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C. Colin, I. Virard, N. Baeza, A. Tchoghandjian, C. Fernandez, C. Bouvier, A. Calisti, S. Tong, P. Durbec and D. Figarella-Branger (2007) Neuropathology and Applied Neurobiology 33, 431–439 Relevance of combinatorial profiles of intermediate filaments and transcription factors for glioma histogenesis In order to define specific markers for histogenesis of three well-characterized subgroups of human gliomas (pilocytic astrocytomas, glioblastoma multiforme and oligodendrogliomas), we studied the expression of relevant markers that characterize gliomagenesis, by immunohistochemistry and in situ hybridization. They include the intermediate filament proteins glial fibrillary acidic protein (GFAP), vimentin and nestin, the transcription factors Olig2, Nkx2.2 and Sox10, and the proteolipid protein transcripts plp/dm20. We show that the three major categories of human gliomas express a combinatorial profile of markers



that gives new insights to their histogenesis and may help diagnosis. Pilocytic astrocytomas strongly express GFAP, vimentin, Olig2, Nkx2.2 and Sox10 but not nestin. In contrast, glioblastomas strongly express GFAP, vimentin and nestin but these tumours are heterogeneous regarding the expression of the transcription factors studied. Finally, in oligodendrogliomas, intermediate filament proteins are generally not observed whereas Olig2 was found in almost all tumour cells nuclei while only a subpopulation of tumour cells expressed Nkx2.2 and Sox10.
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Introduction The World Health Organization (WHO) classification, revised in 2000, remains the standard to classify human Correspondence: Dominique Figarella-Branger, Laboratoire de Biopathologie de l’Adhésion et de la Signalisation, Faculté de Médecine Timone, 27, Bd Jean Moulin 13005 Marseille, France. Tel: +33 491 324 443; Fax: +33 491 254 232; E-mail: [email protected] Abstract presented at the Seventh Congress of the European Association for Neuro-Oncology and published in Neuro-oncology 2006; 8(4): 293–372. © 2007 Blackwell Publishing Ltd



brain gliomas still based on morphological similarities between tumour cells and non neoplastic cells although some molecular profiles have been associated with specific histologic and prognostic subgroups, contributing to improving the classification of gliomas [1]. However, the cell-of-origin of the majority of human gliomas is largely unknown and two main hypotheses are still a matter of debate. First, gliomas may represent the dedifferentiated state of a terminally differentiated cell and studies from genetically manipulated mice and cell culture models have shown that some pathway alterations can promote the 431
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formation of gliomas with a dedifferentiated phenotype from fully differentiated glial cells [2]. Second, gliomas may derive from a progenitor-like cell after genetic transformations and therefore retain progenitor characteristics (for review, see [3–5]). In keeping with the last hypothesis, recent studies have reported evidences for cancer stem cells in glioblastomas (GBs) [6,7]. Other studies have reported the expression of antigenic epitopes that characterize oligodendrocyte progenitor cells (OPCs) such as PDGFRa, NG2 or PEN5 in some gliomas, including oligodendrogliomas and pilocytic astrocytomas (PAs), suggesting that these tumours might derive from OPCs [8,9]. Oligodendrocyte progenitor cells or oligodendrocytetype-2-astrocyte (O-2A) progenitors, astrocyte precursor cells and glial restricted precursors (GRPs) are different types of glial precursor cells (for review see [10]). These cells are characterized by the expression of a set of intermediate filament proteins and cell surface markers including the A2B5 ganglioside [10,11]. Besides, it has been reported that during vertebrate central nervous system (CNS) development, selective expression of a critical combination of transcription factors creates a code that allows the specification of neural progenitor cells into specialized neuronal or glial progeny (reviewed in [12]). Two structurally distinct types of transcription factors are the principal components of this code in the spinal cord: Nkx2.2, which belongs to the homeodomain transcription factor class [13], and olig genes, which contain a basic-helix-loop-helix (bHLH) domain [14,15]. In the chick ventral neural tube, coexpression of Olig2 with Nkx2.2 inhibits V3 interneurone development and generates cells expressing Sox10, a marker of oligodendroglial precursors [16]. In oligodendrocytes, myelin basic protein (MBP) and proteolipid protein (PLP) are under the direct transcriptional control of Sox10, which therefore plays a critical role in the terminal differentiation of oligodendroglia [17]. Olig2 expression has been reported in a large variety of human gliomas including PAs [18–22]. More recently, Nkx2.2 and Sox10 expression was shown to be ubiquitous in human gliomas [23,24]. To further characterize the histogenesis of three subclasses of gliomas (oligodendrogliomas, GBs and PAs), we have studied by immunohistochemistry and in situ hybridization the expression of relevant markers that characterize gliomagenesis, including the intermediate filament proteins nestin, vimentin, glial fibrillary acidic protein (GFAP), the transcription factors involved in oligodendrogenesis Olig2, Nkx2.2 and Sox10, and the proteolipid protein transcripts (plp/dm20). We show that each



type of glioma expresses a characteristic combination of these markers, which gives new insights into their histogenesis and may help to better classify them.



Materials and methods



Patients and human tissues The present study was undertaken after informed consent from each patient or their relatives. Brain tumour samples were classified according to WHO CNS tumour classification [1] and their main clinical features are reported in Table 1. They included eight PAs (grade I), eight GBs (grade IV), four grade II oligodendrogliomas and four grade III anaplastic oligodendrogliomas. Oligodendrogliomas were analysed by fluorescence in situ hybridization as previously described [25], and all exhibited combined loss of 1p19q. Moreover, according to Zlatescu and colleagues [26], six out of eight cases located preferentially in frontal and parietal lobes. Control samples included autopsic brain tissues obtained from three foetuses (18, 20 and 21 weeks of gestation), as well as six adult cerebral cortices resected for intractable epilepsy. Autopsic brain tissues were obtained less than 12 h after death and neuropathological examination was normal in these cases. Samples were fixed in 10% formalin for routine histology and immunohistochemistry and fixed in 4% paraformaldehyde overnight, cryoprotected in 20% sucrose, then frozen in melting isopentane and stored at -80°C for in situ hybridization analysis. In addition, we used 57 formalin-fixed paraffinembedded GB samples. An Alphelys manual tissue arrayer (MTA-1) was used to generate tissue microarrays (TMA) from these last samples. A minimum of three cores (diameter = 0.6 mm) were included for each case. According to the WHO classification [1], all GBs (n = 65) included in this study showed typical features of glioblastoma multiformes (GBMs): some areas showed giant cells, other were highly cellular and often monotonous. They were all primary GBs. Giant cell GBs as described by the WHO classification, small cell GBs, GBs with an oligodendroglial component (GBMO) [27] and secondary GBs were excluded from this study.



In situ hybridization plp/dm20 and sox10 expression was investigated by nonradioactive in situ hybridization as previously described [28]. Ten micrometre cryostat sections were hybridized
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Table 1. Glioma clinical data, in situ hybridization and immunohistochemistry results In situ hybridization



Immunohistochemistry



Tumoral subtype and grade (WHO) Topography



Age (years) sox10



plp/dm20



Sox10 Nkx2.2 Olig2 GFAP Nestin Vimentin



Pilocytic astrocytomas (n = 8) PA1 (I) PA2 (I) PA3 (I) PA4 (I) PA5 (I) PA6 (I) PA7 (I) PA8 (I)



Exophytic brainstem Third ventricle Cerebellum Cerebellum Optic chiasm Third ventricle Optical nerve Cerebral hemisphere



4 12 12 7 8 3 2 4



2 3 2 1 2 4 3 3



1 1 1 3 0 4 1 1



3 3 3 1 3 3 4 3



3 3 1 3 3 3 3 3



3 3 3 3 3 3 3 3



3 3 3 3 3 3 3 3



1 1 0 0 0 1 1 0



3 2 0 2 2 2 3 3



Glioblastomas (n = 8) GBM1 (IV) GBM2 (IV) GBM3 (IV) GBM4 (IV) GBM5 (IV) GBM6 (IV) GBM7 (IV) GBM8 (IV)



Frontotemporal Temporal Parietal Frontal Frontal Frontal Corpus callosum Frontal



63 71 49 79 74 55 57 74



2 3 3 3 NI 2 0 1



0 0 1 1 0 0 0 0



5 2 5 4 3 3 0 0



2 0 1 4 3 3 0 0



1 1 5 4 3 3 0 0



4 4 4 3 3 4 4 4



4 4 4 4 3 3 4 4



4 4 4 4 3 4 4 4



Oligodendrogliomas (n = 8) O1 (II) O2 (II) O3 (II) O4 (II) O5 (III) O6 (III) O7 (III) O8 (III)



Frontotemporal Parietal Frontal Frontal Temporal Frontal Frontal Invasive diffuse glioma



34 53 55 62 39 41 51 72



1 1 1 1 1 1 1 NI



1 1 1 1 1 0 3 1



2 2 2 2 1 2 2 5



2 2 1 3 0 2 3 5



2 5 5 3 5 5 5 5



1 1 3 1 1 1 1 1



1 0 0 1 0 4 0 0



0 0 0 0 0 4 0 0



Brain tumour samples were classified according to WHO CNS tumour classification: pilocytic astrocytomas (PA1 to PA8), glioblastomas (GBM1 to GBM8), grade II oligodendrogliomas (O1 to O4) and grade III anaplastic oligodendrogliomas (O5 to O8). Topography of the tumour and age of the patient are reported. In situ hybridization (for sox10 and plp/dm20) and immunohistochemistry (for Sox10, Nkx2.2, Olig2, GFAP, nestin and vimentin) were scored with respect to the overall percentage of labelled cells, as follows: 0 = no positive cell; 1 = 1% to 10% of positive cells; 2 = 11% to 25%; 3 = 26% to 50%; 4 = 51% to 90% and 5 = 91% to 100%. WHO, World Health Organization; CNS, central nervous system; GFAP, glial fibrillary acidic protein; NI, not informative for technical reasons.



with 500 ng/ml digoxigenin-labelled antisense riboprobes for plp/dm20 [29] and sox10 [30]. The cRNA probes were detected with an alkaline phosphatase-conjugated antibody against digoxigenin (Roche) and visualized by incubation for 15–20 h in NBT-BCIP (4-nitro blue tetrazolium chloride/5-bromo, 4-chloro, 3-indolyl phosphate; Promega, Charbonniéres, France). To improve final colour development, 10% polyvinyl alcohol was added to the development solution. Slides were mounted with Mowiol (Calbiochem, Nottingham, UK).



Immunohistochemistry For all gliomas (Table 1) and control samples, 5-mm sections of formalin-fixed paraffin-embedded tissue were



analysed for the presence of Olig2, Nkx2.2, Sox10, GFAP, vimentin and nestin.The three transcription factors, Olig2, Nkx2.2 and Sox10, were also studied in the 57 GBMs included in TMA. The following antibodies were used: a monoclonal antibody against the bHLH-oligodendrocytetranscription-factor 2 (Olig2, 257224 clone, 1:200, R&D Systems, Minneapolis, MN, USA), a monoclonal antibody against the homeodomain-transcription-factor Nkx2.2 (1:800, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA), a monoclonal antibody against the high mobility group-transcription-factor Sox10 (1:25, gift from Dr D. Anderson, CA, USA), a polyclonal antibody against the GFAP (1:2000, Dako, Trappes, France), a monoclonal antibody against vimentin (V9 clone, 1:150, Dako), a polyclonal anti-nestin antibody
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(clone #130, 1:20 dilution [31]), and a polyclonal antibody against the proliferation marker Ki67 (Abcam, Cambridge, UK). Before incubation with the primary antibodies against Olig2, Nkx2.2 and Sox10, the tissue sections were permeabilized with phosphate-buffered saline/0.35 M HCl/0.5% Triton for 30 min at 37°C. Then the acid solution was neutralized with a 0.1 M sodium tetraborate solution (pH 8.5). An avidin–biotin enzyme complex kit (Elite, Vectastain Burlingame, CA, USA) was used for the final detection of these antibodies. GFAP, vimentin and nestin detection was done using a Ventana automate (Nexes, Ventana Medical Systems S.A, Illkirch, France). In all cases, steam heat-induced antigen retrieval was performed. Double staining Sox10/Ki67 was performed on all oligodendrogliomas and on GBMs-TMA including 20 representative samples, using the EnVision double staining system according to the manufacturer instructions (Dako).



Staining quantification In situ hybridization and immunostaining were independently scored by two pathologists (DFB and CF) with respect to the overall percentage of labelled cells, as follows: 0 = no positive cell; 1 = 1% to 10% of positive cells; 2 = 11% to 25%; 3 = 26% to 50%; 4 = 51% to 90% and 5 = 91% to 100%.



Results



Expression of intermediate filament in gliomas and controls (Table 1 and Figure 1) All PAs strongly expressed GFAP in 26% to 50% of cells (score 3). GFAP labelling was more intense in fibrillary areas than in pseudo-oligodendroglial ones (Figure 1A). Except in one case of PA located in the cerebellum and showing pseudo-oligodendroglial features only (PA3), vimentin was observed in all cases (in 11% to 50% of tumour cells and in blood vessels) (Figure 1B). Nestin expression was weak in PAs, observed in less than 10% of tumour cells (Figure 1C). All GBMs strongly expressed GFAP, vimentin and nestin in at least 50% of tumour cells (Figure 1D–F). In seven out of eight oligodendrogliomas (three grade II and four grade III), GFAP expression was observed in less than 10% of tumour cells and in reactive astrocytes (Figure 1G). Vimentin was not observed (Figure 1H) and nestin expression in tumour cells was mostly absent or



observed in less than 10% of the cells (Figure 1I). Two cases were different: one grade III oligodendroglioma strongly expressed nestin and vimentin but not GFAP in more than 50% of tumour cells (case O6) and one grade II oligodendroglioma expressed GFAP in 26% to 50% of tumour cells (minigemistocytes) but lacked vimentin and nestin expression (case O4). In the adult cortices resected for intractable epilepsy, GFAP and vimentin were detected in astrocytes (normal and reactive) whereas nestin expression was restricted to endothelial cells (data not shown). In foetuses, nestin expression was observed in the subventricular zone (SVZ) whereas vimentin and to a lesser extent GFAP labelled radial glia (data not shown). It was worth noticing that, in all gliomas and controls, endothelial cells expressed nestin.



Immunohistochemical detection of Olig2, Nkx2.2 and Sox10 in gliomas and controls (Table 1 and Figure 2) Almost all PAs expressed Olig2, Nkx2.2 and Sox10 in 26% to 50% of tumour cell nuclei. Labelling was more intense and/or restricted to pseudo-oligodendroglial areas (Figure 2A–C). Glioblastoma multiformes (n = 8) were heterogeneous regarding the expression of the studied transcription factors, with no relationship with the cellular composition, regional heterogeneity, or cell morphology. Three patterns were observed, and were substantially confirmed in the 57 TMA-included samples: (i) expression of all transcription factors in the same number of tumour cell nuclei ranging from 26% to 50% (three cases: GBM4, GBM5, GBM6, and 13/57 TMA cases); (ii) lack of expression of all the studied transcription factors (two cases: GBM7 and GBM8 plus 12/57 TMA cases); and (iii) dissociated expression of the transcription factors with a predominant expression of Sox10 (three cases: GBM1, GBM2, GBM3, and 32/57 TMA cases) (Figure 2E–G). In GBMs demonstrating Sox10+ cells, 50% of them were proliferating (Ki67+) (data not shown). In 10 cases, Olig2 expression was observed in both nuclei and cytoplasm (data not shown). It is worth noticing that none of this pattern of expression was related to tumour location. All oligodendrogliomas strongly expressed Olig2 in almost all tumour cell nuclei whereas only a subpopulation of tumour cell nuclei expressed Nkx2.2 and Sox10 (Figure 2I–K). In one grade II oligodendroglioma, however, all tumour cell nuclei expressed the three tran-
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Figure 1. Immunohistochemical detection of intermediate filaments glial fibrillary acidic protein (GFAP), vimentin and nestin in gliomas. Pilocytic astrocytomas strongly express GFAP (A), and vimentin (B), but nestin expression is not detectable (C). Glioblastomas strongly express GFAP (D), vimentin (E) and nestin (F). In oligodendroglioma samples, GFAP labels reactive astrocytes and few tumour cells (G), vimentin is not observed (H) and nestin expression is mostly absent except in endothelial cells (I). A–E and G–I: 100¥; F: 50¥.



scription factors (O8). In contrast with GBMs, in oligodendrogliomas the Sox10+ cells were Ki67 (data not shown). In control samples, Olig2, Nkx2.2 and Sox10 immunolabellings were mainly observed in adult cortices and restricted to oligodendrocyte nuclei (data not shown). In foetus brain samples, only a few cells (1–3%) were immunolabelled by these markers.



Sox10 and plp/dm20 expression studied by in situ hybridization in gliomas and controls (Table 1 and Figure 2) sox10 mRNA expression revealed by in situ hybridization was closely correlated to Sox10 protein expression.



Almost all PAs and GBMs expressed sox10 mRNA in at least 25% of tumour cells (scores 2–4) (data not shown). Surprisingly, one PA (PA4) and two GBMs (GBM7 and GBM8) showed only 10% or less of labelled tumour cells. These three samples showed also low Sox10 protein expression. In oligodendrogliomas, sox10 labelling was always observed in only few tumour cells (score 1) (data not shown). plp/dm20 mRNA expression was globally weak in all glioma subtypes studied (score 1), even absent in most GBMs (Figure 2H). However, two PAs (Figure 2D and Table 1, cases PA4 and PA6) and one oligodendroglioma (Figure 2L and Table 1, case O7) strongly expressed it (scores 3 and 4).
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Figure 2. Immunohistochemical detection of Olig2, Nkx2.2 and Sox10 and plp/dm20 expression studied by in situ hybridization in gliomas. Pilocytic astrocytomas express Olig2 (A), Nkx2.2 (B) and Sox10 (C) in 26% to 50% of tumour cell and the proportion of plp/dm20-labelled tumour cells can reach 70% in some pilocytic astrocytomas (D). Glioblastomas are heterogeneous and can show a dissociated expression of Olig2 (E) and Nkx2.2 (F) with a predominant expression of Sox10 (G) but plp/dm20 mRNA expression is absent (H). Oligodendrogliomas strongly express Olig2 in almost all tumour cells (I) whereas only a subpopulation of tumour cell nuclei expresses Nkx2.2 ( J), Sox10 (K) and plp/dm20 (L). A–C, E–G, I–K: 200¥; D, H, L: 100¥.



In control samples, sox10 and plp/dm20 mRNA expression levels were rather heterogeneous but they were on average higher in adult cortices than in foetus brain samples (data not shown).



Discussion In this study, we have analysed in a same series of human gliomas the expression of a large number of factors involved in gliomagenesis including some intermediate filaments, transcription factors that play a role in neural progenitor specification and differentiation as well as the proteolipid protein transcripts plp/dm20. Because gliomas and especially mixed gliomas are subject to considerable interobserver misinterpretation [32], we have focused our study on three well-characterized subgroups of gliomas: PAs, GBMs and 1p19q loss oligodendrogliomas. We found that the two astrocytic markers vimentin and GFAP were expressed in all PAs and GBMs whereas



oligodendrogliomas, which did not contain minigemistocytic or gliofibrillary oligodendrocytes, did not express them, according to previous reports [1,33]. With the immunohistochemical procedure that we used, strong nestin expression was mainly restricted to GBMs. This is in keeping with earlier reports which showed that among gliomas, GBMs express the highest level of nestin [31,34,35]. In agreement with previous reports, we observed that all types of gliomas express Olig2 [18,20,22]. However, the patterns of expression vary from one glioma to the next. PAs always express Olig2 in half of tumour cells. In GBMs, it can be absent, expressed in few cells or diffusely and, in some cases, encountered in the cytoplasm of tumour cells. Finally, Olig2 expression is recorded in all oligodendroglioma tumour nuclei. These findings might be of diagnostic value. Moreover, these results are in agreement with data concerning expression of Olig2 during glial lineage maturation. Indeed, Olig genes are essential regulators of
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ventral neuroectodermal progenitor cell fate and oligodendrocyte development in the murine and avian CNS [36–38]. However, recent studies have shown that Olig2 is also specifically expressed in gliogenic progenitors in the postnatal SVZ and by all glial cells derived from this structure [39]. Nonetheless, in contrast to oligodendrocytes, which consistently express Olig2 from early developmental to adult stages, its expression is down-regulated in mature astrocytes. Moreover, the translocation of Olig2 from the nucleus to cytoplasm – a feature encountered in GBMs is essential for astrocyte differentiation [40]. In keeping with earlier reports [23,24], we observed that the different subtypes of gliomas we studied expressed Nkx2.2 and/or Sox10.This expression is different depending on the glioma subtype. In both oligodendrogliomas and PAs, a subgroup of tumour cells expressing Olig2 also expressed Nkx2.2 and Sox10, similar to oligodendrocyte lineage cells. This was not obvious in GBMs: some strongly expressed Sox10 but not Olig2. As reported previously, plp/dm20-expressing cells were observed in both PAs and oligodendrogliomas but in very few GBMs [41,42]. During development, Olig2 alone is not sufficient to generate oligodendrocyte specification and in the rodent spinal cord, forced expression of either Olig1 or Olig2 failed to generate OPCs (reviewed in [37]). Olig2 must form a complex with Nkx2.2 to generate Sox10-positive OPCs and give rise to differentiated oligodendrocytes. Then, Sox10 controls the expression of several myelin genes including those encoding the MBP and PLP (reviewed in [43]) after the cells have exited the cell cycle. The same might occur in both PAs and oligodendrogliomas. In contrast, Sox10 expression in GBMs does not follow the same regulation. In keeping with this, Sox10 expression was observed in dividing cells. This study corroborates our recent work [5] showing that human gliomas contain a mixture of glial progenitor cells and more differentiated cells in specific combinations. This might point to some extent the cell of origin of each glioma subtype. Both the tumour location and cell composition of PAs emphasized by this study suggest that these tumours may derive from an OPC, likely a perinatal OPC (or O-2A progenitor) [10]. In agreement with that hypothesis, OPCs were initially isolated from the postnatal rat optic nerve and subsequently from the postnatal cerebellum, cortex, brainstem and spinal cord (localizations which are specific of PAs). Moreover, the OPCs observed in PAs expressing the ganglioside A2B5 still respond to environmental cues and are able to differentiate towards the oligodendrocyte lineage [5].
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In contrast, most oligodendrogliomas are made of genetically transformed (1p19q loss) glial progenitors that all express Olig2. The genetic transformation favours proliferation and only a fraction of tumour cells that exit the cell cycle is able to differentiate and express Nkx2.2 together with Sox10. Finally, previous reports have suggested that GBMs contain cancer neural stem cells [6,7] or transformed GRP cells [5]. Whether the initial transforming event occurs within the neural stem cells, which therefore gives rise to a transformed progeny or rather affect more mature cells which can de-differentiate into a more progenitor-like state remains unknown at present [44]. In this last hypothesis, genetic alterations may induce unstable differentiation states of brain tumour cells, at various stages of the lineage, in such a way that it may be impossible to characterize tumour cells. The heterogeneous cell composition of GBMs, their strong nestin and GFAP expression, the diffuse Sox10 expression in some cells as well as the anarchic expression of transcription factors involved in oligodendrogenesis are in keeping with this hypothesis. As a conclusion, the pattern of expression of intermediate filaments and transcription factors gives some insights into glioma histogenesis and may be to some extent of diagnostic relevance although it further emphasizes the major heterogeneity of GB cells. Nevertheless, we were not able to correlate these expression patterns with tumour location. From a practical point of view, we would favour to use for diagnosis the restricted combination of Olig2, Sox10, nestin and GFAP markers which are the most discriminant. Further studies, however, are required to assess the putative prognostic value of these markers in oligodendrogliomas and GBMs.
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