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RNF6 promotes the migration and invasion of breast cancer
by promoting the ubiquitination and degradation of MST1
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Abstract. Ring finger protein 6 (RNF6), a member of E3
ubiquitin ligases, plays a potential role as a tumour promoter in
numerous carcinomas. However, the role and expression of RNF6
in breast cancer (BC) remains to be elucidated. The present study
showed that RNF6 upregulation was detected in BC tissues
and was associated with short survival in patients with BC.
Multivariate analysis also revealed that RNF6 overexpression
is an independent predictor for poor outcome of patients with
BC. Furthermore, migration and metastasis assay indicated that
RNF6 silencing significantly inhibited the invasion and migration
of BC cells in vivo and in vitro, and RNF6 suppression decreased
YES‑associated protein (YAP) expression. RNF6 promoted the
metastatic ability of BC cells via YAP. Mechanistically, RNF6
interacts with mammalian STE20‑like protein kinase 1 (MST1),
a key factor that regulates YAP, and promoted its ubiquitination
and degradation. Additionally, RNF6 regulated YAP signalling
by promoting ubiquitination and degradation of MST1 in BC.
Taken together, these data may highlight a role of RNF6 in BC,
which could serve as a valuable prognostic indicator and poten‑
tial therapeutic target for patients with BC.
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Ring finger protein 6 (RNF6), a member of E3 ubiquitin
ligases, regulates a number of target genes that are important for
cell growth and survival (4,5). Recent accumulating evidence
indicated that RNF6 could promote the degradation of its target
protein by a ubiquitin proteasome (6). A number of studies
confirmed that RNF6 is a carcinogenic gene in numerous types
of cancer, including prostate cancer, oesophageal squamous
cell carcinoma and lung adenocarcinoma (7‑9). For instance,
the expression levels of RNF6 are elevated in colorectal cancer,
and high RNF6 levels is correlated with poor prognosis (4,5).
However, the effect of RNF6 on the invasion and metastasis of
BC and its potential mechanisms remain to be elucidated.
The Hippo signalling pathway is an evolutionarily conserva‑
tive signalling pathway that plays a key role in controlling the
invasion and migration of tumor cells (10). At the core of the
Hippo pathway is a kinase cascade that activates mammalian
STE20‑like protein kinase (MST) 1/2 phosphorylation and
activates large tumour suppressor kinase 1/2, which phosphory‑
lates and inhibits the two major downstream effectors of the
Hippo pathway, YES‑associated protein (YAP) and transcrip‑
tional co‑activator with PDZ‑binding motif (TAZ) (11,12).
Dephosphorylated YAP and TAZ enter the nucleus and induce
target gene expression, which promotes cell migration (13).
Studies demonstrated that YAP is overexpressed in some
tumours, and sustained expression of YAP promoted growth and
tumour occurrence, suggesting that the Hippo pathway plays a
key role in tumorigenesis (14,15). However, the mechanism of
YAP expression regulation in BC is still unclear.
To the best of our knowledge, the present study first found
that RNF6 was significantly upregulated in breast cancer tissues
compared with the adjacent normal tissues. The expression and
function of RNF6 in breast cancer cells was then studied. RNF6
was also identified as a possible E3 ligase of MST1 (also known
as S100A4), as it interacted with and promoted the degradation
of MST1. These data might highlight the role of RNF6 in BC,
which could serve as a valuable prognostic indicator and poten‑
tial therapeutic target for patients with BC.
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Materials and methods

Introduction
Breast cancer (BC) is one of the most common cancers world‑
wide and is the main cause of mortality of female patients with
cancer (1,2). Surgery and systemic chemotherapy can cure 70%
of patients with BC, but the 5‑year survival rate of those with
metastatic disease remains poor (3). Therefore, investigating
the molecular mechanism of BC metastasis may be helpful for
the formulation of treatment strategies for breast cancer.
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Patients and samples. BC samples were obtained from
146 patients (age, 42‑72 years) with breast cancer at the
Third Hospital of Nanchang and the First Affiliated Hospital
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of Nanchang University (China) from December 2007 to
December 2015, immediately snap‑frozen in liquid nitrogen
and stored at ‑80˚C for further analysis. All patients provided
written informed consent. The research procedure was
approved by the Ethics Committee of the Third Hospital of
Nanchang and the First Affiliated Hospital of Nanchang
University.
Cell lines. BC cell lines (BT549, MDA‑MB‑231,
MDA‑MB‑453 and MCF7) and normal human mammary
gland cells (MCF10A) were purchased from American Type
Culture Collection. Cell lines were cultured in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with FBS (Gibco;
Thermo Fisher Scientific, Inc.) to a final concentration of 10%
at 37˚C in a humidified incubator containing 5% CO2.
Western blot assay. Protein from BT549, MDA‑MB‑231,
MDA‑MB‑453, MCF7 and normal human mammary gland
cells (MCF10A) cells was extracted using RIPA lysis buffer
(MilliporeSigma) according to the manufacturer's instruc‑
tions. The total protein concentration was measured with a
BCA protein assay kit (Takara Biotechnology Co., Ltd.). The
samples (20 µg) were separated via 10% SDS‑PAGE, then
transferred onto PVDF membranes. The membranes were
blocked with 5% non‑fat milk for 2 h at room temperature,
then treated with the following primary antibodies overnight at
4˚C. The following primary antibodies were used: Anti‑RNF6
(1:1,000; cat. no. ab204506; Abcam), anti‑YAP (1:500; cat.
no. 13584‑1‑AP; ProteinTech Group, Inc.), anti‑MST1 (1:1,000;
cat. no. 3682; Cell Signaling Technology, Inc.), anti‑ubiquitin
(1:1,000; cat. no. 10201‑2‑AP; ProteinTech Group, Inc.),
anti‑Cyr61 (1:500; cat. no. 26689‑1‑AP; ProteinTech Group,
Inc.), anti‑connective tissue growth factor (1:500; cat.
no. 23936‑1‑AP; ProteinTech Group, Inc.) and anti‑cyclin E
(1:500; cat. no. 11554‑1‑AP; ProteinTech Group, Inc.). Tubulin
expression (1:2,000; cat. no.11224‑1‑AP; ProteinTech Group,
Inc.) was used as a loading control. After washing three times
with Tris‑buffered saline‑0.1% Tween‑20, the membranes
were incubated with HRP‑conjugated goat anti‑rabbit IgG
secondary anti‑body (1:5,000; cat. no. ab6728; Abcam) for 2 h
at 4˚C. Finally, the protein bands were visualized with ECL
system (Thermo Fisher Scientific, Inc.) and analyzed by densi‑
tometry using software ImageJ (National Institutes of Health;
version 1.48).
Immunohistochemistry (IHC) staining. All BC tissue speci‑
mens were fixed with 10% neutral formaldehyde solution for
4‑6 h at room temperature, and were dehydrated, waxed and
wrapped. Then, the tissues were cut into 4‑6 µm sections. The
tissue sections were baked at 60˚C overnight. Sections were
blocked using 2% BSA (Sangon Biotech Co., Ltd.) for 1 h at
room temperature. Anti‑RNF6 (1:1,000; cat. no. ab204506;
Abcam) was applied to paraffin‑embedded sections following
microwave antigen retrieval for 10 min in 0.01 mol/l citrate
buffer (pH, 6.0). Specimens were treated with 0.3% hydrogen
peroxide in methanol for 15 min at room temperature following
incubation with primary antibody to block endogenous
peroxidase activity and blocked with human serum (Gibco;
Thermo Fisher Scientific, Inc.) to minimize background reac‑
tivity at room temperature. Following the primary antibody

incubation, the sections were rinsed thrice with PBS for 5 min
and incubated with 50 µl HRP‑conjugated secondary goat
anti‑rabbit antibody (product code ab6721; 1:1,000; Epitomics;
Abcam) at room temperature for 20 min. Then, samples were
washed and incubated with ABC amplification system for
30 min at room temperature (ready to use; cat. no. PK‑7 200;
Vector Laboratories, Inc.). Finally, the chromogenic substrate
3,3'‑diaminobenzidine (DAB) was added. Furthermore, the
nuclei were stained with hematoxylin (ScyTek Laboratories,
Inc.) for 1 min at room temperature. Images were obtained
using an image analyzer system (Olympus BH‑2 microscope;
Olympus Corporation), digitized and the DAB signal was
quantified by ImageJ 1.51w software (National Institutes of
Health).
Constructs and plasmids. RNA duplexes for short hairpin
(sh)RNA‑mediated RNF6 and YAP knockdown were
synthesized by Shanghai GenePharma Co., Ltd. shRNF6,
p cDNA 3.1‑R N F6, s h M S T1, p cDNA 3.1‑MST1 a nd
pcDNA3.1‑YAP plasmids were also purchased from Shanghai
GenePharma Co., Ltd. shRNA plasmid and overexpres‑
sion vector transfection in BC cells was performed using
Lipofectamine™ 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. The concentra‑
tion of shRNF6 and shYAP was 6x108 TU/ml, and 1x106 cells
were transfected with RNF6 and YAP plasmids (10 µg). The
Lipofectamine™ 3000‑plasmids complex was formed by
mixing for 20 min at room temperature. Then, complex was
added to the cells and the cells were cultured in serum‑free
Opti‑MEM (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C
for 4 h, followed by incubation in serum‑containing medium
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C for
72 h. After 72 h, the cells were collected and washed twice
with PBS. Sequences were as follows: RNF6, shiRNA‑1,
5'‑U U U C UG AGU C UC C AU C AC U UG C CG C ‑3', and
shRNA‑2, 5'‑UUUCGCGAGUCUCUCUACU UCACGC‑3';
YAP, shRNA‑1, 5'‑AAGGUGAUAC UAUCAACCA AA‑3',
and shRNA‑2, 5'‑AAGACAUCUUCUGGUCAGAGA‑3' and
MST1, shRNA 1, 5'‑GGGCACTGTCCGAGTAGCAGC‑3',
and shRNA 2, 5'‑CCGTCTTTCCTTGAATACTTT‑3'.
In vivo ubiquitination assay. For the in vivo ubiquitination
assay, RNF6‑deficient or RNF6‑overexpressing BC cells were
treated with MG132 (15 µg/ml; cat. no. A2585; APeXBIO
Technology LLC) for 4‑6 h at 37˚C. Following further incu‑
bation for 2‑3 h, cell lysates were immunoprecipitated with
anti‑MST1 antibody (1:1,000; cat. no. 3682; Cell Signaling
Technology, Inc.). Ubiquitination levels of MST1 were
measured with an anti‑ubiquitin (Ub) antibody (1:1,000; cat.
no. 10201‑2‑AP; ProteinTech Group, Inc.).
RNA isolation and reverse transcription‑quantitative PCR
(RT‑qPCR). Total RNA was isolated from BC and non‑tumour
adjacent issues using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's protocol.
RNA was reverse transcribed into cDNA using a Prime Script
RT Reagent kit with gDNA Eraser (Takara Biotechnology
Co., Ltd.) according to the manufacturer's instructions. cDNA
was used as a template to perform qPCR on the ABI PRISM
7500 auto fluorescence PCR instrument (Applied Biosystems;
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Thermo Fisher Scientific, Inc.) using the SYBR Premix Ex Taq
Kit (Takara Biotechnology Co., Ltd.).
The primer sequences were as follows: RNF6 forward,
5'‑AGAAGATGGCAGCAAGAGCG‑3' and reverse, 5'‑TCA
AGTCAGGCTGAGATGCTAGT‑3'; MST1 forward, 5'‑GGG
TCCCAGTAGCCAAGAT‑3' and reverse, 5'‑GAGG CACCA
CATACCATTCA‑3'; YAP forward, 5'‑GGAT TTC TGCCT
TCCCTGAA‑3' and reverse, 5'‑GATAGCAGGGCGTGAGGA
AC‑3'; GAPDH forward, 5'‑CTTCGCT CTC TGC TCC TC
CT‑3' and reverse, 5'‑GTTAAAAGCAGCCCTGGTGA‑3'.
Migration and invasion assay. Transwell‑based migration and
invasion assays in BC cell lines were conducted as previously
described (6), with minor modifications. For the cell invasion
assay, the polycarbonate membranes of the upper compartment
of the chambers were precoated with a matrix gel.
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Subsequently, theBC cells were extracted using RIPA lysis
buffer (MilliporeSigma) according to the manufacturer's
instructions, then the cell lysate was immunoprecipitated
with anti‑MST1 and the ubiquitination levels of MST1 were
measured with anti‑Ub antibody. For the GST pull‑down assay,
BL‑21 competent Escherichia coli (Beijing Solarbio Science
& Technology Co., Ltd.) was transformed with shRNF6 or
PcDNA‑3.1‑RNF6 plasmids and cultured overnight at room
temperature. GST fusion protein expression was induced with
isopropyl β‑D‑thiogalactoside (1 mg/ml) for 3‑5 h at 20‑30˚C.
Cells were harvested in RIPA lysis buffer(Beyotime Institute
of Biotechnology) and homogenized by sonication. Following
centrifugation (14,000 g, 5 min, 4˚C), GST fusion proteins in
supernatant were purified by glutathione sepharose 4B beads
according to the manufacturer's instructions (GE Healthcare).
An aliquot (5 µg) of glutathione or GST‑RNF6 protein was
added to cell lysates, followed by overnight incubation with
gentle rotation at 4˚C and addition of glutathione‑sep harose
4B beads (GE Healthcare) for 3 h at room temperature. The
beads were collected by centrifugation (14,000 g, 5 min, 4˚C)
and washed with ice‑cold lysis buffer. MST1 protein was
detected by western blotting.

In vivo metastasis assay. An experimental model of lung
metastasis was used to investigate the effects of RNF6 on
BC metastasis. A total of 60 female BALB/c nude mice (age,
4‑6 weeks; weight, 18‑20 g; Shanghai SLAC Laboratory
Animal Co., Ltd.) were maintained in a 20˚C environment
with 40‑60% humidity and a 12/12‑h light/dark cycle, andwith
a standardized barrier system at the Experimental Animal
Center of Nanchang University. For each nude mouse, 1x106
MDA‑MB‑231 cells in 100 µl PBS were injected via the tail
vein. The mice were sacrificed 6 weeks after tumor implanta‑
tion. The nude mice were euthanized by cervical dislocation;
cessation of breathing, corneal reflex and heartbeat were
considered to indicate mortality. The lungs and major organs
were removed and fixed with 10% formalin. Subsequently,
consecutive tissue sections (4‑6 µm) were made from each block
of the lung. The sections were stained with hematoxylin‑eosin
staining (H&E). These slides were examined systematically
using an image analyzer system (Olympus BH‑2 microscope;
Olympus Corporation). The animal study was approved by
the Ethics Committee for Animal Experiments of The First
Affiliated Hospital of Nanchang University and The Third
Hospital of Nanchang (approval no. NDYFY2013D078).

Cycloheximide (CHX) chase assay. To inhibit MST1 protein
synthesis in BC cells, cells were treated with 100 µg/ml CHX
(Sigma‑Aldrich; Merck KGaA) at 37˚C for 4 h. A total of
5x105 MDA‑MB‑231 cells were transfected with shRNA or
shRNF6 plasmids( 6x108 TU/ml, Shanghai GenePharma Co.,
Ltd.) using Lipofectamine 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) The Lipofectamine™ 3000‑plasmids complex
was formed by mixing for 20 min at room temperature. Then,
complex was added to the cells and the cells were cultured in
serum‑free Opti‑MEM (Gibco; Thermo Fisher Scientific, Inc.)
at 37˚C for 4 h, followed by incubation in serum‑containing
medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.)
at 37˚C for 48 h. At 48 h post‑transfection, the cells were
harvested at different time points (0, 1, 3 and 5 h) following
CHX treatment and the expression of MST1 protein was
detected by western blotting.

Immunofluorescence assay. A total of 2x103 MDA‑MB‑231
cells were placed on slides for 24 h, fixed with 4% poly‑
formaldehyde for 30 min at room temperature, then treated
with 0.3% Triton X‑100/PBS for 5 min at room temperature.
The cells were then sealed with 5% BSA (Beijing Solarbio
Science & Technology Co., Ltd.) at room temperature for
1 h and stained overnight with antibodies (Anti‑RNF6
1:500; cat. no. ab204506; Abcam and anti‑MST1 (1:500; cat.
no. abab76822); Abcam.) at 4˚C. Following primary antibody
incubation, cells were incubated with fluorescent dye‑bound
secondary antibodies (both 1:200; both Invitrogen; Thermo
Fisher Scientific, Inc.; cat. nos. A32723 and A‑11035) for 1 h at
room temperature and stained with DAPI (5 mg/ml) for 15 sec
at room temperature.

Statistical analysis. Data are presented as the mean ± SD
of three independent experiments. The unpaired Student's
t‑test method was used to evaluate the significance between
two groups while the one‑way analysis of variance method
followed by Tukey's test was used to estimate the difference
among multiple groups. The association between RNF6
expression and clinicopathological characteristics of patients
with BC was analysed using Fisher's exact probabilities test.
One‑way ANOVA followed by Tukey's post hoc test was used
for multiple comparisons. All statistical calculations were
performed using SPSS 19.0 (IBM Corp.) and all graphs were
constructed with GraphPad Prism 6.0 (GraphPad Software,
Inc.). P<0.05 was considered to indicate a statistically signifi‑
cant difference.

Co ‑im mu noprecipitation (Co ‑ IP) a n d glutathione
S‑transferase (GST) pull‑down experiments. For the co‑IP
assay, RNF6 knockdown or overexpressed BC cells were
exposed to MG132 (15 µg/ml; cat. no. A2585; APeXBIO
Technology LLC) for 4‑6 h at 37˚C before harvesting.

Results
RNF6 overexpression is correlated with poor outcome in
patients with BC. The potential role of RNF6 in the devel‑
opment and progression of BC was investigated. Initially,
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Figure 1. Expression of RNF6 is significantly upregulated in BC tissue. (A) RT‑qPCR analysis of RNF6 mRNA expression in 146 BC tumor and paired
non‑tumor tissue samples. **P<0.01. (B) Western blotting and (C) quantification of RNF6 protein levels in BC and paired non‑tumor tissue. Tubulin was used
as a loading control. (D) Representative images of RNF6 staining. Magnification, x400, Scale bar, 100 µm. (E) Western blotting and (F) RT‑qPCR were
performed to detect RNF6 protein and mRNA levels in four BC cell lines and MCF10A cells. *P<0.05, **P<0.01 and ***P<0.001 vs. MCF10A. RNF6, ring finger
protein 6; BC, breast cancer; RT‑q, reverse transcription‑quantitative.

the expression of RNF6 in 146 BC and non‑tumour adjacent
tissue samples obtained from patients with BC. was detected
using RT‑qPCR. The RT‑qPCR data revealed that RNF6 was
highly expressed in primary breast cancer tissues compared
with adjacent control tissues (Fig. 1A). Furthermore, the
protein levels of 60 fresh BC tumour tissues and their paired
non‑tumour adjacent tissues were quantitatively analysed. In
accordance with increased RNF6 mRNA levels, the levels of
RNF6 protein in BC tissues were significantly higher compared
with adjacent normal tissues (Fig. 1B and C). The levels of
RNF6 protein in BC paraffin‑embedded tissue samples and
corresponding normal paraffin tissues was detected by IHC
with an RNF6 antibody. RNF6 protein was highly expressed
in 65.75% (96 of 146) of the BC tissue samples (Fig. 1D). To
investigate the expression of RNF6 in BC cells, the expression
levels of RNF6 in BC cell lines and normal human mammary
gland cells (MCF10A) were detected. RT‑qPCR and western
blot data showed that RNF6 expression in BC cells was higher
compared with MCF10A cells (Fig. 1E and F). These results

demonstrated that high RNF6 levels were observed in BC
tissues.
To explore the correlation between RNF6 overexpres‑
sion and BC clinicopathological parameters, the expression
of RNF6 in BC specimens and clinicopathological char‑
acteristics were detected by IHC. RNF6 overexpression
was remarkably correlated with tumour stage and lymph
node metastasis stages (Table I). In addition, to investigate
the efficiency of RNF6 in the survival of patients with BC,
the association between RNF6 levels and the survival of
patients with BC was investigated. Patients with high RNF6
levels were correlated with poor overall survival and poor
disease‑free survival compared with patients with low levels
of RNF6 (Fig. 2A and B). The results of multivariate Cox
regression analysis indicated that high RNF6 levels were an
independent predictor of poor survival in patients with BC
(Table II). In summary, these data suggested that RNF6 was
upregulated in BC tissues and associated with unfavorable
prognosis in patients with BC.

EXPERIMENTAL AND THERAPEUTIC MEDICINE 23: 118, 2022

5

Table I. Association between RNF6 expression and clinicopathological features in 146 patients with breast cancer.
		
RNF6 expression		
		---------------------------------------------------------Total cases
High
Low
Parameters
146
(n=96)
(n=50)
Age (years)				
<50
79
49
30
≥50
67
47
20
Pathological grade				
<2
116
76
40
≥2
30
20
10
Clinical stage				
I‑II
97
67
30
III‑IV
49
29
20
Tumor stage				
T1‑T2
86
46
40
T3‑T4
60
50
10
Lymph node metastasis stage				
N0‑N1
97
56
41
N2
49
40
9
Metastasis stage				
M0
135
86
49
M1
11
10
1

P‑value
P=0.302
P=0.906
P=0.234
P<0.001
P=0.004
P=0.067

RNF6, ring finger protein 6.

Figure 2. Relative RNF6 expression in BC and its clinical significance. (A) Kaplan‑Meier curves for overall survival of two groups defined by low and high
expression of RNF6 in patients with BC. (B) Kaplan‑Meier curves for disease‑free survival of two groups defined by low and high expression of RNF6 in
patients with BC. RNF6, ring finger protein 6; BC, breast cancer.

RNF6 promotes the migration and invasion of BC in vivo and
in vitro. Since high RNF6 expression correlated with clinical
and lymph node metastasis stages, the role of RNF6 in the
migration and invasion of BC was investigated. RNF6 shRNA
and corresponding controls were used to silence RNF6 expres‑
sion in MDA‑MB‑231 and MDA‑MB‑453 cells with high
endogenous RNF6 expression (Fig. 3A and B). A significant

decrease in BC cell migration was observed in the shRNF6
group compared with the shNC group (Fig. 3C and D).
Furthermore, stable RNF6 knockdown in BC cells showed
lower invasion rates compared with control cells (Fig. 3E).
Subsequently, the effect of RNF6 on BC metastasis was inves‑
tigated using an in vivo tumour metastasis assay. The present
results showed fewer lung metastatic nodules in the shRNF6
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Table II. Univariate and multivariate analyses of overall survival in patients with breast cancer.
Univariate analysis
Multivariate analysis
	--------------------------------------------------------------------------------	--------------------------------------------------------------------------------Parameters
HR
95% CI
P‑value
HR
95% CI
P‑value
Age (≥50/<50)
Pathological grade (<2/≥2)
Clinical stage (I‑II/III‑IV)
Tumor stage (T1‑T2/T3‑T4)
Lymph node metastasis
stage (N0‑N1/N2)
Metastasis stage (M0/M1)
RNF6 expression (high/low)

0.652
0.812
1.814
1.757
1.612

0.344‑1.431
0.516‑1.664
1.121‑4.551
1.163‑3.146
1.211‑3.441

0.516
0.874
0.163
0.012
0.014

‑
‑
‑
1.642
1.433

‑
‑
‑
0.925‑3.426
1.123‑2.451

‑
‑
‑
0.074
0.021

0.762
1.724

0.431‑4.134
1.341‑3.312

0.521
0.006

‑
1.532

‑
1.121‑3.642

‑
0.026

HR, hazard ratio; CI, confidence interval; RNF6, ring finger protein 6.

Figure 3. RNF6 knockdown inhibits breast cancer metastasis and invasion in vitro and in vivo. (A) Reverse transcription‑quantitative PCR and (B) western
blotting were performed to detect RNF6 mRNA and protein expression in MDA‑MB‑453 and MDA‑MB‑231 cells stably transfected with shNC or shRNF6.
*
P<0.05 vs. shNC. (C) Microscopy images of Transwell (D) migration and (E) invasion assays of MDA‑MB‑453 and MDA‑MB‑231 cells with stable RNF6
knockdown, Scale bar, 50 µm **P<0.01; ***P<0.001. Magnification, x100. RNF6, ring finger protein 6; sh, short hairpin; NC, negative control.

group compared with the control group (Fig. S1). In conclu‑
sion, these data indicated that RNF6 promoted the migration
and invasion of BC in vivo and in vitro.
RNF6 facilitates the invasion and migration of BC cells by
YAP. To study the mechanism by which RNF6 regulates the
invasion and migration of BC cells, a luciferase reporter assay

was performed to screen the signalling pathway downstream
of RNF6. As shown in Fig. 4A and B, RNF6 knockdown inhib‑
ited YAP activity at the basal level during YAP stimulation.
Knockdown of RNF6 expression suppressed the expression of
Cyr61, connective tissue growth factor and cyclin E, which are
target genes of YAP (Fig. 4C). RNF6 downregulation reduced
YAP protein levels compared with controls (Fig. 4D). These
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Figure 4. RNF6 promotes migration of breast cancer cells via YAP in vitro and in vivo. Activity of both endogenous and overexpressed YAP was measured
using a YAP reporter assay following RNAi‑induced RNF6 knockdown in (A) MDA‑MB‑453 and (B) MDA‑MD‑231 cells. (C) Levels of Cyr61, CTGF and
cyclin E, three target genes of YAP, were assessed by western blotting in MDA‑MB‑231 cells stably transfected with shNC or shRNF6. (D) Expression levels
of YAP were assessed by western blotting in BC cells stably transfected with shNC vector or shRNF6. (E) Western blotting was performed to detect the
expression of RNF6 and YAP. Transwell assay showed that upregulation of YAP significantly rescued (F) cell migration and (G) invasion in shRNF6‑trans‑
fected MDA‑MB‑231 cells. (H) Statistical analysis of lung metastatic nodules in RNF6 knockdown cells. Magnification, x400. (I) Protein levels of RNF6
and YAP were detected by western blotting. Transwell assay showed that YAP inhibition decreased RNF6‑enhanced (J) cell migration and (K) invasion.
(L) Statistical analysis of lung metastatic nodules in RNF6‑overexpressing cells. n=6/group. Scale bar, 50 µm. *P<0.01; **P<0.01. RNF6, ring finger protein 6;
YAP, YES‑associated protein; CTGF, connective tissue growth factor; sh, short hairpin; NC, negative control.

results indicated that RNF6 regulated the transcriptional
activity of YAP by downregulating YAP protein levels. To
further investigate whether RNF6 mediates the metastasis and
invasion of BC by regulating YAP, YAP was overexpressed
in RNF6 knockdown BC cells. Protein expression levels
of RNF6 and YAP were measured by western blotting, and
cell migration and invasion were investigated by performing

Transwell assays. The western blotting image in Fig. 4E
showed that RNF6 downregulation decreased YAP expression
and YAP upregulation attenuated the loss of YAP expression
in RNF6 knockdown BC cells. The migration and invasion
capabilities of MDA‑MB‑231 cells were significantly reduced
by RNF6 knockdown. However, YAP upregulation attenu‑
ated the reduction in migration and invasion ability caused
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Figure 5. RNF6 regulates YAP‑induced BC migration and invasion in an MST1‑dependent manner. (A) The expression levels of MST1 and YAP were assessed
by Western blotting in BC cells stably transfected with shNC vector or shMST1. (B) The expression levels of MST1 and YAP were assessed by Western blotting
in BC cells stably transfected with the vector or p‑MST1 plasmid. (C) The expression levels of MST1 and YAP were assessed by Western blotting in BC cells
stably transfected with shNC vector or shRNF6. (D) Expression levels of MST1 and YAP were assessed by western blotting in BC cells stably transfected
with the vector or p‑RNF6 plasmid. (E) Protein levels of RNF6, MST1 and YAP were assessed by western blotting in shRNF6 cells transfected with shMST1.
Transwell assay showed the (F) migration and (G) invasion capacity of BC cells stably transfected with shRNF6 in the presence or absence of shMST1.
(H) Statistical analysis of lung metastatic nodules. n=6/group. **P<0.01. RNF6, ring finger protein 6; YAP, YES‑associated protein; BC, breast cancer; MST1,
mammalian STE20‑like protein kinase 1; shMST1, short hairpin RNA targeting MST1; shNC, short hairpin RNA negative control; p, plasmid.

by RNF6 knockdown (Fig. 4F‑H). YAP expression was then
knocked down in RNF6‑overexpressing cells (Fig. 4I), which
reversed the promoting effects of RNF6 on the migration of
BC cells (Fig. 4J‑L). Collectively, these findings suggested that
RNF6‑promoted migration and invasion is YAP‑dependent in
BC cells.
RNF6 regulates YAP expression via MST1. Numerous
studies have shown that MST1 is the main component of
YAP signalling (16,17), and regulates the expression of YAP
in pancreatic cancer (18,19). Therefore, the present study
investigated whether MST1 is involved in RNF6 regulation of
YAP in BC. To confirm this hypothesis, the change in YAP
expression in shMST1‑transfected MDA‑MB‑231 cells was
measured. Compared with their respective NC groups, MST1
knockdown increased YAP expression in MDA‑MB‑231 cells
(Fig. 5A), whereas MST1 upregulation had the opposite effect
in BC cells (Fig. 5B). These findings demonstrated that MST1
regulated YAP expression in BC cells.
To determine whether RNF6 affects YAP expression via
MST1, the changes in MST1 and YAP expression in RNF6
knockdown MDA‑MB231 cells were further measured. RNF6
knockdown significantly reduced YAP protein expression but
increased MST1 protein expression in MDA‑MB231 cells
compared with the shNC group (Fig. 5C). By contrast, RNF6
overexpression significantly increased YAP protein expression
but decreased MST1 protein expression in BC cells compared
with the NC group (Fig. 5D). These findings indicated that
MST1 is involved in RNF6 regulation of YAP expression. To
further verify that RNF6 regulates YAP expression via MST1

in BC cells, MST1 was knocked down in RNF6‑deficient BC
cells. MST1 downregulation rescued decreased YAP expres‑
sion in RNF6‑deficient MDA‑MB231 cells (Fig. 5E), and the
cell migration and invasion abilities were also rescued in vitro
and in vivo (Fig. 5F‑H). These results demonstrated that RNF6
regulated YAP‑induced BC migration and invasion in an
MST1‑dependent manner.
RNF6 promotes MST1 degradation. To further elucidate
the mechanism of RNF6 in regulating MST1 in BC cells,
the interaction between RNF6 and MST1 was examined.
Immunofluorescence analysis showed that RNF6 and MST1
protein were co‑localised in MDA‑MB‑231 cells (Fig. 6A). In
GST pull‑down experiments, the results showed that RNF6 is
directly combined with MST1 in BC cells (Fig. 6B). Co‑IP
results further confirmed that there was a direct binding
between RNF6 and MST1 (Fig. 6C). In general, these data
demonstrated that RNF6 protein interacts with MST1 protein.
Since RNF6 is one of the most important E3 ubiquitin
ligases, the present study investigated whether RNF6
induces ubiquitination and degradation of MST1 via the
ubiquitin‑proteasome system (UPS). As shown in Fig. 6D,
significant time‑dependent accumulation of MST1 protein
was observed in BC cells treated with the proteasome inhibitor
MG132. These results demonstrated that MST1 is degraded by
the UPS in BC cells. Subsequently, the degradation of MST1
protein in RNF6‑deficient cells following exposure to CHX
was tested. The degradation dynamics assay showed that the
half‑life of the expressed MST1 was significantly decreased
in shRNF6‑transfected MDA‑MB‑31 cells compared with
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Figure 6. RNF6 accelerates ubiquitination and degradation of MST1 in breast cancer cells. (A) Immunofluorescence staining for MST1 and RNF6 in
MDA‑MB‑231 cells. Magnification, x400. Scale bar, 100 µm (B) MDA‑MB‑231 cell lysates were incubated with GST‑RNF6 or GST fusion protein and
glutathione‑sepharose 4B beads for 3 h before washing. The elution was subsequently analyzed by western blotting with anti‑MST1 antibody. (C) MST1 was
blotted on immunoprecipitated endogenous RNF6 in MDA‑MB‑231 cell lysates. (D) MDA‑MB‑231 cells were treated with MG132 (15 µmol/l) and the protein
levels of MST1 were detected. (E) RNF6 knockdown promoted degeneration of MST1 protein in MDA‑MB‑231 cells. *P<0.05 vs. shRNF6. (F) RNF6 had no
effect on MST1 expression, as assessed by western blotting following transfection with shRNF6 or p‑RNF6 in BC cells. (G) Cells were treated with protea‑
somal inhibitor MG132 (10 mmol/l). Cell lysates were prepared and subjected to immunoprecipitation with anti‑MST1 antibody. The levels of Ub‑attached
MST were detected by western blotting analysis with Ub antibody. (H) Proposed model by which RNF6 promotes migration and invasion of breast cancer by
promoting ubiquitination and degradation of MST1. YAP, YES‑associated protein; RNF6, ring finger protein 6; MST1, mammalian STE20‑like protein kinase
1; sh, short hairpin; Ub, ubiquitin; GST, glutathione S‑transferase; NC, negative control; p, plasmid.

shNC‑transfected cells (Fig. 6E). The present results showed
that RNF6 silencing inhibited MST1 protein degradation in
BC cells. Moreover, MST1 protein levels remained unaltered
after dysregulation of RNF6 in BC cells following treatment
with MG132 (Fig. 6F). Furthermore, RNF6 knockdown
signiﬁcantly reduced the ubiquitination levels of MST1
compared with the NC group (Fig. 6G). Collectively, these
ﬁndings suggested that RNF6 accelerated the ubiquitination
and degradation of MST1 in BC cells.
Discussion
RNF6, a member of the E3 ligase ring finger family, has been
shown to play an important role in the progression of malig‑
nant tumours (7,20). However, to the best of our knowledge,
the molecular mechanism of RNF6 in BC remains to be eluci‑
dated. The present study showed that RNF6 expression levels
in the tumours of patients with BC significantly increased
compared with normal breast tissue. The present results
showed that RNF6 overexpression was remarkably correlated
with the clinical, tumour and lymph node metastasis stages

of BC. Furthermore, patients with high RNF6 levels were
correlated with poor overall survival and disease‑free survival
compared with patients with low RNF6 levels. The results
of multivariate Cox regression analysis indicated that high
RNF6 levels were an independent predictor of poor survival
in patients with BC. In summary, these data suggested that
RNF6 acts as an oncogene in BC tissues and associated with
unfavorable prognosis in patients with BC.
Metastasis is a crucial biological feature in cancer and is
closely associated with cancer progression (21‑23). The high
invasiveness and distant metastasis of BC are considered as the
main obstacles of patients with BC to obtain satisfactory prog‑
nosis (21‑23). Therefore, it is of significance to understand the
mechanism behind BC metastasis. The present study showed a
significant decrease in BC cell migration in the shRNF6 group.
Stable RNF6 knockdown in BC cells resulted in lower migra‑
tion compared with control cells. Furthermore, the present
results showed that RNF6 downregulation reduced the expres‑
sion of YAP, and YAP upregulation reduced the loss of YAP
expression in RNF6‑deficient BC cells. The present findings
demonstrated that RNF6 knockdown significantly reduced the
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migration and invasion ability of cancer cells, and YAP upreg‑
ulation rescued the decreased migration and invasion ability
induced by RNF6 knockdown. These results demonstrated that
RNF6 regulates YAP‑induced BC migration and invasion.
Subsequently, the molecular mechanism of RNF6 regu‑
lating YAP expression was investigated. Studies have shown
that the carcinogenic Hippo‑YAP pathway plays a key role
in regulating BC progression, in which MST1 is activated by
oxidative stress and plays a central role in the Hippo pathway,
controlling cell proliferation, differentiation and apoptosis
during development (24‑29). The present results showed that
MST1 knockdown significantly increased YAP expression in
BC cells, whereas MST1 upregulation had the opposite effect
in BC cells. These findings suggested that MST1 regulated
YAP expression in BC cells. Furthermore, the present data
showed that MST1 downregulation rescued decreased YAP
expression in RNF6‑deficient MDA‑MB231 cells, and the
cell migration and invasion abilities were also rescued. These
results demonstrated that RNF6 regulates YAP‑induced BC
migration and invasion in an MST1‑dependent manner.
Finally, the mechanism by which RNF6 regulated MST1
expression in BC was further explored. Previous studies have
reported that tumor necrosis factor receptor‑associated factor
6 regulates YAP signaling by promoting the ubiquitination and
degradation of MST1 in pancreatic cancer (30). The present
results showed that RNF6 is a novel E3 ubiquitin ligase of
MST1, and RNF6 induced ubiquitination and degradation of
MST1 through the UPS. This conclusion is mainly based on
the following reasons. First, the present results showed that
RNF6 protein interacted with MST1 protein. Second, signifi‑
cant accumulation of MST1 protein was observed in BC cells
treated with MG132. These results indicated that MST1 is
degraded by the UPS in BC cells. Third, the present results
showed that RNF6 silencing promoted MST1 protein degra‑
dation in BC cells. Moreover, MST1 protein levels remained
unchanged after dysregulation of RNF6 in BC cells following
treatment with MG132. In addition, RNF6 knockdown
signiﬁcantly reduced the ubiquitination levels of MST1.
In conclusion, the present study provided evidence that
RNF6 plays an oncogenic role in BC. We not only clari‑
fied the role of RNF6 in breast cancer metastasis, but also
provided insights into the mechanism of RNF6 via mediating
the MST1/YAP axis (Fig. 6H). These results highlighted the
important role of RNF6 expression, which may be used as a
prognostic indicator and therapeutic target for future breast
cancer treatment.
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