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Abstract: Plants from the family Brassicaceae produce brassinin (BSN), which is an essential indole
phytoalexin. BSN can kill certain types of cancer cells. Using hepatocarcinoma (HCC) cells, we
examined the molecular mechanisms of BSN. We found that HCC cell growth was suppressed and
apoptosis was induced by BSN via the downregulation of the JAK/STAT3 pathway. The cytoplasmic
latent transcription factor STAT3, belonging to the STAT family, acted as both a signal transducer and
an activator and was linked to tumor progression and decreased survival. BSN incubation caused
HCC cells to produce reactive oxygen species (ROS). By activating caspase-9/-3 and PARP cleavage,
Bcl-2 was reduced, and apoptosis was increased. BSN inhibited constitutive STAT3, JAK2, and Src
phosphorylation. The JAK/STAT signaling cascade was confirmed by siRNA silencing STAT3 in
HCC cells. BSN also suppressed apoptosis by Z-Val-Ala-Asp-Fluoromethylketone (Z-VAD-FMK),
an apoptotic inhibitor. N-acetylcysteine (NAC) inhibited the production of ROS and diminished
BSN-induced apoptosis. Our findings suggested that BSN has potential as a treatment for cancer.
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1. Introduction

The liver is the site of hepatocellular carcinoma, which is one of the leading causes
of cancer-associated deaths worldwide. In 2020, the World Health Organization (WHO)
estimated that approximately 830,000 people would die of liver cancer [1]. Cirrhosis
caused by hepatitis B/C infection, heavy alcohol consumption, hemochromatosis, obesity,
and diabetes are major risk factors. The treatment options are surgery, chemotherapy,
immunotherapy, and targeted therapy. HCC has a poor long-term survival rate when
diagnosed late [2]. A variety of chemotherapeutic agents have been used in the treatment
of HCCs, but no single or combined chemotherapy regimen has been particularly effective.
Therefore, finding new treatments for HCCs, including complementary and preventative
approaches, remains a priority. The application of natural anticancer agents could provide
an opportunity to improve the current standard of care for HCC.

Studies have found that eating vegetables and fruits high in active compounds can
lower your risk of heart disease, allergic inflammation, Alzheimer’s disease, and cancer [3].
Fruits and vegetables produce phytoalexins in response to infection and stress. These com-
pounds inhibit apoptosis, proliferation, the progression of cell cycles, and migration [4,5].
Brassinin is a phytoalexin found in cruciferous vegetables that has antifungal and anti-
cancer properties [6]. BSN suppressed STAT3 signaling in human lung cancer cells and
xenograft mice [7]. BSN has been shown to modulate epithelial mesenchymal transition
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(EMT) in lung cancer cells and induce apoptosis in prostate cancer cells by modulating
PIBK/Akt/mTOR [8]. BSN inhibited PI3K signaling cascades in colon cancer cells and
boosted p21 and p27 expression [4].

Different types of cancers have abnormal STAT3 activation [9-13]. STAT3 was phos-
phorylated by JAK1/2 and Src following stimulation by cytokines and growth factors [14].
According to various studies, blocking STAT3 signaling could be an effective way to fight
human cancer. Tumor cells can be affected by oxidative stress in multiple ways. Reducing
the reactive oxygen species (ROS) levels has been beneficial, but excessively low levels
have caused tumors [15]. Radiation, drugs, pollutants, xenobiotics, and other exogenous
factors can produce ROS intracellularly. By modulating various cell signaling pathways,
ROS has also been shown to control different hallmarks of cancer cells, such as STAT3,
protein kinases, growth factors, cytokines, and others [16]. It has been reported that STAT3
activation is deregulated in many human cancers, including HCC, and it is associated with
cancer progression, chemoresistance, a poor prognosis, and a shorter lifespan. Deregulating
STAT3 cascades has been suggested as a promising therapeutic strategy for countering
STAT3's oncogenic and pro-survival effects in human cancers [1].

In the present study, HepG2 and C3A cells were used that showed distinct differences
in energy metabolism and urea production, as compared to primary hepatocytes. Restoring
primary hepatocyte characteristics, such as the urea cycle, is crucial. For example, HepG2
cells were successfully transfected with cDNA-encoding urea cycle enzymes to enhance the
application of HepG2 and C3A cells for drug testing and bioartificial liver applications [17].
In this study, we also demonstrated the significance of the STAT3 pathway in the growth of
HepG2-C3A cells. STAT3 plays a crucial role in several aspects of HCC survival, prolifera-
tion, invasion, and angiogenesis. Therefore, we explored whether BSN could provide its
anti-proliferative and pro-apoptotic effects in HCC cells by suppressing STAT3 signaling in
HCC cells.

2. Materials and Methods
2.1. Reagents and Cell Culture

C3A and HepG2 were obtained from CLS Cell Lines Service GmbH (Eppelheim,
Germany) and DMEMF/12 (Gibco company, Co Dublin, Ireland) with 10% FBS (Southern
Biotech, Birmingham, AL, USA) was used to culture the cells. We grew the cells in an incu-
bator. Sigma-Aldrich (St. Louis, MO, USA) provided the N-acetyl-cysteine (NAC). Brassinin
was purchased from Sigma-Aldrich (St. Louis, MO, USA). The z-VAD-fmk was sourced
from Calbiochem (San Diego, CA, USA). Santa Cruz Biotechnology (Santa Cruz, CA) pro-
vided the antibodies (primary and secondary). The staining kits for 2’-7’dichlorofluorescin
diacetate (DCFH2-DA) and terminal deoxynucleotidyl transferase dUTP nick-end label-
ing (TUNEL) was obtained from Roche (Mannheim, Germany). Caspase-9 (PA5-15191),
caspase-3 (PA5-77887), PARP (PA5-34803), y-H2A (PA5-116205), p-STAT3 (#44-384G), STAT3
(44-384G), Bcl2 (PA5-27094), pJAK2 (PA5-105889), JAK2 (PA5-11267), psrc (14-9034-82), src
(44-656G), cyclin-D1 (PA5-32373), Bcl-x1 (PA5-17805), survivin (PA1-16836), VEGEF (P802),
(-actin (PA1-183), GAPDH (#PA1-987), and cleaved caspase-3 (PA5-114687) were procured
from Thermo Fisher Scientific, Inc. (Waltham, MA, USA).

2.2. MTT Assay

HepG2 and C3A cells (1 x 10* cells/mL) were cultured in 96-well plates and incubated
with various concentrations of BSN (purity 98%, Sigma-Aldrich (St. Louis, MO, USA) for
24 h, 48 h, and 72 h, respectively. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide, also known as 2,5-diphenyl-2H-tetrazolium bromide (MTT), was applied to
determine the cell viability on the basis of the manufacturer’s protocol. The viability was
calculated by comparing the absorbance of each group with control cells, which were
arbitrarily assigned 100%.
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2.3. Western Blotting

A Radioimmunoprecipitation assay (RIPA) buffer was used to extract the protein of the
gastric cancer cells and tumor tissue samples for 50 min at 4 °C. Next, we centrifuged the
lysates for 15 min at 17,500 x g at4 °C, as previously described [18]. After centrifugation, the
supernatant was used for Western blotting analysis. Protein concentration was quantified
by bicinchoninic acid (BCA) analysis kit (Beyotime, Shanghai, China). Protein lysates
were separated on 10-12.5% SDS-polyacrylamide gels and were used to resolve equal
amounts of protein (50 pg) and transferred to nitrocellulose membranes. Membranes
were subsequently blocked and incubated with specific primary antibodies (caspase-9,
caspase-3, PARP, y-H2A, p-STAT3, STAT3, Bcl2, pJAK2, JAK?2, psrc, src, Cuclin-D1, Bel-xl,
Survivin, VEGE, 3-actin, GAPDH, and Cleaved caspase-3) and HRP-conjugated secondary
antibodies. -actin was an internal loading control. The samples were examined with a
LI-COR chemiluminescence imaging system (3600-00-C-Digit Blot Scanner) to visualize the
protein bands. In order to generate the graphs, we used LI-COR Biosciences Image Studio
Lite software (Lincoln, NE, USA) with normalization for the intensity of the untreated
control band, which was set to 1. Each experiment was repeated at least three times.

2.4. ROS Detection

The DCFH2-DA method measured the ROS levels in cells [19]. In an 8-well Lab Teck
chamber, 1.5 x 10° cells were grown to 80% confluence. ROS were inhibited in cells that
had been treated with NAC (3 mM) one hour before BSN (200 umoL). Fluorescence from
DCF indicated intracellular ROS. This was performed with a fluorescence microscope from
Olympus. LS 5.0 soft imaging solution analysis was used to quantify fluorescence intensity
under each setting.

2.5. DNA Fragmentation

Following the protocols in previous studies, cellular DNA fragments were detected
using a cell death detection ELISAPLUS kit (Roche Molecular Biochemicals, Mannheim,
Germany) [20].

2.6. Immunofluorescence for Nuclear Translocation

After the treatment, we fixed the cells in 4% paraformaldehyde (PFA) in 1 X PBS for
20 min after treating the cells with BSN (200 mol) for 2 h. After being permeabilized with
0.2% Triton X-100 for 10 min, the HepG2 and C3A cells were blocked with 5% BSA in 1%
PBS for 1 hour. They were then incubated with STAT3 primary antibody for 24 h. At room
temperatures the next day, the cells were incubated with secondary antibodies Alexa Fluor
594 rabbit anti-rabbit IgG (H + L) for 60 min. Nuclei of control cells were probed with
1 ug/mL DAPI for 3 min. Measurements were performed using a Leica D6000 fluorescence
microscope (Leica, Wetzlar, Germany).

2.7. Colony Assay

A density of 3 x 10°/well was seeded into 6-well plates, and cells were cultured for
2 weeks. We washed the cells twice with PBS, fixed them with 4% formaldehyde for 15 min,
and stained them with crystal violet (Sangon Biotech Co., Ltd., Shanghai, China) for 15 min.
A microscope (Olympus, Tokyo, Japan) was used to count colonies and calculate colony
formation rates.

2.8. Cell Invasion

We used BD Matrigel invasion chambers to test invasion. In the invasion assay, 10 uL
Matrigel was applied to a polycarbonate membrane filter, and the standard medium was in
the bottom of the apparatus. Cells were seeded in top chambers with 1 x 10° cells in 500 pL
serum-free medium, and BSN was added in the indicated doses. In the bottom chambers
(750 pL), we added 10% FBS to the media. We allowed the cells to migrate for 24 h. After
incubation with a cotton swab, we removed the non-migrated cells on top of the membrane.
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We fixed the migrated cells in cold 75% methanol for 15 min and then washed these three
times in PBS. After Giemsa staining, the cells were washed with PBS. The imagery was
taken with an optical microscope (200 x magnification), and invading cells were counted
manually. Invading cells were quantified as percentage of inhibition, with control cells
as 100%.

2.9. Cell Migration

In the cell migration assay, 3 x 10° HepG2 and C3A cells were plated in DMEM
with 10% FBS and grown to a nearly confluent monolayer. We resuspended the cells in
DMEM/F12 medium with 1% FBS. A 200 mL pipette tip was used to scratch the monolayers.
Following a wash with PBS, the cells were incubated with BSN for 24 h. We stained the
cells with Giemsa stain solution and de-stained them with PBS. After 24 h, we obtained
photos of the cultures (100x magnification) to track the migration of cells into the wound
area and calculated how close it was to achieving full wound closure.

2.10. TUNEL Assay

DNA fragmentation was measured with deoxynucleotidyl oligonucleotide TUNEL
assays. After BSN treatments, the apoptotic cells (2 x 10* in eight-well plates) were col-
lected, fixed, and mounted in 4% formaldehyde. Hydrogen peroxide (3%) and endogenous
peroxidase in methanol were used with TBS-fixed cells permeable to proteinase K 20 g/mL.
Using the enzyme at 37 °C for 1.5 h, the 3’OH ends of DNA were detected to measure apop-
tosis. The slides were then incubated with streptavidin and 3,3’-diaminobenzidine. Under
a fluorescence microscope, their fluorescent nuclei helped classify the fragmented DNA.

2.11. Transfection Assay

We transfected HCC cells for 24 h with scrambled siRNA (50 nM) and STAT3 using
the Neon Transfection System (Invitrogen, Carlsbad, CA, USA). Transfected cells were
treated with BSN for 4 h and 48 h. The cells were lysed, and equal amounts of proteins
were prepared for Western blot analysis.

2.12. Statistics

Data are presented as mean + SD (standard deviations) for at least three separate
experiments. One-way ANOVA was used with GraphPad Prism software version 6.0.
Tukey’s post hoc test was used in this study to analyze the data. Experiments were
conducted in triplicate. * p < 0.05 vs. control; # p < 0.05 vs. BSN treatment.

3. Results
3.1. BSN Inhibited Cell Growth in HCC Cells

In HepG2 and C3A cells, BSN concentrations were tested for 24, 48, and 72 h to observe
whether cell damage resulted. Each experiment was repeated at least three times. The
BSN showed considerable growth inhibition against HepG2 and C3A cells, as shown in
Supplementary Figure S1B,C, proving the specificity of the BSN-mediated effects. Therefore,
it was highly likely that BSN suppressed cell growth by inducing apoptosis. These data
suggest an anti-cancer role for BSN in HCC, and the IC50 of BSN was approximately
200 umol for HepG2 and C3A cells at 48 h.

3.2. BSN Induced Apoptosis through Caspase-Mediated Activation

At multiple stages of cancer progression, apoptotic cell death operates as a tumor
suppressor. In addition, apoptosis engagement is a potent therapeutic effector [21]. As the
primary driver of apoptosis, caspase-9 has been classified as the initiator, and procaspase-3,
when activated, would then be cleaved and execute apoptosis [22]. Therefore, we studied
the potential of BSN on caspase activation. The Western blot analysis of the HCC cells
treated with BSN showed a decline in expression levels of procaspase-9 and procaspase-3,
but an increase in the cleaved form of caspase-3, which indicated the activation of caspases
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(Figure 1A,B). In addition, cleaved PARP, a marker for DNA double-strand breaks, showed
dose-dependent increases.
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Figure 1. Caspase activation was mediated by BSN. The effect of BSN-mediated caspase cascade
activation on HepG2 and C3A cells was investigated by Western blotting. (A,B) HepG2 and C3A
cells treated with BSN (0-200 pmol) for 48 h, and cell lysates were used for SDS-PAGE and Western
blotting to analyze caspase9, caspase3, cleaved caspase-3, and cleaved PARP. 3-actin was used as an
internal control. The effect of Z-VAD-FMK on BSN induced apoptosis. The pre-treatment of cells was
conducted with 20 uM caspase inhibitor (Z-VAD-FMK) for 1 h followed by BSN for 48 h. (C) HepG2
cells and (D) C3A cells, caspase-3, cleaved caspase-3, and PARP were determined by Western blotting.
Tukey’s post hoc test was used in this study to analyze the data. p < 0.05 was considered significant.
Graph Pad prism was used. Experiments were conducted in triplicate. Data are presented as the
mean £ SD. * p < 0.05 vs. control.

3.3. BSN Induced Caspase-Dependent Apoptosis in HCC Cells

Activating caspases is key to apoptosis [23]. Z-VAD-FMK was used as a caspase
inhibitor to test the effect of BSN on the viability abnormalities in HepG2 and C3A cells.
According to the Western blot and MTT data, Z-VAD-FMK pre-treatment of HepG2 and
C3A cells downregulated BSN-mediated cell death (Figure 1C,D and Supplementary Figure
52A,B). Z-VAD-FMK inactivated caspases in HepG2 and C3A cells and suppressed cellular
morphology changes caused by BSN, which agreed with the Western blot and MTT data.
These results show that caspases play a major role in the HCC cell apoptosis caused by BSN.

3.4. BSN Inhibited the HCC Migration and Invasion

Metastasis and the invasion of tumor cells are understood as the process of cells
separating from the primary tumor, entering lymphatic vessels and the bloodstream, and
spreading to distant organs [24,25]. It was important to identify the molecules that control
the invasion and metastasis in cancer patients. A wound healing and invasion assay was
performed to test BSN’s effects on HCC migration and invasion. Figure 2A shows that
BSN (0-200 umol) significantly restricted HCC cell migration. Furthermore, the migration
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potential of C3A cells was higher than that of HepG2 cells. In an experiment to examine
whether BSN might prevent HCC invasion, HepG2 and C3A cells were exposed to BSN
(0200 pmol) for 24 h, and transwell invasion assays were performed using Matrigel-based
transwells. Similarly, C3A HCC had a higher invasive ability than HepG2, based on the
number of invading cells in the control group (Figure 2B).
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Figure 2. DNA fragmentation from BSN inhibited migration, invasion, and colony formation. (A) For

24 h, the indicated concentrations of BSN were applied to C3A and HepG2 cells. Migration assays
were used to test the wound-healing ability of HepG2 and C3A cells (Original magnification, x100).
(B) The invasiveness in each sample was determined by counting three microscopic fields. Cell
invasion inhibitory percentage was calculated and expressed as 100% for untreated cells (control).
(C) BSN interfered with colony formation (HepG2 and C3A cells). In the presence of BSN (0-200 pumol),
the cells were incubated for five days to observe if they would proliferate or form colonies. Calculated
by defining the number of colonies in absence of BSN as 100%. DNA fragmentation in hepatic
cancer cells was caused by BSN (D,E). DNA fragmentation was measured in HepG2 and C3A cells
(1 x 10°) after treatment with the indicated concentrations of BSN for 48 h. The columns are DNA
fragmentation. (F) y-H2A activation of control and experimental groups. Tukey’s post hoc test was
used in this study to analyze the data. p < 0.05 was considered significant. Graph Pad prism was
used. Experiments were conducted in triplicate. Data are presented as the mean & SD. Furthermore,
*p < 0.05 vs. control.

3.5. BSN Inhibited HCC Colony Formation

The long-term impact of BSN on HCC growth was also evaluated by assessing its
colony formation ability. BSN dose-dependently reduced the colony-forming ability in
HepG2 and C3A cells (p < 0.05) (Figure 2C). Both types of HCC had lower colony numbers
and smaller colonies. According to these data, BSN may decrease HCC cells’ proliferation
and tumor-forming ability.

3.6. BSN Induced DNA Damage in HCC Cells

Augmented DNA fragmentation was noticed in BSN-treated (200 umol) HepG2 and
C3A cells (Figure 2D,E). DNA fragmentation was significantly higher in BSN-treated cells.
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Based on these results, BSN caused DNA fragmentation in HCC cells. In addition, by
Western blotting of HCC cells, we tested whether BSN caused DNA damage. DNA damage
marker y-H2A was significantly elevated in BSN-treated cells, suggesting that BSN might
be able to prevent the damage caused by BSN (Figure 2F).

3.7. BSN Promoted ROS Production and Inactivated STAT3 in HCC Cancer Cells

Enzymatic reactions in cells released ROS. ROS increased apoptosis in cancer cells [26].
HepG2 and C3A cells treated with BSN (0-200 umol) for 30 min had dramatically increased
intracellular ROS levels (Figure 3A). There was a significant increase in DCF fluorescence
after treatment with BSN (200 umol) in both cells. An ROS inhibitor, NAC, was used to
incubate HepG2 and C3a cells for 30 min with BSN (200 umol) to test whether ROS con-
tributed to BSN-mediated cell death. The results showed that NAC stopped the production
of ROS considerably (Figure 3B). By treating HepG2 and C3A cells with BSN and NAC, we
measured the levels of p-STAT3 protein to observe whether ROS was involved in STAT3
phosphorylation. Pre-treatment with NAC significantly reduced p-STAT3 levels and its
downstream targets, such as Bcl-2 and caspase-3 caused by BSN (Figure 3B), suggesting
that ROS hindered STATS3 activity in HepG2 and C3A cells. Notably, apoptosis was inhib-
ited by NAC and BSN, and the cell death that had been mediated by BSN was reversed
(Supplementary Figure S2C,D). Based on these findings, BSN caused intracellular ROS to
be generated, leading to apoptotic cell death in HCC cells.
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Figure 3. In hepatic carcinoma cells, BSN induced apoptosis through ROS. (A) The ROS levels in
Hepg?2 and C3A cells were measured after pre-treatment with NAC (N-acetylcysteine) (1 mM) for
1 h and then treated with BSN (0-200 umol for 2 h). (B) NAC (1 mM) for 1 h, followed by BSN (0
and 200 pmol) for 4 h, and then STAT3, Bcl-2, caspase-3, and PARP activation for 48 h. The p-STAT3,
Bcl-2, caspase-3, and PARP expressions were monitored by Western blotting. Tukey’s post hoc test
was used in this study to analyze the data. p < 0.05 was considered significant. Graph Pad prism was
used. Experiments were conducted in triplicate. Data are presented as the mean + SD. Furthermore,
*p <0.05 vs. control. #p < 0.05 vs. BSN treatment.
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3.8. BSN Inhibited STAT3 Activation in HCC Cells

In many cancers, including HCC, abnormal activation of STAT3 signaling has led to
increased levels of p-STAT3-driven downstream targets, including Bcl-2, BelxL, survivin,
and VEGF [27,28]. As a result, we studied the mechanism of BSN-induced growth inhibition
by HepG2 and C3A cells. Western blot analysis showed p-STAT3 involvement. Figure 4A
shows that BSN treatment reduced the total protein content of p-STAT3 in a dose-dependent
manner in HepG2 cells. BSN at 200 umol decreased STAT3 phosphorylation fourfold, which
led to proteasomal degradation.

A
0 50 100 200 BSN (umolin 12 -
3 |p-STAT - — — — |sap: 2 1 |gRHepG2 0GA
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3 0.6
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siRNA-Control - - - + siRNA-Control - - - +

. i - RN Cleaved Caspase-3 IZ M
N L LL/i N — — B

HepG2 C3A

Figure 4. BSN induced apoptosis by downregulating STAT3 signaling pathways in hepatic carcinoma
cells. (A) We treated HepG2 and C3A cells with 0200 pmol BSN for 4 h. Prepared whole-cell
extracts and used anti-p-STAT3 antibody to perform Western blotting. The results were from three
independent experiments. (B,C) Silencing STAT3 aborted BSN-mediated apoptosis. A specific SAT3
siRNA or control siRNA were transfected into cells. The cells were transfected and incubated with or
without BSN (200 pmol) for 48 h. Western blotting was used to measure STAT3 transcriptional targets
such as Bcl-2 and cleaved caspase-3. Experiments were conducted in triplicate. Tukey’s post hoc test
was used in this study to analyze the data. p < 0.05 was considered significant. Graph Pad prism was
used. Data are presented as the mean + SD. Furthermore, * p < 0.05 vs. control.

3.9. STATS3 Silencing Suppressed BSN-Mediated Apoptosis in HCC

In STAT3 knockdown experiments, the essential role of STAT3 in BSN-mediated
apoptosis mechanisms in HCC cells was further confirmed. Western blotting showed
STAT3 knockdown cells exposed to BSN (200 umol) induced a reduction in Bcl-2 and
cleaved caspase-3 expression, suggesting that STAT3 knockdown affected apoptosis protein
expression (Figure 4B,C).

3.10. BSN Inhibited Src Activation

Due to STAT3 being activated by JAK tyrosine kinases [29], we next showed that
BSN could affect JAK1 and JAK2 activation in HepG2 and C3A cells. BSN suppressed
JAK1 and JAK2 phosphorylation (Figure 5A,B). Under the same conditions, the levels of
non-phosphorylated JAK1 and JAK2 remained the same. The Src kinase family may also
activate STAT3 (Rajendran et al., 2012). As a result, we tested whether BSN affected Src
kinase activation in C3A cells. BSN suppressed c-Src kinase constitutive phosphorylation
(Figure 5A,B).
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Figure 5. BSN suppressed p-JAK1, p-JAK2, and p-Src levels. (A,B) We treated hepG2 and C3A cells
(2 x 10%/mL) with 0-200 umol BSN and then prepared whole-cell extracts and resolved 40 g aliquots
on 10% SDS-PAGE. The same blots were stripped and reprobed with JAK1, JAK2, and Src antibodies
for equal protein loading. Experiments were conducted in triplicate. Tukey’s post hoc test was used
in this study to analyze the data. p < 0.05 was considered significant. Graph Pad prism was used.
Data are presented as the mean + SD.

3.11. BSN Promoted Apoptosis in HCC Cells

We evaluated BSN's apoptotic capacity (Figure 6A,B). These results showed that BSN
could cause apoptosis. Using BSN in our experiments, we also found that it diminished
the constitutive expression of various proliferative, survival, and angiogenetic proteins
(Figure 6C,D) in HCC cells, which may explain its potential anti-neoplastic effects.

3.12. Gene Expression Profiling Interactive Analysis of STAT3 in Liver Cancer

STAT3 mRNA expression in tumors and normal tissues were analyzed using the
publicly available liver hepatocellular carcinoma (LIHC) database gene expression pro-
filing interactive analysis (GEPIA) to explore STAT3 expression in LIHC. As shown in
Supplementary Figure S1A, LIHC tissues had significantly higher STAT3 mRNA expression
than nearby non-tumor liver tissues (p < 0.01). In LIHC, STAT3 mRNA expression was
significantly associated with the pathological stage (p = 0.001) (Supplementary Figure S1B).
Most importantly, based on our Kaplan-Meier analysis, we built a prognostic classifier to
determine whether STAT3 mRNA expression levels affected clinical outcomes. As shown
in Supplementary Figure S1C,D, STAT3 expression was significantly correlated with LIHC
patients (p = 0.010).
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Figure 6. BSN induced apoptosis in hepatic carcinoma cells. (A,B), TUNEL staining for in situ
apoptosis detection in HepG2 and C3A cells. Apoptotic-positive cells from three samples were
averaged. Scale bar = 50 um. (C,D) BSN was added to HepG2 and C3A cells (2 x 106/mL) for 48 h,
and the indicated dose intervals; after that, whole-cell extracts were prepared, and 40 ug of those
extracts were separated on a 10-12% SDS-PAGE, Slicing membranes according to molecular mass
and probing antibodies against Bcl-2, Bcl-xL, surviving, and VEGF. Experiments were conducted in
triplicate. Tukey’s post hoc test was used in this study to analyze the data. p < 0.05 was considered
significant. Graph Pad prism was used. Data are presented as the mean £ SD.

4. Discussion

Chemotherapy resistance remains a challenge, despite the availability of several
well-known chemotherapeutic agents [30]. Considering the growing interest in natural
compounds as potential cancer treatments, we extensively researched the molecular mech-
anisms unpinning the anti-cancer properties of BSN in HCC cells. We found that BSN
inhibited the STAT3/JAK2 signaling pathway activity in HCC cell lines by reducing cell
viability and causing apoptosis, which was regulated by ROS (Figure 1). Additionally,
our results aligned with previous studies showing that BSN inhibited cell proliferation
and colony formation in HCC and lung cancer [5,31]. Increased TUNEL-positive cells,
increased caspase-3 cleavage, and PARP cleavage followed BSN treatment and showed
pro-apoptotic properties. Bcl-2 inhibited apoptosis by acting as an anti-apoptotic regulator
(Figure 6). There was much evidence that Bcl-2 suppressed apoptosis [32-34]. In our study,
Bcl-2 activation was dramatically inhibited by BSN. Our findings aligned with previous re-
search [8,35]. The BSN treatment released cytochrome C, which triggered caspase cascades,
resulting in apoptosis [5]. Western blot analysis confirmed the caspase-mediated cell death
induced by BSN was inhibited by z-VAD-FMK, a pro-caspase inhibitor (Figure 1D).
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ROS production inside the cell can affect several physiological functions [15,36]. ROS
can affect DNA, proteins, and lipids, causing oxidative stress and cell death. Several studies
have shown that indole phytoalexin caused apoptosis in cancer cells by boosting ROS
levels [37,38]. NAC (N-acetyl-l-cysteine) inhibits ROS-dependent apoptosis. A synthetic
precursor of cysteine and glutathione, NAC, has anti-ROS properties either directly by
scavenging free radicals or indirectly by increasing glutathione levels. NAC is commonly
used to confirm ROSs are involved in drug-induced apoptosis [39]. In order to maintain
healthy ROS levels in cells, oxygen is converted to ROS by redox reactions during respi-
ration. In normal cells, ROS generation is out of control, which results in DNA damage
caused by free radicals and can cause cancer. ROSs are also responsible for nonalcoholic
steatohepatitis (NASH) to HCC [36]. The high metabolic and proliferation rates of cancer
cells produce more ROS than normal cells, but high ROS generation can also kill cancer
cells. For example, walsuronoid B inhibited cell proliferation by stopping the G2/M phase
via mitochondrial depolarization and induced apoptosis through ROS/p53 [5]. In prior
studies, BSN has also been shown to induce ROS, modulate PI3K/AKT/mTOR, and arrest
cells during EMT [31]. The mechanisms underlying ROS-induced cell death from BSN
are still unclear. Based on the current study, BSN increased ROS levels up to fourfold and
caused cell death. In the presence of BSN, blocking ROS production with NAC significantly
increased cell viability. The NAC co-treatment recovered anti-apoptotic protein Bcl-2 and
decreased pro-apoptotic protein levels, resulting in a decrease in pro-caspase-3 activity.
ROS appears to play a pivotal role in causing BSN-induced apoptosis in HCC cells.

The tyrosine kinase STAT3 is phosphorylated by various intrinsic and extrinsic factors.
Angiogenesis, drug resistance, invasion, and anti-apoptotic response could be improved by
STAT3 phosphorylation [13,27]. Dephosphorylation of the STAT3 pathway has led to an
improvement of apoptosis in cancer cells, cell cycle arrest, inhibition of carcinomagenesis,
and prolonged survival in tumor xenograft models [12,40]. In our study, BSN significantly
reduced STAT3 activation. Junus kinase (JAK) mediated signal pathways by STAT in
adjacent cytoplasm.

Furthermore, JAK2 and Src, STAT3’s upstream signals, were also highly expressed in
hepatic cancer cells [41]. BSN could inactivate JAK2 and Src in a dose-dependent manner.
By suppressing JAK2 and STAT3 signals, BSN could have an even greater effect on cell
death. Therefore, we hypothesized that BSN-induced anti-cancer effects might be related
to dephosphorylation of STAT3, JAK2, and Src. We found that BSN-induced suppression
of constitutive STAT3 expression was diminished by NAC pre-treatment (Figure 3). ROS
generation was one of the early events, but STAT3 activation was a downstream process of
ROS generation. BSN induced apoptosis in HCC cells by activating STAT3, which depended
on ROS levels. Phosphorylation of STAT3 is crucial to tumor cell proliferation [42].

Additionally, we found that BSN suppressed the expression of a number of STAT3-
regulated genes, including proliferative (cyclin D1), anti-apoptotic (Bcl-2, Bcl-xL, survivin
and Mcl-1), and angiogenic genes (VEGF). As cyclin D1 is necessary for the transition from
G1 to the S phase in the cell cycle, the downregulation of cyclin D1 expression may explain
the antiproliferative effects of BSN. Niu et al. (2002) found that the inhibition of STAT3
by an Src inhibitor led to a downregulation of Mcl-1 expression in melanoma cells [43].
The activation of STAT3 signaling also induced survivin gene expression and conferred
resistance to apoptosis. Several chemotherapeutic agents also blocked Bcl-2 and Bcl-xL,
which have been associated with an increase in chemoresistance [44]. This indicated that
Bcl-2, Bel-xL, survivin, and Mcl-1 expressions had been downregulated when BSN induced
apoptosis in HCC cells. According to these observations, caspase-3-induced PARP cleavage
increased, and TUNEL assays detected an increase in apoptotic cells (Figures 1 and 6).
STAT3 expression could promote tumor survival and growth whenever expressed, so
agents such as BSN could lead to apoptosis by targeting STAT3.
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5. Conclusions

As far as we know, to date, this is the first paper demonstrating that BSN inhibits cell
viability in HCC cells via ROS. BSN caused apoptosis, as evidenced by TUNEL-positive
cells. BSN increased ROS, changed Bcl-2/Bax ratios, activated caspase-3, cleaved PARP, and
induced apoptosis. These findings suggest that BSN may be a promising chemotherapeutic
agent in treating hepatocarcinoma. It may be possible to use BSN to treat cancers harboring
active STAT3 and other inflammatory diseases; further in vivo studies will be necessary
for validation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app12094733/s1, Figure S1: Brassinin inhibits cell growth; Figure S2:
Brassinin induces apoptosis; Figure S3: STAT3 is overexpressed in tumor tissues, and its expression
correlates with OS and RFS of LIHC patients.
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