EXCLI Journal 2023;22:35-52 — ISSN 1611-2156
Received: October 28, 2022, accepted: December 08, 2022, published: January 04, 2023

Original article:

ANTINEOPLASTIC MULTI-DRUG CHEMOTHERAPY TO SENSITIZE
TUMORS TRIGGERS MULTI-DRUG RESISTANCE AND INHIBITS
EFFICIENCY OF MAINTENANCE TREATMENT IN
GLIOBLASTOMA CELLS

Oguzhan Doganlar!™*), Zeynep Banu Doganlar'"', Suat Erdogan®*', Emre Delen?

Faculty of Medicine, Department of Medical Biology, Trakya University, Edirne, Turkiye
2 Faculty of Medicine, Department of Neurosurgery, Trakya University, Edirne, Turkiye
* Corresponding author: Oguzhan Doganlar, Faculty of Medicine, Department of Medical
Biology, Trakya University, Edirne, Turkiye. E-mail: doganlar@trakya.edu.tr

https://dx.doi.org/10.17179/excli2022-5556

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/).

GRAPHICAL ABSTRACT

Combination therapy to sensitize tumors Maintenance therapy

a A W N Resistant GBM
® 5-FU A , ‘@ cell population
@ Cisplatin Py .
N A @Sa®s 0 Temozolomide
A Paclitaxel ® A 4y N & 2 0. Saly P 0
.A a O 9 "'b\‘\,b\\0 @ ® E3 ®s £ 3 oo
e A S Ot A a®® e L e — @ Etoposide
F o A ) Y #® ® g
& : 0@‘ 4 "oboe' ‘\0‘ ‘.
<
A A©® L 6\0 \ 4 «° ¢ Multi-drug resistance behavior against
- @] A b@‘ ® & £ Se ‘i maintenance therapy
o ® ® &
® . 0\0 O‘ A 5 & & ® o L Etoposide
AO . & 2 oA . ‘ s Poee ® us? Us7-R
;e *® e ® us7 US7-R
) 3 h
& Lc3-l

LC3-1l

-_

Premo™
Autophagy Sensor

® & ® ® L N e e
mA 0% 8 ®
m O ®g & s
saPe_ ® _
- e ® & 1 H Temozolomide
Y 66 S ’ o V = - us? U87-R
# 5 o
e*e s P Resistance cell . 5 Lc31 —
GBMcell g¥® & B L3
§ ® 8. @ producing e 3
population Ts s mutations gz
e ® undergoing ) B-ACtin AG—
$o ® :
s & selection <
®

Figure 1: Graphical abstract

35


mailto:doganlar@trakya.edu.tr
https://dx.doi.org/10.17179/excli2022-5556
https://dx.doi.org/10.17179/excli2022-5556
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2654-7269
https://orcid.org/0000-0002-1365-9897
https://orcid.org/0000-0002-6823-6293
https://orcid.org/0000-0001-5573-9492

EXCLI Journal 2023;22:35-52 — ISSN 1611-2156
Received: October 28, 2022, accepted: December 08, 2022, published: January 04, 2023

ABSTRACT

Combinations of the well-known antineoplastic agents 5-fluorouracil (5-Fu), cisplatin, and paclitaxel are employed
to increase radiotherapy/immunotherapy efficacy against persistent and resistant tumors. However, data remains
needed on the hormetic, chronic, and long-term side effects of these aggressive combination chemotherapies. Here
we investigated cellular and molecular responses associated with these combined agents, and their potential to
induce multi-drug resistance against the temozolomide (TMZ) and etoposide (EP) used in glioblastoma mainte-
nance treatment. We analyzed resistance and survival signals in U87 MG cells using molecular probes, fluorescent
staining, qRT-PCR, and immunoblot. Repeated treatment with combined 5-Fu, cisplatin, and paclitaxel induced
cross-resistance against TMZ and EP. Resistant cells exhibited elevated gene/protein expression of
MRP1/ABCC1, ABCC2, BRCP/ABCG2, and GST. Moreover, they managed oxidative stress, cell cycle, apopto-
sis, and autophagy signaling to ensure survival. In these groups TMZ and etoposide efficiency dramatically re-
duced. Our result suggests that combined high-dose treatments of classical antineoplastic agents to sensitize tu-
mors may trigger multi-drug resistance and inhibit maintenance treatment. When deciding on antineoplastic com-
bination therapy for persistent/resistant glioblastoma, we recommend analyzing the long-term hormetic and
chronic effects on cross-resistance and multi-drug resistance in primary cell cultures from patients.

Keywords: Glioblastoma, multi-drug resistance, apoptosis, autophagy, angiogenesis, U87 MG

INTRODUCTION metastatic potential, high heterogeneity, infil-
trative nature, and a propensity for recurrence,
lead to a very poor prognosis; the median sur-
vival period is 15 months, and only 27 % of
patients reach two years’ survival even if
given combined treatment involving surgical
resection, radiotherapy, and high-dose chem-
otherapy (Stupp et al., 2014; Morgan, 2015).
Furthermore, GBM cells exhibit the MDR
phenotype and are inherently resistant to a
wide range of chemotherapy agents (Da Ros
et al., 2018). Indeed, a number of studies sup-
port MDR as one of the most important prob-
lems in GBM treatment (Zanders et al., 2019).
Due to MDR, the overwhelming majority of
GBM npatients cannot be fully cured and must
receive maintenance treatment throughout the
remainder of their lives.

Temozolomide (TMZ) is at present the
primary maintenance therapy choice for
GBM, being used after the main therapy to
prevent tumor growth; etoposide (EP) is
rarely used (Oshiro et al., 2009). However, re-
cent research has shown that more than 60 %
of glioblastoma patients treated with TMZ de-
velop resistance, and 15-20 % of patients do
not benefit from TMZ despite not having re-
ceived it previously (Zanders et al., 2019).
Although many studies have been published
on the causes and molecular mechanisms of
TMZ resistance in GBM patients treated with

Multi-drug resistance (MDR) is a strong
resistance mechanism of cancer cells charac-
terized by a cross-resistance phenotype; it acts
against chemically distinct drugs and targets
multiple  different signaling pathways
(Szakécs et al., 2006; Wang et al., 2017). The
MDR phenotype is generally activated by
ATP-binding cassette (ABC) membrane
transporters  (specifically multi-drug re-
sistance proteins, MRPs, and breast cancer re-
sistance protein, BCRP) and other types of
pump mechanisms such as glutathione S-
transferases (GSTs) (Gottesman et al., 2002;
Wu et a., 2014; Bao et al., 2020). Typically,
high-dose combined drug administration is
required to establish clinically effective
chemotherapy in cancer cells with the MDR
phenotype. However, such a treatment is of-
ten impossible to manage and culminates in a
high incidence of mortality, especially when
cross-resistance develops. As MDR is a
multi-factorial process, it is essential to
clearly determine the molecular mechanisms
of resistance in order to establish a managea-
ble chemotherapy treatment model.

Glioblastoma multiforme (GBM) ac-
counts for around 70 % of all tumors in the
central nervous system. Its highly aggressive
characteristics, including rapid proliferation,
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long-term TMZ (Jiaper et al., 2018), the etio-
logic and mechanistic features of strong drug
resistance and treatment failure in those never
exposed to TMZ remain unclear.

Recently, double and triple combinations
of well-known antineoplastic agents 5-fluor-
ouracil (5-Fu), cisplatin, and paclitaxel have
begun to be used to increase the efficacy of
radiotherapy or immunotherapy drugs in
treating persistent and resistant tumors such
as GBM (Jeyapalan et al., 2014; Zanders et
al., 2019), head and neck cancers (Adkins et
al., 2018; Tsakonas et al., 2020), esophageal
cancer (Steber et al., 2021), and gastric cancer
(Xu et al., 2019). While no single one of these
drugs showed clinical efficacy, their com-
bined application for periods of 1-3 months
has provided promising results. However,
there is not yet sufficient data on the hormetic,
chronic, and long-term side effects of these
aggressive combination therapies. Notably,
single application of 5-Fu (Oguri et al., 2007,
Kurasaka et al., 2021), cisplatin (Aldossary,
2019; Makovec, 2019), and paclitaxel (Po-
dolski-Reni¢ et al., 2011; Aldonza et al.,
2017) to cancer cells has been shown to affect
many molecular signaling pathways, espe-
cially detoxification mechanisms, leading to
the development of cross- or multi-drug re-
sistance. Moreover, their combined use syn-
ergistically increases drug resistance (Patel et
al., 2021). In addition, GBM tumors in partic-
ular pose many obstacles to the functionality
of chemotherapy agents, such as overcoming
the blood-brain barrier, the wide variety of
cells in the tumor microenvironment, and the
tumor's infiltrative properties. Consequently,
some tumor cells will be able to escape lethal
doses of the chemotherapy agents, but will
also be exposed to sub-lethal doses.

Our hypothesis is that cancer cells ex-
posed to long-term and sub-lethal levels of
combination chemotherapy may develop drug
resistance, with the resistant population sub-
sequently increasing via a selection effect.
Moreover, use of multiple drugs can activate
many resistance mechanisms simultaneously,
thus cancer cells not having previously en-
countered TMZ or EP can become resistant to

these maintenance therapies via developing
multi-drug resistance.

Here, we test our hypothesis by subjecting
U87 MG GBM cells to long-term combined
5-Fu, cisplatin, and paclitaxel at sub-lethal
concentrations. After 15 passages (genera-
tions), we assessed the responses of normal
and resistant populations to TMZ and EP
treatment and characterized expression of im-
portant genes and proteins in cellular signal-
ing pathways known to be associated with
multi-drug resistance in GBM.

MATERIALS AND METHODS

GBM cells and culture conditions

The U87 MG (ATCC® HTB-14™) hu-
man glioblastoma cell line was obtained from
the American Type Culture Collection
(ATCC) and was grown in Eagle’s supple-
mented minimum essential medium (EMEM;
Lot No. 2062257), further supplemented with
heat-inactivated 10 % fetal bovine serum, 1
mM L-glutamine (Gibco Life Technologies),
100 U/mL penicillin, and 100 pg/mL strepto-
mycin (Invitrogen). Cells were cultured in a
humidified incubator at 37 °C and 5 % CO..

The combined 5-fluorouracil (5-Fu),
cisplatin (CP), and paclitaxel (PX)
treatment and in vitro toxicity model

A multi-drug mixture was prepared with
5-fluorouracil (5-Fu) (CAS 51-21-8, F6627,
Sigma Aldrich, USA), cisplatin (CP) (CAS
15663-27-1; sc-200896, Santa Cruz, USA),
and paclitaxel (PX) (CAS 33069-62-4,
T7191, Sigma Aldrich, USA), which have
different modes of action and are extensively
used for tumor sensitization. In the first step,
we determined sub-lethal doses of each
chemotherapeutic by testing a range of con-
centrations: 1.0-1000 uM for 5-Fu, 0.78-200
uM for CP, and 0.5-500 nM for PX. We cal-
culated the 1Cso and 1C20 doses of these drugs
by probit analysis using data obtained from
MTT  [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide] assays (Table 1).
To create the multi-drug therapy, we used the
IC20 values obtained over 48 hours for 5-Fu
and CP and 72 hours for PX; this combination
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Table 1: Inhibition concentrations (ICso and 1Cz20) in U87 MG cells treated for 24, 48, and 72 h with 5-
fluorouracil, cisplatin, and paclitaxel at nine different doses (obtained by serial dilution from stock con-
centrations of 1000 uM, 200 uM, and 500 nM, respectively). Values were calculated from MTT data

using the probit analysis function of SPSS20.

Inhibition Concentration (IC)

24 h
Cell Drug ICs0 IC20
Us7 5-Fu 29.38 uM 1.21 pM
MG cisplatin 2025 uM | 2.14 M
Paclitaxel - -

was applied to U87 cells and yielded cell via-
bility of 64.67+£14.04 % after 72 hours of in-
cubation. We concluded this combination
dosage appropriate for establishing an in vitro
toxicity model.

The chemotherapy agents were dissolved
in DMSO (dimethyl sulfoxide), prepared
fresh for each treatment, then diluted with
molecular grade water to a final DMSO con-
centration of 0.5 % and used in combined ap-
plication. The multi-drug mixture was ini-
tially applied to 75 cm? cell culture flasks. Af-
ter every 72 hours, the cells were passaged to
ensure cell proliferation and then given 24
hours to reach confluence and adhere, after
which drug administration was repeated. In
total, ten passages and combined treatment
cycles were carried out, paralleled by control
cells that received an equal concentration of
vehicle. After completing the ten passages
(which took approximately 40 days), the cells
were then maintained for five more passages
in complete EMEM medium without any drug
application so as to eliminate any temporary
response. Cells were harvested at the 15" pas-
sage and the MTT test was performed with
etoposide (EP) and temozolomide (TMZ);
these cells were used in all other experimental
assays (Figure 2).

Cell viability assay (MTT test)

U87 MG cells were seeded into 96-well
plates (3000 cells/per well) and incubated
overnight under standard cell culture condi-
tions (see above). The cells were then treated

48 h 72 h
I1Cso0 1C20 ICso 1C20
0.94 uM 0.014puM  0.28pM  0.011 pM
1.43 uM 0.16 uM 2.09 uM 0.03 uM
0.19 um 0.09 uM 7.95 nM 1.18 nM

with selected concentrations of drugs at a fi-
nal vehicle concentration of 0.5% DMSO
(Merck, USA). After incubation for 24, 48, or
72 h, the cells were treated with (3—4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, 5 mg/mL; Thermo Fisher Sci-
entific, USA) for 4 h. Next, the cell medium
was replaced with DMSO (102950 Supelco,
USA) and the absorbance was read at both
492 and 570 nm using a reference wavelength
of 650 nm (Thermo Multiskan GO, USA).
ICs0 and 1C20 values were calculated by probit
analysis using SPSS 20 software.

Detection of apoptotic and necrotic cells
and live cell imaging

Multidrug-treated U87-R or untreated
uU87 cells (approx. 15000 per well) were
seeded onto 24-well plates. After 18 h, the re-
spective ICso doses of EP and TMZ were each
administered for 6 and 24 hours. Percentages
of apoptotic, necrotic, and live cells were de-
termined by a Tali® image-based cytometer
using the Tali® Apoptosis Kit (Life Technol-
ogies, USA); additionally, live-cell imaging
was performed and the results analyzed ac-
cording to a protocol described previously
(Doganlar et al., 2020, 2021b) using the Nu-
cBlue® Live Ready Probes® Reagent, CM-
H2DCFDA dye (Life Technologies, USA),
and acridine orange—ethidium bromide
(AO/EB) (Sigma Aldrich, USA).
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Figure 2: Combined therapy (5-fluorouracil, cisplatin and paclitaxel) schedule to establish drug re-
sistance. After plating U87 cells, three drugs at doses of IC20 were added to EMEM low glucose medium
for 72 h. Combination treatment lasted for 40 days and 10 passages, after which the cells were grown
for 5 more passages in EMEM low glucose medium without any drugs to test whether heritable re-
sistance was formed. The cells were then exposed to chemotherapy agents to model maintenance tre-
atment (Etoposide and TMZ) and MTT assays were performed.

Wound-healing assay

Multidrug-treated U87-R or untreated
U87 cells were seeded in 25-ml tissue culture
flasks and allowed to grow until reaching 85-
90 % confluence. The adhered cells were then
scratched with a sterile 200-uL pipette tip and
the debris washed away with EMEM. Next,
we added 1 mL of serum-free EMEM and ex-
posed the cells to I1Cso concentrations of EP
and TMZ (or vehicle). Wound closure was de-
termined according to the protocol estab-
lished by Doganlar and colleagues (2020).

Total RNA isolation, reverse transcription,
and real-time PCR (gRT-PCR) assay

Total cellular RNA was extracted using a
PureLink™ RNA Mini Kit (Thermo Scien-
tific, USA) according to the manufacturer's
protocol. The cDNA libraries were prepared

using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Scientific, USA),
and gRT-PCR was performed using Power
SYBR™ Green PCR Master Mix (Life Tech-
nologies, USA) on a Quant Studio 5 real-time
PCR machine (Life Technologies, USA) to
determine relative fold changes in target gene
expression. Primers and PCR conditions are
given in Table 2. Fold change was calculated
using the 244¢t method, with g-actin and
GAPDH used as multiple internal controls.

Immunoblot assay

Total protein was extracted using the
RIPA Lysis Buffer System (sc-24948, Santa
Cruz, USA) according to the kit protocol. Pro-
tein levels were determined by Western blot
assay using the NuPAGE™ 4 to 12 %, Bis-
Tris, 1.0 mm Mini Protein Gel (NP0321) with
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Table 2: Genes, primer sequences, and PCR conditions used in gRT-PCR assays

Gene ID Gene name Primer sequence (5'->3")
Multi-drug resistance markers
MRP1/ Multidrug Resistance-Associated Protein 1/
ABCC1 ATP Binding Cassette Subfamily C Member1 F  ATCGTTCTGTTTGCTGCCCT

R GTCTCTGAATACTCCTTGAGCCT
ABCC2 ATP Binding Cassette Subfamily C Member2 F  TGCACAAGCAACTGCTGAAC

R AGGCAGGGTGTCATCCACT
BCRP/ABCG Breast Cancer Resistance Protein/ ATP-Bind-
2 ing Cassette Sub-Family G Member 2 F CCGCGACAGCTTCCAATGAC

R CAGGATGGCGTTGAGACCAG
GST Glutathione S-Transferase F CTGCCCTACTTGATTGATGGG

R CTGGATTGTAGCAGATCATGC
BCL2 B-cell Lymphoma 2 F  ATGTGTGTGGAGAGCGTCAA

R ACAGTTCCACAAAGGCATCC
BAX BCL2-associated X Protein F  TTCATCCAGGATCGAGCAGA

R GCAAAGTAGAAGGCAACG
DR4 Death Receptor 4 F CAGAACGTCCTGGAGCCTGTAAC

R ATGTCCATTGCCTGATTCTTTGTG
DR5 Death Receptor 5 F  GGGAAGAAGATTCTCCTGAGATGT

R ACATTGTCCTCAGCCCCAGGTCG
CASPASE-3 S:;Eggge& Apoptosis-Related Cysteine F  GGTATTGAGACAGACAGTGG

R CATGGGATCTGTTTCTTTGC
CASPASE-8 gg‘sgg‘zge& APSEIEEE RS CEiEe F AGAGTCTGTGCCCAAATCAAC

R GCTGCTTCTCTCTTTGCTGAA
ULK Unc-51 Like Autophagy Activating Kinase 1 F  AGCACGATTTGGAGGTCGC

R GCCACGATGTTTTCATGTTTCA
BECLING  Soned-coll Myosin-like BCL2-interacting F  GGCTGAGAGACTGGATCAGG

R CTGCGTCTGGGCATAACG
ATG3 Autophagy-related Protein 3 F CCAACATGGCAATGGGCTAC

R ACCGCCAGCATCAGTTTTGG
ATG7 Autophagy-related Protein 7 F CTGCCAGCTCGCTTAACATTG

R CTTGTTGAGGAGTACAGGGTTTT
ATG12 Autophagy-related Protein 12 F  GAGACCAGCCTGGTTAGCAA

R CTGAACCCTCAGTGGCAAAC
LC3-1I E/Iﬁ;r;tlébule-assouated Proteins 1A/1B Light F GAGCAGCATCCAACCAAAATC

R GCCTGATTAGCATTGAGCTGTAAG
HIF-1a Hypoxia-inducible Factor -1a F  AGCCAGATCTCGGCGAAGT

R CAGAGGCCTTATCAAGATGCG
VEGF Vascular Endothelial Growth Factor F  AGGAGGGCAGAATCATCACG

R CAAGGCCCACAGGGATTTTCT
MMP3 Matrix Metallopeptidase 3 F  AGTCTTCCAATCCTACTGTTGCT

R TCCCCGTCACCTCCAATCC
MMP9 Matrix Metallopeptidase 9 F  TACCCTATGTACCGCTTCAC

R  GAACAAATACAGCTGGTTCC
Actin-8 Actin-8 F GTCCACCGCAAATGCTTCTA

R TGCTGTCACCTTCACCGTTC
GAPDH Glyceraldehyde 3-phosphate dehydrogenase F  TTGGTATCGTGGAAGGACTCA

R  TGTCATCATATTTGGCAGGTTT
gRT-PCR conditions

1 cycle of 2 min at 50 °C and 10 min at 95 °C followed by 48 cycles of denaturation at 95 °C for 15 s and an-
nealing and extension at 60 °C for 1 min
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the WesternBreeze™ Chemiluminescent Kit
(ThermoFisher Scientific, USA) according to
the method of Doganlar and colleagues
(2021b). Seven primary antibodies were uti-
lized: GST tag antibody (GST 3-4C), ABCC1
(NB400-156), ABCC2 antibody (NBP1-
69023), ABCG2 antibody (BXP-21), LC3B
antibody (NB100-2220) (Novus Biological,
USA), and actin antibody (ACTNO5 (C4))
(ThermoFisher Scientific). Protein expression
levels were normalized to B-actin, and band
intensity was measured and calculated as per
our previous study (Doganlar et al., 2021a).

Statistical analysis

Differences between multidrug-treated
U87-R and untreated U87 groups in percent-
ages of live, dead, and apoptotic cells, cell vi-
ability, and relative fold change in gene ex-
pression were assessed by one-way analysis
of variance (ANOVA) with the Tukey HSD
test or Tamhane’s T2 as appropriate for the
normalized test results. Additionally, the
Mann-Whitney U test or independent samples
t-test was used in two-group comparisons.
Results having p-values of less than 0.05 were
considered significant. We analyzed and plot-
ted our results using SPSS 20 and GraphPad
Prism 7.

RESULTS

Development and characterization of the
MDR phenotype in GBM cells

To determine whether glioblastoma cells
given prolonged exposure to sub-lethal doses
of 5-Fu, cisplatin, and paclitaxel develop
multi-drug resistance, we first tested the cells
with drugs having structures and modes of ac-
tion distinctly different from those agents.
Specifically, after five additional passages
without drugs to eliminate spontaneous re-
sistance, we treated the U87 cells with in-
creasing concentrations of EP or TMZ for 72
h and determined cell proliferation by MTT
test (Figure 3). Cells subjected to the sub-le-
thal chemotherapeutic mix showed strong re-
sistance to EP and TMZ; at the 72-hour mark,
U87-R cells exhibited respective I1Cso values
for EP and TMP that were approximately

4.36- and 1.98-fold greater than those of con-
trol cells. Our results thus demonstrate that re-
peated application of combined chemother-
apy to U87 cells induces development of re-
sistance to both of the unrelated drugs EP and
TMZ.

In the second step, we focused on deter-
mining the mechanism of this resistance in the
U87-R population. The main detoxification
mechanisms and efflux pumps involved in
MDR are ATP-binding cassette membrane
transporters (ABC transporters) and glutathi-
one S-transferase. To assess whether the ob-
served EP and TMZ resistance originates
from an MDR mechanism, we treated U87-R
cells with the ICso value of EP or TMZ, and
investigated at 6 and 24 h the molecular acti-
vation of MRP1/ABCC1, ABCC2, BRCP/
ABCG2, and GST (Figure 4).

Our results indicate that both EP and TMZ
significantly activate MDR markers in a time-
dependent manner. In resistant U87-R cells,
ABC transporters and GST alike had signifi-
cantly increased gene expression compared to
normal U87 cells after six hours of drug ad-
ministration (except ABCC2 for TMZ treat-
ment). After 24-hour treatment, however,
MDR markers were reduced in TMZ-treated
U87-R cells compared to controls, while gene
expression levels increased significantly in all
groups treated with EP. Western blot analysis
supported our gene expression results; the
highest ABC transporter protein levels after
TMZ treatment were observed in the U87-R
group at six hours, while EP treatment re-
sulted in especially evident increases after 24
hours.

Lower oxidative stress, higher cell viability,
and weak apoptosis signal in TMZ- or
EP-treated resistant U87-R populations
Oxidative stress, cell cycle arrest, and de-
terioration in nuclear morphology are major
cellular events that initiate apoptosis follow-
ing treatment with TMZ or EP. To qualita-
tively assess the efficiency of TMZ and EP
treatment on U87 and U87-R populations, we
stained live cells with CM-H2DCFDA (for
oxidative stress), Nucblue, and the dual stain
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Figure 3. Cell viability (%) in resistant U87-R and normal U87 cell populations treated with nine different
doses of temozolomide and etoposide for 72 h. MTT data were used to calculate IC, values (UM) using
the probit analysis function of SPSS20. All percentages are given as mean + SD, n=6.
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AO/EB (for apoptosis). In the U87 popula-
tion, both TMZ and EP treatment induced
strong oxidative stress, caused apoptotic body
formation, and triggered the apoptosis re-
sponse. In U87-R cells, however, oxidative
stress, apoptotic body formation, and espe-
cially early and late apoptotic cells were all
significantly reduced (Figure 5a). Next, we
quantified these findings via determining the
percentages of live, necrotic, and apoptotic
cells using Tali image-based cytometry with
Annexin V:propidium iodide (PI) staining.
Following TMZ and EP treatment, we ob-
served a 13.4-15.7 % increase in non-stained
live cells among U87-R cells compared to
U87 cells, along with similar reductions of
15.05-17.91 % in Annexin V-positive (apop-
totic) and Annexin V:Pl-positive (late apop-
totic) cells, confirming reduction of early and
late apoptosis in the resistant U87-R popula-
tion. In the same experimental conditions, the
two populations did not differ in rate of ne-
crotic death (characterized by Pl-positive
cells), but necrotic responses to EP and TMZ
differed, with 1.4-1.6 times higher necrotic
death being observed with EP treatment com-
pared to TMZ treatment (Figure 5b).

To further demonstrate inhibition of apop-
tosis in the resistant population, U87 and
U87-R cells were treated with 1Cso doses of
TMZ and EP for 6 and 24 h. As shown in Fig-
ure 5c, treatment of U87-R cells with either
drug resulted in induction of BCL2 and signif-
icant decrease of the BAX/BCL2 ratio. In
agreement with this initial anti-apoptotic sig-
nal, the U87-R cell population exhibited sig-
nificantly decreased caspase-3 gene expres-
sion, indicating a weak mitochondrial apopto-
sis signal. To investigate the effects of TMZ
and EP treatment on the extrinsic apoptosis
pathway in U87 and U87-R populations, we
also measured relative gene expression of
caspase-8 and death receptor 4 (DR4) and 5
(DR5), which are the main players in that
pathway. While DR4 expression was not sig-
nificantly different between U87 and U87-R
cells, DR5 increased significantly at six hours
after TMZ treatment and 24 hours after EP
treatment in U87-R cells relative to U87 cells.

Meanwhile, strong caspase-8 expression was
observed in both groups, especially after EP
treatment, with increases of 13.1-fold in U87
cells and 21.4-fold in U87-R cells. However,
Tali image-based cytometer results indicated
a significantly reduced proportion of apop-
totic U87-R cells, while the necrotic cell pop-
ulation was increased (Figure 5a). These data
suggest that in the context of EP treatment,
caspase-8 may promote necrosis induced by
the TNF-a/caspase-8 axis in both U87 and
U87-R cells. Taken together, these findings
support that the mitochondrial (intrinsic)
apoptosis pathway is significantly less active
in the resistant U87-R cell population com-
pared to U87 cells given the same 1Cso doses
of TMZ and EP.

Autophagy signaling in TMZ- and
EP-treated normal U87 and resistant
U87-R cells

To assess the autophagy signal induced by
ICs0 doses of TMZ and EP in U87 or U87-R
brain tumor cell lines, we investigated expres-
sion of autophagy pathway genes in the
ULK/BECLIN1, ATG12/ATG7, and ATG3/
LC-1l/autophagasome axes. We also deter-
mined regulation of the autophagy biomarker
LC3-1/LC3-I1 using Premo Autophagy Sen-
sor molecular probe staining and Western blot
assay. According to our results, TMZ and EP
treatments in U87 cells significantly de-
creased cell population and induced strong
autophagy signals, the latter also supported by
increased LC3-11 protein level. However, the
resistant U87-R cells clearly exhibited dense
cell population and less autophagosome for-
mation, with Western blot analysis revealing
a lower level of LC3-II protein (Figure 6a).
Compared to the U87 group, the resistant
U87-R population also demonstrated signifi-
cant increase in ULK gene expression after six
hours of TMZ treatment, while BECLIN1 de-
creased significantly after 24 hours of EP ap-
plication. Meanwhile, while resistant cells ex-
hibited increased ATG7 and ATG12 gene ex-
pression upon short-term administration of
chemotherapy agents, levels were lower than
in U87 cells, especially after 24 hours. A simi-
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Figure 5: a) Detection of oxidative stress levels and nuclear apoptotic bodies in resistant U87-R and
non-resistant U87 cells after treatment with etoposide (EP) and temozolomide (TMZ) at IC, doses; cells
were labeled with CM-H,DCFDA and stained with acridine orange—ethidium bromide (AO/EB) and Nuc-
blue. b) Percentages of live, dead, and apoptotic cells among U87-R and U87 cells treated with EP and
TMZ at IC,, doses; cells were stained with annexin V/propidium iodide (PI) and states tallied using a
Tali image-based cytometer. All percentages are given as mean + SE, n = 8. *indicates significantly dif-
ferent values compared to respective vehicle-treated control, determined by one-way ANOVA and the
Tukey HSD test (p < 0.05). c) Relative fold changes of BCL-2, BAX, DR4, DR5, caspase-3, and caspase-
8 genes in EP- and TMZ-treated U87-R and U87 cells as determined by quantitative real-time PCR. All
data were normalized to B-actin and GAPDH expression and are given relative to control (control=1, not
shown in figure). Data are presented as mean = SE, n= 8. *indicates significantly different values in
U87-R vs U87 groups, Mann-Whitney U test: *p <0.05; ** p <0.01; Control: vehicle-treated control; TMZ:
temozolomide, IC: 250.2 uM; EP: etoposide, IC_,: 6.49 uM. U87 cells.
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Figure 6: a) Detection of autophagosome formation labeled with Premo autophagy sensor in resistant
U87-R and non-resistant U87 cells after treatment with etoposide (EP) and temozolomide (TMZ) at ICso
doses, b) Western blot figures with relative intensity of LC3-Il protein (relative intensity normalized with
B-actin). Data are presented as mean + SE, n=3. c¢) Relative fold change determined by quantitative
real-time PCR (QRT-PCR) analysis of ULK, BECLIN1, ATG3, ATG7, ATG12 and LC3-Il genes in EP
and TMZ-treated resistant U87-R and non-resistant U87 cells. All data were normalized with B-actin
expression and are given as relative to control (control=1 not shown in figure). Data are presented as
mean + SE, n=8*indicates significantly different values in U87-R vs U87 groups, Mann Whitney U test:
*P <0.05; ** P <0.01; Control: Vehicle-treated control, TMZ: temozolomide IC,: 250.2 uM, etoposide
IC,,: 6.49 uM
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lar situation was seen for ATG3 and also for
LC3-11, which encodes the key molecule in
the ATG3/LC3-11 axis (Figure 6b).

Angiogenesis signaling in TMZ- and
EP-treated normal U87 and resistant
U87-R cells

To investigate the MDR-associated inva-
siveness of GBM using our drug-treated
chemo-resistant cell model, we first measured
relative expression of genes in the HIF1-
o/ VEGF/MMPs axis, which are linked to hy-
poxia and angiogenesis (Figure 7a). We found
expression of this axis to be significantly
higher in the resistant U87-R population com-
pared to normal U87 cells. Overall, the high-
est expression values were found after 24-
hour treatment with EP, with resistant cells
exhibiting respective increases of 12.8-fold,
32.4-fold, 9.3-fold, and 19.6-fold for VEGF,
HIF1-a, MMP3, and MMP9. Furthermore,
wound healing assays revealed the U87-R
population to have considerably higher rates
of both cell migration and wound closure than
U87 cells under the same treatment conditions
(Figure 7b).

DISCUSSION

In this study, we showed that repeated
treatment of the U87 cell line with 1C20 doses
of 5-Fu, cisplatin, and paclitaxel caused sta-
tistically significant and irreversible drug re-
sistance. Moreover, these drug-resistant cells
also showed resistance to TMZ and EP, which
have different chemical structures and mech-
anisms of action. Appropriately, the resistant
cells exhibited significant overexpression of
genes involved in multi-drug resistance
(MRP1/ABCC1, MRP2/ABCC2, and
BRCP/ABCG2) and detoxification (GST).
The ABCC1 protein features in resistance to
taxane group drugs, and many studies have
shown that overexpression of ABCC group
proteins is a marker of resistance to drugs
such as anthracyclines, vinca alkaloids,
epipodophyllotoxins, cisplatin, etoposide,
and epirubicin (Borst et al., 2000; Toyoda et
al., 2008; Choi et al., 2011; Zhang et al.,

2012). BRCP/ABCG?2 is reportedly responsi-
ble for multi-drug resistance due to pumping
drugs out of cancer cells, and GST also con-
tributes via the detoxification and deactiva-
tion of anticancer drugs (Arévalo et al., 2017;
Doganlar et al., 2020). Our results are con-
sistent with these previous findings and we
deduce that ABCC1, ABCC2, ABCG2, and
GST contribute to drug resistance mecha-
nisms in U87-R cells.

Regarding the determination of apoptosis,
we investigated the expression of genes in
both extrinsic and intrinsic apoptosis path-
ways. Resistant cells exhibited higher expres-
sion of an anti-apoptotic gene (BCL2) and
lower expression of an apoptotic gene (BAX)
than did normal cells. Additionally, after 24
hours of EP treatment, expression of the ex-
trinsic apoptotic pathway receptors DR4 and
DR5 was significantly reduced in U87-R cells
relative to normal cells. Meanwhile, statisti-
cally significant activation of caspase-8 was
observed after 24 hours of EP application in
both cell types, but levels were significantly
lower in resistant cells relative to normal
cells. Upon consideration of both fluorescent
staining results and Tali analyses, we con-
cluded that this caspase-8 activation was not
directly related to the apoptosis pathway, but
instead was associated with the necrotic death
pathway, particularly through the TNF-
a/caspase-8 axis. Activation of this pathway
might explain the high degree of necrotic
death seen in cytometry analysis after EP
treatment. Similar to our findings, upregula-
tion of antiapoptotic BCL2 and downregula-
tion of BAX were reported in recurrent glio-
blastoma (Strik et al., 1999). Additionally,
dysregulation of apoptosis-related genes in
primary tumors causes apoptosis resistance
and decreased BAX expression, which are as-
sociated with poor prognosis (Ruano et al.,
2008), and overexpression of anti-apoptotic
proteins causes inhibition of caspase expres-
sion (Stegh et al., 2008). Our results thus par-
allel the literature, with upregulation of BCL2
and downregulation of BAX and caspase-3 in-
dicating apoptosis resistance in U87-R cells.
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Gliomas are reportedly more resistant to
apoptosis-inducing treatments than to autoph-
agy-inducing treatments. Autophagic pro-
cesses are induced by disturbance of a path-
way controlled by rapamycin (lwamaru et al.,
2007), with ULK-induced phosphorylation of
BECLIN-1 (ATG6), ATG12-ATG5, and LC3
(ATGS8) triggering autophagosome for-
mation. Additionally, cleavage of LC3-I to
LC3-11 is a standard marker of autophagy
(Codogno and Meijer, 2005; Levine et al.,
2008). Currently, the most effective cytotoxic
drug used for glioblastoma treatment is TMZ,
which induces autophagic cell death
(Kanzawa et al., 2004). In the present study,
we determined that the autophagy signaling
pathway was activated by both TMZ and EP
treatment, especially in U87 cells. Further-
more, both autophagy sensor staining and de-
termination of LC3-I conversion to LC3-11 by
Western blot clearly supported stronger in-
duction of autophagy in U87 than U87-R
cells. These results parallel the findings of
Jalota and colleagues (2018), who reported
that co-treatment of many alkylating agents
causes resistance and supresses mechanisms
of autophagy and apoptosis in U87 MG,
GBM8401, LN229, and A172 cells.

The most important reasons for failure of
glioblastoma treatment are local recurrence of
cancer cells and the high angiogenic capacity
of secondary tumors. Moreover, high tumor
hypoxia, uncontrolled cell proliferation, and
abnormal tumoral vascularization are all char-
acteristics of GBM and are directly related to
poor prognosis (Muz et al., 2015). The role of
hypoxia-induced angiogenesis in drug re-
sistance is well known (Rohwer and Cramer,
2011), with increased expression of HIF1-a
causing increases in the VEGFR2-mediated
VEGF signal and in expression of MMP2,
MMP3, and MMP9 (Conway et al., 2001,
Carmeliet and Jain, 2011). In tumor organoids
and cell lines, it has been reported that hy-
poxia-induced signal enhancement after
chemotherapy treatment activates cell cycle
checkpoints and reduces cell proliferation,
leading to drug resistance (Vaupel et al.,
2001; Das et al., 2008). In addition, HIF-1a

directly binds ABC cassette-type proteins, ac-
tivating intracellular drug detoxification and
triggering multi-drug resistance (Abraham et
al., 2015; Popescu et al., 2016). Similar to
previous studies, we found the expression of
angiogenesis-related genes VEGF, HIF-1/a,
MMP3, and MMP9 to be significantly higher
in U87-R than normal U87 cells, especially at
24 hours after etoposide treatment.

CONCLUSION

Our results indicate that repeated treat-
ment of the U87 MG cell line with a combi-
nation of 5-Fu, cisplatin, and paclitaxel in-
duces cross-resistance, causing MDR against
other chemotherapeutic agents that are dis-
tinctly different in terms of chemical structure
and mechanism of action. The stability of this
MDR phenotype across five passages without
any chemotherapy treatment suggests that it is
inherited across generations, probably as a re-
sult of a genetic rearrangement. In addition,
these cells exhibit elevated gene or protein ex-
pression of MDR biomarkers such as
MRP1/ABCC1, ABCC2, BRCP/ABCG2,
and GST after treatment with TMZ or EP,
contributing key evidence that their resistance
is due to the MDR mechanism. Our results
also indicate that the resistant U87 MG cells,
which were subjected to constant low doses of
nominally sensitizing cytotoxic agents in the
tumor microenvironment, learn to specifically
manage oxidative stress, cell cycle, apoptosis,
and autophagy processes in a way that ensures
their survival in the face of maintenance
chemotherapy treatments, a capability not ev-
idenced by non-resistant U87 cells given the
same treatments at the same doses. Moreover,
resistant cells showed significantly more ac-
tive HIF1/VEGF/MM9 signals and elevated
wound healing capability relative to control
cells.

There are several limitations of this study,
such as its being based on an in vitro model
and not addressing some fundamental ques-
tions regarding the chemotherapy agents,
such as their capacity to pass the blood-brain
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barrier, tissue absorption from blood, and ul-
timate tissue distribution. However, we feel
our data do provide important answers regard-
ing causes and consequences of potential side
effects of long-term high-dose combination
therapies.

Taken together, all these findings support
our hypothesis that the combined administra-
tion of high doses of classical antineoplastic
agents intended to sensitize tumors to immu-
notherapy or radiotherapy may ultimately
trigger multi-drug resistance. Therefore, we
recommend that when deciding on the use of
high-dose antineoplastic combination therapy
to prolong survival of patients having persis-
tent and resistant GBM tumors, the long-term
effects of this treatment on cross-resistance
and MDR phenotype should be analyzed in
primary cell cultures obtained from patients.
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