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General Introduction 1. Historical perspective

Rudolf Virchow was a pioneer in the systematic description of histological characteristics of brain tumors back in the first half of the 19th century. Until the beginning of the 20th century many different authors reported on brain tumors, providing with outstanding contributions, such as Deiters, Jastrowitz, Klebs and Golgi among others; for historical notes see [START_REF] Zulch | Their Biology and Pathology[END_REF]. The strive for defining cells of origin of brain tumors and subsequent controversies regarding their classification dates from those early days, when gliomas were initially separated from brain sarcomas by Virchow: Interestingly, such issue was still pertinent until much later, as for instance glioblastomas were definitely classified as astrocytic tumors as opposed to mesenchymal/vascular tumors only in the 1993 version of the World Health Organization (WHO) guidelines.

The current WHO classification scheme for tumors of the central nervous system is universally used. It is largely based on the work of Bailey and Cushing, which dates back to almost 100 years ago. It has also been strongly influenced by the works by Kernohan and Sayre, particularly the "Armed Forces Institute of Pathology (AFIP) Fascicle-Tumors of the Central Nervous System" published in 1952 [START_REF] Zulch | Their Biology and Pathology[END_REF]Scheithauer, 2009). The histological four-tiered system with increasing grades of malignancy for brain tumors, still in use today, was developed by Kernohan et al based mostly on his studies on autopsy specimens, and was itself inspired by the pioneer studies of Broders et al on grading of skin squamous cell carcinoma (Broders, 1921). Since its proposal by Kernohan, the grading criteria for gliomas have been successively changed and further developed, aiming at a better correlation with clinical outcome (Kernohan et al., 1949;Louis et al., 2007;[START_REF] Zulch | Their Biology and Pathology[END_REF].

As pointed out by Scheithauer in his interesting review of the successive editions of the WHO classification for tumors of the central nervous system "arriving at prognostically meaningful "grades" has proven to be a challenge", with both clinical and histological malignancy being taken into consideration (Scheithauer, 2009). Particularly true for patients with central nervous system tumors, mechanisms of death are not necessarily correlated with histological grade, location having also a pivotal influence on outcome. In particular, infiltrative neoplasms, such as in those the brainstem or more diffuse ones such as gliomatosis cerebri, have a dismal outcome despite not necessarily exhibiting criteria of malignancy on histological evaluation. The concept of clinical malignancy continues to impact the histoprognostic classification of gliomas.

Even so, the actual grading system, albeit trying to integrate clinical correlation, does not predict outcome reliably in a number of cases. This is particularly striking for tumors affecting pediatric populations. To name a few examples, a subset of epileptogenic tumors among children are diagnosed as non-specific forms of dysembryoplastic neuro-epithelial tumors, which are far from being consensus among neuropathologists, and which may show worrisome cytological pleomorphism to those not acquainted with such particular lesions.

Pilocytic astrocytomas are attributed a grade I, but there is a subset of patients with these tumors that will develop progressive disease, in the complete absence of histological "anaplastic" changes (Fernandez et al., 2003;Mazloom et al., 2012). WHO grades II and III do not discriminate well the outcome for ependymoma, especially among infants.

Myxopapillary ependymomas, by definition grade I lesions according to the WHO guidelines often show aggressive clinical course with cerebrospinal fluid dissemination in children [START_REF] Fassett | The high incidence of tumor dissemination in myxopapillary ependymoma in pediatric patients. Report of five cases and review of the literature[END_REF].

Would this limitation to predict clinical evolution in children be particularly related to the fact that the WHO classification of glial/neuroepithelial tumors has actually been based and established in a mostly adult population, in which the incidence of high-grade glial tumors exceeds by far that observed in children? In the last WHO classification, less than ten percent of cases used for the classification of malignant gliomas were from patients under the age of 15 (Louis et al., 2007).

Interestingly, if we consider medulloblastomas, tumors affecting a highly predominant pediatric population, histological subtypes such as desmoplastic/nodular and large cell/anaplastic are largely correlated with significant favorable and poor outcome, respectively. More strikingly than for other brain tumors, for medulloblastomas, pathologists are also able to provide with a molecular classification: B-catenin mutations, which can be assessed by IHC status, allow us to identify a group with significantly better prognosis. MYC amplifications, which can be routinely detected by FISH analysis on paraffin-embedded material defines a subgroup with poor prognosis. As recently published, molecular subtypes of medulloblastoma, which were largely defined by genetic studies, can be reliably characterized by their histological and immunohistochemical profile (Ellison et al., 2011).

More than ever pathologists are striving for a more precise classification of tumors, with better prognostic and predictive input, and molecular diagnosis has become an important part of the daily practice in a Pathology laboratory.

Contextualizing Molecular diagnosis in Cancer Pathology

Any classification system has by definition an inherent limitation as it is based on grouping according to similarity, which is an approximation. In the field of biology and Probably, the most difficult task is not necessarily to succeed in obtaining consistent data, but rather finding how new data should be integrated with what is already known, and validated on a clinical setting, which will allow for a real improvement to the patients' prevention, diagnosis and therapy. For instance, the recent and herculean achievement of sequencing the human genome, was nonetheless far from presenting definitive solutions to understanding pathogenesis and evolution of all diseases and their specific mechanisms, and has urged the scientific community to focus on the integration, correlation and translation of data.

We briefly discuss a few examples to illustrate this point, in which one alteration is not necessarily associated with the same effect on different cancers, and could have even opposite effects. Moreover clinical and histological subgroups show particularities that should be considered and attentively evaluated in the context of targeted therapies.

The activating mutation of the BRAF (V600E) kinase is found in around 50% of melanomas and in many other cancers; in some of them, this alteration is associated with an epithelial-to-mesenchymal transition (EMT) (Knauf et al., 2011;[START_REF] Lin | !!The! Role!!!!of!!!!B-RAF!!!!Mutations!!!!in!!!!Melanoma!!!!and!!!!the!!!!Induction!!!!of!!!!EMT!!!!via! Dysregulation!!of!!the!!NF-kappaB/Snail/RKIP/PTEN!!Circuit.![END_REF]Makrodouli et al., 2011). This multi-step process results in the loss of cell-to-cell adhesive properties, loss of cell polarity, and the gain of invasive and migratory mesenchymal properties. The recently developed therapeutic agent (PLX4032) specifically targets this mutant form of BRAF, and some encouraging results of response in 81% of metastatic melanoma have been observed with this drug (Bollag et al., 2010). Unfortunately resistance develops rapidly and frequently in melanoma, by multiple mechanisms linked to melanoma oncogenesis (Poulikakos et al., 2011;Su et al., 2012). Other types of cancer also harbor BRAF V600E mutations, such as papillary thyroid carcinoma, colon carcinoma, ovarian carcinoma and some gliomas to name a few (Cantwell-Dorris et al., 2011;Schindler et al., 2011). The BRAF gene is part of the mitogenic pathway downstream of KRAS and activating mutations in BRAF could, therefore, interfere with drugs acting upstream in the pathway, which suggests that PLX4032 could be useful for treating cancers other than melanoma. Interestingly, our group has observed that a subgroup of patients with diffuse intrinsic pontine glioma (DIPG) shows EMT which seems associated with a worse prognosis in this group (Puget et al., 2012), but BRAF mutations were not found in these patients as we show in chapter 2 (Grill et al., 2012). It is possible that the effect of PLX4032 could therefore be different depending on the type of tumor considered.

The NOTCH pathway provides another striking example of the distinct and even opposed biological roles of one same system in different cellular contexts. The role of NOTCH as an oncogene in T-acute lymphoblastic leukemia is well characterized and further supported by a high frequency of activating NOTCH1 mutations in patients with this disease (Lobry et al., 2011). Our group has also shown a high frequency of NOTCH1 mutations and activation in pediatric ependymoma (Puget et al., 2009). Several other types of cancer such as head and neck squamous cell carcinoma, breast cancer, melanoma and medulloblastoma show activation of NOTCH pathways and corroborate its role as an oncogene (Ranganathan et al., 2011). However it has been shown that in the skin and particularly in basal cell carcinoma NOTCH acts as a tumor-suppressor gene (Nicolas et al., 2003) Anti-EGFR targeted therapies for non small-cell lung cancer (NSCLC) are an interesting setting in which subgroup analyses from the initial clinical trials showed that patients with certain clinical and histological characteristics (specifically, women, patients of east Asian descent, with no history of smoking, and those with adenocarcinomas) who received erlotinib or gefitinib had higher rates of response and overall survival (Fukuoka et al., 2003;Shepherd et al., 2005;Thatcher et al., 2005). Although the benefit in overall survival was not statistically confirmed in Asian cohorts, a clear benefit in the progressionfree survival was confirmed in the anti-EGFR branch as compared to classical chemotherapy regimens (Maemondo et al., 2010;Mitsudomi et al., 2010;Mok et al., 2009). There is strong evidence that EGFR mutated NSCLC, particularly those bearing deletions in exon 19 and the L858R point mutation in exon 21, the most common activating EGFR mutations in NSCLC, are both associated with improved outcomes with erlotinib or gefitinib therapy (Jackman et al., 2006;Lynch et al., 2004;Maemondo et al., 2010;Paez et al., 2004). Interestingly, some authors have shown that the presence of KRAS mutations is a better predictor of response to gefitinib than the presence of EGFR mutations, and also that KRAS and EGFR mutations in the same tumor are mutually exclusive (Cataldo et al., 2011;Ding et al., 2008). However, responses exist also in patients without EGFR mutation but with a specific gene expression profile [START_REF] Balko | Gene expression patterns that predict sensitivity to epidermal growth factor receptor tyrosine kinase inhibitors in lung cancer cell lines and human lung tumors[END_REF]Bryant et al., 2012). The role of EGFR tyrosine kinase inhibitorbased therapies for NSCLC remains yet to be further refined and further translational studies are needed (Cataldo et al., 2011).

These various findings prove that the context in which a distinct molecular abnormality occurs will dictate the response to specific inhibitor and the mechanism of resistance. Moreover, the biologic profile associated to the response to a given targeted agent may not always be the consequence of a unique molecular event.

Conclusion

Biomarkers for the classification and management of pediatric glial brain tumors in the specific context of clinico-pathological characteristics and molecular pathology are lacking.

The work in this thesis is part of an effort to address this issue. Biomarkers will be explored in view of classification (neuronal differentiation), prognostication (TNC), target identification (PI3KCA) and prediction of the efficacy of a treatment (erlotinib). Whenever possible, biomarkers will be discussed in the particular context of a given tumor type or subtype.

The first chapter focuses on ependymoma and the second on high grade-glioma, including DIPG.

Some historical notes

As mentioned by Zülch and other authors (Zülch, 1986;[START_REF] Ernestus | Supratentorial ependymomas in childhood: clinicopathological findings and prognosis[END_REF] Virchow was the first to describe ependymal tumors in 1863-65. In 1899 Störch described the perivascular pseudo-rosettes and ependymal rosettes, which are still current major histological criteria for the diagnosis of ependymoma. The relation of ependymomas to normal ependyma was further stressed by Mallory [START_REF] Mallory | Three Gliomata of ependymal Origin; Two in the Fourth Ventricle, One subcutaneous over the Coccyx[END_REF], based on the identification of cytoplasmic structures derived from centrioles named blepharoplasts, alternatively named basal bodies, also present in normal ependyma, and which form the base for cilia and flagella that extend out of the cell [START_REF] Kobayashi | Regulating the transition from centriole to basal body[END_REF].

Interestingly very recent studies have shown particular subsets of ependymoma with upregulation of genes involved in ciliogenesis (Witt et al., 2011) and the over-expression of proteins associated with centrioles (Peyre et al., 2010).

Ependymomas and ependymoblastomas were set apart as distinct entities by Bailey and Cushing in 1926, and since then there has been controversy regarding their relationship and even the real existence of the latter (Zülch, 1986; Judkins and Ellison, 2010), which is currently included among embryonal tumors in the WHO classification scheme, while ependymomas are included among neuroepithelial lesions (Louis et al., 2007). Roussy and Oberling distinguished ependymocytomas "ependymoma of Bailey", ependymoblastomas and ependymogliomas, the latter "consisting of ependymal and astrocyte elements", already acknowledging the difficulties in defining a cell of origin versus dedifferentiation or even divergent differentiation in these tumors [START_REF] Roussy | Essai de classification des tumeurs cérébrales[END_REF]Roussy and Oberling, 1932).

Pathology

Histologically, the main hallmarks of ependymoma are:

-Perivascular pseudo-rosettes, which consist of nucleus-free mantles, surrounded by a radial disposition of cells around blood vessels. These may be not easy to identify in lesions or areas with very high or very low cellularity.

-True ependymal rosettes and ependymal canals, composed of columnar cells arranged around a central lumen or cavity. These are very characteristic of ependymoma, but are not found in all cases.

Immunohistochemical stains in ependymoma generally show strong cytoplasmic positivity for glial fibrilary acidic protein (GFAP), vimentin and CD56 [START_REF] Godfraind | Classification and controversies in pathology of ependymomas[END_REF]Louis et al.,2007).

Epithelial membrane Antigen (EMA) usually highlights the luminal surface of true rosettes and canals, and often shows intra-cytoplasmic dots (Hasselblatt and Paulus, 2003). OLIG2 is usually absent or stains only few nuclei in ependymoma, and can be a useful marker in the differential diagnosis in favor of other glial tumors such as oligodendroglioma or pilocytic astrocytoma [START_REF] Godfraind | Classification and controversies in pathology of ependymomas[END_REF][START_REF] Preusser | OLIG2 is a useful immunohistochemical marker in differential diagnosis of clear cell primary CNS neoplasms[END_REF].

According to the WHO classification scheme for central nervous system tumours, ependymal tumors can be classified as follows:

-Subependymoma (WHO grade I), generally presenting in adults and associated with minimal morbidity.

-Myxopapillary ependymoma (WHO grade I), extremely rare in children but which shows a tendency for CSF dissemination in this population [START_REF] Fassett | The high incidence of tumor dissemination in myxopapillary ependymoma in pediatric patients. Report of five cases and review of the literature[END_REF] -Besides the classic histological form, different morphological variants are distinguished, which do not have prognostic implications per se (cellular, clear cell, tanicytic and papillary ependymoma) (Louis et al., 2007). Intracranial pediatric ependymomas are mostly represented by either classic (WHO grade II) or anaplastic (WHO grade III) tumors (Ellison et al., 2011;Tihan et al., 2008).

The diagnosis of anaplastic ependymoma should be based on the presence of "increased cellularity, brisk mitotic activity, often associated with microvascular proliferation and pseudopalisading necrosis" (Louis et al., 2007), criteria classically developed for astrocytic and oligodendroglial tumors.

There is considerable histopathological variation among and within tumors -for instance, well demarcated nodules of densely cellular mitotically active cells can be found in around one third of posterior fossa lesions (Tihan et al., 2008), which results in great difficulty to grade them reliably (Figarella-Branger et al., 2000; [START_REF] Korshunov | Immunohistochemical markers for prognosis of ependymal neoplasms[END_REF][START_REF] Pollack | Intracranial ependymomas of childhood: long-term outcome and prognostic factors[END_REF][START_REF] Robertson | Survival and prognostic factors following radiation therapy and chemotherapy for ependymomas in children: a report of the Children's Cancer Group[END_REF]. Such difficulty is reflected by studies of clinically similar cohorts of children with intracranial ependymoma that report ratios of grade II to grade III tumors ranging between 17:1 and 1:7, a striking discordance that could be attributed to various different reasons such as intratumoral heterogeneity, inter-observer variability, variations in definitions, the use of different histological criteria, the uneven application of criteria for anaplasia by review pathologists, and idiosyncratic small patient cohorts as it has been pointed out in excellent works dealing with this subject (Ellison et al., 2011;Tihan et al., 2008). Moreover, attempts from efforts by groups of neuropathologists with experience in pediatric brain tumors have not yet presented an alternative classification scheme that would be easily reproducible (Ellison et al., 2011;[START_REF] Figarella-Branger | Prognostic factors in intracranial ependymomas in children[END_REF]Tihan et al., 2008).

More importantly, in particular among pediatric ependymoma it is not clear whether lesions classified as grade II or grade III according to either WHO classification schemes or alternative grading systems have a clearly distinct outcome [START_REF] Bouffet | Intracranial ependymomas in children: a critical review of prognostic factors and a plea for cooperation[END_REF] 

Origin

In a classification where tumors are diagnosed according to the appearance of the main cellular component, ependymomas are neoplasms thought to originate from the ependymal layer of the ventricular system. Therefore, they may develop in the third or lateral ventricles and in the spinal cord, but also without direct adhesion to the ventricular system, in the white matter, and some rare cases of ependymomas have even been referred to as "cortical" in the literature [START_REF] Lehman | Central nervous system tumors with ependymal features: a broadened spectrum of primarily ependymal differentiation?[END_REF][START_REF] Roncaroli | Supratentorial cortical ependymoma: report of three cases[END_REF][START_REF] Van Gompel | Cortical ependymoma: an unusual epileptogenic lesion[END_REF].

Characterization of tumor stem cells in ependymoma points to an origin from radial glia cells (Johnson et al., 2010;Taylor et al., 2005). Indeed, these tumor initiating cells harbor specific markers of radial glial progenitor cells such as BLBP (Brain Lipid-Binding Protein) or RC2 (Taylor et al., 2005).

Epidemiology

Ependymomas represent 6 to 12% of all childhood brain tumors, and are the third most common pediatric brain tumors after astrocytomas and medulloblastomas. In this population more than 50% cases occur before 5 years of age. Almost 90% of pediatric ependymomas are intracranial, around 2/3 of cases located in posterior fossa [START_REF] Duffner | Prognostic factors in infants and very young children with intracranial ependymomas[END_REF]Grill et al., 2001;McGuire et al., 2009b), spinal lesions being relatively rare in children and predominant in the adult population (McGuire et al., 2009b;[START_REF] Merchant | Ependymoma: new therapeutic approaches including radiation and chemotherapy[END_REF]. Extra-axial ependymomas are intriguing and anecdotal, and have been reported in the ovary, broad ligament, sacrococcygeal region, lung, and mediastinum both in children and adults [START_REF] Aktug | Sacrococcygeal extraspinal ependymomas: the role of coccygectomy[END_REF][START_REF] Hirahara | Pure ovarian ependymoma: report of a case treated with surgery, chemotherapy, irradiation and hyperthermotherapy[END_REF][START_REF] Mallory | Three Gliomata of ependymal Origin; Two in the Fourth Ventricle, One subcutaneous over the Coccyx[END_REF]. These lesions show some clinical similarities with germ cell tumors, inside which they may also occur, and seem to exhibit different both morphology and immunophenotype from primary central nervous system ependymomas, suggesting that they derive from distinct precursors and/or differentiate along distinct pathways [START_REF] Idowu | Ependymomas of the central nervous system and adult extra-axial ependymomas are morphologically and immunohistochemically distinct--a comparative study with assessment of ovarian carcinomas for expression of glial fibrillary acidic protein[END_REF].

Some cases of ependymoma have been described associated with genetic predisposition syndromes. Patients with Neurofibromatosis type 2 have germline mutations in the NF2 gene (22q12.2), which is associated with an increased incidence of vestibular schwannomas, and less frequently meningiomas and spinal ependymomas. More rarely ependymomas can be associated with other familial syndromes such as multiple endocrine neoplasia type 1 (MEN1) and Turcot syndrome (Louis et al., 2007). Most pediatric cases of ependymoma appear to be sporadic.

Imaging

Ependymomas are usually well circumscribed. Most frequent computed tomography findings are of a mass with solid and cystic components and heterogeneous signal, often calcified and which may show signs of hemorrhage [START_REF] Yuh | Imaging of ependymomas: MRI and CT[END_REF]. Tumors usually display iso to low T1, iso to high T2, and intermediate-to-high FLAIR signal intensity relative to both gray and white matter. The signal tends to be heterogeneous within a same tumor, irrespectively of the type of acquisition, and this is particularly observed in supratentorial lesions, which show greater propensity for cyst formation. FLAIR sequences can show a sharp interface between tumor, surrounding brain and cerebrospinal fluid. On postgadolinium T1-weighted images, there is usually heterogeneous enhancement, alternating strongly and poorly enhancing or nonenhancing areas. A minority of lesions demonstrates little or no contrast enhancement. Posterior fossa lesions have a tendency to squeeze out fourth ventricle, projecting inferiorly through Magendie foramen and laterally through Lushka foramina into cerebellopontine angle cisterns. [START_REF] Yuh | Imaging of ependymomas: MRI and CT[END_REF] 

Treatment

The main treatment of pediatric intracranial ependymomas is surgery, followed by adjuvant radiotherapy. The extent of surgical resection has been consistently identified as a critical determinant of outcome [START_REF] Bouffet | Intracranial ependymomas in children: a critical review of prognostic factors and a plea for cooperation[END_REF]Grill et al., 2001;Merchant et al., 2009), however this was not found in other pediatric series and most particularly with posterior fossa tumors [START_REF] Akyuz | Intracranial ependymomas in childhood--a retrospective review of sixty-two children[END_REF][START_REF] Goldwein | Intracranial ependymomas in children[END_REF]Grundy et al., 2007). The role of chemotherapy is controversial, but its use alongside radiotherapy has been the focus of several clinical trials, especially in the setting of attempts to avoid or to defer radiotherapy in infants (Grill et al., 2001;[START_REF] Grill | Childhood ependymoma: a systematic review of treatment options and strategies[END_REF]Grundy et al., 2007;[START_REF] Merchant | Ependymoma: new therapeutic approaches including radiation and chemotherapy[END_REF].

To our knowledge, at the moment we started the study, biomarkers predictive of response to treatment were unknown.

Prognosis

Despite progress in imaging techniques, surgery and radio/chemotherapy the prognosis for children with ependymomas is relatively poor compared to those with other brain tumors, with a median overall survival of around 50% and a progress free survival at five years varying from 30% to 60% [START_REF] Massimino | Intracranial ependymoma: factors affecting outcome[END_REF]Merchant et al., 2009). In addition, late relapses up to 20 years after initial treatment have reported [START_REF] Bouffet | Survival Benefit for Pediatric Patients with Recurrent Ependymoma Treated with Reirradiation[END_REF]Paulino et al., 2002).

Except extent of surgery, to our knowledge validated prognostic factors are lacking for this disease.

Recent findings and controversies

Lessons from comparison with adult counterparts: the influence of localization on oncogenesis Differences between ependymomas in children and adults have been constantly reported.

Besides different preferential locations as mentioned above, ependymomas in children have been largely known to have a worse prognosis (Witt et al., 2011). Before the advent of recent technologies in genetic studies, it was difficult to explain these differences on a biological basis. Comparative genomic hybridization (CGH) and array CGH (aCGH) studies have allowed a finer analysis of genetic alterations in these tumors [START_REF] Grill | Comparative genomic hybridization detects specific cytogenetic abnormalities in pediatric ependymomas and choroid plexus papillomas[END_REF][START_REF] Jeuken | Correlation between localization, age, and chromosomal imbalances in ependymal tumours as detected by CGH[END_REF]Puget et al., 2009). A comprehensive meta-analysis of 13 CGH studies and literature review on biomarkers has shown striking differences between pediatric and adult ependymoma on a genetic level (Kilday et al., 2009), which were initially not identified in earlier karyotype-based studies.

Pediatric ependymoma present more frequently gains of 1q, 7 and 9 and losses of chromosomes 22, 3, 9p, 13q 6p, 1p 17 and 6 and its adult counterparts display more often gains of chromosome 7, 9 12, 5, 18 x, 2 and loss of 22/22q, 10, 13q 6 and 14q. Statistically most relevant differences are the higher frequency of 1q gains among children, above 20%

vs. 8%, (p< 0.0040) and higher prevalence of gains of chromosomes 7, 9, and 12 in adults (p< 0.001) (Kilday et al., 2009). Another important difference between pediatric and adult ependymoma pertains to the number and complexity of genomic aberrations. Adult lesions show more frequent chromosomal aberrations; a balanced genomic profile, without chromosomal gain or loss, can be seen in 36% to 58% of pediatric ependymomas and is significantly associated with children under 3 years of age and is found in less than 10% of adult cases (Kilday et al., 2009). Chromosomal aberrations in adults involve more often whole chromosomal rearrangements, unlike the partial and complex imbalances frequently seen in pediatric cases, these latter having been associated with worse prognosis also in other types of cancer such as colorectal and breast malignancies (Birkbak et Dyer et al in a study including 42 primary and 11 recurrent pediatric ependymomas showed a subgroup of 5 patients with copy number alterations, more similar to those found in adults and spinal lesions. Moreover in this study 14 of 14 children under 3 years of age displayed a balanced profile while 24 of 28 children (86%) diagnosed older than 3 years of age showed a non-balanced profile [START_REF] Dyer | Genomic imbalances in pediatric intracranial ependymomas define clinically relevant groups[END_REF].

Two different studies from a large cohort of over 120 adult and pediatric ependymoma described by CGH analysis a more balanced profile was described in tumors from younger patients [START_REF] Korshunov | Molecular staging of intracranial ependymoma in children and adults[END_REF]Witt et al., 2011).

In a recent study on adult and pediatric paraffin embedded infratentorial ependymomas the authors established a 10-gene signature that was correlated with both worse overall survival and worse progression-free survival, and which was significantly correlated with younger age at diagnosis [START_REF] Wani | A prognostic gene expression signature in infratentorial ependymoma[END_REF].

There is convincing evidence that such diverse biological characteristics and that the particular clinical behavior distinguishing ependymomas in children from those in adult populations also reflects major location-specific differences amongst these groups. Several recent works have shown these region-associated differences on a chromosomal and transcriptomic level. ( and micro RNA expression (n=64) allow to cluster ependymomas in 9 similar subgroups in agreement with age and location. The authors compared data from human ependymoma and murine neural stem cells, either wild type or null for the genes Ink4a/Arf, (locus frequently deleted in supratentorial ependymoma that code for CDKN2A et CDKN2B). Only one specific group of supratentorial ependymoma with amplification of Ephrin B2 (EPHB2), an oncogene selectively amplified in supratentorial ependymoma, matched the murine Ink4a/Arf null neural stem cells by transcriptome analysis. They generated the first mouse-model of supratentorial ependymoma derived from neural stem cells, combining deletion of Ink4a/Arf and viral induced expression of EPHB2, which corresponds at a genomic level to a subgroup of supratentorial ependymoma from their large cohort. This unique mouse model of ependymoma is an important basis for the study of physiopathological mechanisms and signaling pathways in the genesis of ependymoma. This cross-species study has allowed the identification of the specific oncogene EPHB2 and the deletion of Ink4a/Arf in the genesis of supratentorial ependymoma.

Their work provided additional evidence that supratentorial ependymoma are derived from radial glia as had been indicated previously by the same group: In a mouse model overexpressing NOTCH1 in radial glial cells under the control of the promoter Blbp.

Ink4a/Arf-null mice developed ependymoma in a much shorter period than wild-type mice [START_REF] Gottardo | Concurrent activation of Notch cell signaling and deletion of INK4A/ARF in radial glia causes cerebral ependymoma[END_REF].

Natural history: oncogenesis and progression

Much beyond than a mere cartographical description of genes in pediatric ependymoma, studies based on CGH techniques have brought us interesting information concerning not only the genesis and (to some extent) prognosis, but have also helped to elucidate some aspects of the natural history of this disease.

Puget et al. analyzed the genomic profile of 59 pediatric ependymoma by array-CGH, of which 33 at diagnosis and 26 at relapse (Puget et al., 2009). Comparing genetic profiles at diagnosis and at relapse our group described a significant increase in genomic imbalances at relapse compared with diagnosis, such as gain of 9qter and 1q (54% v 21% and 12% v 0%, respectively) and loss of 6q(27% v 6%). Supervised classification showed that gain of 9qter was associated with tumor recurrence, age older than 3 years, and posterior fossa location.

Through a candidate-gene strategy two potential oncogenes were found overexpressed at the locus 9qter in comparison to normal adult or fetal brains: NOTCH1 and Tenascin-C (TNC).

The gene NOTCH1 is involved in cell growth and differentiation and its pathways are implicated in several types of cancer originating from the skin, lung, prostate, breast, uterine cervix, brain and neuroblastoma [START_REF] Allenspach | Notch signaling in cancer[END_REF][START_REF] Stockhausen | The functional role of Notch signaling in human gliomas[END_REF]. Modena et al and Taylor et al have previously described activation of NOTCH pathway in ependymoma (Modena et al., 2006;Taylor et al., 2005). Further analysis of NOTCH pathway analysis by qPCR revealed overexpression of NOTCH ligand DLL-1, its receptor, and its target genes (Hes-1, Hey2, and c-Myc), and the downregulation of its repressor Fbxw7. NOTCH1 missense mutations were detected in 8.3% of the tumors (all located in the posterior fossa and in cases of 9q33-34 gain), to our knowledge the first description of NOTCH mutations in brain tumors. Furthermore, inhibition of NOTCH pathway with a !-secretase inhibitor impaired the growth of ependymoma stem cell cultures. The overexpression of NOTCH effector Hes-1 and TNC were confirmed by immunohistochemistry (Puget et al., 2009). Dyer et al. were the first to propose a classification scheme for pediatric ependymoma based on genetic alterations, which is also associated with prognosis. They described three subgroups showing 1) a more "balanced" profile 2) "structural" aberrations with gain or loss of specific chromosomal regions and worse outcome 3) copy number alterations most commonly found in adult disease and best prognosis [START_REF] Dyer | Genomic imbalances in pediatric intracranial ependymomas define clinically relevant groups[END_REF].

The CGH profile from a large cohort of 122 ependymomas allowed Korshunov et al.

to define genomic alterations characterizing three different groups [START_REF] Korshunov | Molecular staging of intracranial ependymoma in children and adults[END_REF].

The first group with the worst prognosis showed 1q gain and deletion of CDKN2 showing no distinct gene ontologies. Groups 1 and 2 were highly correlated with subgroups A and B, from the work by Witt et al, respectively (Witt et al., 2011).

Few studies have explored the evolution of ependymomas. An earlier work suggested that distinct pathways of progression might be involved from the cytogenetic point of view [START_REF] Grill | Comparative genomic hybridization detects specific cytogenetic abnormalities in pediatric ependymomas and choroid plexus papillomas[END_REF]. Stepwise acquisition of cytogenetic imbalances was further confirmed in later studies (Peyre et al., 2010). The comparison of the gene expression profile at relapse with the one at diagnosis showed that the pattern of progression was different in supratentorial tumors than in infratentorial tumors. Supratentorial relapsed ependymoma expressed more genes involved in mesenchymal transition, corresponding to a more invasive behavior while in the infratentorial compartment relapses expressed more ribosomal genes associated with an increased proliferation rate. Interestingly, some common findings were present irrespective of the location or treatment: metallothioneins, especially type 3, were down regulated at relapse both at the transcriptional and immunohistochemical level, suggesting that these proteins may work as tumor suppressor genes. Conversely, several genes from the kinetochore including Erg5 or ASPM were upregulated at relapse compared to diagnosis (Appendix 1.1).

Few studies on epigenetic changes (e.g. methylation profiles) have been performed in ependymoma, using a candidate-gene approach, with hypertmethylation leading to silencing of the different genes in adult populations. However no definite relation between gene silencing and prognosis has been reported [START_REF] Alonso | Aberrant CpG island methylation of multiple genes in ependymal tumors[END_REF][START_REF] Hamilton | Epigenetic inactivation of the RASSF1A tumour suppressor gene in ependymoma[END_REF][START_REF] Michalowski | Methylation of RASSF1A and TRAIL pathway-related genes is frequent in childhood intracranial ependymomas and benign choroid plexus papilloma[END_REF][START_REF] Rousseau | CDKN2A, CDKN2B and p14ARF are frequently and differentially methylated in ependymal tumours[END_REF][START_REF] Waha | Analysis of HIC-1 methylation and transcription in human ependymomas[END_REF]. To the present only one study on epigenetics was carried on a pediatric ependymoma cohort [START_REF] Rogers | Supratentorial and spinal pediatric ependymomas display a hypermethylated phenotype which includes the loss of tumor suppressor genes involved in the control of cell growth and death[END_REF]; and revealed a hypermethylated profile of tumor-suppressor genes in supratentorial and spinal but not in posterior fossa lesions, further supporting the differences in biology according to location.

Prognostic markers at a molecular level

The ideal prognostic marker should easy to perform and quickly available in clinical practice, it should be robust, standardized, and validated by a solid prospective study with strict statistical criteria. Data should be reproducible. Most studies aiming to identify novel predictive or prognostic biological markers for pediatric ependymoma have been performed in a retrospective fashion, were based on small cohorts or used non-standardized immunohistochemical analysis, often yielding conflicting results. Furthermore, a great number of studies analyzed a mixed cohort also including adult patients. However, the identification of new prognostic markers, even if based on retrospective cohorts, could help us define the high-risk patients that should potentially benefit from more intense treatment schemes and those for whom a less aggressive therapeutic approach would be suitable, resulting in considerably less associated side-effects. A relatively high number of studies on candidate prognostic markers for ependymoma have been published and have been reviewed by (Kilday et al., 2009). We have selected to present here only a selection of the most important ones.

A. hTERT and Nucleonin

An immunohistochemical study on 65 pediatric ependymomas has shown positivity in 58% of these tumors. Multivariate analysis on this cohort identified hTERT as a potent prognostic predictor of survival in childhood ependymoma (Tabori et al., 2006). In a retrospective cohort of 83 pediatric patients with 133 ependymomas, of which 31 at relapse, the same group showed that hTERT expression was correlated with proliferation index assessed by MIB-1 and the mitotic count. These data suggest that hTERT could be a marker of aggressive behavior in these tumors [START_REF] Tabori | Telomere maintenance and dysfunction predict recurrence in paediatric ependymoma[END_REF]. However, it was subsequently shown that the antibody used in this study in fact was directed against Nucleolin, a protein with the function of nuclear chaperone for hTERT (Ridley et al., 2008). This retrospective study of 97 intracranial tumors from 74 patients with pediatric intracranial ependymoma which evaluated several « candidate » prognostic markers including Nucleolin, KI67, members of the RTK1 family and survivin and nucleolin, showed only low nucleolin expression (<50% cells) as a significant prognostic factor, with a favorable impact on OS and PFS (Ridley et al., 2008). In their series, patients with tumors with high immunohistochemical expression of nucleolin had a 5-year PFS at 31%, versus 74% for those with low expression. The unavailability of commercial antibodies (withdrawn from the market) and difficulties for establishing a threshold for positivity have considerably hampered the further utilization of this marker.

B. 1q gain, 22q loss, 6q loss

In the meta-analysis mentioned above Kilday et al showed that the most frequent genetic alteration described in childhood ependymoma is the 1q gain, also described as a marker of bad prognosis in other types of pediatric cancer, such as nephroblastoma, neuroblastoma and Ewing sarcoma [START_REF] Hing | Gain of 1q is associated with adverse outcome in favorable histology Wilms' tumors[END_REF][START_REF] Hirai | 1q23 gain is associated with progressive neuroblastoma resistant to aggressive treatment[END_REF][START_REF] Ozaki | Genetic imbalances revealed by comparative genomic hybridization in Ewing tumors[END_REF]. This highlights the role of this genetic abnormality in the progression and recurrence in different types of pediatric cancer, and which could be a frequent characteristic of pediatric neoplasia in general. Different studies report the loss of 1q as a marker of bad prognosis in ependymoma [START_REF] Carter | Genetic abnormalities detected in ependymomas by comparative genomic hybridisation[END_REF][START_REF] Dyer | Genomic imbalances in pediatric intracranial ependymomas define clinically relevant groups[END_REF][START_REF] Korshunov | Molecular staging of intracranial ependymoma in children and adults[END_REF][START_REF] Mendrzyk | Identification of gains on 1q and epidermal growth factor receptor overexpression as independent prognostic markers in intracranial ependymoma[END_REF]. One study analyzed 68 tumors also from a mixed adult and pediatric cohort and identified the gain of the region 1q25 to be associated with relapse and to be an independent marker of overall survival [START_REF] Mendrzyk | Identification of gains on 1q and epidermal growth factor receptor overexpression as independent prognostic markers in intracranial ependymoma[END_REF]. In the work by Korshunov et al in adult and pediatric patients [START_REF] Korshunov | Molecular staging of intracranial ependymoma in children and adults[END_REF] the subgroup of patients harboring 1q gain and deletion of CDKN2 had a worse prognosis. In the study by Witt including posterior fossa ependymoma from all ages 1q gains had an increase occurrence the group A, which had also a worst prognosis.

Interestingly in the validation of the gene expression data performed on an independent cohort, patients from group A with 1q gains assessed by FISH exhibited no difference in survival compared with group A patients who did not posses this aberration (Witt et al., 2011). A recent multicentric international study on well clinically characterized pediatric cohorts showed that 1q25 gain significantly predicts shorter time for disease progression The loss of 22q has also been reported as a recurrent abnormality in ependymomas [START_REF] Ebert | Molecular genetic analysis of ependymal tumors. NF2 mutations and chromosome 22q loss occur preferentially in intramedullary spinal ependymomas[END_REF]Johnson et al., 2010;Modena et al., 2006), often observed in spinal lesions. A retrospective study on 47 pediatric ependymomas showed that the gene RAC2, deleted from the region 22q13.3 is associated with an inferior overall survival [START_REF] Karakoula | Real-time quantitative PCR analysis of pediatric ependymomas identifies novel candidate genes including TPR at 1q25 and CHIBBY at 22q12-q13[END_REF]. The loss of 6q seems also to be a factor of bad prognosis [START_REF] Korshunov | Molecular staging of intracranial ependymoma in children and adults[END_REF][START_REF] Monoranu | Correlation between 6q25.3 deletion status and survival in pediatric intracranial ependymomas[END_REF]. However, the deletion of 6q23 was associated with a superior event free survival in a mixed adult and pediatric cohort [START_REF] Rajaram | Alterations of protein 4.1 family members in ependymomas: a study of 84 cases[END_REF]. Further studies are needed to validate this observation and to confirm 6q alteration as a robust prognostic marker.

C. Pro-inflammatory markers

As reported in other types of cancer the immune system seems to influence the prognosis of childhood ependymoma. A recent study on 19 samples from pediatric ependymoma by and for the great majority the association was not confirmed in multivariate analysis.

Moreover the labeling index used as a cutoff in these various studies was extremely variable (from 1 to 25 %), which renders definite conclusions difficult as to its prognostic value in pediatric ependymoma.

E. LAMA2, NELL2

Witt et al identified two molecularly distinct subgroups of posterior fossa ependymoma with different clinical outcome (Witt et al., 2011). The authors successfully validated their signature using immunohistochemistry. As mentioned above, in their stratification the subgroup A had worse prognosis, and showed over-expression of genes of extracellular matrix assembly, and group B overexpressed genes involved in ciliogenesis and microtubule assembly. Two markers of extracellular matrix signaling, Laminin-alpha2 (LAMA2) were tested as positive markers for subgroup A, while Neural Epidermal Growth factor-Like 2 (NELL2) as a marker for group B. These antibodies currently commercially available could be used for stratification of low and high risk subgroups of ependymoma departing from paraffin embedded material.

Conclusion

Therapeutic targets have yet to be identified in ependymomas. In addition to the target, it is necessary to define its context because it may influence importantly the effect of a given drug on this specific target. In this respect, classifying the tumors is key to define homogenous groups of lesions with the same biological characteristics, e.g. neuronal differentiation, that could influence the way relevant therapeutic targets could be identified (mutations driving the phenotype being more likely to be driver mutations) and the way targeted therapies should be designed efficiently (drugs need to be in a certain context to act efficiently).

The relatively rare occurrence of ependymoma in children is one of the factors hampering advances in research, since tumor material, specially frozen tissue, can be quite difficult to access, and large prospective clinical cohorts are unavailable. However collaboration between different groups has allowed us to refine some of our knowledge regarding its origin, and to some extent the biology of both progression and relapse.

Biomarkers for both prognosis and prediction of response to therapy of ependymoma in children are lacking, and would be of great benefit to define a more adapted clinical approach.

Introduction to first article

As mentioned in the previous section, from a histopathological perspective, major problems concern the diagnosis of pediatric ependymomas. Some of the remarkable issues are:

1)

The low reproducibility of grading among different observers.

2)

The limitations of the WHO grading system with respect to prognosis; this is especially true in young children.

3) Despite a higher incidence of clear cell variant described in the supratentorial compartment and myxopapillary and tanicytic ependymoma in the spine, the occurrence of all variants in any location.

All these constitute evidence of the limitations of histopathology and its current ancillary techniques (e.g. the disparate thresholds proposed for Ki67 labeling index), hampering the clinical management of ependymomas. Moreover these limitations became progressively more outstanding as successive studies came out confirming the different clinical behavior and particular biological characteristics of ependymoma from different locations.

Taylor et al showed that the cell of origin of ependymomas is the radial glial cell (Taylor et al., 2005). In their study the gene expression signature distinguishing supratentorial, posterior fossa and spinal ependymomas included genes that regulate neural precursor cell proliferation and differentiation in the corresponding region of the central nervous system.

For instance spinal ependymomas expressed Homebox (HOX) family members that coordinate anteroposterior tissue patterning during development and have an increased expression in caudal CNS regions. Conversely supratentorial ependymomas overexpressed members of the Ephrin and Notch family, which are very important in the maintenance of neural stem cells in the subventricular zone. The authors further identified a population of radial glia-like cells expressing BLBP and RC2 in primary neurospheres generated from fresh pediatric supratentorial and spinal ependymoma, and showed that RGC-like ependymoma stem cells form morphologically typical ependymoma in nude mice.

As radial glial cells are neural stem cells and also give rise to mature ependymal cells we hypothesized that cells forming ependymomas could possibly exhibit differentiation along neuronal lines.

Striving for a refined characterization of adult malignant infiltrative gliomas, the Sainte-Anne group had previously shown that with clinico-radiological and immunohistochemistry, it was possible to define a subset of patients with "pseudo-well circumscribed" tumors mostly situated superficially, often attached to the meninges and which co-expressed by IHC glial and to some extent neuronal markers such as Neurofilament light polypeptide (NEFL) and/or synaptophysin, which were called malignant glioneuronal tumors. Patients with such lesions tended to be younger, and when benefiting from a total gross resection seemed to show a more favorable prognosis (Varlet et al., 2004).

Interestingly, it was confirmed later in the pioneer work by Phillips et al (Phillips et al., 2006) that among glioblastomas a "pro-neural" signature, enriched with neuronal differentiation genes, was characteristic of a group with better prognosis.

Therefore, it seemed to us that neuronal markers could possibly help to delineate a particular subgroup of ependymomas.

We analyzed an exclusively pediatric and clinically well documented cohort of patients with supratentorial (SE) (n=34) and infratentorial ependymoma (IE) from posterior fossa (n=32), with emphasis on the expression of neuronal expression/differentiation by IHC on formalin fixed paraffin embedded material and quantitative PCR from snap frozen samples from SE (n=10) and IE (n=11).

We were able to show that there was a significant overexpression of neuronal markers in SE compared with IE, most notably NEFL. Of 34 SE, 23 exhibited NEFL positive cells whereas among 32 IE only 4 were positive for this marker (p<0.001). Between NEFL-positive SE, high immunoexpression defined as over 5% positive cells was found in 10/34 cases and was correlated with better progression-free survival (p=0.009). The immunoexpression of NEFL was positively correlated with positivity for Olig2, Chromogranin A and synaptophysin (p=0.038, 0.008 and 0.04 respectively).

Quantitative PCR results confirmed the upregulation of neuronal markers in SE as compared to IE. Genes overexpressed in ependymomas from various locations selected from the literature were NEFL, lim homebox protein 2 (LHX2), forkhead boxG1B (FOXG1), neuronal pentraxin receptor (NPTXR), reelin (RLN), tenascin c (TNC) and Notch1.

This study, besides providing further evidence that SE and IE are distinct biological entities, pointed to NEFL as a immunohistochemical marker that should be further validated in larger series and multivariate analyses, and which could be potentially integrated in the clinical setting, for the prognosis of supratentorial lesions.

Interestingly, although evidence from the literature regarding ependymomas indicates very strongly an origin from the radial glia, which presents the capacity to differentiate into glial cells and are also the source for "adult neurons", some questions are still not completely answered:

Is neuronal differentiation in ependymomas irrefutable evidence that these tumours originate from a glioneuronal progenitor rather than a committed glial progenitor [START_REF] Ever | Radial 'glial' progenitors: neurogenesis and signaling[END_REF][START_REF] Spassky | Adult ependymal cells are postmitotic and are derived from radial glial cells during embryogenesis[END_REF]? Given the fact that some rare ependymomas display morphological and ultra-structural evidence of neuronal differentiation [START_REF] Gessi | Ependymoma with neuropil-like islands: a case report with diagnostic and histogenetic implications[END_REF][START_REF] Rodriguez | Ependymomas with neuronal differentiation: a morphologic and immunohistochemical spectrum[END_REF] and that also other tumor types such as ganglioglioma can rarely show an "ependymal component" [START_REF] Varlet | Childhood gangliogliomas with ependymal differentiation[END_REF], would the upregulation of genes involved in neuronal differentiation and the relatively frequent expression of neuronal proteins in childhood ependymoma represent differentiation of neuronal precursors? Of note, this phenomenon has been well described in medulloblastomas and supratentorial PNETs.

However as these are embryonal tumors it seems less surprising that they present a broader potential of diverse, heterogeneous lines of differentiation (Louis et al., 2007), than ependymomas.

Would the greater plasticity and divergent neuronal and glial phenotype observed more often in supratentorial tumors in children reflect an origin from a more undifferentiated neuroepithelial stem cell precursor, situated above the radial glia in the ontogenesis?

Back in 1928, Roussy and Cornil criticized Bailey and Cushing's classification scheme for tumors of the CNS, as the concept of cytogenesis seemed insufficiently substantiated (Roussy and Cornil 1928). Although Roussy and Oberling's classification system had many similarities to the pioneer work by Bailey and Cushing, they argued that cellular anaplastic transformation was different from the unlikely arrest at different stages of development (Roussy and Oberling, 1932). Indeed, the concept of cell of origin in the context of the somatic mutation theory of carcinogenesis and metastasis, centered at the cellular level of biological organization is undoubtedly the most widely accepted among researchers in the field [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF]. However some authors are very critical as to the pertinence and to the possibility of pragmatically characterizing features in a cancer cell that would identify it from a normal one, viewing a cancer rather as a deregulation on tissular or a "field" scale [START_REF] Sonnenschein | The death of the cancer cell[END_REF]. One of the frequent characteristics of cancer cells of a given tissue is to re-express proteins of completely different lineage, e.g. testicular genes in recurrent ependymomas (Peyre et al., 2010). While insisting that location is driving the oncogenesis (Gilbertson & Gutmann, Cancer Res 2007), one other driving force is divergence, i.e. the stochastic acquisition of new features that do not necessarily belong to the cell of origin.

Histogenetical and conceptual controversies aside, phenotype does confirm singularities in ependymomas from different locations. We present another pertinent angle to look from: neuronal differentiation in these central nervous system lesions. 
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(P!<!.001).!Among!SE,!10!of! 34!exhibited!high!expression!of!NEFL,!de!ned!as!more! than!!5%!!positive!!cells.!!qPCR!!con!rmed!!the!!upregula-! tion!!!of!!!neuronal!!!markers!!!(NEFL,!!!LHX2,!!!FOXG1,! TLX1,!!!and!!!NPTXR)!!!in!!!SE!!!compared!!!with!!!IE.!!!In! addition,!strong!NEFL!expression!in!SE!was!correlated! with!!better!!progression-free!!survival!!(P!5!.007).!!Our! results!!support!!the!!distinction!!of!!SE!!and!!IE.!!SEs!!are! characterized!by!neuronal!differentiation,!which!seems! to!be!associated!with!better!prognosis.! ! !
pendymomas!!represent!!the!!third!!most!!common! intracranial!tumors!in!children!and!are!de!ned!as! neoplasms!!exhibiting!!glial!!and/or!epithelial!!mor-! phology. 1 11 

!Only!25%-35%!of!them!occur!in!a!supraten-! torial!!!!location. 2,3 !!!!According!!!!to!!!!the!!!!WHO!!!!2007! classi!cation, 4 !histological!variants!include!classic,!cellu-! lar,!!clear!!cell,!!papillary,!!tanicytic,!!and!!myxopapillary! ependymoma.!In!the!supratentorial!compartment,!tanicy-! tic!or!myxopapillary!variants!are!exceptional.!The!current! WHO!2007!classi!cation!distinguishes!grade!II!from!grade! III,!which!does!not!accurately!predict!clinical!outcome. 5 ! The!extent!of!surgery!remains!the!most!important!prog-! nostic!!indicator, 3 !!although!!children!!with!!supratentorial! ependymoma!(SE)!seem!to!have!a!better!outcome. 6 ! Ependymomas!!are!!neoplasms!!thought!!to!!originate! from!!!the!!!ependymal!!!layer!!!of!!!the!!!entire!!!ventricular! system. 4 !!Therefore,!!SE!!may!!develop!!in!!the!!third!!or! lateral!!ventricles,!!but!!also!!without!!direct!!adhesion!!to! the!!ventricular!!system,!!in!!the!!white!!matter,!!and!!some! rare!cases!of!ependymomas!have!even!been!referred!to! as!"cortical"!in!the!literature. 1,7 !Ependymomas!are!mor-! phologically!similar!in!every!CNS!location!but!seem!to! display!!distinct!!chromosomal!!imbalances!!or!!genomic! abnormalities. 8-10 !!!!Interestingly,!!!!recent!!!!comparative! gene!expression!pro!les!support!the!idea!that!pediatric! ependymomas!!exhibit!!the!!patterns!!of!!gene!!expression! recapitulating!those!of!radial!glia!cells!in!the!correspond-! ing!CNS!regions. 8 !As!radial!glia!cells!are!now!considered! neural!!stem!!cells
! group!!of!!32!!IEs!!from!!posterior!!fossa,!!separated!!as! follows: ! classic ! (n !#! 30) ! and ! clear ! cell ! (n !#! 2). ! Clinical!Characteristics!of!the!Population! Relevant!clinical!and!follow-up!data!were!obtained!from! patients'!!records!!or!!eventually!!by!!contacting!!patients'! practitioners.!Extent!of!surgical!resection!was!assessed! from!the!surgeon's!report!and!immediate!postoperative! contrast-enhanced!!CT!!scan!!or!!on!!magnetic!!resonance! imaging!!!(MRI)!!!performed!!!before!!!adjuvant!!!therapy.! A!recurrence!was!de!ned!as!a!new!lesion!that!appeared! in!!situ,!!after!!gross!!total!!resection.!!Tumor!!progression! was!!de!ned!!as!!an!!enlargement!!of!!a!!residual!!tumor.! Progression-free!!!survival!!!(PFS)!!!was!!!de!ned!!!as!!!time! from!!rst!surgery!to!recurrence!or!progression.!Overall! survival!!!(OS)!!was!!calculated!!from!!the!!time!!of!!!rst! surgery!to!death!or!time!to!last!follow-up!appointment! of!!!surviving!!!patients.!!!Clinical!!!features!!!of!!!children! included!!!in!!!supratentorial!!!and!!!infratentorial!!!control! groups!are!shown!in!Table!1.! These!patients!were!treated!according!to!age!groups.! After!!surgery,!!children!!younger!!than!!5!!years!!received! chemotherapy.!In!the!case!of!relapse,!they!were!reoper-! ated!!!and!!!received!!!focal!!!radiotherapy!!!(50-55!Gy).! Children!older!than!5!years!received!postoperative!radio-! therapy.!At!relapse,!these!patients!received!chemother-! apy!!!!after!!!!a!!!!reoperation!!!!when!!!!feasible.!!!!Adjuvant! therapy!was!used!for!all!patients!who!had!an!incomplete! resection.! ! IHC!Analysis! Four-micrometer!sections!were!deparaf!nized!and!sub-! jected!to!microwave!antigen!retrieval!for!30!minutes!at! 988C.!After!blocking!of!nonspeci!c!endogenous!peroxi-! dase!!by!!H2O2!!and!!nonspeci!c!!antibody-binding!!sites,! ! 1128! NEURO-ONCOLOGY!! †!!NOVEMBER!!2010! ! sections!!!were!!!incubated!!!with!!!one!!!of!!!the!!!following! primary!antibodies:!MIB-1!(1/10,!Zymed),!antineuronal! nuclei!!(NeuN)!!(1/500,!!clone!!VMA377,!!Abcys),!!anti-! neuro!lament!!!light!!!polypeptide!!!70!!!(NEFL)!!!(1/50,! clone!!2F11,!!Dako),!!antichromogranin!!A!!(1/75,!!clone! LK2H10,!!!!!Immunotech),!!!!!antisynaptophysin!!!!!(1/50,! clone!!SY38,!!Progen),!!antiglial!!!brillary!!acidic!!protein! (GFAP)!(1/200,!clone!6F2,!Dako),!antioligodendrocyte! transcription!!factor!!2!!(Olig2)!!(1/25,!!polyclonal!!goat! antihuman,!!!R&D),!!!antiepithelial!!!membrane!!!antigen! (EMA)!!(clone!!E29,!!1/1,!!Dako),!!and!!anti-INI1!!(1/50,! clone!BAF47,!BD!Biosciences)!for!1!hour!at!room!temp-! erature.!!The!!reaction!!was!!revealed!!using!!the!!diamino-! benzidine!chromogen!(kit!DAB!K3468,!Dako).! To!evaluate!neuronal!differentiation,!we!examined!the! expression!of!a!panel!of!4!immunomarkers:!NEFL,!chro-! mogranin!A,!synaptophysin,!and!NeuN,!besides!the!pro-! liferation!index!!MIB-1!!and!!the!!oligodendroglial!lineage! marker!!Olig2. 14,15 !!Immunostains!!for!!GFAP!!(Fig.!!1E),! EMA!(Fig.!1F),!and!INI1!were!performed!in!some!cases! to!!con!rm!!the!!diagnosis!!of!!ependymoma.!!For!!NEFL! immunostaining,!!a!!semiquantitative!!analysis!!was!!used! with!a!staining!score!scale:!score!0,!negative!in!all!blocks! containing!a!viable!tumor,!including!sonic!aspiration!speci-! mens;!score!1,!positive!in!,5%!tumor!cells;!and!score!2,! positive!in!.5%!of!tumor!cells.!The!MIB-1!proliferation! index!was!scored!as!a!percentage!of!positive!cells!(as!of! most!positive!areas,!total!200!cells!counted!per!area).! ! Quantitative!PCR! For!!!quantitative!!!PCR!!!(qPCR),!!!the!!!following!!!genes! involved!in!neurogenesis/neuronal!differentiation!were! selected!based!on!the!literature!review:!NEFL,!T-cell!leu-! kemia!homeobox!1!(TXL1),!LIM!homeobox!protein!2! (LHX2),!!forkhead!!box!!G1B!!(FOXG1),!!neuronal!!pen-! traxin!!receptor!!(NPTXR),!!reelin!!(RLN),!!tenascin!!C! Andreiuolo!!et!!al.:!!Neuronal!!markers!!in!!childhood!!ependymomas!
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(TNC),!and!NOTCH1.!RNA!was!extracted!from!10!SE! and!11!IE!snap-frozen!fresh!samples!using!the!QIAGEN! Microkit!!(Qiagen).!!Approximately!!1!mg!!of!!total!!RNA! was!used!!to!synthesize!!cDNA!!using!!random!hexamers! and!!the!!SuperScript!!Vilo!!kit!!(Invitrogen).!!qPCR!!was! carried!!out!!using!!Taqman!!Gene!!Expression!!Assays!!on! Demand!!!(Applera)!!!and!!!ABI!!!Prism!!!7700!!!Sequence! Detector!!(Applied!!Biosystems).!!Expression!!pro!le!!in! each!!specimen!!was!!assessed!!by!!using!!the!!comparative! threshold!!cycle!!(2 2ddCt )!!method.!!The!!TBBP!!gene!!was! used!as!an!endogenous!control!and!normal!whole!brain! RNA!(Stratagene)!as!a!calibrator,!as!shown!previously. 9 ! ! Imaging!Analysis! Radiological!features!were!assessed!by!a!pediatric!neuro-! radiologist!(N.B.)!and!2!neurosurgeons!(S.P.!and!M.P.)! who!!were!!blinded!!to!!the!!histopathological!!data!!and! outcome.!Preoperative!MRI!scans!were!available!for!all! patients.!

The!!!!following!!!!image!!!!features!!!!were!!!!analyzed:! location,!edema,!!gadolinium!enhancement,!and!ventri-! cular!contact!on!MRI!sequences.! 

! Statistical!Analysis! The!!chi-square!!test!!was!!performed!!for!!binomial!!pro-! cedures!!concerning!!location,!!histological!!features,!!and! radiological!!presentation.!!The!!nonparametric!!Mann-! Whitney!!rank-sum!!test!!was!!also!!performed!!to!!test!!
(F) ! Immunostaining ! for ! chromogranin ! A. ! Original ! magni!cations: !" 200 ! (A), !" 400 ! (B), !" 600 ! (C-F). ! ! immunoexpression!of!NEFL,!NeuN,!Olig2,!chromogra-! nin!!A,!!and!!synaptophysin!!is!!reported!!in!!Table!!1.!!The! expression!rates!of!NEFL!and!chromogranin!A!were!stat-! istically!associated!with!ST!location!(P!,!.0001!for!both;! chi-square!!!test),!!!whereas!!!the!!!expression!!!of!!!Olig2! was!!!associated!!!with!!!the!!!location!!!in!!!posterior!!!fossa! ! tentorial!group!was!established!as!low!or!negative!for!24! ! (score!!!!!2)!!!!!for!!!!!10!!!!!tumors!!!!!(Fig.!!!3,!!!!!Table!!!2).! Immunoexpression!!!of!!!NEFL!!!was!!!associated!!!with!!!a! better!!PFS!!at!5!!
years,!57.8%!!and!!30%!!for!the!!groups! expressing!!and!!not!!expressing!!NEFL,!!respectively,!!but! it!did!not!reach!statistical!signi!cance.!Among!children! with!!tumors!!that!!expressed!!NEFL,!!survival!!correlated! with!the!scoring.!Indeed,!an!NEFL!score!of!2!was!associ-! ated ! with ! a ! better ! OS ! (P !#! .10, ! log-rank ! test) ! and ! was ! a ! ! 16,18,19 

1130! NEURO-ONCOLOGY!! †!!NOVEMBER!!2010! ! ! test;!!!Table!!!2,!!!
"#! ! ! ! ! ! Andreiuolo!!et!!al.:!!Neuronal!!markers!!in!!childhood!!ependymomas! ! from!!a!!committed!!glial!!progenitor. 12,17 !!Interestingly,! tumors!showing!de!nite!morphological!features!of!neur-! onal!differentiation!have!been!reported!and!support!the! existence!of!a!neuronal!differentiation!spectrum!in!epen-! dymal!!tumors.
!!We!!excluded!!from!!this!!series!!3! published!!!cases!!!of!!!gangliogliomas!!!with!!!ependymal! differentiation,!!which!!we!!consider!!to!!be!!a!!different! entity.
!They!exhibit!benign!behavior!and!display!impor-! tant!!perivascular!!in"ammation,!!granular!!bodies,!!and! often!!binucleated!!ganglion!!cells. 13 !!However,!!it!!could! be!hypothesized!that!these!may!represent!terminal!differ-! entiation!!!of!!!neuronal!!!precursors!!!in!!!ependymomas,! which!is!an!established!phenomenon!in!medulloblasto-! mas!and!other!primitive!neuroectodermal!tumors. 20,21 !

Expression!of!NEFL!and!chromogranin!was!strongly! correlated!with!supratentorial!location,!which!supports! the!!suggestion!!that!!SE!!and!!IE!!are!!different!!entities,!!in! view!that!there!are!molecular!differences!between!epen-! dymomas!according!to!the!location. 8,9,22 6,23,24 !but!not!all,!studies. 25 !The!predominance!of! neuronal!!markers!!in!!SE,!!particularly!!NEFL,!!may!!be! related!in!some!as!yet!unde!ned!manner!to!the!different! behavior!of!SE!and!IE,!as!it!has!been!shown!that!a!pro-! neural!!molecular!!signature!!is!!associated!!with!!better! prognosis!in!high-grade!gliomas. 26,27 ! 

!Although!this! hypothesis!!is!!based!!on!!a!!limited!!number!!of!!SE,!!our! studies!!support!!this!!idea!!CGH!!array!!showing!!a!!gain!
!!from!!a!!glioneuronal!!progenitor!!rather!!than! of!!9q33-34!!is!!signi!cantly!!more!!frequent!!in!!IE!!than! in!SE. 10 ! Strong!!expression!!of!!NEFL!!in!!SE!!was!!signi!cantly! associated!with!a!better!PFS.!Classically,!the!infratentor-! ial!!!location!!is!!!associated!!!with!!!a!!worse!!!outcome!!!in! most,
In!our!series,!RELN!was!signi!cantly!overexpressed! in!!IE!!compared!!with!!SE,!!con!rming!!earlier!!studies. 8 ! RELN!!!is!!!implicated!!!in!!!cell-fate!!!decision!!!as!!!it!!!can! induce!a!radial!glial!cell!phenotype!in!neural!stem!cell! progenitors!!via!!the!!activation!!of!!NOTCH1. 28 !!Similar! to!RELN,!!TNC!!is!an!extracellular!matrix!protein!!also! ! NEURO-ONCOLOGY!! †!!NOVEMBER!!2010!!!!!!!!!!1131! ! "$! ! ! ! ! ! Andreiuolo!!et!!al.:!!Neuronal!!markers!!in!!childhood!!ependymomas! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! !

implicated!in!radial!glial!cell!phenotype!and!which!has! recently!been!described!as!a!target!gene!for!NOTCH!in! gliomas. 29 !Moreover,!TNC!is!located!on!the!same!chro-! mosomal!!!region!!!as!!!NOTCH1. 10 !!!The!!!TNC!!!mRNA! levels!!were!!higher!!in!!IE!!compared!!with!!SE,!!and!!both! were

!!!higher!!!than!!!those!!!in!!!normal!!!brain.!!!However,! NOTCH1!!was!!not!!differentially!!expressed!!by!!SE!!and! IE,!!!!according!!!!to!!!!the!!!!previous!!!!reports!!!!from!!!!our! group. 10 !!!This!!!suggests!!that!!NOTCH1!!expression!!!is! driven!!!differently!!!according!!!to!!!the!!!location!!!of!!!the! ependymoma.! TLX1!!was!!overexpressed!!in!!SE!!compared!!with!!IE.! TLX1!participates!in!early!differentiation!of!the!mam-! malian!!nervous!!system!!and!!sensory!!ganglia 30 !!and!!is!!a! neural!!oncogene;!!some!!alternative!!transcripts!!of!!this! gene!!have!!been!!implicated!!in!!the!!genesis!!of!!pediatric! neural!tumors!such!as!neuroblastoma!and!primitive!neu-! roectodermal!tumor!of!the!CNS. 31 !The!nuclear!receptor! TLX!!has!!also!!been!!implicated!!in!!neural!!stem!cell!!self-! renewal. 32 !LHX2!was!signi!cantly!overexpressed!in!SE! compared!!with!!IE,!!and!!as!!previously!!suggested!!might! ! 1132! NEURO-ONCOLOGY!! †!!NOVEMBER!!2010! ! ! be!!related!!to!!tumor!!location. 33 !!LHX2!!is!!a!!transcrip-! tional!!!factor!!!involved!!!in!!!brain!!!development/neural! stem!cell!differentiation!and!patterning!of!early!telence-! phalon,!which!is!overexpressed!in!both!SE!and!supraten-! torial!!!pilocytic!!!astrocytoma.!!!FOXG1!!is!!!involved!!!in! neurogenesis!!!in!!!the!!!retina!!!and!!!the!!!maintenance!!!of! neural!!stem!!cell!!phenotype,!!patterns!!early!!telencepha-! lon, 34 !!and!!was!!also!!signi!cantly!!overexpressed!!in!!SE! when!!compared!!with!!IE.!!NPTXR!!is!!another!!gene!!of! neuronal!!differentiation!!we!!found!!to!!be!!overexpressed! in!SE,!which!codes!for!an!integral!membrane!protein,!a! neuronal!!synaptic!!receptor!!with!!higher!!expression!!in! Purkinje!!and!!granule!!neurons!!of!!the!!cerebellum,!!also! present!in!the!hippocampus!and!cerebral!cortex. 35 !
Taken!together!our!data!and!the!literature!show!that! SE!and!IE!have!different!genomic,!gene!expression,!and! IHC!!signatures.!!Different!!oncogenic!!pathways!!may!!be! involved!depending!on!the!location,!driving!to!a!neur- 

! onal!phenotype!in!SE.!The!better!prognosis!of!children! with!!!SEs!!!may!!!be!!!partly!!!related!!!to!!!their!!!neuronal! differentiation.! &'! ! ! ! ! ! Andreiuolo!!et!!al.:!!Neuronal!!markers!!in!!childhood!!ependymomas! ! 30.!!!!!Shirasawa!!S,!!Arata!!A,!!Onimaru!!H,!!et!!al.!!Rnx!!de!ciency!!results!!in!!con-! genital!!central!!hypoventilation.!!Nat!!Genet.!!2000;24:287-290.! 31.!!!!!Watt!!PM,!!Hoffmann!!K,!!Greene!!WK,!!Brake!!RL,!!Ford!!J,!!Kees!!UR.!!Speci!c! alternative!!!!!HOX11!!!!!transcripts!!!!!are!!!!!expressed!!!!!in!!!!!paediatric!!!!!neural! tumours!!!and!!!T-cell!!!acute!!!lymphoblastic!!!leukaemia.!!!Gene.! 2003;323:89-99.! 32.!!!!!Qu!!Q,!!Sun!!G,!!Li!!W,!!Yang!!S,!!et!!al.!!Orphan!!nuclear!!!receptor!!TLX!!acti-! vates!!Wnt/beta-catenin!!signalling!!to!!stimulate!!neural!!stem!!cell!!prolifer-! ation!!and!!self-renewal.!!Nat!!Cell!!Biol.!!2010;12:31-40.! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 1134! NEURO-ONCOLOGY!! †!!NOVEMBER!!

Markers Tested

A. YAP1

The Italian group proposed IHC for the proto-oncogene YAP1, highly expressed in stem cells and which among other effects activates NOTCH pathways [START_REF] Camargo | YAP1 increases organ size and expands undifferentiated progenitor cells[END_REF]. The YAP1 gene is located in the 11q22 region, and was previously found to be overexpressed in ependymoma from an almost exclusively pediatric cohort, and was amplified in one sample (Modena et al., 2006) 

Immunohistochemistry

Anti ASPM affinity purified rabbit polyclonal antibodies were purchased from Bethyl Laboratories Inc (Montgomery, Texas) (reference IHC-00058). Anti MT1-2 mouse monoclonal antibodies were obtained from Zymed (clone E9, reference 18-0133), their epitope is raised against the last 5 to 7 aminoacids of the N-terminus of the B domain, and recognizes both MT1 and MT2 but not MT3. Anti Metallothionein 3 (MT3) affinity purified rabbit polyclonal antibodies were a generous gift from Dr Donald Sens; their preparation and use on formalin-fixed, paraffin embedded material have been described previously (Garrett et al., 1999b The following markers were tested first in the patients of the French cohort: TNC, Nucleolin, MT3, MT1/2, Ki67 and ASPM.

The table below describes the results of these markers for overall survival: In the French cohort, as seen for overall survival, TNC was also the only marker significantly associated with a worse event free survival (Figure 5). The initial cohort analyzed in the following figures is slightly larger than the one in the final article on TNC because for the multivariate analysis in the there were some data missing for some of these patients. 

TNC

A previous study from our group has reported frequent gains at 9q33, the genomic region of NOTCH1 and tenascin-c (TNC), and the overexpression of TNC in pediatric ependymoma. (Puget et al., 2009).

TNC is a large hexameric extracellular glycoprotein, with little or no expression detected in healthy adult tissues. It is transiently re-expressed upon tissue injury and downregulated after tissue repair is complete. TNC is a multimodular protein presenting four distinct domains: an assembly domain, a series of epidermal growth factor-like repeats, a series of fibronectin type III-like repeats, some of which can be alternatively spliced, and a Cterminal fibrinogen-like globe (Figure 6). Each of these domains can interact with a different subset of binding partners, including cell surface receptors and other extracellular components [START_REF] Midwood | Advances in tenascin-C biology[END_REF]. In ependymomas, specifically, TNC expression by IHC has been shown previously in smaller retrospective series to be associated with higher grade (Korshunov et al., 2000) and poorer prognosis (Korshunov et al., 2000;[START_REF] Zamecnik | Distribution of the extracellular matrix glycoproteins in ependymomas--an immunohistochemical study with follow-up analysis[END_REF]. In a recent report in which two prognostic groups of posterior fossa ependymoma were identified, the group with poor prognosis was more frequently positive for TNC (94% vs. 11%, p<0.0001) (Witt et al., 2011).

Introduction to the article on TNC in pediatric ependymoma

The article that follows describes our findings concerning TNC expression in pediatric ependymoma in the context of the collaboration study described above.

As TNC positivity on IHC showed an impact on prognosis in the French cohort it was further studied in the patients from the UK and Italy (total of 250 patients in the three cohorts together). Prognostic value of markers for OS and PFS were assessed through a Cox model stratified on country, testing simultaneously localization, grade, extent of surgery and treatment.

Median age of the population was 34 months. Median follow-up was 7.8 years.

Factors associated with a higher risk of death were strong expression of TNC (HR=1.77 The prognostic model defined in the first three cohorts was further tested in two other independent cohorts from Germany, one from the GPOH (courtesy of Torsten Pietsch, Stefan Rutkowski and André van Buren) and one from Heidelberg previously described and published in (Witt et al., 2011). The former series had a relatively short follow-up, few events and thought the model was still valid in this cohort; it did not reach statistical significance, except for EFS in the youngest children. This finding further emphasizes the impact of TNC immunopositivity for survival in the youngest children. In the latter series, the impact of TNC immunopositivity was even more important.

The mRNA expression of different TNC isoforms was correlated with the expression of total TNC, except for the excess of A2 and 14.16 variants, showing that TNC might be involved in invasiveness in this disease.

In conclusion, the expression of TNC is strongly and independently associated with a higher risk of death in pediatric ependymoma. Its expression easily detected and scored by immunohistochemistry, could be used to stratify patients in clinical trials and will be tested prospectively in the next generation of ependymoma SIOP trials.

Preliminary results of this study were presented at the XIVth International Symposium of Pediatric Neuro-Oncology, June 19th, 2010 in Vienna (Austria) and at the XVIIth International Congress of Neuropathology, September 11-15, 2010 in Salzburg (Austria).

INTRODUCTION

Ependymoma is the third most common brain tumor in children. Many cases are diagnosed before the age of 5, frequently in the posterior fossa. This disease comprises several entities, each with its own molecular pathogenesis strongly influenced by age and location (1-6).

Conversely, these tumors share common biological and phenotypic characteristics, e.g.

Notch-1 pathway activation (5) or cell of origin (4). Ependymomas represent currently a considerable therapeutic challenge, being incurable in almost half of the cases despite multimodal therapy. Some children can be cured without recourse to radiation therapy (7)(8)(9) while others will experience recurrence despite the use of optimal radiation therapy (10). The extent of resection has been regularly found as the most important prognostic factor (7,10).

Several prognostic markers have been identified in single reports but none of them was validated for treatment stratification. Grading according to the current WHO classification proved to be controversial (11).

A three-step study was therefore conducted by a European consortium of British, Italian, French and German national groups. Biomarkers identified in one of the national cohorts (step one) were validated subsequently in two other national cohorts (step two). For this validated biomarker, reproducibility of staining and scoring was tested (step three). Finally, external validation was obtained in two independent cohorts (one from the German Society of Pediatric Oncology and Hematology (GPOH) and one from the German Cancer Research Center in Heidelberg).

PATIENTS AND METHODS

Patients

The discovery population consisted of 260 patients included in French (n=93), UK (n=105)

and Italian (n=62) trials (Table S1). All tumors were centrally reviewed and WHO graded.

Median age at diagnosis was 33.5 months (range, 4 months to 16.7 years). Young children were treated mostly with post-operative chemotherapy only as published previously (7,8,12).

Older children received mostly post-operative radiation therapy with or without chemotherapy (13)(14)(15). The first external validation cohort included patients from the GPOH HIT 2000 trial (Table S2). Details of the second external validation cohort from the Heidelberg group have been published previously (2) (Table S3).

Immunohistochemistry and FISH

Potential prognostic markers (metallothioneins 1-2 and 3, YAP1, nucleolin, ASPM, KI-67, TNC) were initially tested by immunohistochemistry in tumors from patients treated in national prospective trials. Biological analyses were performed on paraffin embedded tissue microarray (TMA) blocks of pediatric ependymoma patients.Two to six core biopsies from each tumor were included in the TMA. . Each national reference centre defined its most promising immunohistochemical marker(s) (nucleolin, YAP1 and TNC), which was then tested on TMA slides in the two other cohorts by the same laboratory and with the same techniques for staining and scoring. Beta catenin and CD3immunostains were further performed in the French cohort.

Description of immunohistochemistry protocols is given in supplementary data (Table S4).

TNC staining in ependymoma stained the extracellular matrix, and was generally not observed in individual cells (neither in the nucleus nor in the cytoplasm) (Figure 1A). Two main patterns were seen, either perivascular only or more diffuse. TNC was more frequently and strongly expressed in hypercellular and proliferative nodules. TNC staining was sometimes focal, i.e. only a single core of a given tumor being positive.

Immunohistochemical staining for TNC was scored based on staining intensity, as follows: 0, no staining; 1, weak staining; 2, moderate to strong staining (Figure 1B). Scoring was performed as observed in most positive areas. For further analyses, moderate to strong staining was compared to absent to weak staining.

Reproducibility of staining and scoring for TNC was tested in the UK cohort by two independent observers (FA and JPK).

TNC expression was assessed on whole paraffin-embedded tumor slides from patients from an external cohort (GPOH HIT 2000 trial) with the same antibody and staining procedure and using the same scoring system. Subsequently, the analysis was carried on TMA slides from the Heidelberg cohort with a different primary antibody.

FISH analysis for 1q25 loss was performed as previously described on a subset of the discovery population, only from the French and UK cohorts (16).

Analysis of the expression of TNC isoforms

This analysis was carried out in 11 supratentorial and 10 posterior fossa snap frozen fresh ependymomas, from which DNA was prepared as described in (1).

Inventoried assays were available for the Tenascin-C invariant exon 17/18 boundary (Applied Biosystems Taqman Assay, Hs01115654_m1) and hypoxanthine phosphoribosyltransferase 1 (HPRT1) (Applied Biosystems Taqman Assay, Hs99999909_m1). Primers and probes were developed in house for TNC isoforms and assays were performed as previously described (17).

Statistical analysis

The main endpoint was overall survival, defined as the time between the date of diagnosis to the date of death whatever the cause. Survivors were censored at the date of their last followup. The event free-survival was defined as the time from the date of diagnosis until the date of first event, manifesting as recurrence or progression and death. Survivors without recurrence or progression were censored at their date of last-follow-up. The cut-off date of this analysis was January 1 st , 2009.

To assess impact of studied factors on survival, hazards ratios were computed through Cox models stratified by cohort. Variables with a significant threshold below 0.25 were introduced in the multivariable model. The final model was defined as the multivariable model in which all of the variables had a p-value below 0.05.

In the event of the missing data in the multivariable model, missing values for TNC were imputed. The imputation was based on the relation between TNC and age, localization and treatment received. These three variables were used to predict the probability of having a high level of TNC using a logistic regression model. Patients with missing TNC got a value corresponding to high TNC if the predicted probability was equal or superior to 0.5 and got a value corresponding to low TNC if the predicted probability was below 0.5. A sensitivity analysis was performed excluding all patients with missing values to check the impact of imputation procedures. Patients without all clinical data available were excluded from multivariable analysis.

A bootstrap analysis was performed on the original data set in order to determine the stability of the model. At each of the 1000 steps, a sampling with replacement was performed based on our population to build a new population of 203 patients. The concordance of the prognostic models was calculated through the Harrell's c-index. The c-index was between 0.5 (discrimination by chance) to 1 (perfect discrimination).

RESULTS

Patients description

The three discovery cohorts were different with respect to age (Italian patients being older, p=0.05), grade (more grade III tumors in the French patients, p<0.001), extent of resection (more complete resection in the French and Italian patients, p=0.01), and treatment type (more Italian patients receiving radiotherapy as part of the first line treatment, p<0.01)(Table S1). Median follow-up was 8.0 years (range, 1 day to 19.0 years), slightly shorter for UK patients (p=0.03).

Median overall survival (OS) was 7.7 years (95% CI: 6.4-10.1 years) (Figure S1). OS did not differ between the three cohorts. OS was 77% (95% CI: 72-82) at 3 and 62% (95% CI : 55-68) at 5 years.

The median event-free survival (EFS) was 2.2 years (95% CI: 1.8-2.6). EFS did not differ between the three cohorts. EFS was 41% (95% CI: 35-47) at 3 and33% (95% C : 27-39) at 5 years.

Association between variables

The treatment is dependent on patient age with limited use of radiotherapy for patients under 36 months and these two variables were therefore associated (p<0.001). TNC staining score was associated with age: 71% of patients under 36 months have a strong expression of TNC versus 40% of patients above 36 months (p<0.001) (Figure S2). Consequently, TNC was also associated with the treatment received (less patients with strong expression in the group treated with radiotherapy, p<0.001).TNC staining was associated with location: 70% of patients with infratentorial tumour have a strong expression of TNC versus 18% of patients with supratentorial tumour (p<0.001).

TNC staining was positively correlated with MT3 staining (p=0.004) but neither with any other biomarker (MT1/2, ASPM, Ki67, Nucleolin, YAP1, beta catenin, CD3) nor grade (data from the French cohort only). TNC staining was not correlated with 1q25 gain in 144 patients from the French and UK cohort for whom both biomarkers could be assessed.

Tumor location was associated with age: 28% of patients under 36 months had a supratentorial tumour versus 72% of patients above 36 months and more (p<0.001).

Finally, treatment directed by age was associated with the location, patients with infratentorial tumours having less radiotherapy treatment alone than patients with supratentorial tumours (17% versus 37%) and more chemotherapy alone (63% versus 34%, p<0.001).

Prognostic factors for overall survival

Table 1 describes the prognostic analyses performed for overall survival in 260 patients (242 in the multivariable model). In the multivariable analyses, WHO grade, extent of surgery and TNC were the three factors associated with the risk of death: patients with grade III ependymoma had a higher risk of death than patients with grade II ependymoma (HR=1.81[95% CI:1.18-2.78], p=0.007), patients with incomplete surgery had a higher risk of death than patients with incomplete surgery (HR=1.77[95% CI: 1.20-2.52], p=0.004) and patients with strong expression of TNC had a higher risk of death than patients with negative or weak expression (HR=1.77[95% CI: 1.20-2.62], p=0.004).

Since the respective weight of each factor described above was similar, patients were grouped according to their number of risk factors. 5-year overall survival rates were 83% [59-94%] in the absence of risk factor, 77% [67-84%], 51% [41-62%] and 40% [23-59%] in face of one, two or three risk factors, respectively (Figure 2).

The results did not differ in the sensitivity analysis (Table S5).

Among the three variables selected in our final model, only the extent of surgery was selected in more than 75% of the times during the 1000 bootstrap steps. TNC and grade were selected in 63% and 51% of cases, respectively. The concordance of the final model, including grade, extent of surgery and TNC on the 242 patients was 0.630 (95% CI : 0.573 to 0.687).

A secondary multivariable analysis restricted to 144 patients from the French and UK cohorts showed that TNC staining and extent of resection were the only risk factors associated with overall survival even when the 1q25 status was incorporated in the model.

Prognostic factors for event-free survival

In univariate analyses, age (p=0.004), extent of surgery (p<0.001), type of therapy (p<0.001)

and TNC expression (p=0.003) were the four factors associated with the risk of event (Table S6). In multivariable analysis, only extent of resection remained significantly associated to prognosis (p<0.001). An interaction was found between age and TNC expression, suggesting the prognostic ability of TNC expression differed according to age: TNC was significantly associated with event-free survival especially in patients < 36 months (p=0.006) (Table S7).

Bootstrap analysis selected extent of surgery and TNC expression in 73% and 75% of the 1000 bootstrap steps, respectively, confirming their association with the event-free survival.

Age was selected only in 15% of the cases; however, it is important in the model as it is a confusion factor for TNC and must be included when the interaction term remains. The concordance of the final model, including age, extent of surgery, TNC and interaction term on the 242 patients was 0.609 (95% CI: 0.567 to 0.651).

A multivariable analysis restricted to 144 patients from the French and UK cohorts showed that extent of resection (HR=2.39, 95% CI: 1.51-3.79,p=0.0002), 1q25 gain (HR=2.52, 95% CI : 1.52-4.18, p=0.0003) and TNC positive staining (HR=1.77, 95% CI : 1.10-2.87, p=0.02)

were significantly associated with progression-free survival.

A second validation cohort from Heidelberg (2) was used to validate the prognostic impact of strong TNC expression on immunohistochemistry. Positive TNC staining was associated with significantly poorer PFS and OS (Figure 3 and4).

TNC isoforms in pediatric ependymomas

Significant expression of the different isoforms of TNC was detected, which correlated with the total TNC mRNA expression. The ratio of isoform/TNC was higher for AD2 and 14.16 isoforms (Figure 5). Since TNC was overexpressed in infratentorial tumors by immunohistochemistry, we analysed whether the relative expression of the isoforms differed according to location. While TNC expression was 3 times higher in infratentorial tumors compared to supratentorial tumors (median 32.29 [range 18.47 -46.12] versus 10.05 [range 7.20 -12.91], respectively), the different isoforms were similarily distributed in both locations.

DISCUSSION

This report presents TNC as the first immunohistochemical marker of pediatric intracranial ependymoma prognosis that could be validated in international trial cohorts. Puget et al have previously shown the overexpression of the TNC gene located in the 9q33-34 chromosomal region that is specifically gained in recurrent ependymomas (5). Here, we demonstrate that tumors with high TNC expression on immunohistochemistry had a worse outcome irrespective of tumor grade or extent of resection. TNC overexpression has already been associated with shorter time to progression or survival in various cancers (18)(19)(20) and in particular in adult gliomas (21,22). In ependymomas, specifically, TNC overexpression on IHC has been shown previously in single center series to be associated with higher grade (23) and poorer prognosis in low-grade tumors (23,24). In the recent report from Witt et al (2),

where two prognostic groups of posterior fossa ependymoma were identified, the group with poor prognosis was more frequently positive for TNC (94% vs. 11%, p<0.0001).

Weaker association with survival observed in the GPOH cohort could be explained by a shorter follow-up resulting in a relatively low number of events available for prognostic calculation. In addition, significant differences in patients selection could also influence the outcome of this trial cohort with respect to TNC IHC results: more grade III tumors were included (82% vs 61% in the discovery cohorts), radiotherapy was systematically applied to the majority of these patients at diagnosis and these children were significantly older (median age 51 vs. 33 months in the discovery cohorts). It seems in fact that TNC overexpression may be more relevant as a prognostic indicator in young children, in whom TNC overexpression was more frequent. Radiation therapy may possibly weaken the impact of TNC overexpression on progression-free survival.

The prognostic role of TNC expression by IHC was independent from other known risk factors (25). The controversy of the impact of tumor grade on prognosis cannot solely be explained by the absence of reproducibility of the WHO grading scheme (11). From the literature available, it seems that the impact of grade was more frequently observed in trials using a therapeutic strategy based on irradiation (26)(27)(28)(29)(30).

TNC immunostaining was generally extracellular, sometimes restricted to the perivascular area but more often diffuse throughout the tumor. This is consistent with previous reports (23,24). Due to the distribution of immunopostive areas for TNC, the scoring needs to consider a representative sampling of tumor areas.

Several mechanisms by which TNC expression may influence survival in tumors have been proposed: inhibition of T cells migration (31), invasion through epithelial to mesenchymal transition enforced by Wnt (32), PKC signaling (33) or FAK phosphorylation (34), maintenance of a stem cell niche (35). Although TNC was more frequently and strongly expressed in hypercellular and proliferative nodules, TNC expression was not associated with higher proliferation (Ki67 index). Wnt pathway activation (betacatenin nucleo-positive cells)

was not seen in TNC positive areas contrary to what has been described in colon or breast carcinomas (32). Lymphoïd cells immobilization (CD3 positive lymphocytes) was not observed in the TNC positive areas as shown in glioblastoma (31).

Since certain isoforms of TNC have been associated with higher proliferation and invasion in various cancers (17,36), we analysed the expression of the different splice variants. The ratio variant/total TNC was higher for the A2 and 14.16 isoforms known to be associated with invasive breast cancer.

The approach used herein to test and validate immunohistochemichal markers on homogenously treated trial cohorts prove to be useful to discard biomarkers such as nucleolin (13,37) previously identified in single center studies with more mixed cohorts.

This method will also be useful to test simultaneously more than one biomarker as shown here with 1q25 loss.

In conclusion, TNC is a robust biomarker for the risk of recurrence and death in pediatric intracranial ependymomas, especially in young children. Its expression, easily detected and scored by immunohistochemistry, could be used to stratify patients in clinical trials and will be tested prospectively in the next generation of ependymoma SIOP trials.

!"#$%&'(&)*+,-+./01&"-"$2.0.&3+*&+4%*"$$&.5*404"$&6#".%7&+-&89:&;"/0%-/.<&8=8&;"/0%-/.&0-& />%&?5$/04"*0"/%&?+7%$@ Endogenous peroxidase was blocked for all antibodies. Negative controls omitting primary antibodies were performed systematically. The multivariable analysis was repeated in the population excluding the patients with missing data (MD) (n=203). Results were similar than the analysis where TNC results were imputed. This assessment was performed on 94 patients of the UK cohort by two independent observers (FA & JPK) using the same grading to score TNC staining. 
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7.

Tenascin C and NOTCH: Further evidence of functional association in ependymoma short-term cell cultures.

A recent article has shown that TNC is a NOTCH target in glioblastoma cell lines, being transactivated by the NOTCH effector RBJk protein which binds to TNC promoter [START_REF] Sivasankaran | Tenascin-C is a novel RBPJkappa-induced target gene for Notch signaling in gliomas[END_REF]. On the other hand TNC also seems to enhance NOTCH activity, as in a model of human breast cancer cell lines "metastatic" to the lungs in mice it prevents NOTCH inhibition by JAK2 and STAT5 by relieving MSI1 from repression (Oskarsson et al., 2011). Interestingly in this article TNC depletion in these cells did not inhibit brain metastases, which could be explained by the action of other molecules of the extracellular matrix favoring the metastatic microenvironment in the brain, or simply by other pathways involved in this mechanism. TNC also activated WNT pathways in these cell lines, as previously described in colon cancer (Beiter et al., 2005). Of note we performed Bcatenin immunostains in our ependymoma cases (n=112) and only two cases out of showed some nuclear accumulation of Bcatenin, supporting the notion that TNC does not act through WNT signaling in ependymoma.

As mentioned above a previous study from our group showed frequent gains at 9q33, the genomic region of NOTCH 1 and TNC in pediatric ependymoma (Puget et al., 2009).

To elucidate the interaction between NOTCH and TNC in ependymoma we conducted analyses on TNC expression in short term ependymoma cell cultures focusing on the effect of NOTCH1 inhibition by siRNAs and using anti-NOTCH drugs gamma secretase inhibitor (GSI XVII). 

In vitro modulation of TNC expression in ependymoma tumor cells
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NOTCH1 inhibition using RNA interference and sensitivity to chemotherapy.

Gene silencing experiments were performed by cell transfection using JetPRIMETM (Polypus transfection, Ilkirch) and a siRNA for NOTCH1 (sc-36095; Santa Cruz). Twenty-four hours post-transfection, cells were collected for RNA extraction.

DNA and RNA extraction.

RNA were purified using RNeasy Mini Kit according to manufacturer's instructions (Qiagen).

Real-time RT-PCR.

Total RNA was used to synthesize cDNA using random hexamers and the Mu-MLV reverse transcriptase (Applied Biosystems). Real-time RT-PCR for the genes HES1, HEY1, TNC was carried out using Taqman Gene Expression Assays on Demand (Applied Biosystems) and ABI Prism 7700 Sequence Detection System (Applied Biosystems). Expression profile in each specimen was assessed using the comparative threshold cycle (2-ddCt) method.

GAPDH was used as endogenous control.

RESULTS

Both siRNA against NOTCH and gamma secretase inhibitors downregulate efficiently TNC expression in ependymoma cell lines. (Figures 7 and8) [33].! This!study!revealed!pathways!specifically!up-!or!down-regulated! at!!relapse!!that!!may!!be!!used!!as!!targets!!for!!drug!!development!!in! pediatric!!ependymomas.!!Downregulation!!of!!metallothionein-3,! also!!known!!as!!neural!!growth!!inhibitory!!factor,!!was!!observed!!at! relapse!in!more!than!80%!of!the!recurrences.!Conversely,!genes!of! Wnt!and!Notch!pathways!were!upregulated!at!recurrence!together! with!numerous!genes!of!the!kinetochore!and!mitotic!spindle.! 
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!!The!!role!!of!!chemotherapy!!is!!circumscribed!!to!!children! under!3!years!of!age!to!avoid!or!postpone!radiotherapy!due!to!its! potential!neuropsychological!side!effects![10,11].!There!is!actually! no!!!treatment!!!strategy!!!specific!!!for!!!tumour!!!recurrences!!!after! radiotherapy.! Advances!!!have!!!been!!!made!!!in!!!our!!!understanding!!!of!!!the! molecular!mechanisms!underlying!the!oncogenesis!of!ependymo-! ma!!with!!the!!discovery!!of!!specific!!cancer!!stem!!cells!![1]!!and!!the! definition!of!gene!expression!profiles!specific!of!each!location![1].! In!addition,!specific!molecular!signatures!associated!with!clinical! characteristics!have!been!identified![12-16].!However,!reports!on! prognostic!!biological!!markers!!have!!shown!!little!!consistency!!or! reproducibility!![9,12,17-29].!!The!!Notch!!pathway,!!however,!!has! been!implicated!in!three!independant!studies!as!a!key!regulator!of! ependymoma!!oncogenesis!![1,12,30].!!Nonetheless,!!most!!of!!these! reports!!!concerned!!!only!!!tumours!!!at!!!diagnosis.!!!Progression!!!of! ependymoma!is!possibly!related!to!multiple!factors!and!activated! pathways!that!cannot!always!be!unraveled!by!tumour!analysis!at! diagnosis.! Aiming!!!at!!!learning!!!more!!!about!!!tumor!!!progression,!!!we! hypothesized!!that!!relevant!!information!!could!!be!!obtained!!by! comparing!!with!!high!!throughput!!technologies!!tumours!!from!!the! same!patient!at!diagnosis!and!at!relapse.!Dual-color!microarray-! based!gene!expression!analysis!with!the!two!samples!labeled!with! different!dyes!on!the!same!array,!that!hybridize!competitively!to! probes!!on!!the!!same!!spot,!!allows!!to!!adjust!!for!!many!!factors!!that! introduce!!noise!!and!!errors!!in!!studies!!where!!the!!comparison!!of! expression!differences!is!made!with!three!different!arrays!(one!for! the!!control!!and!!two!!for!the!!samples!!at!!diagnosis!!and!!at!!relapse)! [31,32].!!Conversely,!!this!!design!!does!!not!!allow!!to!!have!!absolute! expression!!!data!!!at!!!diagnosis!!!but!!!only!!!the!!!changes!!!between! diagnosis!!and!!relapse,!!but!!with!!a!!higher!!sensitivity!!through!!the! limitation!of!normalization!problems!
contrast!!enhanced!!imaging.!!External!!beam!!irradiation!!protocol! consisted!of!a!local!irradiation!with!surimpression!on!the!operating! site.!!!Total!!!radiation!!!doses!!!varied!!!from!!!50!!!to!!!55!!!Gy!!!and! conventional!!!fractioning!!!was!!!used!!!for!!!all!!!irradiated!!!patients.! Almost!!all!!patients!!who!!received!!chemotherapy!!were!!treated! according!to!the!BBSFOP!protocol![10]!except!two!patients!who! received!fotemustin!alone!and!etoposide!alone!respectively.!When! considering!!the!!treatment!!received!!before!!a!!given!!relapse,!!we! analysed!!the!!entire!!therapeutic!!sequence!!between!!diagnosis!!and! this!!!!relapse.!!!!Three!!!groups!!!!of!!!treatment!!!!were!!!considered:! surveillance!!!only,!!!chemotherapy!!!only,!!!or!!!irradiation!!!with!!!or! without!chemotherapy.!
Relapse!was!defined!in!fifteen!patients!as!a!local!recurrence!of! the!tumour.!In!one!case,!the!relapses!were!loco-regional!metastases! in!the!same!cerebral!hemisphere!(Patient!15).!In!one!patient,!the! relapses!were!spinal!and!supra-tentorial!metastases!of!an!initially! posterior!!fossa!!tumour!!(Patient!!3).!!The!!median!!delay!!between! diagnosis!and!recurrence!was!22!months!(range [34]!!and!!also!!with!!two! additional!pairs!of!primers!(sequences!available!under!request).The! PCR!products!were!sequenced!using!the!ABI3730!DNA!analyser! (Applied!Biosystems).!The!methylation!status!of!CpG!islands!was! determined!by!direct!sequencing!of!both!strands!and!by!estimation! of!the!relative!peak!height!of!the!PCR!products.!Normal!human! DNA!and!methylated!DNA!were!used!as!reference!control.! 

:!2.2!-!62.4).! Histological!!!!diagnosis!!!!and!!!!tumour!!!!grading!!!!review!!!!were! performed!!by!!two!!independent!!neuropathologists!!(PV!!
!synthesized!from!500!ng! of!!!total!!!RNA!!!in!!!two!!!steps!!!according!!!to!!!the!!!manufacturer's! instructions.!One!microgram!of!purified!cRNA!from!each!relapse! was!!mixed!!with!!the!!same!!amount!!of!!diagnosis-tumour!!cRNA.! Hybridizations!!were!!performed,!!in!!dye-swap,!!on!!whole-human-! genome!!!44K!!!oligonucleotide!!!microarrays!!!(product!!!G4112A;! Agilent).!Feature!extraction!software!provided!by!Agilent!(version! 7.
!Statistical!analysis!consisted!in! comparing!!!!chromosomal!!!!regions!!!!imbalances!!!!at!!!!relapse!!!!vs! diagnosis,!!and!!identifying!!new!!abnormalities!!in!!recurrences,!!in! general!and!in!association!with!location!or!treatment.! ! Quantitative!Real-Time!PCR!(qPCR)! Approximately!1!mg!of!total!RNA!was!used!to!synthesize!cDNA! using!!random!!hexamers!!and!!the!!Mu-MLV!!reverse!!transcriptase! (Applied!!Biosystems).!!qRT-PCR!!for!!the!!genes!!MT2A,!!MT3,! KIF11!!!and!!!ASPM!!!was!!!carried!!!out!!!using!!!Taqman!!!Gene! Expression!!Assays!!on!!Demand!!(Applied!!Biosystems)!!and!!ABI! Prism!!7700!!Sequence!!Detector!!(Applera).!!Expression!!profile!!in! each!!specimen!!was!!assessed!!by!!using!!the!!comparative!!threshold! cycle!!(2 -ddCt )!!method.!!18S!!Ribosomal!!RNA!!was!!used!!as!!and! endogenous!control!and!normal!whole!brain!cDNA!(Ambion)!as!a! calibrator.! ! Methylation!Assay! Investigation!!of!!methylation!!status!!of!!the!!MT3!!promoter!!was! assessed!!by!!combined!!bisulfate!!treatment!!of!!genomic!!DNA!!and! sequencing!after!PCR!amplification.!One!microgram!of!genomic! DNA!was!treated!with!bisulfite,!which!converts!the!nonmethylated! cytosines!!to!!thymines,!!using!!the!!CpGenome TM !!Universal!!DNA! Modification!!!Kit!!!(Chemicon)!!!according!!!to!!!the!!!manufactor's! instructions.!!PCR!!amplification!!was!!accomplished!!with!!primers! that!!do!!not!!discriminate!!between!!methylated!!and!!unmethylated! alleles!that!overlap!4!regions!covering!the!promoter,!exon!1!and! intron!!1!!of!!the!!MT3!!gene,!!as!!described!!
! Primary-culture!cells! In!the!absence!of!an!available!ependymoma!cell!line,!we!used! short!!term!!cell!!cultures!!derived!!from!!2!!pediatric!!ependymomas! operated!!at!!Necker!!Sick!!Childrens!!Hospital!!in!!Paris.!!Parents/! guardians!gave!written!informed!consent!for!research!according!to! the!!!policy!!!of!!!the!!!Internal!!!Review!!!Board!!!of!!!the!!!Biological! Ressource!Center!of!Necker!Sick!Childrens!Hospital.!Right!after! surgery,!!tissues!!were!!suspended!!in!!DMEM!!cell!!culture!!medium! and!!transferred!!to!!the!!laboratory.!!After!!mechanical!!dissociation,! tumour!!cells!!were!!seeded!!in!!a!!25!cm 2 !!flask!!and!!maintained!!in! AminioMAX!C-100!supplemented!medium!(Invitrogen)!in!a!tissue! culture!incubator.!Subcultures!were!processed!when!cells!achieved! 80-90%!confluence.!These!primary!culture!cells!were!designated! as!!EP1!!and!!EP2.!!The!!glial!!nature!!of!!the!!cultured!!cells!!
!!two!!!neuropathologists!!!(PV,!!!FA)!!!for!!!diagnostic! accuracy!!!and!!!tissue!!!adequacy.!!!Sonic!!!aspirator!!!extracts!!!were! excluded!!from!!the!!study.!!Ependymomas!!were!!graded!!based!!on! WHO!!!2007!!!criteria.!!!Histopathological!!!findings!!!(ependymal! differentiation,!!necrosis,!!endothelial!!proliferation,!!mitotic!!index,! anaplasia)!!!were!!!evaluated!!!and!!!recorded!!!for!!!each!!!tumour.! Immunostainnings!!for!!EMA!!(1:1,!!clone!!E29,!!DAKO),!!GFAP! (1:200,!!!clone!!!6F2,!!!DAKO),!!!OLIG2!!!(1:100,!!!RnD!!!systems,! Abingdon,!!!UK)!!!and!!!Neurofilament!!!Protein!!!70!!!(1:50,!!!clone! 2F11,!!!DAKO)!!!were!!!performed!!!for!!!selected!!!cases.!!!Tumour! material!!was!!available!!at!!diagnosis!!
!compared!!to!!frequencies!!at!!diagnosis!!by! McNemar!!test!!for!!paired!!data,!!taking!!into!!account!!the!!intra-! patient!correlation.! ! Results! Copy!number!abnormalities!with!CGHarray! Considering!!!the!!!whole!!!patient!!!population,!!!there!!!was!!!no! statistically!!!significant!!!increase!!!in!!!copy!!number!!!abnormalities! from!!diagnosis!!to!!the!!relapse.!!The!!most!!frequent!!chromosomal! changes!between!the!diagnosis!and!the!relapse!were!losses!of!the! short!arm!of!chromosome!3!and!the!long!arm!of!chromosome!6;! only!!the!!locus!!6q25.2!!(RBM16,!!NM_014892)!!being!!statistically! significant!!(Figure!!S4).!!Copy!!number!!changes!!in!!19!!regions!!on! chromosome!!9!!discriminated!!supratentorial!!and!!posterior!!fossa! tumors!(Figure!S5,!Table!S2).!There!was!no!specific!chromosomal! copy!!!number!!!variation!!!according!!!to!!!the!!!type!!!of!!!treatment! received,!!albeit!!loss!!on!!chromosomes!!3p!!and!!6q!!were!!more! frequent!after!radiotherapy!(Figure!S6).! ! Gene!expression!profiling!
We!first!determined!the!number!of!gene!expression!probe!sets! differentially!!expressed!!between!!recurrences!!and!!initial!!tumours.! These!signature!volumes!were!found!to!be!highly!variable,!ranging! from!374!to!18814!probe!sets!(median:!6275!probes!-!mean:!9054! probes).!The!number!of!probes!differentiating!the!recurrence!from! its!corresponding!initial!tumour!could!not!be!statistically!correlated! with!age!at!onset,!location!of!the!tumour!or!treatment!received!but! was!only!linked!to!the!delay!between!the!diagnosis!and!the!relapse.! For!recurrences!occurring!before!22!months!(ie!,!to!the!median! delay!of!recurrence),!mean!signature!included!4799!probes!versus! 9058!!for!!recurrences!!that!!appeared!!after!!22!!months!!(p!=!0.013,! Student!t-test).! To!study!the!molecular!signature!of!the!27!relapses,!we!used!a! hierarchical!unsupervised!clustering!for!41000!probes!present!on! the!arrays.!Recurrences!from!the!same!patient!were!found!to!be! 64). ! Results ! were ! correlated ! with ! clinical,!histologic,!and!survival!data.! Results:!Gain!of!1q!was!the!most!frequent!imbalance!in!primary!(7/42,!17%)!and!recurrent!ependy-! momas!(2/6,!33%).!Gain!of!1q25!was!an!independent!predictor!of!tumor!progression!across!the!pooled!trial! cohort ! [HR !#! 2.55; ! 95% ! con"dence ! interval ! (CI): ! 1.56-4.16; ! P !#! 0.0002] ! and ! both ! CNS9204 ! (HR !#! 4.03; ! 95% ! CI: ! 1.88-8.63) ! and ! BBSFOP ! (HR !#! 3.10; ! 95% ! CI: ! 1.22-7.86) ! groups. ! The ! only ! clinical ! variable ! associated!with!adverse!outcome!was!incomplete!tumor!resection.!Integrating!tumor!resectability!with!1q25! status!enabled!strati"cation!of!cases!into!disease!progression!risk!groups!for!all!three!trial!cohorts.! Conclusions:!This!is!the!"rst!study!to!validate!a!prognostic!genomic!marker!for!childhood!ependymoma! across!independent!trial!groups.!1q25!gain!predicts!disease!progression!and!can!contribute!to!patient!risk! strati"cation.!!We!!advocate!!the!!prospective!!evaluation!!of!!1q25!!gain!!as!!an!!adverse!!marker!!in!!future! international!clinical!trials.!Clin!Cancer!Res;!18 (7) 

clustered!!together!!in!!6!!out!!of!!7!!patients!!who!!had!!experienced! several!!recurrences!!(Figure!!1).!!Pearson's!!correlation!!coefficient! between!!gene!!expression!!!profiles!!of!!recurrences!!of!!the!!same! tumour!ranged!between!0.4191!and!0.8303!(median:!0.5492).!As! illustrated!in!the!upper!lines!on!Figure!1,!localization!and!adjuvant! therapy!!were!!not!!associated!!with!!the!!clustering!!of!!recurrences! based!on!their!specific!expression!profile.! ! Differences!in!the!recurrence!signature!according!to! location! This!!analysis!!allowed!!the!!identification!!of!!197!!genes!!differen-! tially!expressed!between!the!two!type!of!recurrence!according!to! localization!(Table!S3).!A!clear!difference!between!frequencies!in! gene!!expression!!according!!to!!location!!was!!observed.!!Figure!!2A! shows!!!the!!!genes!!!most!!!frequently!!!upregulated!!!at!!!recurrence! according!!to!!the!!location!!of!!the!!primary!!tumor.!!In!!PF!!relapses,! the!ribosomal!proteins!were!the!most!represented!(12!genes).!The! most!!!abundantly!!!upregulated!!!genes!!!in!!!the!!!relapses!!!of!!!ST! ependymomas!were!involved!in!cytoskeleton!organization!(gelso-! lin,!SEMA5A,!contactin-1,!sarcoglycan,!villin-like,!scinderin)!and! extracellular!!!matrix/cellular!!!interactions!!!(gliomedin,!!!EXTL1,! galectin-9,!!!desmuslin,!!!tetranectin,!!!versican,!!!COL21A1,!!!CO-! L16A1,!CXCL12).!A!functional!analysis!of!each!group!signature! revealed!!!that!!!the!!!main!!!functional!!!networks!!!associated!!!with! posterior!!fossa!!relapses!!were!!cell!!cycle,!!cellular!!assembly!!and! organization!!plus!!DNA!!Replication,!!Recombination!!and!!Repair! ! PLoS!ONE!!|!!www.plosone.org! September!2010!!|!!Volume!!5!!|!!Issue!!9!!|!!e12932! ! $&! ! ! Ependymoma!Recurrence!Biology! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
! Differences!in!the!recurrence!signature!according!to! treatment! Specific!!gene!!expression!!profiles!!of!!each!!group!!(surveillance/! chemotherapy!only/radiotherapy!+/2!chemotherapy)!(Table!S4)! failed!!!to!!!identify!!!differentially!!!expressed!!!genes!!!between!!!the! chemotherapy!!and!!the!!surveillance!!group;!!58!!genes!!appeared! significantly!!modified!!in!!relapses!!after!!RT!!compared!!to!!relapses! ! after!!!chemotherapy!!!or!!!surveillance!!!(Figure!!!3).!!!Recurrences! occurring!!after!!RT!!were!!characterized!!by!!downregulation!!of! three!!potential!!tumor!!suppressor!!genes!!NKX2-2,!!YWHAE!!and! WWOX!!!(Student!!!t-test,!!!p,0.01)!!!by!!!at!!!least!!!ten!!!fold!!!and! upregulation!!of!!HES-2,!!a!!known!!target!!of!!NOTCH!!pathway.! Treatment!!!received!!!before!!!recurrence!!!had!!!thus!!!only!!!limited! influence!on!the!differential!gene!expression!signature.! ! Common!signature!of!recurrences! Considering!!the!!limited!!gene!!expression!!signature!!differences! (number!of!probes!and!genes)!we!could!identify!as!influenced!by! the!!location!!of!!the!!tumor!!or!!by!!the!!type!!of!!treatment!!received! before!!the!!recurrences,!!we!!decided!!to!!analyse!!all!!recurrences! together!!!in!!!order!!!to!!!find!!!common!!!genes!!!associated!!!with! progression.!!!Considering!!!the!!!poor!!!correlation!!!between!!!the! different!relapses!of!the!same!patient!(median!Pearson's!correlation! coefficient!!=!0.5492),!we!decided!to!include!in!the!analysis!all!the! relapses!of!patients!with!multiple!relapses.! ! PLoS!ONE!!|!!www.plosone.org! September!2010!!|!!Volume!!5!!|!!Issue!!9!!|!!e12932 ! "#! ! ! ! ! ! ! Ependymoma!!Recurrence!!Biology! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Figure!!2.!!Comparison!!of!!functions!!associated!!with!!location!!of!!relapses.!!A!!Gene!!most!!frequently!!upregulated!!at!!relapse!!for!!supratentorial! (upper!!!yellow!!!panel)!!!are!!!represented!!!with!!!the!!!genes!!!most!!!frequently!!!upregulated!!!in!!!infratentorial!!!tumors!!!(lower!!!blue!!!panel).!!!Bars!!!indicated!!!the! percentage!!of!!tumors!!in!!each!!location!!with!!upregulation!!of!!the!!specific!!gene.!!B!!The!!-Log10(p-values)!!of!!the!!most!!discriminatory!!functions!!in!!each! group!!!are!!!represented.!!!The!!!p-value!!!for!!!a!!!given!!!function!!!was!!!calculated!!!using!!!the!!!right-tailed!!!Fisher!!!Exact!!!Test!!!by!!!considering!!!1)!!!the!!!number!!!of! uploaded!!functional!!analysis!!molecules!!that!!participate!!in!!that!!function,!!and!!2)!!the!!total!!number!!of!!molecules!!that!!are!!known!!to!!be!!associated!!with! that!!function!!in!!
! PLoS!!ONE!!!!|!!!!www.plosone.org! 6! September!!2010!!!!|!!!!Volume!!!!5!!!!|!!!!Issue!!!!9!!!!|!!!!e12932! ! "$! ! ! ! ! ! ! Ependymoma!!Recurrence!!Biology! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! Figure!!!3.!!!Supervised!!!hierarchical!!!clustering!!!of!!!differentially!!!expressed!!!genes!!!in!!!ependymoma!!!relapse!!!compared!!!to!!!diagnosis.! Heatmap!!!showing!!!the!!!87!!!genes!!!signature!!!of!!!the!!!genes!!!statistically!!!up-!!!or!!!down-regulated!!!in!!!more!!!than!!!50%!!!of!!!relapses!!!with!!!a!!!fold!!!change!!!.
patient!!!had!!!a!!!stronger!!!expression!!!of!!!MT3!!!at!!!recurrence! compared!!to!!diagnosis.!!ASPM!!staining!!was!!stronger!!at!!relapse! compared!to!diagnosis!in!12!patients!(50%),!being!even!negative! at!!diagnosis!!in!!ten!!of!!then!!(Table!!2).!!Among!!
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
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! for ! Pediatric ! Oncology ! (SIOP) ! CNS9204 ! (n !#! 60) ! and ! BBSFOP ! (n !#! 65) ! adjuvant ! chemotherapy ! trials, ! or ! with ! primary ! postoperative ! radiotherapy ! (SIOP ! CNS9904/RT, ! n !#!
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! ! ! Kilday!!et!!al.! ! ! ! Translational!Relevance! Because!current!clinicopathologic!classi"cation!crite-! ria!for!pediatric!intracranial!ependymoma!are!inconsis-! tent,!the!introduction!of!novel!prognostic!markers!for! therapeutic!strati"cation!is!an!important!requirement!of! future!clinical!trials.!In!this!study!of!age-!and!treatment-! de"ned!!trial!!cohorts,!!1q25!!gain!!was!!identi"ed!!as!!an! independent!!and!!reproducible!!marker!!of!!intracranial! ependymoma!progression!in!all!patients,!particularly!in! the!!younger!!children!!treated!!according!!to!!European! primary!!postoperative!!chemotherapy!!protocols.!!Fur-! thermore,!incorporating!degree!of!surgical!resection!with! tumor!1q25!status!enabled!patient!strati"cation!accord-! ing!to!disease!progression!risk!groups!across!all!3!trial! cohorts,!irrespective!of!patient!age!or!adjuvant!therapy! administered.!!We!!therefore!!advocate!!the!!prospective! evaluation!of!1q25!gain!as!an!adverse!risk!marker!in! future!international!trials.! ! ! in!!the!!clinical!!and!!biologic!!characteristics!!of!!childhood! versus!adult!ependymomas!(5).!Presently,!prognostication! for!pediatric!ependymoma!is!based!solely!on!clinical!para-! meters.!!Of!!these,!!the!!extent!!of!!primary!!tumor!!resection! remains!the!!most!consistently!!reported!!correlate!of!out-! come!(4).!European!treatment!schedules!have!hitherto!been!
strati"ed!by!age.!Trials!of!adjuvant!chemotherapy!for!young! children!were!initiated!because!of!concerns!of!radiation-! induced!!neuropsychologic!!and!!cognitive!!damage!!to!!the! immature!central!nervous!system!(6-8),!whereas!postop-! erative!radiotherapy!has!been!reserved!for!older!children! (8).!!Despite!!these!!measures,!!the!!prognosis!!for!!pediatric! intracranial!ependymomas!remains!poor!when!compared! with!other!childhood!malignancies,!with!local!tumor!recur-! rence!!a!!frequently!!reported!!event,!!even!!after!!complete! tumor!excision!(5).!After!5!years,!progression-free!survival! (PFS)!rates!range!from!23%!to!74%!(3,!9,!10),!whereas! mortality!is!reported!in!up!to!40%!of!affected!children!(3).!

The!need!to!incorporate!novel!biomarkers!into!future! prognostic!strati"cations!for!childhood!intracranial!epen-! dymoma!is!therefore!apparent.!However,!although!several! candidates!have!been!proposed,!markers!showing!repro-! ducible!results!in!sizeable!groups!of!young!ependymoma! patients!are!lacking!(5).!Indeed,!several!purported!biologic! prognostic!markers!in!ependymoma!have!been!shown!to! lose!this!capacity!when!assessed!across!clinical!trial!cohorts! (11),!highlighting!the!importance!of!analyzing!standard-! ized!therapeutic!groups.!

Copy!number!gain!of!chromosome!1q!has!been!reported! as!a!frequent!genetic!aberration!in!both!primary!and!recur-! rent!childhood!intracranial!ependymomas!(5).!Retrospec-! tive!analyses!of!cohorts!comprising!children!and!adults!have! identi"ed!gain!of!either!the!entire!long!arm!or!the!1q25! amplicon!!as!!adverse!!prognostic!!markers!!in!!intracranial! ependymoma!(12-14),!although!little!evidence!exists!for! such!a!role!exclusive!to!a!pediatric!setting! (15).!

! !

In!this!study,!we!established!the!frequency!of!1q!gain!in! pediatric!!ependymoma,!!identifying!!1q21-25!!among!!the! most!common!subregions!of!gain.!We!then!evaluated!1q25! gain!as!a!robust!prognostic!marker!in!pediatric!intracranial! ependymoma!!by!!carrying!!out!!interphase!!FISH!!(iFISH)! across!189!primary!tumors,!incorporating!3!European!clin-! ical!trial!cohorts.!To!our!knowledge,!this!is!the!"rst!study!to! assess!!the!!reproducibility!!of!!a!!genomic!!marker!!in!!both! comparable!!(CNS9204!!and!!BBSFOP)!!and!!contrasting! (CNS9904)!therapeutic!trial!groups!of!pediatric!intracranial! ependymoma!patients.! ! Methods! Patients!and!clinical!specimens! Forty-eight!!snap-frozen!!ependymomas!!(42!!primary,!!6! "rst!recurrent)!from!42!patients!were!obtained!from!Chil-! dren's!!Cancer!!and!!Leukaemia!!Group!!(CCLG)!!registered! centers!in!the!United!Kingdom!for!analysis!using!Affymetrix! 500K!single-nucleotide!polymorphism!(SNP)!arrays.!Con-! stitutional!blood!samples!from!38!of!42!(90%)!patients! contributing!tumors!were!analyzed!as!controls.!From!the! tumor!cohort,!a!subset!of!18!formalin-"xed!paraf"n-embed-! ded!(FFPE)!intracranial!ependymomas!were!used!to!validate! microarray!1q!gain!results!by!iFISH!(see!below).!Fifteen!of! these!samples!were!also!included!in!the!clinical!trial!cohort! analysis.! A!total!of!172!FFPE!primary!intracranial!ependymomas! from!trial!patients!were!analyzed!by!iFISH!on!tissue!micro-! arrays!(TMA).!Patients!were!enrolled!in!either!the!CNS9204!

(ref. ! 6; ! n !#! 60), ! BBSFOP ! (ref. ! 7; ! n !#! 65) ! or ! CNS9904 ! clinical ! An!!overview!!of!!each!!trial!!is!!provided!!(Supplementary! Methods)
.!To!supplement!the!CNS9904!cohort,!17!primary! tumors!(9!supratentorial,!8!posterior!fossa)!from!therapeu-! tically!!matched,!!nontrial!!patients!!were!!also!!examined.! These!children!were!aged!between!5!and!14!years!and!had! intracranial!ependymomas!treated!only!with!cranial!irradi-! ation!(54!Gy)!following!primary!surgery.! Patient!clinical!information!was!obtained!from!respective! trial!centers.!For!all!cases,!central!pathologic!review!was! done!according!to!WHO!criteria!(DWE,!FA,!PV;!ref. !16).! Cases!with!differing!pathologic!diagnoses!at!review!were! resolved!!!by!!!consensus!!!opinion!!!following!!!discussion! between!responsible!neuropathologists.!The!degree!of!sur-! gical!resection!was!evaluated!by!central!review!of!postop-! erative!imaging!according!to!International!Society!for!Pedi-! atric!Oncology!(SIOP)!guidelines! (17) In!!view!!of!!its!!frequency!!across!!primary!!and!!recurrent! ependymomas,!the!impact!of!entire!chromosome!1q!gain! on!patient!survival!was!assessed,!revealing!a!trend!toward! predicting!!worse!!overall!!survival!!(OS)!!in!!multivariable! 0.05).!FISH!was!used!to!validate!the!SNP!array!copy!number! results!!for!!1q25!!copy!!number!!gain!!across!!18!!primary! intracranial!ependymomas!(Supplementary!Fig. !

!April!!1,!!2012!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Clinical!!Cancer!!Research! ! ! Downloaded!from!clincancerres.aacrjournals.org!on!April!14,!2012! Copyright!©!2012!American!Association!for!Cancer!Research! ! "#&! Five-year!!OS! 78!!AE!!8%! DE,!!FA,!!and!!PV).!!Typically!!for!!each!!tumor!!sample,!!3!!to!!4!!Â! tumors!!(n!!#!!42)! tumors!!(n!!#!!6)! Tukey!!!!HSD!!!!test;!!!!P!!!!#!!!!0.009,!!!!eta!!!!0.2),!!!!whereas!!!!the!!!!age! #!!!3.19;!!!95%!!!con"dence!!!interval!!!(CI)!!!#!!!1.26-8.08;!!!P!!!#! ! ! ! ! Published!OnlineFirst!
! "#'! <5!!y!!(n!!#!!24)! Male!!(n!!#!!23)! 1.
! ! ! Kilday!!et!!al.! ! ! Table ! 2. !! Survival ! analysis ! of ! clinicopathologic ! factors ! and ! 1q ! gain ! in ! the ! SNP ! array ! primary ! cohort ! (n !#! 42) ! Factor!!(numbers)! Progression-free!!survival! Overall!!survival! Univariate! Multivariable! Univariate! Multivariable! ! HR!!(95%!!CI)! P! HR!!(95%!!CI)! P! HR!!(95%!!CI)! P! HR!!(95%!!CI)! P! Patient!!age! >5 !! y !! (n !!#!! 18) ! Gender! 1!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1! 1.33!!(0.54-3.23)!!!0.54!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1.
S2;!Spear-! man's ! rank !#! 0.79; ! P ! < ! 0.0001). ! 1q25!FISH!trial!cohort!analysis! Clinicopathologic!data!and!1q25!FISH!results!for!the!3! therapeutic!trial!cohorts!are!summarized!in!Table!3.!
The!median!age!of!the!CNS9204!cohort!was!2.0!years! (range:!0.3-3.1!years).!The!median!follow-up!period!for!all! 60!patients!was!8.9!years!(range:!0.6-16.1!years).!Disease! progression!occurred!in!40!patients!with!a!median!time!to!

! 2004! ! Clin!!Cancer!!Res;!!18(7)!!April!!1,!!2012!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Clinical!!Cancer!!Research! ! ! progression!!of!!1.6!!years!!(range:!!0.3-9.5!!years).!!Death! occurred!!in!!29!!patients!!with!!a!!median!!survival!!time!!of! 3.
3!years!(range:!0.6-8.9!years).!Four!primary!cases!(7%)! were!metastatic!at!presentation.!

The!BBSFOP!cohort!was!comparable!with!the!CNS9204! group!with!respect!to!patient!age!(median!1.9!years,!range:! 0.6-5.1!years),!gender,!tumor!location,!and!primary!adju-! vant!therapy!administered.!However,!WHO!grade!III!epen-! dymomas!!(Fisher!!exact!!test;!!P!!<!!0.0001)!!and!!complete! French!cohort,!which!had!a!poorer!PFS.!The!median!follow-! up!period!across!the!entire!BBSFOP!cohort!was!7. !3).! Concordance!was!achieved!between!independent!scorers! (Kappa!0.94;!P!<!0.0001).!Unsuccessful!cases!were!the!result! of!core!loss,!auto#uorescence!or!insuf$cient!signal!gener-! ation.!Gain!of!1q25!was!evident!in!30!of!147!tumors!(20%).! This!proportion!of!gain!did!not!differ!signi$cantly!between! the!3!therapeutic!trial!groups!(range:!15%-24%;!Table!3).! No!association!was!identi$ed!between!1q25!copy!number! imbalance!!and!!variables!!including!!patient!!age,!!gender,! tumor!histology,!resection!status,!or!intracranial!location.! Of!the!8!metastatic!primary!tumors,!1q25!gain!was!observed! in!3!cases!(2!CNS9204,!1!CNS9904)!and!was!not!present!in! 1!case!(CNS9204),!whereas!4!samples!were!unscorable.!

The!prognostic!impact!of!1q25!gain!and!putative!clinical! factors!on!PFS!and!OS!was!initially!evaluated!across!the! pooled!!cohort!!of!147!!eligible!!cases!!from!!the!!CNS9204,! BBSFOP,!and!CNS9904/RT!groups.!Univariate!analysis!by! log ! rank ! (Fig. ! 1A; ! P !!! 0.008) ! and ! Cox ! proportional ! hazards ! identi$ed!1q25!gain!as!a!marker!of!adverse!PFS.!This!was! con$rmed ! on ! multivariable ! analysis ! (Table ! 4; ! HR !!! 2.55; ! to!!be!!independently!!associated!!with!!poor!!outcome!!was! incomplete!surgical!resection,!both!for!PFS!(Table!4;!HR! !! 2.60; ! 95% ! CI !!! 1.64-4.11; ! P ! < ! 0.0001) ! and ! OS ! (Sup-! 0.03).! After!adjusting!for!surgical!resection!(Table !5),!1q25!gain! was!identi$ed!as!an!independent!predictor!of!adverse!PFS! for ! the ! CNS9204 ! (HR !!! 4.03; ! 95% ! CI !!! 1.88-8.63; ! P !!! 0.0003) ! and ! BBSFOP ! patients ! (HR !!! 3.10; ! 95% ! CI !!! 1.22-! 7.86;

! P !!! 0.02), ! but ! not ! the ! CNS9904/RT ! group ! (HR !!! 1.39; ! not!a!chemotherapy!cohort-speci$c!PFS!marker!(prognostic! heterogeneity!test!of!1q25!for!chemotherapy!vs.!radiother-! signi$cantly!worse!OS!across!the!cohorts!(Supplementary! Table!S2).!
In!!view!!of!!the!!above!!$ndings,!!the!!degree!!of!!surgical! resection!and!tumor!1q25!status!were!integrated!to!enable! strati$cation!of!the!147!ependymomas!into!3!distinct!risk! groups!for!disease!progression!(Fig. !1B-E).!High-risk!dis-! ease!was!de$ned!by!ependymomas!that!were!incompletely! resected!and!showed!1q25!gain!(2!risk!factors).!Intermedi-! ate-risk!tumors!were!those!which!were!either!incompletely! resected!!or!!showed!!1q25!!gain!!(1!!risk!!factor),!!whereas! ! ! standard!!risk!!disease!!encompassed!!completely!!resected! ependymomas!which!did!not!exhibit!1q25!gain!(no!risk! factors).!This!risk!classi$cation!system!showed!signi$cant! differences!in!PFS,!across!both!the!pooled!cohort!(Fig. !1B;!P! 0.009,!0.0002,!and!0.01!for!the!CNS9204,!BBSFOP,!and! CNS9904/RT!groups,!respectively)!by!the!log!rank!test.! (5).!Independent!validation!of!such!purported!pedi-! atric!ependymoma!markers!has!often!yielded!contradictory! results,!such!as!those!for!ERBB2/ERBB4,!Ki-67,!and!Nucleo-! lin!expression!(25-27),!although!Tenascin-C!expression!has! reported!reproducible!prognostic!value!across!standardized! cohorts! (11).!In!addition,!to!date,!no!genomic!imbalance! has!been!assessed!in!pediatric!ependymoma!patients!treated! within!the!context!of!a!prospective!clinical!trial!(5).!

! Discussion! The!!incorporation!!of!!biologic!!prognostic!!markers!!to! enhance!!current!!risk!!strati$cation,!!guide!!therapy,!!and! improve!long-term!outlook!for!pediatric!intracranial!epen-! dymoma!is!an!aim!of!future!clinical!trials.!Several!candi-! dates!have!been!proposed,!yet!recent!review!has!shown!that! few!have!been!analyzed!in!suf$ciently!large!cohorts!to!allow! informed!evaluation!of!their!prognostic!ef$cacy!in!child-! hood!
We!!initially!!con$rmed!!1q!!gain!!as!!the!!most!!frequent! chromosome!!arm!!imbalance!!in!!36!!primary!!childhood! intracranial!ependymomas!and!a!patient-matched!subset! of!6!recurrent!tumors!by!SNP!array!analysis,!$nding!gain! correlated!with!a!trend!toward!worse!OS.!High-resolution! analysis!!identi$ed!!1q21-25!!among!!the!!most!!common! subregions!of!gain.!We!explored!these!$ndings!by!evaluat-! ing!iFISH!results!for!1q25!copy!number!increase!across!147! primary!pediatric!intracranial!ependymomas,!spanning!3! European!clinical!trial!cohorts.!This!identi$ed!1q25!gain!as! an!independent!marker!of!tumor!progression!for!ependy-! momas!in!2!independent!trial!cohorts!of!young!children! treated!!!!!with!!!!!primary!!!!!postoperative!!!!!chemotherapy! (CNS9204!!and!!BBSFOP),!!but!!not!!from!!older!!children! administered!focal!radiotherapy!after!surgery!(CNS9904/! RT).!Nevertheless,!incorporating!tumor!resectability!with! 1q25!status!enabled!patient!strati$cation!according!to!dis-! ease!!progression!!risk!!groups!!across!!all!!3!!trial!!cohorts,! irrespective!of!patient!age!or!adjuvant!therapy!administered.!

We!found!no!association!between!1q25!gain,!as!deter-! mined!by!FISH,!and!a!speci$c!intracranial!tumor!location.! Although!this!contrasted!with!the!association!of!1q!gain! with!!posterior!!fossa!!ependymomas!!identi$ed!!from!!our! smaller!SNP!array!study,!it!was!consistent!with!a!sizeable! CGH!meta-analysis!of!175!pediatric!intracranial!ependy-! momas!that!revealed!gain!involving!1q!to!be!a!frequent! aberration!!in!!both!!posterior!!fossa!!and!!supratentorial! tumors!(5).!

The!only!clinical!factor!adversely!in#uencing!outcome! across!both!the!array!and!pooled!trial!cohorts!of!this!study! was!!incomplete!!tumor!!resection,!!although!!this!!was!!not! applicable!to!the!CNS!9204!cohort!when!assessed!indepen-! dently ! (PFS, ! P !!! 0.36, ! OS, ! P !!! 0.44), ! in ! keeping ! with ! results ! ! for!the!entire!cohort!previously!published!(6).!Indeed,!this! re#ects!current!literature,!in!which!resection!status!has!been! reported!as!the!most!consistent!adverse!prognostic!marker! in!!pediatric!!ependymoma!!(4,!!5,!!7,!!28,!!29),!!albeit!!not! universally!!(5,!!6,!!30-32).!!Histologic!!anaplasia!!did!!not! confer!a!worse!patient!outcome,!supporting!a!recent!multi-! professional!pathologic!review!of!the!CNS9204,!BBSFOP,! and!CNS9904!trials!which!found!the!current!WHO!classi-! $cation!system!subjective!and!lacking!prognostic!accuracy! (33).! Results!from!our!FISH!analysis!of!prospective!trial!cohorts! lends!some!support!to!the!$ndings!of!2!sizeable!retrospec-! tive!FISH!studies!of!intracranial!ependymomas!which!have! previously!reported!1q25!gain!as!a!marker!of!reduced!PFS,! but!also!OS!on!mixed!age!cohorts! (13,!14).!The!threshold! used!to!de$ne!gain!for!a!tumor!in!this!study!(15%!of!nuclei! showing!signal!gain)!was!higher!than!that!of!the!retrospec-! tive!series!(10%!of!nuclei),!as!the!!latter!did!not!yield!a! satisfactory!!measure!!of!!agreement!!between!!independent! scorers.!Nevertheless,!the!proportion!of!primary!ependy-! momas!showing!1q25!gain!across!the!3!therapeutic!cohorts! (15%-24%)!was!comparable!with!the!20%!to!25%!reported! in!these!preceding!studies.!Although!FISH!proved!an!ef$-! cient!!means!!of!!screening!!our!!cohorts!!for!!copy!!number! imbalance,!unsuccessful!cases!were!observed!and!mostly! attributed!to!the!use!of!tissue!$xative!agents!incorporating! acetic!!acid,!!a!!practice!!being!!recti$ed!!by!!contributing! institutions.!
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In!contrast!to!the!retrospective!analyses,!1q25!gain!was! not!signi$cantly!associated!with!worse!OS!across!the!pooled! trial!!patients!!of!!this!!study,!!including!!the!!CNS9204!!or! BBSFOP!!cases.!Demographic!and!therapeutic!!differences! ! between!!!retrospective!!!and!!!prospective!!!studies!!!could! account!for!this!disparity,!such!as!the!inclusion!of!adults! in!the!previous!analyses,!or!a!potential!bene$cial!effect!of! introducing!cranial!radiotherapy!as!standard!salvage!ther-! apy!post!relapse!in!the!chemotherapeutic!trials!(6,!7).!In! addition,!!the!!median!!patient!!follow-up!!times!!for!!the!!2! retrospective!studies!(7.3!and!5.2!years)!were!shorter!than! that!of!the!pooled!trial!cohort!(9.1!years,!chemotherapy! cases!!only!!8.4!!years).!!It!!is!!therefore!!possible!!that!!with! continued!observation!of!the!retrospective!cohorts,!a!less! signi$cant!!effect!!on!!overall!!outcome!!may!!have!!been! observed,!particularly,!as!late!adverse!outcome!events!are! not!uncommon!for!this!tumor!type! (34).!Nevertheless,!as! more!than!70%!of!young!children!who!experience!ependy-! moma!recurrence!despite!adjuvant!chemotherapy!will!not! survive!!longer!!term!!(9),!!a!!biologic!!marker!!that!!predicts! progression!in!these!patients!remains!an!important!discov-! ery!!upon!!which!!therapy!!can!!be!!strati$ed.!!For!!high-risk! patients!with!resistant!disease!to!conventional!chemother-! apy,!postoperative!conformal!radiotherapy!may!be!a!feasi-! ble!and!effective!alternative!adjuvant!therapy!on!the!basis!of! results!from!the!SJCRH!RT1!trial! (29).!Alternatively,!novel! chemotherapeutic!and!biologic!agents!could!be!considered,! including!!tyrosine!!kinase!!inhibitors!!and!!antiangiogenic! therapy!

(3).! Unlike!the!chemotherapeutic!trial!results,!1q25!gain!in! the!!CNS9904/RT!!group!!was!!less!!predictive!!of!!a!!worse! patient!PFS!or!OS.!Although!this!could!re#ect!a!different! biologic!milieu!for!ependymomas!from!older!children!(5),! it!!may!!suggest!!that!!primary!!radiotherapy!!is!!an!!effective! counteractive!adjuvant!measure!despite!the!adverse!effects! of!!!1q25!!!gain.!!!Postoperative!!!focal!!!radiotherapy!!!was! ! 2008! ! Clin!!Cancer!!Res;!!18(7)!!April!!1,!!2012!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Clinical!!Cancer!!Research! ! !
standardized!!across!!the!!entire!!CNS9904/RT!!cohort,!!as! opposed!to!chemotherapy!in!the!other!trial!groups.!This! also!differed!from!that!of!the!retrospective!studies,!in!which! radiotherapy!was!administered!to!certain!patients,!but!not! uniformly!!(13,!!14).!!However,!!this!!explanation!!must!!be! considered!cautiously!as!our!iFISH!study!could!not!con-! clude!that!the!reduction!in!PFS!associated!with!1q25!gain! was!speci$c!to!the!chemotherapeutic!trial!regimens!when! smaller!sizes!of!the!individual!treatment!groups.!Moreover,! incorporating!the!degree!of!surgical!resection!with!tumor! 1q25!!status!!enabled!!a!!signi$cant!!3-tier!!strati$cation!!for! disease!progression!risk!in!the!CNS9904/RT!cohort!(Fig. ! 1E),!suggesting!a!prognostic!role,!albeit!possibly!not!inde-! pendently,!for!1q25!gain!in!this!patient!group.! Survival!data!from!the!SNP!pro$ling!cohort!did!not!help! establish!!or!!refute!!the!!prognostic!!value!!for!!1q!!gain!!in! patients!!treated!!with!!radiotherapy,!!despite!!comparable! median!follow-up!times!with!the!pooled!trial!cohort!anal-! ysis.!Although!1q!gain!was!independently!associated!with!a! trend!toward!inferior!OS!(Table !2),!the!3!of!7!patients!with! ependymomas!exhibiting!1q!gain!who!remained!alive!had! all!been!treated!with!postoperative!cranial!irradiation.!The! differences!in!patient!outcome!observed!between!1q!gain! from!the!!array!study!and!the!!1q25!FISH!data!!are!again! plausibly!explained!by!the!considerably!smaller!size!of!the! heterogeneous!SNP!array!cohort,!together!with!the!variable! treatments!!given!!to!!these!!children!!compared!!with!!the! administration!!of!!standardized!!adjuvant!!therapy!!for!!the! trial!!patients.!!Moreover,!!the!!difference!!in!!results!!could! ! suggest!that!regions!on!1q!are!more!sensitive!and!robust! markers!of!progression!in!childhood!ependymoma!than! gain!of!the!whole!arm!itself,!a!hypothesis!supported!by!other! genomic!work!on!ependymoma!(14,!34).!
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Definition

Pediatric high-grade glioma (HGG) is a heterogeneous group of tumors with a generally poor clinical outcome, of which, similarly to its own classification schemes, prognosis has changed little in the past four decades [START_REF] Broniscer | Supratentorial high-grade astrocytoma and diffuse brainstem glioma: two challenges for the pediatric oncologist[END_REF].

Histologically high-grade gliomas in children are diagnosed according to the WHO grading criteria in the same way as those occurring in adult patients, receiving grades III and IV (Louis et al., 2007).

According 

Epidemiology

Gliomas are the most common pediatric CNS tumors and constitute the majority of primary supratentorial tumors (CBTRUS 2010). Childhood supratentorial high-grade gliomas (HGGs) are most often polar hemispheric lesions, and in 20%!30% of cases deep-seated and located in the midline [START_REF] Pollack | Brain tumors in children[END_REF].

A precise estimate of the incidence of pediatric HGGs has been difficult to determine, in part because of the tendency in previous reports to misclassify various low-grade glioma (LGG) variants under the diagnostic umbrella of HGG and also due to the lack of consistently reproducible diagnostic criteria. As a consequence, given the pathological heterogeneity of the glial tumors studied, the validity of many older descriptive and clinical studies is undermined. In more recent descriptive epidemiological studies, however, the authors have begun to clarify the incidence and prevalence. Pediatric HGGs are significantly less common than are LGG and correspond to around 20% of all hemispheric gliomas [START_REF] Pollack | Brain tumors in children[END_REF][START_REF] Cbtrus | CBTRUS statistical report: primary brain and central nervous system tumors diagnosed in the United States in 2004-2006[END_REF]). In the overall context of pediatric primary CNS neoplasms, in which there is a net predominance of lesions seated in posterior fossa, however, HGGs are relatively rare and constitute approximately 6%!10% of all newly diagnosed primary intracranial neoplasms [START_REF] Halperin | Pediatric Radiation Oncology[END_REF]. This corresponds to an annual incidence of approximately 2 cases per million children.

Treatment

The role of surgery is clearly major in the treatment, with extent of resection being a strong prognostic factor in most of the studies [START_REF] Wisoff | Current neurosurgical management and the impact of the extent of resection in the treatment of malignant gliomas of childhood: a report of the Children's Cancer Group trial no. CCG-945[END_REF] However, resectability may be considered as a "biological" feature since infiltration renders complete resection usually impossible. Indeed, tumors that can be resected completely are, at least radiologically, different from those that cannot be resected. The CCG-943 trial was the first to clearly demonstrate the relationship between the extent of resection and patient survival in pediatric HGG. This study reported an improved survival for children in whom some degree of resection, more substantial than a simple biopsy, had been performed [START_REF] Sposto | The effectiveness of chemotherapy for treatment of high grade astrocytoma in children: results of a randomized trial. A report from the Childrens Cancer Study Group[END_REF]. A more robust conclusion emerged from the subsequent CCG-945 study, in which a 5-year PFS of around 30% was reported for children in whom a near-total resection (above 90%) was achieved, as compared to a 5-year PFS of only around 15% when a less substantial resection was performed (p = 0.006). The strength of association was demonstrated both in the subgroup of patients with anaplastic astrocytoma and in the GBM subgroup [START_REF] Wisoff | Current neurosurgical management and the impact of the extent of resection in the treatment of malignant gliomas of childhood: a report of the Children's Cancer Group trial no. CCG-945[END_REF]. Similar findings have been shown in the other trials, although complete resection has been associated with discrepant low-grade histologies following central pathology review [START_REF] Chastagner | What have we learnt from previous phase II trials to help in the management of childhood brain tumours?[END_REF].

Pediatric supratentorial HGGs have been treated most often according to the adult protocols combining radiation therapy and nitroso-ureas [START_REF] Finlay | Randomized phase III trial in childhood high-grade astrocytoma comparing vincristine, lomustine, and prednisone with the eight-drugs-in-1-day regimen. Childrens Cancer Group[END_REF]. In the recent years, following the success of temozolomide in adults, this agent was extensively used and, although results were not superior when compared to historical series using nitroso-ureas (Cohen et al., 2011b), the drug became a standard backbone. Trials are testing the new drugs either as an add-on to temozolomide (as in the current HERBY study) or comparing the new protocol to temozolomide (in form of a pick-a-winner design).

In infants, however, chemotherapy-only approaches have been explored successfully and as many as fifty percent of these young children can be cured with chemotherapy after maximal surgical resection [START_REF] Dufour | High-grade glioma in children under 5 years of age: a chemotherapy only approach with the BBSFOP protocol[END_REF]. These data suggest already that HGG may be different according to age.

For diffuse intrinsic pontine gliomas (DIPG), the only efficient treatment to date has been radiation therapy and no additional treatment showed some benefit [START_REF] Jansen | Diffuse intrinsic pontine gliomas: a systematic update on clinical trials and biology[END_REF] Temozolomide, in particular, has not shown any significant improvement when added to radiation therapy (Chassot et al., 2012;Cohen et al., 2011a;[START_REF] Jalali | Prospective evaluation of radiotherapy with concurrent and adjuvant temozolomide in children with newly diagnosed diffuse intrinsic pontine glioma[END_REF].

The development of targeted therapies has been hampered by the lack of knowledge about the biology of these tumors in children and the assumption that it would recapitulate the one seen in adults.

Prognosis

It is assumed that the prognosis of malignant gliomas is better in children that in adults with 25% of 5-year survivors in contemporary series (Puget et al., 2011). However, this is mainly due to the good results in infants and very young children. Indeed, the results of the combination of radiotherapy and temozolomide in glioblastoma are comparable in children and in adults with less than 20% long-term survivors (Cohen et al., 2011b;[START_REF] Stupp | Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma[END_REF].

The prognosis is even worse in children with DIPG with a median survival of 9 months and most of the children dying before two years from diagnosis [START_REF] Jansen | Diffuse intrinsic pontine gliomas: a systematic update on clinical trials and biology[END_REF].

Although some studies have indicated possible prognostic markers, none has been validated so far.

Limitations of WHO classification of gliomas in children

Although this classification system has shown good correlation with outcome for adults (Louis et al., 2007) this is not always the case for pediatric patients, for whom lack of reproducibility represents a challenge.

Some earlier studies on pathology of pediatric HGG have achieved to show an impact of histology on survival. Distinct 5-year survival rates have been reported a range of 5% to 15% for children with GBM and of 20 to 40% for those with anaplastic astrocytoma [START_REF] Marchese | Malignant astrocytic gliomas in children[END_REF][START_REF] Phuphanich | Supratentorial malignant gliomas of childhood. Results of treatment with radiation therapy and chemotherapy[END_REF][START_REF] Sposto | The effectiveness of chemotherapy for treatment of high grade astrocytoma in children: results of a randomized trial. A report from the Childrens Cancer Study Group[END_REF]. However the impact of grading has not been shown reproducibly in children. One study suggested that HGGs other than the predominantly astrocytic anaplastic astrocytoma and glioblastoma are associated with a more favorable outcome [START_REF] Finlay | Randomized phase III trial in childhood high-grade astrocytoma comparing vincristine, lomustine, and prednisone with the eight-drugs-in-1-day regimen. Childrens Cancer Group[END_REF].

The largest clinical randomized study on pediatric HGG published to date was the CGC-945, which enrolled 231 patients with HGG between 18 months and 21 years of age.

This study showed discordance in 41/172 single-expert and 51/172 consensus histological diagnoses and 70 tumors reclassified as low grade out of 250 HGG (Pollack et al., 2003a).

The poor prognostic capacity of this classification in children has been well documented in a review of a large series of 340 pediatric supratentorial astrocytic gliomas, in which neither WHO nor revised histological categories adequately separated lesions with prognostic significance [START_REF] Gilles | Limitations of the World Health Organization classification of childhood supratentorial astrocytic tumors. Children Brain Tumor Consortium[END_REF].

The limitations of the WHO histological subtyping of pediatric malignant lesions have been assimilated among pathologists to such an extent that most recent series of HGG 

Biology

Differences between children and adults

Striking differences are noted in patterns of disease progression and prevalence of anatomic location between children and adults [START_REF] Broniscer | Clinical and molecular characteristics of malignant transformation of low-grade glioma in children[END_REF][START_REF] Qaddoumi | Outcome and prognostic features in pediatric gliomas: a review of 6212 cases from the Surveillance, Epidemiology, and End Results database[END_REF]. Some of the most common genetic alterations observed in adult HGG are observed at a significantly distinct frequency in childhood lesions.

Clear distinctions in the underlying biology have been recently published, leading to the conclusions that not only pediatric HGG differ from those occurring in adults, but also that the great heterogeneity within childhood tumors does not necessarily correspond well to the different morphological entities assigned to them in the WHO classification (Bax et A fundamental characteristic of diffuse gliomas in the adult population is the general tendency towards progression to higher-grade tumors. This phenomenon has been characterized on a molecular basis, includes frequent TP53 mutations (around 60% cases), rare EGFR amplifications (under 10%) and even more rare PTEN mutations (below 5%) [START_REF] Ohgaki | Genetic pathways to glioblastoma: a population-based study[END_REF] and is clearly distinct from the alterations observed in primary (de novo) glioblastomas [START_REF] Maher | Marked genomic differences characterize primary and secondary glioblastoma subtypes and identify two distinct molecular and clinical secondary glioblastoma entities[END_REF]. In pediatric patients supratentorial diffuse infiltrating gliomas occur much more rarely than in adults and their malignant transformation is even more rarely observed. Besides, in one study of 11 pediatric gliomas undergoing malignant transformation the acquired genetic abnormalities overlapped with those of both primary and secondary glioblastoma in adults [START_REF] Broniscer | Clinical and molecular characteristics of malignant transformation of low-grade glioma in children[END_REF]. Some of the low frequency genomic events that do occur in the pediatric setting may show overlap with those observed in the clinical 'secondary' pathway of adult gliomas, despite the relative rarity of malignant transformation in children [START_REF] Broniscer | Clinical and molecular characteristics of malignant transformation of low-grade glioma in children[END_REF]. TP53 overexpression or mutations had a significantly worse 5-year PFS than did those who did not have these changes (17% ± 6% vs. 44% ± 6%; p = 0.0001) [START_REF] Pollack | Expression of p53 and prognosis in children with malignant gliomas[END_REF].

Abnormal TP53 expression was more common in glioblastoma than in anaplastic astrocytoma, but TP53 expression was found to be an independent predictor for each histological subgroup.

In pediatric DIPG TP53 mutations are even more common, being present in over 50% of tumors [START_REF] Louis | Molecular genetics of pediatric brain stem gliomas. Application of PCR techniques to small and archival brain tumor specimens[END_REF]. In a recent study from our group on CGHarrays and gene expression profiling of a large series of pretreatment 61 DIPG, loss of TP53 locus was the only single chromosomal imbalance significantly associated with a poorer outcome (p=0.01) (Puget et al., 2012; Appendix 2.2).

RAS

Gene-expression profiling supported by immunohistochemichal analysis suggests that there are at least two subtypes of pediatric GBM, one associated with Ras/Akt-activation and poor prognosis and the other with no obvious Ras/Akt activity and a better outcome. This finding is in contrast to adult GBM in which Ras pathway is activated in most tumors [START_REF] Faury | Molecular profiling identifies prognostic subgroups of pediatric glioblastoma and shows increased YB-1 expression in tumors[END_REF]). This will be discussed later, together with the results of our first article in this chapter.

MGMT

In adult GBM the association between O6-methylguanine-DNA methyltransferase (MGMT) methylation status and response to treatment with the DNA alkylating agent temozolomide (TMZ) is well established. The DNA repair enzyme MGMT removes methyl groups from the O6-position of guanine and the expression of MGMT is therefore thought to inhibit the cytotoxic effect of TMZ. MGMT gene cytosine hypermethylation, which is observed in approximately 40% of adult GBM patients, results in a marked down-regulation in the synthesis of MGMT transcript and protein; consequently, the MGMT protein whose activity is critical to the repair of alkylated DNA is either absent or greatly impaired in these tumors [START_REF] Hegi | MGMT gene silencing and benefit from temozolomide in glioblastoma[END_REF].

The observation that MGMT inactivation through promoter methylation especially appears to be associated with a favorable prognosis in adult patients with GBM who receive TMZ and other alkylating agents has led to the evaluation of the significance of MGMT promoter methylation in pediatric GBM. A strong correlation with OS was observed irrespectively of treatment, which suggests that MGMT methylation may be a prognostic factor for survival in pediatric GBM, as well as a possible marker for TMZ sensitivity [START_REF] Donson | MGMT promoter methylation correlates with survival benefit and sensitivity to temozolomide in pediatric glioblastoma[END_REF].

Similarly, the association between MGMT expression status and outcome in pediatric HGG, with use of tumor samples from the CCG-945 study, has been investigated. Over-expression of MGMT was associated with an unfavorable prognosis in children with HGG who had received alkylator-based chemotherapy as a component of a multimodality treatment [START_REF] Pollack | O6-methylguanine-DNA methyltransferase expression strongly correlates with outcome in childhood malignant gliomas: results from the CCG-945 Cohort[END_REF].

However in two studies on pediatric DIPG the use of temozolomide has not resulted in any survival benefit [START_REF] Chiang | Role of temozolomide in the treatment of newly diagnosed diffuse brainstem glioma in children: experience at a single institution[END_REF][START_REF] Jalali | Prospective evaluation of radiotherapy with concurrent and adjuvant temozolomide in children with newly diagnosed diffuse intrinsic pontine glioma[END_REF]) and could actually be deleterious.

This could be explained by the fact that MGMT does not appear to be overexpressed in tumors from patients with DIPG and therefore cannot account for the temozolomide resistance (Zarghooni et al., 2010). Albeit a potential predictive/prognostic role of these alterations, as anti-BRAF targeted therapies directed to this specific V600E mutation in melanoma patients have recently been reported with encouraging results (Bollag et al., 2010), their role in clinical management for brain tumors has yet to be established.

BRAF

Introduction to third article

One other area were biomarkers are actively studied is the prediction of the efficacy of a given targeted therapy. In adult oncology, numerous examples of their usefulness exist and in some cases these biomarkers have been taken into account to guide the prescription of these targeted therapies: HER2 amplification/overexpression for trastuzumab, We show here the feasibility of biomarker studies in pediatric malignant glial tumors, including diffuse intrinsic pontine gliomas (DIPG), from patients participating in this erlotinib phase I trial. Immunohistochemistry and FISH could be applied to define the status of the EGFR pathway and PTEN in tumor tissue before treatment. EGFR was overexpressed in 8/20 DIPG samples (40%); slightly less than in supratentorial high-grade gliomas in which 6/8 tumors (75%) were positive for EGFR. Novel data showing here the frequent PTEN loss in DIPG by immunohistochemistry (15/19 = 80%) should alter the design of trials using agents targeting the tyrosine-kinase activity of growth receptors in this disease. In contrast with a recent report in patients with DIPG [START_REF] Li | Expression of epidermal growth factor variant III (EGFRvIII) in pediatric diffuse intrinsic pontine gliomas[END_REF] where EGFRvIII mutants were detected in 6 out of 11 cases, we did not find any of these mutants in our series. In addition, we show preliminary evidence that patients with DIPG most likely to benefit from the addition of erlotinib to radiation therapy are those with EGFR-positive tumors or oligodendroglial differentiation. Future trials could therefore be designed with treatment allocation on the basis of the molecular profiling of the tumor, even for DIPG at diagnosis.

HERCEPTIN®
One could make the hypothesis that the enrichment of phase I/II studies for targeted agents with patients whose tumors harbor the corresponding biological abnormalities could improve the global results of these treatments in the future. In this respect, the BATTLE trial for personalizing therapy in lung cancer paved the way by using an adaptative trial design to test four targeted therapies for the treatment of non-small cell lung cancer to determine which patients should receive each therapy based on the molecular makeup of a patient's tumor based on a biopsy. One of the main findings of this trial was that patients prescribed treatment with existing drugs based on their tumor biomarkers benefited more than patients whose treatment was not based on their tumor biomarkers [START_REF] Kim | The BATTLE trial: personalizing therapy for lung cancer[END_REF]. Biomarkers for the efficacy of targeted therapies are therefore required in order to tailor the treatment to the patients most likely to benefit from it. These developments have important economical implications for the Health System but also for the effective implementation of personalized cancer medicine.

Introduction

Central nervous system (CNS) tumors constitute 20% of all pediatric cancers and represent the first cause of cancer-related death and morbidity in this age group.

Although an overall 55% cure rate is observed with multimodal intervention such as surgical resection, irradiation and chemotherapy, some subtypes such as diffuse intrinsic pontine gliomas (DIPG) or high-grade glioma are still associated with a dismal prognosis and new therapeutics are highly desirable (1).

Epidermal growth factor receptor (EGFR) contributes to cell growth and proliferation in adult malignant gliomas. Most frequently EGFR protein overexpression is associated with EGFR gene amplification or constitutively activating EGFR mutations (i.e. EGFRvIII); activation may result through alterations in its co-receptors (2-6).

EGFR is overexpressed in about 40 to 60% adult high grade gliomas of which approximately 50 to 70% display the variant III mutation (7-10). When activated, the receptor both autophosphorylates and initiates downstream signaling through the RAS/RAF/MAPK and the phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR signal transduction cascades (11). Expression of EGFRvIII in adult glioblastoma multiforme (GBM) has been associated with poor prognosis, shorter interval to relapse (12)(13)(14) and increased resistance to chemotherapy and radiotherapy (15). Furthermore, EGFR tyrosine kinase inhibition has shown radiosensitizing effects in CNS tumor cell lines and xenograft models (16,17). Anti-EGFR therapies have therefore been largely studied in adult high grade glioma (18)(19)(20)(21)(22)(23).Various molecular mechanisms involved in both sensitivity and resistance of gliomas to anti-EGFR therapies have been suggested (24). Coexpression of EGFRvIII and PTEN was found significantly associated with clinical response to EGFR inhibition in some studies (18,25).

According to other authors low levels of p-AKT together with EGFR overexpression were best predictors of response (19).

In pediatric high grade gliomas, EGFR was found variably overexpressed in 10% to 80% (26)(27)(28)(29)(30). A more recent series of pediatric supratentorial high grade glioma reported EGFR amplification in 8 of 74 cases (11%) and EGFRvIII deletions in 6 out of 35 cases (17%) (31). Other authors reported even lower frequency of EGFR amplification in 3% (2 of 78 samples) (32). In a series of 28 surgical biopsy and autopsy brainstem glioma specimens, EGFR overexpression had a positive correlation with higher histological grade. Two cases showed high level and one low level EGFR amplifications which did not correlate with EGFR immunohistochemical status (28). In another autopsy series, three out of 11 DIPG patients had strong EGFR positivity in immunohistochemistry (IHC), four had weak positivity and four were negative for EGFR. Interestingly one of the patients without EGFR expression had low level EGFR copy number gains (33). Thus, although EGFR pathway alterations are less common at the genomic level in pediatric gliomas than in their adult counterpart, its frequent overexpression could still qualify for a relevant therapeutic target. Based on this rationale, we had explored the EGFR tyrosine kinase inhibitor erlotinib (Tarceva ® ) within a phase I trial in recurrent brain tumors and newly diagnosed DIPG (34).

Here we present the first study to correlate the analysis of tumor samples and clinical data from children with DIPG at diagnosis. To our knowledge, this is also the first stereotactical biopsy and were treated with radiation and temozolomide at our institution were explored retrospectively (partly included in (35)).

Centralized histological review.

Central histological review was performed by two neuropathologists (PV, FA) and final diagnosis was rendered as a consensus according to WHO 2007 guidelines (36) and Sainte-Anne Hospital classification (37,38). In addition to hematoxylin-eosin staining, IHC was performed for diagnosis when needed. For DIPG, we morphologically and immunophenotypically assigned a predominant astrocytic or oligodendroglial differentiation as described previously described (39). Astrocytic differentiation was depicted by the presence of atypical cells, often elongated and strongly positive for GFAP and vimentin. Tumors with prominent oligodendroglial differentiation displayed monomorphous round nuclei and were strongly positive for OLIG2 and weak for GFAP and vimentin. This mouse monoclonal IgG1 antibody is directed against the extracellular domain of human EGFR and recognizes both wild type and variant III EGFR (40).

Immunohistochemistry

Immunostaining was scored semi-quantitatively, as adapted from (41), based on both cell number and staining intensity, as follows: 0 = no staining; 1 = less than 10% of cells showing mild to moderate intensity; 2 = 10% to 50% of cells showing mild to moderate staining or strong staining intensity in less than 10% of cells; and 3 = more than 50% of cells showing mild to moderate staining intensity or strong staining intensity in more than 10% of cells. Scores of 2 or 3 were considered positive, ie indicative of overexpression. For PTEN and p-AKT, nuclear and cytoplasmic staining was considered separately. Staining for PTEN on blood vessels was used as internal control and as a parameter for the intensity of staining as described elsewhere (42).

For p-MAPK, scoring was done as previously described: a negative score designating light or patchy staining whereas a positive score was assigned to cases with heavy staining in most tumor cells (43). Scoring was performed in consensus between the two neuropathologists blinded to clinical data. 

Fluorescence in situ hybridization (FISH). FISH for the genes

RT-PCR and sequencing for EGFR variant III.

Reverse-transcriptase (RT)-PCR for detection of the EGFRvIII mutation from FPE sections was performed as previously described (31). The presence of the EGFRvIII fragment was confirmed in duplicates by direct sequencing.

Statistical analysis.

Kaplan-Meier estimates were used for survival curves, Chi square test or log rank test to estimate statistical difference.

Results

Histological diagnosis and central review

Histological review was performed in 41 out of 50 patients treated within the clinical trial; material was not available for 4 supratentorial gliomas, 4 DIPG and 1 PNET.

Additional immunostainings were performed for diagnostic purposes in 28 patients.

Comparative diagnoses among institutional and central review are summarized in Table 1.

Local pathologist diagnosis was confirmed in 28 of 41 patients for whom both were available (68%). For 8 patients, minor modifications were applied in regard to grading or histological subtype. In five patients, 4 of them with DIPG, histological grade was modified from Grade III to IV or vice versa (#13, #38, #40, #35, #20); three grade III gliomas were considered as mixed oligo-astrocytoma rather than pure oligodendroglioma (#1, #23, #51). In four cases, the modification of the diagnosis was considered as major: one choroid plexus carcinoma (#4) and one DIPG (#17)

were reclassified as respectively choroid plexus papilloma and exophytic pontine

tumor. An atypical teratoid rhabdoid tumor or malignant glioma not otherwise specified (NOS) (#5) was classified as grade III ependymoma and one anaplastic astroblastoma as choroid plexus carcinoma (#49). One biopsy initially considered to be non-tumoral was reviewed as DIPG based on presence of atypical Ki67 positive infiltrating cells (#21).

Considering central diagnosis when available (n=41) and local diagnosis in the remaining 9 cases, Group 1 was mainly composed of supratentorial malignant glioma (n=12), DIPG (n=6) and anaplastic ependymoma (n=7).

Among the newly diagnosed DIPG in Group 2, according to 2007 WHO classification 2 were astrocytoma grade II, 1 oligodendroglioma grade II, 1 oligoastrocytoma grade II, 3 oligoastrocytoma grade III, 7 grade IV, 6 infiltrative gliomas NOS and 1 exophytic pontine glioma. Of note, all 7 lesions classified as GBM among DIPG showed morphological evidence of astrocytic differentiation and lacked OLIG2 positivity by IHC.

EGFR analysis

EGFR IHC and FISH analysis were performed in 38 patients (Table 2). EGFR overexpression was seen in 17/38 tumors (45%). It was more frequent in supratentorial HGG (6/8 = 75%) than in DIPG (8/20 = 40%) or ependymomas (3/7 = 43%). Most cases displayed cytoplasmic staining. Consistent with prior findings (41), EGFR staining was heterogeneously distributed in 15/17 cases (Figure 1A in a supratentorial GBM and 1B in a DIPG). Tumor cells in mitosis were frequently marked for EGFR as shown in Figure 1B. In our DIPG control group not treated with erlotinib, EGFR overexpression was found in 66% (14 of 21 samples).

EGFR (7p11.2) gene analysis by FISH revealed alterations in chromosome 7 copy numbers in 23 of the 31 interpretable cases. Thirteen cases had polysomy harboring 3 to 5 copies of chromosome 7. Monosomy of chromosome 7 was seen in 10 cases.

The alterations of copy number (EGFR gene and chromosome 7 centromere) were balanced in all cases but one. A GBM or malignant glioneuronal tumor according to Sainte Anne classification (#15) exhibited a gain of EGFR in 30% of tumor cells (Figure 1C); most cells had polysomy and only 20% were disomic for chromosome 7.

No cases of EGFR amplification were observed.

Three cases showed weak positivity for the EGFRvIII in IHC. RT-PCR confirmed the presence of the EGFRvIII mutation in one grade III oligoastrocytoma; presence of the mutation could not be confirmed in two ependymomas due to the poor quality of extracted RNA.

Distribution of EGFR gene alterations did not differ significantly between the different tumor types.

Comparing EGFR gene alterations with EGFR overexpression, 7/13 (54%) patients with polysomy of chromosome 7 and 6/10 (60%) patients with monosomy were positive for EGFR versus 2/8 (25%) patients with a normal profile (p=NS, Chi square test).

HER2/neu expression

HER2/neu expression was absent in all 36 samples tested.

PTEN analysis

PTEN expression was found in 19 out of 38 tumors evaluated by IHC. Expression had mostly a cytoplasmic pattern, except for one DIPG which showed nuclear staining, and one ependymoma and the medulloblastoma with strong cytoplasmic and nuclear staining. Eighteen cases had PTEN loss (Figure 1D). Interestingly, out of 19 DIPG studied had loss of PTEN expression as compared to 3 out of patients with other tumor types (79% versus 17%, p<0.001).

FISH for 10p23 was assessed in all 15 patients with DIPG for whom material was available (11 with PTEN loss, 3 expressing PTEN in IHC, and one with not interpretable IHC result) and in 3 supratentorial gliomas with PTEN loss. PTEN loss (10p23) was observed in 7 cases (Figure 1 E) and chromosome 10 monosomy in two (Figure 1F); one sample showed both abnormalities. Nine cases had no abnormality despite lack of PTEN expression in IHC. All three DIPG with PTEN expression in IHC had 10p23 loss.

p-AKT and p-MAPK expression

Sixteen out of 38 cases studied (42%) were positive for p-AKT expression (3/8 gliomas, 9/20 DIPG, 2/7 ependymomas, 2/3 miscellaneous diagnoses). Variable staining patterns (i.e., nuclear, cytoplasmic, or both) were observed.

Positive staining for p-MAPK was observed in 24 out of 37 patients tested (65%): 5/8 gliomas, 13/19 DIPG, 4/7 ependymomas, 2/3 miscellaneous diagnoses. Staining was always of strong intensity and each case displaying both nuclear and cytoplasmic distribution. Distribution of p-AKT and p-MAPK expression did not differ significantly between the main groups of diagnoses.

There was no correlation between the biomarkers tested. Among the 12 glioma samples with p-AKT expression detected, seven were also negative for PTEN expression, four were positive and one could not be assessed.

EGFR pathway in supratentorial high grade glioma and response to erlotinib

Two patients with supratentorial high-grade glioma experienced tumor regression close to 50% when treated with erlotinib. The oligoastrocytoma grade III (#23) for which material was available exhibited strong EGFR expression and chromosome 7 monosomy in 35% of cells without PTEN loss and low levels of p-AKT and p-MAPK (Figure 2).

The patient with an oligoastrocytoma grade III (#51) exhibiting EGFRvIII mutation with 7p polysomy in 80% of cells, activated p-AKT and p-MAPK without PTEN loss, progressed to erlotinib treatment.

One patient with recurrent, rapidly progressing GBM died from intratumoral hemorrhage on day 4 of erlotinib treatment (#15). The tumor had a gain of EGFR in 30% of cells (Figure 1C) and strong overexpression of EGFR (Figure 1A), monosomy of chromosome 10 in 30% of cells together with a loss of PTEN expression and PTEN locus in 23%. AKT and MAPK pathway were both activated.

EGFR pathway in DIPG and response to erlotinib

Among the 20 tumors available, 18 samples at diagnosis and 2 at relapse, overexpressed EGFR which was often observed in elongated cells with scant cytoplasm as well as in cells in mitosis. 3A andB).

EGFR overexpression was associated with a decreased risk of progression (mean PFS = 10.7 vs 6.6 months; p=0.058, log-rank test) in patients treated with erlotinib. In the control group of DIPG treated with chemoradiation, EGFR expression was not correlated with the risk of progression (mean, 7.1 vs. 6.9 months; p=NS, log-rank test; Figure 3D andF). There was also a better OS for patients with EGFR overexpression treated with erlotinib (mean, 16.9 vs. 11.9; p = 0.20, log rank test)

while OS in the control group was independent of EGFR expression (mean, 10.2 vs.

8.6; p=NS, log rank test; Figure 3 C and E).

Tumors with oligodendroglial differentiation showed a trend for better OS than astrocytic tumors when treated with erlotinib (median, 14.0 vs. 8.5; p=0.10, log-rank test) while this was not the case in the control group (median, 7.2 vs. 14.0; p=0.NS, log-rank test; Table 3).

Discussion

This is the first study to correlate biomarkers with treatment efficacy in pediatric patients with brain tumors including DIPG. The study showed that biomarker analysis using IHC and FISH is feasible on stereotactic biopsy samples in DIPG which has only recently been re-introduced in medical practice (44).

We confirmed overexpression of EGFR in pediatric supratentorial malignant gliomas and DIPG, the former being more frequently positive for EGFR and PTEN. Despite the presence of EGFR protein overexpression, EGFR gene amplification is rare in pediatric gliomas, as suggested already in previous studies (28)(29)(30)(31)(32)(33). The incidence of EGFR overexpression in our study was similar to those reported in the series of Gilbertson et al (13 out of 28 cases) when using an equivalent scoring scale (28) and of Zarghooni et al (7 out of 11 cases) (33). In the series of Gilbertson, 2 cases of DIPG were found with high-level EGFR amplification and one with low-level (28). In addition to the findings in these prior reports, we observed a high number of chromosome copy abnormalities, such as chromosome 7 monosomy and polysomy.

The functional significance of this is so far not known.

The absence of correlation between chromosome 7 monosomy, polysomy and EGFR immunohistochemical status may be an evidence of important post-translational regulation of this gene. Our findings of heterogeneous, sometimes focal EGFR expression by different cells in a given tumor as well as the heterogeneity of chromosomal alterations in cell subpopulations may suggest also for pediatric gliomas a co-existence of different clones within the same tumor (45) and highlight supratentorial glioma experienced clinical benefit and close to 50% tumor regression with erlotinib single agent treatment at relapse. For the one whose tumor material was available for biomarker studies (anaplastic oligoastrocytoma), we found strong expression of EGFR and persistence of PTEN expression together with the absence of AKT and MAPK activation. This finding is in concordance with the profiles of responders previously described in the literature (18,19,25). One patient with a supratentorial glioblastoma displaying EGFR gain and strong EGFR expression in IHC experienced intratumoral hemorrhage on day 3 of erlotinib treatment. Although this subtype of gliomas is known for rapid growth and tendency to hemorrhages, a possible intratumoral necrosis due to tumor response to erlotinib could also be speculated. EGFR may be therefore a therapeutic target in a subset of recurrent pediatric gliomas displaying a similar profile.

In children with newly diagnosed DIPG treated with erlotinib and irradiation, these with EGFR expressing tumors appeared to have a better PFS compared to those that were negative for EGFR expression (PFS 12 months vs 6 months). In contrast, there was no difference in PFS for EGFR positive versus negative tumors in a comparable population of children treated with chemoradiation suggesting EGFR overexpression may be a predictive marker of tumor response to the combination of erlotinib and radiation and not a prognostic marker in DIPG. Moreover, the patients who seemed to benefit the most with erlotinib were those with oligodendroglial type of DIPG, which do usually represent the most aggressive form of DIPG (39). As a whole, the survival of the patients treated with erlotinib in combination with radiotherapy was better that the contemporary controls. These findings led us to design a phase II study of this combination for patients with EGFR positive tumors. Whether the frequent loss of PTEN expression in DIPG could limit the response to EGFR inhibition needs to be further explored.

Conclusion

EGFR overexpression is present in pediatric high-grade glioma, often associated with chromosome 7 monosomy or polysomy, but rarely EGFR gene amplification or EGFRvIII mutation. The study highlights the importance of biological correlates and biomarker studies in the development of targeted agents for the treatment of pediatric brain tumors, although the complexity of biological findings and limited numbers of samples may preclude definitive conclusions with respect to response to treatment.

Our results suggest an advantage of EGFR targeting with tyrosine-kinase inhibitors for supratentorial and pontine gliomas when EGFR is overexpressed and needs to be confirmed in a larger setting. The combination with inhibitors of the PI3K/AKT/mTOR pathway warrants future development in these tumors in which PTEN loss is frequent. 

Introduction to fourth article

The prognosis for children with DIPG is dismal, with a median survival of 9 months and most of the children dying before two years from diagnosis. Current therapies are mostly based on focal radiotherapy, which provides only temporary improvement. To the present, no significant benefit from chemotherapy has been reported. Effective therapies for this disease are dramatically lacking.

Most of the data on biology of DIPG has been drawn from post-treatment autopsy specimens. With the recent demonstration of the feasibility of stereotaxic biopsies for newly diagnosed DIPG with minimal morbidity, we studied a series of 20 cases by comprehensive mutation analysis.

The Oncomap® system we chose here interrogates 983 different mutations in 115 known oncogenes and tumor-suppressor genes (the complete list of genes follows the article), many of which are "drugable" targets of small inhibitor molecules. The other advantage of this system is the use from a relatively small amount of DNA (200ng) from each sample.

In this study we report mutations identified in 12/20 samples, of which 8 harbored mutations of TP53, 3 showed mutations of PI3KCA and 1 patient had mutations of both ATM and MPL, the latter 2 genes also involved in the Pi3K pathway. The mutations in PI3KCA constitute the first identification of oncogenes mutations in DIPG reported so far. PTEN loss and PDGFRA amplification were detected in 2 and 3 cases mutated for TP53 respectively.

The lack of mutation in other known oncogenes and tumor suppressor genes such as Ras genes suggests particular mechanisms of oncogenesis in this disease that should be evaluated by exome or whole genome sequencing and through epigenetic profiling.

Although our cohort here is relatively small, the fact that TP53 and PIKCA mutations were mutually exclusive is another evidence of subgroups of patients with distinct driving biological mechanisms; and is in keeping with data from the literature, which show different molecular subgroups in this disease. We have reported a "mesenchymal" subgroup with pro-angiogenic characteristics and an "oligodendroglial" subgroup, driven by PDGFRA and with a worse outcome (Puget et al) (Appendix 2.2).

The following table shows there was not a clear correlation between the mutations and the two gene expression groups previously defined. For further details on gene expression subgroups see Appendix 2.2. Recently it has been shown that a high percentage of DIPG present mutations in genes coding for histones H3.3 (60%) and H3.1 (18%) (Wu et al). The data on other mutations is not available to date. We have shown that gene expression of the mesenchymal group of DIPG is not driven by copy-number changes and it could be hypothesized that epigenetic changes consecutive to specific histone mutations may influence gene expression more dramatically.

Mutations and gene expression subgroups in DIPG samples

Finding therapeutic targets in DIPG is of paramount importance; the approach that we have developed in order to find drugable mutations is rather pragmatic. By virtue, PI3KCA seems to be a possible new target along with EGFR, PDGFRA, or MET, the last two being shown amplified or gained in DIPG by two independent teams (Paugh et al., 2011;Puget et al., 2012). In addition, the loss of PTEN expression, frequently found in DIPG (as reported in the first article in chapter 2), is also pointing towards the deregulation of the mTOR pathway.

Whether true PI3KCA inhibitors or dual PI3KCA/mTOR inhibitors should be used has still to be tested in vitro in relevant cell lines. In this respect, encouraging results have been shown in some patients with recurrent DIPG treated with temsirolimus (Geoerger et al., 2012). Further developments will consist in incorporating new recurrent mutations in the drug screen for DIPG found by exome or whole genome sequencing and to correlate these mutations with functional aspects of the biology of these neoplasms (oligodendroglial differentiation, mesenchymal transition, angiogenesis...). Finally, good candidate mutations will have to be tested in relevant preclinical models, recapitulating the complex and original biology of DIPG. The!frequency!of!p53!mutations!found!in!this!study!is!in!line! with!a!previous!report!that!detected!mutations!in!!ve!out!of!seven! cases!!by!!sequencing!! [15];!!!ve!!of!!these!!samples!!were!!autopsy! cases!and!our!study!shows!that!p53!alterations!are!present!at!the! time!of!diagnosis.!Interestingly,!one!of!the!hotspot!tested,!R273H,! was!!more!!frequently!!mutated!!in!!DIPG.!!This!!mutation,!!which!!is! localized!to!the!DNA-contact!domain,!does!not!completely!alter! the!!transcriptional!!activity!!of!!the!!protein!! [16,17]
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!!but!!has!!been! associated!!with!!the!!induction!!of!!drug!!resistance!![18],!!a!!feature! characteristic!!of!!DIPG.!!Our!!screen!!likely!!underestimate!!the!!fre-! quency!!of!!p53!!abnormalities!!since!!it!!covers!!only!!the!!most!!fre-! quent!!!mutations!!!(V157F,!!!G245S,!!!R248W,!!!R248Q,!!!R273C,! R273H,!R306).!
Our!study!reveals!PI3KCA!as!the!!rst!mutated!oncogene!de-! scribed!!in!!DIPG.!!PI3KCA!!mutations!!were!!not!!detected!!in!!the! samples!with!ampli!ed!PDGFRA!or!PTEN!loss,!the!most!frequent! alterations!described!so!far!at!the!genomic!level!in!DIPG! [4];!this! !nding!!is!!consistent!!with!!the!!fact!!that!!these!!oncogenic!!events! would!likely!be!redundant.! PI3KCA!!mutations!!were!!also!!not!!associated!!with!!BRAF!!or! RAS!!mutations!!as!!reported!!in!!other!!cancers!! [19,20].!!The!!appar-! ently!!mutually!!exclusive!!occurrence!!of!!mutations!!involving!!the! PDGFR!and!PI3K!pathways!may!indicate!that!DIPG!could!segre-! gate!into!different!subgroups.!Most!importantly,!these!mutations! are!drugable!and!PI3K/AKT/mTOR!inhibitors!may!be!useful!drug! candidates!for!a!subset!of!these!patients.!

The!!two!!other!!mutations!!described!!were!!identi!ed!!from!!the! same!patient!and!are!also!linked!to!the!PI3K!pathway.!ATM!is!a! member!!of!!the!!PI3K!!family!!that!!can!!also!!regulate!!p53!!activity.! Although!missense!mutations!in!ATM!have!been!associated!with! breast!!cancer,!!their!!functional!!role!!is!!still!!debated!! [21].!!MPL! (CD110)!is!a!cytokine!receptor!which!also!signals!through!PI3K! and!the!W515L!mutation!results!in!the!constitutional!activation!of! JAK2! [22].! ! 

! "#$! ! ! ! Oncogenic!Mutations!in!DIPG! 491! The!!presence!!of!!frequent!!p53!!abnormalities!!in!!the!!context! of!!!PDGFR!!!ampli!cation!!!or!!!PI3k!!!mutations,!!!both!!!of!!!which! can!!!lead!!!to!!!the!!!activation!!!of!!!the!!!PI3k!!!pathway!!!in!!!newly! diagnosed!DIPG!patients!raises!the!possibility!that!this!signaling! pathway!!constitutes!!a!!major!!component!!of!!the!!pathogenesis!!of! this!disease.!
Finally,!the!absence!of!mutations!in!the!other!common!onco-! genes!!and!!tumor!!suppressor!!genes!!in!!newly!!diagnosed!!DIPG! samples!!suggests!!that!!additional!!novel!!mechanisms!!are!!driving! their!oncogenesis;!they!will!need!to!be!evaluated!using!additional! molecular!methodologies!including!next-generation!sequencing!or! epigenetic!pro!ling.!Gene!expression!pro!ling!may!also!be!used! to!describe!molecular!pathways!participating!in!their!oncogenesis.! The!limited!number!of!mutations!identi!ed!in!these!highly!malig-! nant!!and!!rapidly!!fatal!!tumors!!was!!unexpected!!and!!suggests!!that! this!!type!!of!!approach!!can!!impact!!our!!understanding!!of!!rare!!dis-! eases!!while!!redirecting!!efforts!!to!!particular!!pathways!!and 7-12 !!In!!addition,!!despite!!similar!!histological!!termi-! nology,!adult!and!pediatric!high-grade!gliomas!differ!in!terms!of! prognosis. 6,13 ! In!!1988,!!Daumas-Duport!!et!!al 14 !!proposed!!another!!grading! scheme!based!on!the!summation!of!only!4!histological!features!for! astrocytic!tumors!in!adults.!It!has!been!reported!as!a!simpler!and! more!standardized!grading!system!with!thus!more!reproducibility! than!!the!!WHO!!system. 15,16 !!The!!original!!Daumas-Duport!!or! Sainte-Anne-Mayo!!grading!!system!!has!!been!!enhanced!!with!!the! addition!!of!!further!!tumor!!grades!!or!!subtypes,!!the!!oligoden-! droglioma!!grades!!A!!and!!B 17,18 !!and!!the!!malignant!!glioneuronal! tumor!!(MGNT), 19 In!this!study,!we!retrospectively!analyzed!a!cohort!of!pediatric! patients!!who!!had!!been!!treated!!for!!a!!malignant!!glioma!!over! a!!!15-year!!period.!!The!!!histological!!!diagnoses!!!of!!!the!!surgical! specimens!were!reevaluated!with!both!the!WHO!2007!and!the! SA!classifications.!The!preoperative!radiological!characteristics!of! the!!tumor,!!together!!with!!its!!anatomical!!location,!!were!!also!!in-! dependently!!reviewed.!!The!!postoperative!!images!!were!!used!!to! assess!!the!!extent!!of!!tumor!!resection.!!The!!histological!!classifica-! tion,!radiological!characteristics,!and!extent!of!resection!were!then! used!to!check!for!a!correlation!with!survival.!

have!!a!!poor!!survival,!!with!!5-year!!survival!!rates! of!,!20%!in!most!published!series. 2-4 ! At!!present,!!the!!treatment!!options!!and!!the! prognosis!!for!!this!!group!!of!!tumors!!have!!been! based!!on!!the!!clinical!!criteria!!and!!histopatho-! logical!!diagnosis. 4,5 !!The!!pMGs!!are!!heteroge-! neous!!!!in!!!!terms!!!!of!!!!histology;!!!!furthermore,! histologically!!identical!!tumors!!can!!respond!!dif-! ferently!to!the!same!treatment. 6 ! The!!most!!widely!!used!!histological!!classifica-! tion!system!of!brain!tumors!is!that!of!the!World! Health!!!Organization!!!(WHO). 6 !!!This!!!grading! system!was!developed!in!an!adult!population!and! is!!based!!on!!subjective!!morphological!!criteria.! ! ! However,!using!it!to!classify!high-grade!gliomas!by!histological! features!!!!!can!!!!!be!!!!!challenging,!!!!!thus!!!!!leading!!!!!to!!!!!limited! reproducibility!!and!!interobserver!!variability!!of!!20%!!to!!50%!!in! some!!series.
!!and!!is!!now!!called!!the!!Sainte-Anne!!(SA)! classification.! There!!is!!recent!!evidence!!that!!magnetic!!resonance!!imaging! (MRI)!appearances!may!be!helpful!in!distinguishing!histological! tumor!!
In!this!study!of!96!children!treated!for!a!malignant!glioma,!it! was!!possible!!to!!reassess!!the!!histology!!in!!92!!patients.!!Of!!these! patients,!!7!!(7%)!!were!!identified!!as!!having!!tumors!!that!!were! nonglial!in!origin!(eg,!an!atypical!teratoid!rhabdoid!tumor).!This! is!likely!to!reflect!the!greater!array!of!immunohistochemical!stains! that!!are!!now!!available.!!Furthermore,!!12!!(14%)!!and!!16!!(20%)! of!!the!!tumors,!!according!!to!!SA!!and!!WHO!!classifications,!!re-! spectively,!were!identified!as!not!having!a!high-grade 10 ;!the!second!was! a!!single-institution!!study!!of!!39!!purely!!nonbrainstem!!astrocyto-! mas 25 ;!the!third!study!of!a!multi-institutional!cohort!of!98!pa-! tients!showed!that!histology!had!an!independent!association!with! outcome 26 ;!and!the!most!recent!study!included!about!43!pedi-! atric!high-grade!gliomas. 27 !In!contrast,!in!others!studies,!there!is! a!survival!difference!between!grade!3!and!4!gliomas. 1,28-32 !These! series!!are!!large,!!but!!some!!are!!limited!by!!the!!lack!of!!central!!pa-! thology!!review.!!In!!adult!!series,!!the!!distinction!!between!!glioma! grades!3!and!4!affects!prognosis. 6 !This!suggests!that!pediatric!and! adult!malignant!gliomas!may!be!different!tumors,!in!keeping!with! previous!studies. 13,33,34 !In!the!present!series,!there!was!a!trend!for! a!better!prognosis!for!the!youngest!(,!3!years!of!age)!patients,!in! accordance!!with!!a!!recent!!large!!series. 1 

!tumor!but! a!low-grade!tumor.!This!yields!a!misclassification!rate!of!21%!to! 27%,!which!is!in!keeping!with!the!previously!reported!literature! ! ! of!!!20%!!!to!!!50%!!!disagreement!!!for!!!pediatric!!!
cohort.!!No!!impact!!of!!!WHO!!grading!!on!!!survival!!has!!been! described!!in!!previous!!pediatric!!studies.!!One!!study!!used!!1993! WHO!!histopathological!!classification!!for!!a!!large!!cohort!!of!!340! children!with!supratentorial!astrocytic!tumors
!!Previous!!studies!!have! suggested!!!that!!!there!!!may!!!be!!!biological!!!differences!!!that!!!are! stratified!by!age!among!the!malignant!pediatric!gliomas. 35-38 ! ! ! NEUROSURGERY! VOLUME!!69!!!|!!!NUMBER!!1!!!|!!!JULY!!2011!!!|!!!219! ! ! Copyright!©!Congress!of!Neurological!Surgeons.!Unauthorized!reproduction!of!this!article!is!prohibited.! ! "#$! ! ! ! ! !
The!prognostic!significance!of!brain!tumor!classification!and! grading!!is!!particularly!!difficult!!to!!evaluate!!for!!several!!reasons.! First,!the!classifications!and!histological!subtypes!have!varied!over! time,!!with!!4!!editions!!of!!the!!WHO!!system!!since!!1979. 6,39-42 ! Second,!the!grading!criteria!of!gliomas!have!changed.!Third,!the! interrater!!reproducibility!!of!!diagnoses!!and!!grades!!among!!path-! ologists,!even!for!specialized!pediatric!pathologists,!is!low. 12,24,43 ! In!!the!present!!study,!a!!multiple-correspondence!!analysis!!was! used!!to!!study!!the!!relationships!!between!!radiological!!features,! location,!!and!!histopathological!!groups.!!With!!this!!technique,!!it! was!possible!to!distinguish!some!of!the!tumors!described!in!the! SA!classification.!In!particular,!the!MGNT!could!be!identified!as! having!!a!!grapelike!!appearance,!!being!!supratentorial!!in!!location,! and!!displaying!!a!!distinct!!radiological!!border!!with!!a!!meningeal! attachment.!!This!!would!!be!!in!!keeping!!with!!the!!previously!!de-! scribed!features!of!the!MGNT. 19 

Finally,!the!impact!on!survival!in!terms!of!the!anatomic!location,! presence!!of!!a!!mixed!!pathology!!(eg,!!oligoastrocytoma!!or!!neuro-! glial),!and!variety!of!therapeutic!regimens!that!have!been!used!in! the!last!20!to!30!years!has!not!been!fully!evaluated.!In!addition,! the!evolution!in!immunophenotypical!criteria!(eg,!the!distinction! of!a!malignant!glioma!from!an!atypical!teratoid!rhabdoid!tumor! with!Ini-1!immunomarker)!has!identified!tumors!that!now!would! not!!be!!considered!!malignant!!gliomas.!!The!!recent!!2007!!WHO! classification!!is!!more!!rigorous!!in!!the!!definition!!of!!histological! grading!!criteria,!!but!!it!!is!!still!!imprecise!!for!!some!!terms!!such!!as! increased!!!cellularity!!!or!!moderate!!atypia,!!!leading!!to!!inherent! ambiguity!even!in!
In!!the!!SA!!classification,!!the!!oligodendroglioma!!A!!tumors! appeared!!to!!behave!!similarly!!to!!low-grade!!tumors,!!despite!!the! latter!being!known!to!have!a!high!potential!of!malignant!trans-! formation!!in!!adults.!!The!!oligodendroglioma!!A!!is!!a!!unique!!his-! tological!!description!!to!!the!!SA!!classification.!!The!!histological! feature!!is!!an!!infiltration!!by!!isolated!!tumoral!!oligodendrocytes! exhibiting!!a!!clear!!swollen!!cytoplasm!!and!!a!!typical!!perineuronal! satellitosis. 17,18 !!This!!is!!different!!from!!an!!oligodendroglioma!!B! tumor!in!that!oligodendroglioma!grade!A!tumors!are!character-! ized!by!the!absence!of!endothelial!hyperplasia,!which!may!be!in! accordance!with!its!potential!to!behave!in!a!fashion!similar!to!the! low-grade!tumors.!A!large!European!review!of!oligodendroglioma! in!!adults!!found!!that!!''endothelial!!abnormalities''!!were!!major! histological!features!with!prognostic!significance. 44 ! In!!both!!classifications,!!the!!histological!!definition!!for!!a!!glio-! blastoma!!is!!the!!same.!!In!!the!!SA!!classification,!!however,!!those! tumors!!!expressing!!!neurofilament!!!protein!!!were!!!reclassified!!!as! MGNTs.!!Interestingly,!!the!!SA!!classification!!could!!discriminate! ! ! ! TABLE!5.!Variables!With!Predictive!Value!of!Survival!in!the!Univariate!Analysis!and!With!Independent!Prognostic!Value!in!the!Multivariate! Analysis a ! Patients! Univariate!Analysis! Multivariate!Analysis! Variable! n!!!!!!!!!%!!!!!!!!!!HR!!!!!!!!!!95%!CI!!!!!!!!!!!P!!!!!!!!!!!HR!!!!!!!!!95%!CI!!!!!!!!!!P! Grapelike!

!

Integrative analysis of the copy number and expression profiles using Spearman correlations demonstrated a significant influence of copy number on gene expression in group 1 tumours (306/ 15189 = 2% probes significantly correlated), however not for those in group 2 (3/15189 = 0.02% probes significantly correlated) (Figure 2D). These strong correlations were restricted to certain chromosomal abnormalities, in particular gain of 1q, loss of 19q, and amplification of 4q12. When considering both groups together the expression of 1460 genes (6% of the genome) was significantly correlated with their copy number; six of the twenty most correlated genes were located on chromosome 4q12 region: CHIC2, SRP72, CLOCK, PPAT, SRD5A3 and EXOC1 with Spearman correlation coefficient .0.9 and adjusted p,0.01 (Figure S2B).

Using gene set enrichment analysis [23], the expression profiles of the two groups were compared with the four subgroups of adult high grade gliomas recently described as proneural, neural, classical/proliferative and mesenchymal (http://tcga-data.nci. nih.goc/docs/publications/gbm_exp/) [24]. The proneural signature was highly enriched in the gene expression signature of group 1 (enrichment score = 0.66; nominal p = 0.004; FDR q = 0.089) (Figure 2E) while the mesenchymal signature was significantly associated with group 2 tumours (enrichment score = 0.8; nominal p = 0.004; FDR q = 0.007) (Figure 2F).

Mesenchymal Transition and a Pro-angiogenic Switch Define A Subset of DIPG

Since a mesenchymal gene expression signature was specifically represented in one of the two DIPG expression groups, we compared the expression of 53 transcription factors specific for this process as previously defined in adult high grade gliomas [25]. These genes were significantly upregulated in the group 2 DIPGs relative to the group 1 tumours (GSEA analysis: enrichment score 0.56, FDRq = 0.039, p nominal = 0.034), together with the master epithelial-mesenchymal transition regulators, SNAI1 and SNAI2/ Slug genes (Figure S3A). Expression of these genes alone was sufficient to distinguish group 1 and group 2 DIPG (Figure 3A). A subset of 7 transcription factors (STAT3, BHLHE40, CEBPA and B, RUNX1, FOSL2 and ZNF238) controlled most genes of the mesenchymal signature of gliomas; all but ZNF238 were significantly upregulated in the group 2 tumours compared to the other DIPG (Figure 3B). This transcriptional module was associated with a mesenchymal phenotype with upregulation of TNC, OSMR, VIM and YKL40/CHI3L1 and a more astrocytic histology (Table S3 & Figures 3A and3C/D). Knowing that the BRAF V600E mutations could induce mesenchymal transition in some tumors [26] and that such mutations have been reported in a subset of pediatric glioma [27], we sequenced exon 15 of the BRAF ! previously!!!described!!!to!!!be!!!overexpressed!!!in!!!posterior!!!fossa! pilocytic!!!astrocytomas!!!and!!!ependymomas!!!compared!!!to!!!their! supratentorial!!counterparts!! [36,38,39].!!The!!converse!!may!!also! be!!true,!!with!!FOXG1!!and!!ZFHX4!!found!!to!!be!!upregulated!!in! supratentorial!HGG!compared!with!DIPG,!similar!to!data!from! ependymomas!!!!and!!!pilocytic!!!!astrocytomas!!!! [36,38,39].!!!This! suggests!!that!!there!!may!!be!!a!!common!!gene!!expression!!pattern! related!to!the!location!and!developmental!origin!of!glial!tumors! irrespective!!of!!the!!histological!!diagnosis.!!Moreover,!!among!!the! genes!!whose!!expression!!distinguished!!DIPG!!from!!the!!HGG!!in! other!!location,!!we!!identified!!several!!genes!!involved!!in!!the!!SHh! pathway!!such!!as!!PTCH1,!!GLIS1,!!GJA1,!!SLC1A6,!!KCND2,! PENK,!GAD1!(see!Table!S2)!already!shown!to!be!upregulated!in! mouse!models! [40] 

!

Conclusion

Paul Valery used to say, "What is too simple is wrong and what is too complicated is not understandable". In the complex world of cancer biology (culminating in the notion of personalized medicine), we need to have a method to simplify matters. Pathology has been extremely useful to delineate coherent ensembles to direct diagnosis and adapt treatment. It has shown obvious limitations at the end of the last century when traditional diagnostic approach became insufficient to determine different behaviours within one same entity. This is especially true when targeted treatment is considered, even if the real benefit from such approach is still limited for most patients. High-throughput technologies have initially brought the illusion that they could replace accurately pathology. However, these genomic signatures are usually far too complex to be reproducible and the efficacy of the attempts for simplification to a limited set of genes (e.g. ONCOTYPE Dx.) has yet to be proven. Furthermore, the quantification and standardization of "genomic alterations" is not as straightforward as it might seem, and often one comes across findings of unknown significance. This evolution of cancer medicine prompted pathologists:

-to refine their classifications with tumor class biomarkers, -to detect relevant drug targets and surrogates of their efficacy with the simplest procedure -to delineate complex biological process (e.g. epithelial-to-mesenchymal transition, neuronal differentiation!) representing the context within treatment and in which evolution of disease would take place.

In the present work, our aim was to discover and develop histopathological biomarkers for the classification, prognostication and management of pediatric ependymoma and HGG. The definition of a biomarker for us is therefore larger than usual since it is considered as a general simplified indicator of tumor biology.

A translational approach, integrating observation from our group's experience in diagnostic pathology and molecular studies from our team and from the literature has allowed us to establish and develop biomarkers that, besides bringing new information concerning the biological mechanisms in these diseases, can be useful for predicting their prognosis. In pediatric ependymomas this is the case of neuronal markers (NEFL), which seems to indicate a better prognosis for supratentorial lesions and TNC, which is strongly associated with a worse outcome. The establishment of a multi-institutional collaboration program was fundamental for the validation and the success of the cross-validation of these biomarkers. Indeed, large cohorts of homogenously treated patients are needed to define and validate prognostic biomarkers.
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On the other hand, a limited number of samples could be sufficient to discover new therapeutic targets or predictive biomarkers of efficacy of a given treatment. The finding of mutations in PI3KCA, constituting the first identification of oncogene mutations reported in DIPG is not only interesting as a scientific novelty, but also further highlights the heterogeneity of such lesions, largely unknown from a pathological and molecular point of view until very recently. The integrated approach was also fundamental for the analysis of the putative predictive markers for the response to targeted therapies in HGG in the setting of a clinical trial with the anti-EGFR agent erlotinib. Information drawn from this study, such as the frequent loss of PTEN in DIPG and the confirmation of the biological singularity of the subgroups expressing EGFR or displaying oligodendroglial differentiation with respect to prognosis in this setting has helped our group to establish the design of the next Phase II protocol for this disease, within the framework of the National Program of Clinical Research. Indeed, in this coming study, patients with DIPG will be allocated to the treatment arm corresponding:

-either to the activation of the EGFR pathway, -either to the activation of the PDGFRA pathway, -or to the activation of the mTOR pathway by PTEN loss or PI3KCA mutation. Molecular pathology (immunohistochemistry and FISH) will therefore have a major role in treatment guidance.

In addition, molecular pathology is the simplest and cheapest way to approach tumor heterogeneity (see for example the paper of Puget et al, in the appendix 1.2 of the present thesis, where FISH could prove that PDGFRA and MET gains were not present in the same tumor cells). Finally, molecular pathology can also help us to appreciate the role of microenvironnement in the evolution of the tumors (as shown with TNC in some gliomas, but not in our study of ependymomas). Tumors cells are able to modify the neighboring cells (eg Tp53 abnormalities in the stroma of breast cancer cells [START_REF] Patocs | Breast-cancer stromal cells with TP53 mutations and nodal metastases[END_REF] in one hand, and neighboring cells being able to favor tumor development (e.g. NF1 haploinsufficient mastocytes in neurofibroma [START_REF] Yang | Nf1-dependent tumors require a microenvironment containing Nf1+/--and c-kit-dependent bone marrow[END_REF] or PTEN dosages and breast cancer susceptibility in transgenic mice [START_REF] Alimonti | Subtle variations in Pten dose determine cancer susceptibility[END_REF].

Molecular Pathology has a central role in the analysis of cancers, and from a pathologist's perspective, as it takes into account the enormous heterogeneity among and within different patients and their tissues. Molecular Pathology seems to us at the cornerstone of clinical medicine and biology of disease, a formidable doorway towards personalized medicine for the next decades. It is rewarding to have the opportunity to integrate these new data, which should be incorporated in our daily practice.

  and recently also in hepatocellular carcinoma (Viatour et al., 2011), B-cell malignancies (Zweidler-McKay et al., 2005) and neuroblastoma (Zage et al., 2012) Therefore in these latter diseases normal NOTCH activity could have a potentially protective role against oncogenesis.
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Fig

  Fig.!!1.!!Histological!!variants!!and!!IHC!!!ndings!!in!!SE:!!(A)!!classic!!ependymoma!!histology;!!(B)!!clear!!cell!!ependymoma;!!(C)!!papillary! ependymoma;!!(D)!!tanicytic!!ependymoma;!!(E)!!GFAP!!immunostaining!!showing!!a!!classical!!perivascular!!enhancement;!!and!!(F)!!EMA! staining,!with!positivity!in!dots,!some!cases!showing!an!apical!cell-membrane!staining!in!true!rosettes!(insert).!Original!magni!cations:! " 200 ! (A, ! B, ! and ! E), !" 100 ! (C), ! and !" 400 ! (F). ! ependymal!cells, 12 !it!is!thus!possible!to!hypothesize!that! tumor!!!cells!!!forming!!!ependymomas!!!may!!!not!!!only! express!!glial!!markers!!but!!may!!rarely!!exhibit!!differen-! tiation!along!neuronal!lines.! The!aim!of!the!present!study!was!to!compare!SE!and! infratentorial!!!ependymoma!!!(IE)!!!by!!!gene!!!expression! studies!and!immunohistochemistry!(IHC),!with!empha-! sis!on!neuronal!expression!and/or!differentiation.! !

  Fig.!!2.!!The!!Kaplan-Meier!!survival!!curves!!in!!SE!!according!!to! surgical!treatment.!(A)!OS!and!(B)!PFS.! ! !

  Fig.!!!4).!!!There!!!was!!!no!!!association! between!!NEFL!!expression!!and!!the!!quality!!of!!surgical! resection,!!radiological!!features,!!or!!age.!!We!!found!!an! association!!between!!the!!positive!!expression!!of!!NEFL! and!!!!Olig2,!!!!chromogranin!!!!A,!!!!and!!!!synaptophysin! ! The!!median!!MIB-1!!index!!was!!10%!!among!!IE!!and! 23% ! among ! SE ! (P !#! .003). ! ! Quantitative!PCR! The!genes!NEFL,!LHX2,!FOXG1,!TLX1,!and!NPTXR! were!markedly!overexpressed!in!SE!compared!with!IE,! whereas!!TNC!!and!!RELN!!were!!overexpressed!!in!!IE.! NOTCH1!was!expressed!equally!in!IE!and!SE!(Fig.!5).

Fig.!! 4

 4 Fig.!!4.!!PFS!!in!!months!!for!!SE,!!according!!to!!neuro!lament!!light! polypeptide!(NEFL)!immunostaining-strong!vs!weak/no!staining.! !

Fig. ! 5 .

 5 Fig. ! 5. !! qPCR ! con!rms ! the ! overexpression ! of ! neuronal ! markers ! in ! SE ! (supra, ! n !#! 10) ! when ! compared ! with ! IE ! (infra, ! n !#! 11). ! (A) ! NEFL. ! (B) ! Lim!homeobox!protein!2!(LHX2).!(C)!Forkhead!box!G1B!(FOXG1).!(D)!T-cell!leukemia!homeobox!1!(TXL1).!(E)!Neuronal!pentraxin!receptor! (NPTXR).!(F)!Reelin!(RLN).!(G)!Tenascin!C!(TNC).!(H)!NOTCH1.!Normal!brain!was!used!as!a!reference.!
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 14723 Figure 1: MT1-2 IHC in ependymoma A) Tumor cells were negative, blood vessels showed cytoplasmic and nuclear staining in some cases B) Mostly nuclear and weak staining C) and D) Strong nuclear and cytoplasmic staining

Figure 4 :

 4 Figure 4: TNC and Overall survival in the French cohort (p=0.03)

Figure 6 :

 6 Figure 6: Tenascin C structure and main binding partners (From Midwood et al., 2011)
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 1 20-2.62], p=0.004), incomplete resection (HR=1.77 [1.20-2.62], p=0.004) and higher grade (HR=1.81 [1.18-2.78], p=0.007). Factors associated with a higher risk of recurrence were incomplete resection (HR=1.91 [1.35-2.70], p<0.001) and strong TNC expression in children below the age of three (HR=2.00 [1.24-3.23], p=0.005). Positivity for TNC immunostaining was associated with location, 70% of patients with infratentorial tumors showed strong expression compared to 18% of those with supratentorial tumors (p<0.001). The technique for TNC immunostaining and the scoring system developed were reliably reproducible when performed by different labs.
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 3 Figure 3: Progression-free survival in children with ependymoma in the Heidelberg cohort.
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 45S2 Figure 4: Overall survival in children with ependymoma in the Heidelberg cohort

  Primary short-term cell cultures and cell lines. Primary ependymoma short-term cultures NEM65, NEM78, and NEM94 were established by direct culture of tumor tissues in AmnioMAX C-100 Basal Medium completed with AmnioMAX C-100 Supplement (Invitrogen SARL, Cergy Pontoise, France). After removal of vessels and necrotic tissues, the tumor was mechanically dissociated and passaged serially through 18 to 22 Gauge needles to obtain a single cell suspension. The pediatric glioblastoma cell line SF188 was provided by Dr. Chris Jones (The Institute Cancer Research, Sutton, UK) and maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS), penicillin (100 IU/mL) and streptomycin (100 !g/mL) at 37°C and 5% CO2. GSI treatment: NEM65 cells were cultivated in 60 mm dishes until 80% confluence. At this time fresh medium containing 3.0 !M of DAPT or DMSO were added and cells incubated for 1, 3, 6, 12, 24 and 48 hours.

Figure 7 :

 7 Figure 7: Transcriptional downregulation of TNC after NOTCH1 siRNA transfection. The ependymoma short term culture cells NEM78 and NEM94 and the glioblastoma cell line SF188 Were transfected with NOTCH1 siRNA and siRNA control. TNC expression level were analyzed related to siRNA control.

Figure 8 :

 8 Figure 8: Transcriptional downregulation of TNC and other NOTCH1 effector genes after GSI treatment. NEM65 ependymoma short-term culture cells were treated with 3.0 !M of DAPT for the designed times. RNA extracted were subjected to real time RT-PCR for HES1, HEY1 and TNC genes.Expression is related to DMSO treated cells.

  and!MT3!plus!immunohistochemistry!for!ASPM!and!MT3!confirmed!the!microarray!results.! Immunohistochemistry!on!an!independent!series!of!24!tumor!pairs!at!diagnosis!and!at!relapse!confirmed!the!decrease!of! MT3!expression!at!recurrence!in!17/24!tumor!pairs!(p!=!0.002).!Conversely,!ASPM!expression!was!more!frequently!positive!at! relapse!!(87.5%!!vs!!37.5%,!!p!=!0.03).!!Loss!!or!!deletion!!of!!the!!MT!!genes!!cluster!!was!!never!!observed!!at!!relapse.!!Promoter! sequencing!!after!!bisulfite!!treatment!!of!!DNA!!from!!primary!!tumors!!and!!recurrences!!as!!well!!as!!treatment!!of!!short-term! ependymoma!cells!cultures!with!a!demethylating!agent!showed!that!methylation!was!not!involved!in!MT3!downregulation.! However,!in!vitro!treatment!with!a!histone!deacetylase!inhibitor!or!zinc!restored!MT3!expression.! Conclusions/Significance:!!The!!most!!frequent!!molecular!!events!!associated!!with!!ependymoma!!recurrence!!were!!over-! expression!of!kinetochore!proteins!and!down-regulation!of!metallothioneins.!Metallothionein-3!expression!is!epigenetically! controlled!and!can!be!restored!in!vitro!by!histone!deacetylase!inhibitors.! ! overall!prognosis!of!this!tumour!remains!poor,!especially!in!young! children!![5]!!with!a!!10-year!!survival!!between!!30!!and!!70%!![6,7].! Extent!!of!!initial!!surgery!!remains!!the!!only!!consensual!!prognostic! factor!!across!!studies!![6,8,9].!!Recurrences!!are!!most!!of!!the!!time! local,!!at!!least!!at!!the!!beginning!!of!!the!!natural!!history;!!distant! metastases!!!become!!!more!!!frequent!!!with!!!more!!!effective!!!local! treatment![7].!Treatment!strategy!is!actually!based!on!surgery!at! diagnosis!and!!at!each!relapse!completed!!with!local!!radiotherapy! ! [4,6,10].

!

  Materials!and!Methods! Tumour!material!and!patient!characteristics! Seventeen!!patients!!with!!at!!least!!two!!frozen!!samples!!from!!two! different!surgeries!(one!diagnosis!and!one!relapse)!were!included!in! this!study.!Frozen!samples!of!tumour!at!diagnosis!and!at!least!one! relapse!!were!!obtained!!for!!each!!patient.!!All!!samples!!were!!snap! frozen!!at!!the!!time!!of!!surgery.!!For!!ten!!patients,!!one!!relapse!!was! available!!!and!!!for!!!seven!!!patients!!!two!!!to!!!three!!!relapses!!!were! available.!!The!!study!!encompassed!!a!!total!!of!!forty-four!!tumour! samples,!!!seventeen!!!at!!!diagnosis!!!and!!!twenty-seven!!!at!!!relapse.! Paired!!tumour!!samples!!(diagnosis!!and!!relapse)!!from!!fourteen! patients!!were!!obtained!!from!!the!!Tumour!!Bank!!at!!the!!Necker! Enfants!!Malades!!Hopital,!!Paris,!!France.!!Two!!additional!!paired! tumour!!samples!!were!!obtained!!from!!the!!Tumour!!Bank!!of!!the! Pierre!!Wertheimer!!Hospital,!!Lyon,!!France!!and!!one!!from!!the! Neurosurgery!Department!of!the!Vrije!Universiteit!of!Amsterdam.! The!biological!study!was!approved!by!the!Internal!Review!Board! of!!the!!Biological!!Ressource!!Center!!of!!the!!Necker!!Sick!!Children! Hospital!!!in!!!Paris,!!!by!!!the!!!Internal!!!Review!!!Board!!!of!!!the! Neurosurgery!Department!of!the!Vrije!Universiteit!in!Amsterdam! and!by!the!Scientific!Advisory!Board!of!the!NeuroBioTec!Tumor! Bank!!in!!Lyon.!!Parents/guardians!!gave!!their!!written!!informed! ! consent!!!for!!!the!!!biological!!!studies!!!performed!!!with!!!the!!!tumor! samples.! Patients'!characteristics!are!described!in!the!supplementary!data! (Table!S1).!Male!to!female!ratio!was!8:9.!Median!age!at!disease! onset!was!3.4!years!(range:!0,4-10,6!years).!Tumour!location!was! infratentorial!in!11!of!17!patients.!Median!follow-up!of!the!patients! was!42!months!(range:!19-96!months).!Evaluation!of!the!extent!of! resection!!was!!based!!on!!the!!surgeon's!!report!!and!!post-operative!

  and!!FA).! Subependymomas!and!myxopapillary!ependymomas!were!exclud-! ed!!from!!the!!study.!!Before!!nucleic!!acid!!extraction,!!sections!!from! frozen!tumour!samples!were!colored!with!hematoxylin!to!discard! those!containing!necrosis!or!calcifications.! ! Nucleic!acid!isolation! DNA!!and!!RNA!!were!!extracted!!from!!frozen!!samples!!with!!the! Microkit!!(Qiagen).!!On!!the!!forty-four!!samples!!studied,!!eighteen! were!previously!analysed!by!BAC!array-CGH![30].!RNA!quality! was!assessed!by!2100!BioanalyzerH!(Agilent!Technologies).!Quality! criteria!!included!!28S/18S!!ratio!!.1.2!!and!!RIN!!(RNA!!Integrity! Number)!.8.! ! Gene!expression!array! For!!each!!patient,!!relapses!!were!!co-hybridized!!against!!their! corresponding!!tumour!!at!!diagnosis!!which!!served!!as!!reference.! Probes!!from!!tumour!!tissue!!and!!from!!the!!reference!!tissue!!were! differentially!labeled!by!the!incorporation!of!cyanine!3!(Cy3)!and! cyanine!!5!!(Cy5)!!(Dual!!Color!!44K!!microarray,!!Agilent!!Technol-! ogies),!respectively.!Briefly,!probes!were

  2)!was!used!to!quantify!the!intensity!of!fluorescent!images!and!to! apply!!a!!Lowess!!Normalization!!to!!correct!!for!!artifacts!!caused!!by! non-linear!rates!of!dye!incorporation!as!well!as!inconsistencies!of! the!relative!fluorescence!intensity!between!some!blue!and!red!dyes.! All!!data!!were!!imported!!into!!Resolver!!software!!(Rosetta!!Biosoft-! ware,!!Kirkland,!!WA)!!for!!database!!management,!!quality!!control,! computational!!!!re-combination!!!!of!!!!dye-swaps,!!!!and!!!!statistical! analysis.!Functional!analysis!was!carried!out!through!the!Ingenuity! Pathway!!!Analysis!!!(IngenuityH!!!System,!!!http://www.ingenuity.! com).!!!Microarray!!!data!!!have!!!been!!!posted!!!on!!!Array!!!Express! ! PLoS!ONE!!|!!www.plosone.org! September!2010!!|!!Volume!!5!!|!!Issue!!9!!|!!e12932! ! "$! ! ! Ependymoma!Recurrence!Biology! ! (IGR_EPENDYMOMA_STUDY_MP!!!ArrayExpress!!!accession! number:!E-TABM-873,!password!for!reviewer:!1260902888493).! ! CGH-array!!analysis!!were!!performed!!by!!using!!the!!aCGH!!R! package!!(v1.26.0),!!and!!the!!step!!down!!maxT!!multiple!!testing! procedure!of!Westfall!and!Young.

  were! assessed!by!morphology!and!expression!of!GFAP!on!immunocy-! tochemistry!(Figure!S1).! ! Epigenetic!regulation!of!metallothioneins!expression!in! vitro! Primary!cell!cultures!of!ependymoma!and!DAOY!medulloblas-! toma!cell!line!(ATCC)!were!added!to!60!mm!dish!at!a!density!of! 5610 5 !cells!and!incubated!overnight!in!a!5%!CO2!incubator.!The! following!!day!!they!!were!!treated!!with!!5!mM!!of!!5-Aza-desoxyCy-! tidine!(5-Aza),!a!demethylating!agent,!for!3!to!7!days!(accordingly! to!the!proliferation!rate/doubling!time!of!each!cell!type)!or!with! 300!nM!of!TSA,!a!histone-deace´tylase!inhibitor,!for!16!hours.!For!!the!combination!5-Aza-dC/TSA!treatments,!5-Aza-dC!treatment! in!the!same!conditions!were!performed!first,!followed!by!identical! TSA!!!treatment.!!!Every!!!day,!!!new!!!medium!!!containing!!!freshly! prepared!5-Aza!was!added.!At!the!end!of!the!incubation!period,! after!medium!removal,!cells!were!lysed!in!RTL!buffer.!RNA!was! extracted!using!the!RNeasy!mini!kit!(Qiagen)!for!analysis!by!qPCR! of!MT2A!and!MT3!gene!expression!levels.! ! Tissue!micro!array! Tissue!!microarray!!blocks!!from!!ependymoma!!patients!!treated! with!the!BBSFOP!protocol!were!built![10].!For!each!patient,!all! paraffin!!!blocks!!!and!!!corresponding!!!slides!!!were!!!obtained!!!and! reviewed!!!by!

  and!!at!!recurrence!!for!!24! patients.!There!was!a!total!of!29!tumours!at!recurrence!including! 17!patients!with!one!recurrence,!6!patients!with!two!recurrences! (n!=!12)!!and!!1!!patient!!with!!3!!recurrences!!(n!=!3).!!Three!!to!!four! 600!mM-cores!!were!!obtained!!from!!each!!tumour.!!Representative! areas!!!were!!!selected!!!whenever!!!present:!!!classical!!!ependymal! differentiation!!(ependymal!!rosettes,!!perivascular!!pseudo-rosettes,! and!!!ependymal!!!channels),!!!anaplasia!!!and!!!high!!!vascularisation! ! zones.!!Normal!!adult!!and!!fetal!!brain!!samples!!were!!included!!as! internal!controls.!Frequencies!of!positivity!of!MT3!and!ASPM!at! first!!recurrence!!were!

Figure! 1 .

 1 Figure!1.!Correlation!matrix!of!the!gene!expression!signatures!of!the!recurrences.!After!a!low-stringent!initial!filtering!(p#0.01!in!at!least! 20%!of!experiments),!a!subset!of!29783!probes!was!used!to!measure!the!correlations!between!relapses!(Pearson!correlation).!As!expected,!and! because!each!relapse!was!co-hybridized!with!its!own!reference,!6!of!the!7!multi-recurrence!patients!clusterized!together.!There!was!however!no! similar!!evolution!!of!!profiles!!according!!to!!relapse!!locations!!or!!to!!the!!treatments!!received!!before!!the!!recurrence.!!PF!=!!posterior!!fossa,!!ST!=! supratentorial,!RT!=!!radiotherapy,!CT!=!!chemotherapy,!S!=!!surveillance.! doi:10.1371/journal.pone.0012932.g001! ! (Figure!2B).!On!the!other!hand,!molecular!transport!and!cell!death! were!evidentiated!in!the!ST!relapses.! Although!!tumor!!location!!was!!not!!statistically!!discriminant!!for! the!recurrence!signature!as!shown!above,!our!results!indicate!that! progression!!pattern!!of!!supratentorial!!ependymomas!!may!!differ! from!the!one!of!posterior!fossa!ependymoma!by!the!overexpres-! sion!of!genes!involved!in!the!mesenchymal!transition.!Conversely,! ependymoma!!recurrences!!in!!the!!posterior!!fossa!!progress!!more! often!with!the!overexpression!of!genes!associated!with!ribosomal! functions.!

  Figure!!2.!!Comparison!!of!!functions!!associated!!with!!location!!of!!relapses.!!A!!Gene!!most!!frequently!!upregulated!!at!!relapse!!for!!supratentorial! (upper!!!yellow!!!panel)!!!are!!!represented!!!with!!!the!!!genes!!!most!!!frequently!!!upregulated!!!in!!!infratentorial!!!tumors!!!(lower!!!blue!!!panel).!!!Bars!!!indicated!!!the! percentage!!of!!tumors!!in!!each!!location!!with!!upregulation!!of!!the!!specific!!gene.!!B!!The!!-Log10(p-values)!!of!!the!!most!!discriminatory!!functions!!in!!each! group!!!are!!!represented.!!!The!!!p-value!!!for!!!a!!!given!!!function!!!was!!!calculated!!!using!!!the!!!right-tailed!!!Fisher!!!Exact!!!Test!!!by!!!considering!!!1)!!!the!!!number!!!of! uploaded!!functional!!analysis!!molecules!!that!!participate!!in!!that!!function,!!and!!2)!!the!!total!!number!!of!!molecules!!that!!are!!known!!to!!be!!associated!!with! that!!function!!in!!Ingenuity's!!knowledge!!base.! doi:10.1371/journal.pone.0012932.g002! ! To!identify!the!specific!genes!associated!with!tumour!progres-! sion,!!we!!chose!!to!!consider!!probes!!with!!a!!significant!!LogRatio! (Relapse/diagnosis,!p-value#0.01)!in!at!least!50%!of!the!samples.!

!

  Figure!!!3.!!!Supervised!!!hierarchical!!!clustering!!!of!!!differentially!!!expressed!!!genes!!!in!!!ependymoma!!!relapse!!!compared!!!to!!!diagnosis.! Heatmap!!!showing!!!the!!!87!!!genes!!!signature!!!of!!!the!!!genes!!!statistically!!!up-!!!or!!!down-regulated!!!in!!!more!!!than!!!50%!!!of!!!relapses!!!with!!!a!!!fold!!!change!!!.2.! Notice!!the!!homogeneity!!of!!the!!underexpression!!of!!the!!metallothioneins.! doi:10.1371/journal.pone.0012932.g003! !

  the!!other!!12! patients,!ASPM!staining!was!identical!at!diagnosis!and!relapse,! either!negative!(3!patients)!or!positive!(9!patients).!Frequency!of! positivity!!was!!significantly!!different!!at!!diagnosis!!comparing!!to! relapse!for!both!markers!(MT3:!p!=!0.002!and!ASPM:!p!=!0.03,! McNemar!test).!

Figure!! 4

 4 Figure!!4.!!Confirmation!!analyses!!(internal!!validation!!of!!gene!!expression).!!A!!qPCR!!Heatmap!!showing!!expression!!of!!3!!candidate!!genes!!(MT3,! KIF11,!!ASPM)!!in!!gene!!expression!!array!!and!!RT-PCR!!side!!to!!side.!!Pearson!!correlation!!coefficients!!between!!the!!two!!analyses!!are!!indicated.!!B!!Evolution! of!!MT3!!expression!!throughout!!progression.!!RT-PCR!!levels!!are!!given!!as!!Log!!scale!!compared!!to!!normal!!brain.! doi:10.1371/journal.pone.0012932.g004!

Figure!! 5 .

 5 Figure!!5.!!MT3!!and!!ASPM!!immunostains!!differ!!at!!diagnosis!!and!!relapse.!!(A)!!Strong!!nuclear!!and!!cytoplasmic!!staining!!for!!MT3!!at!!diagnosis.!!(B)! At!!relapse!!the!!same!!patient!!shown!!at!!A!!displayed!!only!!weak!!MT3!!staining.!!Another!!example!!of!!paired!!tumours,!!for!!which!!ASPM!!immunostaining!!was! negative!!at!!diagnosis!!(C)!!and!!positive!!at!!relapse!!(D).!!Please!!also!!note!!paranuclear!!dots!!and!!a!!marked!!cell!!in!!mitosis!!(D,!!inserts),!!two!!patterns!!typically! observed!!in!!ASPM!!immunostains,!!together!!with!!weak!!cytoplasmic!!staining.! doi:10.1371/journal.pone.0012932.g005! ! Mechanism!of!regulation!of!metallothionein!in! ependymomas! Metallothioneins!being!the!most!homogeneously!downregulated! genes!!at!!relapse,!!we!!decided!!to!!investigate!!the!!possible!!mecha-! nisms!of!their!repression!at!the!genetic!and!epigenetic!levels.! Considering!!that!all!!MT!genes!are!clustered!!on!chromosome! 16q13,!!we!!first!!verified!!a!!possible!!deletion!!of!!this!!chromosome! region.!!!CGH!!!array!!!analysis!!!did!!!not!!!show!!!a!!!loss!!!for!!!this! chromosome!!region!!at!!relapse!!(Figure!!S5).!!To!!rule!!out!!the! possibility!!of!!a!!small!!genomic!!deletion!!missed!!by!!CGHarray! analysis!we!carried!out!quantitative!PCR!analysis!for!the!MT2A! gene.!Amplification!products!could!be!obtained!in!all!37!samples! tested!!with!!a!!CT!!corresponding!!to!!the!!one!!of!!normal!!DNA! reference!(Figure!S7).! The!absence!of!DNA!deletion!prompted!us!to!investigate!the! regulation!!of!!gene!!expression!!at!!transcriptional!!level.!!We!!first! verified!!whether!!genes!!known!!to!!interact!!with!!the!!MT!!gene! promoters!!were!!differentially!!expressed!!at!!relapse.!!None!!of!!the! transcriptional!activators!(MTF1,!USF1,!NF1,!STAT3,!IL6)!was! found!!to!!be!!down-regulated!!at!!relapse!!compared!!to!!diagnosis.! None!!of!!the!!transcriptional!!repressors!!(SIN3A,!!SIN3B,!!MTA1,! HDAC1)!was!found!to!be!upregulated.!

  tumor!!at!!diagnosis,!!R1!=!!!first!!relapse,!!R2!=!!!second!!relapse,!!R3!=!!!third! relapse,!!++!!!=!medium!!to!!strong!!staining,!!+!!!=!weak!!staining,!!-!!!=!!!negative.! doi:10.1371/journal.pone.0012932.t002! ! Dexamethasone!did!not!induce!a!significant!upregulation!of!MT3! in!any!of!the!three!cell!lines!tested.!These!results!suggest!that!the! MRE!in!the!promoter!of!MT3!is!not!always!accessible!in!EP!cells! in!vitro.! ! Discussion! Despite!!several!!molecular!!studies,!!the!!oncogenesis!!of!!ependy-! moma!remains!elusive.!Specific!molecular!events!occurring!during! progression!have!only!been!seldom!reported![30,35].!This!work! focused!!on!!recurrence-specific!!gene!!expression!!signature!!varia-! tions.!!We!!choose!!a!!dual!!color!!microarray!!system!!in!!order!!to! maximize!!the!!likelihood!!to!!discover!!significant!!changes!!in!!gene! expression.!The!tumour!of!the!patient!at!diagnosis!was!used!as!the! reference!!and!!marked!!with!!Cy5!!and!!the!!tumour!!of!!the!!same! patient!!was!!marked!!with!!Cy3!!and!!co-hybridized!!competitively.! Consequently,!only!real!changes!in!gene!expression!occurring!at! relapse!!were!!detected.!!As!!ependymoma's!!cell!!of!!origin!!remains! uncertain,!we!also!thought!that!most!of!the!gene!expression!studies! have!suffered!from!the!lack!of!specificity!of!the!reference!mRNA! used.!When!comparing!the!tumour!with!the!normal!brain,!most!of! the!genes!that!are!overexpressed!correspond!to!cellular!processes! linked!!to!!proliferation!!while!!most!!of!!the!!genes!!downregulated! correspond!to!neuronal!proteins.!Moreover,!it!has!been!recently! assumed!that!glial!tumours!display!brain-region!specific!expression! profiles!!!regardless!!!of!!!the!!!tumour!!!histology!!![1,12,14,36].!!!To! ! PLoS!!ONE!!!!|!!!!www.plosone.org! 10! September!!2010!

Figure!! 6

 6 Figure!!6.!!A:!!Methylation!!status!!of!!74!!CpG!!sites!!at!!MT3!!promoter!!and!!intron!!1.!!Each!!row!!of!!circles!!represents!!one!!EP!!sample!!sequenced! from!!PCR!!products!!generated!!from!!amplification!!of!!bisulfite-treated!!DNA.!!Empty!!circles!!!=!!!unmethylated!!cytosines;!!Dotted!!circles!!!=!!!hemimethylated! cytosines;!!!Dark!!!circles!!!!=!!!!methylated!!!citosines.!!!B:!!!MT3!!!expression!!!analysis!!!by!!!quantitative!!!PCR!!!in!!!the!!!corresponding!!!ependymoma! tumors.!!!!Samples!!!!with!!!!results!!!!under!!!!1.0!!!!are!!!!downregulated!!!!and!!!!those!!!!over!!!!1.0!!!!are!!!!upregulated!!!!compared!!!to!!!!normal!!!!brain.!!!!The!!!!black!!!!bars! correspond!!!to!!!sample!!!at!!!diagnosis,!!!and!!!the!!!grey!!!bar!!!to!!!relapse.!!!Each!!!histogram!!!represent!!!the!!!corresponding!!!sample!!!studied!!!for!!!methylation.!!!C:! Epigenetic!!modulation!!of!!MT2A!!and!!MT3!!expression!!on!!short!!term!!ependymoma!!cultures!!EP1!!and!!EP2!!and!!medulloblastoma!!cell!!line!!DAOY! as!!!!control.!!!!Demethylation!!!!by!!!!5-Aza-Deoxycytidine!!!!(left!!!!panel).!!!!Histone!!!!deacetylation!!!!inhibition!!!!by!!!!Trichostatin!!!!A!!!!(middle!!!!panel).!!!!Combined! treatments!!(right!!panel).!!D:!!Treatment!!with!!zinc!!sulfate!!restores!!the!!expression!!of!!MT3.!!MT2A!!and!!MT3!!expression!!level!!after!!24!!hours!!of! 200!!mM!!of!!ZnSO4!!(left!!panel)!!and!!5!!microM!!of!!dexamethasone!!(right!!panel)!!treatments!!in!!the!!ependymoma!!primary!!culture!!cells!!EP1!!and!!EP2!!and!!in! the!!medulloblastoma!!cell!!line!!DAOY.! doi:10.1371/journal.pone.0012932.g006! ! analyse!properly!gene!expression!changes!compared!to!the!control,! one!should!therefore!use!the!normal!brain!control!from!the!same! location!as!the!tumor.!The!brain!region-specific!expression!pattern! should!!remain!!stable!!over!!time!!between!!diagnosis!!and!!local! recurrence.!!It!!is!!thus!!not!!surprising!!that!!none!!of!!the!!genes! described!!!as!!!location-specific!!!at!!!diagnosis!!!appeared!!!in!!!our! recurrence!signature.! Microarray!studies!conducted!to!discover!molecular!pathways! linked!with!tumour!progression!and!papers!comparing!metastases! to!initial!tumours!have!already!been!performed![37-41].!The!use! of!paired!samples!alleviate!the!bias!associated!with!interindividual! variation;!!!for!!!example,!!!comparison!!!of!!!expression!!!profile!!!of!

  Figure!!S1!!!!Ependymoma!!short-term!!cultures.!!Cells!!were!!cul-! tured!after!mechanical!dissociation!of!fresh!tumor!material!kept!in! DMEM.!Low!passages!(5th!to!15th)!were!used!for!the!experiments.! Found!!!at:!!!doi:10.1371/journal.pone.0012932.s006!!!(1.32!!!MB! DOC)! !
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  .!The!study!obtained! CCLG,!Soci!et!e!Franc¸aise!d'Oncologie!P!ediatrique!(SFOP),! SIOP,!!and!!Multiple!!Centre!!Research!!Ethics!!Committee! (MREC)!approval.!Consent!for!tumor!tissue!use!was!taken! in!!accordance!!with!!national!!tumor!!banking!!procedures! (uk:05/MRE/04/70).! ! Nucleic!acid!isolation! DNA!was!extracted!from!10!mg!of!frozen!tumor!tissue!and! peripheral!blood!mononuclear!cells!as!described!previously! (18).!Before!tissue!extraction,!hematoxylin/eosin!stained! ! 2002! ! Clin!!Cancer!!Res;!!18(7)!

February! 14 ,

 14 !2012;!DOI:10.1158/1078-0432.CCR-11-2489! ! ! ! 1q25!!Strati!!!!cation!!of!!Childhood!!Ependymoma! ! ! smears!from!each!specimen!underwent!pathologic!review!to! con"rm!tumor!presence!and!viability.! 500K!SNP!array!analysis! SNP!!microarray!!pro"les!!for!!tumor!!and!!constitutional! ! ! time!of!3.0!years!(range:!1-9.6!years).!Incomplete!resection! was!the!only!clinicopathologic!variable!to!confer!an!adverse! prognosis,!associated!independently!with!a!worse!PFS![HR! 0.01].! In!keeping!with!previous!comparative!genomic!hybrid-! ization!(CGH)!studies!of!ependymoma!(13-15,!24),!the! SNP!array!analysis!categorized!primary!tumors!according!to! their!!broad!!genomic!!imbalance!!pro"le.!!Seven!!tumors! (17%)!showed!4!or!more!chromosomal!aberrations,!11! tumors!!(26%)!!revealed!!1!!to!!3!!imbalances,!!whereas!!24! ! www.aacrjournals.org! Clin!!Cancer!!Res;!!18(7)!!April!!1,!!2012!!!!2003! ! ! Downloaded!from!clincancerres.aacrjournals.org!on!April!14,!2012! Copyright!©!2012!American!Association!for!Cancer!Research!

  29!!(0.38-4.35)!!!0.68! tumors!!(57%)!!showed!!no!!whole!!chromosome!!or!!arm! imbalance.!!Within!!this!!latter!!group,!!15!!ependymomas! all!SNP!probes!showing!a!diploid!copy!number)!and!were! associated!with!children!aged!below!3!years!(Fisher's!exact! location!by!restricting!the!analysis!to!posterior!fossa!epen-! dymomas,!!the!!number!!of!chromosome!!arm!!imbalances! between!patients!aged!below!and!above!5!years!remained! 0.0001).! Gain!of!chromosome!1q!was!the!most!frequent!aberra-! tion!in!both!the!primary!and!recurrent!ependymomas![7/42! (17%)!and!2/6!(33%)!respectively],!identi"ed!in!7!patients.! Higher!!resolution!!cytoband!!analysis!!revealed!!1q21-25,! 1q32,!!and!!1q42-44!!to!!be!!amongst!!the!!most!!frequently! gained!subregions!on!this!arm!(11/48,!23%).!Whole!gains! of!chromosomes!9!and!18!were!also!relatively!common,! seen!in!6!of!42!(14%)!primary!tumors.!The!most!frequent! loss!was!of!chromosome!22q,!present!in!3!of!42!primary! tumors!(7%)!and!1!recurrent!case.! Distinct!patterns!of!genomic!imbalance!between!primary! ependymomas!from!different!CNS!locations!were!evident! (Supplementary!!Fig.!!S1).!!Gain!!of!!chromosome!!1q!!was! ! associated!with!posterior!fossa!ependymomas!(Fisher!exact! were!seen!with!supratentorial!tumors.!In!contrast,!spinal! ependymomas!were!characterized!by!numerous!arm!and! whole!!chromosomal!!aberrations!!when!!compared!!with! intracranial!!tumors,!!particularly!!gain!!of!!chromosomes! 17,!20p,!16,!12q,!20q,!21q,!9,!and!18.!

  7!years! (range:!!0.3-16.9!!years).!!Fifty-one!!patients!!had!!suffered! ! disease!progression,!with!a!median!time!to!progression!of! 1.3!years!(range:!0.3-9.3!years).!Thirty-four!patients!had! died!of!disease![median!survival!time!3.4!years!(range:!0.3-! 10.1!years)].!Two!primary!cases!(3%)!were!metastatic!at! diagnosis.!No!associations!between!clinical!variables!were! evident!within!either!trial!group.! The!nature!of!the!adjuvant!therapy!administered!to!the! CNS9904/RT!cohort!resulted!in!an!older!patient!age!when! compared!!!!with!!!!the!!!!chemotherapeutic!!!!trial!!!!groups! [independent!!t!!test;!!median!!age!!7.8!!(range:!!3.0-16.7);! P!<!0.0001].!A!higher!proportion!of!supratentorial!ependy-! momas!were!also!observed!in!this!cohort!(Fisher!exact!test;! P!!<!!0.0001),!!these!!being!!predominantly!!of!!anaplastic! ! www.aacrjournals.org! Clin!!Cancer!!Res;!!18(7)!!April!!1,!!2012!!!!2005! ! ! Downloaded!from!clincancerres.aacrjournals.org!on!April!14,!2012! Copyright!©!2012!American!Association!for!Cancer!Research! ! "#%! histology!!!(P!!!!!!!0.032).!!!This!!!re#ected!!!a!!!correlation!!!of!!!pos-! (SD!!3.2)!!years!!vs.!!supratentorial!!!!!6.7!!(SD!!4.6)!!years;!!P!!<! <!!0.0001),!!and!!independent!!trial!!subgroups!!(Fig.!!1C-E;!!P!!! model!strati$ed!on!therapeutic!cohorts!(

  from!clincancerres.aacrjournals.org!on!April!14,!2012! Copyright!©!2012!American!Association!for!Cancer!Research! !February!14,!2012;!DOI:10.1158/1078-0432.CCR-11-2489!

  Figure!!1.!!!!1q25!!signal!!gain!!is!a!!marker!!of!!disease!!progression!!in!!pediatric!!ependymoma!!patients!!and!!enables!risk!!strati!!!cation.!!A,!!interphase!!FISH!!to!!a!TMA! ependymoma!sample!is!shown,!showing!1q25!gain!(3!or!more!green!signals!per!nucleus).!Also!shown!is!the!Kaplan-Meier!PFS!curve!for!the!pooled!cohort!of! 147!!primary!!intracranial!!ependymomas!!patients!!treated!!with!!the!!CNS9204,!!BBSFOP,!!and!!CNS9904/RT!!regimens,!!according!!to!!tumor!!1q25!!gain!!status!!by! FISH.!Gain!of!1q25!was!associated!with!a!worse!PFS!(5-year!PFS!20%!vs.!46%).!B!to!E,!PFS!curves!for!ependymoma!risk!strati!!!cation!groups!determined!by! tumor!resectability!and!1q25!status,!both!in!the!overall!study!cohort!(B)!and!the!individual!therapeutic!trial!subgroups!(C-E).!The!black!lines!represent!high-risk! ependymomas!!that!!were!!both!!incompletely!!resected!!and!!showed!!1q25!!gain!!(5-year!!PFS!!of!!0%!!in!!the!!overall,!!CNS9204,!!and!!CNS9904/RT!!cohorts,! respectively).!No!high-risk!cases!were!present!in!the!BBSFOP!cohort.!The!red!lines!represent!intermediate-risk!tumors!that!were!either!incompletely!resected! or!!showed!!1q25!!gain!!(5-year!!PFS!!of!!32%,!!38%,!!0%,!!and!!43%!!in!!the!!overall,!!CNS9204,!!BBSFOP,!!and!!CNS9904/RT!!cohorts,!!respectively).!!The!!blue!!lines! represent!!standard-risk!!tumors!!which!!were!!completely!!resected!!and!!did!!not!!exhibit!!1q25!!gain!!(5-year!!PFS!!of!!59%,!!65%,!!49%,!!and!!62%!!in!!the!!overall,! CNS9204,!!BBSFOP,!!and!!CNS9904/RT!!cohorts,!!respectively).! ! www.aacrjournals.org! Clin!!Cancer!!Res;!!18(7)!!April!!1,!!2012!!!!2007! ! !

  !1)!compared!with! 1q25!status/group!3!categorization!alone!(Supplementary! Fig.!S3).!This!is!supported!by!the!previous!study,!in!which! addition!of!the!genomic!classi$cation!to!established!clinical! variables!in!the!previous!work!also!improved!risk!prediction! (13).! A!transcriptional!and!genomic!pro$ling!study!of!poste-! rior!fossa!ependymomas,!delineating!2!distinct!molecular! subgroups!of!tumors!with!contrasting!prognosis!(groups!A! and!B;!ref.!31),!offers!further!support!to!the!present!work.! Although!1q!gain!was!a!feature!of!the!less!favorable!group!A! tumors,!survival!for!these!patients!was!in#uenced!more!by! the!degree!of!surgical!resection!than!1q!gain!in!isolation! (34).!Despite!this,!all!8!posterior!fossa!tumors!designated! ! www.aacrjournals.org! Clin!!Cancer!!Res;!!18(7)!!April!!1,!!2012!!!!2009!
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  to the WHO classification glial tumors are classified as astrocytic, oligodendroglial and mixed astrocytic and oligodendroglial. Ependymomas, although presenting unequivocal glial differentiation -ependymal cells are indeed a special type of glial cells most likely derived from radial glia and express glial proteins such as S100 and GFAP, and often the epithelial marker cytokeratin (Hasselblatt and Paulus, 2003) -show particular clinical and biopathological characteristics that justify their segregation from the other tumors under the generic term HGG (Louis et al., 2007). In the pediatric population, pediatric HGG have been largely overrepresented by anaplastic astrocytoma and glioblastoma, and this has changed little even in the last fifteen years, despite the large shifts in diagnosis which have taken place in adults, among whom increases in incidences of oligodendrogliomas and oligoastrocytomas and declines in astrocytoma numbers have been observed (Davis et al., 2008).

  Similar trials are under development in children with DIPG, both in Europe (BIOlogical MEdicine for DIPG Eradication, BIOMEDE) or in the USA (Molecularly Determined Treatment of Diffuse Intrinsic Pontine Glioma, NCT01182350). The BIOMEDE trial will allocate the patient to a treatment with erlotinib (TARCEVA®), dasatinib (SPRYCEL®) or everolimus (AFINITOR®) in addition to radiation therapy based on the status of the EGFR, PDGFRA or mTOR pathways, respectively while the North-American trial will explore the addition of erlotinib (TARCEVA®) or temozolomide (TEMODAL®) to a combination of radiation therapy and bevacizumab based on EGFR and MGMT status.

.

  IHC analysis for EGFR, EGFRvIII, HER2/neu, PTEN, p-AKT and p-MAPK expression was performed on fixed and paraffin-embedded (FPE) tissue. Material was available for 38 patients, paraffin blocks for 26 patients and unstained slides for 12 patients. Antigen retrieval was performed by heating slides in a water bath at pH 6.0 (p-AKT, p-MAPK, EGFRvIII), pH 7.3 (HER2/neu) or pH 9.0 (PTEN) for 30-40 minutes. Protein blocking solution (DAKO, reference X0909) was applied to prevent non-specific binding, and sections were incubated with the following primary antibodies: the monoclonal mouse anti-human PTEN (clone 6H2.1, 1/400, 1 hour), EGFR variant III (clone L8A4, 1/100, overnight; kindly provided by Dr Darrell Bigner), the monoclonal rabbit anti-human p-AKT (SER 473, 1/50, overnight), p-MAPK (TYR 202/TYR 204, 1/100, overnight). HER2/neu stainings were performed without prior protein blocking solution using the polyclonal rabbit anti-human anti-HER2 antibody (DAKO, reference A0485) incubated for 1 hour at 1/1000 for formalin and formalin zinc fixed material and 1/1500 for alcohol, formalin, acetic acid fixed material. For signal revelation, the Envision anti-mouse and anti-rabbit revelation kits (DAKO, references K4001 and K4003), and the R.T.U Vectastain ABC Elite universal kit (Vector, reference PK-7200) for EGFRvIII were used respectively. Sections were counterstained with hematoxylin. Staining for EGFR (clone 3C6, Ventana) was done using the Benchmark automated system following the manufacturers' instructions.

  EGFR (c-ErbB1) and PTEN was performed on FPE tumor sections of 4 #m, using LSI EGFR and PTEN probes (Vysis/Abbott, Abbott Molecular Diagnostics, Downers Grove, Illinois, USA) according to the manufacturer's recommendations. FISH for PTEN was performed for all DIPG with available material and for supratentorial gliomas showing PTEN loss by IHC. Briefly, the probe was co-denatured 5 min at 84°C on the slide with the tissue and than incubated overnight at 44°C. Slides were washed with posthybridization wash buffer (0.5x SSC/0.1% SDS) 5 min at 72°C, air-dried and counterstained with DAPI dissolved in an anti-fade mounting solution. At least tumor cells were analyzed and the number of fluorescent signals within the nuclear boundary of each evaluable interphase tumor cell was counted using an Axiophot-ZEISS fluorescent microscope at 1000x magnification. Only nuclei with unambiguous centromeric (7p11.1-q11.1 D7Z1 locus) or (10p11.1-11.1) hybridization green signals (as control) and EGFR (7p12) or PTEN (10q23) probe signals were scored. For a diagnosis of monosomy, a minimum of 20% of cells showing the loss of one chromosome was considered as a criterion. Normal status corresponded to chromosomes and 2 genes per cell (disomy).

Figure 1 .

 1 Figure 1. EGFR and PTEN expression by IHC and FISH analysis (A) Strong but heterogeneous EGFR expression in a supratentorial glioblastoma and (B) a DIPG including in cells in mitosis (arrow). (C) EGFR low level gain in a glioblastoma with chromosome 7 polysomy. The tumor cell in on the upper left corner (arrow) presents with four red signals (EGFR gene) and three green signals (chromosome 7 centromer) whereas the other 2 cells have balanced polysomy. (D) Loss of PTEN expression in a DIPG: tumor cells show no staining as compared to positive blood vessels. (E) PTEN loss in a DIPG with chromosome 10 polysomy; PTEN signals (red) are outnumbered by chromosome 10 centromer signals (green). (F) Chromosome 10 monosomy in DIPG: 4 of 5 cells show only one copy of both PTEN and chromosome 10 centromer.

Figure 2 .

 2 Figure 2. Patient with a grade III oligoastrocytoma experiencing tumor regression to erlotinib Contrast-enhanced MRI scans at baseline (A) and after 2 cycles of erlotinib treatment (B). Immunohistochemistry shows strong EGFR expression (C), no PTEN loss (D), and no activation/posphorylation of AKT (E) and MAPK (F).

Figure 3 .

 3 Figure 3. Outcome in children with DIPG and EGFR expression (A) Children with DIPG treated with erlotinib combined with irradiation (yellow) had a superior OS as compared to a control group treated with radiation and temozolomide (blue; p= 0.033).(B) PFS was similar for both groups. When treated with erlotinib and irradiation, children with DIPG overexpressing EGFR (green) had a trend for better OS (p= 0.2; C) and PFS (p=0.057; D) than those without EGFR overexpression (violet). EGFR overexpression had no impact on OS (E) and PFS (F) in the control group of children treated with temozolomide and radiation.

  Critical!Oncogenic!Mutations!in!Newly!Diagnosed!Pediatric! Diffuse!Intrinsic!Pontine!Glioma! ! Jacques!Grill,!!!MD,!PhD,! 1 * y !Stephanie!Puget,!!!MD,!!!PhD, 2 !Felipe!Andreiuolo,!!MD, 3,4 !Cathy!Philippe, 4 ! Laura!MacConaill,!!!PhD, 5z !and!Mark!W.!Kieran,!!MD,!!!PhD6 §! ! Diffuse!intrinsic!pontine!gliomas!(DIPG)!can!not!be!cured!with! current!treatment!modalities.!Targeted!therapy!in!this!disease!would! bene!t!!from!!advanced!!technologies!!detecting!!relevant!!drugable! mutations.!!Twenty!!patients!!with!!classic!!newly!!diagnosed!!DIPG! underwent!stereotactic!biopsies!and!were!analyzed!for!the!presence! of!983!different!mutations!in!115!oncogenes!and!tumor-suppressor! genes!!using!!OncoMap,!!a!!mass!!spectrometric!!method!!of!!allele! ! oncogenes!!and!!tumor!!suppressor!!genes!![13,14],!!many!!of!!which! are!!targets!!of!!small!!molecule!!inhibitors.!!DNA!!was!!quanti!ed! using!picogreen!analysis,!then!subjected!to!whole!genome!ampli-! !cation!and!used!for!further!analysis!only!if!DNA!!ngerprinting! demonstrated!non-biased!ampli!cation.!Whole!genome!ampli!ed! DNA!was!!used!!as!!input!!for!!multiplex!!PCR!!using!!primers!!from! OncoMap!3!and!OncoMap!3!Extended!which!together!comprise! 1,047!!independent!!assays!!interrogating!!983!!unique!!mutations! across!!115!!genes.!!Single!!base!!primer!!extension!!was!!performed! using!iPlex!Gold!single!base!extension!enzyme!(Sequenom,!San! Diego,!!CA)!!and!!products!!were!!transferred!!to!!SpectroCHIPs!!for! analysis!!by!!MALDI-TOF!!mass!!spectrometry.!!Allele!!peaks!!were! "agged!using!a!modi!ed!Sequenom!algorithm!followed!by!man-! ual!review!by!two!independent!reviewers!of!candidate!calls!which! were!classi!ed!as!''aggressive''!or!''conservative''!depending!on! their!!apparent!!robustness.!!Sample!!quality!!was!!considered!!ade-! quate!for!analysis!if!more!than!80%!of!the!attempted!genotypes! resulted!!in!identi!able!products.!!Candidate!mutations!!were!vali-!dated!!!!using!!!!multi-base!!!!hME!!!!extension!!!!chemistry!!!!and!!!!a! ! DISCUSSION! Our!!!results!!!demonstrate!!!the!!!clinical!!!feasibility!!!of!!!high-! throughput!mutational!pro!ling!to!query!a!large!panel!of!''action-! able''!!!cancer!!gene!!!mutations!!!with!!!limited!!!amounts!!!of!!!DNA! obtained!!through!!stereotactic!!biopsies!!from!!children!!with!!newly! diagnosed!!DIPG.!!In!!the!!future,!!this!!type!!of!!approach!!may!!be! incorporated!!into!!clinical!!decision!!making!!to!!guide!!the!!choice!of!targeted!anticancer!agents!in!DIPG!or!other!diseases.!The!risks! associated!with!stereotactic!biopsy!in!the!brainstem![8]!in!centers! with!appropriate!expertise!needs!to!be!balanced!by!the!potential!of! !nding!!relevant!!therapeutic!!targets.!!Using!!the!!!ndings!!in!!this! study,!modi!cations!of!the!OncoMap!panel!used!for!further!target! identi!cation!in!this!disease!can!be!performed.!

  grades!!for!!glial!!lesions!!and!!may!!be!!helpful!!in!!assessing! prognosis!in!adults!with!malignant!gliomas.5,20,21 !In!!this!!study,!!we!!retrospectively!!reassessed!!the!!histological! classification!of!a!series!of!pediatric!patients!who!were!originally! diagnosed!and!treated!for!a!malignant!glioma.!Both!the!WHO! and!!SA!!classifications!!were!!used!!to!investigate!!the!concordance! between!these!2!grading!systems.!The!effect!that!the!histological! grade!!had!!on!!the!!prognosis!!was!!also!!assessed.!!The!!initial!!MRI! scans!!were!!retrospectively!!reviewed!!to!!investigate!!the!!possible! correlation!!between!!both!!diagnosis!!and!!clinical!!outcome!!with! MRI!features.!This!study!was!a!prerequisite!to!further!genomic! investigations,!!which!!may!!provide!!additional!!information!!to! improve!pMG!classification,!to!guide!treatment,!and!to!predict! outcome!more!accurately.! ! PATIENTS!AND!METHODS! Patients! All!!children!!who!!had!!undergone!!a!!surgical!!procedure!!at!!either!!the! Necker!!Hospital!!in!!Paris!!or!!Wertheimer's!!Hospital!!in!!Lyon!!between! 1991!!and!!2006!!were!!considered.!!The!!inclusion!!criteria!!were!!initial! histological!diagnosis!of!malignant!glioma!(WHO!grade!3!or!4)!and!no! preoperative!adjuvant!treatment.!Ninety-six!children!were!eligible!for!the! study.!!Clinical!!characteristics!!and!!survival!!information!!were!!collected! from!the!medical!notes.!The!location!of!the!tumor!and!extent!of!surgical! resection,!defined!as!complete!resection,!subtotal!resection,!or!biopsy,! were!assessed!from!the!operative!reports!and!postoperative!imaging.!We! considered!the!resection!to!be!complete!if!the!MRI!displayed!no!contrast! enhancement!!and!!no!!hyper-T2!!or!!hyper-fluid!!attenuated!!inversion! recovery!around!the!cavity.! ! ! study!!the!!pattern!!of!!relationships!!between!!the!!different!!radiological! features.!!Logistic!!regression!!analyses!!were!!performed!!to!!determine! whether!radiological!features!were!related!to!histological!subgroups,!as! defined!by!the!WHO!and!SA!classifications.! Survival!!curves!!were!!obtained!!with!!the!!Kaplan-Meier!!method!!and! tested!by!the!log-rank!test.!The!Cox!model!was!used!to!study!prognostic! factors!!on!!overall!!survival.!!Univariate!!and!!multivariate!!analyses!!were! performed!both!for!the!whole!series!and!after!exclusion!of!the!brainstem! gliomas.! All!reported!P!values!were!2!sided.!All!analyses!were!performed!with! SAS!software!(version!8.2,!SAS!Institute,!Cary,!North!Carolina).! ! RESULTS! The!main!characteristics!of!the!population!are!summarized!in! Table!1.! Histological!Classifications! In!!the!!96!!patients,!!it!!was!!not!!possible!!to!!classify!!4!!tumors! because!of!a!paucity!of!pathological!material.!In!addition,!7!tu-! mors!were!reclassified!as!nonglial!on!the!basis!of!immunostaining! such!as!Ini-1!and!were!therefore!excluded.!The!2!pathologists!had! similar!findings!in!92!cases!(96%),!and!a!consensus!diagnosis!was! established!in!all!cases.! The!details!!of!the!histological!results!!according!to!both!clas-! sifications!are!summarized!in!Table!2.!In!this!series,!12!and!16! of!!the!!tumors!!were!!classified!!as!!low-grade!!gliomas!!or!!benign! mixed!neuronal-glial!tumors!according!to!SA!and!WHO!classi-! fications,!!respectively.!!All!!brainstem!!tumors!!(13!!patients)!!were! ! ! PUGET!!ET!!AL! ! ! Survival!Analysis! TABLE!3.!Magnetic!Resonance!Imaging!Characteristics!of!the! Pediatric!Malignant!Gliomas! Without!Brainstem! The!!median!!follow-up!!in!!this!!cohort!!was!!4.8!!years!!(range,! 0.15-10.3!years).!The!overall!survival!(Table!5)!rates!at!3!and!5! years!were!37%!(95%!confidence!interval,!26-49)!and!23%!(95%! Whole!Series! (n!=!69)! Infiltrative!Gliomas! (n!=!56)! confidence!interval,!14-36),!respectively!(Figure!3A).!When!the! analysis!was!repeated!after!the!exclusion!of!brainstem!infiltrative!

FIGURE! 1 .

 1 FIGURE!1.!!Examples!of!radiological!findings!for!2!different!malignant!gliomas.!A,!a!tumor!with!a!''grapelike''!appearance!with! sharp!limits!and!meningeal!and!ependymal!attachments.!B!and!C,!a!poorly!circumscribed!tumor!with!indistinct!limits!and!an! enhancement!area!less!than!the!T2!area.!There!are!also!meningeal!and!ependymal!attachments.! ! ! !

  8! 3.1!!!!!0.51-19! a !CI,!!confidence!!interval;!!MGNT,!!malignant!!glioneuronal!!tumor;!!Oligo-Astro,!!oligoastrocytoma;!!OR,!!odds!!ratio.! ! ! other!!radiological!!finding!!that!!appeared!!to!!have!!an!!impact!!on! survival!!was!!the!!presence!!of!!a!!meningeal!!attachment!!(P!!=!!.02,! univariate!analysis).!When!all!the!variables!were!introduced!in!the!Cox!regression! analysis,!tumor!location!was!the!only!factor!that!had!a!significant! association!with!survival!(P!=!.005).! ! DISCUSSION!

  and!!!adult! gliomas. 7-12,24 ! The!patients!who!had!a!low-grade!glioma,!as!assessed!by!either! the!!WHO!!or!!the!!SA!!classifications,!!had!!a!!significantly!!better! survival!!rate!!compared!!with!!the!!remaining!!patients.!!This!!is!!as! expected!and!is!in!keeping!with!previous!studies!that!have!shown! an!!improved!!outcome!!in!!children!!with!!a!!low-grade!!glioma!!as! opposed!to!a!high-grade!glioma. 1,3,6,10,12 ! In!our!series,!the!WHO!2007!grading!had!prognostic!relevance! when!looking!at!patients!.!3!years!of!age!but!not!for!the!whole!

  well-trained!pathologists.! The!SA!classification!was!proposed!to!standardize!and!improve! diagnostic!accuracy.!The!principle!is!based!on!a!combination!of! limited!and!simple!histological!criteria!with!a!particular!focus!on! ! ! the!infiltrative!tissue!surrounding!the!tumor.!In!the!present!study,! the!!SA!!classification!!was!!able!!to!!discriminate!!between!!the!!dif-! ferent!tumor!subtypes!and!grades.!This!would!be!in!keeping!with! a!previous!study!on!astrocytomas!in!adults. 15 !

a

  !BSIG,!!brainstem!!infiltrative!!gliomas;!!CI,!!confidence!!interval;!!GBM,!!glioblastoma!!multiforme;!!LGG,!!low-grade!!gliomas;!!MGNT,!!malignant!!glioneuronal!!tumours;!!Oligo,!!oligo! dendrogliomas;!!Oligo-Astro,!!oligo!!astrocytoma;!!SA,!!Sainte-Anne;!!WHO,!!World!!Health!!Organization.! ! GBMs!!from!!MGNTs,!!the!!former!!having!!a!!uniformly!!limited! survival.!!The!!description!!of!!a!!MGNT!!is!!unique!!to!!the!!SA! classification.!!MGNTs!!represent!!a!!subgroup!!of!!malignant!!glial! tumors!!!that!!!histologically!!!resemble!!!grade!!!III!!!or!!!IV!!!tumors! according!to!the!WHO!2007!classification!but!are!characterized! immunophenotypically!!by!!coexpression!!of!!glial!!and!!neuronal! markers.!!The!!presence!!of!!NF-positive!!tumoral!!cells,!!including! ! those!!in!!mitosis,!!is!!a!!hallmark!!diagnostic!!criterion!!of!!MGNTs! because!other!neuronal!markers!are!more!inconstantly!expressed.! Recent!!evidence19 !!suggests!!a!!distinct!!behavior!!between!!GBMs! and!MGNTs,!the!latter!being!characterized!by!no!in!situ!tumor! recurrence!after!gross!total!resection!and!metastases!with!frequent!leptomeningeal!!extension.!!This!!would!!imply!!that!!in!!a!!series!!of! patients!!with!!a!!GBM,!!in!!the!!WHO!!classification,!!there!!would! ! ! NEUROSURGERY! VOLUME!!69!!!|!!!NUMBER!!1!!!|!!!JULY!!2011!!!|!!!221! be!!tumors!!expressing!!neurofilament!!protein.!!If!!this!!sub-! group!!of!!patients!!were!!to!!be!!removed,!!the!!remaining!!group!!of! patients!with!a!GBM!would!possibly!have!a!poorer!survival!rate,! as!suggested!by!the!small!number!of!patients!with!a!GBM!in!the! present!study.!The!!preoperative!!radiological!!evaluation!!indicated!!that!!the! tumors!in!this!cohort!of!patients!could!be!classified!into!3!groups:! brainstem,!hemispheric,!and!basal!ganglia.!When!these!3!groups! were!compared,!the!patients!with!a!brainstem!tumor!had!a!uni-! formly!poor!survival!that!was!statistically!significant.!This!would! be!!in!!keeping!!with!!previous!!studies!!suggesting!!that!!malignant! brainstem!gliomas!have!a!poor!survival.28,45 !In!addition,!patients! with!!a!!hemispheric!!tumor!!had!!a!!statistically!!significant!!better! outcome!!than!!patients!!with!!a!!deep-seated!!basal!!ganglia!!tumor.! The!rate!of!the!total!resection!in!supratentorial!tumors!compared! with!the!basal!ganglia!was!higher!in!this!cohort!but!insufficient!to! explain!the!survival!difference.!In!!this!!cohort!!of!!pediatric!!patients,!!there!!was!!no!!significant! association!!between!!the!!extent!!of!!resection!!(complete!!vs!!in-! complete)!!and!!patient!!survival!!even!!when!!the!!analysis!!was!!re-! peated!after!the!exclusion!of!brainstem!infiltrative!gliomas.!The! prognostic!!significance!!of!!the!!extent!!of!!resection!!in!!malignant! gliomas!!in!!the!!literature!!is!!controversial.46,47 !!Some!!evidence! suggests!that!more!extensive!surgical!resection!is!associated!with! longer!life!expectancy.1,28-30,48 !There!is,!however,!no!published! prospective!!study!!on!!the!!extent!!of!!surgical!!resection!!and!!its! impact!!on!!the!!survival!!of!!pMGs,!!and!!most!!of!!the!!published! series!!did!!not!!benefit!!from!!a!!centralized!!radiological!!review.! Furthermore,!one!of!the!reasons!why!MGNTs!have!an!improved! survival!!is!!believed!!to!!be!!that!!they!!are!!generally!!superficial! hemispheric!!!tumors!!!and!!!thus!!!more!!!surgically!!!amenable!!!to! a!radical!resection.19 !In!the!present!series,!neither!the!location!of! the!!MGNTs!!nor!!the!!extent!!of!!resection!!was!!different!!from! the!others!types!of!tumors.!The!benefit!that!this!particular!his-! tological!!type!!of!!tumor!!may!!confer!!needs!!to!!be!!confirmed!!in! a!larger!series.! ! There!is!some!recent!evidence!in!the!literature!that!MRI!ap-! pearances!!may!!be!!helpful!!in!!distinguishing!!histological!!tumor! grades!for!gliomas!and!may!also!be!helpful!in!assessing!prognosis! in!!adults!!with!!malignant!!gliomas. 5,20,21 !!In!!this!!pediatric!!study,! the!!radiological!!features!!did!!not!!discriminate!!between!!the!!dif-! ferent!types!or!grades!of!malignant!glial!cell!tumors,!according!to! the!WHO!classification.!Conversely,!the!SA!classification!iden-! tified!!a!!tumor!!that!!was!!significantly!!associated!!with!!certain!!ra-! diological!features.!The!MGNT!was!significantly!associated!with! a!grapelike!!appearance,!!together!!with!the!presence!!of!cysts!!and! a!meningeal!attachment.!Furthermore,!the!presence!of!a!menin-! geal!attachment!was!an!independent!variable!in!predicting!out-! come.!This!may!reflect!the!improved!survival!of!patients!with!an! MGNT!compared!with!other!patients!with!a!malignant!glioma!as! previously!described. 19 !

  !It!was!not!possible!to!separate! the!tumors!as!defined!by!WHO!2007!with!this!method.! ! !CONCLUSION!This!!study!!retrospectively!!analyzed!!a!!cohort!!of!!pediatric!!pa-! tients!treated!for!a!high-grade!glioma.!On!reviewing!the!histology! of!the!tumor!samples,!it!was!found!that!a!significant!number!were! neither!glial!cell!in!origin!nor!high!grade.!The!WHO!classification!is!the!most!widely!used!classification! for!tumors.!In!this!study,!however,!it!was!not!found!to!be!par-! ticularly!helpful!in!terms!of!identifying!radiological!characteristics! !are!the!leading!cause!of!cancer-related!morbidity! and!!mortality!!in!!children!!and!!adolescents,!!malignant!!gliomas! carrying!the!worst!prognosis!among!them![1].!Malignant!gliomas! that!!diffusely!!infiltrate!!the!!brainstem!!appear!!almost!!exclusively! during!childhood!and!adolescence!and!have!a!relatively!homog-! enous!!presentation!!and!!dismal!!prognosis.!!DIPG!!represent!!the! biggest!therapeutic!challenge!in!pediatric!neuro-oncology!with!a! median!!survival!!of!!9!!months!!despite!!collaborative!!efforts!!to! ! ! improve!treatment![2].!The!vast!majority!of!children!succumb!to! their!!disease!!within!!2!!years!!of!!diagnosis.!!These!!tumors!!are! unresectable!!and!!radiotherapy!!is!!the!!only!!treatment!!offering!!a! significant!!but!!transient!!improvement.!!The!!addition!!of!!chemo-! therapy!has!not!shown!any!benefit!over!the!use!of!irradiation!only! [2,3].!The!development!of!targeted!therapies!for!DIPG!has!been! hampered!!!by!!the!!!lack!!of!!!knowledge!!!of!!!the!!biology!!!of!!this! devastating!disease.!Trials!have!been!implemented!so!far!based!on! the!assumption!that!biologic!properties!of!these!brainstem!gliomas! of!children!are!identical!to!cerebral!high-grade!gliomas!of!adults! ! Results! DIPG!Biopsy!Material! Over!the!5!years!of!the!study,!61!patients!underwent!stereotactic! biopsies!taking!from!one!to!eight!tumor!samples!(median!3)!in!the! Neurosurgery!Department!of!Necker!Sick!Children's!Hospital!in! Paris.!!In!!most!!instances,!!one!!or!!two!!biopsies!!were!!used!!for! histological!!diagnosis!!and!!immunohistochemistry!!(Figure!!S1A).! The!remaining!biopsies!were!snap-frozen!with!cytological!control! smears!directly!in!the!operating!room,!and!nucleic!acids!extracted! from!representative!samples.!A!median!of!3.325!microg!of!DNA! (range!!0.805!!to!!21.5!!microg)!!and!!2.332!!microg!!of!!RNA!!(range! 0.048!!to!!15.84!!microg)!!could!!be!!extracted!!from!!the!!biopsies,! resulting!in!a!total!of!32!and!23!patients!with!sufficient!quality!and! quantity!of!DNA!and!RNA,!respectively,!for!microarray!analyses! without!any!amplification!step.! A!second!set!of!surgical!samples!from!pediatric!non-brainstem! high-grade!gliomas!of!various!histologies!with!arrayCGH!(n!=!34)! and!gene!expression!(n!=!53)!data!acquired!simultaneously!on!the! same!platform!was!used!for!comparative!studies.!Age!distribution! at!diagnosis!was!similar!in!DIPG!and!in!HGG.! ! DIPG!Differ!from!Supratentorial!High-grade!Gliomas!but! Co-segregate!with!a!Subgroup!of!Midline/thalamic! Tumors! We!!first!!performed!!array!!CGH!!on!!the!!32!!frozen!!biopsies!!of! newly!diagnosed!DIPG,!and!compared!the!high!resolution!DNA! copy!number!profiles!with!a!series!of!34!pediatric!supratentorial! high!!grade!!gliomas.!!Unsupervised!!hierarchical!!clustering!!of!!the! DIPG!samples!using!the!Euclidian!distance!defined!two!distinct! subgroups,!the!first!characterized!by!gain!of!chromosome!1q,!and! the!!second!!by!!numerous!!copy!!number!!losses!!and!!structural! rearrangements!(Figure!S1B).!There!were!no!associations!between! ! DIPG!Comprise!two!Biological!Subgroups!with!Distinct! Survival!and!Pathological!Characteristics! The!!unsupervised!!k-means!!algorithm!!was!!used!!to!!discover! subgroups!of!DIPG!based!on!their!gene!expression!profiles.!The! most!!optimal!!Bayesian!!Information!!Criterion!!(BIC)!!value!!was! obtained!for!the!classification!based!on!two!clusters![22]!(Figure! S2A),!as!represented!!by!the!corresponding!principal!component! analysis!(Figure!2A).!Supervised!hierarchical!clustering!identified! 643!genes!differentially!expressed!between!these!two!groups!(False! Discovery!!Rate!!(FDR)!!adjusted!!p-value,0.01)!!(Table!!S3!!and! Figure!2B).!The!first!group!had!a!significantly!worse!survival,!with! 70%!!(9/13)!!of!!children!!succumbing!!to!!the!!disease!!before!!the! median!!overall!!survival!!time!!of!!10.6!!months!!(range!!2!!to!!25! months)!of!the!entire!cohort,!whilst!only!10%!(1/10)!of!the!patients! in!the!second!group!did!so!(Figure!2C).!Since!the!risk!of!death!was! not!proportional!over!time!in!the!two!groups,!we!use!a!Cox!model! with!an!interaction!between!group!and!time.!The!hazard!ratio!for! early!deaths,!ie!before!10!months,!was!0.122!for!group!2!vs!group! 1!!(p!=!0.041).!!Significant!!association!!of!!the!!2!!GE!!groups!!was! observed!neither!with!age!nor!with!the!array!CGH!classification! described!above.!

Figure 1 .

 1 Figure1. DIPG are different from supratentorial high-grade gliomas in children. Hemispheric, midline/thalamic tumors and DIPG are represented in gold, grey and violet respectively. Panel A: Gene expression of 23 DIPG and 49 supratentorial HGG were compared using a Principal Component Analysis on all 15231 quality control passing probes. Tumors are displayed according to their coordinates on the three first principal components, which describe 29.7% of the variance. Panel B: Heatmap of the 712 most differentially expressed genes between DIPG, midline and hemispheric tumors, selected using the moderated t-test of limma package of Bioconductor. Panel C: Radial plot of the expression of transcription factors and neurogenesis regulators according to the three tumor location, in log2 ratios related to normal brain stem. The zero red line represent the expression level of normal adult brainstem. doi:10.1371/journal.pone.0030313.g001

Figure!! 2 .

 2 Figure!!2.!!DIPG!!are!!divided!!into!!two!!groups!!with!!different!!gene!!expression!!signatures.!!Gene!!expression!!levels!!of!!23!!DIPG!!were!!analysed! using!!a!!unsupervised!!procedure.!!Panel!!A:!!K-means!!algorithm!!followed!!by!!a!!model!!selection!!procedure!!using!!BIC!!defined!!two!!separated!!groups!!of! DIPG!!that!!can!!be!!also!!clearly!!seen!!with!!a!!PCA!!on!!all!!probes!!that!!passed!!the!!quality!!control.!!Panel!!B:!!Heatmap!!of!!the!!643!!most!!differentially!!expressed! genes!!between!!the!!two!!groups!!of!!DIPG,!!selected!!using!!the!!moderated!!t-test!!of!!limma!!package!!of!!Bioconductor.!!Panel!!C:!!Overall!!survival!!curves!!of! the!!two!!groups!!of!!DIPG!!defining!!a!!group!!of!!patients!!who!!died!!early!!(70%!!of!!cases!!before!!the!!median!!survival!!time!!of!!10.6!!months,!!light!!green!!curve)! and!!a!!group!!of!!patients!!who!!died!!later!!(90%!!of!!cases!!after!!the!!median!!survival!!time!!of!!10.6!!months,!!purple!!curve),!!(p!=!0.004,!!chi-square!!test).!!Panel!!D:! Integrated!!genomic!!analysis!!using!!DR-Integrator!!(R!!package)!!showing!!the!!correlation!!between!!probes!!of!!copy!!number!!and!!gene!!expression!!mapped! on!!the!!same!!genomic!!coordinates!!(Refseq!!HG19)!!of!!a!!gene.!!In!!the!!upper!!panel!!(resp.!!the!!lower!!panel),!!colored!!vertical!!lines!!(cyan!!for!!group!!1,!!purple! for!!!group!!!2)!!!show!!!probes!!!for!!!which!!!copy!!!number!!!and!!!expression!!!were!!!significantly!!!correlated.!!!The!!!two!!!panels!!!in!!!the!!!middle!!!show!!!the!!!CNA! frequencies!!!for!!!the!!!group!!!1!!!(resp.!!!for!!!the!!!group!!!2).!!!Most!!!of!!!the!!!correlations!!!between!!!GE!!!and!!!CGH!!!were!!!found!!!in!!!group!!!1.!!!Gene!!!set!!!enrichment! analysis!!(GSEA)!!plot!!comparing!!group!!1!!GE!!profile!!to!!the!!signatures!!described!!for!!adult!!type!!gliomas.!!Group!!1!!gene!!expression!!profiles!!were!!enriched! for!!proneural!!genes!!(Panel!!E)!!while!!group!!A!!gene!!expression!!!profiles!!were!!enriched!!for!!mesenchymal!!genes!!(Panel!!F).! doi:10.1371/journal.pone.0030313.g002! !

  Figure!!!4.!!!Description!!!of!!!the!!!oligodendroglial/proneural!!!type!!!of!!!DIPG.!!!Panel!!!A:!!!Radial!!!plot!!!showing!!!the!!!expression!!!of!!!oligodendroglial! markers!!in!!the!!two!!groups!!of!!DIPG,!!in!!log2!!ratios!!related!!each!!other.!!The!!red!!circle!!represent!!the!!median!!expression!!level!!of!!the!!whole!!population!!of! DIPG.!!!Group!!!1!!!expresses!!!higher!!!levels!!!of!!!oligodendroglial!!!markers!!!than!!!group!!!2!!!DIPG.!!!Panel!!!B:!!!Morphological!!!oligodendroglial!!!differenciation!!!in! group!!!!1!!!!tumors!!!!(HES!!!!staining,!!!640).!!!!Panel!!!!C:!!!!Morphological!!!!astrocytic!!!!differenciation!!!!in!!!!group!!!!2!!!!tumors!!!(HES!!!!staining!!!640).!!!!Panel!!!!D:!!!!Olig2! immunohistochemistry!!in!!a!!group!!1!!DIPG!!showing!!that!!probably!!not!!all!!cells!!in!!the!!biopsy!!are!!tumoral!!(640).!!Panel!!E:!!Dual!!immunohistochemistry!!for! Olig2!!and!!GFAP!!showing!!that!!tumor!!cells!!in!!mitosis!!are!!GFAP!!negative!!but!!Olig2!!positive!!(6100).!!Panel!!F:!!Overall!!survival!!of!!55!!DIPG!!according!!to!!the! presence!!(red)!!or!!absence!!(blue)!!of!!oligodendroglial!!differenciation.!!Median!!OS!!was!!shorter!!in!!patients!!with!!oligodendroglial!!type!!of!!tumors!!(7.73!!vs! 12.37,!!p!=!0.045,!!log!!rank!!test).! doi:10.1371/journal.pone.0030313.g004! ! several!!cancers!!including!!glioblastoma!![48-51],!!and!!open!!the! possibility!!that!!agents!!which!!target!!angiogenesis!!and/or!!drive! differentiation!!of!tumour!stem!!cells!may!find!application!in!this! subset!!of!!DIPG!!to!!increase!!the!!antitumor!!effects!!of!!ionizing! radiation.! Despite!!the!!involvement!!of!!Ras!!pathway!!in!!epithelio-mesen-! chymal!transition!via!SNAI2![52]!and!its!link!with!worse!outcome! of!pediatric!HGG![53],!we!did!not!find!a!correlation!between!H-! RAS!!gain/amplification!!and!!its!!gene!!expression,!!nor!!activating!

  

  

  

  

  

  

  

  

  

  

  

  Modena et al., 2006; Palm et al., 2009; Peyre et al., 2010; Schneider et al., 2009; Taylor et al., 2005). Johnson et al studied a series of pediatric and adult ependymoma showed that DNA-copy number alterations (n=204), messenger RNA (n=83)

  However these data should be interpreted cautiously since in this study the stratification does not take into account age or tumor location. The great number of cases included in this work does not make up for these methodological flaws.

	These data were confirmed and further advanced by the recent work by Witt et al. Departing
	from a transcriptome analysis of 177 posterior fossa ependymomas from adult and pediatric
	patients from two different countries two subgroups were distinguished, namely A and B, and
	this was reproducible in another independent patient cohort. Subtype A tumors occurred in
	younger patients, of which 70% male, and tended to be more laterally located. These tumors
	had relatively lower genomic instability (most often gain of chromosome 1 or loss of
	chromosome 22) and showed a worse prognosis. Patients from subgroup B were older,
	displayed tumors with more central location in the posterior fossa which harbored higher

. A second group essentially comprising deletion of chromosome 6, gains of chromosome 9, 15q and 18 with a better prognosis. A third group with an intermediate outcome showed a balanced profile. genomic instability and better prognosis. The authors further characterized the genes and pathways associated with each of these subgroups and validated the differences on a protein level (Witt et al., 2011).

These findings have been recently validated by another group, also working on a mixed adult/pediatric posterior fossa ependymomas by gene expression studies

[START_REF] Wani | A prognostic gene expression signature in infratentorial ependymoma[END_REF]

. Working exclusively with paraffin-embedded material two gene expression subgroups were defined, group 1 overexpressing genes associated with mesenchyme and group 2

  Donson et al showed the overexpression of immune function-associated genes with nonrecurrent lesions[START_REF] Donson | Immune gene and cell enrichment is associated with a good prognosis in ependymoma[END_REF]. Of genes associated with both nonrecurrent phenotype and positively correlated with time to progression, 95% were associated with both innate and acquired immune function. The authors showed the overexpression of innate

immune function genes in microglial cells and more numerous CD4 lymphocytes, mediators of adaptative immune response, in nonrecurrent lesions. These interesting data should be confirmed on a larger series but point out to an alternative direction in the study of prognostic factors in ependymoma.

D. Proliferation markers

Numerous studies have focused on the assessment of the proliferation index in pediatric ependymomas by immunohistochemistry for Ki67 and its relation with prognosis. Although most authors have shown an inverse and significant correlation between proliferation and prognosis

[START_REF] Bennetto | Ki-67 immunolabelling index is a prognostic indicator in childhood posterior fossa ependymomas[END_REF][START_REF] Figarella-Branger | Prognostic factors in intracranial ependymomas in children[END_REF][START_REF] Gilbertson | ERBB receptor signaling promotes ependymoma cell proliferation and represents a potential novel therapeutic target for this disease[END_REF][START_REF] Preusser | Ki67 index in intracranial ependymoma: a promising histopathological candidate biomarker[END_REF][START_REF] Zamecnik | Pediatric intracranial ependymomas: prognostic relevance of histological, immunohistochemical, and flow cytometric factors[END_REF]

, other groups did not confirm these data

[START_REF] Prayson | Clinicopathologic study of 61 patients with ependymoma including MIB-1 immunohistochemistry[END_REF] Ridley et al., 2008;[START_REF] Shuangshoti | Supratentorial extraventricular ependymal neoplasms: a clinicopathologic study of 32 patients[END_REF]

. All were retrospective studies

2010! ! Introduction to second article

  

	Biomarkers for prognosis have not been validated in pediatric ependymomas. To the
	present most reports have described single center cohorts of patients treated over long
	periods of time and with different therapeutic strategies. The SIOP Ependymoma Biology
	Working Group has started to explore potential biomarkers in trial cohorts and designed a
	strategy for their cross-validation.
	1.

Confection of tissue microarray paraffin blocks from a French cohort

  

	differentiation (ependymal rosettes, perivascular pseudo-rosettes, and ependymal canals),
	anaplasia and high vascularisation zones. Normal adult and fetal brain samples were
	included as controls.			
	Distribution of pediatric ependymoma on TMA blocks from the French cohort:
	Localization	Block	Tumors	Patients	cores/tumor
	Infratentorial	PARIS 1	55	38	3
	(posterior fossa)	PARIS 2	20	11	3
		PROVINCE	40	28	4
	supratentorial	PROVINCE	8	6	4
	Our work showing that neuronal differentiation identifies a subgroup of patients with PARIS 30 29 4
	better prognosis in supratentorial childhood ependymoma (Andreiuolo et al., 2010) confirmed total 153 112
	the possibility of finding histopathological markers of prognosis and hopefully prediction of
	response to treatment in this disease.			
	However one of the limitations of our previous study was the relatively small number of cases 2
	in the cohort studied (66 ependymomas of which 34 supratentorial), which did not allow for a
	robust statistical analysis along with other risk factors. In order to overcome this limitation we
	collected material from a larger number of patients, with well-documented clinical
	parameters. In collaboration with the team of neurosurgeons at Necker Hospital under the
	direction of Prof Christian Sainte-Rose and of Dr Pascale Varlet, neuropathologist at Sainte-
	Anne Hospital and in charge of the histological diagnoses, we were able to review the series
	of ependymoma patients treated with the BBSFOP protocol at IGR. Further cases treated
	under the same protocol from various centers in France were identified, and with the
	remarkable collaboration from neuro-oncologists and pathologists nationwide, a number of
	additional cases could be reviewed.			
	For each patient, all paraffin blocks and corresponding slides were obtained and
	reviewed by two neuropathologists (PV, FA) for diagnostic accuracy and tissue adequacy.
	Ependymomas were graded based on WHO 2007 criteria. Histopathological findings
	(ependymal differentiation, necrosis, endothelial proliferation, mitotic index and anaplasia)
	were evaluated and recorded for each tumor. Immunostains for EMA, GFAP, OLIG2 and
	Neurofilament Protein 70 were performed for selected cases.	
	Four tissue micro-array (TMA) blocks were built from paraffin-embedded material
	from a total of 112 patients with pediatric ependymoma at diagnosis and also included tumor
	material at diagnosis and at recurrence. Sonic aspirator extracts were excluded. A total of
	153 tumors were represented, of which 112 at diagnosis and 41 at recurrence, comprising
	patients with only one recurrence (n=17), 9 patients with two recurrences (n=18) and
	patients with 3 recurrences (n=6). Three to four 600!M-cores were obtained from each
	tumor. Representative areas were selected whenever present: classical ependymal

. Establishing a European collaboration project: Study Design

  

	With the support of the ependymoma SIOP Ependymoma Biology Working Group, we
	further proposed an international collaboration project between groups from different
	countries, with the aim of developing and validating prognostic markers in pediatric
	ependymoma, on tissue microarray blocks from national trial cohorts, with well documented
	clinical history, treatment and follow-up. Groups from three different countries initially joined
	this project, United Kingdom with Professor Richard Grundy (Nottingham University), Italy
	with Dr Maura Massimino (Istituto di Tumori, Milan) and France with Dr Jacques Grill (IGR,
	Villejuif). We were later joined by two German groups, the GPOH with Prof Torsten Pietsch
	(University of Bonn) and the Heidelberg group with Pr Stefan Pfister (DKFZ, Heidelberg).
	A three-step study was conducted by this European consortium. First potential
	prognostic markers (YAP1, nucleolin/telomerase, metallothioneins 1-2 and 3, ASPM, TNC)
	were initially tested by immunohistochemistry and 1q25 by FISH in tumors from patients
	treated in three countries (United Kingdom n=105, Italy n=62, France n=93). In step 2, the
	most promising markers tested on a national scale were then assessed on tissue microarray
	slides for the entire three cohorts. Prognostic value of markers for OS and PFS were
	assessed through a Cox model stratified on country, testing simultaneously localization,
	grade, extent of surgery and treatment. In step 3 immunohistochemical techniques and
	analyses were blindly cross-validated in different labs. Finally, the prognostic model
	underwent an external validation procedure in two independent cohorts from the German
	Society of Pediatric Oncology and Hematology.

  ).

	stained both nucleus and cytoplasm (figure1). Staining for ASPM was analyzed at high
	power view (x1000), and scoring was performed as follows: 0, no staining; 1, staining in
	scarce cells, 2, staining in numerous cells. Following staining patterns were observed for
	ASPM: cytoplasmic, nuclear, presence of paranuclear "dots" or marked cells in mitosis. Ki67
	stainings were evaluated at 200 cells in most positive areas, as a percentage of positive
	cells/ all cells analyzed.	
	Paraffin sections were cut at 4µm, deparaffinised, exposed to 30 minute treatment in a
	steamer at 98° C in citrate pH 7.3 buffers for ASPM and MT1-2and pH 6.0 for MT3 and then
	treated with a peroxidase blocking agent (reference S2001, DAKO). Antibody incubation was
	performed overnight at 4°C for ASPM (1:100) and 60 minutes hour at room temperature for
	MT1-2 (1:300) and MT3 (1:1000). Antibody binding was visualized with the peroxidase-based
	anti-rabbit EnVision Kit (reference K4003, DAKO) for MT3 and ASPM antibodies and with
	Histostain Plus Kit (reference 85-9043 Zymed) for MT1-2.	Diaminobenzidine tetra
	hydrochloride (DAB, DAKO) was used as the chromogen. Sections were counterstained with
	Mayer's hematoxylin. Ki67 immunostains were also performed using mouse anti-human
	antibodies (clone MIB1, DAKO ref M7240) in the automated Benchmark (Ventana) system
	after antigen retrieval carried in acid pH.	
	Immunohistochemical staining for MT1-2 and MT3 was scored semiquantitatively,
	based on staining intensity and cell number, as follows: 0, no staining; 1, weak staining
	(independently of the number of positive cells) or staining in less than 10% of cells
	(independently of the staining intensity); 2, moderate to strong staining in more than 10% of
	cells. Scoring was performed as of observed in the most positive areas. MTs generally

At risk Figure 5: TNC

  and Event-Free Survival in the French cohort (p=0.03)

	100%					TCN negative / weak		
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	52	31	15	11	9		6	6	3
	100%										
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		TNC strong							
	0%										
	0	1	2	3	4 Years 5	6	7	8	9	10
	49	41	39	27	21	19	17	13	10	8	5
	54	49	40	31	21	12	10	7	5	4	4

  Age could not enter the multivariate model due to its strong correlation with treatment (-0.70); only tested in final model as treatment not included. ** Final model includes grade, extent of surgery and TNC; italic results are results for variables added one by one to the final model.

			Univariate		Multivariable**	
	Characteristic	HR	CI95%	p-value	HR	CI95%	p-value
	Age*						
	< 36 months	1*	-	0.02	1*		0.13
	" 36 months	0.64	[0.44 -0.93]		0.73	[0.48-1.10]	
	Localization (8 MD)						
	Infratentorial	1*	-	0.05	1*		0.10
	Supratentorial	0.63	[0.40 -0.99]		0.65	[0.38-1.10]	
	Grade (8 MD)						
	Grade II	1*	-	0.07	1*	-	0.007
	Grade III	1.48	[0.97 -2.24]		1.81 [1.18 -2.78]	
	Extent of surgery (1 MD)						
	Complete	1*	-	0.004	1*	-	0.004
	Incomplete	1.74	[1.20 -2.52]		1.77 [1.20 -2.52]	
	Treatment received (2 MD)						
	Radiotherapy	1*	-	0.11	1*		0.74
	Chemotherapy	1.83	[1.06-3.18]		1.24	[0.69-2.23]	
	Chemotherapy + radiotherapy	1.97	[1.04-3.72]		1.05	[0.50-2.23]	
	None (surgery only)	1.05	[0.30 -3.65]		0.74	[0.20-2.69]	
	Tenascin C (imputation)						
	Negative-weak	1*	-	0.008	1*	-	0.004
	Strong	1.66	[1.14-2.41]		1.77 [1.20 -2.62]	
	Nucleolin (25 MD)						
	< 50 %	1*	-	0.91	-	-	-
	" 50 %	1.03	[0.63 -1.68]		-	-	-
	MD: missing data						
	*						

Table S2 : Characteristics of patients by study in the discovery population

 S2 

		France		UK		Italy Germany	All	p-value
		N	%	N	%	N	N	%	%	N	%
	All	All	93 100	105 100		62 100 137 100	100
	SEX	SEX	48	52	65	62			36		58	57
	Male	Male					84 61	0.34
	Female	45 Female	48	40	38		26 53 39	42	43
	Age	Age	56	60	58	55			25		40	53
	<36 months	<36 months				48 35	0.05
	" 36 months	37 " 36 months 40	47	45		37 89 65	60	47
	Localisation of tumor	0 Localisation of tumor -	8	-			0		-	-
	Missing PF	PF ST Grade	66	71	73	75		88 64 42 49 36	68	72	0.57
	ST	27 Grade II	29	24	25		20 24 18	32	28
	Grade	0 Grade III	-	8	-		0 113 82	-	-
	Missing	Extent of surgery							<0.001
	Grade II		16	17	51	53			32		52	39
	Grade III	77 Missing	83	46	47		6	30	-	48	61
	Extent of surgery	1 Complete	-	0	-		0 82 63	-	-
		Incomplete				49 37
	Missing	Treatment								0.01
	Complete	59 Missing	64	51	49		2	43	-	69	59
	Incomplete	33 None	36	54	51		1	19	1	31	41
	Treatment	2 CT alone	-	0	-		0 13 10	-	-
	Missing	CT + RT					108 80	<0.01
	None	1 RT alone	1	0	0		8 13 10	13	3
	CT alone	70 Recurrence	77	60	57			16		26	57
	CT + RT	2 Number of events 2	23	22		21 48 35	34	18
	RT alone	Status	18	20	22	21		17 116 85	27	22
	Recurrence at cut-off date Number of events	65 Number of deaths 70 Tenascin C	67	64		46 21 15	74	68
	Status at cut-off date Number of deaths	44 49 Missing Negative-weak	47 53	59 46	56 44		30 32 56 41 2 -	48 52	51 49
		Strong						79 59

Overall, 260 patients are included in the analysis: 93 patients from France, 105 patients from UK and 62 patients from Italy. The median age at diagnosis is 33.5 months (range, 4 months to 16.7 years). p-values correspond to the tests of the differences between the three cohorts. (Status is defined by the occurrence of death).
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Table S3 : characteristics of patients in the Heidelberg cohort

 S3 

		N	%
	All	196	100
	Gender		
	Male	122	62%
	Female	74	38%
	Age		
	<36 months	53	27%
	" 36 months	143	73%
	Localisation of tumour		
	PF	129	66%
	ST	67	34%
	Grade		
	2	46	23%
	3	150	77%
	Extent of surgery		
	Missing	/	/
	Complete	95	48%
	Incomplete	101	52%
	Treatment		
	Missing	/	/
	None	/	/
	CT alone	/	/
	CT + RT	/	/
	RT alone	/	/
	Recurrence		
	0	87	44%
	1	109	56%
	Status/Mortality		
	0	153	78%
	1	43	22%
	Tenascin C		
	Missing	/	
	Negative	54	28%
	Positive	142	72%

Table S4 :

 S4 Immunohistochemistry-Methods

	Primary antibody Clone, Manufacturer's	Type of antibody	Dilution Antigen	Primary	Revelation system	Comments/References
		reference	(anti-human)		retrieval	antibody		
						incubation		
	TNC	E-9, Santa Cruz, ref.	Mouse	1:50	Citrate pH 6.0,	1 hour, room	Vectastain ELITE (Vector	Sections rinsed with Tris-buffered Saline.
		sc-25328	monoclonal		30 minutes	temperature	Laboratories, ref. PK 6200)	Positive controls included borders of
								infiltrative glioma and squamous cell
								carcinoma, as in Puget et al, J Clin Oncol.
								10:1884-92
	MT1-2	E9, Zymed, ref 18-	Mouse	1:300	Citrate pH 7.3,	1 hour, room	Histostain Plus (Zymed, ref. 85-	
		0133	monoclonal		30 minutes	temperature	9043)	
	MT3	Non-commercial,	Rabbit	1:1000	Citrate pH 6.0	1 hour, room		
		kindly provided by Dr	polyclonal		30 minutes	temperature		
		D. Sens, University of						
		North Dakota						
	ASPM	Polyclonal, Bethyl	Rabbit	1:100	Citrate pH 7.3,	Overnight,	EnVision (DAKO, ref. K4003)	Peyre et al., PLoS One.: 24;5(9):e12932.
		Laboratories Inc., ref.	polyclonal		30 minutes	4°c		
		IHC-00058						
	KI 67	MIB1, DAKO ref	Mouse	1:50	Acid PH	Short	Ventana automated (Benchmark)	
		M7240	monoclonal			protocol		
	H-TERT/	4E2, Abcam, ref.	Rabbit	1:2000	Citrate pH 6.0,	Overnight,	EnVision (DAKO, ref. K4003)	Ridley at al., Neuro Oncol.10: 675-689.
	NUCLEOLIN	Ab13541	monoclonal		1 minute	4°c		
	YAP1	Polyclonal, Cell	Rabbit	1:50	Citrate pH 6.0,	1 hour, room	Ultra Vision (LabVision Co, ref	
		Signaling ref. 4912	polyclonal		15 minutes	temperature	TL-125-HL0)	

EnVision (DAKO, ref. K4003) Peyre et al., PLoS One. 24;5(9):e12932 Garrett et al Toxicol Lett.;105:207-14.

Table S5 : Results of the sensitivity analysis for overall survival (n=203)

 S5 

			Multivariate	
	Characteristic	HR	CI95%	p-value
	Grade (8 MD)			
	Grade II	1*	-	0.03
	Grade III	1.70 [1.04 -2.77]	
	Extent of surgery (1 MD)			
	Complete	1*	-	0.008
	Incomplete	1.78 [1.16 -2.74]	
	Tenascin C (39 MD)			
	Negative-weak	1*	-	0.001
	Strong	2.10 [1.34 -3.31]	
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  Final model includes age, extent of surgery, Tenascin C and an interaction term between age and Tenascin C. Results showed are adjusted on age. Results on treatment received are not shown because treatment received could not enter the multivariate model due to its strong correlation with age (-0.67); but it was non significant in a variable selection excluding age. ** Final model includes age, extent of surgery and Tenascin C; italic results are results for variables added one by one to the final model.

	!"#Characteristic	HR	Multivariate* CI95%	p-value
		Localisation (8 MD)			
		Infratentorial	1*	-	0.99
		Supratentorial	1.00	[0.66 -1.51]	
		Grade (8 MD)			
		Grade II	1*	-	0.10
		Grade III	1.34	[0.95 -1.89]	
		Extent of surgery (1 MD)			
		Complete	1*	-	<0.001
		Incomplete	2.04	[1.48 -2.80]	
		Tenascin C (imputation) when age			
		< 36 months			
		Negative-weak	1*	-	0.006
		Strong	1.92	[1.20 -3.06]	
		Tenascin C (imputation) when age			
		! 36 months			
		Negative-weak	1*	-	0.98
		Strong	0.99	Univariate [0.61 -1.62]	
	MD: missing data	Characteristic	HR	CI95%	p-value
	*	Age			
		< 36 months	1*	-	0.004
		! 36 months	0.63	[0.46 -0.86]	
		Localisation (8 MD)			
		Infratentorial	1*	-	0.17
		Supratentorial	0.79	[0.56 -1.11]	
		Grade (8 MD)			
		Grade II	1*	-	0.36
		Grade III	1.17	[0.84 -1.64]	
		Extent of surgery (1 MD)			
		Complete	1*	-	<0.001
		Incomplete	2.09	[1.54 -2.84]	
		Treatment received (2 MD)			
		Radiotherapy	1*	-	<0.001
		Chemotherapy	2.31	[1.48-3.62]	
		Chemotherapy + radiotherapy	2.57	[1.53-4.33]	
		None (surgery only)	1.36	[0.51 -3.60]	
		Tenascin C (imputation)			
		Negative-weak	1*	-	0.003
		Strong	1.59	[1.18 -2.15]	
		Nucleolin (25 MD)			
		< 50 %	1*	-	0.08
		! 50 %	1.46	[0.95 -2.25]	
	MD: missing data				

+,-".,"/%&"+"$01,1&23.&%-%+/42.%%&15.-,-"$&6#"1%7&3+&8(9&:"/,%+/1;& *** Not tested in the final model due to its strong correlation with age (-0.67); but non significant in a variable selection excluding age.

Table S8 : Reproducibility of TNC scoring (in three classes) Scoring France Scoring UK

 S8 

		Negative	Weak	Strong	Total
	Negative	12	4	0	16
	Weak	3	14	3	20
	Strong	0	1	57	58
	Total	15	19	60	94

Table S9 : Reproducibility of TNC scoring (in two classes)

 S9 

		Scoring UK	Total
	Scoring France	Negative/Weak	Strong	
	Negative/weak	33	3	36
	Strong	1	57	58
	Total	34	60	94
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  studies in children have accepted the general term pediatric HGG, and included different histological entities within this group[START_REF] Bax | A distinct spectrum of copy number aberrations in pediatric high-grade gliomas[END_REF] Paugh et al., 2010;[START_REF] Schiffman | Oncogenic BRAF mutation with CDKN2A inactivation is characteristic of a subset of pediatric malignant astrocytomas[END_REF] 

	2010).
	More recently our group showed that the WHO 2007 classification scheme did not
	provide a prognostic stratification in a series of 96 pediatric HGG patients. In this study we
	found that the Saint-Anne classification (Daumas-Duport et al., 1997; Varlet et al., 2004) was
	closer to achieve prognostic correlation in the same cohort, notably recognizing the category
	of "malignant glioneuronal tumors", based on clinico-radiological and immunohistochemical
	grounds (Puget et al., 2011; Appendix 2.1).
	In adults, molecular classification has brought more accurate prognostication
	(Verhaak et al., 2010) and at least three strong prognostic biomarkers have been validated:
	IDH1, MGMT methylation and 1p19q, this later one being also a diagnostic marker. It is
	therefore anticipated that it could be reproduced in children although not necessarily with the
	same prognostic markers.

  [START_REF] Raghavan | Pediatric oligodendrogliomas: a study of molecular alterations on 1p and 19q using fluorescence in situ hybridization[END_REF][START_REF] Razack | Pediatric oligodendrogliomas[END_REF]. Interestingly, in the adult population around 70% of tumors with oligodendroglial differentiation harbor simultaneous allelic losses on chromosomes 1p and/or 19q, which appear to have a better prognosis and

	response to a variety of chemotherapeutic agents (Kouwenhoven et al., 2009; McDonald et
	al., 2005; Ohgaki and Kleihues, 2011). The simultaneous loss of 1p and 19q is exceedingly
	rare in children in which the incidence of these alterations increases with age. In the
	anecdotal pediatric cases reported this co-deletion does not seem to be associated with
	response to chemotherapy (Creach et al., 2012; Pollack et al., 2003b; Raghavan et al., 2003;
	Suri et al., 2011).
	DIPG are a subset of malignant gliomas occurring almost exclusively in children for
	which until recently only limited amount of data regarding biology was available. These
	concerned frequent TP53 mutations (Gilbertson et al., 2003; Joshi et al., 2008; Louis et al.,
	1993), EGFR overexpression (Gilbertson et al., 2003) and IL13R overexpression (Joshi et
	al., 2008). Along the development of our work several new studies have indicated specific
	biological features of these neoplasms that will be discussed further in the body of the thesis.

al., 2010; Faury et al., 2007; Haque et al., 2007; Paugh et al., 2010; Qu et al., 2010; Rickert et al., 2001; Schiffman et al., 2010; Wong et al., 2006; Zarghooni et al., 2010) .

Major differences between children and adults concern oligodendroglial and mixed oligodendroglial/astrocytic tumors, which are much more prevalent in the adult population than in children (

  Korshunov et al., 2005), a similar frequency to the one reported for adults[START_REF] Mclendon | Comprehensive genomic characterization defines human glioblastoma genes and core pathways[END_REF]. So far the prognostic value of these alterations has not been tested prospectively. Large-scale chromosomal imbalances appear to be neither sensitive nor specific enough to fulfill the role of diagnostic markers.Heimberger et al., 2005; Shinojima et al., 2003). No definite conclusions on the role of EGFR and prognosis can be drawn for the pediatric population so far. PTEN mutations were correlated with higher histological grade and were associated with an adverse outcome. In the same series TP53 mutations CDKN2A deletions and CDK4 amplifications had no impact on prognosis[START_REF] Raffel | Analysis of oncogene and tumor suppressor gene alterations in pediatric malignant astrocytomas reveals reduced survival for patients with PTEN mutations[END_REF]. One study on 44 non brain-stem pediatric glioblastomas by FISH, showed 10q23/PTEN loss to be the only factor independently associated with adverse outcome. Other factors such as EGFR amplifications, gains of chromosome 7, 1q gains and 1p loss had no prognostic significance in this series(Korshunov et al., 2005). Another work explored immunohistochemistry on 15 pediatric HGG and showed that loss of PTEN expression was associated with worse overall survival (OS), but not with the progression-free survival (PFS)[START_REF] Thorarinsdottir | Protein expression of platelet-derived growth factor receptor correlates with malignant histology and PTEN with survival in childhood gliomas[END_REF]. Despite these interesting results, the definitive method for analyzing PTEN status in gliomas has not been definitely established. Few publications have shown the importance of PTEN inactivation through methylation[START_REF] Wiencke | Methylation of the PTEN promoter defines low-grade gliomas and secondary glioblastoma[END_REF] while some experts advocate the combination of immunohistochemistry with the determination of PTEN function, either by staining for downstream PIP3 effector molecules (such as pAkt or pPRAS40) or by sequencing of PTEN to identify loss-of-function mutations[START_REF] Mellinghoff | PTEN-mediated resistance to epidermal growth factor receptor kinase inhibitors[END_REF].However, the distinction between gains and amplification for PDGFRA is not completely established in these publications, and could be the source of such discrepant results. Furthermore, these alterations have been described focally by different subclones within these tumors, which warrants a careful evaluation as they could be remain undetected or overlooked by genomic techniques departing from homogenized tissue.

	Chromosomal imbalances
	Pediatric high-grade gliomas show more frequent gains of chromosome 1q (also
	frequent in other types of pediatric cancer such as ependymoma, neuroblastoma and Ewing
	sarcoma) than adult counterparts (19.0% versus 9.0%). They also bear more frequent losses
	of 4q and 16q (17.5% versus 7.4%) (Bax et al., 2010; McLendon 2008). On the other hand
	losses of 10q (around 15 to 20%) (Bax et al., 2010; Korshunov et al., 2005) seem less Strong expression of PDGFR was seen at the protein level in 18/21 HGG and 7/11 DIPG
	frequent in pediatric HGG as compared to adult glioblastoma samples (80%) (McLendon cases. (Liang et al., 2008; Thorarinsdottir et al., 2008). Data is drawn from relatively small
	2008). Conflicting results have been published regarding the frequency of chromosome 7 series, but if taken together with data from genomic studies, this pathway likely represents an
	gains in Pediatric HGG. In one recent study based on array CHG on paraffin embedded important target, although the clinical associations and potential clinical utility remain to be
	material and containing different histological subtypes it was found in 19% (Bax et al., 2010) fully elucidated.
	whereas a FISH analysis performed exclusively in non-brainstem pediatric GBM described
	Other arguments against the notion that pediatric HGG may be biologically similar to the adult secondary glioma pathway stem from the identification of frequent mutations in IDH1/2 in secondary adult GBMs, and the lower grade lesions from which they may arise. As reported in several large studies, IDH1/2 mutations are present in over 70% of lower grade gliomas and 85% of secondary GBMs, in contrast to less than 5% of primary (de novo) adult GBMs (Balss et al., 2008; Hartmann et al., 2009; Ichimura et al., 2009; Nobusawa et al., 2009; Parsons et al., 2008; Yan et al., 2009). In the pediatric population, most studies have PDGFRA amplification appears to occur in older children (Bax et al., 2010; Paugh et al., 2010; Qu et al., 2010) and may have some prognostic significance (Bax et al., 2010; Paugh et al., 2010), though this is not replicated at the protein level (Liang et al., 2008; gains of chromosome 7 in 72% cases (PTEN Thorarinsdottir et al., 2008).
	rarely found mutant positive tumors. The overall frequency of IDH1/2 hotspot mutations in The potential role for PTEN loss in the prognosis and prediction of response to In DIPG focal gains/amplification of PDGFRA were reported to be even more
	childhood HGG is estimated well below 10% (Antonelli et al., 2010; Balss et al., 2008; De treatment of adult gliomas (the latter mostly in the context of anti-EGFR targeted therapies) frequent, present in about one third of cases (Paugh et al., 2011; Zarghooni et al., 2010) but

These include amplifications of MYC, MYCN, CDK6, CCND2 and KRAS, mutations of TP53 and deletions of CDKN2C

(Bax et 

al., 2010; Maher et al., 2006; McLendon 2008; Paugh et al., 2010; Qu et al., 2010; Schiffman et al., 2010; Zarghooni et al., 2010). Carli et al., 2009; Paugh et al., 2010; Pollack et al., 2010; Schiffman et al., 2010; Setty et al., 2010;

[START_REF] Yan | IDH1 and IDH2 mutations in gliomas[END_REF]

. Interestingly, most pediatric mutated cases were reported in adolescents

[START_REF] De Carli | IDH1 and IDH2 mutations in gliomas[END_REF][START_REF] Pollack | IDH1 mutations are common in malignant gliomas arising in adolescents: a report from the Children's Oncology Group[END_REF]

.

EGFR

EGFR amplifications have been reported in 30 to 40% adult high-grade gliomas, its overexpression seen in 40 to 60% of which approximately 50 to 70% display the constitutively activated variant III mutation

(Cappuzzo et al., 2005;[START_REF] Smith | PTEN mutation, EGFR amplification, and outcome in patients with anaplastic astrocytoma and glioblastoma multiforme[END_REF]

. In pediatric HGGs, EGFR was found variably overexpressed in 10% to 80%

(Bredel et al., 1999; Gilbertson et al., 2003; Liang et al., 2008; Pollack et al., 2006a)

. Recent series of pediatric supratentorial high-grade glioma reported EGFR amplification in 8 of 74 cases (11%) and EGFRvIII deletions in 6 out of 35 cases (17%)

(Bax et al., 2009)

. Some authors reported similar

[START_REF] Qu | Genome-wide profiling using single-nucleotide polymorphism arrays identifies novel chromosomal imbalances in pediatric glioblastomas[END_REF] 

and other groups even lower frequency of EGFR amplification in 3% cases (2 of 78 samples)

(Paugh et al., 2010)

. Expression of EGFRvIII in adult glioblastoma multiforme (GBM) has been associated with poor prognosis, shorter interval to relapse and increased resistance to chemotherapy and radiotherapy

(Feldkamp et al., 1999; 

has prompted different groups to assess its status in pediatric HGG. However PTEN mutation/homozygous deletion appear to be a rare event in pediatric HGG, including DIPG, as compared to adult tumors

(Schiffman et 

al., 2010). Raffel et al in a series of 39 pediatric gliomas, described that PDGF Childhood HGG frequently shows expression of platelet-derived growth factor (PDGFR), as previously reported (Geoerger et al., 2009; Nakamura et al., 2007). Amplification of PDGFRA is one of the most common genomic events in pediatric HGG, and although variable frequencies have been reported from around 8 to 28% (Di Sapio 1/14 8%, Paugh 8/68 12 %, Puget 4/32 12.5 %, Wong 2/13 15%, Schiffman 2/11 19% Zarghooni 3/11 28%) (Di Sapio et al., 2002; Paugh et al., 2010; Puget et al., 2012; Schiffman et al., 2010; Wong et al., 2006; Zarghooni et al., 2010) larger series report similar findings of around 12% (Paugh et al., 2010; Puget et al., 2012) which are more common than what has been reported in adult cases (McLendon 2008; Parsons et al., 2008; Rao et al., 2010). Rare findings of PDGFA, PDGFB and PDGFRB gain/amplification could contribute for further activation of PDGFR signalling (Bax et al., 2010; Paugh et al., 2010; Zarghooni et al., 2010). a study from our cohort did not confirm these findings, in fact revealing similar frequency of amplification as described in other types of pediatric HGG (Puget et al., 2012; Appendix 2.2). TP53 Following the numerous reports of alterations of TP53 pathways in adult brain tumor populations, a few studies addressing TP53 status in pediatric HGG have been conducted, either by direct search for mutations, or through the surrogate nuclear accumulation of protein by immunohistochemistry. TP53 protein expression has been reported in around 40% pediatric HGG (with an elevated frequency in grade IV vs grade III tumors), and directly sequenced mutations within the DNA binding domains in about 32% cases (Antonelli et al., 2010; Badhe et al., 2004; Cheng et al., 1999; Ganigi et al., 2005; Kraus et al., 2002; Liang et al., 2008; Nakamura et al., 2007; Pollack et al., 2002; Sung et al., 2000; Sure et al., 1997; Suri et al., 2011). In the Children's Cancer Group CCG-945 trial, children who presented

  also studied a pediatric cohort and described the V600 mutation in 2/12 grade II astrocytomas, 3/9 grade III astrocytomas and 2/11 GBMs. Mutations were coincident with CDKN2A homozygous deletions in 5/7 cases[START_REF] Nicolaides | Targeted therapy for BRAFV600E malignant astrocytoma[END_REF][START_REF] Schiffman | Oncogenic BRAF mutation with CDKN2A inactivation is characteristic of a subset of pediatric malignant astrocytomas[END_REF].

	Recent studies have reported significant BRAF gene alterations in brain tumors, most
	notably tandem duplications among LGG and the V600E mutation in tumors grades 1 to 4 in
	both pediatric and adult populations, the latter showing a high incidence in pleomorphic

xanthoastrocytomas (around 60%, in a cohort of mixed adult and pediatric patients with mutations found in 2/5 PXA patients under 18 years), (Dias-Santagata et al., 2011) and in 9/18 gangliogliomas in an exclusively pediatric series (Dougherty et al., 2010). Schiffmann et 123 al have

  in breast cancer, EGFR amplification/overexpression without K-Ras mutation for cetuximab, ERBITUX® in colon cancer, EML4-ALK translocation for crizotinib, XALKORI® in non-smal cell lung carcinoma... In pediatric oncology, however, phase I and II studies have only seldom been done together with a companion diagnostic test. The European consortium ITCC has pioneered such approaches with targeted agents. The

target-driven exploratory study of imatinib mesylate, GLIVEC®, enrolled only patients with tumors overexpressing either c-kit, PDGFRA or PDGFRB on immunohistochemistry

(Geoerger et al., 2009)

. The phase I study of erlotinib, TARCEVA®, in newly diagnosed brainstem gliomas and relapsing/refractory brain tumors explored in parallel the EGFR pathway status of the patients

(Geoerger et al., 2011)

.

  a superior OS when compared to a control group of 21 children treated with irradiation and temozolomide (median, 12.0 mo vs. 10.7 mo; 95% CI=10.59-13.33 and 4.49-16.9, respectively; p=0.033, log rank test; Figure

	Ten out of the 14 DIPG samples with
	interpretable FISH analysis exhibited an abnormal profile: 6 had polysomy and
	monosomy of chromosome 7. Thirteen of 19 tumors were positive for p-MAPK, 9 of
	20 for p-AKT. A high incidence of loss of PTEN expression was found (15/19) with
	only 4 cases examined being positive; one had non-interpretable results (#14). By
	FISH, 4 among these 15 samples had PTEN gene loss (#1, 11, 36, 46), and
	showed chromosome 10 monosomy alone (#14, 26, 41).
	We further evaluated prognostic factors in children with newly diagnosed DIPG
	treated with erlotinib combined with irradiation. Children receiving erlotinib together
	with irradiation had

Table 1 : Local and reviewed histological diagnosis GBM

 1 

	Pat No Local Diagnosis	Revised WHO Diagnosis	Revised St Anne Diagnosis
	Group1		
	Malignant Glioma (n=12)		
	#15	GBM/MGNT	GBM	MGNT
	#45	GBM/MGNT	GBM	MGNT
	#44	GBM	GBM	MGNT
	#50	Glial tumoral infiltration	Gliomatosis	Gliomatosis
	#48	Oligodendroglioma gr II/ gr B	Oligodendroglioma gr II	Oligodendroglioma gr B
	#35	GBM	Oligodendroglioma gr III	Oligodendroglioma gr B
	#23	Oligodendroglioma gr III	Oligoastrocytoma gr III	Oligoastrocytoma gr B
	#51	Oligodendroglioma gr III	Oligoastrocytoma gr III	Oligoastrocytoma gr B
	#28	Malignant Glioma	NR	
	#30	Malignant Glioma	NR	
	#32	Malignant Glioma	NR	
	#43	Malignant Glioma	NR	
	Pontine glioma (n=6)		
	#25	DIPG	DIPG NOS	DIPG NOS

, glioblastoma; MGNT, malignant glioneuronal tumor; gr, grade; DIPG , Diffuse intrinsic pontine glioma; NOS, not otherwise specified; NR, no material received for review; NL, no tumor left or non representative slides, ND not determined due to lack of imaging

Table 2 : EGFR pathway expression by FISH and IHC in patients treated with erlotinib

 2 

	Pat No Diagnosis WHO	EGFR	EGFR	PTEN	PTEN	p-AKT	p-MAPK
		Classification	IHC	FISH	IHC	FISH	IHC	IHC
	Supratentorial glioma	6+/8		5+/8		3+/7	5+/8
	#48	Oligodendroglioma gr II	2	Normal	3	ND	1
	#35	Oligodendroglioma gr III	0	Monosomy 7 35%	0	PTEN loss 60%	0
	#23	Oligoastrocytoma gr III	3	Monosomy 7 35%	2	ND	1
	#51	Oligoastrocytoma gr III	3	Polysomy 7 80% (3 to 4 copies)	3	ND	2
	#15	GBM	2	Polysomy 7 80% (3 to 5 copies)	1	Monosomy 10 30%	3
				Low level gains 30%		PTEN loss 23%	
	#44	GBM	1	Normal	1	Normal	0
	#45	GBM	2	Monosomy 7 61%	2	ND	3
	#50	Gliomatosis	3	Polysomy 7 (3 copies) 25%	3	ND	0
	Pontine glioma	8+/20		4+/19		8+/20	12+/19
	#9	Oligodendroglioma gr II	2	Monosomy 7 60%	1	Normal	1
	#26	Astrocytoma gr II	1	Normal	1	Monosomy 10 25%	3
						Balanced trisomy 27 %	
	#34	Astrocytoma gr II	3	Monosomy 7 30%	0	Normal	3
	#14	Oligoastrocytoma gr II	1	Monosomy 7 30%	NE	Monosomy 10 33%	2
	#1	Oligoastrocytoma gr III	0	Normal	3	PTEN loss 25%	1
	#20	Oligoastrocytoma gr III	0	2/2 100%	0	Normal	0
	#46	Oligoastrocytoma gr III	2	Polysomy 7 (3 to 4 copies) 47%	0	Polysomy 10 and	1
						PTEN loss 30%	
	#11	GBM	0	Polysomy 7 (3 to 5 copies) 65%	0	Polysomy 10 and	1
						PTEN loss 51%	
						Polysomy 10 without	
						loss 32%	
	#31	GBM	0	No signal	1	Normal	3
	#38	GBM	1	No signal	0	No signal	2
	#40	GBM	1	Monosomy 7 52%	3	ND	1
	#41	GBM	0	Trisomy 7 11%	3	Monosomy 10 50%	3
	#13	GBM §	3	Trisomy 7 54%	0	Normal	0

  This indicates that the two gene expression profiles of DIPG that we have evidenced (and that have been also found by Paugh et al, JCO 2011) are not driven by mutation in common oncogenes or tumor suppressor genes.

	Gene	Mutation	Patient Number	GE group
	ATM	P604S	13	TBD
	MPL	W515L	13	TBD
	PI3KCA	H1047R	1	1
	PI3KCA	H1047L	4	1
	PI3KCA	E542K	7	2
	TP53	R248W	6	2
	TP53	R273H	9	2
	TP53	V157F	12	2
	TP53	R213*	16	TBD
	TP53	R273L	17	1
	TP53	R282W	18	1
	TP53	R273H	19	1
	TP53	R273L	21	2
		GE= gene expression; TBD= to be defined	

TABLE !

 ! 

	I.!!Validated!Mutations!Detected!in!the!20!Diagnostic!Samples!Analyzed!			
	Patient!	Gene!	Mutation!	p53!CNA!	p53!IHC!	PDGFRA!CNA!	PTEN!CNA!
	1!	ATM!	P604S!	À0.5292!	À!	À0.0375!	À0.0224!
	1!	MPL!	W515L!	À0.5292!	À!	À0.0375!	À0.0224!
	2!	PI3KCA!	H1047R!	0.0155!	À!	À0.0142!	0.0002!
	3!	PI3KCA!	H1047L!	0.0033!	""!	À0.0088!	0.0010!
	4!	PI3KCA!	E542K!	0.0421!	"""!	À0.0165!	À0.0033!
	5!	TP53!	R248W!	À0.4546!	""!	2.5200!	À0.0153!
	6!	TP53!	R273H!	À0.5166!	""!	À0.0386!	À0.2063!
	7!	TP53!	V157F!	À0.8058!	"!	À0.0076!	À0.3552!
	8!	TP53!	R273 Ã !	À0.1597!	NA!	À0.0191!	À0.2676!
	9!	TP53!	R273L!	0.0011!	"""!	À0.0257!	0.0006!
	10!	TP53!	R282W!	0.0174!	"""!	2.2870!	À0.3614!
	11!	TP53!	R273H!	À0.3997!	"""!	1.7514!	0.0019!
	12!	TP53!	R273L!	0.0101!	NA!	À0.0079!	À0.2159!
	Results!of!the!CGHarray!with!Agilent!44K!Whole!Human!Genome!Array!G4410B!are!indicated!by!the!ratio!of!chromosomal!imbalance;!values!
	above!1.5!were!considered!as!ampli!cations!and!those!below!À0.3!were!considered!as!losses.!IHC!for!p53!(DO-7!antibody)!was!graded!in!a!	
	semi-quantitative!way!(cut-off!10%).!					
	Pediatr!Blood!Cancer!DOI!10.1002/pbc!					
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group!vs!3/8!in!group!2!tumours!(p!value!=!0.003,!chi!square!test! with!McNemar!correction)!(Figure!4D!and!E).!Of!note,!SOX10,!a! known!!transcription!!!factor!!involved!!!in!!oligodendrogliogenesis! [29,30],!was!overexpressed!in!this!subgroup!compared!to!the!other! DIPG!(log2!fold!change!1.51!vs!0.21,!adjusted!p!value!

Figure!4A).!This!overexpression!was!confirmed!by! immunohistochemistry!on!an!independent!cohort!in!9/15!cases! that!!were!!screened!!for!!the!!target-driven!!exploratory!!study!!of! imatinib!in!children!with!solid!malignancies![20]!(Figure!5B!&!C).! Eight!of!nine!cases!with!gain/amplification!of!PDGFRA!detected! by!!arrayCGH!!were!!found!!in!!this!!subgroup;!!these!!imbalances! were!confirmed!by!FISH!in!six!samples!for!which!the!analysis!was! possible!(Figure!5D).!Simultaneous!amplification!of!PDGFRA!and! MET

Sequencing!the!PDGFRA!gene!in!an!extended!series!of!DIPG! samples!!revealed!!no!!mutations!!in!!the!!kinase!!domains,!!known! hotspots!in!other!tumors!such!as!gastro-intestinal!stroma!tumors! [31].!By!contrast,!novel!missense!mutations!were!observed!in!the! extracellular!domains!in!3/34!(8.8%)!cases,!and!in!a!further!two! high!grade!gliomas!established!as!primary!xenografts!(Figure !5G).! One!of!the!mutations!in!the!IGRG82!pediatric!glioma!xenograft! has!been!previously!described!in!an!adult!glioblastoma!(C235Y)! (http://tcga-data.nci.nih.goc/docs/publications/gbm_exp/).!Both! mutant-positive!cases!for!which!gene!expression!data!was!available! were!!part!!of!!the!!group!!1!!DIPG,!!and!!harboured!!PDGFRA!!gene! amplification,!as!did!the!additional!case!in!the!extended!series.!

Reproducibility of TNC scoring

The kappa index, measuring the concordance between the two independent scorers in three classes (negative, weak and strong), was 0.78 (95% CI: 0.67-0.90). No patient classified as having strong expression of TNC by one of the two scorers was classified having a negative expression of TNC by the second scorer, or conversely (Table S8). As prognostic factor, TNC was used as negative/weak versus moderate/strong. When considering these two categories, the kappa index became 0.90 (95% CI: 0.82-1.00), showing a high reproducibility of the scoring (Table S9).

External validation of the prognostic marker TNC

We first analysed a cohort of German patients treated in the GPOH HIT 2000 trial. Compared to the discovery cohort, these 136 patients were older and treated with irradiation as a first line treatment in 80% of cases. Histology was centrally reviewed (TP). Their median followup was also shorter: 2.9 years (range, 9 days to 8.3 years). OS was 82% (95% CI:73-89) at 3 and 74% (95% CI, 63 to 83%) at 5 years, significantly better than in the discovery cohort.

EFS was 66% (95% CI, 56 to 74%) at 3 and 61% (95% CI, 51 to 71%) at 5 years, with significantly fewer events than in the discovery cohort. Children with DIPG treated with erlotinib and irradiation had a superior overall survival compared to our control group (median 14.9 vs 9.5 months, p=0.033). In these patients, EGFR overexpression was associated with a lower risk of progression (OR=0.35, p=0.058), and oligodendroglial vs predominant astrocytic differentiation was associated with a trend for improved overall survival (median 14.0 vs 8.5 months; p=0.10). This was not seen in DIPG patients not treated with erlotinib.

Conclusion:

PTEN loss is frequent in DIPG. Children with EGFR-positive DIPG and oligodendroglial differentiation had an improved survival when treated with erlotinib and irradiation.

Translational Relevance:

Predictive biomarkers for efficacy of targeted therapies are required in order to tailor the treatment to patients most likely to benefit. This is the first study that showed the feasibility of biomarker assessment in pediatric malignant brain tumors including newly diagnosed diffuse intrinsic pontine gliomas (DIPG) in patients participating in an erlotinib phase I trial. IHC and FISH were applied to define the status of EGFR pathway and PTEN. The absence of EGFR amplification and our novel data showing the frequent PTEN loss in DIPG needs to be considered in the design of trials using targeted agents in these diseases. We show preliminary evidence that patients with DIPG most likely to benefit from the addition of erlotinib to radiation therapy are those with EGFR-positive tumors or oligodendroglial differentiation. Future trials could therefore be designed with treatment allocation based on molecular profiling of the tumor including DIPG.

study to explore EGFR pathway and response to EGFR targeting therapy in children with DIPG treated within a prospective study. Twenty-nine patients with brain tumors refractory to or relapsing after conventional therapy were treated with erlotinib alone in Group 1. In Group 2, 21 newly diagnosed patients with DIPG received radiotherapy (54 Gy) and erlotinib. Overall, 28% of patients in Group 1 had stable disease (SD) (median PFS was 1.5 months); two patients with malignant glioma experienced clinical improvement and tumor regression of 45%. In Group 2, 17% of patients experienced partial response (PR) and 50% SD; the median overall survival (OS) was 12 months (95% CI: 9.3-14.0 months).

Patients and Methods

Patients

In order to assess the role of EGFR expression in patients with DIPG independent of erlotinib treatment, an independent control group of 21 patients who underwent the importance in performing IHC and FISH techniques for this assessment as compared to expression arrays, and as already suggested for adult glioma (41).

Similarly PI3KCA mutations recently reported in DIPG (47) could be one of them. One could therefore postulate that mTOR inhibitors could be valuable drug candidates especially in patients with DIPG. In this respect, the phase II trial of the rapamycin analogue temsirolimus in pediatric patients with relapsed high-grade glioma showed interesting prolonged tumor stabilization in 5 out of 10 DIPG treated (48). In addition, radiosensitization with mTOR inhibitors has been obtained in PTEN null cells (49) and may suggest the use of these agents upfront in combination with radiotherapy for children with PTEN negative DIPG.

Following reports in adult glioma patients correlating EGFR pathway status with outcome treated in clinical trials with EGFR tyrosine kinase inhibitors (18,19), the same biomarkers were explored in our pediatric trial cohort. Two of 8 patients with Choroid plexus carcinoma 1 Normal 3 ND 1 1 ND, not done; NE, not evaluable; * shows results for samples at diagnosis and at relapse and § for samples at relapse only in two patients; FISH was preformed on the sample at diagnosis; results at diagnosis are used for the analysis For EGFR, PTEN and p-AKT expression by IHC, 2 and 3+ were considered as positive, 1+ and 0 as negative; for p-MAPK expression 1 was considered as positive, 0 as negative.

Tumor heterogeneity is expressed in % of all different clones found by FISH. Four genetic categories of EGFR gene alterations in tumors were found: monosomy (blue), polysomy (green), gain (red), or clones with disomy (2 copies of chromosome 7 disomy considered as normal). Three genetic categories of PTEN gene were found: disomy (2 copies of chromosome 10, considered as normal) loss of the gene (red) and loss of one whole chromosome 10 (blue).