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SZC010 suppresses breast cancer development by regulating the
PI3BK/Akt/NF-xB signaling pathway
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Background: Breast cancer has become one of the leading causes of cancer deaths and is the most
frequently diagnosed cancer among females worldwide. Despite advances in breast cancer therapy, metastatic
disease in most patients will eventually progress due to the development of de novo or secondary resistance.
Thus, it is extremely important to seek novel drugs with high effectiveness and low toxicity for systematic
therapy.

Methods: We applied a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in this
study to analyze and evaluate the cytotoxic activity of oleanolic acid (OA) and its derivatives in three types of
breast cancer cell lines (MDA-MB-231, MCF-7, and MDA-MB-453). A flow cytometry assay was performed
to access the mechanisms of apoptosis and cell cycle analysis in SZC010 in MDA-MB-453 cells. Apoptosis-
and cyclin-related proteins were evaluated by western blot. The key proteins of the NF-«B and PI3K-Akt-
mTOR signaling pathway were also evaluated by western blot.

Results: Our results revealed that all OA derivatives were more effective than OA in three types of breast
cancer cell lines (MCF-7, MDA-MB-231, and MDA-MB-453). Among these seven OA derivatives, SZC010
exhibited the most potent cytotoxicity in MDA-MB-453 cells. Additionally, we observed that SZC010
treatment induced dose-and time-dependent growth inhibition in MDA-MB-453 cells. Furthermore, we
demonstrated that SZC010 induced growth arrest in the G2/M phase and apoptosis by inhibition of NF-«xB
activation via the PI3K/Akt/mTOR signaling pathway.

Conclusions: Our data indicate that the novel OA derivative, SZC010, has great potential in breast cancer
therapy.
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Introduction related mortality (1,2). Over recent decades, conventional

According to the 2022 Global Cancer Statistics, breast therapies (including surgery, chemotherapy, radiotherapy,

cancer is now the most frequently diagnosed cancer among endocrine therapy, and targeted therapy) have significantly

women worldwide and one of the leading causes of cancer- reduced the risk of disease recurrence and death in breast
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cancer patients (3-10). Despite continuous improvements
in oncologic outcomes, most patients with advanced breast
cancer ultimately succumb to their disease due to therapy
resistance (11,12). Therefore, it is extremely important to
identify efficient and safe drugs to treat breast cancer.

Phytochemicals with antioxidant, anti-inflammatory,
and immunomodulatory activities are commonly used as
alternative or complementary therapies for cancer (13,14).
Oleanolic acid (OA), a prevalent phytochemical, occurs
in nature as a free acid or as an aglycone of triterpenoid
saponins (15). OA exhibits antitumor activity against
numerous neoplasms, including hepatocellular cancer (16),
hematological malignancies (17), lung cancer (18), ovarian
cancer (19), pancreatic cancer (20), skin cancer (21), and
glioblastoma (22). Despite its effectiveness, research and
clinical applications of OA are limited due to its poor water
solubility (23). The potential mechanisms underlying
the anti-breast cancer activities of OA and its derivatives
have not yet been elucidated. In the present study, seven
derivatives of OA were synthesized, and their anti-cancer
activities were examined in three breast cancer cell lines
(MCF-7, MDA-MB-231, and MDA-MB-453). In addition,
the underlying molecular mechanisms of its anti-cancer
activity were explored. Our findings indicated that all OA
derivatives were more effective than OA itself in breast
cancer cells and the fused heterocycle derivative SZC010
could be a promising drug for the suppression of breast
cancer. We present this article in accordance with the
MDAR and ARRIVE reporting checklists (available at
https://cco.amegroups.com/article/view/10.21037/cco-24-
10/rc).

Highlight box

Key findings

¢ Oleanolic acid (OA) derivatives were more effective than OA in
breast cancer cell lines.

® SZC010 has great potential in breast cancer therapy.

* SZC010 regulates the PI3K/Akt/NF-«B signaling pathway.

What is known and what is new?

® The anti-cancer potential of OA derivatives is well-established.

* We found that the OA derivative, SZCO010, has great potential in
breast cancer therapy by regulating the PI3K/Akt/NF-«B signaling
pathway.

What are the implications, and what should change now?
e SZCO010 may be a potential anti-tumor agent in breast cancer,
which needs to be verified by clinical trials.
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Methods
Synthesis of OA derivatives

OA derivatives, SZC009, SZC010, SZC012, SZCO013,
SZC014, SZCO015, and SZCO017, were synthesized by
Professor Shisheng Wang from the Dalian University of
"Technology (Figure I).

Cell culture

We performed our cell culture experiments using the
following breast cancer cell lines: MCF-7, MDA-MB-231,
and MDA-MB-453 cells. The human breast cancer
MCF-7, MDA-MB-231, and MDA-MB-453 cell lines
were cultivated at 37 °C with 5% CO,. MCF-7 cells were
cultivated in minimum essential medium (41500-034;
Thermo Fisher Scientific, Inc., China) with 10% fetal
bovine serum (FBS; 10439024; Thermo Fisher Scientific,
Inc.), 1% non-essential amino acids (11140050), and 1 mM
sodium pyruvate (11360070; Thermo Fisher Scientific,
Inc.). MDA-MB-231 and MDA-MB-453 cells were
cultivated in Dulbecco’s modified Eagle’s medium (DMEM;
12800-058; Thermo Fisher Scientific, Inc.) with 10%
FBS (10439024; Thermo Fisher Scientific, Inc.). The cells
were seeded in six-well plates or other appropriate dishes
(30,000 cells/mL).

Cell viability assay

The 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (M'T'T) assay was used to assess cell
viability. Breast cancer MCF-7, MDA-MB-231, and MDA-
MB-453 cells were cultured in 96-well plates at a density
of 1x10’ cells/well, and then treated with 0, 10, 20, 40, and
80 umol/L. OA and OA derivatives (SZC009, SZCO010,
SZC012, SZC013, SZC014, SZCO015, and SZCO017) for
24 h. Furthermore, MDA-MB-453 and MCF-10A cells were
treated with 0, 5, 10, 15, 20, 30, and 40 pmol/L. SZC010
for 0, 12, 24, 48, and 72 h. Dimethyl sulfoxide at the same
dilution was used as the control. Following treatment,
MTT was added in each well (5 mg/mL) and incubated
at 37 °C for 2 h. Formazan crystals were dissolved in
100 pL Triple solution and absorbance was measured using
a microplate reader (Multiskan MK3; Pioneer Co-operative
UK Ltd., Hong Kong, China). Each experiment was
performed at least in quintuplicate. The cytotoxic effects
of OA and its derivatives are expressed as IC50 values,
which were calculated using the Probit model of IBM SPSS
Statistics 19.
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Figure 1 Synthesis of the fused heterocycle (SZC009 and SZC010) and Mannich base (SZC012, SZC013, SZC014, SZC015, and SZCO017)

derivatives.

Apoptosis analysis

Apoptosis was detected using annexin V fluorescein
isothiocyanate (FITC)/propidium iodide (PI) staining
according to the manufacturer’s instructions. MDA-MB-453
cells were seeded in six-well plates (I1x10° cells/well)
and incubated with 15 pmol/L SZCO010 for 0, 12, 24, and
48 h. Following incubation, the cells were collected and
incubated at room temperature with 5 pL. of Annexin-V/
FITC (C1052; Beyotime Institute of Biotechnology, China)
in binding buffer in the dark for 20 min. PI solution was
then added for an additional 10-min incubation. The cells
were analyzed by fluorescence-activated cell sorting (FACS)
using a flow cytometer (BD FACSAria II; BD Co., New
Jersey, USA).

Cell cycle analysis

The cell cycle was assessed using PI staining according
to the manufacturer’s instructions. MDA-MB-453
cells cultured in six-well plates (1x10° cells/well) were
synchronized by serum starvation overnight and incubated
with 15 pmol/L SZCO010 for 0, 12, 24, and 48 h. Following

© Chinese Clinical Oncology. All rights reserved.

incubation, the cells were fixed with 70% ethanol at 4 °C
overnight and resuspended in ice-cold phosphate-buffered
saline (PBS). Next, a cell cycle solution (C1052; Beyotime
Institute of Biotechnology) containing 20 pg/mL RNase A
and 50 pg/mL PI was used to incubate the cells in the dark
for 30 min. A flow cytometer (BD FACSAria II; BD Co.)
was then used to determine the cell cycle distribution of the
cells.

Cell morphology and ultrastructure observation

MDA-MB-453 cells were seeded in six-well plates
(1x10° cells/well) and incubated with 15 pmol/L SZC010
for 0, 12, 24, and 48 h. Following incubation, an inverted
phase contrast microscope (LV-150N; Nikon Corporation;
Japan) was used to observe changes in cell morphology.
Furthermore, the cells were collected by centrifugation
and fixed with 2.5% glutaraldehyde at 4 °C overnight.
Next, the cells were post-fixed in osmium tetraoxide for
30 min, dehydrated in ethanol, embedded in Epon 812
resin, and stained with lead citrate and uranyl acetate.
Finally, a transmission electron microscope (JEM-2000EX;
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JEOL, Ltd., Tokyo, Japan) was used to observe the cell

ultrastructure changes.

Western blotting analysis

MDA-MB-453 cells were cultured in six-well plates (1x
10° cells/well) and incubated with 15 pmol/L SZCO010 for
0, 12, 24, and 48 h. A Nuclear and Cytoplasmic Extraction
Reagents kit (Thermo Fisher Scientific, Inc.; 78835) was
used to collect the nuclear and cytoplasmic fractions. The
cytoplasmic and nuclear protein extracts were reconstituted
in a loading buffer (Beyotime Institute of Biotechnology)
and boiled for 5 min. Equal amounts of protein
(30 pg/sample) were separated by electrophoresis in
12% Sodium Dodecyl Sulfate PolyAcrylamide Gel
Electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene fluoride (PVDF) membranes. After
blocking with 5% dried non-fat milk in tris-buffered saline
(TBS) containing 0.05% Tween 20 for 1 h at 25 °C, the
membranes were incubated with the primary antibody
(Abcam; the US) at 4 °C overnight and washed with TBS for
5 min. Subsequently, they were incubated with horseradish
peroxidase-conjugated secondary antibodies for 2 h at 25 °C.
The blots were developed by chemiluminescence and
detected using an ImageQuant Analyzer (ImageQuant
LAS 4000, GE Healthcare; the US). The optical density of
protein blots was quantified using Quantity One software.

Xenograft model

Healthy female nude mice (5-6 weeks old) were purchased
from Beijing HFK Bioscience Co., Ltd. and maintained
under pathogen-free conditions. To establish breast cancer
xenografts, MDA-MB-453 tumor cells (1x107) were injected
into the armpits of the mice. One week after implantation,
the mice were randomized into vehicle (n=8) and treated
(10 mg/kg SZC010) groups. SZCO010, dissolved in 5%
dimethyl sulfoxide (DMSO) and 10% Tween-20 in PBS,
was administered intraperitoneally once every two days for
two consecutive weeks. The control group received the
vehicle only. Tumor volume was measured twice a week
and calculated using the formula: (length x width x depth
x0.52), and body weights were recorded daily. After the
mice were sacrificed, the xenograft tumors were removed
and either frozen in liquid nitrogen or fixed in 4% formalin
and embedded in paraffin for further studies. Animal
experiments were performed under a project license (No.
CMU2023040) granted by Animal Ethics Committee board
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of China Medical University, in compliance with China
Medical University’s guidelines for the care and use of
animals. A protocol was prepared before the study without
registration.

Statistical analysis

Data from at least three independent experiments are
presented as the mean + standard error. One-way analysis of
variance (ANOVA) was used for statistical analysis, followed
by the Student’s #-test to compare two groups. All statistical
analyses were performed using SPSS 19.0 for Windows and
GraphPad Prism version 8.02. A P value of less than 0.05
was considered statistically significant.

Results

OA derivatives significantly suppress breast cancer cell
growth

To evaluate the anti-breast cancer effect of OA and its
derivatives, MCF-7 (luminal type), MDA-MB-231 (triple-
negative type), and MDA-MB-453 (HER2-positive type)
cells were tested following the application of increasing
concentrations (0, 5, 10, 20, 40, and 80 pmol/L) of
compounds for 24 h and analyzed using an M'T'T assay.
The analysis showed that OA and its derivatives exhibited
cytotoxic activity against MCF-7, MDA-MB-231, and
MDA-MB-453 cells (Figure 2A4).

OA (5-40 pmol/L) treatment for 24 h did not have any
effect on the cell proliferation of MCF-7, MDA-MB-231,
and MDA-MB-453 cell lines compared to the untreated
cells (ICs, values: 94.01, 122.76, and 119.07 pmol/L,
respectively). All OA derivatives were more effective than
OA (IC,, values: 17.14-92.53 pmol/L). Treatment with
SZC012 and SZC014 for 24 h significantly inhibited MCF-7
cells, as compared to other derivatives (ICs, values: 22.95 and
26.07 pmol/L, respectively). Also, treatment with SZC014
for 24 h significantly inhibited MDA-MB-231 cells, with an
1C;, value of 23.23 pumol/L. Treatment with SZC009 and
SZC010 for 24 h significantly inhibited MDA-MB-453 cells
(ICsq values: 27.79 and 17.14 umol/L, respectively).

In general, all OA derivatives were more effective than
OA in three types of breast cancer cell lines (MCF-7, MDA-
MB-231, and MDA-MB-453). Among these nitrogen-
containing OA derivatives, Mannich base derivatives
exhibited a superior anti-proliferative activity than that by
fused heterocycle derivatives in MCF-7 and MDA-MB-231
cell lines, while the fused heterocycle derivatives were more
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Figure 2 Cytotoxicity of OA and its derivatives in the MCF-7,
MDA-MB-231, and MDA-MB-453 cell lines. MCF-7, MDA-
MB-231, and MDA-MB-453 cells were treated with OA and its
derivatives (0-80 umol/L) for 24 h. (A) Histogram showing the
percentage of viable cells following treatment with 0, 5, 10, 20, 40,
and 80 pmol/L of OA and its derivatives for 24 h, as determined
by the MTT assay. Data are expressed as the mean + SEM of
three independent experiments performed in triplicate (n=3;
*, P<0.05). (B) Histogram showing the IC50 values (24 h) of OA
and its derivatives in the MCF-7, MDA-MB-231, and MDA-
MB-453 cells. OA, oleanolic acid; MT'T, 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; SEM, standard

error of the mean.
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effective in MDA-MB-453 cell lines. Moreover, treatment
with the fused heterocycle derivative SZCO010 significantly
inhibited MDA-MB-453 cell lines, as compared to other
derivatives, with an IC50 value at 17.14 pmol/L, which
indicated that SZC010 is a more potent anti-proliferative
agent for MDA-MB-453 breast cancer (Figure 2B).

SZCO010 inbibits MDA-MB-453 cells in a dose- and time-
dependent manner

To further evaluate the anti-MDA-MB-453 cell effect of
SZC010, the MDA-MB-453 cell line was treated with
various concentrations of SZC010 (5, 10, 20, 30, and
40 pmol/L) for various time periods (12, 24, 48, and 72 h).
The growth inhibition of the MDA-MB-453 cell line was
found to be dose- and time-dependent following SZC010
treatment (Figure 34). The IC50 value of SZC010 was
21.60 pmol/L at 12 h, 16.79 umol/L at 24 h, 12.14 pmol/L
at 48 h, and 10.08 umol/L at 72 h. By contrast, the
cytotoxicity of SZCO010 in the mammary epithelial
MCF-10A cell line was also evaluated. The results revealed
that SZC010 (0-40 pmol/L) did not have an effect on
MCEF-10A cell proliferation (Figure 3B). These findings
suggested that SZC010 was a selective anti-cancer agent
against MDA-MB-453 breast cancer cells.

SZC010 induces apoptosis in MDA-MB-453 cells

Light and transmission electron microscopes were used to
observe the SZC010-dependent changes in cell morphology
and ultrastructure. The results demonstrated the
occurrence of cell shrinkage, microvilli absence, chromatin
condensation, nuclei fragmentation, and apoptosis bodies
following treatment with SZCO010 (Figure 44). Flow
cytometry was performed with annexin V FITC/PI double
staining to determine whether apoptosis contributed to
the inhibition of MDA-MB-453 cell growth induced by
SZC010. As shown in Figure 4B, the apoptosis percentages
of SZC010 (15 umol/L) in the 12, 24, and 48 h groups
were 5.49%=+1.98%), 12.28%=1.05%, and 17.71%=0.63%,
respectively, which was significantly higher than that in the
control group (1.28%0.09%).

SZC010 induces caspase-dependent apoptosis through
intrinsic pathways

To further explore the molecular mechanism of SZC010-
induced MDA-MB-453 cell apoptosis, western blotting

Chin Clin Oncol 2024;13(3):34 | https://dx.doi.org/10.21037/cco-24-10
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Figure 3 SZC010 suppresses MDA-MB-453 cell proliferation in a dose- and time-dependent manner. MCF-10A and MDA-MB-453
cells were treated with various concentrations of SZC010 (5-40 pmol/L) for various time periods (12-72 h). (A) Line graphs showing
the percentage of viable MDA-MB-453 cells following treatment with 5, 10, 15, 20, 30, and 40 pmol/L SZCO010 for 12, 24, 48, and 72 h,
as determined by the MTT assay. Data are expressed as the mean + SEM of three independent experiments performed in triplicate.
(B) Line graphs showing the percentage of viable MCF-10A cells following treatment with SZCO010, as determined by the MTT assay.
MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; SEM, standard error of the mean.

was performed to evaluate the apoptosis-related proteins.
As shown in Figure 4C,4D, following treatment with
15 pmol/L SZCO010 for 12, 24, and 48 h, a clear increase in
the activation of cleaved caspase-3, cleaved caspase-9, and
cleaved poly-ADP ribose polymerase (PARP) was observed,
which was accompanied by a decrease in procaspase-3,
procaspase-9, and PARP. It is known that the intrinsic
apoptosis pathway, which involves B-cell lymphoma 2
(Bcl-2) family members, can activate the caspase cascade (24).
Therefore, Bel-XL, the Bel-2-associated X protein (Bax),
and key members of the Bcl-2 family were investigated. As
shown in Figure 4C,4D, the expression of Bax was increased,
while that of Bcl-XL and Bcl-2 decreased following
SZCO010 treatment. Moreover, it has been well established
that cytochrome C (Cyto-c) binds to the apoptosis protease
activation factor and forms an apoptosome, leading to
apoptosis. As shown in Figure 4C,4D, treatment with
15 pmol/L SZCO010 for 12 and 24 h increased the
expression of Cyto-c, while treatment for 48 h decreased
it. These results indicated that SZC010 induced caspase-
dependent apoptosis through intrinsic pathways.

SZC010 induces G2/M phase arrest in
MDA-MB-453 cells

A cell cycle analysis was performed to identify the possible
mechanisms underlying the SZC010-induced reduction in
the viability of MDA-MB-453 cells. As shown in Figure 5A,5B

© Chinese Clinical Oncology. All rights reserved.

treatment with 15 umol/L SZCO010 for various periods
resulted in a significant increase in the number of cells in
the G2/M phase: 13.07%x3.45% at 12 h, 19.72%=x1.72%
at 24 h and 20.84%=x4.79% at 48 h, as compared to the
controls (3.84%+0.43%). Furthermore, the cyclin D1, D4,
and Bl proteins, which regulate the G2/M phase of the
cell cycle, were assessed by western blotting. As shown in
Figure 5C, treatment with SZCO010 decreased the protein
levels of cyclin D1, D4, and Bl in a time-dependent manner.
These results indicated that SZC010 induced G2/M
phase arrest in MDA-MB-453 cells by cyclin proteins.

SZCO014 suppresses nuclear factor-«B (NF-xB) activation
in MDA-MB-453 cells

NF-«B belongs to a family of transcription factors that play
a crucial role in tumor cell survival, angiogenesis, migration,
etc. (25). In normal cells, NF-«B is cytoplasmically
sequestered in a latent, inactive form that is bound to the
inhibitor of kB (IxkB) proteins. Cellular stimulation leads
to the phosphorylation of IkBs and then releases the p65
subunit. Next, the p65 subunit translocates into the nucleus
and binds to a specific consensus sequence of DNA (26).
To determine whether the inhibitory effect of SZC010 in
MDA-MB-453 cells is mediated by the suppression of NF-
kB activation, the phosphorylation levels of IxBa and NF-
kBp65 were measured by western blotting. As shown in
Figure 6A4-6C, a significant time-dependent inhibition in

Chin Clin Oncol 2024;13(3):34 | https://dx.doi.org/10.21037/cco-24-10
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Figure 4 SZC010 induced apoptosis in MDA-MB-453 cells. MDA-MB-453 cells were treated with 15 pmol/L SZCO010 for 12, 24, and 48 h.
(A) Light (40x) and transmission electron microscopy (8,000x) results showing the apoptosis-related morphology and ultrastructure changes
induced by SZC010. (B) Annexin V FITC/PI staining results showing SZC010-induced apoptosis. The apoptotic rate results are expressed
as the mean + SEM of three independent experiments performed in triplicate (n=3; *, P<0.05). (C) The expression levels of apoptosis-related
proteins PARP, cleaved-PARP, caspase-3, cleaved-caspase-3, caspase-9, cleaved-caspase-9, Bax, Bcl-2, Bcl-XL, and Cyto-c were examined by
western blotting. Actin was used as a loading control. The image is representative of three independent experiments yielding similar results.
(D) The expression levels of apoptosis-related proteins, cleaved-PARP/PARP, cleaved-caspase-3/caspase-3, cleaved-caspase-9/caspase-9,
Bax/Bcl-2, Bax/Bcl-XL, and Cyto-c¢/Actin, were quantified by Quantity One. Data are expressed as the mean = SEM of three independent
experiments performed in triplicate (n=3; *, P<0.05). PARP, poly-ADP ribose polymerase; Bax, Bcl-2-associated X protein; Bcl-2, B-cell
lymphoma 2; Cyto-c, cytochrome ¢; FITC/PI, fluorescein isothiocyanate isomer I/propidium iodide; SEM, standard error of the mean.

the phosphorylation of IkBa and NF-kBp65 was observed
following the treatment of MDA-MB-453 cells with
SZCO010. These results suggested that the inhibition of NF-
kB activation was a mechanism through which SZC010

induced its anti-cancer activity.

© Chinese Clinical Oncology. All rights reserved.

SZCO010 inbibits the PI3K/Akt/mTOR signaling pathway
in MIDA-MB-453 cells

To further elucidate the molecular mechanism of the anti-
cancer activity of SZCO010, the effect of SZC010 on the
PI3K/Akt/mTOR signaling pathway was investigated.

Chin Clin Oncol 2024;13(3):34 | https://dx.doi.org/10.21037/cco-24-10
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Figure 5 SZC010 induces G2/M phase arrest in MDA-MB-453 cells. MDA-MB-453 cells were treated with 15 umol/L SZC010 for 12, 24,
and 48 h. (A) Representative images showing the effect of SZC010 on cell cycle progression. G2/M phase arrest was observed in SZC010-

treated MDA-MB-453 cells. (B) Histogram showing the cell cycle distribution quantification. (C) The expression levels of cell cycle-related

proteins (cyclin D1, D4, and B1) were examined by western blotting. Actin was used as a loading control. The image is representative of

three independent experiments yielding similar results.

PI3K (p110 and p85) and the phosphorylation levels of Ak,
mTOR, and p70S6K were examined by western blotting
in MDA-MB-453 cells. As shown in Figure 7A4,7B, the
treatment of MDA-MB-453 cells with SZC010 induced a
time-dependent inhibition of the expression of the PI3K
subunits, p85 and p110. In addition, SZC010 treatment
downregulated the levels of phosphorylated Akt and mTOR
in a time-dependent manner. SZC010 treatment also
downregulated the phosphorylation of p70S6K, which is a
downstream factor of mTOR. In addition, SZC010 could
repress the expression of PI3K (p110 and p85), leading
to the suppression of Akt and mTOR phosphorylation,
which in turn resulted in the suppression of p70S6K
phosphorylation. The present results revealed that the
inhibition of PI3K/Akt/mTOR signaling was a mechanism
through which SZC010 induced its anti-cancer activity.

© Chinese Clinical Oncology. All rights reserved.

SZC010 suppresses tumor growth in tumor-bearing mice

To confirm the antitumor effect of SZCO010 iz vivo, BALB/c
mice with an intact immune system were implanted with
MDA-MB-453 cells in the armpits. We separated the mice
into two groups: (I) vehicle i.p.; (II) SZC010 (10 mg/kg
SZC010, i.p., once every 2 days) groups. The representative
changes of tumors were displayed in Figure 84-8D, showing
a significantly lower tumor size in the SZC010 group than
that in the vehicle group. No significant differences were
found in the mean body weights of tumor-bearing mice
between the SZCO010 and vehicle groups, indicating low
toxicity of SZCO010 in vive. The average tumor weights were
0.564+0.118 and 0.412+0.071 g in the vehicle and SZC010
groups, respectively, in the nude mouse model (Figure SE).
Moreover, western blot analysis of the tumor tissues
revealed that the expressions of the PI3K/Akt/mTOR

Chin Clin Oncol 2024;13(3):34 | https://dx.doi.org/10.21037/cco-24-10
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Figure 6 SZC014 suppresses NF-«B activation in MDA-MB-453 cells. MDA-MB-453 cells were treated with 15 pmol/L SZC010 for
12, 24, and 48 h. (A) The expression levels of proteins in the cytoplasm involved in NF-«xB activation (IkB, p-IkB, p65, and p-p65) were
examined by western blotting. Actin was used as a loading control. The image is representative of three independent experiments yielding
similar results. (B) The expression level of p-p65 in the nucleus was examined by western blotting. Histone was used as a loading control.
The image is representative of three independent experiments yielding similar results. (C) The expression levels of NF-«B signaling pathway
proteins [p-IkBo/IxBa, p-p65(cf)/p65(ct), and p-p65(nf)/Histone] were quantified by Quantity One. Data are expressed as the mean + SEM
of three independent experiments performed in triplicate (n=3; *, P<0.05). NF-kB, nuclear factor-xB; IxB, inhibitor of xB; SEM, standard

error of the mean.
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Figure 7 SZC010 inhibits the PI3K/Akt/mTOR signaling pathway in MDA-MB-453 cells. MDA-MB-453 cells were treated with 15 pmol/L
SZCO010 for 12, 24, and 48 h. (A) The expression levels of PI3K/Akt/mTOR signaling pathway proteins [PI3K(P110), PI3K(P85), Ake,
p-Akt, mTOR, p-mTOR, P70S6K, and p-P70S6K] were examined by western blotting. Actin was used as a loading control. The image is

representative of three independent experiments yielding similar results. (B) The expression levels of PI3K/Akt/mTOR signaling pathway
proteins [PI3K(P110)/Actin, PI3K(P85)/Actin, p-Akt/Akt, p-mTOR/mTOR, and p-P70S6K/P70S6K] were quantified by Quantity One.

Data are expressed as the mean = SEM of three independent experiments performed in triplicate (n=3; *, P<0.05). SEM, standard error of

the mean.

and NF-«kB signaling pathway were reduced by SZC010
treatment, as compared to the vehicle group (Figure 8F).

Discussion

OA (also known as 3B-hydroxyolean-12-en-28-oic acid),
which belongs to the Oleaceae family, is a bioactive
pentacyclic triterpenoid that can be isolated from
>1,600 plant species (27-29). OA has been shown to exert
antitumor activities against numerous neoplasms, including
hepatocellular cancer, hematological malignancies, lung
cancer, ovarian cancer, pancreatic cancer, skin cancer,

© Chinese Clinical Oncology. All rights reserved.

glioblastoma, and breast cancer. A study has confirmed
that OA has relatively weak antitumor activity against
breast cancer due to poor water solubility (30); structural
modifications may therefore be a feasible strategy to
improve the anticancer activity of OA by enhancing its
water solubility. Huang et /. (31) synthesized a 3-oxo-OA
via Jones oxidation reactions and improved its antitumor
activity in melanoma iz vitro and in vivo.

Based on 3-oxo-OA, seven nitrogen-containing OA
derivatives were synthesized by the Mannich and fused
heterocycle reactions. In the present study, the efficacy of
these compounds was evaluated against different cancer

Chin Clin Oncol 2024;13(3):34 | https://dx.doi.org/10.21037/cco-24-10
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cell lines including gastric, pancreatic, and lung cancer
cell lines. Generally, these seven nitrogen-containing OA
derivatives were more cytotoxic than OA, and the Mannich
derivatives were more effective than the fused heterocycle
derivatives. As expected, our findings revealed that all of the
OA derivatives were more effective than OA in three breast
cancer cell lines. Notably, the Mannich base derivatives
exhibited markedly better antiproliferative activity than the
fused heterocycle derivatives in MCF-7 and MDA-MB-231
cell lines, while the fused heterocycle derivatives were more
effective in the MDA-MB-453 cell lines, indicating that the
fused heterocycle derivatives, particularly SZC010, were
highly selective toward MDA-MB-453 cells. Furthermore,
in the xenograft model, we also found a significantly lower
tumor size and weight in the SZC010 group compared to
the vehicle group.

Apoptosis plays an important role in the destruction of
undesired cells under pathological or aging conditions (32).
However, apoptotic signals are inhibited in cancer cells,
indicating that targeting apoptotic signals is an attractive
cancer therapeutic strategy (33). By morphology/
ultrastructure and flow cytometry, we found that SZC010
effectively inhibited the growth of MDA-MB-453 cells
by inducing apoptosis. It is known that the intrinsic
mitochondrial and extrinsic pathways could be the
mechanisms triggering apoptosis (34). For the intrinsic
mitochondrial pathway, the proapoptotic Bax protein tightly
binds to the anti-apoptotic proteins, Bcl-2/Bcl-XL, residing
on the outer mitochondrial membrane. When released
from Bcl-2, an outer mitochondrial membrane oligomeric
channel is formed by Bax, which facilitates Cyto-c release to
promote cell death (35). The present result demonstrated
that SZCO010 increased the protein expression of Bax and
inhibited that of Bcl-2/Bcl-XL, thus increasing the Cyto-c
release and triggering the cleavage of caspases 9 and 3;
this indicated that SZC010 induced apoptosis through the
mitochondria-mediated intrinsic pathway.

It has been established that controlling the cell cycle is
an effective way to inhibit cancer progression, as regulators
of the cell cycle are frequently deregulated in most
neoplasms (36). Through cell cycle analysis, the present
data showed that SZC010 treatment induced G2/M phase
arrest in MDA-MB-453 cells and decreased the expression
level of cyclin D1, D4, and B1.

Breast cancer is a heterogeneous disease that is clinically
subdivided into HR+, HER2", and TNBC. Undoubtedly,
the strategies that target HER2 are the most successful
for cancer therapeutics in the clinic. HER2 amplification/

© Chinese Clinical Oncology. All rights reserved.
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overexpression accounts for 25-30% of all breast cancer
cases and is associated with the aggressiveness of carcinoma
growth and resistance to treatment, leading to recurrent
disease progression or poor prognosis (37-39). HER?2 is a
member of the epidermal growth factor receptor (EGFR/
HER) family comprising EGFR (HER1), HER2, HER3,
and HER4 (40). The homo- or hetero-dimerization of
these receptors induces the transphosphorylation of specific
tyrosine residues in their intracellular domain(s), resulting
in the initiation of downstream signaling pathways including
the PI3K/Akt/mTOR signaling pathway (41). HER2 can
indirectly couple to the p85 regulatory subunit of PI3K by
forming heterodimers with HER3 or recruiting adapters
(GRB2-GABI1 or GAB2), resulting in the activation of
PI3K (42,43).

Following the activation of PI3K, Akt is subsequently
phosphorylated and activated. The phosphorylated form
of Akt indirectly activates mTOR, which is usually coupled
with other proteins in a complex known as mTORCI1 (44).
In the mTORC1, mTOR phosphorylates p70S6K
(70 kDa ribosomal protein S6 kinase), leading to increased
translation and synthesis of cell cycle-regulating and
apoptosis-related proteins (45). In addition, the activated
form of Akt also promotes the malignant transformation
of the inhibitory kB kinases. These activated kinases then
phosphorylate the IkBs and cleave to release the p65
subunit, which translocates into the nucleus and binds to a
specific consensus sequence of DNA; the latter is involved
in multiple biological processes, including cell cycle
control and apoptosis (46). These results demonstrated that
SZCO010 treatment in MDA-MB-453 cells resulted in the
inhibition of the PI3K/Akt/mTOR signaling pathway and
NF-xB activation.

In the present study, we observed that SZC010 inhibited
NF-kB activation and the PI3K/Akt/mTOR signaling
pathway, thereby inducing apoptosis and G2/M phase arrest
in HER2-overexpressed MDA-MB-453 cells. Our previous
studies showed that OA and its derivatives can suppress
NF-kB activation in numerous types of cancer (47,48). The
present results identified that SZC010 induced-apoptosis
and inhibition of NF-«B activation are mediated via
PI3K/Akt/mTOR signaling pathway inhibition. Thus, we
hypothesized that the higher potency anticancer activity of
SZC010 in HER2-overexpressed MDA-MB-453 cells was
associated with its high selectivity towards the PI3K/Akt/
mTOR signaling pathway. Moreover, the present research
further established that the PI3K/Akt/mTOR signaling
pathway is associated with HER2-directed resistance to

Chin Clin Oncol 2024;13(3):34 | https://dx.doi.org/10.21037/cco-24-10
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Figure 9 Proposed model for SZC010-induced cell death in the MDA-MB-453 cell line.

clinical treatment (49). Our next study will also focus on the
mechanism underlying the resistance of SZC010 to anti-
HER?2 therapies.

Conclusions

In conclusion, seven nitrogen-containing OA derivatives
were synthesized via the Mannich and fused heterocycle
reactions. All OA derivatives were more effective than OA
in the three types of breast cancer cell lines (MCF-7, MDA-
MB-231, and MDA-MB-453). Among these seven OA
derivatives, SZCO010 exhibited the most potent cytotoxic
activity in the MDA-MB-453 cell line and xenograft model.
It was also observed that SZC010 treatment induced a
dose- and time-dependent inhibition of MDA-MB-453
cell growth. Furthermore, we also observed that SZC010
induced apoptosis and G2/M phase arrest via PI3K/Akt/
NF-«B signaling pathway inhibition (Figure 9). The present
data indicated that the novel OA derivative, SZCO010, has
great potential in cancer therapy.
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