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Abstract: Background: Prostate cancer (PCa) ranks among the most prevalent malignant tumors affecting the male 
genitourinary system, presenting a considerable danger to health and human life. Increasing evidence indicates 
that the ubiquitin-proteasome pathway is essential in both the development and management of PCa. Methods: 
Differential expressed genes were screened by integrating the TCGA and GEO databases, and their expression was 
validated in the HPA dataset. An RCBTB2 overexpression cell line was constructed, and its effects on cellular behavior 
were analyzed using CCK-8, scratch assay, Transwell, and immunofluorescence staining. A nude mouse model was 
established to evaluate the tumor-suppressive effects. Furthermore, the interaction between RCBTB2 and GPAA1 
was confirmed through multi-omics analysis, co-immunoprecipitation, and immunofluorescence co-localization ex-
periments. GPAA1 knockdown cell lines were then constructed to observe changes in cellular phenotypes. Results: 
The expression of RCBTB2 was significantly negatively correlated with the malignancy of PCa. Overexpression of 
RCBTB2 notably inhibited DU145 cell proliferation, migration, invasion, and EMT, as well as reduced the growth 
of xenograft tumors in nude mice. Multi-omics analysis revealed that RCBTB2 promoted the ubiquitin-mediated 
degradation of GPAA1 (protein downregulation without changes in mRNA levels), and experiments confirmed their 
direct interaction. Furthermore, GPAA1 knockdown suppressed the malignant biological behaviors of PCa cells and 
reduced the expression of aggrephagy-related factors such as p62. Conclusion: This study for the first time unveils 
the molecular mechanism by which RCBTB2 inhibits PCa progression through ubiquitination-mediated degradation 
of GPAA1. It provides a novel target for protein homeostasis-based therapy, with promising clinical value. 
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Introduction

Prostate cancer (PCa) is a common malignancy 
affecting the male reproductive system. In re- 
cent years, with changes in dietary habits and 
other risk factors, the incidence of PCa has  
rapidly increased, with over 1.4 million new 
cases and more than 370,000 deaths annually 
worldwide. The 5-year survival rate for advanc- 
ed PCa remains dismal, staying below 30% [1, 
2]. Histologically, PCa is characterized as ade-
nocarcinoma, predominantly with luminal phe-
notypes and a lack of basal cells [3]. PCa exhib-
its a prolonged natural disease course, neces-
sitating different treatments based on tumor 

stage and invasiveness during its progression. 
PCa treatment approaches encompass active 
monitoring, radiation therapy, androgen depri-
vation therapy (ADT), and radical prostatecto-
my. However, most PCa patients progress to 
metastatic castration-resistant prostate cancer 
(CRPC) after surgical or pharmacological cas-
tration through ADT, accompanied by a median 
survival duration less than 15 months during 
this phase [4-6]. Therefore, exploring the molec-
ular mechanisms underlying PCa progression, 
developing novel targeted therapies, and opti-
mizing sequential treatment strategies are piv-
otal for improving survival and quality of life for 
patients with advanced PCa.

http://www.ajcr.us
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Tumorigenesis and progression are complex 
processes involving multiple factors such as 
gene mutations, chromosomal abnormalities, 
gene copy number variations, and epigenetic 
modifications, all of which are precisely regu-
lated by various intracellular proteins [7]. 
Among these, the ubiquitin-proteasome system 
is vital for preserving and managing cellular 
homeostasis. This encompasses critical bio-
logical functions like cell cycle progression, 
repair of DNA damage, cellular metabolism 
regulation, and signal transduction [8, 9]. Ubi- 
quitination is a dynamic and reversible post-
translational modification that attaches ubiqui-
tin molecules to proteins to control the fate of 
target proteins or protein-protein interactions 
[10]. Increasing evidence has demonstrated 
that ubiquitination and deubiquitination are  
key contributors to prostate cancer (PCa) pro-
gression. For example, the E3 ubiquitin ligase 
MDM2 promotes the ubiquitination and degra-
dation of AGPS via the proteasome pathway, 
while AGPS enhances ferroptosis susceptibility 
by promoting the production of oxidized peroxi-
somes, thereby inhibiting the proliferation of 
PCa cells [11]. Research by Sun et al. revealed 
that NDR1 mediates the deubiquitination and 
degradation of PD-L1 through the deubiquitin-
ase USP10, suppressing CD8+ T-cell infiltration 
and function, thus facilitating PCa immune  
evasion [12]. These findings not only highlight 
the complexity of the ubiquitination network 
but also provide new perspectives for targeted 
therapies, such as PROTAC technology, which 
selectively degrades target proteins via the 
ubiquitin-proteasome system to achieve the 
directed degradation of cancer-related oncop-
roteins [13, 14].

RCC1 and BTB domain containing protein 2 
(RCBTB2), also known as CHC1L, is a gene 
encoding an E3 ubiquitin ligase, the protein 
encoded by this gene contains two C-terminal 
BTB/POZ domains that are associated with the 
regulator of chromosome condensation protein 
(RCC1). RCBTB2 is considered a candidate 
tumor suppressor gene that may exhibit loss or 
low expression in prostate cancer (PCa). Its 
functions in inhibiting cancer and promoting 
cilia formation position it as a viable therapeu-
tic target [15, 16].

This study revealed that the E3 ubiquitin ligase 
RCBTB2 was significantly downregulated in 

PCa. Overexpression of RCBTB2 reduced pro- 
liferation, migration, invasion, and the EMT pro-
cess in the DU145 PCa cell line. Furthermore, 
transcriptomics, proteomics, and ubiquitinat- 
ed proteomics analyses demonstrated that 
overexpression of RCBTB2 promoted the ubiq-
uitination and degradation of GPAA1 at the  
protein level while having no effect on its tran-
scriptional level. Additionally, GPAA1 knock-
down reduced DU145 cell proliferation, migra-
tion, invasion, and the EMT process, as well as 
inhibited the expression of aggrephagy-related 
factors, including p62, NBR1, and CCT2.

Materials and methods

Data sources

Transcriptomic data and clinical details for 
prostate adenocarcinoma (PRAD) were retrie- 
ved from The Cancer Genome Atlas (TCGA)  
via the Genomic Data Commons (GDC) portal 
(https://portal.gdc.cancer.gov/). An extensive 
dataset comprising 534 samples were em- 
ployed, comprising 483 tumor samples and  
51 adjacent normal samples. Additionally, the 
GSE70768 dataset was obtained from the GEO 
database (https://www.ncbi.nlm.nih.gov/geo/), 
comprising 199 samples (125 tumor samples 
and 74 control samples) to enhance the statis-
tical power of the study. During data analysis, 
tumor samples from TCGA-PRAD were stratified 
based on Gleason scores (GS) from clinical 
information. Using the internationally recog-
nized Gleason grading system, samples were 
divided into five grades (Grade 1-5). Low-gra- 
de groups (Grade 1-3) corresponded to well-
differentiated tumors, while high-grade groups 
(Grade 4-5) indicated invasive biological behav-
ior. This grading approach aligns with recent 
advancements in prostate cancer molecular 
mechanism research, where high Gleason 
grade tumors are often associated with key 
molecular events such as PTEN/AKT pathway 
alterations and changes in androgen receptor 
activity. The study design strictly adhered to 
public database usage guidelines, and data 
preprocessing involved the removal of dupli-
cate and non-primary tumor samples to ensure 
reliability. For transcriptomic data normaliza-
tion, TPM (Transcripts Per Million) conversion 
was applied to improve cross-sample compara-
bility. This method is widely validated in TCGA 
data analyses.
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Quantification of RCBTB2 in the Human 
Protein Atlas (HPA) database

The HPA database (https://proteinatlas.org/) 
was utilized to query normal prostate tissue 
and PCa tissue samples. Well-preserved and 
properly stained IHC figures were selected to 
analyze the expression levels of RCBTB2 in 
PCa.

Cell culture

The human PCa cell line DU145 was acquired 
from OBiO Technology Corp., ltd. (Shanghai, 
China). DU145 cells were cultured in DMEM 
medium containing 10% FBS under conditions 
of 37°C and 5% CO2 in a humidified environ-
ment. All cell lines used in this study were main-
tained with a passage number not exceeding 
20 generations.

Antibodies and plasmids

The antibodies used in this study included 
RCBTB2 Polyclonal antibody (13225-1-AP), 
GPAA1 Polyclonal antibody (10104-1-AP), 
N-cadherin Polyclonal antibody (22018-1-AP), 
E-cadherin Polyclonal antibody (20874-1-AP), 
Vimentin Polyclonal antibody (10366-1-AP), 
and GAPDH (10494-1-AP), all purchased from 
Proteintech (Wuhan, China). Goat Anti-rabbit 
IgG (A0208) and Goat Anti-mouse IgG (A0216) 
were got from Beyotime (Shanghai, China).  
The GL161 plasmid used in this study was 
obtained from OBiO Technology (Shanghai) 
Corp., Ltd. (Shanghai, China).

Construction of stable DU145 cell lines overex-
pressing RCBTB2 and with low GPAA1 expres-
sion

The lentiviruses LV-Ad-NC, LV-Ad-RCBTB2, LV- 
sh-NC, and LV-sh-GPAA1 were synthesized by 
OBiO Technology (Shanghai) Corp., Ltd. Len- 
tiviral infection was conducted in accordance 

with the manufacturer’s guidelines. Cells were 
treated with puromycin (5 μg/mL) for 2 weeks 
to establish stable monoclonal cell lines over-
expressing RCBTB2 (DU145-OE) and with low 
GPAA1 expression (DU145-KD).

qRT-PCR

Total RNA was isolated utilizing the TRIzol  
kit (10606ES60, Yeasen Biotech, Shanghai, 
China). cDNA was synthesized following the 
instructions provided in the PrimeScript™  
RT reagent Kit (RR047A, TAKARA, Japan). qRT-
PCR was then conducted utilizing the Hieff® 
qPCR SYBR Green Master Mix (No Rox)  
kit (11202ES08, Yeasen Biotech, Shanghai, 
China). The relative expression levels of target 
genes were determined through the relative 
quantification method (2-∆∆Ct). Primers were cre-
ated utilizing the Primer-Blast online tool (Table 
1).

Western blot

Total protein was isolated, and its concen- 
tration was determined with the Bradford 
Protein Assay Kit (AR0145, BOSTER, Wuhan, 
China). Equal amounts of protein (40 μg)  
from different samples were fractionated via 
10% SDS-PAGE (SW109-01, Sevenbio, Beijing, 
China) and transferred onto PVDF membranes. 
The PVDF membranes were blocked with 5% 
non-fat milk and incubated overnight at 4°C 
with primary antibodies. Subsequently, the me- 
mbranes were treated with HRP-conjugated 
secondary antibodies. Protein bands were de- 
tected using ECL detection reagent (BMU101-
CN, Abbkine, Wuhan, China), and the band opti-
cal densities were evaluated using ImageJ 
software.

CCK-8

The Cell Counting Kit-8 (ATVMA0103, Abbkine, 
Wuhan, China) was employed to evaluate cell 
viability. Cells were seeded into a 96-well plate 
(2 × 103 cells per well). After the cells adhered, 
at 0 h, 24 h, 48 h, and 72 h, 10 μL of CCK-8 
reagent was introduced into each well for analy-
sis. The plate was incubated at 37°C for 3 h, 
and the OD value at 450 nm was assessed 
using a microplate reader.

Scratch assay

Cells were seeded into a 6-well plate containing 
10% FBS medium and cultured for 24 h. When 

Table 1. Real-time PCR primer information
Primer Name Primer Sequence (5’-3’)
RCBTB2-F GGCTTGTGTCTTTGGCAGTG
RCBTB2-R CCGAGGTTCAATGGTGCTCT
GPAA1-F TAGTTGGAGGCGGGAGAGG
GPAA1-R GTAGCTCAGCACGCACAAC
GAPDH-F GTCTTCACCACCATGGAGAA
GAPDH-R TAAGCAGTTGGTGGTGCAG
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the cell density reached 90-100%, a vertical 
scratch was made across the cell layer using  
a 10 μL pipette tip, and the area was marked 
for identification. Detached cells were gently 
washed away with PBS, and the remaining cells 
were incubated in serum-free medium for 
another 24 h. Figures of the marked area were 
taken at 0 h and 24 h using an optical 
microscope.

Transwell assay

A total of 1 × 105 cells from each group were 
placed into the upper chamber of a Transwell 
coated with Matrigel, and medium containing 
10% serum was added to the lower chamber. 
After incubation for 24 h, cells that traversed  
or penetrated the membrane were fixed using 
4% paraformaldehyde. Unmigrated cells in the 
upper chamber were removed using cotton 
swabs. The migrated cells were stained with 
0.1% crystal violet for 25 min, and figures were 
captured and counted under an inverted 
microscope.

Immunofluorescence staining 

Processed cell slides were fixed with 4% para-
formaldehyde, and then permeabilized with 
0.1% Triton X-100 solution. Subsequently, the 
slides were blocked with 3% BSA at room tem-
perature for 30 min. The slides were incubated 
overnight at 4°C with primary antibodies (dilu-
tion following the producer’s guidelines), fol-
lowed by incubation with corresponding fluo- 
rescently labeled secondary antibodies (dilu-
tion according to the manufacturer’s instruc-
tions) at room temperature for 1 h. After DAPI 
nuclear staining, the slides were mounted and 
observed under a fluorescence microscope. 
Fluorescence intensity was semi-quantitatively 
analyzed using ImageJ software.

Nude mouse tumor formation assay

BALB/c-nude mice (male, 4-5 weeks old) we- 
re obtained from GemPharmatech Co., Ltd. 
(Nanjing, China). Mice were maintained under 
specific pathogen-free (SPF) conditions, with a 
12-hour light/dark cycle, controlled tempera-
ture (22 ± 1°C) and humidity (50 ± 10%), and 
ad libitum access to food and water. DU145- 
OE and DU145-NC cells were subcutaneously 
injected into the mice at a dose of 2 × 106 
cells/100 μL per mouse (mice were divided into 

two groups randomly, n = 6 for each group). 
During the cell injection process, mice were 
anesthetized with 2% isoflurane to relieve pain. 
Tumor formation and metastasis were analyzed 
by in vivo imaging on 24 d. After 8 weeks, the 
mice were euthanized, and tumor tissues were 
excised for histological analysis. Tumor mor-
phology was observed using H&E staining. Eu- 
thanasia was performed by inhaling CO2 (flow 
rate: 50% chamber volume per minute), fol-
lowed by cervical dislocation. The animal ex- 
periment was approved by the Animal Care and 
Use Committee of Inner Mongolia People’s Ho- 
spital (No. 202507204L; see Supplementary 
File). For the in vivo tumor imaging data, total 
photon flux (photons/second) within the region 
of interest (ROI) surrounding each tumor was 
quantified using the Living Image software.

H&E staining

The tissues were fixed in 4% paraformaldehyde 
solution, followed by routine dehydration and 
embedding. Paraffin sections with a thickness 
of 4 µm were prepared, stained, and mounted. 
Pathological morphological alterations in tumor 
tissues were examined using an optical micro- 
scope.

Co-immunoprecipitation

Cells were lysed on ice for 30 min in RIPA Lysis 
Buffer containing protease inhibitors (BL504A, 
Biosharp, Beijing, China). The lysates were  
centrifuged at 17,000 g for 30 min, and the 
supernatant was collected. A portion of 100 μL 
was reserved as the Input, while the remaining 
supernatant was incubated overnight at 4°C 
with Protein A/G magnetic beads and either a 
nonspecific antibody (Goat Anti-rabbit IgG, 
A0208, Beyotime, Shanghai, China) or a target-
specific antibody. The beads were washed 3 
times with lysis buffer and boiled for 5 min in 2 
× SDS loading buffer to elute the protein from 
the beads. Finally, the proteins in the IP sam-
ples were analyzed by Western blot.

Transcriptome sequencing and analysis

RNA was isolated from the DU145-NC and 
DU145-OE groups, and its quality was ass- 
essed. Poly-A-tailed mRNA was enriched using 
Oligo(dT)-coated magnetic beads. The mRNA 
was then fragmented, and the fragmented 
mRNA was used as a template for the synthesis 
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of first-strand cDNA. Subsequently, a second-
strand synthesis reaction system was prepared 
to generate double-stranded cDNA. The puri-
fied double-stranded cDNA underwent end 
repair and the addition of an “A” base at the 3’ 
end. Sequencing adapters were then ligated  
to the cDNA. Approximately 200 bp cDNA  
fragments were selected, followed by PCR 
amplification. The constructed library under-
went quality control through the Agilent 2100 
Bioanalyzer, ensuring its suitability, before pro-
ceeding with sequencing. Gene expression lev-
els for each sample were calculated, and the 
input data for differential gene expression anal-
ysis was derived from the reads count data 
obtained during gene expression analysis. 
Differential gene expression analysis was per-
formed using edgeR software. The default  
criteria for significantly differentially expressed 
genes were set as P < 0.05 and |logFC| > 1. 
The identified differentially expressed genes 
underwent GO functional annotation and KEGG 
pathway enrichment analysis.

Proteomics sequencing and analysis

Proteins were extracted from the DU145-NC 
and DU145-OE groups and subsequently dig- 
ested into peptides. LC-MS/MS analysis was 
performed using the timsTOF Pro mass spec-
trometer (Bruker) combined with the Nanoelute 
system (Bruker Daltonics). Protein identifica-
tion and quantitative analysis of raw mass 
spectrometry data were carried out using Max- 
Quant software. The default criteria for signifi-
cantly differentially expressed proteins be- 
tween samples were set as P < 0.05, with an 
upregulation threshold of FC > 2 or a downre- 
gulation threshold of FC < 0.5. Differentially 
expressed proteins were further analyzed th- 
rough clustering, subcellular localization, do- 
main analysis, GO functional annotation, and 
KEGG pathway enrichment analysis.

Ubiquitination proteomics sequencing and 
analysis

Proteins were extracted from the DU145-NC 
and DU145-OE groups, digested into peptides, 
and further enriched for ubiquitinated pep-
tides. LC-MS/MS analysis was conducted using 
the timsTOF Pro mass spectrometer (Bruker)  
in combination with the Nanoelute system 
(Bruker Daltonics). Protein modification identifi-
cation and quantitative analysis of raw mass 

spectrometry data were performed using 
MaxQuant software. The default criteria for  
significant differentially modified peptides be- 
tween samples were set as P < 0.05, with an 
upregulation threshold of FC > 2 or a downre- 
gulation threshold of FC < 0.5. Subsequently, 
the differentially modified peptides underwent 
clustering analysis, conserved motif analysis, 
subcellular localization analysis, domain analy-
sis, GO functional annotation, and KEGG path-
way enrichment analysis.

Statistical analysis

All statistical results are expressed as mean ± 
SD based on three independent biological rep-
licates. For the in vivo tumor imaging data, 
each group consisted of six mice (n = 6) 
Statistical analyses were performed using a 
2-tailed unpaired Student’s t-test for compari-
sons between two groups, or Repeated Mea- 
sures ANOVA followed by Tukey’s post hoc test 
for continuous time point data. All figures and 
statistical analyses were generated using 
GraphPad Prism 8.0. P < 0.05 was considered 
to be statistically significant (*P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001). App- 
ropriate statistical tests were selected and jus-
tified for each figure based on the experimental 
design and data distribution.

Results

RCBTB2 is a negative regulatory gene in PCa 
progression

Transcriptome analysis data and correspond-
ing clinical information of PCa were download-
ed from the TCGA database, totaling 483 tu- 
mor samples and 51 control samples. Based 
on clinical data, Gleason scores in TCGA-PRAD 
were classified into 5 grades (1-5). Additionally, 
transcriptomic data from GSE70768, consist-
ing of 125 tumor samples and 747 control  
samples, were downloaded from the GEO data-
base. Pearson correlation analysis was per-
formed on the FPKM_UQ values of each gene 
from the TCGA transcriptomic data and Glea- 
son group grades. Results indicated that the 
gene most negatively correlated with Gleason 
groups was RCBTB2. Visualization was con-
ducted for the top five negatively correlated 
genes - RCBTB2, SRD5A2, FAM107A, CDC42E- 
P4, and PPARGC1A (Figure 1A, 1B). Further 
investigation using transcriptomic data from 
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TCGA-PRAD and GSE70768 revealed that these 
genes were significantly downregulated in 
tumor samples compared to controls (Figure 
1C, 1D). Excluding the other 4 genes, RCBTB2 
showed the strongest correlation with PCa and 
was the most likely tumor suppressor gene. 
Pathological images of PCa patients from the 
HPA database were analyzed to compare the 
expression levels of RCBTB2 between normal 
prostate tissues and PCa tissues. Outcomes 
indicated that the expression level of RCBTB2 
was significantly lower in the PCa group com-

pared to the normal group (Figure 1E). Thus, 
RCBTB2 will be further studied to explore its 
molecular mechanisms (and its target proteins) 
in affecting PCa progression.

In vitro cell experiments show overexpression 
of RCBTB2 weakens malignant biological be-
havior in PCa cells

To investigate the biological function of RCBT- 
B2 in PCa, DU145 cells with low endogenous 
RCBTB2 expression were selected as the 

Figure 1. Screening of differentially expressed genes in PCa based on datasets. A. Heatmap of the top five genes 
negatively correlated with Gleason group grades. B. Visualization of correlations between the FPKM_UQ values of 
RCBTB2, SRD5A2, FAM107A, CDC42EP4, and PPARGC1A with Gleason group grades. C. Volcano plot of differential 
gene expression distribution in the TCGA-PRAD dataset. D. Volcano plot of differential gene expression distribution 
in the GSE70768 transcriptomic dataset. E. Analysis of RCBTB2 expression levels in prostate tissues based on the 
HPA dataset. Images were captured at 100× magnification. 
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experimental model, and a monoclonal cell line 
stably overexpressing RCBTB2 (DU145-OE) 
was established. First, quantitative analysis of 
RCBTB2 mRNA and protein expression levels  
in DU145 cells was performed using qRT-PCR 
and Western blot. The results showed that 
RCBTB2 mRNA and protein expression levels 
were significantly higher in DU145-OE cells 
than in DU145-NC cells (Figure 2A, 2B). Next, 
CCK-8 cell proliferation assays were conducted 
on both groups of cells. The results indicated 
that the proliferation activity of DU145-OE cells 
was significantly weakened compared to 
DU145-NC cells (Figure 2C). In PCa, EMT is a 
key process leading to late-stage metastasis. 
To confirm whether RCBTB2 mediates the  
EMT pathway, immunofluorescence staining 
was performed to analyze the expression of 
E-cadherin, N-cadherin, and Vimentin in the 
cells. The findings revealed a notable elevation 
in E-cadherin fluorescence intensity within 
DU145-OE cells, while N-cadherin and Vimentin 
fluorescence intensities were noticeably de- 
creased compared to DU145-NC cells (Figure 
2D). This suggests that overexpression of 
RCBTB2 reverses EMT progression in PCa cells. 
To assess the impact of RCBTB2 on cell migra-
tion and invasion capabilities, scratch assays 
and Transwell assays were performed. The 
results revealed that DU145-OE cells exhibited 
significantly reduced migration and invasion 
abilities compared to DU145-NC cells (Figure 
2E, 2F). In summary, these findings indicated 
that RCBTB2 can inhibit the malignant biologi-
cal behavior of prostate cancer cells in vitro.

In vivo animal experiments show overexpres-
sion of RCBTB2 suppresses tumor formation 
in nude mice

To gain deeper insights into the role of RCBTB2 
in PCa, a subcutaneous xenograft tumor mo- 
del was established using severely immunode-
ficient mice. Experimental results indicated 
that DU145-NC group mice developed notice-
able primary tumors and partial metastatic 
lesions after inoculation, while overexpression 
of RCBTB2 significantly inhibited tumor forma-
tion and progression (Figure 3A). HE staining 
results revealed that the tumor tissues from 
the DU145-NC group had abundant cells, irreg-
ular and dense arrangements, with prominent 
tumor cell atypia and evidence of nuclear divi-
sion (black arrows). Within these tissues, infla- 
mmatory cells were observed infiltrating in 

bands (yellow arrows), with no evident necrotic 
lesions. The tumor tissues from the DU145-OE 
group showed prominent cell atypia with signs 
of nuclear division (black arrows), a reduction in 
cell numbers, notable apoptosis, structural 
damage, and localized necrosis within the 
tumor tissue (red arrows) (Figure 3B). These 
findings suggest that RCBTB2 may exert its 
tumor-suppressive effects through mecha-
nisms involving tumor microenvironment regu-
lation, which requires further elucidation.

Identification of downstream regulatory genes 
of RCBTB2

Bulk RNA-seq analysis was performed on 
DU145-NC and DU145-OE stable cell lines to 
explore the effects of RCBTB2 overexpression 
on gene expression in DU145 cells. The out-
comes demonstrated that, in comparison to 
the DU145-NC group, 482 genes, including 
CXCL1 and CXCL8, were significantly upregu-
lated, while 586 genes, such as MUC1 and 
PLPP3, were significantly downregulated. Addi- 
tionally, 30,478 genes, including GPAA1 and 
LAMB3, showed no significant changes in 
expression (Figure 4A). Further investigation 
using GSEA enrichment analysis identified the 
top five significant pathways based on the 
absolute value of the normalized enrichment 
score (NES). These pathways included Re- 
gulation of Autophagy, Cytokine-Cytokine Re- 
ceptor Interaction, NOD-Like Receptor Signal- 
ing Pathway, Prion Diseases, and Folate Bio- 
synthesis, which were found to have important 
biological significance (Figure 4B).

Identification of downstream regulatory pro-
teins of RCBTB2

4D Label-free proteomics analysis was con-
ducted on DU145-NC and DU145-OE stable 
cell lines to investigate the effects of RCBTB2 
overexpression on protein expression levels in 
DU145 cells by identifying differences in pro-
tein expression between the RCBTB2-over- 
expressing group and the control group. 
Compared to the DU145-NC group, 8 proteins, 
including O43402 and B1ANY6, were signifi-
cantly upregulated in the DU145-OE group, 
while 21 proteins, such as A0A994J3Z2 
(GPAA1) and O14841, were significantly down-
regulated (Figure 5A, 5B). Notably, GPAA1  
transcriptomic expression did not exhibit sig-
nificant changes under RCBTB2 overexpres-
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Figure 2. Overexpression of RCBTB2 weakens the malignant biological behavior of DU145 cells. A. qRT-PCR analysis of RCBTB2 mRNA levels in DU145 cells. Data 
are shown as mean ± SD of 3 independent experiments. ****P < 0.0001, t-test. B. Western blot analysis of RCBTB2 protein levels in DU145 cells. C. CCK-8 assay to 
assess DU145 cell proliferation. Data are shown as mean ± SD of 3 independent experiments. n.s, no significance, **P < 0.01, ***P < 0.001, Repeated Measures 
ANOVA followed by Tukey’s post hoc test. D. Immunofluorescence staining to detect the expression of E-cadherin, N-cadherin, and Vimentin in DU145 cells. Right: 
Semi-quantitative analysis of fluorescence intensity. Images were captured at 400× magnification. Data are shown as mean ± SD of 3 independent experiments. 
**P < 0.01, t-test. E. Scratch assay to evaluate DU145 cell migration ability. Images were captured at 100× magnification. Data are shown as mean ± SD of 3 
independent experiments. *P < 0.05, t-test. F. Transwell assay to assess DU145 cell invasion ability. Images were captured at 100× magnification. Data are shown 
as mean ± SD of 3 independent experiments. ****P < 0.0001, t-test.
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Figure 3. Overexpression of RCBTB2 suppresses tumor formation in nude mice. A. Tumor formation detected via in 
vivo imaging on 24d post-cell inoculation (n = 6). Right: Quantitative analysis of tumor fluorescence intensity. Data 
are shown as mean ± SD of 6 independent experiments. ***P < 0.001, t-test. B. HE staining to observe pathologi-
cal morphological changes in tumor tissues. Images were captured at 40× and 200× magnification.

sion. To gain a thorough understanding of the 
functions, localization, and biological pathways 
associated with these proteins, GO and KEGG 
enrichment analyses were performed to anno-
tate and analyze them. The results revealed 
that these significantly different proteins are 
involved in tumor immunity-related pathways 
such as the IL-17 signaling pathway and Th1 
and Th2 cell differentiation (Figure 5C).

GPAA1 might be a target gene regulated by 
RCBTB2 in PCa

A systematic analysis was conducted on 
DU145-NC and DU145-OE stable cell lines 

using 4D Label-free ubiquitination proteomics 
technology to uncover the regulatory effects of 
RCBTB2 overexpression on protein ubiquitina-
tion levels. A total of 2,392 ubiquitinated pro-
teins, 6,412 ubiquitinated peptides, and 7,387 
ubiquitination sites were identified. After strict 
quantitative screening, 2,389 quantifiable ubi- 
quitinated proteins (covering 6,398 quantifi-
able peptides) and 7,371 quantifiable ubiquiti-
nation sites were obtained (Figure 6A). To ana-
lyze the distribution characteristics of ubiquiti-
nation modification sites on proteins, the num-
ber of ubiquitination sites on all identified pro-
teins was statistically calculated. The results 
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Figure 4. Bulk RNA-seq Analysis of DU145-NC and DU145-OE. A. Volcano plot depicting the distribution of differentially expressed genes. B. Illustration of the GSEA 
enrichment analysis results.
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Figure 5. 4D label-free proteomics analysis of DU145-NC and DU145-OE. A. Bar chart showing quantitative differ-
ences in protein expression. B. Heatmap of clustering analysis for differentially expressed proteins. C. Bubble chart 
of GO/KEGG enrichment analysis for differentially expressed proteins.

showed that 52.38% of proteins contained two 
or more ubiquitination sites, with protein 
Q09666 exhibiting up to 190 ubiquitination 
sites (Figure 6B). Quantitative analysis of ubiq-
uitination modification sites showed that, on 

average, all identified modified proteins con-
tained 24.27 ubiquitination modification sites 
per 100 amino acids (Figure 6C). To further 
evaluate the overlap characteristics of ubiquiti-
nation modifications between different experi-
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Figure 6. Ubiquitination Proteomics Analysis of DU145-NC and DU145-OE. A. Bar chart of identification and quan-
tification results. B. Distribution chart of the number of ubiquitination modification sites. C. Frequency distribution 
chart of ubiquitination modification sites. D. Venn diagram of ubiquitinated proteins identified between groups. E. 
Venn diagram of ubiquitinated peptides identified between groups.

mental groups, a Venn diagram was used for 
visualization. The results revealed 2,388 over-
lapping ubiquitinated proteins and 6,401 over-
lapping ubiquitinated peptides among the 
groups (Figure 6D, 6E). Additionally, by cross-
referencing transcriptomic and proteomic data, 
transcriptional regulatory interference was 
excluded, allowing for the precise identifica- 
tion of RCBTB2-specific substrates, where 
mRNA stability was maintained, but prote- 
ins underwent significant degradation-namely, 
GPAA1. The ubiquitination level of the GPAA1 
protein was further investigated. Results sh- 
owed an upward trend in GPAA1 ubiquitination 
levels in the DU145-OE group compared to the 
DU145-NC group, though this difference was 
not statistically significant, potentially due to 
the limited sample size.

By integrating the results of Bulk RNA-seq, 4D 
Label-free proteomics, and 4D Label-free ubiq-
uitination proteomics analyses, it was observed 
that RCBTB2 overexpression did not affect 

GPAA1 at the transcriptional level. However, 
significant downregulation was detected at  
the protein level, alongside an increase in 
GPAA1 ubiquitination levels. This suggests that 
RCBTB2 may regulate PCa progression through 
its interaction with GPAA1. Hence, subsequent 
studies will focus on investigating the specific 
mechanisms by which RCBTB2 targets and reg-
ulates GPAA1, as well as its specific roles and 
functions in PCa.

Validation of the interaction between RCBTB2 
and GPAA1

Previous multi-omics analysis results suggest-
ed a functional correlation between GPAA1 and 
RCBTB2. To confirm this hypothesis, immuno-
fluorescence techniques were used to analyze 
the cellular colocalization of RCBTB2 and 
GPAA1 proteins in the DU145-OE cell line. 
Experimental results showed that overexpres-
sion of RCBTB2 led to a significant increase in 
the fluorescence intensity of RCBTB2 protein, 
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while the fluorescence intensity of GPAA1 pro-
tein was significantly reduced. Additionally, 
RCBTB2 and GPAA1 proteins exhibited colocal-
ization in subcellular structures, suggesting  
the possibility of a protein-protein interaction 
between them (Figure 7A). To further confirm 
the interaction between RCBTB2 and GPAA1, 
Co-IP experiments were conducted in DU145-
OE cell lines, and the results verified that 
GPAA1 is an interacting protein of RCBTB2 
(Figure 7B).

GPAA1 may influence malignant biological 
behavior of PCa cells through autophagy ag-
gregate mediation

To explore the functional role of GPAA1 in PCa, 
stable cell lines with low GPAA1 expression 
(DU145-KD) were successfully established us- 
ing lentivirus-mediated shRNA interference 
technology, with DU145-NC serving as the con-
trol group. First, qRT-PCR and Western blot 
were used to validate the mRNA and protein 
expression levels of GPAA1 in DU145 cells. The 
experimental results showed that, compared  
to the DU145-NC group, the DU145-KD group 
exhibited a significant reduction in both mRNA 
and protein expression levels of GPAA1 (Figure 
8A, 8B). Subsequently, CCK-8 assays were per-
formed to evaluate the proliferative activity of 
both groups of cells. The results demonstrated 
that the DU145-KD group exhibited significant-
ly reduced proliferation activity compared to 
the DU145-NC group (Figure 8C). To further 
assess the impact of GPAA1 on cell migra- 
tion and invasion abilities, scratch assays and 
Transwell experiments were conducted. The 
results revealed that the migration and inva-
sion abilities of DU145-KD cells were signifi-
cantly reduced compared to DU145-NC cells 
(Figure 8D, 8E). Following this, immunofluores-
cence staining was employed to examine the 
cellular expression levels of E-cadherin, N-ca- 
dherin, and Vimentin. The results showed that 
in DU145-KD cells, the fluorescence intensity 
of E-cadherin was significantly enhanced, while 
the fluorescence intensities of N-cadherin and 
Vimentin were notably reduced (Figure 8F, left). 
This indicates that knocking down GPAA1 can 
effectively reverse the EMT process in PCa 
cells. These findings indicate that GPAA1 can 
suppress the malignant biological behavior of 
prostate cancer cells in vitro. Furthermore, the 
fluorescence intensities of autophagy-related 

factors p62, NBR1, and CCT2 were significantly 
reduced (Figure 8F, right), suggesting that 
GPAA1 may influence the malignant phenotype 
of PCa cells by regulating the degradation pro-
cess of protein aggregates. The reduced ex- 
pression of p62, NBR1, and CCT2 - established 
markers of aggrephagy - suggests a potential 
association with aggrephagy in the malignant 
phenotype of PCa cells. However, confirmation 
requires further investigation using aggre- 
phagy-specific assays, such as p62-LC3 co-im- 
munoprecipitation.

Discussion

This study was the first to reveal the molecular 
mechanism by which the E3 ubiquitin ligase 
RCBTB2 inhibited the malignant progression of 
PCa through ubiquitination-mediated degrada-
tion of GPAA1. Low expression of RCBTB2 in 
PCa was significantly correlated with higher 
tumor malignancy, whereas overexpression of 
RCBTB2 suppressed cancer cell proliferation, 
migration, invasion, and the EMT process by 
promoting ubiquitin-dependent degradation of 
GPAA1. This discovery not only expanded the 
understanding of the ubiquitination regulatory 
network in PCa but also provided new direc-
tions for therapeutic strategies targeting pro-
tein homeostasis.

As an E3 ubiquitin ligase, the function of 
RCBTB2 relies on its specific recognition and 
ubiquitination of substrate proteins. By inte-
grating transcriptomic, proteomic, and ubiquiti-
nomic data, it was found that the protein level 
of GPAA1 significantly decreased upon RCBTB2 
overexpression, while its mRNA level remained 
unaffected. This suggested that RCBTB2 regu-
lates GPAA1 stability through post-translational 
modification. Ubiquitin proteomics further re- 
vealed an increase in GPAA1 ubiquitination lev-
els, and Co-IP confirmed the direct interaction 
between RCBTB2 and GPAA1. This indicated 
that RCBTB2 likely mediate the ubiquitination 
and degradation of GPAA1 as an E3 ubiquitin 
ligase. This discovery, for the first time, estab-
lished a link between RCBTB2 and the metabo-
lism of GPI-anchored proteins, expanding the 
known substrate spectrum of RCBTB2.

The role of the ubiquitination system in tumors 
has been extensively studied, and RCBTB2 has 
been suggested as a potential tumor suppres-
sor gene in cancers such as lymphoblastic leu-
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Figure 7. GPAA1 is an interacting protein of RCBTB2. A. Immunofluorescence staining showing the colocalization of RCBTB2 protein and GPAA1 protein in cells. 
Below: Semi-quantitative analysis of fluorescence intensity. Images were captured at 1000× magnification. Data are shown as mean ± SD of 3 independent experi-
ments. *P < 0.05, ****P < 0.0001, t-test. B. Co-IP analysis demonstrating the interaction between RCBTB2 protein and GPAA1 protein.
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Figure 8. Reduced GPAA1 Expression Weakens the Malignant Biological Behavior of DU145 Cells. A. qRT-PCR analysis of GPAA1 mRNA levels in DU145 cells. Data 
are shown as mean ± SD of 3 independent experiments. ****P < 0.0001, t-test. B. WB analysis of GPAA1 protein levels in DU145 cells. C. CCK-8 assay evaluating 
the proliferative capacity of DU145 cells. Data are shown as mean ± SD of 3 independent experiments. n.s, no significance, ***P < 0.001, ****P < 0.0001, Re-
peated Measures ANOVA followed by Tukey’s post hoc test. D. Scratch assay assessing the migration ability of DU145 cells. Images were captured at 100× magnifi-
cation. Data are shown as mean ± SD of 3 independent experiments. *P < 0.05, t-test. E. Transwell assay analyzing the invasion ability of DU145 cells. Images were 
captured at 100× magnification. Data are shown as mean ± SD of 3 independent experiments. ****P < 0.0001, t-test. F. Immunofluorescence staining showing 
the expression of E-cadherin, N-cadherin, and Vimentin (left), and autophagy-related factors p62, NBR1, and CCT2 (right) in DU145 cells. Below: Semi-quantitative 
analysis of fluorescence intensity. Images were captured at 400× magnification. Data are shown as mean ± SD of 3 independent experiments. *P < 0.05, **P < 
0.01, ***P < 0.001, t-test.
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kemia, lung adenocarcinoma, and colorectal 
cancer, although its specific mechanism of 
action remains unclear [17-19]. Moreover,  
the function of RCBTB2 and its substrates in 
PCa have not been elucidated. This study was 
the first to establish a connection between 
RCBTB2 and GPAA1, uncovering its unique 
mechanism of regulating PCa via the ubi- 
quitination-proteasome pathway. Additionally, 
GPAA1 is abnormally overexpressed in various 
tumors, but reports on its upstream regulatory 
factors are scarce. These findings bridged this 
gap and suggested that the RCBTB2-GPAA1 
axis may exhibit tissue-specific regulatory cha- 
racteristics.

GPAA1 serves as a critical subunit of glyco-
sylphosphatidylinositol (GPI) transamidase and 
directly contributes to tumor initiation and pro-
gression through anchoring related proteins 
[20-22]. In ovarian cancer, GPAA1 promotes 
GPI anchoring of CD24. Once the expression of 
CD24 on the cell surface increases, macro-
phage-mediated phagocytosis is weakened, 
thereby facilitating ovarian tumor growth. Tar- 
geting GPAA1 could be a potential immuno- 
therapeutic strategy for CD24-positive ovarian 
cancer [23]. In gastric cancer, GPAA1 expres-
sion is independently related to poor survival 
and prognosis in patients. Furthermore, GPAA1 
regulated the interaction between EGFR and 
ERBB2, stimulating downstream signaling path-
ways to promote tumor growth [24]. However, 
the relationship between GPAA1 and PCa had 
not yet been clarified. In this study, it was found 
that GPAA1 knockdown not only inhibited PCa 
cell proliferation, migration, invasion, and EMT 
processes but also regulated the expression of 
aggrephagy-related factors such as p62 and 
NBR1. This suggested that GPAA1 might have 
promoted tumor progression by modulating 
aggrephag pathways. Although p62 and NBR1 
are recognized aggrephagy markers, definitive 
evidence requires dedicated assays such as 
LC3 flux analysis or ubiquitinated protein clear-
ance measurements. Aggrephagy was an im- 
portant process that cleared misfolded pro-
teins to maintain cell health. When it was 
abnormally activated, it was often linked to the 
progression of tumors [25-27]. This finding pro-
vided a novel perspective on the cross-mecha-
nism between GPI-anchored protein metabo-
lism and autophagy regulation in PCa.

We acknowledge that rescue experiments 
would provide stronger evidence for a causal 
relationship between RCBTB2 and GPAA1, and 
that validation across additional PCa cell lines 
(e.g., LNCaP, PC3) would enhance the genera- 
lizability of our findings. However, due to 
resource constraints, these experiments were 
not feasible in the current study. Despite this, 
our cumulative data support GPAA1 as a  
downstream effector of RCBTB2. This is evi-
denced by phenotypic parallels between 
RCBTB2 overexpression and GPAA1 knock-
down - both suppressing PCa cell proliferation, 
migration, and epithelial - mesenchymal transi-
tion (EMT; Figures 2, 8) - as well as their direct 
interaction (Figure 7) and increased GPAA1 
ubiquitination in RCBTB2-overexpressing cells 
(Figure 6), collectively suggesting a functional 
axis. Furthermore, DU145 cells represent a 
well-established model of castration-resist- 
ant prostate cancer (CRPC), and consistent 
RCBTB2 downregulation across diverse PCa 
datasets (TCGA/GEO; Figure 1) supports the 
broader relevance of our findings. Future  
studies incorporating rescue experiments and 
additional cell lines or xenograft models are 
planned to further substantiate this axis.

Although this study systematically analyzed  
the molecular mechanism of the RCBTB2-
GPAA1 axis, there were several limitations. 
Firstly, due to resource constraints, we have 
not yet performed rescue experiments (e.g.,  
co-expression of RCBTB2 and GPAA1) to fur-
ther confirm the causal relationship between 
the RCBTB2-GPAA1 axis and PCa malignant 
phenotypes. Secondly, functional assays were 
only conducted in DU145 cells, and validation 
in additional PCa cell lines (e.g., LNCaP, PC3)  
to enhance the generalizability of findings was 
not feasible in the current study. Thirdly, the 
observed increase in GPAA1 ubiquitination lev-
els in the ubiquitin proteomics analysis did not 
reach statistical significance, which may be 
attributed to limitations in sample size or  
technical sensitivity, requiring more rigorous 
validation in future studies. Fourthly, direct evi-
dence demonstrating that RCBTB2 mediates 
GPAA1 ubiquitination (e.g., in vitro ubiquitina-
tion assays using purified RCBTB2 and GPAA1 
proteins) is still lacking, which is essential to 
confirm their direct regulatory relationship. 
Fifthly, the specific ubiquitination sites of 
GPAA1 targeted by RCBTB2 were not clearly 
identified, requiring further validation through 
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mass spectrometry or site-directed mutagene-
sis experiments. Sixthly, whether RCBTB2 has 
functional redundancy with other E3 ubiquitin 
ligases or deubiquitinases remains to be ex- 
plored in broader models. Finally, the mecha-
nism by which GPAA1 regulates aggrephagy 
remains unclear - while reduced expression of 
aggrephagy markers (p62, NBR1, CCT2) was 
observed in GPAA1-knockdown cells (Figure 
8F), how GPAA1 specifically modulates this  
process (e.g., via interacting with autophagy-
related proteins) and whether it reshapes the 
tumor microenvironment by influencing mis-
folded protein clearance still requires in-depth 
investigation. 

Thus, future research will aim to delve into the 
interaction domains between RCBTB2 and 
GPAA1, clarifying the ubiquitination modifica-
tion sites. Additionally, developing small-mole-
cule agonists targeting RCBTB2 or GPAA1 
degraders and evaluating their synergistic effi-
cacy in combination with immune checkpoint 
inhibitors could provide promising therapeutic 
strategies. Moreover, the mechanism by which 
GPAA1 regulates aggrephagy requires further 
clarification, particularly regarding whether it 
reshapes the tumor microenvironment by influ-
encing the clearance of misfolded proteins. 
Future studies will prioritize addressing these 
limitations - including conducting rescue ex- 
periments, expanding validation to multiple 
PCa cell lines, performing in vitro ubiquitination 
assays to confirm direct regulation, identifying 
specific ubiquitination sites of GPAA1, and  
clarifying how GPAA1 modulates aggrephagy - 
to further validate and extend the current find-
ings on the RCBTB2-GPAA1 axis.

In summary, this study elucidated the molecu-
lar mechanism by which RCBTB2 inhibits  
PCa progression through the ubiquitination of 
GPAA1, providing a theoretical foundation for 
therapies targeting protein homeostasis. The 
identification of the RCBTB2-GPAA1 axis not 
only deepened the understanding of PCa pa- 
thogenesis but also laid the scientific ground-
work for developing novel combination thera-
pies. Future research should further investigate 
its clinical translational potential, aiming to 
offer more precise therapeutic strategies for 
PCa patients.
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