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Abstract

Objectives: Gastric cancer (GC) is one of the most common cancers in the world,
causing a large number of deaths every year. The Slit-Robo signalling pathway, ini-
tially discovered for its critical role in neuronal guidance, has recently been shown to
modulate tumour invasion and metastasis in several human cancers. However, the
role of Slit-Robo signalling and the molecular mechanisms underlying its role in the
pathogenesis of gastric cancer remains to be elucidated.

Materials and methods: Slit2, Robol and USP33 expressions were analysed in data-
sets obtained from the Oncomine database and measured in human gastric cancer
specimens. The function of Slit2-Robo1-USP33 signalling on gastric cancer cells mi-
gration and epithelial-mesenchymal transition (EMT) was studied both in vitro and in
vivo. The mechanism of the interaction between Robol and USP33 was explored by
co-IP and ubiquitination protein analysis.

Results: The mRNA and protein levels of Slit2 and Robo1 are lower in GC tissues rela-
tive to those in adjacent healthy tissues. Importantly, Slit2 inhibits GC cell migration
and suppresses EMT process in a Robo-dependent manner. The inhibitory function
of Slit2-Robo1 is mediated by ubiquitin-specific protease 33 (USP33) via deubiquit-
inating and stabilizing Robol. USP33 expression is decreased in GC tissues, and re-

duced USP33 level is correlated with poor patient survival.
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Conclusions: Our study reveals the inhibitory function of Slit-Robo signalling in GC

and uncovers a role of USP33 in suppressing cancer cell migration and EMT by en-

hancing Slit2-Robo1 signalling. USP33 represents a feasible choice as a prognostic

biomarker for GC.

1 | INTRODUCTION

Gastric cancer (GC) is the third leading cause of cancer-related death
and responsible for approximately 723 000 deaths worldwide every
year.! Nearly half of the cases occur in Eastern Asia and are mostly
diagnosed at the advanced stage.? As a consequence, the 5-year
survival rate for advanced GC patients remains at only 5%-20%.°
Hence, it is critical to explore the molecular mechanisms of GC de-
velopment for finding new treatment strategy of GC.

Slit glycoproteins (Slit1-3), originally discovered as neuronal guid-
ance cues, are secreted by midline glia* that exert their function by
binding to single-pass transmembrane proteins Roundabout family
(Robo1-4).>7 The Slit-Robo signalling pathway plays important roles
not only in neuronal guidance but also during cell migration of a wide
range of cell types.®© Recent studies indicate that the inactivation
of this pathway is associated with the progression of several cancer

types,**™% including pancreatic cancer,** breast cancer,®

as well as
lung tumours.'® However, the precise function of the Slit-Robo path-
way in the development of GC remains ill-defined. A number of stud-
ies supported the notion that Slit-Robo signalling plays an important
role in anti-tumour processes.”’18 In contrast, two other reports
suggested that Robol might promote tumorigenesis.'?2°

Ubiquitin-specific protease 33 (USP33), a member of ubiquitin-
specific protease family, was initially identified as a substrate mole-
cule which binds to VHL E3 ligase.?! Previous studies showed that
USP33is a Robol-interacting protein that is involved in Slit signalling
in midline axons crossing.?? Furthermore, USP33 is required for Slit-
Robo signalling in inhibiting breast cancer cell migration.® Together,
these studies demonstrate that USP33 plays an important role in the
Slit-Robo pathway.

Recently, a study based on data from one patient cohort re-
ported that USP33 expression was found to be reduced in GC and
that reduced USP33 expression was associated with poor progno-
sis.2® However, the precise molecular mechanisms of how USP33
exerts the anti-tumour function in GC remain to be elucidated.

Here, we set out to investigate the role of Slit-Robo signalling
and the precise molecular mechanisms of how USP33 affects the

Slit-Robo signalling in GC.

2 | METHODS

2.1 | Clinical samples and cell culture

Primary GC samples were obtained from 54 patients who underwent

radical resection for GC at the First Affiliated Hospital of Nanjing

Medical University, China, between May 2016 and February 2017. No
patient accepted adjuvant treatment for gastric cancer before surgery.
Pathology and histology features of every case were confirmed by the
Department of Pathology. Prior written informed consent from the pa-
tients or their relatives and approval from the Ethics Committee of the
First Affiliated Hospital of Nanjing Medical University were obtained.

The human GC cell lines (MGC-803,BGC-823,HGC-27,SGC-7901
and AGS), the normal human gastric epithelial cell line GES-1 and
HEK-293 cell line were purchased from the Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. All cells were cul-
tured in DMEM (Gibco, USA) containing 10% foetal bovine serum
(WISENT, Canada) and antibiotics (1% penicillin/streptomycin; Gibco)
and incubated in a humidified chamber at 37°C under 5% CO,,.

2.2 | Antibodies and reagents

Anti-Robo1 (ab7279), anti-USP33 (ab71716), anti-E-cadherin (ab1416),
anti-N-cadherin (ab18203), anti-Snail (ab53519), anti-Slug (ab27568),
anti-vimentin (ab8978) and anti-GAPDH (ab8245) were purchased
from Abcam (USA). Anti-Flag (F3165) and cycloheximide (CHX, C7698)
were obtained from Sigma-Aldrich (USA). MG132 (HY-13259) and
chloroquine (HY-17589) were obtained from MedChemexpress (USA).

2.3 | RNA interference, plasmids and lentivirus
transfection

The small interference RNA targeting USP33  (#1:5-
GGAGAAUAGAUGUUCAUAUTT-3'; #2:5-GCUGCAUUCAUCAAG
UCAUTT-3') and a control siRNA (5-TTCTCCGAACGTGTCA
CGTTT-3') were purchased from Gene Pharma Biotech (Shanghai,
China). The lentiviral vector containing USP33 siRNA hairpin se-
quence and the puromycin resistance sequence (LV-shUSP33) was
also constructed by Gene Pharma. Slit2 tagged with c-myc plasmid
was generated as previously described.” SiRNA and plasmids were
transfected using Lipofectamine 2000 (Invitrogen, USA) according
to the manufacturer's instructions.

2.4 | RNA extraction and qRT-PCR analysis

Total RNA was extracted from cells or frozen tissues with TRIzol
reagent (Invitrogen), and then cDNA was synthesized using
PrimeScript RT Master Mix kit (RRO36A; Takara). The PCRs were
then performed using the 7500 Real-Time PCR System (Applied
Biosystems, USA) with the primers as follows: Slit2 forward, 5'-
ACCGCTTCCAGTGCAAAGTA-3', reverse, 5'-CTGGGTGCATGTCC
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FIGURE 1 Expression of Slit2 and Robo1 is down-regulated in gastric cancer. (A and B) Slit2 expression and Robo1 expression were
analysed in TCGA and Deng's datasets from Oncomine (http://www.oncomine.org). Box and whisker plots: line represents the median value,
boxes show 25th and 75th percentiles, whiskers mean 10th and 90th percentiles and the dots indicate maximum and minimum values. P-
values were calculated from Oncomine software using Student's t test. Ctrl, control gastric tissues; GaAD, gastric adenocarcinoma; DGAD,
diffuse gastric adenocarcinoma. (C) Slit2 mRNA expression in 54 paired GC and adjacent tissues analysed by gRT-PCR. (D) Robol mRNA
expression in 54 paired GC and adjacent tissues analysed by qRT-PCR. (E) Representative images of immunohistochemical (IHC) staining of
Robo1l in 12 paired GC and adjacent tissues. Original magnification, 200x; scale bar: 100 um. (F) Box plots showing the IHC scores for Robo1l
protein expression, analysed by Mann-Whitney U test. (G) Robo1 protein levels in 6 random paired GC and adjacent tissues determined by
Western blotting. (H) Robo1 protein expression in 5 gastric cell lines and the normal human gastric epithelial cell line GES-1 detected by
Western blotting. (I) Robol mRNA expression in 5 gastric cell lines and the normal human gastric epithelial cell line GES-1 detected by gqRT-
PCR


http://www.oncomine.org

XIAET AL

CGTTAT-3'; Robo1 forward, 5'-GCATCCTCTCTGCCCTTCTC-3/, re-
verse,5-CTGGCTCGTGGAAGCTGTAA-3";USP33forward,5-AAAAT
CCCTTGGTACTTGTCAGG-3’, reverse, 5'-TCGAAGAGTGGTAAGGTT Cell migration was examined in a modified wound-healing assay.
CACA-3'; and GAPDH forward, 5-AGAAGGCTCATTTG-3/, reverse, HEK293 cells which generate the full-length Slit2 protein tagged with
5'-AGGGGCCATCCACAGTCT TC-3". 6xMyc tag were cultured in DMEM with 5% FBS. The medium from

2.5 | Wound-healing assay
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FIGURE 2 Slit2 inhibits migration of GC cells in a Robo-dependent manner and suppresses EMT markers. A, Cell migration was examined
in a wound-healing assay using MGC-803 cells in the medium containing the mock control (Ctrl), Slit2 and Slit2 with RoboN. Original
magnification, 40x; scale bar: 100 um. B, The migration of BGC-823 cells tested by wound-healing assays. C, Quantification of the distance
of MGC-803 cell migration. D, Quantification of the distance of BGC-823 cell migration. E, Cell migration was examined in MGC-803 and
BGC-823 cells transfected with Slit2 plasmid or control in a transwell assay. Original magnification, 100x; scale bar: 200 um. F, Cell invasion
was examined in MGC-803 and BGC-823 cells in the transwell assay. G, Cell migration was quantified. H, Cell invasion was quantified.

I, Immunofluorescent microscopy was used to detect expression of E-cadherin (red) and vimentin (green) in MGC-803 and BGC-823
transfected with Slit2 plasmid or control, DAPI (blue) was applied for nuclear staining. Original magnification, 400x; scale bar: 50 um. J,

The expression of epithelial cell marker (E-cadherin), mesenchymal cell markers (N-cadherin, Vimentin) and related transcription factors
(Snail, Slug) was analysed by Western blotting. GAPDH was used as an internal control. All data are shown as mean + SEM and analysed by

Student's t test, *P < 0.05, **P < 0.01, ***P < 0.001

HEK293 cells was used as a mock control. 3 x 10° cells were grown in
6-well plates until approximately 90% confluent. Then we used sterile
200 pL pipet tips to make the scratch at the centre of the plates. The
cells were washed with PBS and then incubated in medium with or
without Slit2. After a period of time, images were taken under a mi-

croscope and the distance between both sides was measured.

2.6 | Transwell assay

To examine cell invasion, 24-well BioCoat Matrigel Invasion
Chambers (BD, Biosciences, Franklin Lakes, USA) were used accord-
ing to the manufacturer's protocol. 3 x 10* cells were cultured with
serum-free medium in the upper chamber, whereas medium contain-
ing 10% FBS was used in the lower chamber. The cells were incu-
bated for 24 hour. Gently wiping the cells on the upper surface of the
filters, cells on the lower surface were stained in 0.1% crystal violet
(Sigma) for 30 minute. The number of invasion cell was then counted
under microscope. The migration assay was conducted by the same

methods, while the filters were not pre-coated with Matrigel.

2.7 | Western blot and immunoprecipitation

Total protein lysates were prepared with a protein extraction kit
(KGP9100, Key Gene). Proteins were separated on 10% gels by
SDS-PAGE and transferred to polyvinylidene difluoride (PVDF)
membranes. After blocking in 5% non-fat milk in TBST buffer, the
membranes were incubated with specific primary antibodies at 4°C
overnight and followed by secondary antibodies. The signals were
visualized using the chemiluminescence HRP substrate (WBKLO100;
Millipore) and a chemiluminescence detection system.

Cell lysates were used for immunoprecipitation using the
Dynabeads Protein G Immunoprecipitation kit (Invitrogen) following
the manufacturer's guidelines. Immunoprecipitated proteins were
then detected by Western blot.

2.8 | Immunohistochemical analysis

All specimens were fixed in 4% formalin and then embedded in paraf-
fin. The 4 um sections were incubated with primary antibodies at 4°C
overnight. After washing with PBS, the sections were incubated with
HRP-polymer-conjugated secondary antibody at room temperature for
1 hour. Next, sections were stained with DAB solution for 3 minutes

and the nuclei were counterstained with haematoxylin. The results were
evaluated by both the intensity of cell staining (graded as 0, no staining;
1, weak; 2, moderate; and 3, strong) and the percentage of positive tu-
mour cells (graded as 0, <5%; 1, 5%-25%; 2, 26%-50%; 3, 51%-75%; and
4, >75%). Intensity score and percentage score were calculated.

2.9 | Immunofluorescence microscopy

Cells were cultured on collagen-coated glass coverslips for 24 hour
and then rinsed with PBS twice before fixation with 4% formalde-
hyde for 20 minute at 37°C. Subsequently, cells were rinsed with
PBS for three times and permeabilized with 0.2% Triton X-100 for
10 minute. The cells were incubated with PBS containing 1% BSA
for 30 minute and then incubated with the primary antibody at 4°C
overnight. Afterwards, cells were washed and incubated with fluo-
rophore-conjugated secondary antibodies (Cy3™-Goat Anti-Rabbit
IgG or Cy2™-Goat Anti-Mouse IgG Jackson Immunoresearch) for
2 hour and then stained with DAPI for 5 minute. After the final wash,

a fluorescent microscope was used (Nikon, Japan) to collect images.

2.10 | Animal studies

BALB/c nude mice (4 weeks old, female) were purchased from
the Department of Laboratory Animal Centre of Nanjing Medical
University. Control MGC-803 or BGC-823 cells, cells stably express-
ing Slit2 with shControl or shUSP33 (1 x 10° cells in 100ul PBS) were
injected into the caudal vein of anesthetized nude mice (6 mice per
group). Mice were monitored using an in vivo imaging systems (IVIS)
(Caliper Life Sciences, USA). Six weeks following tumour injection,
mice were euthanized with lung tissues collected for haematoxylin-

eosin staining and analyses.

2.11 | Statistical analysis

All data were analysed using SPSS 20.0 software (SPSS Inc, Chicago,
IL, USA). The results obtained from cell line experiments and ani-
mal assays were analysed using Student's t test (for two groups)
or ANOVA (for more than two groups). Mann-Whitney U test was
used to analyse differences in immunohistochemical (IHC) scores.
Chi-square test was used to analyse association of the expression
of Robol and USP33 with clinicopathologic features. The Kaplan-

Meier method was used the survival analyses. The optimal cut-off
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FIGURE 3 USP33 expression was down-regulated in GC, and USP33 was correlated with Robo1l expression. (A and B) USP33 expression
was analysed in TCGA and Deng's datasets from Oncomine. (C) USP33 mRNA expression in 54 paired GC and adjacent non-cancer tissues
analysed by gRT-PCR. (D) Linear regression analysis was used to examine the correlation between Robol and USP33 mRNA expression
levels in human GC tissues. r = 0.449, P < 0.001, n = 54. (E) Representative images of IHC staining of USP33 in 12 paired GC and adjacent
tissues. Original magnification, 200x; scale bar: 100 um. (F) Box plots showing the IHC scores for Robo1 protein expression, analysed by
Mann-Whitney U test. (G) USP33 protein levels in 6 paired GC tissue (T) and adjacent non-cancer tissue samples (N) were determined by
Western blotting. (H) USP33 protein expression in five gastric cell lines and the normal human gastric epithelial cell line GES-1 detected by
Western blotting. (I) USP33 mRNA expression in 5 gastric cell lines and the normal human gastric epithelial cell line GES-1 detected by qRT-
PCR. (J) Copy number alterations (CNA) and frequency of USP33 gene mutations or deletion in different datasets from cBioPortal (http://
www.chioportal.org). (K) Distribution of USP33 mutations in gastric adenocarcinoma across protein domains

values of USP33 expression were generated by X-tile software. Data

are presented as the mean * SD. P < 0.05 was considered significant.

3 | RESULTS

3.1 | Expression of Slit2 and Robo1 is down-
regulated in gastric cancer

To investigate the role of Slit-Robo family in GC, we first meas-
ured Slit2, 3 and Robo1, 2, 3 expression in 54 paired cancer tis-
sues and matched adjacent non-cancer tissues from GC patients.
Slit1 was excluded for its limited expression in nervous tissues, and
Robo4 was excluded for lacking of Slit binding site. It was found
that Slit2 and Robol showed the most significant decrease in GC
(Figure 1A,B and Figure S1A). Meanwhile, Slit2 and Robol were
also decreased in patients of stage Ill than patients of stage | and
Il (Figure S1B,C), suggesting its potential role in the development
in GC. We then examined Slit2 and Robo1l expression in datasets
from the Oncomine database (http://www.oncomine.org/).?* The
mRNA levels of both Slit2 and Robol are lower in GC samples
when compared with the control samples in the TCGA and Deng's
datasets (Figure 1C,D).

We next examined Robol protein levels in 12 pairs of GC sam-
ples using immunohistochemistry. Robol expression was signifi-
cantly lower in GC tissues compared with matched non-cancer
tissues. The representative images and the IHC scores are shown
in Figure 1E,F. In agreement with above results, Western blot in six
pairs of GC samples also indicated that Robol protein levels were
lower in GC tissues (Figure 1G).

We also determined the Robol mRNA and protein levels in nor-
mal human gastric epithelial cell line (GES-1) and five GC cell lines
(HGC-27, MGC-803, BGC-823, SGC-7901 and AGS; Figure 1H,I).
Both mRNA and protein levels of Robo1 in GC cell lines were found
to be lower than those determined for GES-1.

3.2 | Slit2 inhibits GC cell migration in a Robo-
dependent manner and suppresses EMT

To investigate the role of Slit2-Robol signalling in GC progression,
we used two independent GC cell lines, MGC-803 and BGC-823 ex-
pressing Robol receptor for the following studies (Figure 1H). We
performed a wound-healing assay to examine the role of Slit2 in GC

cell migration. Slit2 treatment suppressed MGC-803 cell migration

compared with the control media (Figure 2A,C). To evaluate the in-
volvement of Robo1 in Slit2 signalling, RoboN, the soluble extracel-
lular domain of Robo1l that blocks Slit-Robo signalling,®” was used
in the wound-healing assay together with Slit2. RoboN effectively
blocked the inhibitory effect of Slit2 on MGC-803 cell migration
(Figure 2A,C). Consistent with data from MGC-803 cells, BGC-823
cell migration was also suppressed by Slit2 in a Robo-dependent
manner in the wound-healing assay (Figure 2B,D). We next exam-
ined the effect of Slit2 using a transwell assay following transfection
with Slit2 expressing plasmid or a control vector. Slit2 expression
reduced cell migration and invasion of both MGC-803 and BGC-823
in the transwell assay (Figure 2E-H).

It is well documented that epithelial-mesenchymal transition
(EMT) is a critical process in cell invasion and metastasis.?>%¢ We
first examined the epithelial marker E-cadherin and the mesenchy-
mal marker vimentin by Western blot and immunohistochemistry in
GC samples. Compared with the normal tissues, E-cadherin protein
levels were lower in GC samples, while vimentin levels were found to
be elevated (see Figure S1D-H).

To examine the potential role of Slit2 signalling in EMT of gas-
tric cancer, we examined the expression markers in MGC-803 and
BGC-823 transfected with Slit2 plasmid or control by immunoflu-
orescent microscopy. Slit2 overexpression increased expression
of E-cadherin and suppressed expression of vimentin (Figure 2l). In
agreement with immunofluorescence analysis, Western blot showed
that Slit2 overexpression increased the levels of epithelial cell
marker (E-cadherin) while reducing the expression of mesenchymal
cell markers (N-cadherin, vimentin), as well as related transcription
factors (Snail, Slug; Figure 2J).

Together, these results clearly demonstrated that Slit2 inhibits
GC cell migration and invasion in a Robo-dependent manner and

suggest that Slit2 signalling suppresses EMT in GC.

3.3 | USP33 expression is down-regulated in GC and
correlates with Robol expression

Our previous studies suggested that USP33 regulates the expression
of Robo1l and is therefore essential for the activation of the Slit-Robo
pathway.?>?728 The observation that Robol expression is reduced
in GC samples prompted us to examine whether USP33 affects the
development of GC.

Analysis of USP33 expression in the public GC datasets

showed that USP33 is commonly down-regulated in GC samples
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(Figure 3A,B). We further examined the USP33 mRNA expression in expression levels of USP33 correlated well with Robo1 (Figure 3D).
our own cohort of paired GC samples. Unsurprisingly, USP33 mRNA USP33 protein levels were also reduced in GC tissues by both

expression was also found to be lower in GC tissues (Figure 3C). immunohistochemistry and Western blot analysis (Figure 3E-G).
Moreover, linear regression analysis revealed that the relative Consistently, both mRNA and protein levels of USP33 were lower
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FIGURE 4 USP33interacts with Robol and increases the stability of Robol by deubiquitinating Robol in GC cells. A, Relative USP33
mRNA levels in MGC-803 and BGC-823 transfected with control siRNA, siUSP33 #1 or siUSP33 #2 were examined by qRT-PCR. B,

Relative Robol mRNA levels in MGC-803 and BGC-823 cells transfected with control siRNA or siUSP33. C, Western blotting showed

the protein levels of USP33 and Robo1l in MGC-803 and BGC-823 cells transfected with control siRNA or siUSP33. D, Interaction of the
Robol and USP33 proteins in MGC-803 cells. Co-immunoprecipitation was performed using either control IgG or anti-Robo1 antibody.
Immunoprecipitated proteins were detected by Western blotting using anti-Robol and anti-USP33. E, MGC-803 cells were transfected with
control siRNA or siUSP33 and treated with cycloheximide (CHX, 50 ug/mL) for different periods of time. The Robol and USP33 protein
levels were subjected to Western blotting analysis. F, Quantification of relative Robol protein levels. G, MGC-803 cells were left untreated
or treated with chloroquine (CHQ, 50 pmol/L, 10 h) or MG132 (10 pmol/L, 10 h), and Robo1l was detected by Western blotting. H, MGC-803
cells transfected with control siRNA or siUSP33 were treated with MG132 (10 pmol/L) or untreated, 10 hours later, and Robol and USP33
were detected from the cell lysate. |, Robol ubiquitination was examined in MGC-803 cells co-transfected with Flag-ubiquitin, control siRNA
or siUSP33. Co-immunoprecipitation was carried out with anti-Robo1 after treated with MG132 (10 umol/L, 10 h) and then examined by
Western blotting. TCL: Total cell lysate. All Western blotting analyses in this figure 4 were using GAPDH as the internal control
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in GC cell lines relative to those found in the control GES-1 line
(Figure 3H,1).

To assess the overall frequency of genetic alterations of USP33in
GC patients, we analysed large datasets from cBioPortal for Cancer

).2? As shown in Figure 3J, mutations

Genomics (http://cbioportal.org
of the USP33 gene in GC patients were detected in five independent
cohorts, ranging from 1% to 4.55%, while copy number alteration
(CNA) was observed in three cohorts. Interestingly, ten USP33 mu-
tations were identified in GC patient samples, with five mutations
inside the catalytic domain of USP33 and two additional frameshift

(fs) mutations upstream of the catalytic domain (Figure 3K).

3.4 | USP33interacts with Robo1 in GC cells

To examine the relationship between USP33 and Robo1l, we trans-
fected MGC-803 and BGC-823 with two different siRNAs against
USP33 (siUSP33 #1 and #2). Quantitative RT-PCR analysis showed
that the USP33 siRNAs reduced mRNA expression of USP33
(Figure 4A). Robol mRNA levels, however, were not affected by
USP33 siRNAs (Figure 4B). In comparison, Western blot showed that
USP33 knock-down caused a decrease in both USP33 and Robol
protein levels (Figure 4C), suggesting that USP33 regulates Robol
protein expression through post-translational modification.

We next examined whether USP33 interacts with Robo1l in GC
cells by co-immunoprecipitation assay. While the control antibody
showed no precipitation, the anti-Robo1 antibody specifically co-
immunoprecipitated USP33, indicating that USP33 interacts with
Robol in MGC-803 cells (Figure 4D). To test whether Slit2 affects
Robo1-USP33 interaction, co-immunoprecipitation experiments
were carried out using untreated MGC-803 cells, cells treated
with Slit2 containing media or cells transfected with Slit2 plasmid.
Robol and USP33 were determined in immunoprecipitated pro-
teins by Western blot. In comparison, neither Slit2 treatment nor
expression failed to affect interaction between Robol and USP33
(see Figure S2A).

3.5 | USP33 deubiquitinates and stabilizes Robol

We next examined whether USP33 affects the stability of Robol.
MGC-803 cells were transfected with either siUSP33 or control
siRNA (Ctrl), and treated with cycloheximide (CHX, an inhibitor of
protein synthesis). We then performed a time-course experiment
to measure the protein levels as a function of time. As shown in
Figure 4E,F, Robo1 levels decreased considerably 2 hour post-CHX
treatment. At 14 hour post-treatment, Robol protein was almost
completely degraded in MGC-803 cells transfected with siUSP33
compared with the control sample. These results showed that USP33
knock-down shortens the half-life of Robo1, indicating that USP33
stabilizes Robo1l by reducing the degradation of Robol protein.

The main proteolytic systems responsible for intracellular pro-
tein degradation are the ubiquitin-proteasome system (UPS) and the
lysosomal system.3® To examine the role of lysosomes vs the UPS
system in Robol degradation, MGC-803 cells were treated with

Proliferation

chloroquine (CHQ, a lysosome inhibitor) or MG132 (a proteasome
inhibitor). The Robol protein level increased after MG132 treat-
ment, whereas chloroquine treatment failed to show visible effects
(Figure 4G). These effects were also confirmed in additional 4 GC
cell lines (see Figure S2B), suggesting that Robo1 is degraded mainly
via the ubiquitin-proteasome system in GC cells.

Furthermore, the decrease in the Robol protein level induced
by siUSP33 was blocked by MG132 (Figure 4H). We then examined
the levels of ubiquitinylated Robo1 after co-transfecting Flag-tagged
ubiquitin (Flag-Ub) together with either control siRNA (Ctrl) or
siUSP33. Downregulation of USP33 increased the level of ubiquit-
inylated Robo1 in the presence of MG132 (Figure 4l).

Together, these data support the notion that USP33 stabi-
lizes Robol, preventing it from ubiquitin-proteasome-mediated

degradation.

3.6 | USP33 mediates Slit2 signalling in inhibiting
GC cell migration and EMT process in vitro

To test the involvement of USP33 in Slit2-Robo1 signalling, we per-
formed a wound-healing assay. USP33 expression was reduced in
GC cells by lentiviral vector containing a small hairpin sequence tar-
geting USP33 (LV-shUSP33). The efficiency of transfection was con-
firmed by qRT-PCR and Western blot (see Figure S2C,D). As shown
in Figure 5A-D, Slit2 overexpression suppressed GC cell migration,
however USP33 knock-down blocked the inhibitory function of Slit2
on cell migration in both MGC-803 and BGC-823 cells. Similar to
the results of wound-healing assay, the transwell assay also showed
that the inhibitory effects of Slit2 in GC cell migration and invasion
were reversed upon USP33 knock-down (Figure 5E-H). It should be
noted that USP33 knock-down by itself did not affect cell migration
or invasion (see Figure S2E-H).

To investigate the role of USP33 in Slit2 signalling in EMT, we
examined the EMT markers in MGC-803 and BGC-823 cells using
immunofluorescent microscopy and Western blot. Slit2 overexpres-
sion increased the expression of the epithelial marker E-cadherin
and reduced the expression of the mesenchymal marker vimentin
(Figure 5I). In addition, USP33 knock-down by shUSP33 attenuated
effects of Slit2 in increasing expression of E-cadherin and decreas-
ing Vimentin. Furthermore, our Western blot analysis showed that
Slit2 overexpression increased E-cadherin levels, but decreased ex-
pression of mesenchymal cell markers (N-cadherin, Vimentin) and
related transcription factors (Snail, Slug) (Figure 5J). Similarly, these
Slit2-induced effects were diminished upon USP33 knock-down.

Together, these results clearly demonstrate that USP33 medi-
ates Slit2 signalling in inhibiting GC cell migration and EMT in cul-
tured cells.

3.7 | USP33 mediates the inhibitory function of
Slit2 signalling on metastasis in vivo

To investigate the role of Slit2 and USP33 in GC metastasis, we used
an in vivo xenograft model. Control MGC-803 or BGC-823 cells, cells
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stably co-expressing Slit2 with shControl or shUSP33 were injected

into the caudal veins of athymic BALB/c nude mice (6 mice per group).
Mice were monitored for 6 weeks using an IVIS Imaging system. Six
weeks after tumour cell injection, mice were euthanized with the lung
tissues harvested for histological examination. The numbers of lung
metastatic foci were quantified (Figure 6C,D), and representative im-
ages are shown in Figure 6A,B. Overexpression of Slit2 significantly
inhibited GC metastasis of both MGC-803 and BGC-823 cells. Knock-
down of USP33 in Slit2 expressing GC cells, however, diminished the
inhibitory effects of Slit2 on tumour metastasis.

Together, these results strongly suggest that USP33 mediates
Slit2 signalling in inhibiting GC metastasis in vivo.

3.8 | USP33is required for Slit2-Robo1 signalling in
inhibiting TGF-f pathway

To further elucidate the potential pathway regulated by Slit2-Robo1l
signalling, a gene set enrichment analysis was performed using Slit2
expression as a phenotype label in GC cohorts from TCGA database.
Higher Slit2 expression was significantly correlated with negative
regulation of TGF-p pathway and pathway that restricted Smad pro-
tein phosphorylation (P < 0.05; Figure 6E,F). Transforming growth
factor-p (TGF-p) is widely upregulated in several human cancers®!
and could promote invasion and metastasis by inducing EMT in can-
cer cells,®2 while the phosphorylation of Smad proteins plays a key
role in the TGF-p pathway.®® These data suggested that Slit2 may
inhibit migration and EMT via inhibiting TGF-p pathway in GC.

We then measured the key proteins involved in TGF-p pathway.
Western blot showed that Slit2 reduced the expression of TGF-p re-
ceptor | (TGFBR1), p15 (a downstream target of TGFp), Smad2 and
Smad4 in MGC-803 and BGC-823, while these effects were attenu-
ated by USP33 knock-down (Figure 6G).

These results indicated that USP33 is required for Slit2-Robol
signalling in inhibiting TGF-f pathway.

3.9 | USP33 expression is inversely correlated
with tumour size, lymph node metastasis and neural
invasion in GC, and low USP33 expression predicts
poor survival

To explore the clinical significance of USP33, we examined the
correlation between the USP33 expression and clinicopathologi-
cal characteristics in our GC cohort. As shown in Table 1, USP33

expression was inversely correlated with tumour size, lymph node
metastasis and neural invasion. From TCGA dataset, higher USP33
expression significantly correlates with longer overall survival
(Figure 6H). Furthermore, KM-plotter analysis of additional GC data-
sets®* also shows that high USP33 expression was associated with
extended patient survival in two independent datasets, GSE62254
and GSE15459 (Figure 6l,)). Together, these results suggest that

USP33 represents a suitable choice as a prognostic marker for GC.

4 | DISCUSSION

Gastric cancer remains a common cause of tumour-related death
and a major health problem in the world, especiallyin Eastern Asia.>?
Although great efforts have been made, the mechanisms underlying the
tumorigenesis and development of GC remain implicit, which partially
accounts for the poor prognosis of GC patients. Epithelial-mesenchy-
mal transition (EMT) has emerged as a critical process of cell invasion
and metastasis in most epithelial tumour, including GC,?52% and could
serve as a potential target for cancer pharmacological intervention.®®

In this study, we first report the involvement of Slit-Robo signal-
ling in the EMT of GC. We also demonstrate the mechanism of how
USP33 mediates Slit-Robo signalling in GC. As illustrated in Figure 7,
USP33 interacts with Robol and stabilizes Robo1, preventing it from
ubiquitin-proteasome-mediated degradation.

The first indication that Slit-Robo signalling might play an im-
portant role in cancer derived from studies by Sundaresan and col-
leagues, which identified and cloned the DUTT1 gene (later renamed
as ROBO1) and used probes to detect two homozygous deletions
at the 3p12 locus in lung and breast carcinomas.®**” Subsequent
studies have confirmed the involvement of Slit-Robo signalling in
several types of cancer.*'3840 Overwhelming evidence suggests
that Slit expression is reduced in different types of cancers.®8%?
However, the role of Slit-Robo signalling in GC remains controversial.
For example, it was reported that POU2F2 promotes GC metasta-
sis through a positive regulation of Robo1,'? whereas another study
showed that down-regulating Slit2 increases growth and motility
of GC cells by activating AKT/B—catenin.17 In our study, we clearly
demonstrate the downregulation of Slit2 and Robol expression in
multiple datasets and our samples at both mRNA and protein lev-
els. Our data indicate that Slit2 inhibits the migration of GC cell in a
Robo-dependent manner. This is consistent with our previous stud-

ies of lung cancer® and breast cancer®® and with other studies such

FIGURE 5 USP33 mediates Slit2 signalling in inhibiting GC cell migration and EMT in vitro. A, The migration of MGC-803 cells expressing
Slit2, Slit2 + shUSP33 or the control was examined in the wound-healing assay. Original magnification, 40x; scale bar: 200 um. B, The
migration of BGC-823 cells was examined in the wound-healing assay. C, Quantification of the migration distance of MGC-803 cells. D,
Quantification of the migration distance of BGC-823 cells. E, The migration of MGC-803 and BGC-823 cells was examined in the transwell
assay. Original magnification, 100x; scale bar: 200 um. F, Cell invasion by MGC-803 and BGC-823 cells was examined in the transwell assays.
G, The number of migrated cells was counted. H, The number of invaded cells was counted. |, Inmunofluorescent microscopy was used to
detect expression of E-cadherin (red) and vimentin (green) in MGC-803 and BGC-823 cells expressing Slit2, Slit2 + shUSP33 or the control,
and DAPI (blue) was applied for nuclear staining. Original magnification, 400x; scale bar: 50 um. J, The expression of epithelial cell marker
(E-cadherin), mesenchymal cell markers (N-cadherin, Vimentin) and related transcription factors (Snail, Slug) was analysed by Western blotting.
GAPDH was used as an internal control. All data are shown as mean + SEM and analysed by Student's t test, *P < 0.05, **P < 0.01, ***P < 0.001
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Several Robo-interacting molecules, such as srGAP® Abl’
ERK1/2,%0 UsP33'>?2 and Myo9b,16 have been found to medi-

ate Slit-Robo signalling by different mechanisms. USP33 was
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initially identified as a substrate molecule which binds to VHL hSP56,%¢ RALB,*” ADRB*® and DI02.*’ The findings of these stud-

ies suggest that USP33 possesses biological functions critical for
a wide range of human physiological and pathological processes.

E3 ligase.?! To date, a considerable number of proteins interact-
ing with USP33 have been identified, including beta-arrestin,*
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FIGURE 6 USP33 mediates the inhibitory function of Slit2 signalling in GC metastasis in vivo, and low USP33 expression predicts shorter
patient survival. (A) MGC-803 cells stably expressing Slit2, Sli2 + shUSP33 or the control (1 x 10° cells in 100 uL PBS) were injected into
the tail vein of 4-week-old female BALB/c nude mice (6 mice per group). Tumour progression and metastases were monitored using an IVIS
Imaging system. Mice were euthanized 6 weeks after injection, and the lung tissues were harvested for haematoxylin-eosin (HE) staining.
Representative images of bioluminescent images of mice and HE staining of lung tissues were shown. Original magnification, 200x; scale
bar: 100 um. (B) Representative images of bioluminescent images of mice and HE staining of lung tissues injected with BGC-823. Original
magnification, 200x; scale bar: 100 um. (C) Quantification of metastatic foci in mice injected with MGC-803 cells. (D) Quantification of
metastatic foci in mice injected with BGC-823 cells. (E, F) A gene set enrichment analysis (GSEA) was performed to compare the Slit2
higher group (red) against Slit2 lower group (blue) with GC cohorts of the TCGA database. Higher Slit2 expression correlates with the
negative regulation of transforming growth factor p receptor signalling pathway and positive regulation of pathway restricted Smad protein
phosphorylation. (G) Expression of key proteins involved in TGFB pathway by Western blotting. (H-J) Patient survival analyses based on
USP33 expression in three independent datasets, TCGA, GSE62254 and GSE15459. The overall survival analyses were displayed with

hazard rate and log-rank test P-values

As a Robol-interacting protein, our previous studies have demon-
strated that USP33 regulates the expression of Robo1'>27?8 and is
required for Slit-Robo signalling in modulating axon midline cross-
ing22 and inhibiting cell migration in breast cancer,* colorectal
cancer? and lung cancer.?® In this study, the results that Robo1l
expression is reduced in GC prompted us to explore whether

TABLE 1 Correlation between USP33
mMRNA expression and the
clinicopathological characteristics in 54
paired GC patients

Characteristics
Age (y)
<60
260
Gender
Male
Female
Size (cm)
<3
>3
Histology grade
Well-moderately
Poorly signet
T grade
T1+T2
T3+T4

Lymph node metastasis

Absent (NO)
Present (N1-N3)
Stage
/11
/v
Blood vessel invasion
Absent
Present
Neural invasion
Absent

Present

USP33 affect the Slit-Robo signalling in GC. We also found that
knock-down of USP33 reduced the protein level of Robol, while
failed to affect Robol mRNA level, suggesting that USP33 reg-
ulates Robol protein expression through the post-translational
modification. Subsequent experiments proved the hypothesis that
Robol is degraded mainly via the ubiquitin-proteasome system.

USP33 expression
Number Low group High group P-value
17 10 7 0.559
37 17 20
38 19 19 0.999
16 8 8
19 5 14 0.021*
35 22 13
37 21 16 0.241
17 6 11
24 9 15 0.170
30 18 12
22 5 17 0.002*
32 22 10
32 12 20 0.051
22 15 7
35 15 20 0.254
19 12 7
27 7 20 0.001*
27 20 7

Chi-square test was performed to analyse the correlations,

*P < 0.05.
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FIGURE 7 A diagram depicting a working model for USP33 in
mediating the inhibitory function of Slit2-Robo1 signalling in GC
cells. In GC cells, Slit2 binds to Robol and inhibits cell migration
and EMT. USP33 interacts with Robol and mediates Slit2-Robol
signalling by deubiquitinating Robo1 and preventing it from
ubiquitin-proteasome-mediated degradation

USP33 stabilizes Robol by reducing the ubiquitination of Robo1,
thus is required for the Slit2-Robo1l signalling in inhibiting gastric
cancer cell migration and EMT. To our knowledge, it is the first
study investigating the molecular mechanisms of USP33 in GC.
Transforming growth factor-p (TGF-g) has been proved as a crit-
ical factor during malignant progression in many types of cancer;
meanwhile, the increased level and tumour-promoting function of
TGF-p in gastric cancer have also been reported.*>>* Furthermore,
TGF-p signalling is closely related to EMT and contributes to distant

3253 3nd Smad protein phosphorylation is a

metastatic of tumours
key step during the activation TGF-$ signalling.>*>% In this study, by
the gene set enrichment analysis and Western blot of the key pro-
teins, we demonstrated that the inhibitory functions of Slit2-Robol
on cell migration and EMT are mediated partially by the inactiva-
tion of TGF- signalling and USP33 is required for these effects.
The degradation of many intracellular short-lived proteins relies
on the ubiquitin-proteasome system (UPS).%® The therapy targeting
the ubiquitin system has developed into a promising strategy for

cancer treatment.”’

Data from our patient samples together with
analyses of multiple independent datasets show that higher USP33
expression is significantly associated with longer patient survival,
suggesting the potential applications of USP33 for GC therapy and
predicting prognosis. Future studies are needed to investigate the po-
tential value of Slit2-Robo1-USP33 in diagnosis and treatment of GC.

In summary, our data reveal the new molecular mechanism of
USP33 in GC and Slit2-Robo1-USP33 pathway in suppressing GC
cell migration and EMT. In addition, higher USP33 expression is

significantly associated with extended patient survival. These re-
sults support the suppressive role of USP33 in GC and suggest the
potential of USP33 as a prognostic biomarker and therapeutic target
for GC.

ACKNOWLEDGEMENTS

This work was partially supported by the National Natural Science
Foundation of China (81572362, 81602080); the Primary Research
& Development Plan of Jiangsu Province (BE2016786); the Program
for Development of Innovative Research Team in the First Affiliated
Hospital of NJMU; the Priority Academic Program Development
of Jiangsu Higher Education Institutions (PAPD, JX10231801); 333
Project of Jiangsu Province (BRA2015474); Jiangsu Key Medical
Discipline (General Surgery)(ZDXKA2016005); Jiangsu Key Lab
of Cancer Biomarkers, Prevention and Treatment, Collaborative
Innovation Center for Cancer Personalized Medicine, Nanjing
Medical University. JYW is supported by NIH (RO1CA175360).
RK is supported by National Natural Science Foundation of China
(31501133 and 31671452). We would like to thank Torsten Juelich
for the professional language editing service.

CONFLICT OF INTEREST

The authors have no conflicts of interest to declare.

AUTHOR CONTRIBUTIONS

Xu ZK and Wu JY designed the study; Xia YW, Wang LJ and Xu ZP
performed the cellular and animal experiments; Kong RR and Wang
F performed bioinformatic analysis; Yin K, He ZY and Wang L col-
lected the clinical samples; Xu H, Zhang DC and Yang L analysed the
data; Xia YW, Wang LJ and Li BW wrote manuscript. All authors read

and approved the final manuscript.

ORCID
Zekuan Xu https://orcid.org/0000-0001-5179-4128
REFERENCES

1. Ferlay J, Soerjomataram I, Dikshit R, et al. Cancer incidence and
mortality worldwide: sources, methods and major patterns in
GLOBOCAN 2012. Int J Cancer. 2015;136(5):E359-E386.

2. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A.
Global cancer statistics, 2012. CA Cancer J Clin. 2015;65(2):87-108.

3. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics, 2014. CA Cancer J
Clin. 2014;64(1):9-29.

4. Rothberg JM, Jacobs JR, Goodman CS, Artavanis-Tsakonas S. slit:
an extracellular protein necessary for development of midline glia
and commissural axon pathways contains both EGF and LRR do-
mains. Genes Dev. 1990;4(12A):2169-2187.

5. BroseK, Bland KS, Wang KH, et al. Slit proteins bind Robo receptors
and have an evolutionarily conserved role in repulsive axon guid-
ance. Cell. 1999;96(6):795-806.


https://orcid.org/0000-0001-5179-4128
https://orcid.org/0000-0001-5179-4128

XIAET AL

e

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Wu W, Wong K, Chen J-H, et al. Directional guidance of neuro-
nal migration in the olfactory system by the protein Slit. Nature.
1999;400(6742):331-336.

Li H-S, Chen J-H, Wu W, et al. Vertebrate slit, a secreted ligand for
the transmembrane protein roundabout, is a repellent for olfactory
bulb axons. Cell. 1999;96(6):807-818.

Wong K, Ren X-R, Huang Y-Z, et al. Signal transduction in neuronal
migration: roles of GTPase activating proteins and the small GTPase
Cdc42 in the Slit-Robo pathway. Cell. 2001;107(2):209-221.
Bashaw GJ, Kidd T, Murray D, Pawson T, Goodman CS. Repulsive
axon guidance: Abelson and Enabled play opposing roles down-
stream of the roundabout receptor. Cell. 2000;101(7):703-715.
Feng L, Jiang Z, Park H, et al. The neuronal repellent Slit inhibits
leukocyte chemotaxis induced by chemotactic factors. Nature.
2001;410(6831):948-952.

Gara RK, Kumari S, Ganju A, Yallapu MM, Jaggi M, Chauhan SC.
Slit/Robo pathway: a promising therapeutic target for cancer. Drug
Discov Today. 2015;20(1):156-164.

Huang T, Kang W, Cheng AS, Yu J, To KF. The emerging role of Slit-
Robo pathway in gastric and other gastro intestinal cancers. BMC
Cancer. 2015;15:950.
Blockus H, Chedotal
2016;143(17):3037-3044.
Biankin AV, Waddell N, Kassahn KS, et al. Pancreatic cancer ge-
nomes reveal aberrations in axon guidance pathway genes. Nature.
2012;491(7424):399-405.

Yuasa-Kawada J, Kinoshita-Kawada ™M, Rao Y, Wu JVY.
Deubiquitinating enzyme USP33/VDUL1 is required for Slit signal-
ing in inhibiting breast cancer cell migration. Proc Natl Acad Sci USA.
2009;106(34):14530-14535.

KongR, YiF, Wen P, et al. Myo%b is a key player in SLIT/ROBO-medi-
ated lung tumor suppression. J Clin Invest. 2015;125(12):4407-4420.
ShiR, Yang Z, Liu W, et al. Knockdown of Slit2 promotes growth and
motility in gastric cancer cells via activation of AKT/beta-catenin.
Oncol Rep. 2014;31(2):812-818.

Shi R, Liu W, Liu B, et al. Slit2 expression and its correlation with
subcellular localization of beta-catenin in gastric cancer. Oncol Rep.
2013;30(4):1883-1889.

Wang S-M, Tie J, Wang W-L, et al. POU2F2-oriented network pro-
motes human gastric cancer metastasis. Gut. 2016;65(9):1427-1438.
Tie J, Pan Y, Zhao L, et al. MiR-218 inhibits invasion and metasta-
sis of gastric cancer by targeting the Robol receptor. PLoS Genet.
2010;6(3):e1000879.

Li Z, Wang D, Na Xi, Schoen SR, Messing EM, Wu G. Identification
of a deubiquitinating enzyme subfamily as substrates of the von
Hippel-Lindau tumor suppressor. Biochem Biophys Res Commun.
2002;294(3):700-709.

Yuasa-Kawada J, Kinoshita-Kawada M, Wu G, Rao Y, Wu JV.
Midline crossing and Slit responsiveness of commissural axons re-
quire USP33. Nat Neurosci. 2009;12(9):1087-1089.

Chen Y, Pang X, JiL, SunY, Ji Y. Reduced expression of deubiquiti-
nase USP33 is associated with tumor progression and poor progno-
sis of gastric adenocarcinoma. Med Sci Monit. 2018;24:3496-3505.
Rhodes DR, Yu J, Shanker K, et al. ONCOMINE: a cancer microar-
ray database and integrated data-mining platform. Neoplasia.
2004;6(1):1-6.

Thompson EW, Torri J, Sabol M, et al. Oncogene-induced basement
membrane invasiveness in human mammary epithelial cells. Clin Exp
Metastasis. 1994;12(3):181-194.

Savagner P, Boyer B, Valles AM, Jouanneau J, Thiery JP. Modulations
of the epithelial phenotype during embryogenesis and cancer pro-
gression. Cancer Treat Res. 1994,71:229-249.

Huang Z, Wen P, Kong R, et al. USP33 mediates Slit-Robo sig-
naling in inhibiting colorectal cancer cell migration. Int J Cancer.
2015;136(8):1792-1802.

A. Slit-robo signaling. Development.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Proliferation

Wen P, Kong R, Liu J, et al. USP33, a new player in lung cancer, me-
diates Slit-Robo signaling. Protein Cell. 2014;5(9):704-713.

Gao J, Aksoy BA, Dogrusoz U, et al. Integrative analysis of complex
cancer genomics and clinical profiles using the cBioPortal. Sci Signal.
2013;6(269):11.

Chondrogianni N, Petropoulos I, Grimm S, et al. Protein damage,
repair and proteolysis. Mol Aspects Med. 2014;35:1-71.

Seoane J, Gomis RR. TGF-beta family signaling in tumor sup-
pression and cancer progression. Cold Spring Harb Perspect Biol.
2017;9(12):a022277.

Thiery JP, Sleeman JP. Complex networks orchestrate epithelial-
mesenchymal transitions. Nat Rev Mol Cell Biol. 2006;7(2):131-142.
Derynck R, Zhang YE. Smad-dependent and Smad-inde-
pendent pathways in TGF-beta family signalling. Nature.
2003;425(6958):577-584.

Szasz AM, Lanczky A, Nagy A, et al. Cross-validation of survival as-
sociated biomarkers in gastric cancer using transcriptomic data of
1,065 patients. Oncotarget. 2016;7(31):49322-49333.

Davis FM, Stewart TA, Thompson EW, Monteith GR. Targeting EMT
in cancer: opportunities for pharmacological intervention. Trends
Pharmacol Sci. 2014;35(9):479-488.

Sundaresan V, Chung G, Heppell-Parton A, et al. Homozygous
deletions at 3pl1l2 in breast and lung cancer. Oncogene.
1998;17(13):1723-1729.

Sundaresan V, Roberts |, Bateman A, et al. The DUTT1 gene, a novel
NCAM family member is expressed in developing murine neural
tissues and has an unusually broad pattern of expression. Mol Cell
Neurosci. 1998;11(1-2):29-35.

Dallol A, Da SN, Viacava P, et al. SLIT2, a human homologue of
the Drosophila Slit2 gene, has tumor suppressor activity and is
frequently inactivated in lung and breast cancers. Cancer Res.
2002;62(20):5874-5880.

Dallol A, Morton D, Maher ER, Latif F. SLIT2 axon guidance molecule
is frequently inactivated in colorectal cancer and suppresses growth
of colorectal carcinoma cells. Cancer Res. 2003;63(5):1054-1058.
Dallol A, Krex D, Hesson L, Eng C, Maher ER, Latif F. Frequent
epigenetic inactivation of the SLIT2 gene in gliomas. Oncogene.
2003;22(29):4611-4616.

Astuti D, da Silva Nf, Dallol A, et al. SLIT2 promoter methylation
analysis in neuroblastoma, Wilms' tumour and renal cell carcinoma.
Br J Cancer. 2004;90(2):515-521.

Narayan G, Goparaju C, Arias-Pulido H, et al. Promoter hypermeth-
ylation-mediated inactivation of multiple Slit-Robo pathway genes
in cervical cancer progression. Mol Cancer. 2006;5:16.
Werbowetski-Ogilvie Te, Seyed Sadr M, Jabado N, et al
Inhibition of medulloblastoma cell invasion by Slit. Oncogene.
2006;25(37):5103-5112.

Yiin J-J, Hu Bo, Jarzynka MJ, et al. Slit2 inhibits glioma cell inva-
sion in the brain by suppression of Cdc42 activity. Neuro Oncol.
2009;11(6):779-789.

Shenoy Sk, Modi As, Shukla Ak, et al. Beta-arrestin-dependent sig-
naling and trafficking of 7-transmembrane receptors is reciprocally
regulated by the deubiquitinase USP33 and the E3 ligase Mdm2.
Proc Natl Acad Sci USA. 2009;106(16):6650-6655.

Jeong JY, Wang Y, Sytkowski AJ. Human selenium binding protein-1
(hSP56) interacts with VDU1 in a selenium-dependent manner.
Biochem Biophys Res Commun. 2009;379(2):583-588.

Simicek M, Lievens S, Laga M, et al. The deubiquitylase USP33 dis-
criminates between RALB functions in autophagy and innate im-
mune response. Nat Cell Biol. 2013;15(10):1220-1230.

Berthouze M, Venkataramanan V, Li Y, Shenoy SK. The deubiquiti-
nases USP33 and USP20 coordinate beta2 adrenergic receptor re-
cycling and resensitization. EMBO J. 2009;28(12):1684-1696.
Curcio-Morelli C, Zavacki AM, Christofollete M, et al.
Deubiquitination of type 2 iodothyronine deiodinase by von




16 of 16 WILEY— Galli i,

50.
51.
52.

53.

54.

55.

XIAET AL

Proliferatio

Hippel-Lindau protein-interacting deubiquitinating enzymes regu-
lates thyroid hormone activation. J Clin Invest. 2003;112(2):189-196.
Maehara Y, Kakeji Y, Kabashima A, et al. Role of transforming
growth factor-beta 1 in invasion and metastasis in gastric carci-
noma. J Clin Oncol. 1999;17(2):607-614.

Leivonen SK, Kahari VM. Transforming growth factor-beta
signaling in cancer invasion and metastasis. Int J Cancer.
2007;121(10):2119-2124.

Zhao S, Sun H, Jiang W, et al. miR-4775 promotes colorectal cancer
invasion and metastasis via the Smad7/TGFbeta-mediated epithe-
lial to mesenchymal transition. Mol Cancer. 2017;16(1):12.

Yeh YC, Wei WC, Wang YK, et al. Transforming growth factor-
{beta}1 induces Smad3-dependent {beta}1 integrin gene expression
in epithelial-to-mesenchymal transition during chronic tubulointer-
stitial fibrosis. Am J Pathol. 2010;177(4):1743-1754.

Chen S, Crawford M, Day RM, et al. RhoA modulates Smad signaling
during transforming growth factor-beta-induced smooth muscle
differentiation. J Biol Chem. 2006;281(3):1765-1770.

Leivonen S-k, Ala-aho R, Koli K, Grénman R, Peltonen J, Kahéari V-M.
Activation of Smad signaling enhances collagenase-3 (MMP-13) ex-
pression and invasion of head and neck squamous carcinoma cells.
Oncogene. 2006;25(18):2588-2600.

56.

57.

Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem.
1998;67:425-479.

Hoeller D, Dikic I. Targeting the ubiquitin system in cancer therapy.
Nature. 2009;458(7237):438-444.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Xia Y, Wang L, Xu Z, et al. Reduced
USP33 expression in gastric cancer decreases inhibitory
effects of Slit2-Robo1 signalling on cell migration and EMT.
Cell Prolif. 2019;52:€12606. https://doi.org/10.1111/

cpr.12606


https://doi.org/10.1111/cpr.12606
https://doi.org/10.1111/cpr.12606

