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ABSTRACT

Objective: Glioblastoma (GB) is a highly lethal form of brain tumor. Although standard therapy appears to be effective, the survival time is
quite short, and the recurrence rate is high. Bortezomib (BTZ), is a proteasome inhibitor, used in GB therapies and resulted in serious off-
target effects. Carfilzomib (CFZ), is an alternative for BTZ, has known with nonserious off-target effects. This study aimed to examine the
potential off-target effects caused by BTZ and CFZ in terms of the therapy related activation of antioxidant mechanisms regarding to Nuclear
factor (erythroid-derived 2)-like 2 (Nrf-2)/Heme Oxygenase-1 (HO-1)-dependent response.

Methods: GB cells were co-cultured with heathy astrocyte (HA) cells to mimic the tumor microenvironment in some extent. Cell viability
was determined following ionizing radiation (IR), temozolomide (TMZ), BTZ and CFZ alone and in combination. Nrf-2 and HO-1 protein
expressions were analyzed by western blotting assay.

Results: Co-culture results showed that the GB cells in the BTZ-treated groups expressed higher levels of Nrf-2 and HO-1 than in the CFz-
treated groups. In the HAs, the group treated with CFZ showed higher Nrf-2 expression than the group treated with BTZ alone, while the
same groups in combination with TMZ&IR showed exactly opposite results. HO-1 expression was also not seen in any of the HA groups.

Conclusion: The significant increase in Nrf-2 levels in the CFZ-treated group in the HAs could also be interpreted as CFZ promoting the
defence of healthy cells against therapy-induced stress conditions. Although further studies are needed, these preliminary results show that
the evaluation of CFZ as a second-line therapy could be a milestone for the treatment of GB.
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1. INTRODUCTION

Glioblastoma (GB) is the most common and most aggressive
grade IV astrocytoma in adults. As seen in clinical studies,

presence of GB stem cells (GSCs) is known as leading cause
as for now (8,9). As shown in a recently published study

GB is a disease with a poor prognosis with a 2-year survival (10), one of the struggles about GSCs that must be solved
rate of 26-33% and a 5-year survival rate of only 4-5% (1~ s their higher levels of proteasome activity which causes
4). The standard treatment includes the combination of resistance to therapy. Another cause of therapy resistance
temozolomide (TMZ) and ionizing radiation (IR) after surgical is the reversal of the TMZ activity in tumor cells by the help
resection of the tumor (if possible) (3,5). of O-methylguanine-DNA-methyltransferase. It is seen that

the proteasome inhibitor, bortezomib, is able to both inhibit
proteasome and methyltransferase enzyme and helps to
overcome this resistance with its chemo-sensitizing effect
(11,12). In the light of these and related other studies, the
need of proteasome inhibitors in GB treatment is confirmed.

TMZ is an alkylating chemotherapy agent that causes DNA
damage in tumor cells, including DNA double strand breaks,
which trigger apoptosis and cytotoxicity (6,7). However,
development of high rate of resistance to IR and TMZ in
tumor cells, results in the recurrence of the disease. Since
the exact mechanism and related pathways that underlying The ubiquitin proteasome system which is responsible for

the recurrence and resistance of disease is not clear, the the degradation of damaged proteins, regulation of signal
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pathways and immune response, is the major protein
degradation mechanism in eukaryotic cells to balance their
cellular homeostasis. Since cancer cells maintain their
higher proliferation rates mostly depend on this system,
proteasome inhibitors have been tried for the treatment
of diverse types of cancer including GB, for more than 15
years (13,14). Bortezomib (BTZ), one of the FDA-approved
first-generation proteasome inhibitors, is frequently used
in combination in the clinic in hematological cancers and
increases survival at a high rate (15). BTZ is a proteasome
inhibitor that reversibly inhibits both the caspase-like and
chymotrypsin-like activities of proteasome with its boronic
acid pharmacophore (15-17). The off-target interactions of
BTZ causes significant side effects like peripheral neuropathy
and limits its use in solid tumor cancers (16,18,19). The
extremely aggressive nature of chemotherapy agents used
in solid tumor treatment, combined with the effect of BTZ,
makes it exceedingly difficult for the patient to overcome all
these side effects. Not all patients respond equally to BTZ-
centered treatments, and it appears that cancer may recur in
some patients who initially respond. Especially solid tumors
may develop resistance to BTZ in some cases. Hence, second
generation proteasome inhibitors have been studied and new
proteasome inhibitors have been developed, like Carfilzomib
(CFZ) (18,20,21). CFZ is an irreversible and highly selective
proteasome inhibitor, differing from BTZ by its structure and
mechanism of action (22). It binds covalently and irreversibly
to the 20S proteasome and composes morpholino adducts
with its epoxyketone structure, which is not active as boron
moiety of BTZ, and inhibits the chymotrypsin-like activity
of proteasome (19). Both the minor off-target and superior
on-target interactions of CFZ provide it more potential
against BTZ (16,19). By causing less nervous system damage
and peripheral neuropathy than BTZ, CFZ is a promising
proteasome inhibitor to combine in standard therapies
(16,21-23).

However, triggering of Nuclear factor (erythroid-derived 2)-
like 2 (Nrf-2) dependent antioxidant mechanisms limit the
efficiency of proteasome inhibitors, during the treatment
(14). Nrf-2 is a key transcription factor involved in the
regulation of a wide variety of cytoprotective genes such
as inflammation proteins, antioxidant, and detoxification
enzymes (8,24,25). Nrf-2 activation is tightly regulated by
Kelch-like ECH associated protein (KEAP1), an adapter for
Cullin 3 (Cul3)-based ubiquitin E3 ligase. KEAP1 binds to Nrf-2
and enables the ubiquitination process to occur. KEAP1-Nrf-2
system, one of the ubiquitin-proteasome-based regulatory
systems, is unique in that it can sense oxidative and
electrophilic stresses through reactive cysteine residues in
KEAP1 and mediate the expression of cytoprotective enzyme
genes through Nrf-2 activity. When cells are exposed to
reactive oxygen species (ROS) or electrophilic toxicants, the
reactive cysteine residues in KEAP1 are covalently modified
by ROS or electrophiles, which stops ubiquitination of Nrf-
2. As a result, the amount of Nrf-2 begins to accumulate
in the cell. This accumulation induces the transactivation
of cytoprotective genes. Nrf-2 regulates the expression of

genes encoding detoxifying and antioxidative enzymes like
Heme Oxygenase-1 (HO-1). In contrast, Nrf-2 also down-
regulates genes encoding proinflammatory factors such as
interleukin-6 (IL-6) and interleukin-1p (IL-1B) (26).

Through the proteasomal activation, Nrf-2 levels are
kept restricted within the cell under normal physiological
conditions and rises very rapidly when cells are exposed to
a variety of environmental stresses (24,27). In healthy cells,
the overexpression of Nrf-2 is correlated with suppression
of tumor formation. However, higher Nrf-2 levels cause
dysregulation of autophagy, tumor progression, and
chemoresistance in tumor cells along with poor prognosis
(8,24,25). In various studies, Nrf-2 has been found to
be overexpressed in GSCs, increases their proliferation;
and causes tumor recurrence and aggression (25,28). It
was also observed that increased Nrf-2 expression in GB
cells decreased apoptosis and increased HO-1 expression
(29). Nrf-2 and HO-1 upregulation is correlated with the
progressed, vascularized, aggressive and therapy resistant
GB cells (9,14,24).

Herewith, we aimed to elucidate the mechanisms of second-
generation proteasome inhibitor CFZ against first-generation
proteasome inhibitor BTZ mediated alterations on the Nrf-2/
HO-1 dependent antioxidative response in term of both
cancer and healthy cells in GB and healthy astrocyte (HA)
cells co-cultivation.

2. METHODS

2.1. Cell Culture

In this study, GB and HA cells were used. GB cells were
purchased from ATCC (American Type Culture Collection)
with the code DBTRG (ATCC® CRL2020™, Manassas, VA
United States). HAs were purchased from Innoprot (P10251,
Derio, Bizkaia, Spain). The flasks and petri dishes that were
used in astrocytes culture, were coated with Poly-L-lysine
to provide cell adhesion. Poly-L-lysine (stored at +4 °C) was
mixed with dH,O to obtain 30 pg/mL concentration and
then the surfaces of culture dishes were coated with 1 mg/
mL Poly-L-lysine. The covers of the dishes were wrapped in
parafilm to be isolated, and they were kept at +4 °C for 3 days.
The excess Poly-L-lysine was aspirated before use, the dishes
were washed once with 1X DPBS (Dulbecco’s phosphate-
buffered saline) and then appropriate medium was added
on the dishes and cells were cultured. As recommended by
the ATCC, GB cells were cultured in high DMEM (Dulbecco’s
Modified Eagle Medium) containing 10% FBS (Fetal Bovine
Serum), 1% penicillin/streptomycin, and 0.1% amphotericin;
and astrocytes were cultured in DMEM-F12 (Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12) containing
2% FBS, 1% penicillin/streptomycin, 0.1% amphotericin, and
1% astrocyte growth supplement in Poly-L-lysine coated
flasks in 5% CO, and 37 °C incubator conditions.
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2.2. Co-cultivation of glioblastoma cells with astrocytes

For co-cultivation of GB cells with HAs, inserts were used
in 24-well plates. The used inserts were obtained as being
appropriate for 6/24 well plates, having 0.4 um pore size
(PICM01250, Merck Millipore Millicell, Burlington, MA
United States). The structures of pores were small enough to
prevent cell escape and large enough to permit the medium’s
ingredients and signal molecules. To perform co-cultivation,
the wells were coated with the 450 pL Poly-L-lysin and 15x10°
HA cells were cultured onto coated wells in 600 pL medium.
Following, inserts were placed into the Poly-L-lysin coated
wells and 10x10° GB cells were cultured in inner surface of
inserts in 400 puL medium. The cells were incubated in 5% CO,
and 37 °C conditions for 24h prior to drug exposures.

2.3. Drug and ionizing radiation treatments

The next day following the co-cultivation, TMZ (ALX — 420-
044-M025, Enzo Life Sciences, Lausen, Switzerland), BTZ
(PS341, Selleck Chemicals, Houston, TX United States) and
CFZ (PR-171, Selleck Chemicals, Houston, TX United States)
administrations were performed. Stock drug solutions
were prepared with DMSO (Dimethyl sulfoxide) in 10 pM
concentrations. Formerly obtained IC,, drug doses of TMZ,
BTZ and CFZ by our group were administered: 300 nM for
BTZ, 500 nM for CFZ and 50 uM for TMZ (in 0.1% DMSO) for
48h. Before the IR exposures, medium of cells were refreshed
with phenol red free medium due to the detrimental effects
of IR to structure of phenol red. Cells were exposed to single
dose 2 Gy ionized radiation by using 6 MV photon energy.
Following the IR exposure, the mediums of cells were
replenished, and drug administrations were performed. The
treatment groups were classified as; control (CTRL), TMZ
treated, BTZ treated, CFZ treated, IR treated, TMZ&IR treated,
TMZ&IR&BTZ treated and TMZ&IR&CFZ treated groups. The
IR, TMZ&IR, TMZ&IR&BTZ and TMZ&IR&CFZ groups were IR
exposed groups. The mediums of IR-exposed groups were
Phenol red-free. Following the IR, cells were incubated 5%
CO, and 37 °C conditions for 1 hour. After incubation, drug
administrations were performed for all groups for 48h.

2.4. Cell viability assay

Following the 48h drug exposures, cell viability was
assessed with  MTT  (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide, Sigma-Aldrich, St. Louis, MO
United States) according to manufacturers’ protocol. Briefly,
5 mg/mL MTT solution was added into each well and cells
were incubated for 3 h at 37 °C. Then, all the media were
discarded from wells and 300 uL DMSO was added onto
each well to dissolve the formed tetrazolium salts. After the
incubation of plate for 10 minutes at 37 °C, the absorbance
value was measured at 590 nm using an EnSpire multimode
plate reader (PerkinElmer, Waltham, MA United States) to
detect cell viability. Experiments were designed as triplicated.

2.5. Western blotting

Isolation of total proteins from cells was performed via Cell
Lysis Buffer (Cell Signaling Technology, CST, Danvers, MA
United States) containing protease inhibitor cocktail and
PMSF (phenylmethylsulphonyl fluoride). Determination of the
protein concentrations of the samples were performed with
Pierce™ BCA (Bicinchoninic acid) Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA United States) and 20 pug of
protein sample was loaded into gels per group. The protein
samples were separated with 10-12% SDS-PAGE (Sodium
dodecyl-sulphate polyacrylamide gel electrophoresis) and
were blotted onto nitrocellulose membranes (Thermo Fisher
Scientific, Waltham, MA United States). The membranes then
were blocked with 5% non-fat dry milk-TBST (Tris-buffered
saline with 0.1% Tween 20 detergent) and incubated with
primary antibodies at 4 °C overnight. Following incubation
with HRP (Horseradish peroxidase) conjugated secondary
antibody for 2 h at room temperature, blots were developed
using ECL (enhanced chemiluminescence) reagent (Thermo
Fisher Scientific, Waltham, MA United States). The bands
were visualized using ChemiDoc™ MP System (Bio-
Rad Laboratories, Hercules, CA United States) and band
densities were quantified using Image Lab software. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) was used as
the loading control.

Antibodies

The following antibodies were used: Nrf-2 (Cell Signaling,
12721S, 1:1000), HO-1 (Cell Signaling, 5061S, 1:1000),
GAPDH (Novus, NB300-221, 1:1000), HRP conjugated anti-
rabbit (Cell Signaling, 7074P2, 1:10000).

2.6. Statistical analysis

Statistical analyses were performed with GraphPad Prism
9 (GraphPad Prism version 9.0.0 for Windows, GraphPad
Software, Boston, MA USA). The data expressed as mean *
SD of three independent experiments and were analysed
by one-way ANOVA followed by Tukey’s post-tests between
groups. A p-value <.05 was selected as statistically significant,
and p value < .0001 was considered extremely significant.

3. RESULTS

3.1. BTZ and CFZ significantly decrease the cell viabilities

Cell viability of GB and HA cells decreased significantly after
48 hours of exposures to 50 uM TMZ, 300 nM BTZ, 500 nM
CFZ and their combinations along with the IR exposures. The
values did not differ between the groups treated with BTZ
and CFZ in GB cells. However, the CFZ-treated groups showed
higher cell viability than the BTZ-treated groups in HA cells

(Fig. 1).
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Figure 1. Percentage viability of (A) glioblastoma cells and (B) human
astrocytes after IR, 48 h of BTZ, CFZ, TMZ and their combinations
treatments with MTT-assay. All the data are presented as means
+SD (n=3). *P < .05, ***P < .001 The P value is < .0001, considered
extremely significant for both cell viabilities.

3.2. BTZ and CFZ treatments effects the Nrf-2 and HO-1
expression levels of cells

According to the western blotting analysis, Nrf-2 and HO-1
protein levels in GB cells showed variable results in response
to different therapy combinations (Fig. 2A). The Nrf-2 protein
levels of BTZ-treated group was significantly higher compared
to the control, CFZ and TMZ & IR & BTZ-treated groups.
CFZ treatment alone decreased the Nrf-2 levels compared
to both BTZ treatment alone and TMZ & IR & CFZ treated
groups (Fig. 2B). HO-1 protein concentrations in the BTZ, CFZ,
TMZ & IR & BTZ and TMZ & IR & CFZ treated groups were
significantly higher than in the control group, in which HO-1
protein concentrations were strikingly low. BTZ treatment
alone increased HO-1 levels compared to the CFZ treatment
group (Fig. 2C).

On the other hand, the Nrf-2 levels in the HAs varied in the
different treatment groups (Fig. 3A). Compared to the control
group, significant increases were observed in the groups
treated with BTZ, CFZ and TMZ & IR & BTZ. Nrf-2 levels were
lower in the BTZ-treated group than in the CFZ-treated group,

the exact opposite of the GB cells. At the same time, Nrf-2
levels were higher in the CFZ-treated group than in the TMZ
& IR & CFZ-treated group (Fig. 3B). However, the expression
of HO-1 in HAs was not observed as there was no induction
factor for this expression.
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Figure 2. IR, TMZ, BTZ, CFZ and their combination treatments affect
the Nrf-2 and HO-1 levels in glioblastoma cells A Western blotting
analysis of protein levels of GB cells treated with IR, 50 uM TMZ,
300 nM BTZ, 500 nM CFZ and their combinations with indicated
antibodies. B — C Quantification of Nrf-2 and HO-1 protein levels
after IR, TMZ, BTZ, CFZ and their combination treatments for 48 h
in GB cells. All the data are presented as means + SD (n=3). *P < .05,
**p <.001, ***P <.001 The P value is <.0001, considered extremely
significant for protein expressions.
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Figure 3. IR, TMZ, BTZ, CFZ and their combination treatments affect
the Nrf-2 levels in human astrocytes A Western blotting analysis
of protein levels of HA cells treated with IR, 50 uM TMZ, 300 nM
BTZ, 500 nM CFZ and their combinations with indicated antibody.
B Quantification of Nrf-2 protein levels after IR, TMZ, BTZ, CFZ and
their combination treatments for 48 h in HA cells. All the data are
presented as means * SD (n=3). **P < .01, ***P <.001 The P value is
<.0001, considered extremely significant.

4. DISCUSSION

In this study, we tested proteasome inhibitors BTZ and
CFZ in co-cultivation of GB-HA cells. Since diverse types of
antioxidant mechanisms get activated as a response to
applied treatments, we aimed to observe the given Nrf-2/
HO-1 dependent antioxidant response in combined BTZ and
CFZ treatments from GB and HA cells by co-culturing and
analyzing the relevant protein expressions of the cells.

The aim of the therapies is to eradicate the malignant tumor
without affecting the surrounding healthy cells when it comes
to overcoming tumors. However, the healthy cells responsible
for maintaining the microenvironment and the development
of the tumor will most likely be affected by potential off-
target effects of the administered chemotherapies (30).
Herein, we focused on the off-target effects of applied GB
therapies on both GB and HA cells in terms of unintentionally
activated antioxidant signalling pathways.

Nrf-2 is an essential transcription factor that regulates the
mechanisms of cellular protection against a wide variety
of stress conditions (13). Their levels are kept low within
the cells in the absence of stress conditions by way of
KEAP-1 proteins. KEAP-1 regulates Nrf-2 levels by inclining
the ubiquitination of Nrf-2 proteins and hence causing
degradation in proteasomal systems (13,31,32). When we
considered the GB cells underwent the cellular stress by
applied treatments and through the exposed proteasome
inhibitors, the degradation of Nrf-2 proteins through
proteasomal pathways halted and consequently, Nrf-2 levels
and accordingly HO-1 levels increased within the cells. Not
surprisingly, the GB cells are more prone to be affected by
proteasomal inhibition when compared to HA cells. Together
with the remarkable decrement in proteasomal activity,
Nrf-2 and HO-1 levels reached higher levels in proteasome
inhibitor treated groups, especially with BTZ treatment.

The following groups of GB cells showed increased Nrf-2
expressions; BTZ, CFZ, TMZ & IR & BTZ and TMZ & IR &
CFZ; and in parallel with this finding, HO-1 levels in these
groups showed significant increases. Thus, in GB cells, with
the increased stress conditions by applied treatments, cells
resisted to survive by increasing cytoprotective Nrf-2 and
HO-1 proteins to prevent apoptosis which is not intended by
an efficient treatment.

On the other hand, while BTZ, CFZand TMZ & IR & BTZ treated
groups showed increased Nrf-2 levels in HA cells, we did not
observe HO-1 expression in HA cells with western blot analysis
even with increased level of protein concentrations loaded
to gel. HO-1 is a downstream target of Nrf-2 and serves as
an essential indirect antioxidant enzyme within the cell (33).
Unlike the tumor cells, the induction of HO-1 expression by
Nrf-2 with the drug exposures did not occur. HO-1 as being the
downstream protein of Nrf-2, is expressed in highly activated
intracellular antioxidant response. Since the drug exposures
were not sufficient to generate excessive oxidative stress and
there were any known inducers, like heavy metals, UV light,
hydrogen peroxide, and lipopolysaccharide, to induce HO-1
expression in healthy cells (31,34), HO-1 expression was
not seen in HA cells. The elevation of Nrf-2 levels in HA cells
indicates the attempt of the cells to defense themselves both
to applied treatments and culminated side effects.

The proteasomal activity increment is one of the upregulation
mechanisms of cancer cells to enhance their survival rates.
Thus, proteasomal system inhibitors are highly promising
approaches to overcome cancer cell survival that results
from proteasomal system activity. However, as seen in this
study, inhibiting proteasomal activity may result in the
activation of other cytoprotective mechanisms within the
cells, like increased Nrf-2 and HO-1 levels. Accordingly, as
an alternative promising therapy approach beyond the
proteasomal inhibitors may be targeting the downregulation
of the Nrf-2 levels within the cells (24).

For GB cells, both the Nrf-2 and HO-1 levels of BTZ
treated group are over the levels of CFZ treatment except
for combination groups and vice versa for HA cells. As
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hypothesized, the increment in antioxidant protein levels
in tumor cells and the decline in healthy cells may be the
reason for the inefficaciousness and off-target outcomes of
the treatment like neuropathy. Most of the side effects of
BTZ eventuates through inflammation and oxidative stress
because of its multiple intracellular actions caused by its
boron moiety (19). In this regard, the lower Nrf-2 and HO-1
levels of CFZ present intended therapy results as having
morpholino adducts with its epoxyketone structure, which is
not active as boron moiety of BTZ and ends up with lower
off-target results. In another study with healthy mouse NSC
cells (21), the fact that stress proteins like stress-70 protein,
superoxide dismutase [Mn], Protein disulfide-isomerase
A3, heat shock protein (HSP) 90-alpha, protein disulfide-
isomerase A6, catalase, HSP32, HSP47 and HSP70 expressions
that can induce neuropathy were lower in the CFZ group
compared to BTZ or were expressed at the same levels as the
control group confirms the results of our current study.

The groups with combined treatment have the opposite
results to the groups treated with BTZ and CFZ alone.
While the combined treatment with BTZ leads to a higher
induction of the antioxidant signalling pathways in HA cells,
the treatment with BTZ alone shows a lower induction,
but in GB cells these results are exactly opposite and not
consistent with the fate of cell survival. Furthermore, the
combined treatment with CFZ is shown to lead to a decrease
in the relevant proteins, while treatment with CFZ alone
increases the levels in HA cells as intended, whereas the
combined treatment groups maintain relatively higher levels
in GB cells. However, the effects of the combined treatment
on antioxidant metabolic pathways are not maintained by
cellular viabilities. It can be concluded that as the complexity
of the applied therapy increases, the number of affected
metabolic pathways increases and it becomes more difficult
to control all metabolic pathways.

Besides, as Fig.2 shows TMZ&IR treated group has lower
Nrf-2 and HO-1 levels when compared to BTZ and CFZ groups.
However, this reduction does not state an increment in the
cellular viabilities of same groups. In Fig.1, it is clearly seen
that BTZ and CFZ treated groups show higher levels than
TMZ&IR treated group.

If we consider all these results together, we concluded that
neither the treatment with TMZ&IR nor the combination
treatment with BTZ and CFZ guarantees effective treatment.
On the other hand, CFZ treatment alone outperforms BTZ
treatment alone and outperforms all treatment groups.

In summary, we present that Nrf-2 levels increased within
the cells in response to proteasomal inhibition. Besides,
in GB cells, increased Nrf-2 levels induced the elevation
of HO-1 expression levels. Through the activation of
cytoprotective mechanisms, cancer cells take advantage
of Nrf-2 to withstand to undergoing apoptosis with all its
strength. This effect especially is seen in the administration
of BTZ rather than CFZ. While the activation of Nrf-2 causes
tumor progression and resistance to therapy, silencing of
Nrf-2 in tumor cells shows diminishment of cell migration

and metastasis (14,24). Targeting the Nrf-2 may seem to be
an efficient way to overcome the challenges resulting from
its overexpression. However, since the physiological roles of
Nrf-2 is highly vital for healthy cells, on-target therapy may
result in deleterious side effects in patients (35). Alternatively,
targeting indirectly by the way of related cellular pathways
may be more prone to get constructive results. In this regard,
prioritizing the second-generation proteasome inhibitor CFZ
as a replaced therapy, may provide the intended Nrf-2 levels
which are lower for GB cells and higher for HA cells. Further
studies that will replace the treatments with CFZ may provide
an outstanding insight for the GB treatment.

5. CONCLUSION

Besides the known roles of Nrf-2 and HO-1 in cancer
development and progress, there are still lots of mysteries.
In consideration of our results, it may be hypothesized that
the inefficacy of current treatments that includes BTZ, may
be the result of increased levels of devastating Nrf-2 and
HO-1 in GB cells. Replacing the standard treatments with
CFZ and investigating the Nrf-2 originated tumor progression
and resistance in GB may likely focus on directly the basis of
tumor bulk and give more consistent results in future.

Acknowledgement: We would like to thank all participants involved
in the study.

Funding: This study was supported by The Scientific and Technological
Research Council of Tiirkiye-TUBITAK 1185522 and TUBITAK 2209A,
and by Marmara University Research Fund (BAPKO) with the Project
Number TYL-2023-10894

Conflicts of interest: The authors declare that they have no conflict
of interest.

Ethics Committee Approval: This study was not required any
approval by Ethics Committee.

Peer-review: Externally peer-reviewed.

Author Contributions:

Research idea: BY, SAY, MFB

Design of the study: BY, AS, BMA, OK

Acquisition of data for the study: ZG, SAY, MFB

Analysis of data for the study: ZG, SAY, AS

Interpretation of data for the study: ZG, AS, BY

Drafting the manuscript: ZG, AS, BY

Revising it critically for important intellectual content: ZG, AS, BY
Final approval of the version to be published: ZG, AS, BY, SAY, MFB,
BMA, OK

REFERENCES

[1] Razavi SM, Lee KE, Jin BE, Aujla PS, Gholamin S, Li G. Immune
evasion strategies of glioblastoma. Vol. 3, Frontiers in Surgery.
Frontiers Media S.A.; 2016. DOI: 10.3389/fsurg.2016.00011

[2] Van Meir EG, Hadjipanayis CG, Norden AD, Shu HK, Wen
PY, Olson JJ. Exciting new advances in neuro-oncology: the
avenue to a cure for malignant glioma. CA: A Cancer Journal
for Clinicians 2010;60(3):166—193. DOI: 10.3322/caac.20069

[3] Carlsson SK, Brothers SP, Wahlestedt C. Emerging treatment
strategies for glioblastoma multiforme. EMBO Molecular

Clin Exp Health Sci 2024; 14: 760-767

DOI: 10.33808/clinexphealthsci. 1408641



Proteasome and Nrf-2 Interactions on Glioblastoma

| Original Article |

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

(12]

(13]

(14]

[15]

[16]

Medicine 2014;6(11):1359-1370.
emmm.201302627

Weathers SP, Gilbert MR. Current challenges in designing GBM
trials forimmunotherapy. Vol. 123, Journal of Neuro-Oncology.
Springer New York LLC; 2015. p. 331-337. DOI:10.1007/
$11060.015.1716-2

Stupp R, Mason WP, Van Den Bent MJ, Weller M, Fisher B,
Taphoorn MJB, Belanger K, Brandes AA, Marosi C, Bogdahn
U, Curschmann J, Janzer RC, Ludwin SK, Gorlia T, Allgeier A,
Lacombe D, Cairncross G, Eisenhauer E, Mirimanoff RO.
Radiotherapy plus concomitant and adjuvant temozolomide
for glioblastoma. The New England Journal of Medicine
2005;352(10):987-996. DOI: DOI: 10.1056/NEJMo0a043330
KarachiA, DastmalchiF, Mitchell DA, Rahman M. Temozolomide
for immunomodulation in the treatment of glioblastoma.
Neuro-Oncology ~ 2018;20(12):1566-1572.  DOI:10.1093/
neuonc/noy072

Sengupta S, Marrinan J, Frishman C, Sampath P. Impact
of temozolomide on immune response during malignant
glioma chemotherapy. Vol. 2012, Clinical and Developmental
Immunology 2012. DOI:10.1155/2012/831090

Wang Y, Feng Y. The efficacy and safety of radiotherapy with
adjuvant temozolomide for glioblastoma: A meta-analysis of
randomized controlled studies. Vol. 196, Clinical Neurology
and Neurosurgery Elsevier B.., 2020. DOI:10.1016/].
clineuro.2020.105890

Shahcheraghi SH, Salemi F, Alam W, Ashworth H, Saso L, Khan
H, Lotfi M. The role of NRF2/KEAP1 pathway in glioblastoma:
pharmacological implications. Vol. 39, Medical Oncology.
Springer; 2022. DOI: 10.1007/s12032.022.01693-0
André-Grégoire G, Bidere N, Gavard J. Temozolomide affects
extracellular vesicles released by glioblastoma cells. Biochimie
2018; 155:11-15. DOI:10.1016/j.biochi.2018.02.007
Vlachostergios PJ, Hatzidaki E, Befani CD, Liakos P, Papandreou
CN. Bortezomib overcomes MGMT-related resistance of
glioblastoma cell lines to temozolomide in a schedule-
dependent manner. Invest New Drugs 2013;31(5):1169-1181.
DO0I:10.1007/s10637.013.9968-1

Vlachostergios PJ, Hatzidaki E, Stathakis NE, Koukoulis
GK, Papandreou CN. Bortezomib downregulates MGMT
expression in T98G glioblastoma cells. Cellular and
Molecular Neurobiology 2013;33(3):313-318. DO0I:10.1007/
$10571.013.9910-2

Dreger H, Westphal K, Wilck N, Baumann G, Stangl V, Stangl
K, Meiners S. Protection of vascular cells from oxidative stress
by proteasome inhibition depends on Nrf2. Cardiovascular
Research 2010;85(2):395-403. DOI:10.1093/cvr/cvp279
Barbagallo |, Giallongo C, Volti GL, Distefano A, Camiolo G,
Raffaele M, Salerno L, Pittala V, Sorrenti V, Avola R, Di Rosa M,
Vanella L, Di Raimondo F, Tibullo D. Heme oxygenase inhibition
sensitizes neuroblastoma cells to carfilzomib. Molecular
Neurobiology 2019;56(2):1451-1460. DOL: 10.1007/
$12035.018.1133-6

Mohan M, Matin A, Davies FE. Update on the optimal use of
bortezomib in the treatment of multiple myeloma. Cancer
Management and Research 2017; 9:51-63. DOI:10.2147/
CMAR.S105163

Park JE, Park J, Jun Y, Oh Y, Ryoo G, Jeong YS, Gadalla HH, Min
JS, Jo JH, Song MG, Kang KW, Bae SK, Yeo Y, Lee W. Expanding
therapeutic utility of carfilzomib for breast cancer therapy
by novel albumin-coated nanocrystal formulation. Journal

DOI: 10.15252/

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

[29]

of Controlled Release 2019; 302:148-159. DOI:10.1016/].
jconrel.2019.04.006

Jung T, Catalgol B, Grune T. The proteasomal system. Molecular
Aspects of Medicine. 2009;30(4):191-296. DOI:10.1016/j.
mam.2009.04.001

Manasanch EE, Orlowski RZ. Proteasome inhibitors in
cancer therapy. Vol. 14, Nature Reviews Clinical Oncology
2017;14:417-433. DOI:10.1038/nrclinonc.2016.206

Kaplan GS, Torcun CC, Grune T, Ozer NK, Karademir B.
Proteasome inhibitors in cancer therapy: Treatment regimen
and peripheral neuropathy as a side effect. Free Radical
Biology and Medicine 2017;103:1-13. DOI:10.1016/j.
freeradbiomed.2016.12.007

Englir S, Dikmen M. Kanser Tedavisinde Proteozom
inhibitérlerinin Onemi. Vol. 31, Erciyes Universitesi Fen
Bilimleri Enstitlisti Dergisi 2015;31:182—-190. (Turkish)
Karademir B, Sari G, Jannuzzi AT, Musunuri S, Wicher G, Grune
T, Mi J, Hacioglu-Bay H, Forsberg-Nilsson K, Bergquist J, Jung T.
Proteomic approach for understanding milder neurotoxicity of
carfilzomib against bortezomib. Scientific Reports 2018;8(1).
DO0I:10.1038/s41598.018.34507-3

Vij R, Siegel DS, Jagannath S, Jakubowiak AJ, Stewart AK,
Mcdonagh K, Bahlis N, Belch A, Kunkel LA, Wear S, Wong
AF, Orlowski RZ, Wang M. An open-label, single-arm,
phase 2 study of single-agent carfilzomib in patients with
relapsed and/or refractory multiple myeloma who have
been previously treated with bortezomib. British Journal of
Haematology 2012;158(6):739-748. DO0I:10.1111/j.1365-
2141.2012.09232.x

Vij R, Wang M, Kaufman JL, Lonial S, Jakubowiak AJ, Stewart
AK, Kukreti V, Jagannath S, McDonagh KT, Alsina M, Bahlis
NJ, Reu FJ, Gabrail NY, Belch A, Matous JV, Lee P, Rosen
P, Sebag M, Vesole DH, Kunkel LA, Wear SM, Wong AF,
Orlowski Rz, Siegel DS. An open-label, single-arm, phase2
(PX-171-004) study of single-agent carfilzomib in bortezomib-
naive patients with relapsed and/or refractory multiple
myeloma. Blood 2012;119(24):5661-5670. DOI: 10.1182/
blood-2012-03-414359

Basak P, Sadhukhan P, Sarkar P, Sil PC. Perspectives of the
Nrf-2 signaling pathway in cancer progression and therapy.
Toxicology Reports 2017; 4:306-318. DOI:10.1016/j.
toxrep.2017.06.002

Awuah WA, Toufik AR, Yarlagadda R, Mikhailova T, Mehta A,
Huang H, Kundu M, Lopes L, Benson S, Mykola L, Vladyslav S,
Alexiou A, Alghamdi BS, Hashem AM, Ashraf GM. Exploring the
role of Nrf2 signalling in glioblastoma multiforme. Discover
Oncology 2022;13:94 DOI:10.1007/s12672.022.00556-4
Taguchi K, Yamamoto M. The KEAP1-NRF2 system as a
molecular target of cancer treatment. Cancers 2021;13:1-21.
DOI:10.3390/cancers13010046

Dikic I. Proteasomal and autophagic degradation systems.
Annual Review of Biochemistry. 2017; 86:193-224.
DOI:10.1146/annurev-biochem-061.516.044908

Zhu J, Wang H, Sun Q, Ji X, Zhu L, Cong Z, Zhou Y, Liu H, Zhou M.
Nrf2 is required to maintain the self-renewal of glioma stem
cells. BMC Cancer 2013;13. DOI:10.1186/1471-2407-13-380
Pan H, Wang H, Zhu L, Wang X, Cong Z, Sun K, Fan Y. The
involvement of Nrf2-ARE pathway in regulation of apoptosis
in human glioblastoma cell U251. Neurological Research
2013;35(1):71-78. DOI: 10.1179/174.313.2812Y.000.000.00
94

Clin Exp Health Sci 2024; 14: 760-767

DOI: 10.33808/clinexphealthsci. 1408641



Proteasome and Nrf-2 Interactions on Glioblastoma

| Original Article |

(30]

(31]

(32]

(33]

Mega A, Nilsen MH, Leiss LW, Tobin NP, Miletic H, Sleire L,
Strell C, Nelander S, Krona C, Hagerstrand D, Enger P@, Nistér
M, Ostman A. Astrocytes enhance glioblastoma growth. Glia
2020;68(2):316—327. DOI:10.1002/glia.23718

Huang G, Diao J, Yi H, Xu L, Xu J, Xu W. Signaling pathways
involved in HSP32 induction by hyperbaric oxygen in rat spinal
neurons. Redox Biology 2016; 10:108-118. DOI:10.1016/j.
redox.2016.09.011

Vriend J, Reiter RJ. The Keapl-Nrf2-antioxidant response
element pathway: A review of its regulation by melatonin
and the proteasome. Molecular and Cellular Endocrinology
2015;401:213-220. DOI:10.1016/j.mce.2014.12.013

Lee MH, Cha HJ, Choi EO, Han MH, Kim SO, Kim GY, Hong
SH, Park C, Moon S-K, Jeong S-J, Jeong M-J, Kim W-J, Choi

(34]

(35]

YH. Antioxidant and cytoprotective effects of morin against
hydrogen peroxide-induced oxidative stress are associated
with the induction of Nrf-2-mediated HO-1 expression in
V79-4 Chinese hamster lung fibroblasts. International Journal
of Molecular Medicine 2017;39(3):672—680. DOI:10.3892/
ijmm.2017.2871

Rushworth SA, Bowles KM, MacEwan DJ. High basal nuclear
levels of Nrf2 in acute myeloid leukemia reduces sensitivity
to proteasome inhibitors. Cancer Research 2011;71(5):1999-
2009. DOI:10.1158/0008-5472.CAN-10-3018

Kitamura H, Motohashi H. NRF2 addiction in cancer cells.
Cancer Science 2018; 109:900-911. DOI:10.1111/cas.13537

How to cite this article: Giines Z, Baskent MF, Arslan Eseryel S, Atasoy BM, Kostek O, Sahin A, Yilmaz B. Evaluating the Role of Nrf-
2/HO-1 Pathway in Glioblastoma Treatment Efficacy: A Co-Culture Study. Clin Exp Health Sci 2024; 14: 760-767. DOI: 10.33808/

clinexphealthsci.1408641

Clin

Exp Health Sci 2024; 14: 760-767

767

DOI: 10.33808/clinexphealthsci. 1408641



	_Hlk149673610

