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Abstract

Purpose Epithelial-to-mesenchymal transition (EMT) is an important cause of high mortality in breast cancer. Twistl is
one of the EMT transcription factors (EMT-TFs) with a noticeably short half-life, which is regulated by proteasome degra-
dation pathways. Recent studies have found that USP13 stabilizes several specific oncogenic proteins. As yet, however, the
relationship between Twistl and USP13 has not been investigated.

Methods Co-Immunoprecipitation, GST-pulldown, Western blot, qRT-PCR and immunofluorescence assays were used
to investigate the role of USP13 in de-ubiquitination of Twistl. Chromatin immunoprecipitation and Luciferase reporter
assays were used to investigate the role of Twistl in inhibiting USP13 reporter transcription. Scratch wound healing, cell
migration and invasion assays, and a mouse lung metastases assay were used to investigate the roles of USP13 and Twistl
in promoting breast cancer metastasis.

Results We found that Twistl can be de-ubiquitinated by USP13. In addition, we found that the protein levels of Twistl
dose-dependently increased with USP13 overexpression, while USP13 knockdown resulted in a decreased expression of
endogenous Twistl. We also found that USP13 can directly interact with Twistl and specifically cleave the K48-linked
polyubiquitin chains of Twistl induced by FBXL14. We found that the effect of USP13 in promoting the migration and
invasion capacities of breast cancer cells can at least partly be achieved through its regulation of Twistl, while Twist] can
inhibit the transcriptional activity of USP13.

Conclusions Our data indicate that an interplay between Twistl and USP13 can form a negative physiological feedback
loop. Our findings show that USP13 may play an essential role in breast cancer metastasis by regulating Twist1 and, as such,
provide a potential target for the clinical treatment of breast cancer.
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1 Introduction

Breast cancer is a highly heterogeneous disease and the
most common malignancy among female cancer patients
worldwide, with a high incidence rate (31% of all cancers)
and second only to lung cancer in mortality (accounting for
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Twistl (twist family bHLH transcription factor 1) is
an efficient EMT-TF [5]. This transcription factor is a
member of the BASIC HELIX-LOOP-HELIX (BHLH)
protein family and plays a pivotal role in numerous
physiological and pathological processes [6]. Stud-
ies on clinical samples have shown that high expres-
sion levels of Twistl are highly correlated with cancer
cell invasion and migration [7]. Furthermore, a high
Twist]l expression has been found to increase cancer
cell resistance to anoikis using in vitro studies [8].
Thus, high Twistl expression can promote EMT and
lead to cancer cell metastasis. Twistl can undergo vari-
ous post-translational modifications before performing
its multiple physiological functions. Several residues
of Twistl can be phosphorylated by multiple protein
kinases. For instance, Thr125 and Serl127, two resi-
dues in the BHLH domain, can be phosphorylated by
protein kinase A (PKA) [9], whereas protein kinase B
(PKB) can phosphorylate Twistl at Ser 42 [10], T121
and S123 [11]. Additionally, three mitogen-activated
protein kinases, p38, c-Jun N-terminal kinase (JNK)
and extracellular signal-regulated kinase 1/2 (ERK1/2),
have been reported to phosphorylate Twistl at Ser 68
[12]. IL-6 can activate casein kinase 2 and phospho-
rylate Ser 18 and Ser 20 of Twistl [13]. In addition,
Tip60 can di-acetylate Twistl at Lys 73 and Lys76 in
the histone H4 mimic domain [14]. Recent studies have
also shown that the WR domain is correlated to the
stability of Twistl by being subject to ubiquitination
and degradation mediated by E3 ubiquitin ligases [15],
such as p-TrCP1 [16], FBXL14 [17] and RNF8 [18],
and to de-ubiquitination and stability mediated by de-
ubiquitinating enzymes such as A20 [19], Trabid [20]
and Dub3 [21]. Twistl can also be recognized by the
selective autophagy substrate p62, which triggers the
degradation of Twistl through the autophagy-lysosome
degradation system [22].

USP13 (ubiquitin specific peptidase 13), a member
of the de-ubiquitinating enzyme (DUB) superfamily
[23], has been implicated in tumorigenesis from mul-
tiple perspectives. USP13 has been found to stabilize
p53, a typical tumor suppressor by de-ubiquitinating its
de-ubiquitinating protease USP10 [24]. PTEN is another
tumor suppressor with a relatively longer half-life than
p53. USP13 stabilizes PTEN via direct binding to and
de-ubiquitinating it, followed by inhibiting PI3K/AKT
signaling and tumor growth in several cancer types
[25-29] and inhibiting the progression of other diseases,
such as osteoarthritis [30] and idiopathic pulmonary
fibrosis [31]. It has been found, however, that USP13
also stabilizes MITF, an oncogenic protein that plays
a role in melanoma development by increasing MITF
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de-ubiquitination, subsequently resulting in reduc-
tion of MITF proteasome-mediated degradation [32].
USP13 is preferentially expressed in glioma stem cells
(GSCs), and potently promotes GSC proliferation and
tumor growth by inhibiting c-Myc ubiquitination and
degradation, a critical transcriptional factor for main-
taining GSC self-renewal and tumorigenic potential
[33]. In addition, USP13 is a STING-interacting protein
that catalyzes the de-ubiquitination of STING, which
is critical for host defense against viruses [34]. USP13
also regulates DNA damage responses (DDR) by target-
ing RAPS80 [35]. Although the biochemical and molecu-
lar functions of USP13 have been explored in various
human cancers, including breast cancer, the oncogenic
or tumor suppressor roles of USP13 in different studies
has remained controversial.

Here, we investigated a potential physical/functional
interaction between Twistl and USP13 in human breast can-
cer. We found that USP13 promotes breast cancer metasta-
ses through Twist1 de-ubiquitination. Targeting the USP13/
Twistl axis may provide an option to treat this fatal disease
effectively.

2 Materials and methods
2.1 Cell lines and culture

The use of human HEK293T, mouse 4T1/Luc and human
breast cancer (T47D, ZR-75-30, SUM159PT, MDA-
MB231) cells has been reported in our previous studies [36,
37]. T47D, ZR-75-30 and 4T1/Luc cells were cultured in
RPMI-1640 medium (Gibco), whereas the other cells were
cultured in Dulbecco's modified Eagle medium (DMEM,
Gibco). All cells were cultured in a humidified atmosphere
of 5% CO, at 37 °C, and the media were supplemented with
10% FBS (NQBB), 100 pg/ml streptomycin, and 100 pg/ml
penicillin (Solarbio).

2.2 Antibodies and reagents

The commercial antibodies used for Western blot analy-
sis are as follows: anti-Twistl (1:1000, sc-81417, Santa
Cruz Biotechnology), anti-USP13 (1:3000, ab109264,
Abcam), anti-RNF8 (1:1000, sc-271462, Santa Cruz
Biotechnology), anti-FBXL14 (1:1000, HPA053889,
Sigma-Aldrich), anti-BTrcpl (1:1000, sc-390629, Santa
Cruz Biotechnology), anti-E-cadherin (1:1000, sc-8426,
Santa Cruz Biotechnology), anti-N-cadherin (1:1000,
sc-59987, Santa Cruz Biotechnology), anti-Vimentin
(1:1000, sc-6260, Santa Cruz Biotechnology), anti-
MMP9 (1:1000, sc-21733, Santa Cruz Biotechnology),
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anti-Ubiquitin (1:1000, sc-8017, Santa Cruz Biotechnol-
ogy), anti-Flag (1:3000, GTX115043, GeneTex), anti-
GFP (1:3000, GTX113617, GeneTex), anti-HA (1:3000,
GTX115044, GeneTex), anti-c-Myc (1:3000, PLA0OOO1,
Sigma), anti-GST (1:3000, sc-138, Santa Cruz Biotech-
nology), anti-GAPDH (1:3000, GTX627408, Gene-
Tex), anti-tubulin (1:3000, bs-0715R, Bioss), and anti-
Ubiquitin K48-specific antibody (1:1000, ZRB2150,
Sigma-Aldrich). Anti-Flag Affinity Gel (B23102), Poly
Flag Peptide (B23111) and Protein A/G mix magnetic
beads (B23202) were obtained from Bimake Chemi-
cals. Cycloheximide (S7418) and MG132 (52619) were
obtained from Selleck Chemicals. TGF-f1 (100-21)
was obtained from Peprotech.

2.3 Plasmids and transfection

pcDNA3.1-Flag-Twistl was kindly provided by Dr Cheng
Yang (Nankai University, China), pRK-GFP-USP13
and pRK-GFP-USP13AE were kindly provided by Dr
Bo Zhong (Wuhan University, China), pcDNA3.1-HA-
FBXL14 was kindly provided by Dr Bin Wang (Third
Military Medical University, China). The GFP-Twistl
plasmid was generated by inserting a Twistl DNA frag-
ment into a pEGFP-C1 vector at the BglIl and BamHI
sites by standard PCR using specific primers and
Flag-Twistl as template. The GST-USP13 and GST-
USP13AE plasmids were generated by inserting USP13
or USP13AE DNA fragments into a pGEX-GST vec-
tor at the EcoR1and Xhol sites by standard PCR using
specific primers and GFP-USP13 as template. Deletion
mutants of GFP-Twistl and GFP-USP13 were generated
by standard PCR using specific primers and GFP-Twistl
and GFP-USP13 as templates separately. The USP13-
promoter-Luc plasmid was constructed by inserting a
1,701 bp DNA fragment upstream of the USP13 tran-
scriptional start site into a pGL3-basic vector at the
KpnlI and Nhel sites. The fragment was cloned from
SUMIS9PT cell DNA using sense primer 5'-TCTTTT
CAATGGTACTGTATTTTAACC-3" and antisense primer
5'-GGCGACGCTATTTTTAATCCAATGGCG-3'. shR-
NAs specific for USP13 and Twistl were inserted into
a pRNAT-U6.1/Hygro cloning vector. The sequences
used were as follows: 5'-GTGATTGAGATGGAGAAT
A-3" (#1), 5'-GGGAACATGTTGAAAGACA-3' (#2) for
shUSP13 and 5'-CTGAACAGTTGTTTGTGTT-3’ (#1),
5'-GGACCCATGGTAAAATGCA-3" (#2) for shTwistl.
The pcDNA3.1-3 X Flag empty vector, as well as the
HA-Ub, HA-K48 and HA-K63 plasmids were used in
our previous studies [36]. Cells were transfected with

the corresponding plasmids using Lipofectamine 2000
(Invitrogen) following the manufacturer's specifications
after the cells were grown to ~70%—80% confluence.

2.4 Co-Immunoprecipitation, Western blot
and chromatin immunoprecipitation assays

Co-Immunoprecipitation (CoIP), Western blot (WB)
and chromatin immunoprecipitation (ChIP) assays were
performed as previously described [37]. For the ChIP
assay, the following primers were used: 5'-GCCACC
TCCTCCTTTTCCAACAG-3’ (sense) and 5'-GCAGAG
CATGTCTCCCAGCATAC-3' (antisense) for the USP13
promoter.

2.5 GST-pulldown, immunofluorescence
and luciferase reporter assays

GST-pulldown assay and immunofluorescence (IF)
were carried out as reported before [38, 39]. For lucif-
erase reporter assays, HEK293T cells seeded in 24-well
plates were transfected with the indicated plasmids
overnight at a cell density of ~70%-80%. Luciferase
reporter activity was monitored using Centro LB 960.
p-galactosidase was used to normalize the relative activ-
ity. The luciferase activity was deduced from four paral-
lel experiments.

2.6 Total RNA extraction and qRT-PCR

Total RNAs were extracted by RNAios Plus (9109,
Takara) after which reverse transcription was carried out
to synthesize cDNA as previously reported [37]. Quanti-
tative real-time PCR (qQRT-PCR) assays were carried out
using a LightCycler system (Roche) with a SYBR qPCR
Master Mix (Q711, Vazyme). The primers used for qRT-
PCR were: 5'- CGGGAGTCCGCAGTCTTA-3’ (sense)
and 5'- GCTTGAGGGTCTGAATCTTG -3’ (antisense)
for Twistl, 5'- GGCTCCTTCGTCCTTCTCCTCTAC-3’
(sense) and 5'- CCTGGCACTGGTACTTCTTGACAT
C-3’' (antisense) for Snail (snail family transcriptional
repressor 1), 5'-CCTCCTCCATCTGACACCTCCTC-3'
(sense) and 5'- AGGTAATGTGTGGGTCCGAATATG
C-3' (antisense) for Slug (snail family transcriptional
repressor 2), 5'- TCTTCACCGTCTCTTTCAGCATCA
C-3' (sense) and 5'-GAGGAGAACTGGTTGCCTGTA
ATGG-3' (antisense) for Zebl (zinc finger E-box binding
homeobox 1), 5'-GGTTGAATCTGACTGACGGCTCTG
-3’ (sense) and 5'-TGCCCGACTCCTGGATCACTTC-3'
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«Fig.1 USP13 stabilizes Twistl protein. (a) Expression levels of
USP13 in normal breast tissues and three subclasses of breast carci-
nomatous tissues in the UALCAN database. (b) Kaplan—-Meier curves
obtained from the UALCAN database. (¢) GFP-USP13 or empty vec-
tor was transfected in MDA-MB231 cells after which relative mRNA
and protein levels of EMT-TFs were determined using qRT-PCR
and Western blotting. (d) Flag-Twistl was co-expressed with GFP-
USP13 or empty vector in HEK293T cells after which the cells were
treated with 20 pM MG132. Expression of Twistl and USP13 was
examined by Western blotting. (e) Flag-Twistl was co-expressed with
GFP-USP13 wild-type (WT) or USP13AE mutant in HEK293T cells
after which the expression of Twistl and USP13 was examined by
Western blotting. (f) Flag-Twistl was co-expressed with GFP-USP13
or GFP-USP13AE with increasing amounts in HEK293T cells after
which the expression of Twist] and USP13 was examined by Western
blotting. (g) GFP-USP13 was expressed with increasing amounts in
MDA-MB231 cells after which the expression of endogenous Twistl
and USP13 was examined by Western blotting. (h) SUM159PT and
MDA-MB231 cells were stably transfected with shNC control or
USP13 shRNAs after which the expression of Twistl, USP13 and
c-Myec, the positive control, was examined by Western blotting. (i)
SUMI159PT and MDA-MB231 cells stably transfected with shNC
control or USP13 shRNAs were treated with or without 20 pM
MG132 after which the expression of Twistl and USP13 was exam-
ined by Western blotting

2.7 Invitro de-ubiquitylation assay

HEK293T cells were transfected with Flag-Twist]l and
HA-Ub plasmids after which immunoprecipitation was
carried out to obtain ubiquitinated Twistl from the
indicated cells using Anti-Flag Affinity Gel. Next, the
immunoprecipitates were eluted by Poly Flag Peptide
(0.5 mg/ml) after which the eluates were incubated with
GST-USP13 or GST-USP13AE at 37 °C for 2 h followed
by incubation at 16 °C in the presence of ATP (1 pM)
overnight. Finally, the co-incubated samples were ana-
lyzed by Western blotting.

2.8 Scratch wound healing, cell migration
and invasion assays

For the scratch wound healing assay, cells were seeded
(1.0x 10 cells per well) in 6-well plates. After 24 h, a
pipette tip (200 pl) was used to create a scratch wound.
Next, the cell cultures were washed using phosphate-buff-
ered saline (PBS) and incubated afterwards. The wounds
were photographed under a microscope at 0 and 24 h
in situ to compare the number of cells that migrated into
the wound areas.

Migration and invasion assays were carried out using
Transwell inserts containing 8-pm polycarbonate mem-
branes (3422, Corning). 1 X 10* cells were resuspended
in serum-free medium and seeded into the top cham-
bers of Matrigel-coated (354,234, Corning) or empty
Transwell inserts. The Matrigel was also diluted in

serum-free medium to 5 mg/ml. The bottom compart-
ments of the chambers contained complete medium as
chemoattractant. The inserts were removed and rinsed
with PBS after 24 h after which the cells on the bottom
side were stained with crystal violet and evaluated by
microscopy.

2.9 Mouse lung metastasis assay

7-week-old female BALB/c mice were purchased from
Liaoning Changsheng Biotechnology company and
divided into four groups randomly (5 mice per group)
before injection, and fed in the same environment. 2 x 10°
stably transfected 4T1/Luc cells in 0.2 ml normal saline
were subcutaneously injected into the mice through the
tail vein. After 14 days, metastatic lung foci were detected
using bioluminescence imaging before all mice were sacri-
ficed to collect the lungs. According to standard protocols,
the lungs of each group were processed for Western blot
and immunohistochemistry (IHC) assays and for hema-
toxylin—eosin (HE) staining, respectively.

2.9.1 Statistical analysis

All data were analyzed by GraphPad Prism 8.0.1 software
and are presented as mean =+ standard deviation (SD). Each
experiment was conducted at least three times with consist-
ent results. Statistical analyses were performed using a two-
tailed t-test to evaluate statistical significance, expressed
as p-value. Differences were considered significant when
p<0.05 (*p<0.05), and extremely significant when p <0.01
(**p<0.01).

2.9.2 Data availability

The authors declare that the data supporting the findings
of this study are available within the paper. The USP13
expression level analyses between normal breast tissues
and different subclasses of carcinomatous breast tissues are
available in ULACAN (http://ualcan.path.uab.edu/) [41],
and the Kaplan—Meier curves that support the findings of
this study are available in the UCSC Xena database (https://
xenabrowser.net/) and analyzed by the R package survival
[42] and survminer [43] tools.

2.9.3 Compliance with ethical standards
All animal experiments were performed according to
the regulations set by the Ethics Committee for Biol-

ogy and Medical Science of Dalian University of
Technology.
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Fig.2 USPI3 interacts with Twistl. (a) Endogenous USP13 and Twistl
were immunoprecipitated from MDA-MB231 and SUMI159PT cells,
after which bound endogenous Twistl and USP13 were examined by
Western blotting. (b) Flag-Twistl was co-expressed with GFP-USP13 in
HEK293T cells. Cell lysates were immunoprecipitated with either anti-
Flag or anti-GFP antibody, after which the associated proteins were exam-
ined by Western blotting. (¢) GST pulldown assays. (d) After fixation and

3 Results
3.1 USP13 stabilizes the Twist1 protein

In order to clarify the mechanisms underlying the mode of
action of USP13 in breast cancer development, we first ana-
lyzed its expression in different breast cancer subclasses.
Based on data from the ULACAN database (http://ualcan.
path.uab.edu/), we found a significantly higher USP13
expression (p <0.01) in highly metastatic triple-negative
breast cancers compared to the other two breast cancer sub-
classes (Fig. 1a and Table S1). Similar results were obtained
with Twistl and it was found that it may also play a role in
breast cancer metastasis. Compared with patients with low
USP13 expression levels, patients with high USP13 expres-
sion levels exhibited a significantly poorer overall survival
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staining, the subcellular localization of Twistl (red) and USP13 (green)
was visualized using fluorescence microscopy in MDA-MB231 cells. (e)
Schematic diagram of full-length USP13 and deletion constructs. Interac-
tions between Twist] and USP13 domains are indicated by plus signs (+),
and detected via Western blotting. (f) Schematic diagram of full-length
Twist] and deletion constructs. The interactions between USP13 and Twist1
domains are indicated by plus signs (+), and detected via GST-pulldown

Fig.3 USPI3 de-ubiquitinates Twistl. (a, b) SUMI59PT cells sta-
bly transfected with GFP-USP13 or GFP-USP13AE were treated with
cycloheximide (CHX) for the indicated time intervals. Expression
of endogenous Twistl and USP13 was examined by Western blot-
ting. (c) Flag-Twistl was co-expressed with GFP-USP13 or empty
vector control in HEK293T cells. After CHX treatment, expres-
sion of Twistl and USP13 was examined by Western blotting. (d)
SUMIS9PT cells stably transfected with USP13 shRNA or shNC
control were treated with cycloheximide (CHX) for the indicated time
intervals. Expression of endogenous Twistl and USP13 was exam-
ined by Western blotting. (e, f) Flag-Twistl was co-expressed with
HA-ubiquitin and either GFP-USP13 or GFP-USP13AE in HEK293T
cells. Next, the cells were treated with 20 pM MG132, cell extracts
were immunoprecipitated with anti-Flag antibody and poly-ubiqui-
tination of Twistl was examined by Western blotting. (g) Western
blot of in vitro de-ubiquitylation assays. (h) SUM159PT and MDA-
MB231 cells stably transfected with control or USP13 shRNAs were
treated with 20 pM MG132 after which cell extracts were immuno-
precipitated with anti-Twist]l antibody and poly-ubiquitination of
Twist] was examined by Western blotting
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(Fig. 1b). Triple-negative breast cancer patients with high
USP13 levels had the poorest overall survival compared with
the other subclasses of patients (Fig. S1). In addition, we
found that USP13 affected the protein levels of Twistl and
Snail in MDA-MB231 cells, but not those of other EMT-TFs
(Fig. 1c).

We found that USP13, when co-expressed with Twist1
in HEK293T cells, remarkably increased the protein, but
not the mRNA level of Twistl, an effect comparable to that
observed after treatment with 20 pM proteasome inhibitor
MG132 (Fig. 1d and Fig. S2a). This indicates that USP13
likely stabilizes Twist1 through the proteasome pathway. An
enzymatic inactive mutant of USP13 (C345A/M664/739E)
(designated as USP13AE) showed no effect on the Twistl
protein level, indicating that USP13 enzymatic activity is
essential for Twistl stabilization (Fig. le). Moreover, we
found that the level of Twistl increased in a USP13 dose-
dependent manner, but not that of USP13AE, when Twist1
was co-expressed with increasing amounts of USP13 or
USP13AE in HEK293T cells (Fig. 1f). The protein, but
not mRNA, levels of endogenous Twistl also gradually
increased after a dose-dependent transfection of USP13 in
MDA-MB231 cells (Fig. 1g and Fig. S2b), indicating that
endogenous Twistl is subject to a similar regulation. After
constructing two USP13-specific sShRNAs to knock down
endogenous USP13 expression in SUM159PT and MDA-
MB231 cells, we found that the protein, but not the mRNA,
levels of Twistl dramatically decreased in these cells, simi-
lar to those of c-Myc (Fig. 1h and Fig. S2c¢). In addition,
we found that 20 pM MG132 treatment restored the down-
regulation of Twistl in USP13-knockdown SUMI159PT
and MDA-MB231 cells (Fig. 1i). Based on these results, we
conclude that USP13 is involved in mediating the protein
stability of Twist1.

3.2 USP13 directly interacts with Twist1

In accordance with the observed association between
USP13 and Twistl, we detected an efficient co-precipitation
between endogenous USP13 and Twistl in SUM159PT and
MDA-MB231 cells (Fig. 2a). It also turned out that GFP-
USP13 and Flag-Twistl could interact with each other in
HEK?293T cells (Fig. 2b). Using GST-pulldown assays, we
found that Flag-Twistl co-precipitated with GST-USP13,
but not with GST (Fig. 2c). The interaction between USP13
and Twistl was further confirmed by IF analysis since we
found that USP13 co-localizes with Twistl in the nuclei of
MDA-MB231 cells (Fig. 2d). Additionally, we found that all
three GFP-USP13 domains interacted with Twistl. One of
the domains, GFP-USP13 (625-863), interacted most sali-
ently, while the other two domains increased the expression
level of Twistl versus control (Fig. 2e). Through interac-
tion region mapping, we conclude that the N-terminal part
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of USP13 may contain a primary interaction domain for
Twistl, and that the C-terminal part of USP13 may contain
a primary de-ubiquitination domain for Twistl. Moreover,
we found that GST-USP13 mainly interacted with the full
length (FL) and the 169-202 amino acid fragment (Twistl
WR domain) of GFP-Twist] rather than with other Twist1
fragments (Fig. 2f). Therefore, the above findings indicate a
direct interaction between USP13 and Twistl1.

3.3 USP13 deubiquitinates Twist1

To determine the effect of USP13 on the protein stability of
Twistl, we transfected SUM159PT cells with USP13 or an
empty vector control and treated the cells with cyclohex-
imide (CHX) at different time intervals to block new protein
synthesis. Compared with the empty vector control group,
we found that the protein level of Twistl was significantly
stabilized in the presence of USP13 (Fig. 3a and Fig. S2d),
rather than USP13AE (Fig. 3b and Fig. S2e). Exogenous
Twistl was also stabilized when co-expressed with USP13
in HEK293T cells (Fig. 3¢ and Fig. S2f). Likewise, based
on CHX chase experiments, we found that Twistl became
unstable and degraded rapidly upon knockdown of USP13
in SUMI159PT cells (Fig. 3d and Fig. S2g). In Flag-Twist1
expressing HEK293T cells treated with 20 pM MG132,
co-IP of Flag revealed a heavy ubiquitination of Twistl,
while co-expression of USP13 almost completely elimi-
nated it (Fig. 3e). However, co-expression of USP13AE
failed to abolish ubiquitination of Twistl (Fig. 3f). As
expected, in vitro deubiquitylation assays directly showed
that USP13, but not USP13AE, acted as a de-ubiquitinase
for Twistl (Fig. 3g). In contrast, we found that the level
of endogenous Twistl ubiquitination showed a sharp rise
upon USP13-knockdown in SUM159PT and MDA-MB231
cells (Fig. 3h). These findings collectively indicate that
Twistl is subject to USP13-mediated de-ubiquitination,
which is conducive to Twist] protein stabilization.

3.4 USP13 inhibits FBXL14-induced Twist1
ubiquitination

In light of the known capability of Twistl to link K48 and
K63 ubiquitin chains, we speculated that USP13 may be
able to deubiquitinate K48 or K63 ubiquitinated Twistl1. In
fact, we found that USP13 overexpression caused a drop in
K48 levels, but not of K63 ubiquitination on Flag-Twist1

(Fig. 4a and Fig. S2h-S2i). As mentioned earlier, recent
studies have shown that several proteins may induce ubig-
uitination of Twistl [16—18]. In order to explore whether
USP13 determines the binding ratio of Twist1 to those pro-
teins, we found that USP13 overexpression had no effect on
the binding of Twistl to B-TrCP1 or RNF8 in SUM159PT
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Fig.4 USP13 inhibits FBXL14-mediated Twistl ubiquitination.
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with anti-Flag antibody and ubiquitination bands were examined by
Western blotting. (b) SUMI59PT cells were transfected with GFP-
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immunoprecipitated with anti-Twistl antibody and Western blotting
was performed. (¢) SUM159PT cells were treated as indicated, after
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anti-Twist]l antibodies, and then Western blotting was performed.

(d) SUMIS59PT cells were transfected with shNC control or USP13
shRNA and treated with 20 pM MG132 after which cell lysates
were immunoprecipitated and analyzed. (e) HEK293T cells were co-
transfected with the indicated plasmids and, after Flag-Twistl immu-
noprecipitation, K48 ubiquitination was detected. (f) GFP-USP13
was transfected in T47D and ZR-75-30 cells after which the indi-
cated proteins were examined by Western blotting. (g) Morphology
of T47D and ZR-75-30 cells transfected with empty vector or GFP-
USP13. Scale bar=20 pm. (h) Western blot of Twistl-specific shR-
NAs in the indicated cells
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«Fig.5 USP13 promotes breast cancer cell migration and invasion
through Twistl. (a) Scratch wound healing assay in the indicated
breast cancer cells. Scale bar=50 pm. (b) Protein levels of USP13
and Twistl in the indicated wound healing assays examined by
Western blotting. (¢) Transwell assay in the indicated breast cancer
cells. Scale bar=50 pm. (d) Statistical analysis of cell migration
and invasion in the indicated Transwell assays. Data are presented
as means+SD (n=3). Two-tailed t-test was performed. *p<0.05;
**p<0.01

cells (Fig. 4b). Interestingly, however, we found that USP13
was critical for the binding of Twistl to FBXL14, as over-

expression of USP13 remarkably decreased the interaction
of endogenous FBXL 14 with Twistl (Fig. 4c). Moreover,
we found that the interaction between endogenous FBXL14
and Twistl increased as a result of USP13 knockdown
in SUM159PT cells (Fig. 4d). Based on the findings that
FBXL14 overexpression induced Twistl K48 ubiquitina-
tion and that co-expression of USP13 heavily prevented the
appearance of Twist]l K48 ubiquitination (Fig. 4e), we con-
clude that USP13 can cleave K48 ubiquitin chains attached
to Twistl by FBXL.14.

3.5 USP13 promotes breast cancer cell migration,
invasion and lung metastasis through Twist1

To fully explore the interplay between USP13 and Twistl,
we examined the role of USP13 in inducing breast cancer
cell migration and invasion through Twistl. We found that in
two cell lines, T47D and ZR-75-30, which represent typical
luminal cells with undetected endogenous Twistl expres-
sion, the expression of USP13 significantly increased the
levels of Twistl and its downstream proteins (Fig. 4f). In
addition, we found that overexpression of USP13 signifi-
cantly changed the morphology of these two cell lines from
a stationary polarity to a spindle shape, which corroborated
functional activation of the EMT program (Fig. 4g). Using
two specific shRNAs to knock down endogenous Twistl
expression in SUM159PT and MDA-MB231 cells (Fig. 4h),
we found that USP13 expression rescued the reduced endog-
enous Twistl expression caused by shTwistl in these cells
(Fig. S3a). Using scratch wound healing and Transwell
assays, we found that USP13 overexpressing T47D and
ZR-75-30 cells showed greater migrative and invasive
capabilities than empty vector-transfected cells. Twistl
expression knockdown greatly inhibited these capabilities of
USP13 overexpressing cells. On the contrary, we found that
USP13 knockdown markedly decreased the migrative and
invasive abilities of SUM159PT and MDA-MB231 cells,
whereas the shUSP13-inhibited capabilities were restored
by overexpression of Twistl or treatment with 10 ng/ml
TGF-B1, which plays a role in inducing Twistl expression

and the EMT program (Fig. 5a-d and Fig. S3b-S3e). These
results underscore a key role of Twistl in a USP13-induced
enhancement of migration and invasion capacities of breast
cancer cells.

We also assessed the effects of USP13 expression on lung
metastasis of breast cancer to further substantiate the above
in vitro findings. We found that BALB/c mice injected with
USP13 overexpressing 4T1/Luc cells had more lung meta-
static nodules than those in the control group. The results
of HE staining showed an increased proportion of nuclear
atypia in lung sections of mice injected with USP13-over-
expressing 4T1/Luc cells, including abnormal nuclear size
and darker nuclear staining, revealing the severity of lung
metastases from mammary tumors [44, 45]. Meanwhile, we
detected a decrease in the number of lung metastases after
injecting USP13-overexpressing 4T1/Luc cells with Twistl
expression knockdown (Fig. 6a-d and Fig. S3f-S3h), which
was verified by IHC and HE analyses. These data underscore
a key role of Twistl in USP13-induced enhancement of lung
metastasis in breast cancer.

3.6 Twist1 inhibits USP13 promoter transcription

With Twistl being a transcriptional factor and sequence
analysis of the USP13 promoter from position -1850
to+49 showing three putative Twistl binding sites (E-box,
CANNTG), we assumed that Twistl may affect the tran-
scription of the USP13 gene (Fig. 7a). Using luciferase
reporter assays in conjunction with serial deletion and
site-directed mutagenesis of the USP13 promoter region,
we found that three Twist1-binding sites play a pivotal role
in USP13 expression (Fig. 7b). In addition, we found that
Twistl could inhibit the activity of the USP13 promoter in
a dose-dependent manner (Fig. 7c), and directly bind to the
USP13 promoter in SUMI159PT cells as demonstrated by
ChIP (Fig. 7d). Twistl overexpression decreased USP13
mRNA levels in T47D and ZR-75-30 cells, whereas Twist1
knockdown increased USP13 mRNA levels in SUM159PT
and MDA-MB231 cells (Fig. 7e). Taken together we found
that, on the one hand, USP13 stabilizes Twistl and, on the
other hand, Twistl inhibits USP13 promoter activation,
thereby forming a negative feedback loop in breast cancer
cells.

4 Discussion

Breast cancer is the most common cancer in women world-
wide, ranking second in the global female cancer mortality
rate [1]. Most breast cancer-related deaths are caused pri-
marily by the occurrence of metastasis, a process by which
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tumor cells disseminate through the blood or lymphatic sys-
tems to distant sites where they continue to grow [4, 46].
Abundant blood and lymphatic vessels are present in mam-
mary glands to maintain the normal metabolism of these
glands. Due to the presence and distribution characteristics
of these blood and lymphatic vessels, breast cancer cells can
easily metastasize after transformation. Recent studies have
shown that abnormal EMT activation is closely related to
the malignant transformation and metastasis of breast cancer
cells [47, 48]. In addition, important pathological markers
of breast cancer, such as ERa, HER2 and p53, are all related
to the occurrence of EMT [49-51]. Therefore, examining
the relationship between EMT and breast cancer is of great
significance for revealing the mechanisms of breast cancer
occurrence and progression, and may provide a theoretical
basis for the treatment of breast cancer.

During the initial stages of EMT, the expression of EMT-
TFs is abnormally activated, which inhibits the expression of
E-cadherin and promotes tumor progression [52]. EMT-TFs
play a central role in regulating important normal physiolog-
ical and pathological processes, such as embryonic devel-
opment, tissue fibrosis and cancer progression [53]. EMT-
TFs all have noticeably short half-lives and are frequently
degraded by ubiquitination in vivo. It has been reported
that FBXL14 can ubiquitinate all EMT-TFs [54-56], while
FBXWS can ubiquitinate Slug and ZEB [57]. In addition
to ubiquitinating the classical tumor suppressor gene p53,
MDM2 can also ubiquitinate Slug [58]. Also, B-TRCP1 can
ubiquitinate Snail and Twist, but the latter two need to be
phosphorylated by GSK3p [57] and IKKp [17], respectively.
In addition, several discoveries have been made about the
de-ubiquitination of EMT-TFs, i.e., Dub3 de-ubiquitinates
Snail [59], Slug and Twist [22], whereas Trabid stabilizes
Twist by cleaving RNF8-induced ubiquitination [21] and
USP29 cooperates with phosphatase SCP1 to stabilize Snail
[60].

As an important EMT-TF, Twist1 is highly expressed in
breast cancer patients. Its expression is further elevated in
highly aggressive triple-negative breast cancer cells com-
pared to other breast cancer cells [61]. Next to Twistl,
the transcription factor c-Myc is a member of the BHLH
family that plays an essential role in cell proliferation. It
has been reported that c-Myc can be de-ubiquitinated by
USP13 [33]. In addition, USP13 has been reported to de-
ubiquitinate another EMT-TF, Snail [62]. Therefore, we
set out to investigate whether USP13 may affect Twistl.
USP13 is orthologous to USP5 and shows ~ 80% sequence
similarity with USP5 [63]. The USP13 gene is located on
a different chromosome than USP5 and also exhibits a
different expression profile, with USP13 showing higher
levels of de-ubiquitination and Ub activation activities.
The tandem UBA domains of USP13 are more likely to
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bind to polyUb chains to improve hydrolysis efficiency. It
has been shown that USP13-ZnF does not bind Ub, while
USP5-ZnF binds Ub with a relatively high affinity. There-
fore, differential recognition of Ub by the ZnF domain
may provide a molecular basis for the differentially reg-
ulated catalysis of these two enzymes [64]. Our study
supports this finding by validating that USP5 does not
have the same effect on Twistl as USP13. Furthermore,
USP13 may be associated with other ubiquitin-like (UbL)
proteins such as ISG15, SUMO1 and SUMO?2 [65, 66].
Based on these findings, it is assumed that the de-ubiqui-
tinating activity of USP13 and the Ub-binding capacity
of its UBA domain may play essential roles in regulating
cellular protein levels. We found that USP13 de-ubiq-
uitinates Twistl by binding to the WR region. USP13
could cleave FBXL14-induced Twistl K48 ubiquitination
to stabilize Twistl, but it was ineffective in Twist]l K63
ubiquitination. This result contradicts Zhang et al.’s claim
that USP13 can hydrolyze both K48 and K63-linked Ub
chains with high efficiency, but preferentially hydrolyzes
K63-linked poly Ub chains [67]. Knockdown of Twistl
reversed the migration and invasion capacities of breast
cancer cells and the occurrence of lung metastasis in mice
caused by overexpression of USP13. Moreover, USP13
had no effect on the ubiquitination of Twistl by p-Trcpl,
presumably due to the ineffectiveness of USP13 in Twistl
phosphorylation.

As a typical transcription factor, Twistl can recog-
nize and bind to the E-box region of downstream gene
promoters to activate or inhibit the transcription of
target genes [68]. By analyzing the USP13 promoter
sequence, we identified three E-box regions. Drawn
from the combined results from the ChIP and luciferase
reporter assays, we found that Twistl can inhibit the
transcription of USP13 by directly binding to these three
E-box regions. Interestingly, Twistl tends to recruit
other co-factors to affect target gene transcription syn-
ergistically, such as RNA polymerase II and histone

Fig.6 USP13 promotes breast cancer lung metastasis through Twist1.
(a) The indicated 4T1/Luc cells were injected by the tail vein into
BALB/c mice. Tumor metastasis was monitored by bioluminescence
imaging. Representative images show morphology and IHC and
HE staining of lung tissues from the different experimental groups.
(b) Relative quantification of bioluminescence of the indicated
mouse groups examined by photoshop software. Data are presented
as means+SD (n=3). Two-tailed t-test was performed. *p<0.05;
**p<0.01. (¢) Quantification of surface nodules of the indicated
mouse lungs is shown. Data are presented as means+SD (n=3).
Two-tailed t-test was performed. *p <0.05; **p <0.01. (d) Quantifi-
cation of USP13 and Twistl positivity of the indicated mouse THC
sections examined using photoshop software. Data are presented
as means+SD (n=3). Two-tailed t-test was performed. *p<0.05;
*#p <0.01
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«Fig. 7 Twistl inhibits USP13 promoter activation. (a) The nucleotide
sequences and positions of three putative Twistl binding site in the
USP13 promoter are shown. Luciferase activity assays of the pGL3-
USP13 promoter-reporter (b), serially truncated and mutation analy-
sis (¢) and dose change of Twistl (co-transfected SUMI159PT cells
with USP13-Luc and 0, 0.5, 1, 2 mg Flag-Twist1). Data are presented
as means+SD (n=3). Two-tailed t-test was performed. *p <0.05;
**p<0.01. (d) ChIP assay showing direct binding of Twistl to the
USP13 promoter in SUM159PT cells. (e) Effects of Twistl overex-
pression or knockdown on mRNA levels of USP13 in the indicated
breast cancer cells. (f) Schematic representation of the regulatory
interaction network between USP13 and Twistl in breast cancer

acetyltransferase. Actually, we found that the expres-
sion of USP13 promotes the interaction between Twist1
and BRD4 (data not shown), which can induce Twistl to
recruit RNA polymerase II to promote downstream gene
transcription [14]. However, this finding is contradic-
tory to the notion that Twistl inhibits USP13 promoter
activation. A possible, but one-sided explanation may
be that normal physiological concentrations of Twistl
individually inhibit USP13 promoter activation, whereas
abnormal expression of USP13 may induce Twistl to
recruit co-factors to promote the transcription of its
target genes including USP13. The putative molecular
mechanisms underlying this phenomenon require further
experimental verification.

5 Conclusions

We found that USP13 and Twistl can form a negative
feedback loop to jointly regulate the migration and inva-
sion of breast cancer cells. This finding may facilitate the
identification of new therapeutic targets to treat patients
with breast cancer.
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