2].

Radiation therapy and surgery remain the cornerstone of treat-
ment in selected patients, while cytotoxic drugs have a limited
impact. On the other hand, in recent years, advances in the under-
standing of the biology of BM have led to the development of new
targeted therapies and interesting results have been obtained so
far.

In this review, we analyzed systemic treatments, both cytotoxic
and, in particular, new molecular drugs for BM from solid tumors
in adults, such as breast cancer, lung cancer, renal cancer and
melanoma.

Breast cancer

Recent improvements in systemic therapy have increased the
overall survival of breast cancer (BC) patients, including metastatic
patients. In the context of controlled systemic disease, the preva-
lence of BM from BC is increasing. BC is the second leading cause
of BM after lung cancer and accounts for 17-20% of all cases. BM
treatment options currently include whole-brain radiotherapy
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Table 1

Clinical studies of systemic treatments for brain metastases in breast cancer.
Author PTS Regimen RR (%) PFS (ms) 0S (ms)
Cytotoxic drugs
Freedman et al. [7] 15 Sagopilone 133 14 5.3
Siena et al. [5] 51 Temozolomide 4 1.9 NR
Cassier et al. [3] 25 Cisplatin + vinorelbine + RT 76 37 6.5
Rivera et al. |6] 24 Capecitabine + temozolomide 18 12 wks NA
Franciosi et al. [4] 56 Cisplatin + etoposide 38 4 8
Targeted therapies
Brufsky et al. [8] 258 Trastuzumab vs. no use NA NA 17.5vs. 39
Linetal. [11] 39 Lapatinib 26 3 NR

242 Lapatinib 6 24 6.4

Linetal. [12] (50) (Lapatinib + capecitabine) (20) (36)
Linetal. [13] 22 Lapatinib + capecitabine vs. lapatinib + topotecan 38vs. 0 NA NA
Bachelot et al. [14] 44 Lapatinib + capecitabine 66 5.5 17
Linetal. [15] 35 Lapatinib + RT 79 4.8 19

PTS: patients; RR: response rate; PFS: progression free survival; OS: overall survival; RT: radiation therapy; NR: not reached; NA: not available.

(WBRT), surgery, stereotactic radiosurgery (SRS), chemotherapy
and a combination of these methods (see Table 1).

Cytotoxic drugs

In the setting of newly or recurrent BM from BC, few prospec-
tive trials have evaluated the benefit of cytotoxic agent administra-
tion. At the onset of BM, in combination with radiotherapy, the use
of cisplatin and vinorelbine was associated with 76% of objective
brain response rate (RR) for 25 pts. However, median progression
free survival (PFS) remained modest (3.7 months) while median
overall survival (OS) was 6.5 months, and half of patients pre-
sented with non-hematological grade 3-4 toxicities [3]. In another
phase Il trial [4], combination of cisplatin and etoposide with radi-
ation therapy (RT) for 56 patients with BM was associated with
13% of complete response and 14 partial responses (25%); however,
mPFS and mOS remained modest (4 and 8 months, respectively). In
these first-line studies, despite encouraging response rates, effect
of combination of RT and cytotoxic agents remained modest.

In another phase II study [5], the authors evaluated temozolo-
mide activity with alternating weekly, dose-dense temozolomide,
in pretreated patients with BM, stratified by primary tumor type.
In this study, 51 BC patients presented with a mPFS of 1.9 months
while mOS was not reached. The disease control rate (responses +
stable disease) was 20% while ORR was 4%.

In a phase I trial [6], 24 newly or recurrent patients with BM
from BC, were treated with temozolomide plus capecitabine. This
regimen was associated with 18% of ORR, an mPFS of 12 weeks
and was correlated to improvement or stabilization of neurocogni-
tive function and quality of life.

Sagopilone, an epothilone B analogue that crosses the blood-
brain barrier, was evaluated in a phase Il trial [7] for 15 patients
with recurrent BM from BC. ORR was 13.3%, mPFS and mOS were
1.4 and 5.3 months, respectively; these modest results led to pre-
mature stopping of enrollment.

Finally, no prospective trial has evaluated the potential benefit
of hormonal therapy for patients with BM from BC.

Human epidermal growth factor receptor (HER) targeted therapies

HER?2 is overexpressed in approximately 20% of breast cancer
tissue and it represents one of the main molecular targets in the
development of new therapies.). Trastuzumab, a monoclonal anti-
body targeting HER2, was approved for metastatic breast cancer in
1998. Lapatinib is a dual tyrosine kinase inhibitor of both HER1 and
HER2, approved by the FDA in 2007. Finally, pertuzumab, a

monoclonal antibody that blocks dimerisation of HER2 with
HERT1, 3 and 4, was approved in 2012.

Overexpression of HER2 is an independent factor for develop-
ment of BM, which may likely be due to a more aggressive subtype
of HER2-positive breast cancer, or to the fact that these patients
treated with HER2-targeted therapies live longer. Moreover, these
targeted drugs have limited potential to cross the blood-brain-bar-
rier. Hence, in the setting of well-controlled extracranial disease
and BM, the best treatment is still unknown and several clinical tri-
als to determine the optimal treatment of BM are ongoing.

In the treatment of BM, several studies have suggested activity
of trastuzumab for treatment of BM from BC. However, all studies,
except one [8], were retrospective and even in the prospective
study, data concerning BM were retrospectively collected. In this
study [8], use of trastuzumab was associated with better OS
(17.5 vs. 3.8 months). Despite the absence of a prospective and ran-
domized trial, use of trastuzumab at the time of BM could repre-
sent an interesting option. Trastuzumab was used in intrathecal
treatment in several case reports in association with intrathecal
methotrexate or cytarabine. This strategy was associated with sta-
bilization of multiple BM in one case [9,10]. However, the absence
of a larger cohort or prospective trial did not allow any conclusion
about the potential benefit of the use of intrathecal trastuzumab.

Several studies have evaluated the activity of lapatinib forBM in
BC and 5 of these were prospective trials. Lin et al. in 2008 [11] first
reported on lapatinib for recurrent BM from BC. In this single-arm
phase II study, 39 patients were enrolled. By “Response Evaluation
Criteria In Solid Tumors” (RECIST) assessment, the ORR was only
2.6%; but by volumetric analysis, 10 pts (26%) achieved at least
10% of volumetric reduction. In this study, mPFS was 3.0 months
[11]. In 2009, Lin et al. published a second phase II trial evaluating
lapatinib for patients with BC and BM progressing after RT [12]. In
this study, lapatinib refractory-patients were treated with lapati-
nib plus capecitabine. Overall response or volumetric reduction
of lesions was observed in 6% and 21% of patients, respectively.
In patients with the extension of lapatinib + capecitabine, ORR
and volumetric reduction were seen in 20% and 40% of patients,
respectively, leading to the preferential use of this association.
For patients with lapatinib alone or lapatinib plus capecitabine,
mPFS were 2.4 and 3.6 months, respectively, while mOS for the
entire cohort was 6.4 months [12].

In a recent randomized phase Il trial, the combination of lapat-
inib and capecitabine versus lapatinib plus topotecan was analyzed
[13]. However, this trial was prematurely stopped due to excess
toxicity and lack of efficacy in the lapatinib plus topotecan arm
(ORR =0%). In the LANDSCAPE trial [14], the combination of
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lapatinib plus capecitabine for the treatment of untreated brain
metastases from HER2-positive breast cancer was evaluated.
Sixty-six percent of patients had objective brain partial response,
delaying the initiation of radiotherapy. In this trial, mPFS was
5.5 months and mOS was 17 months.

At the onset of BM, another phase I trial [ 15] evaluated the asso-
ciation of lapatinib and RT for newly BM from BC in 35 pts. ORR
was 79% by volumetric criteria. In this study, mPFS was 4.8 months
and mOS was 19 months. However, this study did not meet the pri-
mary objective of feasibility because of toxicity.

Moreover, combination of lapatinib and trastuzumab for BM
from BC was only evaluated in retrospective studies. Use of both
anti-HER2 agents could be associated to an interesting effect on
patient survival [16,17].

Finally, no study is available to date on the evaluation of pert-
uzumab for BM from BC.

Non-small cell lung cancer

In patients with non-small cell lung cancer (NSCLC), brain
metastases develop in approximately 30% of cases [18]. In the lit-
erature, BM from NSCLC was treated with various cytotoxic drugs
or new molecular drugs with or without RT.

Cytotoxic drugs

Recently, many chemotherapeutic regimens have been tested in
phase II or phase III trials for the treatment of brain metastases
from NSCLC (see Table 2).

Franciosi et al. [4] analyzed 116 patients receiving cisplatin
100 mg/m? on day 1 and Etoposide 100 mg/m? on days 1, 3, and
5 or on days 4, 6, and 8 every 3 weeks. The distribution of primary
tumor site was breast cancer in 56 patients (52%) and NSCLC in 43
(40%). Among 43 patients with NSCLC, 3 achieved CR (7%), 10
achieved PR, 15 had SD, 7 had PD, and 8 had insufficient treatment
or response was not assessed. The median survival was 32 weeks
for patients with NSCLC.

Another trial [19] evaluated the efficacy and safety of pemetr-
exed-cisplatin plus concurrent WBRT in patients with BM from
lung adenocarcinoma. Forty-two patients were enrolled in this
study. Patients with newly diagnosed NSCLC with BM and Eastern
Cooperative Oncology Group (ECOG) performance status (PS) of 0-
2 received up to six cycles of cisplatin and pemetrexed (75 and
500 mg/m?, respectively) every 3 weeks in association with WBRT
30 Gy during the first cycle. Concerning brain lesions, RR was
68.3%, PFS was 10.6 months and OS was 12.6 months. A Spanish
study [20] evaluated the activity of paclitaxel-cisplatin with vino-
relbine or gemcitabine as front-line therapy in BM from NSCLC.
Whole-brain irradiation was offered early in case of progression
and later as consolidation treatment. The median OS for all patients

was 21.4 weeks and the median PFS was 12.8 weeks. Paclitaxel and
cisplatin combined with vinorelbine or gemcitabine as front-line
therapy in brain metastases seem to achieve a response similar
to that for extracranial disease; intracranial RR was observed in
38% of the patients. Kleisbauer et al. [21] analyzed the response
to high dose cisplatin. Twenty-four consecutive patients with BM
of lung carcinoma were included in this study. The total dose of cis-
platin (200 mg/m?) was divided into 5 equal daily fractions,
infused over 6 h. Failure was observed in 17 cases, ORR in 7 cases
(2 cases without injection contrast in the tumor, 3 partial regres-
sions, 2 complete regressions). In conclusion, 30% of patients
exhibited an ORR with low toxicity.

In the study by Quantin et al. [22], 23 previously untreated
patients suffering from NSCLC BM were prospectively included in
this feasibility study. Treatment consisted of three cycles of WBRT
(18 Gy in 10 fractions) and vinorelbine, 30 mg/m? on days 1 and 8,
ifosfamide 1.5 g/m? daily from day 1 through day 3, and cisplatin
100 mg/m? on day 2. A cycle restarted every 28 days. Specific eval-
uation of brain response demonstrated complete response for 7
patients, and partial response in 6 (ORR 56%). Median OS from start
of protocol was 7.6 months.

In a multicentric phase IlI trial, Neuhaus et al. [23] analyzed OS,
local response and PFS of patients with BM from NSCLC and small
cell lung cancer treated with RT alone or RT plus topotecan. The
data showed no significant advantage for concurrent radiochemo-
therapy; however, the recruited number of patients was too low to
exhibit advantage of combined treatment.

Temozolomide is an orally administered prodrug that is con-
verted spontaneously to the active alkylating agent. In patients
with newly-diagnosed BM or with progression after RT, temozolo-
mide demonstrated an interesting activity.

A phase Il study [5], evaluated the efficacy of alternating
weekly, dose-dense temozolomide in pretreated patients with
BM prospectively stratified by primary tumor type. This study ana-
lyzed 53 patients with NSCLC. PFS was 66 days and OS was
172 days. Thrombocytopenia was the most common adverse event
causing dose modification or treatment discontinuation.

Giorgio et al. [24] evaluated in a phase Il study the efficacy and
safety of temozolomide in 30 NSCLC patients pre-treated with
WBRT and at least one previous line of chemotherapy for meta-
static brain disease. Three patients (10%) achieved an objective
response of BM with 2 complete remissions. Stable disease and
progressive disease were achieved in 3 (10%) and 24 patients
(80%), respectively.

Epidermal growth factor receptor (EGFR) inhibitors

Targeted therapies are undergoing active development as a
means to improve treatment efficacy in selected patient popula-
tions. Novel agents, such as EGFR tyrosine kinase inhibitors (TKI),
have now been included in standard non-small-cell lung cancer

Table 2

Clinical studies of cytotoxic treatments for brain metastases in lung cancer.
Author PTS Regimen RR (%) mPFS (ms) 0S (ms)
Franciosi et al. [4] 43 Cisplatin-etoposide 30 4 8
Cortes et al. [20] 26 Cisplatin-taxol 38 32 53
Cotto et al. [77] 31 Cisplatin-fotemustine 23 5 4
Fujita et al. 78] 30 Cisplatine-ifosfamide-CPT11 50 46 12
Dinglin et al. [19] 42 Pemetrexed-cisplatin 68 10.6 126
Kleisbauer et al. [21] 24 Cisplatin 30 NA NA
Siena et al. [5] 53 ™Z NA 66 days 172 days
Giorgio et al. [24] 30 ™Z 10 36ms 6ms
Quantin et al. [22] 23 RT + vinorelbine-ifosfamide-cisplatin 30 NA 76

PTS: patients; RR: response rate; PFS: progression free survival; OS: overall survival; RT: radiation therapy; NR: not reached; NA: not available; TMZ: temozolomide; CPT11:

irinotecan.
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treatments. In a small subset of patients harboring EGFR-activating
mutations, erlotinib and gefitinib administration was followed by
RR and a longer PFS and OS than that obtained with standard che-
motherapeutic regimens. In recent years however, several authors
have reported a growing number of cases of partial and complete
response in BM patients treated with EGFR TKIs (see Table 3). Data
from retrospective series and phase II studies also suggest that a
response can be obtained using EGFR tyrosine kinase inhibitors
treatment for patients with BM, especially those harboring EGFR
mutations.

Kim et al. [25] analyzed the response of 23 never-smoking Kor-
ean patients with adenocarcinoma of the lung with BM treated
with EGFR TKI therapy until disease progression. RR was 69.6%
and disease control rate 82.6%. Intracranial RR was observed in
17 patients.

Gefinitib is an orally active and reversible inhibitor of EGFR
tyrosine kinase. Chiu et al., conducted a prospective study with
76 patients with NSCLC and presence of BM treated with gefitinib
showing a RR of 33%. PFS and OS were 5 and 9.9 months, respec-
tively. Severity of skin toxicity was associated with tumor response
and patient survival [26].

Moreover, EGFR inhibitors can be safely administered concur-
rently with WBRT; in fact, a recent phase Il randomized study
[27] in BM from NSCLC compared WBRT plus gefitinib vs. WBRT
plus temozolomide. In this randomised phase Il trial, patients with
BM from NSCLC were randomly assigned to 30 Gy WBRT with
either concomitant gefitinib 250 mg/day continuously or temozol-
omide 75 mg/m? for 21 days every 28 days. The primary end-point
was OS but the study failed to show any advantage for gefitinib:
6.3 months in the gefinitib arm and 4.9 months in the temozolo-
mide arm (p not significant).

Ma et al. [28] analyzed the efficacy and toxicity of the treatment
with WBRT and gefinitib. In this study, 21 patients were enrolled.
Gefitinib was administrated at dosage of 250 mg/day. The primary
end points were safety and OS. Concomitant treatment was well
tolerated, 4 and 13 patients had a complete and partial response,
respectively; 3 patients had stable disease. The concomitant treat-
ment seems to be well tolerated with a significant improvement of
quality of life in this Chinese population.

In a recent study, Hsiao et al. [29] analyzed the predictive role of
EGFR mutations in BM treatment. In this study, 180 of 505 lung
adenocarcinoma patients developed BM during their disease and
139 patients including 89 EGFR-mutant and 50 EGFR wild-type
patients were identified for analysis. Among patients eligible for
evaluation of treatment response, up to 85% received RT and the
remaining took EGFR TKIs. EGFR-mutant patients compared with
EGFR wild-type patients had significantly greater intracranial RR
of BM and a longer median OS after BM diagnosis.

Erlotinib is a low-molecular weight, orally bio-available drug
that selectively and reversibly inhibits the tyrosine kinase activity
of EGFR. Welsh et al. [30] analyzed in a phase I trial the median OS
of patients with BM from NSCLC treated with erlotinib plus WBRT.

Table 3

Clinical studies of targeted drugs for brain metastases in lung cancer.
Author PTS Regimen RR(%) mPFS 0s

(ms) (ms)
Ceresoliet al. [32] 41 Gefitinib 10 3 5
Chiu et al. [26] 21 Gefitinib 76 5 9.9
Wu et al, [33] 44 Gefitinib 38 9 13
Kim et al [25] 23 Gefitinib/ 69 71 18.8
erlotinib

Welsh et al. [30] 40  Erotinib + RT 86 NA 19.1

PTS: patients; RR: response rate; PFS: progression free survival; 0S: overall sur-
vival; RT: radiation therapy; NA: not available.

Eligible patients had BM from NSCLC, regardless of EGFR status. 40
patients completed erlotinib + WBRT. Median OS of 17 patients
with known EGFR status was 9.3 months and 19.1 months for EGFR
wild-type and EGFR mutated, respectively.

In another retrospective study [31], 40 NSCLC patients with BM
were treated with erlotinib until disease progression, death, or
intolerable side effects. For intracranial diseases, partial response
was observed in 4 patients (10%), stable disease in 21 (52.5%),
and progressive disease in 15 (37.5%), with an RR of 10% and a dis-
ease control rate of 62.5%. PFS and OS were 3.0 months and
9.2 months, respectively.

Ceresoli et al. [32] evaluated the activity and safety of gefitinib
in 41 NSCLC patients with BM. Thirty-seven patients had received
prior chemotherapy and 18 patients had been treated previously
with WBRT, completed at least 3 months before entering the trial.
Partial response was observed in 4 patients (10%), and stable dis-
ease in 7 cases, for a disease control rate of 27%. Median duration
of partial response was 13.5 months. PFS was 3 months. Toxicity
was mild and consisted of grade 1-2 skin toxicity and diarrhea,
occurring in 24% and 10% of patients, respectively.

Wau et al. [33] evaluated the activity of gefitinib in 44 NSCLC
patients with BM. Of these patients, 30 were previously treated
with WBRT. Partial response was observed in 14 patients (31.8%)
and stable disease in 21 (47.7%). PFS and OS were 9 and 13 months,
respectively. The difference in disease control rate between the
patients who had previous WBRT and those without was not sig-
nificant (p not significant).

Antiangiogenic drug bevacizumab

One of the targeted approaches most widely studied in the
treatment of NSCLC is the inhibition of angiogenesis. Angiogenesis
is essential for the development and progression of cancer, and
vascular endothelial growth factor (VEGF) is a critical mediator of
tumor angiogenesis. Bevacizumab, an anti-VEGF recombinant
humanized monoclonal antibody, is the first targeted agent which,
when combined with chemotherapy, has shown superior efficacy
versus chemotherapy alone as first-line treatment of advanced
non-squamous NSCLC patients. Patients with BM have initially
been excluded from bevacizumab trials for the risk of cerebral
hemorrhage as a result of the treatment. Nevertheless, the avail-
able data suggest an equal risk of intracranial bleeding in patients
with CNS metastases treated with or without bevacizumab therapy
[34].

A phase II trial (PASSPORT) [35] specifically addressed bev-
acizumab safety in patients with NSCLC and previously treated
BM. This open-label multicenter trial for first- and second-line
treatment of nonsquamous NSCLC enrolled patients with BM.
First-line patients received bevacizumab (15 mg/kg) every 3 weeks
with platinum-based doublet therapy or erlotinib, and second-line
patients received bevacizumab with single-agent chemotherapy or
erlotinib, until disease progression or death. The study showed that
addition of bevacizumab to various chemotherapy agents or erloti-
nib in patients with NSCLC and BM is safe and is associated with a
low incidence of CNS hemorrhage.

A Japanese study retrospectively identified patients treated
with bevacizumab and chemotherapy for BM from NSCLC, includ-
ing 17 patients with lung adenocarcinoma. In 14 pts with evaluable
BM, the response rate for intracranial metastases was 78.6%. In
these patients, 2 bleeding events were reported: one was grade 1
intracranial hemorrhage, the other was grade 1 bronchopulmonary
hemorrhage. This study showed that chemotherapy and bev-
acizumab is effective for patients with BM and is a well-tolerated
regimen with a favorable toxicity profile [36].

Zustovich et al. [37] analyzed 18 patients with BM mostly from
lung and renal adenocarcinoma and the majority of patients had a
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treatment-naive brain disease: 82% of patients had a partial
response and 18% had stable disease. PFS was 14 months and OS
was 15 months. Toxicity was the same as that in clinical practice
and no cerebral hemorrhagic events were reported.

Noroxe et al. [38] analyzed OS, PFS, RR and toxicity in patients
who received bevacizumb plus chemotherapy. Median OS and
PFS were 8.8 and 4.5 months in patients with ECOG PS of 0-1,
while 2.6 and 1.2 months for those with PS 2. Therefore, these data
suggest that patients with PS 2 should not receive this treatment.

Melanoma

Melanoma BM are common since at least one patient out of
three with advanced melanoma will ultimately develop BM. Sur-
vival remains dismal with an expected median OS of 16-22 weeks,
probably because of the poor efficacy of conventional treatments
due to radioresistency of melanoma cells and the low blood-brain
barrier penetrance of systemic cytotoxic agents commonly used in
metastatic melanoma. More recently, new therapeutic agents have
proven their efficacy in progressing metastatic melanoma and in
particular on the basis on molecular status of primary disease
(see Table 4).

These recent advantages achieved by small molecules and per-
sonalized therapy give rise to the issue of the best sequencing of
therapeutical interventions and the need for stratification of
patient prognostic factors.

Cytotoxic chemotherapy with nitrosoureas, such as fotemustine
and temozolomide, have been tested in melanoma brain metasta-
sis patients because of their ability to penetrate the blood-brain
barrier. Response rate of 5.9% was observed for fotemustine and
6% for temozolomide without any added benefit to RT, and with
increased toxicity [39-43].

Recently, two systemic agents showed encouraging results in
control of melanoma brain metastasis alone or in association with
brain irradiation. These preliminary data are very encouraging
even if still investigational.

The first is the human CTLA4-antibody, ipilimumab, which
inhibits immunologic checkpoints. The mechanism of action
involves the blockade of negative signaling in cytotoxic T cells that
occurs normally following cytotoxic activation.

Ipilimumab was approved in 2011 for patients with metastatic
melanoma based on a survival advantage over a melanoma vac-
cine, corticosteroid therapy and single agent dacarbazine.

Up to 15% objective response and 25% of stabilization 12 weeks
following the initiation of therapy were observed in a phase Il open
study ipilimumab (10 mg/kg intravenously every 3 weeks for 4
cycles followed by the same dose every 12 weeks) versus cortico-
steroid therapy. Furthermore, median OS of 1 year was obtained
in a phase II trial testing ipilimumab in addition to fotemustine.
These results encouraged “proof of principle” that the benefit of
CTLA4 blockade extends to central nervous system (CNS) disease
with peculiar concordant response in the control of brain and

extracranial disease in metastatic melanoma. Ipilimumab is cur-
rently undergoing testing as adjuvant therapy after resection of
high-risk melanoma, either compared with placebo or compared
with interferon. In the short-term, combinations with less toxic
agents such as temozolomide as well as other new checkpoint-
blocking antibodies and RT need to be explored [44-51].

As other immunostimulatory agents, promising antibodies that
block negative signaling through the PD-1/PD-L1 axis continue to
be studied and represent a potential tool for the management of
CNS disease.

The second systemic agent is BRAF inhibitor. BRAF mutations
occur in approximately 50% of melanomas, resulting in constitutive
up-regulated signaling through the MAPK pathway, independent of
receptor-ligand interactions, that can be targeted by selective
small-molecule inhibitors [52,53].

The most common mutation is V60OE occurring in 70-90% of
BRAF-mutant melanomas; other less frequent mutations include
V600K (10-30%), V60OR (1-7%), and K601E (1-4%) [52,53].

The first report of activity of BRAF inhibitors for patients with
melanoma BM was in 10 patients with V60OE (9 patients) and
V600K (1 patient) melanoma [54]. Nine patients had a size reduc-
tion of BM and four had a complete response.

These results led to the largest trial ever conducted in active
melanoma BM: 172 patients with V600OE or V600K mutation-posi-
tive melanoma were treated with 150 mg twice daily of dabrafenib
(BREAK-MB); all patients were divided into two cohorts according
to prior local therapy with surgery, WBRT, or stereotactic radiosur-
gery at progression. Responses were seen in both cohorts, and in
both V600E and V600K BRAF mutation positive melanoma. Overall
intracranial RR were up to 39% with median PFS of 16 weeks and
OS of 31 and 33 weeks (according to prior treatment at progres-
sion) [55].

Interestingly, the brain is not always the first site of progres-
sion: 30% of progression at an extracranial site alone and 40% pro-
gression both at intra and extra cranial sites were observed [54].

After the encouraging results of the phase 1/II study of dabrafe-
nib, vemurafenib (960 mg twice daily) was studied in 24 patients
with V60OE BRAF mutation-positive melanoma and symptomatic,
progressing and untreated BM. The authors had a median PFS of
4 months and a median OS of 5 months. Only 3 patients (16%)
had a confirmed partial response in the brain, whereas 13/21
patients (62%) had extra-cranial responses [56].

Another encouraging observation is the dramatic symptomatic
relief of neurological symptoms in patients with active brain
metastases treated with dabrafenib [57].

However, it is not clear whether a difference in activity exists
between dabrafenib and vemurafenib in BM although, a recent pre-
clinical study suggests that dabrafenib may have a higher concen-
tration and longer acting lipophilic metabolites crossing the BBB in
murine model [58]. Regarding safety, liver toxicity, arthralgia, and
photosensitivity appear more common with vemurafenib; fever is
more frequent with dabrafenib [54].

Table 4

Clinical studies of systemic for brain in
Author PTS Regimen RR (%) mPFS (wks) mOS (wks)
Jacquillat et al. [39] 36 Fotemustine 25 NA NA
Avril et al. [40] 22 Fotemustine 59 NA NA
Momex et al. [41] 37 Fotemustine + RT 10 8 15
Margolin et al. [42] 31 Temozolomide + RT 9 8 24
Atkins et al. [43] 39 Temozolomide + RT + Talidomide 7.6 7 16
Margolin et al. [50] 51 Ipilimumab 16 107 28
Queirolo et al. [51] 146 Ipilimumab 1 112 17.2
Falchook et al. [54] 10 Dabrafenib 90 16.8 32
Dummer et al. [56] 24 Vemurafenib 52 16 30

PTS: patients; RR: response rate; PFS: progression free survival; OS: overall survival; RT: radiation therapy; NA: not available.
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Table 5
Clinical studies of systemic treatments for brain metastases in renal cell carcinoma.

Authors PTS  Regimen RR(%) mPFS(ms) mOS(ms)
Gore et al. [66] 213 Sunitinib 12 5.6 9.2
stadler et al. [68] 70 Sorafenib 4 NA NA
Zustovichetal.[76] 4 Bevacizumab 75 263 32

PTS: patients; RR: response rate; PFS: progression free survival; OS: overall sur-
vival; NA: not available.
" The maximum reported value among the four patients.

Development of resistance to treatment occurs in most patients
and a new strategy could be the association with other inhibitors of
MAPK cascade. In fact, a phase 2 study compared single-agent
dabrafenib with the combination of dabrafenib and trametinib
showing a superior RR (76% vs. 54%), superior progression-free sur-
vival (9.4 vs. 5.8 months), and superior progression free survival at
12 months (41% vs. 9%) for the combination regimen [59].

Interestingly, an “abscopal effect” has been described in a
patient receiving RT after discontinuation of vemurafenib because
of subsequent progression of metastatic melanoma and appear-
ance of a brain metastasis, which was treated by radiosurgery
[60]. After radiosurgery, he showed regression of metastatic dis-
ease and also appearance of white hair and vitiligo of the skin sug-
gesting an immune response against normal and neoplastic
melanocytes activated after radiosurgery without concomitant
vemurafenib, which was stopped before radiosurgery at second
melanoma progression. At 18 months after the completion of radi-
osurgery, the patient showed no evidence of recurrence or regres-
sion of other metastasis. The term “abscopal effect” (from the Latin
“ab”-position away from- and “scopus”-target- has been used to
denote this phenomenon of tumor regression at sites that are
remote from an irradiated target). The pathophysiology of the
abscopal effect seen in this patient is not completely understood;
one hypothesis is that BRAF inhibition could result in increased
immunogenicity in melanoma cells with increased expression of
melanoma antigens and enhanced reactivity to antigen-specific T
lymphocytes which ultimately contribute to the systemic response
to stereotactic radiosurgery. The response seen in this patient
provides insight into how local ablative strategies can augment a
systemic response to targeted therapy [61].

In conclusion, the successful results recently obtained in the
treatment of patients with BM from melanoma are an example of
the need to redesign the therapeutical attitude and to design
new clinical trials in this setting of dismal prognosis. The extended
survivals obtained by new therapeutic agents justify consideration
of aggressive local therapy for patients with melanoma BM. At the
moment, the main remaining issue is to find the optimal sequences
and combinations of new molecular drugs and to find other molec-
ular alterations that may candidate patients to personalized target
therapy.

Renal cell carcinoma

Brain metastasis from renal cell carcinoma (RCC) occurs in
approximately 5-10% of cases; data from Maastricht Cancer
Registry showed that the 5-year cumulative incidence of brain
metastases from RCC was 9.8% [1,62].

The median survival of patients with untreated RCC BM aver-
ages from 3 to 4 months [63]; the outcome for these patients is
poor, with median OS of only 4-11 months after diagnosis even
after surgical resection, WBRT, or stereotactic radiosurgery [64].
Moreover, metastatic RCC is generally resistant to chemotherapy
and thus, immunologic therapy with interferon or interleukin-2
has been the most commonly used treatment, despite low
response rates. The advent of TKIs and other targeted therapies

has drastically altered the management of metastatic RCC, and
some published data suggest that these agents may be effective
on BM as well (see Table 5).

Sunitinib is a small, oral, multi-targeted receptor TKI with anti-
tumor and antiangiogenic activity. It has been shown that brain
penetration of sunitinib may reach 31%, a higher penetration than
other TKIs [65]. Gore et al. [66] reported results from an open-label,
expanded access program with sunitinib (50 mg once daily, in
repeated 6-week cycles of 4 weeks on treatment, followed by
2 week off) for more than 4500 patients with metastatic RCC.
Among these, 213 patients with BM were evaluable for tumor
response: 12% had partial response and 1% achieved a complete
response, yielding an ORR of 12% compared with an ORR of 17%
in the overall population [67]. PFS was 5.6 months (95% CI, 5.2—
6.1) and 10.9 months (95% Cl. 10.3-11.2) in patients with and
without BM, respectively. Similarly, median OS was 9.2 months
(95% Cl, 7.8-10.9) in patients with BM, compared with
18.4 months (95% Cl, 17.4-19.2) in the overall population. How-
ever, the median OS observed in patients with BM compares favor-
ably with historical survival data for untreated patients with BM
[64]. Regarding toxicity, the incidence of severe adverse events
and treatment-related adverse events was not different between
the two groups of patients. The most common adverse events were
diarrhea and fatigue. Cerebral hemorrhage was reported in only
one patient. Moreover, the tolerability of sunitinib in patients with
BM was similar to that reported in the prior phase I/l trials.

Sorafenib is a multikinase inhibitor of receptor tyrosine kinases
VEGF receptors 1, 2, and 3 and platelet-derived growth factor
receptors o and B as well as the Raf/MEK/ERK pathway at the level
of Raf kinase. In the sorafenib expanded access program [68], of the
1891 evaluable patients with metastatic RCC, 70 had BM. Among
these, 4% out of patients obtained a partial response; no patient
achieved a complete response, yielding an ORR of 4%. No data on
PFS and OS was reported for patients with BM. Toxicity was com-
parable to that observed with sunitinib.

Massard et al. [69] retrospectively analyzed the incidence of BM
in 139 patients treated with sorafenib compared with that in the
placebo group in a subgroup of patients from TARGET trial (Treat-
ment Approaches in Renal Cancer Global Evaluation Trial); this
study was a randomized phase IlI trial, involving 903 patients with
metastatic RCC, 451 treated with sorafenib and 452 received pla-
cebo. The overall incidence of BM was 3% and 12% in patients trea-
ted with sorafenib and placebo, respectively (p=0.04). The
incidence of BM was also significantly lower in the sorafenib group
after one and two years of treatment compared with placebo group
(p=0.045). On univariate analyses, the administration of sorafenib
therapy was the only predictive factor to affect the occurrence of
BM in patients with metastatic RCC. However, some patients in
the TKI group were also treated with other targeted agents: erloti-
nib, temsirolimus and bevacizumab; these agents likely had a pro-
tective role with regard to BM as well.

Another retrospective study [70], evaluated the impact of suni-
tinib and sorafenib on incidence of BM and OS in patients with
metastatic RCC. Among 338 patients who were identified (patients
were included in the TKI group only if they had received the agent
before BM was diagnosed), 154 (46%) were treated with a TKI
before brain metastases and 184 (54%) were not. No significant dif-
ferences in prognostic factors between the two groups were
observed. Median OS was longer in the TKI-treated group (25 vs.
12.1 months, p<0.0001). In multivariate analysis, TKI therapy
was associated with improved OS (HR 0.53; 95% Cl, 0.38-0.74;
p<0.001). The 5-year actuarial rate of BM was 40% vs. 17%
(p < 0.001); on multivariate analysis, TKI treatment was associated
with lower incidence of BM (HR, 0.39; 95% Cl, 0.21-0.73;
p =0.003). This retrospective study found sunitinib and sorafenib
to be protective with regard to BM development.
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Bastos et al. [71] analyzed 65 patients treated with targeted
therapy after BM diagnosis; 52 patients (80) were treated with
anti-angiogenic agents and 13 (20%) with mTOR inhibitors. Median
0S from start of TKI was 12.2 months (95% CI 8-15.5); median PFS
was 3.4 months for first line TKI therapy and 1.9 months for second
line TKI.

Larkinet al.[72] retrospectively identified 21 patients (7%) out of
294 patients with RCC developing symptomatic BM while on treat-
ment with sorafenib or sunitinib; the median time from starting TKI
to BM was 4 months (range 1-44); the median OS from starting TKI
was 11 months (95% CI, 5-17 months). Verma et al. [73], in another
retrospective study, confirmed that the development of symptom-
atic BM is rare but a significant problem in advanced RCC during
therapy with sorafenib or sunitinib; in fact, they analyzed 81
patients with BM: 41 patients never received TKI and the remaining
40 received TKI therapy; the median OS from BM diagnosis was
5.4 months for the whole group: 4.4 vs. 6.7 months (p = 0.07) in
the never-TKI versus TKI groups, respectively. However, patients
who received TKI therapy post BM development had a median OS
of 23.6 months vs. 2.08 and 4.41 months for the patients who
received TKIs pre-BM or never-TKI, respectively (p = 0.0001).

A few case reports described the efficacy of other targeted
agents on BM from RCC; pazopanib, a potent and selective multi-
targeted receptor tyrosine kinase inhibitor of VEGFR-1, VEGFR-2,
VEGFR-3, PDGFR-a/p, and c-kit, demonstrated efficacy in a patient
who developed more than 20 brain metastases plus multiple bone,
lymph node, and soft tissue metastases, and who survived
23 months [74].

Vickers et al. [75], in a retrospective study, analyzed prognostic
factors of survival for patients with BM from RCC treated with tar-
geted therapy; they studied 106 patients: 77 treated with suniti-
nib, 23 with sorafenib, 5 with bevacizumab and 1 patient with
temsirolimus. On multivariate analysis, Karnofsky performance
status <80% (HR 2.07; 95% (I, 1.2-3.6), RCC diagnosis to treatment
with targeted therapy <1 year (HR 2.6; 95% Cl, 1.5-4.5) and higher
number (>4) of BM (HR 3.1; 95% CI, 1.3-7.5) were associated with
worse survival from the time of BM diagnosis. Moreover, patients
treated with targeted therapy after BM diagnosis had survived
longer than patients who developed BM while receiving targeted
therapy, 19.1 vs. 6.3 months, respectively.

Finally, Zustovich et al. [76] described 4 cases of RCC patients
with BM treated with bevacizumab with or without o-interferon.
They reported a maximum PFS of 26.3 months and a maximum
0S of 33.2 months from start of bevacizumab treatment.

Conclusions

In recent years, the frequency of metastatic brain tumors has
been increasing and primitive lung cancer is the most common
cause. Radiation therapy and surgery can be used in selected
patients but can be responsible for acute or delayed neurological
deficits. Recently, new targeted drugs have been developed and
employed either on established brain metastases or in a preventive
setting. Interestingly, these new molecular drugs reported interest-
ing activity and safety in selected cases and in retrospective or pro-
spective studies, with or without radiation therapy in BM from
common solid tumors in adults. However, a multidisciplinary col-
laboration is always required to obtain the appropriate treatment
that balances a good quality of life with the prolongation of sur-
vival in these patients.
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Genome-wide association studies (GWAS) have mapped risk alleles for at least 10 distinct cancers to a small
region of 63 000 bp on chromosome 5p15.33. This region harbors the TERT and CLPTM1L genes; the former
encodes the catalytic subunit of telomerase reverse transcriptase and the latter may play a role in apoptosis.
To investigate further the genetic architecture of common susceptibility alleles in this region, we conducted
an agnostic subset-based meta-analysis (association analysis based on subsets) across six distinct cancers
in 34 248 cases and 45 036 controls. Based on sequential conditional analysis, we identified as many as six in-
dependent risk loci marked by common single-nucleotide polymorphisms: five in the TERT gene (Region 1:
rs7726159, P = 2.10 x 1073%; Region 3: rs2853677, P = 3.30 x 1073 and Pconaitional = 2.36 X 1078; Region 4:
rs2736098, P = 3.87 x 10~ "2 and Pconditional = 5.19 x 107, Region 5: rs13172201, P = 0.041 and Pconditional =
2.04 x 10~% and Region 6: rs10069690, P = 7.49 x 10~ "®and Pconditional = 5.35 X 10~7) and one in the neighbor-
ing CLPTM1L gene (Region 2: rs451360; P = 1.90 x 10~ "®and Pcongitional = 7-06 X 10~'). Between three and five
cancers mapped to each independent locus with both risk-enhancing and protective effects. Allele-specific
effects on DNA methylation were seen for a subset of risk loci, indicating that methylation and subsequent
effects on gene expression may contribute to the biology of risk variants on 5p15.33. Our results provide
strong support for extensive pleiotropy across this region of 5p15.33, to an extent not previously observed in
other cancer susceptibility loci.
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susceptibility alleles suggests that the region harbors an import-
ant set of elements that could influence multiple cancers. It has
been observed previously that one allele may be protective for
one cancer while conferring susceptibility to another (15).

INTRODUCTION

Genome-wide association studies (GWAS) have identified inde-
pendent susceptibility loci in a region on chromosome 5p15.33

that are associated with at least 10 distinct cancers. The pub-
lished findings include bladder (1), estrogen-negative breast
(2), glioma (3), lung (4-7), ovary (8), melanoma (9), non-
melanoma skin (10,11), pancreas (12), prostate (13) and testicu-
lar germ cell cancer (14). This degree of pleiotropy for common

These independent loci map to ~63,000 bp of 5p15.33 that
harbors two plausible candidate genes: TERT, which encodes
the catalytic subunit of telomerase reverse transcriptase (16)
and CLPTM 1L, whichencodes the cleft lip and palate-associated
transmembrane 1 like protein (also called cisplatin resistance
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related protein, CRR9). CLPTMIL appears to play a role in
apoptosis and cytokinesis, is overexpressed in both lung and
pancreatic cancer and is required for KRAS driven lung cancer
(17-21). Germline mutations in TERT can cause dyskeratosis
congenita (DC), a cancer-prone inherited bone marrow failure
syndrome caused by aberrant telomere biology (22). Clinically
related telomere biology disorders, including idiopathic pul-
monary fibrosis and acquired aplastic anemia, can also be
caused by germline TERT mutations (reviewed in 23).

To investigate the genetic architecture of common suscepti-
bility alleles across this region of 5p15.33 in multiple cancer
sites, we utilized a recently developed method called association
analysis based on subsets (ASSET) that combines association
signals for an SNP across multiple traits by exploring subsets
of studies for true association signals in the same, or the opposite
direction, while accounting for the multiple testing required
(24). The method has been shown to be more powerful than
the standard meta-analysis in the presence of heterogeneity,
where the effect of a specific SNP might be restricted to only a
subset of traits or/and may have different directions of associa-
tions for different traits (24).

RESULTS

In this study, we conducted a cross-cancer fine-mapping analysis
ofaregiononchromosome 5p15.33 knownto be associated with
multiple cancer sites. We imputed each dataset across a 2 Mb
window (chr5: 250000-2 250 000; hgl9) using the 1000
Genomes (1000G) and DCEG reference datasets (25,26) and
applied a subset-based meta-analysis method (ASSET) (24) to
combine results across six cancers (11 studies) (see Materials
and Methods for details). This method has been shown to
improve power and interpretation when compared with other
traditional methods for the analysis of heterogeneous traits (24).

In the first analysis, we focused on six distinct cancer sites in
which 5p15.33 had previously been reported and had a nominal
P-value in our dataset (‘Tier-I studies’ scans, see Materials and
Methods). We performed the analysis across all studies (77%
European, 7% African American and 16% Asian ancestry,
ALL scans), and, because the majority of studies and subjects
were of European ancestry, we conducted parallel analyses in
this group only (EUR scans). Bonferroni correction was used
to assess significance, using the threshold at 1.3 x 10>, based
on the number of single-nucleotide polymorphisms (SNPs) ana-
lyzed across the region (n = 1924) and the two analyses per-
formed (ALL or EUR scans) (see Materials and Methods). In
the second analysis, we examined the regions identified above
in eight cancers in which 5p15.33 had not been reported in the
literature (NHGRI Catalog of Published GWAS studies: http://
www.genome.gov/gwastudies/), or did not show a nominal
P-value in our dataset (‘Tier-1I studies’).

Application of ASSET by sequential conditioning of asso-
ciated SNPs revealed up to six independent loci on 5p15.33,
each influencing risk of multiple cancers (Fig. 1, Table 1; Sup-
plementary Material, Table S1). In the primary analysis of all
subjects, we performed the ASSET meta-analysis based on un-
conditional association results from each of the six cancer
scans (11 studies). This identified rs7726159 with the lowest
P-value (P = 2.10 x 10>°), thus marking Region 1. The next
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four SNPs, ranked by P-values, were highly correlated with
the index SNP based on 1000G CEU data: rs7725218 (P =
2498 >< 1077, pa1r-w1se P= 0.90), rs4449583 (P =3.37 x
10, pair-wise r* = 1.0), 157705526 (P = 1.00 X 10 20 , pair-
wnse r~=0.74) and rs4975538 (P =4.11 x 1072 , pair-wise
72 =0.76). These five SNPs reside in the second and third
intron of the TERT gene and are common, with effect allele fre-
quencies ranging between 0.18 and 0.43 in African (AFR),
0.35-0.37 in Asian (ASN) and 0.32-0.38 in European (EUR)
populations, each estimated in the 1000G project (Supplemen-
tary Material, Table S2). A search for surrogates using an r-
threshold of 0.7 across a 1 Mb window centered on the index
SNP did not identify additional highly correlated SNPs. The
effect allele (A) of rs7726159 was positively associated with
glioma (Glloma Scan) and lung cancer (Asian Lung) (P =
4.38 x 107, ORcombined = 1.47; 95% CI = 1.38-1.56), but
negatively assocmted with testicular cancer (TGCT NCI), pros-
tate cancer (Pegasus and AdvPrCa) and pancreatic cancer
(ChinaPC) (P = 5.07 x 10°, ORcompinca = 0.85; 95% CI =
0.80-0.91) (Fig. 2A).

The mostsignificant SNPafter conditioning onrs7726159 was
rs451360 (P = 1.90 x 10™'%; Peonditionat = 7.06 x 107 '°), res-
iding in intron 13 of CLPTMIL and marking Region 2 (F1g I;
Table 1). Six SNPs were correlated with rs451360 with an P>
0.7, all located within 500 kb of this SNP and spanning the
entire length of CLPTMIL: rs380145, rs13170453, rs37004,
rs36115365, rs35953391 and rs7446461. This effect allele
(rs451360-A) was positively associated with pancreatic cancer
(PanScan) and testicular cancer (TGCT NCI) (P =438 x

%, OR Combined = 1.34; 95% CI = 1.24-1.45), but negative-
ly assomated with lung cancer (AA Lung, Asian Lung and Eur
Lung) (P = 9.50 x 10 %, ORcompinea = 0.85; 95% CI = 0.80—
0.90) (Fig. 2B). Although large differences were seen in the
effect allele frequencies across the 1000G continental popula-
tions, 0.02-0.03 in AFR, 0.12 in ASN and 0.17-0.24 in EUR
(Supplementary Material, Table S2), the signal was still suffi-
ciently strong to be detected, particularly in African and Asian
lung studies, suggesting its importance in lung cancer etiology.

In our sequential conditional analysis, rs2853677 (located in
the first intron of TERT) was the most significant SNP after con-
ditioning onboth rq77261 59 andrs451360, thus markmg Region
3 (P=330x 10" Pconditionat = 2- 36 x107% (Fig. 1,
Table 1). No additional SNPs with an +* > 0.7 were located
within 500 kb of thls SNP, which has relatively low LD with
both 157726159 (12 =0.13) and 15451360 (r>=0.12) in
1000G CEU data. Region 3 (rs2853677-A) was positively asso-
ciated with testicular cancer (TGCT NCI) and pancreatic cancer
(PanScan and ChinaPC) (P = 1.36 x 10~ OR(()m}nmd =1.22;
95% CI =1.13-1.31), but negatively associated with lung
cancer (Asian Lung and AA Lung) and glioma (Glioma scan)
(P =2.79 x 107*', ORcombinea = 0.73; 95% CI = 0.70-0.77)
(Fig. 2C). The effect allele frequency for rs2853677 was consist-
ent across the three continental 1000G populations correspond-
ing to the studies included in this analysis: 0.60 in EUR, 0.67 in
ASN and 0.71 in AFR (Supplementary Material, Table S2).

A conditional analysis based on the three SNPs above
(rs7726159, rs451360 and rs2853677) ylelded Region 4,
marked by 152736098 (P =3.87 x 10°'%  Peongitional =
5.19 x 10, a synonymous variant (A305A) in the second
exon of TERT (Fig. 1, Table 1). Three additional SNPs with an
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Table 1. Association results for SNPs 5p15.33 with the risk of
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associted asocised associated associated associated associated
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A rs7726159 ‘ B | rs451360
GWAS Scan OR (95% CI) GWAS Scan OR(93% CI)
TGCTNCI 067 (056081) AALung 073 (0.62.0.56)
CGEMS PiCa 0.83 (0.71-096) — AsianLung 0.84 (0.76-0.93)
ChinaPC 0.85 (0.74-0.98) - Furl ung 087 (0.82-0.93)
AdvbrCa 0.86 (0.79-0.94) - CGEMS PrCa 0.89 (0.77-1.02)
Pegasus 0.88 (082-0.95) - Bladder NCI 094 (0.88-099)
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Figure 2. (A - F) Forest plots for individual risk loci on chr5p15.33 for the unconditional ASSET meta-analysis. For each cancer/GWAS scan, OR and 95% CI were
listed and plotted along each line as per the unconditional association analysis. A vertical line of OR = 1 indicates the null. Two summary lines list ORs for the posi-
tively or negatively associated subsets as estimated by the ASSET program. (A) rs7726159, (B) rs451360, (C) rs2853677, (D) rs2736098, (E) rs13172201 and (F)
510069690 in the analysis of European-ancestry studies only. Forest plots for the conditional analyses are shown in Supplementary Material, Figure SIA-E.
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72> 0.7 were located within 500 kb of this SNP: 1rs2853669,
152736108 and rs2736107, all in the promoter of TERT,
from ~200 to 2700 bp upstream of the transcriptional start
site. This region (rs2736098-T) was positively associated with
lung cancer (Eur Lung and AA Lung), prostate cancer
(Pe%asus) and bladder cancer (Bladder NCI) (P = 2.58 x
10”7, ORcombined = 1.15;95% CI = 1.10-1.21), and negative-
ly associated with testicular cancer (TGCT NCI) and pancreatic
cancer (PanScan) (P = 4.89 x 10™°, OR¢ompinca = 0-81; 95%
CI = 0.74-0.89) (Fig. 2D). The effect allele frequencies dis-
played a wide range across the three continental populations in
1000G, interestingly with the lowest frequency in the most
ancient population, 0.06-0.08 (AFR), whereas the other two
populations were comparably high: 0.23-0.29 (EUR) and
0.22-0.33 (ASN) (Supplementary Material, Table S2).

An additional suggestive region (Region 5) marked by
1513172201 (P = 0.05; Pconditionat = 1.31 x 10™*) was deter-
mined by our sequential conditional analyses (Fig. 1, Table 1),
unmasked mainly due to conditioning on rs7726159 (Region 1).
The risk alleles for rs13172201 and rs7726159 were negatively
correlated (r = —0.27, based on 1000G CEU data) and, in an ex-
ploratory analysis ofrs13172201 in the Eur Lung scan, this SNP
appearedto have a stronger associationinrs7726159 CC carriers
(P=7.0x 107% OR = 1.2195% CI = 1.08—1.35) when com-
pared with rs7726159 AC/AA carriers (P = 0.10, OR = 1.12
95% CI = 0.98-1.27).

Region 5 (rs13172201-C) was positively associated with lung
cancer (Eur Lung and AA Lung), prostate cancer (Pegasus) and
pancreatic cancer (PanScan) and negatively associated with tes-
ticular cancer (TGCT NCI) and glioma (Glioma scan) (Fig. 2E).
The effect allele for rs13172201, the sentinel SNP in Region 5,
was the minor allele in European (0.26 in EUR) and African
(0.39 in AFR) populations, while it has become the major
allele in Asians (0.85 in ASN).

Inan analysis restricted to studies of European ancestry (EUR
scans), we noted strong associations for Regions 1, 2, 4 and 5
(Table 1) but not Region 3 (marked by rs2853677). The condi-
tional P-value for Region 5, suggestive in the analysis based
on all ethnic groups, improved in this subset and surpassed the
threshold of 1.3 x 10> (1513172201: P = 0.041; Pconditional =
2.04 x IO*’). An additional region, Region 6, marked by
1510069690 (P = 7.49 x 10~"; Pconditionat = 5.35 x 1077) in
intron 4 of TERT was identified in the European ancestry-only
analysis (Fig. 1, Table 1). The significance for this region did
not reach our Bonferroni-corrected P-value threshold in the ana-
lysis of all studies (P=5.4 x 10 after conditioning on
157726159, rs451360, 152853677 and rs2736098). As Regions
3 and 6 were located between the same two recombination hot-
spots (Fig. 1), we assessed correlation in 1000G CEU subjects
and noted virtually no LD (rs10069690, rs2853677, P =
0.0052), thus supporting the notion that they are independent
signals. Low LD existed for th7ese two SNPs in the 1000G YRI
(r~=0.098) and CHB/JPT (+~ = 0.048) populations (Supple-
mentary Material, Table S3). Region 6 (rs10069690-T) was
positively associated with glioma (Glioma scan) (P = 4.07 x
10", OR compinea = 1.48; 95% CI = 1.31-1.67) and negative-
ly associated with testicular (TGCT NCI), prostate (Pegasus and
AdvPrCa), bladder (Bladder NCI) and pancreatic cancer
(PanScan) (P =4.95 x 1077, OR¢ompinea = 0.87; 95% CI =
0.83-0.92) (Fig. 2F). Highly correlated SNPs (r2 > (.7) were
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not observed within 500kb of rs10069690. Notably, the
P-value for rs10069690 in the Advanced Prostate cancer scan
improved from 1.64 x 10 °t02.03 x 10~ '“after conditioning
on Region 1. The corrglation between 1s10069690 z;md
157726159 (Region 1) is 7~ = 0.13 in the 1000G CEU, r* =
0.30in YRIandr~ = 0.42in CHB/JPT populations (Supplemen-
tary Material, Table S3). SNP rs10069690 was nominally
significant in the other two prostate cancer scans with uncondi-
tional P-values of 0.003 (Pegasus) and 0.02 (CGEMS PrCa)
but was not significant after conditioning on the first region in
these scans (P = 0.36 in Pegasus, P = 0.078 in CGEMS PrCa).

Forthe six signals noted, Regions 1,3 and 6 are flanked by two
recombination hotspots that separate them from Region 5 on the
telomeric side and from Region 4 on the centromeric side. Re-
combination hotspots also separate Regions 2 and 4 (Fig. 1).
The LD between SNPs in loci 1, 3 and 6 was low to moderate
(r* =0.0052, 0.131 and 0.449 in 1000G CEU, r* = 0.0981,
0.298 and 0.0765 in YRI and 1> = 0.0484, 0.415 and 0.341 in
CHB/JPT); however, the conditional analyses supported the
presence of three signals bounded by strong recombination hot-
spots on either side. Region 5 is the most telomeric one and sepa-
rated from the rest by a strong recombination hotspot.
Supplementary Material, Table S1 shows P-values for the six
regions along each step of the sequential conditional analysis
to reflect the change in significance in the analysis.

We alsoassessed the associations for each of the regions in the
‘Tier-II studies” comprising nine GWAS datasets across eight
cancers, including 11385 cases and 18 322 controls. None of
the regions showed significant association (data not shown).

In addition to characterizing independent signals in the
TERT-CLPTMIL region, we have fine-mapped previously
reported signals. For pancreatic cancer, the reported GWAS
SNP 15401681 had a P-value of 3.7 x 10”7 and an OR of 1.19
(12). After imputation, an improved P-value was seen for
15451360 (marking Region 2) (P =2.0 x 10™'%; OR = 1.29).
After conditioning on rs451360, the P-value for rs401681 was
no longer significant (P = 0.1). The LD between these two
SNPs is moderate (1-2 =0.35). For glioma, the GWAS SNP
152736100 had a P-value of 8.49 x 10~ °and OR of 1.08 in the
Glioma scan (27). The best imputed SNP rs449583 (r2 =1
with rs7726159, marking Region 1) showed a much improved
P-value of 4.1 x 10~ '* with an OR of 1.50, and the P-value of
152736100 was no longer significant after conditioning on
1rs449583 (P = 0.64). The LD between these two SNPs was mod-
erate (r2 =0.39).

Bioinformatic analyses using public data bases (ENCODE
and TCGA) were performed to investigate the possible function
of SNPs that mark each of the six regions as regulators of expres-
sion of TERT, or CLPTMIL, as well as other genes. Based on
ENCODE data, the strongest evidence for putative regulatory
functions was seen for SNPs in Regions 1 (rs7725218 and
rs4975538), 2 (rs36115365 and rs380145), 4 (rs2736108 and
1rs2853669) and 5 (rs13172201) with evidence of an open chro-
matin conformation, regulatory histone modification marks
and transcription factor binding in multiple cell types such as
prostate, pancreas, breast, lung and brain (Supplementary Mater-
ial, Table S2).

‘We next examined the TCGA datasets for expression (eQTL)
and methylation (meQTL) quantitative trait loci for lung adeno-
carcinoma (LUAD), prostate adenocarcinoma (PRAD) and
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glioblastoma multiforme (GBM). We did not observe signifi-
cant eQTLs (P > 0.41, data not shown) but noted multiple
meQTLs in LUAD and PRAD tumor samples (Supplementary
Material, Tables S5 and S6). Methylation at a subset of CpG
probes with meQTLs correlated with expression of TERT
and/or CLPTMIL, including two for Region 4 in TCGA
LUAD samples (¢g26209169: B= —0.47, P=1.18 x 1075;
cg11624060: B =— 0.36, P = 0.001). These CpGs are located
~1800 bp downstream of CLPTMIL (227 bp apart), overlap
with key transcription factor binding sites (e.g. TCF3, TCF4,
HNF3A, MAX, RUNX3/AML2, ATF-2 and USF1/USF2) and
active histone modification marks from ENCODE, and are nega-
tively correlated with expression of TERT and CLPTMIL (Sup-
plementary Material, Table S5 and Fig. S2). Replication was
seen in normal lung samples (cg26209169 and Region 4,

=—10.650, P=5.17 x 1075; cg11624060 and Region 4,
B= —0.493, P =0.0027) from EAGLE (28). The most signifi-
cant meQTLs in TCGA PRAD samples were seen for Region 1
(cg03935379: B= —1.06, P =847 x 10" '°; ¢g06531176:
B=—1.18, P=2.61 x 10~"). These replicated in EAGLE
(P=5.93 x 10 %andP = 0.002, respectively), did not correl-
ate with expression of TERT or CLPTMIL, and were both
located within exon 3 of TERT (Supplementary Material,
Table S6).

Analysis of TCGA data also revealed increased expression of
TERT and CLPTMIL in tumors compared with normal tissues
for lung and prostate cancer (on average 1.29- to 2.02-fold
change for paired samples). Copy number differences were
more evident in lung tumors (average number of copies was
2.02 in normal and 2.54 in tumors for 51 paired samples, P =
1.10 x 10~ 7) (Supplementary Material, Fig. S3).

DISCUSSION

Chr5p15.33 harbors a unique cancer susceptibility region that
contains at least two plausible candidate genes: TERT and
CLTPMIL. Through a subset-based meta-analysis of GWAS
data drawn from six different cancers from three continental
populations, we have characterized up to six independent,
common, susceptibility alleles, all with evidence of both
risk-enhancing and protective effects, differing by cancer type.

TERT encodes the catalytic subunit of the telomerase reverse
transcriptase, which, in combination with an RNA template
(TERC), adds nucleotide repeats to chromosome ends (29).
Althoughtelomerase is active in germ cells and in early develop-
ment, it remains repressed in most adult tissues. Telomeres
shorten with each cell division and when they reach a critically
short length, cellular senescence or apoptosis is triggered.
Cancer cells can continue to divide despite critically short telo-
meres, by upregulating telomerase or by alternative lengthening
oftelomeres (16,30,3 1). While studies investigating the relation-
ship between surrogate tissue (i.e. buccal or blood cell DNA)
telomere length and cancer risk have been contradictory,
larger prospective studies have not reported an association for
risk but only survivorship (32—35). Heritability estimates of
telomere length in twin studies suggest a significant genetic con-
tribution, between 36 and 78% (36,37). GWAS SNPson 5p15.33
have been associated with telomere length implying that TERT
may indeed be the gene targeted by at least some risk variants
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in this region (38-40). In addition, germline 7ERT promoter
mutations have been identified in familial melanoma as well as
somatic mutations in multiple cancers (41,42).

The most commonly reported SNP in the TERT gene,
152736100, was first reported in several GWAS: glioma (3,43),
lung cancer in European and Asians (7,44-46) and testicular
cancer (14). We have fine-mapped this locus (Region 1) to a
set of five correlated SNPs in the second and third intron of
TERT (marked by rs7726159). In addition to the cancers listed
above, we noted novel contributions to this locus by prostate
and pancreatic cancer. Fine-mapping efforts in lung (47) and
ovarian cancer (48) have reported the same SNP. Region 3
(rs2853677), located in the first intron of 7ERT, has been asso-
ciated with glioma in Chinese subjects (49) and lung cancer in
Japanese subjects (50), in agreement with the strong contribution
to this region seen in our analysis by scans performed in indivi-
duals of Asian ancestry. In addition to lung cancer and glioma,
we noted novel associations for Region 3 with pancreatic and tes-
ticular cancer. Region 4 was marked by a synonymous SNP
(rs2736098) located in the second exon of TERT, with three add-
itional highly correlated SNPs in the promoter region. This
region has been reported via fine-mapping in lung, bladder, pros-
tate, ovarian and breast cancer, and shown to influence 7TERT
promoter activity (8). Novel contributions to Region 4 were
noted for pancreatic and testicular cancer.

In our analysis, we uncovered a new susceptibility locus,
Region 5 (marked by rs13172201, Fig. 1), which surpassed the
Bonferroni threshold in European studies. We found evidence
for a negative correlation between this SNP and rs7726159
(Region 1), indicating a possible interaction. This locus is not
significant at a GWAS threshold and requires confirmation in
independent samples. Region 6 (marked by rs10069690) has
previously been associated with estrogen- and progesterone
receptor-negative breast cancer in populations of European
and African ancestry (2,51); our analysis adds five cancers to
this list: glioma, prostate, testicular germ cell, pancreas and
urinary bladder.

The gene adjacent to TERT, namely CLPTMIL, encodes a
protein that is overexpressed in lung and pancreatic cancer, pro-
motes growthand survival, andis required for KRAS driven lung
cancer, indicating that it is a plausible candidate gene in this
region (17-21). The locus in CLPTMIL (Region 2) has previ-
ously been associated with risk of cancer in multiple GWAS,
marked by rs401681 or rs402710 in pancreatic, lung and
bladder canceras well asinmelanoma (1,4,5,12,52). Our subset-
based approach has fine-mapped this signal to a set of seven cor-
related SNPs that span the entire length of CLPTMIL.

Two recent papers from the Collaborative Oncology
Gene-Environment Study (COGs) fine-mapped 5p15.33 in pros-
tate, breast and ovarian cancer and identified four of the six loci
noted in the current study (53,54). In prostate cancer, COGsiden-
tified three regions that corresponded to our Region 1 (COGs
R7egion 1, rs7725218), Region 3 (COGs Region 2, rs2853676,
r~=10.32 with rs2853677) and Region 4 (COGs Region 3,
152853669) (54). Interestingly, COGs reported protective
alleles in Region 1 associated with increased TERT expression
in benign prostate tissue samples. The fourth COGs prostate
cancer locus, marked by rs13190087, was not significant in our
study (P = 0.089), possibly due to a more specific effect for
prostate cancer for this locus where our study had less power.
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In breast and ovarian cancer, COGs identified three regions corre-
sponding to our Region 1 (COGs Region 2, rs7705526, associated
withrisk of ovarian cancer with low malignant potential, telomere
length and promoter activity), Region 4 (COGs Region I,
152736108, associated with risk of ER-negative and BRCAI mu-
tation carrier breast cancer, telomere length and altered promoter
activity) and Region 6 (COGs Region 3, rs10069690, associated
with risk of ER-negative breast cancer, breast cancer in BRCA/
carriers and invasive ovarian cancer) (53). Regions 2 (in
CLPTMIL) and 5 (in TERT) were not observed in the COGs
reports, perhaps due to the choice of SNPs by COGs for fine-
mapping as well as the more comprehensive reference set for
1000 Genomes used to conduct our imputation, or because of
cancer-specific effects for these loci.

It is becoming increasingly clear that DNA methylation is
under genetic control. Regions of variable methylation exist
across tissues and individuals, tend to be located in intergenic
regions, overlapping known regulatory elements. Notably,
these are enriched for disease-associated SNPs (28,55,56). Ana-
lysis of TCGA data, while not uncovering significant eQTLs,
indicated that DNA methylation could play a role in the under-
lying biology at 5p15.33. Methylation in a small region down-
stream of CLPTMIL, with features supporting an active
regulatory function, was consistent with lower methylation
levels in carriers of risk alleles for lung cancer (Region 4) and
higher expression of TERT and CLPTM1 L. Increased expression
of both genes is consistent with a pro-tumorigenic role in lung
cancer (19,21,31). For prostate cancer, the most notable
meQTLs were located within exon 3 of 7ERT with increased
rates of methylation for carriers of risk alleles in Regions 1 and
6. Although gene-body methylation has been observed to posi-
tively correlate with gene expression (57), we did not see evi-
dence to support this for this particular set of CpGs. As a large
fraction of meQTLs does not overlap with eQTLs (55), they
may influence molecular phenotypes other than gene expression
such as alternative promoter usage, splicing and even mutations
(58-60). It is intriguing that methylation QTLs observed in
TCGA data differ to some degree between lung and prostate
cancer, and that none were observed in glioblastoma. This indi-
cates that the TERT-CLPTM L region may harbor multiple ele-
ments that have the capacity to influence molecular phenotypes
that in turn impact cancer development. However, only a subset
ofthese elements may be active in each organ, thus leading to dif-
ferent mechanistic avenues for risk modulation in different
tissues. It is possible that the interplay between risk variants,
multiple biological mechanisms and attributed genes, inaddition
to environmental and lifestyle factors that differentially influ-
ence various cancers may eventually come to explain how the
same alleles at this complex locus can mediate opposing
cancer risk in different organs.

In summary, we report up to six independent loci on
chr5p15.33, each influencing the risk of multiple cancers. We
observed pleiotropy for common susceptibility alleles in this
region, defined as the phenomenon wherein a single genetic
locus affects multiple phenotypes (61). These alleles could influ-
ence multiple cancers distinctly, perhaps in response to environ-
mental factors or in interactions with other genes. Our cardinal
observations underscore the complexity of the alleles and
suggest the importance of tissue-specific factors that contribute
to cancer susceptibility. Further laboratory analysis is needed to
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validate our findings using TCGA data, and investigate the
optimal functional variants in each of the six independent loci
in order to provide a clearer understanding of each of the loci
in this multi-cancer susceptibility region.

MATERIALS AND METHODS
Study participants

Participants were drawn froma total 0f20 previous GWAS scans
of 13 distinct cancer types: bladder, breast, endometrial, esopha-
geal squamous, gastric, glioma, lung, osteosarcoma, ovarian,
pancreatic, prostate, renal cancer and testicular germ cell
tumors. We first assessed a set of 11 GWAS representing six dis-
tinct cancers (“Tier-I studies’) in which 5p15.33 had previously
been implicated (NHGRI Catalog of Published GWAS studies:
http://www.genome.gov/gwastudies/). The GWAS scans and
their acronyms were: Asian lung cancer scan (AsianLung),
European lung cancer scan (EurLung), African American lung
(AA Lung), PanScan, China pancreatic cancer scan
(ChinaPC), Testicular germ cell tumor (TGCT NCI) scan,
glioma scan, Bladder NCI scan, Pegasus prostate cancer scan
(Pegasus), CGEMS prostate cancer scan (CGEMS PrCa) and
Advanced prostate cancer scan (Adv PrCa) (see case and
control counts in Supplementary Material, Tables S4A-D). In
a second analysis, we separately assessed a set of nine GWAS
scans representing eight cancers (‘Tier-II studies’) in which
5pl15.33 had not been previously reported in the literature
(NHGRI Catalog of Published GWAS studies: http://www.
genome.gov/gwastudies/). These studies were: Asian esopha-
geal scan (Asian EsoCa), Asian gastric cancer scan (Asian
GastCa), CGEMS Breast cancer scan (CGEMS Breast), Endo-
metrial cancer scan (EndomCa), ER negative breast cancer
scan (ERneg BPC3 BrCa), Ghana prostate cancer scan (Ghana
PrCa), Osteosarcoma scan (OS), Ovarian cancer scan (OvCa)
and Renal cancer scan (Renal US) (see case and control counts
in Supplementary Material, Tables S4E—H). Studies were con-
ducted in individuals of European background (EUR scans)
but we did include studies in populations of Asian ancestry
(i.e., esophageal squamous, gastric, non-smoking lung and pan-
creatic cancers) and African ancestry (i.e. lung and prostate
cancer) (ALL scans). Study characteristics, genotyping and
quality control have been previously published for all studies
listed by cancer type and GWAS scan acronym: bladder
cancer/Bladder NCI (1,62), breast cancer/CGEMS BrCa (63),
breast cancer/ERneg BPC3 BrCa (64), endometrial cancer/
EnCa (65), gastric cancer and esophageal squamous cell carcin-
oma/Asian UpperGI (66), glioma/Glioma scan (27), lung cancer
in Europeans/EurLung (7), lung cancer in African Americans/
AALung (67), lung cancer in non-smoking women from Asia/
AsianLung (68,69), osteosarcoma/OS (70), ovarian cancer/
OvCa (71), pancreatic cancer/PanScan (12,72), pancreatic
cancer in Asians/ChinaPC (73), prostate cancer/Pegasus (un-
published data), prostate cancer/CGEMS PrCa (74), advanced
prostate cancer/AdvPrCa (75), prostate cancer in Africans/Gha-
naPrCa (unpublished data), renal cancer/Renal US (76) and tes-
ticular germ cell tumors/TGCT NCI (77).

Each participating study obtained informed consent from
study participants and approval from its Institutional Review
Board (IRB) including IRB certification permitting data
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sharing in accordance with the National Institutes of Health
(NIH) Policy for Sharing of Data Obtained in NIH Supported
or Conducted GWAS.

Genotyping

Arrays used for scanning included the Illumina HumanHap
series (317 + 2408, 550, 610 K, 660 W and 1 M), as well as
the Illumina Omni series (OmniExpress, OmnilM, Omni2.5
and Omni5M). The majority of the studies were genotyped at
the Cancer Genomics Research Laboratory (formerly Core
Genotyping Facility) of the National Cancer Institute (NCI) of
the NIH. The ChinaPC GWAS (Affymetrix 6.0) was genotyped
at CapitalBio in Beijing, China. This necessitated imputation
before the cross-cancer subset-based meta-analysis. We used a
combination of public resources, 1000 Genomes (1000G) (25)
and DCEG (26) reference datasets, to impute existing GWAS
datasets (78) using IMPUTE2 (79).

In addition to the standard QC procedures previously applied
in the primary GWAS publications, we further filtered SNPs as
follows: (i) completion rate per locus < 90%, (ii) MAF <
0.01, (iii) Hardy—Weinberg proportion P-value < 1 x 107,
(iv) exclusion of A/T or G/C SNPs.

Lift over the
or hgl9

Because the March 2012 release of the 1000 Genomes Project
data is based on NCBI genome build 37 (hg19), we utilized the
LiftOver tool (http://hgdownload.cse.ucsc.edu/) to convert
genomic coordinates for scan data from build 36 to build 37.
The tool re-maps only coordinates, but not SNP identifiers. We
prepared the inference.bed file and then performed the lift over
as follows:

~ /tools/liftover/liftOver inference.bed ~/tools/liftover/hgl 8
ToHg19.over.chain.gz output.bed unlifted.bed

A small number of SNPs that failed LiftOver, mostly because
they could not be unambiguously mapped to the genome by
NCBI, were dropped from each imputation inference set.

tes to NCBI g build 37

‘ 1S
coor

Strand alignment with 1000 Genomes reference data set

Since A/T or G/C SNPs were excluded, strand alignment for the
scan data required checking allele matches between the infer-
ence set and reference set locus by locus. If they did not match,
alleles were complemented and checked again for matching.
SNPs that failed both approaches were excluded from the infer-
ence data. Locus identifiers were normalized to those used in the
1000 Genomes data based on genomic coordinates, although the
IMPUTE2 program uses only the chromosome/location to align
each locus overlapping between the imputation inference and
reference set.

Conversion of genotype files into WTCCC format

After LiftOver to genome build 37 and ensuring that alleles were
reported on the forward strand, we converted the genotype data
into IMPUTE2 formatusing GLU. We split the genotype file into
one per chromosome and sorted SNPs in order of genomic loca-
tion using the GLU transform module.

Anna Luisa Di Stefano

Imp ion of a 2Mb window on chr5p15.33

‘We used both the 1000G data (March 2012 release) (25) and the
DCEG imputation reference set (26) as reference datasets to
improve overall imputation accuracy. The IMPUTE2 program
(79) was used to impute a 2 Mb window on chr5p15.33 from
250000 to 2250000 (hgl9) with a 250 kb buffer on either
side as well as other recommended default settings. For the asso-
ciation analysis, we focused on a smaller region from chr5:
1250 000-1450000 delineated by recombination hotspots
(discussed below).

Post-imputation filtering and association analysis

We excluded imputed loci with INFO < 0.5 from subsequent
analyses. SNPTEST (79) was used for the association analysis
with covariate adjustment and score test of the log additive
genetic effect. The same adjustments as used originally in each
individual scan were used. Note that the per SNP imputation ac-
curacy score (IMPUTE’s INFO field) is calculated by both
IMPUTE2 and SNPTEST. The two INFO metrics calculated
during imputation by IMPUTE2 and during association testing
by SNPTEST are strongly correlated, especially when the addi-
tive model is fitted (78). We chose the INFO metric calculated by
SNPTEST for post-imputation SNP filtering.

Subset and conditional analyses

Association outputs from SNPTEST were reformatted and sub-
sequently analyzed using the ASSET program, an R package
(http://www.bioconductor.org/packages/devel/bioc/html/ASSET.
html; https://r-forge.r-project.org/scm/viewve.php/*checkout*/p
kg/inst/doc/vignette Rnw?root=asset) for subset-based meta-
analyses (24). ASSET is a suite of statistical tools specifically
designed to be powerful for pooling association signals across mul-
tiple studies when true effects may exist only in a subset of the
studies and could be in opposite directions across studies. The
method explores all possible subset (or a restricted set if user spe-
cifies so) of studies and evaluates fixed-effect meta-analysis-type
test-statistics for each subset. The final test-statistics is obtained
by maximizing the subset-specific test-statistics over all possible
subsets and then evaluating its significant after efficient adjustment
for multiple testing, taking into account the correlation between
test-statistics across different subsets due to overlapping subjects.
The method not only returns a P-value for significance for the
overall evidence of association of an SNP across studies, but also
outputs the ‘best subset” containing the studies that contributed to
the overall association signal. For detection of SNP association
signals with effects in opposite directions, ASSET allows subset
search separately for positively and negatively associated studies
and then combines association signals from two directions using
a chi-square test-statistics. The method can take into account cor-
relation due to overlapping subject across studies (e.g. share con-
trols). More details about these and other features of the method
can be found elsewhere [22].

For our current study, the matrices of the overlapping counts
for cases—controls across datasets, which are utilized by
ASSET to adjust for possible correlation across studies, were
constructed and passed into the ASSET program (Supplemen-
tary Tables S4A—~H). We used a two-sided test P-value, which
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can combine association signals in opposite directions, to assess
the overall significance of whether an SNP was associated with
the cancers under study. For detection of independent suscepti-
bility SNPs, we performed sequential conditional analysis in
which in each step the ASSET analysis is repeated by condition-
ing on SNPs that have been detected to be most significant in pre-
vious steps. The process was repeated until the P-value for the
most significant SNP for a step remained <1.3 x 10>, a con-
servative threshold that corresponds to Bonferroni adjustment
for the 1924 SNPs used in the analysis for an alpha level of
0.05 and the two analyses performed (for the ALL vs. the EUR
scans).

In the primary analysis, we included all GWAS scans in which
one or more susceptibility alleles on 5p15.33 had been previous-
ly noted at genome-wide significant threshold (‘Tier-I studies’).
We further required anominal signal in ourdata (P < 0.05). This
yielded 11 GWAS across six distinct cancer sites and includes
34248 cases and 45 036 cancer-free controls (Supplementary
Material, Tables S4A—D). In a secondary analysis, we assessed
the associations for each of the six regions in scans in which
5p15.33 had notbeen previously reported in the literature (http:/
www.genome.gov/gwastudies/), or did not show a nominal
P-value in the GWAS datasets used in the current study
(‘Tier-II studies’). This yielded nine GWAS datasets across
eight cancers, including a total of 11 385 cases and 18 322 con-
trols (Supplementary Material, Tables S4E—H).

R hination h. e e
P

Recombination hotspots were identified in the region of 5p15.33
harboring TERT and CLPTMIL (1264 068—1 360487) using
SequenceLDhot (80), a program that uses the approximate mar-
ginal likelihood method (81) and calculates likelihood ratio sta-
tistics at a set of possible hotspots. We tested three sample sets
from East Asians (n = 88), CEU (n = 116) and YRI (n = 59)
from the DCEG Imputation Reference Set. The PHASE v2.1
program was used to calculate background recombination
rates (82,83).

Validation of imputation accuracy

Imputation accuracy was assessed by direct TagMan genotyping.
TaqMan genotyping assays (ABI, Foster City, CA, USA) were
optimized for six SNPs (rs7726159, rs451360, rs2853677,
152736098, rs10069690 and rs13172201) in the independent
regions. In an analysis of 2327 samples from the Glioma brain
tumor study (Glioma BTS, 330 samples) (27), testicular germ
cell tumor (TGCT STEED study, 865 samples) (77) and
Pegasus (PLCO, 1132 samples) (unpublished data), the allelic
R? (84) measured between imputed and assayed genotypes
were 0.88, 0.98, 0.86, 0.85, 0.81 and 0.61 for the six SNPs
listed in the same order as above.

Bioinformatic analysis of functional potential

HaploReg v2 (http://www.broadinstitute.org/mammals/haploreg/
haploreg.php) was used to annotate functional and regulatory po-
tential of highly significant and highly correlated SNPs that mark
each of the regions identified (using ENCODE data) (85). Regulo-
meDB (http://regulome.stanford.edw/) was used to assess and
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score regulatory potential of SNPs in each locus (86). eQTL
effects were assessed using the Multiple Tissue Human Expres-
sion Resource database (http://www.sanger.ac.uk/resources/
software/genevar/) but significant findings at a P < 1 x 10°?
threshold were not noted (data not shown) (87). Predicted
effects of SNPs on splicing were assessed using NetGene?2 (http://
www.cbs.dtu.dk/services/NetGene2/) (88) but no effect were seen
for any of the SNPs in the six regions (data not shown).

We carried out eQTL and methylation quantitative trait locus
(meQTL) analyses to assess potential functional consequences
of SNPs in the six regions identified in normal and tumor
derived tissue samples from TCGA: LUAD (52/403 normal/
tumor samples for eQTL analysis: 26/354 normal/tumor
samples for meQTL analysis), PRAD (31/133 normal/tumor
for eQTL; 39/158 normal/tumor for meQTL) and GBM (109
tumor for eQTL; 83 tumor for meQTL; normal GBM samples
were not available). Transcriptome (Illumina HiSeq 2000,
level 3), methylation (Illumina Infinium Human DNA Methyla-
tion 450 platform, level 3), genotype data (Affymetrix Genome-
Wide Human SNP Array 6.0 platform, level 2) and phenotypes
were downloaded from the TCGA data portal (https://tcga-
data.nci.nih.gov/tcga/). Methylation probes located on X/Y
chromosomes, annotated in repetitive genomic regions (GEO
GPL16304), with SNPs (Illumina dbSNP137.snpupdate.ta-
ble.v2) with MAF > 1% in the respective TCGA samples,
with missing rate >5%, as well as 65 quality control probes on
the 450 K array. We excluded transcripts on X/Y chromosomes
and those with missing rate >5%. A principle component ana-
lysis was conducted on a genome-wide level in R using gene ex-
pression and methylation data (separately in normal and tumor
tissues, and after excluding transcripts with variance < 10~*
and methylation probes with variance <0.001). Genotype im-
putation was performed as described above for the 2 Mb
window centered on TERT and CLPTMIL. For eQTL analysis,
normalized transcript counts for CLPTMIL and TERT were
normal quantile transformed and regressed against the imputed
dosage of minor allele for each risk locus (six loci, 19 SNPs).
The regression model included age, gender (not for PRAD),
stage (only for tumor samples), copy number, top five principle
components (PCs) of imputed genotype dosage and top five PCs
of transcript counts to account for possible measured or unmeas-
ured confounders and to increase detection power. The meQTL
analysis was conducted in a similar manner in TCGA LUAD,
PRAD GBM samples; beta-values of methylation at 169 CpG
probes in the region encompassing TERT and CLPTMIL were
normal quantile transformed and regressed as described above
with the exception of inclusion of the top five PCs of methylation
instead of expression values. We report the estimate of regres-
sion coefficient of imputed dosage, its standard error and
P-values, adjusted by the Benjamini—Hochberg procedure for
controlling false discoveryrate (89). Spearman’s rank-order cor-
relation was calculated to assess the relationship between the
methylation and gene expression for TCGA LUAD (n = 486),
PRAD (n=186) and GBM (n= 126) tumor samples.
P-values were adjusted by the Benjamini—Hochberg procedure
as described above. For the purpose of visualizing meQTLs, the
most likely genotype was selected from the imputed genotype
dosages.

Methylation QTLs were assessed in EAGLE normal lung
tissue samples (n =215) as previously described with the
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addition of imputation of the 19 SNPs in the 6 regions under
study here (28).
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Gliomas are a heterogeneous group of tumors developing
from glial cells in the central nervous system. Gliomas are
divided into two histopathological subgroups: low and high
grade gliomas. High-grade gliomas, such as glioblastoma
and anaplastic astrocytoma, are extremely aggressive lesions
and represent the most common primary malignant brain
tumors.

In the last years, there have been important develop-
ments about their biologic mechanism, their surgical and
drug treatment, and their diagnosis and genetic mutations;
indeed, the recent IDH gene mutation identification in
gliomas has been an important contribution to the knowledge
improvement of biological mechanism and prognosis of these
tumors. Through the analysis of IDH gene mutation it is
possible to add molecular characteristics to refine the WHO
classification in order to define more homogeneous gliomas
subgroups. X.-W. Wang et al. showed that IDH mutation is
almost constant in 1p19q codeleted tumors and they stratified
low- and high-grade gliomas according to the codeletion
of 1p19q and IDH mutation to define three prognostic
subgroups: 1p19q and IDH mutated, IDH mutated alone, and
none of these alterations; they demonstrated that the presence
of IDH mutation combined with other genomic markers can
be used to refine the prognostic classification of gliomas,
independently of tumor grade. Noteworthy, X.-W. Wanget al.,

in another work, showed that IDHI-RI132H mutation could
be predictive of response to radiation therapy; indeed, they
suggested that IDH mutation could increase radiosensitiv-
ity in hypoxic conditions, underlining the primordial IDH
mutation determination whatever the diagnostic approach.
Indeed, in a recent work, G. Lombardi et al. [1] reported
the possibility to discriminate IDH mutation analyzing the
concentration of 2-hydroxyglutarate in urinary and plasma
samples.

Asdescribed by P. Gonzalez-Gomez et al., another signal -
ing pathway such as bone morphogenetic proteins (BMPs)
could present with both prognostic value and promising
therapeutic tools for gliomas.

A very interesting study about the use of 5-aminolevulinic
acid (5-ALA) fluorescence in high-grade gliomas surgery was
reported by A. Della Puppa et al.; they analyzed 94 patients
who underwent surgery guided by 5-ALA fluorescence and
stratified data for recurrent surgery, tumor location, tumor
size, and tumor grade; they concluded that this surgical
approach enables a gross total resection in 100% of cases
and recurrent surgery, location, size, and tumor grade can
be predictor of surgical outcome. The role of salvage radio-
surgery in patients with recurrent malignant gliomas was
studied by M. Martinez-Carrillo et al.; retrospectively, they
analyzed 87 patients with recurrent anaplastic astrocytoma
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and glioblastoma who underwent stereotactic radiosurgery;
although the population was very heterogeneous and various
prior studies showed conflicting results about the efficacy of
reirradiation, they concluded that this treatment was safe and
may be a potential treatment option in selected patients.

New technological instruments such as brain magnetic
resonance imaging (MRI) with spectroscopy and perfusion
can help in the right diagnosis for these tumors; in fact, A.
L. Di Stefano et al., evaluating perfusion MRI in grades 111
and IV gliomas, showed that any significant difference in
rCBV between grade III and grade IV is detectable in the
contrast-enhancement area while areas of high perfusion on
CBV map appear capable of best characterizing the degree of
neovascularization and should be considered as the reference
areas to be targeted for gliomas grading. The role of diffusion
tensor histogram analysis was studied in pediatric diffuse
intrinsic pontine gliomas by E. A. Steffen-Smith et al. from
National Institutes of Health in Bethesda; they evaluated
tumor structure in children using histogram analyses of mean
diffusivity, concluding that this method can show significant
interpatient and intratumoral differences and quantifiable
changes in tumor structure.

Finally, an Italian study by V. Vaccaro et al. analyzed the
efficacy of bevacizumab in association with fotemustine in
patients with recurrent malignant gliomas. Antiangiogenic
treatments for glioma patients have been tested in numerous
clinical trials, both retrospective and prospective studies,
with conflicting results; indeed, recently, two randomized
prospective phase III studies failed to demonstrate the beva-
cizumab efficacy when added to temozolomide and radiation
therapy for new glioblastoma patients (2, 3]. The combination
treatment with bevacizumab and fotemustine was previously
studied by R. Soffietti et al. [4] in recurrent glioblastoma
patients, although with a different dosage and schedule. In
both studies, this regimen showed interesting results with
good safety in these patients.

In conclusion, gliomas represent an important subject
of study and in this special issue very interesting works
on recent developments about diagnosis, molecular biology,
surgical treatment, and new targeted therapies for gliomas
were selected.

Giuseppe Lombardi
Alessandro Della Puppa
Anna Luisa Di Stefano
Andrea Pace

Roberta Ruda

Emeline Tabouret
Vittorina Zagonel
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Abstract Although anti-VEGF therapy is widely used in
high-grade gliomas, no predictor of response or toxicity has
been reported yet. We investigated here the association of
the functional single nucleotide polymorphism (SNP)
12010963, located in the 5" untranslated terminal region of
the VEGFA gene, with survival, response to bevacizumab
(BVZ) and vascular toxicity. The rs2010963 was geno-
typed by Taqman assay in blood DNA from 954 glioma
patients with available survival data, including 225 glio-
blastoma (GBM) patients treated with BVZ. VEGFA
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plasma levels were assessed by ELISA in 87 patients
before treatment. Thrombo-hemorragic adverse events
were recorded during BVZ treatment or not, and in an
independent population of 92 GBM patients treated with
temozolomide. The CC genotype was associated with the
occurrence of thrombo-hemorragic events (CC 25 versus
CG 13.5 and GG 5.2 %; P = 0.0044) during BVZ. A
similar but weaker and non significant trend was observed
in patients not receiving BVZ. A CC genotype was asso-
ciated with higher levels of plasma VEGFA at baseline
(107.6 versus 57.50 pg/mL in heterozygotes (CG) and
52.75 pg/mL in GG patients, P = 0.035 and P = 0.028
respectively). The CC genotype tended to be associated to
longer PFS when treated with BVZ (P = 0.05), but not
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when treated with the temozolomide treatment. Our data
suggest that the rs2010963 genotype is associated with
longer PES, higher risk of vascular events in recurrent
GBM especially treated with BVZ, and higher plasma
VEGFA concentration. It may help to identify patients at
risk of vascular adverse events during BVZ treatment.

Keywords Glioblastoma - VEGF - Bevacizumab - SNP -
rs2010963

Abbreviations

VEGFA (Vascular endothelial factor A)
0S (Overall survival)

PFS (Progression free survival)
W.H.O. (World Health Organization)
KPS (Karnofsky performance status)
SNP (Single nucleotide polymorphism)
Introduction

Glioblastoma (GBM), the most frequent and malignant gli-
oma subtype, is characterized by both hyper vascularisation
and endothelial proliferation [1]. VEGFA is the most
important pro-angiogenic factor in GBM and VEGFA con-
centrations in gliomas correlate with vascularity [2]. A high
response rate (30-50 %) has been observed in recurrent
GBMs treated with bevacizumab (BVZ), a human mono-
clonal anti-vascular endothelial growth factor-A (VEGFA)
antibody, administered alone or in combination with irino-
tecan, with a 35-50 % estimated 6-month progression-free
survival (PFS) [3-5]. Unpredictably, some patients experi-
ence drug resistance, limited antitumor activity, or toxicity.
The most frequent grades 3-4 adverse events include
hypertension, asthenia, diarrhea and severe thrombo-hem-
orragic events inabout 5 % of patients [3, 6]. Therefore there
is a need for markers predictive of response and toxicity.
The VEGFA gene, located at 6p21.1 [7], spans approx-
imately 14 kilobases and encodes 8 exons [8, 9]. The 5’ and
3’ untranslated regions (UTR) contain key regulatory ele-
ments responsive to hypoxia [10], and contribute to a high
variability in VEGF production among tissues [11]. SNP
rs2010963 (G+405C, G-634C) in the 5’-UTR enhances
VEGFA expression at both transcriptional and translational
levels and may hypothetically influence tumor aggres-
siveness or the response to anti-angiogenic therapies [12,
13]. Moreover, the G+405C allele was found to be cor-
related with a higher risk of developing different solid
cancers, such as non-small cell lung cancer (NSCLC) [14],
prostate cancer [15] and glioma [16]. The rs2010963 SNP
has also been associated to vascular disorders (Ref 20-24)
and higher VEGF plasma levels (Ref 20). However, the

@ Springer

prognostic value of SNP rs2010963 in glioma patients is
not known, neither an eventual predictive value of response
and tolerance to therapies that specifically target VEGF.

‘We explored the association of VEGFA SNP rs2010963
with vascular events and response to BVZ in glioblastoma
patients. We also explored the correlation with plasma
levels of VEGF and outcome in a large population of gli-
oma patients.

Patients and methods
Populations
Bevacizumab treated glioblastoma population

We retrospectively investigated response and tolerance to a
BVZ-based regimen in patients with recurrent glioblastoma
(GBM), according to the following criteria: histological
diagnosis of primary GBM, initially treated with the Stupp
regimen [17], Karnofsky Performance Status Score
(KPS) > 40, receiving BVZ (10 mg/kg every 14 days) at
recurrence in monotherapy or in association with chemo-
therapy for at least two administrations.

Clinical and radiological responses were assessed accord-
ing to the RANO criteria [18].

Patients that discontinued BVZ before tumor progres-
sion because of toxicity were censored for survival analy-
ses. Adverse events were graded according to CTCAE v
4.0 (Common Terminology Criteria for Adverse Events:
http://ctep.cancer.gov/protocolDevelopment/electronic_
applications/ctc.htm).

Whole glioma population and independent data set

Patients were selected according to the following criteria:
histological diagnosis of grade Il to grade IV glioma,
clinical data and follow-up available and written informed
consent. Clinical data were retrieved from a prospectively
maintained database; clinical data used included: age at
surgery, sex, histology according to the 2007 World Health
Organization Classification (WHO) [19].

Collection of blood samples and clinico-pathological
information was undertaken with informed consent and
relevant ethical board approval in accordance with the
tenets of the Declaration of Helsinki.

Methods
The VEGF SNP rs2010963 genotype was assessed from

blood DNA using a Tagman SNP Genotyping Assay (assay
ID: C_8311614_10, Applied Biosystems). Plasma VEGFA
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concentrations were assessed using Quantikine® Sandwich
ELISA kits (R&D Systems) following manufacturer
instructions at baseline before initiation of bevacizumab.

Statistical analysis

Statistical analyses were undertaken using the R software
(www.r-project.org). The independence of alleles (Hardy—
Weinberg equilibrium) was confirmed using the Chi
squared test at one degree of freedom for each polymor-
phism (chi-2 < 3.84; p value > 0.05). Progression-free
survival (PFS) was defined as the time between the diag-
nosis and recurrence or last follow-up. Patients who were
recurrence-free at the last follow-up were considered as a
censored event in the analysis. 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 a censored event in the analysis.
Survival curves were calculated according to the Kaplan—
Meier method and differences between curves were
assessed using the log-rank test. The difference in distri-
bution of categorical variables was analyzed using Fisher
exact and the Chi square test for trend and logistic
regression. The Mann-Whitney method was employed to
test the distribution of the VEGFA plasma level and the
Spearman test was used to assess any correlation with age
and body mass index (BMI). We considered a
P value < 0.05 (two-sided) to be statistically significant.

Results

Vascular events in GBM patients treated
with bevacizumab at recurrence

A population of 225 glioblastoma patients treated with BVZ at
recurrence was analyzed; characteristics are listed in Sup-
plementary Table 1. Median PFS was 19.42 weeks. Median
OS was 37.86 weeks. No significant difference in PFS and OS
was observed between patients receiving BVZ in mono-
therapy, or in association with fotemustine and irinotecan.

Thirty-four patients out of 225 (15.1 %) presented
adverse events during BVZ treatment. Twenty-five patients
(11.1 %) had thrombo-hemorragic (TH) complications and
9 patients (4 %) had other complications. Among them,
two patients presented a sudden death. Characteristics,
frequency and grading of adverse events is reported in
Supplementary Table 4. Eleven out of the 25 patients with
TH complications and 4 out of the 9 patients with other
complications discontinued BVZ and shifted towards other
chemotherapies.

Impact of rs2010963 on outcome and vascular events
in GBM patients during bevacizumab treatment

VEGFA 152010963 genotypes are shown in Table 1. Minor
allele frequency was 0.34. The distribution of allele fre-
quencies in our population met the H-W equilibrium
(xz =0.16; P =0.68). PFS was better in CC (med-
ian = 28.3 weeks) than CG (18.1 weeks) and GG patients
(19.0 weeks; log-rank P = 0.05) (Fig. 1a, Table 1, Sup-
plementary Fig. 1a), but not overall survival (CC patients
40.6 weeks, CG 41.7 weeks, GG patients 36.28 weeks)
(Fig. 1b, Table 1, Supplementary Fig. 1b). rs2010963
genotypes did not show significantly different response
rates according to the RANO criteria.

Twenty-five patients experienced TH events during
BVZ, 6 0f 25 CC (24.0 %), 14 of 104 CG (13.5 %) and 5 of
96 GG (5.2 %) (Fig. 2) (P = 0.0044; Hazard Ratio 2.44,
P = 0.006).

rs2010963 status and thrombo-hemorragic events
in patients not receiving BVZ

To determine if vascular events were dependent on BVZ-
based therapy, we analyzed available clinical files from our
cohort of 141 genotyped GBM patients not receiving BVZ:
thrombo-hemorragic events were reported in 2/14 CC
patients (14 %: one pulmonary embolism, one phlebitis),
5/66 CG (8 %: two pulmonary embolism, three intratu-
moral hematomas) and 7/61 GG (11 %: two pulmonary
embolism, three phlebitis, two intratumoral hematomas),
during the whole course of the disease (p = 0.3). We then

Table 1 Median progression free survival (PES) and overall survival (OS) according to rs2010963 genotype

All VEGFA rs2010963 genotype VEGFA rs2010963 allele

(&[0 CG GG P C(CO) G (CG + GG) P
N 225 25 104 96 25 200 -
Median PFS (weeks) 19.42 26.82 18.00 19.00 0.15 26.82 18.00 0.06
Median OS (weeks) 37.86 41.71 40.57 36.28 0.32 41.71 37.71 0.60
CG means heterozygotes. In the right part, the C subgroup corresponds to CC genotype carriers and the G sub p corresponds to h y g
(CG) and GG genotype carriers
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Fig. 1 Progression-free survival (PFS; upper panels) and overall survival (OS; lower panels) in GBM patients treated with BVZ at recurrence

according to rs2010963 genotype (C = CC; G = Het + GG patients)

tested the impact of rs2010963 genotypes in an additional
independent population of 92 GBM patients during their
first-line chemotherapy with temozolomide. The clinical
and demographic characteristics of this population are
reported in Supplementary Table 2. Eleven thrombo-hem-
orragic events were observed: five deep venous thrombosis
and six pulmonary embolisms. One patient with a pul-
monary embolism also presented a concomitant intra-
tumoral bleeding. Again we observed an over-representa-
tion of CC (3/10 = 30 %), compared to CG (3/42 = 7 %)
and GG (5/40 = 12 %) (p = 0.1). Even pooling the two
populations, the over-representation of CC (5/24) com-
pared to CG + GG (20/209) remains non significant
(p = 0.15).

152010963 is not prognostic per se in glioma

We then evaluated the prognostic value of rs2010963 in a
large independent population of glioma patients. Blood DNA
samples from 954 adult glioma patients (323 WHO grade IV,
269 WHO grade III and 362 WHO grade II) were analyzed
for VEGFA SNP 2010963. Clinical and demographic char-
acteristics are reported in Supplementary Table 3. The dis-
tribution of allele frequencies in our population met the
Hardy-Weinberg equilibrium (P = 0.33). Minor allele fre-
quency was 33.2 %. Allelic frequencies were independent of

@ Springer

sex, age at diagnosis, grade and histology. No difference was
observed for PFS and OS between the three genotypes for the
whole population, and after stratification for grade (Table 2
and Supplementary Figs 1, 2).

rs2010963 genotype affects VEGFA plasma levels

Since 152010963 is located in a regulatory region VEGFA
gene, it may affect VEGFA expression. We looked therefore
for differences in baseline VEGF plasma levels before the
onset of BVZ between the three genotypes. 87 plasma
samples were available (12 CC, 35 CG and 40 GG). Baseline
VEGEF plasma level was significantly higher in CC patients
(median = 107.6 pg/mL), as compared to CG (57.50 pg/
mL) (P =0.035) and GG (52.75 pg/mL) (P = 0.028)
(Fig. 3). The VEGF plasma level was not correlated with
age, body mass index (BMI), sex or hypertension. The
baseline VEGF plasma level did not differ significantly in
patients who developed TH adverse events during BVZ and
did not affect PFS and OS during BVZ.

Discussion

We found that the VEGFA rs2010963 CC genotype was
associated with thrombo-hemorragic events in patients

204



J Neurooncol

Anna Luisa Di Stefano

100+ Thrombo-hemorragic events

40

204

cc [~c} [}
2010963 genotype
VEGFArs2010963 genotype TH %)
cc 6/25 (24%)
[ 14/104 (13.5%)
GG 5/96 (5.2%}
P trend=0.0044

Fig. 2 Distribution of thrombo-hemorragic (TH) events during BVZ
among rs2010963 genotypes

treated with BVZ at recurrence. There are several limita-
tions due to the retrospective analysis of the data, the
missing data in the whole GBM cohort, and also the limited
cohort of GBM patients treated with temozolomide alone.
In these populations not receiving BVZ, we could not
demonstrate an impact of genotype on thrombo-hemorragic
events. Although the two populations presented similar
clinical characteristics such as age, KPS and BMI, they
cannot be compared because of the different stages of the
disease: the impact of the rs2010963 CC genotype was then
analyzed separately in the two populations.

The VEGFA rs2010963 polymorphism has been asso-
ciated with susceptibility to vascular disorders, such as
diabetic retinopathy, myocardial infarction and impaired
prognosis in patients with chronic heart failure [20-24],
and may therefore play a role in thrombo-hemorragic
events occurring in patients receiving anti-VEGF therapies.

The functional consequences of the rs2010963 variant
are still a matter of debate. Located in the regulatory region
of the gene, the rs2010963 polymorphism is believed to
alter VEGFA expression. Indeed, we found a higher plasma
level of VEGFA in CC patients. In line with our own
findings, higher VEGFA expression has been reported in
post-mortem retina from individuals with the rs2010963 C
allele [25], and a CC genotype has been associated with
higher serum VEGF levels [2, 20].

In a cohort of 954 gliomas, both PFS and OS for grade II
to IV gliomas were independent of the rs2010963 status,
suggesting that the rs2010963 SNP is not per se a prognostic
marker. In contrast, patients with the rs2010963 CC geno-
type had a longer PFS after BVZ treatment (median PFS
28.3 weeks), as compared to CG and GG patients (18.1 and

Table 2 Median progression free survival (PFS) and overall survival
(0S) according to rs2010963 genotype and glioma grade

VEGFA rs2010963 genotype  CC CG GG P
All gliomas 99 437 418
N
Median PES, months 19.81 19.86 18.01 043
Median OS, months 63.86 70.51 46.26 0.18
Grade 11 42 165 155
N
Median PFS, months 37.16 37.46 39.53 0.78
Median OS, months 15343 161.73  150.06 0.81
Grade 111 25 112 132
N
Median PFS, months 22.86 20.46 16.56 0.61
Median OS, months 46.56 55.21 3791 0.34
Grade IV 32 140 151
N
Median PFS, months 8.36 9.73 8.56 043
Median OS, months 17.03 19.86 16.96 0.51
i
400
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Fig. 3 Baseline VEGFA plasma levels according to rs2010963
genotypes

19.0 weeks, respectively). Our results suggest that patients
with the 152010963 CC genotype may have an improved
response to BVZ, but are also more prone to develop
thrombo-hemorragic events. One may speculate that the
rs2010963 CC genotype, resulting in higher VEGFA pro-
duction, promotes the development of a VEGFA-dependent
angiogenesis, and explains, at least in part, the improved
responsiveness to BVZ. On the other hand, BVZ is asso-
ciated with an increased risk of developing venous
thrombo-embolisms [26] and hemorrhage in cancer patients
[27], but the specific link between rs2010963 status and the
vascular toxicities remains unexplained.

From a practical point of view, if these data are confirmed
by an independent study, a more systematic thrombo-
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embolic prevention may be warranted in rs2010963 CC 13.

patients with gliomas, especially when treated with BVZ.
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Neoplastic meningitis is a central nervous system complication that occurs in 3-5% of patients with cancer. Although most
commonly seen in patients with disseminated disease, in a small percentage of patients, it may be the initial manifestation of cancer
or even primitive in origin. In the absence of cancer history, the diagnosis of neoplastic meningitis may be challenging even for
expert neurologists. Prognosis is poor, with a median overall survival of weeks from diagnosis. In the retrospective study herein,
we described three cases of meningeal melanomatosis in patients without previous cancer history. The patients were diagnosed
with significant delay (17 to 47 weeks from symptom onset) mainly due to the deferral in performing the appropriate testing. Even
when the diagnosis was suspected, investigations by MRI, cerebrospinal fluid, or both proved at times unhelpful for confirmation.
Prognosis was dismal, with a median survival of 4 weeks after diagnosis. Our observations are a cue to analyze the main pitfalls
in the diagnosis of neoplastic meningitis in patients without cancer history and emphasize key elements that may facilitate early
diagnosis.

1. Introduction

Neoplastic meningitis is a central nervous system complica-
tion that occurs in 3-5% of patients with cancer [1], and it is
most commonly seen in patients with disseminated progres-
sive systemic disease due to spread of malignant cells to the
leptomeninges. The most common primary tumors to metas-
tasize to the meninges are lung cancer (9-25% of patients) [2]
and melanoma (23%) [3], due to a distinctive neurotropism.
More rarely neoplastic meningitis is the initial manifestation
of systemic cancer (5-10%) [1] or it is primitive in origin, as

it occurs in primary leptomeningeal melanomatosis [4]. In
patients without cancer history, diagnosis may be challenging
even for expert neurologists due to the lack of specific signs
and symptoms. Prognosis of neoplastic meningitis is poor, as
most untreated patients die within 1-9 weeks from diagnosis
(median 3 weeks) [1, 5], as a result of neurological disease or
tumor progression. The timeliness of diagnosis is crucial to
start the appropriate treatment before sudden neurological
deterioration.

Here, we present a retrospective series of three patients
with meningeal melanomatosis without history of cancer,
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FIGURE 1: Brain diffuse leptomeningeal melanomatosis in patient 1. (a), (b): T1 weighted axial image (TR/TE 1157 ms/45 ms) shows diffuse
sulcal signal hyperintensity due to melanin products which cause T1shortening signal. (c), (d): contrast-enhanced Tl-weighted volume image
(TR/TE 25 ms/4,6 ms) shows prominent and extensive leptomeningeal enhancement.

characterized by a dramatic diagnostic delay. We also pro-
pose an algorithm focused on the diagnosis of neoplastic
meningitis in naive patients.

2. Materials and Methods

We describe a retrospective series of three patients with
meningeal melanomatosis recruited from our two insti-
tutions (C. Mondino National Neurological Institute and
Policlinico San Matteo Foundation IRCCS, Pavia, Italy) in
four years. We conducted an Internal Review Board approved
study using an institutional oncological database of all
patients receiving a diagnosis of meningeal melanomatosis
from January 2010 to January 2014. The medical records
were reviewed and clinical, biological, and radiological data
collected for details.

3. Results

The clinical and paraclinical characteristics of our three
patients are summarized in Table1. Patients were aged
between 17 and 65. All patients had no previous cancer
history and arrived to our centers after several neurologic
evaluations. Clinical presentation included diffuse and/or
multifocal neurological signs and symptoms: headache, nau-
sea and/or vomiting, monoparesis, and cranial nerve palsies.
One patient (patient 3) presented recurrent isolated confu-
sional episodes but was completely asymptomatic in between.
Electroencephalogram showed bilateral/diffuse slow abnor-
malities without epileptic activity in all cases. Brain MRI
performed within the first 4 weeks from symptom onset
was normal in both patients in whom it was acquired (pt
1 and 3). Alternatively, focal or diffuse nodular enhance-
ment of leptomeninges and cranial nerves was documented
(Figure 1). Spine MRI revealed nodular contrast enhance-
ment of meninges, conus, and cauda, suggesting neoplastic
infiltration (Figure 2). Cerebrospinal fluid (CSF) analysis
showed severe blood-CSF barrier (B-CSF B) damage in all
patients but inconstant pleocytosis. In patient 2, despite

repeated lumbar punctures, CSF cytology remained nega-
tive and diagnosis was confirmed on leptomeningeal tissue
obtained from biopsy. In all other patients, the presence of
melanoma cells in the CSF (Figures 3 and 4) was eventually
documented by means of repeated lumbar punctures. After
the diagnosis of meningeal melanomatosis was confirmed, all
patients underwenta chest-abdomen CT scan and a dermato-
logical and an ophthalmological assessment. In two patients,
the final diagnosis was of probable primary leptomeningeal
melanomatosis (pt 1 and 2), while in patient 3 a cutaneous
melanoma of right eyelid was documented. The diagnostic
delay was remarkable in our series, with a median delay of 32
weeks from symptom onset (range: 17-47 weeks). Prognosis
was dismal, with a median survival of 4.14 weeks from
diagnosis (range: 2-6.29 weeks).

4. Discussion

Although restricted, our series offers several insights into the
diagnosis of neoplastic meningitis in naive patients. These
patients, without a previous cancer history, can present with
diffuse/multifocal clinical signs and symptoms and represent
a real diagnostic challenge. On these grounds, we propose
an algorithm (Figure 5) to guide the clinician in the complex
process of differential diagnosis, regarding as opening sce-
narioa naif patient presenting with subacute headache and/or
encephalopathy plus one or more focal signs, and negative
or inconclusive MRI, as we have observed in our series.
In this setting, CSF analysis should be promptly performed
to exclude other dysimmune/infectious disorders such as
autoimmune and paraneoplastic encephalitides, primary
CNS vasculitis, and chronic infectious meningitis, which can
course without MRI alterations. Besides, it is important to
consider that a delay in the diagnosis of the above-mentioned
conditions may strongly affect final outcome and long-term
sequelae.

Furthermore, even when the diagnosis of neoplastic
meningitis has been suspected, paraclinical findings could
be inconclusive. According to the literature, brain MRI
has an estimated sensitivity of 40-60% in demonstrating
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FIGURE 2: Primary leptomeningeal melanomatosis in patients 1 ((a), (b)) and 2 ((c), (d)). (a), (c): Sagittal T2-weighted images (TR/TE
3500 ms/120 ms) of cervical-dorsal spine and cauda equina show hypertrophic leptomeninges with crowded subarachnoid space and
multinodular appearance of the cauda equina. (b), (d): Sagittal Tl-weighted images (TR/TE 65ms/9 ms) of cervical-dorsal spine and cauda
equina show diffuse leptomeningeal enhancement and thickening.

FIGURE 3: Light microscopy pictures of the cytological specimen of cerebrospinal fluid obtained from patient 1: (a) hematoxylin and eosin
staining of the hypercellular sample, with large, hyperchromatic cells associated with erythrocytes; (b) atypical cells stained with Melan-A,
a melanoma-specific marker; (¢) Schmorl staining confirmed the presence of melanin (blue granular stain) in the cytoplasm; magnification,
20x.

FIGURE 4: Light microscopy pictures of the cytospin of the cerebrospinal fluid cells from patient 1: (a) hematoxylin and eosin staining of
large, hyperchromatic cells, along with erythrocytes, lymphoma monocytoid cells, and eosinophils (asterisks); (b) an atypical cell at larger
magnification; arrows indicate granules of melanin.
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meningeal neoplastic infiltration [1,6, 7], but data correlating
sensitivity of MRI to the timing of its execution are currently
unavailable. In our series, brain MRI performed within the
first month from onset was normal despite the clinical pattern
was dominated by cerebral involvement. In the absence of
meningeal contrast enhancement, dilation of the ventricular
system or reduction of subarachnoid sulci may be indirect
signs of neoplastic meningitis and should be valued in all
cases.

CSF analysis, which was performed with remarkable
delay in our series, showed a significant protein increase
due to severe B-CSF B damage in all patients. Noteworthy,
despite the delay and repeated sampling, in patient 2 CSF
results were inconclusive for the detection of neoplastic cells,
leading to performing a meningeal biopsy. Interestingly, CSF
cytology can be persistently negative even in the presence of
disseminated cranial and spinal disease on MRI. These data
are consistent with current evidence that malignant cells are
detected in the CSF in 50-70% of patients with neoplastic
meningitis by initial lumbar puncture [1, 8, 9], a rate that
increases with repeated sampling. In the case of normal or
inconclusive CSF findings, a spine MRI may be helpful to
demonstrate meningeal infiltration of cauda roots, evenin the
absence of spinal symptoms.

Overall, diagnostic difficulties resulted in a dramatic
diagnostic delay, ranging from 17 to 47 weeks after clinical
onset. These data are remarkable considering the poor short-
term prognosis of these patients [10], who could access only
palliative or even no treatment.

In conclusion, the difficulty in both posing the clinical
suspicion and confirming the diagnosis of neoplastic menin-
gitis contributed to the sharp diagnostic delay observed in our
series. Early recognition is fundamental to make differential
diagnosis and start appropriate therapies. Thus, improving
the handle of these patients and the current diagnostic
algorithms for neoplastic meningitis is of capital importance
to offer them appropriate treatments.
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Abstract TERT promoter (TERTp) mutation is the most
common mutation in glioblastomas. It creates a putative
binding site for Ets/TCF transcription factors, enhancing
telomerase expression and activity, whereas the rs2853669
variant disrupts another Ets/TCF binding. We explore here
the interaction between these two alterations, tumor
genomic profile and the impact on prognosis. The TERTp
and rs2853669 statuses were determined and confronted
with the outcome and molecular profile, i.e., loss of chro-
mosome 10q, CDKN2A deletion, /DH mutation, EGFR
amplification, MGMT promoter methylation. 651
glioblastomas were selected (sex ratio = 1.35, median age
60.4 years, median survival 13.5 months). The TERTp
mutation found in 481 patients (74 %) was independent
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from rs2853669 genotypes. TERTp mutation, but not
rs2853669 status, was associated with older age (61.4 vs.
52.8 years). rs2853669 status had no impact on overall
survival (OS) either in mutated TERTp or wild-type
TERTp. Neither 1s2736100 (TERT, 5q15.33) nor
rs192011116 (TERC, 3q26.2) status had any impact on
survival or showed any association with a TERTp mutation.
The TERTp mutation was associated with EGFR amplifi-
cation chromosome 10q loss, CDKN2A deletion and IDH
wt. EGFR amplification was associated with a better out-
come in TERTp mutated GBM, and a worse outcome in
TERTp WT. This study—the largest analyzing the TERTp
mutation and the rs2853669 polymorphism—fails to find
any prognostic impact of rs2853669. It confirms the dual
prognostic impact of EGFR amplification depending on
TERTp status.

Keywords Glioblastoma - TERT - Polymorphism -
EGFR - 152853669

Introduction

Increasing telomerase activity promotes immortalization
through telomere lengthening. Telomerase consists of a
reverse transcriptase, encoded by TERT, and an RNA
component, encoded by TERC, which serves as a template
for the telomere repeat. Interestingly, the Single Nucleotide
Polymorphisms (SNPs) 152736100, which maps to the
TERT region (5q15.33), and the rs192011116, which maps
near TERC (3q26.2), have both been associated with a
glioblastoma risk and with longer mean leukocyte telomere
length [1-3]. In addition, somatic mutations of the TERT
promoter gene have been reported in numerous cancers and
particularly in gliomas. They are present in 80 % of
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oligodendrogliomas and 75 % of glioblastomas (GBM) [4].
The two most common mutations (TERTp C250T and
C228T) create a putative binding site for the Ets/TCF
transcription factors, which results in a two to fourfold
increase in telomerase expression [5]. These mutations are
an independent negative prognostic factor in glioblastomas
[6-10]. On the other hand, the SNP rs2853669 at —245 bp
from the TERT gene ATG, disrupts another binding site for
Ets/TCF, through a C/T substitution, and it has been
associated with lower TERT expression and decreased
telomerase activity [11-14]. Whereas a former study found
the poor predictive impact of a TERTp mutation confined to
the patients who did not carry the variant C-allele of
1$2853669 polymorphism [8], another paper reached the
opposite conclusions and showed that the prognostic
impact of a TERTp mutation was much stronger in carriers
compared to non carriers of the C-allele [15].

Here we determined the distribution of the different
1s2853669 variants in 651 patients affected by primary
GBMs. We analyzed the interaction between TERTp
mutational status and the rs2853669, rs2736100 (5q15.33)
and rs192011116 (3926.2) status in terms of overall sur-
vival. We also explored the interaction with other common
molecular markers of GBMs: EGFR amplification, chro-
mosome 10q loss, CDKN2A loss, IDHI or IDH2 (IDH)
mutation and MGMT promoter (MGMTp) methylation.

Patients and methods
Patients selection

Patients’ informed consent and ethical board approval were
required for collection of tumor samples and clinical-
pathological information, as stated by the Declaration of
Helsinki. Patient inclusion criteria were: histologic diag-
nosis of primary glioblastoma; availability of tumor DNA;
and complete clinical data from the neuro-oncology data-
base (OncoNeuroTek, Paris).

DNA extraction, amplification, purification
and Sanger sequencing

DNA from cryopreserved or formalin-fixed paraffin
embedded (FFPE) tumor samples was extracted using the
QIAmp Midi Kit (Qiagen) or iPrep ChargeSwitch Forensic
kit (Life Technologies) respectively, as previously descri-
bed [13].

DNA amplification was performed using the mix
FastStart™ PCRMas\cr(Roche®) as follows: 3 min at94 °C;
35cyclesat94 °C-15 5,60 °C45 5,72 °C-1 min, witha final
step at 72 °C for 8 min. Primer sequences were as follows:

@ Springer

SNP_TERT_F: ATTCGACCTCTCTCCGCTGG; SNP_
TERT_R: CTGGAAGGTGAAGGGGCAG; TERTp_F:
GGATTCGCGGGCACAGAC; C228_250T_R: CAGCGCT
GCCTGAAACTC.

DNA sequencing was
technique.

The 152736100 (5q15.33) and rs192011116 (3q26.2)
SNP statuses were available from a previous study for a
subset of patients [1]. /DH status, EGFR amplification, 10q
loss, CDKN2A deletion and MGMTp methylation were
available in the OncoNeuroTek database or were deter-
mined as previously described [6, 16].

performed by the Sanger

Statistical analysis

The % test or Fisher exact test were used to compare the
genotype distribution. The Man-Whitney-Wilcoxon test
was used to compare continuous variables (i.e., age)
between distinct categories.

Overall survival (OS) was defined as the time between
diagnosis and death or last follow up. Living patients at
the time of the last follow up were considered as cen-
sored events in the analysis. Progression free survival
(PES) was defined as the time between the diagnosis and
recurrence or last follow-up. Patients who were recur-
rence-free at the last follow-up were considered as a
censored event in the analysis. Survival curves were
calculated according to the Kaplan-Meier method and
differences between curves were assessed using the log-
rank test. Variables with a significant p-value were used
to build a multivariate Cox model. p-values <0.05 were
considered significant.

Results
Patients characteristics and outcomes

651 glioblastomas were selected (sex ratio = 1.35, median
age at diagnosis 60.4 years). Median survival was
13.5 months. The patients’ characteristics are reported in
Table 1. As expected, age (p < 107'?) and Karnofsky
performance status (KPS) (p < 1077) were strong predic-
tors of outcome. Upfront treatment modalities were also
associated with outcome, i.e., surgery (biopsy vs. partial or
gross total removal, p < 10~7) (supplementary Fig. 1) and
radiotherapy-temozolomide versus radiotherapy versus
chemotherapy alone (p < 107'2).

These parameters were entered into a Cox model (sup-
plementary Table 1 a, b). This multivariate analysis sug-
gests that treatment modalities are related to KPS while age
remains the strongest independent prognostic factor.
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Table 1 Clinical and molecular characteristics of the patients

Age at diagnosis

60.4 (15-90)

Gender
KPS

Surgery

Upfront treatment

PFS
0s
TERTp mutational status

rs2853669 status

5192011116 status

152736100 status

IDH1/2

Chromosome 10q status

EGFR status

pl16/CDKN2A status

MGMTp status

375 M, 276 F. Sex ratio = 1.35

Median 80 (20-100)
<70: 56

>70: 451

ND: 144

Biopsy: 173
Partial removal: 209
Total removal: 269
Radiotherapy-TMZ: 239
Radiotherapy: 238
Chemotherapy: 56
ND: 118

5.5 months

13.5 months

492 mut/159 wt
C228T: 360
CI132T: 127
C228T and C250T: 5
CC: 65

CT: 270

TT: 316

AA: 13

GA: 85

GG: 117

ND: 436

AA: 29

CA: 136

CcC:91

ND: 393

Mutated: 50

Wt: 600

ND:1

Loss: 453

No loss: 103

ND: 96
Amplification: 221
Normal: 375

ND: 55

Deletion: 248

No deletion: 343
ND: 60
Methylated: 212
Unmethylated: 239
ND: 200

TERTp mutation status is independent
from rs2853669 genotypes

We found 492 (76 %) patients with TERTp mutation, 365
(56.0 %) had the C228T substitution, and 132 (20 %) the
C250T, five cases harboring both mutations. rs2853669
status was TT in 316 (48.5 %) patients, CT in 270 (41.5 %)
and CC in 65 (10 %). TERTp mutation was associated with
a poorer outcome both in carriers (allele C: OR = 1.41;
p = 0.027) and non-carriers of the rs2853669 variant (al-
lele T: OR = 1.7; p = 0.00085). There was no difference
in the relative distribution of the rs2853669 genotypes
between different TERTp mutated GBM and TERTp wild
type GBM (3 = 0.92; p = 0.63). Relative genotype fre-
quencies were CC 47/492 (9.6 %) CT 209/492 (42.5 %)
TT 236/492 (47.9 %) for TERTp mutated patients and CC
18/159 (11.3 %) CT 61/159 (38.4 %) TT 80/159 (50.3 %)
for TERTp wild type (wt), fulfilling the Hardy-Weinberg
equilibrium (p = 0.9; p = 0.2).

TERTp mutation but not rs2853669 status is
associated with older age

We looked for an association between age at diagnosis and
rs2853669 status in both TERTp mutated and wild type
patients. Whereas TERTp mutation was correlated with
older age (mean age 61.4, vs. 52.8 years, p < 0.0001), age
distribution did not differ between rs2853669 CC, CT or
TT genotypes (p = 0.13) (Fig. 1).

rs2853669 Status has no impact on overall survival
(08)

We first compared the CC and CT carriers versus the TT
carriers groups and found no difference in OS (p = 0.3,
Fig. 2).

‘We then analyzed separately the impact of rs2853669 status
on OS in TERTp mutated patients and in TERTp wt patients.
While a TERTp mutation is clearly associated with a poorer
survival (p <0.0001), we found no prognostic impact of
152853669 status in both TERTp mutated and TERTp wt pop-
ulations (Fig. 3). However, C carriers (i.e., CC+CT patients)
tended to have a better outcome in the TERTp mutated group
(p = 0.18), but not in the TERTp wt group. rs2736100
(5q15.33) and rs192011116 (3g26.2) statuses were available
for 215 GBM patients. None of them had an impact on survival
(p = 0.6) and we found no association with the TERTp muta-
tion (p = 0.55 and 0.7 respectively).
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Association with the main molecular alterations
and prognostic impact

We first looked for associations between TERTp status and
the following molecular alterations: chromosome 10q loss,
found in 385/429 of TERTp mutated versus 67/126 in
TERTp wt (p< 10~ %) EGFR amplification, found in
197/454 versus 24/142 (p < 10™%), CDKN2A/P16 deletion,

@ Springer

found in 203/450 versus 45/139 (p = 0.02), IDH mutation,
found in 11/491 versus 39/159 (p < 10~"), and MGMT
promoter status, found methylated in 156/347 versus
56/104 (p = 0.13).

We then analyzed the prognostic impact of each of these
alterations (suppl. Figs. 2a—f). As expected, only TERTp
mutation, /DH mutation and MGMTp methylation status
had a prognostic impact. The prognostic impact was
independent of treatment modalities, except for the
MGMTp methylation status, which showed a clear benefit
of RT-TMZ versus RT alone in MGMTp methylated
(p<107%, but not MGMTp unmethylated patients
(p = 0.2) (suppl Fig. 3). This confirms previous data [17].

We then investigated the prognostic impact of these
combined alterations. While EGFR amplification has no
prognostic impact per se, we consolidated here our previ-
ous data [6], showing that EGFR amplification is associ-
ated with a better outcome in TERTp mutated GBM
(median survival = 16.1 months vs. 13 months; p = 0.001),
and a poorer outcome in TERTp wt GBM (median sur-
vival = 13.3 months vs. 26.5 months; p < 0.01) (Fig. 4a).
Whereas IDH mutation is probably associated with better
outcome in the context of TERTpwt (median survival
29 months vs. 17.3 months p = 0.09) this may be not the
case for the IDHwt-TERTpmut (median survival 20 months
vs. 14.1 months p = 0.3) (Fig. 4b).

rs2853669 status was not associated with IDH status,
Chromosome 10q loss (p = 0.13), CDKN2A deletion
(p = 0.5), or MGMTp status (p = 0.99). EGFR amplifi-
cation tended to be more frequent in GBM patients bearing
the variant allele C (123/305 vs. 98/291, p = 0.08).

Multivariate analysis

We first entered all the significant prognostic markers in
a Cox model (suppl. Table 2 a, b). We found that only
MGMTp was an independent factor, while TERTp status,
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and to a lesser extend IDH status, were dependent on
age.
Because we found EGFR associated with TERTp
mutation, and EGFR prognostic impact dependent on
TERTp status (Fig. 4a), we investigated the relation
between EGFR status and TERTp using multivariate anal-
ysis (suppl. Table 3). We found indeed that EGFR ampli-
fication is related to better outcome in GBM patients
(OR = 0.756, p=0.02 when entering TERTp vs.
OR = 0.983 for EGFR alone).

Discussion

Because previous works have generated conflicting data,
we first investigated here, on a larger series of primary
glioblastomas, the interaction between TERTp status and
1s2853669. The rs2853669 minor allele disrupts a site for
the ETS transcription factor family, whereas the TERTp
mutation creates a new site. While mutation results in an
increase of TERT activity, the variant rs2853669 allele is
associated with lower TERT expression and activity [13,
14]. We may therefore suspect that the two variants —
constitutional and somatic-, having opposite biological

effects, will also have an opposite prognostic impact. And
indeed in bladder cancer, the variant G has been associated
with better outcome in TERTp mutated bladder cancers and
with poorer outcome in non-mutated cancers [12]. In
glioblastomas, data are more conflicting. Based on 178
glioblastomas, Simon et al. found that the poor prognostic
effect of TERTp mutation was confined to the 84 non-
carriers of the C-allele for the rs2853669 polymorphism
[8]. In contrast, Spiegl et al. found an opposite result in a
series of 126 glioblastoma patients, with a poor prognostic
effect of TERTp mutation only in the 67 carriers of the
C-allele polymorphism rs2853669 [15]. Here we showed
that the presence of a TERTp mutation is associated with a
poor prognosis both in carriers and non-carriers of the
rs2853669 variant. In addition this study, based on the
largest series of glioblastomas of any such studies, does not
show any significant prognostic impact of rs2853669
independently of age, or to the presence of a TERTp
mutation (although the C variant tended to be associated
with better outcome in TERTp mut GBMs, the trend was
clearly not significant).

Since telomere lengthening is critical to tumor survival,
and telomere lengthening has been associated with higher
glioma risk, we also investigated the potential relation
between the TERTp mutation and two variants rs2736100
on 5ql15.33 (TERT region) and rs192011116 on
3q26.2(TERC region), associated with higher glioblastoma
risk and telomere lengthening. Although this analysis was
conducted on a smaller number of samples, once more we
found no association.

We extended here our previous analysis showing that
TERTp mutation is associated with a poor outcome, loss
of chromosome 10q, CDKN2A deletion and EGFR
amplification [6]. We confirmed here, in contrast to
carlier studies [7], that the TERTp mutation’s poor
prognosis impact is not related to the lack of IDH
mutation: we rather suggest that /DH mutation is asso-
ciated with poor prognosis in the presence of a TERTp
mutation [6] (Fig. 4b): supporting our data. A similar
result (although not mentioned by the authors) can be
extracted from the data presented in a recent, indepen-
dent publication from Eckel-Passow et al. (cf their
Fig. 3b) [18]. Finally we show that EGFR amplification
has an opposite prognostic impact according to TERTp
status: positive in TERTp mutated GBM, and negative in
TERTp GBM (Fig. 4a).
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