
Zhuang et al. Cell & Bioscience           (2024) 14:32  
https://doi.org/10.1186/s13578-024-01210-y

RESEARCH Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Cell & Bioscience

Membrane-associated RING-CH 7 inhibits 
stem-like capacities of bladder cancer cells 
by interacting with nucleotide-binding 
oligomerization domain containing 1
Junlong Zhuang1,2,3, Lingli Zhang4,5,6, Siyuan Zhang7, Zhongqing Zhang1,2, Tianlei Xie1,2, Wei Zhao7,8*   and 
Yantao Liu4,5,6 

Abstract 

Background Cancer stem-like capacities are major factors contributing to unfavorable prognosis. However, the asso-
ciated molecular mechanisms underlying cancer stem-like cells (CSCs) maintain remain unclear. This study aimed 
to investigate the role of the ubiquitin E3 ligase membrane-associated RING-CH 7 (MARCH7) in bladder cancer cell 
CSCs.

Methods Male BALB/c nude mice aged 4–5 weeks were utilized to generate bladder xenograft model. The expres-
sion levels of MARCHs were checked in online databases and our collected bladder tumors by quantitative real-time 
PCR (q-PCR) and immunohistochemistry (IHC). Next, we evaluated the stem-like capacities of bladder cancer cells 
with knockdown or overexpression of MARCH7 by assessing their spheroid-forming ability and spheroid size. Addi-
tionally, we conducted proliferation, colony formation, and transwell assays to validate the effects of MARCH7 on blad-
der cancer CSCs. The detailed molecular mechanism of MARCH7/NOD1 was validated by immunoprecipitation, dual 
luciferase, and in vitro ubiquitination assays. Co-immunoprecipitation experiments revealed that nucleotide-binding 
oligomerization domain-containing 1 (NOD1) is a substrate of MARCH7.

Results We found that MARCH7 interacts with NOD1, leading to the ubiquitin–proteasome degradation of NOD1. 
Furthermore, our data suggest that NOD1 significantly enhances stem-like capacities such as proliferation and inva-
sion abilities. The overexpressed MARCH7 counteracts the effects of NOD1 on bladder cancer CSCs in both in vivo 
and in vitro models.

Conclusion Our findings indicate that MARCH7 functions as a tumor suppressor and inhibits the stem-like capacities 
of bladder tumor cells by promoting the ubiquitin–proteasome degradation of NOD1. Targeting the MARCH7/NOD1 
pathway could be a promising therapeutic strategy for bladder cancer patients.
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Introduction
Bladder cancer is a prevalent malignant tumor that poses 
a significant threat to human health [1]. It ranks among 
the top 10 most frequently diagnosed cancers world-
wide, with approximately 573,000 new cases and 213,000 
deaths reported [2]. Despite advances in diagnostic and 
therapeutic strategies, the clinical outcomes of bladder 
cancer are still far from satisfactory [3]. Therefore, it is 
imperative to develop effective approaches for bladder 
cancer prevention and targeted therapy. Recent evidence 
has highlighted the crucial role of cancer cell stemness 
and stem-like capacities in bladder cancer development 
[4, 5]. Consequently, understanding the molecular mech-
anism underlying cancer stem-like cells in bladder cancer 
cells holds great importance.

Bladder cancer stem-like cells (CSCs), characterized 
by higher tumorigenicity, invasion ability, treatment-
resistant, represent an ideal target for therapy [4, 6, 7]. 
Emerging data characterized some important molecules 
and signal pathways in bladder CSCs. Hua Wei reported 
that IL6/IL6R/STAT3 axis is critical for the maintain of 
the stem-like properties, and blockage of IL6R inhibit the 
invasion, migration and tumorigenicity of bladder cancer 
CSCs [8]. Previous study indicated targeting the auto-
crine regulatory loop, YAP/TEAD1/PDGF-BB/PDGFR in 
CSCs abrogates bladder tumor initiation and chemother-
apy resistance [7]. Isorhapontigenin (ISO) was reported 
to decrease CD44 expression in mRNA level via down-
regulation of transcriptional factor, SP1, and protein level 
by decrease USP28 expression, which reduced CD44 pro-
tein stability [6]. The ISO attenuated CD44 expression 
results inhibition of stem cell-like properties and invasion 
of bladder cancer cells. Toshihiko Torigoe et al. identified 
the glutamate receptor, ionotropic, kainite 2 (GRIK2)-
derived antigenic peptide was specifically expressed in 
CSCs. The cytotoxic T lymphocytes which recognize 
GRIK2 specifically, overcome bladder cancer cells treat-
ment-resistance [9]. However, these present finding do 
not fully elucidate the molecular mechanism underlying 
CSCs of bladder cancer.

Several stem cell markers have been identified in blad-
der cancer [10–12]. CD44 is widely used as a bladder can-
cer stem cells biomarker [13], and interference of CD44 
expression inhibits stemness and progression in bladder 
cancer cells [5, 14]. CD133 + cells have certain character-
istics of bladder cancer stem cells [15], and the expres-
sion of CD133 in tumors has been significantly correlated 
with urothelial carcinoma grade and stage [16]. Addi-
tionally, different stem-like markers and drug-resistant 
genes, such as OCT-4, SOX2 and ATP Binding Cassette 
Subfamily G Member 2 (ABCG2), are closely related to 
spheroid-forming ability and impact bladder tumor for-
mation [17–19].

The membrane-associated RING-CH (MARCH) 
family comprises MARCH1 to 11. Members of the 
MARCH family exhibit diversity and participate in mul-
tiple physiological functions, including sperm formation, 
membrane transfer, and lipid synthesis [20]. Emerg-
ing evidence suggests that MARCH family proteins are 
involved in tumor progression [21]. Overexpression of 
MARCH1 promotes ovarian cancer progression through 
the regulation of NF-κB and Wnt/β-catenin signaling 
pathways [22] while MARCH1 overexpression in oral 
squamous cell carcinoma promotes tumor progression 
through regulation of the PH domain and leucine-rich 
repeat protein phosphatase (PHLPP) 2 [23]. Moreover, 
MARCH2/6/8 is highly expressed in colon cancer [24], 
papillary thyroid cancer [25], esophageal cancer [26], 
accelerated cancer progression. Previously, MARCH7 
was reported to be stabilized by Ubiquitin Specific Pepti-
dase 9 X-Linked (USP9X) and Ubiquitin Specific Pepti-
dase 7 (USP7), which deubiquitylate MARCH7 in the 
cytosol and nucleus, respectively [27]. Additionally, the 
MALAT1/MARCH7 Autophagy Related 7 (ATG7) feed-
back loop plays a critical role in promoting autophagy, 
migration, and invasion in ovarian cancer [28]. Further-
more, MARCH7 is involved in snail-mediated pathways 
and facilitates endometrial cancer metastasis [29]. How-
ever, the involvement of MARCH7 in bladder cancer pro-
gression and its potential mechanisms remain unclear.

Nucleotide-binding oligomerization domain 1 (NOD1) 
has been reported to be involved in innate immunity, act-
ing as a pattern-recognition receptor (PRR) that binds to 
bacterial peptidoglycans and initiates inflammation [30, 
31]. In 2006, da Silva Correia et al. reported that NOD1 
inhibited estrogen-dependent breast tumor growth [32]. 
NOD1 also abrogates hepatocellular carcinoma prolifera-
tion and enhances the tumor response to chemotherapy 
[33]. In contrast, NOD1 promotes colorectal carcinogen-
esis [34] and colon cancer metastasis [35]. Additionally, 
NOD1 accelerates tumorigenesis, tumor metastasis, and 
NOD2 expression in human squamous cervical cancer 
[36]. Although NOD1 gene polymorphisms are asso-
ciated with an altered risk of bladder cancer [37], the 
precise role of NOD1 in bladder cancer and its detailed 
molecular mechanisms remain unclear.

In this study, we aimed to elucidate the molecular 
events involved in bladder cancer stemness, aiming to 
provide a theoretical basis for the diagnosis and treat-
ment of bladder cancer.

Materials and methods
Bladder cancer tissue and cells
Clinicopathological data and tissue specimens were 
obtained from 30 patients who underwent surgical resec-
tion for bladder cancer at the Department of Urology, 
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Nanjing Drum Tower Hospital from September 2019 
to September 2020. All patients were confirmed to have 
bladder cancer through pathological examination, and 
they had not received any prior radiotherapy, chemo-
therapy, or other cancer-related treatments. Written 
informed consent was obtained from all patients, and the 
study was approved by the ethics committee of Nanjing 
Drum Tower Hospital.

Human bladder cancer cell lines (T24, 253J, J82, 5637, 
and RT-4) and human normal bladder epithelial cells 
(SV-HUC-1) were obtained from the ATCC Culture Col-
lection. The cells were cultured in 1640 medium (Thermo 
Fisher Scientific) supplemented with 10% FBS (Thermo 
Fisher Scientific), 100  IU/mL penicillin, and 100  μg/mL 
streptomycin (Beyotime, Shanghai, China). The cells 
were maintained in a cell incubator (Thermo) at 37  °C 
with 5%  CO2.

Isolation and culture of cancer stem‑like cells
The side population cells, representing the cancer stem 
cells, were isolated from bladder cancer cell lines (T24 
and 253J) using the  ALDEFLUOR® assay (Stemcell 
Technologies, Vancouver, BC, Canada), as previously 
described [38, 39]. The sorted side population cells were 
confirmed to possess cancer stem-like cell properties 
by tumorigenesis in  vivo and in  vitro, as well as OCT4 
expression detection (Additional file 1: Fig. S1). The iso-
lated cancer stem cells were cultured in DMEM/F12 
medium supplemented with 2% B27, 40  ng/mL basic 
fibroblast growth factor (bFGF), and 20 ng/mL epidermal 
growth factor (EGF).

Plasmid construction
Wild-type MARCH7 (MARCH7-WT), mutant 
MARCH7 (MARCH7-Mut), and NOD1 were ampli-
fied using Premix-PrimeSTAR-HS (TAKARA, Dalian, 
China). The DNA fragments were extracted using a 
MiniBEST Agarose Gel DNA Extraction Kit Ver.4.0 
(TAKARA) and cloned into a pcDNA3.1 (+) empty vec-
tor using BamHI and XhoI enzymes (Thermo Fisher Sci-
entific). The MARCH7 (NM_001282805.2) and NOD1 
(NM_006092.4) sequences were obtained from the 
National Center for Biotechnology Information (NCBI). 
The MARCH7-WT and MARCH7-Mut constructs were 
tagged with a Flag tag. The plasmids were designed and 
constructed by Shanghai Yuanmu Biotechnology Co., 
Ltd. (Shanghai, China). The plasmids were used for stable 
transfection of cancer cells.

Cell transfection and construction of stable transfected cell 
lines
The cancer cells were seeded in 6-well plates at a den-
sity of 2 ×  106 cells per well. When the cells reached 

70% confluence, the culture medium was aspirated, and 
1 μg MARCH7-pcDNA3.1 or pcDNA3.1 (empty vector) 
were mixed with DMEM, incubated for 5  min, mixed 
with LipofectamineTM2000 (Invitrogen), and incu-
bated for 20  min. The mixture (400  μl) was added to 
the cell medium, and 1  ml of cell culture medium was 
added after 6 h. The cells were further cultured for 1 day, 
added G418 (Sigma) into medium with 800  μg/ml con-
centration. After 30 days selection, the transfected stem 
cells with MARCH7-vector and the empty vector were 
referred to as the MARCH7 group and the vector group, 
respectively.

Same as above procedure, cells were transfected with 
different concentrations (1 and 1.5 μg) of Flag-MARCH7-
WT or MARCH7-Mut, the transfection efficiency was 
determined by western blotting. Neomycin was added 
to the screen to ensure stable transfection. The protea-
some inhibitor, MG132 (1  µM), was added to the con-
trol and experimental groups. After 10 h, the cells were 
washed. After trypsinization, the cells were centrifuged at 
800 rpm for 5 min, and the complete medium was added. 
The cells were resuspended in a cryopreservation tube 
placed in a −  80  °C freezer overnight. Flag-MARCH7-
WT and Flag-MARCH-Mut were constructed to verify 
the binding of MARCH7 and NOD1.

Spheroid formation assay
The effect of MARCH7 on spheroid formation was 
investigated in bladder cancer stem cells. The cells were 
seeded in ultra-low attachment 96-well plates (Corning, 
NY, USA) at a density of 200  cells per well. The plates 
were gently swirled to distribute the cells evenly and 
incubated for 7 days to form spheroids. The number and 
size of spheroids were observed and measured under a 
microscope.

Bioinformatics analysis
The indicated genes expression were analyzed by “Gene 
Differential Express” in the “Pan-Cancer” module of 
the STARBASE [40] (http:// starb ase. sysu. edu. cn/ index. 
php). “MARCH7” was entered in the “Gene” option, 
and MARCH7 expression data for various cancers was 
obtained. Bladder urothelial carcinoma (BLCA) was 
selected to obtain mRNA expression data of MARCH7 
mRNA in bladder cancer tissue. mRNA levels were 
obtained from RNA-seq data using the log2 algorithm 
(FPKM + 0.01). Additionally, we used UbiBroswer online 
tool (http:// ubibr owser. bio- it. cn/ ubibr owser/) to pre-
dict the potential substrates of MARCH7 following the 
instructions [41]. Afterwards, we detected the top 10 
substrates of MARCH7 by conducting co-IP and western 
blot.

http://starbase.sysu.edu.cn/index.php
http://starbase.sysu.edu.cn/index.php
http://ubibrowser.bio-it.cn/ubibrowser/


Page 4 of 16Zhuang et al. Cell & Bioscience           (2024) 14:32 

Quantitative real‑time PCR (q‑PCR)
The levels of MARCH family genes were detected using 
q-PCR. Total RNA was separated from tissues frozen 
in liquid nitrogen, as well as from bladder cancer cells 
and normal bladder epithelial cells, by lysis with TRI-
zol reagent. After the RNA concentration was deter-
mined, the total RNA was reverse-transcribed into 
cDNA. Using cDNA as a template, qPCR amplification 
was performed using the SYBR Premix Ex TaqTM qRT-
PCR kit (TaKaRa,  Dalian, China). The primers specific 
for MARCH family genes are listed in Table 1 and were 
purchased from Ribobio. (Gungzhou, China). The reac-
tion conditions included pre-denaturation at 95  °C for 
5 s, denaturation at 95 °C for 5 s, and annealing at 60 °C 
for 30  s, total 40 cycles. Using GAPDH as an internal 
reference, the relative expression of different genes in 
MARCH7-transfected and vector-transfected cells was 
computed using the  2−ΔΔCt method.

Immunoblotting and immunohistochemistry (IHC)
Protein expression levels of MARCH7 and NOD1 were 
detected using immunoblotting. Cells were lysed with 
RIPA buffer (Beyotime) supplemented with protease 
and phosphatase inhibitors. Protein concentrations 
were determined using a BCA Protein Assay Kit (Beyo-
time). Protein samples were separated by SDS-PAGE and 
transferred to PVDF membranes (Bio-Rad). The mem-
branes were incubated with primary antibodies against 
-MARCH7 (Abcam, Cambridge, UK), NOD1 (Abcam), 
β-actin (Abcam), OCT4 (Abcam), CD44 (Thermo 
Fisher), CD133 (Thermo Fisher), PCNA (Novus Bio-
logicals, Colorado, USA),Cyclin A1 (Novus Biologicals), 
N-cadherin (Novus Biologicals), E-cadherin (Novus Bio-
logicals), Tubulin-α (Novus Biologicals), Flag (Novus 
Biologicals), HA (Novus Biologicals), NOD2 (Novus Bio-
logicals), P65 (Novus Biologicals). They were followed by 

secondary antibodies conjugated to horseradish peroxi-
dase (HRP) (Abcam). Protein bands were visualized using 
enhanced chemiluminescence (ECL) reagents (Millipore, 
Billerica, MA, USA). Protein bands were visualized using 
enhanced chemiluminescence (ECL) reagents (Millipore, 
Billerica, MA, USA). Band intensities were quantified 
using ImageJ software.

The expression of MARCH7 and NOD1 in bladder 
tumors and adjacent normal tissues was examined using 
IHC staining [42]. Paraffin-embedded tissue sections 
were deparaffinized and rehydrated. Antigen retrieval 
was performed by heating the sections in citrate buffer 
(pH 6.0) using a microwave. The sections were incubated 
with primary antibodies against MARCH7 (Abcam) and 
NOD1 (Abcam), followed by HRP-conjugated secondary 
antibodies (Abcam). The staining was visualized using 
3,3′-diaminobenzidine (DAB) substrate (Beyotime). The 
sections were counterstained with hematoxylin, dehy-
drated, and mounted.

Flowing cytometry detecting CSCs marker CD44 
and CD133
The stable transfected  T24CSCs and 253  J CSCs were col-
lected by centrifuging at 100g × 5  min. Then, they were 
washed with PBS gently and centrifuged for three 
times. Next, they were suspended anti-CD44-FITC- or 
anti-CD133-PE-contained buffer (140 mM NaCl, 2.5 mM 
 CaCl2, 10  mM HEPES, pH7.2) for 30  min. Finally, the 
stained cells were objected to flowing cytometry analysis. 
The obtained data were analyzed and showed by using 
the Flow Jo V10 (Tree Star, California, Auckland, Fairbert 
Street, USA).

Cell viability assay
Cell viability was assessed using a Cell Counting Kit-8 
(CCK-8) assay (Dojindo, Kumamoto, Japan). The 

Table 1 Primers for q-PCR

Genes Forward (5′–3′) Reverse (5′–3′)

MARCH1 CAC TGC AAC TGT TGT GTC CG TGG GGT ACA TTT CCC GTG AG

MARCH2 TTG GAC ACA CCG AGT GAT GG AAG CCA CTT CTC CAG ACA GC

MARCH3 CGT GAG CAG CCA CCG ACT CAT ACA GGA TTT CCA TCG TCC TCG 

MARCH4 ACG TGG TGT GCA TAG GTC TC TGC CTC CTG CCT TTT GAT CC

MARCH5 CAG ATG CTG GAC AGA AGT TGC TTC ATC CAC CCA GCG TTG TA

MARCH6 ACA CCG CGG AGG AAG ACA TA CGA CTG TGT TTC AGC CAT TGA 

MARCH7 TGC ATT TCC TCA GTC ACG GG CCA GGG CAG AAA GCA TTC AA

MARCH8 GCC CCA TGG AGT TTG TCA TC CAT GGA TTT CAA GTG CGG AGC 

MARCH9 CAT CAG CCC TGC CTC ATC C GAT GGC CTG CCA CTG C

MARCH10 CAG AGC CGA CTT GGT GGA AT TTG GTG CTT GGT CTG CTT CA

MARCH11 CTT CAG CCC CTA TGC AGT GT CCT TCA TGA ACA ATG AGA CCT ATG C
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transfected cells were seeded in 96-well plates at a den-
sity of 5000  cells per well and incubated for 24, 48, 72, 
and 96  h. CCK-8 solution (10  μl) was added to each 
well, and the plates were incubated for 2 h at 37 °C. The 
absorbance at 450 nm was measured using a microplate 
reader (BioTek, Winooski, VT, USA).

Colony formation assay
Stem-like cells were seeded in 6-well plates at a den-
sity of 300 stably transfected cells per well. The medium 
was changed every two days. After incubation for 14 d, 
the colonies were stained with crystal violet. Briefly, the 
medium was aspirated, 1 ml methanol was added to each 
well, and the cells were fixed for 30 min. Then, methanol 
was discarded, and 0.5% crystal violet solution (Beyo-
time) for 1  h at room. Finally, the colonies were gently 
rinsed with crystal violet solution, dried, and the number 
of colonies (≥ 50 cells) was counted under a microscope 
(Olympus Corporation). All operations require caution 
to prevent cell detachment.

Transwell assay
The indicated cells were resuspended in DMEM without 
FBS as 1 ×  105/ml. A total of 0.2  mL of cell suspension 
were added to the upper chamber of the transwell coated 
with matrigel (Corning, Shanghai, China), and the cul-
ture medium containing 10% FBS was added to the lower 
chamber for 24 h. Carefully wipe the cells in upper cham-
ber with a cotton ball, fixed the cells which invaded into 
the lower chamber with methanol, and stained with 3% 
crystal violet. The number of transmembrane cells was 
counted in five fields. For the rescue assay, the cell con-
centration was 1 ×  104/ml. All operations require caution 
to prevent cell detachment.

Dual luciferase assay
Majorly, 5000 bladder cancer cells (T24 with or without 
NOD1 overexpression) were seed into 24-well plates 
without antibiotics until. Cignal Finder 10-Pathway 
Reporter Arrays (Qiagen) were employed to identify the 
potential pathway(s) regulated by NOD1 as our previous 
reports [43, 44].

To validate NOD1 and MARCH7 effect on NF-κB 
pathway, NF-κB luciferase reporter which contains 3 
NF-κB-binding sites and internal control pRL-TK plas-
mid, NOD1 and MARCH7 were transfected into T24 
as indicated. 48 h later, dual luciferase reporter assay kit 
(Promega) detected the luciferase activities of the cells 
following the instruction of manual, with reporter lucif-
erase activity normalized to renilla luciferase activity.

Immunoprecipitation assay
Immunoprecipitation was employed to detect the inter-
action between NOD1 and MARCH7, and determine 
the ubiquitination of HA-NOD1 or NOD1, as described 
previously [45]. Briefly, HA-NOD1 and Flag-MARCH7 
were transfected into the cells. After 48 h of transfection, 
MG132 (10  μM) was added and incubated for another 
24 h. Samples were collected at 2000 rpm for 5 min, sus-
pended in 2% SDS buffer, boiled for 10 min, and sheared 
with a sonication device. Afterwards, the supernatant 
was rotated with anti-HA or anti-FLAG for 12  h, fol-
lowed by protein A- or G-agarose beads for another 2 h. 
The bead-containing samples were washed thrice with 
pre-cooled PBS. Finally, the beads were removed by cen-
trifugation at 20,000 ×g for 3 min. The residual superna-
tant was collected and boiled in 5X SDS loading buffer 
for 10 min. Besides, IgG was used as a negative control. 
These samples were loaded onto SDS-PAGE gels for 
immunoblotting with antibodies to determine the indi-
cated proteins and protein ubiquitination.

In vitro ubiquitination detection
To determine MARCH7 may directly interact with 
NOD1, the Flag-MARCH7-WT, Flag-MARCH7-Mut, 
HA-NOD1 proteins were purified by Hangzhou Jin-
gjie Biotechnology Co., Ltd.. Co-IP assay to determine 
the direct interaction between MARCH7 and NOD1 as 
described above. The ubiquitination detecting kit (Cat. 
no. VB2948, Viva Bioscience, Shanghai, China) was 
applied to examine the ubiquitination of NOD1. Briefly, 
the purified NOD1 protein was mixed with purified Flag-
MARCH7-WT or Flag-MARCH7-Mut, and the mixed 
proteins were incubated in the tubs containing E1, E2, 
ATP, ubiquitin for 12  h. Afterwards, they samples were 
used for Co-IP using anti-HA to determine the effects of 
MARCH7-WT or -Mut on ubiquitination of HA-NOD1. 
Finally, these samples were added loading buffer for west-
ern blotting analysis.

Xenograft model
Male BALB/c nude mice aged 4–5 weeks were purchased 
from GemPharmatech (Chengdu, China) and housed in 
an SPF room. After 7 days adaptive phase, the mice were 
blindly and randomly divided as indicated groups (3 mice 
per group). The procedure for using the animals followed 
the Guidance Suggestions for the Care and Use of Labo-
ratory Animals formulated by the Ministry of Science 
and Technology of China, and animal experiments were 
approved by the Animal Ethics Committee of West China 
Second University Hospital. The optimized experimental 
procedures minimized the number of experimental ani-
mals and alleviated their suffering. For xenograft tumor 
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generation, 2 ×  106 T24 cells and sorted stem cells were 
injected subcutaneously into the flank. The length and 
width of the tumors were measured with Vernier cali-
pers every 4 days, and the tumor volume was calculated 
as length ×  width2/2. When the weight loss of an animal 
reaches 20–25%, or when the animal exhibits cachexia 
or wasting symptoms, or when the size of a solid tumor 
exceeds 10% of the animal’s body weight, the animal’s life 
should be terminated. The nude mice were sacrificed at 
the indicated endpoint, and the tumors were excised and 
weighed.

Statistical analysis
Statistical analyses were performed using SPSS version 
19.0. All the data were from three independent experi-
ments. The measurement data are shown as X ± S . 
One-way ANOVA was applied for comparison between 
multiple groups, and the LSD-t test was performed for 
pairwise comparison between groups. Enumeration data 
were analyzed using the χ2  test. P < 0.05 was considered 
statistically significant at P < 0.05.

Results
Decreased expression of MARCH7 in bladder cancer tissues
The levels of MARCH family genes (MARCH1-11) in 
bladder cancer tissues were determined using qPCR. 
Among these genes, MARCH7 showed significantly 
decreased expression in bladder cancer tissues compared 
to adjacent tissues (Fig. 1A). This finding was further vali-
dated in a larger set of clinical samples, where MARCH7 
expression was found to be significantly lower in blad-
der cancer tissues compared to control normal tissues 
(Fig.  1B). Consistent with these findings, analysis of the 
STARBASE database also revealed lower expression of 
MARCH7 in bladder cancer tissues (Fig. 1C). Addition-
ally, protein analysis through western blot (Fig. 1D) and 
immunohistochemistry staining (Fig. 1E) confirmed that 
MARCH7 protein levels were significantly lower in blad-
der cancer cells compared to adjacent tissue. The analy-
sis of various bladder cancer cell lines (T24, 253  J, J82, 
5637, RT-4) and an immortalized bladder epithelial cell 
line (SV-HUC-1) showed consistent results, with bladder 
cancer cell lines exhibiting lower MARCH7 expression 

compared to the control cell line (Fig. 1F). Compared to 
the parental cells (T24 and 253J), decreased MARCH7 
expression was also observed in spheres, which have 
cancer stem-like cells (CSCs) properties (Interleukin 6 
signaling maintains the stem-like properties of bladder 
cancer stem cells)(Fig. 1G).

MARCH7 decreases the stem‑like capacities
To investigate the role of MARCH7 in maintaining 
bladder cancer stem-like properties, we overexpressed 
MARCH7 in  T24CSCs and  253JCSCs cells. The overexpres-
sion of MARCH7 was confirmed at both the mRNA 
and protein levels using RT-qPCR and western blot, 
respectively (Fig. 2A, B). Functional assays revealed that 
MARCH7 overexpression suppressed the size and num-
ber of spheroids formed by  T24CSCs and  253JCSCs cells 
(Fig. 2C–E). Furthermore, MARCH7 overexpression led 
to a decrease in the expression of stemness markers, such 
as OCT4, CD44, and CD133, in bladder cancer stem cells 
(Fig.  2F). These results indicate that MARCH7 inhibits 
the stem-like properties of bladder cancer.

MARCH7 abrogates proliferation and invasion of bladder 
CSCs
To assess the impact of MARCH7 on the proliferation 
and invasion of bladder CSCs, we conducted CCK-8 and 
colony formation assays. Overexpression of MARCH7 
significantly hindered the proliferation of  T24CSCs and 
253  JCSCs cells (Fig. 3A–C). Colony formation assays dem-
onstrated a marked reduction in the number of colonies 
formed by MARCH7-overexpressing cells compared 
to the control group (Fig.  3C). Additionally, MARCH7 
overexpression suppressed the expression of prolifera-
tion markers cyclin A1 and PCNA (Fig.  3D). Moreover, 
MARCH7 overexpression inhibited the invasion ability of 
 T24CSCs and 253  JCSCs cells, as indicated by the reduced 
number of invaded cells (Fig. 3E, F). Western blot anal-
ysis revealed that MARCH7 overexpression increased 
the expression of the epithelial marker E-cadherin while 
downregulating the levels of the mesenchymal marker 
N-cadherin (Fig. 3G). Collectively, these findings suggest 
that MARCH7 inhibits the proliferation and invasion 
abilities of bladder CSCs.

(See figure on next page.)
Fig. 1 MARCH7 was a suppressor gene in bladder cancer. A The levels of MARCH family genes in bladder cancer tissues (N = 5) detected by q-PCR, 
*p < 0.01 vs. adjacent tissues (N = 5). B The level of MARCH7 in bladder cancer tissues (N = 30) detected by q-PCR, *p < 0.01 vs. adjacent tissue 
(N = 51). C Starbase database analysis showed that MARCH7 level was lower in bladder cancer tissues compared to adjacent tissues. D The protein 
level of MARCH7 in bladder cancer tissue (N = 3), *p < 0.01 vs. adjacent tissue (N = 3). E IHC examined MARCH7 protein levels in adjacent tissues 
or bladder cancer tissues (N = 3), *p < 0.01 vs. adjacent tissues. F WB analyzed and quantified MARCH7 level in bladder cancer cell lines, *p < 0.01 
vs. SV-HUC-1 cells. G WB analyzed and quantified MARCH7 expression in T24 and 253 J generated spheres and parental cells, *p < 0.01. Each assay 
was repeated 3 times independently
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Fig. 1 (See legend on previous page.)
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Fig. 2 MARCH7 inhibited the stem-like capacities of bladder. A, B q-PCR and western blot detecting MARCH7 in CSCs  (T24CSC and 253  JCSC), 
*p < 0.01 vs. vector group. C–E The effect of MARCH7 on the spheroid formation ability and spheroid size, and spheroid number of  T24CSC 
and  253JCSC. F The effect MARCH7 on stem-like markers in  T24CSC and  253JCSC, *p < 0.01 vs. vector group. G Flow cytometry assay detect stem-like 
markers in  T24CSC and  253JCSC when overexpressed MARCH7. All experiments were conducted in triplicate, and each assay was repeated 3 
times independently
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Fig. 3 MARCH7 reduces bladder CSCs proliferation, colony formation and invasion. A The effects of up-regulated MARCH7 on proliferation of T24 
and 253 J derived stem-like cells shown by CCK-8 assay, *p < 0.01 vs. Vector group. B, C Colony formation in stem-like cells transfected with MARCH7, 
*p < 0.01 vs. Vector group. D MARCH7 modulated proliferation proteins in CSCs, *p < 0.01 vs. Vector group. E, F Transwell assay detected the effects 
of MARCH7 on invasion of  T24CSCs and  253JCSCs, *p < 0.01 vs. Vector group. G Up-regulation of MARCH7 affected invasion genes in  T24CSC and  253JCSC, 
*p < 0.01 vs. Vector group. D and G The loading control, tublin-α is the same band in Fig. 2F, as the data from the same membrane. All experiments 
were conducted in triplicate, and each assay was repeated 3 times independently
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MARCH7 directly interacts with NOD1
Using the UbiBrowser tool, potential substrates of 
MARCH7 were predicted, and a co-immunoprecipitation 
(Co-IP) assay was performed to identify the top 10 pre-
dicted substrates. Among them, NOD1 emerged as the 
most potential target of MARCH7 (Fig. 4A). To validate 
NOD1 as a substrate of MARCH7, we treated T24CSC 
cells with the proteasome inhibitor MG132, which signif-
icantly inhibited the ubiquitin–proteasome degradation 
of NOD1 (Fig. 4B). Conversely, treatment with the lyso-
some inhibitor E64 had no effect on NOD1 protein levels 
in  T24CSC cells (Additional file 2: Fig. S2), indicating that 
MARCH7 degrades NOD1 through the ubiquitin–pro-
teasome pathway. Co-IP experiments further elucidated 
the specific domains of MARCH7 involved in its inter-
action with NOD1, revealing that Dom1, Dom2, and 
Dom4 of MARCH7 were required for this interaction, 
while Dom3 was dispensable (Fig.  4D). To confirm the 
importance of the E3 ligase activity of MARCH7 in ubiq-
uitin–proteasome degradation, we generated a mutant 
of MARCH7 (MARCH7-Mut) lacking E3 ligase activity 
in the Dom3 region. Results showed that MARCH7-Mut 
failed to induce the ubiquitin–proteasome degradation of 
NOD1 (Fig. 4E). In vitro ubiquitination and Co-IP assays 
further demonstrated that MARCH7 directly binds to 
NOD1, leading to ubiquitination-mediated degradation 
of NOD1 (Fig.  4F). Additionally, immunohistochemis-
try staining revealed a significant negative correlation 
between MARCH7 expression and NOD1 levels in blad-
der tumors (Additional file  3: Fig.  S3). Taken together, 
these findings indicate that MARCH7 interacts directly 
with NOD1 and induces the ubiquitination of NOD1 
protein through its E3 ligase activity.

MARCH7 reduces tumorigenicity of CSCs
To investigate the impact of MARCH7 on tumorigen-
esis, we established xenograft models using  T24CSCs 
cells transfected with the vector, MARCH7-WT, or 
MARCH7-Mutant. Tumors derived from the MARCH7-
overexpressing group exhibited significantly slower 
growth compared to the control group (Fig. 5A). Further-
more, the tumor volume and weight were significantly 
lower in the MARCH7 group compared to the vector 
and MARCH7-Mutant group (Fig. 5A–C). Western blot 
analysis of xenograft tumors revealed that MARCH7 
reduced the expression of OCT4, CD44, CD133, Cyclin 
A1, PCNA, and N-cadherin, while increasing the expres-
sion of E-cadherin (Fig. 5D). In contrast, the MARCH7-
Mutant had no significant effect on tumor growth or the 
expression of the aboved mentioned proteins (Fig.  5). 
These results suggest that MARCH7 inhibits tumorigen-
esis and stemness in an E3 ligase-dependent manner.

MARCH7 alleviates NOD1 induced bladder CSCs properties
Given the direct interaction between MARCH7 and 
NOD1, we investigated the roles of the MARCH7/NOD1 
axis in bladder cancer cells (Fig. 6A). Overexpression of 
NOD1 in  T24CSCs and  253JCSCs cells accelerated sphe-
roid formation and increased the size and number of 
spheroids (Fig. 6B, C), with upregulated stem-like mark-
ers OCT4, CD44, and CD133 in bladder CSCs (Fig. 6D). 
Moreover, CCK-8 assay revealed that upregulated NOD1 
significantly enhanced the proliferation of  T24CSCs and 
253  JCSCs cells (Fig.  6E). In invasion assay, NOD1 over-
expression markedly increased the invasion ability of 
 T24CSCs and 253  JCSCs cells (Fig.  6F). Co-transfection of 
MARCH7 and NOD1 effectively rescued the NOD1-
induced increase in spheroid formation, proliferation, 
and invasion (Fig.  6A–F). These findings indicate that 
MARCH7 can alleviate the maintenance, proliferation, 
and invasion of bladder CSCs induced by NOD1.

Reversal of NOD1‑induced tumorigenic effects by MARCH7
As depicted in Fig. 7A, the overexpression of NOD1 sig-
nificantly promoted bladder tumor growth. The NOD1 
group exhibited notably higher tumor volume and weight 
compared to the vector and MARCH7 groups (Fig. 7A–
C). Western blot analysis revealed that NOD1 overex-
pression resulted in increased levels of OCT4, CD44, 
CD133, Cyclin A1, PCNA, and N-cadherin, while reduc-
ing the expression of E-cadherin in the tumors. How-
ever, the introduction of MARCH7 partially rescued the 
dysregulated expression of these proteins induced by 
NOD1 (Fig. 7D). Notably, the E3 ligase “dead mutation” 
of MARCH7 failed to reverse the tumorigenic effects of 
NOD1 in xenograft tumors, as well as the expression of 
proteins involved in cancer stemness, proliferation, and 
invasion (Fig. 7A–D).

Discussion
The incidence of bladder cancer is on the rise, and cur-
rent treatment strategies show limited efficacy [46]. CSCs 
have gained considerable attention as a key factor con-
tributing to bladder cancer progression [4]. In this study, 
we focused on investigating the role of MARCH7 in blad-
der CSCs. We confirmed that MARCH7 expression was 
notably lower in bladder cancer tissues and cells, par-
ticularly in bladder CSCs. Moreover, overexpression of 
MARCH7 significantly suppressed the stem-like capaci-
ties and biological behavior of bladder cancer stem cells.

Bladder CSCs play critical role in bladder cancer pro-
gression and treatment resistance [7, 8]. Here, we iso-
lated bladder CSCs from T23 and 293J cell lines by the 
 ALDEFLUOR® assay (Stemcell Technologies), as previ-
ously reported [9]. The CSCs biomarkers, such as CD44 
and CD133 were checked by FACS and immunoblotting, 
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Fig. 4 MARCH7 directly targeted NOD1. A After co-IP assay, we detected the top 10 UbiBroswer-predicted substrates of MARCH7 using western 
blot. Here, we studied the interaction between MARCH7 and NOD1 protein. B The degradation of HA-NOD1 by Flag-MARCH7 verified by western 
blot, and the ubiquitination of HA-NOD1 detected by co-IP assay. C Schematic representation of the domains of MARCH7. D Co-IP detection 
of each domain of MARCH7 protein interacting with HA-NOD1. E Western blot of the degradation of HA-NOD1 by Flag-MARCH7 mutant 
(Flag-MARCH7-Mut). Co-IP detection showed that Flag-MARCH7-Mut could not induce the ubiquitination-mediated degradation of HA-NOD1. 
All experiments were conducted in triplicate, and each assay was repeated independently three times. F Co-IP and in vitro experiments 
of ubiquitination determined the effects of MARCH7 on NOD1 ubiquitination by using purified MARCH7 protein and NOD1 protein. All experiments 
were conducted in triplicate, and each assay was repeated 3 times independently
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and the in  vivo and in  vitro CSCs properties assays 
proved that this protocol sorted side population is can-
cer stem-like cells. However, our finding and data was 
generated from bladder cancer cell lines which limits the 
importance of our finding. In our preliminary data, we 
tried to isolate CSCs form human bladder transitional 
cell carcinoma with CD44 + and CD133 + magnetic-acti-
vated cell separation purification system. However, we 

failed to generate CSCs population as pollution or lim-
ited cell number.

The MARCH family proteins exhibit a relatively con-
served structure, characterized by a RING-CH domain 
followed by zero, two, or more C-terminal transmem-
brane domains [47]. Among these properties, the RING-
CH domain and transmembrane domains are particularly 
prominent [48]. In ovarian cancer cells, MARCH7 has 

Fig. 5 E3 enzyme activity was required for the inhibitory effect of MARCH7 on cancer stem cells evidenced by in vivo model. A Volume change 
of tumor growth. B Changes in tumor weight. C Photograph of the tumors. D Western blot detected the effects of MARCH7 on NOD1 protein levels 
in the tumors of nude mice. E Cancer cell stemness-, proliferation-, invasion- and metastasis-, and apoptosis-related gene expression in xenograft 
tissues evidenced by q-PCR analysis. Here, *p < 0.01 vs. Vector group, #p < 0.01 vs. MARCH7-WT group. All experiments were conducted in triplicate, 
and each assay was repeated 3 times independently

Fig. 6 MARCH7 reversed NOD1 induced CSCs stem-like properties. A Western blot determined the effects of MARCH7 on the NOD1 protein 
levels in  T24CSCs and  253JCSCs. B, C Overexpressed MARCH7 reverses the effects of NOD1 on spheroid formation and spheroid size of  T24CSCs 
and  253JCSCs, *p < 0.01 vs. Vector group, #p < 0.01 vs. NOD1 group. D MARCH7 reverses the effects of NOD1 on the expression of stem-like markers 
in  T24CSCs and  253JCSsC detected by immunoblotting, *p < 0.01 vs. Vector group, #p < 0.01 vs. NOD1 group. E MARCH7 reverses the effects of NOD1 
on the proliferation of  T24CSCs and  253JCSCs detected by CCK-8 assay, *p < 0.01 vs. Vector group, #p < 0.01 vs. NOD1 group. F, G MARCH7 reverses 
the effects of NOD1 on colony formation of  T24CSC and  253JCSC, *p < 0.01 vs. Vector group, #p < 0.01 vs. NOD1 group. H The effect of NOD1 
and MARCH7 on the expression of proliferation related proteins in  T24CSCs and  253JCSCs, *p < 0.01 vs. Vector group, #p < 0.01 vs. NOD1 group. I, J 
Transwell assay detected the effect of NOD1 and MARCH7 on the invasion of  T24CSCs and  253JCSCs, *p < 0.01 vs. Vector group, #p < 0.01 vs. NOD1 
group. K Effects of NOD1 and MARCH7 on the expression of invasion x-related genes in  T24CSC and  253JCSC, *p < 0.01 vs. Vector group, #p < 0.01 
vs. NOD1 group. D and H The loading control, tublin-α is the same band, as the data from the same membrane. All experiments were conducted 
in triplicate, and each assay was repeated 3 times independently

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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been shown to upregulate the Wnt/β-catenin pathway, 
resulting in nuclear translocation and accumulation 
of β-catenin [49]. In our study, we conducted q-PCR 
screening and observed the most noticeable change in 
MARCH7 expression within the Ring E3 family. These 
findings indicate that MARCH7 contributes to the devel-
opment of bladder cancer through its E3 enzyme activity. 
Our study further demonstrated that MARCH7 inhibits 
the tumorigenesis of cancer stem cells by leveraging its 
E3 enzyme activity.

Additionally, we established that NOD1 is a substrate 
of the E3 ligase MARCH7 through co-immunoprecipita-
tion and western blotting. Both in vivo and in vitro mod-
els demonstrated that MARCH7 counteracted the effects 
of NOD1 on proliferation and invasion of bladder CSCs. 
MARCH7 interacted with NOD1, leading to its ubiquit-
ination and subsequent degradation. Notably, the tumor-
promoting effect of NOD1 was significantly mitigated by 
MARCH7. Intriguingly, while NOD1 and NOD2 often 
function synergistically in various cellular mechanisms 
[31, 36, 37], our study revealed that MARCH7 exclusively 

interacted with NOD1 and not NOD2 in bladder cancer 
cells (Additional file 4: Fig. S4).

Previous studies have reported conflicting roles for 
NOD1 in different malignancies [32–35]. Some studies 
suggest that NOD1 activation primarily contributes to 
tumor suppression, particularly through the RIP2/TAK1/
MAPK pathway-mediated apoptosis of breast tumor 
growth [32]. In our investigation, we found that NOD1 
promoted the stemness of bladder cancer cells, and 
MARCH7 overexpression abolished the stemness-induc-
ing effects of NOD1. Furthermore, our data indicated 
that NOD1 activates the NF-κB pathway in bladder can-
cer cells (Additional file 5: Fig. S5), consistent with previ-
ous reports [36]. Collectively, these findings suggest that 
MARCH7 inhibits bladder CSCs in a NOD1-dependent 
manner.

Our study demonstrates that MARCH7 effectively sup-
presses the stem-like capacities of bladder cancer cells 
by interacting with NOD1. Consequently, MARCH7 
and NOD1 have the potential to serve as clinical mark-
ers for prognostic evaluation in bladder cancer patients. 

Fig. 7 The tumorigenic effect of NOD1 significantly inhibited by MARCH7. A Volume change of tumor growth. B Changes in tumor weight. C 
Tumor photograph. D Western blot determined the effects of MARCH7 on NOD1 protein levels. E Expression of cancer cell stemness-, proliferation-, 
invasion-related genes in xenograft tumors, *p < 0.01 vs. Vector group, #p < 0.01 vs. NOD1 group. All experiments were conducted in triplicate, 
and each assay was repeated 3 times independently
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Furthermore, they may be valuable targets for the devel-
opment of novel drugs aimed at treating bladder cancer.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13578- 024- 01210-y.

Additional file 1: Figure S1. Xenograft assay (A) and colony formation 
(B) detected bladder cancer stem-like cells tumorigenicity. C WB detected 
OCT4 expression in bladder cancer stem-like and parental cells.

Additional file 2: Figure S2. Lysosome inhibitor (E64) treatment has no 
effect on NOD1 protein level, and proteasome inhibitor (MG132) treat-
ment abrogates NOD1 protein degradation in bladder cancer stem cells.

Additional file 3: Figure S3. IHC analyzes MARCH7 and NOD1 protein 
levels in 17 bladder tumors (A). MARCH7 has negative expression with 
NOD1 in bladder tumors (B).

Additional file 4: Figure S4. Co-IP checks the interaction of MARCH7 
with NOD1/2.

Additional file 5: Figure S5. Screening potential downstream signal 
pathway of NOD1 by Cignal Finder Cancer 10-Pathway Reporter Array in 
T24 cells (A). Dual luciferase assay confirmed NOD1 activate NF-κB signal, 
and MARCH7 partial blocked this activation (B).

Acknowledgements
The authors thank GemPharmatech, Chengdu, China for mice service.

Author contributions
Conceptualization: WZ, JZ, and YL; Data curation: YL, LZ, SZ, ZZ, and TX; Formal 
Analysis: YL, SZ and WZ; Funding acquisition: WZ and JZ; Methodology: YL, SZ, 
LZ, ZZ, and TX; Project administration: WZ, JZ, YL, SZ, LZ, ZZ and TX; Supervi-
sion: WZ, and JZ; Writing—original draft: YL, CY, LZ, ZZ, and TX; Writing—
review and editing: YL, WZ, and JZ.

Funding
This work was funded by the National Natural Science Foundation of China 
(81974394 and 82273301), Natural Science Foundation of Jiangsu Province 
for Excellent Young Scholars (BK20200051), the Fund of the Sichuan Sci-
ence and Technology Program (2020YJ0401 and 2022072), and Disciplinary 
Construction Innovation Team Foundation of Chengdu Medical College 
(CMC-XK-2103).

Availability of data and materials
The original data presented in this study are included in the article/additional 
files, and further inquiries can be directed to the corresponding authors.

Declarations

Ethics approval and consent to participate
Clinical specimen collection was approved by the ethics committee of Nan-
jing Drum Tower Hospital, and the patients were informed of the study and 
gave their consent. The animal study protocol was reviewed and approved by 
the Animal Care Committee of West China Second University Hospital.

Competing interests
The authors have disclosed that they have no significant relationships with, or 
financial interest in, any commercial companies pertaining to this article.

Author details
1 Department of Urology, Nanjing Drum Tower Hospital, Affiliated Hospital 
of Medical School, Nanjing University, Nanjing, China. 2 Nanjing Drum Tower 
Hospital Clinical College of Nanjing Medical University, Nanjing, China. 3 Insti-
tute of Urology, Nanjing University, Nanjing, China. 4 Department of Pharmacy, 
West China Second University Hospital, Sichuan University, Chengdu, China. 
5 Evidence-Based Pharmacy Center, West China Second University Hospi-
tal, Sichuan University, Chengdu, China. 6 Key Laboratory of Birth Defects 

and Related Diseases of Women and Children, Ministry of Education, Sichuan 
University, Chengdu, China. 7 School of Laboratory Medicine, Chengdu Medi-
cal College, Chengdu, China. 8 Clinical Laboratory, Clinical Medical College 
and The First Affiliated Hospital of Chengdu Medical College, Chengdu, China. 

Received: 25 July 2023   Accepted: 13 February 2024

References
 1. Jubber I, Ong S, Bukavina L, Black PC, Compeérat E, Kamat AM, Kiemeney 

L, Lawrentschuk N, Lerner SP, Meeks JJ, Moch H, Necchi A, Panebianco 
V, Sridhar SS, Znaor A, Catto JWF, Cumberbatch MG. Epidemiology of 
bladder cancer in 2023: a systematic review of risk factors. Eur Urol. 
2023;84:176–90.

 2. Sung H, Ferlay J, Siegel R, Laversanne M, Soerjomataram I, Jemal A, Bray 
F. Global cancer statistics 2020 GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71:209–49.

 3. Gore JL. Patient-centered outcomes in bladder cancer. Curr Urol Rep. 
2018;19:105.

 4. Ohishi T, Koga F, Migita T. Bladder cancer stem-like cells: their origin and 
therapeutic perspectives. Int J Mol Sci. 2016;17:43.

 5. Wang W, Zhang M, Huang Z, Wang L, Yue Y, Wang X, Lu S, Fan J. Knock-
down of CXCL5 inhibits the invasion, metastasis and stemness of bladder 
cancer lung metastatic cells by downregulating CD44. Anticancer Drugs. 
2022;33:e103–12.

 6. Luo YS, Tian ZX, Hua XH, Huang MW, Xu JH, Li JX, Huang HS, Cohen M, 
Huang CS. Isorhapontigenin (ISO) inhibits stem cell-like properties and 
invasion of bladder cancer cell by attenuating CD44 expression. Cell Mol 
Life Sci. 2020;77:351–63.

 7. Wang KJ, Wang C, Dai LH, Yang J, Huang H, Ma XJ, Zhou Z, Yang ZY, Xu 
WD, Hua MM, Lu X, Zeng SX, Wang HQ, Zhang ZS, Cheng YQ, Liu D, Tian 
QQ, Sun YH, Xu CL. Targeting an autocrine regulatory loop in cancer 
stem-like cells impairs the progression and chemotherapy resistance of 
bladder cancer. Clin Cancer Res. 2019;25:1070–86.

 8. Wei H. Interleukin 6 signaling maintains the stem-like properties of blad-
der cancer stem cells. Transl Cancer Res. 2019;8:557–66.

 9. Miyata H, Hirohashi Y, Yamada S, Yanagawa J, Murai A, Hashimoto S, Tokita 
S, Hori K, Abe T, Kubo T, Tsukahara T, Kanaseki T, Shinohara N, Torigoe T. 
GRIK2 is a target for bladder cancer stem-like cell-targeting immuno-
therapy. Cancer Immunol Immun. 2022;71:795–806.

 10. Syson CK, Inigo E, Mark C, David W, Laurie A, Max D, Harcharan G, Joseph 
P, Chang HY, Matt V. Identification, molecular characterization, clinical 
prognosis, and therapeutic targeting of human bladder tumor-initiating 
cells. 2019.

 11. Kang Y, Zhu X, Wang X, Liao S, Jin M, Zhang L, Wu X, Zhao T, Zhang J, Lv J, 
Zhu D. Identification and validation of the prognostic stemness biomark-
ers in bladder cancer bone metastasis. Front Oncol. 2021;11: 641184.

 12. Fang D, Kitamura H. Cancer stem cells and epithelial-mesenchymal transi-
tion in urothelial carcinoma: possible pathways and potential therapeutic 
approaches. Int J Urol. 2018;25:7–17.

 13. Hu Y, Zhang Y, Gao J, Lian X, Wang Y. The clinicopathological and prog-
nostic value of CD44 expression in bladder cancer: a study based on 
meta-analysis and TCGA data. Bioengineered. 2020;11:572–81.

 14. Zhang M, Wang L, Yue Y, Zhang L, Liu T, Jing M, Liang X, Ma M, Xu S, Wang 
K, Wang X, Fan J. ITPR3 facilitates tumor growth, metastasis and stemness 
by inducing the NF-kB/CD44 pathway in urinary bladder carcinoma. J Exp 
Clin Cancer Res. 2021;40:65.

 15. Huang P, Watanabe M, Kaku H, Ueki H, Noguchi H, Sugimoto M, Hirata T, 
Yamada H, Takei K, Zheng S, Xu K, Nasu Y, Fujii Y, Liu C, Kumon H. Cancer 
stem cell-like characteristics of a CD133(+) subpopulation in the J82 
human bladder cancer cell line. Mol Clin Oncol. 2013;1:180–4.

 16. Hacek J, Brisuda A, Babjuk M, Zamecnik J. Expression of cancer stem 
cells markers in urinary bladder urothelial carcinoma and its precur-
sor lesions. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 
2021;165:316–21.

 17. Natarajan K, Baer MR, Ross DD. Role of breast cancer resistance protein 
(BCRP, ABCG2) in cancer outcomes and drug resistance. Cham: Springer 
International Publishing; 2015.

https://doi.org/10.1186/s13578-024-01210-y
https://doi.org/10.1186/s13578-024-01210-y


Page 16 of 16Zhuang et al. Cell & Bioscience           (2024) 14:32 

 18. Wang D, Xie D, Bi L, Wang Y, Zou C, Chen L, Geng H, Qian W, Li Y, Sun 
H, Wang X, Lu Y, Yu D, Zhong C. Benzidine promotes the stemness of 
bladder cancer stem cells via activation of the Sonic hedgehog pathway. 
Oncol Lett. 2021;21:146.

 19. Zhu FY, Qian WQ, Zhang HJ, Liang Y, Wu MQ, Zhang YY, Zhang XH, Gao 
Q, Li Y. SOX2 is a marker for stem-like tumor cells in bladder cancer. Stem 
Cell Rep. 2017;9:429–37.

 20. Jahnke M, Trowsdale J, Kelly AP. Ubiquitination of HLA-DM by different 
MARCH family E3 ligases targets different endocytic pathways. J Biol 
Chem. 2012. https:// doi. org/ 10. 1074/ jbc. M111. 30596.

 21. Ablack JN, Ortiz J, Bajaj J, Trinh K, Lagarrigue F, Cantor JM, Reya T, Ginsberg 
MH. MARCH proteins mediate responses to antitumor antibodies. J 
Immunol. 2020;205:2883–92.

 22. Meng Y, Hu J, Chen Y, Yu T, Hu L. Silencing MARCH1 suppresses prolifera-
tion, migration and invasion of ovarian cancer SKOV3 cells via down-
regulation of NF-kappaB and Wnt/beta-catenin pathways. Oncol Rep. 
2016;36:2463–70.

 23. Liu L, Guo B, Han Y, Xu S, Liu S. MARCH1 silencing suppresses growth of 
oral squamous cell carcinoma through regulation of PHLPP2. Clin Transl 
Oncol. 2022;24:1311–21.

 24. Xia D, Ji W, Xu C, Lin X, Wang X, Xia Y, Lv P, Song Q, Ma D, Chen Y. Knockout 
of MARCH2 inhibits the growth of HCT116 colon cancer cells by inducing 
endoplasmic reticulum stress. Cell Death Dis. 2017;8: e2957.

 25. Liu Y, Xu S, Huang Y, Liu S, Xu Z, Wei M, Liu J. MARCH6 promotes papil-
lary thyroid cancer development by destabilizing DHX9. Int J Biol Sci. 
2021;17:3401–12.

 26. Singh S, Saraya A, Das P, Sharma R. Increased expression of MARCH8, 
an E3 ubiquitin ligase, is associated with growth of esophageal tumor. 
Cancer Cell Int. 2017;17:116.

 27. Nathan JA, Sengupta S, Wood SA, Admon A, Markson G, Sanderson C, 
Lehner PJ. The ubiquitin E3 ligase MARCH7 is differentially regulated by 
the deubiquitylating enzymes USP7 and USP9X. Traffic. 2010;9:1130–45.

 28. Hu J, Luo Z, Mei Z, Yuan J, Yuan Y, Li L, Ying M, Zhou L, Zeng J, Wu H. Inter-
action of E3 ubiquitin ligase MARCH7 with long noncoding RNA MALAT1 
and autophagy-related protein ATG7 promotes autophagy and invasion 
in ovarian cancer. Cell Physiol Biochem. 2018;47:654–66.

 29. Liu L, Hu J, Yu T, You S, Zhang Y, Hu L. miR-27b-3p/MARCH7 regulates 
invasion and metastasis of endometrial cancer cells through Snail-medi-
ated pathway. Acta Biochim Biophys Sin. 2019. https:// doi. org/ 10. 1093/ 
abbs/ gmz030.

 30. Fernandez-Garcia V, Gonzalez-Ramos S, Martin-Sanz P, Laparra JM, Bosca 
L. NOD1-targeted immunonutrition approaches: on the way from disease 
to health. Biomedicines. 2021;9:519.

 31. Lu Y, Zheng Y, Coyaud E, Zhang C, Selvabaskaran A, Yu Y, Xu Z, Weng X, 
Chen JS, Meng Y, Warner N, Cheng X, Liu Y, Yao B, Hu H, Xia Z, Muise AM, 
Klip A, Brumell JH, Girardin SE, Ying S, Fairn GD, Raught B, Sun Q, Neculai 
D. Palmitoylation of NOD1 and NOD2 is required for bacterial sensing. 
Science. 2019;366:460–7.

 32. da Silva Correia J, Miranda Y, Austin-Brown N, Hsu J, Mathison J, Xiang 
R, Zhou H, Li Q, Han J, Ulevitch RJ. Nod1-dependent control of tumor 
growth. Proc Natl Acad Sci USA. 2006;103:1840–5.

 33. Ma X, Qiu Y, Zhu L, Zhao Y, Lin Y, Ma D, Qin Z, Sun C, Shen X, Li T, Han L. 
NOD1 inhibits proliferation and enhances response to chemotherapy via 
suppressing SRC-MAPK pathway in hepatocellular carcinoma. J Mol Med. 
2020;98:221–32.

 34. Maisonneuve C, Tsang DKL, Foerster EG, Robert LM, Mukherjee T, Prescott 
D, Tattoli I, Lemire P, Winer DA, Winer S, Streutker CJ, Geddes K, Cadwell K, 
Ferrero RL, Martin A, Girardin SE, Philpott DJ. Nod1 promotes colorectal 
carcinogenesis by regulating the immunosuppressive functions of 
tumor-infiltrating myeloid cells. Cell Rep. 2021;34: 108677.

 35. Jiang HY, Najmeh S, Martel G, MacFadden-Murphy E, Farias R, Savage 
P, Leone A, Roussel L, Cools-Lartigue J, Gowing S, Berube J, Giannias B, 
Bourdeau F, Chan CHF, Spicer JD, McClure R, Park M, Rousseau S, Ferri LE. 
Activation of the pattern recognition receptor NOD1 augments colon 
cancer metastasis. Protein Cell. 2020;11:187–201.

 36. Zhang Y, Li N, Yuan G, Yao H, Zhang D, Li N, Zhang G, Sun Y, Wang W, Zeng 
J, Xu N, Liu M, Wu L. Upregulation of NOD1 and NOD2 contribute to 
cancer progression through the positive regulation of tumorigenicity and 
metastasis in human squamous cervical cancer. BMC Med. 2022;20:55.

 37. Kutikhin AG. Role of NOD1/CARD4 and NOD2/CARD15 gene polymor-
phisms in cancer etiology. Hum Immunol. 2011;72:955–68.

 38. Su Y, Qiu Q, Zhang X, Jiang Z, Leng Q, Liu Z, Stass SA, Jiang F. Aldehyde 
dehydrogenase 1 A1-positive cell population is enriched in tumor-
initiating cells and associated with progression of bladder cancer. Cancer 
Epidemiol Biomarkers Prev. 2010;19:327–37.

 39. Miyata H, Hirohashi Y, Yamada S, Yanagawa J, Murai A, Hashimoto S, Tokita 
S, Hori K, Abe T, Kubo T, Tsukahara T, Kanaseki T, Shinohara N, Torigoe T. 
GRIK2 is a target for bladder cancer stem-like cell-targeting immuno-
therapy. Cancer Immunol Immunother. 2022;71:795–806.

 40. Li JH, Liu S, Zhou H, Qu LH, Yang JH. starBase v2.0: decoding miRNA-
ceRNA, miRNA-ncRNA and protein-RNA interaction networks from large-
scale CLIP-Seq data. Nucleic Acids Res. 2014;42:D92-97.

 41. Li Y, Xie P, Lu L, Wang J, Diao L, Liu Z, Guo F, He Y, Liu Y, Huang Q, Liang 
H, Li D, He F. An integrated bioinformatics platform for investigating the 
human E3 ubiquitin ligase-substrate interaction network. Nat Commun. 
2017;8:347.

 42. Zhao W, Chang C, Cui Y, Zhao X, Yang J, Shen L, Zhou J, Hou Z, Zhang Z, 
Ye C, Hasenmayer D, Perkins R, Huang X, Yao X, Yu L, Huang R, Zhang D, 
Guo H, Yan J. Steroid receptor coactivator-3 regulates glucose metabo-
lism in bladder cancer cells through coactivation of hypoxia inducible 
factor 1alpha. J Biol Chem. 2014;289:11219–29.

 43. Yang Y, Liu L, Sun J, Wang S, Yang Z, Li H, Huang N, Zhao W. Deoxypodo-
phyllotoxin inhibits non-small cell lung cancer cell growth by reducing 
HIF-1alpha-mediated glycolysis. Front Oncol. 2021;11: 629543.

 44. Wu XY, Zhang CX, Deng LC, Xiao J, Yuan X, Zhang B, Hou ZB, Sheng ZH, 
Sun L, Jiang QC, Zhao W. Overexpressed D2 dopamine receptor inhibits 
non-small cell lung cancer progression through inhibiting NF-kappaB 
signaling pathway. Cell Physiol Biochem. 2018;48:2258–72.

 45. Choo YS, Zhang Z. Detection of protein ubiquitination. J Vis Exp. 2009. 
https:// doi. org/ 10. 3791/ 1293-v.

 46. Wu X, Ye Y, Kiemeney LA, Sulem P, Rafnar T, Matullo G, Seminara D, 
Yoshida T, Saeki N, Andrew AS. Erratum: Genetic variation in the prostate 
stem cell antigen gene PSCA confers susceptibility to urinary bladder 
cancer (Nature Genetics) (2009) 41 (991-995)). Nat Genetics. 2009;41:1156.

 47. Zheng C. The emerging roles of the MARCH ligases in antiviral innate 
immunity. Int J Biol Macromol. 2021;171:423–7.

 48. Lin H, Li S, Shu HB. The membrane-associated MARCH E3 ligase family: 
emerging roles in immune regulation. Front Immunol. 2019;10:1751.

 49. Hu J, Meng Y, Yu T, Hu L, Mao M. Ubiquitin E3 ligase MARCH7 promotes 
ovarian tumor growth. Oncotarget. 2015;6:12174.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1074/jbc.M111.30596
https://doi.org/10.1093/abbs/gmz030
https://doi.org/10.1093/abbs/gmz030
https://doi.org/10.3791/1293-v

	Membrane-associated RING-CH 7 inhibits stem-like capacities of bladder cancer cells by interacting with nucleotide-binding oligomerization domain containing 1
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Bladder cancer tissue and cells
	Isolation and culture of cancer stem-like cells
	Plasmid construction
	Cell transfection and construction of stable transfected cell lines
	Spheroid formation assay
	Bioinformatics analysis
	Quantitative real-time PCR (q-PCR)
	Immunoblotting and immunohistochemistry (IHC)
	Flowing cytometry detecting CSCs marker CD44 and CD133
	Cell viability assay
	Colony formation assay
	Transwell assay
	Dual luciferase assay
	Immunoprecipitation assay
	In vitro ubiquitination detection
	Xenograft model
	Statistical analysis

	Results
	Decreased expression of MARCH7 in bladder cancer tissues
	MARCH7 decreases the stem-like capacities
	MARCH7 abrogates proliferation and invasion of bladder CSCs
	MARCH7 directly interacts with NOD1
	MARCH7 reduces tumorigenicity of CSCs
	MARCH7 alleviates NOD1 induced bladder CSCs properties
	Reversal of NOD1-induced tumorigenic effects by MARCH7

	Discussion
	Acknowledgements
	References


