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MST1 inhibits the progression of breast cancer
by regulating the Hippo signaling pathway and
may serve as a prognostic biomarker
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Abstract. Breast cancer (BCa) is the most common malig-
nancy threatening the health of women worldwide, and the
incidence rate has significantly increased in the last 10 years.
Mammalian STE20-like protein kinase 1 (MST1) is involved
in the development of various types of malignant tumor.
The present study aimed to investigate the role of MST1 in
BCa and its potential involvement in the poor prognosis of
patients with BCa. Reverse transcription-quantitative PCR and
immunohistochemistry were used to analyze the expression
levels of MST1 in BCa, and the clinicopathological charac-
teristics and prognosis of patients with BCa were further
analyzed by statistical analysis. MST1 was overexpressed
in BCa cell lines (MCF-7, MDA-MB-231 and SKBR3). Cell
Counting Kit-8, 5-ethynyl-2'-deoxyuridine and flow cytometry
assays were used to analyze cell proliferation and apoptosis,
respectively, and a wound healing assay was used to analyze
cell migration. The results of the present study revealed that
the downregulated expression levels of MST1 in BCa were
closely associated with the poor prognosis of patients, and
MSTI1 may be an independent risk factor for BCa. The over-
expression of MST1 significantly inhibited the proliferation
and migration, and promoted the apoptosis of BCa cells. In
addition, the overexpression of MST1 significantly activated
the Hippo signaling pathway. Treatment with XMU-MP-1
downregulated the expression levels of MST1 and partially
reversed the inhibitory effects of MST1 on proliferation,
migration and apoptosis-related proteins, and inhibited the
Hippo signaling pathway. In conclusion, the results of the
present study suggested that MST1 expression levels may be
downregulated in BCa and closely associated with tumor size
and clinical stage, as well as the poor prognosis of affected
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patients. Furthermore, MST1 may inhibit the progression of
BCa by targeting the Hippo signaling pathway.

Introduction

Breast cancer (BCa) is one of the most common types of
malignant tumor in women (1,2). There were 2.26 million new
cases of BCa worldwide in 2019, accounting for 24.5% of all
female-related cancers worldwide. BCa also accounted for
680,000 deaths in 2019, ranking as the fifth most common
cause of cancer-related mortality worldwide, and the inci-
dence rate of BCa increases with age (2). Hereditary factors,
infertility, an unhealthy lifestyle and excess mental stress
are common risk factors for BCa (3). The global incidence
rate of BCa is 24.2%, ranking first among cancers affecting
women (4). In China, ~300,000 women are diagnosed with
BCa each year. Following the development and implementa-
tion of novel treatment strategies, the mortality rate of BCa
has gradually decreased (4,5). However, in vast rural areas of
China, the decreasing trend of BCa mortality is not significant,
and still accounts for 120,000 deaths each year (6). Symptoms
of early BCa are not obvious, whereas distant metastasis and
multiple organ disease often occur in advanced late-stage
disease, which pose a significant threat to the lives of affected
patients (7). Therefore, the molecular mechanisms underlying
the occurrence and development of BCa must be identified to
provide novel treatment options for BCa.

Mammalian STE20-like protein kinase 1 (MST1) is a
class IT GC kinase belonging to the sterile (STE)-20 protein
kinase family; it comprises 487 amino acid residues and has a
molecular weight of 59 kDa (8). MST1 is widely expressed in
most cells of the human body and is a core component of the
Hippo signaling pathway, which serves an important role in
cell differentiation, adhesion, migration, apoptosis and other
physiological activities through the phosphorylation, dimer-
ization and nuclear localization of target proteins (9,10). MST1
was reported to promote the differentiation of tumor cells and
to regulate trophoblast differentiation and placental morpho-
genesis (11). Moreover, MST1 was previously reported to serve
regulatory roles in cell adhesion, endocytosis and migration
speed by modulating C-C motif chemokine receptor 7 (CCR7).
Downregulated expression levels of MST1 also inhibited
the phosphorylation of CCR7 in mature dendritic cells and
reduced the migration speed of cells by downregulating the
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expression of curl protein, myosin 1 light chain and myosin 1
light chain phosphatase (12). Another previous study found
that MST1 promoted the apoptosis of cardiomyocytes and islet
cells (13). In diabetes, MST1 induced apoptotic cell death by
upregulating the expression levels of the BCL2-like 11 protein
in f cells, and disrupting normal cardiac function (14).

The Hippo signaling pathway comprises a group of
conserved kinases and is akey signaling pathway regulating cell
proliferation (15). In mammals, the membrane protein receptor
upstream of the Hippo signaling pathway senses the growth
inhibition signal of the extracellular environment and then acts
on downstream effectors, Y'Y 1-associated protein 1 (YAP) and
tafazzin (TAZ) through a series of kinase-phosphorylation
reactions (16). In the Hippo signaling pathway, MST1 binds
to and activates the phosphorylation of large tumor suppressor
kinase (LATS)1/2. YAP is the main downstream effector
of this signaling pathway, and it is directly phosphorylated
by LATS1/2, which subsequently inhibits the expression of
YAP/TAZ. YAP can bind to the 14-3-3 protein in the phos-
phorylated state, translocate from the nucleus to the cytoplasm,
and lose the transcriptional coactivator activity (17). Therefore,
MST]1 controls LATS1/2 and YAP activity by regulating YAP
subcellular localization and protein stability. Long-term acti-
vation of YAP, such as its transgenic expression in the mouse
liver, was found to lead to cell transformation and tumor devel-
opment, indicating a role for the Hippo signaling pathway in
tumorigenesis and development (18). YAP was found to upreg-
ulate zinc-finger E-box-binding homeobox 1 expression and
promote epithelial-mesenchymal transition (EMT), a key step
in tumor metastasis (19). In addition, YAP-induced genome
instability, and its homologous protein TAZ was necessary to
maintain BCa stem cell self-renewal and tumorigenesis (20).
It was previously reported that YAP/TAZ activity was also
associated with drug resistance and tumor recurrence, as BCa
cells with high YAP/TAZ activity were resistant to paclitaxel,
5-fluorouracil and Adriamycin (21). Tamoxifen is an important
drug commonly used to treat estrogen receptor (ER)-positive
BCa; however, some ER-positive BCas are not sensitive to
tamoxifen (21). Tamoxifen was shown to activate YAP/TAZ
by stimulating the membrane ER, G protein-coupled ER (22).
Therefore, YAP may play an important role in the malignant
development of BCa.

The present study aimed to investigate whether MST1 was
an important biological indicator of the prognosis of BCa and
to determine whether MST1 affected the biological functions
of BCa through the Hippo signaling pathway. This research
may provide novel insights and a basis for the further study of
the molecular mechanisms of BCa.

Materials and methods

Patient studies. A total of 75 BCa and paired adjacent
normal (>5 cm from the boundary of the tumor) tissues were
obtained from female patients (age range, 27-79 years) with
BCa who underwent surgical resection at The First People's
Hospital of Yibin (Yibin, China) between October 2012 and
May 2014. Patients were followed up to evaluate the survival
rate of patients with BCa at 10 years post-surgery. Cases lost
to follow-up or cases in which death occurred by causes other
than BCa were censored in the survival analysis. The collected

clinical BCa samples were stored at -80°C. The present study
was approved by the Ethics Committee of The First People's
Hospital of Yibin (approval no. 20121011). Written informed
consent was obtained from all patients prior to participation
in the study. The following exclusion criteria were used:
i) Patients with incomplete pathological and clinical informa-
tion; ii) patients with recurrent disease; iii) patients that had
received preoperative radiation or chemotherapy, or any other
treatment; iv) patients with other preoperative complications;
v) patients with cognitive or mental disorders; and vi) pregnant
women. The following inclusion criteria were used: i) BCa
tissue samples were all pathologically and confirmed as BCa.

Cell lines, culture and treatment. The human BCa cell lines,
MCF-7, MDA-MB-231 and SKBR3, and the normal mammary
epithelial cell line, MCF-10A, were obtained from the American
Type Culture Collection. All cell lines were cultured in DMEM
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.), and main-
tained in a humidified incubator at 37°C with 5% CO, .

XMU-MP-1 (cat. no. S8334; Selleck Chemicals), which is
an inhibitor of MST1, was dissolved in DMSO and added to
the medium at a final concentration of 0.1%. Cell lines were
cultured in the medium for 1 h at 37°C.

Cell transfection. Lentivirus (LV) containing the MSTI
sequence and negative control (NC; non-targeting) were
purchased from Shanghai Gene Pharma Co., Ltd. Cells were
seeded into six-well plates and cultured to 30-50% conflu-
ence. Subsequently, lentiviral transduction (1 pg/ml) was
performed using Lipofectamine® 3000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
instructions. Following 48 h of transfection, reverse transcrip-
tion-quantitative PCR (RT-qPCR) and western blotting were
performed to analyze MST1 expression levels. Subsequent
experiments were performed 24-72 h after transfection.

Immunohistochemistry staining. Briefly, tissues were fixed
in 10% formalin for 12 h at room temperature and embedded
in paraffin blocks for 8 h at room temperature. Tissue micro-
array (TMA) cores (1.5-mm diameter) were constructed from
formalin-fixed paraffin-embedded BCa sections (4-xm thick).
TMA slides were deparaffinized twice with xylene for 15 min
each at room temperature and rehydrated three times in a
descending series of ethanol solutions (100, 100, 95 and 80%).
Antigen retrieval was performed with citric acid buffer (10 mM;
pH 6.0) in a microwave (800 W) for 15 min, and samples were
then cooled at room temperature for 30 min. All slides were
incubated with 5% goat serum (OriGene Technologies, Inc.)
for 15 min at room temperature to block non-specific binding
at room temperature, followed by an incubation with a rabbit
monoclonal anti-MST1 antibody (1:200; cat. no. ab231138;
Abcam) at 4°C overnight. Following the primary anti-
body incubation, slides were incubated with an anti-rabbit
secondary IgG antibody (1:100; cat. no. SAP-9100; OriGene
Technologies, Inc.) at 37°C for 60 min. The membranes
were then washed with PBS and stained with 3,3'-diamino-
benzidine (cat. no. K5007; Dako; Agilent Technologies, Inc.)
for 30 sec at room temperature. Slides were visualized using a
light microscope (magnification, x100; Zeiss AG).
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MSTI1 immunostaining results were evaluated by two
blinded pathologists. MST1 staining was scored according to the
percentage of positive cells and staining intensity. The scoring
parameters for staining intensity were as follows: 0, negative;
1, weak; 2, moderate; and 3, strong. The scoring parameters for
the percentage of positive cells were as follows: Negative, 0-5%;
1, 6-25%; 2, 26-50%:;, 3, 51-75%;, and 4, 76-100%. Sections with
a total combined score of <4 were characterized as low MST1
expression, while sections with a score of =4 were characterized
as high MST1 expression.

RT-qPCR. Total RNA was extracted from tissues and cell lines
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). Total RNA was reverse transcribed into cDNA using
a PrimeScript RT Reagent kit (Takara Bio, Inc.) at 35°C for
10 min,40°C for 30 min and 76°C for 10 min. gPCR was subse-
quently performed using SYBR Premix Ex Taq II (Takara Bio,
Inc.) on an ABI Prism 7500 Real-Time PCR system (Applied
Biosystems; Thermo Fisher Scientific, Inc.). The following
primer sequences were used for the qPCR: MST1 forward,
5'-ATTCGGCTACGGAACAAG-3' and reverse, 5'-AAA
ACGGGGTCCCTATTA-3"; and GAPDH forward, 5'-GGA
GCGACATCCGTCCAAAAT-3' and reverse, 5'-GGCTGT
TGTCAATCTTCTCATGG-3'". The following thermocycling
conditions were used for the qPCR: Initial denaturation at
90°C for 2 min; followed by 40 cycles at 93°C for 15 sec, 60°C
for 30 sec and 72°C for 30 sec. mRNA expression levels of
MSTI were quantified using the 2244 method (23).

Bioinformatics analysis. Gene Expression Profiling
Interactive Analysis (http:/gepia.cancer-pku.cn/index.html),
Clinical Proteomic Tumor Analysis Consortium (CPTAC;
https://proteomics.cancer.gov/programs/cptac) and The Cancer
Genome Atlas (TCGA; www.cancer.gov/about-nci/organiza-
tion/ccg/research/structural-genomics/tcga) public databases
were used to analyze MST1 expression in BCa and the
prognostic value of MST1.

Western blotting. Total protein was extracted using RIPA lysis
buffer (Beyotime Institute of Biotechnology). Total protein
was quantified using the Bradford protein assay (Bio-Rad
Laboratories, Inc.) and 50 pg protein/lane was separated via
10% SDS-PAGE. The separated proteins were subsequently
transferred onto PVDF membranes and blocked with 5% skim
milk powder at room temperature for 1 h. The membranes were
then incubated with the following primary antibodies at 4°C
overnight: Anti-MST1 (1:3,000; cat. no. ab231138; Abcam),
anti-LATS1 (1:5,000; cat. no. ab70562; Abcam), anti-YAP
(1:5,000; cat. no. ab205270; Abcam), anti-Bax (1:5,000;
cat.no.ab32503; Abcam), anti-Bcl-2 (1:1,000; cat. no. ab182858;
Abcam), anti-Ki-67 (1:1,000; cat. no. ab92742; Abcam) and
anti-p-actin (1:5,000; cat. no. ab8226; Abcam). Following
the primary antibody incubation, the membranes were incu-
bated with secondary antibodies (1:5,000; cat. nos. ab6721
and ab6789; Abcam) at room temperature for 1 h. Protein
bands were visualized using enhanced chemiluminescence
solution (EMD Millipore) and a ChemiDoc Imaging system
(Bio-Rad Laboratories, Inc.). Protein expression was quanti-
fied using Quantity One version 4.6.5 software (Bio-Rad
Laboratories, Inc.).
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Cell Counting Kit-8 (CCK-8) assay. A total of 2x10° MCF-7
and SKBR3 cells/well were transfected with LV for 48 h.
Subsequently, 100 pl cell suspension (1x10% cells/well) was
plated into 96-well plates and incubated for 24, 48 and 72 h
at 37°C. Following each incubation, 10 ul CCK-8 solution
(Dojindo Molecular Technologies, Inc.) was added to each
well and incubated for 1 h at 37°C. The optical density of
each well was measured at a wavelength of 450 nm using a
microplate reader.

Wound healing assay. Briefly, 2 ml cell suspension
(1x10° cells/well) was plated into six-well plates and cultured in
DMEM supplemented with 10% FBS at 37°C. After reaching
100% confluence, the cell monolayer was scratched with a 1-ml
pipette tip and then rinsed twice with PBS to remove nonad-
herent cells. Cells were subsequently cultured in serum-free
DMEM at 37°C. Following 0, 24 and 48 h of incubation, the
distance between the two sides of the wound was visualized and
photographed using a light microscope (magnification, x200).
The cell migration rate (%) was calculated using the following
equation: [(Original gap distance-gap distance at each time
point)/original gap distance] x100. ImagelJ software (v2.1.4.7;
National Institutes of Health) was used for analysis.

Flow cytometric analysis of cell apoptosis and the cell cycle.
For cell apoptosis, 2 ml cell suspension (1x10° cells/well)
was plated into six-well plates. After reaching 100% conflu-
ence, cells were centrifuged at 200 x g for 5 min at room
temperature. BCa cells were subsequently incubated with
5 pl Annexin V-FITC and 5 pl propidium iodide (PI) solu-
tion (Bioworld Technology, Inc.) for 15 min at 37°C. Then,
cells were suspended in 400 ul binding buffer (Bioworld
Technology, Inc.).

For analysis of cell cycle distribution, cells were cultured as
described for cell apoptosis, centrifuged (200 x g; 5 min; room
temperature) and fixed in 75% ethanol at -20°C overnight. The
fixed cells were then washed with PBS and incubated with
RNase A for 20 min at room temperature prior to being stained
with PI in the dark for 30 min at 4°C. Cell apoptosis and cell
cycle distribution were analyzed using a FACSCalibur flow
cytometer (BD Biosciences) and FACStation™ 6.1 software
(BD Biosciences).

5-Ethynyl-2'-deoxyuridine (EAU) incorporation assay. A total
of 1x10° cells were plated into 96-well plates and cultured until
they reached 30-50% confluence. Cells were then fixed with
4% paraformaldehyde at room temperature for 30 min, and
nuclei were permeabilized with 0.5% Triton X-100 solution
for 30 min at room temperature. The cells were subsequently
incubated with 50 xuM EdU, 1X ApolloR reaction cocktail
(100 pl) and 1X Hoechst 33342 (100 pl) for 30 min at room
temperature. Cell proliferation was measured by determining
the mean number of the cells in three randomly selected fields
of view from each sample using a fluorescence microscope
(BioTek Instruments, Inc.; magnification, x100).

Statistical analysis. Statistical analysis was performed using
SPSS version 22.0 software (SPSS, Inc.) and GraphPad Prism
version 6.0 software (GraphPad Software, Inc.). Data are
presented as the mean + SD. All experiments were repeated
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Figure 1. MST1 expression levels are downregulated in BCa tissues and cell lines. (A) Expression levels of MST1 in BCa and adjacent normal tissues were
analyzed in a BCa dataset from TCGA (T=1,085; N=291). (B) Expression levels of MST1 in BCa and normal tissues obtained from the Clinical Proteomic
Tumor Analysis Consortium public database. (C) Kaplan-Meier survival analysis and a log-rank test were performed to analyze the relationship between
MST1 expression levels and the overall survival of patients using data from TCGA database (low MST1 expression, 266 patients; high MST1 expression,
267 patients). (D) RT-qPCR was used to analyze the mRNA expression levels of MST1 in BCa and adjacent normal tissues (n=75). (E) Western blotting was
performed to determine the protein expression levels of MST1 in BCa and adjacent normal tissues. (F) RT-qPCR was performed to analyze the expression
levels of MST1 in BCa cell lines. "P<0.05, ““P<0.001. BCa, breast cancer; MST1, mammalian STE20-like protein kinase 1; N, normal; TCGA, The Cancer

Genome Atlas; RT-qPCR, reverse transcription-quantitative PCR; T, tumor.

in triplicate. Statistical differences between two groups were
analyzed using an unpaired or paired Student's t-test. Unpaired
Student's t-tests were used to determine statistical in TCGA
and CPTAC data. Associations between clinicopathological
parameters and MST1 expression levels were analyzed using a
y* test for small sample sizes. Kaplan-Meier survival analysis,
followed by a log-rank test, and Cox univariate and multivar-
iate regression analyses were used to analyze the prognostic
significance of MST]. Statistical differences between multiple
groups were determined using a one-way ANOVA followed
by a Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

MSTI expression levels are downregulated in BCa tissues
and cell lines. The expression levels of MST1 were analyzed
in BCa tissues obtained from TCGA database. MST1 expres-
sion levels were significantly downregulated in BCa tissues
compared with the normal tissues (Fig. 1A). The protein
expression levels of MST1 in BCa specimens from the
Clinical Proteomic Tumor Analysis Consortium (CPTAC)
(https://proteomics.cancer.gov/programs/cptac) public
database were also analyzed, and the results showed that
the expression levels of MST1 were downregulated in BCa
tissues compared with normal tissues (Fig. 1B). In addition,

patients with low expression levels of MST1 had a poor
prognosis compared with patients with high MST1 expression
levels (Fig. 1C). The expression levels of MST1 were subse-
quently analyzed in 75 tumor and non-tumoral tissues from
patients with BCa from The First People's Hospital of Yibin
to verify its expression in BCa. The results demonstrated that
MST1 mRNA expression levels were significantly downregu-
lated in BCa tissues compared with normal tissues (Fig. 1D).
The results of the western blotting analysis also showed that
MST]1 protein expression levels were notably downregulated
in BCa tissues compared with normal tissues (Fig. 1E). The
mRNA expression levels of MST1 were also downregulated in
BCa cell lines compared with the normal mammary epithelial
cell line, MCF-10A (Fig. 1F).

Downregulated expression levels of MSTI are associated
with worse clinicopathological features in patients with BCa.
According to the immunohistochemical staining, patients
with BCa were divided into two groups: MST1 low expres-
sion and MST1 high expression (Fig. 2A). The results of
the immunohistochemical staining for MST1 expression is
presented in Fig. S1. The prognosis of patients with BCa with
low MST1 expression was worse compared with patients with
high expression (Fig. 2B). Furthermore, by analyzing the clini-
copathological features of the two groups of patients, MST1
expression was found to be significantly associated with tumor
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Table I. Association between MST1 expression levels and clinicopathological features of patients with breast cancer.

MST1 expression

Clinicopathological feature Cases (n=75) High (n=26) Low (n=49) P-value

Age, years 0.228
<60 39 16 23
=60 36 10 26

Tumor size, cm <0.001
<2 38 21 17
>2 37 5 32

Clinical stage 0.003
/11 39 20 19
v 36 6 30

Lymph node metastasis 0.110
<3 metastatic sites 38 15 23
>3 metastatic sites 37 11 26

Estrogen receptor status 0.128
Positive 40 17 23
Negative 35 9 26

Progesterone receptor status 0.089
Positive 48 20 28
Negative 27 6 21

HER2 status 0.592
Positive 43 16 27
Negative 32 10 22

MST1, mammalian STE20-like protein kinase 1.

1.0
3 5 .
© High MST1 expression
E 0.8 1 |
g ’ (n=49)
3
Z 0.6 Low MST1 expression
=
2]
© (n=26)
g 04
0.2 A
=3
= 0.0 P=0.005
= T T T T T T T
g 0 20 40 60 80 100 120

Time (months)

Figure 2. Effects of MST1 on the prognosis of patients with BCa. (A) Representative images of immunohistochemical staining showing high or low MST1
expression in BCa. Scale bars, 10- or 100-xm. (B) Kaplan-Meier analysis followed by a log-rank test was used to determine the OS between patients with BCa
with high and low MST1 expression. BCa, breast cancer; MST1, mammalian STE20-like protein kinase 1; OS, overall survival.

size (P<0.001) and clinical stage (P=0.003) (Table I). Through  size (P 0.004) and clinical stage (P=0.019) were discovered
Cox univariate analysis, MST1 expression (P=0.005), tumor to be significantly associated with overall survival (OS)
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Table II. Cox univariate and multivariate analyses of different prognostic variables influencing overall survival in patients with

breast cancer.

Univariate analysis

Multivariate analysis

Clinicopathological feature Cases (n=75) HR (95% CI) P-value HR (95% CI) P-value
Age, years 0.630 (0.448-1.064) 0.736
<60 39
=60 36
Tumor size, cm 1.397 (0.655-3.845) 0.004 1.048 (0.596-3.674) 0.010
<2 38
>2 37
Clinical stage 1.554 (1.078-3.994) 0.019 1.484 (0.980-3.481) 0.013
/1 39
v 36
Lymph node metastasis 1.073 (0.761-2.663) 0.166
<3 metastatic sites 38
>3 metastatic sites 37
Estrogen receptor status 1.886 (1.840-3.617) 0.189
Positive 40
Negative 35
Progesterone receptor status 1.073 (0.647-1.747) 0.307
Positive 48
Negative 27
HER?2 status 0.843 (0.663-1.850) 0.647
Positive 43
Negative 32
MSTI 1.308 (0.537-2.478) 0.005 1.186 (0.634-2.705) 0.009
Low 49
High 26

MST1, mammalian STE20-like protein kinase 1; HR, hazard ratio; CI, confidence interval.

(Table II). Cox multivariate analysis revealed that OS was
significantly associated with MST1 expression (P=0.009),
tumor size (P=0.010) and clinical stage (P=0.013) (Table II),
suggesting that MST1 expression may be an independent
prognostic factor for OS in BCa.

Overexpression of MSTI inhibits BCa cell proliferation,
migration and apoptosis. MCF-T7 cells had the highest expres-
sion of MST1 in the three tumor cell lines, while SKBR3 cells
had the lowest expression of MST1 in the three tumor cell
lines. Therefore, MCF-7 and SKBR3 cells were selected for
use in subsequent experiments. LV-MST1 was used to success-
fully overexpress MST1 in BCa cells (Fig. 3A). The results of
the CCK-8 assay revealed that MST1 overexpression signifi-
cantly inhibited the proliferation of BCa cells compared with
the NC group (Fig. 3B). The results of the EdU assay further
verified that the overexpression of MST1 significantly inhib-
ited cell proliferation compared with the NC group (Fig. 3C).
The migration of BCa cells was analyzed using a wound
healing assay, and the results revealed that cell migration was
also significantly decreased following MST1 overexpression

compared with the NC group at both 24 and 48 h (Fig. 3D).
Furthermore, the effect of MST1 on the apoptosis of BCa cells
was determined. Flow cytometric analysis revealed a signifi-
cant increase in the apoptotic rate of both MCF-7 (8.5 vs. 1.4%)
and SKBR3 (9.8 vs. 3.6%,) cells transfected with LV-MST1
compared with the NC group (Fig. 4A and B). In addition,
the number of cells arrested in the G, phase was significantly
increased, and the number of cells arrested in the S phase
was significantly decreased in LV-MST 1-transfected cells
compared with NC-transfected cells (Fig. 4C and D).

Inhibitor of the Hippo signaling pathway reverses
MSTI-induced effects in BCa. To determine whether the
Hippo signaling pathway mediated the biological functions
of MST1 in BCa, the Hippo signaling pathway inhibitor,
XMU-MP-1 (an inhibitor of MST1/2), was used to inhibit
the function of the Hippo signaling pathway in BCa cells
overexpressing MST1. RT-qPCR analysis demonstrated that
the treatment of MST1-overexpressing cells with the inhibitor
downregulated the expression levels of MST1 (Fig. 5A). The
results of the CCK-8 and EdU incorporation assays revealed
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Figure 3. Overexpression of MST1 regulates the proliferation, migration and apoptosis of BCa cell lines. (A) Transfection efficiency of MCF-7 and SKBR3
cells transfected with LV-MST1 was determined using reverse transcription-quantitative PCR. (B) Cell Counting Kit-8 and (C) EdU incorporation assays
(magnification, x200) were performed to determine the effects of MST1 overexpression on the proliferation of BCa cells. (D) Wound healing assays were
conducted to determine the effects of MST1 overexpression on BCa cell migration (magnification, x100). "P<0.05, “P<0.01. MST1, mammalian STE20-like
protein kinase 1; BCa, breast cancer; LV, lentivirus; OD, optical density; NC, negative control; EdU, 5-Ethynyl-2'-deoxyuridine.

that the inhibited proliferative ability in the LV-MST1 group
was partially restored in the LV-MST1 + XMU-MP-1 group
(Fig. 5B and C). BCa cell migration was analyzed using wound
healing assays; the results revealed that cell migration was also
significantly increased in the MST1 + XMU-MP-1 cell group
compared with the LV-MST1 group (Fig. 5D). Finally, western
blotting analysis was performed to analyze the expression
levels of key proteins in the Hippo signaling pathway. The
expression levels of LATS1 and Bax were significantly down-
regulated, while the expression levels of YAP, Bcl-2 and Ki-67
were significantly upregulated in the LV-MST1 + XMU-MP-1
group compared with the LV-MST1 group in both cell lines
(Fig. 6A and B).

Discussion

BCa is one of the most common types of malignant tumor in
women, and its incidence continues to increase annually. In
women, there were 2.26 million new cases of breast cancer
worldwide in 2019, and BCa ranks second in incidence
after uterine cancer, thus it poses a significant threat to the
health of women, especially as the age of onset is steadily
decreasing (2,20). Currently, the primary prevention of BCa
has not been achieved; therefore, strengthening secondary
prevention, early detection, early diagnosis and early treat-
ment methods may serve a vital role in reducing the mortality

rates of patients with BCa, thereby improving the survival
rates (24). Despite recent significant advances in understanding
the mechanisms of BCa development and the improvement of
treatment strategies, BCa remains the second leading cause
of cancer-related mortality in women, and death is almost
always due to metastasis (25). The prognosis of patients with
metastatic BCa is poor, with an average 5-year survival rate of
only 27% (26). Although the expression of certain molecular
markers in the different histological subtypes of BCa have
strong prognostic value (such as HER2, Ras and K-Ras),
the primary treatment of BCa still comprises chemotherapy
or radiotherapy, and surgical resection for isolated lesions;
however, the long-term effects of these treatments on survival
is limited (27). Although chemotherapy, radiotherapy and
surgical resection control the growth of primary tumors,
they are not effective in preventing recurrence. Therefore, it
remains a priority to identify the underlying molecular mecha-
nism of BCa progression to help devise more precise, targeted
treatments for BCa and to discover novel prognostic markers.
MST1, which belongs to the human serine/threonine
kinase family, shares considerable homology with budding
yeast kinase spsl and ste2 in its kinase domain (28). MST1 was
reported to render cells highly sensitive to death receptor-medi-
ated apoptosis by accelerating the activation of caspase-3, thus
promoting apoptosis (29). Another study revealed that MST1
was a strong predictor of BCa prognosis (30). In pancreatic
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Figure 4. Overexpression of MST1 regulates cell cycle and apoptosis in breast cancer cell lines. Flow cytometry was used to determine the effects of MST1
overexpression on (A) MCF-7 and (B) SKBR3 cell apoptosis. Flow cytometry was used to analyze the cell cycle distribution of MST1-overexpressing (C) MCF-7
and (D) SKBR3 cells. "P<0.05. LV, lentivirus; MST1, mammalian STE20-like protein kinase 1; NC, negative control; PI, propidium iodide.

cancer, TNFreceptor-associated factor 6 promoted the degrada-
tion of MST1 through the ubiquitination degradation pathway,
upregulated the expression levels of YAP and regulated the
malignant proliferation and metastasis of tumor cells (31). In
addition, the knockdown of microRNA (miR)-135b induced

the apoptosis of gastric cancer cells by inhibiting the MAPK
signaling pathway and upregulating the expression levels of
MST]1, thus inhibiting the proliferation of gastric cancer cells
and increasing their resistance to cisplatin (32). Notably, in
human HER2-positive BCa cells, the knockout of fibroblast
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Figure 5. Hippo signaling pathway inhibitors reverse the effects of MST1 on breast cancer cells. (A) Reverse transcription-quantitative PCR was performed to
analyze the expression levels of MST1 in the LV-MST1 and LV-MST1 + XMU-MP-1 groups of MCF-7 and SKBR3 cell lines. (B) Cell Counting Kit-8 assay was
performed to detect the effect of LV-MST1 + XMU-MP-1 on the proliferation of MCF-7 and SKBR3 cell lines. (C) EdU incorporation assays were performed
to determine the effects of LV-MST1 + XMU-MP-1 on the intake of EAU in MCF-7 and SKBR3 cell lines (magnification, x200). (D) Wound healing assay
was performed to detect the effects of LV-MST1 + XMU-MP-1 on the migration of MCF-7 and SKBR3 cell lines (magnification, x100). "P<0.05, “P<0.01 (vs.
LV-MST1 in part C). EAU, 5-Ethynyl-2'-deoxyuridine; LV, lentivirus; MST1, mammalian STE20-like protein kinase 1; NC, negative control; OD, optical density.

growth factor receptor 4 led to the activation of MST1 and
increased the nuclear localization of MSTI, resulting in
N-terminal cleavage and autophosphorylation of MST1, which
subsequently induced BCa cell apoptosis (33).

The results of the present study were similar to those
reported previously. A large number of clinical BCa tissues
were collected and the association between MST1 expres-
sion and the clinicopathological characteristics and the poor
prognosis of patients with BCa were analyzed. In most cases,
mRNA expression levels are strongly associated with the
protein expression levels; however, due to gene post-tran-
scriptional modifications or regulation, the balance between
mRNA and protein expression levels can be disrupted. All
the biological functions of MST1 depend on the expression
of the protein (34); therefore, the present study analyzed the
association between MST1 protein expression and prognosis
using immunohistochemistry staining instead of determining
mRNA expression levels. The results of the current study
revealed that MST1 expression levels were significantly down-
regulated in BCa tissues and were significantly associated with
the poor prognosis of patients. The expression levels of MST1
were also analyzed in BCa cell lines, in which MST1 was
overexpressed using lentiviral vectors. MST1 overexpression
significantly inhibited the proliferation and migration of BCa

cells, and promoted apoptosis, indicating that MST1 may act
as a tumor suppressor. The Hippo signaling pathway inhibits
cell growth (35). In mammals, the upstream membrane protein
receptor of the Hippo signaling pathway senses extracel-
lular growth inhibition signals (36). Once the extracellular
growth inhibition signal is sensed, a series of kinase cascade
phosphorylation reactions are activated to result in the phos-
phorylation of the downstream effectors, YAP and TAZ.
Subsequently, cytoskeletal proteins bind to phosphorylated
YAP and TAZ, inducing their retention in the cytoplasm and
a decrease in their nuclear activity to regulate organ size and
cell growth (37). In hepatocellular carcinoma, miR-29¢c-3p was
found to inhibit the invasion and metastasis of hepatocellular
carcinoma cells through the Hippo signaling pathway (38).
In addition, the interaction between WWC family member 3
(WWC3) and disheveled reduced the interaction between
WWC3 and LATSI1, which subsequently reduced the phos-
phorylation of LATSI, increased the nuclear import of YAP,
and weakened the role of Hippo signaling pathway in lung
cancer cells (39). MST1 is a key factor in the Hippo signaling
pathway (39). XMU-MP-1 is an inhibitor of the sterile 20-like
kinases MST1, which can inhibit MST1 activity, activate the
downstream effector YAP and promote cell growth (40). In
the present study, the XMU-MP-1 pathway inhibitor was used
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Figure 6. Potential mechanism through which MST1 was hypothesized to regulate the Hippo signaling pathway in breast cancer cells. Western blotting was
used to analyze the protein expression levels of Ki-67, Bcl-2, Bax and intermediates of the Hippo signaling pathway, YAP and LATSI, in (A) MCF-7 and
(B) SKBR3 cells following the transfection with LV-MST1 in the presence or absence of XMU-MP-1 treatment. "P<0.05. LATSI, large tumor suppressor
kinase 1; LV, lentivirus; MST1, mammalian STE20-like protein kinase 1; YAP, YY1 associated protein 1.

to further verify whether MST1 inhibited the progression
of BCa through the Hippo signaling pathway. XMU-MP-1
successfully reversed the inhibitory effect of MSTI1 on
BCa cell functions (proliferation, migration and apoptosis).
Subsequently, the expression levels of protein involved in the
Hippo signaling pathway were altered, that is, the expression
levels of LATS1 were downregulated, while the expression of
YAP was upregulated, indicating that MST1 may play a role in
BCa through the Hippo signaling pathway. However, there are
some limitations to the study. For example, further investiga-
tions into how MST1 affected the Hippo signaling pathway

and how it altered the expression levels of proliferation-related
proteins and the apoptotic process (except for the expression
levels of Bax and Bcl-2) were not performed. Future studies
will aim to determine other influencing factors that may affect
the role of MST1 in BCa, which may provide further evidence
that MST1 could be used as a prognostic biomarker in BCa.
In conclusion, the findings of the present study revealed that
MST1 expression levels were significantly downregulated in
BCa tissues and cells, and were closely associated with tumor
size and clinical stage. The downregulated expression was also
closely associated with the poor prognosis of patients with BCa.
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Mechanistically, the present findings suggested that MST1 may
inhibit BCa cell proliferation and migration and promote its
apoptosis by regulating the Hippo signaling pathway.
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