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Background: To investigate the clinical significance of ubiquitin-specific peptidase 19
(USP19) expression in gastric cancer (GC) compared with that in normal tissues and gastric
cell lines.

Methods: USP19 protein expression was analyzed in 212 paired GC samples using immu-
nohistochemical staining. Quantitative real-time PCR (qRT-PCR) and Western blotting were
used to detect the level of USP19 in gastric cell lines. The biological functions of USP19
were investigated by MTT assay, colony-forming assay, wound healing assay and gelatin
zymography, and apoptotic cells were detected by immunohistochemistry assays in
SGC7901 xenograft models.

Results: USP19 expression was significantly increased in GC cells and tissues, and the high
level of USP19 expression was positively correlated with the Lauren’s classification and poor
prognosis. Moreover, USP19 was identified as a novel independent prognostic biomarker in
GC patients. Enhanced USP19 expression promoted GC cell proliferation and metastasis
through reduced cleaved caspase-3 and increased MMP2/MMP9 expression and promoted
enzyme activity in the study, and verified the results through The Cancer Genome Atlas
(TCGA) and bioinformatic websites from the Kaplan—Meier plotter (http://kmplot.com) and
GEPIA (http://gepia2.cancer-pku.cn.).

Conclusion: Our study suggests that USP19 promoted tumor progression by inducing

MMP2/MMP9 expression and related enzyme activity. Hence, USP19 may be a valuable
prognostic predictor for GC, and the USP19-MMP2/MMP9 axis could serve as a therapeutic
target.
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Introduction
Gastric cancer (GC) is the 5th main cause of cancer-related death worldwide with
high mortality and high incidence in China."* Based on the remaining outstanding
rate of recurrence and a very low S5-year survival rate (<10% at advanced stages),
a molecular understanding of the genetic factors involved in GC progression and
advanced-stage disease may contribute to identifying novel biomarkers and high-
light potential avenues for targeted therapies. In most patients, the cancer is
diagnosed at an advanced stage and may have metastasized, which is one of the
main reasons for its relatively poor prognosis. Therefore, it is important to identify
novel, robust biomarker candidates for the prognostic assessment of GC patients.
Epithelial-mesenchymal transition (EMT) is a developmental program asso-
ciated with cancer progression and metastasis. In particular, cancer cells typically
spread by secreting various molecules that degrade the extracellular matrix (ECM),
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invading blood vessels, and migrating to distant sites.
Matrix metalloproteinases (MMPs) are a major group of
enzymes that regulate ECM composition during normal
development and pathological responses.” MMPs are
important in regulating cell migration and invasion
through digesting the ECM. Elevated MMP2 and MMP9
expression has been observed in invasive and metastatic
cases of GC patients.*

Recently, deubiquitinases (DUBs) have been identified as
pro- or anti-cancer factors owing to their regulatory effects
on key oncogenes or other proteins involved in tumor pro-
gression. Of these DUBs, the ubiquitin-specific protease
(USP) family plays a critical role in the induction of EMT
and in properties of mammary epithelial stem cells. Many
USPs have been implicated in human tumorigenesis through
regulation of protein localization or activation. For example,
USP34 induces mammary gland regeneration or bone for-
mation by induction of EMT and stemness.®’ In metastatic
breast cancer, USP15 is required for cell migration through
transforming growth factor-p signaling and p53 stability.*’
Elevated levels of USPs have been reported in cancer sam-
ples compared with those in adjacent normal tissues (ANTSs),
and this finding has received a great deal of attention.'*"
The ubiquitin-proteasome system is the major pathway that
plays an important role in a variety of cellular responses,
including cell division, proliferation, metastasis, and
apoptosis.12 Moreover, USPs are attractive targets for cancer
drug discovery purposes in many cancer-associated
pathways.'*'* It has been shown that USPs play important
roles in the regulation of unfolded protein response and
misfolding-associated protein secretion.'>'® USP6 was
shown to induce transcription of MMP9 through the activa-
tion of nuclear factor-kB (NF-xB) in a USP-dependent
manner.'” USP6 also induced the formation of tumors,
which suggested that targeting USP6 with specific inhibitors
might be an effective anticancer approach.'® " Interaction of
USP7 with FOXO4 led to FOXO4 inactivation by nuclear
export and upregulation of the oncogenic PI3K/Akt

1

pathway.?' The activity or expression of other USPs is

thought to have increased in cancer cells, which could
serve as prime targets for therapeutic intervention.*>*
USP19 is known to be involved in the following: main-
tenance of cell proliferation; modulation of DNA damage
repair by the targeting of different substrates, such as p27,
HIFla, and cIAP, for de-ubiquitination and inhibition of
degradation in a DUB-independent manner;** 2 and inhibi-
tion of tumor necrosis factor-a-induced cell apoptosis.""
Pathologically, USP19 is involved in hypoxia and muscle

wasting.”’ Hence, exploring the underlying molecular
mechanism of USP19 may be helpful for developing treat-
ment strategies as well as monitoring the prognosis of GC
under hypoxic microenvironment.

To date, little is known about the regulation of USP19
in tumors. It is still unknown whether USP19 is involved
in the regulation of growth and metastasis of GC.
Identifying the downstream targets of USP19 would help
elucidate its role in tumor progression. In this study, we
investigated the relationship between USP19 expression
and the prognosis of GC patients, and explored the poten-
tial effects of USP19 on MMP2/MMP9 expression and
enzyme activity in GC. We first identified that USP19
was a positive regulator of metastasis and an independent
predictor of clinical outcome in GC patients.
Overexpression of USP19 enhanced MMP2/MMP9 pro-
tein expression and enzyme activity. Our findings demon-
strated that USP19 acted as an enhancer and promising
prognostic signature in the metastatic pathway by regulat-
ing the MMP2/MMP9 axis in GC.

Materials and Methods

Patients and Tissue Samples

This retrospective study enrolled a total of 212 patients
with GC who
January 2012 and May 2018 at Liaoning Province

underwent  gastrectomy between
Cancer Hospital & Institute (Liaoning, China). No preo-
perative radiotherapy or chemotherapy was performed
before surgery. All patients had a sufficient number of
paraffin-embedded tumor specimens stored. All tissue
samples were fixed in 10% neutral formalin and embedded
in paraffin. A tissue array was constructed and cut into
4-um sections. Patients were monitored every 3 to 6
months. Tumor staging conformed to the 8" edition of
the American Joint Committee on Cancer/Union
International Control Center (AJCC/UICC) TNM staging
manual (2017). Median age at surgery was 63.5 years
(range 26-81 years); 168 (79.2%) were male, and 44
(20.8%) were female. The clinicopathological parameters
of patients included age, sex, Lauren’s classification, TNM
stage, T category, N category, and distant metastasis
(Table 1). This study was approved by the Liaoning
Province Cancer Hospital and Institute Institutional
Review Board. Informed consent for specimen preserva-
tion was obtained from all patients before their surgery at
Liaoning Province Cancer Hospital and Institute.
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Table | Univariate Cox Model for the Association Between
Survival and Clinicopathological Features in GC

Clinical Features No. Cases P-value
Sex

Male 168

Female 44 0.547
Age

260 131

<60 8l 0.243
TNM stage

| 18

1l 66 hvs | 0.051

1] 118 I vs | <0.001

v 10 IV s | <0.001
Tumor invasive depth (T)

| 10

2 19 2vs | 0.084

3 115 3vs | 0.002

4 68 4vs | <0.001
Lymph node metastasis (N)

0 60

| 31 0.003

2 53 0.003

3 68 <0.001
Distant metastasis (M)

Yes 10

No 202 0.001
Lauren’s classification

Intestinal type 132

Diffused type 80 <0.001
USPI19 expression

High 141

Low 71 <0.001

Immunohistochemical Staining

The tissue microarray section was dewaxed with xylene,
rehydrated, pretreated with 3% H,0,, and then subjected
to antigen retrieval. The slides were incubated at 4°C
overnight with mouse anti-human USP19 (dilution 1:200;
Proteintech, Chicago, IL) for human samples, and with
USP19 antibody (dilution 1:200), rabbit anti-human
MMP2 and MMP9, cleaved caspase-3 (dilution 1:100,
respectively; Cell Signaling Technology, Danvers, MA)
for xenograft tissues. The horseradish peroxidase (HRP)-
labeled secondary antibody was added for 30 mins at room
temperature. At last, the sections were visualized with
3,3'-diaminobenzidine (DAB; Zhongshan Gold Bridge
Corporation, China). Slides were then counterstained

with hematoxylin, dehydrated with alcohol and xylene,
and mounted on coverslips. Immunoreactivity was visua-
lized using an Envision detection system (DAKO,
Carpinteria, CA), and the nuclei were counterstained
with hematoxylin.

The staining percentage and staining intensity of
USP19 were independently graded and calculated for the
final staining score by three senior pathologists. The final
results were obtained after evaluating the staining intensity
of the positively stained cells. This value was calculated as
the mean percentage of USP19-positive tumor cells ele-
vated in five areas at 200x magnification.

IHC staining for USP19 was scored based on a semi-
quantitative scale (— to +++) system. Cells positively
stained for USP19 showed variable degrees of cytoplasmic
staining in the tissues. The scoring was based on the
staining intensity (O=none; 1=mild; 2=moderate; and
3=intense) and percentage of positive cells (0=0%;
1=1%-25%; 2=26%-50%; 3=51%-75%; 4=76-100%).
The final score of each sample (0—12) was obtained by
multiplying the staining intensity with the percentage of
positive cells, and tissues were ultimately defined as nega-
tive (-), score 0; weak expression (+), score 1-4; moderate
expression (++), score 5-8; and strong expression (+++),
scored >9. Tissue samples scoring (+) to (+++) were
considered “high expression”, and samples scoring (-)
were defined as “low expression”. The median score was
used as the expression cutoff point (USP19 median
score=4). Tissue samples scores>4 were considered “high
expression”, and samples scoring (<4) were defined as
“low expression”.

Cell Lines

The human GC cell lines (BGC823, MGC803, SGC7901,
MKN45, AGS, and N87) and gastric immortalized epithe-
lial cell line (GES1) were purchased from the Shanghai
Institute of Cell Biology. All cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco
BRL, Grand Island, NY) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) containing 100 units/
mL penicillin and 100 mg/mL streptomycin (P/S, Gibco)
at 37°C in a 5% CO, incubator.

Antibodies

The antibodies used for Western blotting (WB) and immu-
nohistochemistry (IHC) included: mouse anti-human
USP19 monoclonal antibody (Proteintech, Chicago, IL),
rabbit anti-human MMP2, MMP9, and cleaved caspase-3
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antibodies (Cell Signaling Technology), and rabbit anti-
human f-actin monoclonal antibody (Sigma-Aldrich,
St. Louis, MO) as the internal control.

Fluorescence Microscopy

Gastric cell lines (BGC823, SGC7901, and GES1) were
cultured on a glass-bottomed dish and directly observed.
For examination by immunofluorescence microscopy, cells
grown on gelatin-coated coverslips were fixed with 4%
paraformaldehyde, permeabilized using 50pg/mL digito-
then
Colocalization images were obtained under a Zeiss LSM

nin, and stained with specific antibodies.
700 confocal microscope equipped with a 100x (NA 1.4)
oil-immersion objective, and the LC3 puncta images were
captured using Leica DMI3000 B with a 100x oil-

immersion objective.

Cell Invasion and Wound Healing Assay
Invasion assays were performed using Boyden chambers
(Corning Inc., Corning, NY) with a membrane (8 um pore
size) coated with Matrigel (1 mg/mL; BD Biosciences,
Franklin Lakes, NJ) according to the manufacturer’s pro-
tocol. Briefly, 1x10° cells in 200uL of FBS-free medium
were seeded into the upper chambers. The bottom wells in
the system were filled with 600 uL of 10% FBS medium.
After the assay had been running for 24 h at 37°C, non-
migrated or non-invaded cells were removed from the
upper surface of the filter. Cells on the lower surface of
the membrane were fixed with ice-cold methanol and
stained with crystal violet. Cells were counted under an
optical microscope. Each experiment was repeated five
times.

Cell migration was measured using a scratch (wound-
ing healing) assay. Cells were plated in 6-well plates to
create a confluent monolayer. Then, the monolayer was
scraped in a straight line to create a scratch or wound with
a p200 pipette tip. The cells were washed once with
growth medium and incubated in DMEM containing 2%
FBS. The remaining cells were treated with 10% FBS
DMEM solution and imaged using a phase-contrast micro-
scope at 0, 12, 24, and 36 h. The wound area was quanti-
fied using NIH Image-Pro Plus software. The data are
expressed as the mean of three independent experiments
+ standard deviation (SD) for three times.

MTT Assay

GC cells transfected with different vectors were seeded in
96-well plates. Viable cells were quantified with the

modified 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay in six replicates per dilution.

Real-Time PCR

Real-time PCR was performed with an ABI Sep Plus One
sequence detection system (Applied Biosystems, Foster
City, CA). Primers were designed (https://www.genscript.

com/tools/real-time-pcr-tagman-primer- design-tool) and

are listed in Table S1. B-actin was used as a loading con-
trol. The threshold was set above the non-template control
background and within the linear phase of target gene
amplification to calculate the cycle number at which the
transcript was detected.

Transfection and Generation of Stable

Cell Lines

The specific ectopic expression USPI9 plasmid
(RC214190, USP19 [Myc-DDK-tagged]-Human USP19,
NM_ 006677, transcript variant 4) with the vector control
(pCMV6-Entry, CAT#: PS10,0001) were purchased from
a commercial company (OriGene Ltd., Rockville, MD),
and these plasmids were transfected into GES1 cells with
400pg/mL neomycin (Gibco) addition to form stable
clones. The specific kit for knockdown of USP19 was
ordered from the commercial company (OriGene, Ltd.;
USP19 Human shRNA Plasmid Kit [Locus ID 10,869],
CAT#: TR308463, ordered from https://www. origene.
com/catalog/rnai/shrna-plasmids/tr308463/usp19-human-
shrna- plasmid-kit- locus- id-10,869). These shRNA con-
structs were designed against multiple splice variants at

this gene locus, as well as the negative control-empty
vector (pRS, CAT#: TR20003). The ShUSP19 and empty
vector plasmids were transfected into SGC7901 cells with
400 pg/mL neomycin (Gibco) for stable transfection. The
relative efficacy of transfection was evaluated by Western
Blotting analysis.

Determination of MMP2/MMP9 Activity
by Gelatin Zymography Analysis

The activities of MMP2/MMP9 in conditioned medium
after stable transfection with different plasmids were mea-
sured by gelatin zymography protease assay. Briefly, col-
lected media of an appropriate volume were prepared with
sodium dodecyl sulfate (SDS) sample buffer without boil-
ing or reduction and subjected to 0.1% gelatin-7%
SDS-polyacrylamide gel electrophoresis (PAGE). After
electrophoresis, gels were washed with 2.5% Triton
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X-100 and then incubated in reaction buffer (40mM Tris-
HCI, pH 8.0, 10 mM CacCl,, and 0.01% NaN3) for 12 h at
37°C. Then, gel was stained with Coomassie Brilliant Blue
R-250. All experiments were repeated for three times.

Protein Preparation and Western Blot
Analysis

For total cell lysate preparation, cells were rinsed with
phosphate buffered saline (PBS) twice and scraped with
0.2 mL of cold RIPA buffer containing protease inhibitors
cocktail, and then vortexed at 4°C for 10 min. Cell lysates
were subjected to centrifugation at 10,000 rpm for 10 min
at 4°C, and the insoluble pellet was discarded. The protein
concentration of the total cell lysate was determined by
Bradford assay and then analyzed by WB analysis. The
band intensity was analyzed with Image] software. Equal
amounts of protein were separated by 12% SDS-PAGE
and transferred to microporous polyvinylidene difluoride
(PVDF) membranes (Roche, Basel, Switzerland). PVDF
membranes were incubated with an antibody against
USP19 (1:1000; Proteintech, Chicago, IL), MMP2,
MMPY, cleaved caspase-3 (Cell Signaling Technology,)
or B-actin (internal control; 1:10000; Sigma-Aldrich).
Blots were developed using a Luminata Crescendo
Western HRP Substrate (Millipore, Billerica, MA). Then,
signals were detected using an enhanced chemilumines-
cence (ECL) commercial kit (Amersham Biosciences,
Little Chalfont, UK) and relative photographic density
was quantitated by scanning the photographic negatives
on a gel documentation and analysis system (Alphalmager
2000; Alpha Innotech Corporation, San Leandro, CA). All
experiments were repeated three times.

Bioinformatic Analysis of TCGA Data

We downloaded the relevant data of USP19 expression in
Gastric Cancers from TCGA database (https://cancergen
ome.nih.gov/). The expression and prognostic values of
USP19 were analyzed using two online datasets, Gene
Expression Profiling Interactive Analysis (GEPIA) and
Kaplan-Meier-plotter dataset (http://kmplot.com/analysis/)

in GC. GEPIA was an interactive web server for estimat-
ing the mRNA expression data from 9736 tumors and
8587 normal samples in the Cancer Genome Atlas
(TCGA) and Genotype-Tissue Expression (GTEx) dataset
projects. The |Log2FC| cutoff of the expression of pro-
posed biomarker was 1. All boxplot analysis used log2
(TPM+1) for log-scale. The Correlation analysis function

from GEPIA performs pairwise gene correlation analysis
for any given sets of TCGA and/or GTEx expression data
using the Spearman correlation statistics. In this study, we
examine the simple correlation coefficient between USP19
and MMP2/MMP9 gene pair or check the correlation
analysis result between USP19/GAPDH and MMP2/
GAPDH or MMP9/GAPDH relative ratios.
Kaplan—Meier-plotter database can analyze prognostic
values of gene mRNA expression in breast, gastric, lung
and ovarian cancer patients, and also miRNA expression
in liver and breast cancer patients. Samples with gene
expression data and prognosis information used in
Kaplan—Meier-plotter dataset are downloaded from
TCGA, EGA and GEO (Affymetrix microarrays only).
The database is handled by a PostgreSQL server, which
integrates gene expression and clinical data simulta-
neously. So far, a number of genes have been identified
and validated by KM plotter in these four types of cancer.
In this online dataset, clinical data from 876 gastric cancer
patients including Lauren classification, clinical stage, dif-
ferentiation, HER2 status and lymph node status were
collected. The Affymetrix IDs of USP19 were entering
into the web (http://kmplot.com/analysis/index.php?p=ser

viceandcancer=gastric), and then data were compared

through a Kaplan—Meier survival plot. The patient samples
were split into two groups by median. The hazard ratio
(HR) with 95% confidence intervals (95% Cls) and p-
values were calculated by a PostgreSQL server. P<0.05
was considered to be a significant difference.

Mice and Treatment

For tumor-bearing experiments, 2x10’ stably infected
SGC7901 cells (Vector) or shRNA-USP19 (ShUSP19)
were resuspended in sterile PBS (200 pL) and injected
subcutaneously into one flank of 4-week-old female
BALB/c-nude mice (n=5, per group). Nude mice were
obtained from the Animal Center of the Chinese
Academy of Science and all animal experiments were
approved by the Ethical Committee of Liaoning Cancer
Hospital. All protocols were performed under the guide-
lines followed for the welfare of the laboratory animals.
After SGC7901 cell inoculation, tumor sizes in the flanks
were measured using vernier calipers twice weekly, and
tumor volume was calculated using the formula: V=
(LxW?)/2. After 24 days, all surgeries were performed
under sodium pentobarbital anesthesia with minimized
suffering, and tumor xenografts were harvested for IHC
staining.
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Statistical Analysis

All data were analyzed with SPSS21.0 statistical software
(SPSS Inc. Chicago, IL). All data were expressed as Mean
+SD, and statistical analyses were performed using the
Student’s ¢-test. Univariate Cox proportional hazards mod-
els were applied to assess the effect of covariates on
survival outcomes. All tests were 2-sided. The Pearson
Chi-square test and Fisher’s exact test were used to eval-
uate and compare the clinicopathological characteristics.
Multivariate analyses were performed using the Cox pro-
portional hazards regression model. Kaplan—-Meier survi-
val plots and log-rank statistics were used to compare the
survival rates of GC patients with overall survival data. P-
values <0.05 were considered statistically significant.

Results
Elevated USP19 Was Associated with

Poor Prognosis in GC

To investigate the expression of USP19 in GC, we first
detected the expression of USP19 in GC cell lines
(BGCS823, MGC803, SGC7901, MKN45, AGS, N87)
with an immortal gastric epithelium cell line (GES1) at
the mRNA and protein levels with real-time PCR and IHC
staining analyses. As shown in Figure 1A and B, most GC
cell lines expressed higher levels of USP19 than GESI,
and USP19 was found to be localized in the cell plasma in
GC cells and tissues by the immunostaining analysis
(Figure 1C and E). Furthermore, in order to detect the
protein levels of USP19 expression in GC and adjacent
normal tissues (NATSs), we performed 212 paired GC spe-
cimens by IHC staining. The rate of high level of USP19
expression was 66.5% (141/212) in GC samples compared
with ANTs (15.1%, 32/212, P<0.001, Table 2 and
Figure 1D). Moreover, we investigated the roles of
USP19 expression in the outcome of GC patients and
other clinicopathological features. As shown in
Figure 2A, high level of USP19 expression was associated
with apparently poor overall survival (OS) (P<0.001).
TNM stage was also a promising indicator of the prog-
nosis of GC patients., advanced GC (including TNM stage
IIT + IV) patients with worse outcome than those with
TNM stage 1 and II (Figure 2B, P<0.001). Moreover,
patients with intestinal-type GC had apparently better
than those with diffuse-type GC

(Figure 2C, P<0.001). By univariate Cox proportional

overall survival

hazards analysis, the level of USP19 expression, TNM
stage, tumor invasive depth (T stage), lymph node

metastasis (N stage), distant metastasis (M stage), and
Lauren’s classification were the meaningful prognostic
factors for the OS of GC patients (Table 2), and further
multivariate Cox proportional hazards analysis indicated
that USP19, tumor invasive depth (T stage) and lymph
node metastasis (N stage), were the independent prognos-
tic factors for OS in GC patients (Table 3).

USPI19 Provided More Accurate

Prognostic Prediction
We also performed stratified analyses of patients with
diffuse-type GC from our cohort. Patients with high-level
USP19 expression showed decreased OS compared with
those with USP19 expression (P=0.019,
Figure 2E). Similar results were obtained in patients with
TNM stage III or intestinal-type GC (P<0.001, Figure 2D;
and P=0.002, Figure 2F, respectively). These data indi-
cated that USP19 could be a promising prognostic factor
in GC.

We further investigated the association between USP19

low-level

expression and other prognostic clinicopathological fea-
tures. The data are shown in Table 2. No correlation was
found between USP19 expression and age (P=0.794), sex
(P=0.241), TNM stage (P=0.168), lymph node metastasis
(N stage, P=0.414), or distant metastasis (M stage,
P=0.501); however, USP19 expression showed a slight
positive correlation with tumor invasive depth (T stage,
P=0.051) and an inverse correlation with Lauren’s classi-
fication (Pearson’s R=—0.202, P= 0.003), which indicated
that high-level USP19 expression was observed more fre-
quently in patients with diffuse-type GC than that in
patients with intestinal-type GC, suggesting that combined
detection of USP19 and TNM stage or Lauren’s classifica-
tion will provide the novel strategy for precision medicine
research.

USP19 Promoted GC Cell Proliferation

and Metastasis

To investigate the potential mechanism of USP19 in the
tumorigenesis of gastric mucosa, we first compared the
baseline levels of USP19 expression in six GC cell lines
with the immortal gastric epithelium cell line, GESI.
The highest level of USP19 expression was detected in
SGC7901 cells and lowest expression in GESI1 cells
(Figure 1A and 1B). The SGC7901 GC cell line was
selected for knockdown of USP19 in SGC7901 cells, and
the GES1 cell line for overexpressing USP19. The
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Figure | Relative expression of USP19 in GC cell lines and GESI. (A) Differential expression of USPI9 mRNA in gastric cell lines by real-time PCR assay. (B) The
differential expression of USP19 protein in gastric cell lines by WB analysis. (C) Differential expression and distribution of USP19 protein in gastric cell lines by confocal
analysis, Scale bar=20 um. (D) Relative expression of USP19 in paired 212 GC samples and ANTs by IHC staining and analysis by Chi-square test. (E) USP19 protein levels in
GC tissues and ANTs were analyzed by IHC staining (200% magnification). High or low expression of USP19 protein in ANTSs (a and b); high or low expression of USP19
protein in intestinal-type GC (c and d); high or low expression of USP19 protein in diffuse-type GC (e and f), Scale bar=200 pm.

OncoTargets and Therapy 2020:13 submit your manuscript 8501

Dove


http://www.dovepress.com
http://www.dovepress.com

Dong et al

Dove

Table 2 The Relationship Between USP19 Expression and Other
Clinicopathological Parameters in GC

Clinical Features No. USPI19 P-value
Cases Expression
High | Low

Age

260 131 88 43

<60 8l 53 28 0.794
Sex

Male 168 15 53

Female 44 26 18 0.241
TNM stage

| 18 8 10

I 66 43 23

1] 118 82 36

v 10 8 2 0.168
Tumor invasive depth (T)

| 10 4 6

2 19 9 10

3 115 78 37

4 68 50 18 0.051
Lymph node metastasis
(N)

0 60 36 24

[ 31 19 12

2 53 39 14

3 68 47 21 0.404
Distant metastasis (M)

Yes 10 8 2

No 202 133 69 0.501
Lauren’s classification

Intestinal type 132 78 54

Diffuse type 80 63 17 0.003

transfected efficiencies of knockdown or overexpression
were confirmed by WB analyses (Figure 3B and 3E).
Next, we investigated the potential effect of USP19
expression on GC in the study. The results showed that
knockdown of USP19 suppressed cell proliferation in
SGC7901 cells while overexpressing USP19 accelerated
cell growth in GES1 cells, as determined by MTT assay
(P<0.01, Figure 3A and 3D). A greater number of cell
colonies were observed in the USP19-overexpression
group, as shown by colony-forming assay (P<0.01,
Figure 3C and 3F), and reduced expression of cleaved
caspase-3 was observed in USP19 knockdown group, as
demonstrated by WB analysis (Figure 4E). In the

SGC7901 xenograft model, a greater number of apopto-
tic cells were detected by Cleaved Caspase-3 staining in
the ShUSP19 group in tumor-bearing models (Figure
5A). These results indicated that USP19 enhanced cell
proliferation and exhibited anti-apoptotic properties.

Although rapid progress has been made in basic and
translational research on GC-related biomarkers in the past
decade, identifying the precise prognostic biomarker for GC
by appropriate experimental methods remains a challenge in
the field of GC research. In this study, we found that positive
USP19 expression was associated with poor survival in GC
patients. High-level of USP19 expression was associated
with MMP2/MMP9 enzyme activity and translational
expression in this study. Furthermore, we used GEPIA web-
site to evaluate the potential positive correlation with USP19
and MMP2/MMP9 in the mRNA levels (Figure 6G and H).
The mRNA level of USP19 expression was positive associa-
tion with MMP2/MMP9 expression (P=0.062, P<0.001,
respectively). Especially in Figure 6G, showed a moderate
correlation between USP19 and MMP9 (Spearman’s
R=0.24, P<0.001).

Moreover, knockdown of USP19 strongly inhibited the
flattening and spreading of SGC7901 cells, whereas ecto-
pic expression of USP19 enhanced the flattening and
spreading of GES1 cells using wound healing assay
(P<0.01; Figure 4B and E, respectively). Transwell assay
showed that knockdown of USP19 decreased invasiveness
of SGC7901 cells, whereas overexpression of USP19
enhanced GES1 cell invasion (P<0.01; Figure 4A
and 4D, respectively). Taken together, these results indi-
cate that USP19 contributes to the metastatic behavior of
GC cells.

USP19 Elevated MMP2/MMP9 Expression
and Enzyme Activity

Increased USP19 level was positively associated with
metastasis. Next, we explored the regulatory effects of
USP19 on the MMP2/MMP9 axis. Elevated MMP2 and
MMP9 expression has been previously observed in inva-
sive and metastatic cases of human GC. Our results
showed that USP19 positively regulated GC cell migration
through the up-regulation of MMP2 and MMP9 expres-
sion and the decrease of cleaved caspase-3 activity in cell
models (Figure 3B and 3E). Additionally, IHC analysis of
xenografts showed that a lower expression of MMP2 and
MMP9 was observed in the USP19 knockdown group
compared with the negative control. We first found

submit your manuscript

8502

Dove

OncoTargets and Therapy 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Dong et al
A B
TNM Stage
1.0 1.0
_ 0.8 0.8
%’ g
E 0.6 n=71 % 0.6
[ T os
0>.) 0.4 E 0.4
O >
| n=141  © I
1 —— usP1grien o] y . n=118
— USP 19w -
00 P<0.001 sol P<0.001 n=10
0 20 40 60 80 100 0 20 40 60 80 100
C Survival time (month) D Survival time (month)
Lauren‘s Classification TNM Stage -llI
1.0 1.0
0.8 _ 0.8
g S
£ o6 £ o6
03.) 0.6 a
T =132 ©
g 0.4 L g 0.4 n=36
>
3 S
021 ——{ntestinal type n=80 0% —— USP19high
—Diffused type USP190w n=82
0.01 P<0.001 0.01 P<0.001
0 20 40 60 80 100 0 20 40 60 80 100
Survival time (month) Survival time (month)
E . F
Diffused type GC Intestinal type GC
1.0 1.0
_ 0.8 0.8
o ©
= >
2 067 S el n=54
> S
2 _ n=17 2
5 0.4 g 04
(@) @) n=78
021 —— USP19high n=63 024 —USP19high
—— USP19lw — USP19low
00 P=0.019 ol  P=0.002
0 20 40 60 80 0 2 40 60 80 100
Survival time (month) Survival time (month)

Figure 2 Kaplan—Meier survival curves of GC patients according to the clinical features and expression of USP19. (A) Patients with high-level USP19 expression showed
poor survival. (B) TNM stage was a promising indicator of the prognosis of GC patients. (C) Patients with intestinal-type GC had better survival than those with diffuse-type
GC. (D) Low-level USP19 expression predicted better survival in patients with TNM stage lll. (E) Low-level USP19 expression predicted better survival in patients with
diffuse-type GC. (F) Low-level USPI9 expression predicted better survival in patients with intestinal-type GC.
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Table 3 Multivariate Cox Model for the Association Between
Survival and Clinicopathological Factors in GC

Clinical Features Exp(B) | 95% CI for P-value
Exp(B)
Lower | Upper
Age 1.477 0.995 2.193 0.053
Sex 0.831 0517 1.337 0.446
TNM stage 0814 0.404 1.639 0.565
Tumor invasive depth (T) | 2.226 1.520 3.261 <0.001
Lymph node metastasis (N) | 1.634 1.206 2214 0.002
Distant metastasis (M) 1.613 0.616 4220 0.330
Lauren’s classification 0.709 0.472 1.066 0.099
USPI9 expression 2.459 1.542 3.921 <0.001

overexpressing USP19 increased MMP2 and MMP9 pro-
tein levels. Moreover, the ability of USP19 to enhance the
migratory and invasive abilities of GC cells by increasing
MMP2 and MMP9 expression was evaluated using gelatin
zymography. As shown in Figure 4C, the enzyme activity
of MMP2 and MMP9 was suppressed by knockdown of
USP19 in SGC7901 cells but was elevated by ectopic
expression of USP19 in GES1 cells (Figure 4F). Hence,
we suggest that the anti-metastatic effect of knockdown of
USP19 expression is at least partially dependent on the
inhibition of MMP2/MMP9 expression and related
enzyme activity.

Bioinformatic Analysis in GC Dataset

Prognostic roles of USP19 in GC were performed from the
website (www.kmplot.com). The valid Affymetrix ID is
214674 at (USP19). Figure 6A represents a survival curve
plotted for all GC patients (n=876). From these data, low
mRNA expression of USP19 was correlated with better
OS in all GC samples [HR=1.56, 95% ClIs: (1.3—1.88),
P<0.001]. Furthermore, we estimated prognostic values of
USP19 in GC patients with different Lauren’s classifica-
tion, including intestinal, diffuse and mixed type. As
shown in Figure 6B, low level of USP19 expression was
associated with better OS in intestinal-type gastric cancer
patients [HR=2.14, 95% ClIs: (1.55-2.96), P<0.001].
Prognostic values of USP19 in GC patients with different
HER?2 status are shown in Figure 6C and 6D. High mRNA
level of USP19 [HR=1.37, 95% ClIs: (1.05-1.79),
P=0.019] was correlated to poor survival in HER2 positive
GC patients (n=344) and a similar result was shown in
HER2 negative GC patients [n=532, HR=1.57, 95% CI:
(1.23-2), P<0.001]. In 5-FU based chemical therapy, GC

patients with high mRNA level of USP19 had worse OS
[n=153, HR=1.56, 95% Cls: (1.1-2.2), P<0.011,
Figure 6E] than those with a low level of USP19 expres-
sion. In the surgery alone subset (Figure 6F), GC patients
with high mRNA level of USP19 had also poor outcome
[n=380, HR=1.34, 95% Cls: (1-1.79), P=0.05].

Knockdown of USPI9 Depressed Tumor

Growth in Tumor-bearing Experiments
To further confirm the biological function of USP19 in
GC, we performed tumorigenicity assay. SGC7901 cells
stably transfected with shUSP19 vector or empty vector
were injected into the right flank of nude mice (n=5, each
group), respectively. There was no difference in body
weight from each group (Figure 5B). Tumor size was
significantly smaller in shUSP19 group than that in control
group (P<0.001, Figure 5C). Besides, the average tumor
mass in shUSP19 group was significantly decreased com-
pared with the control group for the general appearance at
the end point (P<0.001, Figure 5A). These data demon-
strated that USP19 functions as an oncogene in GC
in xenograft models. Knockdown of USP19 in tumor
tissues from nude mice was confirmed by IHC staining
(Figure 5D). Cell invasion and apoptotic biomarkers in the
tumor sections from nude mice were evaluated by MMP2,
MMP9 and Cleaved Caspase-3 immunostaining assay, and
the shUSP19 group displayed decreased expression of
MMP2/MMP9 and elevated expression of Cleaved
Caspase-3 compared with the negative control
(Figure 5D). Collectively, these findings indicate that
silenced USP19 suppressed the tumor growth in GC.

Discussion

DUBs are the novel families of drug targets. However, the
physiological function of only few DUBs has been char-
In this study, we identified USP19 as
a promising oncogene in GC. We examined USPI19

acterized.

expression in gastric cell lines and paired GC tissues, as
well as its correlation with clinicopathological features and
prognosis. These results revealed that USP19 expression
was significantly higher in GC tissues compared with that
in ANTs. We found that USP19 was a novel independent
prognostic factor for GC patients. Reduced expression of
USP19 might contribute to the effective prognostic out-
come and suppressing gastric tumorigenesis.

Metastasis, which causes approximately 90% of cancer
deaths, is the process by which cancer cells spread from
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experiments were repeated three times.

the original tumor site to distant organs. Degradation of
ECM components and the basement membrane is a critical
step in metastasis. There are multiple types of proteases

that control ECM degradation and remodeling. MMP2 and
MMP9 are the most extensively studied because of their
close association with cancer migration and invasion. In
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Figure 5 Knockdown of USPI19 reduced gastric carcinogenesis in animal models. Knockdown of USPI9 inhibited tumor growth. Five nude mice were injected
subcutaneously with | x 107 cells/mouse for each of the indicated stable cell lines of SGC7901-ShUSP19 or SGC7901-Vector, respectively. Results were presented as
tumor volume at the different time points (C) and isolated xenografts at day 24 (A) with no change in body weight for each group (B). **P<0.01. (D) Tumors were isolated,

fixed, and subjected to IHC assay (400% magnification).

our study, the cell invasion and migration induced by
USP19 was correlated with MMP2/MMP9 expression
and enzyme activity. Our results first indicated that
USP19 enhanced MMP2/MMP9 protein expression as
well as enzyme activity. The EMT properties of USP19
are similar to those of other USP members. Previous
studies have shown that downregulation of USP14 leads
to increased expression of E-cadherin and decreased
expression of N-cadherin and vimentin in esophageal
squamous cell carcinoma (ESCC) cells, as well as sup-
presses the migration/invasion of ESCC cells through the
Wnt/B-catenin signaling pathway.”® USP6 is sufficient to
induce the expression of MMP9 and MMP10. Especially,

USP6 induces the transcription of MMP9 through activa-
tion of NF-kB.'” Downregulation of USP22 has been
shown to suppress osteosarcoma growth and metastasis
through PI3K/Akt pathway.?’

In our study, we first uncovered the potential effect of
USP19 on the induction of MMP2/MMP9 axis and
enzyme activity. Our results show that USP19 plays an
important role in the progression and metastasis of GC,
indicating that USP19 may serve as a promising therapeu-
tic target for GC treatment. However, more research is
required to study the mechanism underlying the elevation
of USP19 levels in GC and its role in the regulation of
MMP2/MMP9  axis, further

which  might our
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understanding of gastric tumorigenesis and help in the
development of precision medicine for GC treatment.
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