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Abstract: Glioblastoma (GBM) is the most common malignant primary brain tumor in adults. This cancer shows 
rapid, highly infiltrative growth, that invades individually or in small groups the surrounding tissue. The aggressive tu-
mor biology of GBM has devastating consequences with a median survival of 15 months. GBM often has Epidermal 
Growth Factor Receptor (EGFR) abnormalities. Despite recent advances in the study of GBM tumor biology, it is 
unclear whether mutations in GBM are related to EGFR amplification and relevant phenotypes like tumor infiltration. 
This study aimed to perform whole-exome sequencing analysis in 30 human GBM samples for identifying muta-
tional portraits associated with EGFR amplification and infiltrative patterns. Our results show that EGFR-amplified 
tumors have overall higher mutation rates than EGFR-no-amplified. Six genes out of 2029 candidate genes show 
mutations associated with EGFR amplification status. Mutations in these genes for GBM are novel, not previously 
reported in GBM, and with little presence in the TCGA database. GPR179, USP48, and BLK show mutation only in 
EGFR-amplified cases, and all the affected cases exhibit diffuse infiltrative patterns. On the other hand, mutations 
in ADGB, EHHADH, and PTPN13, were present only in the EGFR-no-amplified group with a more diverse infiltrative 
phenotype. Overall, our work identified different mutational portraits of GBM related to well-established features like 
EGFR amplification and tumor infiltration.

Keywords: Glioblastoma (GBM), EGFR amplification, whole exome sequencing, infiltration patterns, FISH, somatic 
mutation

Introduction

Glioblastoma (GBM) is the most common malig-
nant brain tumor in adults. Ninety percent of 
these tumors are classified as primary GBMs. 
Primary GBMs initiate and progress rapidly in 
the absence of clinical or histologic evidence of 
less malignant precursor lesions [1]. This tumor 
shows rapid, highly infiltrative growth, and GBM 
tumor cells tend to invade the surrounding tis-
sue either by individuals cells, which is called 
diffuse phenotype, or in small groups of cells, 
which is called a nodular phenotype [2-5]. 
Despite intensive research and multimodal 
treatment including surgical resection, radio-
therapy, and chemotherapy, patients today still 
face a dismal prognosis with a median survival 
of 15 months [1]. 

According to the 2016 CNS WHO classification, 
GBM classifies into IDH-wildtype GBM or IDH-
mutant GBM (about 10% of cases). In contrast 
to IDH-wildtype GBM, IDH-mutant GBM usually 
has a history of prior lower grade diffuse glioma 
and preferentially arises in younger patients [1]. 
In addition to IDH gene status, comprehensive 
genetic analysis of GBMs demonstrated differ-
ent molecular alterations that contribute to 
tumorigenesis. Numerous tumor suppressor 
genes and oncogenes are inactivated and acti-
vated, respectively. As with many other types of 
cancer and in the context of precision medicine, 
therapeutic decisions in GBM management rely 
on biomarker analysis. GBM tumors often con-
tain Epidermal Growth Factor Receptor (EGFR) 
abnormalities including amplification, mutation, 
protein expression alterations, and changes in 
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protein function. EGFR protein plays key roles in 
important cellular functions including prolifera-
tion and migration, among others. Alterations 
such as amplification or mutation of the EGFR 
gene are a hallmark of disease pathogenesis in 
GBM, observed in approximately 50% of cases 
[6-8]. Abnormal EGFR activity or function is also 
associated with changes in the regulation of 
different signaling pathways including p53, Rb, 
and receptor tyrosine kinase (RTK)/Ras/phos-
phoinositide 3-kinase (PI3K) [9, 10]. Recent 
studies analyzed the frequency of EGFR ampli-
fication by FISH in a large cohort of GBM 
patients to evaluate whether EGFR amplifica-
tion differs by geographical origin of patients 
and if these differences are important to opti-
mize treatments [8]. In addition to EGFR altera-
tions, GBMs exhibit other frequent molecular 
alterations like TERT promoter mutations 
(72%), TP53 mutations (27%), and PTEN muta-
tions (24%) [1, 11]. However, it is still unclear 
whether these other frequent mutations are 
related to EGFR amplification and how they 
impact relevant phenotypes like tumor infiltra-
tive patterns. 

Next-generation sequencing (NGS) technolo-
gies help in unveiling DNA sequences for the 
characterization of both frequent and rare 
genomic alterations relevant in many different 
types of cancer. The amount and quality of data 
obtained in NGS studies provide a unique and 
powerful insight into the landscape of genetic 
alterations and subsequent biological changes 
in GBM genesis and progression. The study of 
nucleotide changes through Whole Exome 
Sequencing (WES) in coding and non-coding 
exons and RNAs may help for a better under-
standing of cancer progression and the discov-
ery of new molecular targets for personalized 
therapies. The analysis of WES data in associa-
tion with relevant subgroups of patients and 
response to specific therapies may provide sig-
natures, markers, and algorithms to identify 
genetic alterations networks relevant to the 
clinical management of the disease [12, 13]. 
Recent GBM studies using WES technologies 
revealed novel genetic alterations related to 
the age of patients, recurrence, and survival 
which may play important roles in characteriz-
ing and treating GBM [14-17]. 

In this context, this study aimed to perform 
WES analysis in 30 tumor samples of human 

GBM, subdividing them according to the most 
frequent genetic alteration related to the EGFR 
amplification or not, as well as its possible 
repercussion in its infiltrative capacity. 

Material and methods

Patients and tumor samples

Thirty patients with GBM from the Hospital 
Clínico Universitario in Valencia were included 
in the study and biopsies were obtained from 
their tumors. Patients did not have a previous 
diagnosis of lower-grade astrocytoma and 
therefore tumors were clinically diagnosed as 
primary GBMs. This study was reviewed and 
approved by the clinical investigation ethics 
committee at the Hospital Clínico Universitario 
(CEIC). The samples were diagnosed by two dif-
ferent neuropathologists. The tissue was 
retrieved from the patients during surgical 
resection. Immediately after resection, tissue 
was split into two samples, one for histopatho-
logical and immunohistochemical analysis and 
another one for molecular analysis. The sample 
for molecular analysis was immediately frozen 
and stored at -80°C until use. The samples for 
histopathological and immunohistochemical 
analysis were fixed in neutral-buffered formalin 
during 48 h, embedded in paraffin, sectioned, 
and stained with hematoxylin-eosin (HE).

All tumor samples were analyzed and classified 
according to the WHO classification criteria [1] 
and the GBM diagnosis was confirmed Paraffin-
embedded sections underwent further immu-
nohistochemistry (IHC) analysis using the avi-
din-biotin-peroxidase complex method and 
antibodies directed against the glial fibrillary 
acidic protein (GFAP), and Ki-67 (MIB-1). Ki-67 
proliferation index was evaluated by MIB-1 anti-
body staining (Dako, Glostrup, Denmark). The 
final Ki-67 index was calculated as the percent-
age of immunopositive nuclei in ten fields of 
two different sections at 20X. Samples were 
then classified as <5% stained nuclei, 5%-10%, 
10%-25%, and >25% stained nuclei.

Molecular status of IDH1/IDH2 and TP53 
genes

We used a tissue DNA kit (Qiagen) for extracting 
genomic DNA from all 30 GBMs samples, 
according to the manufacturer’s instructions. 
Subsequently, the catalytic domain of IDH1 
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including codon 132 was amplified using the 
sense primer IDH1 F: 5’-CGGTCTTCAGAG- 
AAGCCATT-3’ and the antisense primer IDH1 R: 
5’-GCAAAATCACATTATTGCCAAC-3’. The catalyt-
ic domain of IDH2 including codon 172 was 
amplified using the sense primer IDH2 F: 
5’-AGCCCATCATCTGCAAAAAC-3’ and the anti-
sense primer IDH2 R: 5’-CTAGGCGAGGAGC- 
TCCAGT-3’. PCR was performed in 200 ng of 
DNA by applying 40 cycles including denatur-
ation at 94°C for 45 s, annealing at 60°C for 45 
s, and extension at 72°C for 45 s in a total vol-
ume of 25 µl using an AmpliTaq Gold Master 
Mix (Thermo Fisher Scientific). PCR products 
were purified using Centricon columns (Amicon, 
Beverly, MA) and standard manufacturer’s 
instructions. The purified PCR amplification 
products, both forward and reverse chains, 
were analyzed on an ABI 310 Sequencer (Fos- 
ter City, CA). TP53 sequencing was carried out 
in four different PCR amplification reactions 
(exons 5-8). 

Molecular status of EGFR by Fluorescence in-
situ hybridization

To evaluate the EGFR gene amplification sta-
tus, dual-color fluorescence in-situ hybridiza-
tion (FISH) was performed in tissue microarrays 
(TMAs) using the LSI EGFR Spectrum Orange/
CEP 7 Spectrum Green Probe from Vysis 
(Abbott Laboratories, Downers Grove, IL, USA. 
Cat. No. 32-191053). For quantification purpos-
es, we counted positive signals in 100-150 
non-overlapping tumor cell nuclei. In each case, 
the mean signal numbers for the EGFR gene 
and the control CEP 7 probe were calculated 
and used to calculate the EGFR/CEP 7 ratio. 
The EGFR gene was considered to be amplified 
when the EGFR/CEP7 signal ratio was greater 
than 2 in ≥10% recorded cells [7]. 

Multiplex ligation-dependent probe amplifica-
tion (MLPA)

DNA for MLPA analysis was obtained by a 
QIAamp DNA FFPE tissue kit (Qiagen, Inc., 
Valencia, CA) applied to biopsy punches from 
selected areas of the paraffin blocks of each 
sample. When necessary, the quality and quan-
tity of the samples were assessed and improved 
by standard ethanol precipitation. Multiplex 
ligation-dependent probe amplification (MLPA) 
was performed to determine the copy number 
variations (CN), the mutant EGFRvIII form exhib-

iting loss of exons 2 to 7 of genes in a single 
reaction. SALSA MLPA kits were used following 
the manufacturer’s instructions (MRC-Holland, 
Amsterdam, Netherlands). Capillary electro-
phoresis in an ABI 310 Sequencer (Applied 
Biosystems Inc., Foster City, CA) separated 
MLPA fragments The Coffalyser excel-based 
MLPA analysis software (MRC-Holland) was 
used for data analysis. Thresholds to detect 
losses and gains of genetic material were set, 
respectively, at 0.75 and 1.25. For this multi-
genic technique, the two specifically designed 
sets of probes used contained different genes. 
Salsa MLPA kit P105-C1 with the genes: PTEN 
(10q23.31), and CDKN2A/CDKN2B (9p21.3). 

DNA methylation status

Sodium bisulfite conversion was performed 
using an EZ-96 DNA methylation kit according 
to the manufacturer’s protocol (Zymo Research, 
Freiburg Germany) on 1 μg of genomic DNA. For 
quantitative methylation measurements, we 
used Sequenom’s MassARRAY platform which 
utilizes MALDI-TOF mass spectrometry in com-
bination with RNA base-specific cleavage 
(MassCLEAVE). PCR primers for amplification of 
different regions of the MGMT gene were 
designed using Epidesigner (Sequenom, San 
Diego, CA, USA). Whenever feasible, amplicons 
were designed to cover CGIs in the same region 
as the 5’ UTR. For each reverse primer, an addi-
tional T7 promoter tag for in vivo transcription 
was added, as well as a 10-mer tag on the for-
ward primer to adjust for melting-temperature 
differences. The PCRs were carried out in a 5 μl 
format with 10 ng bisulfite-treated DNA, 0, 2 
units of TaqDNA polymerase (Sequenom), 1× 
supplied Taq buffer, and 200 mM PCR primers. 
Mass spectra were collected using a Mass- 
ARRAY mass spectrometer (Bruker-Sequenom). 
The resulting spectra were analyzed using pro-
prietary peak picking and signal-to-noise calcu-
lations after which the spectra’ methylation 
ratios were generated using EpiTYPER software 
v1.2 (Sequenom, San Diego, CA, USA). 

EGFR immunohistochemistry

Paraffin-embedded sections were analyzed by 
using the avidin-biotin-peroxidase method. We 
identified the wild-type EGFR and EGFRvIII 
using the monoclonal mouse anti-human EGFR 
antibody (clone H11; Dako). Four levels of EGFR 
expression were established for the analysis 
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according to the number of stained tumor cells: 
0 (no staining), 1 (light or focal, 1%-10% of 
cells), 2 (moderate, 10%-25% of cells), and 3 
(strong, >25% of cells). Samples with scores of 
0 or 1 were considered as no overexpressing 
EGFR whereas scores of 2 and 3 were consid-
ered as overexpressing EGFR.

Whole-exome sequencing (WES)

DNA was extracted from snap-frozen tumor 
samples. For each tumor specimen submitted 
for WES, sections were reviewed by a neuropa-
thologist to confirm the diagnosis of GBM, and 
the adequacy for sequencing was assessed. 
The quality and the quantity of the total DNA 
have been determined in Nanodrop-1000, by 
agarose gel electrophoresis and Qubit 2.0. 
Fragment libraries were obtained and captured 
using SureSelect Capture Library “SureSelectXT 
Human All Exon v5”, following Agilent protocols 
and recommendations. The quality and the 
quantity of the libraries were analyzed in 4200 
TapeStation, High Sensitivity assay, and Qubit 
2.0. Raw data is accessible in the Zernodo 
OpenAire data repository (https://doi.org/ 
10.5281/zenodo.4636211).

Computational analysis

The exome was based on an Illumina Hi- 
Seq2000 sequencing platform using a paired-
end 2×100 strategy and an Agilent’s SureSele- 
ct Target Enrichment System for 51 Mb. 
Sequencing was done with a 50× of coverage. 
The reads were aligned against the last version 
of human genome reference (GRCh38/hg38 
assembly) using the Burrows-Wheeler Alig- 
nment tool (BWA) [18]. Low-quality reads and 
sequences flagged as PCR duplicates were 
removed from the BAM file using the Picard 
tools. We follow the Best Practices v3 guide-
line. The variant calling process for SNPs and 
Indels identification was based on GATK [19] 
and VarScan [20] methods. Python scripts 
were developed to combine variants. Variants 
annotation was based on Ensembl variant 
effect predictor [21] and NCBI database. For 
pathological variants selection, we defined dif-
ferent filters: i) novel or low global frequency 
variants (<0.05) using 1000 Genomes Data- 
base [22], ii) variants with a high impact accord-
ing to Ensembl annotation [23] or, iii) missens-
es with deleterious prediction according to Sift 
[24] and polyphen [25] methods. A Fisher exact 

test was applied to evaluate differences 
between different phenotypes. Statistical sig-
nificance was set at P<0.05 and all statistical 
tests were two-sided. Multivariate analyses 
including PCA, DA, and HCA were performed 
with R (3.3.2 version).

Somatic mutation data analysis and functional 
enrichments analysis

Based on the statistically significant mutated 
genes a discriminant analysis was performed 
using the Adegenet package of R [26, 27]. This 
method first uses a PCA to reduce the dimen-
sion of the data and then applies a discriminant 
analysis (DA) for detecting the most discrimina-
tive variables. In the present analysis, two PC2 
dimensions were calculated over the significant 
mutations. Then, genes with the most categori-
cal discriminant power were selected using the 
score associated with the DA. The significant 
genes were also contrasted against the TGCA 
(Analysis Working Group Data Release Package) 
databases [28]. Functional enrichment analy-
sis was carried out using the cluster profiler 
package in R [29].

Results

Patient data and EGFR status

A set of 30 GBM cases, 29 of them IDH1/2wild-
type, and one case with the mutation c.395G>A 
(p.R132H), was included in this study. None of 
the patients had a previous astrocytoma diag-
nosis or previous treatments. Of these, 17 were 
males and 13 were females. The age of the 
patients ranged from 31 to 75 years, with a 
mean of 61,3 years. The location for all tumors 
was in the supratentorial region. The size of 
tumors ranged from 1,4 to 8 cm, with a mean of 
4,5 cm. The average survival of the patients 
was 14,8 months (range 2 to 26 months, Table 
1). 

All tumors showed clinical and histological fea-
tures of GBM including pleomorphic astrocytic 
tumor cells, prominent microvascular prolifera-
tion, and necrosis. All cases presented neo-
plastic cells with expression of Glial Fibrillary 
Astrocytic Protein (GFAP). We observed two dis-
tinct infiltration patterns independent of the 
amount of infiltration, as reported in previous 
works: a diffuse infiltrative pattern and a nodu-
lar pattern [2-5]. For infiltration pattern analy-
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Table 1. Clinicopathological and genetic features in 30 samples of human GBM

Sex/Age Location Size
(cm)

Survival
(months)

Infiltration
pattern Ki-67 EGFR

expression IDH1 EGFR
amp

1 F/72 F 6 8 diffuse 10-25% 3 wt amp
2 M/69 T 6.5 7 diffuse 10-25% 3 wt amp
3 F/58 T 6 23 diffuse >25% 3 wt amp
4 M/61 T 8 12 nv >25% 3 wt amp
5 F/66 F 4 26 nv 10-25% 2 wt amp
6 M/69 T 5.6 12 diffuse >25% 2 wt amp
7 F/61 F 4.5 2 diffuse >25% 3 wt amp
8 F/58 P 5.6 20 nv 10-25% 1 wt amp
9 M/57 F 6 17 diffuse 10-25% 2 wt amp
10 M/42 P 5 NV diffuse 10-25% 1 wt amp
11 M/60 T 5.3 5 nodular 5-10% 2 wt amp
12 F/31 F 2.6 NV nodular 10-25% 2 wt amp
13 F/73 P 4.5 26 nodular 5-10% 1 wt amp
14 M/35 P 5 26 diffuse >25% 2 wt amp
15 M/66 T 4 11 diffuse 5-10% 0 wt no-amp
16 F/35 F 2.6 NV nodular 5-10% 0 p.R132H no-amp
17 M/75 P 3.3 6 nodular >25% 2 wt no-amp
18 M/55 F 4.3 26 nodular 5-10% 1 wt no-amp
19 M/67 P 4 21 diffuse 5-10% 2 wt no-amp
20 F/75 F 6 2 nodular 10-25% 0 wt no-amp
21 M/60 F 8 2 diffuse 5-10% 0 wt no-amp
22 M/50 T 1.9 10 nv 10-25% 0 wt no-amp
23 F/65 T 2 22 nv 5-10% 2 wt no-amp
24 M/52 T 6 23 nv 5-10% 0 wt no-amp
25 M/74 P 1.5 NV nv 10-25% 0 wt no-amp
26 F/62 P 5.6 6 diffuse 10-25% 1 wt no-amp
27 M/55 T 1.5 14 diffuse 5-10% 1 wt no-amp
28 F/61 P 3.8 10 diffuse >25% 1 wt no-amp
29 M/43 P 5 13 nodular 5-10% 0 wt no-amp
30 F/73 P 1.4 15 nodular 10-25% 0 wt no-amp
Sex: male (M), female (F). Location: frontal (F), temporal (T), parietal (P), occipital (O). Survival: all cases are exitus at the end 
of the present study and NV that are cases with unknown evolution. nv: no valuable the infiltration pattern. EGFR amplificated 
(amp).

sis, only samples where, with an objective lens 
of 25×, at least 75% of the peripheral tumor 
area could be evaluated. As previously report-
ed, samples with the diffuse infiltrative pattern 
exhibit a progressive transition from areas with 
higher counts of neoplastic cells in the center 
of the tumor towards decreasing counts of neo-
plastic cells in the periphery of the tumor, infil-
trating adjacent nervous tissue (Figure 1A). 
The nodular infiltrative pattern shows a delimi-
tation in the form of a tumor front between 
high-density neoplastic cells and peripheral 
nervous tissue. The nodular infiltrative pattern 

also shows isolated groups of neoplastic cells 
in perivascular spaces, clearly separated from 
the tumor (Figure 1B). Our analysis identified 
14 cases with a diffuse infiltrative pattern and 
9 cases with a nodular infiltrative pattern.

We analyzed the amplification of EGFR for all 
samples with FISH methodology (Figure 1C and 
1D). Based on the amplification of EGFR, we 
classified samples into two groups: EGFR-
amplified (14 cases, for example in Figure 1C) 
and EGFR-no-amplified (16 cases, for example 
in Figure 1D). We observed more men in the 
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group of EGFR-no-amplified, a similar average 
age in both groups and slightly higher tumor 
size in the EGFR amplified group (5.3 cm vs. 3.8 
cm). Mean survival time did not show statisti-
cally significant differences neither with respect 
EGFR amplification status (EGFR-amplified 
13.3±7.3 months vs. EGFR-no-amplified 14.2± 
7.0 months, P-value 0.76) nor with respect infil-
tration pattern (diffuse 13.6±7 months vs 
11.9±7 8.2 months, P-value 0.65). In addition, 
no differences associated with EGFR amplifica-
tion or tumor infiltration patterns in hazard 
ratios calculated by a Cox model were identified 
when adjusted by age and tumor size (see 
Figure S1). The analysis of infiltrative patterns 
shows that 73% of cases with EGFR-amplified 
had a diffuse infiltrative pattern, and 50% of 
cases EGFR-no-amplified exhibited a nodular 
infiltrative phenotype. Mutational analysis of 
EGFR by MLPA showed that mutant EGFRvIII 
only appeared in 4 tumors, three of them with 

EGFR protein was overexpressed only in 3 out 
of 16 EGFR-no-amplified cases. The associa-
tion between amplification and overexpression 
of EGFR was statistically significant at the 0.05 
P-value level (Fisher exact test).

Genetic markers of GBM

We analyzed mutations in exons 5, 6, 7, and 8 
of the TP53 gene in all 30 cases of GBM. Two 
samples (6.6% of cases) showed TP53 muta-
tions. The sample from case 13, from the 
EGFR-amplified group, showed a heterozygous 
p.C141R mutation (substitution-missense type) 
in exon 5 of TP53. The sample from case 16, 
from the EGFR-no-amplified group, showed a 
heterozygous p.R273C mutation (substitution-
missense type) in exon 8 of TP53. Somatic copy 
number alteration (CNA) analysis showed loss-
es in CDKN2A/CDKN2B for 12 of the 30 GBM 
samples. Eight of them also showed EGFR 

Figure 1. Histopathology, EGFR expression, and EGFR amplification (de-
termined by FISH) in GBM. (A and B) HE stained images of human GBM 
cells. (A) Individually invading cells giving rise to a diffuse pattern with a 
progressive transition from the center of the tumor towards the peritumoral 
region (HE, objective 20×). (B) Infiltration of groups of cells giving rise to 
a nodular pattern where a front (blue line) partially delimits the center of 
the tumor and peritumoral region (HE, objective 10×). (C and D) FISH im-
ages of human GBM cells showing EGFR gene copies (green fluorescence, 
centromeres; magenta fluorescence, EGFR) in GBM EGFR-amplified (C) and 
EGFR-no amplified (D) cases. 

EGFR-amplified, and all of 
them with diffuse infiltrative 
patterns. Proliferation rates 
were compared by measuring 
the Ki-67 proliferation index. 
The expression of Ki67 is 
strongly associated with tumor 
cell proliferation and growth 
and is widely used in the rou-
tine pathological investigation 
as a proliferation marker. Out 
of 14 EGFR-amplified samples, 
Ki67 immunopositivity was 
high (>25% of cells) in 5 sam-
ples (35,7%), medium (10-25% 
of cells) in 7 cases (50%); and 
low (5-10% of cells) in 2 cases 
(14,3%). On the other hand, out 
of 16 EGFR-no-amplified sam-
ples, Ki67 immunopositivity 
was high (>25% of cells) in 2 
samples (12,5%), medium (10-
25% of cells) in 5 cases 
(31,2%); and low (5-10% of 
cells) in 9 cases (56,3%). In 
general, the Ki-67 index was 
higher in the EGFR-amplified 
group. IHC analysis of EGFR 
protein expression in the 30 
GBM samples revealed that 
EGFR protein was over-ex- 
pressed in 11 out of 14 EGFR-
amplified samples. In contrast, 
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amplification. Likewise, we detected losses in 
the number of copies of PTEN in seven cases, 
four of them in the EGFR-amplified group (Table 
S1). The methylation levels of the CpG islands 
present in the promoter regions of MGMT were 
evaluated in 23 GBM samples and compared 
to 6 non-neoplastic control brain tissue sam-
ples. The methylation values of these controls 
ranged from 6,5% to 14,5%. Of the total GBM 
samples analyzed, 78% showed hypermethyl-
ation of the MGMT promoter compared to con-
trol levels (Table S1).

Sequence coverage and mutations analysis

We analyzed exome data from 30 GBM cases. 
Performance and technical quality data for the 
NGS sequencing process were homogeneous 
for all samples. The average coverage was 
focus on 50× with a standard deviation of 2×. 
We performed a whole-exome analysis and 
seek for variants with respect to the GRCh38 
homo sapiens (human) genome assembly from 
Genome Reference Consortium. We identified 
19867 somatic variations in 2029 genes. 
These 2029 genes were our candidate genes. 
The overall number of pathological mutations 
for each sample ranged from 743 to 1402 with 
a mean value of 827 and a standard deviation 
of 127. All samples presented small variations 
in the mutational rate values. Sample 30 was 
considered an outlier with 1402 pathological 
variants. This value was greater than 4 stan-
dards deviations above the mean across all 
samples (Zscore 4,2) (Table 2).

The mutation rate in the EGFR-amplified group 
was higher (818.07) than in the EGFR-no-
amplified group (794.1) (excluding case 30). 
Moreover, transversions were the most pre-
dominant somatic substitution, and the total 
mutation and transition/transversion rate 
between both groups did not exhibit statistical-
ly significant differences (P-values of 0.5 and 
0.9 respectively, Table 2). Missense mutations 
were the most frequently observed in both 
groups. However, frame deletions were more 
frequent in cases with a diffuse infiltrative pat-
tern whereas frameshift deletion was more fre-
quent in cases with a nodular infiltrative pat-
tern. Table 3 contains the tumor mutational 
burden (TMB) for all the samples. Average 
TMBs were 188.47±3.24 for EGFR-amplified 
group and 186.84±3.44 for the EGFR-no-

amplified group. Differences in tumor mutation-
al burden between the EGFR-amplified and 
EGRF-no-amplified groups were not statistically 
significant.

Thirty-six mutated genes exhibited statistical 
significance in the 30 cases of GBM (Table 4). 
These mutations are distributed throughout all 
chromosomes except 9, 13, 18, 21, and 22. 
Chromosomes 6, 3, 4, 8, and 17 contain most 
of these mutations. A Hierarchical Cluster 
Analysis (HCA) of all the 30 GBM samples 
based on these 36 genes also shows a differ-
ential distribution of mutations between EGFR-
amplified and EGFR-no-amplified cases. The 
genes affected by these mutations participate 
in biological processes such as G-protein cell 
receptor (GPCR) downstream signaling path-
way, apoptosis, cellular proliferation, microtu-
bule motor activity, degradation of receptors, 
angiogenesis, cell adhesion and migration, 
transcription factors, and transmembrane 
transporters, among others (Table 5). The anal-
ysis of GBM data from The Cancer Genome 
Atlas (TCGA) public database for mutation on 
these genes showed that most of them are 
mutated in GBM TCGA cases in a percentage 
that oscillates between 0.1% and 6%. Ten of 
the analyzed genes showed co-occurrence with 
the amplification status of EGFR in the TCGA 
data (Table 4). None of the mutated genes 
showed an association with patient survival.

Association between mutated genes, EGFR 
amplification, and infiltration patterns 

We compared mutation frequencies in EGFR-
amplified and EGFR-no-amplified groups for 
identifying differential mutational portraits. We 
analyzed mutations in 2029 possible candi-
date genes and evaluate the statistical signifi-
cance of mutation frequencies with a Fisher 
exact test. Six mutated genes showed an asso-
ciation at a 0.05 significance level with the sta-
tus of EGFR. The exact impact of these muta-
tions in the function of the expressed proteins 
(activation or inactivation) remains unclear. 
From them, GPR179, USP48, and BLK show 
mutation only in the EGFR-amplified group, and 
interestingly all the affected cases exhibit a dif-
fuse infiltrative phenotype (Table 4; Figure 2). 
Global functional analysis of these three genes 
reveals roles in different processes such as 
GPCR downstream signaling pathway, EGFR 
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Table 2. Rates of mutations in 30 GBM samples and corresponding status for EGFR amplificacion and 
infiltrative pattern

Case Pathological 
variants

EGFR
amplification*

Infiltrative
phenotype Transition Transversion % Transition % Transversion

1 808 Amp Diffuse 133 513 16.46 63.49
2 838 Amp Diffuse 138 545 16.47 65.04
3 838 Amp Diffuse 138 545 16.47 65.04
4 834 Amp nv 126 537 15.11 64.39
5 794 Amp nv 134 513 16.88 64.61
6 917 Amp Diffuse 150 585 16.36 63.79
7 800 Amp Diffuse 136 507 17.00 63.38
8 863 Amp Nv 136 551 15.76 63.85
9 800 Amp Diffuse 139 478 17.38 59.75
10 811 Amp Diffuse 131 507 16.15 62.52
11 801 Amp Nodular 118 505 14.73 63.05
12 802 Amp Nodular 128 508 15.96 63.34
13 743 Amp Nodular 122 450 16.42 60.57
14 804 Amp Diffuse 117 514 14.55 63.93
15 773 No-amp Diffuse 110 490 14.23 63.39
16 793 No-amp Nodular 134 489 16.90 61.66
17 797 No-amp Nodular 128 506 16.06 63.49
18 793 No-amp Nodular 134 489 16.90 61.66
19 754 No-amp Diffuse 151 439 20.03 58.22
20 763 No-amp Nodular 123 482 16.12 63.17
21 818 No-amp Diffuse 134 527 16.38 64.43
22 797 No-amp Nv 133 506 16.69 63.49
23 811 No-amp Nv 127 526 15.66 64.86
24 795 No-amp Nv 125 505 15.72 63.52
25 775 No-amp Nv 130 502 16.77 64.77
26 812 No-amp Diffuse 127 522 15.64 64.29
27 795 No-amp Diffuse 121 498 15.22 62.64
28 772 No-amp Diffuse 117 495 15.16 64.12
29 864 No-amp Nodular 138 553 15.97 64.00
30 1402 No-amp Nodular 136 1049 9.70 74.82
*Amp, EGFR amplified; No-amp, EGFR no amplified.

degradation regulated by proteasomes, and 
apoptosis modulation (Table 5).

On the other hand, mutations in three other 
genes, ADGB, EHHADH, and PTPN13, were 
present only in the EGFR-no-amplified group 
(Table 4; Figure 2). These cases exhibit a more 
diverse infiltrative phenotype including GBMs 
with nodular and diffuse infiltrative patterns. 
Global functional analysis on these other three 
genes shows involvement in the control of ener-
gy metabolism and oxidation and apoptosis 
modulation (Table 5; Figure 2). NPY4R gene is 
the most frequent mutation in our data set with 
11 out of 30 GBMs distributed in 8 EGFR-

amplified cases (57%) and 3 EGFR-no-amplified 
cases (19%). Other genes studied also exhibit 
interesting patterns although without statisti-
cal significance. Overall, we observe a higher 
number of mutations in the EGFR-amplified 
GBMs than in EGFR-no-amplified GBMs (Table 
4).

For further insights into our data, we explored 
intrinsic relationships between cases and 
mutated genes using consecutive Principal 
Component Analysis (PCA) and Discriminant 
Analysis (DA) over the 36 significant genes. As 
expected, the PCA scores plot shows clear sep-
aration along with the principal component 1 
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Table 3. Tumor mutational burden (TMB) in all 
30 GBM of the study

Samples Number of 
Variants Exome Size TMB 

1 9624 51 Mbs 188,705882
2 9722 51 Mbs 190,627451
3 9757 51 Mbs 191,313725
4 9713 51 Mbs 190,45098
5 9488 51Mbs 186,039216
6 9785 51 Mbs 191,862745
7 9558 51 Mbs 187,411765
8 9760 51 Mbs 191,372549
9 9582 51 Mbs 187,882353
10 9646 51 Mbs 189,137255
11 9592 51 Mbs 188,078431
12 9607 51 Mbs 188,372549
13 9122 51 Mbs 178,862745
14 9615 51 Mbs 188,529412
15 9411 51 Mbs 184,529412
16 9424 51 Mbs 184,784314
17 9551 51 Mbs 187,27451
18 9460 51 Mbs 185,490196
19 9223 51 Mbs 180,843137
20 9298 51 Mbs 182,313725
21 9698 51 Mbs 190,156863
22 9555 51 Mbs 187,352941
23 9694 51 Mbs 190,078431
24 9503 51 Mbs 186,333333
25 9417 51 Mbs 184,647059
26 9697 51 Mbs 190,137255
27 9548 51 Mbs 187,215686
28 9365 51 Mbs 183,627451
29 9777 51 Mbs 191,705882
30 9840 51 Mbs 192,941176

(PC1) between EGFR-amplified and EGFR-no-
amplified groups (Figure 3). PC1 and PC2 
explain together 95% of the total data variance. 
The loadings plot showed that the mutations in 
SYNE1, DNHD1, PTPN13, and MKI67 are con-
tributing the most to discrimination between 
EGFR-amplified and EGFR-no-amplified (Figure 
3). According to the global functional analysis, 
functions related to these genes include cell 
cycle control, microtubule motor activity, apop-
tosis, and cellular proliferation (Table 5).

Discussion

Analysis of mutational status by WES analysis 
is a novel approach to disentangle relation-

ships between frequent mutations and tumor 
biology. In this study, we identified a set of 
mutated genes associated with EGFR amplifi-
cation status. We used FISH for classifying a 
set of 30 GBMs into EGFR-amplified and EGFR-
no-amplified groups and analyzed their muta-
tional status by WES. The interest in classifying 
GBMs according to EGFR status lies in the high 
frequency of alterations in this receptor-tyro-
sine kinase (RTK). In agreement with classical 
descriptions, half of our patients displayed 
EGFR amplification [8]. We observed high muta-
tion rates both in EGFR-amplified and EGFR-no-
amplified GBM. However, EGFR-amplified sam-
ples have overall higher mutation rates than 
EGFR-no-amplified samples. Hypermutagenesis 
refers to a marked increase in the number of 
mutations due to the continuous mutagenic 
process. Hypermutagenesis is a common fea-
ture of GBM related to inherited or acquired 
alterations in DNA repair pathways in several 
cancer types [30, 31]. Although the impact in 
tumor biology of EGFR gene amplification has 
been extensively explored, there is no evidence 
of overall survival benefit with the use of EGFR-
targeted therapies in GBM. However, isolated 
cases may still benefit from these therapies. In 
these cases, therapy selection should rely not 
only on the presence of EGFR amplification or 
mutations but also on these higher rates of 
overall mutations [32].

In our study, six genes show mutations with a 
statistically significant association to EGFR 
amplification status. Mutations in these genes 
for GBM are novel, not previously reported in 
GBM, and with little presence in the TCGA data-
base. However, the presence in our tested 
groups is highly differential and potentially 
associated with infiltrative phenotypes. Three 
mutated genes were only present in the EGFR-
amplified group and the other three were only in 
the EGFR-no-amplified group. GPR179, USP48, 
and BLK were exclusively mutated in EGFR-
amplified tumors and all cases with mutations 
in these genes exhibited a diffuse infiltrative 
phenotype. GPR179 gene encodes a member 
of the glutamate receptor subfamily of GPCR. 
GPCRs and Receptor Tyrosine Kinases (RTKs), 
including EGFR, regulate different signaling net-
works involved in many diseases including can-
cer. Several mechanisms for the transactiva-
tion of the EGFR by GPCR are under investiga-
tion [33]. Inactivating mutations in paralogs of 
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Table 4. Distribution of mutations for the 36 genes significantly associated with EGFR amplification 
status in 30 GBM and the TCGA database

Gene P-value EGFR-amp EGFR-no 
amp Diffuse Nodular % TCGA Co-occurrence 

EGFR P-value Mutation type

GPR179 0.0140 5 (35.7%) 0 4 (28.6%) 0 1.1 0.018 MSV
USP48 0.0140 4 (28.6%) 0 2 (14.3%) 0 0.8 - FSV
BLK 0.0365 4 (28.6%) 0 3 (21.4%) 0 0.1 0.006 MSV
ADGB 0.0446 0 5 (31.3%) 2 (14.3%) 2 (22.2%) 0 - MSV, SRV
EHHADH 0.0446 0 5 (31.3%) 2 (14.3%) 2 (22.2%) 0.7 <0.001 MSV
PTPN13 0.0446 0 5 (31.3%) 2 (14.3%) 2 (22.2%) 0.5 - SGV & MSV
NPY4R 0.0566 8 (57.1%) 3 (18.8%) 4 (28.6%) 4 (44.4%) MSV
DNHD1 0.0724 5 (35.7%) 1 (6.3%) 3 (21.4%) 2 (22.2%) 0.7 - SGV & MSV
MKI67 0.0724 5 (35.7%) 1 (6.3%) 3 (21.4%) 0 1.9 0.001 FSV & MSV
ZNF280D 0.0724 5 (35.7%) 1 (6.3%) 3 (21.4%) 1 (11.1%) 0.4 - MSV
CES5A 0.0859 1 (7.1%) 6 (37.5%) 3 (21.4%) 2 (22.2%) 0 - MSV & SAV
CHMP6 0.0859 1 (7.1%) 6 (37.5%) 5 (35.7%) 1 (11.1%) 0.1 - MSV & SDV
MROH6 0.0859 1 (7.1%) 6 (37.5%) 4 (28.6%) 1 (11.1%) 0 - MSV & FSV
PKHD1 0.0859 1 (7.1%) 6 (37.5%) 1 (7.1%) 4 (44.4%) 5 - MSV & SGV
RAB44 0.0859 1 (7.1%) 6 (37.5%) 4 (28.6%) 1 (11.1%) 0 - FSV & MSV
SYNE1 0.0859 1 (7.1%) 6 (37.5%) 1 (7.1%) 5 (55.6%) 6 0.006 SAV & MSV
ARSH 0.0896 3 (21.4%) 0 2 (14.3%) 0 0.3 MSV
BMP2K 0.0896 3 (21.4%) 0 2 (14.3%) 0 0.7 0.015 MSV
CFAP61 0.0896 3 (21.4%) 0 1 (7.1%) 1 (11.1%) 0.3 - MSV
DEUP1 0.0896 3 (21.4%) 0 1 (7.1%) 0 0.2 - MSV & SDV & SLV
EPHB6 0.0896 3 (21.4%) 0 2 (14.3%) 1 (11.1%) 1 - MSV & SGV
ERAP1 0.0896 3 (21.4%) 0 1 (7.1%) 1 (11.1%) 0.2 - MSV
FLVCR2 0.0896 3 (21.4%) 0 2 (14.3%) 1 (11.1%) 0.1 - MSV
KALRN 0.0896 3 (21.4%) 0 1 (7.1%) 1 (11.1%) 0.8 - SGV & MSV
KIF13A 0.0896 3 (21.4%) 0 1 (7.1%) 0 1.5 - MSV
LPA 0.0896 3 (21.4%) 0 3 (21.4%) 0 1.1 0.004 MSV
PPIG 0.0896 3 (21.4%) 0 1 (7.1%) 0 0.7 - FSV & MSV
RP1 0.0896 3 (21.4%) 0 2 (14.3%) 0 2.2 - MSV
RPS3A 0.0896 3 (21.4%) 0 1 (7.1%) 1 (11.1%) 0.1 - MSV
SCAF1 0.0896 3 (21.4%) 0 2 (14.3%) 1 (11.1%) 0.8 0.006 MSV
RP1 0.0896 3 (21.4%) 0 2 (14.3%) 0 0 - MSV
SLC26A10 0.0896 3 (21.4%) 0 1 (7.1%) 1 (11.1%) 0.6 0.009 MSV & SGV
STAB1 0.0896 3 (21.4%) 0 2 (14.3%) 1 (11.1%) 1.3 - MSV
TRPV3 0.0896 3 (21.4%) 0 3 (21.4%) 0 0.1 - MSV
WWOX 0.0896 3 (21.4%) 0 2 (14.3%) 1 (11.1%) 0 - MSV
ZBBX 0.0896 3 (21.4%) 0 2 (14.3%) 1 (11.1%) 0.9 0.018 MSV & SRV & SGV
The table includes genes associated with the EGFR amplification group with a P-value lower than 0.10 (Fisher exact test). The frequency of the 
significantly mutated genes was also contrasted using the TGCA database. Key: missense variant: MV; frameshift variant: FSV; stop gained vari-
ant: SGV; stop loss variant: SLV; splice region variant: SRV; splice donor variant: SDV; splice acceptor variant: SA.

GPR179, like GPR158, relate to prostate can-
cer growth and progression [34], and associate 
with lung cancer outcomes [35]. In human glio-
mas, low expression of GPR158 combined with 
high levels of miR-449a associates with higher 
malignancy and poorer survival [36]. However, 
there are no studies relating GPR179 or its par-
alogs with GBM tumor biology. USP48 (Ubiquitin 
Specific Peptidase 48) is a protein-coding gene 

related to Ubiquitin-Proteasome Dependent 
Proteolysis and Deubiquitination. Some studies 
suggest that the regulation of EGFR degrada-
tion is partly mediated by proteosomes, but the 
underlying mechanism remains unclear [37]. 
Knockdown of the USP48 gene in GBM cells 
inhibits cell proliferation and the expression of 
Gli1 downstream targets, which leads to 
repressed GBM tumorigenesis [38]. Finally, 
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Table 5. Mutated genes present in 30 cases of GBMs. Gene description and biological function [18]
Gene 
name Location Gene description Biological function

GPR179 17q12 G Protein-coupledreceptor 179 G-protein

USP48 1p36.12 Ubiquitinspecificpeptidase 48 Degradation

BLK 8p23.1 Proto-oncogene,tyrosine kinase Apoptosis

ADGB 6q24.3 Androglobin Iron ion binding and oxygen binding

EHHADH 3q27.2 Enoyl-CoAhydratase and 3-hydroxyacyl CoAdehydrogenase Peroxisome proliferator-activated receptor 

PTPN13 4q21.3 Protein tyrosine phosphatase, non-receptor type 13 Cell growth, Apoptosis modulation and PI metabolism

NPY4R 10q11.2 Neuropeptide Y receptor Y4 G protein-coupled receptor activity

DNHD1 11p15.4 Dyneinheavy chaindomain 1 Microtubule motor activity

MKI67 10q26.2 Markerof proliferation Ki-67 Cellularproliferation

ZNF280D 15q21.2 Zinc fingerprotein 280D Structural role

CES5A 16q12.2 Carboxylesterase 5A transcriptionfactork

CHMP6 17q25.3 Chargedmultivesicularbody Degradation surface receptors. Biosynthesis of endosomes

MROH6 8q24.3 Maestro heat like repeat family Transcription factor

PKHD1 6p12.3 Fibrocystin/Polyductin transcription factork

RAB44 6p21.2 RAS oncogenefamily Metabolism of proteins. GTPase activity

SYNE1 6q25.2 Spectrinrepeat containing nuclear Cell cycle, centrosome migration

ARSH Xp22.33 Arylsulfatasefamilymember H Metabolism of proteins and sphingolipid metabolism

BMP2K 4q21.21 BMP2 inducible kinase Transcriptional misregulation

CFAP61 20p11.23 Cilia and flagella associated Oxidoreductaseactivity

DEUP1 11q21 Deuterosomeassemblyprotein 1 Centriolebiogenesis

EPHB6 7q34 EPH receptor B6 Celladhesion and migration

ERAP1 5q15 Endoplasmicreticulumaminopeptidase 1 TNFR1 pathway. Metallopeptidaseactivity

FLVCR2 14q24.3 Feline leukemia virus subgroup C cellular receptor Transmembrane protein. Calcium transporter

KALRN 3q21.1 KalirinRhoGEFkinase Rho GTPase family members, neuronal shape, growth, and 
plasticity

KIF13A 6p22.3 Kinesin familymember 13A ATPase activity and microtubule motor 

LPA 6q25.3 Lipoprotein (A) Integrin signaling and Lipoprotein metabolism

PPIG 2q31.1 Peptidylprolylisomerase G Translational control

RP1 8q11.23 Axonemalmicrotubuleassociated Microtubulebinding.

RPS3A 4q31.3 Ribosomalprotein S3A Structuralconstituent of ribosome

SCAF1 19q13.3 SR-Related CTD associated F 1 Pre-mRNAsplicing

SLC26A10 12q13.3 SolutecarrierFamily 26 Transmembrane transporter activity

STAB1 3p21.1 Stabilin 1 Angiogenesis

TRPV3 17p13.2 Transient receptor potential cation channel subfamily V CREB Pathway and ion channel transport

WWOX 16q23.1 WW Domaincontainingoxidoreductase Apoptosis. role in tumor necrosis factor (TNF)-mediated cell 
death

ZBBX 3q26.1 Zinc finger B-Box domain Structural role

BLK encodes a nonreceptor tyrosine kinase of 
the Src kinase family of proto-oncogenes typi-
cally involved in cell proliferation and differen-
tiation. According to recent reports, KLF4 could 
activate BLK via binding at mCpG in enhancer 
regions, suggesting a role for BLK in brain 
tumor cell migration and invasion [39]. 

We found mutations in ADGB, EHHADH, and 
PTPN13 genes only in EGFR-no-amplified GBM 
tumors. This association was no concomitant 
to a specific infiltration pattern. The first of 
these genes, ADGB (Androglobin), is a protein-
coding gene with a suggested oncogenic role in 

glioma. ADGB knockdown inhibited prolifera-
tion and increased apoptosis of glioma cell 
lines [40]. On the other hand, EHHADH (Enoyl-
CoA Hydratase And 3-Hydroxyacyl CoA Dehy- 
drogenase) encodes one of the four enzymes of 
the peroxisomal beta-oxidation pathway [41] 
and associates with a high risk of metastasis in 
hepatocellular carcinoma [42]. Finally, the pro-
tein encoded by PTPN13 is a member of the 
tyrosine phosphatases (PTP) family. PTPs are 
signaling molecules that regulate a variety of 
cellular processes including cell growth, cell dif-
ferentiation, mitotic cycle, and oncogenic trans-
formation. PTPN13 overexpression significantly 
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inhibits the progression of hepatocarcinoma 
cells, possibly by inhibiting epithelial-mesen-
chymal transition through inactivation of the 
EGFR/ERK signaling pathway [43]. PTPN13 
expression is specifically upregulated in GBM 
tissue and knockdown of PTPN13 in GBM cell 
lines produces increased FAS-mediated apop-
tosis [44].

PCA shows clear discrimination of the two 
groups based on the genes detected and 
revealed that mutations in SYNE1, DNHD1, 

PTPN13, and MKI67 genes contribute the most 
to discrimination of EGFR amplification status. 
MKI67 and DNHD1 appear preferentially mu- 
tated in EGFR-amplified GBM whereas PTPN13 
and SYNE1 in EGFR-no-amplified GBMs. Some 
of these mutated genes also show association 
with infiltrative patterns. Mutated MKI67 is 
mostly present in diffuse infiltration patterns 
whereas SYNE1 mutated samples show a nod-
ular infiltration pattern. SYNE1 (Spectrin Repeat 
Containing Nuclear Envelope Protein 1) is a 
protein-coding gene related to meiosis, mitosis, 

Figure 2. HCA analysis of 30 GBM samples (rows) according to the mutational state of the 36 genes (columns) 
significantly associated with EGFR amplification. Samples have been colored in green (EGFR-no-amplified) or blue 
(EGFR-amplified) for easier visualization of groups. D (in red) and N (in black) after the sample number indicate a 
diffuse or nodular infiltrative pattern, respectively. Sample 16 (IDH1 mutant) is enclosed in a black rectangle.
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and cell cycle. SYNE1 plays some role in inhu-
man GBM progression and survival [45, 46] 
and shows mutations in 6% of TCGA GBM cases 
significantly co-occurring with EGFR mutations. 
DNHD1 (Dynein Heavy Chain Domain 1) 
encodes a protein related to microtubule motor 
activity with mutations observed in pancreatic 
squamous cell carcinoma [47]. MKI67 encodes 
a non-histone nuclear protein (Ki-67) that is 
associated with and may be necessary for cel-
lular proliferation. Mutations of this gene are 
present in different types of cancer [28] and 
Ki-67 expression is broadly used as a diagnos-
tic marker in various cancers including GBM 
[48, 49]. There is a poor understanding of the 
correlation between the expression of Ki-67 
and overexpression of EGFR in GBMs and the 
data are controversial [50, 51]. Our study shows 
that 6 out of 30 GBM have mutations in this 
gene. Five of them are EGFR-amplified tumors, 
exhibit Ki-67 indexes higher than 15%, and 
have a diffuse infiltrative pattern suggesting an 
increase of function mutation.

A limitation of our study is the limited number of 
cases given the wide heterogeneity of GBM. 
Although GBM is proposed to display higher 

morphological than genomic heterogeneity 
[52], recent NGS analysis demonstrates the 
wide variety of genetic changes associated with 
GBM. Moreover, the complexity of the data and 
the vast array of processes potentially involved 
hampers interpretation of the functional mean-
ing of our results. Despite the low number of 
cases included, the use of fresh-tissue tumor 
samples in our study minimizes the artifactual 
results that paraffin-embedded specimens 
could produce. On the other hand, although 
GBM is the most frequent of the malignant 
brain tumors, it is rather difficult to collect a 
large set of cases because of the relatively low 
incidence. The focus of our study was to study 
association with genetically (EGFR amplifica-
tion) and phenotypically (infiltration) relevant 
features for detecting trends and generating 
new hypotheses.

Concluding remarks

In conclusion, this study provides a global 
description of the mutational status of GBM in 
relationship to EGFR amplification and relevant 
phenotypic traits. Our work establishes the 
basis for different mutational portraits of GBM 

Figure 3. Scores plot (A) and loadings plot (B) for PCA and subsequent discriminant analysis for all 30 GBM samples 
based on EGFR amplification status. (A) Scores plot for PC1 and PC2. The x-axis is the PC1 (90% of variance ex-
plained) and the y-axis is the PC2 (5% additional variance explained). The centroids for each group (EGFR-amplified, 
AMP, blue color, and EGFR-no-amplified, NO-AMP, green color) are represented as rectangles. Samples with a dif-
fuse infiltration pattern are surrounded by red squares whereas samples with a nodular infiltration pattern are sur-
rounded by black circles. Sample 16 (IDH1 mutant) is marked with an arrow. Samples in the EGFR-amplified group 
show larger dispersion because of higher mutational rates. (B) Loadings plot for the orthonormal mutated genes 
used in the discriminant analysis of principal components to discriminate between EGFR-amplified and EGFR-no-
amplified samples. Higher loadings correspond to more discriminative power.
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related to well-established features like EGFR 
amplification and tumor infiltration. The results 
also show a trend and potential association 
between mutations in the MIKI67 gene, Ki-67 
index, and diffuse infiltrative phenotypes. 
Overall, these findings may help in opening new 
hypotheses on GBM tumor biology and identify-
ing new potential therapeutic targets.
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Figure S1. Cox hazard ratios models for survival time vs EGFR amplification status and infiltration pattern adjusted 
by patient age and tumor size.

Table S1. Common genetic markers for GBM (EGFR amplified samples have shadow background)
Case EGFR vIII PTEN CDKN2A/CDKN2B TP53 MGMT %
1 mut LOH N/N   15,5
2 mut OH OH/OH   23,1
3 N LOH/LOH   31,8
4 N N/N   22,3
5 N LOH/LOH   20,5
6 mut N LOH/LOH   13,8
7 N LOH/N   19,9
8 N N/N   30,7
9 LOH LOH/LOH   nv
10 N N/N   18,5
11 LOH LOH/LOH   12,1
12 N N/N   nv
13 N N/N p,C141R 47,7
14 N LOH/LOH 30,1
15 LOH LOH/LOH 15,6
16 N N/N p,R273C nv
17 N N/N   11,8
18 N N/N   12,3
19 N N/N   27,5
20 N LOH/LOH   14,1
21 mut N LOH/LOH   36,3
22 LOH N/N   25,9
23 N N/N   nv
24 N N/N   16,5
25 N  N/N    18,9
26 N N/N   27,9
27 N N/N   nv
28 LOH N/N   nv
29 N LOH/LOH   16,1
30 N N/N   nv
mut: mutated; LOH: Loss of number of copies in heterozygosity; OH: Loss of number of copies in homocigosity; N: number of copies normal. Nv: 
not available.


