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Abstract

Objectives: Temozolomide (TMZ) is an effective drug for
glioblastoma multiforme (GBM), but the mechanism un-
derlying TMZ resistance is poorly understood. New evidence
has revealed that the release of heat shock proteins (Hsps)
derived from extracellular vesicles (EVs) play an important
role in cancer progression by modulating tumor microen-
vironment and cellular cross-talk. This study aims to eval-
uate the effects of TMZ on the expression of EV-derived and
cellular Hsps and cell motility in U87MG human glioblas-
toma cell line.

Methods: Glial-EVs were isolated from the culture me-
dium and characterized by SEM and immunoblotting. The
effect of TMZ treatments (25, 200 and 750 uM) on cell pro-
liferation (MTT assay), migration (scratch assay), and
Hsp60 and Hsp70 levels (immunoblotting) were evaluated.
Results: TMZ treatments led to an increase in intracellular
Hsp70 while decreasing EV-derived Hsp70. Cellular Hsp60
level was elevated at the low dose of TMZ, but it reduced at
higher TMZ concentrations. Hsp60 was also decreased in
EVs secreted from TMZ-treated cells. Besides, TMZ
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treatment reduced the proliferation and migration of gli-
oma cells in a dose-dependent manner.

Conclusions: Our results suggest that TMZ has the poten-
tial to target both EV-derived and cellular Hsps for GBM
treatment, thus it may reduce cell motility.

Keywords: : cell migration; extracellular vesicle (EV); gli-
oma; heat shock protein (Hsp); temozolomide (TMZ).
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Amacg: Temozolomid (TMZ), glioblastoma multiforme
(GBM) icin etkili bir ilagtir, ancak TMZ direncinin altinda
yatan mekanizma tam olarak anlasilamamistir. Yeni
kanitlar, hiicre dis1 vezikiillerden (“extracellular vesi-
cles” EV) kokenlenen 1s1 soku proteinlerinin (“heat
shock proteins” Hsp) saliniminin, t{im6r mikrocevresi ve
hiicresel cross-talk’t modiile ederek kanserin ilerleme-
sinde 6nemli bir rol oynadigini ortaya koymustur. Bu
calismanin amaci TMZ’nin U87MG insan glioblastoma
hiicre hattinda EV’den kokenlenmis ve hiicresel Hsp
ekspresyonu ile hiicre motilitesi {izerindeki etkilerini
degerlendirmektir.

Gereg ve Yontem: Glia kdkenli EV’ler hiicre kiiltiirii orta-
mindan izole edildi, SEM ve immunoblotlama ile karakte-
rize edildi. TMZ uygulamalarinin (25, 200 ve 750 pM) hiicre
proliferasyonu (MTT testi), migrasyon (scratch testi) ve
Hsp60 ve Hsp70 seviyeleri (immiinoblotlama) {izerindeki
etkisi degerlendirildi.

Bulgular: TMZ uygulamalari, EV kdkenli Hsp70’i azaltir-
ken hiicre i¢ci Hsp70’de bir artisa yol act1. Hiicresel Hsp60
seviyesi, diisiik TMZ dozunda yiikseldi, ancak daha yiiksek
TMZ konsantrasyonlarinda azaldi. Hsp60, TMZ uygulanan
hiicrelerden salgilanan EV’lerde de azaldi. Ayrica, TMZ
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uygulmas1 doza bagh bir sekilde glioma hiicrelerinin
cogalmasini ve gociinii azaltti.

Sonug: Sonuclarimiz, TMZnin GBM tedavisi icin hem
EV’den kokenlenen hem de hiicresel Hsps’yi hedefleme
potansiyeline sahip oldugunu, dolayisiyla hiicre motilite-
sini azaltabilecegini gostermektedir.

Anahtar Kelimeler: Glioma; Hiicre dis1 vezikiil (EV); Is1 sok
proteini (Hsp); Temozolomid (TMZ); Hiicre gocii.

Introduction

Glioblastoma multiforme (GBM) is one of the most common
primary malignant brain tumors that is highly aggressive
and has a poor prognosis. In the standard care of GBM,
multidisciplinary strategies are followed. After surgical
resection is performed, it is necessary to be coupled with a
drug and/or radiation therapy. Currently, acceptable pene-
tration through the blood-brain barrier (BBB), temozolo-
mide (TMZ) is a primarily preferential chemotherapeutic
agent, which FDA approved for glioblastoma. TMZ is an
alkylating prodrug that breaks the DNA double-strand, thus
leading to cell cycle arrest and resulted in cell death [1, 2].

Extracellular vesicles (EVs) are submicron structures
and are released from many cell types into the extracellular
space after the fusion of multivesicular bodies (MVBs) with
the cell membrane. Cancer cells secrete EVs at high levels,
and their cargos are particularly to promote cancer pro-
gression. Once uptake by recipient cells, the tumor-derived
EVs can alter the functions of the cells by affecting both
surrounding and distal cells to provide a suitable micro-
environment for cancer cell proliferation, metastasis,
angiogenesis, and development of drug resistance. EVs are
widely investigated for their involvement in regulating
tumor pathobiology in GBM as well as their use as potential
biomarkers [3, 4].

In GBM progression, cell migration and metastasis are
considered key events. EVs secreted by GBM cells are
enriched in many mRNAs, miRNAs, and proteins (particu-
larly heat shock proteins, Hsps) associated with tumor cell
proliferation and metastasis. EVs are considered as a poten-
tial contribution to cancer prognosis and a novel approach [5,
6]. Various studies have shown that the increased stress
levels in cancer cells are associated with differentiation under
lethal conditions, invasion, metastasis, tumor cell prolifera-
tion and survival, and drug resistance. In this context, Hsps
have become a good target in cancer therapy. Inhibition of
Hsp expression is used as a new approach in the treatment of
cancerous cells in order to increase cell apoptosis and reduce
resistance to chemotherapeutic drugs [7].
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EV-associated Hsp60 is a key player in intercellular
communication and has the potential as a biomarker use-
ful for diagnosing and assessing the prognosis of a variety
of cancers. There is cumulative evidence supporting the
notion that Hsp60 works not only intracellularly but also
extracellularly and is involved in intercellular cross-talk.
The level of Hsp60 increases in many tumor types and
Hsp60 overexpression has a significant role in cancer
progression [8-10].

Hsp70 is significantly effective in tumor development
and is generally overexpressed in cancer cells. High Hsp70
levels play a key role in malignancy, cell proliferation,
resistance to therapies and poor prognosis. The secretory
mechanisms of Hsp70 from tumor cells are complex and
incompletely understood. Importantly, Hsp70 is known to
be actively secreted by cancer cells via EV-mediated
pathways. EV-derived Hsp70 can induce metastasis and
cytolytic activity of tumor cells [11].

Although TMZ is an effective drug for GBM, the mecha-
nism underlying TMZ resistance is poorly understood. Given
the potential role of Hsps in drug resistance, we tested the
hypothesis that glioma cells would increase intracellular
Hsp levels while decreasing EV-derived Hsps against TMZ
treatment. And if so, increased Hsp in the cell may protect the
cell against the drug, while decreased levels of Hsps in EV
content may be slowing GBM progression. In the present
study, we aimed to investigate how TMZ affects the expres-
sion levels of cellular and EV-derived Hsp60 and Hsp70 and
to understand the relationship between Hsp levels and
migration in the U87MG human glioblastoma cell line. Our
findings demonstrated that TMZ treatment altered the levels
of cellular and EV-derived Hsp60 and Hsp70, reduced pro-
liferation and migration ability of glioma cells. Thus far,
there is no data available regarding that the levels of both
Hsp60 and Hsp70 secreted by the GBM-associated EVs are
reduced with treatment with different doses of TMZ and
consequently decrease the migration. These findings may
help bring a new perspective to the treatment of highly
aggressive GBM and the potential use of TMZ.

Materials and methods
Reagents and antibodies

Temozolomide was purchased from Sigma-Aldrich (T2577, St Louis,
MO, USA) dissolved in dimethyl sulfoxide (DMSO, Merck, Darmstadt,
Germany). Standard cell culture reagents were obtained from Gibco
(Carlsbad, CA, USA). ExoEasy Maxi Kit was from Qiagen (South
Korean). EDTA-free protease inhibitor cocktail was purchased from
Roche (Darmstadt, Germany). SMART™ BCA Protein Assay Kit was
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obtained from iNtRON Biotechnology (Seongnam, Korea). Poly-
vinylidene fluoride (PVDF) membrane for Western blotting, the Ami-
con® 50 K centrifugal ultrafiltration tubes, and 0.45 pm diameter pore
filters were from Millipore (Bedford, MA, USA). SuperSignal™ West
Pico PLUS Chemiluminescent Substrate was from Thermo Fisher Sci-
entific (Kwartsweg, Holland). All other chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The antibodies used in the
study were given in Table 1.

Cell line and cell culture

The human glioblastoma cell line U87MG was obtained from Istanbul
University Cell Culture Collections. The cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM with 4.5 g/L glucose) sup-
plemented with 10% fetal bovine serum (FBS), 1% antibiotics-
antimitotic solution (100 U/mL penicillin, 100 pg/mL streptomycin,
and 0.25 pg/mL amphotericin B) and 1% non-essential amino acids
(NEAA) at 37 °C with 5% CO, in a humidified incubator. Experiments
were performed using cells from passages 3-10.

Cell viability assay

MTT (3 -(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay was performed to determine cell viability as previously
described [12]. Briefly, U87MG cells (1.5 x 10" per well) were seeded in
96-well plates and incubated at 37 °C for 24 h. Different concentrations
of TMZ (1, 10, 50, 100, 250, 500, 750, 1,000, and 1,500 M) were tested
on the cells for 24, 48 and 72 h. After treatments, the cells were incu-
bated with MTT at a final concentration of 0.5 mg/mL at 37 °C for 4 h,
followed by the addition of DMSO to dissolve the formazan crystals.
The absorbance of each well was measured at 570 nm using a micro-
plate reader (EON, BioTek Instruments Inc., Winooski, VT, USA). Half-
maximal inhibitory concentrations (ICso) of TMZ were calculated by
fitting the data to a sigmoidal dose-response curve using nonlinear
regression analysis. All treatment groups were measured in triplicate.

Temozolomide treatment

UB7MG cells (2 x 10°) were seeded in T-175 culture dishes and incu-
bated at 37 °C for 24 h prior to the TMZ treatment. Then, the old medium
was removed and replaced with a fresh medium containing EVs
depleted serum. The cells were treated for 48 h with three different
doses of TMZ which were selected according to MTT results: 25 pM
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(non-toxic dose), 200 uM (20% toxic dose, IC,o value), and 750 uM (ICso
value). Experiments were performed 48 h after treatments. Each
experiment was performed at least three times.

Morphological assessment

U87MG cells were seeded in 24 well cell culture plates, followed by
treatment with 25, 200, and 750 pM TMZ or DMSO. Following treatment
for 48 h, morphological alterations were analyzed by observation
under an inverted phase-contrast microscope (Nikon Eclipse Ti-E, NY,
USA) at x20 magnification.

Isolation of EVs

U87MG derived EVs from culture medium supplemented with exosome-
depleted serum were purified after temozolomide treatment at different
concentrations. Briefly, the supernatants of U87MG cells were collected,
subsequently were filtrated via a 0.45 pm diameter pore filter and
centrifuged at 4 °C at 5,000xg for 5 min to remove cells and debris
(Eppendorf Centrifuge 5810 R, Hamburg, Germany). The supernatants
were concentrated by ultrafiltration using a 50 K centrifugal ultrafil-
tration tube (50 kDa membrane filter) at 5,000xg for 15 min. EVs were
isolated from remaining supernatants by using the ExoEasy Maxi
isolation kit according to the manufacturer’s instructions.

Scanning electron microscopy

To confirm the success of the EVs isolation, a scanning electron mi-
croscope (SEM, FEI, Versa 3D LoVac) was used through the following
standard protocol [13]. Briefly, the EVs isolated from cell culture su-
pernatant of US87MG cells were lyophilized (Christ Freeze Dryer Alpha
1-4 LD plus) overnight. After the samples were dried, they were
transferred onto carbon-coated electron microscopy grids. EVs sizes
were analyzed at 10.0 kV.

Protein extraction and western blot analysis

U87MG human glioblastoma cells treated with TMZ were harvested
and centrifuged at 3,000xg for 5 min. The proteins were extracted from
cell pellet and EVs samples in RIPA buffer. Then the extracts were
centrifuged at 20,000xg for 20 min at 4 °C (Sigma 3-30 K).

Table 1: Primary and Secondary antibodies were used in the immunological analysis.

Antibody Clonality Manufacturer company Code Source Dilution
Anti-Hsp70 Monoclonal Enzo Life Sciences ADI-SPA-810-F Mouse 1:1,000
Anti-Hsp60 Monoclonal Boster M01280-1 Rabbit 1:1,000
Anti-Alix Monoclonal Santa Cruz sc-53540 Mouse 1:200
Anti-TSG101 Monoclonal Novus NB200-112 Mouse 1:500
Anti-GAPDH Monoclonal Thermo Scientific MA5-15738 Mouse 1:2000
Anti-CD81 Monoclonal Novus NB100-65805 Mouse 1:500
Anti-B-catenin Polyclonal Thermo Scientific PA5-19469 Rabbit 1:1,000
Anti-mouse IgG secondary antibody, HRP Polyclonal Enzo Life Sciences ADI-SAB-100-) Goat 1:2,500
Anti-rabbit IgG secondary antibody, HRP Polyclonal Thermo Scientific 31,460 Goat 1:3,000
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In order to concentrate EV proteins, the methanol/chloroform
protein precipitation method was used [14]. Samples were analyzed
by immunoblotting using standard procedure [15]. Equal quantities
of protein samples (30 pg) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
transferring onto PVDF by using Wet/Blotting Tank System (Bio-
Rad) at 100 V. The membranes were blocked with Tris-buffered sa-
line with 0.1% Tween-20 (TBST) buffer containing 5% skim milk for
1h at RT followed by incubation with primary antibodies (Table 1) at
overnight 4 °C. Then, the membranes were washed with TBST for
15 min (five times), incubate with HRP-conjugated secondary anti-
body (Table 1) for 2 h at RT, washed with TBST again, and then
protein bands were visualized by using an enhanced chemilumi-
nescent (ECL) substrate kit. GAPDH was used for internal control.
The protein expressions were quantitated by using the Image Lab
5.2.1 software (Bio-Rad).

In vitro scratch assay

Scratch assay was used to evaluate the cell migration in U87MG cells
[16]. Briefly, the cells (1.5 x 10*/well) were cultured in 24-well plates
and incubated at 37 °C for 24 h. Then, the cell monolayer was gently
and slowly scratched a straight line with a sterile 200 pL pipette tip.
Detached cells were removed by gently washing with phosphate-
buffered saline (PBS; pH 7.4). Control group cells were treated with the
only medium with EVs-depleted serum; the experimental group cells
were treated TMZ at 25, 200, and 750 pM concentrations. Cells were
then allowed to grow for 24 and 48 h. The cells were observed, and
images were captured at x40 magnification under an inverted mi-
croscope (Nikon Eclipse Ti-E, Nikon Instruments Inc., NY, U.S.A.). The
relative migration of the cells was quantitatively assessed based on the
gap at the 0 h point was evaluated using Image ] software.
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Statistical analysis

All the quantitative data were expressed as the mean + standard de-
viation and each experiment was performed triplicate. Arithmetic
means and standard deviation (SD) were calculated by using Graph-
Pad Prism® 7.01 (GraphPad Software Inc., La Jolla, CA, USA). The
statistically significant differences between the groups were deter-
mined using one-way ANOVA (analysis of variance)-followed by
Tukey’s post-hoc test for multiple-group comparison. The statistically
significant difference was accepted p<0.05.

Results

The effects of temozolomide (TMZ) on
U87MG cell viability

TMZ treatments reduced the cell viability in a dose-
dependent manner (Figure 1A). According to MTT data,
both for 24, 48, and 72 h at low doses of TMZ (1 and 10 puM)
were showed proliferative effects, and at high doses of TMZ
(1,000 and 1,500 pM) inhibited cell viability by less than
50%. After 48 h treatment, a proliferative or cytotoxic effect
for 25 yM was not observed. The results showed that TMZ
blocked U87MG cell proliferation in a dose-dependent
manner (Figure 1B). The IC5, value of TMZ was determined
as 748.27 uM for 48 h (Figure 1A, B). The value of ICs, was
calculated by fitting the data to a sigmoidal dose-response
curve using GraphPad Prism 7.00 software.
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Cell viability (% of control)

10 50 100 250 500 750 10001500, (o} D 25 200 750

TMZ concentration (uM) TMZ concentration (uM)

Figure 1: Effect of temozolomide (TMZ) on the viability of U87MG cells. A) Cell viability was determined by MTT assay. The dose-dependent
curve of TMZ on U87MG cell viability for 24, 48, and 72 h. ICs, value for 48 h is 748.27 pM (R* = 0.872) B) TMZ affects the cell viability at different
concentrations C) Selected concentrations of TMZ on cell viability by 100, 280, 250%. The value of I1C5o was calculated by fitting the data to a
sigmoidal dose-response curve using nonlinear regression analysis. The control (C), treated with 0.75% DMSO (D, the final concentration in
the culture medium did not exceed 0.75% and not effect on cell viability), ns not significant. ***p<0.001 vs. untreated group (C) determined by
one-way ANOVA using Dunnett’s multiple comparison test. ###p<0.001indicates statistical difference between different groups. Vertical bars

indicate standard deviation values.
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Figure 2: Cells wereimaged usinganinverted phase contrast microscope 48 h post TMZ exposure. Distinct cell death observed in U87MG cells
following treatment with 25, 200, and 750 pM TMZ. Magnification, x20, Scale bar, 200 pm.

TMZ reduced U87MG proliferation (cell viability) and
induced morphological alterations in dose-dependent
manner (Figure 2). According to results, distinct cell
death can be observed in U87MG cells following treatment
with 25, 200, and 750 pM of TMZ. We selected three doses of
TMZ to be used in experiments based on the cell
viability=100, >80, >50% (Figure 1C). After 48 h TMZ
treatment on glioblastoma cells, significant disruptions
and detachments were observed in the cell monolayer by
750 pM concentration. Cells became disconnecting and lost
their original shapes. TMZ led to cell death compared to
control group (Figure 2).

Isolation and characterization of US7MG cell
derived EVs

EVs isolation ad protein extractions were performed as
described in “Materials and Methods”. The EVs marker
proteins were evaluated (Figure 3A). Characterization of
EVs by western blot analysis confirmed the presence of
CD63, CD81 Alix, and TSG101. Alix and TSG101 were also
detected in the cell lysate, but their expressions in EVs were
higher than in cells. Also, none of these four marker pro-
teins were detected in the EV-free supernatant (SN) cell

medium. Moreover, the morphology of EVs was evaluated
by scanning electron microscopy (SEM); this analysis
indicated that EVs were round nanovesicles about 50—
100 nm in diameter (Figure 3B).

The effects of TMZ treatment on the
expression of Hsp70 and Hsp60 in US7MG
cells and EVs

Depending on the various concentrations of TMZ treat-
ment, which were selected based upon MTT assay results,
the expression level of both Hsp70 and 60 was determined
by Western blotting analysis (Figure 4). TMZ treatments
except for 750 pM (25 and 200 pM, respectively) increased
cellular Hsp70 expression by 230 and 154%, whereas
EV-derived Hsp70 levels reduced (68, 74, and 94%) by TMZ
treatments (25, 200, and 750 uM, respectively) in a dose-
dependent manner. Hsp70 was depleted in cells treated
with a toxic dose TMZ (750 pM). The content of EVs secreted
from U87MG cells was decreased in terms of Hsp70 due to
TMZ treatment (Figure 4A, C). Cellular Hsp60 expression
showed the highest level at a non-toxic dose of TMZ and
then kept diminishing as TMZ concentration raised. On the
other hand, while Hsp60 was decreased in EVs secreted
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Figure 3: Identification of EVs released from U87MG by Western blotting and SEM imaging. A) Western blot analysis demonstrated
expressions of EV marker proteins in extracellular vesicles released from glioblastoma cells. B) The characterization of EVs were performed
using Scanning electron microscope (SEM). Original magnification x50,000. The bar 500 nm. Extracellular vesicles (EVs), Supernatant (SN),

Cell Lysate (CL).

from TMZ-treated cells, no significant dose-related changes
were observed (Figure 4B, C).

In addition to intracellular and EV-derived Hsps, it was
also demonstrated that at least Hsp70 and Hsp60 were
shed from glioma cells into the cell culture media (super-
natant, SN). In the extracellular milieu, Hsp70 level was
elevated in a toxic dose of TMZ (750 pM), which might
explain the depleted Hsp70 in both cells and EVs. The level
of extracellular Hsp60 secreted from TMZ-treated cells
significantly decreased, but did not change depending on
TMZ doses (Figure 4C).

TMZ suppresses the cell migration ability in
U8B7MG cells

The impact of TMZ treatments (25, 200, and 750 M) on the
migration capacity of U87MG cells was investigated for 24
and 48 h (Figure 5A, B). Cell migration activity was
assessed by conducting in vitro scratch assay. Closure of
scratches was imaged and calculated as a percentage of
migration. The toxic dose of TMZ (750 pM) reduced the
migration rate of glioma cells higher than control and other
doses (25 and 200 pM). In addition, the diminishing in the
migration of cells was supported by Western blotting
analysis. The reduction in -catenin expression indicated
that TMZ exerted an influence on the cell migration ability
(Figure 5C).

Discussion

Studies conducted on brain tumor cell lines have shown
the importance of EVs released from glioma cells in cancer
progression, as well as the importance of EV content. In
particular, EV-derived Hsp60 and Hsp70 have essential
roles in malignant glioma cells [17, 18]. Therefore, we
examined the levels of Hsp60 and Hsp70 in EVs released
from GBM and how their expression levels were affected by
the treatment with the TMZ drug. We also investigated the
effect of TMZ on intracellular and EV-derived Hsps as well
as the extracellular environment. To our best knowledge to
date, only one study by Panzarini et al. [19] demonstrated
the reducing effect of TMZ on Hsp70 in EVs released from
glioma cells. However, only the effect of a 200 pM dose of
TMZ was reported. Therefore, this is the first research that
revealing the effect of TMZ on EV-derived Hsps in glioma
cells and cell migration rate. Additionally, the same study
[19] showed that the EV concentration release from GBM in
culture medium was the highest in U87MG cells compared
to other glioma cell lines U373MG, T98G, and U251MG.
Therefore, we chose the U87MG cell line in our study.
Hsp70 plays a key role in the regulation of malignancy,
cell proliferation, resistance to therapies and poor prog-
nosis [10, 20]. It can exist in four forms: (a) intracellular
Hsp70, (b) extracellular Hsp70, (c) exosomal Hsp70, and
(d) membrane-bound form. Also, the level of Hsp60 in-
creases in many tumors, and its overexpression has a
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Figure 4: The effects of temozolomide (TMZ) treatment on expression of Hsp70 and Hsp60. A) The expression levels of cellular, EV-derived,
and extracellular (Ex) Hsp70 in dose dependent manner. B) The expression levels of cellular, EV-derived, and extracellular (Ex) Hsp60 in dose
dependent manner. C) Western blotting analysis of Hsp70 and Hsp60 expression in cell lysate (CL), extracellular vesicles (EVs), and
supernatant-cell media (SN). While using GAPDH as a loading control for CL, Ponceau staining was performed for SN and EVs. p-Values were
determined using one-way ANOVA followed by Tukey’s post hoc test. *p<0.05, **p<0.01, and ***p<0.001 vs. control (C) group. #p<0.05,
##p<0.01, and ###p<0.001 indicate statistical difference between different groups. Vertical bars indicate standard deviation values.

significant role in cancer progression. Hsp60 works not
only intracellularly but also extracellularly and is involved
in intercellular cross-talk [7-9]. Anticancer drugs used in
therapy cause changes in Hsp levels and increase cell
death. Herein we showed that intracellular, extracellular,

and EV-derived forms of Hsp60 and Hsp70 levels after TMZ
treatments. A decrease in Hsp60 level was observed after
TMZ treatments (200 and 750 pM) compared to the control
group, but 25 pM TMZ increased Hsp60 expression. Unlike,
extracellular and EV-derived Hsp60 levels were higher in
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Figure 5: The effect of temozolomide (TMZ) on the cell migration ability. A) Cell migration rate (%) was determined by in vitro scratch assay.
Vertical bars indicate standard deviation values. *p<0.05 and ***p<0.001 vs. control group for 24 h, ###p<0.001 vs. control group for 48 h,
&8&p<0.01 and &&&p<0.001 indicates statistical difference between different groups B) Images of wounded monolayer of U87MG taken at
times 0, 24 and 48 h after treatment with TMZ. C) The expression of B-catenin of TMZ treated cells. **p<0.01 vs. control group, #p<0.05 indicate
statistical difference between different groups.
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the control group than in the treatment groups. Besides,
intracellular Hsp70 expression increased by treatment with
25 and 200 pM TMZ compared to the control group. Itis well
known that high cytosolic levels of Hsp70 predominantly
mediate resistance to apoptosis, so also in our study, it was
observed that 25 and 200 uM TMZ treatment did not cause a
decrease in cell number. However, Hsp70 is nearly
depleted in both intracellular and EVs at a toxic dose
(750 uM). Remarkably, when the supernatant was analyzed
separately, we observed that Hsp70 elevated in the glioma
cells treated with 750 pM of TMZ. Free Hsp70 is generally
assumed to originate from dying tumor cells [21-24]. We
showed the expression levels of Hsps under TMZ treatment
in the extracellular environment comparatively. Our study
contributes new data; TMZ treatment caused increased
extracellular Hsp70 level while cellular and EV-derived
Hsp70 almost depleted at 750 pM. These findings suggested
that Hsp70 either translocated or released to the extracel-
lular milieu via a toxic dose of TMZ. In addition to intra-
cellular and EV-derived Hsps, it was also demonstrated
that at least Hsp70 and Hsp60 were shed from glioma cells
into the extracellular milieu. Hsp70 level was elevated in
the toxic dose of TMZ, which explains the depleted Hsp70
in both cells and EVs. However, the extracellular Hsp60
level was reduced due to TMZ treatment. It was docu-
mented that in vivo tumors grown from glioma cell lines
express at high levels Hsp60 and 70, which is expressed in
glioma cells is released as EVs under the stress conditions
[25]. Consequently, new data emerged on the effects of
these two Hsps on glioma progression and their response to
TMZ therapy.

Cell migration and metastasis are considered key
events in glioma progression. EVs actively participate in
the metastasis process in different ways. Particularly, GBM
EVs have mRNA and proteins associated with metastasis
and promote endothelial cell proliferation. Moreover,
tumor-derived EVs carry Hsp70, so they trigger and acti-
vate the migratory and cytolytic activity of natural killer
(NK) cells and macrophages. Also, Hsp60 stimulates can-
cer progression by migration, invasion, and drug resis-
tance in cancer cells [25-29]. For developing effective and
novel glioma therapeutics targeting Hsps, it is necessary to
downregulate expressions of Hsp. The effect of TMZ on the
inhibition of cell growth and migration of both U251 and
U87MG cells was reported in several studies. One of the
previous studies on the U87MG cell line treated with TMZ
and afatinib has accomplished effective silencing tumori-
genicity [30, 31]. In the present study, we investigated the
effect of different concentrations of TMZ on the cell
migration and motility of U87MG cells by in vitro scratch
assay. With comparable initial scratch sizes, cells showed
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limited growth under TMZ, thereby resulting in signifi-
cantly decreased cell migration. This migration assay
revealed that TMZ affects slowing cell migration in a dose-
dependent manner. Our findings suggested that the
decrease in migration rate may be related to the reduced
levels of EV-derived Hsp60 and Hsp70. However, the
reduced cell migration rate may also be related to the
growth inhibitory effect of TMZ on the cells. One of the
major limitations of our study is the lack of direct evidence
for the relationship between reduced EV-induced Hsp
levels and decreased migration. This phenomenon requires
further analysis in the presence of Hsp-silenced cells.

A study based on proteomic analysis of extracellular
vesicles that originated from different tumors showed some
proteins like SERPINA1, SERRPINF2, and MMP are released
from EVs that function in EMC remodeling vascular leaki-
ness, and invasiveness. Another MS-based study of EVs
revealed that after TMZ treatment, glioblastoma stem-like
cells (GSC4) release EVs which contain some proteins
involved in the modulation of cell adhesion [32, 33]. Luga
et al. [34] showed that fibroblasts secrete EVs, and these
could promote breast cancer cells’ protrusive activity,
motility, and metastasis by activating autocrine Wnt-
planar cell polarity (PCP) signaling. All the studies con-
ducted up to now showed that EVs could affect invasion,
motility, and metastasis activity by their specific protein
content. In our study, TMZ treatments resulted in a
decrease in glioma migration ability in addition to a
reduction in the amount of Hsp60 and Hsp70 in the EV
content. Further experiments should be performed to
determine the potential relationship between EV-derived
Hsp levels and migration ability in glioblastoma cells. Be-
sides, it is well known that EVs carry abundant levels of cell
adhesion-related proteins after TMZ treatment, so in
further experiments, we consider a proteomic approach to
determine the levels of cell adhesion-related proteins after
TMZ treatment.

Another study has recently suggested that the Wnt/
B-catenin signaling pathway can regulate the growth of
gliomas and is closely related to the survival of glioma
cells. Our data suggested that the treatment of US7MG cells
with TMZ reduced the proliferation of glioma cells. Similar
to our findings, it has been reported that treating US7MG
cells with both ICG-001 and IWR-1-endo could diminish the
migration rates of gliomas [35, 36]. Herein, this has been
tried to confirm by our Western Blotting results. B-catenin
expression decreased in glioma cells only at the toxic dose
of TMZ (750 pM). Similarly, a decrease in migration rate was
determined as a result of 48 h of TMZ treatment at this toxic
dose (another limitation of our study is the lack of detailed
evaluation of the Wnt/B-catenin signaling pathway).
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Many researchers have been conducting combined
therapy trials to improve the effectiveness of the treatment
of gliomas. Among these, promising results targeting Hsp
inhibition are included in the literature. The common result
of these studies is that siRNA and antioxidant/drug com-
bination therapy applications lead to an increase of
apoptosis levels in glioma cells than single applications
[15, 37, 38]. In our future studies, we are planning to focus
on siRNA + drug combination therapies to confirm the
relationship between Hsp silencing and the migration-
reducing effect of TMZ and further enhance treatment ef-
ficacy. In conclusion, all the studies performed to reduce
the extracellular pathway expression level of stress pro-
teins in glioma cells can help develop new therapeutic
approaches to treat notoriously poor glioma.
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