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Introduction

Renal cell carcinoma (RCC) generally refers to a series of 
histologically heterogeneous tumors occurring in renal 
parenchyma and renal pelvis (1). RCC represents the 
malignancy derived from renal parenchymal epithelial cells, 
accounting for more than 90% of RCC cases. The incidence 

rate and mortality rate increase by at 2–3% every 10 years 
worldwide (2). Although the early diagnosis rate of RCC is 
increasing, about 20–30% of patients are in the middle and 
advanced stage at the time of diagnosis. Even after surgical 
resection, 20% of patients still relapse and metastasize 
during follow-up. In recent decades, the application of 
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molecular targeted drugs and immune checkpoint inhibitors 
targeting the signaling pathway of RCC has opened a new 
page to treat RCC (3). But the drug resistance of targeted 
therapy and the side effects of immunotherapy have 
significantly affected the clinical efficacy. Most of these 
treatment methods inhibit tumor progression by depriving 
the nutrients of tumor microenvironment, However, they 
cannot weaken the malignant biological characteristics of 
RCC cell invasion and metastasis.

Epithelial-mesenchymal transition (EMT) is a biological 
development process, which contributes to cell proliferation 
and tissue repair, but can also cause tissue and organ fibrosis (4).  
It is characterized by the loss of epithelial connexin (such as 
E-cadherin) and the increase of mesenchymal phenotypic 
protein (such as vimentin), which plays an important role in 
tumor invasion and metastasis (5). Many cytokines and small 
molecular mediators are involved in the initiation of EMT 
process, including the activation of transcription factors, 
the high expression of specific cell surface receptors, the 
reorganization of cytoskeleton proteins and the production 
of extracellular matrix degrading enzymes. GSK-3β/Wnt 
signaling has been discovered with an important effect on 
EMT (6).

Regulator of cullins-1 (ROC1), which is referred to 
as RING box protein-1 (RBX1) as well, accounts for 
the critical cullin-RING ubiquitin ligase (CRL) subunit 
responsible for heterodimerization with additional cullins 
for forming CRL catalytic core (7). ROC1 possesses 
one small zinc-binding domain (RING finger) with high 

evolutionary conservation degree, and it has an important 
role in embryogenesis. Abnormal ROC1 level results in 
CRL impairment as well as embryonic fatalness. Besides, 
ROC1 plays a critical role in maintaining tumor progression 
and genome integrity. We previously reported that ROC1 
promoted bladder cancer malignant development through 
modulating p-IκBα/NF-κB pathway (8). Wang et al. 
reported that ROC1 had negative effect on regulating 
SUFU (the regulator of Gli2) for activating hedgehog 
pathway within bladder cancer (7).

The present work detected ROC1 level within RCC 
as well as the clinical significance. The effect of ROC1 on 
EMT process in renal cancer cells was also detected. In 
addition, we proposed hypothesis that ROC1 regulated 
the EMT through GSK-3β/Wnt signaling, which was also 
verified. By constructing the RCC metastasis model in nude 
mice, the effect of ROC1 knockdown on tumor metastasis 
and the underlying mechanism were both investigated. 
We present this article in accordance with the MDAR 
and ARRIVE reporting checklists (available at https://tau.
amegroups.com/article/view/10.21037/tau-2024-646/rc).

Methods

Clinical tissue specimens

Fifty-six paired RCC specimens and adjacent non-tumor 
tissues were collected from surgical tumor resections 
performed in The Lishui Hospital of Wenzhou Medical 
University from October 2014 to September 2017. The 
pathological morphology had been reviewed by the 
pathologist of The Lishui Hospital of Wenzhou Medical 
University and conformed that there was no renal cancer in 
the adjacent non-tumor tissues. Tissue samples were subject 
to liquid nitrogen snap-freezing and preservation under 
−80 ℃ till later analyses. Each tissue was collected from 
patients with informed consent provided. This work was 
conducted in accordance with the Declaration of Helsinki 
and its subsequent amendments. Our study protocols gained 
approval from the Institutional Ethical Review Committee 
in The Sixth Affiliated Hospital of Wenzhou Medical 
University (No. 2019-61).

Cell lines and cell culture

We obtained human renal cancer cell lines including 768-0 
and A498 in Shanghai Institutes for Biological Sciences Cell 
Resource Center (Shanghai, China), cultivated them within 
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Dulbecco’s modified Eagle medium (DMEM)/F12 that 
contained 10% fetal bovine serum (FBS), and incubated 
them under 37 ℃ and 5% CO2 conditions.

RNA extraction and reverse transcription-quantitative 
polymerase chain reaction (RT-qPCR)

We utilized TRIzol reagent (Invitrogen, Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) for extracting total 
RNA from cells in line with specific instructions. To examine 
microRNA (miRNA) level, we conducted RT-qPCR with 
TaqMan Universal PCR Master Mix and TaqMan miRNA 
Reverse Transcription Kit (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). For ROC1 expression analysis, 
RT-qPCR was performed by using the TaqMan High-
Capacity cDNA Reverse Transcription Kit and TaqMan 
Fast PCR Master Mix (Applied Biosystems; Thermo 
Fisher Scientific, Inc.) according to the manufacturer’s 
instructions with corresponding primers: ROC1 forward, 
5'-GTTCTATTCGTGGTGCTAGGT-3' and reverse, 
5'-AGTGCCTTTCAACTTATCCCT-3'; glyceraldehyde 
3-phosphate  dehydrogenase  (GAPDH) forward , 
5'-TCCTCTGACTTCAACAGCGACAC-3' and reverse, 
5'-CACCCTGTTGCTGTAGCCAAATTC-3'. The  
2−[(Ct of GENES) − (Ct of GAPDH)] method was applied in determining 
gene levels relative to GADPH.

Cell transfection

We constructed three small interfering RNA (siRNA) that 
targeted ROC1 (siROC1#1–3), together with negative 
control siRNAs within pLKO.1. Afterwards, we transfected 
cells (70–90% confluence) with those as-constructed plasmid 
constructs by adopting Lipofectamine 2000 (Invitrogen), 
followed by additional 24-h transfection. We acquired 
siRNA/short hairpin RNA (shRNA) targeting GSK-3β 
(siGSK-3β/shGSK-3β), together with relevant controls in 
GenePharma Co., Ltd. (Shanghai, China). Lipofectamine 
2000 (Invitrogen) was adopted for cell transfection at the 
eventual 50 nM dose. For over-expressing ROC1, we 
adopted Lipofectamine 2000 to transfect pcDNA3.1-ROC1 
into 768-0 cells. At 24 h after incubation, we harvested cells 
after transfection for subsequent analysis.

Cell Counting Kit-8 (CCK-8) assay

We inoculated 768-0 cells (1×105/well) into the 96-well 
plates to culture for a 24-h period before CCK-8 assay 

(Dojindo Molecular Technologies, Gaithersburg, MD, 
USA) to analyze cell proliferation. Afterwards, we further 
incubated cells for 24/48/72/96 h. Later, CCK-8 solution 
(10 μL) was added to incubate cells for a 4-h period under 
37 ℃. To obtain cell growth curves, plates were read at 
450 nm using a microplate spectrophotometer (Thermo 
Fisher Scientific, Inc.). All experiments were performed in 
triplicate.

5-ethynyl-2′-deoxyuridine (EdU) staining assay

We analyzed cell proliferation using Alexa Fluor 488 
(Beyotime, Shanghai, China) and the BeyoClick™ EdU 
Cell Proliferation Kit (Beyotime) according to specific 
protocols. Briefly, 786-0 and A498 cells (4×104/well) were 
cultivated within the 24-well plates for a period of 24 h. 
Subsequently, 10 μM EdU was adopted to treat cells for  
2 h. Then, we utilized 4',6-diamidino-2-phenylindole 
(DAPI) for 10-min nuclear staining. Later, we observed 
these cells using the fluorescence microscope (Olympus, 
Tokyo, Japan). We identified the cell proliferation by EdU-
positive cell number.

Transwell invasion assays

Transwell assays were conducted to detect the invasion 
capabilities of cells. We later inoculated cells (4×105) into 
Matrigel-coated upper chamber. We added 10% FBS into 
bottom chamber to be the chemoattractant. Later, we 
incubated cells for another 48-h period, while the non-
membrane invading cells were eliminated with the cotton 
swab. Crystal violet was used to stain cells onto bottom 
chamber, followed by counting under an inverted microscope 
(Olympus). All the experiments were performed in triplicate.

Western blot (WB) assay

Cells were lysed using radioimmunoprecipitation assay 
(RIPA) buffer (Sangon, Shanghai, China) containing 
root mean square fluctuation (RMSF) and the protease 
inhibitor cocktail. In addition, we utilized bicinchoninic 
acid (BCA) kit (Takara, Dalian, China) to determine total 
protein contents. Afterwards, proteins were separated 
by 80% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), followed by transfer onto 
polyvinylidene fluoride (PVDF) membranes (Takara). 
Then, we adopted 5% skimmed milk powder contained 
within TBS buffer that contained 0.1% Tween 20 to block 



Translational Andrology and Urology, Vol 14, No 4 April 2025 977

© AME Publishing Company.   Transl Androl Urol 2025;14(4):974-985 | https://dx.doi.org/10.21037/tau-2024-646

membranes for a 30-min period under 37 ℃. Subsequently, 
we incubated membranes using primary antibodies under 
4 ℃ overnight. Membranes were rinsed thrice, followed by 
1-h incubation using secondary antibodies under 37 ℃. An 
electrochemiluminescence (ECL) detection kit (Takara) was 
used to determine the blotting. All the experiments were 
performed in triplicate.

In vivo xenograft experiments

In this research, each animal study gained approval from 
Animal Ethics Committee in The Sixth Affiliated Hospital 
of Wenzhou Medical University (No. 2019-61-an09), in 
compliance with the institutional guidelines for the care and 
use of animals. A protocol was prepared before the study 
without registration.

We obtained nude mice (n=18, 6 weeks old, 25–30 g) 
in SIPPR-BK Laboratory Animal Company, Shanghai, 
China and kept them under 25 ℃ and 12-h/12-h light-dark 
cycle conditions and free access to water and food. 786-0 
cells transfected with scramble or shROC1 or shROC1 + 
shGSK-3β were subject to subcutaneous injection in mice 
through the back center. Each cell sample was injected into 
six mice with 1×105 cells. On day 56, the tumor weight was 
weighted after all mice were sacrificed. The pulmonary 
metastases and pulmonary nodules were observed by 
hematoxylin and eosin (HE) staining.

Statistical analysis

The results were displayed as mean ± standard deviation 

(SD) of three separate assays. The statistical analyses were 
performed by using SPSS 18.0 software (IBM, Armonk, 
NY, USA). One-way analysis of variance (ANOVA) and 
Student’s t-test (several/two groups) were adopted to 
analyze differences across different groups. We deemed 
overall survival (OS) as duration between surgery to death 
or final follow-up. We later plotted Kaplan-Meier (K-M) 
curve to analyze survival, while log-rank test was utilized 
to compare differences of two groups. P<0.05 stood for 
statistical significance.

Results

The ROC1 was overexpressed in RCC

For exploring ROC1’s effect on RCC, this work first 
analyzed ROC1 level within RCC. According to Figure 1A, 
ROC1 messenger RNA (mRNA) level within cancer tissues 
markedly increased relative to healthy samples (P=0.007). 
The relation of ROC1 expression and OS in RCC patients 
was then examined. It was found that high expression of 
ROC1 predicted dismal RCC survival (Figure 1B).

ROC1 had a certain effect on RCC cell growth and 
migration

We further examined how ROC1 silencing affected RCC 
cells. We later transfected siROC1 or scramble into  
768-0 and A498 cells. Cell proliferation, viability and 
invasion were subsequently tested by CCK-8, EdU, and 
Transwell, respectively. It was found that ROC1 knockdown 

Figure 1 The expression of ROC1 in RCC. (A) The mRNA expression of ROC1 in RCC tumor tissue and non-tumor tissue was detected 
by RT-PCR. (B) The relation of ROC1 expression and OS in RCC patients was examined, and K-M curve was plotted for survival analysis. 
K-M, Kaplan-Meier; mRNA, messenger RNA; OS, overall survival; RCC, renal cell carcinoma; ROC1, regulator of cullins-1; RT-PCR, 
reverse transcription-polymerase chain reaction.
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inhibited cell proliferation (P=0.006, Figure 2A), cell 
viability (P=0.006, Figure 2B), and cell invasion (P<0.01, 
Figure 2C) of 768-0 and A498 cells.

Regulation of ROC1 on GSK-3β, and ubiquitination and 
EMT process

To examine the possible molecular mechanism by which 
ROC1 mediated cellular function in 768-0 and A498 cells, 
WB assay was performed to detect the effect of ROC1 
on GSK-3 expression and ubiquitination. Thereafter, we 
transfected overexpression of ROC1 (oeROC1), vector, 
siROC1, or scramble into 768-0 and A498 cells. It was 
found that oeROC1 inhibited GSK-3β expression and 

ubiquitination, while siROC1 promoted the GSK-3β 
expression and ubiquitination (P=0.04, Figure 3A). We 
measured the effect of siROC1 or oeROC1 transfection 
on EMT marker expression (E-cadherin, vimentin, 
N-cadherin) through WB assay. The results showed that 
oeROC1 inhibited E-cadherin expression, but increased 
vimentin and N-cadherin expression within 786-0 and 
A498 cells, and oeROC1 exhibited the contrary outcome 
(P=0.02, Figure 3B). To verify that ROC1 mediated EMT 
by regulating the expression of GSK-3β in 786-0 and 
A498 cells, 786-0 and A498 cells were co-transfected 
with oeROC1 and oeGSK-3β, siROC1 and siGSK-3β. 
E-cadherin, vimentin, N-cadherin, and GSK-3β levels 
were assessed through WB assay. The results showed that 

Figure 2 ROC1 promotes cell proliferation and invasion in RCC cells. (A) Cell proliferation was tested by CCK-8. (B) Cell viability was 
tested by EdU. Magnification: 200×. (C) Cell invasion was examined by Transwell. Magnification: 200×. **, P<0.01 vs. scramble group. 
CCK-8, Cell Counting Kit-8; DAPI, 4',6-diamidino-2-phenylindole; EdU, 5-ethynyl-2'-deoxyuridine; OD, optical density; RCC, renal cell 
carcinoma; ROC1, regulator of cullins-1; si, small interfering RNA.
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Figure 3 Regulation of ROC1 on GSK-3β, and ubiquitination and EMT process. (A) WB assay was performed to detect the effect of ROC1 
on GSK-3 expression and ubiquitination. **, P<0.01 vs. vector or scramble group. (B) The effect of siROC1 or oeROC1 transfection on the 
expression of EMT markers (E-cadherin, N-cadherin, and vimentin) was detected by WB. **, P<0.01 vs. vector or scramble group. (C) 786-0 
and A498 cells were co-transfected with oeROC1 and oeGSK-3β, siROC1 and siGSK-3β. The expression of GSK-3β, E-cadherin, N-cadherin, 
and vimentin was evaluated by WB assay. **, P<0.01 vs. oeROC1 or siROC1 group. EMT, epithelial-mesenchymal transition; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; oe, overexpression; ROC1, regulator of cullins-1; si, small interfering RNA; WB, western blot.
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oeGSK-3β and siGSK-3β could counteract the effect of 
oeROC1 and siROC1, respectively (P=0.01, Figure 3C).

ROC1 regulated the Wnt signaling through GSK-3β

We further explored the effect of ROC1 expression on Wnt 
signaling pathway. oeROC1 in RCC cells promoted the 
protein expression of β-catenin and lymphoid enhancing 
factor (LEF), as well as inhibited GSK-3β expression 
(Figure 4A). Knockdown of ROC1 inhibited the protein 
expression of β-catenin and LEF, and stimulated the GSK-

3β expression (Figure 4A). However, oeGSK-3β and siGSK-
3β could reverse the effect of oeROC1 and siROC1 on 
the expression of β-catenin and LEF, respectively (P=0.04, 
Figure 4B).

ROC1 accommodated the EMT process through regulating 
GSK-3β expression

To further explore the underlying mechanism of ROC1, the 
786-0 cells were co-transfected with oeROC1 and oeGSK-
3β, siROC1 and siGSK-3β. Cell morphology was observed 

Figure 4 ROC1 regulates the Wnt signaling through GSK-3β. (A) The protein expression of β-catenin and LEF was evaluated by WB 
assay. (B) 786-0 cells were co-transfected with oeROC1 and oeGSK-3β, siROC1 and siGSK-3β, and the protein expression of β-catenin and 
LEF was evaluated by WB assay. **, P<0.01. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LEF, lymphoid enhancing factor; oe, 
overexpression; ROC1, regulator of cullins-1; si, small interfering RNA; WB, western blot.
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by light microscope, and the expression of E-cadherin and 
N-cadherin was examined by immunofluorescence assay. 
The results showed that oeROC1 promoted cell invasion 
and EMT process, and siROC1 attenuated cell invasion and 
EMT process (Figure 5A,5B). Moreover, oeGSK-3β and 
siGSK-3β could inhibit the effect of oeROC1 and siROC1 
on the EMT process in 786-0 cells, respectively (P=0.02, 
Figure 5A,5B).

ROC1 silencing inhibited tumor metastasis through 
regulating GSK-3β

At last, we evaluated the effect of ROC1 knockdown on 
tumor metastasis. The 786-0 cells were transfected with 
shROC1 and co-transfected with shGSK-3β. As shown 
in Figure 6A,6B, the shROC1 and the shGSK-3β were 
successfully constructed and transfected. The tumor 
metastasis nude mice model was constructed. As shown in 
Figure 6C, shROC1 inhibited the tumor metastasis, while 
shGSK-3β counteracted the shROC1 effect.

Discussion

As we all know, the mechanism of occurrence and 
development of RCC is not clear, and there is a lack of 
sensitive and specific targets and early markers, resulting in 
a very poor prognosis for metastatic RCC cases. The 5-year 
survival rate is no more than 10%, with median OS being 
just 13 months. At present, the genetic level of RCC involves 

many critical pathways, including PI3K/Akt/mTOR, VHL/
HIF, Wnt/β-catenin, JAK/STAT, and Raf/ERK (9-14).

The Wnt/β-catenin is a classical pathway, which plays 
a crucial role in regulating various cell activities. The sign 
of Wnt/β-catenin pathway is β-catenin accumulated and 
transferred to the nucleus. Wnt protein can bind to LRP/6 
and Frz onto cell surface for forming the trimer, thus 
transmitting signal and activating the dishevelled (DSH/
DVL) in the cytoplasm. The degradation complex that 
contains Axin, β-catenin, adenomatous polyposis coli (APC) 
and GSK-3β has weakened stability by the trimerization. 
β-catenin phosphorylation decreases while its content 
elevates within cytoplasm. β-catenin is subsequently 
transported in the nucleus, followed by T-cell factor (TCF)/
LEF interaction for activating Wnt/β-catenin pathway. The 
expression of target genes downstream is finally activated. 
TCF/LEF is a kind of transcription factor with bidirectional 
regulation function. It can inhibit Groucho transcription by 
combining with Groucho, while promote the transcription 
of the β-catenin downstream genes by binding to β-catenin. 
Many articles have detected the participation of Wnt/
β-catenin pathway in the regulation of EMT process in 
cancers (15-18).

In the present study, ROC1 expression remarkably 
elevated within RCC samples relative to healthy samples. 
ROC1 expression predicted a poor prognosis in RCC 
patients. We found that the over-expressing of ROC1 
promoted the EMT process, while the interfering of 
ROC1 inhibited the EMT process. ROC1 regulated the 

Figure 5 ROC1 accommodates the EMT process through regulating GSK-3β expression. (A,B) The 786-0 cells were co-transfected 
with (A) oeROC1 and oeGSK-3β, and (B) siROC1 and siGSK-3β. Cell morphology was observed by light microscope, the expression of 
E-cadherin and N-cadherin was examined by immunofluorescence assay. Magnification: 200×. EMT, epithelial-mesenchymal transition; oe, 
overexpression; ROC1, regulator of cullins-1; si, small interfering RNA.
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Figure 6 ROC1 silencing inhibited tumor metastasis through regulating GSK-3β. The 786-0 cells were transfected with shROC1 and co-
transfected with shGSK-3β. (A,B) The shROC1 and the shGSK-3β were successfully constructed and transfected. (C) The experiment of 
tumor metastasis in vivo was performed, and the pulmonary metastases and pulmonary nodules was observed by HE staining. Magnification: 
200×. HE, hematoxylin and eosin; ROC1, regulator of cullins-1; sh, short hairpin RNA.

GSK-3β/Wnt signaling in RCC cells. In a previous study, 
ROC1 level markedly increased within muscle metastasis of 
bladder cancer, which showed positive relation to EMT (8). 
As reported by Zhang et al., ROC1 showed over-expression 
within esophageal squamous cell carcinoma (ESCC), 
predicted dismal ESCC prognosis (19). ROC1 silencing 
remarkably suppressed ESCC proliferation in-vivo and  
in-vitro .  From the mechanism perspective, ROC1 
knockdown led to arrest of cell cycle at G2 phase and 
induced apoptosis through NOXA accumulation (a pro-
apoptotic protein) (19). According to Wang et al., ROC1 
silencing markedly suppressed proliferation of bladder 
cancer cells, induced G2 phase arrest and caused p53-
dependent cell aging (20). In RCC, Wang et al. have 
reported that ROC1 is overexpressed in RCC, which 
is positively correlated with poor patient survival (20). 

Depletion of ROC1 inhibited growth and survival of RCC 
cells by inducing G2/M arrest, senescence, and apoptosis 
possibly due to accumulation of WEE1, p21, p27, NOXA, 
and BIM (20). Wang et al. have investigated that ROC1 
expression is correlated with Fuhrman nuclear grade, and 
which can be considered as an important prognostic factor 
in RCC (21). Our present work found that downregulation 
of ROC1 could inhibit cell proliferation, viability, invasion 
and EMT process.

A large number of studies have shown that EMT plays 
an important role in malignant epithelial cell tumors (22). 
Current studies show that EMT leads to the formation 
of cancer cells in the process of tumor formation and 
metastasis in the early stage of cancer, accompanied by 
specific connective tissue damage and release of tumor cells 
into surrounding tissues and blood vessels (22). Some studies 
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have also confirmed that EMT has a critical effect on renal 
cancer, lung cancer, bladder cancer, and some malignant 
epithelial cell tumors (23-26). The mechanism of EMT is 
as follows: (I) the loss of cell polarity leads to the inhibition 
of the expression of cell adhesion related molecules, so 
that the connection between specific cells is destroyed; and 
(II) the change of cell morphology leads to the acquisition 
of interstitial cell characteristics, together with a series of 
changes in molecular composition, resulting in the attack 
power of cells becoming more aggressive (27-30). Our 
work showed that downregulation of ROC1 suppressed 
EMT through modulating GSK-3β expression. Moreover, 
knockdown of ROC1 also inhibited tumor metastasis  
in vivo. This study provides important information regarding 
the role of ROC1 in RCC, but it still has some limitations. 
Firstly, the clinical sample size is limited, and data from a 
broader RCC patient population would be more meaningful. 
Secondly, the paper preliminarily explores the mechanism 
by which ROC1 regulates the EMT process through the 
GSK-3β/Wnt signaling pathway, but the specific details of 
this mechanism and the upstream and downstream molecules 
involved remain to be further elucidated. Thirdly, the paper 
proposes the potential of ROC1 as a prognostic marker 
for RCC, but translating this finding into clinical practice 
still faces challenges. In summary, this paper has made 
preliminary progress in exploring the role of ROC1 in RCC, 
but there are still some limitations. Future research can 
address and expand upon these limitations to provide a more 
comprehensive and in-depth understanding.

Conclusions

In conclusion, data from the current study indicate 
that ROC1 with a high expression in RCC predicts an 
unfavorable prognosis. ROC1 plays an essential role in 
RCC progression and EMT, and our study demonstrates 
for the first time that ROC1 regulates the GSK-3β/Wnt/
β-catenin signaling. These findings could serve as a novel 
anticancer target for RCC.
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