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of hormone-independent breast cancer. Ursolic acid (UA), a triterpenoid acid compound
derived from apple, pear, loquat leaves, etc., has been reported to be effective in a variety
of cancer treatments, but there are few reports on the treatment of TNBC. This study
performed comprehensive bioinformatics analysis and in vitro experiments to identify the

scgdoctor@126.com  offect of UA on TNBC treatment and its potential molecular mechanism. Our results

showed that UA could not only reduce the proliferation, migration, and invasion in MDA-
MB-231 and MDA-MB-468 cell lines with a dose-dependent manner but also induce cell
cycle arrest and apoptosis. Meanwhile, we collected the gene expression data GSE45827
and GSE65194 from GEO for comparison between TNBC and normal cell type and
obtained 724 DEGs. Subsequently, PLK1 and CCNB1 related to TNBC were screened as
the key targets via topological analysis and molecular docking, and gene set enrichment
analysis identified the key pathway as the p53 signaling pathway. In addition, quantitative
real-time PCR and western blot verified the key genes were PLK1 and CCNB1. In vivo and
in vitro experiments showed that UA could inhibit the growth of TNBC cells, and down-
regulate the protein expression levels of PLK1 and CCNB1 by mediating p53 signaling
pathway. These findings provide strong evidence for UA intervention in TNBC via multi-
target therapy.
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INTRODUCTION

TNBC accounts for 10-15% of all breast cancers, and its long-
term prognosis is poor compared with that of other breast cancer
subtypes (Sharma, 2016). Although incredible progress has been
made regarding treatments, including radiotherapy,
chemotherapy, surgery, and neoadjuvant therapy, and the
survival rate of patients has been gradually increasing, the
high recurrence and mortality rates remain serious health
threats due to side effects and multidrug resistance
(Rubovszky and Horvath, 2017; DeSantis et al, 2019).
Therefore, it is imperative to identify and elucidate the
molecular mechanisms of novel therapies with fewer side effects.
With the development of molecular pathology and molecular
genetics, the gene expression map of TNBC with distinctive
biological characteristics is outlined more clearly (Pavelic and
Gall-Troselj, 2001; Ingvarsson, 2017). As a subtype of breast
cancer with complex heterogeneity, TNBC lacks estrogen
receptor, progesterone receptor, and human epidermal growth
factor receptor expression in the hormone level, which increases
the difficulty of treatment (Nedeljkovic and Damjanovic, 2019).
Natural plant extracts such as paclitaxel (Gluz et al., 2018),
vinblastine (Casado et al., 2007), colchicine (Lv et al., 2017)
etc., have occupied an important position in the treatment of
hormone-independent breast cancer (Israel et al., 2018). Ursolic
acid (UA) is a natural small-molecule compound derived from
the Chinese medicinal herb Hedyotis diffusa (Manayi et al,
2018). It has a wide range of pharmacological activities,
including sedative, anti-inflammatory, antibacterial,
antidiabetic, anti-ulcer, and blood sugar-lowering effects
(Huang et al,, 2011; Wang et al., 2017). In recent years, its
anti-cancer properties have also been discovered (Huang et al.,
2012; Yin et al., 2018; Chan et al.,, 2019). According to previous
reports, UA could inhibit the proliferation of human liver cancer
cells by regulating STAT3 activation both in vivo and in vitro (Liu
et al., 2017). It could significantly inhibit the transcription of the
angiogenic genes uPA, HIF-1R, VEGF, and IL-8 and reduce ROS
production, thereby effectively reducing tumor angiogenesis (Lin
et al, 2011). Meanwhile, it has been reported that UA could
strengthen the sensitivity of TNBC cells to doxorubicin by
interfering  with  zebl-as1/mir-186-5p/ABCC1  signaling
pathway. (Lu et al, 2021). In addition, UA could also reverse
paclitaxel resistance by targeting the miRNA-149-5p/MyD88 axis
in MDA-MB-231 cells (Xiang et al., 2019). Although UA is a
natural product with an excellent prospect for tumors treatment,
there is still a lack of complete understanding of the
pharmacological molecular mechanism of UA against TNBC.
Network pharmacology is a drug design approach that
encompasses system biology and network analysis to clarify
the interaction mechanisms of targets and multi-target drugs
from the molecular perspective (Hopkins, 2008). “Multi-target,
multi-component, and multi-path” are typical features of natural
products, and the network pharmacology approach has been
recommended for carrying out more precise studies on the
interactions between the active compounds of natural products
and diseases (Li et al, 2014). In recent years, comprehensive
bioinformatics has been used as a novel tool to study the
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molecular mechanisms of disease occurrence, and it has also
provided great convenience for exploring drug targets (Stratton
et al., 2009; Oulas et al., 2019).

In the present study, to clarify the molecular mechanism of
UA intervention in TNBC, comprehensive bioinformatics
analysis was used to screen for biomarkers related to TNBC,
and the validity of the inferences was verified based on molecular
docking and in vitro experiments.

MATERIALS AND METHODS

Reagents

UA was obtained from the National Institutes for Food and Drug
Control (Beijing, China). Cell Counting Kit-8(CCK-8) was
obtained from Sigma-Aldrich (Shanghai, China). MDA-MB-
231 and MDA-MB-468 cell lines were provided by the
Department of Biochemistry and Molecular Biology,
Department of Medicine, Qingdao University. Annexin
V-FITC Apoptosis Kit was obtained from Becton, Dickinson
and Company (New jersey, United States). Goat anti-rabbit
horseradish ~ peroxidase =~ (HRP)-conjugated  secondary
antibodies and Goat anti-mouse horseradish peroxidase
(HRP)-conjugated secondary antibodies were obtained from
Abcam (United Kingdom). Mouse anti-P53 (catalogue number
ab26), rabbit anti-PLK1 (catalogue number ab189139), mouse
anti-CCNB1 (catalogue number ab72), and GAPDH (catalogue
number abl81602) were purchased from  Abcam
(United Kingdom).

Cell Culture

Three cell lines, including Homo sapiens TNBC cell lines MDA-
MB-231, MDA-MB-468, and normal cell line HMEC were
cultured with the complete medium (10% fetal bovine serum)
in an incubator. The culture medium was tested and confirmed to
be free of mycoplasma contamination.

Cell Viability Assay

CCK-8 was used to measure the cell viability of MDA-MB-231,
MDA-MB-468 cells and HMEC cell treated with UA. At 37°C and
5% CO,, 2 x 10> cells were inoculated per well and cultured for
24 h in a 96-well plate. They were placed in a 37°C incubator for
24 h. The cells were exposed to 0 (blank control), 0.1% DMSO
(negative control), 15, 20, 25, and 30 umol/L UA (98% purity)
and then incubated for 24, 48, and 72h, respectively. After
treatment, the medium was removed, and 100l fresh
medium containing 10% CCK-8 was added to each well at
37°C for 4h. The ODg5, was measured in a 96-well plate with
a Multiskan™ FC Microplate Reader (Thermo Fisher Scientific,
China). Three independent experiments were performed.

Cell Morphology Assay

MDA-MB-231 and MDA-MB-468 cells (5 x 10°/well) were
added into 6-well plate and cultured overnight in 37°C
incubator. Subsequently, the TNBC-cells were treated with UA
(0, 15, 20, and 25 umol/L) for 24 h. The morphological changes of
cells were measured and recorded with microscope (100 x).
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5-Ethynyl-2’'-Deoxyuridine Proliferation
Assay

MDA-MB-231 and MDA-MB-468 cells (5 x 105/well) were
transplanted into 6-well plates and cultured overnight in 37°C
incubator and then the cells were treated with UA (0, 15, 20, and
25 pmol/L) for 24 h at 37°C. 1°’ml EDU was added to each well and
incubated at 37°C for 2 h. PBS containing 4% paraformaldehyde
was added to fix the cells for 30°’min, and then the cells were
treated with glycine (2 mg/ml) and 0.5% triton-100 for 10 min.
Cells were treated with 1 ml of 1X Apollo and 1 ml of 1X
hoechst33342 at room temperature for 30°min. The average
number of three random fields in the sample under
fluorescence microscope is used to measure the cell
proliferation. Three independent experiments were carried out.

Wound Healing Assay

MDA-MB-231 and MDA-MB-468 cells (1 x 10° cells/ml) were
added to the 6-well plate and incubated overnight. Scrape in a
straight line with a 200 ul pipette tip, and then wash the culture
wells containing cells 3 times with PBS. The TNBC-cells were
treated with different concentrations of UA (0, 15, 20, and
25 umol/L) for 24 h. The distances that the cells moved were
measured and recorded with a microscope (100x).

Transwell Invasion Assay

Dilute the Matrigel with serum-free medium at a ratio of 1:8 and
add it to the upper chamber, place it in a 37°C incubator to
coagulate Matrigel, and hydrate it with serum-free medium for
30 min. After adjusting the cell concentration of the suspension to
1 x 10°/ml, add 100 pl of cell suspension containing different
concentrations of UA (0, 15, 20, and 25 pmol/L) to the upper
chamber. A complete medium (10% fetal bovine serum) was
added into the lower chamber, and then the TNBC cells were
cultured in the incubator for 24 h. Then, aspirate the upper
chamber medium and clean the remaining cells in the upper
chamber with a cotton swab. After being immersed in
paraformaldehyde for 25°min, stained with 1% crystal violet
solution for 15°min, and washed 3 times with PBS. Then the
microscope was used to observe and count the adherent cells.
Three independent experiments were performed.

Cell Cycle and Apoptosis Assay

MDA-MB-231 and MDA-MB-468 cells were treated with UA (0,
15, 20, and 25 umol/L) for 24’h, respectively. The cell cycle
detection kit (Dojindo, C543) and the Annexin V-FITC/PI
dual-labeled flow cytometer kit (BD, 556547) were used to
detect the effect of UA on TNBC cell apoptosis and cell cycle
by PI staining. The cells were analyzed by flow cytometry using
LSRFortessa (BD Biosciences, China).

Data Source and Processing

Differentially expressed TNBC genes and normal genes were
obtained from the GEO database (https://www.ncbi.nlm.nih.gov/
geo/, series: gse45827 (Gruosso et al., 2016) and gse65194 (Maire
etal, 2013), GLP570). The “affy” package from R studio was used
for batch normalization, and mRNA expression data was
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obtained for 104 samples, including 22 normal tissue samples
and 82 TNBC tissue samples. Then, the downloaded gene
expression information was normalized, and the gene
expression difference between the normal and TNBC samples
was identified using the “limma” software package on the R
platform.

Enrichment Analysis and PPl Network

Gene Ontology (GO) enrichment analysis was conducted
using the ClusterProfiler software package in the R
platform, and p < 0.05 was set as the cutoff which indicated
biological significance. The DAVID database (Huang et al,,
2007) was used to annotate potential targets, and the signal
pathway was obtained. A cutoff value p < 0.05 was set as the
standard for constructing the target interaction network.

A protein-protein interaction (PPI) network for TNBC-related
DEGs was constructed. DEGs were entered into STRING, a
protein-protein prediction database (Szklarczyk et al., 2015)
for analysis, and the STRING database predicted the
interactions between the proteins. In the interface, the
minimum interaction threshold was set to 0.400, and the
species was set as “Homo sapiens”. (Szklarczyk et al, 2017).
The target interaction data were entered into the Cytoscape 3.7.1
software, and the topology analysis was performed by CytoNCA
plug-in at the PPI network (Shannon et al, 2003). Then, the
afore-mentioned modular analysis was used to screen the main
nodes with the strongest interactions in the PPI network to
identify candidate biomarkers for TNBC.

Molecular Docking

Hub targets with prognostic value were screened as research
objects, and the small-molecule structure of the UA was collected
from the PubChem database (Kim et al., 2019) (http://www.
pubchem.ncbi.nlm.nih.gov) and saved as mol, format files. The
top target-ligand complexes with crystal structures of the hub
targeted proteins were collected from the RCSB Protein Data
Bank (https://www.rcsb.org/). To further improve the accuracy of
the results, SYBYL-X software was used as a virtual docking tool
for the batch docking of protein targets and potential active drug
ingredients. After the hydrogenation and removal of co-
crystallized ligands and water molecules from the protein-
ligand compounds, the docking scores were used to assess the
affinity of the compound to the candidate targets.

Prognostic Value Analysis

GEPIA (Tang et al,, 2017) (http://gepia.cancer-pku.cn) has 9,736
tumor samples and 8,587 normal samples. The sources for the
databases, including TCGA and GTEx, were employed to
evaluate the effects of key targets on the overall survival (OS)
and recurrence-free survival (RFS) of the patients. p < 0.05 was
regarded as statistically significant for hub target-related survival.

Gene Set Enrichment Analysis

We used the Genome Enrichment Analysis (GSEA) version 4.0.0
tool to incorporate candidate biomarkers into the analysis and
divide the TNBC chip samples into normal and tumor groups.
c2.cp.kegg.v7.2.symbols.gmt was used as the reference gene set,
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and the degree of random combination was set to 1,000. The
detection phenotype was set as a single gene, and the enrichment
degrees of the target genes were ranked based on the Pearson
coefficient.

Quantitative Real-Time PCR Analysis

TNBC cells MDA-MB-231 and MDA-MB-468 were treated with
UA (0, 15, 20, and 25 umol/L) for 24 h. The commercial kit
(TianGen Biochemical Technology, China) was used to extract
total RNA from MDA-MB-231 and MDA-MB-468 cells
according to the instructions of manufacturer, and high-
capacity cDNA was used to reverse-transcribe 500 ng RNA
with a ¢cDNA Reverse Transcription Kit (Thermo Scientific,
United States). The expression of PLK1, CCNBI, and P53
genes was measured by real-time PCR using QuantStudio 3
Real-Time PCR Systems (Thermo Fisher Scientific). The
primers used were: PLK1 sense, GGCAACCTTTTCCTGAAT
GA; antisense, AATGG- ACCACACATCCACCT; CCNBI sense,
CCAAATCAGACAGATGGAA; antisense, GCCAAAGTATGT
TGCTCGA; and P53 sense, CTGAGGTTGGCTCTGACTGTA;
antisense, GGAGGATTGTGGCCTTCTTTG.

Western Blot Analysis

The TNBC cells MDA-MB-231 and MDA-MB-468 were cultured
to 70% in the culture dish, treated with UA (0, 15, 20, and
25 umol/L) for 24 h, and washed with precooled PBS three times
using RIPA cell lysis buffer supplemented with PMSF, protease,
and phosphatase inhibitors. Total protein was extracted from the
treated cells and then subjected to western blot analysis. The
western blot was performed according to the manufacturer’s
instructions. The same amount of protein (30 pug) was
separated by SDS-PAGE, transferred to a PVDF membrane,
blotted with 5% BSA at room temperature for 1.5 h, incubated
with primary antibody overnight at 4°C, and then combined with
HRP-binding to incubate the secondary antibody (1:2000).
Finally, the membrane was visualized by ECL Western Blot
Substrate.

Tumor Xenografts Analysis

The specific pathogen free (SPF) BALB/c female nude mice
(13-15g, 6 weeks old) were purchased from Jinan Pengyue
Experimental Animal Breeding Co., Ltd. All animal
experiments in this project were carried out after being
reviewed and approved by the ethics committee of the Animal
Experiment Center of Shandong University of Traditional
Chinese Medicine (ethics number: SYXK 20170022). The care
and use procedures of laboratory animals were also in line with
the European Union’s Guide to Laboratory Animals (2010/63/
EU). The MDA-MB-231 cells in the logarithmic growth phase
were adjusted to a concentration of 1 x 107 cells/ml with
phosphate buffered saline (PBS), mixed and injected into the
right armpit of BALB/c mice. Each mouse was injected 0.2 ml.
The mice were randomly divided into the control group (normal
saline) and the UA treatment group (20 mg/kg, 50 mg/kg, and
100 mg/kg), with five mice in each group. Drug injection was
performed 1 week later. The tumor volume was measured every
4 days. Mice were euthanized on the day of final treatment, the
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tumors were removed, weighed and immediately frozen in liquid
nitrogen for subsequent Western blot.

Statistical Analysis

GraphPad Prism eight was used to perform statistical analysis on
the data. When appropriate, Student’s t-test or one-way analysis
of variance (ANOVA) was performed for statistical analysis, and
the data are expressed as the mean + standard deviation (SD). For
all statistical analyses, *p < 0.05, **p < 0.01, and ***p < 0.001 were
considered significant differences.

RESULTS
Effect of UA on Viability of Typical Cells

To evaluate the inhibitory effect of UA on cells, we selected the
MDA-MB-231, MDA-MB-468, and HMEC cell lines, and these
cell lines were treated with UA (0, 15, 20, 25, and 30 umol/L) for
24, 48, and 72 h, separately, then the cell viabilities were detected
using CCK8 assays. The results showed that compared with the
negative control, UA has a significant inhibitory effect on MDA-
MB-231 and MDA-MB-468 cells, and it was time and dose-
dependent (Figures 1A,B). However, UA showed lower effect on
human breast epithelial HMEC cells (Figure 1C).

Effect of UA on the Morphology and

Proliferation of TNBC Cells

The morphological changes of MDA-MB-231 and MDA-MB-468
cells treated with UA (0, 15, 20, and 25 pmol/L) for 24 h were
observed under the microscope. The results showed that
compared with the negative control, the number of cells in
UA treatment group decreased significantly, with the 25 pmol/
L treatment group show a more significant decrease. In addition,
the characteristic morphology of the cells gradually disappeared,
and some cells began to shrink (Figure 2A). To further explore
the effect of UA on the proliferation of TNBC cells, EDU staining
and Hoechst33342 staining were performed. After 24h of UA
treatment, the numbers of actively proliferating cells in MDA-
MB-231 and MDA-MB-468 cells were significantly lower than
that the negative control group, and the numbers of green
fluorescent cells labeled with EDU were significantly reduced
after UA treatment (Figures 2B,C).

Effect of UA on the Migration and Invasion
of TNBC Cells

To further study the migration and invasion abilities of MDA-
MB-231 and MDA-MB-468 cells treated with UA (0, 15, 20, and
25 umol/L), wound healing and invasion experiments were
performed. In addition, the expressions of MMP2 and MMP9
in TNBC cells has also been further detected, which were
considered to have a high correlation in tumor migration and
invasion events. The results indicated that UA inhibited the
migration ability of MDA-MB-231 and MDA-MB-468 cells in
a concentration-dependent manner (Figures 3A,B). Compared
with the negative control, MDA-MB-231 and MDA-MB-468
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FIGURE 1 | The viabilities of (A) MDA-MB-231; (B) MDA-MB-468; (C) HMEC cells treated with UA (0, 15, 20, and 25 umol/L) determined by CCK8 assays.
Negative control: cells treated with 0.1% DMSO. Data are presented as the mean + standard deviation (n = 3), *p < 0.05, **p < 0.01, and **p < 0.001 compared with
negative control.
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FIGURE 2 | Effect of UA on the morphology and proliferation of MDA-MB-231 and MDA-MB-468 cells. (A) Cell morphology of MDA-MB-231 and MDA-MB-468

cells after UA treatment for 24 h. The Phase-contrast images were observed with inverted microscope by a magnification x100. (B,C) Edu staining assay was performed
to detect the DNA replication ability of MDA-MB-231 and MDA-MB-468 cells after UA (0, 15, 20, and 25 pmol/L) treatment for 24 h. Data are presented as the mean +
standard deviation (n = 3), *p < 0.05, *p < 0.01, and **p < 0.001 compared with control.
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FIGURE 3 | UA inhibits the migration and invasion of MDA-MB-231 and MDA-MB-468 cells. (A,B) Wound healing assay was performed to detect the migration
abilities of MDA-MB-231 and MDA-MB-468 cells after UA (0, 15, 20, and 25 pmol/L) for 24 h. (C,D) The invasion abilities of MDA-MB-231 and MDA-MB-468 cells were
measured by Transwell assay. (E) The expression levels of MMP2 and MMP9 were monitored using western blot analysis. Data are presented as the mean + standard
deviation (n = 3), *p < 0.05, *p < 0.01, and **p < 0.001 compared with control.
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treated with UA (0, 15, 20, and 25 pmol/L) exhibited significantly
reduced infiltration of the lower chamber, indicating that UA was
pharmacologically active in inhibiting the migration and invasion
abilities of MDA-MB-231 and MDA-MB-468 cells (Figures
3C,D). As shown in Figure 3E, compared with the control
groups, the protein expressions of MMP2 and MMP9 were
significantly reduced in UA-treated (15, 20, and 25 umol/L)
groups. The above results suggested that UA might inhibit the
migration and invasion of TNBC cells by mediating MMP2
and MMP9.

Effect of UA on the Cell Cycle and Apoptosis
of TNBC Cells

The effect of UA on the cell cycle and apoptosis was detected using
flow cytometry. Compared with the negative control group, the ratio
of cells in G1/GO phase of MDA-MB-231 and MDA-MB-468 cells
treated with UA (0, 15, 20, and 25 umol/L) was down-regulated,
while the ratio of cells in G2/M phase were significantly increased
(Figure 4). After 24 h of UA (0, 15, 20, and 25 pmol/L) treatment, the
percentage of MDA-MB-231 cells in G2/M phase was 4.647 + 4.698,
5.130 + 2.213, 10.980 + 2.797, 16.280 + 0.895, respectively, and the
percentage of MDA-MB-468 cells in G2/M phase was 6.110 + 0.970,
10.590 + 3.495, 8.403 + 0.150, 14.440 + 2.372, respectively. In the
apoptosis assay, the MDA-MB-231 and MDA-MB-468 cells were

stained with Annexin V-FITC and PI after 24 h of treatment with UA
(0, 15, 20, and 25 umol/L), and the degree of apoptosis was measured.
As shown in Figure 5, the percentage of apoptosis of TNBC cells was
significantly increased. These results suggest that UA could induces S
phase arrest and apoptosis of MDA-MB-231 and MDA-MB-468 cells
in a dose-dependent manner. To further analyze the apoptosis of
TNBC cells treated with UA, we measured the expression of
apoptosis-related signature proteins. Compared with the control
groups, the protein expressions of cleaved caspase3 and cleaved
caspase9 increased significantly after UA (15, 20, and 25 pmol/L)
treatment. Meanwhile, Bcl-2 was remarkably reduced in UA-treated
groups compared with the control groups.

Identification of Differentially Expressed

Genes

In this study, gse45827 and gse65194 datasets were
downloaded from the GEO database. Then, [log2-fold
change| >2.5 and p < 0.01 were used as the screening filter
conditions, the differential expression between 22 normal
tissues and 82 TNBC tissues was evaluated, and 724 DEGs
were identified using the R package. The top 40 up-regulated
and down-regulated genes with the most significant
differences were selected separately for subsequent analysis
(Figure 6).
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FIGURE 5 | UA induces apoptosis in MDA-MB-231 and MDA-MB-468 cells. MDA-MB-231 and MDA-MB-468 cells were treated with UA (0, 15, 20, and 25 pmol/
L) for 24 h. (A) Apoptosis assays of TNBC cells were detected via flow cytometry in annexin V-FITC/PI stained, and quantifications of apoptosis in MDA-MB-231 and
MDA-MB-468 were shown (B). (C) The expression levels of cleaved caspase-3, cleaved caspase-9 and Bcl-2 were monitored using western blot analysis. (D)
Quantitation of the expressions of cleaved caspase-3, cleaved caspase-9 and Bcl-2. Data are presented as the mean + standard deviation (n = 3), *p < 0.05,
**p < 0.01, and **p < 0.001 compared with control.
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FIGURE 8| (A) The TNBC target network contains 445 nodes and 5,011
edges (blue nodes represent low-expression targets, red nodes represent
high-expression targets, and the size of nodes increases with the range of
connectivity). (B) PPI interaction network of candidate targets (red
indicates targets with high connectivity and green indicates targets with low
connectivity).

Enrichment Analysis and PPl Network

Construction

To further study the differentially expressed genes in TNBC, the R
package and DAVID-database were used to conduct GO and
KEGG enrichment analyses on differentially expressed genes. p <
0.05 was used as the cut-off criterion, and GO analysis was
performed on the above-mentioned differentially expressed
genes to clarify their molecular function, biological process,
and cell composition (Figure 7A). The enrichment analysis
showed that the biological processes mainly included mitotic
nuclear division, chromosome segregation, organelle fission, and
other processes related to cell mitosis. The molecular functions
were related to cell activity, such as cell adhesion molecule
binding, glycosaminoglycan binding, heparin binding, and
chemokine receptor binding. The cell components were related
to the chromosomal region, collagen-containing extracellular
matrix, condensed chromosome, and centromeric region. In
the KEGG pathway enrichment analysis, p < 0.01 was set as
the filter condition; the analysis showed that the BP-related DEGs

Antitumor Mechanisms of UA

were mostly involved in the cell cycle, DNA replication, mismatch
repair, and the P53 signaling pathway (Figure 7B).

The construction of the PPI network is a rapid method to
analyze the interactions between DEGs. String and Cytoscape
software were used to build a protein-protein interaction network
contain 445 nodes and 5,011 edges (Figure 8A). The plug-in
CytoNCA was used for topological analysis of the PPI network.
Based on the topological analysis results of the comprehensive
ranking by screening degrees and nodes with the highest value
were identified, and 15 DEGs were determined as the targets for
further analysis (Figure 8B), including CDK1 (cyclin-dependent
kinase 1), CCNA2 (cyclin A2), CDC20 (cell division cycle 20),
CCNBI (cyclin B1), CCNB2 (cyclin B2), MAD2L1 (mitotic arrest
deficient-like 1), AURKB (aurora kinase b), TOP2A
(topoisomerase II alpha), BUB1B (budding uninhibited by
benzimidazoles 1 homolog beta), KIF11 (kinesin family
member 11), PLK1 (polo-like kinase 1), CDCA8 (cell division
cycle associated 8), NCAPG (non-SMC condensin I complex,
subunit G), KIF2C (kinesin family member 2c), and UBE2C
(ubiquitin-conjugating enzyme e2c).

Identification of Module by Molecular
Docking Analysis

Molecular docking as an irreplaceable computer simulation
method in the field of small molecular compounds research
and development for studying the binding mode of ligands
and receptors and the mechanism of interaction between
molecules (Alonso et al, 2006). to further explore the
interaction between UA and 15 targets, a molecular docking
model of UA and DEGs was constructed, and a docking score
greater than five was considered meaningful (Supplementary
Table S1). The results showed that PLK1 (id:2RKU, score:
5.9357) and CCNBI1 (id: 6GU3, score: 5.2448) had the highest
scores in the UA compound model, and the interaction between
the residues of the UA small-molecule and hydrogen bond was
stable. (Figure 9).

Identification of Prognostic Value Analysis
The bioinformatics analysis tool in the GEPIA platform was used
to screen the relationship between key targets and overall survival
(OS) as well as key targets and recurrence-free survival (RES) in
breast cancer patient samples (Figure 10). The results showed
that high expression of CCNB1 was negatively correlated with
poor patient prognosis (p < 0.05).

Identification of Gene Set Enrichment
Analysis

A single gene set enrichment analysis (GSEA) was performed to
explore the signaling pathways enriched by these hub genes. The
GSEA analysis showed that PLK1 and CCNBI1 were both
accumulated significantly in the p53 signaling pathway, which
was consistent with the previous KEGG enrichment results
(Figure 11). Therefore, PLK1, CCNBI1, and p53 were used as
the core targets for subsequent experimental verification.
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FIGURE 9 | Molecular docking of UA and hub proteins. (A) PLK1, (B) CCNB1. The green structure represents the small molecule compound, and the red structure

Validation of Key Genes by qRT-PCR and
Western Blot

To determine the expression of critical biomarkers in TNBC
cells after drug treatment, qRT-PCR and western blot
analysis were performed. The results showed that after UA
(0, 15,20, and 25 pmol/L) treatment, the mRNA expression of
PLK1, CCNBI, and p53 in MDA-MB-231 and MDA-MB-468
cells were concentration dependent. In both cell lines, PLK1
and CCNBI decreased with increasing concentration, while
the expression of p53 increased significantly with increasing
concentration (p < 0.01) (Figure 12A). Then, the effect of UA
on PLKI, p-PLK1, CCNBI1, and p53 was determined at the
level of protein expression by western blot analysis. In UA-
treated (15, 20, and 25pmol/L) groups, the protein
expression of PLK1, p-PLK1, and CCNB1 was significantly
reduced compared with the control groups. Besides, the
protein expression of p53 also increased significantly with
increasing dose, which was consistent with the qRT-PCR
results (Figure 12B). To further explore the critical function
of p53 in UA affecting TNBC cells, we used Pifithrin-a (PFT-
a) as a p53 inhibitor to verify the hypothesis. As shown in
Figure 12C, the expression levels of PLKI1, p-PLK1, and
CCNBI1 were higher in the combined PFT-a and UA
treated groups than UA treatment groups. In addition, the

p53 expression level in the PFT-a combined with UA groups
were observed to decrease after adding PFT-a. These results
indicated that UA may decrease the expression levels of PLK1
and CCNBI1 and induce the apoptosis of MDA-MB-231 and
MDA-MB-468 cells through the p53 signaling pathway,
which was consistent with the results of the above-
mentioned comprehensive bioinformatics analysis.

Effect of UA on the Tumor in Xenograft Mice
To evaluate the activity of UA against TNBC in vivo, the BALB/c
female nude mice xenograft model was established in this study. As
shown in Figures 13A,C, the tumor volume of the control xenografts
was 686.6 + 211.9 mm” and tumor weight of 0.7760 + 0.1647 g. The
subcutaneous tumor volume of nude mice in the UA-treated
xenografts was significantly reduced. The tumor volume was
reduced to 460.7 + 1034mm’ (20 mg/kg), 3354 + 1230 mm’
(50 mg/kg), and 209.5 + 97.90mm’ (100 mg/kg). While tumor
weight was reduced to 0.5720 + 0.11, 04320 + 0.09, and 0.3120 +
0.09 g. Western blot analysis was shown in Figures 13D,E. The
protein expression levels of PLK1, p-PLK1, and CCNBL1 in the
UA-treated xenografts were significantly reduced, compared with
the control xenografts. Meanwhile, the protein expression level of
p53 in the UA-treated xenografts was significantly increased when
compared with the control xenografts.
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FIGURE 10 | The GEPIA platform was performed to explore the prognostic value of hub targets from TNBC. (A) Prognostic analysis for PLK1, (B) Prognostic

Overall Survival

S —— Low CCNB1 TPM
1 e —— High CCNB1 TPM
Logrank p=0.037
w | HR(high)=1.5
s p(HR)=0.038
@ n(hig 28
> _:n(low)=321
S < |
‘5 o
w
et
[
Q = ]
g S
o
o~
pa
o
2
T T T T T
o 50 100 150 200 250
Months

Disease Free Survival

i e==="L'oWw CCNB1T TPM
i —— High CCNB1 TPM
Logrank p=0.013

HR(high)=2.4

pP(HR)=0.015
= n(high)=107
= n(low)=161
=
S
w
it
=
Q = ]
% S
a
o~
S
= |
S
T T T T T
0 50 100 150 200 250
Months

A

Enrichment plot: KEGG_P53_SIGNALING_PATHWAY

LI L]

i Zero cross at 8104

1.0 ['PLK1_pos’ {positively correlated)

05

05
"PLK1_neg’ (negatively correlated)
o 2,000 4,000 6,000 8.000 10000 12,000 14,000
Rank in Ordered Dataset

Ranked list mefric (Pearson)

|— Enrichment profile — Hits Ranking metric scaresl

signaling pathway.
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DISCUSSION

As a disease with complex heterogeneity, TNBC not only lacks
the expression of estrogen receptor, progesterone receptor and
human epidermal growth factor receptor-2 at hormone level,
but also shows more diversity at molecular genetic level

compared with other subtypes of breast cancer (Kalimutho
et al,, 2015). The molecular biology map of TNBC shows that
its occurrence and development is a multi-level evolutionary
process, which is also the main reason for TNBC’s prone to
relapse, metastasis and lack of treatment strategies (Hwang
et al., 2019).
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FIGURE 12 | Quantitative Real-Time PCR and Western blot analysis for the expressions of hub targets treated with UA (0, 15, 20, and 25 umol/L) for 24 h. (A)
Quantitative Real-Time PCR analyses were performed for PLK1, CCNB1, and P53 mRNA expressions in MDA-MB-231 and MDA-MB-468 cells. (B) Western blot
analyses were performed for PLK1, p-PLK1, CCNB1, and P53 protein expressions in MDA-MB-231 and MDA-MB-468 cells. (C) Western blot analysis of PLK1, p-PLK1,
CCNBH1, and p53 protein expression after adding PFT-a. Data are presented as the mean + standard deviation (n = 3), p < 0.05, *p < 0.01, and **p < 0.001
compared with control.
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FIGURE 13 | The anti-TNBC activity of UA was evaluated in xenograft mice. (A) The photo collection of xenograft subcutaneous tumors in nude mice. UA
suppresses the in vivo tumor development of MDA-MB-231 cells. Compared with the control group, the tumor volume (B) and tumor weight (C) of xenograft tumors
treated with UA were significantly reduced (n = 5 per group). (D) Western blot analyses were performed for PLK1, p-PLK1, CCNB1, and P53 protein expressions in
xenograft tumors (n = 3 per group). Data are presented as the mean + standard deviation (n = 3), *p < 0.05 and**p < 0.01 compared with control.

The obvious advantage of natural products over conventional
chemotherapy is that they could interact with multiple targets,
and on account of their high therapeutic value and low systemic
toxicity, they have attracted widespread attention as emerging
anticancer agents (Rahman, 2016; Yarla et al., 2016). UA exhibits
strongly pharmacological activity and has been reported to be an
effective anti-inflammatory and antiviral molecule, regulator of
immune function, and anti-tumor agent (Hussain et al., 2017) in
carcinomas, such as colorectal carcinoma (Kim et al., 2018),
hepatocellular carcinoma (Zhou et al.,, 2019), and non-small-
cell lung carcinoma (Yang et al,, 2019). In addition, UA has been
shown to reverse the resistance of TNBC to doxorubicin and
paclitaxel in clinical treatment.

In the present study, UA was proven to significantly inhibit the
proliferation of MDA-MB-231 and MDA-MB-468 cell lines
through EDU staining experiments. It is worth noting that UA
showed lower cytotoxic to human normal breast epithelial HMEC
cells compared with tumor cells. Meanwhile, we also found that
UA could block DNA production and induce arresting in G2/M
phase in cell cycle and induce apoptosis of MDA-MB-231 and
MDA-MB-468 cells, suggesting that UA holds plentiful

pharmacological activity against TNBC. These findings
indicated that UA has broadly prospects in clinical
application. Furthermore, bioinformatics and molecular

docking were performed to study the molecular mechanism of
UA against TNBC. GSEA identified the critical signaling
pathways of the targets to explore the mechanism of UA
intervention in TNBC. The results indicated that UA may
affect the expression of PLK1 and CCNBI through regulation
of the p53 signaling pathway. It is worth noting that critical
pathways are highly correlated with cancer progression. The
results of in vivo experiments were basically consistent with
those of in vitro experiments. Compared with the control
group, tumors growth in the UA treated xenografts were
significantly slower in the medication group. Thus, we
considered that the anti-TNBC effect of UA deserves recognition.

TNBC has worse prognosis, higher proliferation and
metastasis rate, and usually appears in the form of highly
invasive ductal carcinoma, compared with other breast
cancer subtypes (Kemp et al, 2015). The fact that the
median OS of patients with metastatic TNBC is 18 months
emphasizes the importance of elucidating the molecular
drivers of TNBC metastasis (Lehmann et al., 2011). Cancer
metastasis is complex and regulated by many factors, since
metastasis starts with the infiltration of the original tumor
tissue, cancer cells often gain migration and invasion
capabilities by changing gene expression during the epithelial
to mesenchymal transition (EMT) process (Shin et al., 2020).
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PLK1 is a key regulator of proto-oncogenes and several cellular
events, including cell division, DNA replication, and DNA
damage repair (Barr et al, 2004; Yoo et al, 2004). Its
expression is up-regulated in many invasive cancers,
including breast (Wolf et al., 2000), gastric (Tokumitsu et al.,
1999) and colon cancer (Takahashi et al., 2003). STAT3, an
important member of the JAK/STAT signaling pathway, is
negatively regulated or activated by PLK1, leading to the up-
regulation of the downstream gene MMP2, thereby enhancing
the aggressiveness of tumor cells (Yan et al., 2018). It has been
reported that active PLK1 promotes metastasis by up-regulating
TGF-B signaling and amplifies its metastatic properties by
forming a positive feedback loop (Shin et al, 2020). In
addition, PLK1 has also been reported to increase the
invasiveness of vimentin-expressing cells by regulating the
level of cell surface receptor 1 integrin (Lambert et al., 2017).

Intact apoptosis mechanisms are generally dysregulated in
cancer (Degterev and Yuan, 2008). The importance of apoptosis
disorders in the prognosis of TNBC has been fully demonstrated
(Vagia et al., 2020). Caspase-8, a member of the caspase family of
proteases, is a key driving factor for apoptosis (Degterev et al.,
2003). Studies have shown that Cdk1 and cyclin B1 phosphorylate
procaspase-8 at Ser-387, thereby inhibiting the activation of
procaspase-8 (Matthess et al, 2010). Meanwhile, initiator
caspases that act upstream in the apoptotic cascade are
mediated by cdkl/cyclin Bl to block the apoptosis of mitotic
cells (Allan and Clarke, 2007; Andersen et al., 2009).

The p53 gene is a well-known tumor suppressor and an
important factor in tumor progression (Machado-Silva et al.,
2010). According to statistics, the inactivation rate of p53 in
various types of tumors exceeds 50% and reaches 75% in
invasive cancers (Golubovskaya and Cance, 2013). The p53
transcription factor is induced in response to DNA damage,
hypoxia, and oncogene activation (Ventura et al., 2007), and loss
of p53 activity indicates poor prognosis, as it regulates the gene
expression program leading to cell cycle arrest and apoptosis
(Sherr and McCormick, 2002). Some scholars support the view
that restoring the p53 pathway could effectively treat breast
cancer (Moulder et al., 2018). Studies have shown that the
function of p53 was restored after inhibiting CCNB1/Cdkl,
which suggests that CCNB1 is involved in inactivating p53
function and promoting tumorigenesis (Lu et al, 2013).
Based on this, PLK1 and CCNB1 may be key factors in the
mechanism of UA intervention in TNBC.

In this study, we reported that UA could down-regulate the
expression levels of MMP2 and MMP9 to mediate the migration
and invasion of TNBC cells. At the same time, it was also found
that UA could induce TNBC cell apoptosis by down-regulating
the expression of Bcl-2 and increasing the expression levels of
cleaved caspase-3 and cleaved caspase-9. qRT-PCR and western
blot analysis showed that UA significantly reduced the mRNA
and protein expression levels of PLK1 and CCNB1 in MDA-
MB-231 and MDA-MB-468 cells. Meanwhile, the expression
level of p53 was significantly increased after UA treatment.
These results reflected the potential pharmacological role of UA
in the treatment of TNBC.

Antitumor Mechanisms of UA

In summary, biomarkers closely related to TNBC were
screened, and in vitro experiments showed that UA could
significantly inhibit the proliferation, migration, invasion
and induce cell cycle arrest and apoptosis of MDA-MB-231
and MDA-MB-468 cells with a concentration-dependent
manner. After UA treatment, the tumor body and tumor
weight of TNBC-xenograft mice decreased significantly,
indicating that it could inhibit tumor growth in vivo. It
suggests that the potential mechanism for UA against
TNBC was to down-regulate the protein expression levels of
PLK1 and CCNBI1 through the p53 signaling pathway.
Furthermore, this study combines bioinformatics and
experimental verification to provide a new perspective for
studying the multi-target effects of natural small-molecule
compounds in treating malignancies.
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