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Abstract

First described in the 1800s, glioblastoma multiforme (GBM), a class IV neoplasm with astrocytic differentiation, as per
the revised 2016 World Health Organization classification of tumors of the central nervous system (CNS) is the most com-
mon malignant tumor of the CNS. GBM has an extremely wide set of alterations, both genetic and epigenetic, which yield a
great number of mutation subgroups, some of which have an established role in independent patient survival and treatment
response. All of those components not only represent a closed cycle but are also relevant to the tumor biological behavior
and resistance to treatment as they form the pathobiological behavior and clinical course. The presence of different triggering
mutations on the background of the presence of key mutations in the GBM stem cells (GBMsc) further separates GBM as
primary arising de novo from neural stem cell precursors developing into GBMsc and secondary, by means of aggregated
mutations. Some of the change in cellular biology in GBM can be observed via light microscope as they form the cellular
and tissue hallmarks of the condition. Changes in genetic information, resulting in alteration, suppression and expression
of genes compared to their physiological levels in healthy astrocytes lead to not only cellular, but also extracellular matrix
reorganization. These changes result in a multiform number of micromorphological and purely immunological/biochemical
forms. Therefore, in the twenty-first century the term multiforme, previously outcast from nomenclatures, has gained new
popularity on the background of genotypic diversity in this neoplastic entry.
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Introduction

Glioblastoma multiforme (GBM), a class IV neoplasm with
astrocytic differentiation, as per the revised 2016 and prior
World Health Organization (WHO) classification of tumors
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of the central nervous system (CNS), is the most common
malignant tumor of the CNS, being even more commonly
encountered than CNS metastasis (Fig. 1) [1-4]. Clinically,
GBM is an entry encountered in its late stages of biological
evolution, requiring intensive multidisciplinary diagnostic
and treatment strategies. Even so, the survival prognosis of
patients with GBM is one of the dimmest, as the survival
rate is one of the worst encountered in modern day oncol-
ogy [5-8].

First described in 1800s, GBM is a unique entry into
cancer pathology, as it behaves in a unique way bringing
its biological behavior closer to extracranial tumors than to
intracranial [9, 10]. Unlike other neoplastic entries, where
in the past 50 years the prognosis and quality of life have
increased drastically due to investigations into cellular and
tumor biology, such investigations into GBM have opened
up more questions than they have answered [5, 11-13].

GBM has an extremely wide set of alterations, both
genetic and epigenetic, which yield a great number
of mutation subgroups (MSG), some of which have an
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Fig. 1 Cellular contrast between healthy brain tissue and GBM. a
Healthy brain tissue, H&E, original magnification x400. b Healthy
astrocytes, IHC stain with GFAP, original magnification x400. ¢

established role in independent patient survival and treat-
ment response (Fig. 2) [10, 14-18]. However, most of the
encountered mutations either have a limited, disputed or
unestablished role in patient survival. Hence, in the pre-
sent day the term multiforme, originally introduced due to
the multiform appearance of tumors cells within the same
biopsy sample and in-between samples of the same overall

Hypercellularity and cellular atypism of GBM, H&E, original mag-
nification X400. d Neoplastic astrocytes of GBM, IHC stain with
GFAP, original magnification x400

entry, has widely been reintroduced due to the genotypical
multiformity of this neoplastic entry [19, 20].

A subset of mutations, most of which are widely unidenti-
fied or their impact on diagnosis has yet been unestablished,
have widely been forgotten, placing a gap in the diagnos-
tic process [1, 16, 21-23]. Only a few studies focus on the
different phenotypic appearance of the varying genotypic
subgroups of GBM.

Fig.2 Classical form of GBM (a) and giant cell GBM (b). Original magnification X200
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Alterations in basic cellular biology

Based on the present genetic and epigenetic changes, there
are substantial mutations, leading to cytoplasmic and extra-
cellular matrix reorganization. These changes present the
morphological tissue hallmarks—monstrous cells, based
on the multiformity of the genetic and epigenetic altera-
tions within the cells of the same tumor sample, pseudo-
palicadic necrosis, formed both from areas of cellular death
and nearby cells migrating away from the necrotic bead, and
neovascular pseudoglumerlar formations, formed from the
released growth factors from the tumor cell, which also auto-
stimulate the cells themselves (Fig. 3) [9, 24].

All of these components not only represent a closed cycle
but are also relevant to the tumor biological behavior and
resistance to treatment as these tissue hallmarks form the
pathobiological behavior and clinical course. The presence
of GBM cancer stem cells (GBMsc) within the tissue sample
also provides everlasting replenishing supply of new mature
GBM cancer cells (GBMmc) with further mutations and
treatment resistant behavior [14, 15, 25]. These GBMsc can
be identified by the presence of CD24, CD44, CD133 and
Hes3 positivity and are highly resistant to treatment due to
active mechanisms of DNA repair and self-regeneration [10,
15, 25-27].

The presence of different triggering mutations on the
background of the presence of key mutations in the GBMsc
further separates GBM as primary (pGBM) arising de novo
from neural stem cell precursors (NscP) developing into
GBMsc and secondary (sGBM) arising from NscP by means
of aggregated mutations, different from the triggering muta-
tions in GBMsc of pGBM [28-30].

These two forms of biological evolution of GBM were
first identified by the father of modern pathology and the

cellular theory Rudolf Virchow and nearly a century later
by the most prominent researcher in the field of CNS glial
tumors—Joachim Scherer, after whom the pseudopalisadic
necrosis has trivially been named Scherer formations (Fig. 3)
[9, 19, 20, 24, 31, 32]. Both of these prominent researchers
postulated the biological behavior of GBM based on their
observations of both biopsy and autopsy samples and clini-
cal observation of patients.

Only recently with the advances of molecular biology,
pathology and genetics on the background of multidiscipli-
nary approach with neurologists and neurosurgeons have
we been able to understand the train of thought of these
prominent figures.

Alterations in cellular biology with relevance
to pathological verification

Some of the change in cellular biology in GBMmc can be
observed via light microscope as they form the cellular and
tissue hallmarks of the condition. Changes in genetic infor-
mation, resulting in alteration, suppression and expression
of genes compared to their physiological levels in healthy
astrocytes lead to not only cellular, but also extracellular
matrix reorganization (Fig. 1). These features are used as
the diagnostic medium, by which GBM is verified patho-
logically [1].

Glial fibrillary acidic protein (GFAP) is a class III inter-
mediate cytoskeletal filament with a 50kD molecular weight,
found in all astrocytes, other glial cells and some pericytes
(Fig. 1). Although used as a cornerstone for the immunohis-
tochemical (IHC) verification of CNS tumor samples, more
often than not, GFAP is relied upon too much (Fig. 4). Some
studies state lack of GFAP IHC expression in some GBM
tumor specimens, misleading untrained neuropathologists

Fig.3 Cellular and nuclear hallmarks of GBM original magnifica-
tion X400 (a). Classical manifestation of GBM with pseudopalisadic
necrosis/Scherer formations and immature blood vessels/neovascular

pseudoglumerlar formations original magnification X200 (b). a is a
magnified section of b
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Fig.5 Expression of Vimentin in GBM-—original magnification
%400

into other diagnostic categories. Therefore, this once corner-
stone of CNS tumor verification, although highly specific,
is now only part of a wider testing panel. So far there has
been no confirmed report of GFAP IHC negativity correlat-
ing with GBM presentation, clinical course or treatment.
However, changes in GFAP coding deoxyribonucleic acid
(DNA) and subsequent loss of IHC reactivity may be key to
identifying new mutations in genes adjacent to the GFAP
coding ones on 17g21.31 and perhaps associating with loss
of heterozygosity (LOH) 17p [33, 34].

Vimentin is also a class III intermediate cytoskeletal
filament with a 57kD molecular weight, found in all cells
with a mesenchymal origin. Due to its wide set of tissue
samples with a positive IHC reaction, Vimentin is mostly
used as a positive IHC control, when verifying CNS tumor
samples (Fig. 5). There, however, have been conflicting
reports of GBM tumor samples losing their IHC reaction
with Vimentin, while remaining GFAP positive, while
on the other hand samples which have lost their GFAP
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Fig.6 Expression of S-100B in GBM—original magnification X400

IHC positivity remain Vimentin positive. This, likewise
with GFAP, may, in the future, lead to the discovery of
new GBM or tumor-associated mutation, adjacent to the
Vimentin coding gene on 10p13 and its association with
LOH 10p [34-37].

S-100 is a family of more than 21 different cytoplasmic
regulatory proteins with distinctive regulatory and cell cycle
functions. The most pronounced type found in glial cells and
GBMmc is S-100B, an astrocyte specific marker (Fig. 6).
Despite this, IHC reactions for S-100 are very unspecific,
unlike GFAP, due to most commercial antibody kits being an
antibody cocktail for the S-100 family altogether and S-100
family members being present in a number of tissues and
tumor types, including melanoma, different types of sar-
coma and histiocytoma. However, so far there have been no
reports of GBM tumor samples with negative IHC expres-
sion for S-100B. Yet wieldy unresearched, S-100B is coded
on 21q22.3, a locus commonly associated with epigenetic
encasement in cancer stem cells [38—40].
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The most common differential diagnosis for morpho-
logical verification of GBM, based both on its classical
hallmarks and its multiform appearance, is CNS metastatic
tumors, primarily of epithelial origin [3, 10]. Diagnosis is
carried out predominantly with IHC, especially when there
is an overlap of histological hallmarks, unspecific hallmarks
or variants of GBM, especially giant cell GBM and epi-
theloid GBM. Two such IHC markers are the pan-keratin
AE1/AE3 antibody cocktail and epithelial membrane anti-
gen (EMA), both of whom, despite wide positivity across
tissues, do not react in healthy brain tissue.

Cytokeratin (CK) AE1/AE3 is a pan-cytokeratin antibody
cocktail, reacting with unspecific epitomes, preset in the pro-
tein chain of most cytokeratin filaments. Cytokeratins are
a diverse group comprised of acidic (type I) and alkaline/
basic (type II) intermediate cytoskeletal filaments. The AE1
fraction of the antibody cocktail detects the type I fraction,

represented with the high molecular weights 10, 14, 15, 16
and the low molecular weight 19, while the AE3 fraction
detects type II cytokeratins—the high molecular weights 1,
2,3,4,5, 6 and the low molecular weights 7 and 8. Widely
reported GBM tumor samples react positively with CK AE1/
AE3, with some studies reporting an excess of 96% of GBM
giving a positive IHC reaction (Fig. 7) [41-43]. This has
given background the claim of keratin production in GBM,
explained with the anaplastic cells regaining their neuroepi-
thelial hallmarks [41]. However, since GBM originates from
NscP, such dedifferentiation cannot take place. As proven
by a set of studies, CK AE1/AE3 positivity is not based on
the production of keratin filaments by GBMmc, but rather
on the AE3 fraction of the mixture reacting with a similar
epitome of another intermediate filament, highly likely being
GFAP (Fig. 8) [44—47]. These claims were further supported
by electrophoresis and immunoblot tests, proving that no

Fig. 7 Diffuse expression of CK AE1/AE3 in giant cell GBM—original magnification X400 (a) and original magnification X200 (b). a is a mag-

nified section of b

RN P

Fig.8 Individual cell expression of CK AE1/AE3 in GBM—original magnification X400 (a) and original magnification X200 (b). a is a magni-

fied section of b
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molecules with the characteristics and molecular weight of
keratin filaments were present in GBMmc reacting with CK
AE1/AE3 in IHC [47].

EMA is a surface glycoprotein found on the outer cellular
membrane of most epithelial cell types and some hematopoi-
etic cells, taking place in cellular interactions. Again, widely
accepted as a standard phenomenon, but yet unresearched
specifically, EMA THC positivity is yet another candidate
for false IHC positivity like CK AE1/AE3, as the reaction
is both weak and unspecific of the antibody (Fig. 9) [48].
There are, however, some claims that this type of reaction
may not be due to antigen and epitome mimicry, such as the
CK AE1/AES3 reaction, but due to slide contamination dur-
ing preparation [48].

Other classical epithelial markers such as CAMS.2,
CK20, CK7 and others have also been reported with positive
reactions in GBMmc, although this phenomenon is much

rarer when compared to CK AE1/AE3 and EMA [41, 46,
47]. Though considered falsely positive as presented in some
studies, it remains widely accepted as a standard phenom-
enon explained by the neuroepithelial origin of glial cells.
However, the immunoblot studies carried out, together with
the highly unspecific reactions uncharacteristic of the anti-
bodies, give ample field for future research and antibody
refinement.

All of these alterations in the cellular biology of inter-
mediate filament structure, rearranging and the alteration of
other cytoplasmic component, inevitably contribute to the
morphological changes observed in GBMmc, and different
combinations may even attribute to the widely diverse mor-
phological variants.

Uncharacteristic of other CNS and ICTs, GBM is a tumor
that is reportedly able to metastasize. Although rare, this
phenomenon gives rise to several very important questions
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Fig.9 IHC reaction of GBM with EMA—negative (a), weak positive (b), representative of normal expression and strong (c¢), with non-physio-

logical cytoplasmic reaction. Original magnification X400
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about the cellular biology processes diverging GBM from
these other tumors and the factors contributing to this rare
event [49-53]. Furthermore, there are two distinct patterns
of GBM metastasis—metastasis within the CNS, predomi-
nantly spinal cord and contralateral hemisphere prior to but-
terfly pattern formation and metastasis outside of the CNS,
observed both after subsequent craniotomies for treatment
and prior to them [54-56]. CNS metastasis can be attributed
to both pseudopodic migration of GBMsc and their dissemi-
nation through the cerebrospinal fluid, while extracranial
metastases are a yet widely unexplained phenomenon attrib-
uted both to the damaging of the blood-brain barrier and
immature tumor blood vessels, tissue trauma due to surgical
and non-surgical intervention and the presence of newly dis-
covered lymph vessels in the CNS. These phenomena give
rise to the discussion whether GBM naturally has the ability
to metastasize, and these events are rare and far in between
due to the short patient survival period, or are they triggered
by a rare specific, yet unidentified mutation.

A key fact of notice is the presence of GBM outside of
the limits of the CNS. Paradoxically this phenomenon can
occur in teratomas, predominantly in the mediastinal space,
although occurrences in ovarian and testicular teratoma are
also common [57, 58]. This phenomenon develops on the
background of NscP, as reportedly up to 30% of teratomas
have neural tissue as their component [59, 60]. Further
worth noticing is that most malignant tumors developing
on the background of teratomas develop on the background
of already malignant immature teratomas, while GBM can
develop from mature teratomas, further underlining the
value of GBMsc arising from NscP [58].

Specific alterations in cellular biology

Complementary, however, to the great variety of genetic
changes with a visible morphological or IHC manifesta-
tion, there are a greater number of micromorphological and
purely immunological/biochemical forms. Therefore, in the
twenty-first century the term multiforme, previously outcast
from nomenclatures, has gained new popularity on the back-
ground of genotypic diversity in this neoplastic entry [61].

These genetic multiformities are not observed in unison,
but form distinct MSG, which in modern times are key, out-
lining not only the biological behavior and aggression of the
tumor, but also the response to different treatment strategies.
MSG are also a pivotal point in the development of new
diagnostic and curative modalities for GBM.

Based on the current WHO classifications of tumors of
the CNS, mutations with an integrated treatment include
isocitrate dehydrogenases mutations (IDH) and the presence
of an MGMT mutation, purely genetic or epigenetic, as IDH
status is an independent prognostic factor and MGMT status
is representative of treatment response to Temozolomide [1].

The MGMT mutation status on its own has no value com-
parative to clinical manifestation and progression [16, 23].
However, when MGMT levels in GBMmc are decreased,
this makes them more susceptible to DNA alkalization and
therefore therapeutic eradication. The already aforemen-
tioned alkalizing agent Temozolomide can actively alkylate
the guanin portions of DNA at the N-7 and O-6 portions,
which in turn promotes cell death, allowing for a median
postoperative survival amounting to more than 13 months
[8, 21].

Another key finding, not considered a mutation as it is a
physiological component of cellular division cycle, is the
percentage of positive nuclei for Ki-67 (MIB-1) [6, 62-64].
This finding has recently lost its value due to conflicting
reports on its possibility to predict tumor malignancy class,
patient survival and response to therapy, unlike in some
other oncological entries [62, 65]. However, as a compo-
nent of the physiological process of cell division, Ki-67,
although not key, is a component of cellular biology inevi-
tably impacted by other mutations in GBMmc and GBMsc.

Considered key cellular alterations in modern times,
micro-RNAs (miR) have provided another multiform back-
ground to GBM [10, 66, 67]. Currently there are more than
300 miR with either a confirmed or disputed role in GBM
development, progression, GBMsc and GBMmc resistance
to treatment of disease progression [10].

Currently, the best studied miR with a role in GBM onco-
genesis is miR-21 [10, 68-70]. Its associated overexpression
in GBM tumor samples increases with the anaplasticity of
GBMmc and is a negative prognostic factor. Increased lev-
els of miR-21 lead to overexpression of ANP32A, HNRPK,
LRRFIR1, PDCD4, PTEN, SMARCA4, SPRY?2 and TAp63,
thus resulting in an increase in caspase levels, which them-
selves decrease apoptotic activity pathways in GBMmc [70].
miR-21 also aids the invasion of surrounding tissues by sup-
pressing TIMP-3 and RECK, without changing the levels of
matrix metalloproteases. Missense miR-21 transfection in
laboratory conditions, in turn, leads to increased sensitivity
to radio and chemotherapeutics.

Interestingly, however, on the background of so many
disrupted processes and alteration in the cell biology of
GBMmc, the autocrine and paracrine processes of cellular
stimulation remain intact, that is purely in function, however,
since all of them seem to be overstimulated in either auto-
crine overproduction of ligands, overexpression of receptors
or overreaction when stimulated. Remarkably GBM is per-
haps the only neoplastic entry in which there is not a single
downregulated pathway for proliferation.

Further underlining the importance of the growth fac-
tor systems is the fact that when NscP are overstimulated
with growth factor, specifically PDGF, they develop into
GBM-like tumors, even after stimulation is withdrawn and
the samples are implanted in experimental animals [71].
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Some studies even go so far as to suggest that growth fac-
tor overstimulation is the reason for development of GBM
and suggest specific genotypes arising in different areas of
the CNS, depending on the growth factor presented in these
areas. These claims, however, seem to be not representative,
as the recently suggested molecular classifications of GBM
do not report a corresponding subtype from a specific area
of the CNS [10, 18, 72].

Individual specific alterations in cellular biology

GBM is observed across all age groups, including prenatally,
with a spike in the age group 20-35 and an even more pro-
noun spike in the age groups above 60 years of age [3, 4, 73].

Often described as independent risk factors, age, gen-
der and race are currently up for debate. Historically, it has
been established that the male-to-female ratio in GBM is
between 1.3:1 and 2:1 depending on the population [3, 74,
75]. Another recently challenged statement is that of ethnic-
ity. While some statistical reports give data for wide inci-
dence gap between different ethnicities in the same popula-
tion, other studies give nearly identical figures in different,
ethnically diverse and contrasting populations widely iso-
lated from one another. It would seem that ethnicity itself
is not a risk factor, as mush as yet unidentified life factors
for different populations [3, 4, 76]. Irradiation to the CNS
has also been described as a risk factor for development of
GBM, although low doses of environmental radiation seem
to be of no effect, while direct irradiation to the CNS is a
severe risk factor for rapid development and progression of
the condition [77].

More well-established risk factors are the presence of
genetic syndromes such as neurofibromatosis, von Hippel-
Lindo disease and others, which are closely associated with
increased risk for many other neural and non-neural benign
and malignant tumors [78, 79].

A directive for future research is the effects of glucose
metabolism on the development and progression of GBM
as well as its effect on survival and therapy [80]. GBM is
a yet unresearched entry and should yield some interesting
research both based on data from other neoplastic entries
and the unique metabolism of glucose in the CNS and the
specifics of the blood-brain barrier [§1-84].

Conclusion

Although the triggering mutation(s) in gliomagenesis are
still unidentified and the relevant mutations to treatment
strategies are still few and yield limited results, the progress
in the understandings of disruption of cell biology in the
development and progression of this condition yield an ever-
narrowing field toward the key mutations. While current

@ Springer

cytoreduction by means of surgery is still key not only to the
diagnostic process, but also to patient survival and quality
of life when optimal with limited damage to nearby struc-
tures and optimized therapy to the MSG, patient survival
and quality of life are still among the worst encountered in
oncology.
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