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Intratumoral molecular genetic heterogeneity of glioblastomas
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Intratumoral molecular genetic heterogeneity is not a less significant challenge in modern oncology than the
intertumoral. The presence of cell populations within the same tumor, differing in their molecular properties,
translated into phenotypic features of the cells, is one of the reasons for the inefficiency of many develop-
ments in the field of tumor therapy and the basis for the progression of malignant neoplasms. The issue
under consideration is very relevant for glioblastoma (GBM) — being one of the deadliest human tumors;
it practically does not lend itself to even promising experimental treatment methods. Therefore, this paper
reviews intratumoral heterogeneity. The review in this aspect examines new experimental data, including
those obtained using single-cell technologies, in particular, the key cell populations that make up the pool
of tumor cells in glioblastoma, and their molecular metamodules, the presumptive role of some cell popu-
lations and their subpopulations in providing tumor malignancy properties. A promising groundwork for
fundamentally new approaches to creating personalized diagnostic and therapeutic methods is indicated.
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BayTpuomnyxoneBas MOIeKyIsIpHO-TeHeTUYeCKas reTepOreHHOCTb ITN06/IacToM
II.B. Hukumun, M.B. Povwicosa, A.A. Ilomanos, C.A. I'arcmasan, /[.C. Kum,
T.H. Ilanuna, C.B. lllyzaii, /I.B. Cmapoeoiimos, E.A. Xoxnoea, H.B. 3y6osa

OI'AY HanuoHnanpHblil MEIUIIMHCKUM Uccae0BaTeNnbCKuil eHTp Hellpoxupypruu umenu akagemuka H.H. Byprenko
Munsapasa Poccun, Mocksa, Poccust

BayTpuomyxoneBas MOJIEKyJIIpHO-TeHETHYECKasl TeTePOreHHOCTh — HE MEHee BaXKHBIHM BBI3OB IS COBpe-
MEHHOU OHKOJIOTMH, YeM MEKoMyxoJjeBasd. Hamnuue kieTouyHbIX NOMyasuuid BHYTPY OJTHOM OITyXOJIH, pa3-
JIMYAIOIIUXCS 110 CBOMM MOJIEKYJISIPHBIM CBOWCTBaM, TPAHCIUPYEMBIM B (PEHOTUIIMYECKHE 0COOCHHOCTH
KIICTOK, SIBJISICTCS OJHOM M3 NpUYKH HEI(PD(HEKTUBHOCTH MHOTHX pa3pabOTOK B 00JIACTH TEPANUHU OMYXOJICH
1 OCHOBO¥ JUIsl IPOTPECCHPOBAHUSI 3JI0Ka4€CTBEHHBIX HOBOOOpa3zoBaHuii. PaccmarprBaeMblil Bopoc BecbMa
aktyaseH aus rmoonactoMsl (I'B), Tak kak, Oymayuu OfHOW U3 CaMbIX CMEPTENILHBIX OIyXOJIeH YelloBeKa,
OHa IPaKTUYECKH HE NIOJIAETCs Aa)kKe MHOTOO0CHIAOIINM SKCIIEPUMEHTaIbHBIM METO/IaM JiedeHus. B cBs3u
C 9THM HaCTOSIIINI 0030p MOCBSIILEH BHYTPHOITYX0JIEBOH Ir'eTeporeHHOCTH. B 0030pe B yka3aHHOM acrekTe
paccMaTpUBAIOTCS HOBBIC DKCIIEPUMEHTANILHBIC TaHHBIC, B TOM YHCJIC OIyYEeHHBIC ¢ TOMOIIIbI0 single-cell
TEXHOJIOTHH, B YACTHOCTH KJIIOUEBHIC KJIETOYHbIC MOMYJSAILMHU, COCTABIAIONINE Ty OMYyXOJEBBIX KJIETOK
B INIMO0OJACTOME, U UX MOJIEKYJISIPHbIE METAaMOIYNH, MPEATIOIOKUTENbHAS POJIb HEKOTOPBIX KIETOYHBIX
MOMYJISIIMA U UX CyOIonmyssiuuid B 00ecriedeHuH CBOMCTB 3JI0KaueCTBEHHOCTH ommyxoiu. O0o3HadaeTcs
MIEePCIIEKTUBHBIN 3ajiel Ul NPUHLIUIHAIBHO HOBBIX MOAXOM0B B CO3AHUHU MEPCOHATN3UPOBAHHBIX JHAar-
HOCTHYECKHX U JIeYeOHBIX METO/IOB.

KiroueBsle ci1oBa: riinobiacToMa, BHyTPHOITYX0JI€Basi TE€TEPOreHHOCTh, TeHETHKA MTHO0IacToM, single-cell
CEKBEHUPOBAHUE
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Introduction

Intratumoral molecular genetic heterogeneity issues are
extremely important for a modern comprehensive under-
standing of the carcinogenesis processes. The variability
of genetic, proteomic, and epigenetic parameters not only
within the same histological variant of the tumor but with-
in the same tumor with heterogeneous cell populations is
attracting more and more attention of researchers [1, 2].
Different cell populations with heterogeneous molecular
properties can also have a variable malignant potential,
which is essential from a prognostic point of view. Pre-
cise assessment of the most active tumor cell population’s
molecular properties will significantly increase patients’
prognosis determination accuracy. In addition, intratumoral
heterogeneity can be one of the key reasons for both drug
and radiation treatment ineffectiveness [3]. Thus, the de-
termination of the molecular properties of different cell
populations within one tumor can allow more efficiently
solving clinical and therapeutic problems at once, includ-
ing the formation of new, genuinely innovative diagnostic,
prognostic and therapeutic concepts within the paradigm
of personalized medicine.

This approach is also one of the pressing issues for
glioblastoma (GBM) research. GBM occupies a leading
position among primary malignant tumors of the central
nervous system (CNS): it accounts for 15.1% of all primary
brain tumors and 46.1% of primary malignant brain tumors
[4]. The five-year survival rate for this disease amounts to
5.1% [4]. The high mortality and low efficiency of modern
therapeutic approaches, both conventional and experimen-
tal, depend largely on the variability and heterogeneity of
GBM. We have earlier reviewed the variability and diver-
sity of the GBM molecular profile in the intertumoral aspect
[5]. In this paper, we will delve into GBM intratumoral
heterogeneity issues due to their importance for the modern
understanding of gliomagenesis mechanisms.

Most GBMs demonstrate a significant degree of het-
erogeneity already at the light-optical level: cells and
groups of cells are detected in the tumor, which differ
significantly from each other in their morphological prop-
erties. Two main types of intratumoral heterogeneity of
GBM can be distinguished — histological and molecular
heterogeneity.
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Histological intratumoral heterogeneity

Histological heterogeneity of GBM is characterized,
first of all, by the presence of many different morphological
types of cells. Some of them can even simulate or imitate
other tumors, which often explains their naming. Other
GBM type names are determined by the tumor cells’ key
histogenetic and morphological characteristics [6].

Thus, in some cases, we diagnose a small-cell variant,
consisting of small monomorphic cells with rounded or
slightly elongated hyperchromic nuclei with a minimum
amount of cytoplasm, a small nuclear atypia, and high
mitotic activity. Simultaneously, this tumor subtype dem-
onstrates a relatively high frequency of EGFR mutations
and amplifications, reaching 70%, and a relatively low
TP53 gene alteration frequency [7]. In addition, there is
the so-called primitive neuronal cytological variant. With
this variant, an increased density of the cell layer and a
high nuclear-cytoplasmic ratio are observed. Also, posi-
tive neuronal marker expression is often revealed. Besides,
this subtype is defined by a high frequency (30-40%) of
tumor dissemination through the cerebrospinal fluid and a
high frequency (~ 40%) of MYCN or MYC amplification,
which brings this variant closer to embryonic tumors [8, 9].
The oligodendroglial component is represented by medi-
um-sized cells with a centrally located rounded nucleus
surrounded by an optically empty cytoplasm in the form
of a light rim. Such tumors may have a better prognosis
than GBM with conventional histopathology [9]. In some
GBMs, hemistocytic, multinucleated giant cell, granular,
lipid-reach, and metaplastic components and cytological
variants are also found [6, 10, 11]. At the same time, in-
dividual cellular components are found in many GBMs,
mainly as a minor component.

Molecular intratumoral heterogeneity

The next step in the GBM molecular characterization
was a differentiated assessment of various cell groups’
molecular properties within a single tumor. One of the
first works on this topic, pronounced heterogeneity was
found within one tumor at the transcriptional level [1].
According to A. P. Patel et al. [1], the mosaic nature of the
amplification processes of tyrosine kinase receptors (TKR)
and excessive activation of signaling pathways contribute
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to GBM target therapy resistance. Mosaic expression of
EGFR, PDGFRA, PDGFA, fibroblast growth factor recep-
tor type 1 (FGFRI), fibroblast growth factor type 1 (FGF1),
notch receptor type 2 (NOTCH?2), JAG1 protein, and other
receptors and ligands of signaling pathways involved in the
GBM development was found. These data suggest that het-
erogeneous expression and mutational status of TKR and
other signaling molecules in individual GBM tumor cells
may interfere with therapy targeting receptors of signaling
proliferative cascades or signaling through tyrosine kinase
receptors [1].

A population of GBM cells with stem properties, the
so-called glioma stem cells (GSCs), was identified in the
spirit of the principles of GBM intratumoral functional
heterogeneity development [12]. GSCs are similar to neu-
ronal stem cells in their genetic, epigenetic, and proteomic
features [13]. Many authors believe that GSCs are the main
culprits in tumor insensitivity to chemotherapy and radia-
tion and serve as one of the main reasons for malignant
glioma recurrence after surgical treatment [14, 15].

Two different subtypes of GSCs have been identified by
whole-genome profiling (ss proneural and mesenchymal)
[16]. Mesenchymal GSCs, apparently, mainly arise in pri-
mary GBM, which are formed de novo, while proneural-
GSCs can be found in some WHO Grade III gliomas and
GBM, although in this case pronounced phenotypic shifts
between different subtypes of GSCs during the GBM pro-
gression are possible [16—18]. Proneural GSCs can acquire
therapeutic resistance and more aggressive characteristics
by shifting their molecular and phenotypic subtypes to-
wards mesenchymal GSCs [17]. Mesenchymal GSCs are
markedly more resistant to radiation therapy than their
proneural counterparts, and the effect of radiation on pro-
neural GSCs activates the expression of molecular markers
associated with mesenchymal differentiation [16, 17, 19].
Accordingly, markers associated with the mesenchymal
phenotype (e.g., YKL40, CD109, and CD44) correlate
with increased radioresistance and lower overall patient
survival [20].

A. Sottoriva et al. [20] developed a unique scheme for
neurosurgical sampling of GBM tissue from different spa-
tially separated points in the same tumor in 11 patients.
Each tumor sample underwent a comprehensive genomic
analysis. The authors identified many cytogenetic rear-
rangements typical for GBM, particularly EGFR ampli-
fication and addition, and MET, CDK6, MDM4, AKT3,
PDGFRA amplification. At the same time, it was shown
that some of these driver chromosomal aberrations differed
by pronounced heterogeneity within the same tumor, in-
cluding an increase in the number of copies/amplification
of the PDGFRA, MDM4, and AKT3 genes in some cells,
as well as the heterogeneous distribution of deletion of
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the genomic locus containing the PTEN anti-oncogene in
cells. Moreover, heterogeneity was not limited to genome
regions containing genes previously associated with the
GBM development. Fragments of tumor tissue from the
same patient had a common genomic profile, indicating a
clonal origin, but they demonstrated a remarkable variety of
cytogenetic rearrangements present in different fragments
of the same tumor. For a more detailed study of the tumor’s
evolution in each patient, the phylogenetic series of tumor
cells were reconstructed based on the chromosomal aber-
ration number. It was found that during the first appearance
of a malignant clone, the CDKN2A/B gene is deleted, and
the EGFR, CDK6, and MET genes are amplified. Later
molecular events in GBM cells most often occur in ge-
nomic regions containing the PDGFRA, PTEN, and TP53
genes. Subsequently, the original tumor clone can divide
into several subclones. In particular, the division of one of
the GBMs into a subclone with PDGFRA amplification and
another subclone with PTEN and RB1 deletions was shown.
The latter formed three more subclones, one of which dem-
onstrated AKT3 and MDM4 gene amplification [20].

In another work, M. Aubry et al. [21] studied changes
in the copy number of chromosome fragments in differ-
ent tumor zones to determine the temporal spectrum of
intratumoralclonal evolution. The authors confirmed that
changes in the copy number of 7 and 10 chromosomes
and, namely, CDKN2A/B deletion and EGFR amplification
are among the earliest events in the GBM development.
Other changes, such as PDGFRA, MDM2, and MDM4 am-
plification, have also been identified as important events
occurring at different tumor growth stages, depending on
the case. The authors found a significant difference in gene
expression level between the brain’s area infiltrated by the
tumor and the macroscopically normal brain. The most
significant differences were observed in the VEGF, CD44,
GFAP, EZH2, CHI3L1, NES, and IGFBP2 expression [21].

Later, K.Abou-El-Ardat et al. conducted a comprehen-
sive research of 12 growth foci of multifocal GBM from
six patients. The authors showed that multifocal GBM ge-
netically resemble primary GBM. Comparison of tumor
growth foci of different localization in the same patient
confirmed their monoclonal origin. The researchers found
that EGFR and CDKN2A/B gene aberrations occurred in
all patients. This unexpectedly high incidence reflects the
clear genetic signature of multifocal GBM and may ex-
plain their high grade and invasive growth. Surprisingly, the
types of mutations in different genes differed in different
tumor focus locations in a particular patient. For example,
different PTEN, TP53, EGFR, and CDKN2A/B mutations
and aberrations were found in different tumor nodes, which,
therefore, must have occurred independently in the late
period of carcinogenesis. Also, chromothripsis (massive
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simultaneous multiple rearrangements of cell chromo-
somes) was identified as a late molecular event in tumor
progression in multifocal GBM. In some cases, the TP53
mutation was an early event. Only the loss of one copy of
PTEN and point mutations of the TERT gene promoter were
early molecular events in all patients [22].

Clustering GBM cells using
single-cell technologies

The most important work in understanding intratumoral
heterogeneity and assessing the clonal evolution of differ-
ent populations of tumor cells in GBM was the work of
C. Neftel et al. The authors performed single-cell RNA
sequencing using biopsy samples of tumors from 28 pa-
tients, including both adult and pediatric populations, in
a comprehensive study of both intertumoral and intratu-
moral heterogeneity in GBM, IDH-wild type. A total of
7930 GBM cells were submitted for the analysis [23].

C. Neftel et al. identified expression programs that
differ between cells in each tumor and then searched for
recurrent programs (“metamodules”) that were detected
in different tumors to comprehensively characterize the
intratumoral heterogeneity of malignant cells [23]. In this
study, a hierarchical clustering of cells was carried out
separately for each tumor based on the expression levels
of all cellular genes. 44% of transcriptome signatures
were associated almost exclusively with genes of the cell
cycle. All remaining expression profiles were subjected
to further analysis in order to clarify their biological sig-
nificance. Expression signatures were significantly simi-
lar between different tumors, indicating that, despite the
global differences between tumors, these intratumoral
heterogeneity models reflect the fundamental processes
common to most GBMs. Further clustering of expres-
sion profiles made it possible to distinguish four main
groups of cells in GBM, two of which were addition-
ally subdivided into two subgroups. Thus, six so-called
metamodules of tumor cells were found, each consisting
0f 39-50 genes, and each metamodule was obtained from
at least six tumors. In particular, two metamodules with
high expression of mesenchymal differentiation genes (for
example, vimentin) have been identified. One of these
metamodules is closely related to hypoxia genes, stress
response, and glycolytic metabolism genes (for example,
ENO2 and LDHA). The authors defined them as mesen-
chymal-like (MES) metamodules: hypoxia-independent
(MEST1) and -dependent (MES2) signatures.

The other four metamodules have been associated with
genes of neuronal development and neurogenesis charac-
teristic for neuronal/glial lineages or progenitor cells. They
included astrocytic markers in one of the metamodules
(S100B, GFAP, SLC1A43, GLAST, and MLC1), oligoden-
droglial line markers in another metamodule (OLIGI,
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OMG, PLPI1, PLLP, TNR, and ALCAM), signatures of stem
cells and neuronal progenitors in two other metamodules,
including markers of neuronal progenitor cells (SOXY,
SOX11, and DCX). It was found by consistently comparing
the obtained metamodules with the signatures of neuronal
cells from the fetal and adult brain tissue and astrocytic, as
well as oligodendroglial tumors, Grade II, that metamod-
ules mimic different types of cellular developmental pro-
grams but with significant distortions compared to normal
variants. These modules are called astrocyte-like (AC-like),
oligodendrocyte-progenitor-like (OPC-like), and neural
progenitor-like (NPC-like). NPC-like were further subdi-
vided into two subtypes (NPC1 and NPC2), which differed
in the inclusion of OPC-like-related genes in NPC1 (for
example, OLIGI and TNR) compared to NPC2, where neu-
ronal lineage genes exclusively prevailed in transcriptional
profiles (for example, STMNI). In general, the picture of
intratumoral heterogeneity of GBM is primarily described
by four cellular conditions and transcriptome signatures,
including NPC-like, OPC-like, AC-like, and MES. These
conditions were found in most tumors in both adults and
children [23].

The authors also classified all tumors’ cells by the ex-
pression level of metamodules and cell cycle programs.
Between 3% and 51% of cells in each tumor were identi-
fied as expressing cell cycle genes and entering mitosis.
Proliferating cells were especially abundant in OPC-like
and NPC-like modules, and they were most actively ex-
pressed in tumors in children. These observations are con-
sistent with previous studies of IDH mutant diffuse glio-
mas, whose cellular drivers are proliferating NPC-like and
OPC-like [23]. However, in GBM, unlike other classes
of gliomas, other types of cells with different expression
modules — AC-like and MES cells —also contain significant
subsets of proliferating cells, which may reflect their very
aggressive nature in GBM.

Interestingly, although the majority of GBM cells corre-
sponded mainly to one of four states, 15% of cells strongly
expressed two different metamodules and, therefore, were
defined as “hybrid” states. Some combinations of metamod-
ules were rare, while others (AC-like/MES modules, NPC-
like/OPC-like modules, and AC-like/OPC-like modules)
were relatively common. Thus, GBM cells are most often
in one of four basic cellular states or an intermediate hybrid
cellular state, each of which has a proliferative potential
but with a higher proliferative activity for NPC-like and
OPC-like states [24].

Each of the tumors contained cells in at least two of the
four cellular states, with most tumors containing cells in
all four states, but the frequencies of cellular states varied
between tumors and even to some extent between different
regions of the same tumor. Most of the tumors consisted
mainly of NPC-like and OPC-like cells, or AC-like and
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MES cells. It is noteworthy that a similar picture was ob-
served in adults and children.

The authors also showed that most of the obtained mod-
ules and cell types differ in certain driver events, typical for
each specific module. For example, CDK4 amplification
and overexpression of this gene’s product are most common
in NPC-like. In OPC-like, the most important driver event
is the PDGFRA amplification with its significant expres-
sion increase. The EGFR gene undergoes amplification
and overexpression in AC-like, playing a major driver role.
In MES, in contrast to the previous subtypes, the primary
importance is not an increase in protooncogenes’ activ-
ity but the deactivation of the NF'/ anti-oncogene due to
its mutation followed by a decrease in the neurofibromin
expression activity [24].

Conclusion

Within the framework of this and previous reviews, we
analyzed the array of modern molecular biological data
on GBM and demonstrated that the variety of molecular
properties of this type of tumor has two main dimensions:
intertumoral and intratumoral. Methodological peculiarities
and progressive development of genomic and post-genomic
technologies determined the sequence of data accumula-
tion in each of these directions. Numerous failures in the
GBM effective target therapies’ development based only on
intertumoral heterogeneity assessment indicate the critical
importance of developing precisely intratumoral heteroge-
neity issues. Despite the high level of methodological com-
plexity, this problem is being actively studied. Nowadays
the promising results have already been obtained: key cell
populations that make up the pool of tumor cells in GBM
have been identified, and their molecular metamodules
have been characterized, and also the presumptive role of
some cell populations and their subpopulations in ensur-
ing the properties of tumor malignancy has been shown.
Further research in this area opens up new, interesting per-
spectives for creating effective personalized diagnostic and
treatment concepts.

CoxkpaueHns
GBM - glioblastoma
GSCs — glioma stem cells
TKR — tyrosine kinase receptors
CNS — central nervous system
AC — astrocyte-like metamodule
AKT3 — RAC-gamma serine/threonine-protein kinase
CDKG6 — cyclin-dependent kinase 6
CDKN2A/B — cyclin-dependent kinase inhibitor 2A/B
EGFR — epidermal growth factor receptor
FGF1 — fibroblast growth factor type 1
FGFR1 - fibroblast growth factor receptor type 1
MES — mesenchymal-like metamodules
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MES1 — mesenchymal-like metamodule subtype 1 (hy-
poxia-independent)

MES2 — mesenchymal-like metamodule subtype 1 (hy-
poxia-dependent)

NOTCH2 — notch receptor type 2

NPC — neural progenitor-like metamodule

NPC1 — neural progenitor-like metamodule subtype 1

NPC2 — neural progenitor-like metamodule subtype 2

OPC - oligodendrocyte-progenitor-like metamodule

PDGFA - platelet-derived growth factor subunit A

PDGFRA — platelet-derived growth factor receptor A

PTEN — phosphatase and tensin homolog

RB1 - retinoblastoma protein type 1

TERT — telomerase reverse transcriptase
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