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1 | INTRODUCTION

Bladder cancer (BLCA) is one of the most frequent genitourinary
malignant tumors worldwide, with more than 199 000 deaths

per year.1 Localized urothelial carcinoma of the bladder (UCB)

Abstract

Bladder cancer (BLCA) remains the leading cause of cancer-related mortality among
genitourinary malignancies worldwide. BLCA metastasis represents the primary rea-
son for its poor prognosis. In this study, we report that decreased expression of par-
titioning defective 3 (Par3), a polarity protein (encoded by PARD3), is associated with
tumor aggressive phenotypes and poor prognosis in BLCA patients. Consistently, ab-
lation of Par3 promotes the metastasis and invasion of BLCA cells in vitro and in vivo.
Further studies reveal that zinc finger protein Snail represses the expression of Par3
by binding to E2-box (CAGGTG) of PARD3 promoter-proximal. Inhibition of GSK-38
promotes the expression and nuclear localization of Snail and then reduces the ex-
pression of Par3, resulting in the metastasis and invasion of BLCA cells. Moreover,
we detected the interaction between Par3 (936-1356 aa) and ZO-1 (1372-1748 aa),
which is involved in the maintenance of tight junction. Together, our results demon-
strate that the GSK-3B/Snail/Par3/Z0-1 axis regulates BLCA metastasis, and Snail is

a major regulator for Par3 protein expression in BLCA.
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is broadly categorized into non-muscle-invasive bladder cancer
(NMIBC) and muscle-invasive disease. NMIBC is the most com-
mon form of BLCA, with frequent recurrences and risk of progres-
sion. Although many of these patients have experienced effective

treatment including chemotherapy, radiotherapy, and radical
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cystectomy, the prognosis of BLCA patients is still unsatisfactory
due to distant metastases.? Patients with high-risk NMIBC that
do not respond to adjuvant therapy with the standard-of-care
immunotherapy, bacille Calmette-Guérin (BCG), constitute a chal-
lenging patient population to manage.® Approximately one-third
of BLCA patients develop muscle-invasive disease, and the 5-year
survival of these patients drops to a measly 5%.* Therefore, a bet-
ter understanding of critical molecules or factors responsible for
the metastasis is crucial for developing novel strategies for BLCA
treatment.

Previous studies mostly focus on the clinical therapy of invasive
BLCA, but the mechanisms that contribute to the complicated char-
acteristics of BLCA pathology remain limited. Frequent mutations
of p53 have been reported in 50% of invasive BLCAs, suggesting
the importance of the p53 regulatory pathway in developing aggres-
sive BLCA.? Loss of p53 in the background of mutant H-ras induced
low- and high-grade papillary neoplasms but not enough to trigger
invasion, implying that additional complex regulatory events are re-
quired to render an entirely aggressive phenotype.® RNA-seq on in-
vasive BLCA tissues indicated that fibulin-3 served as a proinvasive
factor in BLCA, which might be mediated through modulation of the
expression of insulin-like growth factor-binding protein-5 (IGFBP5).”
Another study found that IncRNA GClnc1 promoted proliferation and
invasion of BLCA through activation of MYC. Previous observations
point toward the activation of the phosphoinositide 3-kinase (PI3K)/
AKT/GSK3p and Wnt/p-catenin pathways as a potential driver of
an invasive phenotype.? In BLCA, the PI3K/AKT pathway displayed
genetic alterations, dysregulation of expression, and involvement in
proliferation, metastasis, and angiogenesis.9 Furthermore, GSK3p
contributed to epithelial-to-mesenchymal transition (EMT) and the
metastasis of BLCA.°

Epithelial cell polarity and cell-cell junction are the basis of
tissue function and often regarded as "gatekeepers" for tum-
origenesis and metastasis.!' Tumor cells undergo tight-junction
dissolution, disruption of cell polarity, and reorganization of the
cytoskeletal architecture, which enable cells to develop an inva-
sive phenotype.12 Junctions between neighboring urothelium cells
are required to establish and maintain cell polarity, suggesting that
loss of cell-cell adhesion and the alteration of cell polarity are in-
volved during invasion.'® Cell polarity is regulated by three con-
servative polarity complexes: PAR, Crumbs, and Scribble. The PAR
polarity complex, which consists of Par3, Paré, and atypical PKCs,

is essential in defining the apical-basal membrane border and the
tight junction in epithelial cells.** Notably, loss of polarity protein
Par3 has been reported in multiple types of cancer metastasis, in-
cluding breast, lung, and ovary cancer.'® Par3 deficiency conjunc-
tion with oncogenic activation promotes invasion and metastasis
via Stat3 activity in mammary and lung tumors.*® Par3 was also
reported to exert its tumor suppressor function via its regulation
of aPKC activity.'

Transcription factor Snail has a critical role in inhibiting E-
cadherin expression and promoting the loss of epithelial char-
acteristics, including epithelial polarity and cell junctions.®
Previous reports have investigated that high expression of Snail
predicts a poor prognosis in various tumors of epithelial ori-
gin,” including BLCA.%° The activity or expression levels of Snail
is regulated by GSK-3f, a multitasking kinase of the PI3K/Akt
and WNT/B-catenin pathways.?? GSK3p promotes the cytoplas-
mic export and ubiquitin-mediated proteasome degradation of

Snail,??

and GSK-3p/Snail signaling might be involved in the me-
tastasis of BLCA.*® Many oncogenic pathways such as MAPK and
Wnt could govern human cancer invasion and metastasis through
the regulation of GSK3p activity.?® The abnormal activation of
Wnt/p-catenin signaling has been shown to contribute to bladder
tumorigenesis.24

In this study, we demonstrate that Par3 is frequently lost in
BLCA. Snail inhibits the expression of Par3 via its repressing PARD3
transcriptional activity by binding to the E2-box of PARD3 promoter
region, which promotes BLCA metastasis. Furthermore, PARD3 over-
expression can abolish BLCA cell migration and invasion induced by
LiCl or SNAI1 knockdown, suggesting Par3 deficiency may facilitate

BLCA metastasis via the GSK-3p/Snail axis.

2 | MATERIALS AND METHODS
2.1 | Patients and specimens

A total of 127 BLCA patients who underwent surgical resection
and were pathologically diagnosed with BLCA in Shanghai General
Hospital (Shanghai, China) were enrolled in the study. This study was
approved by the research ethics committee of Shanghai General
Hospital, and informed consent was obtained from each patient

before clinical data analyses. Postsurgical follow-up of patients was

FIGURE 1 Loss of Par3 correlates with poor prognosis in human bladder cancer (BLCA). A, B, The mRNA levels of PARD3 gene are lower
in tumors than those in paired nontumor tissues. Data from The Cancer Genome Atlas (TCGA) (A) and GSE13507 (B) dataset (log2TPM)
were analyzed and shown as violin plots. *P < .05 by Student's t-test. C, PARD3 mRNA expression decreases in BLCA tissues. PARD3 mRNA
levels in 32 paired BLCA and adjacent nontumor tissues were determined by gPCR. Relative values of PARD3 were normalized with GAPDH.
***P <001 by Student's t-test. D, Par3 protein levels in BLCA tissues (T) are lower than those in adjacent normal samples (N). Left panel:
representative expression pattern of Par3 protein. Right panel: relative intensity of Par3 normalized to p-actin. Values are mean + SD.

***P < .001 by Student's t-test. n = 32. E, Representative immunohistochemical staining (IHC) images of Par3 in BLCA and adjacent normal
urothelium. Upper scale bar, 200 pm; lower scale bar, 50 um. F, Significantly lower Par3 immunostaining in BLCA tissues compared with
adjacent urothelium tissues. Scale bar, 50 pm. Adjacent (n = 46), BLCA (n = 127). G, Par3 protein staining in BLCA tissues is lower than that
in adjacent normal samples. Par3 IHC score was quantified and shown. ***P < .001 (left panel: two-sided unpaired t-test, right panel: two-
sided paired t-test). H, Low PARD3 expression is associated with significantly worse overall survival. n = 165, log-rank test
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performed as previously described. Overall survival (OS) was de-
fined as the time interval from surgery to death.

Another 32 pairs of freshly collected tumor tissues and adjacent
nontumor bladder tissues were used for quantitative reverse tran-
scription polymerase chain reaction (QRT-PCR) and Western blot

analysis.

2.2 | Generation of mutation plasmids

PARD3 promoter sequence (-200/+100) was obtained from genomic
DNA of human SV-HUC-1 cell line by PCR. Mutagenesis of the Snail
sites in the human PARD3 promoter was performed by the Q5% site-
directed mutagenesis kit (NEB) using primers shown in Table S2. All
truncated mutant cDNA of the PARD3 promoter and SNAI1 were
cloned into mammalian expression vector pcDNA3.1 (-) (Invitrogen).
Vectors were digested with restriction enzymes (New England
Biolabs), and linear fragments were purified using a gel extraction kit
(Qiagen). The truncated mutants were amplified and ligated into the
linearized vector using T4 DNA ligase and transformed into DH5a
chemically competent Escherichia coli. Colonies were screened for
inserts of correct size via restriction enzyme digestion, and the plas-

mids were verified by sequencing.

2.3 | ChIP-PCR

Chromatin immunoprecipitation (ChIP) assays were carried out
using Simple ChIP enzymatic chromatin IP kits (Cell Signaling
Technology). Briefly, cells with indicated treatments were incu-
bated for 10 minutes with 1% formaldehyde solution at room tem-
perature, followed by incubation with 125 mM glycine. Antibodies
used for ChIP were as follows: rabbit anti-Snail (5 pg per IP sample)
and normal rabbit 1gG (5 pg per IP sample). A Qiagen PCR purifi-
cation kit was used to purify the DNA. For the Snail binding site
at position +76 of the human PARD3 promoter, ChIP-gPCR was
performed to analyze Snail enrichment at different Par3 levels
of cells. The DNA fragments that were immunoprecipitated by
anti-Snail antibody were analyzed by quantitative PCR using TB
Green® Fast gPCR Mix (TaKaRa). PCR products were analyzed in
a 1.5% agarose gel by ethidium bromide staining. See Table S2 for

primer information.

2.4 | Fluorescent multiplex immunohistochemistry

Fluorescent multiplex immunohistochemistry (mIHC) involving
tyramide signal amplification (TSA®) was employed to detect mul-
tiple proteins of interest in a given tissue section in a stepwise
fashion. The optimal antibody dilution was predetermined by
experiments. Tissue sections following deparaffinization/rehy-
dration and antigen unmasking were incubated with 3% H,0, so-

lution for 10 minutes to quench endogenous peroxidase activity.

Sections were then incubated with primary antibody diluted in 1x
TBST for 1 hour. Tissue sections were covered in several drops of
mIHC detection reagent specific to the species of the primary an-
tibody. Fluorophore-conjugated TSA® Plus amplification reagent
was diluted as manufacturer's recommendation. 300 pL was ap-
plied per section. Sections were incubated for 10 minutes at room
temperature in a humidified chamber, protected from light. For se-
rial staining, we used microwave, brought slides to boil in 10 mM
sodium citrate buffer (pH 6.0), and maintained them at a sub-
boiling temperature for 10 minutes. Slides were cooled to room
temperature on bench top for 30 minutes, and we proceeded with
staining/detection using a different tyramide-fluorophore conju-
gate. Randomly selected fields were photographed by a spectral
imaging system (Vectra Polaris; PerkinElmer). Antibodies are listed
in Table S3.

2.5 | Animals

To establish the metastasis model, 4 to 6-week-old NOD-SCID mice
were purchased from Shanghai SLAC Laboratory Animal Co., Ltd
(Shanghai, China) and fed in a pathogen-free animal facility under
standard conditions. All animal procedures were performed accord-
ing to the criteria outlined in the "Guide for the Care and Use of
Laboratory Animals" prepared by the National Academy of Sciences
and published by the National Institutes of Health (NIH publica-
tion 86-23 revised 1985). Studies were approved by the Shanghai

Medical Experimental Animal Care Commission.

2.6 | Lung metastatic tumor model

The mice were randomly allocated to eight groups according to the
BLCA cells received: RT4-shCtrl, RT4-shPARD3, RT4-SNAI1, RT4-
SNAI1 + PARD3, TCCSUP-Ctrl, TCCSUP-PARD3, TCCSUP-shSNAI,
and TCCSUP-shSNAI1 + shPARD3. For each group, six mice were re-
cruited. To establish the lung metastasis model, BLCA cells (1 x 10°
in 150 pL PBS) were injected into each narcotized mice's tail vein. All
the mice were sacrificed humanely 6 weeks later. Whole lung of each
mouse was removed, fixed with 10% buffered formalin, embedded
in paraffin, and serially sectioned. Paraffin sections were stained
with hematoxylin-eosin (HE), and the number of metastatic lesions
in lungs was counted under a microscope.

2.7 | Statistical analysis

OS was plotted by the Kaplan-Meier method and compared by
log-rank test. Pearson test was used to evaluate the correlation be-
tween gene expression profiles. Comparisons between groups for
statistical significance were carried out with Student’s t-test. All the
functional experiments were performed in triplicate, and the results

were presented as mean value + SD. The statistical analysis was
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FIGURE 2 Loss of Par3 promotes bladder cancer (BLCA) metastasis. A, Par3 does not affect the proliferation of BLCA cells. CCK-8 cell
proliferation assays were performed with the BLCA stable cells mentioned in Figure S2B-C. Data are presented as mean + SD. B-E, Par3
deficiency promotes the migration and invasion of BLCA cells. Transwell assays were used to determine the migration (B, D; left panel) and
invasion (C, E; left panel) abilities of the referred BLCA stable cells. Scale bar, 100 pm. Quantification of the relative cells (B-E, left panel) was
performed by ImageJ and is shown in the right panels of B-E, respectively. F-G, Par3 deficiency promotes lung metastasis of BLCA cells in
vivo. Lung metastatic tumor models were developed by injecting indicated BLCA cells into the tail vein of NOD-SCID mice. Hematoxylin-
eosin (HE) staining images of lung metastatic nodules from each group were exhibited (F, G; left panel). Left scale bar, 200 pm; right scale
bar, 50 pm. Ten regions were randomly selected from each mouse lung, and the number of metastatic nodes were counted (F, G; right panel).
Values are mean + SD. n = 6. ***P <.001 by Student's t-test
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performed using SPSS 20.0 software (IBM) or Prism GraphPad 8.0
software. The level of significance in the statistical analyses is indi-
cated as *P < .05; **P < .01; ***P < .001.

3 | RESULTS

3.1 | Loss of Par3 correlates with poor prognosis in
human BLCA

To investigate the distribution of the PAR complex in BLCA, we em-
ployed immunofluorescence histochemical staining and found that
the members of the PAR polarity complex were mainly localized
to the transitional epithelium of the bladder wall (Figure S1A,B).
RNA-sequencing results from The Cancer Genome Atlas (TCGA),
genotype-tissue expression (GTEx), and gene expression omnibus
(GEO) database indicated that the mRNA level of PARD3, but not
PARDé, PRKCI, or PRKCZ, was reduced in BLCA (Figure 1A,B and
Figure S1C). We then examined the mRNA and protein levels of
Par3 in BLCA specimens and the matched noncancerous tissues
by gPCR and Western blot analysis. Consistent with the results of
TCGA and GEO dataset, Par3 was downregulated in BLCA com-
pared with the matched 32 adjacent tissues (Figure 1C,D). Par3
expression was further investigated in the cohort of BLCA pa-
tients by IHC. Compared with the adjacent urothelium, Par3 pro-
tein expression was significantly lower in 127 cancerous tissues
(Figure 1E-G). Besides, we then divided patients into a low- (IHC
score < 4) and a high-expression (IHC score > 4) group. Low ex-
pression of Par3 was correlated with clinical-pathological param-
eters such as high-grade (P = .032) and muscle-invasive (P = .020)
(Table S1). Furthermore, according to the median expression level
of PARD3 (7.705) in GSE13507, we found that low expression
of PARD3 in BLCA tissue was associated with shorter OS, com-
pared with patients with tumors expressing high level of PARD3
(Figure 1H), which was consistent with the result from TCGA
dataset showing that decreased PARD3, but not PARDé, PRKCI, or
PRKCZ, predicted poor prognosis (Figure S1D). Together, the de-
crease of Par3 expression correlates with poor prognosis in BLCA

and may contribute to metastasis of BLCA.

3.2 | Loss of Par3 promotes BLCA metastasis

To investigate the biologic role of Par3 in BLCA cell proliferation
and invasion, we first explored Par3 expression in low-grade BLCA
cells with lower metastatic potential (RT4 and 5637) and high-grade
BLCA cells prone to distant metastases (TCCSUP and UMUC3).%
Endogenous Par3 protein is decreased as a function of increased
metastatic capability in BLCA cells, whereas normal urothelial cell
SV-HUC-1 expressed the highest Par3 protein compared with BLCA
cells (Figure S2A). We then generated stable PARD3-knockdown cell
lines in RT4 and 5637 cells with higher Par3 expression, and stable
PARD3-overexpression cell lines in TCCSUP and UNUCS cells with
lower Par3 expression (Figure S2B,C). Cell viability, indicated by
CCK-8 proliferation assay, was not altered in PARD3-overexpression
or -knockdown BLCA cells (Figure 2A). Next, transwell migration
assay and invasion assay were performed. The results showed that
knockdown of PARD3 increased cell migration and invasion capabil-
ity, while PARD3 overexpression led to an attenuation of aggressive
behavior (Figure 2B-E). To further explore the effect of PARD3 on
the invasion of BLCA cells in vivo, a lung metastasis model was gen-
erated. More lung cancerous nodes were observed in mice injected
with PARD3-knockdown RT4 cells than in those injected with the
empty vector (Figure 2F). In contrast, highly invasive TCCSUP cells,
subject to PARD3 overexpression, formed fewer lung cancerous
nodes (Figure 2G). These results indicate that Par3 inhibits BLCA cell
migration and invasion.

3.3 | PARD3 promoter activity is repressed by Snail
through its binding to PARD3 E2-box

Genetic alteration and epigenetic inactivation are two major causes
for the loss of suppressor genes. By searching the cBioPortal da-
tabase, we found that PARD3 exhibits a low mutation rate (3.7%,
91/2410, including 57 duplicate mutations in patients with multiple
samples) in BLCA tissues, the missense mutation is 2.2% (55/2410),
and the truncating mutation is 1.5% (36/2410) (Figure S3A,B).
Furthermore, PARD3 mutation does not affect its mRNA level
(Figure S3C). Besides, in the variation of PARD3 copy number, diploid

FIGURE 3 PARD3 promoter activity is repressed by Snail through its binding with PARD3 E2-box. A, The sequence bound to Snail is
predicted by JASPAR. B Snail binds to the promoter region of PARD3 gene. C, The canonical binding site of Snail predicted by JASPAR is
manifested by the sequence logograph. D, Snail represses PARD3 promoter activity through E2-box. The E2-box of PARD3 promoter was
mutated respectively as indicated (upper panel). Luciferase reporter assays were conducted to determine the activity of PARD3 promoter
(lower panel). Values are mean +SD. ***P <.001, Student's t-test compared with wild type (WT). E, Three zinc finger clusters of Snail repress
the activity of PARD3 promoter. The zinc finger clusters of Snail were mutated respectively as indicated (upper panel). PARD3 promoter
luciferase reporter assays were performed (lower panel). Values are mean +SD. **P <.01, ***P <.001, Student's t-test compared with wild
type (WT). F, Snail binds to the E2-box of PARD3 promoter. ChIP was applied to determine the binding of wild-type and mutated E2-box to
Snail. Snail antibody enriched the DNA sequence of wild-type E2-box. PCR quantification of the immunoprecipitated DNA was measured.
Normal rabbit IgG was used as negative control (NC); Poll 2 was used as positive control (PC). G, Three zinc finger clusters of Snail bind to
the E2-box of PARD3 promoter. Interaction between PARD3 promoter and mutated Snail was determined by ChIP with Snail antibody. The
immunoprecipitated DNA was amplified and quantified. Normal rabbit IgG was used as negative control (NC); Poll 2 was used as positive
control (PC). H, Mutation visualization of human bladder cancer genomic dataset. Data were obtained from the International Cancer

Genome Consortium (ICGC) database
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FIGURE 4 Snail represses Par3 expression in vitro and in vivo. A, Snail negatively regulates Par3 protein level. Snail was stably
overexpressed or knocked down in SV-HUC-1 cells, and immunofluorescence analysis was performed to determine the protein levels of Snail
(green) and Par3 (red). Scale bar, 50 pm. B, Snail represses Par3 expression at both mRNA and protein levels. The mRNA and protein levels of
Par3 and Snail in SNAI1-overexpression or SNAI1-knockdown cells were measured by PCR and Western blot (WB), respectively. C, Bladder cancer
(BLCA) cells with lower Snail protein level express higher level of Par3 protein. The protein levels of Par3 and Snail in BLCA cells were determined
by Western blot. B-actin was used as a loading control. D, Snail accumulation at PARD3 promoter reduces Par3 protein expression. Total cell
lysates of indicated cells were subject to ChIP with anti-Snail antibody or control IgG. gPCR with PARD3 primers was used to test the level of
PARD3 promoter sequence, indicating the enrichment of Snail at PARD3 promoter. Values are mean + SD. **P < .01 by Student's t-test. E-G, Par3
protein expression is negatively associated with Snail protein. The expression patterns of Par3 and Snail in 39 BLCA tissues were determined by
immunohistochemistry (IHC). Upper scale bar, 200 um; lower scale bar, 50 um (E). The staining intensity of Snail and Par3 was quantified and is
presented as mean + SD (F). **P < .01 by Student's t-test. Pearson's correlation between Par3 and Snail IHC score in 39 BLCA tissues is shown (G)

accounts for 50.8% (687/1352), shallow deletion accounts for 17.9% decrease of PARD3 mRNA in BLCA with the alteration of PARD3
(242/1352), gain accounts for 28.8% (389/1352), deep deletion and copy number was found, suggesting copy number is not the reason
amplification account for only 2.5% (34/1352), and no significant for reduced PARD3 expression level (Figure S4). Moreover, TCGA
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dataset shows a low CpG methylation level (f < .2, n = 316) in the
promoter region of PARD3 gene (Figure S5A,B). It appears that ge-
netic mutation, copy number, and DNA methylation have less effect
on PARD3 expression in BLCA.

We then analyzed the proximal region of PARD3 transcrip-
tion start sites (TSS) and identified an E2-box-type element
(ACAGGTG) (Figure 3A-C) which has been shown to bind the zinc
finger clusters of Snail in PARD3 promoter-proximal.?? To verify
whether Snail regulates the transcriptional activity of the PARD3
promoter, we first transiently cotransfected full-length Snail ex-
pression plasmid with reporter plasmids driven by the PARD3 core
promoter (-200/+100) into SV-HUC-1 cells and found a 60% de-
crease in the activity of PARD3 promoter caused by wild-type Snail
overexpression (Figure 3D, lower panel). To address the specificity
of Snail action, point mutations at PARD3 promoter E2-box +77 (G
to A) or +78 (T to G) sites were applied (Figure 3D, upper panel).
E2-box mutation relieved the suppression of PARD3 promoter ac-
tivity regulated by Snail (Figure 3D, lower panel), suggesting the
key role of E2-box in Snail-mediated activity of PARD3 promoter.
Next, Snail zinc finger domains were mutated (C2H2 to C2YH or
C2HC to C2YC) (Figure 3E, upper panel) and cotransfected with
the PARD3 promoter into cells. We found that ZF4 mutant was
able to repress PARD3 promoter activity, whereas the mutation
of ZF1, ZF2, and ZF3, respectively or together, hardly inhibited
PARD3 promoter activity (Figure 3E, lower panel). So ZF1, ZF2,
and ZF3 might be the crucial motifs regulating the activity of
PARD3 promoter.

To demonstrate the interaction between Snail and PARD3 pro-
moter, ChIP was conducted and showed that E2-box mutation caused
a loss of binding between PARD3 promoter and Snail (Figure 3F).
Moreover, Snail mutation in ZF1, ZF2, and ZF3 displayed a deficiency
of interaction between Snail and PARD3 promoter, while ZF4 mutation
did not alter this interaction (Figure 3G). Together with the analysis of
the International Cancer Genome Consortium (ICGC) database show-
ing that there are no mutations (including single base substitution,
deletion, and insertion) at the PARD3 site binding to Snail in BLCA
(Figure 3H), our data suggest that three zinc finger clusters of Snail
bind to PARD3 E2-box, thereby repressing PARD3 promoter activity.

3.4 | Snail represses Par3 expression in vitro and
in vivo

As Snail was capable of repressing PARD3 promoter activity, we then
investigated the correlation between Snail and Par3 expression in
BLCA cells. We first generated stable SNAI1-overexpression and
SNAI1-knockdown SV-HUC-1 cells (Figure S6A,B). At both mRNA and
protein levels, SNAI1 overexpression effectively repressed the expres-
sion of Par3, while SNAI1 deficiency led to an accumulation of Par3
(Figure 4A,B). The protein levels of Par3 and Snail in four BLCA cell
lines were then determined, and the results indicated that TCCSUP
and UMUC3 exhibited low levels of Par3 protein but high levels of
Snail protein (Figure 4C). Consistently, SV-HUC-1, RT4, and 5637 cells
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had more Par3 expression but less Snail protein (Figure 4C). Total cell
lysates from TCCSUP, UMUCS, RT4, and 5637 cells were subjected
to ChlIP with anti-Snail antibody or control IgG. PCR assay revealed a
significant accumulation of Snail at PARD3 promoter in TCCSUP and
UMUCS cells with low expression of Par3 (Figure 4D), confirming the
finding that Snail regulates Par3 expression by binding to PARD3 pro-
moter and repressing its transcription. Additionally, we performed IHC
to examine Par3 and Snail protein expression in 39 specimens of BLCA
patients (Figure 4E) and found negative correlation between Snail and
Par3 protein levels in BLCA tissues (Figure 4E-G).

3.5 | Par3 deficiency mediates Snail promoting
BLCA cell migration and invasion

We stably knocked down PARD3 or overexpressed SNAI1 in RT4
and 5637 cells, and overexpressed PARD3 or knocked down SNAI1
in TCCSUP and UMUCS3 cells, respectively (Figure S6C,D). These
cells were subjected to CCK-8 assays, and the results revealed that
neither Par3 nor Snail manipulation altered cell proliferation ability
(Figure 5A). Cell migration and invasion abilities were then detected
by transwell migration assay and invasion assay. Both PARD3 knock-
down and SNAI1 overexpression led to a significant increase of cell
migration and invasion ability in RT4 and 5637 cells (Figure 5B,C).
Furthermore, SNAI1 overexpression-mediated enhancement of mi-
gration and invasion was partially rescued by PARD3 overexpression
(Figure 5B,C). Either PARD3 overexpression or SNAI1 knockdown
resulted in remarkable suppression of migration and invasion abili-
ties, and SNAI1 knockdown-reduced migration and invasion abilities
were restored by PARD3 knockdown in TCCSUP and UMUCS cells
(Figure 5D-E). Moreover, we developed a lung metastasis model in
NOD-SCID mice by injecting BLCA cells into the tail vein. HE stain-
ing of lung tissue sections revealed that PARD3 knockdown or SNAI1
overexpression in lower-invasive RT4 cells led to more lung cancer-
ous nodes, while highly invasive TCCSUP cells, subject to PARD3
overexpression or SNAI1 knockdown, formed less lung cancerous
nodes (Figure 5F,G). Similarly, PARD3 overexpression blocked the
effect of SNAI1 overexpression in the lung metastasis model, while
PARD3 knockdown-restored SNAI1 knockdown decreased the
number of lung cancerous nodes (Figure 5F,G). Together with the
data that Snail overexpression strongly decreased the level of Par3
protein, while Snail absence led to the accumulation of Par3 in cells
(Figure S6E,F), this implies that Snail promotes BLCA cells migration
and invasion via inhibiting Par3 expression.

3.6 | GSK-3p phosphorylation promotes the
expression and nuclear localization of Snail

The phosphatidylinositol-3-OH kinase (PI[3]K)/Akt, MAPK, and Wnt
pathways have been implicated in Snail-mediated EMT and inva-
sion.?>?2 We then treated the cells with epidermal growth factor (EGF)

and LiCl to activate the Akt, MAPK, and Wnt pathways, and detected
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a significant induction of phosphorylated GSK-3p (p-GSK-3p) at Ser9, a
more substantial accumulation of Snail, and a decrease of Par3 in RT4
and 5637 cells (Figure 6A,B). PI(3)K inhibitor (Wortmannin) or MAPK
inhibitor (PD98059) abolished the EGF-induced alteration of p-GSK-38,
Snail, and Par3 (Figure 6A,B). Confocal immunofluorescence showed
that LiCl treatment increased the levels of Snail protein in the nucleus of
RT4 and 5637 cells, which was similar to the phenomenon that resulted
from SNAI1 overexpression (Figure 6C). Furthermore, cytoplasmic
and nuclear fractions were isolated and the lysates were subjected to
Western blot. As shown in Figure 6D,E, activation of the Wnt pathway
using LiCl or SNAI1 overexpression induced a substantial increase of
Snail protein in total and in nucleus. These results confirm the regulating
role of GSK-3p in Snail expression and nuclear localization. Furthermore,
LiCl significantly promoted cell migration and invasion, which could be
abolished by SNAI1 knockdown or PARD3 overexpression (Figure 6F,G).
These data indicate that abnormal inactivation of GSK-3p induces the
expression and nuclear localization of Snail, inhibits Par3 expression,

and promotes the migration and invasion of BLCA cells.

3.7 | Par3(936-1356 aa) interacts with ZO-1 (1372-
1748 aa)

To investigate the biological mechanism involved in Par3-mediated
metastasis in BLCA, we performed gene set enrichment analysis
(GSEA) analysis and found a highly positive correlation between
Par3 expression and cell junction organization (Figure 7A,B).
Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
was employed and identified ZO-1 (encoded by TJP1) as a poten-
tial interactor of Par3 (Figure 7C,D). Additionally, both TJP1 and
PARD3 were involved in cell junction organization (Figure 7D).
To confirm the interaction between Par3 and ZO-1, cells were
transfected with HA-Par3 and Flag-ZO-1 for reciprocal coimmu-
noprecipitation assay. As shown in Figure 7E, anti-HA or anti-Flag
antibody brought down ZO-1 or Par3, respectively. Confocal im-
munofluorescence also showed the colocalization of Par3 and
Z0O-1 in SV-HUC-1 (Figure 7F). We further determined the crucial
region for the Par3 and ZO-1 interaction. A series of HA-tagged
Par3 fragments were generated and cotransfected with Flag-ZO-1
into cells. Par3 is a large scaffold protein and contains a conserved
N-terminal domain, three PDZ domains, and a C-terminal region in-
cluding the aPKC-binding motif and coiled-coil domain. The follow-
ing coprecipitation experiments detected the interaction between

Par3 coiled-coil domain (936-1356 aa) and ZO-1 (Figure 7G). ZO-1
protein comprises three N-terminal PDZ domains (PDZ1, PDZ2,
PDZ3), a central region that contains SH3 and GUK domains, and
a C-terminal region including an actin-binding region (ABR) and
a ZU5 domain.?® We also applied the reciprocal experiment for
truncated fragments of ZO-1 and determined the ZU5 domain
(1372-1748 aa) as sufficient fragment for the interaction with Par3
(Figure 7H).

3.8 | The GSK-3B-Snail signaling axis regulates Par3
expression in BLCA

To further verify our in vitro model in tumor tissues, we determined
the protein levels of p-GSK-3, Snail, and Par3 in 39 pairs of human
BLCA samples by multispectral immunofluorescence. Consistent
with our findings in cells, the downregulation of Par3 significantly
correlated with the upregulation of p-GSK-3p and Snail in BLCA
tissues (Figure 8A,B). Moreover, our data showed that the level of
Z0O-1 expression was significantly lower in tumor tissues than that
in matched adjacent tissues (Figure 8A,B). Together, it implies a role
of the GSK-3p/Snail/Par3/Z0-1 axis in regulating BLCA metastasis
(Figure 8C).

4 | DISCUSSION

We report here that (a) polarity protein Par3 is frequently lost in
BLCA patients and is associated with muscle-invasive phenotypes
and poor prognosis; (b) Par3 deficiency is required for BLCA invasion
and metastasis in vitro and in vivo; (c) Snail suppresses Par3 expres-
sion through its binding to PARD3 E2-box; and (d) overexpression
of Par3 abolishes LiCl- or Snail-induced BLCA metastatic behaviors,
suggesting a role of the GSK-3p/Snail/Par3 axis in regulating BLCA
metastasis.

The majority of human carcinomas show a loss of epithelial
apical-basal polarity during benign progression to invasive carci-
noma.’” The misregulation of polarity complexes, including PAR,
Crumbs, and Scribble complexes, is closely related to tumor me-
tastasis.?” The role of Par3 in metastasis has been demonstrated
in several tumor types, such as breast cancer,' skin cancer,?® and
lung squamous cell carcinomas.?? In agreement with previous re-

ports,*° our current findings in BLCA suggest that loss of Par3

FIGURE 5 Par3 deficiency-mediated Snail promoting bladder cancer (BLCA) cell migration and invasion. A, Snail or Par3 manipulation
does not affect BLCA cells' growth. CCK-8 assays were performed to measure the proliferation of indicated cells. B-E, An increase of Snail
protein promotes the migration and invasion of BLCA cells, which could be rescued by PARD3 overexpression. The migration (B, D; left
panel) and invasion (C, E; left panel) of indicated cell lines were determined by transwell and Matrigel invasion assays. Scale bar, 100 pm.
Quantification was performed by ImageJ and shown in the right panels of B, C, D, E, respectively. Values are mean + SD. *P < .05, **P < .01,
***P < .001 by Student's t-test. ns, not significant. F-G, Par3 overexpression blocks Snail upregulation-increased lung metastasis in vivo.
Lung metastatic tumor models were developed. HE staining images of lung metastatic nodules from each group were exhibited (F). Upper
scale bar, 200 pm; lower scale bar, 50 pm. Ten regions were randomly selected from each mouse lung, and the number of metastatic nodes
was counted (G). Values are mean + SD. n = 6. ***P < .001, ns, not significant, by Student's t-test
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FIGURE 6 GSK-3p phosphorylation promotes the expression and nuclear localization of Snail. A, GSK-3f phosphorylation increases
Snail protein but decreases Par3 protein. RT4 and 5637 cells were pretreated with wortmannin (0.1 mM), PD98059 (20 pM), or LiCl

(30 mM) for 1 h, followed by stimulation with epidermal growth factor (EGF) (1 ng/mL) for 6 h. The protein levels of Snail and the activation
of AKT, MAPK, and GSK-3p were examined by Western blot. B, A model illustrating the regulating role of GSK-38 in protein level and
nuclear localization of Snail. EGF, an activator of the Akt and MAPK pathways, and LiCl, a GSK-3p inhibitor, could suppress phosphorylated
GSK-3p (GSK-3p) at Ser9 and induce strong accumulation of Snail in total and in the nucleus. Wortmannin (PI[3]K inhibitor) or PD98059
(MAPK inhibitor) could restore the suppression of GSK-3p, which correlates with the downregulation of Snail. C-E, LiCl treatment

increases the protein level and promotes nuclear localization of Snail. RT4 and 5637 cells were treated with LiCl or SNAI1 overexpression.
Immunofluorescence staining of Snail (green) and Par3 (red) was applied. Scale bar, 10 um. C, Cytoplasmic and nuclear fractions were
isolated and subjected to Western blot (D). Snail protein levels in the cytoplasmic and nuclear fractions were quantified and normalized
against a-tubulin or Lamin B, respectively (E). Values are mean + SD. **P < .01, ***P < .001, ns, not significant, determined by Student's
t-test. F-G, LiCl promotes cell migration and invasion, which could be blocked by SNAI1 knockdown or PARD3 overexpression. RT4 and 5637
cells were pretreated with LiCl (30 mM) for 1 h, followed by migration (F, left panel) and invasion (G, left panel) assays. Scale bar, 100 pm.
Quantification of the relative migration (F, right panel) and invasion (G, right panel) was performed and is shown, respectively. Values are

mean + SD. *P < .05, **P < .01, Student's t-test

promotes carcinoma cell migration and invasion. Par3 confers ep-
ithelial tight junctions (TJ) in mammalian cells,®* which might cor-
relate with the inhibition of cell migration. TJ plays an essential
role in the urothelium barrier,"® which is composed of transmem-
brane proteins and cytoplasmic scaffolding proteins connecting
the transmembrane proteins to the cytoskeleton, such as ZO-1.
ZO proteins have long been assumed to participate in TJ estab-
lishment and epithelial polarity maintenance by directly binding to
claudins, and ZO-1 is required for the formation of TJ.32 Moreover,
Z0O-1 might contribute to EMT, invasion, and metastasis of
BLCA.23 A mechanosensitive intramolecular interaction between
a C-terminal fragment of ZO-1 resulted in the formation of the
folded conformation, and ZO-1 in this conformation cannot bind
to its ligands ZONAB/DbpA and occludin, leading to downstream
modulation of nuclear signaling and barrier function.®* Here, we
firstly provide evidence of the interaction between Par3 and ZU5
domain, a region of the C-terminal fragment of ZO-1. Although its
function is not well understood, the ZU5 domain might have an im-
portant role in the dynamics of ZO-1 and in barrier function.®®> An
interaction between the ZO-1 ZU5 domain and MRCKf has been
also determined, which is associated with MRCKp-mediated cell
migration.36 Therefore, we speculate that loss of Par3 likely dis-
rupts TJ destruction of urothelium cells via its close relationship
with ZO-1, which leads to BLCA metastasis. This needs further
investigations in the future.

Our present work reveals Par3 as a novel downstream target
of Snail in the migration and invasion of BLCA. EMT is associated
with an invasive or metastatic phenotype in BLCA.%” It has been
shown that a Snail-mediated cascade could downregulate epithe-
lial markers and upregulate mesenchymal markers to undergo an
EMT and acquire metastatic potential.17 In BLCA, overexpression
of Snail has been reported to be involved in tumor progression,
invasiveness, and metastasis.>® One of the EMT hallmarks is the
functional loss of E-cadherin (encoded by CDH1), leading to the
destabilization of adherens junctions, which is currently thought to
be a suppressor of invasion during carcinoma progression.?? Snail
represses E-cadherin transcription by directly binding to its pro-
moter. We found the same E2-box-type elements C/A(CAGGTG)

as CDH1 in the proximal region of PARD3 promoter. On binding to
the E-box, Snail zinc finger transcription factor is thought to act
as a transcriptional repressor.21 Based on the finding that PARD3
genetic mutation and DNA methylation were not correlated with
loss of protein expression, which is consistent with lung squamous
cell carcinomas,®’ we demonstrate that Snail-regulated PARD3 in-
hibition is the major regulating mechanism responsible for PARD3
expression in BLCA.

Generally, activation of Wnt signaling has been associated with
cancer metastasis. A recent study showed that there was func-
tional redundancy of GSK-3p in Wnt/p-catenin signaling.*® GSK-3p
binds to and phosphorylates Snail (at motif 2), thereby inducing
its nuclear export and binding to B-Trcp, leading to the degrada-
tion of Snail.** Inhibition of GSK-3p results in the upregulation of
Snail, as well as the repression of E-cadherin in vivo.*! According
to the present study, we speculate that the inhibition of GSK-38
degrades both Par3 and E-cadherin at transcriptional level by in-
creasing the protein level of repressing transcriptional factor Snail,
which induces BLCA migration and invasion in a coordinated fash-
ion. This speculation is consistent with the fact that loss of Par3
and E-cadherin promotes breast cancer metastasis by compro-
mising cell-cell cohesion.*® Thus, it is conceivable that Snail re-
presses Par3 expression and induces BLCA metastasis in a GSK-3f
phosphorylation-dependent manner.

In conclusion, the present work reports for the first time a
loss of Par3 expression in BLCA with muscle-invasive pheno-
types and evidences a role of Par3 in suppressing the migration
and invasion of BLCA cells. The GSK3p/Snail/Par3/Z0O-1 regula-
tory axis could play an important role in BLCA metastasis, which
might provide new thoughts for BLCA treatment. While we found
that endogenous Par3 protein was highly detected in urothelial
cell SV-HUC-1 compared with BLCA cells, does Par3 play a role
in oncogenesis of bladder epithelial cells? This needs further

investigation.
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FIGURE 7 Par3(936-1356 aa) interacts with ZO-1 (1372-1748 aa). A, B, Par3 plays an important role in cell junction organization.

Maijor biological processes modulated by Par3 in bladder cancer were predicted based on transcriptome analysis by gene ontology (A) and
GSEA (B) analysis. NES, normalized enrichment score. Among the identified pathways, cell junction organization process showed a positive
correlation with high the expression levels of PARD3 based on a dataset from TCGA database. C, Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis of Par3 binding proteins. Total cell lysates from SV-HUC-1 cells were immunoprecipitated with anti-
Par3 antibody or control IgG and visualized with Coomassie Blue staining. The indicated bands were cut for LC-MS/MS analysis. D, PARD3
potentially interacts with TJP1. UpSet plot was used to visualize the total size and overlaps of various datasets, including genes analyzed by
GSEA in cell junction organization (green), LC-MS/MS experiment 1 (purple), LC-MS/MS experiment 2 (orange), and LC-MS/MS experiment
3 (blue). PARD3 and TJP1 were identified in three LC-MS/MS experiments, as well as in genes involved in cell junction organization. E, Par3
interacts with ZO-1. HA-Par3 and Flag-ZO-1-expressing plasmids were transfected into 293T for 24 h. Reciprocal coimmunoprecipitation
was performed by anti-Flag (left panel) and anti-HA (right panel). F, Par3 colocalizes with ZO-1. Immunofluorescence showed colocalization
of Par3 (red) and ZO-1 (green) in SV-HUC-1 cells. Scale bar, 10 pm. G, 936-1356 aa fragment of Par3 interacts with ZO-1. Cells were
cotransfected with Flag-ZO-1 and indicated HA-tagged Par3 truncated plasmids. Cell lysates were subject to coimmunoprecipitation and
Western blot. H, 1372-1748 aa fragment of ZO-1 interacts with Par3. Cells were cotransfected with HA-Par3 and indicated Flag-tagged Par3
truncated plasmids. Lysates were subject to coimmunoprecipitation and Western blot
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FIGURE 8 The GSK3p/Snail/Par3/Z0O-1 regulatory axis in bladder cancer (BLCA). A, Representative image of the microscopic
immunofluorescence detection of Par3 (yellow), Snail (cyan), p-GSK-3p (S9) (red), and ZO-1 (green) in BLCA patient paraffin section. DAPI
colored in blue was a nuclear counterstain. Left scale bar, 200 um; right scale bar, 50 pm. B, Matrix showing Spearman's correlation between
Par3, Snail, p-GSK-38 (S9), and ZO-1 for BLCA and adjacent tissues from 39 pairs of patients. The color and shape of the ellipses indicated
the strength of the correlation. Only significant correlation coefficients were shown. Color bars indicated tissue type. C, A schematic model
illustrating the GSK-3p/Snail/Par3/Z0O-1 axis in metastatic BLCA. Inhibition of GSK-3p by phosphorylation increases Snail protein levels and
promotes the accumulation of Snail in the nucleus. As a transcriptional repressor, Snail in the nucleus binds to the promoter region of PARD3
and inhibits its transcription, leading to a reduced Par3 expression and enhanced metastatic capability of BLCA
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