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ARTICLE INFO ABSTRACT

Keywords: Epibrassinolide is a member of brassinosteroids with a polyhydroxysteroid structure similar to steroid hormones
Epibrassinolide of vertebrates. It was shown that EBR decreased cell proliferation and induced apoptosis in different colon cancer
Colon cancer cell lines without exerting a cytotoxic effect in epithelial fetal human colon cells. This finding highlighted the
SCID mouse ial of epibrassinolide in clinical th i i di howed that epibrassinolid

Autophagy potential of epibrassinolide in clinical therapeutic setup. In our previous studies, we showed that epibrassinolide
Apoptosis was able to induce apoptosis via endoplasmic reticulum stress. Recently, we also showed that endoplasmic re-
Cell cycle ticulum and apoptotic stresses can be prevented via autophagic induction in non-cancerous epithelial or

aggressive forms of cancer cells. Therefore, here in this study, we evaluated the anti-tumoral effect of epi-
brassinolide as well as the autophagy involvement in the aggressive forms of colon cancer cell lines as well as in
vivo SCID mouse xenograft colon cancer model for the first time. For this purpose, SCID mouse model was used
for subcutaneous injection of colon cancer cells in matrigel formulation. We found that autophagy is induced in
both in vitro and in vivo models. Following tumor formation, SCID mice were treated daily with increasing
concentrations of epibrassinolide for two weeks. Our findings showed that EBR inhibited the volume and
diameter of the tumor in a dose-dependent manner by causing cell cycle arrest. Therefore our data suggest that
epibrassinolide exerts a cytostatic effect on the agrressive form of colon cancer model in vivo, without affecting
endoplasmic reticulum stress and the induction of autophagy might have role in this effect of epibrassinolide.

1. Introduction

Colon cancer is one of the common types of malignant neoplasms and
shows increasing tendency in terms of both morbidity and mortality
(Siegel et al., 2022, 2021). The lack of physical activity, a low-fiber and
high-fat diet, obesity, tobacco use, and genetic factors are among the risk
factors. Patients with metastatic colon cancer are usually treated with
first- or second-line chemotherapy including oxaliplatin, 5-fluorouracil,
leucovorin, irinotecan, cetuximab, and bevacizumab (Buchler et al.,
2014). However, the prognosis has never been satisfying, especially for
patients with metastatic lesions, and the search for better options still

continue.

Brassinosteroids (BR) are polyhydroxylated phytohormones with
similar structures to animal steroids. Their molecular actions can be
determined during plant cell elongation, cell division, cell differentia-
tion, and immunity. Their signaling mechanism fire by the binding of the
BR ligand to the heteroligomerized receptors (BRI1 and BAK1) localized
on the plant cell membrane. Upon binding of the ligand and the acti-
vation of the receptor, the downstream target BIN2 is inhibited to
release BZR1 and BES-1 to induce BR-responsive gene expression (Peres
et al., 2019). It has been recently shown by our group that a BR deriv-
ative, 24-epibrassinolide (EBR) has a p53-independent apoptotic effect
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via altering polyamine metabolism and mainly inducing endoplasmic
reticulum stress by targeting calreticulin in various cancer cells (Coskun
et al., 2015; Obakan-Yerlikaya et al., 2017; Obakan et al., 2015).
Unfolded protein response (UPR) followed by endoplasmic reticulum
(ER) stress is controlled by 3 membrane located receptors; IRElalpha,
ATF6, and PERK. These proteins transduce the signal of UPR to the
nucleus by specific cascades to prevent ER stress-related cell death or
promote it (Almanza et al., 2019). In resting conditions, all the stress
sensors in the ER membrane are interacting with BiP/Grp78, however
accumulation of un/misfolded proteins, sepatares BiP from the sensors.
This phenomenon induces either their oligomerization and signaling; for
IRE1 and PERK; or the transport to Golgi; for ATF6; to be cleaved and
activated by proteases S1P and SP2 to initiate the transcription factor
role (Bravo et al., 2013). Following autophosphorylation of IRE1laplha, a
transcription factor called XBP1 gets alternative splicing and translation
process and this activity change promotes chaperone proteins to induce
ERAD. IRElalpha also activates ASK1, JNK, and p38-MAPK to induce
different pathways. One of the key protein that has various roles in both
cell survival and cell death is called JNK and is regulated by the heter-
odimerization of a specific peer like Bim or Bcl-2 proteins (Junjappa
et al., 2018). With the autophosphorylation of PERK protein, e[F2alpha
is phosphorylated by serin51 and stabilizes the translation process by
inhibiting or slowing down the process to prevent the accumulation of
unfolded and misfolded proteins. PERK activation also promotes selec-
tive ATF4 activity and NRF phosphorylation by disrupting hetero-
dimerization of NRF2 and KEAP1. ATF4 also promotes CHOP protein
that induces apoptosis which is known as an er-stress-related apoptosis
inducer (Liu et al., 2015). ATF6 has 2 different splicing regions called
SP1 and SP2 and cleaved by Golgi apparatus. Cleaved ATF6 acts as an
activated transcription factor and promotes ER-stress-related chaper-
ones (Hillary and Fitzgerald, 2018). Therefore we previously demon-
strated EBR induced ER-stress regardless of the p53 mutation status of
various colorectal cancer cells (Coskun et al., 2015). In addition, our
studies showed that EBR does not affect normal epithelial cells as an
important outcome of our previous study was obtained in terms of its
usefulness in in vivo experimental set-ups (Adacan and Obakan Yerli-
kaya, 2020). Therefore, we also evaluated the autophagic response in
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both in vitro and in vivo in this study.

Autophagy is a conserved process required for cellular homeostasis
and prevention of nutritional, metabolic, and infection-mediated
stresses by recycling damaged, non-functional proteins, organelles,
lipids, nucleic acids via lysosome-mediated degradation (Kim and Lee,
2014). Autophagy process varies significantly in cancer cells. Depending
on the type, mutations, and cellular content, autophagy protects tumor
cells from stress-related cell death responses by mitigating or degrading
related content. That leads to chemoresistance profiles in various types
of cancers (Li et al., 2019). On contrary, prolonged autophagy can lead
to cell death which is known as programmed cell death 2 (PCD2) (Linder
and Kogel, 2019). Autophagy can be investigated in 3 different path-
ways which are known; macroautophagy, microautophagy, and
chaperone-mediated autophagy. Therefore, we focus our research on
macroautophagy-related pathways. Macroautophagy can be activated
by AMPK in starvation-related conditions by disassociating the mTORC1
protein complex. AMPK phosphorylates ULK-1 which leads to disasso-
ciation of the complex (Fig. 1). Activated ULK-1 induces Beclin-1
dependent autophagic response (Kim et al., 2011). Under homeostasis,
Beclin-1 stays heterodimers with Bcl-2 prevent activation of nucleation.
Under stress conditions, Beclin-1/Bcl-2 heterodimers disassociated by
JNK1 to eliminate the accumulations of stress factors by autophagy This
process is known as the Nucleation of the autophagosome membrane
(Marquez and Xu, 2012). There are various well-understood ATG pro-
teins. These proteins interact between them and eventually form the
ATG5-ATG12-ATG16L1 complex that leads to the Elongation process of
the autophagosome membrane (Fig. 1). ATG7 protein is well known and
essential for macroautophagy. ATG7 forms the ATG5-ATG12 complex
and by interacting with ATG3 these proteins cleave LC3 to its active
form to initiate the maturation process of the autophagosome (Wessel-
borg and Stork, 2015). p62/SQSTM1 marks the cargo that will be loaded
in the autophagosome for degradation. (Liu et al., 2016) (Fig. 1).
Following the maturation of the autophagosome, related content set off
for degradation by fusing with the lysosome to form an autolysosome.
Our previous studies enlightened that EBR could trigger autophagy in
response to EBR treatment in both normal epithelial and colon cancer
cells in vitro to cope ER stress (Adacan et al., 2020; Adacan and Obakan
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Fig. 1. The autophagy signaling pathways.
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Yerlikaya, 2020). on the other hand, excessive activation of this process
leads to the degradation of essential molecules for cell survival which is
known as autophagic cell death. Recent findings suggest that autophagy
can directly regulate cell death depending on the death stimulus, cell
type, and context. The interplay between apoptotic cell death and
autophagy is quite complicated and several apoptotic proteins are
having role during this processes including caspases and Bcl-2 family
members (Chen et al., 2019). For instance, caspase-9 and — 3 have been
shown to inactivate ATG5 and Beclin-1 to initiate autophagy (Wirawan
et al., 2010). Similarly, Bcl-2, Bim and Bax proteins are also interacting
partners of Beclin-1 to coordinate the balance between autophagy and
apoptosis (Kale et al., 2017; Lindqvist et al., 2014). Since cancer is
basically a disease of uncontrolled cell division, the development and
the progression is strictly linked to changes in the activity of cell cycle
regulators, cyclins and cyclin-dependent kinases (CDKs). Both apoptosis
and autophagy show a considerable correlation with the stress-related
cell cycle responses. Therefore we also evaluated the expression levels
of cyclins and CDKs in colon tumors excised from SW480 cells bearing
SCID mice.

Cancer cell proliferation depends on the continuous activation of the
cell cycle phases, G1, S, G2/M which is driven by cyclin-dependent ki-
nases (CDKs) and their counterparts, cyclins. The CDK4 and CDK6 by the
association of cyclinD1, D2 and D3, drive cell cycle progression from G1
into S phase, during which DNA replication occurs (Canavese et al.,
2012). On the other hand, p16 and p21 are the negative regulators of the
cycle (Ding et al., 2020). During S phase CDK2 forms a complex with
cyclinA2 to exhibit progression. Finally the activation of cyclinB1 in
complex with CDK1 is in charge during G2 phase of the cycle. All the
mentioned proteins are targeted for the inhibition of cancer cell
proliferation.

Our results showed that EBR, as suggested by our group as an
apoptotic inducer, was able to induce autophagy in SW480 and DLD-1
colon cancer cells in vitro via the upregulation of Atg5-7, Beclin-1 ex-
pressions, and LC3 lipidation. In addition, the decrease in the expres-
sions of p62 and Bcl-2 also show support the autophagic induction. The
3D cell culture results showed that EBR treatment was able to diminish
spheroid diameter and altered the expression profiles of claudin, e-
cadherin and p-catenin. We next subcutaneously administered SW480
cells to SCID mice in matrigel and treated with daily dose of increasing
EBR concentrations (0-720 pg/kg) for two weeks. EBR treatment was
able to reduce tumor volume and diameter, inhibiting the cell cycle
progression. We also observed that mice treated with EBR exhibited a
downregulation in mTOR and p62 expressions and mTOR phosphory-
lation, suggesting that autophagic induction occurs. Interestingly, no ER
stress induction was observed in tumor samples generated with SW480
inoculation. BiP/Grp78 and CHOP expressions were higher in untreated
tumor samples correlated with the poor prognosis of SW480 bearing
SCID mice. Finally, we conclude that EBR treatment was able to stop the
tumor progression in mice bearing an aggressive tumor model and in-
duces cytostatic responses rather than a cytotoxic response in vivo.

2. Materials and methods
2.1. Cell Culture

Colon cancer cells SW480 (ATCC # CCL-228) and DLD-1 (ATCC #
CCL-221) were cultured at 37 °C in a humidified 5% CO2 incubator
(HERAcell 150; Thermo Electron Corporation, Waltham, MA, USA).
DLD-1 cells were grown in McCoy’s 5 A medium (PAN Biotech, Aiden-
bach, Germany), SW480 cells were grown in MEM medium (PAN
Biotech). All media were supplemented with 10% fetal bovine serum
(PAN Biotech) and 10000 U penicillin/ml, 10 mg streptomycin/ml
(PAN Biotech). EBR (CAS 78821-43-9) was purchased from Apollo Sci-
entific. It was prepared at a stock concentration of 5 mM. EBR was used
at a final concentration of 30 uM in vitro studies which was proved by
our group as the apoptotic concentration in our recent articles. For in
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vivo studies, EBR was prepared with DMSO as the solvent and mice
treated with increasing concentrations of EBR (0-240-480 and 720 ng/
kg). It was completed with saline to 200 pl final volume and prepared in
500 pl syringes. Injections were performed into the peritoneal area of
SCID mice and repeated daily for 15 days.

2.2. Cell Viability Assay

SW480 and DLD-1 cells were seeded into each well of a 96-well petri
dish at a density of 1 x 10* cells, and the cells were incubated in a 37 °C
in a CO2 incubator. Cells were treated with 30 pM EBR for 12, 24, and
48 h. At the end of the incubation, 5 mg/ml of 3- (4,5-dimethyltriazol-2-
yD)-2,5-diphenyltetrazolium bromide ( MTT) agent was added and cells
were incubated at 37 °C for 4 h. The resulting formazan crystals were
solubilized in 200 pl dimethyl sulfoxide (DMSO). The microplate was
measured in ELISA reader for the absorbance rate at two wavelengths at
570 nm and 655 nm.

2.3. Wound Healing

SW480 and DLD-1 cells were seeded at 5 x 10* cells in a 35 mm petri
dish to obtain morphology overnight. The next day, the cell monolayer
was wounded with a 200 ul pipette tip and the wound width was
measured under light microscope. Untreated and treated samples with
30 pM EBR were incubated for 12, 24, and 48 h. The wounds were
observed under the microscope and the widths were measured daily
after incubations. After the measurement, the fixed cells were stained
with crystal violet (0.5% w/v crystal violet, 25% methanol) at room
temperature (RT) for 40 min, and the results were confirmed under the
light microscope.

2.4. Fluorescence Microscopy

Cells were seeded at 1 x 10* cells in a 6-well petri dish and incubated
overnight. Cells were treated with 30 pM EBR for 48 h.

2.4.1. 4,6-diamidino-2-phenylindole (DAPI) staining

The medium was replaced with the fresh medium containing 5 mg/
ml DAPI and incubated for 10 min. The dye bound to the DNA was
visualized under the fluorescence microscope at 350 nm excitation and
420 nm emission.

2.4.2. 3,3'-dihexyloxacarbocyanine iodide (DiOC6) staining

The medium was replaced with the medium containing 400 nM
DiOC6 and incubated for 15 min. Cells with healthy mitochondrial
membranes were displayed as green at 488 nm excitation and 525 nm
emission at the end of the incubation period under the fluorescence
microscope.

2.4.3. Acridine orange staining

The medium was replaced with the fresh one containing 2 mg/ml
acridine orange. Acridine orange emits green fluorescence (520 nm)
when bound to dsDNA that can pass through the cell membrane, and
orange fluorescence (650 nm) when it stains ssDNA, RNA, or acidic
compartments. After 10 min of staining, the media was changed and the
cells were observed under fluorescence microscopy. Colon cancer cells
were kept in an FBS-free medium for 2 h as a positive control and a
starvation cell model was established.

2.4.4. Monodansylcadaverine staining

The medium was replaced with a fresh one containing 0.05 mM
MDC. MDC specifically accumulates in regions containing lysosomal
enzymes, acid phosphatase, and cathepsin D. The media containing
MDC was changed after 10 min and observed under the fluorescence
microscope. Colon cancer cells were kept in an FBS-free medium for 2 h
as a positive control and a hungry cell model was established.
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2.5. Spheroid on agar

1% agarose gel was poured into 96 Petri dishes and allowed to jell.
SW480 and DLD-1 1 x 10* cells were seeded in a petri dish with and
without 30 uM EBR in a final volume of 50 ul without contacting the
agar. 1x PBS was added surrounding wells to prevent evaporation. The
spheroid structure was examined the next day. According to the exper-
iment plan, incubation was performed for the desired time, and imaging
was performed under the microscope.

2.5.1. Hanging drop

SW480 (ATCC CCL-228) and DLD-1 (ATCC CCL-221) cells were
seeded on the lids of 60mm2 Petri dishes at 1 x 10° cells in 20 yl me-
dium. For EBR treatment, 1 x 10% cells were prepared in a medium
containing 30 uM EBR in a final volume of 20 ul and seeded onto a
60mm2 petri dish. 10 ml PBS is added into the Petri dishes and carefully
covered. Petri dishes were incubated at 37 °C, 5% CO2, overnight. Ac-
cording to the experiment plan, incubation was performed for 24 and
48 h, and imaging was performed under the microscope. The experi-
ment was repeated at least 20 times.

2.5.2. Spheroid staining

DiOC6 and DAPI dyes were prepared at 2x concentrations in a final
volume of 50 ul for the spheroid cell model and 20 pl for the hanging
drop cell model. In the spheroid cell model, they were carefully added to
the Petri dishes without contacting the medium, and after the incubation
period for each dye, spheroids were visualized under the fluorescence
microscope. In the hanging drop model, dyes were slowly added to the
side of the drop without disturbing the drop structure and incubation
was performed in a time-varying according to the dyes. After incubation,
imaging was performed under the fluorescence microscope for required
excitation and emission wavelengths.

2.5.3. Colony Formation Assay

Colon cancer cells SW480 and DLD-1, were seeded at 1 x 10* cells in
a 6-well petri dish and incubated overnight for attachment. 30 pM EBR
was applied to the cells. After 12, 24, and 48 h of drug administration,
cells were replaced with fresh media. The media in the wells were
removed after 14 days, washed with 1xPBS, and incubated for 5 min
with a 3:1 ratio of methanol: acetic acid for fixation. After the fixation,
cells were stained with crystal violet and visualized under light
microscope.

2.5.4. Protein Isolation and quantification

1.5 x 10° SW480 and DLD-1 cells were seeded in 100 mm2 Petri
dishes. The cells were then kept in the incubator following 30 uM EBR
treatment for 12, 24, and 48 h. Later, cells were collected from the Petri
dishes by a scraping method using 1x PBS solution and precipitated by
centrifugation at 16,000 g for 2 min. This process is repeated until all
the cells in the Petri dish were collected and precipitated. Lysis buffer
was added to the cells following the removal of the supernatant. The
samples were incubated for 20 min at RT in a shaker and then centri-
fuged at 16,000 g for 20 min at + 4 °C. The supernatant was taken into a
new microcentrifuge tube and stored at — 80 °C as the total protein
isolates. PhosSTOP™ (Sigma Aldrich, Schnelldorf, Germany) was used
for the detection of phosphorylated proteins. Protein quantification was
carried out using the Bradford method, and a standard curve was first
constructed using increasing amounts of Bovine Serum Albumin (BSA).
1 ul of each sample was added and 200 pl of Bradford solution was
added on it and left in the dark for 5 min. The samples were read in a
microplate reader at 595 nm wavelength. Protein concentration values
were obtained by using the absorbance values formed.

2.5.5. Westernblotting
For the immunoblotting technique, the isolated proteins were mixed
with Laemmli (5X) loading buffer and 40 pg protein samples were
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prepared by keeping them at 95 °C for 5 min. Then, the protein samples
were loaded into 12% acrylamide/bisacrylamide gels at the specified
concentrations. Following the running step, protein samples were
transferred to the polyvinyl fluoride (PVDF) membranes activated by
methanol. After the transfer process, the membranes were kept on a
shaker in 5% skim milk powder (1xTBS containing 0.1% Tween 20) at
RT for 1 h. Membranes were kept at + 4 °C overnight in the selected
primary antibodies prepared at a ratio of 1:1000 (Cell Signaling Tech-
nologies). After the primary antibody labeling, the membranes was
washed with 1xTBS-T solution three times for 5 min before being
incubated with the secondary antibodies. Following overnight incuba-
tion with the secondary antibodies (1:3000), the membranes were
washed with TBS-Tween solution twice for 5 min and with TBS solution
once for 5min. Membranes were treated for 2 min with chem-
iluminescence solution and the signals from the HRP conjugated sec-
ondary antibodies were detected using Chemidoc MP Imaging system
(Bio-Rad Laboratories, Hercules, CA). All results were repeated at least
three times and the representative blots were given. All antibodies were
purchased from Cell Signaling Technology.

2.5.6. Immunofluorescence

Cells were seeded on poly-p-lysine coated coverslips at a density of
1 x 10* cells/well. After 30 uM EBR treatment, the medium was dis-
carded and cells were washed 3 times with 1x PBS. Then, 1 ml methanol
was added and the samples were incubated for 10 min at RT. After the
methanol removal, the coverslips were allowed to dry and washed 3
times with 1x PBS. Then, 1 ml Triton X-100 solution was added to the
samples and were subjected to 15 min incubation at RT, washing step
was performed 3 times with 1x PBS. After washing step, 1x PBS solution
containing 0.5% BSA (PBB) was added 3 times, and incubated for
45-60 min with 1 ml of PBS solution containing 2% BSA (BLOCK) at RT
(10-15 rpm). The prepared primary antibody was placed on the cover-
slips. The well was covered with a tightly wet filter paper, covered with
foil and incubated overnight on a shaker at 4 °C at 10-15 rpm. The next
day, coverslips were washed with 500 pl PBB solution 3 times, DAPI was
added to the prepared secondary antibody and added into the wells,
Wells were covered with a wet filter paper and covered with foil. After
the incubation period for 60 min on a shaker at 4 °C at 10-15 rpm.
Following 3 washing steps with 500 pl PBB solution, a drop of 1x PBS
was dropped on the slides, and coverslips were covered with the cells at
the bottom. The coverslips were transferred to the wells, facing upwards,
and 1 ml PBS were added to each wells. A stretch of wet filter paper was
placed on wells, covered with foil, and can be stored at 4 °C until light
microscopy investigation.

2.6. 3D Cell Culture

96-well Petri dishes were used for 3D cell culture using BD Matrigel
Matrix (356234). In 50 ul matrigel, 5 x 103 SW480 colon cancer cells
were mixed with 50 ul MEM at a ratio of 1: 1 and placed in 96-well Petri
wells in 4 repetitions for each condition. EBR was added to the wells
where EBR was applied, with a total volume of 100ul in a total volume of
30 uM EBR in 50 pl cell mixture and mixed with matrigel at a ratio of 1:
1, and the final concentration was fixed. 1xPBS was added to the sur-
rounding empty wells to prevent evaporation. Spheroid-forming cell
populations were determined in the wells monitored by microscope
every day, and spheroid sizes were checked every day. At the end of the
7th day, the experiment was terminated as the spheroids interacted with
each other in the control group and reached a level that would affect the
accuracy of the experiment.

2.6.1. Agar chemotaxis assay

1% and 0.6% agars were prepared and autoclaved. 2x FBS containing
medium was prepared for bottom agar. 1% agar is cooled and mixed
with 2x FBS containing medium at a ratio of 1:1 and 1.5 ml of the
mixture is placed at the bottom of each well of 6-well petri dishes and
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allowed to polymerize. For the top agar, 5 x 10° SW480 cells were
mixed with 0.6% agar in 1.5 ml and added.

at the top of the bottom agar in a 1:1 ratio. In the conditions where
EBR was added, 5 x 10° cells were added in 750 ul media containing
30 uM EBR and mixed with 750 ul of 0.6% agar. After the top agar is
placed, they were incubated for 30 min at room temperature. After
polymerization, samples were kept in a 5% CO, incubator at 37 °C. Later
cells were visualized under the light microscope.

2.6.2. In vivo experimental set-up

The experiments were carried out at Actbadem University, Trans-
genic Animals Laboratories, with the ethics committee approval
(approval number: HDK-2019-34). A total of 18 female, two weeks age,
severe combined immunodeficiency (SCID) mice were used in the ex-
periments. Experimental groups were as follows: Healthy mice receiving
EBR, tumor bearing control group, tumor bearing vehicle treated group,
tumor bearing 240 pM EBR treated group, tumor bearing 480 pM EBR
treated group, tumor bearing 720 pM EBR treated group. 7 x 10°
SW480 colon cancer cells were inoculated with 200 ul of matrigel into
the right limb cavities of mice. After 40-day incubation period, SW480
tumor sizes became visible in mice. Tumor sizes of the mice divided into
groups were measured with the help of an electronic caliper every two
days. The mice were weighed at daily intervals of 5 days before the daily
EBR injections on the precision balance and their weights were noted.
Before the mice were sacrificed, they were anesthetized with isofluorane
and 500 pl of blood was collected from the jugular vein of the mice, and
serum was preserved for further experiments. The mice were then
sacrificed, their tumors were removed and their pictures were taken.

2.6.3. Protein isolation from tumor samples

T-PER Tissue Protein Extraction Reagent (78510) was used for pro-
tein isolation from tumors. Pieces taken from the tumors with a scalpel
were cut into small sections on foil and weighed in tared microfuge tubes
with a volume of 2 ml and homogenized on ice using a Dounce ho-
mogenizer, keeping the ratio of 1gr: 20 ml T-PER. Before T-PER was
used, 1 tablet of complete, EDTA-free protease inhibitor cocktail
(11836170001) was added in 10 ml. For phosphorylated protein isola-
tion, the process was repeated up to this point and 1 tablet of protease
inhibitor followed by 1 tablet of PhosSTOP (4906845001) tablet was
added into 10 ml T-PER. After the homogenization process was
completed, samples were centrifuged at 10,000 g for 5 min and the su-
pernatant protein content was transferred to a separate 1.5 ml micro-
fuge tube and stored at —80°C freezer.

2.6.4. ELISA

Human CEA ELISA Kit (Abcam, ab99992) was used for ELISA ex-
periments. Blood samples obtained from mice were kept at room tem-
perature for 30 min and blood was allowed to clot. Then the samples
were centrifuged at 2000 g for 10 min. A visible difference between
blood and serum was obtained and the serum was transferred to a new
1.5 ml microfuge tube. 50 microliters of serum samples were divided
into new 0.5 ml PCR tubes with 2 replicates for each sample and
completed to 100 pl final volume with Assay Diluent A provided by the
kit. The recombinant human CEA standards provided by the kit were
prepared by serial dilution technique as specified and diluted to at least
three samples. The samples were added to the wells and incubated
overnight at + 4 °C in a low-speed rotating incubator. The next day,
washing steps were carried out 4 times with 300 ul 1x wash solution and
100 pl of 1x biotin-labeled CEA antibody was added to each well and
incubated at low speed for 1 h at room temperature. The same washing
steps were repeated after incubation. After washing, samples were
incubated at low speed for 45 min with 100 pl 1x Streptavidin solution
and were washed once more. Subsequently, TMB was added to a single-
step substrate solution and incubated for 30 min at low speed in the
dark. After incubation, 50 ul Stop solution was added and read at
450 nm. The results have been analyzed in elisaanalysis.com belonging
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to the company elisakit.com and the values have been interpreted.

2.6.5. Immunohistochemistry

The sections taken from the tumors were kept in 10% buffered
formalin solution at 4 °C for 16 h. Samples washed with 70% ethanol
every other day for 1 week were subjected to tissue follow-up after 1
week. In tissue follow-up, samples were kept in 70% ethanol for 10 min,
with 80% ethanol for 20 min, then in 90% ethanol for 20 min, in 96%
ethanol for 15 min, in 100% ethanol for 15 min, in 100% ethanol for
15 min, and then kept in xylol for 2 times for 5 min and 42- Transfer to
44 paraffin and let stand at 44 °C overnight. The next day, 58 paraffin
transfers and tumor samples were incubated at 58 °C for 2 h. After in-
cubation, the tissues were embedded in 58 paraffin and kept at room
temperature for 1 week to harden. In the sectioning process, the paraffin
blocks placed in the microtome were sectioned with a thickness of 4
micrometers, taken on prepared slides covered with poly-L-lysine in a
water bath at 40 °C, and incubated at 37 °C overnight. The slides were
taken into the chalet and kept 2 times in xylol for 5 min. Then, it was
kept in 100% ethanol for 2 times 5 min, in 95% ethanol for 2 times
5 min, in 70% ethanol for 2 times 5 min and it was kept in dH20 for
5 min. For antigen enhancement technique, slides were placed in a
special heat-resistant container and the container was filled with 10 mM
citrate buffer and boiled in the microwave for 15 min. Then, the slides
were washed for 10 min with a washing buffer consisting of 50 mM tris
+ 0.01% tween20. After washing, it was treated with 1.5% H202 pre-
pared in methanol for 15 min. Slides treated with the blocking solution
contained in the Noves HistoStain Plus kit for 10 min were coated with
Ki67 prepared with a dilution of 1:100 and cytokeratin18 was prepared
with a dilution of 1:200, and covered with a slider-sized parafilm. The
closed slides were kept at 4 °C overnight for primary antibody binding.
The next day, the slides taken in the washing buffer were washed for
15 min, and the secondary antibody contained in the kit was added and
waited for 30 min. After incubation, the slides kept in the washing buffer
for 10 min were treated with Streptavidin peroxidase in the kit for
10 min. Afterward, the slides taken into the washing buffer were
transferred to dH20 by waiting 10 min more. Slides treated with the
AEC kit were allowed to wait for reaction time. By calculating the re-
action time, AEC was applied to all samples for the same time and the
reactions were terminated with HyO. After finishing, the slides were
covered with glycerol-vinyl-alcohol (GVA) Mounting Solution and
covered with a lamel. Samples were visualized under the light
microscope.

2.7. Statistical analysis

All the experiments were statistically analyzed by GraphPad Prism 6
software (http://www.graphpad.com/). Error bars in the graphs were
generated using =+ standard deviation (SD) values. A statistical signifi-
cance test was utilized by using ANOVA Bonferroni’s multiple compar-
isons test. p < 0.05 was taken as a level of significance. Results were
repeated at least three times. The immunoblotting results shown are
representative of three separate experiments.

3. Results

3.1. Epibrassinolide treatment decreased cell viability in DLD-1 and
SWA480 colon cancer cells and altered Akt/mTOR/Ulk-1 signaling

We first examined SW480 and DLD-1 colorectal cancer cell viability
following EBR treatment. Our results showed that 30 pM EBR decreased
cell viability in a time-dependent manner for both cell lines (Fig. 2A).
EBR treatment also induced autophagy within 48 h. In SW480 cells,
PAMPK Thr172 was upregulated by 2 fold at 48 h, however, it was found
downregulated in a time-dependent manner in DLD-1 cells. The active
form of Ulk1 protein is represented by Ser555 phosphorylation (Fig. 2B).
We found that pUlkl Ser555 was increased after 24 h in SW480. In



P. Obakan Yerlikaya et al. International Journal of Biochemistry and Cell Biology 155 (2023) 106360

SW480 DLD-1 Fig. 2. EBR induced cell viability loss
A. g™ mmswaso B EBR 0 12 24 48 EBR 0 12 24 48 and caused autophagic induction in
z DLD-1 SW480 and DLD-1 cells. A. The effect of
E 100 e p-AMPK Thr 172 (62 kDa) time-dependent EBR treatment (30 pM)
3 [ oo  AMPK (62KD2) on cell viability in SW480 and DLD-1
% 50 [—===—=]  ULK-1(150kDa) [EI cells were determined by MTT assay.
3 III p-ULK-1 Ser555 (150 kDa) DMSO effect was also tested for both 24
SAPK/JNK Thr183/Tyr185 : and 48 h. " p < 0.0001,
P (54/46 krDa) v * **p < 0.001 B. Total protein was iso-
@ SAPK/UNK (54/46 kDa) s s s s lated after time-dependent EBR treat-
) [E ment, and the expression profiles of
[ﬂ] Beclin-1 (60 kDa) autophagy biomarkers and upstream
- A Bel-2 (27 kDa) E’ regulators were determined by immuno-
E ATG3 (40 kDa) E blotti‘ng using appropria}e antibodies.
‘E! ATGS (55 kDa) E B-actin was used' as loading control. C.
The densytometric analyses of the bands
T - - ATG7 (78 kDa) IE were given as column graphs for SW480
[========1]  ATGI12(53kDa)  |wme "™ s om|  and D. DLD-I cells. E. SW480 and DLD-1
EI p62/SQSTMA (62 kDa) Z’ cells were treated with EBR for 48 h.
I:I Autophagic and acidic vacuoles were
LC3 A/B (14/16 kDa) labeled with monodansylcadaverine
[ em e am| pACtin(@5KDY) | ———] (MDC) and acridine orange (AO). LM:
light microscopy, Magnification:20 x 10.
c b F. Detection of LC3 and p62/SQSTM1
' expression levels in EBR treated colon
SW4800 DLD-1 .
cancer cells for 48h by immuno-
- 8
18 =Eo B3 o (fluoresence. DAPI Was.used t? detect
O 2 nucleus and the p-actin labeling was
> 082 2 6 performed for the housekeeping expres-
@ 107 024 e 024 gon, Magnification: 40 x 10.
3 14 Sa 48
2 2
o 5- ©
m o,
0 0
VS B o oG S a0 VNP o DNV P DO
N SRRV L0 A A . N Y &
o&é \)\;67} 64:\ Qo\\ Ve e v {.\\60 Vv «‘\( K% 90{" ‘\(ié’\\o F v‘$ v‘.\ 94\0 0?} VOA"
S N7af 9
\g&- 0\3-‘\(3, QQ;» Q@ \'3'(3”5 6‘3
T N ,\5,\\‘ Q
< Q@ ¥ <
& ] &
> &
& N
g o
o R
< 2
R
Sw480 DLD-1
EBR - + - - + -
E Starvation = = + e = +

MDG staining

1]

AO staining

DLD-1

SW480



P. Obakan Yerlikaya et al.

contrast to SW480, EBR treatment induced pUlkl Ser555 activity
following 12 h in DLD-1 cells (Fig. 2B). pSAPK/JNK Thr183/Tyr185 also
were upregulated in a time-dependent manner in SW480 cells.
Conversely, the decreased phosphorylated protein expressions were
observed in DLD-1 cells (Fig. 2B). We next examined the expression
profiles of Bcl-2, since it is a critical protein which binds to Beclin-1,
preventing its activity and removed by JNK protein. We found that
Bcl-2 protein expression decreased in a time-dependent manner and
more importantly completely abolished after 48 h of EBR treatment in
SW480 cells (Fig. 2B). The expression of Bcl-2 in DLD-1 cells was only
half decreased following 12 h EBR exposure, and became the same as
control samples after 24 h. We also observed that both cell lines
exhibited increased expression of Beclin-1 after both 24 and 48 h EBR
exposure, suggesting that SW480 cells might have an increased up-
stream signaling for autophagy induction, and DLD-1 cells lost the up-
stream signaling throughout time. To understand the execution of
autophagy, we checked ATG protein expressions and showed that all
four major ATG proteins 3/5/7/12 were upregulated in both cell lines
with a time-dependent EBR treatment (Fig. 2B). The lipidated form LC3
protein, LC3-B 2nd which represents the activation of autophagosome-
related activity exhibited an increased expression at all time point ap-
plications of EBR in each cell lines. We also confirmed the autophagic
activity by checking the expression profile of p62/SQSTM1. Fig. 1B
clearly indicated that 30 pM EBR treatment able to downregulate time-
dependently the p62/SQSTMllevels, proving that there are
autophagosome-lysosome fusion and correct execution of autophagy
(Fig. 2B). All the alterations in band densities were calculated with
Graphpad Prism and given in Fig. 2C and D. The increase levels of mono-
dansyl-cadaverine (MDC) and acridine orange staining also clearly
showed that autophagic vesicles and more specifically acidic ones were
increasing after EBR treatment for 48 h (Fig. 2E). We further examined
the activation and execution of autophagy via immunofluorescence as-
says. The most crucial markers for autophagy known to be are LC3 and
SQSTM1. The results of the immunofluorescence experiments are also
positively correlated with the western blot results of these specific
proteins. Upregulation of LC3 protein and downregulation of SQSTM1
protein expression observed with the immunofluorescence assay
following 48 h of EBR treatment (Fig. 2F). Collectively, these results
prove EBR-induced autophagy in DLD-1 and SW480 cells.

3.2. Epibrassinolide reduced the diameters of spheroids in both hanging
drop and on-agar models of colon cancer cells

The 3D colon cancer models were generated by hanging drop and
agar plates to show the anti-cancer potential of EBR before moving to the
in vivo experiments. We observed shrinkage of the spheres following 24
and 48 h of 30 pM treatment in both experiments. The diameter of
spheres were diminished compared to untreated samples as shown in
Fig. 3A. We also stained the 3D tumor models with DiOC6 and DAPI, and
showed that the mitochondrial membrane potentials are lost and the
viable cell numbers decreased with the EBR exposure after 48 h
(Fig. 3B). SW480 cells were picked for in vivo experiments, since they
are much more sensitive to EBR than DLD-1 and defined as aggresive
colon cancer model. Therefore we performed 21 days long spheroid
assay to determine the 3D viability of the SW480 spheres following EBR
treatment. As shown in Fig. 3C, SW480 spheroid has a diminished
diameter and dark parts, possible necrotic cells, however they survived
after 21 days of EBR treatment (Fig. 3C). Lastly, we used matrigel as a
basement membrane matrix and formed 3D SW480 culture. Fig. 3D
showed that EBR exerted a cytostatic effect in 3D in vivo mimicking
environment (Fig. 3D).

3.3. Epibrassinolide treatment reduced wound healing without affecting
the expression of EMT biomarkers

Next, we evaluated the mobility of SW480 cells, by an agarose
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chemotaxis assay. The upper part of the agarose mixed with a lower
concentration of FBS, whereas the lower part with higher FBS concen-
tration. The experiment was observed for 21 days. As seen in Fig. 4A,
there were little fracture of cells showing positive chemotaxis to lower
part of the Petri dish compared to untreated sample. Later, specific
protein markers of cell mobility were determined via western blotting.
Claudin-1 and E-cadherin expressions were downregulated following
EBR treatment for 48 h. p-catenin expression was found downregulated
following 48 h EBR treatment. However, no change was observed for
vimentin expression level (Fig. 4B). To determine the mobility of
SW480, we performed a scratch assay. Following EBR treatment, the
mobility and the wound healing potential of the cells were decreased
compared to after 48 h EBR treatment (Fig. 4C).

3.4. Intraperitoneal epibrassinolide administration reduced the overall
tumor diameters and decreased the serum CEA levels in SCID mouse colon
cancer xenograft model

Following 15 days of increasing concentrations of EBR treatment in
SCID mice, tumor mass in diameters, and tumor volumes were drasti-
cally decreased (Fig. 5A). Representative images of tumors are shown in
the figure (Fig. 5B). There were no changes observed regarding SCID
mice weight after SW480 inoculation (Fig. 5C). Representative SCID
mice images are shown in the figure (Fig. 5D). According to the data
obtained from CEA ELISA, CEA concentration was not determined in the
serum of mice without a tumor. However, 590 ng/ml CEA concentration
were detected in the tumor control group and 720 pg/kg EBR adminis-
tration lowered the CEA concentration to 12 ng/ml (Fig. 5E). Ki67 is also
known as a marker of proliferation and coded by the MKI67 gene. CK18
coexpressed with complementary partner CK8 and considered as a
prognostic biomarker that is involved in both motility and tumor pro-
gression. Histological examination and the related graph showed
decreased signals of Ki67 and CK18 antibodies following EBR treatment
(Fig. 6A and B).

3.5. Endoplasmic reticulum stress and apoptotic markers were not
induced in tumor samples after epibrassinolide administration while cell
cycle is impaired

We next analyzed the expression levels of signaling pathways,
autophagy and ER stress affected that we know from our previous
studies. mTOR and pmTOR levels were downregulated following
720 pg/kg EBR treatment in tumor samples. There was no specific
autophagy induction observed related to AMPKa phosphorylation.
However, p62/SQSTM1 protein levels depleted following EBR treat-
ment. There was no ER stress-related activation observed. However,
BiP/Grp78 and CHOP levels were higher than expected in control tu-
mors. Which can relate to poor prognosis and altered progression of
control tumors (Fig. 6C). To further determine the role of EBR treatment
in SW480 tumors, we examined other important cancer pathways,
apoptosis and the cell cycle progression via westernblotting. There were
no specific alterations observed of pro-apoptotic Bax, Bim, Caspase9,
cleaved-Caspase3, and cleaved PARP expressions. However, Bcl-2 pro-
tein expression was downregulated following EBR treatment (Fig. 7A).
In addition we observed that CyclinB1, CyclinD3, CyclinA2 levels were
depleted after 720 pg/kg exposure of EBR to SCID mouse colon cancer
model. Next, we also checked the expression of CDK4, CDK6, P21 Wafl/
Cipl, and P27 Kip1 protein levels. We observed that CDK4 and CDK6
protein levels also depleted and P27 Kipl specific cell cycle blocker
protein upregulated drastically, rather than p21 (Fig. 7B).

All these findings suggest that, EBR is an apoptotic inducer in vitro
and can act on different signaling pathways including ER stress and
autophagy. The autophagy induction was seen in both aggresive forms
of colon cancer representing cell lines SW480 and DLD-1. SW480 was
found more vulnerable, despite the autophagic induction, which was
supported by the 3D cell culture techniques aiming to show potential in
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vivo effects. When administered to SCID mice, SW480 cells generated
colon cancer tumor and their diameters and mass have diminished
following EBR administration. Despite the in vitro findings, EBR treat-
ment in mice did not induce ER stress induction or autophagic regula-
tion, however induced cell cycle arrest at 720 pug/kg concentration. In
addition the inhibition of Ki67 and CK18 were suggested as promising
effects of EBR. Taken together, EBR can be considered as a successful
therapy model for colon tumors to activate cytostatic responses rather
and cytotoxic ones.

4. Discussion

EBR is a BR member that acts as a growth hormone in plants. Due to
the structure of EBR, it is emphasized that the molecular mechanism in
mammals can be associated with steroid hormones. Although its mo-
lecular mechanism in plant cells was elucidated many years ago, studies
on its molecular effects in cancer cells were relatively new. Many
research groups demonstrated that EBR promotes cell cycle arrest as
well as disrupts polyamine metabolism and induces ER stress-related
apoptosis in colorectal cancer cells, prostate cancer cells, and breast
cancer cells (Coskun et al., 2015; Kohli et al., 2020; Obakan et al., 2015).
To understand the molecular targets of EBR, SILAC assay was performed
by our group and obtained the result that EBR targets chaperone protein
calreticulin and promotes ER-stress related pathways (Obakan-Yerlikaya
et al., 2017).

In this study we aimed to show the anti-tumoral effect of EBR in
colon cancer cells by 3D cell culture as well as in vivo SCID mouse
model. SW480 and DLD-1 colorectal cancer cell lines that have different
p53 profiles and both exhibited cell viability loss after 30 pM EBR in a
time-dependent manner. We found that SW480 cell viability decreased
below 50% following 48 h of EBR treatment. However, DLD-1 cells
presented a robust profile compared to SW480. Our recent study also

pointed the same situation with different p53 profiles (Coskun et al.,
2015). Our previous study also demonstrated that EBR promotes
PI3K/Akt-related pathways to induce autophagy and polyamine meta-
bolism in SW480 and DLD-1 colon cancer cells (Adacan and Obakan
Yerlikaya, 2020). We showed that the induction of autophagy were
enlightened. We demonstrated that EBR disrupted energy metabolism
and activated AMPK protein by Thr172 phosphorylation with this study.
The first induction of AMPK was found at 12 h time period following
EBR treatment in both SW480 and DLD-1 cell lines. However, while
SW480 cells kept the signaling through AMPK, DLD-1 cells decreased the
signaling at 48 h. Regarding this result, we might conclude that both cell
lines deprived of energy following EBR treatment and tried to replenish
it by autophagy through AMPK protein (Willows et al., 2017). Activated
AMPK phosphorylated ULK-1 at Ser555 and promoted ULK-1 regulated
autophagic signaling by disassociating mTORC1 in both early time and
late time treatment in DLD-1 and SW480 cell lines. However, DLD-1 cells
kept the signaling at a 24 h time point to survive from initial stress. Even
though ULK-1 protein upregulation means autophagic induction, the
phosphorylated form of ULK-1 increased in 24 h time point in SW480
cells. This indicates that SW480 survived from the initial stress by other
chaperon proteins for the alternative extinguishing method (Hardie,
2011). Highly altered JNK expression disrupts Beclin-1/Bcl-2 hetero-
dimerization by phosphorylating Bcl-2 protein to mark it as cargo for
degradation. SW480 depleted Bcl-2 expression is positively correlated
with JNK phosphorylation after 48 h EBR treatment. Bcl-2 expression
levels were upregulated following JNK depletion which can be corre-
lated with the extinguishing of EBR related stress and the need for
autophagic signaling (Dai et al., 2013). JNK is also known as a cross-
talking protein that promotes various pathways (Shen et al., 2003).
Following initiation of nucleation, ATG proteins are involved in forming
the autophagosome for cargo degradation. ATG3, ATG5, ATG7, and
ATG12 actively work in the nucleation and elongation process (Arakawa
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B-Actin was used as a loading control.

etal., 2017). All the stated ATG proteins upregulated in both SW480 and
DLD-1 cells in a time-dependent manner and promoted lipidation of LC3
protein. However, ATG5 and ATG7 are not necessary to finalize auto-
phagy. In our previous study, we showed that EBR can promote an
ATG5/7 independent pathway of macroautophagy in ATG5 -/- MEF cells
(Adacan et al., 2020). p62/SQSTM1 accumulated following EBR treat-
ment indicates that cells were tagging cargo molecules to promote
intense autophagy to delay stress-related cell death. In both SW480 and
DLD-1 cell lines, p62/SQSTM1 depleted in 48 h, and this result might be
correlated with autophagic cell death in addition to survival benefits
(Tsai et al., 2012). This intense autophagic signaling following 48 h EBR
treatment also determined with immunofluorescence assays of both

11

LC3-II and p62/SQSTM1 to indicate the morphologic advances
following autophagy. The results also prove the autophagic termination
was happening after 48 h treatment like Itakura et al. suggested the
same profiles for macroautophagy termination (I[takura and Mizushima,
2011). Our previous research demonstrated that EBR promoted
ER-stress-related cell death in both SW480 and DLD-1 cells. Puissant
et al. recently suggested that autophagosomes might keep fusing with
lysosomes to form autolysosome even though there was stress-related
cell death. Based on this information, we also suggest that there might
be a positively correlated cell death mechanism following both
apoptosis and autophagy to promote autophagy-related cell death
(Puissant et al., 2010). This is not the case at a 12 h time point, however,



P. Obakan Yerlikaya et al.

A.

EBR(-) : DMSO EBR (720 pg/kg)

1 2 3.1 2 3.1 23
l--.---.-’l Bax (20 kDa)
[::—-.::.' | Bim (12, 15, 23 kDa)

|

[ —

[

c-PARP (89 kDa)

[ ey - ~ ] Bcl-2 (27 kDa)

[ == — = === = — =] p-Actin (45 kDa)

L
DMSO
EBR (720 ng/kg)

Band density

caspase 9 (37, 39, 49 kDa)

c-caspase 3 (17, 19 kDa)

International Journal of Biochemistry and Cell Biology 155 (2023) 106360

EBR (-) DMSO : EBR (720 ug/kg)
1 2 3:1 2 3. 1 23
| Q_’ - | Cyclin B1 (55 kDa)

. T h Cyclin D3 (31 kDa)
| ; Qg | Cyclin A2 (55 kDa)

— — —————

_ | cDKe (36 kDa)

[ - | cDK4 (30 kDa)

| : e | p21 Cip1 (21 kDa)

[— = o™~ . | 27 Kipi (27 kDa)

[ . o e S D i e @ | 3-Acin (45 kDa)

[Z N7
o g o
b1

-
DMSO
EBR (720 pg/kg)

2
2
1
1

5
0
5
0
5
4
3
2
1
0

1

Band density

N DY @ N
SHCA :
RS S ® O‘Q PQ
Y &N N Q

Fig. 7. EBR induced cell cycle arrest in SW480-derived xenograft tumors. A. The expression profiles of apoptotic and B. cell cycle proteins were investigated by
immunoblotting using indicated primary antibodies. f-Actin was used as loading control. The band densities of at least three independent results were calculated
using ImageJ and the graphs were generated using GraphPad Prism. Data are shown as mean + SEM. *p < 0.05, * *p < 0.01.* **p < 0.001,.* ** *p < 0.0001.

it is clear that both DLD-1 and SW480 cell lines induced autophagy to
remove excessive stress caused by EBR (Ogata et al., 2006).

Due to the more sensitive response, and still represents an aggresive
colon tumor model, we decided to perform further 3D cell culture and in
vivo experimental set-up with SW480 cell line to evaluate EBR potential
action to diminish tumor size and volume. We performed two different
3D mimicking cell culture techniques and showed that EBR treatment
for 48 h decreased the spheroids sizes compared to control samples.
Studies using 3D cell culture techniques revealed that there were various
protein alterations between 2D and 3D culture techniques in DLD-1,
HCT116, and Caco-2 colon cancer cells (Riedl et al., 2017). To eval-
uate the viability we performed DiOC6/DAPI double staining on
hanging drops and found that there was an increased amount of bright
DAPI dots suggesting DNA cleavages following EBR administration.
Although the effect was lesser than 2D on the same dose of EBR we
observed DNA cleavages mostly in the edges as well as in the center of
the spheroids. Teroxirone is a steroid-structured drug used in the
treatment of lung cancer spheroids and the same effect that steroidal
drugs can easily penetrate 3D cell structures (Ni et al., 2018). 21 days of
EBR treatment was evaluated to mimic the effect in vivo. Following the
treatment, spheroids lost the integrity of the structure and decreased in
diameter. Other researches also suggested that U20S, NIH-3T3, Hela,
PA317,C2C12, SH-SY6Y, A549, and 293 T spheroids also faced the same
situation following cisplatin administration (Baek et al., 2016). Different
colon cancer studies also suggested that another planted-derived ursolic
acid administration decreased SW480, HT29, and HCT116 spheroids
sizes, in fact, high dose administration was eliminated the formed
spheroid (Lin et al., 2011). Administration of resveratrol and capsaicin
also decreased SW480 spheroid diameters (McCubrey et al., 2017).

Our soft agar, wound healing, and colony assays showed that EBR
had an intense effect in preventing cell division and mobility. Our
western blot data of p-catenin, vimentin, claudin-1, and E-cadherin
positively correlated with the mobility and cell division-related assays.
Although E-cadherin decreased with EBR administration in a time-
dependent manner, this result does not mean that cadherin alone can
stabilize B-catenin while the rest of the degradation systems on the act
(Jeanes et al., 2008). EGb761, a plant extract showed a positive
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correlation with our finding and prevented wound healing and invasion
on SW480 and SW620 cells (Liu et al., 2017). Another study also sug-
gests that sylibin and regorafenib combined administration prevented
colony formation by targeting Akt signaling (Belli et al., 2017). Our
previous work also showed that EBR can regulate Akt signaling to induce
autophagy and cell death decisive mechanisms of the cell (Adacan and
Obakan Yerlikaya, 2020). We further evaluate the 3D response of
SW480 following EBR treatment by mimicking the 3D environment
using matrigel. It’s known that mimicking the 3D environment affects
Akt and MAPK signaling pathways in SW480, Caco-2, DLD-1, HT29,
LoVo, and Colo206F cells (Edmondson et al., 2014). Regarding our
experiment, we demonstrated that when mimicking the 3D environment
the same dose effect of EBR was altered and the known cytotoxic effect is
converted to cytostatic effect.

After obtaining the tumor formation in SCID mice inoculated with
SW480 cells, EBR was intraperitoneally injected consecutively for 15
days. Tumor sizes were measured and mice weighed every day. 720 pg/
kg EBR effectively reduced the tumor size and volume compared to the
lower doses of administration. However, EBR has a known lethal dose of
1000 mg/kg administration rate on mice (PCT/US2005/022780). We
used a much lesser dose of administration to evaluate the effect. 240 pg/
kg and 480 pg/kg dose administrations of EBR might be under the
effective dose limit. When we look at the weights of mice in the absence
of tumors, EBR and the vehicle did not affect mice weights. Although it
looks like there were no significant changes in the weight of mice in the
presence of tumors, mice lost weight to support tumor growth while
tumor volume kept expanding (Murray et al., 1997). CEA is a
well-known marker for cancer activity and can be detected in blood
serum. We detected increased CEA levels in untreated tumor-positive
blood samples compared to tumor absent samples. Therefore, we eval-
uated that CEA levels regardless of tumor absence w/wo EBR adminis-
tration and demonstrated that 720 pg/kg EBR dose was effective enough
to prevent CEA accumulation in blood samples of tumor positive mice.
Other studies targeted various colon cancer types (LoVo, HCT116,
HCT-15, HT-29, Caco-2, SW480, Colo205, HCT-6, LS180, Ls174T, and
SK-CO-1) for decreased CEA expressions in response to chemothera-
peutic drugs and modeled them using shRNA to elucidate the interaction
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between CEA and TBRI (Li et al., 2010). Recent studies also showed that
CEA and CEACAM1 are overexpressed in colorectal cancer cells and that
high levels of CEA induce poor prognosis with liver metastasis and
targeted this issue with anoikis as we did with EBR administration
(Samara et al., 2007).

Ki67 is a proven marker of cell division and increased cytokeratin18
(CK18) expression followed by epithelial-mesenchymal transition and
cell differentiation. Previous studies by other groups perfomed with EBR
also demonstrated the cell cycle arrest in breast cancer cell lines
(Steigerova et al.,, 2010). We found that 240 pg/kg EBR dose is
non-effective since both CK8 and Ki67 signals increased following the
administration. However, both 480 ug/kg and 720 pg/kg EBR admin-
istrations were able to decrease the Ki67 and CK18 signals. Autophagy in
tumor samples was shown via westernblotting. We were able to detect
p62/SQSTM1 degradation in tumor samples treated with 720 pg/kg
EBR, however, there were no significant alterations detected including
the initiation and pre-initiation phase proteins of autophagy such as
mTOR, ULK-1, and Beclin-1. Earlier studies showed that p-mTOR levels
can vary between regions of colon cancer tumors (Melling et al., 2015).
Previous studies also determined that AMPK protein expression might
have prognostic value in grade IV colorectal cancers and AMPK is spe-
cifically activated as a stress response to balance energy metabolism and
disrupt cell cycle progression. The same study also suggests that AMPK
protein activation has no value on cell survival-related signaling (Li
et al., 2015; Suvorova and Pospelov, 2019). Therefore, without the
alteration on specific initiation and pre-initiation proteins of autophagy
and following p62/SQSTM1 degradation suggests that EBR induced
ATG5/7 independent alternative macroautophagy pathway in mice
(Nishida et al., 2009). In our previous work, we demonstrated that EBR
induced ER stress in SW480 cells (Obakan-Yerlikaya et al., 2017).
However, 720 pg/kg EBR administration had no such effect in vivo
conditions. Recent studies suggest that BiP/GRP78 and CHOP are often
upregulated, acting as a central stress sensor regarding the tumor
microenvironment changes and related to poor prognosis (Wang and
Kaufman, 2014). Regarding this issue, EBR inhibited tumor progression
by diminishing CHOP and GRP78 protein levels. There was no
pro-apoptotic induction observed following 720 pg/kg EBR adminis-
tration. However, increased pro-apoptotic protein response was detec-
ted in control and vehicle samples. Increased caspase 3 activity
promotes tumor differentiation and increased the volume of tumor (Hu
et al., 2014). By decreasing the expression levels of caspase 3 and cas-
pase 9, 720 pg/kg EBR administration negatively regulated aforesaid
activity and presented a non-cytotoxic profile. Cyclins and CDKs as in
charge molecules of cell cycle progression, therefore their negative
regulator actions are in focus in many cancer mechanism (Garcia-Reyes
et al.,, 2018). CDKs having role in G1, S and G2 phases have been
downregulated following 720 pg/kg EBR administration. Studies tar-
geting CDKs and inhibitors in cancer cells showed that p27 protein
interacted with cyclins that bound to CDKs and promoted degradation of
the targeted complex (Ray et al., 2009). Previous studies on this field
demonstrated that EBR downregulated cyclin D1, cyclin E, cyclin B1,
CDK2, and CDK4 and simultaneously upregulated p21 and p27 cell cycle
inhibitors in MCF-7, MDA-MB-468, LNCaP, and DU145 cancer cell lines
(Steigerova et al., 2012). EBR treatment has also been shown to prevent
cell cycle progression by decreasing retinoblastoma phosphorylation by
other groups (Steigerova et al., 2010). EBR inhibited cell cycle pro-
gression by downregulating cyclins and CDKs and upregulated p27 Kip1
protein.

When we look at the plant-derived anti-cancer drugs that decreased
viability and motility of the cancer cells, pomiferin was isolated from
Maclura pomifera used as histone acetylase inhibitor, sulforafan was used
as an epigenetic regulator of hTERT and simultaneously decreased mir-
21 levels in HCT116 colon cancer cells (Martin et al., 2018; Son et al.,
2007). In addition, timokuinon was isolated from Nigella sativa and
inhibited COX-2 expression by altering prostaglandin E2 levels to pre-
vent migration in both in vivo and in vitro (Hsu et al., 2017). Following
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these informations, EBR as a plant-derived steroid hormone-like anti--
cancer drug has various stress-inducing capabilities in vitro, however,
720 pg/kg dosage of EBR has a cytostatic effect on SW480 tumors. EBR
is known to have a 1000 mg/kg lethal effect in mice and dosage can be
altered regarding this issue. Higher doses might have a cytotoxic effect
and must be further tested for anti-cancer activity in vivo.

In conclusion, we demonstrated that EBR induced cytostatic re-
sponses in both 3D cultures and in vivo experiments. Although, cyto-
toxic responses were determined in vitro assays, 720 pg/kg EBR
administration in SW480 tumor xenografts altered cell cycle-related
proteins and exhibited a cytostatic effect. 720 pg/kg EBR significantly
inhibited tumor progression and proved that as a steroid structured anti-
cancer drug, it can be used as an adjuvant therapy with other known
cytotoxic agents. EBR should further be evaluated as an anti-cancer
agent with a higher dose administration on different tumor types.
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