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ABSTRACT

Aim. The problem of anaplastic astrocytomas is quite relevant today. The WHO classification distinguishes IDH1/
IDH?2 mutant anaplastic astrocytomas, anaplastic astrocytomas without /DHI/IDH?2 mutations, and anaplastic
astrocytomas not otherwise specified. The aim of this work was to cluster /DH-mutant anaplastic astrocytomas
based on their cytogenetic profile to select prognostically significant molecular subgroups, which can have both
clinical and fundamental scientific value.

Materials and methods. In this work, we performed a cluster analysis of anaplastic astrocytomas according to
their cytogenetic profiles based on available genetic databases of tumors and large cohort studies, as well as a
comparison of Kaplan — Meyer survival curves for various molecular subgroups of patients.

Results. We studied the main genetic features of the inter-tumor heterogeneity of anaplastic astrocytomas and
distinguished seven molecular subgroups based on the cytogenetic profile: embryo-like, inflammatory-like,
deletion, matrix, cyclin, GATA3-dependent and tyrosine kinase. Moreover, each of these subgroups has not only
distinctive molecular characteristics, but also important clinical features.

Conclusion. A detailed study of the molecular properties of anaplastic astrocytomas will not only optimize the
process for predicting treatment outcomes, but also create innovative formats for targeted therapy within the
framework of the concept of personalized medicine.
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PE3IOME

AKTyaJIbHOCTB. [Ipo0iieMa aHAITACTHYECKUX aCTPOLUTOM JOCTATOYHO aKTyalibHA B HALIH JHU. B Kiaccupukanuu
BcemupHoit opraHu3anuu 31paBOOXpaHEHUS BBIACISIOTCS aHAIUIACTUYECKAs acTPOIUTOMA ¢ MyTalueil B TeHax
IDH1 w IDH?2, anannmactiudeckas acTpouuToma 6e3 Mytanwid B reHax /DH 1 v IDH?2, anamnactiuyeckas acCTpOIUTOMa
0e3 TOMOTHUTENFHOTO TeHETHYECKOTO YTOUHEHHSI.

Hesbio nanHoW pabOTHI CTaNO KJIACTEPUPOBAHME AHAIUIACTHYECKUX ACTPOLUTOM C MyTauued B rene /DHI Ha
OCHOBE UX IIUTOT€HETHYECKOTO MPOMUIIS [T BBIACICHUS TPOTHOCTHYECKH 3HAUMMBIX MOJIEKYJISIPHBIX MOATPYII,
KOTOpPBIE MOTYT UMETh KaK KIMHUKO-TIPAKTHYECKOE, TaK U (PyHAaMEHTAIbHO-HAYYHOE 3HAUCHHUE.

npOBeZ[CH KHaCTepHLIﬁ AHaJIM3 aHAIUTACTUYCCKUX aCTPOLUTOM IO UX HUTOICHETUYECKUM HpO(bI/IJ'lHM Ha OCHOBEC
JOCTYIIHBIX TCHETUYECKUX 6a3 JAHHBIX onyxoneﬁ 1 KPYHNHBIX KOTOPTHBIX PICCHCI[OBaHHﬁ, a TaK>K€ CpaBHEHUE KpH-
BBIX BbDKHMBaeMocTH Karutana — Meﬁepa JUIA pa3JIMYHBIX MOJICKYJIAPHBIX MOATPYIII MAaUCHTOB.

Pe3yasTatsl. Ham ynanoch M3yduTh OCHOBHBIC T€HETHYECKHE OCOOCHHOCTH MEXOITYyXOJIEBOH I'eTepOreHHOCTH
AQHAIUIACTHYECKUX AaCTPOIUTOM M BBIAEINUTh Ha OCHOBE LUTOTCHETHYECKOTO HPOQMIS CeMb MOJICKYISIPHBIX
HOATPYIII — IMOPUOHATLHONOOOOHYIO, UHPAAMMONOOOOHYIO, OeNeYUOHHYIO, MAMPUKCHYIO, yukaunogylo, GATA3-
3aBUCUMYIO M muposunkunasnyto. IIpu 3TOM Kakmas W3 3TUX IMOATPYII MMEET HE TOJIBKO OTINIUTENIbHEIE
MOJIEKYJISIPHBIE XapaKTEePHCTHKHU, HO M BaXKHbIE KIIMHUYECKUE OCOOCHHOCTH.

3ak04yenne. JleTaabHOE U3ydIeHHE MOJIEKYISIPHBIX CBOMCTB aHAIIIACTHIECKUX ACTPOI[UTOM MO3BOJIHT HE TOJIBKO
ONTHMH3HUPOBATH MPOIECC MPOTHO3UPOBAHUS HCXOJOB JEUEHHs, HO M CO3/1aTh WHHOBAIIMOHHBIC (popMaThI MIs
TapreTHO! Tepanuy B paMKaX KOHIEIIUH IePCOHATH3UPOBAHHON MEANIIUHEL.

KiaroueBble cjIoBa: aHaIIaCTHIECKAsT acTpouuToMa, MyTalnus reia ]DH], MEKOITYXO0JIE€Bast r€TCPOTCHHOCTD.
KOHq)JIP[KT HHTEPECOB. ABTOpBI JCKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOH(l)J'II/IKTOB HUHTEPECOB,

CBA3aHHBIX C Hy6J’II/IKaHI/Ieﬁ HaCTOﬂH.[efI CTaTbHU.

Hcrounuk punancuposanus. VccnenoBanue BEIOIHEHO IpH (puHAHCOBOH mouepxke PODU B pamkax Hayd-
Horo npoekra Ne 18-29-01034.

Jas murupoBanusi: Hukurtun [1.B., benses A.1O., PeokoBa M.B. MosnekysipHO-0HOI0rH4YecKue 0COOCHHOCTH
AQHAIUIACTHYECKUX acTPOLMTOM M BBIIEICHUE MOJICKYJSIPHBIX moArpynn ux IDH1-MyTaHTHBIX (OpPM C ITOMOLIBIO
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INTRODUCTION

The problem of anaplastic gliomas is quite relevant
today. Anaplastic gliomas in the WHO classification
of tumors of the central nervous system (CNS), 4™ re-
vision 2016, are represented by anaplastic astrocyto-
ma and anaplastic oligodendroglioma [1]. According
to statistics, the average incidence of anaplastic astro-
cytoma is 1.7% of the total number of central nervous
system tumors, the prevalence of anaplastic astrocyto-
ma is 1,307 cases per 100,000 people [2, 3].

The WHO classification distinguishes anaplastic
astrocytoma with a mutation in the /DHI and IDH?2
genes, anaplastic astrocytoma without mutations in
the IDHI and IDH?2 genes, and anaplastic astrocytoma
not otherwise specified. Thus, mutations in the /DH]
and IDH?2 genes are key genetic classification indica-
tors [4]. The IDHI and IDH2 genes serve as a tem-
plate for the production of two isoforms of the isoci-
trate dehydrogenase enzyme. The IDH1 gene encodes
the cytoplasmic form, and the /[DH2 gene encodes the

mitochondrial form. Both enzymes are involved in the
oxidative decarboxylation of isocitrate with its con-
version to 2-oxoglutarate [5]. It was shown that IDH
and /DH2 mutations are the most accurate prognostic
factors for astrocytic tumors; the presence of a mu-
tation in these genes is associated with better patient
survival [6]. It was also found that in cells carrying a
mutation of the /IDH1 or IDH?2 gene, hyperproduction
of oncometabolite 2-hydroxyglutarate (2HG) occurs,
which leads to significant rearrangements in the epi-
genetic landscape of the tumor genome [7]. Moreover,
the absence of the mutation results in a significant in-
crease in the proliferative potential of astrocytic glio-
ma cells [8]. A number of studies have revealed both
the activating and inactivating effects of /DHI and
IDH?2 mutations on different protooncogenes, such as
PIK3CA, KRAS, AKT, N-MYC and others [9]. Some
of the effects of these mutations are realized through
metabolic molecular pathways, primarily through
modification of lipid metabolism [10].
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In modern oncology, the issues of tumors’ mo-
lecular heterogeneity play a significant role. Genetic,
epigenetic, and proteomic features of the pathological
process can have significant individual characteris-
tics in each specific tumor. Only with these features
taken into account is it possible to form a truly per-
sonalized approach to the diagnosis and treatment of
tumors, within the framework of which modern high-
tech methods of diagnosis and treatment will allow the
most precise assessment of the main properties and
characteristics of the tumor process and, based on this,
implement effective targeted therapy programs and in-
dividualized treatment approach. All of the above is
extremely relevant for anaplastic gliomas, since the
existing diagnostic and therapeutic approaches are ob-
viously not effective enough [11].

In this work, we decided to analyze and review
data from several large studies of the genetic charac-
teristics of anaplastic astrocytomas, including the aim
of identifying various patterns that can have both clin-
ical, practical, and fundamental scientific value.

MATERIALS AND METHODS

An analytical study was conducted in accordance
with the international principles of observational stud-
ies in epidemiology (MOOSE) [12]. To assess the ge-
netic heterogeneity and related features of the clinical
aspects of anaplastic astrocytomas, data from large
multicenter studies were analyzed, including data
from The Cancer Genome Atlas.

Search and selection of literature

We conducted a thorough literature search using
the PubMed, Medline, Scopus, Embase, and Cochrane
Library databases. The search keywords used were
“astrocytoma OR anaplastic astrocytoma OR diffuse
anaplastic astrocytoma OR astrocytoma Grade III”
(all fields) AND “genomic data OR genome-wide
analysis OR mutations OR multi-omics OR genome
sequencing” (all fields). In order not to miss work on
this topic, the list of links of full-text articles has also
been fully checked.

The inclusion criteria were the presence of the data
of full genome sequencing with the determination of
mutational events and cytogenetic rearrangements of
at least part or the entire studied group of patients;
the presence of clinical data in the same patients,
including indicators of overall survival (OS) and re-
lapse-free survival (RFS); the presence in patients of
an identified mutation in the /DHI gene; sufficient
data to assess the risk ratio (RR) and 95% confidence

intervals. Articles were excluded from the analysis if
they were presented by reviews, abstracts, letters to
the editor or experimental work on animals; if more
than one study was conducted in the same group of
patients, only the most recent or complete study was
included in the analysis. The full text of the articles
accepted for analysis has been carefully studied for a
comprehensive assessment.

Data extraction and quality assessment

The two authors retrieved the data independently.
The information retrieved included the name of the
first author, year of publication, country of origin of
the article, histological type of tumor, time of obser-
vation, methodological features of whole-genome se-
quencing, and OS and RFS indices. The study cohort
included only patients with an established histologi-
cal diagnosis of anaplastic astrocytoma, WHO Grade
I, carrying the /IDHI or IDH2 gene mutation. The
quality of each study was assessed independently by
two researchers using the Newcastle-Ottawa Quality
Assessment Scale [13]. Data from patient cohorts The
Cancer Genome Atlas [14, 15], Glioma (MSK) [16],
Low-Grade Gliomas (UCSF) [17], and Merged Co-
hort of LGG and GBM (TCGA) [18] were extracted
using CBioPortal instrument (Memorial Sloan Kette-
ring Cancer Center, USA). The analysis also included
data from another 9 large, genome-wide studies of gli-
omas of various degrees of malignancy [19-27].

Statistical Data Analysis

A cluster analysis of all cases of anaplastic astrocy-
tomas included in the study was performed. For cluster
analysis, the k-means method was used. Cluster analy-
sis was carried out on the basis of data on cytogenetic
rearrangements in tumor samples. To determine the
number of clusters, a hierarchical analysis was initial-
ly performed, indicating the possibility of separation
with the greatest reliability of 6, 7 or 8 clusters. Cluster
analysis was carried out with the isolation of 5, 6, 7,
8 and 9 clusters, the highest accuracy was observed in
the identification of 7 clusters (molecular subgroups).
In each cluster (molecular subgroup), the frequency of
cytogenetic modifications and mutations was evaluated
separately. Separate evaluation of OS and RFS for
each molecular subgroup using Kaplan-Meyer curves,
as well as a comparative analysis of survival rates was
performed using the logarithmic rank criterion (LRC),
the Cox-Mantel criterion (CMC), and the Gehan-Wil-
coxon (GW) criterion. Adjusted risk ratios with 95
percent confidence intervals were used. A level of p
less than 0.05 was considered statistically significant.
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Statistical analysis was performed using SPSS Statis-
tics 23 software (IBM, USA).

RESULTS

General characteristics of the cohort

In the cohort of patients included in the study and
meeting all inclusion criteria, including the criterion
for the presence of in the /IDHI gene mutation, there
were a total of 886 patients, accounting for 69.66% of
all considered cases of anaplastic astrocytomas. The
average age of the patients was 36.72 + 4.58 years.
Men accounted for 58.24% of the total cohort, while
women accounted for 41.76%. The average OS rate
was 9.18 & (.24 years, and the average RFS level was
2.34 £0.18 years.

Brief molecular characterization

In anaplastic astrocytomas with /DHI mutation,
based on our analysis, the most frequent concomitant
mutation was the point modification of the 7P53 gene,
which was detected in 96.15% of cases. The group
of tumors that simultaneously carry mutations in the
IDHI and TP53 genes was characterized by a high
frequency of the ATRX gene mutation, which occurs
in 64% of cases. In addition, mutations of the SMAR-
CA4, APOB, and FLG genes were relatively often de-
tected, each of which was observed in 10% of cases.
Anaplastic astrocytomas with a mutation in the ATRX
gene showed a higher mutation rate in the CDKN2A4
gene (8.57%) compared with tumors that did not carry
this mutation (3.85%). The epidermal growth factor
receptor (EGFR) mutated in 4.26% of cases, however,
in combination with the 4ATRX mutation, it was not
found. Among the cytogenetic events that accompa-
nied the ATRX gene mutation, the most frequent was
the amplification of the EXT gene, which occurred in
21.43% of cases.

Molecular subgroups of anaplastic astrocytomas,
IDH1-mutatant, and their characteristics

The first subgroup that can be distinguished among
anaplastic astrocytomas with /DHI gene mutation
based on the cytogenetic profile was anaplastic as-
trocytomas carrying amplifications of the EXT/ and
MYC genes. The EXT1 gene encodes exostosin glyco-
syltransferase 1 protein, which is required for exoso-
mal release of SDCBP, CD63, and syndecan factors,
and plays a role in early tissue development and tu-
mor progression [28]. The participation of the MYC in
the implementation of genetic proliferative programs
is widely known, as well as its participation in the

pathogenesis of tumor diseases of different localiza-
tion [29]. At the same time, activation of MYC gene in
relation to CNS tumors is most often found in tumors
and in individual populations of tumor cells having
embryonic properties, in particular, medulloblasto-
mas [30, 31]. Moreover, as in the case of anaplastic
astrocytomas, the activation of this gene occurs most
often precisely due to its amplification. Thus, this mo-
lecular subgroup can be arbitrarily called an embry-
onic-like subgroup. It occurs in 21.67% of analpastic
astrocytomas. It is interesting to note that in this sub-
group, PTK2 gene amplification is revealed in 86.5%
of cases. This gene product is tyrosine kinase type 2
protein, which is also associated with cells exhibiting
embryonic properties to varying degrees and it is ac-
tively involved in the proliferation and stabilization of
neuronal and glial elements in early stages of central
nervous system development [32].

Moreover, clinically, this group, as in the case of
medulloblastomas, is characterized by a worse prog-
nosis for OS and RFS. Thus, OS (LRC: p = 0.0086;
CMC: p = 0.00051; GW: p = 0.00038) along with
RFS (LRC: p =0.00776; CMC: p=0.00138; GW: p =
0.00368) is significantly lower in the embryonic-like
subgroup compared with similar indicators in the rest
of the analyzed cohort (Fig. 1).

The second subgroup includes tumors carrying
amplification of the ERCI gene. In the aspect of car-
cinogenesis, the participation of ERC1 protein in the
activation of the transcription factor NF-kB is ex-
tremely important; increased activity of this mecha-
nism has been identified as one of the key molecular
events in breast tumors [33, 34]. Under physiological
conditions, NF-kB is a key factor in the implementa-
tion of inflammatory programs and cell stress response
[35]. Subsequently, the role of this transcription factor
in the carcinogenesis of different tumors was shown
[36]. Therefore, this molecular subgroup can be called
inflammatory-like, and is detected in 18.51% of cases.
This subgroup is characterized by a high frequency
of amplification of the cyclin D2 gene (CCND2) in
94.36% of cases. The cyclin D2 gene is a regulatory
component of the cyclin D2-CDK4 complex, inhib-
iting the members of retinoblastoma protein family
(RB), including RB1 protein, and causing the cell
transition to the S phase of the cell cycle. This increas-
es the proliferative activity of cells [37]. In addition,
there was a high frequency of amplification of genes
belonging to the fibroblast growth factor family, fibro-
blast growth factor 6 (FGF6) and 23 (FGF23) types.
These factors lead to the activation of the tyrosine
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kinase cascade with a significant increase in mitotic
activity and cell survival [38]. The clinical features
of this subgroup consist in a similar level of OS and
RFS in comparison with the embryonic like subgroup
(Fig. 1). The observational data are also confirmed by
statistical criteria, which do not reveal significant dif-
ferences both in relation to RFS (LRC: p = 0.0878;
CMC: p = 0.0615; GW: p = 0.05895) and OS (LRC:
p =0.0781; CMC: p = 0.05845; GW: p = 0.0568).
The third subgroup includes tumors carrying dele-
tions of the BRSK 1, ZNF331, TFPT and U2AF2 genes.
The BRSK1 gene encodes a brain-specific serine/thre-
onine protein kinase 1 that phosphorylates and acti-
vates a number of secondary messengers and acts as
a key regulator of the polarization of cortical neurons,
as well as the formation of the gliocyte cytoskeleton.
In addition, it is involved in the implementation of a
number of other functions, in particular, it can play
the role of a negative regulator of the cell cycle, inhib-
iting its development in case of DNA chain damage
and simultaneously facilitating its rapid repair [39].
The TFPT gene ensures the development of apoptosis
regardless of the mutational status of the 7P53 gene,
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Fig. 1. Kaplan — Meyer curves for the overall survival

of patients separately in each molecular subgroup. The

abscissa shows the survival time in days. In the upper right
corner is the color designation for the various subgroups

which is extremely important for anaplastic astrocy-
tomas carrying the 7P53 mutation in 96.15% of cases
[40]. The U24F2 gene encodes an auxiliary factor of
small nuclear RNA type 2, which plays an important
role in the splicing processes of a number of genes,
including those associated with the cell’s proliferative
potential [41]. Since the whole set of combined dele-
tions is the most characteristic from the genetic point
of view for this type, the considered subgroup can be
conditionally called deletion. It is detected in 17.49%
of cases.

Such cytogenetic changes lead to better clinical
outcomes (Fig. 1). The OS in this subgroup is not
only higher than the average level for all molecular
subgroups, but also significantly higher than in em-
bryonic-like (LRC: p = 0.00864; CMC: p = 0.00546;
GW: p = 0.000324) and the inflammatory-like sub-
group (LRC: p = 0.00953; CMC: p = 0.00486; GW:
p = 0.000472). RFS is also significantly higher in
comparison with embryonic-like (LRC: p = 0.00623;
CMC: p = 0.00399; GW: p = 0.000285) and inflam-
matory-like (LRC: p = 0.00694; CMC: p = 0.00512;
GW: p = 0.000421) subgroups.

The following group contains cases with the ampli-
fication of the MSN gene and combined amplification
ofthe AMER1 gene in 83.33% of cases. The MSN gene
encodes a moesin protein involved in providing a con-
nection between the components of the cytoskeleton
of the cell and the cytoplasmic membrane. Moreover,
it can participate in the regulation of contact inhibition
of certain cells’ proliferation and their motility [42].
The protein encoded by the AMERI gene is one of
the key regulators of the Wnt/beta-catenin cascade,
capable of both increasing and decreasing its activi-
ty. Elements of this cascade, as well as the product of
the MSN gene, are involved in cell contacts with the
intercellular matrix and other cells; this cascade like-
wise takes part in the processes of contact matrix and
intercellular regulation of cell proliferation [43]. In
connection with the described features, this subgroup
can be designated as matrix. It occurs in 14.79% of
cases. The clinical features of this subgroup are close
to embryonic like and inflammatory-like; OS was sim-
ilar to both embryonic-like (LRC: p = 0.84651; CMC:
p = 0.8245; GW: p = 0.6278) and inflammatory-like
subgroups (LRC: p = 0.8231; CMC: p = 0.6731;
GW: p = 0.7392), RFS was also similar to embryon-
ic-like (LRC: p = 0.09284; CMC: p = 0.07645; GW:
p = 0.06245) and inflammatory-like subgroups (LRC:
p =0.06127; CMC: p = 0.06045; GW: p = 0.06012).

Furthermore, a subgroup of anaplastic astrocyto-
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mas was detected in which deletions of the MTAP,
CDKN2A and CDKN2B genes were combined. The
CDKN2A encodes several transcript variants that dif-
fer in the composition of their first exons and act as
regulators of the cell cycle, inhibiting the transition of
the cell to mitosis. In addition, under the influence of
the proteins encoded by the CDKN2A4 gene, the p53
protein is stabilized and activated [44]. The product
of the CDKN2B gene is a cyclin-dependent kinase in-
hibitor, which is complexed with CDK4 or CDK6 and
prevents their activation; therefore, the encoded pro-
tein also functions as a cell growth regulator that slows
down the progression of the G1 phase of the cell cycle
[45]. The MTAP gene encodes a methylthioadenosine
phosphorylase protein, which plays an important role
in the metabolism of polyamines. A decrease in the
activity of this gene is observed in many tumors due to
frequent co-deletion with the CDKN2A4 and CDKN2B
genes. Due to the fact that cyclin system regulating
proteins play a significant role in the pathogenesis of
this subgroup of tumors, the cyclin subgroup seems to
be the most suitable variant. This subgroup presented
in 14.33% of cases. Interestingly, the ATRX gene mu-
tation occurs in 100% of tumors of this subgroup.

The OS in patients of this subgroup is extremely
low, while its OS and RFS differ for the worse from all
the subgroups indicated above: embryonic-like (LRC:
p = 0.00852; CMC: p = 0.00712; GW: p = 0.00556
and LRC: p = 0.00973; CMC: p = 0.00848; GW:
p = 0.00468, respectively), inflammatory-like (LRC:
p = 0.00751; CMC: p = 0.00706; GW: p = 0.00513
and LRC: p = 0.00957; CMC: p = 0.00759; GW:
p =0.00365, respectively), matrix (LRC: p =0.00725;
CMC: p = 0.00606; GW: p = 0.00472 and LRC:
p =0.00908; CMC: p =0.00704; GW: p =0.003145355,
respectively) and deletion (LRC: p = 0.00453; CMC:
p=0.00317; GW: p =0.00159 and LRC: p = 0.00509;
CMC: p = 0.00251; GW: p = 0.00084, respectively).
Thus, belonging to the cyclin subgroup is an extreme-
ly unfavorable factor of prognosis of patients (Fig. 1).
These findings are consistent with a recent study by
Shirahata et al., which showed that deletion of CDK-
N24 and CDKNZ2B is an unfavorable prognostic mo-
lecular event for anaplastic astrocytomas [46].

A small subgroup of patients had amplification
of the GATA3 gene. The product of this gene is a
transcriptional activator that binds to an enhancer of
T-cell receptor genes. The pro-carcinogenic effects of
GATA3 can be associated with deregulation of three
genes, BCL2, DACHI, THSD4, which are involved
in cell differentiation processes [47]. The GATA3-de-

pendent subgroup is not numerous, it was revealed in
11.63% of cases, but, like the cyclin one, it is char-
acterized by an extremely unfavorable prognosis.
Nevertheless, the prognosis of OS is somewhat better
than in the cyclin subgroup (LRC: p = 0.03499; CMC:
p =0.03207; GW: p =0.03168), but RFS does not sig-
nificantly differ in these subgroups (LRC: p =0.07207;
CMC: p = 0.06628; GW: p = 0.06266). At the same
time, OS and RFS were significantly lower in compar-
ison with embryonic-like (LRC: p = 0.00824; CMC:
p =0.00723; GW: p =0.00649 and LRC: p = 0.00948;
CMC: p = 0.00813; GW: p = 0.00689, respective-
ly ), inflammatory-like (LRC: p = 0.00809; CMC:
p =0.00749; GW: p =0.00582 and LRC: p = 0.00942;
CMC: p = 0.00765; GW: p = 0.00667, respective-
ly), matrix subgroups (LRC: p = 0.00784; CMC:
p =0.00689; GW: p =0.00381 and LRC: p = 0.00935;
CMC: p = 0.00749; GW: p = 0.00648, respectively).

The last subgroup was characterized by combined
amplification of the FIPILI, CHIC2, PDGFRA, KIT
and KDR genes. The FIPILI gene encodes a protein
performing polyadenylation of the 3’'end of pre-mRNA
[48]. PDGFRA encodes a type A thrombocyte growth
factor receptor, a tyrosine kinase cell membrane re-
ceptor that has pronounced mitogenic effects through
the activation of the RAS/RAF/MAPK cascade [49].
The product of the KIT gene, c-kit protein, is a tyro-
sine protein kinase that acts as a cell surface receptor
for KITLG/SCF cytokines and plays a significant role
in the regulation of cell survival and proliferation, he-
matopoiesis, and maintenance of stem cells, as well
as their migration. Moreover, like PDGFRA, the c-kit
realizes a significant part of its effects through the ac-
tivation of the RAS/RAF/MAPK tyrosine kinase cas-
cade [50]. In this regard, conditionally this subgroup
can be called tyrosine kinase. It was detected in 1.58%
of cases.

The tyrosine kinase subgroup is characterized by
similarities in both OS and RFS with the GATA3-de-
pendent subgroup, and the statistical criteria do not
reveal significant differences between the subgroups
in these indicators (LRC: p = 0.37488; CMC: p =
0.28652; GW: p = 0.25913 and LRC: p = 0.34975;
CMC: p =0.27728; GW: p = 0.25105, respectively).

DISCUSSION

Thus, according to the results of our analysis, 7
molecular subgroups of anaplastic astrocytomas were
identified that differ in their cytogenetic profile, as
well as different prognosis and features of mutational
changes. Embryonic and inflammatory-like subgroups
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are the most frequent and occur in 21.67% and 18.51%
of cases, respectively. The deletion subgroup makes
up a total of 17.49% of cases, the matrix subgroup
consists of 14.79% of cases, the cyclin subgroup with
14.33% of cases and the GATA3-dependent subgroup,
which occurs in 11.63%, are located nearby. The rar-
est is the tyrosine kinase subgroup, as it is detected in
only 1.58% of cases. The worst prognosis is observed
in the cyclin subgroup, a relatively poor prognosis is
revealed in the GATA3-dependent and tyrosine kinase
subgroups, the middle prognosis in the embryonic, in-

'y

Tyrosine kinase

subgroup

flammatory-like and matrix subgroups, the best prog-
nosis is found in the deletion subgroup (Fig. 2).

What can be responsible for such inter-tumor het-
erogeneity within the framework of one nosological
unit? We can try to trace the potential pathways for
the occurrence of genetic diversity of anaplastic as-
trocytomas by examining the currently available lit-
erature data on the carcinogenesis of gliomas and by
sketching a possible pathway for the progression of
these tumors.

The earliest and most important mutational event

Embryonic-like
subgroup

.Inﬂammatory-l:
like subgroup

Deletion
subgroup
| L]
5% 10% 15% 1O 5%

Fig. 2. The correlation of different subgroups according to the degree of tumors aggressiveness and the frequency of

occurrence. The increase in the degree of tumor aggressiveness in each subgroup is the higher, the higher this subgroup is

located relative to the ordinate axis. The prevalence of molecular subgroups is shown on the abscissa as a percentage of the
total number of cases analyzed

in anaplastic astrocytomas is the mutation of the /IDH I
gene [51]. This event primarily affects neuronal stem
cells, which may be the primary tissue source of the
tumor [52]. However, tumor cells can follow different
paths under the influence of many factors, including
genetic and epigenetic constitutional features and sto-
chastic effects in gene expression, leading to the emer-
gence of not only inter-tumor, but also intratumoral
heterogeneity. Various types of cells arise; in par-
ticular, three principal cell populations appear in the
composition of anaplastic astrocytoma: astrocyte-like
cells, oligodendro-like cells and progenitor cells with
stem properties [19]. It is curious that amplification
of the PDGFRA gene acts as a marker genetic event
for oligodendro-like cells, the content of which is
extremely low in anaplastic astrocytomas. In the co-
hort analyzed, within the framework of this study, the
tyrosine kinase subgroup, for which this also serves

as one of the marker events, is extremely rare. In our
study, the worst prognosis was observed in patients
whose tumors belong to the cyclin subgroup, which
is characterized primarily by deregulation of cell
cycle proteins. It is curious that similar changes in
the application of single-cell technologies are found
in tumor glioma cells, called mesenchymal-like cells.
This type of cell practically does not occur in classical
anaplastic astrocytomas and is more characteristic of
glioblastomas, for which a higher degree of malignan-
cy is typical.

Thus, the tumor cell subclones within the same tu-
mor create the mosaic picture that is assembled into a
single molecular tumor pattern, which served as the
basis for the selection of subgroups in our study. Dif-
ferences in the details of this mosaic can produce dif-
ferent molecular subtypes of anaplastic astrocytomas.
Each subtype will have different biological properties
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and different aggressiveness, which is reflected in the
prognostic aspects.

CONCLUSION

Diffuse glial tumors are a difficult problem both
in fundamental and in clinical terms. The significant
heterogeneity of the molecular properties of anaplastic
astrocytomas affects not only the rate of progression
of the pathological process, but also the effectiveness
of different types of treatment. Moreover, such hetero-
geneity is a reflection of the individual characteristics
of the tumors in each individual patient. Consideration
of such features is extremely important for the deve-
lopment of truly effective personalized approaches to
the diagnosis and treatment of such patients. Mole-
cular clustering of tumors will not only optimize the
prognosis of treatment outcomes, but also create inno-
vative formats for targeted, precise therapy within the
framework of the concept of personalized medicine.
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