CDDpress

ARTICLE

www.nature.com/cddis

W) Check for updates

The FOXM1/RNF26/p57 axis regulates the cell cycle to promote
the aggressiveness of bladder cancer
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Bladder cancer is one of the most lethal cancers in the world. Despite the continuous development of medical technologies and
therapeutic strategies, the overall survival rate of bladder cancer has not changed significantly. Targeted therapy is a new promising
method for bladder cancer treatment. Thus, an in-depth study of the molecular mechanism of the occurrence and development of
bladder cancer is urgently needed to identify novel therapeutic candidates for bladder cancer. Here, bioinformatics analysis

demonstrated that RNF26 was one of the risk factors for bladder cancer. Then, we showed that RNF26 is abnormally upregulated in
bladder cancer cells and tissues and that higher RNF26 expression is an unfavorable prognostic factor for bladder cancer. Moreover,
we found that RNF26 promotes bladder cancer progression. In addition, we showed that RNF26 expression is promoted by FOXM1
at the transcriptional level through MuvB complex. The upregulated RNF26 in turn degrades p57 (CDKN1C) to regulate the cell cycle
process. Collectively, we uncovered a novel FOXM1/RNF26/p57 axis that modulates the cell cycle process and enhances the

progression of bladder cancer. Thus, the FOXM1/RNF26/p57 signaling axis could be a candidate target for the treatment of bladder

cancer.

Cell Death and Disease (2021)12:944; https://doi.org/10.1038/s41419-021-04260-z

INTRODUCTION

Bladder cancer, including the muscle-invasive and non-muscle-
invasive types, is mostly derived from the transitional epithelium
of the urinary tract [1]. In recent decades, the incidence and
mortality of bladder cancer have increased sharply. Specifically,
there are ~549,000 new cases and 200,000 deaths each year
worldwide [2]. Despite the continuous development of medical
technologies and therapeutic strategies, the overall survival (OS)
rate of bladder cancer has not changed significantly [3]. Targeted
therapy is a new potential and promising method of bladder
cancer treatment [4]. Therefore, in-depth study of the molecular
mechanism of the occurrence and development of bladder cancer
is essential for innovative treatment and ultimately for improving
the prognosis and quality of life of patients.

Protein ubiquitination is an important posttranslational
modification that regulates nearly all aspects of eukaryotic
biology [5]. Aberrant ubiquitin signaling plays crucial roles in
the initiation and development of cancer and other diseases [6].
E3 ligases are critical for this type of posttranslational
modification, as they specifically bind with its substrate and
catalyze the transfer of ubiquitin from an E2 enzyme to form a
covalent bond with a substrate lysine [7]. RING domain E3
ubiquitin ligases are the most common E3 ligases, and their E3
activities are mainly determined by the E2-binding RING
domain, which enables the formation of the E2-E3 complex
[8]. The E3 ubiquitin-protein ligase RNF26, which contains a

RING domain, is a transmembrane protein located in the
endoplasmic reticulum [9]. RNF26 recruits and ubiquitinates
scaffold p62/sequestosome 1 to retain vesicles in the peri-
nuclear space [10]. RNF26 is upregulated ubiquitously in several
human cancer cell lines, such as HL-60, HeLa S3, and MKN7, and
gastric cancer tissues compared to normal controls [11].
However, the biological effect of RNF26 in cancer, especially
in bladder cancer, is still elusive.

In this study, we applied bioinformatics analysis to identify
RNF26 as a risk factor for bladder cancer. Then, we demonstrated
that RNF26 overexpression was not only an unfavorable prog-
nostic factor but also promoted cell growth and invasion in
bladder cancer. Finally, we identified a novel FOXM1/RNF26/
p57 signaling axis that modulates the cell cycle process and
enhances the progression of bladder cancer.

MATERIALS AND METHODS

Data mining and bioinformatics analysis

The Cancer Genome Atlas (TCGA), ChIP-Atlas, and UbiBrowser were used
for data mining and bioinformatics analysis (see Supplementary Methods
for details).

Cell lines
Bladder cancer cell lines 5637 and T24 were purchased from Yuchi
Biology (Shanghai, China). Both cell lines were authenticated by short
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tandem repeat profiling. Cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco, USA) or RPMI-1640 medium (Gibco, USA) with
10% fetal bovine serum (AC03L055, Shanghai Life-iLab Biotech, China)
and kept in a 37 °C incubator supplied with 5% CO,.
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Short hairpin RNA (shRNA) infection and reagents
shRNAs were obtained from GeneCopoeia (HSH111798-LVRU6GP, USA),
and the sequences of the shRNAs are provided in Table S1. Cells were

transfected with the indicated plasmids or shRNAs using Lipofectamine

Cell Death and Disease (2021)12:944



L. Yi et al.

Fig. 1 RNF26 upregulation predicts an unfavorable prognosis in bladder cancer patients. a Identification of RNF26 from 599 E3 ubiquitin
ligases in predicting prognosis of patients with BLCA. b Venn diagrams showing numbers of deferentially expressed genes and prognostic
genes among the 599 E3 ubiquitin ligases in TCGA-BLCA dataset. ¢ Tenfold cross-validation with 1000 replications for variable selection in the
LASSO-COX-0OS model by minimum criteria (the 1-SE criteria). d Differential expression analyses of RNF26 between tumor and normal tissues
in TCGA-BLCA dataset. e IHC analysis of the tissue microarray by staining the RNF26 antibody. The typical image and expression level of RNF26
in the nontumor tissue and bladder cancer tissue were shown. P values as indicated. The protein expression levels (f and g) and mRNA levels
(h) of RNF26 in the adjacent nontumor bladder tissues (n = 12) and bladder cancer tissues (n = 12) were analyzed by the western blot (f) and
RT-gPCR assay (h). The protein levels of RNF26 were quantified by the imageJ software. P values as indicated in (g) and (h). i, j Western blot
and RT-gPCR were applied to examine the protein and mRNA expression levels of RNF26 in the urinary tract normal cell lines and bladder
cancer cell lines. Data present as mean + SD with three replicates. Ns not significant; **P < 0.01; ***P < 0.001. Kaplan-Meier analysis with two-
sided log-rank test was conducted using GEPIA2 to evaluate the differences in RFS (k) and OS (I) between the patients with high and low

expression of RNF26 in TCGA-BLCA dataset.
<

2000 (Thermo Fisher Scientific, China) according to the manufacturer’s
instructions. To construct stable shRNA-infected cells, puromycin (#HY-
B1743A, MedChemExpress) was used to select positive cells. The 26S
proteasome inhibitor MG132 (#52619), cycloheximide (CHX) (#57418), and
FOXM1 inhibitor (FDI-6) (#59689) were obtained from Selleckchem.

Co-immunoprecipitation (IP) and western blotting

For co-IP, cells harvested from 10-cm plates were lysed in RIPA buffer
(#P0013C, Beyotime, China) on ice for 30min. The supernatant was
collected after centrifugation (12,000 xg, 15min) and cocultured with
protein A+ G beads (#P2029, Beyotime, China) and IgG antibody or
primary antibody at 4 °C overnight. The next day, the beads were washed
with RIPA buffer six times. The protocols for the use of human tissue (12
pairs of matched bladder cancer/adjacent noncancerous tissues) were
approved by the local ethics committee (the Second Xiangya Hospital,
Central South University). For western blotting, the cells were harvested
and lysed in RIPA buffer on ice for 30 min. The supernatant was collected
after centrifugation (12,000 x g, 15min). Then, 4x loading buffer was
added to the supernatant and boiled in hot water (100 °C) for 10 min. The
supernatant was then subjected to electrophoresis on SDS-PAGE gels. The
detailed protocol was reported previously [12]. The primary antibodies
used were as follows: GAPDH (Proteintech, #60004-1-lg, 1:5000 dilution),
RNF26 (Proteintech, #16802-1-AP, 1:800 dilution), p57 (Proteintech,
#23317-1-AP, 1:800 dilution), p53 (Proteintech, #10442-1-AP, 1:3000
dilution), and FOXM1 (Proteintech, #13147-1-AP, 1:1000 dilution). Image)
software (National Institutes of Health) was used to evaluate the protein
levels.

Xenografts assay

All animal experiments were approved by the ethics committee of the
Second Xiangya Hospital, Central South University. BALB/c nude mice
(6 weeks old) were purchased from Vital River (Beijing, China). Power
analysis was used to calculate the sample size required for animal
experiments and animals were randomized to the different groups. Cells
infected with shControl, shRNF26, Tsin-RNF26, or shp57 (48h after
transfection) were subcutaneously injected into the left side of the backs
of the mice (1x 107 cells per mouse) (n=>5 mice per group). A Vernier
caliper was used to measure the length and width of the tumors every
2 days, and tumor volume was calculated using the formula (LxW3)/2.
Once the mice were euthanized, the tumors were excised and weighed.

Statistical analysis
The experimental data are presented as the mean + standard deviation
(mean = SD). The sample size (n) for each statistical analysis is provided in
the figure legends. GraphPad Prism 5 software was used to calculate the P
value. Differences were considered statistically significant when the P
values were less than 0.05.

Other methods are provided in the Supplementary Information, the
primer sequences for RT-PCR and ChIP-qPCR are provided in Tables S2 and
S3.

RESULTS

RNF26 upregulation predicts an unfavorable prognosis in
bladder cancer patients

Through screening UniProt data, 599 E3 ubiquitin ligases were
obtained (Fig. 1a). Among the 599 E3 ligases, 179 were
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upregulated and 174 were downregulated between cancer
versus normal samples in the TCGA-BLCA dataset (P < 0.05).
Using OS as the outcome, univariate Cox regression analysis in
the TCGA-BLCA dataset showed that 15 of the 179 genes were
risk-related genes (HR> 1, P < 0.05) and 1 of the 174 genes was
a protective gene (HR< 1, P<0.05) (Fig. 1a, b). Least absolute
shrinkage and selection operator (LASSO)-Cox regression
analysis with 1000 replications for the 16 prognostic genes in
the TCGA-BLCA dataset further showed that RNF26 may be a
key gene related to the OS of bladder cancer (Fig. 1c).
Furthermore, we also showed that RNF26 expression was
upregulated in the bladder cancer tissues compared to
nontumor bladder tissues (Fig. 1d). Then, we performed IHC
staining to detect the protein level of RNF26 in bladder cancer
tissues and nontumor bladder tissues in a tissue microarray for
a cohort of patients with bladder cancer. Representative
images are shown in Fig. 1e. Similar to the above findings,
RNF26 had a higher expression level in bladder cancer tissues
than in nontumor bladder tissues (Fig. 1e). Moreover, we
analyzed the protein and mRNA levels of RNF26 in samples
derived from patients with bladder cancer. We also found that
RNF26 was upregulated in bladder cancer tissues compared
with adjacent tissues (Fig. 1e-g). Consistently, we showed that
the expression levels of RNF26 were higher in bladder cancer
cell lines than in immortalized human bladder epithelial cells
(SV-HUC-1) (Fig. 1h, i). Then, the Gene Expression Profiling
Interactive Analysis (GEPIA) web tool indicated that high
expression of RNF26 was associated with shorter disease-free
survival and OS times in bladder cancer (Fig. 1j, k). Together,
our results suggest that RNF26 is abnormally overexpressed in
bladder cancer and correlated with a poor prognosis in bladder
cancer patients.

RNF26 promotes the proliferation and invasion of bladder
cancer cells

Since the clinicopathological features related to RNF26 expression
indicated RNF26 as an oncogenic protein in bladder cancer, we
investigated the biological effect of RNF26 in bladder cancer cells.
Three different shRNAs were applied to knockdown RNF26 in T24
and 5637 cells (Fig. 2a, b). The CCK-8 assay, colony formation
assay, and Transwell assay indicated that RNF26 silencing blocked
bladder cancer cell growth and invasion (Fig. 2c—f). In contrast,
overexpression of RNF26 enhanced the growth and invasion
ability of bladder cancer cells (Fig. 2g-i). Moreover, we also
showed that recurring the expression of RNF26 after knockdown
of RNF26 by infection with an shRNA-resistant Tsin-RNF26
construct reversed the growth-decreasing effect induced by
RNF26 knockdown (Fig. 2j-l). Furthermore, xenograft assays
showed that knockdown of RNF26 inhibited bladder cancer tumor
growth. However, rescue of RNF26 expression resulted in
increased tumor growth (Fig. 2m-o). Therefore, our data indicate
that RNF26 is responsible for the progression of bladder cancer
in vitro and in vivo.

SPRINGER NATURE
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Fig. 2 RNF26 promotes the proliferation and invasion of bladder cancer cells. a-f T24 and 5637 cells were infected with shControl or
shRNF26 for 72 h. After puromycin selection, cells were harvested for western blot analysis (a), RT-gPCR analysis (b), CCK-8 assay (c), colony
formation assay (d), and transwell assay (e). Data present as mean + SD with three replicates. *P < 0.05; ***P < 0.001. g-i T24 and 5637 cells
were transfected with indicated plasmids. Forty-eight hours post transfection, cells were collected for western blot analysis (g), CCK-8 assay
(h), and transwell assay (i). Data present as mean * SD with three replicates. Ns not significant; *P < 0.05; **P < 0.01; ***P < 0.001. j-o T24 and
5637 cells were infected with indicated constructs for 72 h. After puromycin selection, cells were harvested for the western blot analysis (j),
CCK-8 assay (k), colony formation assay (I), and subcutaneous xenografts assay (m-o). For k and |, data present as mean + SD with three
replicates. *P < 0.05; **P < 0.01; ***P < 0.001. For m-o, data present as mean = SD with five replicates. ***P < 0.001.
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FOXM1 contributes to RNF26 overexpression in bladder
cancer cells

Since we identified that RNF26 was aberrantly overexpressed in
bladder cancer cell lines and patient tissues (Fig. 1), we sought to
explore the underlying regulatory mechanism of RNF26. We

Cell Death and Disease (2021)12:944

performed bioinformatic analysis to identify the potential
transcription factors of RNF26. Using existing ChIP-seq datasets
in ChIP-Atlas, we found that there were a number of transcription
factors binding to the promoter region of RNF26 (Fig. 3a). It is
worth noting that FOXM1 has a binding peak in the promoter

SPRINGER NATURE
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Fig. 3 FOXM1 contributes to RNF26 overexpression in bladder cancer cells. a Enrichment analysis by ChIP-Atlas predicted the top five
transcription factors bound to the promoter region of RNF26 within £1000 bp from TSS. b The ChIP-seq of FOXM1 on the promoter region of
RNF26. ¢ T24 and 5637 cells were infected with indicated shRNAs for 72 h. The ChIP-qPCR were performed by using the IgG and FOXM1
antibodies in the T24 and 5637 cells. Data present as mean + SD with three replicates. *P < 0.05; **P < 0.01; ***P < 0.001. d T24 and 5637 cells
were transfected with indicated plasmids for 24 h. The ChIP-gPCR were performed by using the IgG and FOXM1 antibodies in the T24 and
5637 cells. Data present as mean + SD with three replicates. *P < 0.05; **P < 0.01; ***P < 0.001. e, f T24 and 5637 cells were infected with
indicated shRNAs for 72 h. Cells were harvested for the western blot analysis (e) and RT-qPCR analysis (f). Data present as mean + SD with
three replicates. **P < 0.01; ***P < 0.001. g, h T24 and 5637 cells were transfected with indicated plasmids for 24 h. Cells were harvested for the
western blot analysis (g) and RT-qPCR analysis (h). Data present as mean + SD with three replicates. **P < 0.01; ***P < 0.001. i, j T24 cells were
treated with 0, 10, 50, 100 pM FDI-6 for 24 h. Cells were harvested for the western blot analysis (i) and RT-qPCR analysis (j). Data present as
mean = SD with three replicates. Ns not significant; **P < 0.01; ***P < 0.001. k, | T24 cells were treated with 25 puM FDI-6 for 0, 24, and 48 h. Cells
were harvested for the western blot analysis (k) and RT-gqPCR analysis (I). Data present as mean + SD with three replicates. Ns, not significant;
**P < 0.01. m the ChIP-seq of FOXM1, LIN9, and MYBL2 on the promoter region of RNF26. n diagram demonstrated the sequence and position
of CHR element, the FOXM1, LIN9, and MYBL2 binding peak, in the RNF26 promoter. TSS transcriptional start site, WT wild type, MUT mutant
type. 0 T24 and 5637 cells were transfected with empty vector, GV592-RNF26 plasmids WT, MUT1, or MUT2 for 48 h. Cells were harvested and
the activity of RNF26 promoter was measured. Data present as mean + SD with three replicates. Ns not significant; ***P < 0.001. p 5637 cells
were infected with shControl or shFOXM1 #1 for 48 h. Then, cells were transfected with EV, GV592-RNF26 plasmids WT, or MUT2 for another
48 h. Cells were harvested and the activity of RNF26 promoter was measured. Data present as mean = SD with three replicates. Ns not
significant; ***P < 0.001. q 5637 cell were transfected with EV or FOXM1 plasmids for 24 h. Then, cells were transfected with EV, GV592-RNF26
plasmids WT, or MUT2 for another 48 h. Cells were harvested and the activity of RNF26 promoter was measured. Data present as mean + SD

with three replicates. Ns not significant; *P < 0.05; ***P < 0.001.

region of RNF26, and this peak showed the highest fold
enrichment and lowest P values (Fig. 3a, b). Moreover, it has
been documented that activated FOXM1 is critical for the
progression and drug resistance of bladder cancer [13, 14]. Thus,
we were curious about whether FOXM1 is responsible for the
transcriptional regulation of RNF26 in bladder cancer. Then, we
performed ChIP-qPCR by using FOXM1 or IgG antibodies and
found that FOXM1 bound to the promoter region of RNF26 in T24
and 5637 cells (Fig. 3¢, d). Moreover, we demonstrated that
knockdown of FOXM1 decreased its binding with the promoter of
RNF26 and reduced the expression of RNF26 in both T24 and 5637
cells (Fig. 3e, f). In contrast, ectopic overexpression of FOXM1
enhanced FOXM1 binding to the promoter of RNF26 and
increased the RNF26 expression level in bladder cancer cells
(Fig. 3g, h). Furthermore, we treated bladder cancer cells with a
FOXM1-specific inhibitor (FDI-6) to detect changes in RNF26 in T24
cells. It was not surprising that FDI-6 decreased the protein and
MRNA levels of RNF26 in a dose- and time-dependent manner
(Fig. 3i-l). In addition, the correlation between FOXM1 and RNF26
in the cancer patient samples was analyzed through the GEPIA
web tool. Consistently, we found that FOXM1 was positively
correlated with RNF26 in multiple types of malignant tumors,
including bladder cancer, colon cancer, cervical cancer, breast
cancer, prostate cancer, pancreatic cancer, liver cancer, and gastric
cancer (Supplementary Fig. 1).

However, we analyzed the promoter region of RNF26 and found
that there was no FOXM1 consensus binding motif (TAACA) [15] in
the promoter region of RNF26. It has been reported that FOXM1
can interact with the MuvB complex to indirectly regulated the
expression of downstream target genes expression, including
CCNB1 and RNF26 [16, 17]. Furthermore, the ChIP-Atlas analysis
indicated that LIN9, the major component of MuvB complex [18],
also bound to the promoter region of RNF26 (Fig. 3a). In addition,
MYBL2, which, like FOXM1, interacts with MuvB and activates the
transcription of target promoters indirectly [17, 18], also bound to
the promoter region of RNF26 (Fig. 3a). Notably, we showed that
the binding regions for FOXM1, LIN9, and MYBL2 in the RNF26
promoter was overlapped (Fig. 3m). Since FOXM1 interacted with
MuvB/LIN54 complexes to directly bind to the cell cycle genes
homology region (CHR) element, we found that there were two
CHR motifs (TTYRAA) [19] in the promoter region of RNF26 (Fig.
3n). We cloned DNA sequences containing these two CHR motifs
(wild-type (WT) and CHR mutants (MUT1 and MUT2)) to generated
three GV592-RNF26 promoter plasmids as indicated (Fig. 3n). We
transfected T24 and 5637 cells with empty vector or the GV592-
RNF26 plasmids and showed that the luciferase activity of the WT
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GV592-RNF26-promoter was increased (Fig. 30). Furthermore, the
luciferase activity of the MUT2 GV592-RNF26-promoter was lower
than that of the WT and MUT1 GV592-RNF26-promoter, but there
was no difference between the luciferase activity of the MUT1
GV592-RNF26 promoter and the WT GV592-RNF26 promoter in
T24 and 5637 cells (Fig. 30). Moreover, knockdown of FOXM1
markedly decreased the luciferase activity of the WT GV592-RNF26
promoter but had no effect on the activity of the MUT2 GV592-
RNF26 promoter in 5637 cells (Fig. 3p). In contrast, overexpression
of FOXM1 significantly increased the luciferase activity of the WT
GV592-RNF26 promoter and slightly increased the activity of the
MUT2 GV592-RNF26 promoter in 5637 cells (Fig. 3q). Therefore,
our data suggest that FOXM1 regulates the expression of RNF26 in
bladder cancer.

RNF26 regulates the cell cycle and interacts with p57 in
bladder cancer cells

To explore the underlying mechanism of how RNF26 enhanced
the progression of bladder cancer cells, we performed gene set
enrichment analysis (GSEA) of the TCGA-BLCA dataset to study the
pathways in which RNF26 is involved. We showed that the cell
cycle signaling pathway had the most positive association with
RNF26 in bladder cancer cells (Fig. 4a-c). Consistently, we
performed cell cycle analysis, which demonstrated that knock-
down of RNF26 blocked G1/S phase progression and that rescuing
RNF26 expression by Tsin-RNF26 infection reversed this effect (Fig.
4d, e). In addition, UbiBrowser showed that RNF26 might interact
with multiple types of substrate proteins (Fig. 4f). Among these
proteins, p53 and CDKN1C (p57) are crucial for regulating the cell
cycle process [17, 20]. Thus, we performed reciprocal IP to
determine which protein truly bound to RNF26 in cancer cells.
Intriguingly, we demonstrated that p57, not p53, could interact
with RNF26 in bladder cancer cells (Fig. 4g, h). Taken together, our
results showed that RNF26 plays an important role in modulating
the cell cycle process and interacts with p57 in bladder cancer
cells.

RNF26 is the bona fide E3 ligase of p57

Studies have shown that p57 functions as a cyclin-dependent
kinase (CDK) inhibitor of G1 phase cell cycle arrest [21]. Similarly,
the above data indicated that RNF26 silencing inhibited the
progression of the cell cycle from G1 to S phase. Since RNF26 is an
E3 ligase and RNF26 interacts with p57, we hypothesized that
RNF26 might degrade p57 to regulate the cell cycle process. It is
worth noting that RNF26 knockdown by two different shRNAs
elevated the protein levels of p57 but not p53 in both T24 and
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Fig. 4 RNF26 regulates the cell cycle and interacts with p57 in bladder cancer cells. a Single-sample GSEA (ssGSEA) showed the top five
pathways positively correlated with RNF26 and the top 5 pathways negatively correlated with RNF26 in TCGA-BLCA dataset. b Correlation
analysis between RNF26 and cell cycle pathway in TCGA-BLCA dataset. ¢ Cell cycle pathway was activated by the overexpression of RNF26 in
TCGA-BLCA dataset. d, e 5637 cells were infected with indicated constructs for 72 h. After puromycin selection, cells were subjected to cell
cycle analysis. f UbiBrowser showed the top 20 substrate proteins that might interact with RNF26. g 293T cells were transfected with Flag-
RNF26 for 24 h. Cells were harvested and underwent co-IP assay by using the RNF26 or p57 antibodies, respectively. h T24 and 5637 were
harvested and underwent co-IP assay by using the RNF26 or p57 antibodies respectively.
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5637 cells (Fig. 5a). Interestingly, knockdown of RNF26 had no RNF26 reduced p57 protein levels, and this process could be
effect on the mRNA level of RNF26 in bladder cancer cells (Fig. 5b). blocked by MG132 in T24 cells (Fig. 5d). Furthermore, transfection
Moreover, we showed that 26S proteasome inhibitor (MG132) with the mutants 1382R and C401S and the delta RING mutant
treatment attenuated the upregulation of p57 induced by ARING, which have been reported to decrease or abolish the E3
RNF26 silencing (Fig. 5c). In contrast, ectopic overexpression of ligase activity of RNF26 [10, 22], failed to downregulate the protein
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Fig. 5 RNF26 is the bona fide E3 ligase of p57. a, b T24 and 5637 cells were infected with indicated shRNAs for 72 h. After puromycin
selection, cells were harvested for western blot analysis (a) and RT-qPCR assay (b). Data present as mean + SD with three replicates. Ns not
significant. ¢ T24 cells were infected with indicated shRNAs for 72 h. Cells were harvested for western blot analysis before treated with or
without MG132 for 8 h. d T24 cells were transfected with indicated plasmids for 24 h. Cells were harvested for western blot analysis before
treated with or without MG132 for 8 h. e T24 cells were transfected with indicated plasmids for 24 h. Cells were harvested for western blot
analysis. f T24 cells were transfected with indicated plasmids for 24 h. Cells were harvested for western blot analysis. g, h T24 cells were
infected with the indicated shRNAs. After 72 h, cells were treated with cycloheximide (CHX), and cells were collected for western blot analysis
at different time points. i, j T24 cells were transfected with the indicated plasmids. After 24 h, cells were treated with CHX, and cells were
collected for western blot analysis at different time points. k T24 cells were infected with the indicated shRNAs. After 72 h, cells were collected
for western blot after treatment with MG132 for 8 h. | T24 cells were transfected with the indicated plasmids. After 24 h, cells were collected

for western blot after treatment with MG132 for 8 h.

level of p57 in T24 cells (Fig. 5e, f). In addition, we demonstrated
that knockdown of RNF26 prolonged the half-life of the p57
protein (Fig. 59, h). However, overexpression of wild-type RNF26
but not the RNF26 C401S mutant shortened the half-life of the p57
protein in T24 cells (Fig. 5i, j). It was not surprising that knockdown
of RNF26 decreased the polyubiquitination levels of p57, while
overexpression of RNF26 increased the polyubiquitination levels
of p57 in T24 cells (Fig. 5k, |). Together, these data suggest that
RNF26 acts as an E3 ligase to degrade p57 in bladder cancer cells.

RNF26 regulates the progression of bladder cancer cells
through p57

To further study the relationship between RNF26 and p57 in
bladder cancer, we performed IHC analysis by staining RNF26 and
p57 in a tissue microarray derived from a cohort of patients with
bladder cancer (Fig. 6a). The results showed that there was a
negative correlation between RNF26 and p57 levels in the tissues
of patients with bladder cancer, although the correlation is not so
appreciable (Spearman r=-0.2701, P=0.0154) (Fig. 6b). In
addition, GEPIA web tool (http://gepia2.cancer-pku.cn/#index)
analysis indicated that CDKN1C (p57) was downregulated in
bladder cancer (Fig. 6¢). Silencing p57 increased the growth of
bladder cancer cells (Fig. 6d). Then, we aimed to explore whether
RNF26 promotes bladder cancer cell proliferation via p57. We
established bladder cancer cells with knockdown of RNF26 or p57
alone or with simultaneous knockdown of RNF26 and p57 (Fig.
6e). We showed that co-knockdown of RNF26 and p57 attenuated
the tumor growth inhibition effect of RNF26 knockdown in vivo
and in vitro (Fig. 6f—j). Therefore, our results indicate that p57 is
the downstream effector of RNF26 for modulating the prolifera-
tion of bladder cancer cells.

DISCUSSION

The tumorigenesis of bladder cancer is due to alterations in
multiple types of molecular pathways, which disrupt the
homeostasis of cancer cells [23]. Among them, there are two
major signaling pathways: the dysregulation of Ras-mitogen-
activated protein kinase signaling is responsible for the low
grade of bladder cancer, and alteration of the cell cycle
pathway is common in the invasive stage of bladder cancer
[24]. The dysregulation of key proteins associated with cell cycle
modaulation in bladder cancer mainly involves the p53 pathway
and CDK/retinoblastoma signaling pathway [24, 25]. In this
study, bioinformatics analysis indicated that RNF26 might be
closely associated with p53 and CDKN1C. Further experiments
suggested that CDKN1C might interact with RNF26 in bladder
cancer cells. CDKN1C (p57) belongs to the Cip/Kip family and
functions as a CDK inhibitor. P57 plays a vital role in regulating
cell differentiation during neuronal development and erythro-
poiesis by controlling the cell cycle process [26]. In addition,
p57 is reported to modulate cytoskeletal organization, cell
migration, and genome expression [26]. p57 is critically
involved in several hallmarks of cancer, including apoptosis,
cell invasion and metastasis, tumor differentiation, and
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angiogenesis [27]. Moreover, p57 is ubiquitously downregu-
lated in cancers due to epigenetic repression [28]. It has been
reported that DNA methyltransferase 1 (DNMT1) and DNMT3
catalyze the promoter methylation of CDKN1C [29]. Moreover,
histone hypoacetylation (mainly H3K9/K14) in the promoter of
CDKN1C induced by the overexpression of HDAC1 and HDAC2
in cancer cells is another reason for the low expression of
CDKN1C in cancers [30, 31]. Furthermore, the increase in
H3K27me3 due to polycomb repressive complex 2 suppresses
CDKN1C expression in Schwann cells [32]. To date, the study of
the regulation of CDKN1C has been mostly focused on the
transcriptional level. Here, we uncovered the regulatory
mechanism of p57 at the posttranscriptional level. We showed
that RNF26 could bind with and degrade p57 in bladder cancer
cells. In addition, we believe that further studies will reveal the
regulatory mechanism involved in the stability of the p57
protein.

Deregulation of E3 ubiquitin ligases is the hallmark of bladder
cancer initiation, development, and progression [33]. Numerous
E3 ubiquitin ligases, such as clAP2 [34], FBW7 [35], RNF126 [36],
and HUWE1 [37], have been documented to be associated with
breast cancer tumorigenesis and drug resistance. In this study, we
used LASSO regression analysis to identify that RNF26 might be an
E3 ligase that is crucial for the progression of bladder cancer.
RNF26 belongs to the RING domain family of proteins, which plays
a key role in organizing the endosomal pathway for efficient cargo
transport by mediating the ubiquitination of SQSTM1 [10].
Moreover, RNF26 was reported to limit the type | interferon
response by promoting the autophagic degradation of IRF3 [22].
In addition, RNF26 could also stabilize TMEM173/STING, which
catalyzes the formation of K11-linked polyubiquitin chains on
TMEM173/STING at lysine 150 to prevent its degradation by RNF5
[22]. The cancer-related role of RNF26 in bladder cancer has never
been mentioned. Here, we demonstrated that RNF26 enhances
the proliferation and invasion of bladder cancer cells. We further
showed that RNF26 degrades p57 to promote cell cycle transition
and bladder cancer cell proliferation. Besides, RNF26 expression
has been reported to upregulated ubiquitously in several human
cancer cell lines, including human promyelocytic leukemia (HL-60)
cells, human cervical cancer (HeLa S3) cells, and human gastric
cancer (MKN7?) cells, and gastric cancer tissues, which implies that
RNF26 might have the same cancer-related function in other
tissues and cancers [11]. In addition, our results indicate that
RNF26 might have a close relationship with other proteins (Fig. 4).
Therefore, the specific role of RNF26 in cancers, especially bladder
cancer, needs to be further studied.

Collectively, we employed bioinformatics analysis, which
showed that RNF26 is abnormally upregulated in bladder
cancer cell lines and tissues and associated with a poor
prognosis in bladder cancer. Then, we showed that RNF26
promotes the progression of bladder cancer in vitro and in vivo.
In addition, we demonstrated that aberrant overexpression of
FOXM1 is responsible for the upregulation of RNF26 in bladder
cancer cells through the MuvB complex. Moreover, we found
that RNF26 interacts with p57 and decreases the stability of p57
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Fig. 6 RNF26 regulates the progression of bladder cancer cells through p57. a, b Bladder cancer tissue microarray stained for RNF26 and
p57. Representative images are shown in (a). The correlation of RNF26 and p57 levels is shown in (b); P values are also shown in the figure.
c the GEPIA web tool was used to analyze the CDKN1C expression level in the bladder cancer. *P < 0.01. d T24 and 5637 cells were infected
with indicated shRNAs for 72 h. Cells were collected for RT-gPCR analysis and CCK-8 assay. Data present as mean + SD with three replicates.
**P < 0.01; ***P < 0.001. e-j T24 and 5637 cells were infected with indicated constructs for 72 h. After puromycin selection, cells were harvested
for the RT-qPCR analysis (e), CCK-8 assay (f), colony formation assay (g), and subcutaneous xenografts assay (h—j). For e, f, and g, data present
as mean + SD with three replicates. Ns not significant; **P < 0.01; ***P < 0.001. For h-j, data present as mean * SD with five replicates. Ns not
significant; ***P < 0.001.
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Fig.7 A hypothesis model depicted that the abnormal expressed FOXM1 bound to the promoter of RNF26 and initiated the transcription
of RNF26 through MuvB complex in the bladder cancer cells. The upregulated RNF26 interacted with p57 to degrade p57 and enhance the
progression of bladder cancer cells.

to enhance the aggressiveness of bladder cancer cells (Fig. 7).
Therefore, we uncovered a novel FOXM1/RNF26/p57 axis in
bladder cancer, which could be a candidate target for bladder
cancer therapy.
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