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Abstract

Forebrain embryonic zinc finger 2 (Fezf2) is an evolutionarily conserved zinc finger transcription repressor. It has been
reported to be a tumor suppressor; however, neither the role that Fezf2 plays in bladder cancer nor the mechanisms involved
have been investigated. In this study, we showed that Fezf2 expression is downregulated in bladder cancer tissues and cell
lines compared to adjacent non-tumor tissues and normal urothelial cells. We also retrospectively analyzed the association
between Fezf2 and various clinicopathologic characteristics in 196 bladder cancer patients, and showed that low expression
of Fezf2 is correlated with larger tumor size, advanced tumor stage, and poor clinical prognosis. Moreover, we found that
overexpression of Fezf2 significantly inhibited the proliferation, growth, migration, and invasion of bladder cancer cells, and
attenuated angiogenesis, while knockdown of Fezf2 had the opposite effect. Fezf2 suppressed bladder cancer aggressiveness
by activating the NF-«B signaling pathway. These findings suggest that Fezf2 holds promise as a prognostic biomarker, and
provide a putative mechanism for bladder cancer progression.

Introduction prognosis. For patients with advanced or metastatic disease,

the median survival is less than 14 months, and the long-

Bladder cancer is one of the foremost causes of cancer-
related death in men worldwide [1]. Approximately 75% of
newly diagnosed bladder cancers are non-muscle-invasive
tumors and have a high survival rate. However, up to 15%
of these patients will eventually progress to muscle-invasive
bladder cancer (MIBC), which has a dismal long-term
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term disease-free survival rate is ~15% [2]. Therefore,
clarification of the molecular mechanisms that trigger the
neoplastic transformation of urothelium and progression of
bladder cancer is warranted.

Forebrain embryonic zinc finger 2 (Fezf2) is a newly
described gene located on chromosome 3pl4, which
encodes an evolutionarily conserved forebrain-enriched
zinc finger transcription repressor [3]. Fezf2 is expressed
in the forebrain of the clawed frog (Xenopus), zebrafish and
mice, and has a role in patterning the development of the
diencephalon, and specifying distinct forebrain neuronal
subtypes [4, 5]. Fezf2 is linked to the regulation of neural
stem cell differentiation in a significant manner [6], and has
recently been reported to be dysregulated in human cancers.
Shu et al. demonstrated that Fezf2 acts as a histone
deacetylase-associated repressor, and is frequently down-
regulated in nasopharyngeal carcinoma, with a high degree
(75.5%) of promoter methylation in nasopharyngeal tumors
[7]. Gan et al. also identified Fezf2 as a biomarker in well-
differentiated colorectal carcinoma (CRC), and it has been
suggested that this molecule is related to the tumorigenesis,
proliferation, and differentiation of CRC [8]. Denkert et al.
identified differences in metabolic patterns of Fezf2 in
ovarian borderline tumors and invasive ovarian carcinomas
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[9]. These studies gave rise to the hypothesis that Fezf2
plays an important role in human cancers.

The role and mechanism of Fezf2 in bladder cancer
progression are unknown. In the present study, we hypo-
thesize that Fezf2 is a suppressor of bladder cancer devel-
opment. We provide the first evidence that Fezf2 expression
is closely correlated with various clinicopathologic features
of bladder cancer, and with clinical prognosis in bladder
cancer patients, and we show evidence which argues that
Fezf2 modulates cancer progression through the NF-xB
pathway. Our findings highlight the critical role of Fezf2 as
a tumor suppressor, and the potential of Fezf2 as a target for
bladder cancer therapy.

Material and methods
Cell culture

Bladder cancer cell lines (BIU-87, T24, J82, UM-UC-3,
RT4, EJ, and TCCSUP) and one normal urothelial cell line
(SV-HUC-1) were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Primary
normal bladder urothelial cells (NBUCs) cultures and the
human uroepithelial cell line SV-HUC-1 were established
as described previously [10]. The cell lines BIU-87, T24,
J82, UM-UC-3, EJ, and TCCSUP were maintained in RPMI
1640 medium (Gibco, USA) supplemented with 10% fetal
bovine serum (FBS) (Gibco, USA), and the RT4 cell line
was cultured in McCoy’s 5a medium supplemented with
10% FBS. SV-HUC-1 cells were grown in F12K medium
supplemented with 10% FBS.

Tissue specimens

One hundred and ninety-six paraffin-embedded bladder
cancer tissue blocks were selected and evaluated retro-
spectively for this study. These archived specimens had
originally been histopathologically and clinically diagnosed
at the Second Affiliated Hospital of Nanchang University.
The staging of all samples was determined according to the
American Joint Committee on Cancer (AJCC) classification
system on TNM staging. Tumor grade was determined
according to the World Health Organization/ International
Society of Urological Pathologists criteria. Transurethral
resection was performed in patients with non-muscle-
invasive cancer, and radical cystectomy was performed in
patients with muscle-invasive cancer, according to the
National Comprehensive Cancer Network (NCCN) guide-
lines. Patient consent for this study was obtained in each
case, and the study was approved by the ethics committee of
the Second Affiliated Hospital of Nanchang University. In
addition, 60 pairs of snap-frozen bladder cancer, and samples
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of normal urothelium were obtained and frozen immediately
in liquid nitrogen after surgical removal (cystectomy) and
stored at —80°C until use. To select adjacent non-tumor
bladder tissues, grossly normal mucosa from the resection
margin farthest from tumor was excised and subjected to
frozen section evaluation in order to exclude dysplasia or
presence of carcinoma cells. The urothelium and submucosal
layers of the adjacent area was then carefully peeled off and
placed immediately in liquid nitrogen.

Gene set enrichment analysis

The expected relative mRNA expression of Fezf2 in bladder
tumor vs. normal urothelium samples was obtained from the
National Center for Biotechnology Information (NCBI)
gene expression omnibus database (NCBI accession no.
GSE3167). Correlation between Fezf2 expression and NF-
kB signaling pathway signatures was analyzed using the
publicly available bladder cancer patient expression profiles
obtained from The Cancer Genome Atlas (TCGA, https://ca
ncergenome.nih.govl) and application of gene set enrich-
ment analysis (GSEA) [11].

EdU labeling

Cells were incubated with 5-ethynyl-2’-deoxyuridine (EdU,
RiboBio; R11053) for 3h at 37°C, and treated with
ApolloR reaction cocktail according to the manufacturer’s
instructions. Images were collected using fluorescent
microscopy (Olympus, Japan).

Flow cytometry analysis

Cells were harvested, washed, fixed with 75% alcohol, and
incubated with 2 ug/ml bovine pancreatic RNAase (Sigma-
Aldrich) at 37 °C for 30 min. Afterward, these cells were
incubated in 20 mg/ml of propidium iodide (Sigma-Aldrich;
USA) at room temperature for 20 min. The cell cycle was
analyzed by using a BD LSRFortessa X-20 instrument (BD
Biosciences, CA, USA).

Invasion assay

The capacity for cell invasion was evaluated with transwell
chambers (Corning LifeSciences). After pretreatment, 1 x
10° cells suspended in 100 ml of serum-free medium were
seeded in each upper pre-coated Matrigel transwell insert
chamber, and culture medium supplemented with 10% FBS
was added to the lower chamber. After incubation for 24 h,
the cells remaining on the upper surface of the membrane
were removed and cells that had migrated to the lower
surface of the membrane were fixed and stained with 0.1%
crystal violet.
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Chick chorioallantoic membrane assay

Fertilized chicken eggs were obtained from the Institu-
tional Animal Care and Use Committee of Tongji Medical
College at Huazhong University of Science and Tech-
nology. Ethics approval was obtained from the Huazhong
University of Science and Technology Animal Ethics
Committee. A window 1.0 cm in diameter was created in
the egg shell on day three of chick embryo development,
and the shell membrane was humidified with phosphate
buffer solution (PBS) and carefully removed. The window
was resealed with adhesive tape and the eggs were
returned to the incubator until the day of the experiment.
On day seven, 5x 10° tumor cells were mixed with
growth factor reduced matrigel (8.9 mg/mL, BD Bios-
ciences, CA, USA). Matrigel grafts were placed on top of
the chick chorioallantoic membrane (CAM) and the eggs
were sealed and incubated at 37 °C with 70% relative
humidity for four days. A mixture of methanol and acet-
one (1:1 by volume) was then added directly to immerse
and fix the blood vessels of the experiment zone. Finally,
the CAM was separated from the embryo, cut and spread
on a glass slide, and gross photos of each CAM were
taken with a digital camera (Canon, Japan). The eggs were
placed on ice for 4 h to euthanize the chick embryos by
hypothermia.

Human umbilical vein endothelial cell tube
formation assay

A volume of 200 ul of precooled Matrigel (Collaborative
Biomedical Products) was pipetted into each well of a 24-
well plate and incubated for 30 min at 37 °C. Human
umbilical vein endothelial cells (HUVECS) (5 x 10%) in 200
pl conditioned medium were added to each well and incu-
bated at 37°C in 5% CO, for 20h. The capillary tube
structure was photographed under a 100 x bright-field
microscope, and quantified by measuring the total length of
the completed tubes. Each condition was assessed at least in
triplicate.

Quantitative real-time PCR

Total RNA from tissue samples and cells was extracted
using the TRIzol reagent kit (Invitrogen, California, USA).
Reverse transcription-PCR was performed using the
RevertAid First Strand cDNA Synthesis kit (Thermo,
Massachusetts, USA). Real-time quantitative PCR was
performed on a StepOne Plus real-time PCR system (Life
Technologies, Carlsbad, CA, USA). The sequences of pri-
mers are provided in Supplementary Table 1. Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control.

Western blotting

Cells and tissues were lysed with RIPA Lysis Buffer, and
cleared by centrifugation at 4 °C. The protein concentration
of each lysate was determined with the Bradford assay
(Thermo Scientific, Massachusetts, USA). Equal amounts
of protein were separated by SDS-PAGE gels, and then
transferred to polyvinylidene difluoride membrane, and
probed with corresponding antibodies: Fezf2 (Abcam, cat.
no. ab69436), anti-p-IxkBa (Cell Signaling Technology, cat.
no. 2859), anti-IkBa (Cell Signaling Technology, cat. no.
4814), anti-p-IKKf (Cell Signaling Technology, cat. no.
2078), anti-IKKp (Cell Signaling Technology, cat. no.
2370), anti-p65 (Cell Signaling Technology, cat. no. 4764),
anti-p84 (Abcam, cat. no. ab131268), and anti-a-tubulin
(Santa Cruz, cat. no. sc-5286).

Immunohistochemistry

Formalin-fixed, paraffin-embedded specimens were cut into
4-um thick sections for immunohistochemical staining.
Sections were deparaffinized in xylene and rehydrated, and
were then treated with 3% hydrogen peroxide in methanol
to quench the endogenous peroxidase activity, followed by
incubation with 1% fish skin gelatin to block nonspecific
binding. Tissue sections were incubated with rabbit poly-
clonal anti-Fezf2 antibody (Abcam, Cambridge, USA,;
1:200; cat. no. ab214186) at 4 °C overnight, and incubated
with a biotinylated secondary antibody (Abcam, Cam-
bridge, USA), followed by further incubation with 3,3-
diaminobenzidine tetrahydrochloride (DAB), and counter-
staining with hematoxylin. Evaluation of immunohisto-
chemical staining (IHC) was performed by two independent
observers who were blinded to the patient clinical data. The
quantity and quality of immunostaining was scored based
both on the proportion of positively stained tumor cells and
on the intensity of staining. IHC intensity was scored as 0
(no staining); 1 (weak staining = light yellow); 2 (moderate
staining = yellow brown); or 3 (strong staining = brown).
The percentage of positive cells was scored as 0 = negative;
1=10% orless;2 =11to 50%; 3 =51 to 80%:; or 4 = 80%
or more cells positive. The final score was obtained by
multiplying the proportion of positive cells and the staining
intensity score, and the median value was used to create
dichotomous variables. A final score of 0-2 was considered
to be negative, and a final score of 3—12 was considered
positive as in previous studies [12, 13].

Plasmids, lentiviral infection, and transfection
Human Fezf2 cDNA was amplified by PCR and cloned into

the GV358 lentiviral vector (GeneChem, Shanghai, China).
An oligo of Fezf2 shRNAs was synthesized and inserted in
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a GV248 vector Genechem Co., Ltd (GeneChem, Shanghai,
China). Stable cell lines that expressed Fezf2 or Fezf2-
shRNA were selected at 10 days with 0.5 mg/ml puromycin.

Anchorage-independent growth ability assay

Cells were trypsinized and counted. 5x10° cells were
mixed with complete medium containing 0.3% agar
(Sigma-Aldrich; USA) on 6-well plates, followed by plating
over a bottom layer with 1% agar complete medium mix-
ture. After 10 days of incubation, viable colonies larger than
0.1 mm in diameter were scored.

Tumor xenografts

All experimental procedures were approved by the Institu-
tional Animal Care and Use Committee of Tongji Medical
College of Huazhong University of Science and Technol-
ogy. BALB/c nude mice (5-6 weeks old) were purchased
from the Center of Experimental Animal of Tongji Medical
College of Huazhong University of Science and Technol-
ogy and randomized into groups. For tumor formation
assay, 5x 10° cells were injected subcutaneously into one
single side of each mouse. Tumor volume was calculated
using the following equation: length x (width)**/2. Mice
were sacrificed after 30 days, and the tumors were evaluated
by an IVIS imagining system (Caliper).

Luciferase reporter assay

Cells (5x 10* were seeded in triplicate wells of 24-well
plates and allowed to settle for 24 h. A volume of 100 ng of
luciferase reporter plasmid or the control plasmid, together
with 1ng pRL-TK Renilla plasmid (Promega) were
cotransfected using Lipofectamine 3000 reagent (Invitro-
gen, USA). Luciferase and Renilla signals were measured
48 h after transfection by using the Dual Luciferase
Reporter Assay Kit (Promega, USA) according to the
manufacturer’s instruction. All experiments were performed
in triplicate.

Statistical analysis

All statistical analyses were carried out using SPSS
16.0 software. Differences between groups were ana-
lyzed by using the non-parametric Mann—Whitney test.
The correlation between Fezf2 expression and bladder
cancer clinicopathologic characteristics was analyzed
using the chi-square test or Fisher’s exact test. Survival
curves were plotted with the Kaplan—-Meier method and
compared using the log-rank test. Survival data were
evaluated by using multivariate Cox regression analysis.
P <0.05 was considered statistically significant. Data are
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expressed as mean + SD from at least three independent
experiments.

Results

Downregulation of Fezf2 correlates with tumor
progression and poor prognosis in bladder cancer
patients

To investigate the role of Fezf2 expression in bladder cancer
progression, we first analyzed Fezf2 expression in bladder
cancer cells and tissues. In 85.0% (51/60) of bladder cancer
patients, Fezf2 mRNA expression was decreased in bladder
cancer tissues as compared to matched normal tissue
(Fig. 1a). Consistent with this finding, western blot analysis
showed that Fezf2 expression was markedly lower in
bladder cancer than that in adjacent non-tumor tissue
(Fig. 1b). In addition, Fezf2 was significantly down-
regulated in all 7 bladder cancer cell lines compared with
NBUCs and normal urothelial cells (Fig. lc, d). Fezf2-
showed notably higher expression in the RT4 cell line,
which is derived from a human bladder transitional cell
papilloma, than in the other six bladder cancer cell lines.
Aanalysis of mRNA microarray data from the GSE3167
database showed that Fezf2 mRNA expression was dra-
matically decreased in bladder cancer tissues as compared
to normal bladder tissues (P <0.001, Fig. le).

To determine the clinical relevance of Fezf2 in bladder
cancer, Fezf2 expression was examined in 196 paraffin-
embedded, archived bladder cancer tissues by IHC assay
(Fig. 1g). Correlation analysis of Fezf2 expression revealed
a significant association between Fezf2 levels and tumor
stage (T classification) (P =0.027) and tumor size (P =
0.036). However, there wasn’t significant association of
Fezf2 expression with sex, age, or tumor grade (Supple-
mentary Table 2). Based on the Kaplan—Meier method, the
mean overall and recurrence-free survival times were 50.9
and 29.5 months, respectively. It is of note that patients
without Fezf2 expression had shorter overall and
recurrence-free survival time (P=0.015 and P =0.010,
respectively) (Fig. 1f). Multivariable Cox Regression ana-
lyses indicated that Fezf2 expression is a significant inde-
pendent predictor of both OS (HR =0.318, P =0.031) and
RFS (HR =0.462, P=0.009) in bladder cancer patients
after adjusting for sex, age, grade, tumor size, and T clas-
sification (Supplementary Table 3). In order to prevent
problems arising from overfitting, we performed bootstrap
validation in the regression models (Supplementary
Table 3), and calculated the variance inflation factors of
variables in the Cox regression models (Supplementary
Table 4). The results indicate that the probability of over-
fitting is slim. Moreover, we calculated the c-index in
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Fig. 1 Fezf2 expression is decreased in bladder cancer. a Fezf2 mRNA
expression in 60 pairs of bladder cancer and adjacent non-tumor tissue.
b Protein expression of Fezf2 in 10 pairs of randomly selected tumor
(T) and adjacent non-tumor tissue (N). ¢, d Fezf2 mRNA and protein
in normal bladder urothelial cells (NBUCs), human uroepithelial cells
(SV-HUC-1), and bladder cancer cell lines (BIU-87, T24, J82, UM-
UC-3, RT4, EJ, and TCCSUP). e Expression levels of Fezf2 mRNA in

models with and without Fezf2, and found that the c-index
was significantly increased in model with Fezf2 compared
to those without Fezf2, indicating that Fezf2 is a significant
independent prognostic predictor after controlling for the
other parameters. The addition of Fezf2 improved accuracy
of predicting OS by 5.6% (P =0.071) and RFS by 5.3% (P
<0.05) (Supplementary Table 5). Our findings indicate
Fezf2 may be a predictive biomarker of clinical outcome in
bladder cancer.

Overexpression of Fezf2 suppresses aggressiveness
of bladder cancer cells

To assess the biologic role of Fezf2 in bladder cancer cells,
stable Fezf2-overexpressing and Fezf2-knockdown EJ and
T24 cells were established (Fig. 2a). Ectopic expression of
Fezf2 drastically decreased proliferation in both cell lines

40

50 60

tumor and normal tissue of bladder cancer patients from GSE3167
database. f Kaplan—Meier analysis of overall survival curves for
bladder cancer patients with negative vs. positive Fezf2 expression.
Fezf2 positivity was significantly correlated with more favorable
overall survival (P = 0.010) and recurrence-free survival (P =0.015).
OS overall survival, RFS recurrence-free survival. g Representative
images of IHC analysis of Fezf2 in bladder cancer specimens. 400x

(Fig. 2b). Similarly, flow cytometry revealed that over-
expression of Fezf2 significantly reduced the percentage of
S phase cells in the sample (Fig. 2c). The anchorage-
independent growth assay demonstrated that cells over-
expressing Fezf2 form a smaller number of colonies and
smaller sized colonies compared with control cells (Fig. 2d).
In addition, Transwell assays showed Fezf2-overexpressing
cells exhibit significantly decreased invasive ability
(Fig. 2e). Moreover, conditioned medium from Fezf2-
transduced bladder cancer cells exhibited decreased ability
for induction of tubule formation by HUVECs (Fig. 2f), and
also showed decreased ability for induction of vessel for-
mation in the CAM assay (Fig. 2g). Consistent with these
results, silencing of Fezf2 induced cell proliferation, inva-
sion, and angiogenesis (Fig. 3a—g). These results suggest
that Fezf2 plays a significant role in the aggressiveness of
bladder cancer in vitro.
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Fig. 2 Upregulation of Fezf2 inhibits bladder cancer cell aggressive-
ness in vitro. a Western blotting analysis of Fezf2 expression in EJ and
T24 cells stably expressing Fezf2; a-tubulin was used as a loading
control. b Representative micrographs (left panel) and quantification
(right panel) of EdU incorporation in indicated bladder cancer cells.
DAPI was used as a DNA/nuclear stain. ¢ Representative images of
CAM blood vessels stimulated with conditioned medium from indi-
cated cells. d Flow cytometric analysis showing the percentages of

Overexpression of Fezf2 abolishes tumorigenicity of
bladder cancer in vivo

We next investigated the effect of Fezf2 on the tumor-
igenicity of bladder cancer cells in vivo. The results showed

that tumor cells overexpressing Fezf2 were significantly
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cells overexpressing Fezf2 at different phases of the cell cycle. e
Representative pictures (left panel) and quantification (right panel) of
invading cells were analyzed using a transwell Matrigel assay. f
Representative images (left panel) and quantification (right panel) of
HUVEC:S cultured on matrigel-coated plates with conditioned medium
from cells overexpressing Fezf2. Bar graphs show statistical analysis
of three independent experiments (*P < 0.05)

EJ

T24

smaller and weighed less than control cells (Fig. 4a—c).
Immunohistochemical staining showed lower expression of
Ki67 and CD31, and less microvascular density in groups
overexpressing Fezf2 than in the control groups (Fig. 4d).
These findings indicate knockdown of Fezf2 contributes to
bladder cancer tumorigenicity in vivo.
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Fig. 3 Downregulation of Fezf2 promotes aggressiveness in bladder
cancer cells. a Western blotting analysis of Fezf2 expression in EJ and
T24 cells with stable silencing of Fezf2; a-tubulin was used as a
loading control. b Representative micrographs (left panel) and quan-
tification (right panel) of EdU incorporation in indicated bladder
cancer cells. DAPI was used as a DNA/nuclear stain. ¢ Representative
images of CAM blood vessels stimulated with conditioned medium
from indicated cells. d Representative pictures (left panel) and

Fezf2 mediates the NF-kB signaling pathway in
bladder cancer cells

To further explore the molecular mechanisms of prolifera-
tion, metastasis, and angiogenesis which are inhibited by
Fezf2 in bladder cancer, GSEA of publicly available gene
expression array data was analyzed, and Fezf2 expression
was found to be negatively associated with the activation of
NF-kB signaling (Fig. 5a). Overexpression of Fezf2 signi-
ficantly enhanced the activity of NF-kB luciferase reporter
activity, whereas silencing of Fezf2 inhibited reporter

Fezf2-Ri1 Fezf2-Ri2

G

-
w

Ri-Vector Fezf2-Ri1

Fezf2-Ri2

T24

quantification (right panel) of invading cells were analyzed using a
transwell Matrigel assay. e Flow cytometric analysis showing per-
centages of Fezf2-knockdown cells at different phases of the cell
cycle. f Representative images (left panel) and quantification (right
panel) of HUVECs cultured on matrigel-coated plates with condi-
tioned medium from Fezf2-knockdown cells. Bar graphs show sta-
tistical analysis of three independent experiments (*P < 0.05)

activity (Fig. 5b). The expression of genes downstream of
NF-xB was reduced in cells overexpressing Fezf2, but
expression was elevated in Fezf2-knockdown cells
(Fig. 5c). Moreover, western blotting showed that expres-
sion of nuclear p65, phosphorylated-IKKp, and p-IxkBa
were remarkably decreased in Fezf2-overexpressing cells,
but expression of these genes was increased in Fezf2-
knockdown cells (Fig. 5d), arguing Fezf2 suppresses the
activation of the NF-xB signaling pathway.

To more strongly validate the pathogenesis of bladder
cancer which is mediated by Fezf2 and occurs through NF-

SPRINGER NATURE
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kB signaling, we blocked the NF-xkB pathway in Fezf2-
knockdown cells by overexpressing an IkBa dominant-
negative mutant (IkBa-mut). As expected, the augmented
effect of Fezf2-knockdown on NF-kB activation was sig-
nificantly attenuated by transfection of the IkBa-mut or by
application of NF-kB inhibitor. Consistent with these find-
ings, blockade of the NF-xB pathway abolished the effect of
Fezf2-knockdown on bladder cancer aggressiveness to a
significant extent (Fig. S5e—g). These results strongly suggest
Fezf2 contributes to NF-xB activation, which in turn med-
iates aggressiveness of bladder cancer cells.

Clinical association of Fezf2-mediated NF-kB
activation in human bladder cancer

To examine the clinical relevance of Fezf2 expression and
NF-xB activation in human bladder cancer, the expression
of Fezf2 and NF-xB downstream factors in 10 freshly
prepared bladder cancer tissues using real-time PCR and
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western blot assays were examined. Fezf2 levels were
negatively correlated with nuclear p65 signals and the
expression of NF-kB downstream genes (Fig. 6a, b). These
data further support our hypothesis that downregulation of
Fezf2 inactivates the NF-kB signaling pathway, which
consequently leads to an aggressive bladder cancer
phenotype.

Discussion

In this study there were several discoveries concerning the
role of Fezf2 in the malignant progression of bladder can-
cer. First we demonstrated that Fezf2 is significantly
downregulated in bladder cancer, and this downregulation is
associated with clinical features and prognosis of bladder
cancer patients. Second, we showed that overexpression of
Fezf2 inhibits the proliferative and invasive abilities of
bladder cancer cells, while downregulation of Fezf2
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expression produces the opposite effect through modulation
of the NF-kB signaling pathway. These findings emphasize
the prominent role of Fezf2 deregulation in promoting
carcinogenesis and progression of bladder cancer.

Previous studies have shown that the NF-kB signaling
pathway not only plays a pivotal role in immune and
inflammatory responses, but is also essential for tumor-
igenesis [14, 15]. Specific targeting of the NF-kB signaling
pathway has been intensively explored for its potential as a
treatment for a variety of malignancies [16, 17]. For
example, inhibition of the NF-kB pathway by BAY 11-
7085, triptolide, or minnelide leads to deregulation of
epithelial-mesenchymal transition (EMT) and in vitro
neural invasion in pancreatic cancer [18]. In contrast, acti-
vation of NF-kB signaling by RPA2 overexpression pro-
motes cell proliferation, adhesion, migration, and invasion,
and induces EMT of breast cancer cells [19]. In addition,
treatment with BMS-345541, an IKK inhibitor, significantly
suppresses EMT and induces cell death in prostate cancer
cells [20]. NF-xB signaling has also been shown to be
critical in the oncogenesis and progression of bladder can-
cer. Cui et al. demonstrated that NF-xB promotes cell cycle
progression and reduces apoptosis by upregulating survivin
expression in bladder cancer cells [21]. Moreover, NF-xB
signaling is involved in cisplatin-induced bladder cancer
chemoresistance and tumor progresion [22]. These findings
suggest that inhibition of NF-kB signaling is a potential
therapeutic strategy for the treatment of bladder cancer.

SPRINGER NATURE

Here we showed Fezf2 is downregulated in bladder cancer
and its downregulation is correlated with poor clinical
prognosis of bladder cancer patients. Overexpression of
Fezf2 dramatically suppressed malignant phenotypic fea-
tures including proliferation, migration, invasion, and
angiogenesis through the inactivation of NF-xB signaling,
suggesting that Fezf2 contributes to inactivation of NF-xB
signaling and thereby represents a potential target for
bladder cancer therapy.

Evidence suggests Fezf2 may regulate signaling path-
ways. For instance, overexpression of Fezf2 significantly
increases the generation of rostral forebrain progenitors and
inhibits the expression of transcription factors expressed by
the midbrain and caudal diencephalon through the regula-
tion of Wnt signaling [23]. In agreement with this study,
Zhang et al. demonstrated that Fezf2 promotes neuronal
differentiation through localized activation of Wnt/B-catenin
signaling during forebrain development [24]. In addition,
activation of Fezfl and Fezf2 genes by knockdown of
Brela results in increased expression of the Notch signaling
effector gene Hes5, and suppression of differentiation of
neural precursor cells [25]. In nasopharyngeal carcinoma
cells (NPCs), epigenetic silencing of Fezf2 may contribute
to the perturbation of the p53 signaling pathway, which
further promotes NPC cell growth and inhibits apoptosis
[7]. The current study shows that Fezf2 negatively regulates
NF-xB signaling and tumorigenicity in bladder cancer. This
is the first study demonstrating a novel linkage between
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Fezf2 and the NF-xB signaling pathway in cancer devel-
opment and progression. However, the exact mechanism by
which Fezf2 suppress the NF-xB signaling pathway remains
unknown and warrants further investigation.

Fezf2 has been identified as a tumor suppressor, but its
prognostic role in cancer has never been investigated. Our
analysis has provided the first evidence that Fezf2 expres-
sion is closely correlated with clinical prognosis in bladder
cancer. Patients with lower levels of Fezf2 expression in
this study had shorter overall and recurrence-free survival
time compared to patients with higher Fezf2 expression. In
agreement with our results, Sheu et al. reported that chro-
mosome 3p12.3—p14.2 deletion is a prognostic marker for
advanced NPC patients [26]. These studies support the
concept that Fezf2 is a novel predictor of prognosis in
human cancers.

Our study has several limitations including the retro-
spective design and a relatively small sample size. A pro-
spective study with a larger participant population will be
required to conclusively demonstrate the prognostic value
of Fezf2 in bladder cancer patients. Moreover, much longer
follow up will be necessary to draw definitive conclusions
regarding the prognostic value of Fezf2. In addition, we did
not evaluate lymph node status as a clinical variable that
may be related to Fezf2 expression. This study included a
heterogeneous group of patients in regard to disease stage.
As such in patients with MIBC, the post-operative lymph
node status could be evaluated, while for non-MIBC
patients (without lymph node dissection), lymph node sta-
tus could not be determined pathologically. Further studies
are needed to evaluate correlation Fezf2 and lymph nodes
metastasis in bladder cancer patients.

The present study demonstrated Fezf2 has an important
role in bladder cancer progression through regulation of the
NF-xB pathway, and our findings suggest that Fezf2 is a
potential prognostic marker for bladder cancer patients.
Fezf2 inhibitors have potential in therapeutic strategies for
treatment of bladder cancer.
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