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Downregulation of ubiquitin-specific protease 14 (USP14) inhibits
breast cancer cell proliferation and metastasis, but promotes

apoptosis
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Abstract Breast cancer is the second leading cause of
cancer-related death in women. Previously, evidence sug-
gested that ubiquitin-specific protease 14 (USP14) was
associated with various signal transduction pathways and
tumourigenesis. In this study, we demonstrate that USP14
is a novel therapeutic target in breast cancer. A Western
blot analysis of USP14 was performed using seven breast
cancer tissues and paired adjacent normal tissues and
showed that the expression of USP14 was increased in the
breast cancer tissues. Immunohistochemistry was con-
ducted on formalin-fixed paraffin-embedded sections of
breast cancer samples from 100 cases. Using Pearson’s x>
test, it was demonstrated that USP14 expression was
associated with the histological grade, lymph node status
and Ki-67 expression in the tumour. The Kaplan—Meier
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analysis revealed that increased USP14 expression in
patients with breast cancer was associated with a poorer
prognosis. In in vitro experiments, the highly migratory
MDA-MB-231 cells that were treated with USP14-shRNA
(shUSP14) exhibited decreased motility using Transwell
migration assays. Next, we employed a starvation and re-
feeding assay, and the CCK-8 assay demonstrated that
USP14 regulated breast cancer cell proliferation. Further-
more, we used flow cytometry to analyse cellular apoptosis
following USP14 knockdown. Taken together, our results
suggested that USP14 was involved in the progression of
breast cancer.

Keywords USP14 - Breast cancer - Proliferation -
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Introduction

Breast cancer is the leading type of cancer diagnosed in
women worldwide. In 2012, it resulted in 1.68 million
cases and 522,000 deaths. Like other cancers, complex
biological processes are involved in the occurrence and
progression of breast cancer (Liu et al. 2014). It is
important to unravel the molecular and cellular mecha-
nisms of breast cancer to develop targeted cancer therapy
(Dou et al. 2015).

The ubiquitin—proteasome system (UPS) is the critical
intracellular protein degradation system that removes
damaged proteins and, when altered, may cause diseases
such as spinocerebellar ataxia, oncogenesis and infertility
(Ciechanover and Schwartz 2004). The degraded protein is
marked by tagging with ubiquitin, a highly conserved
76-amino acid protein, which is involved in processes as
varied as signal transduction, endocytosis, and DNA repair
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(Hallengren et al. 2013). Proteins are ubiquitinated by three
enzymes in sequential steps: ubiquitin activating enzyme
(E1), ubiquitin conjugase (E2), and ubiquitin ligase (E3)
(Jin et al. 2009). Recent studies suggested that ubiquiti-
nation is balanced by deubiquitination, which removes and
remodels the covalently attached ubiquitin through deu-
biquitinating enzymes (DUBs). Ubiquitin conjugases acti-
vate ATP hydrolysis, as they contain loosely folded
domains and their ubiquitin chains bind to the 26S-asso-
ciated DUBs. The human genome encodes more than 100
putative DUBs, of which the prominent families are the
USP (ubiquitin-specific processing protease) and UCH
(ubiquitin C-terminal hydrolase) families (Phillips et al.
2013). DUBs play a central role in regulating cellular
processes, such as cell growth, proliferation, apoptosis,
DNA repair, kinase activation, and transcription, which
cause diseases such as cancer and multiple myeloma
(MM), as well as the activation of the inflammasome
(Adhikari et al. 2007; Lopez-Castejon et al. 2013; Tian
et al. 2014; Zhang et al. 2006). Emerging evidence shows
that DUBs should be novel targets for cancer therapy
(Brnjic et al. 2014; D’ Arcy et al. 2011; D’ Arcy and Linder
2012; Kapuria et al. 2010).

Ubiquitin-specific protease 14 (USP14) encodes the
Ubiquitin carboxyl-terminal hydrolase 14 enzyme, which
belongs to the ubiquitin-specific processing (UBP) family
of deubiquitinating enzymes (DUBs) with His and Cys
domains (Chuensumran et al. 2011). Ubiquitin-specific
protease 14 (USP14) mediates protein degradation via its
deubiquitination activity and also controls proteasome
gate opening (Mialki et al. 2013). Some researchers
suggested that USP14 regulated various signal transduc-
tion pathways, including the NF-xB pathway and the Wnt
signalling pathway (Jung et al. 2013; Mialki et al. 2013).
Additionally, the NF-xB signalling pathway has been
implicated in the migration and invasion of breast cancer
and glioma cells (Shi et al. 2015a; Tao et al. 2012).
Growing evidence suggested that USP14 expression was
associated with tumourigenesis in epithelial ovarian can-
cer (Wang et al. 2015), colorectal cancer (Shinji et al.
2006), intrahepatic cholangiocarcinoma (Chuensumran
et al. 2011), Waldenstrom macroglobulinaemia (WM)
tumours (Chitta et al. 2015) and lung carcinoma (Wu
et al. 2013). However, there is currently no report
demonstrating the function and mechanism of USP14 in
breast cancer.

In this report, we demonstrated that USP14 was expressed
at high levels in certain breast cancer tissues and several cell
lines. Furthermore, we investigated the relationship between
USP14 expression and the clinicopathological characteris-
tics and survival of breast cancer patients. Moreover, we
indicate that USP14 is a novel regulator of breast cancer cell
proliferation, migration and apoptosis.
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Materials and methods
Tissue samples

The human breast specimens and clinicopathological data
were collected from 100 patients who underwent surgery
between 2003 and 2006 at the Department of Pathology,
Affiliate Hospital of Nantong University. The specimens were
formalin-fixed and paraffin-embedded for the histopathologic
diagnosis and immunohistochemical study. The TNM sys-
tems of tumour staging and histological grading were per-
formed according to the guidelines of the World Health
Organization (Hartmann et al. 1981). The follow-up infor-
mation was obtained from telephone conversations and
interviews. The fresh samples were frozen in liquid nitrogen
immediately after surgery and maintained at —80 °C until use
in the western blot analysis. All human tissues were collected
using protocols approved by the Ethics Committee of Affiliate
Hospital of Nantong University. An informed consent
agreement was signed by all patients.

Cell cultures

The MDA-MB-231, SKBR-3 and MCF-7 human breast
cancer cell lines, which were gifts from the Department of
Oncology, Affiliated Cancer Hospital of Fudan University,
were used in this study. All cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco
BRL, Grand Island, NY) supplemented with 10 % heat-
inactivated foetal bovine serum (FBS), 2 mM L-glutamine,
and 100 U/ml of a penicillin—streptomycin mixture (Gibco
BRL) at 37 °C in a 5 % CO, incubator.

Antibodies

The antibodies used for immunohistochemistry in this study
included: anti-USP14 (Santa Cruz Biotechnology, USA) and
anti-Ki-67 (Santa Cruz Biotechnology, USA). The antibodies
used for the Western blots included: anti-USP14 (Santa Cruz
Biotechnology, USA), anti-cyclin E (Santa Cruz Biotech-
nology, USA), anti-PCNA (Santa Cruz Biotechnology, USA),
anti-cyclin A (Santa Cruz Biotechnology, USA), anti-E-cad-
herin (Santa Cruz Biotechnology, USA), anti-vimentin (Santa
Cruz Biotechnology, USA), anti-Bcl-2 (Santa Cruz Biotech-
nology, USA), anti-procaspase-3 (Santa Cruz Biotechnology,
USA), anti-cleaved caspase-3 (Santa Cruz Biotechnology,
USA) and anti-GAPDH (Santa Cruz Biotechnology, USA).

Western blot analysis
Before immunoblotting, the cells were washed three times

with ice-cold PBS and resuspended in 2x lysis buffer
(50 mM Tris-HCI, 120 mM NaCl, 0.5 % Nonidet P-40,
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100 mM NaF, 200 uM Na3;VOQ,, and a protease inhibitor
mixture). The frozen tissues were homogenized in lysis
buffer (1 % NP-40, 50 mmol/l Tris, pH 7.5, 5 mmol/l
EDTA, 1 % SDS, 1 % sodium deoxycholate, 1 % Triton
X-100, 1 mmol/l PMSF, 10 mg/ml aprotinin, and 1 mg/ml
leupeptin). Then, they were denatured at 100 °C for
15 min. The lysates were clarified by centrifugation
(15 min, 12,000 rpm, 4 °C). The protein concentrations
were determined using a Bio-Rad protein assay (Bio-Rad,
Hercules, CA, USA). The supernatant was diluted in 2x
SDS loading buffer containing DDT and boiled at 100 °C
for 15 min. All of the protein samples were stored at
—20 °C. Prior to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), the samples were denatured at 100 °C for
3 min. Then, the proteins were separated by SDS-PAGE
and then transferred to polyvinylidenedifluoride (PVDF)
membranes (Millipore, Bedford, MA, USA). The mem-
branes were blocked with 5 % dried skim milk in TBST
(20 mM Tris, 150 mM NaCl, 0.05 % Tween-20) for 2 h at
room temperature and then incubated with a primary
antibody overnight at 4 °C for 6 to 8 h. After three washes
with TBST, the membranes were incubated with horse-
radish  peroxidase-conjugated secondary antibodies
(1:1000; Pierce) for 2 h at room temperature, and the bands
were then detected with the ECL (enhanced chemilumi-
nescence) detection systems (Pierce, Rockford, IL, USA).

Immunohistochemistry (IHC)

The surgically excised specimens (4 um thick) were pre-
pared on glass slides, which were fixed with 10 % formalin
and embedded in paraffin. The sections were deparaffinized
in xylene and rehydrated in a graded ethanol series and then
heated to 121 °C in an autoclave for 3 min to retrieve the
antigen using citrate buffer (pH 6.0). After rinsing in PBS
(pH 7.2), the sections were then incubated with a polyclonal
mouse anti-USP14 antibody and a monoclonal mouse anti-
Ki-67 antibody overnight at 4 °C. All slides were processed
using the peroxidase-antiperoxidase method (Dako, Ham-
burg, Germany). After washing the sections with PBS, the
peroxidase reaction was visualized by incubating the sec-
tions with DAB (0.1 % phosphate buffer solution, 0.02 %
diaminobenzidine tetrahydrochloride, and 3 % H,0,). After
rinsing in water, the sections were counterstained with
haematoxylin, dehydrated with a graded alcohol series and
cover slipped. All of the immunostained sections were
evaluated by observers who were blinded to the clinical and
pathological characteristics of the patients.

Immunohistochemical evaluation

Five fields were selected in each slide, and at least 1000
cells were counted per field at high magnification. To

evaluate the USP14 immunoreactivity, the staining inten-
sity was classified as negative staining (0), weak staining
(1), moderate staining (2), and strong staining (3). Using
the USP14 expression ratio, the intensity of immunostain-
ing in each tumour section was semiquantitatively assessed
as negative (1), low (2), moderate (3), and high expression
(4) using the following scale: <10 % of cells (1), 10-35 %
(2), 35-50 % (3), and >50 % (4) of cells. Therefore, the
samples were considered to express high levels of USP14 if
the total score was >6 and low levels if the score was <6.
The Ki-67 immunoreactivity was classified into a high
expression group (>50 %) and a low expression group
(<50 %).

Transient transfection

The USP14-specific shRNAs were chemically synthesized by
Genechem (Shanghai, China). The USP14-specific sShRNA tar-
get sequences included: USP14-shRNA#0 (sh0)—5'-CAGAG
TTGAAATAATGGAA-3, USP14-shRNA#1 (sh1)—5-AGC
CAAATACAAGTGACAA-3, USP14-shRNA#2 (sh2)—5'-
TTGGTAACACTTGTTACAT3, and USP14-shRNA#3
(sh3)—5'-CAAGATTCAGCAGTCAGAT-3'. The MDA-MB-
231 cells were transfected with the USP14-shRNA or control-
shRNA according to the manufacturer’s instructions. The
transfected cells were used for the subsequent experiments 48 h
after transfection.

Cell proliferation assay

Cell proliferation was measured using the cell counting kit-
8 (CCK-8) assay according to the manufacturer’s instruc-
tions. The cells were serum starved for 24 h, transfected
with the shRNA for 48 h, and then 5 x 10* cells were
seeded into a 96-well cell culture cluster (Corning Inc.,
Corning, NY) in volumes of 100 pl and incubated for 24 h.
The CCK-8 reagents (Dojindo, Kumamoto, Japan) were
added to a subset of wells at different time points and then
incubated for 1.5 h at 37 °C in the dark. The absorbance
was quantified on a microplate reader (Bio-Rad). This
experiment was repeated at least three times.

Transwell migration assays

The cells that had been transfected with the USP14
shRNAs were starved overnight in DMEM media with
0.1 % FBS and then trypsinized and resuspended in
DMEM containing 0.1 % bovine serum albumin. The cells
(1 x 105) were added to the top chambers of the Tran-
swells (Corning, 8 mm pore size) in 24-well plates, and
DMEM with 10 % FBS was added to the bottom chambers.
After an overnight incubation, the cells that remained in the
top chamber (nonmigrated) were removed, and the cells in
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the bottom chamber (migrated) were fixed and stained with
crystal violet to visualize the nuclei. The number of
migrating cells was counted in five fields at 200x magni-
fication, and the means for each chamber were determined.
All experiments were conducted in triplicate and repeated
twice.

Flow cytometry analysis of cellular apoptosis

The MDA-MB-231 cells transfected with USP14-
shRNA#2 and the control-shRNA were cultured for 48 h
and harvested. Then, 60 ul of Muse™ Annexin V & Dead
Cell Reagent (Part No. 4700-1485, 100 tests/bottle) were
added to each tube and then 60 pl of suspended cells were
added to each tube. After a 20 min incubation at room
temperature in the dark, the apoptosis assay was performed
using the Muse™ cell analyser (EMD Millipore Corpora-
tion) according to the manufacturer’s instructions.

Statistical analysis

USP14 expression and the clinicopathological features were
analysed by the Chi square (x?) test. Kaplan—Meier survival
plots were generated to analyse the survival data, and a log-
rank test was performed. Multivariate analysis was per-
formed using Cox’s proportional hazards model. For all
statistical analyses, the level of significance was set at
P < 0.05. The SPSS17.0 and sigmaplotl12 statistical pro-
grammes were used for all statistical analyses. All values
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were expressed as the mean £ SD. Each experiment con-
sisted of at least three replicates per condition (Jiet al. 2013).

Results
The expression of USP14 in human breast cancer

To analyse the expression of USP14 in breast cancer, we
first examined USP14 by Western blotting. The results
showed that USP14 is overexpressed in human breast
cancer, but expressed at low or undetectable levels in the
paired adjacent normal tissues (Fig. la, b). Next, we
selected three appropriate breast cancer cell lines, MCF-7,
MDA-MB-231, and SKBR-3, for the Western blot analysis.
Among these cell lines, the expression of USP14 was
highest in the MDA-MB-231 cells compared to the other
cells (Fig. 1c, d). Therefore, in the subsequent experiments,
we chose to use the MDA-MB-231 cell line. Furthermore,
MDA-MB-231 cells exhibit certain malignant cancer fea-
tures such as high invasion, metastasis and a mesenchymal
phenotype (Wang et al. 2012).

To reveal the role of USP14 in breast cancer, we
examined the expression and distribution of USP14 and Ki-
67 in 100 paraffin-embedded breast cancer specimens by
immunohistochemistry. We found that USP14 was mainly
located in the cytoplasm of the breast cancer cells, while
Ki-67 was localized in the nucleus (Fig. 2). Interestingly,
USP14 was highly expressed in the breast cancer tissue.
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Fig. 2 Immunohistochemical staining reveals USP14 and Ki-67
expression in paraffin-embedded breast cancer tissues. a-b The
expression of USP14 and Ki67 was low in grade I tissues. ¢—d The

Correlation between USP14 expression
and the clinicopathological characteristics
and survival of breast cancer patients

To gain a better understanding of the pathophysiological
significance of USP14, we analysed the relationship
between USP14 expression and the clinicopathological
characteristics of the tumours, which are described in
Tables 1 and 2. According to Table 1, which shows the
statistical analysis of USP14 and Ki-67 expression,
USP14 expression was significantly associated with the
histological grade (P = 0.001), lymph node status
(P = 0.015) and Ki-67 expression (P = 0.008), whereas
there was no correlation observed with the patients’ age
(P =0.827), tumour size (P = 0.507), or histology
(P = 0.161). Next, we implemented the survival curve
analysis to correlate the survival status and clinicopatho-
logical parameters of 100 breast carcinoma specimens and
demonstrated that the histological grade (P = 0.030),
lymph node status (P = 0.040), Ki-67 expression
(P =0.040) and USP14 expression (P = 0.002) were
substantially associated with the patients’ overall survival
(Table 2). Furthermore, Cox’s proportional survival
analysis suggested that the histological grade (P = 0.024),
lymph node status (P = 0.020), USP14 expression
(P =0.016) and Ki-67 expression (P = 0.001) were
independent prognostic indicators for the overall patient
survival (Table 3). In addition, we a performed Kaplan—
Meier analysis to assess the relationship between USP14
expression and the 100 patients’ survival status. The
survival curves indicated that the median survival for
patients with high USP14 expression levels was signifi-
cantly shorter (Fig. 3).

expression of USP14 and Ki67 was moderate in grade II tissues. e—
f The expression of USP14 and Ki67 was high in grade III tissues.
The images in a—f were captured at x400 magnification

USP14 expression in the different phases
of the MDA-MB-231 cell cycle

We found that high levels of USP14 expression were
associated with a poor prognosis in patients with breast
cancer. Thus, we assumed that USP14 participated in the
cell cycle progression of breast cancers. To verify our
hypothesis, we employed a serum starvation and re-feeding
process in the MDA-MB-231 cells. The flow cytometry
analysis showed that and the cells were arrested in G1
phase after serum deprivation for 48 h (Fig. 4a). After
serum re-feeding, the cells reentered S phase (Fig. 4a). We
collected the proteins from the MDA-MB-231 cells at
different time points for western blot analysis. We found
that USP14 expression was substantially increased in the
MDA-MB-231 cells as early as 4 h after serum re-feeding.
The expression of the cell proliferation marker PCNA
showed a similar trend (Fig. 4b, c). These results indicated
that USP14 played a critical role in the regulation of cell
proliferation and allowed G1/S progression.

USP14 knockdown reduced the proliferation
of the MDA-MB-231 cells

To further determine the effect of USP14 on cell prolifer-
ation, we transfected the MDA-MB-231 cells with a con-
trol-shRNA, USP14-shRNA#0, USP14-shRNA#1, USP14-
shRNA#2, or USP14-shRNA#3 to knock down the
endogenous USP14. USP14 expression was examined by
Western blotting (Fig. 5a). The results show that the
USP14 shRNAs (USP14-shRNA#1, USP14-shRNA#2, and
USP14-shRNA#3) could knock down the expression of
USP14 compared to the negative control shRNA (control-
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Table 1 USP14 and the clinicopathologic parameters in 100 breast
cancer

Table 2 Survival status and clinicopathological parameters in 100
breast carcinomas specimens

Total USP14 expression P value* b4 Total Survival status P
Low High Alive Dead

Age Age
<50 53 15 38 0.827 0.155 <50 53 19 34 0.225
>50 47 15 32 >50 47 23 24

Grade Histological grade
I 10 7 3 I 10 7 3
I 48 17 31 0.001* 13.228 I 48 23 25 0.030*
I 42 6 36 I 42 12 30

ER ER
Negative 52 14 38 0.519 0.488 Negative 48 25 23 0.068
Positive 48 16 32 Positive 52 17 35

PR PR
Negative 45 12 33 0.332 0.433 Negative 55 26 29 0.309
Positive 55 18 37 Positive 45 16 29

Her2 Her2
Negative 43 12 31 0.826 0.157 Negative(0-1+) 43 20 23 0.540
Positive 57 18 39 Overexpress(2-3+) 57 22 35

Tumor size Tumor size
<25 61 20 41 0.507 0.578 <25 61 24 37 0.538
>2.5 39 10 29 >2.5 39 18 21

Axillary lymph node status Axillary lymph node status
NO 38 17 21 0.015% 6.338 NO 38 21 17 0.040*
Nx 62 13 49 Nx 62 21 41

Histology Histology
Ductal 90 25 65 0.161 2.116 Ductal 90 36 54 0.214
Others 10 5 5 Others 10 6 4

Ki-67 Ki-67
Low 42 19 23 0.008* 8.007 Low 42 23 19 0.040*
High 58 11 47 High 58 19 39

* P < 0.05 is considered significant USP14

2 Statistical analyses were performed by the Pearson x> test Low 30 20 22 0.002*

High 70 10 48

shRNA and USP14-shRNA#0), and USP14-shRNA#2
could obviously decrease the expression of USP14. Then,
we transfected the MDA-MB-231 cells with USP14-
shRNA#2 or the control-shRNA and then detected the
levels of PCNA, cyclin A and cyclin E by Western blotting
(Fig. 5b). Moreover, we tested the cell proliferation using
the CCK-8 assay (Fig. 5c). In addition, we collected the
cells transfected with USP14-shRNA#2 or the control-
shRNA and examined the proportions of cells in G0/G1
and S phases by flow cytometry (Fig. 5d). The results
revealed that the number of cells in GO/G1 phase increased,
while the number of cells in S phase decreased in the
USP14-shRNA#2 group compared to the control group.
Therefore, we assumed that USP14 played a positive role
in regulating breast cancer cell proliferation.
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Statistical analyses were performed by the Pearson y test
* P < 0.05 is considered significant

USP14 was associated with breast cancer cell
migration

It has been noted that some deubiquitinating enzymes
(DUBSs), such as USP33 or UCH-L1, regulate cell migra-
tion (Frisan et al. 2012; Huang et al. 2015). We postulated
that USP14 may be associated with breast cancer metas-
tasis. USP14 knockdown inhibited cell migration to the
bottom chambers of the Trans-well compared to the con-
trol groups (Fig. 6a, b). To confirm this result, we per-
formed a Western blot analysis to measure the levels of the
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Taple 3 Cont.rlbutlon of . Hazard radio 95.0 % confidence interval P

various potential prognostic

factors to survival by Cox Age 0.599 0.340-1.507 0.077

regression analysis in 100 breast . N

carcinomas specimens Histology grade 1.835 1.084-3.109 0.024
ER 1.495 0.753-2.968 0.251
PR 0.762 0.408-1.423 0.394
Her2 0.803 0.441-1.460 0.803
Tumor size 1.526 0.840-2.775 0.165
Axillary lymph node 2.166 1.128-4.160 0.020*
Ki-67 3.121 1.638-5.947 0.001*
USP14 2.614 1.192-5.732 0.016*

*P < 0.05 was considered significant

Statistical analyses were performed by the log-rank test
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Fig. 3 Association between USP14 expression and the prognosis of
patients” with breast cancer. The Kaplan—Meier survival curves for
100 breast carcinoma patients show that lower levels of USP14
expression correlated with long-term survival

USP14 protein in the cells that were subjected to the same
treatments. It has been reported that E-cadherin and
vimentin are markers of epithelial cells and mesenchymal
cells, respectively; therefore, we also analysed their levels
in the control-shRNA and USP14-shRNA#2 groups. We
observed that the expression of E-cadherin was increased,
while the expression of vimentin was decreased (Fig. 6c¢).
Based on these results, we speculated that knocking down
the expression of USP14 would inhibit breast cancer cell
migration by initiating the EMT process. Taken together,
we can conclude that USP14 is involved in breast cancer
cell migration.

USP14 knockdown induced breast cancer cell
apoptosis

Previous evidence had proven that the loss of USP14
expression could induce epithelial ovarian cancer cells
apoptosis (Wang et al. 2015). Therefore, we speculated that
USP14 knockdown might induce breast cancer cell apop-
tosis. We performed flow cytometry to analyse apoptosis in
the MDA-MB-231 cells that were transfected with the
control-shRNA or USP14-shRNA#2. The results showed
that the percentage of apoptotic cells was higher in the
USP14-shRNA#2 group compared to the control-shRNA
group (Fig. 6d). Next, we analysed some markers of cel-
lular apoptosis by Western blotting, including procaspase-
3, cleaved caspase-3 and Bcl-2, and noticed that the levels
of the anti-apoptosis marker Bcl-2 and pro-apoptotic mar-
ker procaspase-3 were significantly decreased and the
levels of the pro-apoptotic marker cleaved caspase-3 were
increased in the cells transfected with USP14-shRNA#2
(Fig. 6e). All of these results indicated that USP14
knockdown could induce breast cancer cell apoptosis.

Discussion

Breast cancer is the second leading cause of cancer-related
death in women. With the comprehensive utilization of B
ultrasound examinations, breast molybdenum photography
and puncture biopsies, it is possible for us to diagnose and
treat breast cancer much earlier. The treatments for breast
cancer include surgery, chemotherapy, radiation therapy,
hormone therapy and targeted therapy, but the prognosis of
breast cancer remains unsatisfactory (Adamczyk et al.
2014; Runowicz et al. 2015). It is essential to unravel the
molecular and cellular mechanisms of breast cancer pro-
gression and metastasis to develop targeted therapy for
breast cancer.
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Fig. 4 The expression of USP14 and cell cycle-related molecules in
proliferating breast cancer cells. a Flow cytometry quantitation of the
cell cycle progression of the MDA-MB-231 cells. The cells were
synchronized at G1 phase and progressed into S phase when serum
was added after 0, 4, 8, 12 or 24 h. The results are the mean + SD of
three independent experiments. ** *P < 0.05 compared to the control
cells that were serum-starved for 48 h (S48 h). b, ¢ The cell lysates
were prepared and analysed by Western blotting using antibodies
against USP14, PCNA and GAPDH (loading control). The results are
presented as the mean + SD (n = 3, * *P < 0.05 compared to the
control cells that were serum-starved for 48 h: S48 h). S standard
serum starvation, R standard serum release

The ubiquitin—proteasome system (UPS) provides the
cell with a pathway to clear damaged and misfolded cel-
lular proteins (Anderson et al. 2005). Protein ubiquitination
is critical in numerous cellular processes, including cell
cycle control, DNA repair, signal transduction, and the
regulation of protein transport. The ubiquitin-specific pro-
cessing (UBP) family can prolong the life of the substrate
protein through deubiquitination. Ubiquitin-specific pro-
tease 14 (USP14) is a member of the ubiquitin-specific
processing (UBP) family of deubiquitinating enzymes
(DUBs) with His and Cys domains (Chuensumran et al.
2011). Previous research suggested that several DUBs were
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related to cancer progression and could be novel targets for
anti-cancer therapies (Daviet and Colland 2008). A clinical
study demonstrated that low USP-11 expression was
independently correlated with better breast cancer survival
(Bayraktar et al. 2013). SiRNA interference studies on
three DUBs in cancer cells suggested that RNAi of USP14
can inhibit cellular protein degradation (Koulich et al.
2008). Studies on the expression of USP14 also assumed
that USP14 was associated with cancer progression. In
colorectal carcinoma and epithelial ovarian cancer, the
high levels of USP14 expression were correlated with
patient survival or the tumour stage. Furthermore, high
levels of USP14 expression were observed in patients with
colorectal carcinoma with lymph node metastasis and liver
metastasis, which indicated that USP14 may promote
tumour metastasis (Shinji et al. 2006; Wang et al. 2015). A
previous study revealed that USP14 modulates cancer cell
motility by deubiquitinating the chemokine receptor
CXCR4 (Mines et al. 2009). In our study, we collected
breast cancer specimens from 100 cases and performed
immunohistochemistry to analyse the expression of USP14
and Ki67 in the breast cancer tissue; we demonstrated that
high levels of USP14 expression were related to the his-
tological grade, lymph node status and shorter survival.
The pathogenesis of cancer metastasis is a highly compli-
cated multi-step process and involves various factors.
Therefore, a better understanding of the molecular mech-
anism of cancer metastasis would provide novel thera-
peutic opportunities for cancers (Cui et al. 2014).
Experimental and clinical evidence indicates that the
aberrant activation of the epithelial-mesenchymal transi-
tion (EMT) contributes to various pathological conditions,
including cancer progression and metastasis (Acloque et al.
2009; Thiery et al. 2009). During the EMT, epithelial cells
lose their polarity and cell-cell adhesion and are morpho-
logically and functionally converted into mesenchymal
stem cells, which are characterized by migratory and
invasive phenotypes (Hay 1995; Lyons et al. 2008; Thiery
2002). The EMT promotes tumour progression by
enhancing cancer cell migration and metastasis in distant
sites, which is underlined by the loss of epithelial pheno-
type markers such as tight junctions, desmosomes, and
cytoskeletal elements (Foroni et al. 2012). At the molecular
level, the EMT is associated with a decrease in the
expression of cell junction proteins, such as E-cadherin and
integrins, and an increase in the expression of the mes-
enchymal markers N-cadherin and vimentin; these changes
lead to actin rearrangements, ultimately resulting in
increased cell motility (Shi et al. 2015b; Voulgari and
Pintzas 2009).Using the Trans-well assay, we confirmed
that USP14 is also involved in breast cancer metastasis.
Moreover, we performed shRNA to knock down the
expression of USP14 in an in vitro experiment and
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Fig. 5 USP14 knockdown inhibited MDA-MB-231 cell proliferation
in vitro. a The expression of the USP14 protein in the MDA-MB-231
cells was detected by Western blotting 48 h after transfection. The
transfected cells were subjected to a Western blot analysis with
antibodies against USP14 and GAPDH (loading control). The bar
chart below the blots indicates the ratio of USP14 to GAPDH, as
measured by densitometry. The data are presented as the mean £+ SD
(*P < 0.05 compared to the control). b Western blot analysis of a
series of cell cycle-related molecules, including PCNA, cyclin A and
cyclin E, in MDA-MB-231 cells transfected with USP14-shRNA#2
and control-USP14. GAPDH was used as a loading control. ¢ The
CCK-8 assay was used to measure cell proliferation and showed that

demonstrated that the loss of USP14 decreased the prolif-
eration of MDA-MB-231 cells.

Some previous studies have shown that oxidative stress
was associated with tumour cell apoptosis mediated by the
proteasome deubiquitinase b-AP15 (Brnjic et al. 2014;
Wang et al. 2014). Moreover, b-AP15 is an inhibitor of
USP14 and can promote the accumulation of polyubiquitin,
induce tumour cell apoptosis, and inhibit tumour proces-
sion. Studies on b-AP15-treated HCT-116 colorectal car-
cinoma cells showed that the number of hypodiploid cells
was increased, which was related to the expression of many

USP14 knockdown inhibited cell proliferation. The cell counting kit-8
reagents were added to the medium and incubated for an additional
2 h. The absorbance was measured at each of the indicated time
points (0, 12, 24, 48 and 72 h). The data from each time point were
derived from three independent experiments. The data are presented
as the mean £ SD (¥*P < 0.05). d USP14 expression was knocked
down in the MDA-MB-231 cells transfected with USP14-shRNA#2;
the adherent cells were collected and examined by flow cytometry,
which showed a delay in the G1-S transition and significant arrest at
Gl phase. The data are presented as the mean # SD. * *P < 0.05
compared to the control. The results are a combination of the data
from three independent experiments

apoptotic markers, including activated caspase-3, caspase-
cleaved poly-ADP ribose polymerase (PARP) and cytok-
eratin-18 (CK18). Additional studies reported that treat-
ment with b-AP15 increased the levels of cell cycle
regulatory proteins, including inhibitors of the cyclin-de-
pendent kinases CDKNI1A and CDKNIB, the tumour
suppressor TP53, and arrested the cell cycle in G2/M phase
(D’Arcy et al. 2011). Another small-molecule DUB inhi-
bitor, WP1130, could directly inhibit USP14, which
downregulated anti-apoptotic proteins and upregulated pro-
apoptotic proteins, such as MCL-1 and p53 (Kapuria et al.
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Fig. 6 Effect of USP14 knockdown on migration and apoptosis.
a USP14 knockdown inhibited cell migration in the Transwell assays.
The control-shRNA-transfected cells exhibited an increased ability to
migrate through the membrane compared to the USP14-shRNA#2-
transfected cells. b The number of cells that migrated through the
member was counted in 10 fields using a 40x objective lens. The data
are presented as the mean + SD. *P < 0.05 compared to the control.
C Western blot analysis of E-cadherin, vimentin and GAPDH
(loading control) in the MDA-MB-231 cells transfected with control-
USP14 or USP14-shRNA#2. The levels of the tumour migration

2010). P53 is ceaselessly degraded by the ubiquitin—pro-
teasome system, which keeps this protein in a microscale
state in normal cells (Liu et al. 2012). In the present study,
we utilized the starvation-release assay and then detected
the cell cycle markers cyclin A and cyclin E (Zhu et al.
2014). We concluded that USP14 might induce breast
cancer cell proliferation by promoting cell cycle progres-
sion. Furthermore, the flow cytometry analysis of breast
cancer cell apoptosis suggested that USP14 knockdown
induced tumour cell apoptosis. In a future supplementary
study, we will explore whether USP14 inhibitors can
induce breast cancer cell apoptosis and inhibit tumour
progression.

In conclusion, we demonstrated that USP14 was highly
expressed in breast cancer tissues and that knocking down
the expression of USP14 could inhibit proliferation and
migration and induce apoptosis of breast cancer cells
in vitro. Our studies show that USP14 may be a potentially
effective therapy against breast cancer.
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markers were significantly decreased in the cells in which USP14
expression was knocked down. The results are presented as the
mean £ SD of three independent experiments (*P < 0.05 compared
to the control). d The MDA-MB-231 cells were transfected with
control-shRNA or USP14-shRNA#2, respectively, and then assayed
by the Muse™ Cell Analyser according to the manufacturer’s
instructions. e Western blotting was used to analyse the levels of the
anti-apoptosis marker Bcl-2, pro-apoptotic marker procaspase-3 and
cleaved caspase-3 in control-shRNA- and USP14-shRNA#2-trans-
fected MDA-MB-231 cells
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