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MOLECULAR MARKERS IN PREDICTING
THE OUTCOME OF DIFFUSE GLIOMA
GRADE 4 TREATMENT

Aim. To assess the expression of MGMT (O°-methylguanine-DNA methyltransferase) gene by MGMT RNA abundance
and the presence of IDH1/2 (isocitrate dehydrogenase) variants in glioblastoma (GBM) samples for predicting the effica-
cy of temozolomide (TMZ) treatment, recurrence risk, and patients’ survival. Materials and Methods. The expression of
the MGMT gene and the presence of IDH1/2 variants were assessed by RT-PCR in tumor samples from 39 patients with
histologically verified GBM or diffuse astrocytoma, grade 4. The number of MGMT RNA copies was determined by the
calibration curves based on the pMA-RQ plasmid with the inserted MGMT gene. Results. The number of MGMT RNA
copies in GMB samples varied broadly from 1.7 to 88,270.2 copies per 1000 cells. The patients with a low level of MGMT
expression (<1000 copies) in tumors had a more favorable prognosis for the TMZ treatment compared to the patients
with a high level of MGMT RNA abundance (>10,000 copies). Among the patients included in the study, a wild type of
IDH1/2 was detected in 36 cases, while 3 cases were IDH1 heterozygous. Conclusion. The level of MGMT expression is
considered a significant factor for prognosing GMB patients’ survival. Patients with a low level of MGMT expression are
considered candidates for efficient therapy with alkylating agents.
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Glioblastoma (GBM) is the most common and
dangerous brain tumor, accounting for 14.2% of all
brain tumors and 50.9% of the malignant brain tu-
mors [1]. This cancer is characterized by rapid
growth, utmost invasiveness, and high heterogene-
ity of its molecular profiles, which significantly
complicates the treatment.

The current standard therapy for GBM includes
the maximal surgical resection of the tumor fol-
lowed by radiotherapy and chemotherapy. The

maximal surgical resection aims at reducing tumor
burden, providing the time reserve for the appro-
priate adjuvant treatment, which is important for
improving treatment outcome.

The survival of GBM patients improved due to
the use of temozolomide (TMZ) for their treat-
ment. This alkylating agent damages DNA in tu-
mor cells resulting in their apoptosis. The TMZ ef-
ficacy depends largely on the activity of O®-meth-
ylguanine-DNA methyltransferase (MGMT),
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which can reverse TMZ-induced DNA methyla-
tion. The assessment of the expression of the
MGMT gene and the mutation status of the genes
coding for enzymes isocitrate dehydrogenase
(IDH) 1 and 2 is imperative for predicting the ef-
ticacy of TMZ therapy [2, 3]. Moreover, the current
classification of CNS tumors (2016—2021) is based
on the analysis of the molecular markers in tumor
tissue [4, 5].

According to clinical studies, the methylation of
the MGMT gene promoter is considered a favorable
prognostic marker of the response to radio- and
chemotherapy [6]. The high activity of MGMT in
the unmethylated state results in reducing TMZ-
induced DNA alkylation due to a more efficient
DNA repair and, therefore, the treatment becomes
less effective [7]. There are numerous techniques
for the assessment of MGMT methylation, includ-
ing a methylation-specific PCR (MSP), pyrose-
quencing, and microarrays. Although MSP is the
most popular method for the analysis of the me-
thylation of the MGMT gene promoter, it does not
provide quantitative data on the extent of methyla-
tion [8]. However, merely dichotomous classifica-
tion of the methylated vs. unmethylated status may
be insufficient for the MGMT promoter evaluation,
especially in cases of low or partial methylation.
Several other techniques cover only a few CpGs in
promoter regions that may be insufficient for pre-
dicting a response to TMZ [9]. Finally, there is a
lack of consensus on which of the CpG sites and
cut-off levels of their methylation are prognosti-
cally significant, and a nonlinear relationship be-
tween the extent of MGMT promoter methylation
and survival in GBM has been suggested [10—13].
Therefore, further studies are required for a better
understanding of the effects of MGMT methylation
on the efficacy of TMZ therapy.

Moreover, other epigenetic modifications affect-
ing transcription activity may also be of impor-
tance, considering the molecular mechanisms of
resistance to TMZ. For example, histone acetyl-
transferase (HAT) adds the acetyl group to histone,
facilitating promoter deblocking, while histone
deacetylase (HDAC) eliminates the acetyl growth,
resulting in blocking the transcription of the cor-
responding genes [14]. The clinical trials of several
inhibitors targeting the epigenetic mechanisms are
ongoing with the aim of their possible use in GBM
therapy in combination with TMZ [15].
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A brief review of the factors affecting the efficacy of
TMZ therapy points to the necessity of further opti-
mization of methods for predicting its outcome. Gon-
zalez-Aponte et al. [16] demonstrated a correlation of
in vitro TMZ sensitivity of glioma cells and MGMT
activity with daily rhythms in both MGMT promoter
methylation and MGMT mRNA abundance. The
MGMT RNA levels may be influenced by the MGMT
promoter methylation affecting transcription activity.
Therefore, the analysis of MGMT RNA copy numbers
may serve as an additional tool for assessing the resis-
tance to TMZ therapy.

Furthermore, the methylation of DNA and
MGMT promoter, in particular, depends on the status
of IDH 1/2 (mutated vs unmutated). While the wild-
type IDH converts isocitrate to a-ketoglutarate (a-
KG), the mutant IDH catalyzes the conversion of
a-KG to D2-hydroxyglutarate, the latter inhibits
a-KG-dependent enzymes, including histone de-
methylases, which results in altering DNA methyla-
tion, including the methylation of MGMT promot-
er [17]. GMB patients with IDHI (R132H) and IDH?2
(R172) mutations have a more favorable prognosis of
chemotherapy efficacy [18]. The wild-type IDH is de-
tected in 90% of primary GBMs, whereas mutant
IDH]1 is more common in secondary GBMs (diffuse
astrocytoma grade 4 by the current classification) [19].

The aim of the study was to assess MGMT ex-
pression by calculating MGMT RNA copy numbers
and the presence of the IDH1/2 variants in GBM
cells in relation to the data of the retrospective
analysis of the one-year survival of GBM patients
who received the standard treatment.

Materials and Methods

The study included 39 GBM patients who were
treated at the State Institution “A.P. Romodanov In-
stitute of Neurosurgery of the NAMS of Ukraine”
in 2017—2019. An informed consent for collecting
and using the data for research purposes was ob-
tained from all the patients involved in the study.
The research was approved by the Medical Ethical
Committee of the Institute (report No. 3 of
06.06.2016 for research project “To Study Efficacy
of Chemotherapeutic and Radiation Therapy of
Malignant Intracerebral Tumors Accounting for
their Molecular-genetic Features”). All procedures
performed in the study were in accordance with the
guidelines of the Declaration of Helsinki of 2000.
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Fig. 1. Calibration equation for calculating MGMT copy
number in samples of resected tumor tissue

The patients included in the study were at the
age over 18 years, and their diagnosis of GBM or
diffuse astrocytoma, anaplasia grade 4, was con-
tirmed histologically according to the WHO clas-
sifications of 2016 and 2021 [4, 5].

The average age of the patients was 57.5 years
(interquartile range 49—64; 23 males and 15 fe-
males). In all patients, the maximal safe surgical
resection of the tumor was performed followed by
the concomitant adjuvant radiochemotherapy and
supportive chemotherapy with TMZ according to
Stupp’s protocol. The patients’ survival was assessed
from the day of the surgery.

The relevant clinical data were collected, includ-
ing the symptoms, preoperative functional capac-
ity by Karnofsky index (KPS), the extent of the sur-
gical intervention, and MRI data.

MGMT expression and IDH1/2 variants were as-
sessed in the samples of the resected tumor tissue.
RNA was extracted using PureLink RNA Mini Kit
(Applied Biosystems, USA) (5 x 10° cells per sam-
ple). cDNA was synthesized using TagMan Reverse
Transcription Reagents (Applied Biosystems, USA).
For assaying MGMT expression, TagMan gene ex-
pression assay kit Hs01037698-m1 (Life Technolo-
gies, USA) was used. IDHI rs121913500 and IDH2
rs121913503 variants were identified by RT PCR us-
ing a CFX96 RT PCR detection system (Bio-Rad,
USA) with the allelic discrimination software.

The context sequences were as follows:

rs121913500

ACTACTTGATCCCCATAAGCATGA[C/T]
GACCTATGATGATAGGTTTTACCCA;

rs121913503

GCCTACCTGGTCGCCATGGGCGTGCIT/C]
TGCCAATGGTGATGGGCTTGGTCCA.

To analyze the MGMT expression, a calibration
curve was plotted based on the pMA-RQ plasmid con-
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taining the 519 bp MGMT insert (Invitrogen, USA).
All measurements were carried out in duplicates.

The serial dilutions containing 10°, 10%, 103, 102,
and 10! MGMT molecules per 1 uL were prepared
from 2.83347 x 10~ umol of MGMT-containing
pMA-RQ plasmid corresponding to 1.71 x 10!2
MGMT molecules. 10 puL of each dilution was add-
ed to the amplification reaction mixture. The plot-
ted calibration curve (Fig. 1) was used for calculat-
ing the MGMT copy number per one thousand
cells in the sample.

The primary end-point of the study was the asso-
ciation between one-year survival and MGMT expres-
sion level. The association between survival and risk
factors was analyzed by the logistic regression model.
The survival was assessed by the Kaplan — Meier
method. The effect of different MGMT expression
levels on the survival risk was assessed using a logrank
test (for comparing CI of the survival curves for dif-
ferent groups in the study). The effect of independent
predictors (covariates — age, sex) on the survival risk
was assessed by a logrank test (to compare the Ka-
plan — Meier survival curves for the studied groups).
P <0.05 values were considered significant. For statis-
tical analysis, statistical software EZR v. 1.64 (graphi-
cal user interface for R statistical software version
4.3.1, R Foundation for Statistical Computing, Vien-
na, Austria) was used [20].

Results and Discussion

The data from 38 of 39 GBM patients were ana-
lyzed to assess the possible association between the
survival rate and MGMT expression (one patient
died of thromboembolia 4 months after the begin-
ning of the study).

Among tumor samples, 36 had a wild-type IDH],
and 3 cases with heterozygous IDHI mutations were
detected. No IDH2 variants were detected.

The number of MGMT RNA copies varied ex-
tensively within a range of 1.7—88270.2 copies per
thousand cells (Fig. 2). Three groups of samples
may be conventionally delineated: with a low ex-
pression (1—1,000 copies per thousand cells, 33.3%
of the total cases); an elevated expression (1,000—
10,000 copies per thousand cells, 28.2% of the total
cases); and a high expression (>10,000 copies per
thousand cells, 38.5% of the total cases).

The clinical significance of the findings was as-
sessed based on the association between MGMT
expression and one-year survival in the population

ISSN 1812-9269. Experimental Oncology 47 (2). 2025



Molecular Markers in Predicting the Outcome of Diffuse Glioma Grade 4 Treatment

100 000
90 000
80 000
70 000
60 000
50 000
40 000
30 000
20 000
10 000

0

MGMT copies/1000 cells

2 4 6 8 10 12 14

16 18 20 22 24 26 28 30 32 34
Surgical samples number

Fig. 2. Number of MGMT RNA copies in GMB surgical samples

under study — the primary end-point. The ROC
curve was computed for predicting the risk of death
within one year (Fig. 3). The data of the univariate
analysis for predicting this risk are given in the Ta-
ble. The age, gender, and MGMT expression were
analyzed as such risk factors.

According to the data presented, there was no
association between the risk of death within one
year and the age or gender of the patient. Neverthe-
less, this risk increased with the increased MGMT
expression (OR =1.11; 95% CI 1.03—1.19).

Survival curves constructed using the Kaplan —
Meier method with a logrank test further demon-
strated a marked difference in OS between the groups
with different MGMT expression levels (Fig. 4). The
one-year survival rate of the patients with the lower
(<10,000 per 1,000 cells) MGMT RNA copy number
in GBM cells was higher compared to the patients
with the higher (210,000 per 1,000 cells) MGMT
RNA copy number (95.7 + 4,3% vs 26.7 £ 11.4%;
p <0.001). The average survival of the patients with
alow MGMT RNA copy number in GBM cells was
23 months (95% CI 16—35 months) compared to
10 months (95% CI 7—11 months) in patients with
a high copy number in GBM cells.

The MGMT expression, which usually correlates
negatively with the MGMT promoter methylation,
is considered a decisive factor for GBM cell sensi-
tivity to TMZ, since the transfer of methyl groups
from O°-methyl guanine in DNA to the MGMT
molecule reverses the alkylation-induced DNA
damage, thus reducing the TMZ efficacy. High lev-
els of MGMT mRNA are, in most cases, associated
with the resistance to TMZ. Nevertheless, the
mechanisms of TMZ resistance may be more so-
phisticated as comprising some other factors be-
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Fig. 3. ROC curve of the model performance for predicting
the risk of death within one year depending on the MGMT
expression. The optimal cut-off point (9996.78 copies per
1,000 cells) was selected according to Youden’s index. With
such cut-off, the sensitivity of the model is 91.7% (95% CI
61.5—99.8%), specificity — 84.6% (95% CI 65.1—95.6%),
prognostic significance for the positive value — 73.3%
(95% CI 52.4—87.3%), prognostic significance for the
negative value — 95.7 % (95% CI 77.0—99.3%).

sides MGMT expression. Perazzoli et al. [21] dem-
onstrated that the modulation of MGMT expres-
sion in GBM cell lines in vitro resulted in the
corresponding changes in TMZ ICs, while in some
GBM cell lines with a low MGMT expression, there
was no direct correlation between MGMT expres-
sion level and TMZ sensitivity. Similarly, when the
relationship between MGMT protein expression
and tumor response to TMZ was studied in GBM
xenografts, in some of them the increased MGMT
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Fig. 4. Kaplan — Meier survival curves for patients with a
low (<10,000 per 1,000 cells) (curve 0) or high (=10,000 per
1,000 cells) (curve 1) MGMT RNA copy number in GBM
cells. Cut-off was selected according to Youden’s index

expression was not paralleled with the increased
TMZ resistance [22]. Nevertheless, the quantitative
assessment of MGMT mRNA in most studies dem-
onstrates that the substances sensitizing cells to
TMZ decrease MGMT expression [23].

In our study, the one-year survival rate of the pa-
tients with a relatively low MGMT RNA copy num-
ber in GBM cells was higher compared to the pa-
tients with a high MGMT RNA copy number. The
model accounting for Youden’s index inferred in
our study allows for correctly identifying the pa-
tients at high risk of death within one year (sensi-
tivity of 91.7% and specificity of 84.6%). The sur-
vival analysis also demonstrates the longer survival
median following TMZ treatment in the group of
patients with the lower MGMT RNA copy number
in GBM cells.

In our nonrandomized clinical study, the stan-
dard treatment of GBM patients by the Stupp pro-
tocol resulted in the more favorable survival indices
in cases with the lower MGMT RNA copy number

in GBM cells. Our study also proved the expedi-
ence of the assessment of MGMT expression based
on the quantification of MGMT RNA copy number
using the calibration curve plotted with reference
to the plasmid containing the standard number of
MGMT RNA copies. Such an approach allows us to
improve the assessment of MGMT expression for
predicting sensitivity to TMZ treatment.

Therefore, the assessment of MGMT mRNA ex-
pression based on the quantification of MGMT
mRNA copy numbers may be an effective tool for
predicting the death risk depending on the
MGMT mRNA expression level, which may be a de-
tining factor for the individual treatment strategy.

Recent findings indicate that the IDH mutation
and MGMT promoter methylation status correlate
with the response to TMZ therapy. Millward et
al. [24] demonstrated that a combination of an
MGMT promoter and IDHI mutation is associated
with a more prolonged survival of GBM patients
following chemoradiotherapy. A favorable role
of IDH1/2 mutations in combination with a meth-
ylated MGMT promoter in the outcome of the
treatment of patients with malignant glioma was
also noticed in the study of Pandith et al. [25].

In our study, 36 of 39 GBM samples (92.3%) con-
tained a wild-type IDHI1/2, and only 3 cases were
IDH]1 heterozygous. However, according to the lit-
erature, the mutant IDH1/2 status can be found in
less than 10% of GBM, predominantly secondary
glioblastomas (diffuse astrocytoma anaplasia grade
4 by the recent classification) [26]. As a rule, such
a mutated status is associated with a better surviv-
al [27,28]. Yang et al. [29] consider wild-type IDHI
GBMs as more aggressive and invasive. In contrast,
astrocytomas anaplasia grade 4 with IDHI muta-
tion resemble less anaplastic gliomas and have
more prolonged remission even with possibly less-
er sensitivity to TMZ. Therefore, the multimodal

Univariate logistic regression analysis for predicting the risk of death within one year

Factors Model coeflicient, Significance OR
b+m of OR difference from 1, p (95% CI)
Sex Women Reference
Men 0.13+£0.71 0.851 -
Age, years 0.023 +£0.034 0.512 -
MGMT expression per one cell 0.10 £ 0.04 0.004 1.11 (1.03-1.19)

Notes: OR — odds ratio; CI — confidence interval, b — coefficient of the logistic regression model; + m — stand-
ard error of the coefficient of the logistic regression model.
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approach is clinically appropriate considering the
combination of radiotherapy and TMZ.

A low number of GBM cases with IDH muta-
tions in our study did not allow us to analyze
whether these patients have better survival in the
context of our study. Nevertheless, all three patients
with a mutated IDH status survived one year from
the beginning of the observation and are still alive
(remission duration 13, 16, and 20 months at the
moment of compiling the findings for publication.

The analysis of the IDH mutation status in
combination with MGMT mRNA expression as
a stratification factor seems to be expedient for
the strategy of the treatment of patients with
GBM and diffuse astrocytoma, anaplasia grade

4 [28]. This approach allows for making more
reasonable decisions on scheduling TMZ in a
treatment protocol for each GBM patient. The
level of MGMT expression in the postoperative
tumor samples should be assessed as an indepen-
dent prognostic factor for GMB patients in more
extended cohorts.
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MOJIEKYJIAPHI MAPKEPU B ITPOTHO3YBAHHI PE3YJIBTATIB
JIIKYBAHHA XBOPUX HA IVOY3HY IJTIOMY 1V CTYTIEHIO AHATITA3II

Mera. Busnauenns excnpecii rena MGMT ta renotunis IDHI/2 y 3paskax myxiuH riio6macromu (I'BM) ms mpo-
THO3YBaHHA eeKTUBHOCTI XiMioTepamii Temosonomigom (TM3), pusuky penyuyuBy Ta BY>KUBAHOCTI HaljieHTiB. Ma-
tepiamm Ta Metopn. Excrpecito MGMT ta renotunis IDH1/2 BusHavamu B 3paskax I'bM abo pudysHoi acTpounroMu
4 cr. a”amnasii Big 39 npooneposanux xsopux MetogoM 3T-IUIP. Kinbkicts komiit MPHK MGMT BusHavanm 3a 1o-
HOMOTOI0 KaTiOpyBa/bHUX KPMBUX Ha OCHOBI IwasMmigu pMA-RQ, o sxoi 6ymo B6ygoBano ¢parment rena MGMT.
PesynbraTn. [locmifkeHHA ITOKa3ao MIMPOKNii Aianason ekcnpecii MGMT y 3paskax nyxiauH Bif 1,7 no 88270,2 komiii
Ha 1000 xmiTvH. BusBreHo, 1o marieHTy 3 HM3bKMUM piBHeM ekcipecii MGMT (1—1000 xoriit) MaroTbh Kpawiuit IIpo-
THO3 Jy1s niKyBaHHA TM3, Topi K manieHTy 3 BUCOKUM piBHeM (>10000 komiii) MaloTh HIDKYY e(eKTUBHICTD Teparil.
Cepen JOCIiPKyBaHUX 3pas3KiB IyXIVH 36 Manu FeHOTHII gukoro tuiy IDHI/2, a Tpu 6ymu rereposuroramu IDH]I.
AHayi3 mokasas, mo piBeHb ekcnpecii MGMT € 3sHauymmM pakTOpOM IPOTHO3Y BIDKMBAHOCTI ManieHTiB. BucHOBKM.
Pe3ynbTaTy mATBepXYIOTh BaXKIMBICTD Ki/IbKicHOTO aHasisy excrpecii MGMT pia nporHo3yBaHHA eeKTUBHOCTI
ximioTtepanii TM3 B nauienris i3 I'bM. [Tanientnu 3 Hu3pkuM piBHeM excrpecii MGMT e kanpupgataMu Ha eeKTUBHY
TEePaIiio aJKiTyIo4YMMy areHTaMu.

Kmrouosi cmoBa: rmio6nacroma, MGMT, IDH1/2, TeMO307IOMIf,.
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