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Abstract

Bladder cancer (BLCA) is a common genitourinary cancer in patients, and tumour
angiogenesis is indispensable for its occurrence and development. However, the in-
depth mechanism of tumour angiogenesis in BLCA remains elusive. According to re-
cent studies, the tight junction protein family member occludin (OCLN) is expressed
at high levels in BLCA tissues and correlates with a poor prognosis. Downregulation
of OCLN inhibits tumour angiogenesis in BLCA cells and murine xenografts, whereas
OCLN overexpression exerts the opposite effect. Mechanistically, the RT-qPCR anal-
ysis and Western blotting results showed that OCLN increased interleukin-8 (IL8) and
p-signal transducer and activator of transcription 3 (STAT3) levels to promote BLCA
angiogenesis. RNA sequencing analysis and dual-luciferase reporter assays indicated
that OCLN regulated IL8 transcriptional activity via the transcription factor STAT4. In
summary, our results provide new perspectives on OCLN, as this protein participates
in the development of BLCA angiogenesis by activating the IL8/STAT3 pathway via
STAT4 and may serve as a novel and unique therapeutic target.
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1 | INTRODUCTION

Bladder cancer (BLCA) is the most common malignant cancer of the
urinary system. The incidence rate of BLCA in males is 3-4 times that
in women, and it is the fourth most common malignancy in men.!
Non-muscle-invasive BLCA (NMIBC) accounts for approximately
75% of all BLCA cases, while other cases are considered muscle-
invasive bladder cancer (MIBC). The 5-year survival rate of patients
with NMIBC is more than 85%, but upon relapse, easy progression to
MIBC, which invades the basement membrane and spreads from the
bladder to visceral organs, is likely and eventually leads to tumour
metastasis and a low survival rate.? Neovascularization contributes
to growth and development, tissue and organ regeneration and nu-
merous pathological conditions of tumors.® In addition, neovascular-
ization is indispensable for the development of malignant tumors*
and provides opportunities for distant metastasis.” Tumour vascu-
larization involves a variety of biological processes that are regu-
lated by a wide range of secreted factors and signalling pathways.
Among them, antibodies and tyrosine kinase inhibitors play an im-
portant role in antiangiogenic treatment for several types of cancer.®
BLCA is a highly vascularized disease, and although angiogenesis has
been reported to participate in the development of BLCA,”® its mo-
lecular mechanism and related signalling pathways are generally still
unclear. Therefore, the biological function and specific mechanism
of tumour angiogenesis in BLCA remain to be fully elaborated.

Occludin (OCLN) is an important tight junction protein that reg-
ulates cytoskeletal remodeling,9 it is reported to be aberrantly ex-
pressed in many malignant cancers during tumour progression and
to contribute to apoptosis and metastasis. In lung cancer, downreg-
ulation of OCLN inhibits activation of the AKT/PI3K signalling path-
way and cell proliferation, thus increasing tumour apoptosis in vitro
and in vivo.X® In addition, OCLN levels in the peripheral blood have
been used as a tumorigenic biomarker of cerebral oedema caused by
blood-brain barrier (BBB) damage in patients with brain tumors.**
Other tight junction proteins, such as tight junction protein 1 (TJP1)
and Claudin-5, have been indicated to regulate vascular abnormali-
ties during tumour progression.’?** A few studies have also shown
roles of OCLN in modulating tumour angiogenesis and tube-forming
activity for tumour invasion.’>® OCLN 5490 phosphorylation
mediates VEGF to induce retinal endothelial cell proliferation and
neovascularization.'” Exosomal miR-25-3p promotes vascular per-
meability and angiogenesis by regulating OCLN expression in en-
dothelial cells.® However, researchers have not clearly determined
whether and how OCLN regulates BLCA angiogenesis.

Signal transducers and activators of transcription signalling
(STATs) have been proven to be molecules that connect cytokine sig-
nalling with the regulation of important cellular mechanisms such as
tumour cell survival and infiltration, inflammation and immunity.*’
Recently, one of the STAT proteins, STAT3, was reported to play crit-
ical roles in BLCA cell viability and invasiveness.?>?! Furthermore,
miR-153 mediates BLCA vascular remodelling and tryptophan me-
tabolism by targeting IL6/STAT3/VEGF signaling.??> Another STAT,

STATA4, has also emerged as a tumorigenic gene that triggers tumour
metastasis and progression.23'24 STAT4 was reported to activate
IL8 transcription and the production of inflammatory mediators.?’
STAT3 has also been reported to participate in and activate IL8-
regulated tumour angiogenesis.?® IL8, a member of the chemok-
ine family, was proven to be involved in tumour angiogenesis and
metastasis in BLCA and other malignant cancers.?’"?’ Currently,
researchers have not determined whether STAT3/4 is involved in
IL8-mediated modulation of BLCA angiogenesis.

Here, we observed markedly upregulated OLCN expression in
BLCA that was significantly associated with tumour angiogenesis in
both patients with BLCA and murine xenograft models. Furthermore,
OCLN overexpression enhanced the activity of the IL8/STAT3 sig-
nalling pathway by activating STAT4, ultimately contributing to tu-
mour vascular remodelling and metastasis. Therefore, this study
focused on the biological mechanism of OCLN in BLCA angiogenesis
and provides potential targets for tumour treatment.

2 | MATERIALS AND METHODS

2.1 | Cell culture and reagents

BLCA cell lines, namely T24 (ATCC HTB-4), 5637 (ATCC HTB-9) were
derived from laboratory retained cells.*® Human umbilical vein en-
dothelial cells (EA.hy926) (ATCC CRL-2922) were purchased from
Conservation Genetics CAS Kunming Cell Bank and 293T (ATCC
CRL-11268) cells were obtained from ATCC. BLCA cell lines T24
and 5637 were cultured in RPMI-1640 medium (Gibco, Carlsbad,
CA, USA) containing 10% foetal bovine serum (FBS) (AusgeneX,
Brisbane, Queensland, Australia). EA.hy926 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Gibco, Carlsbad,
CA, USA) supplemented with 10% FBS. 293T cells were cultured in
DMEM (Gibco, Carlsbad, CA, USA) containing 10% FBS. All cell lines
were incubated in a humidified incubator with 5% CO, at 37°C.

2.2 | Western blot assay

Cells were lysed in RIPA buffer on ice for 30 min, shaken 3 times
every 10 min, and then centrifuged at 12 000 rpm for 15 min. The
proteins in the cell supernatant (protein lysates) were separated on
8% to 12% SDS-PAGE and then transferred to PVDF membranes
(Millipore, Billerica, MA, USA). After blocking with 5% skim milk at
room temperature for 1 h, the PVDF membranes were incubated
with the primary antibody at 4°C overnight. The following antibod-
ies were used: p-Actin (2D4HS5, mouse, ProteinTech, Wuhan, China,
1:5000), OCLN (ab216327, rabbit, Abcam, Cambridge, MA, USA,
1:1000), p-STAT3 (#9145, rabbit, CST, Danvers, MA, USA, 1:1000),
STAT3 (#9139, rabbit, CST, Danvers, MA, USA, 1:1000) and HSP90
(3F11C1, mouse, ProteinTech, Wuhan, China, 1:5000). The corre-
sponding secondary antibodies were as follows: HRP-conjugated
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horse anti-mouse (7076, CST, Danvers, Massachusetts, USA,
1:2000) and goat anti-rabbit (7074, CST, Danvers, Massachusetts,
USA, 1:2000) secondary antibodies. p-Actin and HSP90 were used
as the internal controls.

2.3 | Matrigel plug assay

BALB/c nude mice (male, 6-8 weeks) were randomly divided into
4 groups (n = 5 mice/group), and 2 x 10° tumour cells were injected
subcutaneously into the backs of mice. The cell suspension and 150
ul of Matrigel (#356231, Corning, NY, USA) were mixed at a ratio of
1:3. After two weeks, the Matrigel plugs were collected and photo-
graphed, followed by IHC staining and a pathological examination.
All animal experimental procedures were approved by the Animal
Experimental Ethics Committee of Sun Yat-Sen University.

2.4 | Plasmid and lentiviral infection

To generate T24 and 5637 OCLN knockdown cells, 293T cells were
transduced with packaging plasmids psPAX2 and pMD2.G together
with prepared pLKO.1-OCLN shRNA or pLKO.1-scrambled shRNA
lentivirus. After transfection for 48 h, viral supernatants were col-
lected and filtered, and then used to infect T24 and 5637 cells.
Twenty-four hours later, the cells were screened with puromycin
(antpr-1, InvivoGen)-containing selection media (0.5 pg/ml) for 24 h.
OCLN knockdown efficiency was measured by Western blotting
and RT-gPCR assays. The following shRNA sequences were used:
shOCLN-1 forward: 5'-CCGGGCACCAAGCAATGACATATATCTCGA
GATATATGTCATTGCTTGGTGCTTTTTG-3', reverse: 5-AATTCAAA
AAGCACCAAGCAATGACATATATCTCGAGATATATGTCATTGCTTG
GTGC-3'; shOCLN-2 forward: 5-CCGGGGATGACTATAGAGAAGA
AAGCTCGAGCTTTCTTCTCTATAGTCATCCTTTTTG-3/, reverse: 5'
-AATTCAAAAAGGATGACTATAGAGAAGAAAGCTCGAGCTTTCTT
CTCTATAGTCATCC-3'; and scrambled shRNA forward: 5-CCGGG
CTAAACTCGTAATTCAACTTCTCGAGAAGTTGAATTACGAGTTTA
GCTTTTTG-3/, reverse: 5'-AATTCAAAAAGCTAAACTCTAATTCAA
CTTCTCGAGAAGTTGAATTACGAGTTTAGC-3'.

2.5 | Plasmids and transient
transfection procedures

The primer sequences for the Flag-OCLN (NCBI Gene ID:
100506658) plasmid were as follows: forward: 5-TTTAAACTTAA
GCTTGGTACCATGTCATCCAGGCCTCTTGA-3" and reverse: 5-G
TCATCCTTGTAATCGAATTCTGTTTTCTGTCTATCATAGT-3". The
HA-STAT4 (NCBI Gene ID:6775) plasmid primer sequences were
as follows: forward: 5-TTTAAACTTAAGCTTGGTACCGCCACCAT
GTCTCAGTGGAATCAAGTCCAAC-3' and reverse: 5-GACGTCGT
ATGGGTAGAATTCTTCAGCAGAATAAGGAGACTTCATT-3". Genes

WiILEY-L2®

were amplified by reverse transcription PCR and cloned into the
pcDNA3.1(+) vector. All sequences were verified to be correct.
The relevant plasmids were transiently transfected into 5637, T24
and 293T cells using Lipofectamine™ 3000 (L3000015, Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions.

2.6 | siRNAs and transient transfection procedures
All OCLN-specific RNAs (siRNAs) and the negative control siRNA
were designed by and purchased from RiboBio (stBO018520A/B-
1-5, siNO000002-1-5, Guangzhou, China). The siRNAs were trans-
fected into 293T cells using Lipofectamine™ 3000. 24 hours after
the transfection of siRNAs, the cells were lysed for Western blotting

or RT-gPCR assays.

2.7 | Tube formation assay

Matrigel (50 pl/well) was coated in each well of a 96-well plate and
incubated at 37°C for 30 min. After the polymerization of Matrigel,
EA.hy926 cells (2 x 10* cells/well) were resuspended in 100 ul of
conditioned medium (CM), seeded on Matrigel and incubated at
37°C for 6-8 h. The cells were then stained with 1 uM Calcein-AM
(425201, Biolegend, San Diego, CA, USA) for 30 min and imaged with
a fluorescence microscope (Nikon Corporation, Tokyo, Japan). The
number of tubes was quantified in each image, and the total number

of meshes and segments was calculated using ImageJ software.

2.8 | Enzyme-linked immunosorbent assay (ELISA)

Cells were transfected with the corresponding plasmids, and the su-
pernatant was collected and centrifuged to completely remove cell
debris after 48 h. A human IL8 ELISA kit (EK0413, BOSTER, Wuhan,
China) was used to detect the IL8 concentration in CM according to
the manufacturer’s instructions. Levels of the secreted protein were

measured from a standard curve.

2.9 | Clinical patients and immunohistochemistry
(IHC) assay

All BLCA specimens (n = 120) were collected from the Fifth
Affiliated Hospital of Sun Yat-Sen University and were used after
obtaining written consent from the patients. The collected tissues
were first embedded in paraffin and cut into 4-um-thick slices before
the IHC assay. Sections were baked at 65°C for 3 h and then depar-
affinized in xylene and alcohol. After dewaxing, the samples were
washed with water and incubated with a citrate buffer solution (pH
9.0) in a pressure cooker for 2.5 min for antigen retrieval. Sections

were treated with 3% hydrogen peroxide in methanol to block
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endogenous peroxidase activity and then incubated with goat serum
for 30 min to block nonspecific staining. The sections were incu-
bated with OCLN (ab216327, rabbit, Abcam, Cambridge, MA, USA,
1:100) and CD31 (ARG52748, rabbit, Arigobio, Hsinchu City, Taiwan,
1:100) primary antibodies followed by secondary antibodies. A bi-
otinylated secondary antibody (PV-92000, ZSGB-BIO, Beijing, China)
was applied, followed by an incubation with 3,3-diaminobenzidine
tetrahydrochloride (DAB). Finally, sections were counterstained
with haematoxylin and sealed with neutral gum. Five fields were
randomly selected from each sample to calculate expression. Scale
bar = 100 um. Staining/expression was scored as described in a pre-
vious study.31

2.10 | Dual-luciferase reporter assay

The IL8 promoter was used to drive firefly luciferase activity in the
pGL3 luciferase vector. The pRL-TK plasmid was cotransfected with
the pGL3 vector in cells using Lipofectamine™ 3000 reagent to ac-
tivate Renilla luciferase. Twenty-four hours after transfection, the
cells were harvested and washed with PBS, and then, the luciferase
activity was measured using the Dual Luciferase Reporter Assay
System (Promega, Madison, WI, USA) according to the manufactur-
er’s instructions. The IL8 promoter was cloned into the pGL3 vector
with the following primers:
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FIGURE 1 Occludin (OCLN) expression
is associated with the prognosis of
patients with bladder cancer (BLCA). (A)
Kaplan-Meier plot of TCGA-BLCA clinical
datasets showed the overall survival rate
of patients with OCLN"®" (red line) and
OCLN"®" (black line) expression (raw

p =.021). (B) The TCGA-BLCA clinical
datasets showed the relationship between
OCLN expression and BLCA neoplasm
staging, and the number of stage |
patients was too low to be counted. (C)
IHC staining for OCLN expression in
BLCA tissues and adjacent normal tissues.
Scale bar = 100 um. (D) The relationship
between OCLN expression and BLCA
neoplasm stages was determined in

120 clinical patients with BLCA. The
results are shown as the mean + SD. *.01<
p <.05; **.001< p < .01; ***p <.001

TABLE 1 Analysis of Occludin expression and clinicopathological
features of patients with BLCA

Category

Sex

Male

Female

Age

<65 years

>65 years

Extent of invasion
T1+T2

T3+ T4
Lymphatic metastasis
NO

N1 + N2

Distant metastasis
MO

M1

Clinical stages
I+11

1+ 1v

*01<p<.05.

Numbers Relative OCLN

(n=120) levels high low p value
105 8223 .867
15 123

48 408 .278
72 5418

95 70 25 016
25 241

116 90 26 .285
4 40

115 89 26 .230
5 50

90 6525 .005
30 291
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FIGURE 2 Occludin (OCLN) promotes tumour angiogenesis in vitro and in vivo. (a and b) The knockdown efficiency was confirmed by
performing (A) Western blotting and (B) RT-gPCR assays using 5637 and T24 cells. (C), Tube formation by EA.hy926 cells incubated with
CM derived from 5637 and T24 OCLN-silenced bladder cancer (BLCA) cells was assessed using staining with Calcein AM and imaging with
a fluorescence microscope. Scale bar = 100 um. (d and e) The OCLN plasmid was transfected into 5637 and T24 cells; the efficiency of
overexpression was analysed using (D) Western blotting and (E) RT-gPCR. (F) Tube formation by EA.hy926 cells incubated with CM derived
from 5637 and T24 OCLN overexpressing cells was assessed using staining with Calcein AM and imaging with a fluorescence microscope.
Scale bar = 100 um. (G) The segment lengths were analysed, and the meshes were quantified using ImageJ software. (H) Matrigel plugs
containing 5637 and T24 OCLN stable knockdown cells were removed from BALB/c nude mice. (I) CD31 staining in the indicated cells
embedded in Matrigel plugs after growth in BALB/c nude mice. Scale bar = 100 um. (J) The density of microvessels in Matrigel plugs from
BALB/c nude mice injected with the indicated cells. (K) IHC staining showing CD31 levels in clinical patients with high-/low-grade BLCA.
Scale bar = 100 um. The results are shown as the mean + SD. *.01 < p <.05; **.001 < p < .01
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pGL3-IL8 forward: ATTTCTCTATCGATA GGTACC TTCATTGT
CCTGTACTTCCTGT and;

pGL3-IL8 reverse: ACTTAGATCGCAGAT CTCGAG GTTTACAC
ACAGTGAGATGGTT.

The firefly and Renilla luciferase activities were detected with
a microplate reader. Firefly luciferase activity was normalized to

Renilla luciferase activity.

211 | Preparation of CM

5637 and T24 cells were seeded in 6-well plates with RPMI-1640 me-
dium supplemented with 10% FBS. When cells reached confluence,
they were washed with 1x PBS and cultured in serum-free medium
(1 ml/well). After an incubation for 4-6 h, the supernatant was re-
placed with fresh RPMI-1640 medium containing 25% FBS and the
STAT3 inhibitor Stattic (2 or 2.5 uM; #9983-44-9, MedChemExpress,
NJ, USA). After 24 h, the medium was replaced with fresh RPMI-
1640 medium containing 10% FBS, and then the supernatant was
collected after 24 h. After the cells were cultured with recombinant
human IL8 (1 x 107 g/L; Peprotech, Cl6217, Princeton Business
Park, NJ, USA) and human antibody IL8 (5x10™* g/L; Biotechne,
MAB208-SP, Minneapolis, MN, USA) for 24 h separately, they were
switched to fresh RPMI-1640 medium containing 10% FBS, and the

supernatant was collected after 24 h.

2.12 | AQuantitative real-time PCR assay

Total RNA was extracted from cells using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and then reverse transcribed into cDNAs using
the Evo M-MLV RT Kit (#AG11705, Accurate Biology, Changsha,
China). Subsequently, cDNAs were amplified using a CFX96 real-
time PCR system (Bio-Rad, Hercules, CA) and quantified with SYBR-
Green Pro Tap HS premix (#AG11701, Accurate Biology, Changsha,

China). The sequences of the gene-specific primers were as follows:
h-B-Actin forward: 5-TCAAGATCATTGCTCCTCCTG-3', reverse:
5-CTGCTTGCTGATCCACATCTG-3’; h-OCLN forward: 5-ACTT
CAGGCAGCCTCGTTAC-3', reverse: 5-CCTGATCCAGTCCTCCT
CCA-3; h-IL8 forward: 5-CACCGGAAGGAACCATCTCAC-3/,
reverse: 5-TGGTCCACTCTCAATCACTCTCAG-3'; h-STAT4 for-
ward: 5-GGAAATTCGGCATCTGTTGGCC-3', reverse: 5-TTCTC
TTTGGAAACACGACCTAACTGT-3'; h-ANG forward: ACTGTG
TCCTCTTCCACCAC, GGATGTTTAGGGTCTTGCTTT;
h-MMP9  forward 5-AAGGCGCAGATGGTGGAT-3', reverse
5'-TCAACTCACTCCGGGAACTC-3'; and h-IL18 forward: ATCA
ACCTCAGACCTTCCAG, reverse: GCATTATCTCTACAGTCAG. h-p-
Actin was used as an internal control. The cycling conditions were
95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for
30 s. The fold change in gene expression was calculated using the
274CT method.

reverse:

2.13 | Statistical analysis

SPSS Standard version 25.0 (SPSS, Chicago, IL, USA) was applied for
statistical analyses. All data were analysed and are expressed as the
mean =+ SD. Deviation from at least three independent experiments.
*01< p <.05; **.001< p < .01; ***p < .001. Student’s t-test was used

for comparisons of two independent datasets.

3 | RESULTS

3.1 | OCLN expression is upregulated and
associated with the prognosis of patients with BLCA

We analysed the relationship of OCLN expression with the overall
survival rate of patients with BLCA to determine whether OCLN

is clinically associated with BLCA progression. The Kaplan-Meier

TABLE 2 Correlation between CD31

Numbers Relative of OCLN . .
Category (n = 120) levels High Low p value and Occludin expression
CD31 scores (median = 27.5)
<27.5 66 4719 036
>27.5 54 477

*01<p<.05.

FIGURE 3 Occludin (OCLN) mediates bladder cancer (BLCA) angiogenesis by regulating IL8 expression. (A) Venn diagram showing the
differentially expressed genes (DEGs) in the two T24 OCLN knockdown groups compared with the control groups (fold change 21, FDR <
0.1, p < .05). (B) Heatmap of the RNA sequencing analysis showing the relative levels of proangiogenic factors. Columns represent probe
sets, and rows represent samples receiving the indicated treatments. (C) The relative mRNA levels of proangiogenic factors were detected

in control and OCLN shRNA transfected 5637 and T24 cells. (D) The relative IL8 levels in control and OCLN shRNA-transfected 5637 and
T24 cells were measured using an ELISA (pg/ml). (E) The relative IL8 mRNA levels were detected in 5637 and T24 cells following transfection
with the vector or OCLN plasmid. (F) Tube formation by EA.hy926 cells cultured with CM derived from 5637 and T24 OCLN-silenced BLCA
cells. IL8 was added, and the cells were stained with Calcein AM and then imaged with a fluorescence microscope. Scale bar = 100 um. (G)
The segment lengths were analysed, and the meshes were quantified using ImageJ software. The results are shown as the mean + SD. *.01 <
p < .05; **.001 < p <.01; ***p < .001
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FIGURE 4 1L8/ STAT3 is involved in the process of Occludin (OCLN)-mediated angiogenesis in bladder cancer (BLCA). (A) p-STAT3

and STAT3 protein levels were detected in OCLN knockdown 5637 and T24 cells. (B) 5637 and T24 cells were transfected with the OCLN
plasmid and treated with or without the STAT3 inhibitor Stattic, and tube formation by EA.hy926 cells incubated with CM derived from the
indicated cells was assessed by performing staining with Calcein AM and imagining using a fluorescence microscope. Scale bar = 100 um.
(C) The segment lengths in these images were analysed, and the meshes were quantified using ImageJ software. D, p-STAT3 and STAT3
protein levels were detected in OCLN knockdown 5637 and T24 cells after IL8 supplementation. (E) p-STAT3 and STAT3 protein levels were
detected in OCLN-overexpressing 5637 and T24 cells after blocking IL8. (F) 5637 and T24 cells were transfected with the OCLN plasmid

or cultured with the IL8-neutralizing antibody; tube formation by EA.hy926 cells incubated with CM derived from the indicated cells was
assessed using staining with Calcein AM and imaging with a fluorescence microscope. Scale bar = 100 um. G, The segment lengths in these
images were analysed, and the meshes were quantified using ImageJ software. The results are shown as the mean + SD. *.01< p < .05;

**001<p <.01

specimens and evaluated OCLN staining. Consistent with the results
obtained from the TCGA, IHC analysis showed higher OCLN expres-
sion in BLCA tumours than in adjacent tissues (Figure 1C), and OCLN
expression was higher in patients with advanced tumours than in
non-advanced patients (Figure 1D). We next detected the correla-
tions of the OCLN expression pattern with BLCA characteristics and
risk factors. All these analyses indicated that the extent of invasion
and clinical stages were associated with OCLN expression (Table 1).
Collectively, these results indicated that OCLN expression is strongly
associated with BLCA clinical features, and the protein may function

as an oncogene in the development and progression of BLCA.

3.2 | OCLN promotes BLCA angiogenesis
in vitro and in vivo

BLCA is a highly vascularized tumour, and we investigated whether
OCLN was involved in the development of BLCA by regulating tumour
angiogenesis. We constructed stable 5637 and T24 OCLN knock-
down BLCA cell lines using lentiviruses to verify this hypothesis, and
the knockdown efficiency was confirmed by Western blotting and
RT-gPCR assays (Figure 2A,B). CM from 5637 and T24 OCLN knock-
down cells was collected to assess the role of OCLN in regulating en-
dothelial cell angiogenesis. Decreased tube formation was observed in
EA.hy926 cells cultured with CM derived from OCLN-silenced BLCA
cells (Figure 2C). Conversely, the number of cell intersections was obvi-
ously increased when EA.hy926 cells were incubated with CM derived
from OCLN-overexpressing BLCA cells (Figure 2D-F). Quantification
of the number of meshes and total segment lengths further confirmed
these results (Figure 2G). Next, we performed an in-depth analysis of
the role of OCLN in regulating BLCA angiogenesis in vivo. A Matrigel
plug assay was performed by subcutaneously injecting Matrigel con-
taining 5637 and T24 stable OCLN knockdown cells into BALB/c nude
mice. The surface of plugs presented red staining, indicating that many
new blood vessels had been formed in the plugs, while OCLN-silenced
plugs showed significantly fewer blood vessels (Figure 2H). More im-
portantly, CD31 staining of plugs revealed that OCLN knockdown sub-
stantially downregulated OCLN expression and decreased the density
of microvessels (Figure 2I,J). We also detected CD31 levels in clinical
patients with BLCA carcinoma and paraneoplastic tissue and found
that CD31 was expressed at higher levels in high-grade BLCA samples
than in low-grade samples (Figure 2K). Furthermore, OCLN expression

was positively correlated with angiogenesis phenotypes (Table 2). All of
these findings verified that OCLN regulates BLCA angiogenesis. Taken

together, OCLN promotes BLCA angiogenesis in vitro and in vivo.

3.3 | OCLN mediated BLCA angiogenesis by
regulating IL8 expression

We performed RNA sequencing to identify changes in gene ex-
pression in T24 OCLN-silenced cells and to further investigate the
mechanism by which OCLN regulates angiogenesis. The two T24
OCLN-shRNA groups presented 1547 and 172 downregulated
genes, respectively, and 190 genes were common to the two groups
(Figure 3A). We performed an enrichment analysis of these downreg-
ulated genes and found that they were enriched in pathways such as
protein processing in the endoplasmic reticulum, cytokine-cytokine
receptor interactions, and abnormal transcriptional regulation in the
cancer pathway (Figure S1a). More interestingly, the functional an-
notation analysis identified many extracellular gene sets, including
those related to exosomes, extracellular spaces and the extracellular
matrix (Figure S1b). According to previous reports, tumour cells gen-
erally secrete large amounts of angiogenic factors into the extracellu-
lar matrix, promoting the formation of new blood vessels and tumour
metastasis,>? which provides further support for the regulation of tu-
mour angiogenesis by OCLN in BLCA. As expected, 22 of these genes
were associated with the promotion of angiogenesis, and 16 of these
genes expression were decreased in OCLN-silenced cells compared
with control cells (Figure 3B), suggesting that OCLN may regulate
BLCA angiogenesis by regulating genes associated with angiogenesis.
In addition, we performed an RT-qPCR assay to detect the expression
of angiogenic factors after OCLN knockdown; IL8 was the most sub-
stantially downregulated gene among them (Figure 3C), and this find-
ing was further validated by ELISA in OCLN knockdown BLCA cells
(Figure 3D). Consistently, OCLN overexpression increased IL8 ex-
pression (Figure 3E). As the chemokine, IL8 has been shown to induce
angiogenesis in multiple vascular-rich malignancies.®® We restored
IL8 expression in OCLN-silenced cells and collected CM to monitor
the tube formation of endothelial cells and further confirm whether
IL8 was involved in the mechanism by which OCLN regulates BLCA
angiogenesis. IL8 enhanced the tube formation of EA.hy926 cells in-
duced by the downregulation of OCLN (Figure 3F,G). Collectively, IL8
is involved in OCLN-mediated regulation of BLCA angiogenesis.
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FIGURE 5 STAT4 is involved in the mechanism by which Occludin (OCLN) regulates IL8/STAT3 signalling to mediate bladder cancer
angiogenesis. (A) Relative IL8 mRNA levels were detected in control and STAT4-overexpressing 5637 and T24 cells using RT-qPCR. (B)
The STAT4 plasmid or the indicated vector was transfected into 5637 and T24 cells, and tube formation by EA.hy926 cells incubated with
CM derived from the indicated cells was assessed using staining with Calcein AM and imaging with a fluorescence microscope. Scale bar
=100 um. (C) The segment lengths were analysed, and the meshes were quantified using ImagelJ software. (D) The relative STAT4 mRNA
levels were detected in control and OCLN shRNA-transfected 5637 and T24 cells. (E) Cells were transfected with the indicated siRNAs or
plasmids for 24 h. The relative knockdown and overexpression efficiency was determined using Western blotting and RT-qPCR. (F) 293T
cells were cotransfected with the indicated plasmids for 24 h, and the relative activity of the IL8 promoter was evaluated by performing a
dual luciferase reporter assay. The results are shown as the mean + SD. *01< p < .05; **.001< p < .01

3.4 | IL8isinvolved in the process of OCLN-
mediated STAT3 angiogenesis in BLCA

We next explored the detailed mechanism by which OCLN regulates
IL8 expression in BLCA angiogenesis. Previous studies have shown that
STAT3 is involved in vascular remodelling and progression in breast
cancer®®; however, researchers have not reported whether STAT3
participates in OCLN-mediated regulation of BLCA angiogenesis. We
first detected the expression of proteins in the STAT3 pathway after
OCLN knockdown, and p-STAT3 levels were significantly decreased
in 5637 and T24 OCLN-silenced cells compared control cells, while
total STAT3 levels remained unchanged (Figure 4A). We then used the
STAT3 inhibitor Stattic to assess the role of STAT3 in OCLN-mediated
regulation of BLCA angiogenesis. Tube formation assays confirmed
that Stattic blocked the proangiogenic effect of OCLN overexpression
(Figure 4B,C), indicating that STAT3 was involved in OCLN-modified
modulation of tumour angiogenesis in BLCA. In addition, we found that
IL8 supplement restored p-STAT3 expression caused by the down-
regulation of OCLN (Figure 4D), suggesting that IL8 may participate in
OCLN-mediated regulation of the STAT3 pathway in BLCA angiogen-
esis. Conversely, the IL8-neutralizing antibody blocked the increase in
p-STATS3 levels and inhibited tube formation caused by OCLN over-
expression (Figure 4E-G), further confirming the role of IL8 in OCLN-
mediated STAT3-induced angiogenesis. Taken together, these results
indicated that OCLN controls tumour angiogenesis by regulating p-
STATS3 levels in BLCA cells through effects on IL8 expression.

3.5 | OCLN regulates the IL8/STAT3 pathway to
mediate BLCA angiogenesis through STAT4

In the enrichment analysis of proangiogenic genes in OCLN knock-
down cells shown in Figure 3B, we identified another significantly
downregulated STAT family protein, STAT4, which has been reported
to beinvolvedin the occurrence and development of multiple tumours
and tissue angiogenesis.35’37 In addition, STAT4 has been reported
to promote angiogenesis in pancreatic cancer by inducing IL8 tran-
scription.>® However, researchers have not yet clarified the potential
association between STAT4 and IL8 in BLCA angiogenesis. First, we
detected IL8 expression in 5637 and T24 cells overexpressing STAT4,
and the results indicated that STAT4 overexpression upregulated
IL8 levels (Figure 5A). In addition, tube formation assays indicated an
obvious increase in the number of cell intersections when EA.hy926
cells were incubated with CM derived from STAT4 overexpressing

BLCA cells (Figure 5B,C), suggesting that STAT4 participated in BLCA
angiogenesis may partially by regulating IL8 expression. Furthermore,
we again confirmed the inhibitory effect of STAT4 on 5637 and T24
OCLN knockdown cells (Figure 5D), and found that OCLN promotes
IL8 expression through STAT4 in BLCA cells. We focused on the
role of STAT4 as a transcription factor in tumour angiogenesis and
sought to explore whether OCLN mediated the transcription of IL8
via STAT4 as an approach to further verify the role of STAT4 in OCLN-
mediated regulation of IL8 expression in BLCA angiogenesis. We
used transient transfection to verify the knockdown and overexpres-
sion efficiency of OCLN in 293T cells (Figure 5E). In addition, a dual
luciferase reporter gene assay indicated that the STAT4-mediated
transcription of IL8 was significantly increased upon the overexpres-
sion of OCLN. Conversely, OCLN knockdown significantly decreased
STAT4-induced IL8 transcription (Figure 5F). Collectively, these re-
sults indicate that OCLN regulates BLCA angiogenesis through the

transcriptional regulation of IL8 in a STAT4-dependent manner.

4 | DISCUSSION

BLCA is the most common urothelial tumour, accounting for ap-
proximately 430 000 newly diagnosed cases and 170 000 deaths
worldwide annually.39 The mechanism underlying the malignant
development of tumours is currently unclear. Indeed, some stud-
ies have shown that abnormal neovascularization is an important
step in cancer progression and is a mechanistically attractive tar-
get for the treatment of tumors.3?*° Here, we first proposed a role
for OCLN in regulating BLCA angiogenesis. In our study, OCLN was
overexpressed in BLCA cells and patients, and it may represent a tu-
morigenic factor, especially in the promotion of BLCA angiogenesis.
Phenotypic experiments showed that OCLN expression promoted
BLCA vascular tube formation in vivo and in vitro. Mechanistically,
OCLN knockdown inhibited IL8 expression and then reduced p-
STAT3 levels to interrupt tumour angiogenesis. Furthermore, OCLN
promoted the transcription of IL8 through STAT4, ultimately contrib-
uting to tumour vascular remodelling and BLCA progression.
Tumour neovascularization is essential for the metastasis of some
malignant tumours, and various proangiogenic factors are involved
in tumour progression, including angiopoietin (Ang), platelet-derived
growth factor (PDGF), basic fibroblast growth factor (bFGF), vascu-
lar endothelial growth factor (VEGF), IL8 and matrix metalloprotein-
ases (MMPs).*! In the present study, OCLN was expressed at high
levels and correlated strongly with the TNM stage in patients with
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BLCA (Figure 1). Because tumour development is based on tumour
angiogenesis, which provides essential nutrients for tumour growth,
we knocked down and overexpressed OCLN to detect the function
of OCLN. OCLN exerted a proangiogenic effect on BLCA cells and
regulated tube formation by endothelial cells cultured with CM de-
rived from 5637 and T24 cells by altering IL8 levels (Figures 2C,F,G
and 3F,G), indicating that OCLN promotes tumour neovasculariza-
tion through IL8. Moreover, the RNA sequencing analysis revealed
that OCLN-silenced cells exhibited downregulation of proangiogenic
factors and IL8 (Figure 3B-E), further supporting the hypothesis that
OCLN mediates tumorigenesis by regulating the expression and se-
cretion of angiogenic factors. Another tight junction protein, TJP1,
was also reported to promote vasculature remodelling in bladder
cancer.%® Although this report is the first to correlate OCLN and IL8
expression in BLCA angiogenesis, independent studies have revealed
an association between IL8 and abnormal neovascularization prop-
erties. IL8 overexpression correlates with the TNM stage, tumour
progression and recurrence in multiple cancers.*? IL8 produced by
tumour cells has been reported to stimulate both tumour and stro-
mal cells to release angiogenesis-related factors, such as MMP2/9,
thus promoting tumour growth. MMP2/9 activation subsequently
increases the invasion of the host stroma by tumour cells, ultimately
contributing to tumour angiogenesis and metastasis.*> Furthermore,
our findings are consistent with those of studies reporting the role
of IL8 in BLCA angiogenesis. Currently, antiangiogenic drugs are still
one of the key targeted therapeutic strategies for many malignant
cancers, including BLCA, which is highly vascularized. As shown in
a previous study, antivascular drugs affect tumour development by
regulating the expression of tight junction proteins,** indicating an
effect of tight junction proteins on the function of antiangiogenic
drugs. Treatment with the proper dose bevacizumab increases clau-
din-5 (CLDNS5) expression to decrease tumour invasion and meta-
static potential.45 In addition, a derivative of sorafenib reduces the
activation of VEGF/VEGFR related to angiogenesis by increasing
the ZO-1 expression in HUVECs.*® As I1L8 may play a role in OCLN-
mediated regulation of BLCA angiogenesis, further study is needed
to determine if antiangiogenic drugs synergize with OCLN or IL8 in-
hibitors to regulate BLCA angiogenesis and to determine the specific
mechanism.

According to a previous study, IL8 is involved in transcriptional
regulation by activated NF«B,* activating transcription factor 2
(ATF2), JUN, MAPK*® and other transcription factors; these tran-
scription factors have also been reported to regulate tumour angio-
genesis. However, our results indicated that OCLN downregulation
did not alter the expression of the aforementioned factors except
for STAT4, according to the RNA sequencing and RT-gPCR results
(Figures 3C and 5D). In addition, STAT4 promoted tube formation
by endothelial cells cultured with CM derived from BLCA cells
(Figure 5B,C), moreover, OCLN mediated IL8 transcription through
STAT4 (Figure 5F), further confirming the role of STAT4 in BLCA an-
giogenesis. In addition, we showed that STAT3 participates in OCLN-
mediated regulation of tumour angiogenesis in BLCA (Figure 4B,C).
OCLN altered p-STAT3 levels but not total STAT3 levels (Figure 4A),

potentially because STAT3 phosphorylation and transport into the
nucleus is involved in the regulation of STAT4 transcriptional activity
by OCLN. JAK phosphorylation is required for STAT4 activation.*?>°
Most likely, the regulation of these signalling pathways and subse-
quent transcription mainly depends on the posttranslational mod-
ifications, especially phosphorylation. Therefore, studies focusing
on changes in the phosphorylation of proteins in STAT-related path-
ways will be very important to identify the key factors contributing
to OCLN-regulated BLCA angiogenesis.

In summary, we discovered that OCLN expression is strongly
correlated with the TNM stage and survival rate of patients with
BLCA. In pathological samples and mouse xenograft models, OCLN
was positively correlated with tumour angiogenesis. Importantly,
OCLN regulated vascular remodelling in BLCA by regulating the
IL8/STAT3 pathway through the induction of STAT4 expression.
Collectively, these results indicate great potential for OCLN as a
multipotent therapeutic target to inhibit tumour angiogenesis and
progression in BLCA. As tumour angiogenesis plays an important
role in the occurrence, development and metastasis of many tu-
mours, our study expands the in-depth knowledge of the possi-
ble effects of OCLN and proposes the basic principle of targeting
OCLN to suppress angiogenesis in the treatment of metastatic

tumours.
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