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Abstract Comprehensive molecular characterization of and
novel therapeutic approaches to glioblastoma have been ex-
plored as a result of advancements in biotechnologies. In this
study, we aimed to bring basic research discoveries closer to
clinical practice and ultimately incorporate molecular classifi-
cation into the routine histopathological evaluation of grade
IV gliomas. Integrated results of genome-wide sequencing,
transcriptomic and epigenomic analyses by The Cancer
Genome Atlas Network defined the classic, proneural, neural
and mesenchymal subtypes of this tumor. In a retrospective
cohort, we analyzed selected subgroup-defining molecular
markers in formalin-fixed paraffin-embedded surgical speci-
mens by immunohistochemistry. Quantitative and qualitative
scores of marker expression were tested in hierarchical cluster
analyses to evaluate segregations of the molecular subgroups,
which then were correlated with clinical parameters including
patients’ age, gender and overall survival. Our study has con-
firmed the separation of molecular glioblastoma subgroups
with clear trends regarding clinical correlations. Future analy-
ses in a larger, prospective cohort using similar methods are
expected to facilitate the development of a molecular
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diagnostic panel that may complement routine histological
work up and support prognostication as well as treatment de-
cisions in glioblastoma.
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Introduction

Glioblastoma is the most frequent primary malignant brain
tumor in adults. The current standard of care includes surgical
resection with wide margins, temozolomide and radiotherapy,
but it only yields an overall median survival of 14.6 months,
with a 5-year survival of 5% [1-3]. The majority, 90% of
glioblastomas, are primary tumors arising “de novo”, while
the remaining 10% of glioblastomas are secondary tumors
developing from lower grade gliomas. The overall and the 5-
year survival of primary glioblastomas are significantly worse
than those of the secondary tumors [4].

According to the histopathological classification by the
World Health Organization (WHO), glioblastoma is the most
malignant, grade [V glioma characterized by cellular pleomor-
phism, mitosis, invasiveness, angiogenesis and necrosis.
Glioblastoma stem cells likely play key roles in tumorgenesis
[5]. Heterogeneity is one of the histological and molecular
hallmarks of these tumors. Integrated results of genomic and
transcriptomic studies by the Cancer Genome Atlas Network
(TCGA) established that glioblastomas may be sorted into
four molecular subgroups including the proneural, neural,
classic and mesenchymal subtypes, and alterations in three
main signaling pathways were emphasized [6-9]. Epigenetic
analyses by the TCGA highlighted the existence of a glioma
CpG island methylator phenotype (G-CIMP) in a proportion

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12253-017-0311-6&domain=pdf

22

A. Nagy et al.

of glioblastomas, which overlapped with the proneural sub-
type [10].

Correlation with clinical data revealed that the mesen-
chymal subgroup may have the worst outcome, while the
proneural subgroup is characterized by a relatively better
prognosis [6—8]. Mutations in the isocitrate dehydrogenase
(IDH) genes, in addition to the G-CIMP epigenetic marks,
define primarily the proneural subtype. The 2016 revision
of'the WHO classification recommends the incorporation of
certain molecular markers into the histopathological classi-
fications of gliomas, and as a first line of differentiation,
suggests the determination of the /DH mutational status in
glioblastomas, but without the incorporation of further
TCGA subgroup-defining molecular markers in the diag-
nostic algorithm [11-14].

The genome-wide DNA, RNA and epigenome analyzes by
TCGA were carried out in frozen glioblastoma samples.
Neither this type of specimens nor the OMICS approaches
can currently be used in clinical practice. Therefore, transla-
tional studies are needed to bring these research results closer
to the clinical routine and test a selected set of key TCGA
markers that may define the main molecular subgroups, pre-
dict prognosis and identify potential future treatment targets.
In addition, such studies should be carried out in formalin-
fixed, paraffin-embedded (FFPE) specimens and by using
methods such as immunohistochemistry (IHC), fluorescence
in situ hybridization (FISH) and sequencing available in reg-
ular pathology labs [15-18]. In the last few years, several
groups have attempted the translation of research outcomes
for clinical classification of glioblastomas, but no wide-
spread adaptation of the results followed, leaving the oppor-
tunity open for further translational efforts [15-17, 19-23].

In the determination of glioblastoma molecular subgroups,
gene expression alterations, somatic mutations, copy number
variations and rearrangements are of particular importance.
Based on the TCGA results, we have selected a few key
markers for our translational study. This short list includes
products of growth factor receptor, tumor suppressor and met-
abolic regulatory genes. A key growth factor receptor is the
epidermal growth factor receptor (EGFR) that has increased
expression due to amplification and several mutations with
particular importance of the EGFRVIII mutation in glioblasto-
mas [24]. The EGFRvVIII mutants are characterized by dele-
tions with various breaking points in individual tumors, which
uniformly encompass the gene segment between exons 2 and
7, with a resultant protein product that is lacking the ligand
binding site from the extracellular domain of the transmem-
brane receptor. This truncated receptor, however, is constitu-
tively active (without the engagement of the receptor with its
ligands, i.e. the epidermal growth factor [EGF]), and contrib-
utes to glioblastoma growth by EGFR-regulated DNA repli-
cation processes, pyrimidine and purine metabolism, and toll-
like receptor (TLR) responses modulating apoptosis [24, 25].
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The increased expression of EGFR and the presence of
EGFRUVIII are predominantly detectable in the classic molec-
ular subtype [6—8].

Further important players in glioblastoma oncogenesis in-
volve mutations in tumor suppressor genes that may also cor-
relate with subgroup specification. One of the key tumor sup-
pressor genes is the neurofibromine (NF-1) gene that may be
affected by a large number of inactivating somatic point mu-
tations and deletions of variable extensions. A common alter-
ation is the complete deletion of the 17q11.2 region, which
completely eliminates neurofibromin expression. When the
NF-1 gene is completely eliminated or inactivated, the pro-
cesses controlled by it, such as the RAS GDP < RAS GTP
transformation will be downregulated, resulting in an upregu-
lation of the MEK/ERK and the PI3K/AKT signaling path-
ways, which in turn, leads to increased cell proliferation, de-
creased apoptosis and extended tumor survival. NF-/ muta-
tions and deletions are common in the mesenchymal sub-
group, usually associated with short overall survival and poor
prognosis [6-8, 26-28].

Another key molecular marker for glioblastoma classifica-
tion is the /DH mutation status that markedly influences the
metabolic profile and impact on several regulatory mecha-
nisms of the tumor [29]. The 2016 revision of glioma WHO
classification suggests sorting of glioblastomas into two sub-
groups including those with /DH-1 wild type (about 90% of
cases that are usually older patients with primary glioblasto-
mas) and those with IDH-1 mutants (about 10% of cases that
are usually younger patients with secondary glioblastomas)
[14]. The most common /DH-1 mutation is the R132H point
mutation in glioblastoma, which renders the enzyme catalyti-
cally inactive [30]. Statistically, approximately 95% of sec-
ondary glioblastomas have this mutation, while it is present
in only 4-6% of primary glioblastomas. The IDH-1 R132H
mutation causes abnormalities in the normal enzymatic func-
tion that is the oxidative decarboxylation of isocitrate into oc-
ketoglutarate, while it also leads to the accumulation of a
metabolite, D-2-OH-glutarate (D20OHG). D2OHG has multi-
ple alternative effects contributing to malignancy, therefore, it
is called an oncometabolite [29]. This oncometabolite en-
hances the expression of the hypoxia-inducible factor (HIF)-
la gene, activates cell cycle, contributes to telomere prolon-
gation, epigenetically dysregulates a number of genes, while
also impacts on DNA replication [31], activates the mTOR
pathway and controls tumor cell migration [32].

In our study, we used markers selected from the list of the
TCGA subgroup-defining molecules for the analyses of clin-
ical FFPE glioblastoma specimens [6—8]. In our molecular
cluster and clinical correlation analyses, the EGFR,
EGFRvIII, NF-1 and IDH-1 R132H markers defined at the
protein-level by IHC showed of particular utility for the glio-
blastoma subtype determination. These molecules were
complemented by additional markers, such as p53, ATRX
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and CD133, which seemed to be important in previous stud-
ies, but at the end, did not strengthen the outcome of our
analyses [6, 7, 33-37]. We postulated that in case the sub-
group determinant markers turn out to have biological rele-
vance based on clinical correlations, the selected markers will
forecast prognosis and highlight potential targets for future
personalized therapies.

Aims of the Studies

We aimed to test a set of markers on retrospective FFPE glio-
blastoma specimens surgically obtained from 104 patients in
the Department of Pathology of the Markusovszky University
Teaching Hospital (MUTH), using methods of IHC and pyro-
sequencing, based on previously published molecular and bi-
ological subgroup results from genome-wide sequencing and
transcriptomic analyzes in frozen glioblastoma samples by the
TCGA. In case of a successful outcome, we plan to generate
an algorithm with relatively few markers capable of efficiently
and reproducibly separating the molecular, biologically rele-
vant subgroups of glioblastoma tumors in the clinical practice.

Materials and Methods
Ethics Statement

The study has been approved by the institutional Ethics
Board, and followed the ethical principles of research studies
involving human subjects, as adopted in the Declaration of
Helsinki.

Patients

One-hundred and twenty-seven surgically removed FFPE
specimens from 112 patients with glioblastoma were collected
and archived at the Pathology Department of the MUTH be-
tween 2000 and 2016. After reviewing the quality (e.g. extent
of necrosis, integrity of tissue) and quantity (available tissue
amount) of the specimens, 114 FFPE blocks of 104 patients
were included in the study. In all cases, definite diagnosis of

glioblastoma was established by clinical, paraclinical and his-
tological evaluations.

Table 1 shows the characteristics of patients. Of the 104
patients, 46 (44.23%) were male, and 58 (55.76%) were fe-
male. The age of onset ranged between 26 and 88 years; the
mean age for the entire cohort was 61.01 years, the median
63.5 years. In the male subcohort, the onset age ranged be-
tween 26 and 77 years; the mean age was 58.89 years, the
median 60 years. In the female subcohort, the age of onset
ranged between 32 and 88 years; the mean age was
61.69 years, the median 65 years.

Our patient cohort was studied in two groups. The first
group included 96 patients from whom specimens were avail-
able from the first surgery before chemo- and radiation thera-
py. While most tumors were unifocal, there were two multi-
focal glioblastomas (one with 2 foci, and another with 3 foci)
among the specimens of this cohort. The second group includ-
ed 8 patients with 18 specimens, where multiple (2 or more)
specimens were obtained from the first and subsequent sur-
geries. In this group, only the first specimens (a total of 8)
were obtained before chemo- and radiation therapy, while
the second, third and fourth samples (a total of 10) were de-
rived from recidive tumors, arising after chemo- and radiation
therapies.

The majority of tumors, 101samples were primary glio-
blastomas, but 3 secondary glioblastomas also were among
the specimens of the total patient cohort of 104. Two second-
ary glioblastomas were in Cohort 1, while one secondary glio-
blastoma was in Cohort 2.

Immunohistochemistry (IHC)

IHC procedures were carried out according to the results of
a technical pilot study that optimized the preanalytical
steps and the dilutions of primary antibodies (Table 2).
For visualization of the results, the secondary antibodies
and DAB (diaminobenzidin) chemistry included in the
Novolink Polymer Detection Systems RE-7140-K kit
(Leica Biosystems, Newcastle, UK) were used according
to the manufacturer’s instructions, and was complemented
by hematoxylin staining.

Table 1 Characteristics of
patients and specimens

Diagnosis glioblastoma Gender Type of surgery
Primary gliobastoma  Secondary glioblastoma  Males  Females Resection  Biopsy
All patients 101 3 46 58 100 4
Cohort 1 94 43 53 93
Cohort 2 7 3 5 7 1

Table 1 indicates characteristics of the 104 patients and the two subcohorts (Cohort 1: 96 patients and Cohort 2: 8

patients) included in the study
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Table 2 Specificities and

technical characteristics of Specificities of primary antibodies

Clonality Dilution  Antigen retrieval

primary antibodies used in IHC
GFAP

NEF-1

EGFR
EGFRvIII

P53

ATRX

IDH-1 R132H
CD133

Monoclonal (mouse) 1 100 5 min, 96 °C 0,01 M citrate buffer

1
Polyclonal (rabbit) 1: 300 5 min, 96 °C 0,01 M citrate buffer
Monoclonal (mouse)  1:35 3 min, proteinase-K digestion
Polyclonal (rabbit) 1: 200 3 min, proteinase-K digestion
Monoclonal (mouse)  1: 40 5 min, 96 °C 0,01 M citrate buffer
Polyclonal (rabbit) 1: 500 10 min, 98 °C 0,01 M citrate buffer
Monoclonal (mouse)  1: 40 5 min, 96 °C 0,01 M citrate buffer

1

Monoclonal (mouse) 1300 7 min, 96 °C 0,01 M citrate buffer

Table 2 summarizes methodological characteristics of the monoclonal antibodies used in the IHC analyses

Using 1:50-1:100 magnification, region of interest
(ROI) within each sample was selected based on evalua-
tion of hematoxylin-eosin (H-E) and glial fibrillary acidic
protein (GFAP) stained sections, which identified the
most malignant appearing areas with dividing cells, pleo-
morphic nuclei, less angiogenesis, and no or minimal
necrosis.

Three independent evaluators read the IHC results using
1:200 magnification under an Olympus BX51 microscope
(Olympus Corp. Japan). The staining intensity score was de-
fined as 0, +, ++ or +++, and the percentage of positive cells
was determined in three microscopic fields. Histoscore values
were generated by multiplying the staining intensity score
with the % of positive cells.

Pyrosequencing

IHC assessments of the IDH-1 R132H mutants by
mutant-specific monoclonal antibody were confirmed by
pyrosequencing. First, sections prepared from the FFPE
blocks were deparaffinized by using a QiaGen®
Deparaffinization Solution for FFPE samples kit, then
DNA was isolated by using a QiaGen® QIAamp DNA
FFPE Tissue Kit (Qiagen Inc., Germantown, MD, USA).
Concentration and quality of the DNA specimens were
determined by using the Thermo Scientific® NanoDrop
2000 machine equipped with the NanoDrop2000/2000c
software.

The polymerase chain reaction (PCR) was run with DNA
template adjusted to 1 ng/pul concentration in a BOECO
Thermal Cycler TC — SQ (Boeckel + Co (GmbH + Co),
Hamburg, Germany). PCR primers were synthesized based
on previously published sequences and used at a final concen-
tration of 25 ng/ul [30]. After completing forty PCR cycles,
the amplified DNA products were checked by agarose gel
electrophoresis.

Pyrosequencing was carried out using also a published
primer sequence [30] on a PyroMark® Q24 equipment
(Qiagen Inc., Germantown, MD, USA).
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Statistics

In Cohort 1, hierarchical cluster analyses were used on quan-
titative and qualitative IHC data to identify important bio-
marker cluster structures in determining disease membership.
Cluster-based differences were evaluated using parametric
ANOVA or Student’s t-probe for normally-distributed contin-
uous variables. Pearson’s Chi-square analyses were used for
nominal variables and Kruskal-Wallis tests were used for non-
parametric data. The Cox proportional hazard model was ap-
plied for testing univariable and multivariable associations
among demographic, clinical, survival and biomarker data of
the patients. For data collection and statistical analyses the
SPSS 23 software and R statistical environment (hclust pack-
age) were used.

Results
Evaluation of IHC

Reading of the THC staining results included evaluation of
100—-100 cells per sample in 3—5 microscopic fields of the
previously selected ROI. The expressions of EGFR and
EGFRUVIII proteins were primarily expected on the cell mem-
brane as experienced in the majority of samples. However,
cytoplasmic and perinuclear staining patterns were also seen
in a few samples. During the evaluation, we quantified only
the cell membrane staining representing the EGFR proteins
with best defined function.

The R132H IDH-1 protein is expressed in the cytoplasm.
In each sample, cytoplasmic staining was seen and evaluated,
except in one sample where an additional light nuclear stain-
ing was also noted, which we assumed to be background
staining.

The NF-1 protein is normally expressed in the cytoplasm.
In our specimens, four different staining patterns were noted
with various combinations of cytoplasmic and nuclear stain-
ing patterns: cytoplasm + nucleus-; cytoplasm + nucleus +;
cytoplasm- nucleus +; cytoplasm- nucleus-. In this study, the
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total loss of NF-1 protein with cytoplasm- nucleus- staining
was considered a “NF-1 negative” result.

In our specimens, the pS3 and ATRX staining patterns were
limited to the cell nuclei.

The CD133 protein is a trans-membrane protein, and it was
indeed the predominant staining pattern we observed in our
specimens, though with relatively scant occurrence. When an
additional cytoplasmic staining was seen in a few samples, we
attributed that to background staining and quantified only the
cell membrane staining in each sample.

The inter-individual agreement of histoscore values (the
staining intensity score multiplied by % of positive cells) for
GFAP, EGFR, p53, ATRX and CD133 IHC varied between 80
and 100%. The manual evaluations of the EGFR and
EGFRUVIII stained slides were complemented by automated
analyses using the QuantCenter software package on the 3D
HisTech Mirax Scan device (3DHISTECH, Budapest,
Hungary). In case of the EGFRVIII and IDH-1 R132H THC,
the presence or absence of mutations (positive or negative
status) was determined.

Evaluation of Pyrosequencing

The IDH-1 R132H mutation specific IHC staining results
were confirmed by pyrosequencing. This analysis established
that the “++” or higher staining intensity of IHC-positive cells
are indeed cells carrying this mutation. Therefore, the IHC
results with “+” or less intensity of IDH-1 R132H staining
were deemed negative.

After we verified and cleaned all the quantitative histoscore
values (for EGFR, NF-1, ATRX, p53, CD133) and qualitative
mutant / non-mutant designations (for EGFRVIII and IDH-1
R132H) of the investigated proteins, we tabulated the results
in a master file for statistical testing. For NF-1, we eventually
used the observed four staining patterns (cytoplasm +,
nucleus-; cytoplasm +, nucleus+; cytoplasm-, nucleus+; cyto-
plasm-, nucleus-) in the analyses.

Hierarchical Cluster Analyses of Molecular Data
for Glioblastomas in Cohort 1

Separation of the molecular subgroups identified by the hier-
archical cluster analysis can be illustrated by a “tree” arrange-
ment complemented with the p-values (Fig. 1). We have eval-
uated several “statistical trees” with sequential evaluation of
marker group segregation, and found the one in Fig. 1 statis-
tically the most powerful representation of subgroup forma-
tion. Here, the first step involved the isolation of IDH-1
R132H positive (“1”) and negative (“0”) subgroups, where
ten persons (11.11%) were positive, and 86 persons (89.89%)
were negative for this marker (p = 0.001, 95% confidence
level).

In the next step, we further divided the IDH-1 R132H
“0” (negative) group based on the EGFRVIII mutation sta-
tus for positive (“17) and negative (“0”) subgroups. Out of
86 IDH-1 R132H negative patients, 32 persons (37.21%)
were positive and 54 person (62.79%) negative for the
EGFRVIII mutation. (Out of the total 96 patients, 33.33%
was positive and 66.66% negative for the EGFRVIII muta-
tion). There was no overlap in the EGFRVIII and IDH-1
R132H IHC staining in any patients included (p = 0.022,
95% confidence level).

Individuals falling in to the division of the “tree” where
both the IDH-1 and EGFRVIII staining was negative (“0”)
(Fig. 1), were further tested for the four expression patterns
of NF-1 (NF-1 cytoplasm + nucleus —; NF-1 cytoplasm +
nucleus+; NF-1 cytoplasm- nucleus+; NF-1 cytoplasm- nucle-
us-). Out of the EGFRVIII negative (“0”) subgroup, the sepa-
ration of the NF-1 cytoplasm- nucleus- subgroup was near
complete and approached (but with the reduced number of
only 20 specimens in this subgroups, did not fully reach)
significance (p = 0.059, 95% confidence level) (Figs. 1, 2
and 3). The three NF-1 positive variant patterns were observed
in both the EGFRVIII positive (“1”) and negative (“0”) sub-
groups. The separation of each of these three NF-1 positive
(including the cytoplasm + nucleus-, the cytoplasm + nucle-
us + and the cytoplasm-, nucleus+) subgroups was far from
impressive and did not reach significance.

Based on the coexpression of EGFR and EGFRvIII muta-
tion, expression of IDH-1 R132H mutation and the loss of
NF-1 expression (cytoplasm-, nucleus-), we could sort 2/3rd
of our glioblastoma specimens into three molecular subgroups
(Figs. 2 and 3). The inclusion of additional IHC markers (p53,
ATRX, CD133) either one-by-one or together in the hierarchi-
cal cluster analyses resulted in no further improvement of the
subgroup separation.

Thus, based on the results of the above four marker
expression, a statistically significant separation of the glio-
blastoma molecular subgroups was observed. The EGFR
over-expression and the simultaneous presence of
EGFRvVIII mutation were identified in the largest sub-
group (34 patients), which overlaps with TCGA classic
subgroup [7, 8] and represents 35% of our cohort. The loss
of nuclear and cytoplasmic NF-1 expression was detected
in 20 samples, which may at least in part, be related to the
TCGA mesenchymal subgroup [7, 8] and represents 21%
of the total number of our samples. These two subgroups
overlapped by 2 samples, wherein an increased EGFR and
EGFRUVIII expression was detected in addition to the loss
of NF1 expression. These 2 patients represent only 2% of
the total sample cohort. Finally, the IDH-1 R132H positive
samples fully separated from the two former subgroups and
likely correspond to the TCGA proneural category [7, 8].
This subgroup includes 10 patients, representing 10% of
the total cohort (Figs. 2 and 3).
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Fig. 1 A representative tree from
the hierarchical cluster analyses.
Figure 1 depicts segregation of
subgroups in the hierarchical
cluster analysis with the p-values
indicated in between the
branches. The architecture of the
classification scheme can be read
from top to bottom to see the
sequential steps of the analysis

First step
IDH-1 R132H testing

IDH-1 R132H
Categony % n

B Nogqative gz sz 86

IDH-1 R132H
Categony % n

B positive 314 42 10

P-value=0.001

Total 36 Total L1

Second step
EGFRvVIII testing

P-value=0,022

EGFRvVIII
Categony %

EGFRvIII
n Categony % n

M Nagativa 6€0.46 52

M posiciva 39.58 3

Total

86 Total 8¢

Third step
NF-1 testing

NE-1 -/-
Categony % n

B Nogative 38.46 20

Total s2

The Correlation of Clinical Outcomes with the Molecular
Subgroups in Cohort 1

Out of the 96 patients involved in this retrospective study,
clinical information could be recovered for 64 patients, and
included the patients’ gender, age at the diagnosis (surgery of
glioblastoma) and overall survival time. The overall survival
time was expressed in weeks, calculated from the date of
surgery to the date of death. Three patients were still alive at
the time of manuscript preparation. The clinical data were
correlated with the molecular subgroups.

For testing the gender distribution in and among the sub-
groups, the Pearson’s Chi-square test was used. Although
some subgroups had rather small size, we can conclude that
the patients’ gender neither correlated with the overall survival
time, nor with the molecular subgroups of the tumor (Table 3).

Next we tested the age of onset (age of glioblastoma diag-
nosis) in the molecular subgroups using Kruskal-Wallis test,
but no significant p-values were obtained here either.
Nevertheless, we recognized a certain trend: the age of
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P-value=0.059

NF-1 +/4; +/-; -/+
Category % n
BPositive g1.5¢ 32

Total 52

patients with the IDH-1 R132H mutation was 59 years youn-
ger than that in the other molecular subgroups. The mean age
was 56 years and the median age of 52.5 years in the subgroup
with IDH-1 R132H mutation, while the mean age was 62 years
and the median 65 years in the IDH-1 R132H negative sub-
groups (Table 3).

Finally, we compared the overall survival of patients in the
molecular subgroups using Cox regression analyses. These
analyses also yielded non-significant results (p = 0.386), but
again some of the molecular subgroups were too small.
Nevertheless, some trends could be observed. The overall sur-
vival time was approximately 30 weeks longer in the IDH-1
R132H mutation positive subgroup as compared to the IDH-1
R132H negative (EGFRvIII+ and NF-1 —/—) subgroups. The
mean value of overall survival times in the IDH-1 R132H
mutant subgroup was 82 weeks, while it was only 50 weeks
in the IDH-1 R132H negative cohorts. Similarly, the median
survival time values appeared longer in the IDH-1 R132H
mutation positive than in the negative subgroup (24 vs.
17 weeks, respectively) (Table 3). No differences in the



Molecular Subgroups of Glioblastoma— an Assessment Byimmunohistochemical Markers 27

Other
32
Patients

IDH-1
R132H+
10 patients

EGFRvIII+
34
patients

patients

NF1-/-&
EGFRvIIH
2 patients

Fig. 2 Distribution of patients according to the key molecular markers.
Figure 2 indicates the number of patients in the three main groups defined
by the complete (cytoplasmic and nuclear) loss of NF-1 expression (blue),
EGFR and EGFRVIII co-expression (red) and R132H IDH-1 mutation
(green). The subgroup labeled by ““Other” (gray) represents approxi-
mately 1/3rd of all patients, namely those who did not fall in the three
key marker groups

survival time were observed in the other two molecular sub-
groups (EGFRVIII positive and NF-1 —/—) when compared
with each other and with the IDH-1 R132H subgroup.

We also looked at the clinical characteristics according to
the positive / negative status for EGFRvIII and NF-1 expres-
sion. (The comparison of survivals in the IDH-1 R132H pos-
itive and negative individuals is the same as above in the
analyses in the molecular subgroups). The NF-1 positive

EGFR 1P 1 /EGFRvIIl+ (34 patients)

32
patients

2
patient$

‘ 18

— NF-1-/- (20 patients)
10! patients

Wpatients)

IDH-1 R132H+ (10 patients)

Fig. 3 Segregation of glioblastoma tumors into three molecular
subgroups. Figure 3 shows the segregation of main molecular
glioblastoma subgroups defined by the three key markers (complete
loss of NF-1 expression, presence of IDH-1 R132H mutation and co-
expression of EGFR upregulation along with the presence of the
EGFRvVIII mutation)

cohort (cytoplasm + nucleus-; cytoplasm + nucleus+;
cytoplasm- nucleus+) had a mean age of 59 years, median
age of 64, while the NF-1 negative cohort (cytoplasm- nucle-
us-) had a mean age of 65 years, median age of 67 years
(p = NS). The mean survival time in the NF-1 positive group
was 35 weeks, median 28 weeks, while the mean survival time
was 50 weeks, median survival time 17 weeks in the NF-1
negative group (p = NS).

The EGFRVIII positive and negative cohorts did not differ
in gender and age at diagnosis (mean age of 60 years vs.
61 years, median age of 65 vs. 61 years, respectively). The
overall survival data of EGFRVIII + group appears slightly
shorter than the EGFRVIII- group (mean 50 weeks vs. 61,
median 22 weeks vs. 26 weeks), but this was not statistically
significant by Cox regression analysis.

Molecular Profile Comparisons in the Sequential
Glioblastoma Specimens in Cohort 2

This segment of the studies involved 8 patients with 2 or 3
surgical resections over time. Slides were prepared for IHC
from FFPE blocks of resected tumors similar to that detailed
above. Staining patterns of the first, second and when avail-
able, third / fourth samples were compared (Table 4). Since
this was a very small sample size, we could not conduct sta-
tistical analyses. Nevertheless, Table 4 suggests that the mo-
lecular patterns did not profoundly change during the sequen-
tial sampling, even though some changes did occur. For ex-
ample, in one case (patients 4), we noted a change in the NF-1
status when the first sample was negative, while the second
sample was positive for this marker expression. There was no
gross qualitative change in the expression of EGFR and
EGFRUVIIIL, however, in some samples we noted a quantitative
increase as measured by the histoscore of EGFR expression
over time. It is also worth mentioning that while ATRX was
detected in the primary samples of 8 patients, 3 of them lost
the ATRX expression over time (patients 1, 2 and 5).
However, the reverse was true for patient 8. The rest of the
IHC staining results showed no changes between the first and
subsequent samples, suggesting that at least to some degrees,
the molecular profiles of glioblastoma specimens are retained
over time.

Discussion

In this study, 6 markers that showed key importance in the
differentiation of glioblastoma molecular subgroups in pre-
vious research reports were selected for analyses in the
clinical setting. These markers were studied in archived
FFPE glioblastoma tumors by IHC method used in routine
histopathology labs. In Cohort 1, we examined the separa-
tion of specimens based on the quantitative and qualitative
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Table 3  Clinical characteristics of patients in the three molecular subgroups in Cohort 1

Mutations Gender p-values Mean age  Median age  p-value of Mean Median p-value of
distribution Chi-square  in years in years Kruskal-Wallis  survival survival Cox-regression

test test in weeks  in weeks

IDH-1R132H 3 males 7 females 0.34 56 52.5 0.168 82 24 0.386

EGFR/EGFRvVIII 15 males 19 females ~ 0.93 60 61 50 22

NF-1—/— 11 males 9 females 0.28 65 67 50 17

Table 3 summarizes distribution of the clinical characteristics (gender, age, overall survival) in the three molecular subgroups

expression of the 6 molecular markers, and investigated the
correlation of clinical parameters with the marker-defined
subgroups.

We conclude, that even with a few markers selected from
the TCGA OMICS reports, identification of main glioblasto-
ma molecular subtypes is feasible in clinical FFPE blocks
(Figs. 1, 2, and 3). Based on the selected markers, an overlap
between the IHC-defined and the TCGA-defined (proneural,
classic and mesenchymal) subgroups is highly likely. Our re-
sults not only reproduce the separation of molecular sub-
groups in clinical glioblastoma specimens, but the distribu-
tions of these molecular subgroups are also similar to that
reported by the TCGA network [6, 7]. Our results are also in
consensus with earlier works of other authors regarding mark-
er identity, subgroup separation and proportion, and some

clinical correlations, though the latter point requires further
confirmation in our studies [9, 15, 17, 23, 38].

In our study, the patients’ gender did not show differential
distribution in the molecular subgroups of glioblastoma, and
did not show any relationship to age of disease onset or overall
survival. In contrast, we noted a strong tendency for longer
survival associated with the IDH-1 R132H mutant status, as
expected. Patients with this somatic mutation in their tumors
also appeared younger at the disease onset, in concordance
with the TCGA data [7]. However, as only 10 patients had
glioblastoma with this mutation, no statistically significant p-
values were detected in the correlation analyses due to lack of
power.

In Cohort 2 including eight patients, we were able to ex-
amine more than one tumor specimen obtained at first

Table 4 Molecular characteristics of sequentially obtained glioblastoma specimens in Cohort 2

Patients NF-1 +/— EGFR membrane EGFRVIII +/— IDH-1 +/— p53 nucleus ATRX nucleus
HistoScore HistoScore HistoScore
Patient 1 / 1st sample n.e. + - 136 70
Patient 1 / 2nd sample - 81 + - 174 0
Patient 2 / 1st sample + 156 + - 186 80
Patient 2 / 2nd sample + 176 + - 62 0
Patient 3 / 1st sample + 0 - - 0 216
Patient 3 / 2nd sample + 180 - - 216 12
Patient 4 / 1st sample - 249 + - 237 98
Patient 4 / 2nd sample + 273 + - 174 216
Patient 5 / 1st sample + 150 + - 126 18
Patient 5 / 2nd sample + 79 + - 276 0
Patient 6 / 1st sample + 76 + - 237 195
Patient 6 / 2nd sample + 234 + - 60 148
Patient 7 / 1st sample + 234 + - 228 32
Patient 7 / 2nd sample + 152 + - 118 87
Patient 8 / 1st sample + 150 + - 159 0
Patient 8 / 2nd / a sample + 264 + - 213 0
Patient 8 / 2nd / b sample - 210 n.e. - 216 156
Patient 8 / 3rd sample + 255 + - 172 152

Table 4 shows molecular characteristics of multiple tumors obtained from eight patients with glioblastoma. From patient # 8 four surgical specimens were
obtained at three time points, where 2 samples were taken at the second time point from the multi-focal tumor. Histoscore values are indicated for EGFR,
ATRX and p53, while the presence of absence of mutation is indicated for IDH-1 R132H and EGFRVIIL Finally, four possible detection of NF-1
expression is shown with “— “representing nuclear-, cytoplasm- staining, while “+” representing all the other 3 possibilities including nuclear +,
cytoplasm-; nuclear-, cytoplasm+; and nuclear+, cytoplasm + staining patterns
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diagnosis and at recurrence(s) by surgical resections. This
small substudy, although not suitable for statistical testing,
suggests that glioblastoma tumors retain, at least in part, their
main molecular characteristics over time. Nevertheless, our
limited data also suggest the occurrence of some clonal chang-
es as the somatic mutation profiles evolve in the tumors over
time. However, sampling and intratumor heterogeneity may
complicate the interpretation of these results as discussed in
our previous reports [39, 40].

Our observations are in concordance with the 2016 revision
of the WHO classification of gliomas which proposes the
integration of molecular markers in the histopathology-based
classification of these tumors, and the separation of glioblas-
tomas for /DH mutation positive and negative subgroups [14].
Accordingly, the IDH-1 R132 positive glioblastomas may be
safely separated from the rest of glioblastomas, and represent
the subgroup corresponding to the TCGA proneural subtype
[7] (Figs. 1, 2 and 3). Both in the literature and our study, the
IDH-1 R132H positive status in great proportions (but not
fully) meets the separation of primary and secondary glioblas-
tomas (see also data in the Introduction).

While the 2016 revision of the WHO glioma classification
does not recommend the inclusion of further markers in the
glioblastoma molecular classification, our results suggest that
the use of additional key markers are not only feasible, but
also advisable for supporting clinical decision making.
However, for the validation of our molecular observations
and for a better definition of the clinical correlations, a pro-
spective study with real-time collection of the clinical param-
eters along with the surgical tumor specimens will be neces-
sary. Such study will provide a better insight into as to how the
molecular glioblastoma subgroups differ from each other
based on their biological properties. If we can reproduce the
glioblastoma IHC-based subgroup separations, and establish
the biological characteristics of the subgroups, we may pro-
ceed in the future in the direction of generating a molecular
diagnostic panel for clinical practice to support prognosis and
therapeutic considerations.

Finally, we need to make a note about the variations ob-
served in [HC-detected protein expression patterns, often dif-
ferent from that expected in non-tumor brain tissue specimens.
The aim of our studies was not to explore the genetic / geno-
mic causes (somatic mutations and rearrangements) associat-
ed with the subcellular protein expression patterns in glioblas-
tomas, nevertheless, we would like to call attention to a few
points relevant for the study interpretation. The NF-1 protein
is encoded in the chromosomal region 17q11.2, and is normal-
ly expressed in the cytoplasm, where it acts as an important
tumor suppressor. The most common mutation affecting the
NF-1 gene in tumors is a complete loss of the long arm of
chromosome 17, or deletions at the q11.2 region, which result
in partial or complete loss of protein expression (loss of full
protein or a specific epitope detectable by IHC). In addition,

numerous point mutations as well as smaller and larger inser-
tions and deletions can occur which may affect the expression
of the NF-1 protein, its subcellular localization and detectabil-
ity by IHC [41-43]. Some mutations may cause retention of
the mutated protein or protein segments in the nucleus.
Missense and nonsense mutations may also alter epitopes of
the NF-1 protein detectable by a given monoclonal antibody
resulting in negative IHC. Background explorations of these
changes at the protein level require comprehensive ap-
proaches, such as next generation sequencing and FISH anal-
yses of the 17q11.2 region, or genome, exome and tran-
scriptome level analyses. Although the TCGA database pro-
vides detailed information [6] regarding NF-1 genotype - phe-
notype correlations, we have a small ongoing study to identify
mutational events underlying the four observed expression
patterns of the NF-1 protein.

IHC staining for EGFR and EGFRVIII has also produced
some protein expression patterns in variance with the normal
localization patterns. Predominantly, we observed staining of
the cytoplasmic membrane as in normal cells, but in a small
number of samples and in a few cells cytoplasmic and
perinuclear staining was also observed. EGFR is encoded
within the chromosome 7p13-q22 region [44]. In glioblasto-
ma, the most common mutations are the copy number chang-
es, especially amplification (detectable in approximately 30%
of tumors), but deletion of the entire gene may also occur [24].
During mRNA processing and translation the receptor-related
molecules travel through intracytoplasmic organelles to reach
full maturation. Accordingly, the epitopes may be stained
around the nucleus, but also within the cytoplasm (Golgi,
endosomes, endoplasmatic reticulum and even in the mito-
chondrion). Normally, these staining patterns do not or only
scarcely occur. However, when the EGFR (and EGFRvIII)
gene is amplified and the protein molecules are increased in
number, intermediate products may be noted in unusual sub-
cellular locations [45, 46]. Whether or not EGFR in such
location exert any biological activity remains to be clarified.

Mutations in the 7P53 tumor suppressor gene are involved
in promoting the growth and progression of several types of
cancer. We have previously demonstrated the prognostic rele-
vance of p53expression in glioblastoma [47-50]. Normally,
the protein is localized in the nucleus. This was also the case
in our glioblastoma specimens. 7P53 is encoded in the 17p3
chromosomal region [51]. Deletion within this region or in the
entire chromosome 17 may result in expression deficit of p53.
Hot spots for point mutations include codons 175, 245, 248,
249, 273 and 282, which change the function or the isoform of
the protein and its localization within the cell as well.
Consequently, the molecule may appear in the cytoplasm in-
stead of the nucleus, which we did not observe in our glio-
blastoma specimens [52—54].

Altogether, the strength of this study is that methods readily
available in histopathology labs were used in archived clinical
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FFPE glioblastoma specimens to test if main molecular sub-
types of this tumor may be identified. This approach was
capable of classifying 2/3rd of our glioblastoma specimens
into molecular subgroups that likely overlap with the previ-
ously proposed TCGA subgroups, based on similar key
markers. However, since this study included a retrospective
cohort, clinical data could be retrieved only for 67% of the
patients. Therefore, we had too small sample sizes per sub-
groups and lost statistical power in the clinical correlation
analyses. Nevertheless, even with this limitation, we were able
to observe certain trends, particularly for those tumors bearing
the IDH-1 R132H mutation. Individuals with this mutation
had an earlier age of disease onset and longer overall survival
when compared to those lacking this IDH-1 R132H mutation.
As an extension of the present study, we have a new study in
progress with prospective specimen and clinical data collec-
tion to validate the glioblastoma molecular subgroups with
biological characteristics. A successful outcome may lead to
the generation of a clinical diagnostic panel for supporting
prognosis and therapeutic considerations.
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