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Submitted 

SUMMARY 

  

Diffuse gliomas are primary brain tumors characterized by infiltrative growth 

and high heterogeneity, which renders the disease mostly incurable. Glioblastoma 

multiforme (GBM) is the most common and malignant form of glioma in adults. ID 

proteins (ID1-4) are dominant negative transcription factors that belong to the basic 

helix-loop-helix family (bHLH), a group of proteins that play crucial roles in cellular 

process ranging from cell cycle control, differentiation and tumorigenesis. 

We have previously assessed ID4 expression in diffuse astrocytomas. In the 

current work, we expanded our study, further looking into the expression pattern of all 

ID family members in astrocytomas ranging from grade I-IV. Furthermore, we used a 

targeted gene panel for mutation and exome sequencing to subclassify GBM samples 

and explore the distribution of ID1-4 along the three main subtypes of GBM with more 

defined gene mutation profile: proneural, classical and mesenchymal. A correlation 

with overall patient survival and a clinical endpoint for these GBM patients was also 

determined. Finally, we compared IDs expression in low-grade gliomas from both 

astrocytic and oligodendrocytic origin, evaluating how IDs expression varies between 

the two types of gliomas. 
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INTRODUCTION 

 

Inhibitor of Differentiation (ID) proteins (ID1-4) are dominant negative 

transcription factors that belong to the basic helix-loop-helix family (bHLH), a highly 

evolutionarily conserved group of proteins that play crucial roles in cellular process 

ranging from cell cycle control, differentiation and tumorigenesis (Benezra et al., 1990; 

Lasorella et al., 2014). While other members of bHLH family retain a DNA binding 

region in their structure, ID proteins lack such region and sequester target proteins, 

forming inactive heterodimers and negatively regulating transcription. During 

embryonic development, ID proteins increase cellular proliferation while maintaining 

the undifferentiated state. After cellular differentiation is completed, ID levels decline to 

basal. It is no surprise, then, that their overexpression in cancer is associated with 

increased aggressiveness and a poorer prognosis (Lee et al., 2016; Weiler et al., 2015; 

Xu et al., 2016). 

 Diffuse gliomas are primary brain tumors characterized by infiltrative 

growth and high heterogeneity, which renders the disease mostly incurable. 

Glioblastoma multiforme (GBM) is the most common and most malignant form of 

glioma in adults. World Health Organization (WHO) (Louis et al., 2016) classifies 

gliomas according to their resemblance to their cell of origin, along with histological 

and immunohistochemical features. GBMs are considered grade IV tumors, exhibiting 

high mitotic rates, micro-vascular proliferation and necrosis. They can be further 

divided into two subgroups: primary GBM, which arise de novo, and secondary GBM, 

which results from the progression of a lower grade (Ohgaki and Kleihues, 2013). These 

two clinical forms of GBM have different and extensively characterized molecular 

features. The past decade has seen the rise of high-throughput sequencing techniques, 

which has provided in-depth knowledge of molecular alterations in tumor cells. GBM 

has been one of the most molecularly profiled tumors by several groups, including The 

Cancer Genome Atlas (TCGA) Networks (Brennan et al., 2013a; Cancer Genome Atlas 

Research Network et al., 2015; Ceccarelli et al., 2016; Parsons et al., 2008; Phillips et al., 

2006; Stieber et al., 2014; Verhaak et al., 2010). Aside from the primary and secondary 

clinical classification, there are currently three major molecular GBM subtypes: 

proneural, with alterations in IDH1, PDGFRA and TP53; classic, displaying mainly EGFR 

mutation/amplification and the presence of EGFRvIII oncogenic variant; and 

mesenchymal, with RB1 and NF1 mutations as the main feature. The neural subtype 

does not present any specific genetic features and instead is classified by the 



75 
 

overexpression of normal neural genes. Patient overall survival also correlate with GBM 

molecular subtypes, with the mesenchymal subtype presenting the worst prognosis. 

We have previously assessed ID4 expression in diffuse astrocytomas (Galatro 

et al., 2013), demonstrating its association with TP53 mutation and the impact of its co-

expression with SOX4 and OCT-4 has on GBM patient overall survival. In the current 

work, we expanded our study, further looking into the expression pattern of all ID 

family members in astrocytomas ranging from grade I-IV. Furthermore, we used a 

targeted gene panel for mutation and exome sequencing to subclassify GBM samples 

and explore the distribution of ID1-4 along the three main subtypes of GBM with more 

defined gene mutation profile: proneural, classical and mesenchymal. A correlation 

with overall patient survival and clinical endpoint for these GBM patients was also 

made. Finally, we compared IDs expression in low-grade gliomas from both astrocytic 

and oligodendrocytic origins, evaluating how IDs expression varies between the two 

types of gliomas. 
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MATERIALS AND METHODS 

 

Tissue samples and ethical statement 

 

One hundred and eighty gliomas (grades I to IV) were obtained during 

therapeutic surgery of patients treated by the Neurosurgery Group of the Department 

of Neurology at Hospital das Clínicas at the School of Medicine of the University of São 

Paulo, in the period of 2000 to 2007. The cases were categorized according to the WHO 

grading system (Louis et al., 2016) by neuropathologists from the same institution. The 

studied series consisted of 153 astrocytomas (23 AGI, 26 AGII, 18 AGIII, 86 GBM), 27 

low-grade oligodendrogliomas (OGII) and 22 non-neoplastic (NN) brain anonymized 

cases from epilepsy patients subjected to temporal lobectomy. Further data 

corresponding to patient clinical history is presented in Supplemental Table 1. Samples 

were collected, macrodissected and immediately snap-frozen in liquid nitrogen upon 

surgical removal. A 4µm-thick cryosection of each sample was analyzed under a light 

microscope after hematoxylin-eosin staining for assessment of necrotic, cellular debris 

and non-neoplastic areas (in tumor samples), followed by removal from the frozen 

block by microdissection prior to RNA extractions (Marie et al., 2008; Oba-Shinjo et al., 

2005). Written informed consent was obtained from all patients according to the 

ethical guidelines approved by the Department of Neurology, School of Medicine, 

University of São Paulo (0599/10). 

 

Sample preparation  

 

Total DNA and RNA was extracted from frozen tissue (tumor and non-

neoplastic) using an AllPrep Mini Kit (Qiagen, Hilden, Germany). Evaluation of 

concentration and purity were carried out by measuring absorbance at 260 and 280 

nm. Ratios of 260/280 measures ranging from 1.8 to 2.0 were considered satisfactory 

for purity standards. Denaturing agarose gel electrophoresis was used to assess the 

quality of the samples. For RNA, a conventional reverse transcription reaction was 

performed to yield single-stranded cDNA. The first strand of cDNA was synthesized 

from 1 µg of total RNA previously treated with 1 unit of DNase I (FPLC-pure, GE 

Healthcare, Uppsala, Sweden) using random and oligo (dT) primers, RNase inhibitor, 

and SuperScript III reverse transcriptase according to the manufacturer’s 

recommendations (Thermo Fischer Scientific, Carlsbad, CA, USA). The resulting cDNA 
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was subsequently treated with 1 unit of RNase H (GE Healthcare), diluted with TE 

buffer, and stored at -20°C until later use. 

 

Quantitative real time PCR (qPCR) 

 

Relative expression level of ID1, ID2, ID3 and ID4 was analyzed by qPCR, using 

the SYBR Green approach. Quantitative data was normalized in relation to the 

geometric mean of three housekeeping genes, suitable for the analysis: hypoxanthine 

phosphoribosyltransferase (HPRT), glucuronidase beta (GUSB) and TATA box binding 

protein (TBP), as previously demonstrated by our group (Valente et al., 2009). Primers 

were designed to amplify 80–130 bp amplicons, with an anneling temperature of 60°C 

and were synthesized by IDT (Integrated DNA Technologies, Coralville, USA) as follows 

(5′ to 3′): ID1 F: TCGCATCTTGTGTCGCTGA; ID1 R: ATCGGTCTTGTTCTCCCTCAGA; ID2 

F: CCACCCTCAACACGGATATCA, ID2 R: AACACCGCTTATTCAGCCACA; ID3 F: 

TACAGCGCGTCATCGACTACA, ID3 R: CTCGGCTGTCTGGATGGGA; ID4 F: 

TGAACAAGCAGGGCGACAG, ID4 R: CCCTCTCTAGTGCTCCTGGCT; HPRT F: 

TGAGGATTTGGAAAGGGTGT HPRT R: GAGCACACAGAGGGCTACAA; GUSB F: 

GAAAATACGTGGTTGGAGAGCTCATT, GUSB R: CCGAGTGAAGATCCCCTTTTTA; TBP F: 

AGGATAAGAGAGCCACGAACCA, TBP R: CTTGCTGCCAGTCTGGACTGT. The minimum 

primer concentrations necessary to give the lowest threshold cycle (Ct) and maximum 

amplification efficiency were determined, while minimizing non-specific amplification. 

Primer concentrations used were 150 nM for ID4, 200 nM for HPRT, TBP, ID1, ID2 and 

ID3, and 400 nM for GUSB. Standard curve was established to ensure amplification 

efficiency and analysis of melting curves demonstrated a single peak for all PCR 

products. Additionally, agarose gel electrophoresis was employed to check the size of 

the PCR product amplified. SYBR Green I amplification mixtures (12 µl) contained 3 µl 

of cDNA, 6 µl of 2X Power SYBR Green I Master Mix (Thermo Fischer Scientific) and 

forward and reverse primers. PCR reactions were run on an ABI Prism 7500 sequence 

detector (Thermo Fischer Scientific) as follows: 2 min at 50°C, 10 min of polymerase 

activation at 95°C, and 40 cycles of 15 s at 95°C and 1 min at 60°C. All the reactions 

were performed in duplicate. The following equations were applied to calculate gene 

relative expression according to primer efficiency (E) in tumor samples versus the mean 

of non-neoplastic tissues: 2-Ct (Livak and Schmittgen, 2001) for ID1; and 1+E-Ct (Pfaffl, 

2001) for ID2, ID3 and ID4, where Ct = Ct specific gene- geometric mean Ct of 

housekeeping genes. For statistical analysis, gene expression status was scored as high 
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or low expression in relation to the median relative expression value at each grade of 

astrocytoma. 

 

Targeted gene panel for GBM molecular classification 

 

Based on previous literature assessing GBM molecular subclassification 

(Brennan et al., 2013a; Phillips et al., 2006; Verhaak et al., 2010), 40 genes were 

targeted for capture and deep sequencing. This customized panel included genes such 

as NF1, RB1, EGFR, TP53, PTEN, IDH1 and PDGFRA, whose alterations have all been 

previously associated with the three main GBM subtypes: proneural, classical and 

mesenchymal. Using the SureDesign tool (Agilent Technologies Inc., Santa Clara, CA, 

USA), the targeted RNA capture enrichment baits were designed to include coding exon 

regions and 50 bp from both 3' end and 5' end of the flanking intronic sequence. The 

purpose was to incorporate possible splicing site mutations in our analysis. A total of 

973 regions from the 40 genes were targeted for a final capture size of 2.79 Mb. 

Target-enrichment DNA library was constructed using the Agilent SureSelect 

XT Target Enrichment Kit (Agilent Technologies Inc.), following the recommended 

protocol. Two hundred ng of genomic DNA was sheared using a E220 focused-

ultrasonicator (Covaris, Woburn, MA, USA) to generate DNA fragments with a mean 

peak around 150bp. Indexed and adaptor-ligated libraries were multiplexed and 

paired-end sequenced on Illumina NextSeq 500 platform (Illumina, San Diego, CA, USA). 

The full description of the analysis was presented in on our previous work Current 

state-of-the-art in molecular stratification of GBM and characterization of a Brazilian 

cohort (Galatro et al, submitted. Refer to Chapter 3). 

 

Immunohistochemistry  

 

For immunohistochemical detection, tissue sections were routinely processed 

and subjected to antigen retrieval. Briefly, slides were immersed in 10 mM citrate 

buffer, pH 6.0 and incubated at 122°C for 3 min using an electric pressure cooker 

(BioCare Medical, Walnut Creek, CA, USA). Specimens were then blocked and further 

incubated with the following antibodies raised against human ID1 (mouse monoclonal, 

Clone 2456C1a, ab66495, Abcam, Cambridge, UK, 1:25) , ID2 (mouse monoclonal, Clone 

10C3, ab90055, Abcam, 1:400), ID3 (rabbit polyclonal, ab41834, Abcam, 1:200) ID4 

(rabbit polyclonal, ab20988, Abcam, 1:100) at 16-20°C for 16 hours. Development of 
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the reaction was performed with a commercial kit (Novolink; Novocastra, Newcastle-

upon-Tyne, UK) at room temperature, using diaminobenzidine and Harris hematoxylin 

for nuclear staining. Optimization using positive controls suggested by the 

manufacturer of each antibody (breast carcinoma for ID1, ID3 and ID4 antibodies, and 

normal testis for ID2), was performed in order to obtain optimal dilution. Staining 

intensity of tissue sections was evaluated independently by two observers (SKNM and 

TFAG). A semi-quantitative score system considering both intensity of staining and 

percentage of cells was applied as follows: for intensity of staining, 0=negative, 1=weak, 

2=moderate and 3=strong; for cell percentage, 0=no cells stained, 1=10–25%, 2 =26–

50%, 3=51–75% and 4 = 76–100%. Only cases with positive cell staining with scores ≥ 

2 were considered as positive. Digital photomicrographs of representative fields were 

captured and processed using PICASA 3 (Google, Mountain View, CA,USA). 

 

Statistical analysis 

 

The statistical analyses of relative gene expression in different grades of 

astrocytoma were assessed using the Kolmogorov-Smirnov normality test, and the non-

parametric Kruskal-Wallis and Dunn tests. Correlation between relative gene 

expression values was assessed using the non-parametric Spearman-rho correlation 

test and the parametric Pearson’s correlation test. The Kaplan-Meier survival curve was 

analyzed using the log-rank (Mantel Cox) test. Differences were considered statistically 

significant when p<0.05. Calculations were performed using SPSS, version 23.0 (IBM, 

Armonk, NY, USA).  
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Figure 1: Expression levels of ID genes in astrocytomas (AGI to GBM). Transcript levels of 
ID1 (A), ID2 (B), ID3 (C) and ID4 (D) were determined in 22 non-neoplastic (NN) cases, 23 
pilocytic astrocytoma (AGI), 26 low-grade astrocytomas (AGII), 18 anaplastic astrocytomas 
(AGIII) and 86 GBM cases by quantitative real-time PCR. Relative expression values were 
calculated based on the geometric mean of HPRT, GUSB and TBP expression levels of each sample. 
The equation 2-Ct was applied to calculate gene relative expression according to primer 
efficiency (E) in tumor samples (Livak and Schmittgen, 2001), where Ct = Ct specific gene – 
mean Ct of housekeeping genes. Horizontal bars show the median of each group. The difference 
of relative gene expressions among the groups were statistically significant (p<0.05, Kruskal-
Wallis test) for ID1-4. A pair-based comparison was assessed using Dunn test. The p value results 

are shown, where ***p<0.0005, **p<0.005 and *p<0.05. 

RESULTS 

 

Relative expression levels of IDs in human astrocytoma 

 

Gene expression analysis by qPCR for ID1, ID3 and ID4 showed higher median 

expression levels in all astrocytoma cases (AGI to GBM) relative to the NN cases, and 

comparison among the groups was statistically significant (Figure 1, p<0.05, Kruskall-

Wallis test). Although the median expression level in GBM cases was lower than in AGII 

and AGIII, there was a clear variability of these expression values, with cases presenting 

both higher and lower expression than other grades. Similar variability of expression 

was also observed in AGII and AGIII, which further confirms the heterogeneity of the 

tumors. Despite showing a similar pattern in expression, ID2 relative expression only 

showed statistical significant difference when comparing NN and AGIII samples (Figure 

1B, p<0.05, Kruskall Wallis test). 
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Figure 2: Correlation between ID1, ID2, ID3 and ID4 expression levels in astrocytomas. 
Correlation was assessed in all 153 astrocytoma samples. We compared the expression levels of 
ID1 and ID2 (A), ID1 and ID3 (B), ID1 and ID4 (C), ID2 and ID3 (D), ID2 and ID4 (E) and ID3 and 
ID4 (F). All members of ID family were highly correlated (p<0.0005, Spearman-rho correlation 
test) in tumor samples. r, correlation coefficient assessed by Spearman-rho test. 

IDs relative expression levels were compared among themselves to assess the 

degree of their co-expression in human astrocytoma samples. The results are displayed 

in Figure 2. All members of ID family were highly correlated (p<0.0005, Spearman’s 

correlation test) in tumor samples.  

Five samples of each astrocytoma grade and five samples of the NN samples 

were stained for ID1-4 through immunohistochemistry to assess protein subcellular 

localization. ID1 staining was only present in the nuclei of GBM samples. ID2 presented 

a more homogeneous staining pattern, present in both cytoplasm and nucleus of NN 

and tumor samples. ID3 showed positive staining in NN samples (mostly cytoplasm) 

and was strongly positive in the nucleus of tumor cells in AGII-IV samples. ID4 showed 

similar staining pattern as ID3 (Figure 3). 
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Figure 3: ID1-4 immunohistochemistry in non-neoplastic brain tissues and astrocytoma 
cases. Representative cases of each NN cases (A-D) and each astrocytoma grade – AGI (E-H), AGII 
(I-L), AGIII (M-P) and GBM (Q-T) – were stained for ID1 (A, E, I, M, Q), ID2 (B, F, J, N, R), ID3 (C, G, 
K, O, S) and ID4 (D, H, L, P, T). GBM cases showed stronger and larger number of nuclear stained 
cells (score 3 for intensity and ≥ 75% of positive cells) for ID1, ID3 and ID4, while ID2 staining 
was restricted to the cytoplasm. For lower grade tumor cases, ID3 and ID4 showed higher levels 
of stained cells (≥ 75% of positive cells). The reaction was performed in paraffin embedded tissue 
sections with a commercial polymer kit (Novolink; Novocastra, UK), using diaminobenzidine as 
developer and Harris hematoxylin for nuclear counterstaining. 400x magnification for all images. 
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Figure 4: IDs expression distribution among GBM subclasses. GBM samples were 
subclassified as proneural, classical and mesenchymal using a customized gene panel and deep  
sequencing (see text and Supplemental Table 2 for details). Next, we evaluated IDs gene 
expression distribution among GBM subclasses. The mesenchymal subtype had the lowest 
expression of ID genes, while proneural had the highest. Only ID4 gene expression (dark blue), 
diminishing from proneural to mesenchymal, was statistically different (p<0.05, Kruskall Wallis 
test). 

GBM sub classification and IDs differential gene expression 

 

Given the high heterogeneity levels found in IDs expression in GBM and the 

genetic studies that further identified subclasses of GBM (Brennan et al., 2013b; Phillips 

et al., 2006; Verhaak et al., 2010), we performed exome sequencing of a targeted gene 

panel comprising the hallmark genes related to the subclassification of GBMs. For the 

proneural subtype, we used IDH1 and TP53 mutation and PDGFRA mutation for 

classification. For classical subtype, we used EGFR alterations (amplification and 

mutations), PTEN mutation and the presence of the oncogenic variant EGFRvIII. EGFR 

amplification results was based on a previous publication from our group (Carvalho et 

al., 2014). For the mesenchymal subtype, we used mutations in NF1 and RB1 as a mean 

for classification. Given the lack of a specific genetic profile that defines the neural 

subtype, this subclass was not included in our analysis and, instead, was included in the 

“others” category. The complete gene panel and results can be found in Supplemental 

Table 2. 
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Figure 4 depicts IDs expression distribution among GBM molecular subclasses. 

The mesenchymal subtype had the lowest expression of ID genes, while proneural had 

the highest. The differential expression of ID4, diminishing from proneural to 

mesenchymal, was statistically different (p<0.05, Kruskall Wallis test). ID3 expression 

showed a similar pattern, albeit with no statistical difference. ID2 expression was 

similar in proneural and classical subtypes, but declined in mesenchymal. Although 

higher in proneural subtype, ID1 expression was the lowest among ID genes in GBM 

subtypes.  

Next, we evaluated the impact of up-regulation of the analyzed genes on GBM 

patients’ overall survival. For this analysis, conditions were determined for high and 

low gene expression. Recurrent GBM cases were excluded from this analysis. Given the 

low number of proneural and mesenchymal subtypes, it was not possible to analyze 

survival according to GBM sub-classification. Although no significant statistical 

difference was found when comparing the high ID expression group versus the low ID 

expression group (log rank p=0.214), the survival rate was of 20.8 ±6.05 months in IDlow 

cases and of 11.3 ±3.2 months in IDhigh GBM cases. 

 

IDs expression in Astro x Oligo low-grade tumors 

 

Proneural GBMs are characterized by molecular alterations also shared by 

low-grade diffuse gliomas, both of astrocytic and oligodendrocytic origin. Considering 

this, along with the high levels of ID3-4 expression found in this GBM subtype, we 

evaluated IDs mRNA levels in a set of low-grade oligodendrioglioma samples and 

compared them to our low-grade astrocytoma cohort. Whereas ID1 expression 

remained similar between the two groups, ID2-4 expression showed significant 

statistical differences. ID2 levels were surprisingly higher in oligodendroglioma 

(p<0.0005, t-test), while ID3-4 expression analysis showed opposite results, with higher 

levels in low-grade astrocytoma (p<0.0005, Mann-Whitney test). Figure 5 summarizes 

the results found. Immunohistochemical staining corroborated mRNA findings, with 

higher levels of ID2 in oligodendroglioma samples compared to astrocytic ones, and 

ID3-4 higher levels in astrocytoma cases, as demonstrated by Figure 6. 
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Figure 5: Expression levels of ID genes in low-grade gliomas. Relative expression of IDs was 
assessed in 27 cases of low-grade oligodendrogliomas (ODII) cases, and compared to the 
previously analyzed 26 low-grade astrocytomas (AGII) cases. ID2 levels were higher in ODII 
cases (p<0.0005, t-test), while ID3-4 expression analysis showed opposite results, with higher 
levels in AGII samples (p<0.0005, Mann-Whitney test). Horizontal bars show the median of each 
group. ***p<0,0005. 
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Figure 6: Immunohistochemistry of ID2-4 in low-grade glioma cases. ODII (A, C and E) and 
AGII (B, D and E) representative sections were stained for ID2 (A, B), ID3 (C, D) and ID4 (E, F). 
ODII cases showed high levels of ID2 staining (≥ 75% of positive cells) and very little cells 
positive for ID3-4, while AGII samples showed opposite results. The reaction was performed in 
paraffin embedded tissue sections with a commercial polymer kit (Novolink; Novocastra, UK), 
using diaminobenzidine as developer and Harris hematoxylin for nuclear counterstaining. 400x 
magnification for all images. 
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DISCUSSION 

 

In this study, we have evaluated the distribution of ID1-4 gene expression in 

human gliomas ranging from grade I-IV. ID proteins mainly act to inhibit cell 

differentiation and promote stemness, as it happens in the early phases of the 

developing brain, where IDs are important to prevent premature cell fate 

determination (Lyden et al., 1999; Niola et al., 2012). In cancer, IDs overexpression has 

been associated with disease aggressiveness and poorer prognosis. Previous studies 

have shown high levels of IDs in glioma cases, particularly in GBM (Jeon et al., 2011; Lee 

et al., 2016; Soroceanu et al., 2013; Vandeputte et al., 2002). Our study, however, 

revealed that the IDs expression levels were quite variable among GBMs, and the 

highest levels of IDs were among the proneural subtype, an association that has been 

made only in mice studies (Havrda et al., 2014; Rahme et al., 2016). 

We and others previously showed an association between IDs and SOX genes 

(Galatro et al., 2013; Jung et al., 2010; Phi et al., 2010). Studies that characterized GBMs 

subtypes have classified SOX genes as hallmarks of the proneural cases (Phillips et al., 

2006; Verhaak et al., 2010). Our findings of higher expression levels of IDs, particularly 

ID2-4, in the proneural subtype are in accordance with the previous works showing co-

expression between these genes. Among ID genes, ID1 showed the lowest expression 

amid GBM cases. Previous report (Barrett et al., 2012) has identified ID1 as a marker to 

single-out stem-like glioma cells in a murine model. Glioma initiating cells represent a 

small population within tumors, which might explain the low levels of ID1 found in our 

cohort. 

Next, we observed differential expression of IDs comparing astrocytic and 

oligodendrocytic gliomas. While ID1 levels remained similar between them, ID2 levels 

were surprisingly higher in oligodendroglioma cases, whereas ID3 and ID4 showed 

opposite results, with much higher levels in grade II astrocytoma cases. ID2 has been 

previously associated with the inhibition of OLIG2, a transcription factor responsible 

for the maturation of oligodendrocytes (Samanta and Kessler, 2004; Wang et al., 2001). 

A previous immunohistochemical study, performed in rats, associated ID2 presence 

with the oligodendrocytic lineage and markers (Chen et al., 2007), proposing this 

protein was involved in oligodendrocyte terminal maturation. However, Havrda and 

colleagues (Havrda et al., 2014), while assessing the tumorigenicity of ID2, have shown 

that ID2 first enhances OLIG2 expression, leading neural progenitor cells (NPC) to an 

oligodendroglial precursor cells phenotype, and then inhibit OLIG2 activity, hampering 
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maturation and, when re-expressed in mature cells, gives rise to gliomas. Our 

observations of higher levels of ID2 in oligodendroglioma cases corroborate these 

findings. ID3-4 have been previously deemed important for astrocyte lineage 

commitment (Bohrer et al., 2015; Samanta and Kessler, 2004) and glioma formation 

(Jin et al., 2011; Kuzontkoski et al., 2010). Recent study has shown that ID3 is necessary 

for adult neural stem/precursor cells differentiation into astrocytes, highlighting its 

importance in the adult brain (Bohrer et al., 2015). We have previously postulated ID4 

as being associated with glioma progression (Galatro et al., 2013) and, in the current 

study, demonstrate the role of ID3-4 as markers that differentiate low-grade gliomas of 

astrocytic origins from those of oligodendrocytic ones. It is noteworthy that tumors 

with oligodendroglial features have historically been associated with more sensitivity 

to treatment and a better prognosis than astrocytic ones (recently reviewed by Otani 

and collaborators (Otani et al., 2016). n this sense, we can propose ID2-4 as markers to 

assist in the diagnosis and differentiation between these two types of gliomas and 

possibly aid the future treatment decision. 

Our findings further stratify the distribution of IDs expression pattern in 

gliomas, pointing out the new association of these targets with the proneural GBM 

subtype, and as potential markers to differentiate tumors of astrocytoma and 

oligodendroglioma origin. 
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