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INTRODUCTION

Neuroblastoma is a common extracranial solid tumor in 
childhood formed due to the neoplastic transformation 
of neural crest cells. Tumors are present in the tissues 
that form the sympathetic nervous system, mainly the 
adrenal gland (1). The cancer staging varies between 

the regressing tumors to highly metastatic and mortal 
ones due to poor prognosis and molecular signatures, 
including the MYCN gene, the most critical genetic 
marker of neuroblastoma aggressiveness (2). Treatment 
strategies mostly require chemotherapy, especially for 
the high-risk group, consisting of platinum derivatives, 
alkylating, and topoisomerase-inhibitor agents. In ad-
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ABSTRACT

Objective: Epibrassinolide (EBR), a biologically active member of the brassinosteroids plant hormone family, has been 
recently indicated as an apoptotic inducer in various cancer cells without affecting non-tumor cell proliferation. Glycogen 
synthase kinase 3β (GSK3β) was the first identified molecule that acts as a critical mediator of glycogen metabolism and 
insulin signaling mechanism. GSK3β has been described as an essential factor for tumor progression by phosphorylating 
and inactivating the pro-apoptotic family member of the Bcl-2 family, Bax. It was recently shown to regulate cell division, 
differentiation, and adhesion. 

Materials and Methods: To investigate the relative cell viability affected by EBR treatment and the preventive effect of 
N-acetyl cysteine (NAC) we performed MTT assay and FACS analysis, respectively. Colony formation and soft agar techniques 
were used to understand the inhibitory effect of EBR on colony formation and diameters. Annexin V-PI analysis by flow 
cytometry was performed for the measurement of the apoptotic cell percentages. Fluorescence microscopy was performed 
for the determination of mitochondria membrane potential following DiOC6 staining. The expression profiles of apoptotic 
proteins, as well as GSK3β and β-catenin were investigated by immunoblotting.

Results: Our results indicated that EBR induced mitochodria-mediated apoptosis by inducing ROS generation which can be 
prevented by NAC, a reactive oxgen species scavenger. EBR-induced apoptosis can influence the inhibitory phosphorylation 
of GSK3β by Ser9 and prevents the translocation of the down-stream target, β-catenin.

Conclusion: This study evaluated EBR as a potential apoptotic inducer in neuroblastoma cell line SK-N-AS and investigated 
the GSK3β involvement.
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dition, in the case of ALK tyrosine kinase mutation in existing 
tumors, ALK inhibitor crizotinib is usually preferred (3). In recent 
years, glycogen synthase kinase 3 (GSK3) inhibitors have been 
used to reduce neuroblastoma cell growth and markers (4). 
Even ALK and GSK3 kinase inhibitors showed promising results 
in inducing apoptosis in neuroblastoma cell lines and in vivo 
mice models (5). Besides its role in glycogen synthesis, GSK3 
performs critical functions in various cellular processes, includ-
ing apoptosis, cell growth, invasion, and metastasis. Therefore, 
aberrant GSK3 activity is associated with many diseases, such 
as cancer (6). Several GSK3 inhibitors have been developed and 
are being tested in clinical trials (7). 

Brassinosteroids (BRs) were first obtained from plant pollen of 
the genus Brassica. The first identified member of BRs, brassin-
olide, was isolated from pollen in the form of crystals and was 
the first plant component in steroid structure (8). BRs are natu-
ral polyhydroxy steroids found in vertebrates and insects, sim-
ilar to steroid hormones (9). Their roles, such as embryonic and 
post-embryonic development and maintaining the organism’s 
homeostasis, have been identified in animals. In plants, BRs 
control many physiological events. It has been shown that BRs 
are essential in regulating many events in plant development, 
especially in seed germination, root and stem development, 
vascular differentiation and fertility, and salinity and metal 
stress management (10). Recent studies have shown that Epi-
brassinolide (EBR) has the potential to induce apoptotic cell 
death in cancer cells (11). Due to the structural similarity, the 
first studies focused on the nuclear hormone receptor (NHR) 
action during cancer cell apoptosis (12). However, our group 
has shown that EBR-induced apoptosis occurred in NHR-ex-
pressing and non-expressing cell lines (13,14).

In this study, we showed that EBR induced pGSK3β phosphory-
lation by Ser9 and inhibited the translocation of its downstream 
target β-catenin. EBR treatment triggered cell viability loss via 
mitochondria-mediated and caspase-dependent apoptosis in 
SK-N-AS cells. Moreover, we showed that EBR-induced apop-
tosis mainly occurs due to endoplasmic reticulum stress induc-
tion. Our recent findings also suggested that EBR is a candidate 
GSK3β inhibitor in a low concentration and induces apoptosis 
in SK-N-AS cells and GSK3β inhibition acting on the Ser9 phos-
phorylation domain may be important for this phenomenon.

MATERIALS AND METHODS

Drug and Antibodies
24-epibrassinolide was purchased from Apollo Scientific (Stock-
port, Cheshire, UK), dissolved in DMSO to make a 10 mM stock 
solution, and stored at -20˚C. Bax, Bcl-2, Puma, Bid, cleaved 
caspase 3, cleaved caspase 7, pro-caspase 9, cleaved poly 
(ADP-ribose) polymerase (PARP), GSK3β, phospho- GSK3β Ser9, 
and β-catenin Histone H3 rabbit primary antibodies (each di-
luted 1:1,000) were purchased from Cell Signaling Technology 
(CST, Danvers, MA, USA). Horseradish peroxidase (HRP)-conju-
gated secondary anti-rabbit antibodies (diluted 1:3,000) were 
from CST.

Cell Culture
SK-N-AS cell line was obtained from American Type Tissue Cul-
ture Collection and was grown in DMEM medium supplement-
ed with 10% fetal bovine serum, 1% 10 U/ml penicillin/strepto-
mycin, and 1% non-essential amino acids. Cells were kept in a 
5% CO2 incubator at 37 ºC (Heracell 150; Thermo Electron Cor-
poration, Waltham, MA, USA).

MTT Assay
The effect of EBR on cell viability was determined by colori-
metric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 
bromide (MTT; Roche, Indianapolis, IN, USA) assay. Cells were 
seeded at a density of 1x104 cells/well in 96-well plates, allowed 
to attach overnight, and treated with the increasing concentra-
tions of EBR (0-30 µM) for 24 h. After the treatment, 10 µl of MTT 
reagent (5 mg/ml) was added to the cell culture medium for 4 h. 
Following the removal of media, 200 µl DMSO was added to dis-
solve the formazan crystals. The absorbance of the suspensions 
was determined at 570 nm with a microplate reader (Bio-Rad, 
Hercules, CA, USA).

Trypan Blue Dye Exclusion Assay
Cells were seeded on 6-well plates (5x104 cells/well) and treat-
ed with increasing doses of EBR (0-10 µM) for 96 h. Every 24 h, 
the cells were trypsinized and stained with trypan blue. Data 
were plotted on a graph indicating the number of cells (y-axis) 
vs time (x-axis). Viable and dead cells were counted under light 
microscopy.

Colony Formation Assay
SK-N-AS cells were seeded at a density of 5x103/well in a 6-well 
petri dish. Following overnight attachment, cells were treated 
with 1 and 10 µM EBR for 24 h. The drug-containing media were 
removed, and cells were allowed to form colonies in complete 
media for 10 days. The colonies were fixed with a solution of 
acetic acid and methanol (1:3) for 5 min. The supernatant was 
removed. Later, cells were stained with 0.5% crystal violet for 
30 min at room temperature. Finally, the dye was washed away 
with distilled water, and the colonies were visualized under the 
light microscope. 

Soft Agar Colony Formation Assay
5% agarose was first prepared and autoclaved. For the bottom 
agar, 500 µl of 5% agarose and 500 µl of DMEM medium contain-
ing 20% fetal bovine serum (FBS) were mixed and poured into 
a 6-well petri dish. The agar was kept in laminar flow until po-
lymerization. 3% agarose was mixed with media containing 20% 
FBS and pipetted. The medium containing 10% FBS and 2500 
cells were added to the mixture, pipetted, and poured into Pe-
tri dishes. For treated samples, a drug was added to this mixture. 
The petri dish was kept in a 5% CO2 incubator at 37ºC for 10 days. 
After 10 days, colonies were examined under a light microscope.

Fluorescence Microscopy

Propidium Iodide Staining
1x104 cells were seeded in 6-well petri dishes and allowed to ad-
here overnight. 1 and 10 µM EBR was applied for 24 h. After the 
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incubation period, the medium was discarded, and the cells were 
incubated with a DMEM medium containing propidium iodide 
(P.I.) for 30 min. At the end of this period, the medium contain-
ing P.I. was discarded, and cells were washed with 1x PBS. After 
adding 500 µl of 1x PBS to each well, cells were examined under 
a fluorescent microscope (Excitation: 536 nm, Emission: 617 nm). 

3,3’Dihexyloxacarbocyanine Iodide (DiOC6) Staining
SK-N-AS (1x105) cells were seeded into 12-well plates. Following 
exposure of cells to EBR (1 and 10 µM), they were washed once 
with 1X PBS and then stained with 4 nM 3,3’-dihexyloxacarbo-
cyanine iodide (DiOC6) (40 nM stock concentration in DMSO; 
Calbiochem, La Jolla, CA, USA) fluorescent probe. The disruption 
of mitochondrial membrane potential (MMP) was visualized by 
fluorescence microscopy (excitation: 488 nm, emission: 525 nm).

4’,6-diamidino-2-phenylindole (DAPI) Staining
The cells were seeded in 12-well plates at a density of 1x105 cells/
well and treated with increasing concentrations of EBR for 24 h. 
Cells were stained with 1 µl/ml DAPI (1 mg/ml stock concentra-
tion in 1X PBS) fluorescent probe and were incubated for 10 min 
in the dark. Nuclear DNA fragmentation was visualized using 
fluorescence microscopy (excitation: 350 nm emission: 470 nm).

2’,7’-dichlorofluorescein-diacetate (DCFH-DA) Staining
DCFH-DA was used to monitor reactive oxygen species (ROS) pro-
duction in EBR-treated cells. SK-N-AS cells were seeded at a densi-
ty of 1x104 cells/well in a 6-well petri dish. 1 and 10µM EBR were 
applied for 24 h. 1 µM DCFH-DA in fresh media were added to 
each well following the incubation period and washing step with 
1x PBS. Cells were kept dark for 5’. After the washing step with 1x 
PBS, 500 µl of PBS was added to each well, and the oxidized form 
of DCFH-DA was examined under the fluorescence microscope at 
480 nm excitation and 500 nm emission wavelengths.

Immunoblotting
SK-N-AS cells were treated with the appropriate concentrations 
of EBR in a time-dependent manner. First, all the samples were 
washed with ice-cold PBS and lysed on ice in a solution contain-
ing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, Nonidet P-40 0.5%, 
(v/v), 1 mM EDTA, 0.5 mM PMSF, 1 mM DTT, and protease inhibi-
tor cocktail (Complete, Roche). After cell lysis, the cell debris was 
removed by centrifugation for 15 min at 13,200 rpm, and protein 
concentrations were determined by the Bradford protein assay 
(BioRad). ProteoJET protein isolation kit was used for cytoplas-
mic and nuclear protein isolation. Cells were seeded in 100 mm 
Petri dishes at a density of 3x106 cells. Following EBR treatment 
for 24 h, cells were trypsinized and centrifuged at 600 g for 5 
min. The nuclear and cytoplasmic protein isolation was per-
formed according to the manufacturer’s instructions. Samples 
were kept in the -80° freezer until use. Total, nuclear, and cyto-
plasmic protein lysates were separated on a 12% SDS-PAGE and 
transferred onto PVDF membranes (Roche). The membranes 
were then blocked with 5% milk blocking solution in Tris buffer 
saline-Tween 20 and incubated with appropriate primary and 
HRP-conjugated secondary antibodies (CST) in antibody buffer 
containing 5% (v/v) milk blocking solution. Following a gentle 

washing step with 1X TBS-Tween 20, the proteins were analyzed 
using an enhanced chemiluminescence detection system. 

Flow Cytometry

Determination of Apoptotic Cell Death by Annexin V and 
Propidium Iodide Staining 
Apoptotic cell death was detected following EBR treatment by 
annexin V-PI staining (B.D. Biosciences). The protocol was per-
formed according to the manufacturer’s instructions. Briefly, 
cells were mixed in 500 µl annexin V binding buffer, then incu-
bated with 5 µl annexin V–FITC and 5 µl P.I. (50 µg/ml) for 10 
minutes after centrifugation in the dark and at room tempera-
ture. 1x104 cells per sample were analyzed by flow cytometry. 
Cells are presented as dots in a rectangular plot, with annexin 
V fluorescence in the x- and P.I. fluorescence on the y-axis. The 
numbers in each panel of the quadrant represent the % of the 
cell population as healthy (lower-left), early apoptotic (low-
er-right), late apoptotic (upper-right), and necrotic (upper-left) 
populations. The analysis of the obtained data was carried out 
using the BD Accuri C6 program.

Determination of the ROS Generation by DCFH-DA Staining
SK-N-AS cells were seeded in 6-well plates (1x105 cells/well). 
Cells were trypsinized, resuspended in 1X PBS, and stained with 
DCFH-DA (1 µM) (Molecular Probes, Inc., Eugene, OR, USA) for 15 
min in a 5% CO2 incubator. After the incubation period, DCFH-
DA was added and flow cytometry analysis was performed (B.D. 
Biosciences, Accuri C6). Following exposure of cells to EBR for 24 
h, media was carefully discarded.

Cell Cycle Analysis by PI Staining
Cells at a density of 2x105 cells/well were seeded in 6-well plates 
and then treated with EBR. Both floating and adherent cells 
were collected and fixed with 70% ethanol. After incubation 
on ice for 30 min, the cells were diluted with 1X PBS. Samples 
were then centrifuged at 1,200 rpm for 5 min. Pellets were re-
suspended in 1X PBS, RNase (100 µg/ml), and PI solution (40 µg/
ml). Samples were kept for 30 min at 37˚C in the dark. Cell cycle 
distribution was analyzed by Accuri C6 (B.D. Biosciences, Ox-
ford, U.K.). 10,000 events/samples were acquired and evaluated 
using BD Accuri C6 software (B.D. Biosciences).

Statistical Analysis
All the experiments were statistically analyzed by two-way ANO-
VA using GraphPad Prism 9 (GraphPad Software, La Jolla, CA, 
USA). Error bars in the graphs were generated using ± standard 
deviation (S.D.) values. Statistically significant results by ANOVA 
were further analyzed by Bonferroni posthoc analysis. A p<0.05 
was considered to indicate a statistically significant result.

RESULTS

EBR Treatment Diminished the SK-N-AS Cell Viability 
The MTT test determined the effect of EBR on SK-N-AS cell via-
bility. As seen in Figure 1A, the relative viability percentages of 
EBR-treated cells decreased dose-dependent. The percentage 
of relative viability after 24 h of 1µM EBR treatment was 67.7%. 
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After 10 µM EBR treatment, the viability percentage dropped to 
50.3%. (****p<0.00001). In addition, the effect of EBR on the SK-
N-AS cell survival was also examined by trypan blue dye exclu-
sion assay. Figure 1B indicates that EBR exerted a cytostatic ef-
fect rather than a cytotoxic one in concentrations 1 and 10 µM, 
time-dependently. 48 h EBR treatment dramatically prevented 
the survival of SK-N-AS cells.

EBR Inhibited the Clonogenic Potential of SK-N-AS Cells 
A clonogenic assay was performed to determine the effect of 
EBR on colony formation in SK-N-AS cells. The colony formation 
potential of SK-N-AS cells was prevented in EBR-treated cells in 
a dose-dependent manner compared to control samples (Fig-
ure 2A). In addition, a soft agar colony formation test was also 
performed. As shown in Figures 3 and 4, the diameter of the col-
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Figure 1. A. Investigation of dose-dependent cell viability of EBR in SK-N-AS cells by MTT method. 
****p<0.00001. B. Determination of the effect of EBR on cell survival in SK-N-AS cells. Cells were treated 
with 1 and 10µM EBR for 24-96 h, and after staining with trypan blue, the cells were counted under a 
light microscope with the help of a Neubauer hemocytometer.

Figure 2. Investigation of the effect of EBR on colony formation in SK-N-AS cells. A. SK-N-AS cells were 
seeded in Petri dishes at 5x103 and 7.5x103 cells/well, 1 and 10µl of EBR were applied for 24 h, and the 
cells were incubated for 14 days. After 14 days, it was fixed and stained with crystal violet and images 
were taken under a light microscope. B. Investigation of colony formation on soft agar in SK-N-AS cells 
to which EBR had been applied. Cells incubated on soft agar for 10 days were examined under a light 
microscope at the end of 10 days, and colony diameters were measured. **p<0.01
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onies formed by the EBR-treated cells decreased depending on 
the dose. As seen in Figure 2B, a significant reduction in colony 
diameter was observed after 10 µM EBR treatment.

EBR Triggers Cell Cycle Arrest and Induced Apoptosis in SK-
N-AS Cell Line
As seen in Figure 3A, an approximately 3-fold increase in the 
SubG1 population as a result of 24 h 1 µM EBR treatment was 
obtained in SK-N-AS cells, and an approximately 4-fold increase, 
as a result of 10µM EBR application. This result shows that EBR 
activates the apoptotic mechanism in SK-N-AS cells. In addition, 
the percentage of G2/M phase cells decreased by 25% with 
exposure of cells to 10 µM EBR (Figure 3B). Annexin V and PI 
staining were performed to determine whether apoptotic cell 
death was triggered in EBR-treated SK-N-AS cells. As seen in 
Figure 4, an approximately 15 fold higher total early and late 
apoptotic cell population was observed in cells treated with 1 
µM EBR for 24 h, compared to the untreated control group. Cells 
treated with 10 µM EBR also exhibited an increased apoptotic 
population percentage, approximately 25 fold compared to the 
untreated samples. No significant change was found in the ne-
crotic population. This result shows that EBR activates the apop-
totic mechanism in SK-N-AS cells. Later, DiOC6 staining was per-
formed to show mitochondria-mediated apoptotic cell death 

in the cell. Mitochondrial membrane potential is impaired in 
apoptotic cell death. For this reason, the dye cannot be retained 
in cells with the induction of apoptotic cell death. We found 
that both concentrations cause a decrease in the DiOC6 stained 
cell population, however, 10 µM EBR application was more ef-
fective to decrease DiOC6 staining compared to the 1 µM dose 
(Figure 5A). DAPI is a nucleic acid dye, which marks DNA frag-
mentation. Figure 5A clearly demonstrated the increase in DAPI 
staining inside the nucleus more specifically after 10 µM EBR 
treatment. We next checked the expression profiles of caspase 
and Bcl-2 family proteins playing a role in apoptosis induction 
using the immunoblotting technique. The changes in pro-and 
anti-apoptotic Bcl-2 family members, which have an essential 
role in mitochondria-mediated apoptotic cell death pathway, 
were investigated following EBR application. As seen in Figure 
5B, Bid expression increased after 10 µM EBR treatment in SK-N-
AS cells. Caspase-8 causes the proteolytic cleavage of Bid and 
causes Bid to migrate to mitochondria. Bid can bind to both Bax 
and Bcl-2, and it was observed that Bax expression increased 
as a result of 10 µM EBR application (Figure 5B). Bax resides in 
the cytosol and, upon apoptotic stimulation, binds to the mito-
chondrial membrane and induces pore formation. In addition, it 
was determined that the expression of PUMA protein increased 

Figure 3

A.

B.

Ce
ll 

cy
cl

e 
ph

as
e

po
pu

la
tio

n 
(%

)

EBR Treatment

EBR (µM)                         0                                                           1                                     10

Figure 3. Flow cytometry analysis of cell cycle phases following exposure of SK-N-AS cells to 
EBR. A. Cells were incubated with EBR for 24 h, fixed with ethanol, and stained with PI. Flow 
cytometry was used for cell cycle analysis (Ex: 535 nm and Em: 617 nm). B. The number of cells 
in different cell cycle phases was determined after at least 3 repetitions of the experiment. Cell 
cycle distribution was analyzed by two-way ANOVA and Tukey’s multiple comparisons test. 
*p <0.05, **p <0.01 and ***p <0.001
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in SK-N-AS cells treated with 1 and 10 µM EBR for 24 h (Figure 
5B). Puma stimulates apoptosis by binding to Bcl-2, promoting 
migration to mitochondria and releasing cytochrome c. It is 
seen in the data that the expression of the anti-apoptotic pro-
tein Bcl-2 protein is increased. As a result of 1 and 10 µM EBR 
application, no significant change was detected in the expres-
sion of Bcl-2 (Figure 5B). β-actin was used as a loading control. 

Effective caspases cleave PARP, which is involved in DNA repair, 
causing apoptotic cell death. In addition to the Bcl-2 protein 
family, caspase family expressions in the apoptotic pathway 
were also investigated following EBR treatment in SK-N-AS 
neuroblastoma cells. The initiator caspase, procaspase-9, and 
the effective caspase-3 and caspase-7 expressions were deter-
mined. We found that the expression of the cleaved active form 
of PARP increased significantly in SK-N-AS cells after 1 and 10 
µM EBR for 24 h (Figure 5B). Dose-dependent EBR treatment 
decreased procaspase-9 expression in the SK-N-AS cell line at 
24 h. As a result of 1 and 10 µM EBR application, it was observed 
that the expression of cleaved caspase-3 and cleaved caspase-7 

increased in SK-N-AS cells, confirming the apoptosis cell death 
(Figure 5B).

EBR Triggered ROS Generation Related to the Apoptotic 
Process in SK-N-AS Cells
To determine whether EBR affected ROS generation during the 
apoptotic induction in the SK-N-AS cell line, cells were treated 
with 1 and 10 µM EBR for 24 h and examined in flow cytometry 
following DCFH-DA staining. After diffusion into the cell, DCFH-
DA is deacetylated by cellular esterases and then oxidized by ROS. 
As seen in Figure 5C, there was a significant increase in ROS in SK-
N-AS cells treated with 1 and 10 µM EBR compared to control cells. 
N-acetyl cysteine (NAC), an agent that prevents the destructive 
effect of toxic agents in the apoptotic process triggered by EBR, 
was applied to SK-N-AS cells simultaneously with 10 µM EBR for 
24 h, and changes in cell viability were observed. As seen in Figure 
5D, NAC prevents the negative effect of EBR on cell viability in the 
SK-N-AS cell line and reverses the toxic effect of EBR (Figure 5D). In 
addition, NAC co-treatment also prevents EBR-induced ROS gen-
eration detected with DCFH-DA staining (Figure 5E).
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Figure 4. EBR induced apoptosis in SK-N-AS cells. A. After incubation with increasing concen-
trations of EBR for 24 h, cells were stained with Annexin V and PI and analyzed with FACS flow 
using the BD Bioscience Accuri C6 program. B. Percentages of early apoptotic, late apoptot-
ic, and necrotic populations were determined after at least three independent experiments. 
***p <0.001 and ****p <0.0001.
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Figure 5. EBR-induced cell death was determined in SKNAS cells by fluorescent dyes. A. Cells treated with EBR 
for 24 h were later stained with DAPI, PI, and DiOC6, and examined under fluorescence microscopy (400x). B. 1 
and 10 µM EBR was applied to SK-N-AS cells for 24 h. The immunoblotting method was used to determine the 
effects of EBR application on the pro-and anti-apoptotic Bcl-2 family, caspases, and PARP cleavage. After total 
protein isolation, 30 µg of protein was separated by 12% SDS-PAGE for each sample. The bands of the relevant 
proteins were determined based on the chemiluminescent feature. Beta-actin was used as the loading control. 
C. The effect of EBR treatment on ROS generation was determined after DCFH-DA staining. Cells were treated 
with 1 and 10 µM EBR for 24 h and then were stained with DCFH-DA. After 15 min of incubation, cells were 
analyzed by flow cytometry. D. The effect of NAC co-treatment with EBR on ROS generation was determined 
under fluorescence microscopy and by examining the cell viability loss with MTT assay. E. Co-treatment of NAC 
with EBR prevented ROS generation measured following FACS flow analysis. *p<0.05 and **p<0.01
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Epibrassinolide Altered Wnt Signaling in SK-N-AS Cell Line
Wnt pathway proteins were examined in the SK-N-AS cell line. 
As seen in Figure 6A, a decrease was observed in the expression 
of GSK3β protein in SK-N-AS cells after 1 µM EBR for 24 h, in 
contrast, increased protein expression was observed following 
exposure of 10 µM EBR to the cell line (Figure 6A). We also de-
tected the increased expression profile of the phosphorylated 
form of GSK3β by Ser9 residue, which indicates its inhibition af-
ter both 1 and 10 µM EBR treatments. The downstream target of 
GSK3β is β-catenin, an important transcription factor regulating 
various cellular processes including cell proliferation and cell 
cycle. As seen in Figure 6A, a decrease in the expression of the 
β-catenin protein was determined in SK-N-AS cells treated with 
1 and 10 µM EBR for 24 h. In addition, the nuclear localization 
of β-catenin was also prevented more specifically following the 
exposure of cells to 10 µM EBR (Figure 6B). 

DISCUSSION

Neuroblastoma, one of the deadliest tumors of infancy, is the 
malignancy of neural crest cells. The heterogeneity of the tu-
mor-forming cells causes resistance to treatment, leading to 
metastatic spread and poor survival (15). Despite new interven-
tions in therapeutic approaches, the current therapies are not 
effective and new treatment options are urgently needed since 
the overall survival rate is less than 10%. Previous studies have 
shown that GSK3β inhibition has been shown to reduce prolif-
eration and increase apoptosis in neuroblastoma cells (4,5). The 
cell cycle arrest induced by lithium treatment has been shown 
to reduce cell proliferation in vitro in the B65 neuroblastoma 
cell line (4). Most importantly, similar effects were also observed 
in in vivo experimental set-ups, delayed tumor growth, and cell 
cycle arrest (16).

A potential GSK3 inhibitor EBR, similar to mammalian steroid 
hormones, belongs to the plant BR family, which has a vital 
role in plant growth and development. The cytotoxic effect of 
EBR was first identified in mammalian cancer cells. Later, the 
effect of EBR on nuclear hormone receptor (NHR) expressing 
cell lines was investigated, and it was concluded that EBR is a 
candidate for NHR expressing cells (12, 17). In this study, it was 
shown that EBR inhibited the cell cycle in the G1 phase in the 
estrogen-dependent MCF-7 breast cancer cell line, affecting 
the expression of CDKs (p21, p27, p53) and cyclins, which reg-
ulate the cycle and induced apoptosis (17). In 2014, our group 
demonstrated that EBR induced apoptosis in a p53-indepen-
dent and caspase-dependent manner in both NHR express-
ing and non-expressing cancer cell lines, which pointed out 
another shared target between these cells (14). Intracellular 
proteomic changes were determined for this purpose by our 
group using the SILAC (stable isotope-labeled amino acid in 
cell culture) method (18). As a result of the study, our laboratory 
showed that many proteins related to cell survival, apoptosis, 
endoplasmic reticulum (ER) stress, and ubiquitination in cells 
exposed to EBR application were significantly altered com-
pared to untreated control cells. Among these proteins, the 
most significant change was observed for calreticulin, which 
is a chaperone having a role in protein folding in the ER lumen 
and Ca2+ ion buffering (18). ER stress is defined as the accumu-
lation of un/misfolded proteins in the ER lumen and the stress 
is often transmitted to the nucleus to start the cellular adapta-
tion processes, including the induction of the transcription of 
chaperone proteins, or autophagy to eliminate misfolded pro-
teins (19,20). However, ER stress can also initiate apoptosis if 
the recovery of cells in terms of protein folding is not achieved. 
The regulation of ER stress-induced apoptosis has been shown 
to involve GSK3 (21). GSK3 has two Ser/Thr kinase isoforms 
(GSK3α and GSK3β) with distinct roles and they are controlled 
by the inhibitory phosphorylations through Ser21 and Ser9, re-
spectively (22). Following the activation of the Wnt signaling 
pathway, GSK3 associates with Axin to phosphorylate β-caten-
in and prepare it for proteasomal degradation (23). On the oth-
er hand, PI3K/Akt pathway activation can also lead to the inhi-
bition of GSK3β, which in turn can influence the downstream 
target’s (β-catenin) translocation to the nucleus (24). β-catenin 
was the first identified molecule having a role in cell-cell adhe-
sion, in collaboration with E-cadherin (25). A significant rela-
tionship was shown between β-catenin activity and apoptosis 
(26). According to previous studies, caspases target β-catenin 
during apoptotic events and cause the dismantling of the cell 
adhesion. On the other hand, the decrease of β-catenin nuclear 
translocation following inhibited Wnt signaling has been sug-
gested as a marker of cell survival loss for several cells, includ-
ing cancer and neuronal cells (27,28). Several studies suggest-
ed that GSK3 has an obligatory role in CHOP activation leading 
to ER stress-induced apoptosis by activating caspases (29). Ac-
cording to our previous results, EBR can act as a GSK3β inhib-
itor in low concentrations (30). Therefore, we investigated the 
possible outcomes of GSK3β inhibition in neuroblastoma cells 
in this study. We found that EBR treatment caused cell viability 

Figure 6. The effects of EBR were determined on GSK3/ β-cat-
enin pathway. After A. total and B. nuclear-cytoplasmic protein 
isolation, 30 µg of protein was separated by 12% SDS-PAGE for 
each sample. After the immunoblotting procedures, the bands 
of the relevant proteins were determined based on the chemi-
luminescent feature. Beta-actin was used as the loading control.
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loss and survival in SK-N-AS cells. The colony-forming potential 
of the cell was also prevented by EBR treatment at low concen-
trations of 1 and 10 mM. Like our previous findings, the apop-
totic potential of EBR was also visualized in the neuroblastoma 
cell line. The cytostatic effect of EBR has been demonstrated 
in prostate and colon cancer cells at 10 and 20 µM doses. A 
dose of 30 µM EBR produced a cytotoxic effect in these cells. 
The effect on the clonogenic potential of SK-N-AS cells was not 
observed, although steroid-derived drugs, including bicalut-
amide, have been shown to inhibit colony formation in various 
cancer cell lines (31, 32). A significant increase in the early and 
late apoptotic population percentage was observed, confirm-
ing our recent results indicating EBR is an apoptotic inducer in 
different cancer cell lines. Apoptotic markers were investigated 
to understand whether the loss of cell viability induced by EBR 
is due to apoptotic cell death. Several studies also indicate that 
steroid-derived chemotherapeutics could cause DNA damage 
or DNA fragmentation (33). Similar to our previous results, in 
which EBR caused DNA fragmentation in prostate and colon 
cancer cells, EBR was also able to induce DNA fragmentation in 
SK-N-AS cells (13,14). EBR treatment also induced mitochondri-
al membrane potential loss and cell death. These results indi-
cated the anti-cancer properties of EBR in neuroblastoma cells. 

In the next stage of our study, SK-N-AS cells were examined in 
flow cytometry to determine whether EBR affects the forma-
tion of ROS in the apoptotic process. According to our results, 
ROS generation was significantly increased following each 
concentration of EBR treatment compared to control samples. 
These results suggest that cell death in EBR-treated SK-N-AS 
cells occurs by mitochondrial pathway-mediated apoptosis. 
When EBR was combined with N-acetyl cysteine (NAC) in SK-N-
AS cells, its effect on ROS generation and cell viability was de-
termined. Compared to EBR alone, the combination of EBR and 
NAC inhibited ROS generation and loss of cell viability in SK-N-
AS cells. Based on this, it was concluded that EBR is an agent 
that causes the formation of ROS. NAC is an agent that plays 
a vital role in detoxifying glutathione and xenobiotics. It can 
detoxify free radicals and reactive electrophiles. In the study 
by Olivieri et al., it was stated that NAC protects cells from 
oxidative stress and cytotoxic-stimulating compounds in the 
SH-SY-5Y neuroblastoma cell line (34). In our study, although 
no cytotoxic effect of NAC on SK-N-AS cells was observed, it 
was observed that NAC reversed the cytotoxic effect of EBR 
when applied together with the drug. The EBR-induced cell 
death mechanism was identified as mitochondria-mediated 
apoptosis since we observed significant expression changes 
in pro- and anti-apoptotic protein levels. It was observed that 
the expression levels of Bax, truncated Bid, and Puma were in-
creased in SK-N-AS cells compared to control cells following 
EBR treatment. Deprivation of pro-apoptotic proteins is one of 
the causes of drug insensitivity. Bax and Puma are pro-apop-
totic proteins located in the cytosol that translocate to mito-
chondria with the induction of apoptosis. Bax and Puma are 
under the direct transcriptional control of p53 through their 
respective binding sites. They have been shown to increase cy-
tochrome c release and caspase cleavage in vitro and in vivo. In 

this respect, the increase in the expression of both pro-apop-
totic proteins was necessary for the apoptotic effect of EBR in 
SK-N-AS cells. Studies have also shown the effect of EBR on 
Bax and Puma in colon, prostate, and breast cancer cells (35). 
In addition, Bid protein is another pro-apoptotic protein that 
is induced by caspase 8 activation via the external apoptotic 
pathway and effective on the mitochondrial pathway. Stud-
ies in the literature have not shown any effect of EBR on the 
extrinsic apoptotic pathway. This effect is specific to SK-N-AS 
cells, and the activation of this pathway needs to be clarified 
in the future. This study also examined Bcl-2 expression as 
an anti-apoptotic Bcl-2 family member. No significant chang-
es in Bcl-2 protein expression were found in SK-N-AS cells. In 
the study by Obakan et al., it was shown that the expression 
of pro-apoptotic proteins Bax, Puma, Bak, and Bim in the PC3 
prostate cancer cell line increased with EBR treatment, while 
the expression of anti-apoptotic proteins Mcl-1 and Bcl-2 de-
creased (14). In the study by Steigerova et al., it was shown 
that the expression of anti-apoptotic proteins Bcl-XL and Bcl-
2 decreased, and the expression of Bax and Bid pro-apoptot-
ic protein decreased with time-dependent EBR treatment in 
MCF-7 breast cancer cell line (17). It has been shown that the 
expression of the anti-apoptotic proteins Bcl-2 and Mcl-1 did 
not change in the MDA-MB-438 breast cancer cell line, the Bid 
pro-apoptotic protein was cleaved, and the expression of Bax 
pro-apoptotic protein decreased. We also evaluated the ef-
fect of EBR on caspase cleavage in the SK-N-AS cell line. The 
cleaved and active forms of caspase-3, caspase-7, and PARP in 
the SK-N-AS cell line were found upregulated, and decreasing 
pro-caspase-9 expression was observed. Although the effect 
of EBR on neuroblastoma cells is not known in the literature, 
caspase-3, -7, -9 and PARP cleavage was observed in DU145 
prostate and MDA-MB-231 breast cancer cells in other studies 
conducted with cancer cells that do not express functional ste-
roid hormone receptors (14,17). 

It is well known that GSK3β can have a tumor-promoting or a 
tumor-inhibiting role, depending on the cancer cell type. The 
previous study by Dickey A. et al. showed that the inhibition of 
GSK3β can increase apoptosis by decreasing the expression of 
the anti-apoptotic proteins XIAP and Bcl-2 (5). The same study 
also suggested that a decrease in cell viability was determined 
by inhibiting GSK3β in Neuro-2A neuroblastoma cells, with the 
induction of apoptosis and cell cycle arrest. The conflicting 
effects of GSK3β on apoptosis are known; it inhibits extrinsic 
death receptor-mediated apoptosis while promoting the mito-
chondrial intrinsic apoptotic pathway. In a study by Petit-Pait-
el et al. in 2009, it was shown that inhibition of GSK3β activity 
in mouse TSM1 neuron cells prevents cell death by inhibiting 
mitochondrial membrane potential changes and subsequent 
caspase-9 and caspase-3 activation (36). In another study it was 
stated that overexpression of GSK3β induced a caspase-depen-
dent apoptosis in neuronal cells via Nuclear Factor κB (NFκB) 
Signaling inhibition. Kotliarova et al. also determined that the 
inhibition of GSK3β causes the activation of oncogenic tran-
scription factor c-myc, thus apoptosis and ultimately cytotox-
icity, by stimulating pro-apoptotic factors such as Bax, Bim, and 



249

Eur J Biol 2022; 81(2): 240-250
Obakan Yerlikaya and Naxmedova. GSK3β is a Crucial Target of Epibrassinolide-Induced Apoptosis

tumor-necrosis-factor-associated apoptosis-stimulating ligand 
(TRAIL) (37). In our study, when cells are exposed to EBR, a de-
crease in the expression of GSK3β and subsequent increase in 
the phosphorylated form of GSK3β by Ser9 were observed, sug-
gesting that EBR could inhibit GSK3β activity. Despite the inhi-
bition of GSK3β, we found that β-catenin levels are downreg-
ulated in SK-N-AS cells after EBR treatment, especially with 10 
mM EBR. Similarly, a decrease in expression of both cytoplasmic 
and nuclear β-catenin was observed in 10 µM EBR treated cells. 
Studies showed that inhibition of GSK3β leads to transcriptional 
activation of different target genes via β-catenin activation. For 
example, the activity of β-catenin has been shown related to 
increasing the number of neurons differentiating from neuro-
spheres (38). The aberrant accumulation of β-catenin in tumors 
is considered associated with p53 inactivation, an important 
tumor suppressor. Sadot et al have shown that the overexpres-
sion of wild-type p53 down-regulated β-catenin in cancer cells 
is accompanied by the inhibition of its transactivation potential 
(39). They suggested that the link between p53 and β-catenin 
requires an active GSK3β and the down-regulation of β-catenin 
is mediated by the ubiquitin-proteasome system. In addition, 
various recent studies also indicated that the down-regulation 
of β-catenin is an important phenomenon to decrease tumori-
genicity, however, it can promote epithelial-mesenchymal tran-
sition, which occurs during metastasis (40,41). Therefore, the 
possible effects of EBR on epithelial-mesenchymal transition 
and metastasis could be examined in future experiments.

CONCLUSION

The data obtained from this study clearly showed for the first 
time that EBR can act on GSK3b signaling and downstream tar-
gets, including β-catenin, and promote apoptosis in SK-N-AS 
neuroblastoma cells. The epithelial-mesenchymal transition 
and metastasis processes activated in response to EBR related 
to Wnt and β-catenin signaling are worth clarifying in the fu-
ture. The obtained data also provides a basis for future studies 
regarding the therapeutic efficacy of EBR and its use in in vivo 
trials related to Wnt signaling.
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