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USP1 Promotes GC Metastasis via Stabilizing ID2
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Gastric cancer (GC) is one of the most common malignant tumors all over the world. And recurrence and metastasis are still the
main causes of low survival rate for advanced GC. USP1 has been shown overexpressed in multiple cancers, which indicate its
important biomarker in tumorigenesis and development. Our study is aimed at defining the exact role of USP1 on GC
metastasis and the underlying mechanism. USP1 was firstly found overexpressed in GC tissues and relatively high-expression
levels conferred poor survival rates. Then, real-time cellular analysis (RTCA) showed that USP1 knockdown inhibited GC
metastasis both in vitro and in vivo. Mechanically, we demonstrated that USP1 promoted GC metastasis via upregulating ID2
expression and further confirmed that USP1 stabilized ID2 expression through deubiquitinating ID2 in GC. In conclusion, our
study showed that USP1 promoted GC metastasis via stabilizing ID2 expression, which provides a potential biomarker and
therapy target for GC.

1. Introduction

Gastric cancer (GC) is one of the most common malig-
nant tumors all over the world, with estimated 951,600
new cases and 723,100 deaths occurring in 2012 [1].
Although most countries have shown declining trend in
incidence and mortality rates of GC over the past decades
[2, 3], the absolute incidence is increasing owing to the
growth and aging of population worldwide [4]. Endoscopic
submucosal dissection or surgical resection of stomach is still
the best choice for early GC, but for advanced patients, even
with maximal treatments, the overall survival rates for 5 years
are still low owing to recurrence and metastasis [5]. Molecu-
lar target treatment has shown its advantages in improving
the prognosis of advanced GC patients in recent years [6].
Thus, it is necessary to further explore the molecular mecha-
nisms of GC metastasis and search for new treatment strate-
gies for GC.

Ubiquitination is an important posttranscriptional mod-
ification (PTM) which participate in a number of cellular
processes, such as protein degradation, gene expression,

and DNA repair [7]. Similar to other posttranscriptional
modifications, ubiquitin modification is also a reversible
process. Deubiquitinases (DUBs) can exert deubiquitination
effect by hydrolyzing the isopeptide (or peptide) bond
between ubiquitin or ubiquitin-like proteins and target pro-
teins, so as to inhibit protein degradation and rescue their
initial functions [8, 9]. Based on the Ub-protease domains
in the human genome, DUBs are divided into 5 subclasses,
of which ubiquitin-specific protease (USP) is the largest sub-
class [10]. USP has been indicated its regulatory effects on
the development and progression of cancer [11–13]. As a
member of USPs, USP1 plays important role in DNA repair
through deubiquitinating Fanconi anemia complementation
group I (FANCI), Fanconi anemia group D2 (FANCD2),
and proliferating cell nuclear antigen (PCNA) [10, 14, 15].
Thus, USP1 is associated with multiple diseases including
cancer. Previous studies have shown that USP1 is overex-
pressed in multiple cancers, such as osteosarcoma, multiple
myeloma, glioblastoma, and non-small-cell lung cancer
(NSCLC) [16–19]. But in the research of Zhiqiang et al.,
low expression of USP1 was found in non-small-cell lung
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cancer tissues and overexpressing USP1 inhibited lung can-
cer cell proliferation [20]. Thus, it is controversial whether
USP1 acts as an oncogene or tumor suppressor in the
tumorigenesis and progression. In our study, we aimed to
define the exact role of USP1 in GC metastasis and further
to explore the underlying mechanism.

DNA-binding protein inhibitor ID-2 is a protein that
in humans is encoded by the ID2 gene. ID2 may play a
role in negatively regulating cell differentiation. Recently,
its roles in cancers have been increasingly studied [21].
A research from Italian researchers states that ID2 protein
has a relevant role in the development and resistance to
therapies of glioblastoma, the most aggressive of brain
cancers [22]. Another study found an inhibitor of DNA
binding 2 (ID2) as a novel molecule involved in the regu-
lation of invasion and LNM of HNSCC and further veri-
fied its functional role. Overexpression of ID2-induced
invasion and LNM of HNSCC cells was observed
in vitro and in vivo. By contrast, knockdown of the ID2
gene diminished invasion and LNM of HNSCC cells
[23]. In addition, targeting ID2 could significantly inhibit
the proliferation of colorectal cancer cells in mice [24].
However, the regulation of ID2 in gastric cancer remains
unclear.

2. Materials and Methods

2.1. Patients and Samples. GC specimens were collected from
188 patients who underwent GC resection at the Second
Affiliated Hospital of Nanchang University between January
2010 and May 2014. Informed consent was obtained from
each patient, and the study protocol was approved by the
Ethics Committee of the Second Affiliated Hospital of Nan-
chang University.

2.2. Cell Culture. The human GC cell lines BGC-823 and
MGC-803 and human gastric mucosal cell line GES-1
were purchased from the Shanghai Cell Bank, Type Cul-
ture Collection Committee of Chinese Academy of Science
(Shanghai, China). All cell lines were authenticated using
short tandem repeat profiling by the Cell Bank. The cells
were cultured in DMEM or MEM (Gibco, Grand Island,
NY, USA) supplemented with 10% fetal bovine serum
(Gibco, Grand Island, NY, USA) at 37°C and under 5%
CO2.

2.3. Plasmids and Reagents. Based on the USP1 (NM_
001017415.2) and ID2 (NM_002166.5) sequences, two
shRNAs were designed using the siRNA Target Finder
(InvivoGen). The target sites of shRNAs are detailed in
Supplementary Table S1. The interference effects were
confirmed by Western blotting (Figure 1(c)). The shUSP1
and shID2 construct that produced the most significant
knockdown effect was used to transduce GC cells. Stably
transfected GC cells were selected based on resistance to
hygromycin (600μg/ml) (Invitrogen, Carlsbad, CA, USA),
and GC cells transfected with a negative control vector
(shNC) were included as a control. pCMV-flag-USP1,
pCMV-HA-Ub, and pCMV-his-ID2-expressing GC cells

were selected using G418 (700μg/ml) (Invitrogen), and
an empty vector was used as the negative control. After
four weeks of selection, individual colonies were isolated
and expanded. All primers are listed in Supplementary
Table S1.

The following antibodies and reagents/kits were used:
USP1, ID2, flag, his, HA, and Tubulin (Proteintech, Chicago,
IL, USA); ubiquitin (Ub) (Nova Biomedical, MA, USA);
protein A/G PLUS-agarose (Santa Cruz, CA, USA); DMEM,
fetal bovine serum, and Lipofectamine® 3000 (Invitrogen);
total protein extraction kit (Applygen, Beijing, China);
BCA protein quantitation kit (Beyotime, Jiangsu, China);
CHX [25] and PS-341 [26]; and MG132 [27] (Selleck, Hous-
ton, USA).

2.4. Immunohistochemistry (IHC). 188 GC and adjacent tis-
sue (nontumor) sections were treated with xylene and graded
alcohol and then subjected to antigen retrieval in 0.01M
citrate buffer. Hydrogen peroxide was used for blockage.
The sections were incubated with goat serum for 30min
and then with anti-USP1 polyclonal antibodies (Proteintech,
Chicago, IL, USA, 1 : 100 dilution) overnight at 4°C. A 2-step
immunohistochemical method (catalog no.: PV-9000; ZSGB-
BIO Co., Ltd., Beijing, China) was adopted for immunostain-
ing. The staining intensity and percentage of positive cells
were scored semiquantitatively by 3 pathologists who were
blind to the clinical parameters.

2.5. Real-Time Quantitative Polymerase Chain Reaction (qRT-
PCR), Western Blot Analysis, and Coimmunoprecipitation
(Co-IP). qRT-PCR, Western blotting, and Co-IP were per-
formed as previously described [28, 30]. The primers for q-
PCR were included in Supplementary Table 1.

2.6. Transwell Assay. To determine cell invasion and migra-
tion, the cells were seeded on the top chamber of a Transwell
(Corning, USA) with serum free medium, while complete
medium containing 10% FBS were added in the lower cham-
ber. After 24-hour incubation, the migrated cells were fixed
with 4% PFA and then stained with 0.1% crystal violet
(Sigma, USA) for 20 minutes. The results were photo-
graphed under an invert microscope. We also detected the
cell invasion with the same protocol, but the membranes
were coated with Matrigel (Stemcell, USA).

2.7. Real-Time Proliferation Assay (RTCA). Real-Time Cell
Kinetic Analyzer xCELLigence RTCA (ACEA Biosciences)
was used to monitor cell invasion and migration. Data were
analyzed using the RTCA Control Unit and the preinstalled
RTCA software. For real-time proliferation assay, CIA-plate
16 was used. Cells were seeded directly onto the CIA-plate.
Changes in baseline impedance resulting from an increase in
cell number were monitored by gold microelectrodes located
at the bottom of CIA-plate 16. The proportional changes in
impedance were recorded continuously and expressed as cell
index. Changes in cell index over time were monitored
continuously.

2.8. Establishment of Liver Metastasis Model of Gastric
Cancer in Nude Mice. MGC-803 cells were transfected with
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USP1 interference empty plasmid (shNC) and USP1 inter-
ference plasmid (shUSP1) before injection. The concentra-
tion was 1 × 0:2ml of 107 human gastric cancer cell MGC-
803 suspension inoculated under the splenic capsule of nude
mice. The mice were killed at the 4th week after operation.
The liver metastasis was observed by HE staining. There
were 6 nude mice in the two groups. Animal: all the animal
work was approved by the Ethics Committee for Animal
Experiments of the Second Affiliated Hospital of Nanchang
University.

2.9. Statistical Analysis. Data were analyzed using GraphPad
Prism v7.0 (GraphPad Software Inc., USA). Survival curves
were generated using the Kaplan-Meier method. Differences
between groups were analyzed using Student’s t-test when
comparing two groups or by one-way analysis of variance

(ANOVA) when comparing more than two groups. p <
0:05 or 0.01 was considered significant.

3. Results

3.1. USP1 Is Overexpressed in in GC Tissues, and Relatively
High Expression Levels of USP1 Correlate with Poor
Survival. RT-qPCR and Western blot results further showed
that the mRNA levels and protein levels of USP1 in GC
tissues were higher than that in adjacent normal tissues
(Figures 2(a) and 2(b)). In order to compare the expression
levels USP1 on GC tissues and adjacent normal tissues from
116 patients, immunohistochemistry (IHC) was performed.
The results showed that more intensive USP1 staining was
found in GC tissues than that in adjacent normal tissues
(Figure 2(c)). Kaplan-Meier analysis indicated that patients
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Figure 1: Stable knockdown of USP1 inhibits GC metastasis both in vitro and in vivo. (a, b) mRNA and protein expression levels of USP1 in
normal gastric mucosa cells and two human GC cells (GES-1, BGC-823, and MGC-803) were detected by RT-qPCR andWestern blot; (c) the
efficacy of shRNA1 and shRNA2 mediated knockdown of USP1 was detected by Western blot; (d, e) in vitro experiments, MGC-803 and
BGC-823 cells were transfected with shUSP1#1 or shUSP1#2; the real-time cellular analysis (RTCA) were used to evaluate cell migration;
(f) in vivo experiments, MGC-803 cells transfected with shUSP1 or shNC were injected into the tail veins of nude mice; the representative
images of HE staining of liver tissues with metastatic cells and the number of mice with liver metastasis were shown (∗∗p < 0:01; ∗p < 0:05).
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with relatively high expression levels had lower survival rates
than those with low expression levels (Figure 2(d)), which was
further confirmed by data from TCCA database (Figure 2(e)).

3.2. Stable USP1 Knockdown Inhibits GC Metastasis Both In
Vitro and In Vivo. In order to define the exact role of USP1
on GC, USP1 knockdown was performed both in vitro and
in vivo. USP1 was highly expressed in all human GC cells
compared with normal control (Figures 1(a) and 1(b)).
MGC-803 and BGC-823 cells which had relatively higher
expression levels of USP1 were transfected with shUSP#1
or shUSP#2, and the efficacy of USP1 knockdown was
detected by Western blot (Figure 1(c)). As shown in
Figure 1(d), USP1 knockdown significantly inhibited cell
migration in MGC-803 and BGC-823 cells in Transwell
experiments (Figure 1(d)). Real-time dynamic curves further
showed that less number of migrated cells were observed
when transfected with shUSP1 (Figure 1(e)). In order to
evaluate the effects of USP1 on distant metastasis in vivo,
MGC-803 cells transfected with shUSP1 or shNC were inoc-
ulated under the splenic capsule of nude mice. USP1 knock-
down significantly decreased the number of mice with liver
metastasis (Figures 1(f) and 1(g)). Overall, these results dem-
onstrate that USP1 knockdown inhibits GC migration both
in vitro and in vivo.

3.3. USP1 Promotes GC Metastasis by Upregulating ID2
Expression. Previous studies have shown that inhibitor of

DNA binding-2 (ID2) is overexpressed in multiple cancers
including gastric cancer [28–31]. To define the correlation
between USP1 and ID2 in GC, the expression levels of
USP1 and ID2 were firstly detected by RT-qPCR and West-
ern blot (Figures 3(a) and 3(b)). Conversely, flag-USP1-
mediated USP1 overexpression increased the expression
levels of ID2 (Figure 3(c)). Then, BGC-823 and MGC-803
cells were transfected with shUSP1; Western blot results
showed that USP1 knockdown significantly decreased the
expression levels of ID2 (Figure 3(d)). Thus, we speculated
that the mechanism by which USP1-promoted GC migra-
tion was associated with upregulating ID2 expression. To
confirm our hypothesis, BGC-823 were transfected with
shUSP1 and/or his-ID2; Western blot results showed that
USP1 knockdown significantly decreased the expression
levels of ID2 and reduced the number of migrated cells,
which was rescued by ID2 overexpression (Figure 3(e)).
Conversely, USP1 overexpression significantly increased
the expression levels of ID2 and increased the number of
migrated cells, which was inhibited by ID2 knockdown
(Figure 3(f)). Overall, these results demonstrate that USP1
promotes GC metastasis by upregulating ID2 expression.

3.4. The Degradation of ID2 Depends on Ub-Proteasome
Way in GC. Previous study has shown that ID2 is normally
polyubiquitinated and can be rapidly degraded by the Ub-
proteasome pathway [31]. For further confirming the ubiq-
uitination and degradation of ID2 in GC, Co-IP assay
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Figure 2: USP1 is overexpressed in in GC tissues and relatively high expression levels of USP1 correlates with poor survival. (a, b) mRNA
and protein expression levels of USP1 were detected by RT-qPCR and Western blot; β-Tubulin was used as an internal control; (c) the
representative images of USP1 staining in GC tissues and adjacent normal tissues were shown by immunohistochemistry (IHC); (d)
based on the USP1 expression, the overall survival of GC patients were analyzed by Kaplan-Meier curve; (e) data from the TCGA
database was further used to analyze the overall survival rate of GC patients (∗∗p < 0:01; ∗p < 0:05).
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Figure 3: Continued.
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between endogenous ID2 and Ub was firstly performed in
MGC-803 and BGC-823 cells. As shown in Figure 4(a),
ID2 could be detected when Ub was immunoprecipitated.
Then, MGC-803 and BGC-823 cells were transfected with
increasing amount of HA-Ub and exposed to cycloheximi-
de(CHX). CHX can inhibit protein synthesis by interfering
the translation of mRNA [25]. Western blot results showed
that the expression levels of ID2 were decreased with
increasing expression levels of Ub (Figure 4(b)). In order
to define the effect of proteasome on the degradation of
ID2, proteasome inhibitors (MG132 and PS-341) [26, 27]
were added to MGC-803 and BGC-823 cells; Western blot
was used to detect the expression levels of ID2. As shown

in Figures 4(c) and 4(d), endogenous ID2 was accumulated
with increasing time. Overall, these results demonstrate that
the degradation of ID2 depends on Ub-proteasome way in
GC.

3.5. USP1 Stabilizes ID2 Expression through Deubiquitinating
ID2 in GC. As a deubiquitinase, USP1 can remove ubiquitin
from target protein, so as to inhibit their degradation, whether
USP1 stabilizing ID2 expression through its deubiquitination
activity in GC was further explored. As shown in Figure 5(a),
USP1 overexpression or knockdown increased or decreased
ID2 expression, respectively, which was counteracted by
proteasome inhibitor PS-341 (Figure 5(a)). Next, in order
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Figure 3: USP1 promotes GC metastasis by upregulating ID2 expression. (a, b) The mRNA and protein levels of ID2 in normal gastric
mucosa cells and two human GC cells were detected by RT-qPCR and Western blot; (c) MGC-803 and BGC-823 cells were transfected
with flag-vector or USP1-flag; the protein expression levels of USP1 and ID2 were detected by Western blot; (d) MGC-803 and BGC-823
cells were transfected with shNC or shUSP1; the protein expression levels of USP1 and ID2 were detected by Western blot; (e) BGC-823
cells were transfected with shUSP11 and/or his- ID2, the protein expression levels of USP1 and ID2 were detected by Western blot, and
the effects of cell migration were detected by RTCA. (f) BGC-823 cells were transfected with flag-USP1 and/or shID2, the protein
expression levels of USP1 and ID2 were detected by Western blot, and the effects of cell migration were detected by RTCA (∗∗p < 0:01; ∗
p < 0:05).
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to detect the influences of USP1 on the rate of ID21degra-
dation, MGC-803 and BGC-823 cells were transfected with
his-ID2 and flag-USP1. As shown in Figure 5(b), USP1
overexpression significantly increased the half-life of ID2.
The two experiments confirmed that USP1 stabilized ID2
expression. To test whether USP1 regulates the deubiquiti-
nation of ID2, Co-IP assay was firstly performed to define
the interaction between endogenous USP1 and ID2. As shown
in Figure 5(c), ID2 could be detected when USP1 was immu-
noprecipitated. Further experiments showed that USP1
knockdown or overexpression significantly increased or
decreased the protein expression levels of ubiquitinated ID2,
respectively (Figure 5(d)). Overall, these results demonstrate
that USP1 stabilizes ID2 expression through deubiquitinating
ID2 in GC.

4. Discussion

USP1 is a member of USPs which consists of 785 amino
acids with a speculated molecular mass of 88.2 kDa [32].
As a member of USP, USP1 has been indicated important
in regulating cancer proliferation and metastasis, such as in
osteosarcoma and lung cancer [16, 20]. But the exact role

of USP1 on GC metastasis and the underlying mechanism
are still unclear. Our study is the first time to demonstrate
that USP1 can promote GC metastasis by stabilizing ID2
expression via deubiquitinating ID2. Firstly, we examined
the expression levels of USP1 in GC tissues and adjacent
normal tissues and found that USP1 was overexpressed in
the GC tissues, and relatively high-expression levels of
USP1 conferred poor survival. Consistently, higher expres-
sion levels of USP1 were also found in all human GC cells
compared with normal control, and USP1 knockdown
significantly inhibited GC cell migration and distant liver
metastasis. Thus, these results indicated that ID2 may func-
tion as an oncogene in GC.

ID2 is a member of four homologous proteins (Id1-Id4)
which can dimerize with basic helix-loop-helix (bHLH)
proteins and preventing them from binding DNA, so as to
negatively regulate their biological functions, such as cell
proliferation and differentiation [33, 34]. ID2 has been
shown overexpressed in several cancer tissues or cells, such
as salivary gland cancer and bladder cancer, and promote
cancer invasion, proliferation, and metastasis [35–39]. In
our study, consistent with the results in GC tissues [29],
ID2 was also overexpressed in GC cells, and USP1 positively
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Figure 4: ID2 degradation depends on Ub-proteasome way. (a) Coimmunoprecipitation assay was used to detected ubiquitinated ID2 in
MGC-803 and BGC-823 cells; (b) MGC-803 and BGC-823 cells were transfected with increasing amounts of HA-Ub, then exposed to
CHX; the protein expression levels of ID2 and Ub were detected by Western blot; (c, d), GC-803 and BGC-823 cells were exposed to
proteasome inhibitors-MG132 and PS-341, respectively; the protein expression levels of ID2 were detected by Western blot at indicated
time after treatment (∗∗p < 0:01; ∗p < 0:05).
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regulated ID2 expression. Moreover, we demonstrated that
USP1 promoted GC metastasis by upregulating ID2 expres-
sion. And the mechanism by which USP1 regulated ID
expression was further explored. Since Ub-proteasome path-
way is an important degradation way for ID2, our results
confirmed that the degradation of ID2 also depended on
Ub-proteasome way in GC cells. As a deubiquitinase, USP1
has been shown to stabilize ID proteins in osteosarcoma cells
[40–42]. Our study further confirmed that USP1 can stabi-
lized ID2 expression through deubiquitinating ID2 in GC.

In conclusion, we firstly found that USP1 is overex-
pressed in GC tissues compared with adjacent normal tissues,
and relatively high levels of USP1 conferred poor survival.
Mechanically, we demonstrated that USP1 knockdown
inhibits GC metastasis, and USP1 promoted GC metastasis

via upregulating ID2 expression. And we further confirmed
that USP1 stabilized ID2 expression through deubiquitina-
ting ID2 in GC. Thus, our study provided a new biomarker
therapy target for GC.
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Figure 5: USP1 stabilizes ID2 expression through deubiquitinating ID2. (a) MGC-803 and BGC-823 cells were transfected with shUSP1 or
flag-USP1, then exposed to PS-341 or not; the protein expression levels of USP1 and ID2 were detected by Western blot; (b) MGC-803 and
BGC-823 cells were transfected with his-ID2 or flag-USP1, then exposed to CHX; the protein expression levels of his-ID2 and flag-USP1
were detected by Western blot at indicated time; (c) the interaction between USP1 and Ub was detected by Co-IP assay in MGC-803
and BGC-823 cells; (d) MGC-803 and BGC-823 cells were transfected with shUSP1 or flag-USP1, then exposed to PS-341; ubiquitinated
ID2 was detected by Co-IP assay (∗∗p < 0:01; ∗p < 0:05).

8 Disease Markers



Acknowledgments

This study was supported by grants from the National Nat-
ural Science Foundation of China (no. 81960443) and Sci-
ence and Technology Project of Jiangxi Provincial Health
Commission (no. 20204353).

Supplementary Materials

Supplementary Table 1: primary sequences. (Supplementary
Materials)

References

[1] L. A. Torre, F. Bray, R. L. Siegel, J. Ferlay, J. Lortet-Tieulent,
and A. Jemal, “Global cancer statistics, 2012,” CA: A Cancer
Journal for Clinicians., vol. 65, no. 2, pp. 87–108, 2015.

[2] L. A. Torre, R. L. Siegel, E. M. Ward, and A. Jemal, “Global
cancer incidence and mortality rates and trends-an update,”
Cancer Epidemiology and Prevention Biomarkers, vol. 25,
no. 1, pp. 16–27, 2016.

[3] A. Ferro, B. Peleteiro, M. Malvezzi et al., “Worldwide trends in
gastric cancer mortality (1980-2011), with predictions to 2015,
and incidence by subtype,” European Journal of Cancer,
vol. 50, no. 7, pp. 1330–1344, 2014.

[4] J. Ferlay, I. Soerjomataram, R. Dikshit et al., “Cancer incidence
andmortality worldwide: sources, methods andmajor patterns
in GLOBOCAN 2012,” International Journal of Cancer,
vol. 136, no. 5, pp. E359–E386, 2015.

[5] M. Martin-Richard, A. Custodio, C. García-Girón et al., “Seom
guidelines for the treatment of gastric cancer 2015,” Clinical
and Translational Oncology, vol. 17, no. 12, pp. 996–1004,
2015.

[6] W. Yang, A. Raufi, and S. J. Klempner, “Targeted therapy
for gastric cancer: molecular pathways and ongoing investi-
gations,” Biochimica et Biophysica Acta (BBA) - Reviews on
Cancer, vol. 1846, no. 1, pp. 232–237, 2014.

[7] F. E. Reyes-Turcu, K. H. Ventii, and K. D. Wilkinson, “Regula-
tion and cellular roles of ubiquitin-specific deubiquitinating
enzymes,” Annual Review of Biochemistry, vol. 78, no. 1,
pp. 363–397, 2009.

[8] D. Komander, M. J. Clague, and S. Urbé, “Breaking the chains:
structure and function of the deubiquitinases,” Nature reviews
Molecular cell biology, vol. 10, no. 8, pp. 550–563, 2009.

[9] K. D. Wilkinson, “Regulation of ubiquitin-dependent pro-
cesses by deubiquitinating enzymes,” The FASEB Journal,
vol. 11, no. 14, pp. 1245–1256, 1997.

[10] S. M. Nijman, M. P. Luna-Vargas, A. Velds et al., “A genomic
and functional inventory of deubiquitinating enzymes,” Cell,
vol. 123, no. 5, pp. 773–786, 2005.

[11] Y. Wang, J. Wang, J. Zhong et al., “Ubiquitin-specific protease
14 (USP14) regulates cellular proliferation and apoptosis in
epithelial ovarian cancer,” Medical oncology, vol. 32, no. 1,
p. 379, 2015.

[12] Y. Li, D. Jiang, Q. Zhang, X. Liu, and Z. Cai, “Ubiquitin-spe-
cific protease 4 inhibits breast cancer cell growth through the
upregulation of PDCD4,” International Journal of Molecular
Medicine, vol. 38, no. 3, pp. 803–811, 2016.

[13] C. Song, W. Liu, and J. Li, “USP17 is upregulated in osteosar-
coma and promotes cell proliferation, metastasis, and epithe-

lial–mesenchymal transition through stabilizing SMAD4,”
Tumor Biology, vol. 39, no. 7, p. 101042831771713, 2017.

[14] S. M. B. Nijman, T. T. Huang, A. M. G. Dirac et al., “The deu-
biquitinating enzyme USP1 regulates the Fanconi anemia
pathway,” Molecular Cell, vol. 17, no. 3, pp. 331–339, 2005.

[15] T. T. Huang, S. M. B. Nijman, K. D. Mirchandani et al., “Reg-
ulation of monoubiquitinated PCNA by DUB autocleavage,”
Nature Cell Biology, vol. 8, no. 4, pp. 341–347, 2006.

[16] J. Liu, H. Zhu, N. Zhong et al., “Gene silencing of USP1 by len-
tivirus effectively inhibits proliferation and invasion of human
osteosarcoma cells,” International Journal of Oncology, vol. 49,
no. 6, pp. 2549–2557, 2016.

[17] Y. Liu, X. Luo, H. Hu et al., “Integrative proteomics and tissue
microarray profiling indicate the association between overex-
pressed serum proteins and non-small cell lung cancer,” PLoS
One, vol. 7, no. 12, p. 51748, 2012.

[18] D. S. Das, A. Das, A. Ray et al., “Blockade of deubiquitylating
enzyme USP1 inhibits DNA repair and triggers apoptosis in
multiple myeloma cells,” Clinical Cancer Research, vol. 23,
no. 15, pp. 4280–4289, 2017.

[19] J. Lee, N. Chang, Y. Yoon et al., “USP1 targeting impedes GBM
growth by inhibiting stem cell maintenance and radioresis-
tance,” Neuro-Oncology, vol. 18, no. 1, pp. 37–47, 2016.

[20] Z. Zhiqiang, Y. Qinghui, Z. Yongqiang et al., “USP1 regulates
AKT phosphorylation by modulating the stability of PHLPP1
in lung cancer cells,” Journal of cancer research and clinical
oncology, vol. 138, no. 7, pp. 1231–1238, 2012.

[21] E. Hara, T. Yamaguchi, H. Nojima et al., “Id-related genes
encoding helix-loop-helix proteins are required for G1 pro-
gression and are repressed in senescent human fibroblasts,”
Journal of Biological Chemistry, vol. 269, no. 3, pp. 2139–
2145, 1994.

[22] S. B. Lee, V. Frattini, M. Bansal et al., “An ID2-dependent
mechanism for VHL inactivation in cancer,” Nature,
vol. 529, no. 7585, pp. 172–177, 2016.

[23] H. R. Kim, J. H. Moon, J. H. Lee, and Y. C. Lim, “Inhibitor of
DNA binding 2 (ID2): a novel marker for lymph node metas-
tasis in head and neck squamous cell carcinoma,” Annals of
Surgical Oncology, vol. 28, no. 11, pp. 6479–6488, 2021.

[24] M. J. Gray, N. A. Dallas, G. van Buren et al., “Therapeutic tar-
geting of Id2 reduces growth of human colorectal carcinoma in
the murine liver,” Oncogene, vol. 27, no. 57, pp. 7192–7200,
2008.

[25] T. Schneider-Poetsch, J. Ju, D. E. Eyler et al., “Inhibition of
eukaryotic translation elongation by cycloheximide and lacti-
midomycin,” Nature Chemical Biology, vol. 6, no. 3, pp. 209–
217, 2010.

[26] J. Adams, V. J. Palombella, E. A. Sausville et al., “Proteasome
inhibitors: a novel class of potent and effective antitumor
agents,” Cancer Research, vol. 59, no. 11, pp. 2615–2622, 1999.

[27] K. Harhouri, C. Navarro, D. Depetris et al., “MG132‐induced
progerin clearance is mediated by autophagy activation and
splicing regulation,” EMBO Molecular Medicine, vol. 9, no. 9,
pp. 1294–1313, 2017.

[28] Y. Qiu, D. Huang, Y. Sheng et al., “Deubiquitinating enzyme
USP46 suppresses the progression of hepatocellular carcinoma
by stabilizing MST1,” Experimental Cell Research, vol. 405,
no. 1, p. 112646, 2021.

[29] H. Y. Yang, H. L. Liu, J. Ke et al., “Expression and prognostic
value of id protein family in human breast carcinoma,” Oncol-
ogy Reports, vol. 23, no. 2, pp. 321–328, 2010.

9Disease Markers

https://downloads.hindawi.com/journals/dm/2021/3771990.f1.docx
https://downloads.hindawi.com/journals/dm/2021/3771990.f1.docx


[30] Y. Z. Li and P. Zhao, “Expressions and clinicopathologic
significance of Id2 and NF-κB/P65 in gastric cancer,” Zhon-
ghua Yi Xue Za Zhi, vol. 98, no. 11, pp. 846–850, 2018.

[31] S. Zhang, N. Li, Y. Sheng et al., “Hepatitis B virus induces
sorafenib resistance in liver cancer via upregulation of cIAP2
expression,” Infect Agent Cancer, vol. 16, no. 1, p. 20, 2021.

[32] J. P. Coppe, Y. Itahana, D. H. Moore, J. L. Bennington, and
P. Y. Desprez, “Id-1 and Id-2 proteins as molecular markers
for human prostate cancer progression,” Clinical Cancer
Research, vol. 10, no. 6, pp. 2044–2051, 2004.

[33] M. A. BOUNPHENG, J. J. DIMAS, S. G. DODDS, and B. A.
CHRISTY, “Degradation of Id proteins by the ubiquitin-
proteasome pathway,” The FASEB Journal, vol. 13, no. 15,
pp. 2257–2264, 1999.

[34] T. Fujiwara, A. Saito, M. Suzuki et al., “Identification and chro-
mosomal assignment of USP1, a novel gene encoding a human
ubiquitin-specific protease,” Genomics, vol. 54, no. 1, pp. 155–
158, 1998.

[35] X. H. Sun, N. G. Copeland, N. A. Jenkins, and D. Baltimore,
“Id proteins Id1 and Id2 selectively inhibit DNA binding by
one class of helix-loop-helix proteins,”Molecular and Cellular
Biology, vol. 11, no. 11, pp. 5603–5611, 1991.

[36] J. D. Norton, R. W. Deed, G. Craggs, and F. Sablitzky, “Id
helix–loop–helix proteins in cell growth and differentiation,”
Trends in Cell Biology, vol. 8, no. 2, pp. 58–65, 1998.

[37] S. Zeng, Y. Zhang, J. Ma et al., “BMP4 promotes metastasis of
hepatocellular carcinoma by an induction of epithelial-
mesenchymal transition via upregulating ID2,” Cancer Letters,
vol. 390, pp. 67–76, 2017.

[38] J. Ma, S. Zeng, Y. Zhang et al., “BMP4 enhances hepatocellular
carcinoma proliferation by promoting cell cycle progression
via ID2/CDKN1B signaling,” Molecular carcinogenesis,
vol. 56, no. 10, pp. 2279–2289, 2017.

[39] T. Sumida, A. Ishikawa, H. Nakano, T. Yamada, Y. Mori, and
P. Y. Desprez, “Targeting ID2 expression triggers a more
differentiated phenotype and reduces aggressiveness in human
salivary gland cancer cells,” Genes to Cells, vol. 21, no. 8,
pp. 915–920, 2016.

[40] M. Luo, Z. Li, W. Wang, Y. Zeng, Z. Liu, and J. Qiu, “Upregu-
lated H19 contributes to bladder cancer cell proliferation by
regulating ID2 expression,” The FEBS Journal, vol. 280, no. 7,
pp. 1709–1716, 2013.

[41] Y. U. Kamata, T. Sumida, Y. Kobayashi, A. Ishikawa,
W. Kumamaru, and Y. Mori, “Introduction of ID2 enhances
invasiveness in ID2-null oral squamous cell carcinoma cells
via the SNAIL axis,” Cancer genomics & proteomics, vol. 13,
no. 6, pp. 493–497, 2016.

[42] S. A. Williams, H. L. Maecker, D. M. French et al., “USP1 deu-
biquitinates ID proteins to preserve a mesenchymal stem cell
program in osteosarcoma,” Cell, vol. 146, no. 6, pp. 918–930,
2011.

10 Disease Markers


	USP1 Promotes GC Metastasis via Stabilizing ID2
	1. Introduction
	2. Materials and Methods
	2.1. Patients and Samples
	2.2. Cell Culture
	2.3. Plasmids and Reagents
	2.4. Immunohistochemistry (IHC)
	2.5. Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR), Western Blot Analysis, and Coimmunoprecipitation (Co-IP)
	2.6. Transwell Assay
	2.7. Real-Time Proliferation Assay (RTCA)
	2.8. Establishment of Liver Metastasis Model of Gastric Cancer in Nude Mice
	2.9. Statistical Analysis

	3. Results
	3.1. USP1 Is Overexpressed in in GC Tissues, and Relatively High Expression Levels of USP1 Correlate with Poor Survival
	3.2. Stable USP1 Knockdown Inhibits GC Metastasis Both In Vitro and In Vivo
	3.3. USP1 Promotes GC Metastasis by Upregulating ID2 Expression
	3.4. The Degradation of ID2 Depends on Ub-Proteasome Way in GC
	3.5. USP1 Stabilizes ID2 Expression through Deubiquitinating ID2 in GC

	4. Discussion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

