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Simple Summary: The present investigation aims to relate mutations in the PIK3C2B, ERBB3, KIT, 

and MLH1 genes with mechanisms of resistance to temozolomide in patients with high-grade glio-

mas. With this study, we intend to discover new mechanisms of resistance to temozolomide and 

provide an appropriate treatment to patients that prolongs their life span. This work can provide 

evidence to the scientific community on the progressive acquisition of mutations in different genes 

of patients with high-grade gliomas that are related with drug resistance mechanisms and acceler-

ated disease progression. Additionally, in the future, new therapeutic targets may be proposed for 

the generation of drugs that can control or cure this type of brain cancer.  

Abstract: Background. The treatment for patients with high-grade gliomas includes radiation ther-

apy and temozolomide. However, some patients do not respond to temozolomide because they 

have a methylation reversal mechanism through the enzyme O6-methylguanine-DNA-methyltrans-

ferase. This biomarker has been used as a prognostic factor in patients receiving treatment with 

temozolomide. However, not all patients respond in the same way, which suggests the existence of 

other genes involved in resistance to temozolomide. Materials and Methods. A group of 31 patients 

with high-grade gliomas was recruited and were clinically, image pattern, and pathologically char-

acterized. The sequencing of 324 genes related to different types of cancer was performed to detect 

mutations. Subsequently, a statistical analysis was conducted to determine the mutated genes that 

were most related to resistance to treatment. Results. The genes related to the second relapse of 

patients with high-grade glioma after the use of temozolomide according to Stupp protocol and 

metronomic dose were PIK3C2B, KIT, ERBB3, and MLH1. Conclusions. Considering the results ob-

tained, we suggest that the mutations in the four genes and the methylation of the gene promoter 

that codes for MGMT protein could be related to the clinical evolution of patients with high-grade 

gliomas and its response to treatment with temozolomide.  
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1. Introduction 

According to the data provided by Cancer Today 2020, the incidence of brain tumors 

worldwide is 3.5 per 100,000 inhabitants, with a mortality rate of 2.8 per 100,000 inhabit-

ants [1]. The incidence (standardized rate) of cancer in the brain and central nervous sys-

tem in Colombia ranged from 3.5–4.2 per 100,000 inhabitants, according to data obtained 

between 2003 and 2016. While mortality ranged between 2.1 and 2.5 per 100,000 inhabit-

ants between 1997 and 2020 (https://infocancer.co/) [2], according to the Brain Tumor Reg-

istry (CBTRUS, 2014–2018), the incidence in the United States for primary central nervous 

system (CNS) tumors was 24 per 100,000, with a mortality rate of 4.3 per 100,000 [3]. 
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Concerning the cases reported in the United States, these data reflect an underreporting 

of new cases in the rest of the world, including Colombia. Additionally, the CBTRUS es-

timates that for the United States, the incidence of gliomas, in general, is 5.95, and for the 

subgroup considered high-grade gliomas, that is, glioblastoma, it is 3.23, anaplastic astro-

cytoma is 0.41, and anaplastic oligodendroglioma is 0.11 per 100,000 inhabitants [3]. The 

most abundant cells in the CNS are neurons and glial cells. The glial cells are composed 

of astrocytes, oligodendrocytes, ependymal cells, and microglia cells. Additionally, me-

ningeal, and pituitary cells are also part of the CNS [4]. When cells have genetic and/or 

epigenetic alterations, mechanisms such as replication, repair, and senescence are modi-

fied, resulting in an uncontrolled proliferation of cells with aggressive characteristics that 

allow them to invade neighboring tissues and sometimes give rise to metastasis, even in 

isolated and immune privileged sites such as the brain parenchyma [5]. Tumors originat-

ing from astrocytes are called astrocytomas; tumors from oligodendrocytes are oligoden-

drogliomas; and tumors from ependymal cells are called ependymomas. Additionally, 

these types of malignant brain tumors are classified according to their degree of differen-

tiation into low-grade and high-grade [6]. High-grade gliomas, now named according to 

the 2021 WHO classification of tumors of the central nervous system, include IDH wild-

type glioblastoma (GBsilv-IDH), IDH-mutated astrocytoma without 1p/19q codeletion, 

grades 3 and 4 (Amut-IDH, sin-codel-1p/19q, G3-4), and oligodendroglioma mutated for IDH with 

codeletion 1p/19q grade 3 (Omut-IDH, codel-1p/19q, G3) [7]. Regarding high-grade glioma treat-

ment, the protocol developed by Stupp et al. (2005) is used as standard treatment. This 

protocol added temozolomide to treatment with radiotherapy, reporting an increase in 

patient survival (HR not adjusted: 0.63, 95% CI: 0.52–0.75, p < 0.001) and minimal toxicity 

[8]. However, the treatment was not effective for all patients, so it was necessary to explore 

at the genomic level which gene was related to resistance to temozolomide [9], finding 

that promoter methylation of the gene that codes for the MGMT protein had an independ-

ent prognostic value of treatment (HR: 0.45, 95%, CI: 0.32–0.61, p < 0.001) and decreased 

the probability of death (HR: 0.51, 95% CI: 0.31–0.84) in patients in whom temozolomide 

was added to radiotherapy, the same did not occur in patients who did not have the gene 

promoter methylated (HR: 0.69, 95% CI: 0.47–1.02) [10], which indicates that this mecha-

nism of resistance to temozolomide does not explain the response to treatment in 100% of 

the patients. Accordingly, there is a gap in our knowledge about other mechanisms or 

proteins that are involved in the process of resistance to treatment with temozolomide in 

patients with high-grade gliomas. Therefore, the objective of our investigation was to 

identify additional genetic alterations to the promoter's methylation of the gene that codes 

for the MGMT protein, which helps relate the clinical evolution of patients with high-

grade gliomas and their response to treatment with temozolomide. 

2. Materials and Methods 

2.1. Study population  

The study population consisted of oncological patients who attend the Cancer Insti-

tute (Las Américas-AUNA Clinic) for management with surgery, radiotherapy, chemo-

therapy, and oncological support. The study was conducted by open invitation, recruiting 

patients who met the following inclusion criteria: patients over 18 years of age, diagnosed 

with a primary malignant brain tumor, who underwent tumor resection surgery or bi-

opsy, and who should have a histological diagnosis of glioblastoma. A total of 31 patients 

diagnosed with high-grade glioma were included. According to the 2021 WHO classifica-

tion of tumors of the central nervous system, the patients were classified as 21 glioblasto-

mas, five anaplastic astrocytomas, and five anaplastic oligoastrocytoma. This study is clas-

sified as observational, cohort, and ambispective.  

2.2. Clinical information 

The following data were extracted from clinical history: age, sex, clinical diagnosis, 

imaging diagnosis, pathology results, molecular biology tests, treatment, and outcomes. 
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2.3. Sample collection for molecular biology analysis 

Twenty-six samples of cancerous brain tissue embedded in paraffin blocks and 5 

samples of liquid biopsies were used to conduct DNA extraction, new generation se-

quencing, and genetic profiling of the 31 patients. 

2.4. Sequencing 324 cancer-associated genes 

Genomic sequencing was performed using the FoundationOne®CDx (F1CDx) and 

FoundationONE Liquid CDx (F1LCDx) panels, which are an in vitro diagnostic method-

ology based on next-generation sequencing for the detection of mutations such as substi-

tutions, insertions, and copy number alterations (CNAs) in 324 genes. Additionally, gene 

rearrangements and genomic fingerprinting, including microsatellite instability (MSI), tu-

mor mutational burden (TMB), and loss of heterozygosity (LOH), are detected [11]. 

2.5. Mutated genes identification related with temozolomide resistance mechanisms 

A univariate analysis was performed, in which summary measures, including 

measures of central tendency, were calculated for quantitative variables, along with their 

respective measures of dispersion, according to the distribution of the variable (Shapiro-

Wilk test). For qualitative variables, absolute and relative frequencies were calculated. The 

results were presented through graphs and tables. To perform the bivariate analysis, the 

Logrank test, simple Cox regression models, Kaplan-Meier analysis, and survival curves 

were used. The results were presented in tables and a survival curve graph. To perform 

the multivariate model, a multiple Cox regression model was performed. For the entry of 

the variables into the final model, the behavior of the bivariate analysis was considered; 

that is, those variables that met the following criteria were entered into the model: statis-

tical significance with p < 0.05, Hosmer Lemechow criterion with p < 0.25, and according 

to the criteria of the investigator (biological plausibility). Variables were entered progres-

sively, and interaction analysis was performed for each model until reaching the final 

model, considering the principle of parsimony. Statistical analyses were performed using 

STATA (version 14) and SPSS (version 28) statistical programs. 

2.6. Bioinformatic analysis of mutations effect on the proteins 

The chemical properties of the proteins were identified using the ProtParam tool web 

server (https://web.expasy.org/protparam/). The identification of the chemical properties 

of the amino acids was conducted by means of the GPMAW web server (https://www.al-

phalyse.com/customer-support/gpmaw-lite-bioinformatics-tool/start-gpmaw-lite/) and 

the color protein sequence web server (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_auto-

mat.pl?page=npsa_color.html). The effect of the mutations on the proteins was deter-

mined by the PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and SIFT 

(http://sift.bii.a-star.edu.sg/) web servers. The signal peptide of the proteins was identified 

using the SignalP-6 web server (https://dtu.biolib.com/SignalP-6). The InterProScan web 

server was used to identify the domains, biological processes, molecular function, and 

cellular component of the four proteins (https://www.ebi.ac.uk/interpro). Subsequently, 

using the String Interaction Network web server (STRING) and Genecards database, the 

interactions and metabolic pathways in which the proteins participate were identified 

(https://string-db.org/ and https://www.genecards.org). The three-dimensional structure 

of the proteins was modeled using the Swiss-Model web server (https://swiss-

model.expasy.org), and the structural change caused by the mutations was determined 

using the Swiss-pdb-viewer bioinformatics program (http://spdbv.unil.ch), to establish 

how the structure and function of the protein were affected. Finally, all the diseases that 

have been associated with mutations in the four genes were identified using the OMIM 

database (https://www.omim.org). 

3. Results 

3.1. Study population  
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A total of 31 patients, who met the inclusion criteria and agreed to enter the study by 

signing the informed consent, participated in the present study. In relation to the clinical 

data, the mean age at diagnosis of high-grade glioma was 47 years old (SD 14.52). Regard-

ing gender, 11 patients were male (35.49%) and 20 were female (64.51%).  

3.1. Clinical information 

The Karnofsky scale was applied to the 31 patients included in the study to assess 

their functional status at the time of diagnosis, finding values equal to or greater than 70% 

in all patients, which indicated that all were fit to be taken to surgery. All patients under-

went contrasted preoperative magnetic resonance imaging of the brain, which was rec-

orded in the patients' medical records. Without discriminating by which cerebral hemi-

sphere was injured and considering that sometimes the lesions are not confined to a single 

lobe, it was found that 32% of the patients had the lesion in the frontal lobe, 16% in the 

parietal, 22% in the temporal, 26% in the occipital, and only one patient had a lesion in the 

basal ganglia. A grossly complete resection was performed on 45% of the patients, and a 

partial resection or biopsy was performed on the remainder (55%). According to the pa-

thology report, based on hematoxylin-eosin (H-E) and immunohistochemistry (IHC), it 

was found that 21 (68%) of the patients had glioblastomas, five (16%) had anaplastic as-

trocytomas, and five (16%) had oligodendroglial lineage tumors. The latter group was 

made up of four patients with anaplastic oligoastrocytomas and one patient with an ana-

plastic oligodendroglioma; see Figure 1. 

 

Figure 1. Type of tumor of patients with high-grade glioma. The figure shows the classification of 

the 31 patients analyzed according to the type of tumor: Glioblastoma (GB; 21 patients; 67,74%), 

Anaplastic Astrocytoma (AA; 5 patients; 16,13%), and Anaplastic Oligoastrocytoma (AO; 5 patients; 

16,13%). The most frequent tumor was glioblastoma. 

All patients were given concomitant treatment with temozolomide and radiotherapy, 

followed by adjuvant chemotherapy four to six weeks after surgery. In 15 patients, it was 

possible to prevent tumor growth with six cycles of temozolomide as recommended by 

the Stupp Protocol (SP). However, five patients received fewer cycles due to clinical dete-

rioration and tumor growth (progression). While in the remaining 11 patients it was nec-

essary to administer more than six cycles of temozolomide to prevent tumor growth; see 

Figure 2.  

67.74%

16.13%

16.13%

High-Grade Gliomas Classification

Glioblastoma Anaplastic astrocytoma Anaplastic oligoastrocytoma
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Figure 2. The figure shows the treatment cycles with adjuvant temozolomide given to the 31 patients 

with high-grade glioma. Fifteen patients received the six cycles recommended by the Stupp proto-

col, five patients received fewer cycles due to an early relapse, and 11 patients needed more cycles 

due to disease persistence. 

Patients were followed clinically and with imaging, until tumor growth was ob-

served again (first relapse). All patients were given metronomic temozolomide; that is, a 

dose of 75 mg/mt2 every day to try to avoid the effect of MGMT as this enzyme has a very 

short half-life. The response of patients to treatment with metronomic temozolomide was 

variable, ranging from patients who reached the second relapse in the second treatment 

cycle to patients who reached the second relapse in the 21 cycles of temozolomide treat-

ment at metronomic doses; see Figure 3. 

 

 

 

 

 

 

 

 

Figure 3. The figure shows the number of treatment cycles with metronomic temozolomide that 

patients received before presenting the second relapse. The largest number of patients presented a 

second relapse at the sixth treatment cycle (10 patients), but the results were highly variable, with 

early (first cycle) and late (21 cycles) second relapses. 

3.1. Sample collection for molecular biology analysis 

To classify high-grade gliomas, the following molecular analyses were performed on 

the samples obtained from the first surgery: a search of the 1p/19q codeletion by FISH in 

three patients (10% of the sample), which helped to classify them as anaplastic oligoastro-

cytoma. Immunohistochemistry (IHC) for IDH1 was performed on 19 patients (61%), re-

porting positive results in 4/10 glioblastomas (40%), 3/4 anaplastic astrocytomas (75%), 

and in 5/5 oligodendroglial tumors (100%). The methylation status of the promoter of the 

gene that codes for the MGMT protein was searched by polymerase chain reaction (PCR) 

in 18 patients, finding methylation in 3/10 glioblastomas (30%), 2/3 anaplastic 

1 1

3

15

1 1

9

0

2

4

6

8

10

12

14

16

3,0 4,0 5,0 6,0 8,0 11,0 12,0

Fr
eq

u
en

cy

Temozolomide cycles

1

3

5 5

10

2
1

2
1 1

0

2

4

6

8

10

12

2,0 3,0 4,0 5,0 6,0 7,0 9,0 10,0 14,0 21,0

Fr
eq

u
en

cy

Temozolomide cycle

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 May 2023                   doi:10.20944/preprints202305.1353.v1

https://doi.org/10.20944/preprints202305.1353.v1


 

 

astrocytomas (66%), and 4/4 tumors of the oligodendroglial lineage (100%); see Supple-

mentary Material 1. 

3.1. Sequencing 324 cancer-associated genes 

The genetic material was extracted from the 31 samples, and 324 cancer-related genes 

were sequenced and analyzed according to the protocol described by the Founda-

tionOne®CDx (F1CDx) and FoundationONE Liquid CDx (F1LCDx) panels. An amplifi-

cation, sequencing, and mutation detection was conducted on each of the genes. Accord-

ing to the results obtained in the gene profiling of the 31 patients with high-grade gliomas, 

370 types of mutations were found in 185 genes. The ten most frequently mutated genes, 

in order of frequency, for the 21 patients initially diagnosed with glioblastomas were 

EGFR (62%), TERT (62%), PDGFA (57%), TP53 43%, CDKN2A/B 29%), NF1 (24%), ALK 

(19%), EP300 (19%), KDR (19%), and MLL2 (19%). The most frequently mutated genes in 

the five patients diagnosed with anaplastic astrocytomas were IDH1 (40%), TP53 (40%), 

CCN2 (40%), KEAP1 (40%), KIT 40%, MAF (40%), PDGFRA (40%), SPEN (40%), TERT 

40%), and TYRO3 (40%). The most frequently mutated genes in the group of five patients 

with anaplastic oligoastrocytomas were TSC1 (75%), SPEN (50%), IDH (25%), ALK (25%), 

ARID1A (25%), CIC (25%), MAP3K1 (25%), MLL2 (25%), NF1 (25%), and POLE (25%); see 

supplementary material 2.  

3.1. Mutated genes identification related with temozolomide resistance mechanisms 

The simple Cox's regression analysis presents the comparison between the depend-

ent variable "second relapse" (at 22 months) and the presence of mutated genes. Seventy-

four mutated genes were found in patients who presented a second relapse. The genes 

with the greatest statistical significance found were PIK3C2B HR 13.81 (95%, CI: 2.25–

84.45, p = 0.004), NOTCH3 HR 6.02 (95%, CI: 1.74–20.84, p = 0.005), KIT HR 3.98 (95%, CI: 

1.20–13.18, p = 0.024), ERBB3 HR 3.87 (95%, CI: 1.06–14.04, p = 0.04), and MLH1 HR 3.52 

(95%, CI: 0.95–13.09, p = 0.06); see Table 2.  

As a second analysis, a multivariate analysis was performed to determine which mu-

tated genes were related to the second relapse, reducing the number to four genes: 

PIK3C2B with an HR of 82.37 (95%, CI: 8.36–111.67, p = 0.000), KIT with an HR 10.24 (95%, 

CI: 2.42–43.34, p = 0.002), ERBB3 with an HR 13.20 (95%, CI: 2.77–62.77, p = 0.001), and 

MLH1 with an HR 8.50 (95%, CI: 1.83–39.45, p = 0.006); see Table 3.  

As a third analysis, a survival curve was performed using the Kaplan-Meier method 

in patients who had mutations in the four genes (PIK3C2B, ERBB3, KIT, and MLH1). This 

analysis was performed to estimate the time it takes for patients to reach a second relapse 

after treatment with metronomic temozolomide compared to patients without mutations 

in these genes. When analyzing the results of the survival curves of the patients who had 

mutations, it was observed that they presented the second relapse in a shorter time com-

pared to the patients who did not have mutations in these four genes, as can be seen in 

Figure 4.  

Table 2. Bivariate analysis was used to identify the mutated genes associated with the second re-

lapse after the use of temozolomide according to Stupp protocol and the metronomic dose in pa-

tients with high-grade gliomas. Seventy-one genes were related to the second relapse; however, 

only the first five genes with significant values of p-values and Hazard Ratios are shown. 

Gene 
Gene presence 

P-value Hazard Ratio (CI 95%) 
Si Not 

PIK3C2B 2(11,7) 15(88,2) 0,004 13,81 (2,258 - 84,45) 

NOTCH3 4(23,5) 13(76,4) 0,005 6,026 (1,742 - 20,84) 
KIT 4(23,5) 13(76,4) 0,024 3,985 (1,204 - 13,18) 

ERBB3 3(17,6) 14(82,3) 0,04 3,871 (1,066 - 14,04) 
MLH1 3(17,6) 14(82,3) 0,06 3,528 (0,950 - 13,09) 
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Table 3. Multivariate analysis was used to identify the mutated genes associated with the second 

relapse, after the use of temozolomide, according to the Stupp protocol and metronomic dose, in 

patients with high-grade gliomas. 

Gene P-value HR Raw value (CI 95%) P-value 
HR Adjusted value (CI 

95%) 

PIK3C2B 0,004 13,81 (2,258 - 84,45) 0,000 82,37 (8,36 - 811,67) 

KIT 0,024 3,985 (1,204 - 13,18) 0,002 10,24 (2,42 - 43,34) 
ERBB3 0,04 3,871 (1,066 - 14,04) 0,001 13,20 (2,77 - 62,77) 
MLH1 0,06 3,528 (0,950 - 13,09) 0,006 8,50 (1,83 - 39,45) 

3.6.  Bioinformatic analysis of mutations effect on the proteins 

Based on the PIK3C2B, ERBB3, KIT, and MLH1 mutated genes that were found to be 

related to the second relapse after the use of temozolomide according to the Stupp proto-

col and the administration of a metronomic dose, an in-silico bioinformatics analysis was 

performed. As a first analysis, the functional domains in the four proteins encoded by 

mutated genes were detected, and whether the different mutations found affected them. 

Finding that for the PIK3C2B protein, the domain (PI3K_Ras-bd_dom) was affected; for 

the ERBB3 protein, the domain (Rcp_L) was affected; for the KIT protein, no mutations 

were found affecting functional domains; and for the MLH1 protein, two domains were 

affected (DNA_mismatch_repair_N and DNA_mismatch_S5_2-like). Additionally, the bi-

ological process, molecular function, and cellular components of the proteins encoded by 

the four mutated genes are described in Table 4.  

In parallel, the interactions and metabolic pathways of the proteins were identified. 

The PIK3C2B protein interacts with five proteins (RICTOR, EGFR, GRB2, ANKRD32, and 

SBF2) and participates in five metabolic pathways (DNA damage response, focal adhe-

sion: PI3K-Akt-mTOR-signaling pathway, glioblastoma signaling pathways, phospho-

inositide metabolism, and the regulation of actin cytoskeleton). The ERBB3 protein inter-

acts with five proteins (ERBB2, EGFR, NNRG1, GRB2, and SHC1) and participates in five 

metabolic pathways (apoptosis-related network due to altered Notch3 in ovarian cancer, 

EGFR tyrosine kinase inhibitor resistance, the ErbB signaling pathway, glioblastoma sig-

naling pathways, and heart development). The KIT protein interacts with five proteins 

(PIK3R1, PLCG1, KITLG, GRB2, and CRK) and participates in five metabolic pathways 

(the breast cancer pathway, cardiac progenitor differentiation, focal adhesion: PI3K-Akt-

mTOR-signaling pathway, gastrin signaling pathway, and Hippo signaling regulation 

pathways). The MLH1 protein interacts with five proteins (MSH2, PMS2, PMS1, BLM, and 

EXO1) and participates in five metabolic pathways (chromosomal and microsatellite in-

stability in colorectal cancer, DNA IR-damage and cellular response via ATR, DNA mis-

match repair, DNA repair pathways, and ovarian infertility); see Table 5.  

Subsequently, the three-dimensional structure of each of the four proteins was mod-

eled, and the structural effect caused by each of the mutations was determined. The 

PIK3C2B protein is made up of 1634 amino acids, has a molecular weight of 184739.79 Da, 

a theoretical isoelectric point of 6.87, 194 negatively charged residues (Asp + Glu), 189 

positively charged residues (Arg + Lys), an atomic composition of 8246 carbon, 12875 hy-

drogen, 2281 nitrogen, 2414 oxygen, and 67 sulfur atoms, an estimated half-life of 30 hours 

(mammalian reticulocytes, in vitro). Its instability index is computed to be 46.22 and clas-

sified as unstable. The R458Q mutation was detected in the protein. The wild-type amino 

acid is an arginine (R) that is classified as a basic, which is replaced by a glutamine (Q) 

that is hydrophilic. According to the results of PolyPhen-2 (prediction of functional effects 

of human nsSNPs), this mutation is predicted to be probably damaging with a score of 

0.979 (sensitivity: 0.76; specificity: 0.96). According to the results of SIFT (Sorting Intoler-

ant From Tolerant), substitution at position 458 from R to Q is predicted to be tolerated 

with a score of 0.45. No signal peptide was detected using the SignalP bioinformatics pro-

gram (version 6.0). The effect of the mutation on the structure of the protein leads to the 
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shortening of the radical, reducing the Van der Waals forces, which possibly affects the 

attraction between atoms, molecules, and surfaces. At the structural level, the mutation is 

located between the amino acids (457–464) that make up a beta sheet, generating an elon-

gation of the beta sheet in the mutated protein. All these alterations can lead to instability 

and loss of functionality of the protein; see Table 6. 

The ERBB3 protein is made up of 1342 amino acids, has a molecular weight of 

148098.19 Da, a theoretical isoelectric point of 6.11, 154 negatively charged residues (Asp 

+ Glu), 132 positively charged residues (Arg + Lys), an atomic composition of 6447 carbon, 

10126 hydrogen, 1852 nitrogen, 1969 oxygen, and 94 sulfur atoms, an estimated half-life 

of 30 hours (mammalian reticulocytes, in vitro).Its instability index is computed to be 

49.61 and classifies as unstable. The R164K mutation was detected in the protein. The 

wild-type amino acid is an arginine (R) that is classified as a basic, which is replaced by a 

lysine (K) that is hydrophilic. According to the results of PolyPhen-2, this mutation is pre-

dicted to be probably benign with a score of 0.017 (sensitivity: 0.95; specificity: 0.80). Ac-

cording to the results of SIFT substitution at position 164 from R to K, it is predicted to be 

tolerated with a score of 0.64. No signal peptide was detected using the SignalP bioinfor-

matics program (version 6.0). At the structural level, an amino acid change is observed 

that leads to an alteration in the orientation of the radical group that alters the spatial 

distribution of Van der Waals forces, which possibly affects the attractions between atoms, 

molecules, and surfaces; see Table 6. 

The KIT protein is made up of 977 amino acids, has a molecular weight of 109992.70 

Da, a theoretical isoelectric point of 6.54, 111 negatively charged residues (Asp + Glu), 106 

positively charged residues (Arg + Lys), an atomic composition of 4925 carbon, 7657 hy-

drogen, 1301n, 1460 oxygen, and 48 sulfur atoms, and an estimated half-life of 30 hours 

(mammalian reticulocytes, in vitro). Its instability index is computed to be 39.43 and clas-

sified as stable. No signal peptide was detected using the SignalP bioinformatics program 

(version 6.0). This protein did not present a structural alteration but did show an increase 

in the number of copies of the KIT gene in the patient's genome. This genetic phenomenon 

is common in cancer cells, which produce several copies of one or more genes in response 

to signals from other cells or the environment. 

The MLH1 protein is made up of 756 amino acids, has a molecular weight of 84600 

Da, a theoretical isoelectric point of 5.51, 104 negatively charged residues (Asp + Glu), 83 

positively charged residues (Arg + Lys), an atomic composition of 3740 carbon, 5947 hy-

drogen, 1017 nitrogen, 1165 oxygen, and 25 sulfur atoms, and an estimated half-life of 30 

hours (mammalian reticulocytes, in vitro). Its instability index is computed to be 51.29 and 

classified as unstable. The F261fs*31 mutation was detected in the protein. No signal pep-

tide was detected using the SignalP bioinformatics program (version 6.0). The deletion of 

a cytokine at position 783 of MLH1 gene (783delC), leads to structural change in the MLH1 

protein (p.Phe261fs*7). This sequence change creates a premature translational stop signal 

of 7 amino acids after phenylalanine (Frameshift). It is expected to result in an absent or 

disrupted protein product (this could lead to the production of a truncated protein of 268 

amino acids); see Table 6. 

Finally, the diseases associated with each of the four mutated genes are identified 

using the OMIM database (An Online Catalog of Human Genes and Genetic Disorders). 

Mutations in the gene that codes for the PIK3C2B protein have been associated with the 

following diseases: high-grade glioma, Maffucci, and Hepatitis C. Mutations in the gene 

that codes for ERBB3 protein have been associated with the following diseases: high 

grade-glioma, breast cancer, frontal myelination, enteric nervous system, and diabetes 

type 1. Mutations in the gene that codes for KIT protein have been associated with the 

following diseases: high grade glioma, piebaldism, gastrointestinal stromal tumor (GIST), 

mastocytosis, liver cell membrane autoantibody (LMA), melanoma, and germ cell tumors. 

Mutations in the gene that codes for MLH1 protein have been associated with the follow-

ing diseases: high grade glioma, hereditary nonpolyposis colorectal cancer (Lynch), and 

Turcot syndrome type I; see Table 7.
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Figure 4. The figure shows the survival curves according to the Kaplan-Meier method. This analysis was performed to estimate the time it takes for 

patients with and without mutations in the PIK3C2B, KIT, ERBB3, and MLH1 genes to present a second relapse after treatment with metronomic 

temozolomide. The graph shows patients without mutations with blue lines, while the red lines represent patients with mutations, observing that 

patients with mutations present a second relapse sooner. The 0 symbol represents patients without mutations, and the 1 symbol represents patients 

with mutations. The Y-axis represents the survival rate, and the X-axis shows time in months. 
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Table 4. The following table shows the domains, biological processes, molecular function, and cellular components of the four proteins related to 

the second relapse after using temozolomide according to the Stupp protocol and a metronomic dose in patients with high-grade gliomas. 

Protein Domains Biological processes Molecular function Cellular component 

PIK3C2B -R458Q mutation affects domain (PI3K_Ras-

bd_dom) 

- Amplification 

- Rearrangement 

-Phosphatidylinositol-mediated signal-

ing 

- Phosphatidylinositol phosphatase bio-

synthetic process 

-Phosphatidylinositol binding 

-kinase activity 

None 

ERBB3 - R164K mutation affects domain (Rcp_L) 

- L1177l the mutation does not affect any 

functional domain 

-Membrane receptor protein tyrosine ki-

nase signaling pathway. 

-Protein phosphorylation 

-Protein kinase activity 

-Protein tyrosine kinase activity 

-ATP binding  

Membrane 

KIT - Amplification 

- Wrong amplification 

-Protein phosphorylation 

-Transmembrane receptor protein tyro-

sine kinase signaling pathway 

-Kit signaling pathway 

-Fc receptor signaling pathway 

-ATP binding 

-Transmembrane receptor  

-Protein tyrosine kinase activity 

-Protein kinase activity 

-Cytokine binding 

-Protein tyrosine kinase activity 

None 

MLH1 -(F261fs*7) mutation affects domain 

(DNA_mismatch_repair_N and DNA_mis-

match_S5_2-like) 

DNA mismatch repair -Mismatched DNA binding 

-ATP binding 

-ATP-dependent DNA damage Sen-

sor activity 

-ATP hydrolysis activity 

Mismatch Repair Complex 
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Table 5. Identification of the protein-protein interactions and the metabolic pathways of the proteins 

encoded by the four mutated genes related to the second relapse after the use of temozolomide 

according to the Stupp protocol and the administration of metronomic doses in patients with high-

grade gliomas. 

Protein protein-protein interactions Metabolic routes 

PIK3C2B 

RICTOR, EGFR, GRB2, 

ANKRD32, SBF2 

 

-DNA damage response (only ATM depend-

ent) 

-Focal adhesion: PI3K-Akt-mTOR-signaling 

pathway 

-Glioblastoma signaling pathways 

-Phosphoinositides metabolism 

-Regulation of actin cytoskeleton 

ERBB3 

ERBB2, EGFR, NNRG1, GRB2, 

SHC1 

 

-Apoptosis-related network due to altered 

Notch3 in ovarian cancer 

-EGFR tyrosine kinase inhibitor resistance 

-ErbB signaling pathway 

-Glioblastoma signaling pathways 

-Heart development 

KIT 

PIK3R1, PLCG1, KITLG, 

GRB2, CRK 

 

-Breast cancer pathway 

-Cardiac progenitor differentiation 

-Focal adhesion: PI3K-Akt-mTOR-signaling 

pathway 

-Gastrin signaling pathway 

-Hippo signaling regulation pathways 

MLH1 

MSH2, PMS2, PMS1, BLM, 

EXO1 

 

-Chromosomal and microsatellite instability in 

colorectal cancer 

-DNA IR-damage and cellular response via 

ATR 

-DNA mismatch repair 

-DNA repair pathways, full network 

-Ovarian infertility 

Table 6. Structural analysis of the effect of the mutations in the four proteins encoded by mutated 

genes related to the second relapse after the use of temozolomide according to the Stupp protocol 

and a metronomic dose in patients with high-grade gliomas. The first column shows the protein 

name and mutation found. The second column shows the structural modeling of the wild-type pro-

tein. The third column shows the effect of the mutations on protein structure. 
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Gene Normal protein Mutated protein 

 

 

PIK3C2B 

R458Q 

Mutation 

 

 

 

 

The effect of the mutation on the structure of the pro-

tein leads to the shortening of the radical, reducing 

the Van der Waals forces. At structural level, the mu-

tation is located be-tween the amino acids (457-464) 

that make up a beta sheet, generating an elongation 

of the beta sheet in the mutated protein.  

 

 

 

ERBB3 

R164K 

Mutation 

 

Two-part patterned protein. 

 

At structural level, an amino acid change is observed 

which leads to an alteration in the orientation of the 

radical group that alters the spatial distribution of 

Van der Waals forces. 
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Gene Normal protein Mutated protein 

 

 

 

 

MLH1 

F261fs*31 

Mutation 

 

 

 

Two-part patterned protein. 

 

 

 

The yellow color shows the common region between 

the wild-type and mutated protein, the green color 

shows the region that would be lost in the mutated 

protein by the occurrence of a premature stop codon. 

 

 

Table 7. Diseases related to the four mutated genes related to second relapse after the use of te-

mozolomide according to the Stupp protocol and the metronomic dose in patients with high-grade 

gliomas. The first column shows the genes' names. The second column shows the diseases related 

to mutations in the PIK3C2B, ERBB3, KIT, and MLH1 genes. 

Gene Associated diseases 

PIK3C2B 
-High grade glioma 

-Maffucci 
-Hepatitis C 

ERBB3 

-High grade glioma 
-Breast cancer 

-Frontal myelination 
-Enteric nervous system 

-Diabetes type 1 

KIT 

-High grade glioma 
-Piebaldism 

-GIST 
-Mastocytosis 

-LMA 
-Melanoma 

- Germ cell tumors 

MLH1 
-High grade glioma 

-Hereditary nonpolyposis colorectal cancer (Lynch) 
-Turcot type I 
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4. Discussion 

According to the Central Brain Tumor Registry of the United States (CBTRUS), glio-

mas represent 25% of primary central nervous system tumors in adults and are more prev-

alent in men than in women. In the age range between 15 and 39 years, the oligodendro-

gliomas and astrocytomas predominate. For those over 40 years of age, the most frequent 

are glioblastomas [3]. These results are consistent with our patient population, in which 

21/31 patients presented with glioblastomas. The 31 patients included in this study had a 

mean age of 47 (SD: 14.5), and women predominated (65.4%). This result is due to the 

small number of patients, which is not representative of the population. Traditionally, 

patients with glial tumors were classified using H-E, and in some cases, the search for the 

mutation in the gene that codes for Isocitrate Dehydrogenase (IDH) is performed by im-

munohistochemistry (IHC) according to the WHO 2016 criteria [12]. Based on these two 

analyses, we obtained the following results in the 31 patients with high-grade gliomas: 21 

glioblastomas, five anaplastic astrocytomas, and five anaplastic oligoastrocytoma; see 

Supplementary Material 1. Currently, the diagnosis of high-grade gliomas is made not 

only with H-E and IHC but also includes the search for genetic mutations, epigenetic 

changes, and chromosomal alterations [13]. Microvascular proliferation and necrosis are 

evaluated using H-E, atypia, mitotic activity, and increased cell density [14]. Meanwhile, 

IHC makes it possible to verify, among other things, that tumor cells are derived from glia 

[15]. As noted above, molecular biology studies are the cornerstones of the new 2021 WHO 

classification of tumors of the central nervous system and allow the classification of high-

grade gliomas such as glioblastoma (GBsilv-IDH), in which mutations in the TERT promoter, 

EGFR promoter, chromosome 7 trisomy, and monosomy chromosome 10 are frequent; 

Astrocytoma (Amut-IDH, sin-codel-1p/19q, G3-4), in which mutations in the ATRX, TP53 and 

CDKN2A/B genes can be found; and Oligodendroglioma (Omut-IDH, codel-1p/19q, G3), in which 

TERT, CIC, FUBP1, and NOTCH1 promoter mutations are common [7]. Therefore, the 

group of 31 patients was re-evaluated, and patients with high-grade gliomas were classi-

fied as 21 previously diagnosed as glioblastoma, of which 19 of them remained GBwt-IDH, 

and two changed to Amut-IDH, without codel 1p/19q, G-3, 4. Of the five patients with anaplastic astro-

cytoma, four retained the diagnosis, and one switched to Omut-IDH, codel 1p/19q, G-3. Of the 5 pa-

tients with anaplastic oligoastrocytoma, four retained the diagnosis, and one switched to 

Amut-IDH, codel 1p/19q, G-3, 4, which highlights the importance of molecular methods for a correct 

classification of high-grade gliomas; see Supplementary Material 1. Performing an accu-

rate diagnosis on these patients would help us provide adequate treatment, which consists 

of the widest surgical cytoreduction [16], followed by the Stupp Protocol [17], except for 

the Omut-IDH, codel -1p/19q, G3, in whom the tendency is to give only postoperative temozolomide, 

postponing radiotherapy [18, 19]. 

Additionally, if an accurate diagnosis is made, we could explain the patient’s life ex-

pectancy to them and their family with greater certainty. In our group of patients, at the 

cut-off point of the study (two years), those with glioblastoma had a median survival of 

29 months, not including two long surviving patients. Only 2/5 patients with anaplastic 

astrocytomas had died (one at 14.5 months and the other at 19 months), and all the patients 

with anaplastic oligoastrocytoma were still alive. Survival, based on the new 2021 WHO 

classification, has not yet been calculated for GBsilv-IDH, Amut-IDH, sin-codel-1p/19q, G3-4, or Omut-IDH, 

codel-1p/ 19q, G3. The perception that patients treated at the Cancer Institute (Las Américas-

AUNA clinic) had a better response to treatment can be partly explained by the erroneous 

diagnosis made. The two patients diagnosed with glioblastomas were expected to survive 

about two years (14.8% patients) and ten years (2.6%), but they really had an Amut-IDH, sin-

codel-1p/19q, G3-4, and these patients were expected to survive about two years (43.3%) and ten 

years (19% patients) [20]. The patient diagnosed with anaplastic astrocytoma were ex-

pected to survive about two years (43.3%) and ten years (19%), but they really had an Omut-

IDH, codel-1p/19q, G3, and these patients are expected to survive about two years (68.6% patients) 

and ten years (39.3% patients) [20]. Finally, the patient diagnosed with anaplastic oligo-

astrocytoma were expected to survive about two years (68.6%) and ten years (39.3%), but 
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they really had an Amut-IDH, sin-codel-1p/19q, G3-4, and these patients are expected to survive be-

tween two years (43.3%) and ten years (19%) [20], which explains its worse prognosis; see 

Supplementary Material 1. The previous results highlight the importance of making a 

good diagnosis of the type of high-grade glioma to give accurate information to the patient 

and their relatives about the outcome, that is, the overall survival (OS) and the progres-

sion-free survival time (PFS). 

Temozolomide´s mechanism of action is to methylate the O6 position of guanines, 

which results in a mismatch between guanines and cytosines (O6 guanine pairing with a 

thymine), which leads to activation of the MMR system [21, 22]. This only repairs the chain 

that contains thymine, accumulating the chains with methylated guanines [23]. Therefore, 

intra and inter covalent bonds occur, forming hairpins that prevent cell replication and 

lead to apoptosis [24]. However, cancer cells have a mechanism to reverse the effect of 

temozolomide through the transcription and subsequent translation of the MGMT pro-

tein, which, through a sulfhydryl group, removes the methyl group from O6 methyl-gua-

nine, restoring guanine to its original form [25]. This is reflected when analyzing how an 

increase in survival was observed (HR: 0.51, 95%, CI: 0.31–0.84) in patients whose tumor 

had the MGMT gene promoter methylated, and who received radiotherapy and te-

mozolomide, compared to those who received radiotherapy only; while the patients who 

did not have promoter methylation and who received radiotherapy and temozolomide 

did not observe a significant increase in survival (HR: 0.69, 95%, CI: 0.47–1.02), when com-

pared with those who only received radiotherapy [10]. In practice, the search for methyl-

ation of the MGMT gene only has prognostic value and does not predict a response to 

treatment [26], so all patients with high-grade gliomas receive temozolomide [27]. Theo-

retically, patients with MGMT promoter methylation should be expected to respond 100% 

to treatment, but only a 51% decrease in risk of death has been observed. Additionally, 

patients without MGMT promoter methylation would be expected to have no response to 

treatment, but a 31% decreased risk of death has been observed [10]. This highlights the 

need to find alterations in new genes to improve the prognosis and treatment response of 

the patients with high-grade gliomas. Promoter methylation was identified in 17 of the 31 

patients (10 glioblastomas, three anaplastic astrocytomas, and four anaplastic oligoden-

drogliomas); see Supplementary Material 1. The methylation data obtained in this study 

are consistent with what has been reported in the literature according to different types of 

high-grade gliomas since methylation of the MGMT promoter is found in 50% of glioblas-

tomas, in 75% of anaplastic astrocytomas, and in almost all anaplastic oligodendrogliomas 

[28]. Overall Survival (OS) in patients with glioblastoma promoter methylation in our 

study was 59.2 months, compared to 24.6 months for those without promoter methylation. 

Overall Survival cannot be calculated in patients with anaplastic astrocytomas and ana-

plastic oligoastrocytomas because, at 24 months (the end of the investigation), 5/10 pa-

tients were still alive; therefore, progression-free survival (PFS) was analyzed. In the pre-

sent investigation, we found that PFS at first and second relapse was higher in patients 

with gliomas who had the methylated promoter of the gene that codes for MGMT protein 

compared to those who did not; see Supplementary Material 1. These results are con-

sistent with those reported in the literature [28]. However, new biomarkers are required, 

which, in association with the methylation of the MGMT promoter, make it possible to 

predict the response of patients with high-grade glioma to the use of temozolomide. 

Therefore, in the present study, the detection and analysis of mutations was per-

formed on 324 cancer-related genes in a group of 31 patients with high-grade gliomas to 

detect the genes that are related to the patients’ prognoses and resistance to te-

mozolomide, finding 185 mutated genes with 370 different mutations. As a first statistical 

analysis, a bivariate analysis was conducted (Cox’s regression models, Kaplan-Meyer 

analysis, and survival curves), through which the relationship of each mutated gene with 

the second relapse was evaluated after the use of temozolomide as part of the Stupp pro-

tocol and metronomic dose, finding 71 genes related to second relapse; however, only the 

first five genes had significant values of p-value and Hazard Ratio; see Table 2. As a sec-

ond statistical analysis, a multivariate analysis was performed, and Cox’s regression 
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models were used to determine the mutated genes that were related to the second relapse. 

The genes with statistically significant values were PIK3C2B with a crude HR of 13.81 

(95%, CI: 2.25–84.45, p = 0.004), KIT with a HR of 3.98 (95%, CI: 1.20–13.18, p = 0.024), 

ERBB3 with a HR of 3.87 (95%, CI: 1.06–14.04, p = 0.04), and MLH1 with a HR of 3.52 (95%, 

CI: 0.95–13.09, p = 0.06); see Table 3. Additionally, Progression-Free Survival (PFS) was 

assessed at first and second relapse among patients with and without mutations in the 

PIK3C2B, ERBB3, KIT, and MLH1 genes. At the first relapse, the patients who had the 

mutations in the genes presented a lower PFS (8.85 months) than those who lacked the 

mutations (27.55 months). Also, PFS was compared for the second relapse and patients 

with mutations in these four genes had lower PFS (19.3 months) than those without mu-

tations (38.17 months). Besides, it is observed that the patients who have mutations in the 

PIK3C2B gene had the lowest survival free progression. Therefore, presenting mutations 

in any of these four genes increases the probability of relapse in the patients; see Supple-

mentary Material 1. 

In the study we found that PIK3C2B, ERBB3, KIT, and MLH1 genes had different 

types of mutations, which could affect the structure and functional domains of the pro-

teins. Additionally, these alterations could be affecting different interactions and meta-

bolic pathways, which could help us to hypothesize the mechanisms used by cancer cells 

to proliferate and acquire resistance to temozolomide treatment. After evaluating the 

PIK3C2B gene, a mutation, amplification, and rearrangement were found. PIK3C2B pro-

tein is involved in the biosynthetic and signaling process of phosphatidylinositol phos-

phatase called PIK3C2B (phosphatidylinositol-4-phosphate 3-kinase C2), which is part of 

a family of enzymes capable of phosphorylating the hydroxyl group at the 3' position of 

the inositol ring of molecules, collectively called phosphatidylinositol, which convert 

phosphatidylinositol 4,5-bisphosphate (PIP2) into phosphatidylinositol 3,4,5-triphosphate 

(PIP3), and then to phosphorylate AKT, among others [29, 30, 31]. Regarding the ERBB3 

gene, two mutations were found: R164K, which affects the domain (Rcp_L) and L1177l, 

which does not affect any functional domain, but it affects the structure of the protein. 

This gene encodes a member of the epidermal growth factor receptor (EGFR) family of 

receptor tyrosine kinases. This membrane-bound protein has a neuregulin binding do-

main but not an active kinase domain. Therefore, it can bind this ligand but not convey 

the signal into the cell through protein phosphorylation. However, it does form heterodi-

mers with other EGF receptor family members which do have kinase activity. Heterodi-

merization leads to the activation of pathways, which lead to cell proliferation or differ-

entiation. Amplification of this gene and/or overexpression of its protein have been re-

ported in numerous cancers, including prostate, bladder, and breast tumors [32, 33]. Re-

garding the KIT gene, an amplification and equivocal amplification were found. This gene 

encodes a receptor tyrosine kinase. It was initially identified as a homolog of the feline 

sarcoma viral oncogene v-kit and is often referred to as proto-oncogene c-Kit. The canon-

ical form of this glycosylated transmembrane protein has an N-terminal extracellular re-

gion with five immunoglobulin-like domains, a transmembrane region, and an intracel-

lular tyrosine kinase domain at the C-terminus. Upon activation by its cytokine ligand, 

stem cell factor (SCF), this protein phosphorylates multiple intracellular proteins that play 

a role in in the proliferation, differentiation, migration, and apoptosis of many cell types 

and thereby plays an important role in hematopoiesis, stem cell maintenance, gametogen-

esis, melanogenesis, and in mast cell development, migration, and function. This protein 

can be a membrane-bound or soluble protein [34, 45]. Regarding the MLH1 gene, the 

F261fs*7 mutation was found. The protein encoded by this gene can heterodimerize with 

mismatch repair endonuclease PMS2 to form MutL alpha, part of the DNA mismatch re-

pair system. When MutL alpha is bound by MutS beta and some accessory proteins, the 

PMS2 subunit of MutL alpha introduces a single strand break near DNA mismatches, 

providing an entry point for exonuclease degradation. This protein is also involved in 

DNA damage signaling and can heterodimerize with DNA mismatch repair protein 

MLH3 to form MutL gamma, which is involved in meiosis [36]. 
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According to the previous biological functions, two possible mechanisms of re-

sistance to temozolomide are postulated, in which these four genes could be involved. 

Regarding the first resistance mechanism, the catalytically inactive human growth factor 

receptor 3 (ERBB3) alone can serve as the kinase domain activating partner in a heterodi-

mer in association with ERBB2 (Her2) [33]. Its subsequently transactivated carboxyl-ter-

minal tail domain binds to the SH2 domain of all three PI3K regulatory subunits [37]. The 

KIT proto-oncogene transcribes the homologous receptor of the feline viral sarcoma v-kit, 

also called CD117 (c-Kit), which, with its binding to the physiological ligand, produces 

dimerization, which leads to transphosphorylation. This, in turn, reorients the domain 

intracellular membrane, freeing it from the autoinhibitory conformation that it acquires 

in an inactive state, and facilitating its catalytic function [34]. Like the previous receptor, 

some of these phosphorylation sites in the inner membrane domain of c-Kit bind with SH2 

domains, forming docking sites for signaling and activation of the pathway (PI3K, Akt, 

TSC1/2, mTOR1/2, and transcription factor) [38]. Under physiological conditions, growth 

factor stimulation, in this case, neuregulin for ERBB3 [39] and stem cell factor for c-kit [40], 

phosphorylates enzyme-specific kinases that make up PI3K through sequential associa-

tion with adapter molecules (GRB2-SOS-RAS cascade); activated PI3K phosphorylates 

and converts PIP2 to PIP3, located on the mid surface of the plasma membrane. Activated 

AKT phosphorylates and inactivates the TSC1/2 complex. This activates mTORC1 by in-

hibiting mTORC1 suppression mediated by the Ras homolog of GTP-binding protein en-

riched in the brain (RHEB) to stimulate cell proliferation and survival [29]. In the RTK-

PI3K-mTOR2 pathway, the latter binds to ribosomes and activates AGC subfamily kinases 

(glucocorticoid/serum-induced Akt kinases and PKCα), which stimulates cell migration 

[41]. In relation to kinase enzymes, which are part of the PI3K family, and from which 

phosphorylate inositol phospholipids (PI)—concentrated on the cytosolic surface of mem-

branes—are synthesized, especially in the endoplasmic reticulum, they have more than a 

structural function; they have important roles in cell signaling [42]. Eighteen percent of 

the glioblastomas have a somatic mutation of the PIK3CA and PIK3R1 genes, which en-

code the p85 subunit and the p110 subunit of PI3K, respectively [43]. Most PIK3CA and 

PIK3R1 mutations are frequently in the domain required for the interaction of the p85 

subunit with the p110 subunit [42]. Inhibition of p110 subunit activity by the p85 subunit 

is lost, and PI3K mutants become constitutively active, resulting in sustained AKT activity 

[43]. PIK3C2B is a catalytic enzyme of the PI3K family, whose functions are to phosphor-

ylate the hydroxyl group at the 3' position of the inositol ring in the plasma membrane 

and to generate important second messengers such as PIP2 and PIP3 [44]. PIK3C2B am-

plification [45] has been described, associated with MDM4 by 1q32.1 amplification, and 

corresponding to 7.7% of the amplifications detected in glioblastomas [46, 47]. PIK3C2B 

has a dual function, since it can stimulate or repress, depending on how it is programmed 

[48]. It is involved in the AKT activation of neurons [49], in the repression of mTORC1 

[50], in the epithelial-mesenchymal transition [50], in the migration of cancer cells [51], in 

promoting invasion [52], and in the resistance to cisplatin [53], docetaxel [54], and erlotinib 

in patients who have the EGFR mutation [55]. In relation to the role of this mutation in the 

possible resistance to temozolomide, it would possibly be by stimulating the transcription 

factor NFKB and, in turn, MDR1 [23]. 

Regarding the second resistance mechanism, alterations in genes that are part of the 

DNA mismatch repair system have been reported in recurrent glioblastomas after the use 

of temozolomide [56]. Analysis of the Cancer Genome Atlas (TCGA) revealed a hypermu-

tator phenotype, with mutations in at least one of the MMR genes (MLH1, MSH2, MSH6, 

or PMS2), suggesting either an escape from MGMT methylation or the selection of MMR 

mutated clones [57]. Felsberg et al. reported changes in promoter methylation and expres-

sion of the MGMT, MLH1, MSH2, MSH6, and PMS2 genes after relapse in 80 patients with 

glioblastomas, finding that only four patients (6.25%) had a loss or decreased methylation 

of the MGMT promoter at recurrence, and although none of the four genes that are part 

of MMR had promoter hypermethylation, they did have mutations, which was confirmed 

by IHC [58]. DNA double-strand breaks by temozolomide activate the homologous repair 
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and non-homologous end-splicing systems, which, through the ataxia telangiectasia 

(ATM)-checkpoint kinase 2 (CHK2) pathways, lead to p53 damage repair caused by te-

mozolomide or trigger apoptosis [59]. Other mechanisms of resistance to temozolomide 

consist of the proper functioning or overactivation of some of the BER components, such 

as APGN, which would repair methylation at N7 of guanine and N3 of adenine [60]. Re-

sistance to temozolomide can develop due to the overactivation of MDM2, which in-

creases the X-linked inhibitor of the apoptosis protein (XIAP). This key regulator of both 

intrinsic and extrinsic programmed cell death signaling functions by suppressing the ac-

tivation of caspases 3, 7, and 9, triggering their degradation mediated by ubiquitination 

or by the improper functioning of p53; therefore, it is unable to activate the Bcl2 family 

and the activation of the DR5 receptor [61]. 

5. Conclusion  

Considering the results obtained, we suggest that the mutations in the PIK3C2B, 

ERBB3, KIT, MLH1 genes, and the methylation of the promoter of the gene that codes for 

MGMT could be related to clinical evolution of patients with high-grade gliomas and their 

response to treatment with temozolomide.  
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Supplementary Material 1. The table shows the patient's identification number, clinical diagnosis, tumor classification by conventional tests (codeletion 1p/19q, 

Mutation IDH, MGMT promoter methylation), the type of sample used for genomic profiling, the mutations found after genomic profiling (useful for reclassifying 

patients), and finally the survival time (progression-free and overall survival). (-) Patients without data. 

 

Initial diagnostic Diagnosis after genetic profiling Survival 

Patient 

number 

Glioma type Codeletion 

1p/19q 

(FISH) 

IDH  

mutation 

(IHQ) 

MGMT  

promoter 

methylation 

(PCR) 

Sample type 

(F-1CDX) 

Mutations in 

cancer-related 

genes 

Mutations of  

uncertain signifi-

cance 

Glioma 

 reclassification 

Free  

progression 

first relapse 

(months) 

Free  

progression 

second  

relapse 

(months) 

Overall 

survival 

(months) 

1 Glioblastoma - wild type unmethyl-

ated 

Paraffin 

block 

BCORL1, CDH1, 

HGF, TERT 

MAP3K13, SPEN, 

MED12, TSC1, 

RAD51D, RICTOR 

- 13.6 17.6 19.4 

2 Glioblastoma - - - Paraffin 

block 

EGFR, PIK3CA, 

CDKN2AB, 

NOTCH1, TERT, 

TP53 

ALK, MYD88, 

TEK, ALOX12B, 

NOTCH1, CD79A, 

POLE, MPL, RET 

- 18.3 34.3 38 

3 Glioblastoma - wild type unmethyl-

ated 

Liquid bi-

opsy 

 EP300, NOTCH3, 

ERBB3, MSH2, 

MSH3 

- 10.1 13.1 17.1  

4 Glioblastoma - wild type unmethyl-

ated 

Paraffin 

block 

KIT, PDGFRA, 

KDR, 

AR, TSC1, DIS3, 

PPP2RIA, SNCAIP 

- 7.9 13.6 18 
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Initial diagnostic Diagnosis after genetic profiling Survival 

Patient 

number 

Glioma type Codeletion 

1p/19q 

(FISH) 

IDH  

mutation 

(IHQ) 

MGMT  

promoter 

methylation 

(PCR) 

Sample type 

(F-1CDX) 

Mutations in 

cancer-related 

genes 

Mutations of  

uncertain signifi-

cance 

Glioma 

 reclassification 

Free  

progression 

first relapse 

(months) 

Free  

progression 

second  

relapse 

(months) 

Overall 

survival 

(months) 

CDKN2A/B, 

TERT 

5 Glioblastoma - - - Paraffin 

block 

EGFR, PTEN, 

CDKN2A/B, 

MTAP, TERT 

ARAF, RPTOR, 

ESR1, LTK, 

MUTYH 

- 23.4 37.2 42 

6 Glioblastoma - wild type - Paraffin 

block 

EGFR, PTEN, 

CDK2A/B, 

MTAP, TERT 

EGFR, RPTOR, 

ERBB2, TEK, 

FGFR1, FLT1 

- 7.9 19.7 27.1 

7 Glioblastoma - wild type unmethyl-

ated 

Paraffin 

block 

EGFR, KIT, 

PDGFRA, CDK4, 

KEAP1, MDM2, 

PIK3R1, TERT 

CCN2, PPARG, 

MAF, TET2, 

NOTCH3, 

PIK3C2G 

- 14.8 47.2 54  

8 Glioblastoma - - - Paraffin 

block 

CDK4, FGFR3, 

MDM2, TERT 

ERBB3, RPTOR, 

JAK2, 

- 9.8 15.1 18.8 
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Initial diagnostic Diagnosis after genetic profiling Survival 

Patient 

number 

Glioma type Codeletion 

1p/19q 

(FISH) 

IDH  

mutation 

(IHQ) 

MGMT  

promoter 

methylation 

(PCR) 

Sample type 

(F-1CDX) 

Mutations in 

cancer-related 

genes 

Mutations of  

uncertain signifi-

cance 

Glioma 

 reclassification 

Free  

progression 

first relapse 

(months) 

Free  

progression 

second  

relapse 

(months) 

Overall 

survival 

(months) 

KMT2A(MLL), 

MDM2 

9 Glioblastoma - - unmethyl-

ated 

Liquid bi-

opsy 

ATM, DNMT3A POLE, RPTOR, 

SPEN, TSC1 

- 11 19.1 24 

10 Glioblastoma - wild type - Liquid bi-

opsy 

FANCL, NRAS, 

MSH6 

GNAS, VHL, KIT, 

MED12, MLH1 

- 3   6.4  

11 Glioblastoma - - unmethyl-

ated 

Paraffin 

block 

NF1-CDK6, 

HGF, CBL, 

PTPN11, TERT 

ALK, NF2, GRM3, 

PIK3RI, IRF4, 

TSC1, MML2 

- 10.3 14.2 live 

12 Glioblastoma - - - Paraffin 

block 

PDGFRA, 

CCND2, FGF23, 

FGF6, KDM5A, 

NTRK1, TP53 

BRIP1, MAF, 

SMAD2, BTK, 

NOTCH2, SPEN, 

CDHH1, RAD52, 

TYR03, KEAP1, 

RET 

- 8 13.1 20 
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Initial diagnostic Diagnosis after genetic profiling Survival 

Patient 

number 

Glioma type Codeletion 

1p/19q 

(FISH) 

IDH  

mutation 

(IHQ) 

MGMT  

promoter 

methylation 

(PCR) 

Sample type 

(F-1CDX) 

Mutations in 

cancer-related 

genes 

Mutations of  

uncertain signifi-

cance 

Glioma 

 reclassification 

Free  

progression 

first relapse 

(months) 

Free  

progression 

second  

relapse 

(months) 

Overall 

survival 

(months) 

13 Glioblastoma - mutated methylated Paraffin 

block 

NF1, IDH1, 

CDKN2A/B, 

CDKN2C, 

MTAP, MUTYH, 

TOTN11, 

SETD2, promotor 

TERT, TP53 

BTB2, RAD54L, 

CBL, CIC, FANCA 

 14.1 21.2 live 

14 Glioblastoma - - - Paraffin 

block 

BRAF, 

CDKN2A/B, 

TERT 

ERBB3, ZNF703, 

NOTCH1, 

PDCD1LG(PD-L2), 

SGK1 

 13.3 23.6 28.7  

15 Glioblastoma - - - Paraffin 

block 

MDM4, 

PIK3C2B, TERT 

ABL, PIK3C2B re-

arrangement, 

AXIN1, PTEN, 

EED, MSH2  

 2.2  2.5 9.7  
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mutation 

(IHQ) 

MGMT  

promoter 

methylation 

(PCR) 

Sample type 

(F-1CDX) 

Mutations in 

cancer-related 

genes 

Mutations of  

uncertain signifi-

cance 

Glioma 

 reclassification 

Free  

progression 

first relapse 

(months) 

Free  

progression 

second  

relapse 

(months) 

Overall 

survival 

(months) 

16 Glioblastoma - mutated methylated Paraffin 

block 

NF1, ATRX, 

MLH1, RB1, 

TP53 

ABL1, KEL, SPEN, 

CREBBP, MEF2B, 

EP300, NOTCH3, 

INPP4B, PMS2 

 16.1 79.3 84.5  

17 Glioblastoma - mutated methylated Paraffin 

block 

IDH1, TP53 ATRX, MED12, 

CD22, ZNF703, 

EP300, KDR 

Amut IDH, No codel 1p/19q, 

G3-4 

23.1 26.6 34 

18 Glioblastoma - mutated unmethyl-

ated 

Paraffin 

block 

EGFR, ARID1A, 

RB1, TERT, TP53 

AR, MLH1, EGFR, 

PRKCI, EP300, 

RET, ESR1, TP53 

 6.6 10.1 15.4 

19 Glioblastoma - - - Paraffin 

block 

IDH1, ATRX, 

KEL, TP53 

GATA4, TYR03 Amut IDH, No codel 1p/19q, 

G3-4 

18.4 28.8 live 

20 Glioblastoma - - - Paraffin 

block 

STAT3, RB1, 

STAG2, TERT, 

TP53 

BCOR, U2AF1, 

FLT1, HSD3D, 

NOTCH2 

 21.1 32.4 36.6 
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Initial diagnostic Diagnosis after genetic profiling Survival 

Patient 

number 

Glioma type Codeletion 

1p/19q 

(FISH) 

IDH  

mutation 

(IHQ) 

MGMT  

promoter 

methylation 

(PCR) 

Sample type 

(F-1CDX) 

Mutations in 

cancer-related 

genes 

Mutations of  

uncertain signifi-

cance 

Glioma 

 reclassification 

Free  

progression 

first relapse 

(months) 

Free  

progression 

second  

relapse 

(months) 

Overall 

survival 

(months) 

21 Glioblastoma - - - Paraffin 

block 

BCOR, MUTYH, 

U2AF1 

AXL, KDR, SET2, 

BRD4, KEL, SOX9, 

BTK, MRE11A, 

DNMT3A, PTCH1 

 12.5 26.2 31 

22 Anaplastic as-

trocytoma 

- mutated methylated Paraffin 

block 

CDKN2A/B, 

IDH2, MTAP, 

NOTCH1, TERT 

ATR, DIS3, 

NTRK1, BRCA1, 

FANCC, PIK3R1, 

BRCA2, GNAS, 

PRDM1, BRIP1, 

NOTCH1, 

SMARCA4 

 61.4 73 87.7 

23 Anaplastic as-

trocytoma 

- mutated - Liquid bi-

opsy 

TP53 XIN1, TSC1, 

BRCA2, MAP2K2 

(MEK2), MAP3K1 

- 6.8 11.7 live 
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Initial diagnostic Diagnosis after genetic profiling Survival 

Patient 

number 

Glioma type Codeletion 

1p/19q 

(FISH) 

IDH  

mutation 

(IHQ) 

MGMT  

promoter 

methylation 

(PCR) 

Sample type 

(F-1CDX) 

Mutations in 

cancer-related 

genes 

Mutations of  

uncertain signifi-

cance 

Glioma 

 reclassification 

Free  

progression 

first relapse 

(months) 

Free  

progression 

second  

relapse 

(months) 

Overall 

survival 

(months) 

24 Anaplastic as-

trocytoma 

- mutated methylated Paraffin 

block 

NF1, CARD11, 

SETD2, STAG2, 

TP53 

ALK, MLL2, 

ASXL1, NOTCH3, 

BTK, PIK3C2B, 

EPHB4 

- 8.6 13 14,5  

25 Anaplastic as-

trocytoma 

- - unmethyl-

ated 

Paraffin 

block 

EP300, SETD2 NTRK1, TET2, 

RAD54L, TSC1, 

SPEN, TBX3 

 10.1 13.3 19 

26 Anaplastic as-

trocytoma 

1p/19q+ mutated - Paraffin 

block 

IDH1, SOX2, 

CIC, TERT 

CXCR4, TEK, 

FGF19, TGFBR2, 

IRS2, Soen 

Omut-IDH, codel 1p/19q, 

G3. 

52.6 64.4 live 

27 Anaplastic oli-

goastrocytoma 

1p/19q+ mutated methylated Paraffin 

block 

IDH1, NF1, TP53 CARD11, NTRK2, 

FGF6, SMARCA4, 

GABRA6, MSH2 

 238.4 253.9 live 

28 Anaplastic oli-

goastrocytoma 

- mutated - Liquid bi-

opsy 

ABL1 ATR, PPP2R1A, 

BCL2, SDHA, NF1, 

 15.2 20.4 live 
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Initial diagnostic Diagnosis after genetic profiling Survival 

Patient 

number 

Glioma type Codeletion 

1p/19q 

(FISH) 

IDH  

mutation 

(IHQ) 

MGMT  

promoter 

methylation 

(PCR) 

Sample type 

(F-1CDX) 

Mutations in 

cancer-related 

genes 

Mutations of  

uncertain signifi-

cance 

Glioma 

 reclassification 

Free  

progression 

first relapse 

(months) 

Free  

progression 

second  

relapse 

(months) 

Overall 

survival 

(months) 

TSC1, NOTCHH2, 

ZNF703 

29 Anaplastic oli-

goastrocytoma 

1p/19q+ mutated methylated Paraffin 

block 

IDH1, ARID1A, 

CIC, TERT 

ALK, DIS3, MLL2, 

TSC2, AXL, FLCN, 

POLE, BRD4, 

FLT3, ROS1, 

CREBBP, LTK, 

SPEN 

 145.7 152.7 live 

30 Anaplastic oli-

goastrocytoma 

- wild type methylated Paraffin 

block 

IDH1, CDH1, 

TP53 

ATRX, KLHL6, 

DIS3, MLL2, 

FANCL, MSH3, 

KDR, POLD1. 

Amut IDH, No codel 1p/19q, 

G3-4 

10.1 13.3 45 

31 Anaplastic oli-

goastrocytoma 

1p/19q mutated methylated Paraffin 

block 

IDH, ARIDIA, 

CIC, FUBP1, 

NOTCH1, TERT, 

TP53 

BCOR, MAP3K1, 

TSC1, CIC, POLE, 

FGFR1, NFR43, 

KIT, ROS1. 

 13.6 24.9 32.1  
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Supplementary Material 2. The table shows the genes with some type of mutation that were found in the 31 patients with high-grade gliomas, classified according 

to the type of high-grade glioma. 

 

Gene 

Glioblastoma (GB) Anaplastic Astrocytoma (AA) 
Anaplastic Oligoastrocytoma 

(AOA) 
Oligoastrocytoma (OA) 

Not yes Not yes Not yes Not yes 

n % n % n % n % n % n % n % n % 

ALK 17 81 4 19 5 100 0 0 3 75 1 25 1 100 0 0 

ARID1A 19 90 2 10 5 100 0 0 3 75 1 25 0 0 1 100 

BCOR 19 90 2 10 5 100 0 0 4 100 0 0 0 0 1 100 

CCND2 21 100 0 0 3 60 2 40 4 100 0 0 1 100 0 0 

CDKN2AB 15 71 6 29 5 100 0 0 4 100 0 0 1 100 0 0 

CIC 19 90 2 10 4 80 1 20 3 75 1 25 0 0 1 100 

EGFR 8 38 13 62 4 80 1 20 4 100 0 0 1 100 0 0 

EP300 17 81 4 19 5 100 0 0 3 75 1 25 1 100 0 0 

FGFR1 20 95 1 5 5 100 0 0 4 100 0 0 0 0 1 100 

FUBP1 21 100 0 0 5 100 0 0 4 100 0 0 0 0 1 100 

IDH1 27 87 4 13 3 60 2 40 3 75 1 25 0 0 1 100 

KDR 17 81 4 19 5 100 0 0 4 100 0 0 1 100 0 0 

KEAP1 21 100 0 0 3 60 2 40 4 100 0 0 1 100 0 0 

KIT 20 95 1 5 3 60 2 40 4 100 0 0 0 0 1 100 

MAF 21 100 0 0 3 60 2 40 4 100 0 0 1 100 0 0 

MAP3K1 21 100 0 0 5 100 0 0 3 75 1 25 0 0 1 100 

MLL2 17 81 4 19 5 100 0 0 3 75 1 25 1 100 0 0 

NF1 16 76 5 24 5 100 0 0 3 75 1 25 1 100 0 0 

NOTCH1 19 90 2 10 5 100 0 0 4 100 0 0 0 0 1 100 

PDGFRA 9 43 12 57 3 60 2 40 4 100 0 0 1 100 0 0 

POLE 18 86 3 14 5 100 0 0 3 75 1 25 0 0 1 100 

RNF43 21 100 0 0 5 100 0 0 4 100 0 0 0 0 1 100 
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Gene 

Glioblastoma (GB) Anaplastic Astrocytoma (AA) 
Anaplastic Oligoastrocytoma 

(AOA) 
Oligoastrocytoma (OA) 

Not yes Not yes Not yes Not yes 

n % n % n % n % n % n % n % n % 

ROS1 20 95 1 5 5 100 0 0 3 75 1 25 0 0 1 100 

RPTOR 17 81 4 19 5 100 0 0 4 100 0 0 1 100 0 0 

SPEN 17 81 4 19 3 60 2 40 2 50 2 50 1 100 0 0 

TERT 8 38 13 62 3 60 2 40 3 75 1 25 0 0 1 100 

TP53 12 57 9 43 3 60 2 40 3 75 1 25 0 0 1 100 

TSC1 17 81 4 19 5 100 0 0 1 25 3 75 0 0 1 100 

TYRO3 21 100 0 0 3 60 2 40 4 100 0 0 1 100 0 0 

ABL1 19 90 2 10 5 100 0 0 3 75 1 25 1 100 0 0 

AKT1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

AKT2 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

ALOX12B 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

APC 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

AR 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

ARAF 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

ASXL1 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

ATM 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

ATR 21 100 0 0 5 100 0 0 3 75 1 25 1 100 0 0 

ATRX 18 86 3 14 4 80 1 20 4 100 0 0 1 100 0 0 

AURKB 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

AXIN1 20 95 1 5 5 100 0 0 3 75 1 25 1 100 0 0 

AXL 19 90 2 10 5 100 0 0 3 75 1 25 1 100 0 0 

BAP1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

BCL2 21 100 0 0 5 100 0 0 3 75 1 25 1 100 0 0 

BCORL1 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

BRAF 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 
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Gene 

Glioblastoma (GB) Anaplastic Astrocytoma (AA) 
Anaplastic Oligoastrocytoma 

(AOA) 
Oligoastrocytoma (OA) 

Not yes Not yes Not yes Not yes 

n % n % n % n % n % n % n % n % 

BRCA1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

BRCA2 21 100 0 0 5 100 0 0 3 75 1 25 1 100 0 0 

BRD4 19 90 2 10 5 100 0 0 3 75 1 25 1 100 0 0 

BRIP1 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

BTG2 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

BTK 19 90 2 10 4 80 1 20 4 100 0 0 1 100 0 0 

C11ORF30EMSY 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

CARD11 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

CASP8 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

CBL 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

CD22 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

CD274PDL1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

CD79A 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

CDH1 19 90 2 10 4 80 1 20 4 100 0 0 1 100 0 0 

CDK4 20 95 1 5 4 80 1 20 4 100 0 0 1 100 0 0 

CDK6 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

CDKN2C 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

CREBBP 19 90 2 10 5 100 0 0 3 75 1 25 1 100 0 0 

CSF1R 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

CXCR4 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

DDR1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

DIS3 18 86 3 14 5 100 0 0 3 75 1 25 1 100 0 0 

DNMT3A 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

DOT1L 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

EED 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 
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Gene 

Glioblastoma (GB) Anaplastic Astrocytoma (AA) 
Anaplastic Oligoastrocytoma 

(AOA) 
Oligoastrocytoma (OA) 

Not yes Not yes Not yes Not yes 

n % n % n % n % n % n % n % n % 

EPHA3 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

EPHB1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

EPHB4 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

ERBB2 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

ERBB3 18 86 3 14 5 100 0 0 4 100 0 0 1 100 0 0 

ESR1 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

FAM123B 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

FANCA 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

FANCC 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

FANCG 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

FANCL 20 95 1 5 4 80 1 20 4 100 0 0 1 100 0 0 

FBXW7 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

FGF19 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

FGF23 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

FGF6 20 95 1 5 4 80 1 20 4 100 0 0 1 100 0 0 

FGFR3 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

FGFR4 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

FLCN 20 95 1 5 5 100 0 0 3 75 1 25 1 100 0 0 

FLT1 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

FLT3 20 95 1 5 5 100 0 0 3 75 1 25 1 100 0 0 

GABRA6 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

GATA4 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

GNAS 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

GRM3 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

GSK3B 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 
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Gene 

Glioblastoma (GB) Anaplastic Astrocytoma (AA) 
Anaplastic Oligoastrocytoma 

(AOA) 
Oligoastrocytoma (OA) 

Not yes Not yes Not yes Not yes 

n % n % n % n % n % n % n % n % 

HGF 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

HSD3B1 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

ID3 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

IKZF1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

INPP4B 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

IRF4 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

IRS2 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

JAK2 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

JAK3 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

KDM5A 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

KEL 19 90 2 10 4 80 1 20 4 100 0 0 1 100 0 0 

KLHL6 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

KMT2AMLL 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

KRAS 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

LTK 19 90 2 10 5 100 0 0 3 75 1 25 1 100 0 0 

MAP2K1MEK1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

MAP2K2MEK2 21 100 0 0 5 100 0 0 3 75 1 25 1 100 0 0 

MAP3K13 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

MDM2 20 95 1 5 4 80 1 20 4 100 0 0 1 100 0 0 

MDM4 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

MED12 19 90 2 10 4 80 1 20 4 100 0 0 1 100 0 0 

MEF2B 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

MET 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

MLH1 19 90 2 10 4 80 1 20 4 100 0 0 1 100 0 0 

MPL 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 
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Gene 

Glioblastoma (GB) Anaplastic Astrocytoma (AA) 
Anaplastic Oligoastrocytoma 

(AOA) 
Oligoastrocytoma (OA) 

Not yes Not yes Not yes Not yes 

n % n % n % n % n % n % n % n % 

MRE11A 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

MSH2 18 86 3 14 5 100 0 0 4 100 0 0 1 100 0 0 

MSH3 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

MSH6 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

MTAP 18 86 3 14 5 100 0 0 4 100 0 0 1 100 0 0 

MUTYH 18 86 3 14 5 100 0 0 4 100 0 0 1 100 0 0 

MYD88 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

NF2 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

NOTCH2 20 95 1 5 4 80 1 20 3 75 1 25 1 100 0 0 

NOTCH3 18 86 3 14 4 80 1 20 4 100 0 0 1 100 0 0 

NRAS 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

NTRK1 21 100 0 0 4 80 1 20 3 75 1 25 1 100 0 0 

NTRK2 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

PARP2 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

PAX5 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

PBRM1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

PDCD1LG2PDL2 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

PIK3C2B 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

PIK3C2G 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

PIK3CA 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

PIK3R1 20 95 1 5 4 80 1 20 4 100 0 0 1 100 0 0 

PMS2 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

POLD1 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

PPARG 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

PPP2R1A 20 95 1 5 5 100 0 0 3 75 1 25 1 100 0 0 
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Gene 

Glioblastoma (GB) Anaplastic Astrocytoma (AA) 
Anaplastic Oligoastrocytoma 

(AOA) 
Oligoastrocytoma (OA) 

Not yes Not yes Not yes Not yes 

n % n % n % n % n % n % n % n % 

PRKCI 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

PTCH1 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

PTEN 18 86 3 14 5 100 0 0 4 100 0 0 1 100 0 0 

PTPN11 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

PTPRO 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

QKI 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

RAC1 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

RAD21 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

RAD51D 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

RAD52 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

RAD54L 20 95 1 5 5 100 0 0 3 75 1 25 1 100 0 0 

RB1 18 86 3 14 5 100 0 0 4 100 0 0 1 100 0 0 

RBM10 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

REL 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

RET 19 90 2 10 4 80 1 20 4 100 0 0 1 100 0 0 

RICTOR 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

SDHA 21 100 0 0 5 100 0 0 3 75 1 25 1 100 0 0 

SDHB 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

SETD2 18 86 3 14 5 100 0 0 3 75 1 25 1 100 0 0 

SGK1 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

SMAD2 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

SMAD4 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

SMARCA4 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

SNCAIP 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

SOX2 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 
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Gene 

Glioblastoma (GB) Anaplastic Astrocytoma (AA) 
Anaplastic Oligoastrocytoma 

(AOA) 
Oligoastrocytoma (OA) 

Not yes Not yes Not yes Not yes 

n % n % n % n % n % n % n % n % 

SOX9 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

STAG2 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

STAT3 20 95 1 5 5 100 0 0 4 100 0 0 1 100 0 0 

STK11 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

SYK 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

TBX3 21 100 0 0 5 100 0 0 3 75 1 25 1 100 0 0 

TEK 19 90 2 10 4 80 1 20 4 100 0 0 1 100 0 0 

TET2 21 100 0 0 4 80 1 20 3 75 1 25 1 100 0 0 

TGFBR2 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

TSC2 20 95 1 5 5 100 0 0 3 75 1 25 1 100 0 0 

U2AF1 19 90 2 10 5 100 0 0 4 100 0 0 1 100 0 0 

VHL 21 100 0 0 4 80 1 20 4 100 0 0 1 100 0 0 

WHSC1MMSET 21 100 0 0 5 100 0 0 4 100 0 0 1 100 0 0 

ZNF703 19 90 2 10 5 100 0 0 3 75 1 25 1 100 0 0 
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