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KEYWORDS Abstract Bladder cancer (BLCA) is a common malignant tumor of the urinary system, with
B-catenin; significant morbidity and mortality rates worldwide. The MENT gene, encoding the menin pro-
Bladder cancer; tein, plays a regulatory role in several cancers. However, the role played by menin in BLCA re-
Cell proliferation; mains elusive. In this study, our data demonstrated that the expression of menin was
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MENT;
TFAP2C;
Therapeutic target

significantly up-regulated in BLCA tissues versus normal tissues, and the high expression of me-
nin was strongly correlated with poor prognosis of BLCA patients. In vitro, silencing MENT in-
hibited cell proliferation and induced cell cycle arrest at the G1/S phase in BLCA cells.
Furthermore, RNA sequencing analysis revealed that MENT knockdown significantly inhibited
the Wnt/B-catenin signaling in BLCA cells. Meanwhile, we further confirmed that B-catenin
served as a critical downstream effector of menin in BLCA cells. Mechanically, chromatin
immunoprecipitation analysis demonstrated that menin promoted CTNNB1 (catenin beta 1)
transcription through binding to the CTNNB1 proximal promoter in BLCA cells. Interestingly,
menin collaborated with TFAP2C, a regulator of B-catenin in BLCA cells, to enhance the tran-
scription of the CTNNB1 gene. More intriguingly, BAY-155, a menin molecule inhibitor, inhibited
cell growth of BLCA cells both in vitro and in vivo by suppressing the expression of menin,
TFAP2C, and B-catenin. Our current work unveils an important role of the menin in triggering
the TFAP2C/B-catenin axis, which contributes to cell proliferation of BLCA cells. Therefore,
menin might be served as a new therapeutic target for BLCA.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Bladder cancer (BLCA), being one of the most prevalent
malignant tumors in the urinary system, imposes a sub-
stantial burden in terms of its frequency and fatality rates."
Despite substantial advancements in clinical diagnostic and
therapeutic approaches,” BLCA remains prone to recur-
rence, metastasis, and the development of drug resistance
due to its intricate biological characteristics.> Certain
recurrent tumors exhibit limited responsiveness to radia-
tion and chemotherapy, while the effectiveness of biolog-
ical treatments falls short, resulting in an overall
unfavorable prognosis.* The molecular mechanisms under-
lying tumor metastasis and drug resistance are exceedingly
intricate, involving a multitude of factors such as the
environment, genetic disorders, or gene mutations.’
Currently, there is a lack of ideal biomarkers and effective
therapeutic targets in clinical practice. Therefore, it is of
paramount importance to delve into the intricate patho-
genic mechanisms that underlie the initiation and
advancement of BLCA, while concurrently unveiling novel
therapeutic targets.

Menin is encoded by the MENT gene, which is mutated in
patients with multiple endocrine neoplasia type 1 (MEN1)
syndrome.® Functioning as a scaffold protein, menin in-
teracts with a diverse array of transcriptional factors to
govern both activating and repressive cellular processes.’
Furthermore, it has been documented that menin serves as
a facilitator for the presentation of histone H3 lysine 4
(H3K4),”'® forming a complex alongside mixed lineage leu-
kemia (MLL) family methyltransferases MLL1 and MLL2
responsible for methylation of H3K4.° This intricate
assemblage plays a pivotal role in histone methylation and
the remodeling of chromatin structure.'® Previous studies
have unveiled the up-regulation of menin in various ma-
lignancies, such as leukemia,'" breast,'? prostate,’® and
liver' cancers, implicating its involvement in tumorigen-
esis and disease progression. However, the role of menin in
the progression of BLCA and the underlying mechanism
involved remains elusive. More recent studies have shed

light on the oncogenic roles of menin’s partners, such as
MLL™ and WDR5,'®' in promoting the proliferation,
recurrence, and cisplatin chemoresistance of BLCA.
Therefore, dissecting the specific downstream signaling
pathway of menin and these pathway-regulated key genes,
which are responsible for mediating menin-induced BLCA
growth, will aid in identifying alternative molecular targets
for developing novel therapeutic strategies.

More intriguingly, a series of menin small molecule in-
hibitors (MIs) (such as MI-503, M—525, MI-136, or MI-2) have
been reported and used to delve into the multifaceted role
of menin across diverse cancer indications in recent
years.'> "1 Notably, several MIs have exhibited remark-
able efficacy in preclinical models*® or have recently pro-
gressed to phase 1 clinical trials,2' particularly in the
context of MLL-fused leukemia. Recently, Brzezinka et al
reported the distinctive properties of BAY-155 as a selective
menin inhibitor.?2* In addition to its potent inhibitory ef-
fects on leukemia cells, BAY-155 has been demonstrated to
elicit anti-proliferative effects in various cancer cells,
including BLCA cells.?? Consequently, further exploration of
the functional attributes of BAY-155 and a comprehensive
understanding of the underlying mechanisms it harbors in
BLCA is imperative for the advancement of targeted ther-
apies against BLCA.

Herein, we unveiled the pivotal role of menin in BLCA
and delved into the underlying mechanism in BLCA cells.
The results of in vitro and in vivo experiments provide the
evidence for menin to play an oncogenic role in BLCA,
indicating that menin is a new diagnostic marker and
therapeutic target for BLCA.

Materials and methods

Patients and specimens

Tissue samples were obtained from patients who under-
went surgery in the Department of Urology, Cancer Hospital
of Harbin Medical University, between January 2020 and
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December 2022, and whose postoperative pathology was
confirmed as BLCA. All studies on human specimens were
approved by the Ethics Committee of Harbin Medical Uni-
versity (No. 2022-SCILLSC-30).

Cell culture and reagents

BLCA cell lines, including human immortalized uroepithelial
cells (SV-HUC-1) and three BLCA cell lines (T24, 5637, and
HT-1197), were purchased from the American Type Culture
Collection (ATCC). The cell lines were cultured in RPMI 1640
medium (A1049101, Gibco, USA) supplemented with 10%
heat-inactivated fetal bovine serum (16140071, Gibco, USA)
and 1% penicillin-streptomycin (C0222, Beyotime, China) at
37 °C and 5% CO,. The menin small molecule inhibitor BAY-
155 (PC-38218) was purchased from Probechem Bio-
chemicals, Shanghai, China. All cell lines were confirmed to
be free from mycoplasma contamination through PCR
testing.

RNA interfering and transfection

The small interfering RNAs (siRNAs) were purchased from
Ribo Bio Tech (Guangzhou, China) including siMEN1#1:
stB0007071A-1—5;  siMEN1#2: stB0O007071B-1-5;  siT-
FAP2C#1: siG0O00007022A-1—5; siTFAP2C#2: siG000007022B-
1-5, and the negative-control siRNA (siCtrl, siNO000001).
Transient transfection of cells was performed using Lip-
ofectamine 2000 (11668019, Invitrogen, USA) according to
the manufacturer’s instructions. Protein and RNA extrac-
tion were used to verify the knockdown efficiency.

RNA extraction and quantitative real-time PCR (RT-
gqPCR) analysis

RNA was extracted using a total RNA extractor (Trizol) kit
(B511311, Sangon, China) and reverse transcribed to cDNA
using the ReverTra Ace qPCR RT Kit (FSQ-301, Toyobo,
Japan). The iTaq Universal SYBR Green (1725124, Bio-Rad)
was used to perform RT-qPCR analysis. Relative RNA
expression levels were all measured by the ABI 7500 FAST
system (Applied Biosystems, USA). Data were normalized to
ACTB and presented as fold changes. The primers used are
listed in Table S1.

RNA sequencing analysis

Total RNA was extracted by Trizol reagent (B511311, san-
gon, China). Each RNA sample preparation was carried out
with a total of 3 pg RNA as input. RNA was sequenced by
NovaSeq sequencer (lllumina, San Diego, CA) using the
Illumina Hiseq 4000 platform. A default set of parameters
was used for mapping the reads to the reference genome by
HISAT2 (version 2.0). RSeQXC (version 2.6.1) was used for
alignment statistics. Gene expression analysis was per-
formed using the DESeq2 (version 1.12.4). An enrichment
pathway analysis of genes was compiled by DAVID Bioin-
formatics Resources using Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway databases. The raw data of RNA
sequencing were deposited in Sequence Read Archive (SRA)
under accession number PRJNA1057809.

Cell proliferation assay

CCK-8 analysis (Cell Counting Kit-8, HY-K0301, MCE) was
performed to evaluate the cell proliferation as the exper-
iment indicated. Briefly, the required cells were plated in a
96-well plate with 3000 cells per well, the day before the
experiment. After the cell adhered, CCK-8 was added to
the wells, and the absorbance was measured after incu-
bation at 37 °C for 2 h.

Cell colony formation assay

Cells were seeded in 6-well culture plates at 5 x 10% cells
for BLCA cells. Cells were transfected with siRNAs or
treated with BAY-155, and cultured for 2 weeks. The
ensuing colonies were stained with 0.5% crystal violet. The
images of the plates were analyzed using ImageJ software.
Each experiment was conducted in triplicate and statistical
analyses were performed using the Prism software.

Protein extraction and western blotting

Total protein extracts from cells were prepared and
analyzed as previously described.?* The cellular nuclear
fractions were separated using NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (78833, Thermo Scientific,
Waltham, Massachusetts, USA). Antibodies used are listed
in Table S2.

Flow cytometry assay

Cells were digested and fixed in ethanol at —20 °C for 2 h as
indicated. Then, the cells were incubated with propidium
iodide staining reagent (ST512, Beyotime, China) in the
dark for 30 min. All samples were evaluated for cell cycle
distribution using a flow cytometry instrument (BD Bio-
sciences; San Jose, CA, USA).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was per-
formed according to the manufacturer’s protocol as previ-
ously described.?® Briefly, a total of 2 x 107 cells were
prepared using the ChIP assay kit (17—295, Millipore, Mas-
sachusetts, USA) in accordance with the manufacturer’s
instructions. Briefly, the cross-linked chromatin was soni-
cated to yield fragments ranging from 200 to 500 base pairs.
Subsequently, the chromatin was immunoprecipitated using
antibodies against menin (A300-105A, Bethyl), TFAP2C
(ab218107, Abcam), MLL1 (ab234435, Abcam), ASH2L
(ab314128, Abcam), B-catenin (ab224803, Abcam), or
H3K4me3 (ab8580, Abcam). The DNA fragments were puri-
fied using the QlAquick PCR purification kit (28104, Qiagen,
Hilden, Germany) and utilized for RT-qPCR reactions with
iTaq Universal SYBR Green (1725124, Bio-Rad). Each ChIP
assay was independently repeated at least three times. The
primers employed for ChIP-gPCR can be found in Table S1.
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Figure 1 The MENT gene is identified as an oncogene in BLCA. (A) The expression status of the MENT gene in BLCA datasets based
on the TCGA database. (B) The correlation between the MENT gene and tumor stages in BLCA tissues based on the TCGA database.
(C) The survival analysis indicates that the MENT gene is a risk factor and is related to the survival and prognosis of BLCA tissues
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Table 1  Association between menin expression in tumor tissues and clinicopathological characteristics in patients with BLCA

(n = 90).

Variable Number of cases (%) menin p-value
High (%) Low (%)

Gender 0.8037

Male (%) 76 (84.4) 58(82.9) 18(90.0)

Female (%) 14 (15.6) 12(17.1) 2(10.0)

Age(years) 62.3 + 11.21 64.6 + 8.76 54.4 + 15.00 0.0002

Tumor TNM 0.0001

Normal, T1, T2 (%) 62 (68.9) 42 (60.0) 20 (100.0)

T3-T4 (%) 28 (31.1) 28 (40.0) 0 (0)

Tumor stage

Normal (%) 5 (5.6) 0 (0) 5 (25.0)

Stage 1 (%) 32 (35.5) 20 (28.6) 12 (60.0) 0.0131

Stage 2 (%) 18 (20.0) 15 (21.4) 3 (15.0) 0.035

Stage 3 (%) 35 (38.9) 35 (50.0) 0 (0) 0.0118

Lymph node metastasis 0.0005

Yes (%) 17 (18.9) 17 (24.3) 0 (0)

No (%) 73 (81.1) 53 (75.7) 20 (100.0)

Smoking history 0.826

Yes (%) 54 (60.0) 42 (60.0) 12 (60.0)

No (%) 36 (40.0) 28 (40.0) 8 (40.0)

Immunohistochemistry assay

Formalin-fixed paraffin-embedded BLCA specimens or xe-
nografts were meticulously prepared and processed for
immunostaining, following the established protocol as
previously described.'? In brief, the blocks were delicately
sectioned at a thickness of 4 um. The tissue on the slides
underwent a meticulous dewaxing and hydration process,
followed by blockade with 1% bovine serum albumin to
ensure optimal conditions. Subsequently, the menin anti-
body (1:500) was incubated at 4 °C overnight, while the
goat-anti-rabbit antibody (1:1000) was incubated at 37 °C
for 1 h. The utilization of diaminobenzidine (SignalStain®
DAB Substrate Kit, #8059, Cell Signaling Tech) yielded
satisfactory staining outcomes. Finally, methyl green was
employed for staining, and a series of meticulously selected
reagents, including gradient alcohol and xylene, were used
for dehydration. A neutral adhesive was applied for sealing,
and the tissue was observed under a microscope (Primovert
HDcam, ZEISS, Germany).

Hematoxylin-eosin staining assay

Hematoxylin-eosin staining assays were performed using a
hematoxylin-eosin staining kit (G1120, Solarbio, China),
according to the supplier’s recommendations. Briefly, after
the samples underwent deparaffinization and hydration,
they were subjected to a 2-min hematoxylin staining fol-
lowed by a phosphate buffer saline rinse. Subsequently, a
1-min eosin staining was performed, followed by another
phosphate buffer saline wash. Finally, the samples were
dehydrated, sealed with neutral gum, and observed under a
microscope to obtain the images.

Xenograft tumor model

The Harbin Medical University Animal Care and Use Com-
mittee released the approval (No. SYXK2022-014) for the
animal experiment. Athymic nude BALB/c male mice (Bei-
jing Vital River Laboratory Animal Technology Co., China)

based on the GEO database (GSE31684 and GSE13507). (D) Representative immunohistochemistry staining images are presented for
immunostaining of menin in different stages of BLCA tissues. Scale bar, 100 um. (E) Enrichment analysis of the high expression of
the MEN1 gene of BLCA patients based on GSEA 4.2.3 software (https://www.gsea-msigdb.org/gsea/index.jsp). (F) The correlation
between the MENT gene and cell cycle checkpoint-related markers in BLCA based on the TCGA database. (G, H) The quantitative
real-time PCR and western blotting assays analyzed the expression level of the MENT gene and menin protein in human immor-
talized uroepithelial cell line (SV-HUC-1) and BLCA cell lines (T24, 5637, and HT-1197), respectively. (I) Images of representative
nude mouse xenograft model studies. T24 tumor xenografts excised from male BALB/c (nu/nu) nude mice after 28 days of
treatments with the in vivo RNA interfering of MEN1 knockdown (MEN1-KD group) or control. (J) Days versus tumor volume curves
for T24 tumor xenografts showed that MEN1-KD inhibited tumor growth compared with the control group. (K) Representative
immunohistochemistry staining images of menin, Ki67, CDK2, and CDK4 were presented in MEN1-KD-treated or control-treated T24
xenograft nude mice tissues. Scale bar, 50 um ns, non-significant; *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.001 versus
control. MEN1, multiple endocrine neoplasia type 1; BLCA, bladder cancer; CDK2/4, cyclin-dependent kinase 2/4.
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Figure 2 Reduced menin inhibits BLCA cell proliferation via modulating cell cycle transition. (A) RT-qPCR analysis of MENT

transcription in siCtrl-, sSIMEN1#1-, or siIMEN1#2-treated T24, 5637, and HT-1197 BLCA cells. Data were normalized against ACTB and
represented as fold change. (B) Western blotting analysis showed menin expression in siCtrl-, SIMEN1#1-, or SIMEN1#2-treated T24,
5637, and HT-1197 BLCA cells. (C) CCK-8 analysis showed the effect of MEN1-KD (siMEN1#1, siMEN1#2) on the cell proliferation of



Menin-TFAP2C/-catenin axis in bladder oncogenesis

7

aged 6 weeks received the housing process within a specific
pathogen-free environment based on free water and food
as well as 12 h light/12 h dark cycle, and they were feed for
7 days to adapt to the environment. One week post accli-
matization, the mice received the random separation in
four groups (6 mice/group), and the T24 cells
(1 x 107 cells/mice) were re-suspended in a 200 pL mixture
of 50% phosphate buffer saline/50% Matrigel (BD Bio-
sciences) which was injected subcutaneously into right
lower limb back of the mice. Fifteen days later, animals
bearing xenograft tumors reaching 45—50 mm? in size were
selected and received the treatment or therapies as
experimentally indicated. Tumor size was measured using
vernier calipers every 7 days after the first injection of
SsiMEN1, siCtrl, BAY-155, or DMSO as indicated. Tumor vol-
umes were calculated using the following formula:
(width)? x height/2. After being fed for 42 days, the mice
were euthanized, and the tumors were isolated, weighed,
photographed, and immediately fixed by adopting 4%
paraformaldehyde to conduct the following investigation.

Data mining analysis

Gene expression data (Transcripts per million, TPM) and the
relevant BLCA prognostic and clinical data were down-
loaded from The Cancer Genome Atlas (TCGA) (https://
portal.gdc.cancer.gov/) databases. GSE31684 was down-
loaded from the Gene Expression Omnibus (GEO) (https://
www.ncbi.nlm.nih.gov/geo/).

Statistical analyses

Results were presented as mean =+ standard deviation of
three independent tests. Statistical analyses were per-
formed using the GraphPad Prism 6 software (GraphPad
Software Inc., San Diego, CA, USA). The differences be-
tween the two groups were assessed by student’s t-test,
and comparisons among three or more groups were first
assessed by one-way analysis of variance (ANOVA). The cut-
off values for survival analysis were determined using the
Maxstat (R package). Results with a p value of 0.05 or less
were considered statistically significant.

Results

The oncogenic role played by menin in BLCA

To determine the role of MENT in BLCA, we first analyzed
the MEN1 gene mRNA level in human BLCA tissues, based on
the TCGA datasets. As shown in Figure 1A, the up-regula-
tion of MEN1 was observed in BLCA tissues (n = 408)

compared with the normal tissues (n = 19). Meanwhile, we
also found that the high level of MENT in BLCA was posi-
tively correlated with the tumorigenesis of stages 1, 2, 3,
and 4 (Fig. 1B; Fig. S1). Importantly, based on the data from
the GEO datasets (GSE31684 and GSE13507), we found that
the overall survival rate of patients with high expression of
MEN1 was significantly lower than that of patients with low
expression of MENT (Fig. 1C). To further study the clinical
significance of menin expression in BLCA, we analyzed the
expression of menin protein in different stages of BLCA by
immunohistochemistry assay in total of 90 BLCA patients.
The immunohistochemistry results showed that the high
menin expression was positively correlated with the age of
patients, tumor stage, and lymph node metastasis (Table
1). As shown in Figure 1D, the representative immunohis-
tochemistry staining images were presented. The other
clinical characteristics, including sex and smoking history,
were not directly associated with the expression of menin
(Table 1). Then, we also investigated the biological role of
MENT in BLCA using Gene Set Enrichment Analysis (GSEA)
based on mRNA expression data from the TCGA database,
which showed that high levels of MEN1 were positively
correlated with cell cycle-related genetic features
(Fig. 1E), including cyclin-dependent kinase 1 (CDKT),
cyclin-dependent kinase 2 (CDK2), cyclin-dependent kinase
4 (CDK4), cyclin A2 (CCNA2), cyclin B1 (CCNB1), and cyclin
E1 (CCNET) (Fig. 1F).

Furthermore, we verified the expression of MEN1 gene
and menin protein in BLCA cell lines. We found a significant
up-regulation of menin not only at the mRNA level but at
the protein level in T24, 5637, and HT-1197 cells, when
compared with SV-HUC-1 cells (Fig. 1G, H). Finally, we
studied the biological function of menin in T24 cells xeno-
grafted nude mice model in vivo. Subsequently, we found
that MEN1 knockdown (MEN1-KD) by RNA interfering in vivo
system, significantly decreased the size of xenograft tumors
in nude mice model (Fig. 1I, J). We also observed that
MEN1-KD induced a strong reduction of the menin, Ki67,
CDK2, and CDK4 expression in the xenografted tumor tis-
sues (Fig. 1K), suggesting that menin is an oncogenic factor
in BLCA cells in vivo.

Menin promotes the proliferation of BLCA cells via
modulating cell cycle transition

To assess the function of the MEN1 gene in BLCA cells, we
performed the RNA interfering (siMEN1: siMEN1#1 or
SIMEN1#2) to MEN1-KD in BLCA cells, with non-targeting
siRNA as negative control (siCtrl). First, to determine the
efficiency of MEN1-KD upon the treatment of siMEN1#1 and
SIMEN1#2 in BLCA cells, we analyzed the MENT mRNA and
menin protein expression levels in siMEN1#1 or siMEN1#2-

the tested BLCA cell lines. (D) Representative images of colony formation assays and their quantification in MEN1-KD T24, 5637, and
HT-1197 cells. (E) MEN1-KD induces cell cycle arrest at the G1/S phase in T24, 5637, and HT-1197 cells, compared with the cells
transfected with siCtrl-by flow cytometry. Percentages (%) of cell populations at different stages of cell cycles are listed within the
panels. (F, G) The relative expression of MEN1, CDK2, CDK4, CCND1, and CCNE1 were measured in MEN1-KD T24, 5637, and HT-
1197 cells by RT-qPCR or western blotting analysis. The experiment was repeated three times, and representative results are
presented. ns, non-significant; *p < 0.05, **p < 0.01, and ***p < 0.001 versus control. BLCA, bladder cancer; RT-qPCR, quantitative
real-time PCR; MEN1, multiple endocrine neoplasia type 1; CDK2/4, cyclin dependent kinase 2/4; CCND1, cyclin D1; CCNE1, cyclin

E1.
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Figure 3 MENT silencing reduces cell growth via suppressing Wnt/f-catenin signaling in BLCA cells. (A) T24 cells transfected by
siCtrl or siMEN1-#1 + #2 were harvested for transcriptomic RNA sequencing. The volcano plot depicts the gene expression changes
in SiMEN1-treated T24 cells. (B) KEGG pathway enrichment analysis based on RNA sequencing showed the pathway enrichment of
differentially expressed genes. The bubble size indicates the number of genes. The color bar indicates the corrected p-value. The
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treated cancer cells by RT-gPCR and western blotting assay.
As shown in Figure 2A and B, the MEN1 gene or menin protein
was significantly reduced in MEN1-KD T24, 5637, and HT-
1197 cells compared with siCtrl-treated cancer cells at 72 h
post-transfection. We then performed the CCK-8 assay and
colony formation assay to analyze the cell proliferation in
MEN1-KD- or siCtrl-treated T24, 5637, and HT-1197 cells.
Subsequently, the proliferation of T24, 5637, and HT-
1197 cells was significantly inhibited after MEN1-KD treat-
ment (Fig. 2C), and the results of the colony formation assay
further confirmed this observation (Fig. 2D). Furthermore,
we also demonstrated that MEN1-KD induced cell cycle ar-
rest at G1/S phase in BLCA cells (Fig. 2E). These results
indicate that menin seems to be a pivotal regulator in
regulating cell cycle transition in BLCA cells. We further
verified that MEN1-KD caused the strong reduction of fac-
tors’ expression involved in cell cycle transition, including
CDK2, CDK4, cyclin D1 (CCND1), and CCNE1 in BLCA cells
(Fig. 2F, G). Collectively, our findings demonstrate, to our
knowledge for the first time, that menin promotes prolifer-
ation via enhancing cell cycle transition in BLCA cells.

MEN1-KD reduces B-catenin expression in BLCA
cells

To study the mechanism of menin regulating the prolifer-
ation in BLCA cells, we performed RNA sequencing analysis
across the entire genome. The total RNA of T24 cells
transfected with a control (siCtrl) or siMEN1
(SIMEN1#1 + siMEN1#2) was isolated and sequenced. A
total of 7200 genes were differentially expressed upon
MEN1-KD treatment (Fig. 3A). Then, the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis was
used to examine the functions of the differentially
expressed genes. The top 10 results for each functional
group are presented in Figure 3B. KEGG pathway enrich-
ment analysis linked differentially expressed genes to
processes involving the Wnt signaling pathway, cell cycle,
autophagy, tumor necrosis factor signaling pathway,
mitophagy, polycomb repressive complex, nucleotide
excision repair, DNA replication, apoptosis-multiple spe-
cies, and RNA polymerase.

The molecular mechanisms of tumor initiation and pro-
gression are related to the activation of the Wnt signaling
pathway.?® This pathway facilitates the elevation of B-
catenin levels, promoting its translocation to the nucleus,
where it interacts with transcription factors in the TCF/LEF
family, thereby establishing a common pathway for Wnt
signal activation.?” The B-catenin-TCF/LEF complex regu-
lates cell proliferation by inducing expression of down-
stream target genes.?® In addition, p-catenin (gene name:

CTNNB1) is an important tumor promoter in BLCA.?° More
intriguingly, menin has been reported to interact with B-
catenin to promote tumorigenesis in vivo*® and in vitro.?*
However, the crosstalk between menin and B-catenin in
BLCA cells is still unknown. Intriguingly, we found MEN1-KD
significantly down-regulated the expression of B-catenin at
mRNA and protein levels in T24, 5637, and HT-1197 cells
(Fig. 3C, D). To further study the CTNNB1 gene regulation
by menin in BLCA cells, we sought to determine the occu-
pancy of menin on the CTNNB1 promoter by ChIP analysis.
Subsequently, we demonstrated menin bound to the prox-
imal promoter of the CTNNB71 gene encompassing the
—1000 to —10 region flanking its transcription start site,
with the menin enrichment signal diminishing drastically
when cells were treated with siMEN1 (Fig. 3E, F). Moreover,
we also demonstrated that MENT silencing resulted in
decreasing the binding of B-catenin to the promoter of its
downstream target genes, including CDK2, CDK4, CCND1,
CCNE1, or MYC (Fig. 3G). Our data revealed that menin
could regulate CTNNBT transcription via binding to the
CTNNB1 proximal promoter and subsequently trigger Wnt/
B-catenin signaling in BLCA cells.

Menin regulates the TFAP2C transcription to
promote the proliferation of BLCA cells

We then compared the gene expression patterns of siCtrl-
treated cells to those of MEN1-KD BLCA cells to identify
genes potentially regulated by MENT1. The transcription
factor AP-2 gamma (TFAP2C ) gene was most significantly
down-regulated in MEN1-KD T24 cells among the top 20
down-regulated genes, based on our RNA sequencing data
(Fig. 4A). TFAP2C plays an important role in regulating cell
proliferation, cell cycle progression, and apoptosis, and
participates in the development of several cancers and in-
fluences tumor sensitivity to chemotherapy.®'3* More
recently, studies have demonstrated that TFAP2C promotes
cisplatin resistance in vivo and in vitro by inducing the
levels of EGFR and NF-kB activation in BLCA cells.** We
then validated the function of TFAP2C in BLCA cells, we
knocked down the TFAP2C gene (TFAP2C-KD) expression in
BLCA cells by two different RNA interfering (siTFAP2C #1
and siTFAP2C #2) (Fig. 4B, C). As shown in Figure 4D and E,
TFAP2C-KD significantly reduced the proliferation of T24,
5637, and HT-1197 cells indicated by CCK-8 and cell colony
formation assay. These results are consistent with the
previous report.>* However, it remains unclear whether
menin promotes the growth of BLCA cells by regulating
TFAP2C expression. Intriguingly, we found that MEN1-KD
caused a reduction of TFAP2C expression at mRNA and
protein levels in T24, 5637, and HT-1197 cells (Fig. 4F, G).

threshold for differential was set at 2-fold change, and p < 0.05, as determined by DESeq2. (C) RT-gPCR analysis showed the down-
regulated CTNNB1 expression in MEN1-KD T24, 5637, and HT-1197 cells. (D) The protein expression of B-catenin was analyzed by
western blotting in MEN1-KD T24, 5637, and HT-1197 cells, as indicated. (E) Schematic representation of the position of ChIP-gPCR
primers along the CTNNB1 promoter. (F) The levels of menin recruitment to the CTNNB1 promoter in siCtrl- or siMEN1#1 + #2-
transfected BLCA cells, detected by ChIP-gPCR assay. (G) The B-catenin recruitment on the CDK2, CDK4, CCNE1, CCND1, and MYC
promoter in siCtrl- or SIMEN1#1 + #2-transfected BLCA cells, detected by ChIP-gPCR. ns, non-significant; *p < 0.05, **p < 0.01, and
***p < 0.001 versus control. BLCA, bladder cancer; RT-qPCR, quantitative real-time PCR; MEN1, multiple endocrine neoplasia type
1; CTNNB1, catenin beta 1; ChIP, chromatin immunoprecipitation; CDK2/4, cyclin dependent kinase 2/4; CCND1, cyclin D1; CCNET1,

cyclin E1.
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We also found that MEN1-KD reduced the TFAP2C expres-
sion in the T24 cells-xenografted nude mice model
(Fig. 4H).

To further investigate the regulation of TFAP2C by
menin, as indicated by the observations in BLCA cells, we
conducted ChlIP assays to determine the presence of menin
on the TFAP2C promoter. Our results revealed a significant
enrichment of menin in the proximal region of the TFAP2C
promoter, specifically between —2000 and —10 bp sur-
rounding the transcription start site (Fig. 41, J). This menin
occupancy signal decreased significantly when cells were
treated with siMEN1 (Fig. 4J; Fig. S2A). These results indi-
cate that TFAP2C seems to be a new downstream target of
menin in BLCA cells. Additionally, we found that this region
was highly methylated at histone 3 lysine 4 trimethylation
(H3K4me3) (Fig. 4K; Fig. S2B) and was co-occupied by the
COMPASS-like components MLL1 (Fig. 4L; Fig. S2C) and
ASH2L (Fig. 4M; Fig. S2D), suggesting that the complex
binds to this specific region and plays a role in TFAP2C
regulation. Our data thus demonstrate that menin regulates
the transcription of the TFAP2C gene via binding to the
TFAP2C promoter region, medicated by the MLL complex in
BLCA cells.

TFAP2C is essential for the regulation of CTNNB1 by
menin in BLCA cells

Among the TFAP2 family members, TFAP2A, TFAP2B, and
TFAP2E interact with B-catenin to inhibit or promote
oncogenesis in different types of cancers.®> However, the
relationship between TFAP2C and B-catenin in BLCA cells
remains elusive. Intriguingly, we found that TFAP2C-KD
significantly reduced the mRNA expression of CTNNB1 and
its downstream targets’ mRNA expression, such as CDK2,
CDK4, CCND1, CCNE1, and MYC (Fig. 5A). Moreover, the
protein expression of B-catenin, CCND1, and CCNE1 was
inhibited in TFAP2C-KD-treated T24, 5637, and HT-
1197 cells (Fig. 5B). Furthermore, CTNNB1 knockdown did
not affect the TFAP2C expression at the mRNA or protein
level in these cancer cells (Fig. S3). We then studied the
mechanism of the activation of B-catenin by TFAP2C in
BLCA cells. ChIP-gPCR results showed that TFAP2C bound to
the CTNNB1 proximal promoter, subsequently regulating
the CTNNB1 gene transcription (Fig. 5C, D). Moreover, we
found that TFAP2C-KD significantly reduced the enrichment
of B-catenin on the CCND1, CCNE1, and MYC promoter
(Fig. S4). These results indicate that TFAP2C is a new

regulator in triggering the transcription of the CTNNB1
gene, especially in BLCA cells.

We next sought to study whether TFAP2C participated in
the regulation of CTNNB1 by menin in BLCA cells. We
analyzed the MEN1, TFAP2C, and CTNNB1 expression in
menin over-expressed T24, 5637, and HT-1197 cells. The
plasmid of menin overexpression (OE-menin) was described
in our previous study.”* As shown in Figure 5E, OE-menin
significantly induced the expression of TFAP2C and CTNNB1
in these BLCA cells. We also observed that although
TFAP2C-KD reduced the CTNNB1 expression, TFAP2C-KD did
not affect the expression of the MENT gene. More intrigu-
ingly, we found that TFAP2C-KD could still reduce the
CTNNB1 expression even upon OE-menin treatment in T24,
5637, and HT-1197 cells. The results indicated that TFAP2C-
KD could reverse the activation of CTNNB1 by menin in
BLCA cells.

Then, we explored the mechanism of menin and TFAP2C
co-regulating CTNNBT1 transcription in BLCA cells. ChIP-
gPCR results showed that although OE-menin increased
menin enrichment on the CTNNB1 promoter, TFAP2C-KD
caused a significant reduction of menin binding to the
CTNNB1 promoter in T24, 5637, and HT-1197 cells (Fig. 5F).
These results indicate that TFAP2C is required for the
regulation of CTNNB1 transcription by menin in BLCA cells.

Small molecule inhibitor, BAY-155, inhibits BLCA
cell proliferation by modulating the TFAP2C/p-
catenin axis

Accumulating studies have demonstrated that menin small
molecule inhibitors (MIs) are a class of therapeutic agents
that show promise in the treatment of various cancers.
Brzezinka et al reported a type of MIs, BAY-155, displayed a
promising anti-proliferative activity in BLCA cells.?? In the
current study, we further investigated the function and
underlying mechanisms of BAY-155 in BLCA cells. As shown
in Figure 6A and B, compared with DMSO treatment, BAY-
155 displayed a dose-dependent inhibiting effect in T24,
5637, and HT-1197 cells by CCK8 and foci formation anal-
ysis. Intriguingly, we also found that the expression of
menin, TFAP2C, and B-catenin were obviously decreased in
BAY-155-treated BLCA cells (Fig. 6C). Furthermore, BAY-155
inhibited the expression of factors associated with the cell
cycle in these cancer cells (Fig. 6C). These results suggest
that BAY-155 suppresses the cell proliferation of BLCA cells
most likely via inhibiting the menin/TFAP2C/B-catenin
signaling axis.

expression of TFAP2C was analyzed by RT-qPCR and western blotting in TFAP2C-KD T24, 5637, and HT-1197 cells. (D) CCK-8 analysis
showed the effect of TFAP2C-KD (siTFAP2C#1, siTFAP2C#2) on the cell proliferation of the tested BLCA cell lines. (E) Representative
images of colony formation assays and their quantification in TFAP2C-KD T24, 5637, and HT-1197 cells. (F) RT-qPCR analysis showed
the down-regulated TFAP2C expression in MEN1-KD T24, 5637, and HT-1197 cells. (G) Western blotting analysis showed MEN1-KD
caused a strong reduction of TFAP2C expression in T24, 5637, and HT-1197 cells. (H) Representative immunohistochemistry images
were presented for the immunostaining of menin and TFAP2C in MEN1-KD-treated or negative control-treated T24 xenograft nude
mouse tissues. (I) Schematic representation of the position of ChIP-gPCR primers along the TFAP2C promoter. (J—M) The levels of
menin, H3K4me3, MLL1, or ASH2L recruitment to the TFAP2C promoter in siCtrl- or sSiIMEN1#1 + #2-transfected T24 cells, detected
by ChIP-gPCR. Scale bar, 50 pm ns, non-significant; *p < 0.05, **p < 0.01, and ***p < 0.001 versus control. TFAP2C, transcription
factor AP-2 gamma; BLCA, bladder cancer; RT-qPCR, quantitative real-time PCR; MEN1, multiple endocrine neoplasia type 1; ChiP,
chromatin immunoprecipitation; H3K4me3, histone 3 lysine 4 trimethylation; MLL1, mixed lineage leukemia 1.



12 Q. Shi et al.
A T24 5637 HT-1197
= siCtl  mm STFAP2C #1 mm siTFAP2C #2 mmsiCtl  mm SiTFAP2C #1 mm SITFAP2C #2 m siCtrl  mm STFAP2C #1  mm SiTFAP2C #2
§ 1.5 § 1.5 .S 1.5
£1.0 51.0 51.0
x x x
[} @ @
[ [ [
2 2 2
g 0.5 £05 £05 N -1 L L.
& & 3 = i
0 0
&L & I\
B T24 5637 HT-1197 C D T24, ChIP: TFAP2C
" " " m siCtrl W SiITFAP2C #1 +# 2
siTFAP2C  siTFAP2C  siTFAP2C
siCtrl #1 #2 siCtrl #1 #2 siCtrl #1 #2 CTNNB1 promoter+1/TSS
S50KDa= gy s s WP = = WP == == TFAP2C -1000 -
=
100kDa- g Sl L LU g8 -~ p-catenin e e @ & 2
35KDA g e e —— — —— — Cyclin D1 0‘7 m‘e m\u" ‘S“? ®
S50KDa- IS s s W_——— —— - — Cyclin E1 TFAP2C binding site c
40kDa- R (R A O AN R A N O G-octin " Bs1 Bs2 Bs-3 Bs4
E 5637, ChiP: TFAP2C HT-1197, ChIP: TFAP2C
= MEN1 BN TEAR2C R CTNNBA msiCtl mm SITFAP2C #1 +# 2 musiCtrl  mm SITFAP2C #1 +# 2
s
g
- 8
Qo=
2
£
[
o
& Bs-2 Bs-3 Bs-4
8 T24, ChIP: menin
4 L OE-Ctrl
o“"@ 6 I OE-menin _
§_ i I OE-Ctrl + siCtrl
= MEN1 mm TFAP2C = CTNNBH1 £4 ok I OE-menin +
8 = 1 1 11 F SITFAP2C #1 + #2
B 2 1! 1 x I
>3 §-6 - I z L
© x
n : 4 0 T T T T
- Bs-1 Bs-2 Bs-3 Bs-4
52
[
o
0 a4 5637, ChlIP: menin
Liid OE-Ctrl
o;é; 3 . . L I OE-menin
s I I | OE-Ctrl + siCtrl
& =%
B £2 I ik I OE-menin +
& = N i [ ™ SiTFAP2C #1 + #2
& I;
5 4 - P I I
== MEN1 = TFAP2C  mm CTNNB1 = B
ekk L] L] L) L]
s Bs1 Bs2 Bs3 Bs4
5E°
< g 4 6 HT1197, ChIP: menin
Ee OE-Ctrl
52 s 1 OE-menin
= ga] e k OE-Ctrl + siCtrl
0 3 I
< £ I OE-menin +
& 2, ! I 13  SITFAP2C#1+#2
$ -3 E 1 I I I
é\(‘ 0 T T T T
<~ Bs-1 Bs-2 Bs-3 Bs-4
&
Figure 5 TFAP2C is crucial for the regulation of CTNNB1 by menin in BLCA cells. (A, B) mRNA and protein expression of TFAP2C,

CTNNB1, CDK2, CDK4, CCND1, CCNE1, and MYC were analyzed by RT-qPCR and western blotting in TFAP2C-KD T24, 5637, and HT-
1197 cells. (C) Schematic representation of the position of ChIP-gPCR primers along the CTNNB1 promoter. (D) The levels of TFAP2C
recruitment to the CTNNB1 promoter in siCtrl or siTFAP2C-treated T24, 5637, and HT-1197 cells, detected by ChIP-qPCR. (E) RT-
qPCR analysis showed the expression of MEN1, TFAP2C, and CTNNB1 in OE-menin-treated, siTFAP2C-treated, or OE-menin plus
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Moreover, we then verified the effects of BAY-155 on the
growth capabilities of BLCA cells in vivo. We applied DMSO-
(control) or BAY-155 treatment to the nude mice model
following the described strategy in Figure 6D. As shown in
Figure 6E and F, the average size of tumors derived from
BAY-155-treated mice was several folds smaller compared
with the tumors derived from DMSO-treated mice. Immu-
nostaining assay analyzed the expression of menin, TFAP2C,
B-catenin, Ki67, CDK2, and CDK4, which were significantly
reduced in the xenograft tissues upon BAY-155 treatment,
compared with the control DMSO group (Fig. 6G). Mean-
while, hematoxylin-eosin staining analysis showed that BAY-
155 treatment did not cause damage to the heart, liver,
kidneys, and lungs in xenografted nude mice (Fig. S5).
These results indicate that BAY-155 suppresses the BLCA
tumor growth by targeting the menin/TFAP2C/B-catenin
signaling axis both in vitro and in vivo.

Discussion

The past several decades have seen a rapid expansion in
understanding the function of menin in cell growth and
cancer progression. While previous studies have suggested
that the regulation of genes by menin seems no pattern,
recent evidence indicates that the models for menin
regulation could be context-dependent: menin serves both
as a tumor suppressor>® and oncoprotein,*” depending on
different circumstances. However, the regulatory and
functional role of menin during tumorigenesis in BLCA is
still unknown. In the current study, we report that menin
acts as a tumor promoter and is positively correlated with
poor survival of BLCA. Menin coordinates with TFAP2C to
elevate B-catenin expression and impoverishes the prolif-
eration of BLCA cells by triggering the Wnt signaling
pathway.

Being well-established as a cancer-promoting molecule,
menin is overexpressed in several cancers, which indicates
a poor prognosis of leukemia, liver cancer, or prostate
cancer patients. Consistently, we here uncovered a previ-
ously unknown oncogenic role for menin in BLCA. We found
that menin was up-regulated in BLCA tissues and associated
with the poor prognosis of BLCA patients. The cell cycle
checkpoint is closely related to BLCA prognosis.3® Several
studies have demonstrated that menin is a pivotal regulator
of the cell cycle,® and acts as a potential therapeutic
target for cancers. We demonstrated that MEN1-KD inhibi-
ted BLCA cell growth in vitro and in vivo by altering the G1/
S transition.

Furthermore, the current RNA sequencing analysis also
reveals that menin promotes the cell cycle transition of
BLCA cells via targeting the Wnt/B-catenin pathway.
The wnt/B-catenin signaling pathway plays a major impact
on proliferation during cancer progression.”® B-catenin is
the central regulator in this signaling pathway.*' Once the
Wnt signaling pathway is activated, which causes the

degradation of B-catenin, is inhibited, and B-catenin enters
into the nucleus to promote the expression of downstream
target genes such as c-Myc and CCND1, and finally promote
the malignant progression of cells.*? Importantly, it has also
been suggested that B-catenin could play a critical role in
the proliferation of BLCA.?’ Intriguingly, our previous work
has demonstrated that menin interacts with B-catenin and
controls the binding of B-catenin to the MYC promoter in
prostate cancer cells.”> Moreover, studies also reported
that Men1 deficiency leads to nuclear translocation and
activation of B-catenin in mouse insulinoma.** However,
there is no study exploring the association between menin
and Wnt/B-catenin signaling pathway in BLCA yet. Here,
our work provides compelling evidence, to our knowledge
for the first time, that menin critically regulates CTNNB1
transcription, likely through its binding to the proximal
CTNNB1 promoter, mediated by H3K4me3. MENT silencing
results in decreased expression of known B-catenin target
genes and enhanced cell cycling alterations.

More intriguingly, our RNA sequencing results revealed
that MEN1-KD induced a reduction of TFAP2C mRNA
expression in BLCA cells. The involvement of menin in the
regulation of TFAP2C has not been previously addressed
before. Our data demonstrated that menin up-regulated
the TFAP2C expression via binding to the TFAP2C proximal
promoter in BLCA cells, mediated by the MLL complex.
These results suggest that TFAP2C is a new downstream
target for menin in BLCA cells. Importantly, we demon-
strate that TFAP2C is required for menin to regulate the
CTNNB1 gene transcription in BLCA cells. TFAP2C, a pro-
liferation-associated transcription factor, is critically
involved in the regulation of B-catenin by menin in BLCA
cells. It has been documented that activated TFAP2C is
critical for the progression and drug resistance of BLCA.>*
Intriguingly, previous studies have demonstrated that the
members of the TFAP2 family, including TFAP2A, TFAP2B,
and TFAP2E, inhibit Wnt/B-catenin signaling to limit tumor
growth and migration in cervical cancer* and colorectal
cancer® cells. However, our current results provide new
evidence that TFAP2C promotes proliferation through
activating B-catenin expression in BLCA cells. Mechanically,
TFAP2C positively regulates CTNNB1 transcription via
binding to the CTNNB1 promoter in cancer cells. Collec-
tively, distinct effects of TFAP2 on tumor growth, prolif-
eration, and migration are observed in various types of
cancer, indicating a complex underlying regulatory
network. Therefore, further research is needed to clarify
these controversies.

Notably, we also demonstrated that the menin small
molecule inhibitor, BAY-155%2, inhibited the cell prolifera-
tion of BLCA cells in vivo and in vitro. The menin small
molecule inhibitors, such as MI-463, MI-503, MI-3454, and
VTP-50469, markedly inhibit the proliferation and
induce the differentiation of acute leukemia cells and pri-
mary patient samples with MLL translocations or NPM1

siTFAP2C-treated BLCA cells. (F) The levels of menin recruitment to the CTNNB1 promoter in OE-menin-treated, or OE-menin plus
siTFAP2C-treated T24, 5637, and HT-1197 cells, detected by ChIP-gPCR. ns, non-significant; *p < 0.05, **p < 0.01, and ***p < 0.001
versus control. TFAP2C, transcription factor AP-2 gamma; BLCA, bladder cancer; RT-qPCR, quantitative real-time PCR; MEN1,
multiple endocrine neoplasia type 1; CTNNB1, catenin beta 1; ChIP, chromatin immunoprecipitation; CDK2/4, cyclin dependent

kinase 2/4; CCND1, cyclin D1; CCNE1, cyclin E1.
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Figure 6 BAY-155 inhibits the proliferation of bladder cancer cells. (A) CCK-8 analysis showed the effect on the cell proliferation
of menin inhibitor BAY-155 with different doses as indicated in T24, 5637, and HT-1197 cells. (B) Representative images of foci
formation assays and their quantification in BAY-155-treated T24, 5637, and HT-1197 cells. (C) The menin, CDK2, CDK4, CCND1,
CCNE1, TFAP2C, and B-catenin expression were evaluated by western blotting analysis in T24, 5637, and HT-1197 cells treated by
menin inhibitor BAY-155. (D) Schematic diagram of the strategy used for evaluating the effect of BAY-155 on T24 cell growth by
xenografts in mice. (E) Photograph and comparison of excised xenograft tumor size in BAY-155- or DMSO-treated T24 cells. (F) The
tumor volume of xenograft nude mice treated with DMSO or BAY-155 was measured. (G) Representative immunohistochemistry
staining images of menin, TFAP2C, B-catenin, Ki67, CDK2, and CDK4 were presented in BAY-155- or DMSO-treated T24 cell xenograft
nude mouse tissues. Scale bar, 50 um ns, non-significant; *p < 0.05, **p < 0.01, and ***p < 0.001 versus control. TFAP2C, tran-
scription factor AP-2 gamma; CDK2/4, cyclin dependent kinase 2/4; CCND1, cyclin D1; CCNE1, cyclin E1.
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mutations. In addition, these inhibitors have been attract-
ing attention as a therapeutic method for not only leuke-
mia, but also solid cancers, such as breast cancer,
pancreatic cancer, prostate cancer, Ewing sarcoma, and
hepatocellular carcinoma.’® The cancer-related role of
BAY-155 has never been revealed in BLCA before. Here, we
demonstrated that BAY-155 not only significantly reduced
the expression of menin protein, but suppressed both
TFAP2C and B-catenin expression in BLCA cells. These re-
sults show that BAY-155 exhibits a strong anti-tumor effect
in BLCA via inhibiting the menin/TFAP2C/B-catenin axis.

Collectively, our current study identified that the over-
expression of menin facilitated the malignant behaviors of
BLCA cells by boosting B-catenin via activating TFAP2C,
suggesting that menin might serve as a therapeutic target
and prognostic marker for BLCA (Fig. 7).
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