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Abstract. Background/Aim: Tumorigenesis and cancer
progression might be driven by abnormal activation of
growth factor receptors. Importantly, molecular changes in
EGFR-dependent signaling is one of the most common
characteristics of brain tumors. Patients and Methods:
HERI and EGFRvIIl variants in meningiomas and
glioblastomas were evaluated at the RNA level. Results:
EGFRvIIl was found in 18.6% of glioblastomas (GBM),
whereas 25% of EGFRVIII positive tumors express wild-type
EGFR as well. HERI was over-expressed in benign
meningiomas compared to glioblastomas, whereas HERI
expression in meningiomas differed significantly between
sub-types of meningiomas. EGFRvIII and HERI where
positively correlated in glioblastomas. Yet, the patient overall
survival did not differ between high- and low-HERI
expressing glioblastomas or between EGFRVIII positive and
negative GBMs. Conclusion: HERI may be considered as an
independent factor for classification of benign meningiomas.
The mRNA levels of HERI or EGFRvIII should not be used
as independent prognostic factors for patients with gliomas.

Despite the fact that brain tumors account only for about 2%
of all cancers in adult patients, they significantly impact the
number of cancer-related deaths (1, 2). The five-year
survival rates for brain tumors are among the lowest for all
human cancers (3), regardless of the improvement in surgical
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treatments and the widespread introduction of adjuvant radio
and chemotherapy (4). This treatment resistance results from
tumor heterogeneity and a high propensity for malignant
progression (1, 5). Among the broadly heterogeneous
primary brain tumors, meningiomas and gliomas are the two
most common types of malignancies.

Meningiomas present with the highest frequency among
intracranial tumors in adults, accounting for approximately
37% of all primary brain tumors. These lesions are located
along the external surface of the brain or within the
ventricular system, and are mostly described as slowly
growing. Meningiomas have been classified by WHO as less
malignant grade I, grade II which is atypical, and grade III
that is characterized as anaplastic. Grade I, grade II and
grade III meningeal tumors account for 80%, 15-20%, and
1-3% of all meningiomas, respectively (6). Approximately
86% of patients diagnosed with meningioma (20-44 years)
survive for five years or longer. The more aggressive grade
IT and IIT meningiomas show rates of recurrence at 5 years
approximating 50% and 90%, respectively. The mean 5-year
survival for patients diagnosed with atypical meningioma
(grade II) is 58% whereas for those diagnosed with grade I11
malignant meningioma is 8.2-12% (7, 8). Despite their
mostly benign histological feature, the recurrence and
progression of meningiomas is of crucial importance.

Infiltrating gliomas, histologically and clinically different
in comparison to benign brain lesions, are the most often
diagnosed primary malignant tumors of the central nervous
system among adult patients. The tumors of glial origin are
graded as WHO II-1V, and the most malignant glioblastoma
cases comprise 45% of all glial tumors and 7% of all brain
tumors. Low grade glioma is a poor prognosis disease with
a survival averaging approximately 7 years (9); only a few
patients diagnosed with glioblastoma survive 2.5 years,
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whereas not more than 5% of patients are still alive 5 years
from diagnosis (10). Glioblastoma with its aggressive and
highly diffuse characteristic, is the deadliest primary brain
malignancy due to high recurrence and resistance to therapy.

A plethora of laboratory and clinical research efforts had
been engaged in better understanding these brain tumors in
the past few decades. These studies have defined most of the
malignancies according to their phenotypical features,
including self-sufficiency in growth factors and apoptotic
response (11-13). The molecular mechanisms that define
these phenotypical features are widely diverse among
different types of brain tumors, what was shown in
glioblastomas (11, 14-16). Therefore, the development of
effective therapeutic strategies should be based on fully
understanding these molecular events that determine such
variabilities in tumor physiologies (2). Of particular
importance is the fact that the intrinsic cellular machinery
contributing to their distinct biological characteristics
remains not fully elucidated.

The intracellular signal transduction cascades determine
the majority of the cell physiological features (17), including
also tumor initiation and development. This has been also
shown as critical in case of brain malignancies, where the
role of receptor tyrosine kinase (RTK) signaling is constantly
discussed (18). One of the most often found RTK
abnormalities in glioblastomas is related to epidermal growth
factor receptor (EGFR) (18, 19). Upregulation of EGFR
signaling results in increased proliferation, migration and
survival of cancer cells. The emerging role of EGFR-related
signaling in glioblastoma has been deeply explored with the
use of distinct research approaches, including functional
experiments and large-scale studies, on patient tissue
samples and clinical data. These research strategies
confirmed the importance of the EGFR signaling in
glioblastoma biology, showing that the different EGFR
network components may determine the aberrant behavior of
glioblastomas (2, 11, 20, 21). On the other hand, only a few
reports have focused on other types of glial tumors such as
oligodendrogliomas, diffuse astrocytomas, malignant
lymphomas and last, but not least, meningiomas. In this
work, we evaluated the expression of EGFR and its most
commonly mutated variant III (EGFRVIII) in various types
of central nervous system tumors along with survival
analysis for patients who underwent surgery as part of their
treatment.

Patients and Methods

Patients and tissue samples collection. The samples were collected
upon surgical treatment of patients with brain tumors with the
formal agreement of the local Ethics Committee no. KE-
0254/139/2012. Each resected tumor tissue was divided into two
parts; one part was immediately frozen in liquid nitrogen and the
other was histologically assessed by a pathologist. Patients
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Table 1. Analyzed tumors and their histopathological classification.

Type Number of Subtype N
samples

Meningioma 26 Fibrous meningioma GI 7

Meningothelial meningioma GI 9

Lymphoplasmacytic-rich GI 1

Transitional meningioma GI 2

Anaplastic meningioma GIII 1

Angiomatous meningioma GI 1

Atypical meningioma GII 3

Metaplastic meningioma GI 1

Microcystic meningioma GI 1

Glioblastoma 43 Glioblastoma multiforme GIV 36

Giant cell glioblastoma GIV 3
Gliosarcoma GIV 4

N: Number of samples; SEM: standard error of mean.

Table II. Relative quantity of HERI expression in glioblastomas
(GBMs), meningiomas and in reference material (HB-RNA).

N Mean+SEM RQ Median RQ  Min-Max RQ

GBM 43 3.63x1.21 0.84 0.01-41.45
Meningiomas 26 3.14+0.87 2.16 0.002-22.42
HB-RNA 4 0.31+0.05 0.28 0.24-0.43

diagnosed from 2013 to 2016 were included in the study. The
histological types of the analyzed tumors are shown in Table I. We
collected and analyzed tumor samples from 25 males and 18
females with GBM, whose median age was 57 years (minimal 27,
maximal 80). The meningiomas were taken from 7 males and 19
females with a median age 56 years (minimal 35, maximal 86).

Reference material. As the reference normal human brain material
(HB-RNA), we used total RNA from Human Frontal Cortex
purchased from Agilent (Agilent Technologies, Mulgrave, Australia).

RNA isolation and cDNA synthesis. The tumor samples were stored
in —80°C for up to 6 months. Total RNA was isolated from brain
tumor samples grinded in liquid nitrogen with the use of RNEasy
Lipid Tissue Mini KIT purchased from Qiagen (Hilden, Germany)
according to the manufacturer’s manual. We spectrophotometrically
tested the purity and quantity of the RNA using the UV-VIS
Genesys 10S instrument (Thermo Fisher Scientific, Madison, WI,
USA). The RNA samples with 260/280 nm optical density ratio
lower than 1.8 were excluded from further analysis. The RNA
quality was also assessed by agarose electrophoresis. An aliquot of
3 pg of total RNA was subsequently reverse transcribed using
Transcriptor High Fidelity cDNA Synthesis Kit (Roche Diagnostics,
Mannheim, Germany). The reaction was conducted for 30 min at
50°C in the presence of oligo(dT) primers, and finally the enzyme
was inactivated at 85°C for 5 min, according to the manufacturer’s
instructions.
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Table III. HER1 expression in different subtypes of meningiomas. N: Number of samples; SEM: standard error of mean.

N Mean+SEM RQ Median RQ Min-Max RQ
Fibrous meningiomas 7 3.49+0.65 3.15 2.01-7.07
Meningothelial meningiomas 9 2.09+0.53 1.47 1.10-6.15
Atypical meningiomas GII 3 1.35+1.02 0.70 0.002-3.36
Other meningiomas GI 6 2.05+0.61 2.22 0.33-4.29
HB-RNA 4 0.31+0.05 0.28 0.24-0.43

N: Number of samples; SEM: standard error of mean.

Nested-polymerase chain reaction (nested-PCR). Nested PCR was
used for EGFRVIII variant detection according to a modified
protocol described by Silva et al. (22). The sets of the primers were
as follows: It stage (For 5’- GTATTGATCGGGAGAGCCG-3’,
Rev 5°-GTGGAGATCGCCACTGATG-3"); 2nd stage (For 5°-
GCGATGCGACCCTCCGGG-3’, Rev 5’-TCCGTTACACACTT
TGCG-3’); the volume of each reaction was 25 pl, and the reaction
mixture contained a cDNA amount corresponding to 25 ng of the RNA,
1 x DreamTaq PCR Master Mix (Thermo Scientific) and 0.4 uM
primers for 15t stage reaction. Following 2 min of denaturation at 95°C,
the cDNA was amplified in 40 cycles consisting of 45 s denaturation
at 95°C, 30 s annealing at 60°C and 90 s elongation at 72°C. The
products of the amplification were then diluted 1:50 in water and 5 ul
of diluents were used for amplification using the 2nd stage primers at
the same conditions as described above. The products of the 2nd
stage reaction were finally visualized on 1.5% agarose gels.

Quantitative polymerase chain reaction (qPCR). The qPCR
amplification was performed using a LightCycler® 480 II machine
(Roche). The analysis was performed with the use of Universal
ProbeLibrary (UPL, Roche) fluorescently labeled oligonucleotide
probes in a duplex reaction, which where specific for the HER1 and
the reference glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
amplicons. HER1 probe was labeled with FAM, whereas GAPDH
probe was labeled with Yellow 555 fluorophore. The primers and
probe sets were as following: HER1 (Forward: 5°-CCAT
CCTGGAGAAAGGAGAA-3’, Reverse 5-CATCCAGCACTT
GACCATGA-3’, Probe #83 5’-GGTGGCTG-3’); GAPD: (Forward
5’-CTCTGCTCCT CCTGTTCGAC-3’, Reverse 5’-GCCCA
ATACGACCAAATCC-3’, Probe 5’-CTTTTGCGTCGC-3").
Amplification was performed in 10 pl reaction mixture containing
a cDNA amount corresponding to 12.5 ng of total RNA, 1 -
LightCycler® 480 Probes Master (Roche) and appropriate set of 0.4
uM primers and 0.2 pM UPL probes for each target and reference
duplex. Following 10 min of initial denaturation/incubation (95°C),
the cDNA was amplified in 45 cycles: 10 s denaturation at 95°C, 30
s annealing at 60°C and 10 s elongation at 72°C. The reads were
analyzed using a Relative Quantification (RQ) method that includes
efficiency correction. Our method allowed to detect the most
common HER1 variants including also EGFRVIII, which are listed as:
ENST00000455089,  ENST00000395504, ENST00000454757,
ENST00000275493, ENST00000533450 and NM_201283. The sample
showing near average HER1 level was used as the calibrator (RQ=1).

Statistics. The variables deviated from Gaussian distribution, which
was initially evaluated with following normality tests: Shapiro-Wilk,
D’Agostino and Pearson, and Kolmogorov—Smirnov. The

comparisons between two groups were subsequently estimated using
the Mann—Whitney test, whereas the comparisons among multiple
groups were calculated using the Kruskal-Wallis test. The
correlation coefficients were estimated using Spearman’s rank test.
The data on the graphs were expressed as the mean with the margin
of standard error of the mean (SEM) and considered as significant
when *p<0.05, **p<0.01 and ***p<0.001. The overall survival
(OS) was estimated with the use of Kaplan—Meier plots and Cox
regression model. Cox—Mantel log-rank test was used for comparing
the survival curves.

Results

Expression of HERI in brain tumors. All assessed samples
expressed the HERI gene. Table II presents HERI expression
in GBM, benign tumors, and HB-RNA reference material.
Median HER1 expression was approximately 2.5 times
higher in meningiomas when compared with GBM
(p=0.0102; Mann—Whitney test). Moreover, HERI
expression was significantly lower in reference material
(HB-RNA) in comparison to other analyzed groups (HB-
RNA vs. GBM; p=0.0190 and HB-RNA vs. Meningiomas;
p=0.0049; Mann—Whitney test).

For further analysis all meningiomas were subdivided into
four subtypes based on their histopathological features:
fibrous GI, meningothelial GI, atypical GII and other
meningiomas GI. Table III shows HERI expression in
different subtypes of meningiomas. Importantly, median
HER] expression was at least two times higher in fibrous
meningiomas in comparison to meningothelial meningiomas
(p=0.0360, Mann—Whitney test). On the other hand, HER]
expression was significantly lower in HB-RNA when
compared to all meningiomas of the GI subtype (fibrous
p=0.0106, meningothelial p=0.0028, other meningiomas GI
p=0.0190, Mann—Whitney test). The difference in HERI
expression between HB-RNA and atypical meningiomas was
not significant (p>0.05, Mann—Whitney test).

Expression of HERI variants in tumors. Expression of
EGFRvIII was detected neither in meningiomas nor in HB-
RNA reference material while the longest HER] variant
(WtEGFR) was expressed in 95.3% (41/43) of GBM tumors.
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Figure 1. HERI variants in brain tumors. L, DNA ladder shows the fragments from 100 bp up to 1,000 bp; 1-18, PCR products from the brain
tumors; Ntc, no template control of PCR reaction. Two representative electropherograms of PCR products are shown. The primers used here cover
exons 2-7, which are deleted in oncogenic the EGFRvIII variant. The band of 1020 indicates the presence of the longest wtEGFR transcript, whereas
the amplicon of 219 bp shows EGFRvIII expression. Tumor sample 3 shows both wtEGFR and EGFRVIII expression, whereas samples 16 and 18

show EGFRVIII only.

EGFRvIII variant was expressed in 18.6% (8/43) of GBM
samples, whilst 25% (2/8) of these tumors showed
simultaneous expression of both, wtEGFR and oncogenic
EGFRvIII variants. The presence of wtEGFR and EGFRvIII
was found in 4.65% (2/43) of all GBM tissues.
Representative results of the presence of HER] variants in
the assessed tumors are shown in Figure 1.

Correlation between HERI levels and EGFRVIII variants in
malignant gliomas. The presence of EGFRvIII transcripts
positively correlated with HER]I expression in GBM patients
(R=0.56; p>0.00001; N=43; Spearman test). This finding
was confirmed by the comparison of HERI RQ values

986

between EGFRvIII positive and EGFRvIII negative GBM,
where median HERI expression was about 10 times higher
in EGFRvIII positive GBM than in negative ones (p=0.0003,
Mann—Whitney test; Table IV). We did not observe any
significant correlations between HERI expression and the
gender or age of the patients.

Overall survival of patients with GBM. The patients with
GBM were followed up from the date of diagnosis until
death from any cause (OS) till December 2016 (mean OS 6.5
months, min. 2 days — max. 57 months). Only 4 (4/43, 9.3%)
patients were still alive at the end of the follow-up period.
All GBM patients were divided into groups according to the
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Figure 2. Overall survival of GBM patients and expression of HERI (A-C) and EGFRvIII (D).

cut-off point based on the median HERI expression, as well
as according to EGFRVIII status. The survival of patients in
these groups is shown in Table V. Kaplan—Meier survival
curves are shown in Figure 2. HERI expression or EGFRvIII
status was not related to OS in the analyzed groups of
patients with GBM. Other clinical data such as gender or age
of patients were not identified as prognostic factors for
patients’ survival (data not shown).

Discussion

EGFR has been shown to be over-expressed in many cancers
(23), including benign and malignant brain tumors (24-27). In
the present study, we observed higher expression of HER]
mRNA in meningiomas compared to GBM tumors and normal

Table IV. HERI expression in GBM positive and negative for EGFRvIII.

EGFRUVIII N Mean+SEM RQ Median RQ  Min-Max RQ
Negative 35 1.57+£0.54 0.74 0.01-15.07
Positive 8 12.66+5.17 6.98 1.14-41.45

N: Number of samples; SEM: standard error of mean.

brain tissue, suggesting the potential role of EGFR in
meningioma development and progression (28). Within the
grade I subgroup of meningioma patients, we demonstrated
higher mRNA HERI expression in fibrous meningiomas than
in any other type. Very high mRNA EGFR expression in low
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Table V. The overall survival (OS) analysis of glioblastoma patients. Median survival of each analyzed group of the patients and the results of Log-

rank cMantel-Cox tests are shown.

Smaller Larger Smaller than Larger than Smaller Larger EGFRvIII  EGFRVIII
than Q1 than Q17 median median than Q3 than Q3 positive negative
Censored 0 4 2 2 3 1 2
Deaths 9 28 17 20 28 9 6 31
Median survival in months 433 6.85 7.3 5.55 9.13 3.77 6.85 6

grade meningioma has been reported previously and
postulated that expression of EGFR could reflect the
histological subtype of the meningioma (29). However,
analyses of EGFR mRNA expression in meningiomas are rare
in the literature, therefore, no definite conclusions have been
drawn so far. Moreover, the majority of the studies are based
on immunohistochemistry (IHC) and histology assessments,
which gives often conflicting results regarding the expression
levels of EGFR across malignancy grades (26, 30-37), mainly
due to the use of different antibodies (34), and the possible
tumor’s heterogeneity (28). Other methods of EGFR mRNA
level assessment (RT-PCR, RNAseq) and HERI gene copy
number (whole exome sequencing, WES), seem to be superior
than protein expression (IHC) in that respect, especially for
GBM analysis (38), whereas EGFR THC might serve as a
possible screening tool for evaluation of EGFR gene
amplification in clinical neuropathology (39). Moreover, a
particular regulatory mechanism of EGFR signaling in
meningioma has been postulated, supported by the observation
that patients diagnosed with tumors expressing high levels of
EGFR mRNA presented a better progression free survival
(PFS) (34), which is in contrast to other brain tumors,
including GBM (40). Our study showed that all the types of
meningiomas displayed much higher EGFR mRNA levels
than normal human brain, suggesting that indeed EGFR
signaling might play a significant role in meningioma growth
or development. Moreover, according to recent
immunohistochemical studies, EGFR in meningiomas is
present in an activated state, as judged by assessing the
phosphorylated forms of the receptor, which are absent in
normal meninges (28). Similar data demonstrating higher
EGFR mRNA levels in meningioma tumors than in normal
meninges have been also presented by others (41). We did not
detect the mRNA of the EGFRvIII variant in any of the
analyzed meningioma tumors, showing that this variant is
probably not involved in meningioma oncogenesis and
progression, which is in agreement with other reports (34).
Especially for recurrent meningioma treatment, despite the
fact that these tumors are rare, EGFR and its signaling might
be used to identify effective therapeutic options or considered
as promising candidates for targeted therapy (42, 43).
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In contrast, we demonstrated the presence of EGFRvIII
variant in GBM tumors. Other studies have shown similar or
higher frequency of EGFRvIII in GMB (21.3-27%) (44-46),
which might be explained by the relatively small number of
EGFRVIII harboring tissues in our study. Moreover, we did
not observe EGFRvIII expression in normal brain tissue,
which supports a notion that it is a good candidate for
targeted therapy in EGFRVIII harboring tumors (40, 47).
Despite these promising results, studies that implemented
antibodies generated against EGFR, as well as the first
generation of EGFR tyrosine kinase inhibitors (TKIs),
showed limited activity in GBM patients. The 2nd and 3rd
generation of these TKIs seem to be more promising, as
analyzed in pre-clinical models. However, the highly
heterogeneous nature of GBM and the presence of a blood
brain barrier that influences the neuropharmacokinetics of
the drugs represent real obstacles to the effective use of these
treatments (47). So far, vaccines (including Rindopepimut,
CDX110) have been reported, following the phase I clinical
trial, to significantly prolong patients’ survival when co-
administrated with temozolomide (TMZ) (47-49), however,
unfortunately, they failed phase III trial (50). Moreover,
antibody-drug conjugate Depatuxizumab mafodotin (ABT-
414), designed to use EGFR as an entry point to deliver a
toxic payload into tumor cells, has been used in GBM
combination therapy with TMS and enhanced TMS
antitumor activity in the phase clinical trial (51). Targeting
of both, EGFRVIII and EGFR by a bispecific T-cell engager
(BiTE) has been demonstrated as an advanced promising
approach of Chimeric Antigen Receptor (CAR) T-cell
therapy in an animal GBM model (52). It is thought, that the
lack of a ligand-binding domain and constitutively active
EGFRVIII (53, 54) could explain the failure of the TKI
targeted therapy treatment. EGFRVIII variant is also linked
with the final outcome of patients that suffer from different
cancer types, confirming that it could be a prognostic factor.
EGFRUVIII positive GBM patients surviving at least one year
have significantly shorter survival rates in comparison to
those having EGFRVIII negative tumors (55). Moreover,
EGFRVIII is considered a poor prognostic factor in EGFR
amplified glioblastomas (47, 56), similar to GBM patients
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with EGFR gene amplification (57). In our present study,
EGFRvVIII-positive patients had also almost ten times higher
HER] expression than EGFRvIII-negative patients, but it did
not correlate with patients’ survival. Our data are supported
by studies in larger cohorts indicating that the lack of
EGFRVIII is not associated with different progression-free or
overall survival (40). Interestingly, we also identified a
subset of patients with simultaneous expression of wtEGFR
and EGFRvIII. The presence of both, wtEGFR and EGFRvIII
in the same cell results in altered downstream signaling, that
has been proven to be crucial for tumorigenesis and tumor
growth promotion (47, 58). However, the mechanism of
EGFR and EGFRVIII cooperation remains largely
unknown (47) and requires further studies. Since EGFR
amplification or expression of EGFR gene variants seems
to be a hallmark of brain tumors, molecular and genomic
profiling of these neoplasms should be performed.
Although it does not have prognostic value, determination
of the EGFRVIII status is recommended for patients with
glioblastoma in order to consider administering EGFRVIII-
targeting agents.
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