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1  |  INTRODUC TION

Bladder cancer (BC) is one of the most prevalent malignancies world-
wide, with a continuous increase in morbidity over the past few de-
cades. There are an estimated 170,000 deaths from BC worldwide 
annually. Moreover, nearly 20% of new BC cases are muscle- invasive 
BC (MIBC). Due to the lack of effective therapeutic strategies, the 

5- year overall survival (OS) rate for patients with MIBC is approxi-
mately 50%, with a poor prognosis.1,2 Therefore, there is an urgent 
need to determine the pathogenic mechanisms mediating the pro-
gression of BC in order to find potential therapeutic targets.

Transcriptome abnormalities are key internal factors driving the 
progression of BC; however, knowledge regarding BC transcription 
is limited. To screen the potential molecular biomarkers of BC, we 
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Abstract
Bladder cancer (BC) is one of the most prevalent malignancies worldwide, but it lacks 
effective targeted therapy due to its elusive molecular mechanism. Therefore, it is 
important to further investigate the molecular mechanisms that mediate BC progres-
sion. By performing a tumor tissue– based gene microarray and shRNA library screen-
ing, we found that recombination signal binding protein for immunoglobulin kappa 
J region (RBPJ) interacting and tubulin associated 1 (RITA1) is crucial for the growth 
of BC cells. Moreover, RITA1 is aberrantly highly expressed in BC tissues and is also 
correlated with poor prognosis in patients with BC. Mechanistically, we determined 
that RITA1 recruits tripartite motif containing 25 (TRIM25) to ubiquitinate RBPJ to ac-
celerate its degradation via proteasome, which leads to the transcriptional inhibition 
of Notch1 downstream targets. Our results suggest that aberrant high expression of 
RITA1 drives the growth of BC cells via the RITA1/TRIM25/RBPJ axis and RITA1 may 
serve as a promising therapeutic target for BC.
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compared the transcription levels of genes between BC tissues 
and their paired normal tissues via gene microarray. To identify 
genes that are essential for the growth of BC cells, we performed 
a proliferation- based screening, with a short hairpin RNA (shRNA) 
library targeting the top 24 genes highlighted by the gene microarray 
analysis. Notably, we found that RBPJ interacting and tubulin associ-
ated 1 (RITA1) is crucial for the growth of BC cells. RITA1 is a highly 
conserved protein with no apparent homology to any other protein. 
Interestingly, it has been reported that RITA1 impedes Notch signal-
ing by facilitating the nuclear export of RBPJ.3,4 However, the role of 
Notch signaling is heterogeneous among different tumors, and it has 
the potential to play oncogenic or tumor- suppressive roles. Similarly, 
many studies have shown that RITA1 acts heterogeneously in dif-
ferent tumors, including anal malignancies, breast cancer, and he-
patocarcinoma.5– 7 Therefore, it is possible that Notch signaling and 
RITA1 are regulated heterogeneously in different tumors. Based on 
the above observations, we speculated that RITA1 and Notch signal-
ing may have a unique regulatory mechanism in BC.

In our study, we identified the oncogenic effect of RITA1 in BC 
through in vivo and in vitro experiments. We also investigated a 
novel mechanism of RITA1 in impeding Notch1 signaling by recruit-
ing TRIM25 to ubiquitinate and degrade RBPJ. In summary, our re-
sults explain the oncogenic role of RITA1 in BC via Notch1 signaling, 
providing a possibility for the molecular mechanism of targeting 
Notch downstream genes.

2  |  MATERIAL S AND METHODS

2.1  |  Immunohistochemistry

The main steps of the immunohistochemistry (IHC) experiment 
were performed according to previous studies.8 The results were 
obtained by double- blind reading, with scoring performed by two 
experienced pathologists. The staining index was recorded as nega-
tive = 0, weak brown = 1, moderate brown = 2, or dark brown = 3. 
RITA1- positive cells were identified by looking at the sections, and 
a final positive score was obtained based on their percentage: < 5%, 
0; 6%– 25%, 1; 26%– 50%, 2; 51%– 75%, 3; 76%– 100%, 4; the final 

immunoreactivity score was then derived from the product of the 
staining index and the positive area score; 0– 4 was low expression 
and 6– 12 was high expression. Anti- RITA1 (NBP2- 38441, 1:50 dilu-
tion, Novus Biologicals), anti- NOTCH1 (20687- 1- AP, 1:200 dilution, 
Proteintech), and anti- RBPJ (5313, 1:3000 dilution, Cell Signaling 
Technology) were used for IHC.

2.2  |  Cell lines and cell cultures

The cell lines used in this study were purchased from the American 
Type Culture Collection (ATCC) and were used with 10% fetal bovine 
serum (Invitrogen). In our laboratory, all cell lines were passaged for 
<6 months. The cells were incubated in a 37°C incubator at 5% CO2 
and saturated humidity.

2.3  |  Cell- counting kit- 8 (CCK- 8) assay

Transfected cells were seeded in 96- well plates for the correspond-
ing time in an incubator. Subsequently, 10 μl of CCK reagent was 
added to each well and incubated according to the protocol of the 
CCK- 8 assay kit (Dojindo). The absorbance of each well was meas-
ured at 450 nm using an enzyme- labeled instrument.

2.4  |  Western blotting and cointeracted 
immunoprecipitation

Western blot was performed according to standard protocols. The 
intensities of bands were detected and quantified by ImageJ soft-
ware. Nucleocytoplasmic protein fractionation was performed using 
an extraction kit for nuclear and cytoplasmic proteins (Beyotime) ac-
cording to the manufacturer's protocol. For cointeracted immuno-
precipitation (Co- IP), protein lysates were first incubated overnight 
at 4°C with anti- HA- magnetic beads, anti- Myc- magnetic beads, or 
anti- Flag- magnetic beads, and then the precipitates were washed 
three times with RIPA buffer and analyzed by protein blotting. The 
antibodies used in this experiment are shown in Table S2.

F I G U R E  1  RITA1 is overexpressed and negatively correlates with Notch1 expression in bladder cancer (BC), and its higher expression 
predicts poor prognosis in patients with BC. (A) Heatmap of two sets of bladder samples with expression profiles of representative 
differential genes, A2897, A2739, and A2938: tumor tissue; A2939, A2898, and A2740: normal tissue. (B) Volcano map of differentially 
expressed genes between tumor and normal bladder tissue. The representative genes that were significantly upregulated are identified in 
the graph. (C) Cell proliferation curves were plotted based on cell proliferation folds compared with the first day, with shPC as the positive 
target sequence. The data are plotted as the mean ± SD of three independent experiments. (D) The expressions of RITA1, RBPJ, and Notch1 
proteins were examined by Western blot in 24 BC tissues and paired adjacent normal tissues. N, normal tissue; T, tumor tissue. GAPDH was 
assessed as an internal control. (E) The relative expression of RITA1 and Notch1, as well as RITA1 and RBPJ from (D) were quantified. (F) The 
correlation of the relative expressions of RITA1 and Notch1, as well as RITA1 and RBPJ were analyzed by Spearman's correlation analysis. 
(G) The expression of RITA1 and NOTCH1 was examined by immunohistochemistry (IHC) in BC tissues and adjacent normal bladder tissue. 
Scale bar, 100 μm. Representative images of evaluation of low expression (H- score ≤ 4) and high expression (H- score ≥ 6) staining are shown. 
(H) Kaplan- Meier analysis was used to predict the correlation between RITA1 expression and overall survival of 150 BC patients. **p < 0.01, 
***p < 0.001, ****p < 0.0001
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2.5  |  RNA isolation and qRT- PCR analysis

In brief, total RNA from tissues and cells were extracted using TRIzol 
reagent (Invitrogen). The total RNA was synthesized into cDNA by 
using HiScript II Q RT SuperMix (Vazyme). Quantitative polymerase 
chain reaction (qPCR) was performed using SYBR Green Master Mix 
(Vazyme) on a Roche 480 quantitative real- time PCR system. The prim-
ers used to amplify the corresponding genes are displayed in Table S3.

2.6  |  Statistical analysis

Data were analyzed using SPSS version 23.0 software (IBM Corp.). 
Survival curves were plotted by Kaplan- Meier analysis and com-
pared by the log- rank test. Cox regression analysis was conducted to 
assess the significance of variables for survival. Data from cell line 
experiments are expressed as mean ± SD (X ± SD), and independent 

Student's t tests were used to analyze statistical significance between 
groups. P values <0.05 were considered statistically significant.

3  |  RESULTS

3.1  |  RITA1 is negatively correlated with Notch1 
expression in BC, and its higher expression predicts 
poor prognosis in patients with BC

We compared the transcription levels of genes between BC tissues 
and their paired normal tissues via gene microarray. As a result, we 
identified 639 upregulated genes and 1473 downregulated genes in 
tumor tissues (supplementary excel file Table S5); the heatmap and 
volcano map are shown in Figure 1A,B. To identify genes that are es-
sential for the growth of BC cells, we performed an shRNA library tar-
geting the top 24 genes. Remarkably, we found that shRITA1 had a 

Variable
All cases 
(N = 150)

RITA1 expression (%)

Normal expression 
(N = 72)

Overexpression 
(N = 78) p Valuea

Age (years)

≥60 83 38 (45.8%) 45 (54.2%) 0.545

<60 67 34 (50.8%) 33 (49.2%)

Gender

Female 18 9 (50%) 9 (50%) 0.856

Male 132 63 (47.8%) 69 (52.2%)

Smoking history

Yes 84 46 (54.8%) 38 (45.2%) 0.062

No 66 26 (39.4%) 40 (60.6%)

Tumor size

≥3 cm 53 18 (34.0%) 35 (66.0%) 0.006

<3 cm 97 54 (57.5%) 43 (42.5%)

pT status

T1 34 22 (64.7%) 12 (35.3%) 0.027

T2– T4 116 50 (43.1%) 66 (56.9%)

pN status

pN− 114 60 (52.6%) 54 (47.4%) 0.043

pN+ 36 12 (33.3%) 24 (66.7%)

Recurrence

No 58 35 (60.3%) 23 (39.7%) 0.016

Yes 92 37 (40.2%) 55 (59.8%)

aChi- square test.

TA B L E  1  Correlation of RITA1 
expression in tissue with patients' 
clinicopathological variables in 150 cases 
of BC

F I G U R E  2  RITA1 promotes the growth of bladder cancer (BC) cells. (A) The stable- expression BC cells with RITA1 knockdown or 
overexpression were established by lentiviral infection. The expression of RITA1 protein in indicated stable expression cells was evaluated 
by Western blot. (B) The expression of RITA1 mRNA in indicated stable expression cells was assessed by qRT- PCR analysis. (C, D) The 
proliferation of indicated stable expression BC cells was evaluated by cell- counting kit- 8 (CCK- 8). The relative cell growth was analyzed. (E, 
F) The colony formation of the indicated stable expression BC cells was evaluated by colony formation assay. The number of colonies was 
calculated and analyzed. One- way ANOVA or Student's t test was applied to analyze and compare the data. The data are plotted as the 
mean ± SD of three independent experiments (B– F). **p < 0.01, ***p < 0.001, ****p < 0.0001
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significant inhibitory effect on the growth of BC cells (Figure 1C and 
Figure S1). To determine whether RITA1 was associated with Notch1 
signaling in BC, we evaluated the expression of RITA1, RBPJ, and 
Notch1 in BC tissues and their paired normal tissues by Western blot 
(Figure 1D). We next analyzed the expression of these proteins rela-
tive to GAPDH. The results showed that RITA1 expression was higher 
in BC tissues than in paired paraneoplastic tissues. In contrast, RBPJ 
and Notch1 expression in BC tissues was significantly lower than that 
in paired paraneoplastic tissues (Figure 1E). Remarkably, the expres-
sions of RITA1 and Notch were negatively correlated in BC tissues 
(Figure 1F). The negative correlation of protein expression between 
RITA1 and NOTCH1 was consistent with the microarray data. In addi-
tion, the protein expression levels of RITA1 and RBPJ were also nega-
tively correlated in BC tissues (Figure 1F). These data indicated that 
higher expression of RITA1 and lower expression of Notch1 are associ-
ated with BC and they are negatively correlated with each other in BC.

To determine the role of RITA1 in predicting the prognosis of 
patients with BC, we examined RITA1 protein levels in the other 
150 BC tissues by IHC staining (Table 1). The results showed that 
RITA1 was highly expressed in 65 BC cases, whereas normal blad-
der tissues had inadequate or low levels of RITA1. In contrast, lower 
expression of NOTCH1 was found in BC tissues than in adjacent 
normal bladder tissues (Figure 1G). Based on IHC staining data from 
150 patients with BC, Kaplan- Meier analysis confirmed that higher 
expression of RITA1 was associated with less OS (Figure 1H). These 
results showed that higher expression of RITA1 predicts poor prog-
nosis in patients with BC.

3.2  |  RITA1 promotes the growth, migration, and 
invasion of BC cells

To verify the oncogenic function of RITA1, we knocked down 
the expression of RITA1 in T24 and UMUC- 3 cells with two in-
dependent shRNAs by lentivirus. We also overexpressed the 

exogenous RITA1 in UMUC- 3 cells. The expression of RITA1 in 
these stable- expression cells was validated by Western blot and 
qRT- PCR (Figure 2A,B). Next, we tested the proliferation of these 
stable- expression BC cells using a CCK- 8 assay. Knockdown of 
RITA1 significantly inhibited, while overexpression of RITA1 sig-
nificantly promoted the proliferation of BC cells (Figure 2C,D). We 
performed colony formation assay to validate this result. Similarly, 
knockdown of RITA1 reduced, while overexpression of RITA1 in-
creased the number of colonies of BC cells (Figure 2E,F). Flow cy-
tometry showed that knockdown of RITA1 significantly increased 
the percentage of apoptotic cells in both T24 and UMUC- 3 cells 
(Figure S2). These results indicated that RITA1 promotes the 
growth of BC cells in vitro. In addition, we examined the role of 
RITA1 in BC cell migration and invasion using wound- healing assay 
and transwell invasion assay, respectively. Our data showed that 
knockdown of RITA1 suppressed the migration and invasion of BC 
cells, while overexpression of RITA1 promoted these properties 
(Figure S3).

3.3  |  RITA1 inhibits Notch1 signaling to 
promote the growth of BC cells

Previous studies have shown that RITA1 inhibits Notch signaling by 
interacting with RBPJ.3,9 However, Notch signaling can be oncogenic 
or tumor suppressive in solid tumors, depending on the tissue type 
and tumor microenvironment. Therefore, we examined how RITA1 
affects the expressions of Notch downstream targets by Western 
blot. We found that knockdown of RITA1 decreased the protein ex-
pression of c- Myc and cyclin D3 and increased the protein expression 
of Hes family bHLH transcription factor 1 (HES1), hairy/enhancer- of- 
split related with YRPW motif 1 (HEY1), and p21 in T24 and UMUC- 3 
cells (Figure 3A). Consistently, overexpression of RITA1 increased the 
protein expression of c- Myc and cyclin D3 but decreased the protein 
expression of HES1, HEY1, and p21 in UMUC- 3 cells (Figure 3B). We 

F I G U R E  3  RITA1 inhibits RBPJ- dependent Notch1 signaling in bladder cancer (BC) cells. (A, B) The protein expressions of Notch target 
genes in BC cells with RITA1 knockdown or overexpression were evaluated by Western blot. (C, D) The mRNA expression levels of Notch 
target genes in BC cells with RITA1 knockdown or overexpression were evaluated by qPCR. (E, F) The expression levels of RITA1 and 
RBPJ in nuclei and cytoplasm were analyzed by Western blot. Lamin B1 and tubulin were assessed as the internal control of nuclei and 
cytoplasm, respectively. (G) The expressions of Notch target genes in RITA1- knockdown T24 cells with or without RBPJ overexpression 
were evaluated by Western blot. (H, I) The proliferation and colony formation of RITA1- knockdown T24 or UMUC- 3 cells with or without 
RBPJ overexpression were assessed by CCK- 8 and colony- formation assay, respectively. The data are plotted as the mean ± SD of three 
independent experiments (C, D, H, and I). **p < 0.01, ***p < 0.001, ****p < 0.0001

F I G U R E  4  RITA1 is required for the interaction of RBPJ and TRIM25 in UMUC- 3 cells. (A) Immunoprecipitation (IP) was performed with 
IgG or Flag antibody of the lysate from Flag- RITA1– expressed UMUC- 3 cells. The proteins in IP products were separated by SDS- PAGE 
and visualized by silver staining. The bands of TRIM25 and RITA1 are indicated by arrows. (B) The potential interacting proteins of RITA1 
from the IP products were identified by mass spectrometry. The peptide segment diagram of TRIM25 is shown. (C) UMUC- 3 cells were 
transfected with plasmids that express Myc- RITA1, Flag- RBPJ, and/or HA- TRIM25 in indicated combinations. The expressions of these 
exogenous proteins were validated by Western blot. (D–  F) IP was performed with Myc, Flag, and HA antibodies using the cells mentioned 
in (C), and the expressions of Myc, Flag, and HA in the IP products were evaluated by Western blot. IgG were assessed as loading control. (G) 
IP was performed with Flag and HA antibodies between UMUC- 3- shNC and UMUC- 3- shRITA1#1. The expression of RITA1, Flag, and HA in 
the IP products were evaluated by Western blot
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found that knockdown of RITA1 increased the mRNA expression lev-
els of HES1 and HEY1 in T24 and UMUC- 3 cells. Consistently, RITA1 
overexpression decreased the mRNA expression levels of HES1 and 
HEY1 in UMUC- 3 cells (Figure 3C,D). We next analyzed whether 
RITA1 redistributed the levels of RBPJ, a transcriptional regulator 
important in the Notch signaling pathway, between the nucleus and 
cytoplasm. We found that knockdown of RITA1 increased the nuclear 
RBPJ and decreased the cytoplasmic RBPJ in T24 cells. Conversely, 
we found that overexpression of RITA1 resulted in increased cyto-
plasmic RBPJ and decreased nuclear RBPJ (Figure 3E,F).

As nuclear RBPJ directly governs Notch signaling and RITA1 in-
hibits Notch1 signaling, we next investigated whether RITA1 inhib-
ited the Notch1 signaling through RBPJ. We used a specific siRNA 
to knock down RBPJ in RITA1– knocked- down T24 cells. Western 
blot analysis showed that knockdown of RBPJ in RITA1– knocked- 
down T24 cells restored the Notch1 signaling that was inhibited by 
RITA1 knockdown (Figure 3G). Moreover, data from the CCK- 8 and 
colony formation assays showed that knockdown of RBPJ in RITA1– 
knocked- down T24 cells recovered the proliferation and colony 
formation that were suppressed by RITA1 knockdown (Figure 3H,I). 
Overall, these results indicated that RITA1 inhibits RBPJ- dependent 
Notch1 signal in BC cells.

3.4  |  RITA1 recruits TRIM25 to interact with RBPJ 
in UMUC- 3 cells

We next sought to explore the potential mechanism of RITA1 in 
orchestrating the subcellular distribution of RBPJ. To this end, 
we performed immunoprecipitation followed by mass spectrom-
etry (MS) to identify the potential interacting proteins of RITA1 in 
UMUC3 cells. Surprisingly, we found that tripartite motif contain-
ing 25 (TRIM25), a E3 ubiquitin ligase, was identified in the inter-
acting candidates of RITA1 (Figure 4A,B). Meanwhile, we noted 
that numerous 26S proteasome subunits were shown in the inter-
action list (Table S4).

As RBPJ is widely reported to interact with RITA1,3,9 we spec-
ulated that RITA1 recruits TRIM25 to ubiquitinate RBPJ and pro-
mote its degradation by the proteasome. If this were true, RITA1, 
RBPJ, and TRIM25 would probably interact with each other and be 
located together. To investigate this, we cotransfected plasmids 
expressing these three proteins with different tags in UMUC- 3 
cells followed by immunoprecipitation. Data from Western blot 

showed that RITA1, RBPJ, and TRIM25 interacted with each other 
in UMUC- 3 cells (Figure 4C– F). Following knockdown of RITA1, 
the protein HA- TRIM25 was significantly reduced by the coimmu-
noprecipitation of Flag- RBPJ as a bait, and, similarly, the protein 
Flag- RBPJ was significantly reduced by using the coimmunopre-
cipitation of HA- TRIM25 as a bait (Figure 4G). Taken together, 
these results indicated that RITA1, RBPJ, and TRIM25 interacted 
with each other, and that RITA1 was required for the interaction 
of RBPJ and TRIM25.

3.5  |  TRIM25 ubiquitinates RBPJ in a RITA1- 
dependent manner

Our data revealed that RBPJ could colocalize with RITA1 in the 
proteasome and also interact with TRIM25 in a RITA1- dependent 
manner. Therefore, we sought to identify whether RITA1 recruited 
TRIM25 to promote the proteasomal degradation of RBPJ. We in-
hibited protein synthesis with cycloheximide (CHX) to observe the 
stability of RBPJ and RITA1 in UMUC- 3 cells. Data from Western 
blot showed that RBPJ, but not RITA1, was unstable in UMUC- 3 cells 
(Figure 5A). Further, we treated UMUC- 3 cells with lysosome inhibi-
tor bafilomycin A1 (Baf- 1) and proteasome inhibitor MG132 to de-
termine the degradation pathway of RBPJ. Indeed, inhibition of the 
proteasome but not the lysosome obviously increased the stability 
of RBPJ in UMUC- 3 cells (Figure 5B,C).

To determine whether TRIM25 accelerated the degradation of 
RBPJ in BC cells, we overexpressed TRIM25 in UMUC- 3 cells fol-
lowed by treatment with CHX. Data from Western blot and protein 
remaining curve showed that overexpression of TRIM25 decreased 
the half- life of RBPJ in UMUC- 3 cells (Figure 5D). We also examined 
whether RITA1 had any effect on the half- life of RBPJ protein. In 
the presence of CHX, RBPJ appeared to become more stable after 
knocking down RITA1, suggesting a significant RITA1- dependent 
decline in RBPJ protein levels with a distinct reduction in half- life 
(Figure 5E). We performed a ubiquitination assay to confirm our 
observation. Western blot showed that knockdown of TRIM25 re-
duced the ubiquitination level of RBPJ in UMUC- 3 cells (Figure 5F). 
Importantly, we observed that knockdown of RITA1 reduced the 
ubiquitination of RBPJ that was mediated by TRIM25 (Figure 5G). 
Overall, these results indicated that TRIM25 ubiquitinates RBPJ to 
promote its degradation by the proteasome in a RITA1- dependent 
manner.

F I G U R E  5  TRIM25 ubiquitinates RBPJ in a RITA1- dependent manner. (A) UMUC- 3 cells were treated with cycloheximide (CHX) for 
the indicated time. The expressions of RITA1 and RBPJ were detected by Western blot. (B, C) UMUC- 3 cells were treated with Baf- 1 and 
MG132 for the indicated time. The expressions of RITA1 and RBPJ were detected by Western blot. The densitometric analyses of the 
blots were performed from three independent experiments. (D, E) Different UMUC- 3 stable cell lines were treated with 50 μg/ml CHX for 
various durations, and the cell lysates were analyzed by Western blot. The densitometric analyses of the blots were performed from three 
independent experiments. The relative expressions of RBPJ in each group were quantified and presented as curve graph. (F, G) UMUC- 3 cells 
with TRIM25 knockdown or Myc- TRIM25 expression, as well as RITA1 knockdown were transfected plasmids that express Flag- RBPJ and 
HA- ubiquitin. Cells were incubated with 10 μM MG132 for 8 h prior to harvest. IP with Flag antibody, followed by Western blot analysis. ns, 
not significant; *p < 0.05, **p < 0.01
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3.6  |  RITA1 promotes the growth of BC cells in a 
mouse xenograft model

Finally, to verify the effect of RITA1 on tumor growth in vivo, we 
used a subcutaneous tumor- forming xenograft nude mouse model. 
To generate this model, we subcutaneously inoculated T24 cells 
with RITA1 knockdown or UMUC- 3 cells with RITA1 overexpres-
sion. Remarkably, knockdown of RITA1 in T24 cells suppressed the 
growth of tumors, as determined by reduced tumor size, weight, 
and volume (Figure 6A– C). In contrast, overexpression of RITA1 in 
UMUC- 3 cells markedly promoted the growth of tumors (Figure 6A– 
C). We further analyzed the critical role of RITA1 in the mouse xen-
ograft model. We found that the protein expression of RBPJ, but 
not NOTCH1, increased in xenografts derived from T24 cells with 
RITA1 knockdown; conversely, the protein expression of RBPJ, but 
not NOTCH1, decreased in xenografts derived from UMUC- 3 cells 
with RITA1 overexpression (Figure 6D,E). We found that the mRNA 
expression levels of HES1 and HEY1 increased after the knockdown 
of RITA1, while the mRNA expression levels of HES1 and HEY1 de-
creased after overexpression of RITA1 (Figure 6F). These results in-
dicated that RITA1 promotes the growth of BC cells in vivo, which 
verified the finding that RITA1 promotes the growth of BC cells in 
vitro.

4  |  DISCUSSION

Notch signaling has been proven to play various roles in tumor pro-
gression, including tumor growth, invasion, metastasis, and even 
tumor immunity.10– 12 The role of Notch signaling is fairly heteroge-
neous among different tumors and has the potential to be oncogenic 
or tumor suppressive.13– 20 Although inactivation of Notch signal-
ing is associated with BC progression, the regulatory mechanism 
of Notch downstream targets remains unclear.21– 25 In this study, 
we identified a novel mechanism whereby overexpression of RITA1 
drives the growth of BC cells by recruiting TRIM25 to ubiquitinate 
RBPJ and accelerate its proteasomal degradation, thus leading to the 
transcriptional inhibition of Notch1 downstream targets (Figure 6G).

As a transcription factor, RBPJ is an integral component of 
Notch signaling, which activates the transcription of target genes, 
including those of the HES and HEY family.26 It has been previously 
reported that RITA1 suppresses Notch signaling by facilitating the 

nuclear export of RBPJ.3 The excessive accumulation of RBPJ in the 
cytoplasm may also re- enter the nucleus and reactivate Notch sig-
naling. As RITA1 can dramatically inhibit Notch signaling, we spec-
ulated that RITA1 may have further functions on RBPJ. Indeed, our 
molecular investigation demonstrated that RITA1 served as a bridge 
between RBPJ and TRIM25, which accelerates the proteasomal deg-
radation of cytoplasmic RBPJ. Deshmukh et al.27 have previously 
reported that cyclin F could mediate polyubiquitylation of RBPJ at 
Lys315. Therefore, we wondered whether there are other ways of 
ubiquitinating degradation of RBPJ. Intriguingly, RITA1 could also 
recruit RBPJ to the proteasome, providing a site for its degradation. 
Thus, our data suggested that inhibition of RBPJ- mediated Notch1 
signaling by RITA1 is multifaceted.

Post- translational modification (PTM) has a direct regulatory ef-
fect on the activation or inactivation of protein functions.28 In tu-
mors, the PTM of proteins is relatively active, especially for key signal 
molecules that mediate tumor progression, which play a decisive role 
in the activation of oncogenes or the inactivation of tumor suppres-
sors.29 However, as a transcription factor regulating canonical Notch 
signaling, the PTM of RBPJ has rarely been reported. Although it was 
previously reported that RITA1 can facilitate the nuclear export of 
RBPJ,3 its PTM is unknown. Through further investigation, we found 
that in BC cells, RITA1 is relatively stable, while RBPJ is easily de-
graded. It is easy to speculate that stable proteins may assist in the 
degradation of unstable proteins. Through RBPJ interaction– based 
MS, we found that TRIM25 is a potential E3 ligase of RBPJ. More im-
portantly, we found that the ubiquitination and degradation of RBPJ 
are dependent on RITA1. We have reported for the first time that 
TRIM25 is the E3 ligase of RBPJ. Indeed, the oncogenic function of 
TRIM25 has also been reported in various tumors, including pros-
tate cancer,30 hepatocellular carcinoma,31 and colorectal cancer.32 
We suspect that this is most likely to be related to the degradation of 
RBPJ and inhibition of the Notch1 signaling. Nevertheless, concrete 
evidence is necessary to clarify this matter, such as the ubiquitina-
tion site of RBPJ by TRIM25.

In conclusion, we demonstrate that aberrant upregulation of 
RITA1 is crucial for maintaining the growth of BC cells by inhibit-
ing Notch1 signaling. We determined a novel mechanism whereby 
RITA1 recruits TRIM25 to ubiquitinate RBPJ to accelerate its pro-
teasomal degradation, which leads to the transcriptional inhibition 
of Notch1 downstream targets. Therefore, the RITA1/TRIM25/RBPJ 
axis may serve as a therapeutic target for BC.

F I G U R E  6  RITA1 promotes the growth of bladder cancer (BC) cells in a mouse xenograft model. (A) The effect of RITA1 in tumor growth 
was determined in a nude mouse tumor xenograft model. The images of xenograft tumors from T24 cells with RITA1 knockdown or UMUC- 3 
cells with RITA1 overexpression (n = 5 mice/group). (B) Tumor weights were analyzed. Data are expressed as the mean ± SD. n = 5 per group 
as indicated. (C) The tumor volumes at the indicated days were measured and analyzed. Data are expressed as the mean ± SD. n = 5 per 
group as indicated. Student's t test or two- way ANOVA was applied to analyze and compare the data. (D, E) We examined RITA1, NOTCH1, 
and RBPJ protein levels in different mice tumors by immunohistochemistry (IHC) staining. Scale bars, 100 μm. Representative images of 
evaluation of low expression (H- score ≤ 4) and high expression (H- score ≥ 6) staining are shown. (F) The mRNA expressions of Notch target 
genes in different mice tumors with RITA1 knockdown or overexpression were evaluated by qPCR. The data are plotted as the mean ± SD 
of three independent experiments. (G) The proposed model reveals that RITA1 recruits TRIM25 to ubiquitinate and degrade RBPJ, thus 
inhibiting Notch signaling to promote the growth of BC cells. **p < 0.01, ***p < 0.001
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