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ARTICLE INFO ABSTRACT

Keywords: Snail is an important transcription factor of epithelial-mesenchymal transition (EMT) and related to poor
USP26 prognosis and distant metastasis of tumor patients. Snail is a liable protein and degraded by ubiquitin-protea-
Snail some system. There are various E3 ligases mediating its degradation, but the deubiquitinating enzyme reversed
Deubiquitination . Snail degradation is not fully understood. In this study, we screened a DUB library and found USP26 is a potent
Egggehal-mesenchymal transition deubiquitinase mediating Snail stabilization. We also identified that USP26 is a booster of esophageal squamous

cell carcinoma (ESCC) cell migration and invasion, and it is highly expressed in ESCC samples. Our observation
demonstrates that USP26 is a novel deubiquitinating enzyme of Snail and it provides a potential target for the
therapy of esophageal cancer metastasis.

1. Introduction

Esophageal carcinoma is a major health problem, being the sixth
most common cause of cancer death worldwide [1]. Esophageal squa-
mous cell carcinoma, which is the most common histological subtype of
esophageal cancer, is high-incidence in eastern Asia, eastern and
southern Africa [1-3]. The five-year survival rate of ESCC patients is
between 15% and 25%, and a large proportion of patients have pre-
viously metastasized before diagnosis [4,5].

Metastasis is the primary cause of death in cancer patients [6].
Epithelial-mesenchymal transition (EMT) is an essential program in the
process of metastasis. EMT is a process that epithelioid cells lose their
differentiated epithelial-like properties and gain a mesenchymal-like
phenotype [7], and losing the expression of E-cadherin is a hallmark of
EMT [8]. EMT-activating transcription factors (EMT-TFs) are vital ex-
ecutors of the EMT process, such as ZEB, TWIST and Snail families
which have been reported to induce EMT by down-regulating E-cad-
herin [9].

Snail is a transcription factor containing C2H2 zinc-finger domain
and is first characterized in Drosophila [10,11]. As an EMT-TF, the well-
studied function of Snail is inducing EMT progress, and repression of E-
cadherin transcription is an important way to activate EMT [12,13]. In

many types of human cancers, Snail is found overexpressed and asso-
ciated with poor prognosis and distant metastasis of cancer patients
[14,15]. Snail expression also correlated with metastasis in ESCC pa-
tients [16,17]. Thus, Snail protein level must be tightly regulated, and it
is important to expound the mechanism of Snail regulation.

Snail is a liable protein and degraded by ubiquitin-proteasome
system. There are various E3 ligases mediating its degradation, such as
SPSB3, FBXO011, FBXL14 and [3-TrCP [18-21]. For example, FBXO11
ubiquitinates Snail which is phosphorylated by PKD1, and B-TrCP or
SPSB3 mediated Snail degradation in response to it phosphorylation by
GSK3p [18,19,21]. It is well known that the ubiquitination process
could be reversed by deubiquitinating enzymes. There are about 100
deubiquitinases, and they are classified in five families including UCHs,
USPs, OTUs, Josephins and JAMMs [22]. But the mechanism of deu-
biquitinases stabilizing Snail is unclear. DUB3 is a deubiquitinating
enzyme that has been reported to deubiquitinates and stabilizes Snail,
and it is one of cytokine induced DUBs [23,24]. DUB3 is a target of
CDK4/6, and phosphorylation by CDK4/6 is essential for DUB3 deu-
biquitinating and stabilizing Snail [23]. In recent studies, we identified
OTUB1 and PSMD14 as deubiquitinases of Snail [25,26]. As an im-
portant transcription factor, Snail might be regulated by multi-deubi-
quitinating enzymes. Other deubiquitinases might participate in the
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post-translational network of Snail.

In this study, we screened a DUB expression library and found
USP26 is a potent deubiquitinase responsible for Snail deubiquitination
and stabilization. We also identified that USP26 is a booster of ESCC
cell migration and invasion, and it is highly expressed in ESCC samples.
Overall, our study demonstrates USP26 is a novel deubiquitinating
enzyme of Snail and provides a possible target for the therapy of eso-
phageal cancer metastasis.

2. Materials and methods
2.1. Cell culture

The human ESCC cell lines KYSE30, KYSE70, KYSE140, KYSE150,
KYSE180, KYSE410 and KYSE510 were munificently given by Dr.
Shimada Y. and grown in RPMI/1640 medium (Hyclone, USA) plus
with 10% fetal bovine serum (Hyclone, USA). HEK293T cell line was
purchased from American Type Culture Collection (ATCC) and grown
in DMEM medium (Hyclone, USA) plus with 10% fetal bovine serum.

2.2. Plasmids and antibodies

The USP26, USP26 mutant (C304S) and Snail were cloned into
PLVX-IRES vector. The USP26 and Snail truncated mutants were con-
structed into pcDNA3 vector. The USP26 shRNA sequences (5-TATCC
CACTTTGTGTAACC-3’and 5-CCGGCTAAGTGATAATATTCAA-3") and
Snail shRNA sequences (5-CCACTCAGATGTCAAGAAGTA-3’) were
cloned into pSIH-H1 vector.

Antibodies include: anti-Snail (#3879, Cell Signaling Technology,
USA;), anti-USP26 (ab188239, ab101650, Abcam, USA), anti-N-cad-
herin (#13116, Cell Signaling Technology, USA), anti-E-cadherin
(#3195, Cell Signaling Technology, USA), anti-Vimentin (#5741, Cell
Signaling Technology, USA), anti-Flag (#8146, Cell Signaling
Technology, USA).

2.3. Screening of DUB library

The DUB plasmid library includes 66 deubiquitinase plasmids were
gifts from Wade Harper (Addgene) [27]. The vectors in the library were
PpDEST-TetON-PGK-puro and pDEST-LTR-IRES-puro with Flag-tag and
HA-tag. HEK293T cells were plated in 24-well plates and transfected
with individual DUB plasmid and Snail. After 24h, the cells were
treated with CHX for 2h [21]. Then, the cells were harvested and
subjected to immunoblotting.

2.4. Co-immunoprecipitation and ubiquitination assay

Indicated plasmids were transfected into HEK293T cells. After
twenty-four hours, the transfected cells were treated with 20 pM
MG132 for six hours [21]. The cells were harvested, and the total
protein were extracted with lysis buffer. The cell lysates were incubated
with anti-Flag M2 affinity gel (A2220, Sigma Aldrich, USA) at 4°C
overnight. The beads were washed with lysis buffer three times and
then the immunoprecipitates were subjected to immunoblotting.

For endogenous immunoprecipitation or ubiquitination, the in-
dicated cells were treated with 20 pM MG132 for six hours before being
harvested and lysed. The cell lysates were incubated with anti-Snail
antibody or IgG at 4 °C overnight, and then incubated with protein A/G
agarose for four hours. The beads were washed with lysis buffer three
times and then the immunoprecipitates were subjected to im-
munoblotting.

2.5. Transwell migration and invasion assay

Cells which suspended with serum-free medium were plated onto
Boyden chambers (3422, Corning Incorporated, USA) with or without
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coated matrigel (Corning Incorporated, USA). The bottom chambers
were filled with 10% fetal bovine serum medium. After 24 h, the
bottom cells were fixed and stained with crystal violet, and cells in
three randomly selected views were photographed and counted.

2.6. Immunohistochemical staining

The tissue microarrays of human ESCC and paired adjacent tissues
were obtained from Nanjing First Hospital [26]. The tissues were
stained with anti-USP26 and anti-Snail antibodies respectively. Each
sample was scored according to the intensity, and the value of negative
staining was 0, weak positive was 1, positive was 2, and strong positive
was 3. The study was approved by the ethical committee of the Cancer
Hospital Chinese Academy of Medical Sciences, and all patients were
informed consent.

2.7. Immunofluorescence assay

Cells were plated into the p-slide VI (ibidi, German), fixed with 4%
paraformaldehyde and permeabilized by 0.1% Triton X-100. Then the
cells were blocked with 5% BSA and incubated with primary antibodies
overnight at 4 °C. The protein signals were detected by anti-rabbit IgG
Fab2 conjugated with Alexa Fluor 488 (Cell Signaling Technology,
USA) and anti-mouse IgG Fab2 conjugated with Alexa Fluor 555 (Cell
Signaling Technology, USA). Finally, the cells were incubated with 4,6-
diamidino-2-pheylindole for 15 min and visualized by a laser confocal
microscope.

2.8. Animal experiments

1 x 10°cells were injected into the tail vein of 6 weeks old mail
SCID/beige or NOD/SCID mice, from Vital River (Beijing, China). Each
group includes at least ten mice, and the lungs were harvested 12 weeks
after injection. The experimental procedures were approved by
Institutional Animal Care and Use Committee of Chinese Academy of
Medical Sciences Cancer Hospital.

2.9. Statistical analysis

The difference of protein or mRNA level between the two groups
was analyzed by unpaired t-test. The correlation of USP26 and Snail in
tissue specimens was analyzed using Pearson's test with SPSS software
version 22.0. Other statistical analyses were all performed using
GraphPad Prism 6.0. A p value < 0.05 was considered significant.

3. Results
3.1. USP26 increases stability of Snail

To find potential deubiquitinating enzymes that increased Snail
stability, we screened a DUB cDNA expression library. We co-trans-
fected various deubiquitinases and Snail into the HEK293T cells. In
order to enlarge the differences and eliminate the fake positive results,
the cells were treated with CHX for two hours before harvest. We found
USP26 significantly increased Snail stability (Fig. 1A and Fig. S1).
DUB3 also enhanced the stabilization of Snail (Fig. 1A). To further
validate USP26 upregulated protein level of Snail, we co-expressed
Snail and USP26 in HEK293T cells. Ectopic expression of USP26 sig-
nificantly increased Snail protein level (Fig. 1B). In addition, the pro-
tein level of Snail was increased by overexpressing USP26 in a dose-
dependent manner (Fig. 1C). Next, we tested the protein level of USP26
and Snail in ESCC cell lines and found that there was a positive cor-
relation between them (Fig. 1D). Then we stably overexpressed USP26
in KYSE30 cells and knocked down USP26 in KYSE150 cells. The results
of immunoblotting assay revealed that overexpression USP26 resulted
in remarkable increase of Snail protein in KYSE30 cells (Fig. 1E), and
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Fig. 1. The deubiquitinating enzyme USP26 stabilizes Snail.
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(A) The DUBs and Snail were co-transfected into HEK293T cells. After 24 h, cells were treated with CHX (50 pg/ml) for 2 h and the Snail protein level were analyzed
by Western blot. (B) USP26 and Snail were co-transfected into HEK293T cells, the Snail expression was detected by Western blot. (C) Increasing quantities of USP26
were transfected to HEK293T cells, USP26 and Snail expression were analyzed by Western blot. (D) The protein level of USP26 and Snail in ESCC cell lines were
detected. (E and F) The protein (E) and mRNA level (F) of USP26 and Snail in the KYSE30 cells stably expressing USP26 were detected. (G and H) The protein (G) and
mRNA level (H) of USP26 and Snail in USP26-knockdown KYSE150 cells were analyzed. Data are presented as the mean * SEM, analyzed by unpaired t-test,

*p < 0.05, *p < 0.01, ***p < 0.001.

knockdown of USP26 was accompanied with decreased Snail protein
expression in KYSE150 cells (Fig. 1G). Meanwhile, the mRNA level of
Snail was not affected by the change of USP26 in KYSE30 (Fig. 1F) and
KYSE150 cells (Fig. 1H). These results indicate that USP26 enhances
protein level of Snail by post-translational modification and it may be a
deubiquitinase of Snail.

3.2. USP26 interacts with Snail

In order to investigate the mechanism of USP26 mediated Snail
protein upregulation, we co-transfected Flag-USP26 and Snail to
HEK293T cells and performed a co-IP assay. The results showed that
Snail was co-immunoprecipitated by USP26 (Fig. 2A). Moreover, a re-
ciprocal co-IP experiment was performed with HEK293T cells co-
transfected withUSP26 and Flag-Snail, which further demonstrated the
interaction between USP26 and Snail (Fig. 2B). To further identify the
region of USP26 responsible for mediating Snail interaction, we gen-
erated three truncated mutants of USP26. And the co-IP experiments
revealed that USP26 mutants which included USP domain were able to
interact with Snail (Fig. 2C), indicating that the USP domain of USP26
was in charge of its interaction with Snail. We also generated three
truncated mutants of Snail to find the region of Snail which interacts
with USP26. We found that the C-terminal of Snail which includes zinc
finger domain mediated the interaction with USP26 (Fig. 2D). Fur-
thermore, endogenous USP26 and Snail from lysates of KYSE150 cells
were also co-immunoprecipitated, which confirmed the interaction of
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Snail and USP26 in the physiological condition (Fig. 2E). In addition,
immunofluorescence assay demonstrated endogenous USP26 and Snail
co-localized in the nucleus of KYSE30 and KYSE150 cells (Fig. 2F and
Fig. S2). Taken together, our results indicate that USP26 physically
interacts with Snail in the nuclear and the interaction is mediated by
the UPS domain of USP26 and zinc finger region of Snail.

3.3. USP26 stabilizes Snail through deubiquitination

Since USP26 is a deubiquitinating enzyme, we tried to identify
whether USP26 regulates Snail protein level by its deubiquitinase ac-
tivity. We generated a USP26 mutant by replacing the catalytic cysteine
with a serine residue (C304S). The result of co-IP assay revealed that
USP26 mutant still interact with Snail (Fig. S3A). However, USP26
mutant failed to upregulate Snail protein level (Fig. S3B). Then, we
performed CHX-pulse-chase assay by co-transfecting Snail with USP26
or USP26mutant to HEK293T cells. After treatment with cycloheximide
to inhibit protein synthesis, Snail protein level decreased rapidly, and
overexpression of USP26 but not USP26 mutant blocked the degrada-
tion of Snail (Fig. 3A). We further tested the effect of USP26 on Snail
degradation in ESCC cell lines. We observed that overexpression of
USP26 delayed Snail degradation in KYSE3Ocells (Fig. 3B) and
knockdown of USP26 in KYSE150 cells (Fig. 3C) shortened the half-life
of Snail. Next, in order to determine whether USP26 stabilizes Snail
protein is mediated by deubiquitinating, we tested the effect of USP26
on Snail ubiquitination. We co-transfected USP26 or USP26 mutant
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with Flag-Snail and HA-ubiquitin to HEK293T cells. After treatment
with MG132, Flag-Snail were immunoprecipitated and the ubiquiti-
nated Snail were detected with HA antibody. We found that ectopic
expression of USP26 notably reduced its ubiquitination level but there
was no such effect of USP26 mutant (Fig. 3D). Furthermore, ectopic
expression of USP26 also decreased the ubiquitination of endogenous
Snail in KYSE30cells (Fig. 3E) and knockdown of USP26 increased
Snail ubiquitination level in KYSE150 cells (Fig. 3F). We also performed
ubiquitination assay with a series of mutant ubiquitin. The result
showed USP26 could only remove the K48-linked ubiquitin chain from
Snail protein (Fig. 3G). Collectively, these results indicated that USP26
maintained the stability of Snail by decreasing its ubiquitination.

3.4. USP26 promotes ESCC metastasis through inducing EMT

Since Snail is a transcription factor that inhibits E-cadherin ex-
pression to induce EMT progress, we detected several EMT markers
such as E-cadherin, N-cadherin, and Vimentin in ESCC cells with
overexpression or knockdown of USP26. Our results showed that the
epithelial marker like E-cadherin was decreased, and mesenchymal
markers such as N-cadherin and Vimentin were increased in
KYSE30 cells overexpressing USP26 (Fig. 4A and Fig. S4A). Conversely,
knockdown of USP26 increased E-cadherin and downregulated N-cad-
herin and Vimentin in KYSE150 cells (Fig. 4B and Fig. S4B).

EMT is an essential event in the metastatic of many solid tumors,
and Snail is a vital regulator of EMT. Therefore, we tested whether
USP26 promote metastasis in ESCC cells. In vitro, the migration and
invasion ability of KYSE30 cells was enhanced by USP26 overexpression
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but not the USP26 mutant (Fig. 4C). Conversely, knockdown of USP26
inhibited the migration and invasion of KYSE150 cells (Fig. 4D). Next,
we used a tail vein injection mouse model to detect the effect of USP26
on ESCC metastasis in vivo. The number of lung nodules was sig-
nificantly upregulated by USP26 overexpression in KYSE3O0 cells
(Fig. 4E). But the USP26 mutant lost the ability of promoting lung
metastasis. And knockdown of USP26 inhibited the lung metastasis of
KYSE150 cells (Fig. 4F).

To further identify USP26 promoted ESCC migration and invasion
by increasing Snail stabilization, we knocked down Snail in USP26
overexpressing KYSE30 cells or ectopic expressed Snail in USP26
knockdown KYSE150 cells. Transwell assay showed the function of
USP26 promoting migration and invasion of KYSE30 cells was largely
reversed by knockdown of Snail (Fig. 4G). And overexpression of Snail
could largely increase the ability of migration and invasion on USP26
knockdown cells (Fig. 4H). Taken together, these results reveal that
USP26 promotes ESCC metastasis through increasing Snail stability and
inducing the progress of EMT.
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3.5. USP26 and Snail are uniformly overexpressed in ESCC samples

To further study the relationship of USP26 and Snail in ESCC, we
examined the expression of USP26 and Snail in ESCC tissues and paired
adjacent normal tissues. Immunohistochemistry staining showed that
the USP26 protein level was much higher in the ESCC samples than the
normal tissues (Fig. 5A), indicating an oncogenic role of USP26 in
ESCC. In addition, there was a significant positive correlation between
USP26 and Snail protein level in both ESCC and adjacent normal tissues
(Fig. 5B, C and D). This positive correlation further proved the reg-
ulating relationship between USP26 and Snail.

4. Discussion

Despite the rapid development of antitumor therapy, metastasis is
still a great threat to the cancer patients and the understanding of its
biological mechanisms remains limited [5]. Metastasis is a complex
multistep process that begins with cell detachment from the original
sites and finally generated a micro metastatic lesions in the distant
organs [28]. Before transferred and colonized to other sites, most



L. Li, et al. Cancer Letters 448 (2019) 52-60

A B

Snail USP26 DAPI  E-cadherin N-cadherin Vimentin

Snail USP26 DAPI  E-cadherin N-cadherin Vimentin

Vector
Control

© O
2 :
P o
= >
E &
= O
8 =
& &
A o=}
> Z
Vector USP26 USP26 Mut Control shTJSP26-1 shUSP26-2
: % [l Control
W Vector
M shusP26-1
= ﬂgsﬁg Mut ] zhuspze-z

Migration

Migration

Cell count

0
Migration Invasion

Invasion
Invasion

[
Migration Invasion
) i

E _
FCeorres
I S .
feoeacnga

CeC @ @
OCpo 0o e

Number of lung nodules
Number of lung nodules

TR AR A

@l 2 8 4 5 RS 4 5 6 798 9 10 1.2 3 4.55 6asid

ND
G 0&\\@ 09‘60 > Q$ Vector USP26 Vector USP26
(@) NQC/ & \& +shControl +shControl +shSnail +shSnail
NSNS = 7 7 ;@;:\;g‘ M Vector+shControl
& 8§ oS S ; RS B USP26+shControl
& & &S =5 o . M Vector+shSnail
QO QO & 400 —— | USP26+shSnail
=

(]
W
]
IS
(=)
Invasion

Migration Invasion

& ® 42'0 Q‘S\\ %6}\
H X @\x o\x% « shControl shUSP26-1 shControl shUSP26-1
00'6 %Q:» o& “—3{» +Vector +Vector +Snail  +Snail B shControl+Vector
@) PN OMEPN SR STt . Spowe Rt 0 B shUSP26-1+Vector

- [l shControl+Snail
= shUSP26-1+Snail

0
Migration Invasion

Fig. 4. USP26 promotes ESCC cell migration and invasion.

(A and B) Expression of USP26, Snail, E-cadherin, N-cadherin and Vimentin were detected by immunofluorescence assay in USP26 or USP26 Mut stably expression
KYSE30 cells (A) and USP26-knockdown KYSE150 cells (B), Scale bars, 30 pm. (C) The migration and invasion of USP26 or USP26 Mut overexpressing KYSE30 cells
and corresponding control cells were examined by transwell assay. (D) Migration and invasion assays were performed using USP26 knockdown KYSE150 cells and
corresponding control cells. (E) USP26 or USP26 Mut stably overexpression KYSE30 cells were injected into the tail vein of SCID/Beige mice. After 12 weeks, the
lungs were harvested, and the nodules were counted. (F) USP26-knockdown KYSE150 cells were injected into NOD/SCID mice. After 4 weeks, harvested the lungs
and the nodules were counted. (G) Snail was simultaneously knocked down in USP26 stably overexpressing KYSE30 cells. The expression level of Snail and USP26
was detected by immunoblotting (left panel). The migration and invasion assays were performed with indicated cells. (H) Snail was simultaneously overexpressed in
USP26 knockdown KYSE150 cells. The expression level of Snail and USP26 was detected by immunoblotting (left panel). The migration and invasion assays were
performed with indicated cells. Data are presented as the mean + SEM, analyzed by unpaired t-test, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 5. Expression of Snail is positively correlated with USP26in ESCC.

(A) The expression of USP26 in ESCC and paired adjacent normal tissues was detected by immunohistochemistry, and the relative expression of USP26 was analyzed
(unpaired t-test, ****p < 0.0001). (B) The expression of USP26 is positively correlated with Snail in ESCC samples (Pearson's test, p < 0.01). (C and D) The typical
staining of USP26 and Snail in normal esophageal epithelial (C) and ESCC tissues (D). Scale bars, 100 um.

epithelial cells detached from epithelial tissues went through a crucial
step of changing their cell phenotypes to mesenchymal-like. The tran-
sition is known as EMT which plays a key role in the tumor metastasis
[7]1. EMT involves many key events, such as degradation of the cell
junctions, loss of basal polarity, changing of the cell shape and archi-
tecture, downregulation of epithelial phenotype markers and activation
of mesenchymal genes, increasing of cell motility and degraded extra-
cellular matrix proteins [29,30]. Executers of EMT are EMT-TFs, con-
sisted of ZEB, TWIST and Snail families, which performed an important
function in tumor initiation, growth, invasion, chemoresistance and
metastasis [9]. Snail as a vital EMT-TFs, its most studied role is in-
itiating EMT progress. The momentous mechanism of Snail induced
EMT is suppression of E-cadherin transcription, a key component of
adherens junctions in epithelial cells [12,13]. In addition, Snail plays a
critical role in the evolvement of metastatic, drug resistance, cancer
stem cell (CSC)-like properties and tumor recurrence [31,32].
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As Snail is a crucial factor of EMT and distant metastasis, we focused
on the inherent mechanism of Snail regulation in ESCC metastasis.
Firstly, it has been demonstrated that expression of Snail is post-
translationally regulated through ubiquitin proteasome pathway. And
many E3 ligases regulating Snail ubiquitination and degradation has
been reported [18-21]. However, stabilization of Snail through deubi-
quitination is unclear. Although some deubiquitinases of Snail, such as
DUB3, PSMD14 and OTUBI, had been demonstrated to regulate its
ubiquitination and stabilization [23-26], it is common that multiple
deubiquitinating enzymes targeted the same substrate to regulate its
stability under different circumstances. Such as, the crucial oncogene
Slug is deubiquitinated and stabilized by DUB3 and USP10 [33,34].
Ubiquitination of p53 is downregulated by deubiquitinating enzymes
USP7, USP10 and USP11 [35-37]. In addition, (-catenin is deubiqui-
tinated by USP15 and USP4 [38,39]. Therefore, we suppose Snail sta-
bility and ubiquitination also regulated by multiple deubiquitinating
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enzymes. In this study, we found USP26 is a specific deubiquitinase of
Snail which could significantly increase Snail stability, and USP26
specifically interacts with Snail. USP26 binds to the Snail zinc finger
domain, a region which is necessary for Snail stability and nuclear lo-
calization [40]. The Snail regulators, NOTCH1 and PARP1, are both
bound to zinc finger region [41-43]. USP26 interacted with Snail via its
USP domain which is a conservative domain of USPs and where the
catalytic sites located. USP26 was reported to remove K48-linked Ub
chains of CBX4 and CBX6 in previously published studies [44]. In this
study, we demonstrated that USP26 removed K48 ubiquitin chains from
Snail which are signals for recognition and initiation of degradation
[45].

We also identified that USP26 co-located with Snail and induced
accumulation of Snail protein in ESCC cells. USP26-overexpressing
ESCC cells showed decreased epithelial marker E-cadherin and in-
creased mesenchymal labels N-cadherin and Vimentin protein level,
and had a stronger ability of migration and invasion. The USP26 mutant
showed no such effect. Conversely, knockdown of USP26 significantly
repressed the transition of epithelial-like cells to mesenchymal pheno-
type and metastasis of ESCC cells. In addition, knockdown of Snail re-
versed the EMT process and the effect of USP26 overexpression on
promoting metastasis of ESCC cells. Overexpression of Snail also res-
cued the USP26-knockdown cells’ migration and invasion. These ob-
servations further proved that USP26 enhanced metastasis of ESCC cells
through stabilization of Snail. As USP26 has been proved to be an on-
cogene in vivo and in vitro, we examined the expression of USP26 and
Snail in clinical ESCC and adjacent normal esophageal epithelial tissues.
We observed a higher expression of USP26 in ESCC tissues than the
normal tissues, and there was a strong positive correlation between
USP26 and Snail in ESCC samples. Thus, our results suggested that
USP26 performed oncogenic role in ESCC and might serve as a potential
therapeutic target in the treatment of ESCC metastasis. A specific small
molecule inhibitor for USP26 might be a promising therapeutic agent
for metastatic ESCC patients. This is also the direction of our further
research.

In summary, our study demonstrates a vital role for USP26 in ESCC
metastasis by mediating Snail stability. And the accumulated Snail
enhances ESCC metastasis through inducing EMT. In addition. Our
study provides a rationale and potential target for the treatment of
human ESCC.

Conflicts of interest
The authors declare that there is no conflict of interest.
Acknowledgements

This study was supported by the National Key R&D Program of
China (2016YFC1302100), the CAMS Innovation Fund for Medical
Sciences (2016-12M-1-001), and National Science Foundation of China
(81773134). We thank Dr. Shimada Y. (Kyoto University, Kyoto, Japan)
for kindly providing the KYSE series ESCC cell lines.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.canlet.2019.02.007.

References

[1] C. Global Burden of Disease Cancer, et al., The global burden of cancer 2013, JAMA
Oncol. 1 (4) (2015) 505-527.

M. Arnold, et al., Global incidence of oesophageal cancer by histological subtype in
2012, Gut 64 (3) (2015) 381-387.

L.A. Torre, et al., Global cancer statistics, 2012, CA Canc. J. Clin. 65 (2) (2015)
87-108.

A.K. Rustgi, H.B. El-Serag, Esophageal carcinoma, N. Engl. J. Med. 371 (26) (2014)

[2]
[3]

[4]

59

[5]
[6]

[7]
[8]
[9]
[10]

[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]
[23]
[24]

[25]

[26]
[27]
[28]
[29]
[30]
[31]

[32]

[33]

[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]

Cancer Letters 448 (2019) 52-60

2499-2509.

A. Pennathur, et al., Oesophageal carcinoma, Lancet 381 (9864) (2013) 400-412.
J. Ferlay, et al., Cancer incidence and mortality worldwide: sources, methods and
major patterns in GLOBOCAN 2012, Int. J. Cancer 136 (5) (2015) E359-E386.

M. Singh, et al., EMT: mechanisms and therapeutic implications, Pharmacol. Ther.
182 (2018) 80-94.

P. Cowin, T.M. Rowlands, S.J. Hatsell, Cadherins and catenins in breast cancer,
Curr. Opin. Cell Biol. 17 (5) (2005) 499-508.

T. Brabletz, et al., EMT in cancer, Nat. Rev. Canc. 18 (2) (2018) 128-134.

Y. Grau, C. Carteret, P. Simpson, Mutations and chromosomal rearrangements af-
fecting the expression of snail, a gene involved in embryonic patterning in
DROSOPHILA MELANOGASTER, Genetics 108 (2) (1984) 347-360.

W.A. Paznekas, et al., Genomic organization, expression, and chromosome location
of the human SNAIL gene (SNAI1) and a related processed pseudogene (SNAI1P),
Genomics 62 (1) (1999) 42-49.

M.A. Nieto, The snail superfamily of zinc-finger transcription factors, Nat. Rev. Mol.
Cell Biol. 3 (3) (2002) 155-166.

A. Barrallo-Gimeno, The Snail genes as inducers of cell movement and survival:
implications in development and cancer, Development 132 (14) (2005) 3151-3161.
S. Kaufhold, B. Bonavida, Central role of Snaill in the regulation of EMT and re-
sistance in cancer: a target for therapeutic intervention, J. Exp. Clin. Canc. Res. 33
(2014) 62.

H. Peinado, D. Olmeda, A. Cano, Snail, Zeb and bHLH factors in tumour progres-
sion: an alliance against the epithelial phenotype? Nat. Rev. Canc. 7 (6) (2007)
415-428.

L. Pang, et al., Membrane type 1-matrix metalloproteinase induces epithelial-to-
mesenchymal transition in esophageal squamous cell carcinoma: observations from
clinical and in vitro analyses, Sci. Rep. 6 (2016) 22179.

Y. Usami, et al., Snail-associated epithelial-mesenchymal transition promotes oe-
sophageal squamous cell carcinoma motility and progression, J. Pathol. 215 (3)
(2008) 330-339.

B.P. Zhou, et al., Dual regulation of Snail by GSK-3beta-mediated phosphorylation
in control of epithelial-mesenchymal transition, Nat. Cell Biol. 6 (10) (2004)
931-940.

H. Zheng, et al., PKD1 phosphorylation-dependent degradation of SNAIL by SCF-
FBXO11 regulates epithelial-mesenchymal transition and metastasis, Cancer Cell 26
(3) (2014) 358-373.

R. Vinas-Castells, et al., The hypoxia-controlled FBXL14 ubiquitin ligase targets
SNAIL1 for proteasome degradation, J. Biol. Chem. 285 (6) (2010) 3794-3805.

Y. Liu, et al., SPSB3 targets SNAIL for degradation in GSK-3beta phosphorylation-
dependent manner and regulates metastasis, Oncogene 37 (6) (2018) 768-776.

D. Komander, M.J. Clague, S. Urbe, Breaking the chains: structure and function of
the deubiquitinases, Nat. Rev. Mol. Cell Biol. 10 (8) (2009) 550-563.

T. Liu, et al., CDK4/6-dependent activation of DUB3 regulates cancer metastasis
through SNAIL1, Nat. Commun. 8 (2017) 13923.

Y. Wu, et al., Dub3 inhibition suppresses breast cancer invasion and metastasis by
promoting Snaill degradation, Nat. Commun. 8 (2017) 14228.

R. Zhu, et al., Deubiquitinating enzyme PSMD14 promotes tumor metastasis
through stabilizing SNAIL in human esophageal squamous cell carcinoma, Cancer
Lett. 418 (2018) 125-134.

H. Zhou, et al., OTUB1 promotes esophageal squamous cell carcinoma metastasis
through modulating Snail stability, Oncogene 37 (25) (2018) 3356-3368.

M.E. Sowa, et al., Defining the human deubiquitinating enzyme interaction land-
scape, Cell 138 (2) (2009) 389-403.

S. Valastyan, R.A. Weinberg, Tumor metastasis: molecular insights and evolving
paradigms, Cell 147 (2) (2011) 275-292.

J.P. Thiery, et al., Epithelial-mesenchymal transitions in development and disease,
Cell 139 (5) (2009) 871-890.

S. Lamouille, J. Xu, R. Derynck, Molecular mechanisms of epithelial-mesenchymal
transition, Nat. Rev. Mol. Cell Biol. 15 (3) (2014) 178-196.

S.A. Mani, et al., The epithelial-mesenchymal transition generates cells with prop-
erties of stem cells, Cell 133 (4) (2008) 704-715.

J.H. Lee, et al., A20 promotes metastasis of aggressive basal-like breast cancers
through multi-monoubiquitylation of Snaill, Nat. Cell Biol. 19 (10) (2017)
1260-1273.

Y. Lin, et al., Stabilization of the transcription factors slug and twist by the deu-
biquitinase dub3 is a key requirement for tumor metastasis, Oncotarget 8 (43)
(2017) 75127-75140.

A.T. Ouchida, et al., USP10 regulates the stability of the EMT-transcription factor
Slug/SNAI2, Biochem. Biophys. Res. Commun. 502 (4) (2018) 429-434.

J. Yuan, et al., USP10 regulates p53 localization and stability by deubiquitinating
p53, Cell 140 (3) (2010) 384-396.

J.Y. Ke, et al., USP11 regulates p53 stability by deubiquitinating p53, J. Zhejiang
Univ. - Sci. B 15 (12) (2014) 1032-1038.

M. Li, et al., Deubiquitination of p53 by HAUSP is an important pathway for p53
stabilization, Nature 416 (6881) (2002) 648-653.

M.B. Greenblatt, et al., MEKK2 mediates an alternative beta-catenin pathway that
promotes bone formation, Proc. Natl. Acad. Sci. U. S. A. 113 (9) (2016)
E1226-E1235.

S.J. Hwang, et al., Ubiquitin-specific protease 4 controls metastatic potential
through beta-catenin stabilization in brain metastatic lung adenocarcinoma, Sci.
Rep. 6 (2016) 21596.

S.0. Lim, H. Kim, G. Jung, p53 inhibits tumor cell invasion via the degradation of
snail protein in hepatocellular carcinoma, FEBS Lett. 584 (11) (2010) 2231-2236.
S.0. Lim, et al., Notch1 binds and induces degradation of Snail in hepatocellular
carcinoma, BMC Biol. 9 (2011) 83.


https://doi.org/10.1016/j.canlet.2019.02.007
https://doi.org/10.1016/j.canlet.2019.02.007
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref1
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref1
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref2
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref2
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref3
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref3
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref4
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref4
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref5
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref6
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref6
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref7
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref7
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref8
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref8
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref9
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref10
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref10
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref10
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref11
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref11
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref11
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref12
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref12
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref13
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref13
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref14
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref14
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref14
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref15
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref15
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref15
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref16
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref16
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref16
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref17
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref17
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref17
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref18
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref18
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref18
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref19
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref19
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref19
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref20
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref20
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref21
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref21
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref22
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref22
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref23
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref23
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref24
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref24
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref25
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref25
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref25
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref26
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref26
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref27
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref27
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref28
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref28
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref29
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref29
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref30
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref30
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref31
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref31
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref32
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref32
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref32
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref33
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref33
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref33
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref34
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref34
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref35
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref35
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref36
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref36
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref37
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref37
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref38
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref38
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref38
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref39
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref39
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref39
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref40
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref40
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref41
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref41

L. Li, et al. Cancer Letters 448 (2019) 52-60

[42] M.I Rodriguez, et al., Poly(ADP-ribose)-dependent regulation of Snaill protein [44] B. Ning, et al., USP26 functions as a negative regulator of cellular reprogramming
stability, Oncogene 30 (42) (2011) 4365-4372. by stabilising PRC1 complex components, Nat. Commun. 8 (1) (2017) 349.

[43] J.M. Mingot, et al., Characterization of Snail nuclear import pathways as re- [45] M. Akutsu, L. Dikic, A. Bremm, Ubiquitin chain diversity at a glance, J. Cell Sci. 129
presentatives of C2H2 zinc finger transcription factors, J. Cell Sci. 122 (Pt 9) (2009) (5) (2016) 875-880.
1452-1460.

60


http://refhub.elsevier.com/S0304-3835(19)30079-5/sref42
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref42
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref43
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref43
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref43
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref44
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref44
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref45
http://refhub.elsevier.com/S0304-3835(19)30079-5/sref45

	USP26 promotes esophageal squamous cell carcinoma metastasis through stabilizing Snail
	Introduction
	Materials and methods
	Cell culture
	Plasmids and antibodies
	Screening of DUB library
	Co-immunoprecipitation and ubiquitination assay
	Transwell migration and invasion assay
	Immunohistochemical staining
	Immunofluorescence assay
	Animal experiments
	Statistical analysis

	Results
	USP26 increases stability of Snail
	USP26 interacts with Snail
	USP26 stabilizes Snail through deubiquitination
	USP26 promotes ESCC metastasis through inducing EMT
	USP26 and Snail are uniformly overexpressed in ESCC samples

	Discussion
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




