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Novel MGMT inhibitors increase the sensitivity of glioma
MGMT-positive cells to treatment with alkylating agents in vitro
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Aim. Novel non-nucleoside inhibitors of MGMT (O°-methylguanine-DNA methyltransferase)
have shown high efficacy and low level of cytotoxicity in human cancer cells HEp-2. But it
is important to investigate the impact of new inhibitors in other human cancer cells, espe-
cially, those which have different levels of MGMT expression. This study was performed
using two glioma cell lines: T98G with a high level of MGMT expression and U251MG with
a methylated promoter in the MGMT gene. Methods. Western-blot analysis of the level of
MGMT. The autophagy level and number of alive and dead cells were measured with fluores-
cence microscopy and fluorescence spectrophotometry after Monodansylcadaverine dying for
autophagosomes and dying by Live-Dead Imaging Cell Kit respectively. Results. The new
inhibitors significantly reduce MGMT level, but this effect could be observed only after 24-hour
treatment. Longer treatment has a weaker inhibiting effect compared with standard inhibitor
O%-benzylguanine. The combined treatment by the inhibitors and nitrosoguanidine induces a
high autophagy level in T98G cells, whereas in U251MG cells a low level of autophagy was
observed. The analyzed inhibitors do not elevate the level of dead cells in both cell lines.
However, the combined treatment leads to a high death rate only in T98G cells. Conclusions.
The analyzed compounds have inhibiting activity against MGMT in glioma cells. The inhibi-
tors don’t affect glioma cells’ survival and autophagy level however make them more sensitive
to an alkylating agent.
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Introduction

Glioma is a type of primary brain tumors cha-
racterized by a variety of tumor subtypes.
Currently, the global prevalence of glioma
diagnosis is 7 cases per 100,000 individuals
[1]. One of the most common treatments for
malignant gliomas is alkylating chemotherapy,
which is based on the damage of cancer cell
DNA by forming a mutagenic adduct of
Of%-methylguanine [2, 3]. However, the exis-
ting chemotherapeutic approaches are still not
effective, so the search and development of
new, more effective drugs with lower cytoto-
xicity is an extremely urgent task. One of the
known biological barriers that reduce the ef-
ficacy of chemotherapy is the cell’s repair
systems, in particular the repair enzyme
O¢%methylguanine-DNA methyltransferase
(MGMT). This enzyme removes alkyl residues
from DNA, thereby counteracting the thera-
peutic effect of alkylating agents [3—5]. Thus,
MGMT inhibition increases the efficiency of
chemotherapy [4].

In the third phase of clinical trials, the stan-
dard inhibitor O%-benzylguanine (BG) was
found to cause increased cytotoxicity of che-
motherapy, especially for hematopoietic cells.
Therefore, it is necessary to search for alterna-
tive inhibitors that could be effective and non-
toxic. Recently, we have shown that new non-
nucleoside compounds: 5-(5-Chloro-2-
hydroxy-benzylidene)-4-thioxo-thiazolidin-
2-one (inhibitor 41) and 5-Benzo[1,3]dioxol-
5-ylmethylene-thiazolidin-2, 4-dione (inhibitor
41B) are effective and low cytotoxic inhibitors
for human cell line HEp-2, which have derived
from an epidermoid carcinoma of the larynx.
According to the molecular docking data these
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compounds interact with MGMT enzyme as
substrates, but their affinity could be stronger
than the native substrate of MGMT —
O¢%-methylguanine. Therefore, it is a competi-
tive type of inhibition [6].

Therefore, in the present study we have
focused on the effects of new inhibitors (41,
41B) on the MGMT protein level in a glioma
cells model. Moreover, we analyzed the sensi-
tivity of glioma cells to the alkylator treatment
in combination with the novel MGMT inhibi-
tors. The alkylating compound temozolomide
(TMZ) is commonly used to treat glioblastoma.
Studies have shown that apoptosis often occurs
in glioma cells under the influence of TMZ.
Moreover, this process is associated with au-
tophagy, which is explained by the cell’s re-
sponse to the cytotoxic effect of TMZ [6-8]. It
is known that apoptosis and autophagy regulate
each other, and they can also overlap and reg-
ulate each other through Atg5, Beclin-1, Bcl-2,
p53, etc. [10—12]. These processes are inextri-
cably linked, therefore studies of autophagy in
cancer cells permit us to expand our knowledge
of cancer metabolism and treatment.

Autophagy plays a key role in various pro-
cesses that can rescue the cell or lead to apop-
tosis [9, 12]. In cancer cells, autophagy could
have two opposing effects on the cancer de-
velopment. In the early stages of cancer, auto-
phagy inhibits the tumor growth and its pro-
gression and has an antimetastatic effect.
Meanwhile, in advanced cancer, autophagy
only promotes the cancer development by in-
creasing the cell survival [9, 13].

The level of MGMT expression in cancer
cells is an important biomarker for determining
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the dose and duration of the inhibitors admin-
istration in chemotherapy regimens. Only
45 % of patients with glioblastoma have a
methylated MGMT gene promoter or a low
expression level of this gene. The remaining
55 % of patients have a high level of the
MGMT expression in cancer cells and respond
poorly to the standard alkylating chemothera-
py. The latter patients are highly chemoresis-
tant and require the combination chemothera-
py with MGMT inhibitors [14, 15]. Therefore,
it is also important to investigate the differen-
tial effect of the new inhibitors on glioma cells
with different levels of MGMT. That’s why in
this study we performed experiments with two
glioma cell lines with different levels of the
MGMT expression to compare the influence of
the inhibitors in combination with the alkyla-
ting agent on this process.

Materials and Methods

New MGMT inhibitors

Two new MGMT inhibitors were used in this
study, namely 5-(5-Chloro-2-hydroxy-
benzylidene)-4-thioxo-thiazolidin-2-one (in-
hibitor 41) and 5-Benzo[1,3]dioxol-5-ylme-
thylene-thiazolidin-2, 4-dione (inhibitor 41B).
The inhibitors were designed by flexible mo-
lecular docking and synthesized at the
Biomedical Chemistry Department of IMBG
NAS of Ukraine [16]. In the following ex-
periments, the compounds were dissolved in
dimethylsulfoxide (DMSO).

Cell cultures

The study was conducted using two human gli-
oma cell lines: T98G with a constitutively high
level of MGMT expression (MGMT+ line) and

U251MG without expressed MGMT (MGMT—
line). The cells of both lines were cultured in
DMEM (DMEM powder (1x) high glucose
(4.5 g/L) with L-glutamine, PPA) with 10 % of
inactivated fetal bovine serum (FBS, Biowest)
and 1 % benzylpenicillin/streptomycin at 37 °C
and in the gas phase of air with 5 % CO2.

Western blot analysis

T98G and U251MG cells were treated with
the inhibitors 41 and 41B at a concentration
of 10 uM. The standard MGMT inhibitor
O¢-benzylguanine (10 uM) was used as a ne-
gative control. Untreated cells were used as a
positive control. After the treatment cells were
cultured for 24, 48, and 72 hours under stan-
dard conditions for the following analysis.
The cells were washed with ice-cold PBS,
lysed with RIPA buffer, and proteins were
quantified using a Bio-Rad Protein Assay Kit
(USA, #5000001). The proteins (40 pg) from
each sample were separated by SDS-PAGE
and electroblotted onto a PVDF membrane.
The membrane was blocked in 5 % non-fat
milk/TBST for one hour and probed with the
primary antibody for MGMT (1:1000)
(NovusBiologicals, USA, #NB100-168), and
then with horseradish peroxidase-conjugated
secondary antibodies (1:5000) (Sigma-Aldrich,
USA, #A9044). The chemiluminescence signal
was detected using ECL and X-ray films
(Fujifilm, USA). The proteins were quantified
by densitometry using Image J soft [https://
imagej.net/ij/index.html].

Analysis of autophagy level
by MDC staining

The cells of both lines were seeded into 96-well
plates at a concentration of 4000 cells per well.
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After one day incubation under standard con-
ditions, the cells were treated with the analyzed
inhibitors (10 uM), standard inhibitor BG
(10 uM), and DMSO (vehicle control). On the
second day of incubation, the medium was
changed to serum-free and the alkylating agent
N-methyl-N’-nitro-N-nitrosoguanidine
(MNNG) was added at different concentrations
(0.5, 0.05, 0.005, and 0.0005 pg/mL) and in-
cubated for one hour. Then 10 % FBS was
added and incubated for another 2 hours. The
untreated cells were used as a negative control.
There was also a set of cells treated with
MNNG only at different concentrations. As a
positive control, the cells were incubated for
12 hours with 20 uM of the autophagy induc-
ting factor FCCP (Carbonyl cyanide 4-(tri-
fluoromethoxy)phenylhydrazone) (Sigma-
Aldrich, USA).

After all treatments, the cells were washed
with PBS, stained with 50 pM monodansylca-
daverine (MDC) (Sigma-Aldrich, USA), and
incubated at 37 °C for 15 min. The fluores-
cence was measured using a Tecan Infinite 200
PRO at excitation/emission: 332/518 nm, fol-
lowed by visualization using a Leica DM2000
LED microscope. The images were analyzed
using the LAS X software. The data were
normalized to the total number of live cells
stained with Hoechst 333 dye (excitation/emis-
sion: 350/461 nm).

Live/dead cell assay

The amount of live and dead cells after the
treatments was analyzed using the LIVE/DEAD
Cell Imaging Kit (ThermoFisher Scientific,
#R37601). The 24-hour fasting period was used
as a positive control in this treatment scheme.
The cells were stained for 15 minutes at 37 °C
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according to a standard protocol. Using a Tecan
Infinite 200 PRO, the fluorescence of live cells
was measured at excitation/emission:
488/515 nm, and dead cells at excitation/emis-
sion: 570/602 nm, followed by visualization
with a Leica DM2000 LED microscope. The
images were analyzed using the LAS X soft-
ware. The level of the dead cell fluorescent
signal was normalized to summed signals of
the total number of cells (dead and live).

Statistical analysis

The data were analyzed using software appli-
cations, including Origin 8.1, Microsoft Excel
2016, and Image J. Various statistical measures
were used such as mean (M), standard error
(SEM), and standard deviations (SD). Each
experiment was iterated 2-4 times, with each
iteration consisting of 2-8 identical treatments.
One-way ANOVA was used for Western blot-
ting results, while two-way ANOVA was used
to calculate the P value (p) and effect size (I])
for MDC staining and live/dead assay results.
Significance was determined at a threshold of
p <0.05.

Results and Discussion

MGMT protein levels. First, we analyzed
how the inhibitors affected the MGMT repair
enzyme level in glioma cells. We used the
TI98G cell line, where MGMT is constitu-
tively expressed at high levels, in contrast to
the U251MG cell line. Using Western blot
analysis, we found that T98G cells (MGMT+)
demonstrated high level of MGMT protein, in
contrast to U251MG cells (MGMT-), as ex-
pected (data not shown). Based on this, the
T98G cell lines were used for further analysis
of the developed inhibitors’ effects.
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As a result, we found that both compounds
under study are indeed inhibitors of the repair
enzyme MGMT, as they reduce the level of
MGMT protein in glioma cells (Fig. 1).

Our data indicate that new MGMT inhibi-
tors significantly reduce MGMT protein level
in the glioma cell line compared to the control.
However, their inhibitory activity is character-
ized by a shorter time point compared to the
effect of BG. However, the new inhibitors
show the greatest effectiveness during the first
24 hours of treatment. That is when the lowest
MGMT level was observed. While the standard
inhibitor BG had a prolonged effect on the
amount of protein in the cells. Low MGMT
level was observed even after 72 hours of
treatment with BG (Fig. 1). These data may
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indicate a different mechanism of action of the
inhibitors under study.

Autophagy level. The sensitivity of cancer
cells to chemotherapy depends on several fac-
tors, including the level of autophagy and the
balance between autophagy and apoptosis.
Therefore, as a next step, we analyzed the
level of autophagy in glioma cells of two lines
after the combined treatment with inhibitors
and alkylating agent MNNG. In this series of
experiments, the U251MG cell line was used
as a MGMT control. As a result, we have
found that the new inhibitors and the standard
inhibitor BG alone did not increase autophagy
in either cell line (Fig. 2).

In combination with the alkylating agent
MNNG, the new inhibitors, as well as the
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Fig. 1. Level of MGMT protein in T98G cells after treatment with new inhibitors (41 and 41B) and standard inhibitor
BG with different treatment times (24h, 48h, and 72h) according to Western blot analysis. Densitometry of MGMT
normalized to tubulin A. The data are expressed as the mean £SD of arbitrary fold of change relative to the control

levels. p<0.05.
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A Autophagy level in T98G after treatment

Fig. 2. Relative quantification of
monodansylcadaverine (MDC) stai-
ning in T98G (A4) and U251MG (B)
cells after treatment with the stan-

%—’ dard inhibitor BG, novel inhibitors
% 100 - EOeR mC 41 and 41B, and control (C) in com-
2 N o ; .
g ‘% 0BG bination with the alkylating agent
5 050 % @41 MNNG at different concentrations
’ % m41B (0.0005, 0.005, 0.05, and 0.5 pg/ml),
§ and without MNNG. Red dashed
0,00 N line (upper dashed line) — positive
0 0,0005 0,005 control, blue dashed line (lower
MNNG, pg/ml dashed line) — negative control. The
B Autophagy level in U251MG after treatment data are expressed as the mean.iSD
of arbitrary fold of change relative to
1so [T~ """ TTTS-=m---=------------ control values. p < 0.05; 4 —
_ I)(inhibitor) = 0,69, I}(MNNG) =
s 0.12, T)(interaction) = 0.23; B —
Z 100 § 8cC Il(inhibitor) = 0.74, IJ(MNNG) =
£ N 0BG (.10, I)(interaction) = 0.25.
2 % @41
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N
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standard BG inhibitor, increase the level of
autophagy in the cells. Interestingly, a signifi-
cant increase in autophagy levels was observed
in T98G cells (MGMT+). In contrast, U251MG
cells (MGMT-) showed only a small increase
in autophagy level (Fig. 2). It was expected
that the level of autophagy would be higher in
the latter since the cells lack MGMT, which
prevents the cytotoxic effect of the alkylating
agent. However, in the cells treated with
MNNG alone, this was exactly what happened:
in T98G cells (MGMT+), autophagy was as
low as in the control, and in U251MG cells
(MGMT-), autophagy became higher and in-
creased with the concentration of the alkylating
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agent (Fig. 2). Probably, the inhibitors affect
some other components of the metabolic path-
ways in the cells of different lines.

The spectrophotometric data were generally
in agreement with the microscopic analysis.
T98G cells have a higher number of autopha-
gosomes than U251MG cells after the com-
bined treatment with each inhibitor and MNNG.
The inhibitors by themselves almost do not
cause an increase in autophagy level (Fig. 3).

Cell death after treatment with the inves-
tigated compounds. In general, T98G cells
were more sensitive to the cytotoxic effects of
the alkylating agent in combination with the
inhibitors than U251MG cells. However, the
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inhibitors themselves hardly increased the
level of dead cells compared to the control in
both lines (Fig. 4). Notably, slightly lower
levels of dead cells were detected after treat-

NC
PC

B NC

A

BG+MNNG

PC BG+MNNG

=) =)
..O ..Q

ment with the new inhibitors 41 and 41B than
after treatment with BG, confirming that the
new inhibitors are less cytotoxic than the stan-
dard inhibitor BG.

41 41B

41+MNNG 41B+MNNG

41 41B

41+MNNG 41B+MNNG

Fig. 3. Representative micrographs of autophagosome staining by MDC in T98G (A) and U251MG (B) cells. NC —
negative control; PC — positive control; BG — treatment with standard inhibitor BG; 41, 41B — treatments with
novel inhibitors 41 and 41B, respectively; BG/41/41B+MNNG — treatment with BG, 41, 41B inhibitors, respec-
tively, in combination with alkylating agent MNNG (0.005 pg/ml). The experiment was performed with 4-6 identical

treatments.
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The spectrophotometric data were general-
ly consistent with the fluorescence microscopy
data. Significantly more dead cells were ob-
served in T98G cells after the combined treat-
ment than in U251MG cells. Treatment with
the inhibitors alone did not cause much cell
death (Fig. 5).

Autophagy occurs as a result of cell damage
caused by external factors [7, 8]. Therefore, it
could be considered as an indicator of the cy-
totoxicity of compounds that enter the cell.
Based on the results of autophagy studies (as
shown in Fig. 2 and 3), we can conclude that
the new inhibitors 41 and 41B are not harmful
to glioma cells of both lines at a concentration

A

Level of dead cells
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MNNG, pg/ml
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B Level of dead U251MG cells after treatment

Level of dead cells

1 — —— — ——
0,5 II
0
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0,05
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of 10 uM. However, the inhibitors’ ability to
inhibit MGMT increases the cytotoxic effect of
the alkylating compound MNNG, which is ne-
cessary for effective alkylating chemotherapy.

The results of the autophagy assay are con-
firmed by the results of the glioma cell viabi-
lity assay (Fig. 4, 5). Comparing the data, it
can be seen that the cells treated with the in-
hibitors only did not show a significant level
of autophagy, on the contrary, a shallow level
of cell death was observed. This confirms the
low cytotoxicity of these compounds and de-
monstrates their safety for glioma cells.

We found that the inhibitors had a positive
impact on the cytotoxic effect of MNNG, but

B@c
OBG
@41

ma1p Fig. 4. Relative quantification of fluo-

rescence signal level of T98G (4) and
U251MG (B) dead cells after treat-
ment with standard inhibitor BG, new
inhibitors 41 and 41B in combination
with alkylating agent MNNG at dif-
ferent concentrations (0.0005, 0.005,
0.05 and 0.5 pg/ml), and without
MNNG. Control (C) — untreated
cells. Red dashed line (upper dashed
line) — positive control, blue dashed
line (lower dashed line) — negative
control. The data are expressed as the
mean +SD of arbitrary fold of change
relative to control levels. p < 0,05;

0,5

o @ac
0BG
@41
H41B

A —I](inhibitor) = 0.22, [J(MNNG) =
0.64, IJ(interaction) = 0.05; B —

0,5 I)(inhibitor) = 0.33, IJ(MNNG) =
0.21, I](interaction) = 0.39.
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NC BG
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L
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Fig. 5. Representative micrographs of live (green) and dead (red) staining of T98G (A4) and U251MG (B) cells. NC —
negative control; PC — positive control; BG — treatment with standard inhibitor BG; 41, 41B — treatments with
novel inhibitors 41 and 41B, respectively; BG/41/41B+MNNG — treatment with BG, 41, 41B inhibitors, respec-
tively, in combination with alkylating agent MNNG (0.005 pg/ml). The experiment was performed with 4-6 identical

treatments.

only in T98G (MGMT+) cells. The level of
autophagy was high in these cells after the
combined treatment, leading to a higher mor-
tality rate. Interestingly, the number of dead

cells increased with increasing autophagy. This
is explained by the effectiveness of the new
inhibitors, which enhance the cytotoxic effect
of the alkylating agent to a level where the
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glioma cells’ defense mechanisms can not
cope, leading to the cell death. The cells sub-
sequently undergo apoptosis after an attempt
to rehabilitate themselves during autophagy
[17]. It has been shown that many components
of autophagy act as apoptotic factors to medi-
ate the cell death [18, 19]. Thus, autophagy
may be a necessary step for the induction of
certain apoptotic pathways in cancer cells.

Conclusions

In conclusion, our data indicate that the ana-
lyzed inhibitors 41 and 41B at 10uM concen-
tration reduce the level of repair enzyme
MGMT, however, this inhibitory effect has a
short time (24h) compared to the standard
inhibitor BG.

New inhibitors did not affect the survival
and autophagy level of glioma cells but they
made them more sensitive to alkylating agent
MNNG. It suggests that the analyzed com-
pounds may have a therapeutic effect during
the combined alkylating chemotherapy of the
patients with high MGMT gliomas.
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Hogi inrioitopy MGMT nigBuIy0OTH 4y TIIUBICTH
MGMT-no3uTHBHUX IIIOMHHUX KJIITHH 10
JiKyBaHHS AJKIIYIOYMMHU areHTaMM in vitro

K. C. XKysaka, O. O. IliBens, JI. JI. ManeBuu,
I'. TI. Bonmunens, T. I1. Py6an, C. M. Spmoriox,
1. To6xun, JI. JI. Jlyka

Merta. HoBi Henykiieo3uaHi inrioitopu MGMT (O°-
metmiryanin-JIHK-merunrpancdepasa) npoaeMoHCTpy-
BaJIM BUCOKY €()eKTHBHICTh Ta HU3bKY IIMTOTOKCHYHICTD
B pakoBux kmituHax jronuan HEp-2. Ogaak, Ba)imBo
JIOCHIJIUTH BILIMB HOBUX IHTIOITOPIB Ha 1HIII PAKOBI KIIi-
THHH, OCOOJIMBO Ti, 110 MAIOTh IHIINK piBEHb eKcIpecii
MGMT. e pocnimkeHHs GyI0 POBEACHO 3 TBOMA JIiHi-
siMu KJTiTuH nitiomu: T98G 3 BHCOKHMM piBHEM eKcripecil
MGMT ta U251MG 3 MeTHII0BaHUM IIPOMOTOPOM Y TeHi
MGMT. Metoau. Becrepu-0mot anaimi3z pisast MGMT.
BuwmiproBanns piBHsl ayTodarii Ta KijIbKOCTI KHBHUX 1
MEpTBHX KIITHH 3a JJOMOMOTOI0 (DIyOpeclieHTHOI MiKpO-
cKorii Ta cnekTpodoTomeTpii micis (papOyBaHHS aBTO-
(barocom MoHOIaHCHITKaTaBEPUHOM Ta (hapOyBaHHS JKH-
BUX 1 MEPTBHX KJIITHH 3a tortomororo Live-Dead Imaging
Cell Kit. Pe3yabraru. HoBi iHTi0iTOpH 3HAYHO 3HIKYIOTh
pierb MGMT, ane neit edexr crioctepiracTbest JHIIe
mticist 24-roguHHoi 00po0OKH. binbm TprBana 06poOka Mae
cnabmmii iHTiOyBabHIN eeKT TOPIBHSHO 31 CTaHmapT-
HUM iHTriGiTOopoM O°-6ensmnryaninom. KomGinoBana 06-
poOKa iHTi0iTOpaMu Ta HITPO30TYaHIAMHOM 1HIYKY€ BH-
cokwmif piBeHb ayTodarii B kitnHax T98G, Tomi K y KITi-
trHax U251MG crioctepiraeThCsi HU3bKHIA PIBSHB ayTO-
¢arii. locnipkyBaHi CIIOIYKH HE 301IBIIYIOTH KUTBKICTD
MEpTBUX KIITHH B 000X miHisX. OmHak, KOMOiHOBaHa
00poOKa MPHU3BOIMTH 0 OLITBIIOTO IATOTOKCUYHOTO e(ek-
Ty, npore nume B kirituHax T98G. BucHoBkm.
JlocmimKyBaHi CIIOTyKH BOJIOAIFOTH 1HT10yBaTbHOO aKTHB-
HicTro 111010 MGMT y miioMHMX KiiTHHAX. [HTiOiTOpH HE
BIUIMBAIOTh HA BI)KMBAHICTD Ta piBeHb aBTO(Arii KIiTHH
DTIOMH, TIPOTE POOJIATH iX OUTBII Yy TIMBUMU /IO i1 aJIKi-
JIYIOUHUX CITOJIYK.

KawuoBi ciaosa: O%-merunryanin-JIHK-mern-
Tpancepaza (MGMT), HOBI iHT1OITOPH, KITITHHU [TIOMH,
aytodarisi, aJKiTyBaJIbHa CIIOIyKa.
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