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Abstract 

Background  The sustained activation of androgen receptor splice variant-7 (AR-V7) is a key factor in the resistance 
of castration-resistant prostate cancer (CRPC) to second-generation anti-androgens such as enzalutamide (ENZ). 
The AR/AR-V7 protein is regulated by the E3 ubiquitin ligase STUB1 and a complex involving HSP70, but the precise 
mechanism remains unclear.

Methods  High-throughput RNA sequencing was used to identify differentially expressed circular RNAs (circRNAs) 
in ENZ-resistant and control CRPC cells. The coding potential of circSRCAP was confirmed by polysome profiling 
and LC–MS. The function of circSRCAP was validated in vitro and in vivo using gain- and loss-of-function assays. 
Mechanistic insights were obtained through immunoprecipitation analyses.

Results  A novel ENZ-resistant circRNA, circSRCAP, was identified and shown to be upregulated in ENZ-resistant C4-2B 
(ENZR-C4-2B) cells, correlating with increased AR-V7 protein levels. circSRCAP is generated via splicing by eIF4A3, 
forming a loop structure and is exported from the nucleus by the RNA helicase DDX39A. Mechanistically, circSRCAP 
encodes a 75-amino acid peptide (circSRCAP-75aa) that inhibits the ubiquitination of AR/AR-V7’s co-chaperone 
protein HSP70 by disrupting the interaction with the E3 ligase STUB1. This process results in the upregulation of AR-V7 
expression and promotes ENZ resistance in CRPC cells. Xenograft tumor models further confirmed the role of circSR-
CAP in CRPC progression and its potential as a therapeutic target for ENZ-resistant CRPC.

Conclusions  circSRCAP provides an epigenetic mechanism influencing AR-V7 stability and offers a promising thera-
peutic target for treating ENZ-resistant CRPC.
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Introduction
According to the latest data released in 2023, prostate 
cancer (PC) ranks as the malignant tumor with the high-
est estimated number of new cancer cases and the sec-
ond highest in terms of deaths among men in the United 
States [1]. The androgen receptor (AR) signaling path-
way plays a crucial role in the development and progres-
sion of PC [2–5]. Nearly all patients eventually develop 
androgen-independent castration-resistant prostate can-
cer (CRPC) during long-term androgen deprivation ther-
apy (ADT) [6]. However, substantial evidence indicates 
that the malignant progression of CRPC still relies on 
increased androgen synthesis, overexpression of AR co-
activators, AR amplification, and sustained AR activation 
[3, 5, 7–10]. These findings have spurred the development 
and clinical implementation of next-generation androgen 
receptor antagonists such as abiraterone acetate (ABI) 
and enzalutamide (ENZ). The utilization of ABI and ENZ 
has significantly improved the prognosis and quality of 
life of CRPC patients [11–16]. However, a substantial 
proportion of CRPC patients still develop resistance to 
ENZ within 1 year of treatment, leading to enzalutamide-
resistant CRPC (ENZR-CRPC). This necessitates further 
investigation into the regulatory mechanisms of the AR 
axis.

AR genes have the capability to generate various AR 
splice variants (AR-Vs) through splicing mechanisms, 
thereby conferring resistance to ENZ [17–20]. Notably, 
the expression of AR-V7 escalates with the progres-
sion of CRPC and the development of ENZ resistance 
in patients [21–28]. AR-V7 arises from premature 
translation termination induced by AR gene rearrange-
ment or aberrant mRNA splicing, resulting in a tran-
script characterized by the deletion of AR gene exons 
4–8 and the incorporation of cryptic exon 3 (CE3) [18, 
28–30]. The protein product encoded by AR-V7 lacks 
a ligand binding domain (LBD) and remains unrespon-
sive to androgen receptor antagonists like Enz, thereby 
promoting the proliferation of PC cells [20, 28, 31]. 
These investigations affirm that AR-V7 potentially 
facilitates ligand-independent activation of the AR 
signaling pathway, culminating in resistance to endo-
crine therapies typified by Enz. Heat shock proteins 
(HSPs) modulate the activity and stability of numerous 
oncogenes pivotal for the survival and progression of 
cancer cells [32, 33]. The HSP70 family, encompassing 
stress-induced members HSP70 (HSPA1A/HSPA1B) 
and constitutively expressed member HSPC70 
(HSPA8), assumes a crucial role in signal transduction 
and regulation of cancer cells by facilitating protein 
maturation and folding [34, 35]. STIP1 homology and 
U-box containing protein 1 (STUB1) function as a co-
chaperone protein and functional E3 ubiquitin ligase, 

linking the peptide binding activity of HSP70 to the 
ubiquitin proteasome system. HSP70 interacts with 
STUB1 to regulate protein stability. Acting as a co-
chaperone protein of AR and AR-V7, HSP70 forms a 
complex with STUB1, thereby modulating the stability 
of AR-V7 and participating in the drug resistance pro-
cess of PC cells [36]. Nonetheless, there remains a sig-
nificant gap in understanding the specific mechanisms 
underlying this effect.

Circular RNAs (circRNAs) represent a conserved 
and ancient class of non-coding RNAs characterized 
by covalently closed circular structures, closely linked 
to specific cellular functions and the pathogenesis 
of various diseases. Over the past decade, circRNAs 
have emerged as key players in tumorigenesis and dis-
ease progression, operating through diverse regulatory 
mechanisms [37–40]. Encoding functional peptides 
stands out as a significant mechanism through which 
circRNAs exert their biological effects. For instance, 
circTmeff1 facilitates muscle atrophy by interacting 
with TDP-43 and encoding a novel TMEFF1-339aa pro-
tein [41]. Another protein, circINSIG1-121, encoded 
by circINSIG1, modulates cholesterol metabolism by 
promoting the ubiquitin-dependent degradation of 
INSIG1, thereby contributing to the proliferation and 
metastasis of colorectal cancer [37]. Mechanistic inves-
tigations into circRNAs involved in prostate cancer 
development have also seen considerable advancement 
[42–45]. However, currently, no research has conclu-
sively established the correlation between circRNA 
coding potential and the malignant progression of 
prostate cancer (PC) and castration-resistant prostate 
cancer (CRPC).

In this study, high-throughput sequencing was uti-
lized to demonstrate that circSRCAP (circular RNA 
SRCAP, circBase ID: hsa_circ_0006127) exhibits sig-
nificant overexpression in ENZ-resistant CRPC cells. 
Elevated circSRCAP expression enhances the stabil-
ity of AR-V7, consequently promoting resistance to 
ENZ in CRPC cells. Notably, circSRCAP encodes a 
small peptide, circSRCAP-75aa (75aa), comprising 75 
amino acids, which directly interacts with the HSP70 
protein, thereby augmenting its stability. Furthermore, 
75aa also impedes the association between HSP70 and 
STUB1, thus suppressing AR-V7 degradation through 
the ubiquitin–proteasome pathway. The expression of 
circSRCAP is modulated by the splicing factor eukary-
otic translation initiation factor 4A3 (eIF4A3). It facili-
tates its nuclear export via DExD-box helicase 39A 
(DDX39A). Overall, our findings elucidate the role of 
circSRCAP, a circRNA implicated in drug resistance, 
as a pivotal regulatory element in AR-V7-driven CRPC 
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progression, offering a promising avenue for the treat-
ment of ENZR-CRPC.

Materials and methods
Cell lines and cell cultures
The PC cell lines C4-2B, 22RV1, LNCaP, DU145, and 
PC-3 were cultured in RPMI1640 medium (Gibco, USA) 
supplemented with 10% fetal bovine serum (FBS, Gibco, 
USA). Human embryonic kidney 293T cells were main-
tained in DMEM supplemented with 10% FBS. All cell 
lines were obtained from the American Type Culture 
Collection (ATCC). The ENZ-resistant cell line ENZR-
C4-2B was cultured in RPMI1640 complete medium 
containing 20 μM ENZ, which was acquired from Med-
ChemExpress (MCE, USA). Cells were incubated in a 
humidified atmosphere at 37 °C with 5% CO2.

Circular RNA sequencing
The samples utilized for circular RNA sequencing com-
prised the C4-2B and ENZR-C4-2B cell lines. Sequencing 
and subsequent analysis were carried out by Annoroad 
Gene Technology Corporation (Beijing, China). For cir-
cular RNA sequencing, total RNAs underwent treatment 
with a ribo-zero kit and RNase R to eliminate riboso-
mal RNA and linear RNA, respectively. Subsequently, 
a cDNA library was constructed, validated using an 
Agilent 2100 Bioanalyzer, and sequenced via Illumina 
RS-200-0048 platform. During the analysis, a criterion of 
log2 (|fold change|) ≥ 1.5 and p value <0.05 was employed 
to identify differentially expressed circRNAs. All relevant 
data have been deposited in the GEO database (Acces-
sion number: GSE264133). The detailed information of 
the sequencing data can be found in the GEO database 
(https://​www.​ncbi.​nlm.​nih.​gov/​geo/).

Reverse transcriptase PCR (RT‑PCR) and quantitative 
real‑time PCR (qRT‑PCR)
Total RNA was isolated from C4-2B, ENZR-C4-2B, 
22RV1, LNCaP, DU145, and PC-3 cell lines using Tri-
zol (Yeasen, 19211ES60). The RNA was subsequently 
reverse-transcribed into cDNA and quantified via real-
time PCR using ChamQ Universal SYBR qPCR Master 
Mix (Vazyme Biotech Co., Ltd, Nanjing, China). Rela-
tive expression levels of target genes were determined 
using the 2−ΔΔCt method. All primers were synthesized by 
GENEWIZ Biological Technology (GENEWIZ, China), 
and their sequences are provided in Table S1.

Plasmid transfection and stable transfection
To construct the circSRCAP expression vector, the 
sequence of circSRCAP was amplified from 293T cDNA 
and inserted into the circular RNA expression plas-
mid PLO5-ciR (Geneseed, China). The circSRCAP-flag 

plasmid was generated by inserting the flag sequence 
immediately upstream of the stop codon of the putative 
ORF of circSRCAP. Additionally, to create a circSRCAP 
vector containing flanking intron sequences, the genomic 
region of circSRCAP along with its flanking introns was 
synthesized by Shanghai Genechem (Genechem, China) 
and cloned into the pCDNA3.1 vector. The full lengths 
of HA-Ubiquitin, Flag-circSRCAP, ATG mutation in the 
ORF of circSRCAP (Flag-Mut), circSRCAP ORF fused 
with Flag tag (Flag-75aa), SRCAP, HA-HSP70, truncated 
HSP70, HA-STUB1, and eIF4A3 were amplified from 
HEK293T cDNA using 2× TransStart® FastPfu PCR 
SuperMix (TransGen Biotech, AS221) and cloned into 
the pCDNA3.1 vector. For assessing the IRES activity 
of circSRCAP, the promoter region of firefly luciferase 
(F-Luc) in the psiCHECK2 vector was deleted, and the 
IRES sequences of circSRCAP were inserted downstream 
of Renilla luciferase (R-Luc). All plasmids were purified 
using an endotoxin-free plasmid extraction kit (Shan-
dong Sparkjade Biotechnology Co., Ltd., AD0105). The 
construction of sh-circSRCAP, sh-HSP70, sh-eIF4A3, 
and sh-DDX39A involved cloning the respective shRNA 
sequences into the pLKO.1 vector. All shRNAs were 
obtained from Shanghai Genechem. The sequences of 
shRNAs are provided in Table S2. For stable transfection, 
293T cells were transfected with the aforementioned 
vectors along with psPAX2 and pMD2G (Addgene) 
using jetPRIME® Transfection Reagent (Polyplus, USA) 
according to the manufacturer’s instructions.

Antibodies
Anti-AR-V7 (Cell Signaling Technology, #19672), anti-
HA (Proteintech, 81290-1-RR), anti-Flag (Proteintech, 
80010-1-RR), anti-75aa (Abclonal, 1:1000), anti-HSP70 
(Abcam, ab2787), anti-GST (Proteintech, 66001-2-Ig), 
anti-His (Proteintech, 66005-1-Ig), anti-STUB1 (Cell 
Signaling Technology, #2080), anti-eIF4A3 (Proteintech, 
17504-1-AP), anti-DDX39A (Proteintech, 11723-1-AP), 
anti-ubiquitin (Ub, Proteintech, 10201-2-AP) and anti-
Tubulin (Proteintech, 66031-1-Ig).

Actinomycin D assay
For the Actinomycin D assay, total RNAs extracted were 
treated with 1  µg/mL actinomycin D (Sigma-Aldrich, 
USA) to inhibit new RNA synthesis for 0, 2, 4, 8, 12, and 
24 h, respectively.

Nucleocytoplasmic separation
The RNA from nuclear and cytoplasmic fractions of 
ENZR-C4-2B or 22RV1 cells was extracted using a 
Paris kit (Invitrogen, USA) following the manufacturer’s 
instructions.

https://www.ncbi.nlm.nih.gov/geo/
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Cell growth and survival assay
ENZR-C4-2B or C4-2B cells were seeded onto 12-well 
plates at a density of 0.5 × 105 cells per well in RPMI 1640 
media supplemented with 10% FBS. Subsequently, they 
were transfected with the corresponding plasmids and 
treated with 20 μM ENZ in media containing FBS. Total 
cell numbers were enumerated after 3 and 6 days.

In cell survival assay, ENZR-C4-2B or C4-2B cells were 
seeded onto 12-well plates at a density of 0.3 × 105 cells 
per well in RPMI 1640 media supplemented with 10% 
FBS. Following transfection with the respective plasmids, 
cells were treated with varying concentrations of ENZ (0, 
10, 20, 40, and 80 μM) for 3 days. Total cell numbers were 
assessed at the end of the 3-day period.

Western blot
Total protein was isolated from the cells following various 
treatments. Briefly, cells were washed three times with 
PBS and lysed in an ice-cold extraction buffer (50  mM 
Tris–HCl pH 7.4, 150 mM NaCl, 1% NP, 0.1% SDS, and 
1× protease inhibitor cocktail). Protein concentration 
was determined by the Bradford method. Proteins were 
separated using sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE) and electroblotted onto 
a polyvinylidene fluoride (PVDF) membrane (Roche, 
Basel, Switzerland) by standard procedures. Transferred 
blots were incubated sequentially with anti-AR-V7, anti-
HA, anti-Flag, anti-75aa, anti-HSP70, anti-GST, anti-His, 
anti-STUB1, anti-eIF4A3, anti-DDX39A, anti-ubiquitin 
or anti-Tubulin at 4 °C for 12 h, and HRP-conjugated sec-
ondary antibodies. Protein bands were visualized with an 
enhanced chemiluminescence detection kit and recorded 
on a radiographic film (Alpha Innotech, San Jose, CA, 
USA).

Co‑immunoprecipitation (Co‑IP)
Cells were lysed using Western blot and immunoprecipi-
tation (IP) lysis buffer (Beyotime, China) supplemented 
with protease inhibitor (MCE, USA). After centrifuga-
tion, the supernatant was collected and incubated with 
primary antibody at 4  °C overnight. Subsequently, the 
lysate was incubated with 30 μL of protein A/G magnetic 
beads (MCE) at room temperature for 4 h. The collected 
beads-protein was washed six times and then subjected 
to analysis in subsequent experiments.

Cycloheximide (CHX) chase assay
Cells in each experimental group were treated with 
10  µg/mL CHX (MCE) for various durations: 0, 1, 2, 4, 
and 8 h. The expression levels of proteins were assessed 
using Western blot analysis.

Ubiquitination assay
Cells subjected to different treatments were treated with 
5  µM MG132 (MCE) for 6  h. Subsequently, cell lysates 
were prepared using PierceTM IP lysis buffer (Thermo 
Fisher Scientific, USA) supplemented with a protease 
inhibitor cocktail (Thermo Fisher Scientific, USA). The 
lysates were then incubated with specific antibodies and 
Protein A/G beads overnight at 4 °C. Finally, the protein 
A/G beads containing the bound immunoprecipitates 
were collected and analyzed using Western blotting.

Immunofluorescence assay
For the immunofluorescence assay, cells were harvested 
using ice-cold PBS. Subsequently, the cells were fixed 
with 4% paraformaldehyde for 30  min at room tem-
perature, followed by treatment with 0.2% Triton X-100 
for 10  min. Afterward, the cells were incubated with 
10% goat serum for 60  min at 37  °C and then exposed 
to primary antibodies at 4  °C overnight. Following PBS 
washing, the cells were incubated with corresponding 
fluorescent secondary antibodies and counterstained 
for nuclei using 4′,6-diamidino-2-phenylindole (DAPI) 
(Solarbio, China) for 15 min at room temperature.

Fluorescence in situ hybridization (FISH) assay
According to the manufacturer’s instructions, the FISH 
kit (Ribo Bio, Guangzhou, China) was employed to con-
duct FISH in cells, and the results were visualized using a 
confocal laser-scanning microscope (LSM 880, Carl Zeiss 
Jena, Jena, Germany). Cells were fixed with 4% paraform-
aldehyde at room temperature for 10  min, followed by 
treatment with 0.5% Triton X-100 in phosphate-buffered 
saline (PBS) at 4 °C for 5 min. Subsequently, the cells were 
pre-hybridized using Pre-hybridization Buffer at 37  °C 
for 30 min. Finally, the cells were subjected to hybridiza-
tion with 2.5 µL of 20 μM circSRCAP FISH probes (Ribo 
Bio, Guangzhou, China) overnight at 37  °C. The probe 
sequences are provided in Table S3.

Polysome profiling analysis
293T cells were seeded in 15  cm plates and transfected 
with either circSRCAP plasmid or Flag-Mut plasmid. 
After 48 h, the cells were treated with 100 μg/mL CHX 
in DMSO for 5  min at 37  °C. They were then washed 
twice with ice-cold PBS and harvested by trypsiniza-
tion for polysome profiling. Cell lysis was performed in 
500 μL of polysome lysis buffer [5  mM Tris–HCl (pH 
7.5), 2.5 mM MgCl2, 1.5 mM KCl, 1× protease inhibitor 
cocktail (EDTA-free), 0.5% Triton X-100, 2  mM DTT, 
0.5% sodium deoxycholate, 100 units RNase inhibitor, 
and 100 μg/mL CHX] on ice for 15 min, followed by cen-
trifugation at 4 °C for 7 min at 16,000×g to pellet nuclei 
and mitochondria. The supernatant was then loaded onto 
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a 5–50% (w/v) sucrose density gradient and ultracentri-
fuged at 20,000×g for 2 h at 4 °C using a Beckman SW41 
rotor, followed by fractionation using a BioComp PGFip 
Piston Gradient Fractionator Model 152. Absorbance 
at 254  nm was measured using an absorbance detector 
connected to the fraction collector. RNA was extracted 
from fractions using TriZol LS solution, and qRT-PCR 
was conducted to evaluate the levels of circSRCAP and 
SRCAP mRNA in the indicated fractions.

Liquid chromatography‑tandem mass spectrometry (LC–
MS)
Proteins were separated via SDS-PAGE and subsequently 
subjected to digestion using sequencing-grade trypsin 
(Promega, Madison, WI, USA). The resulting digested 
peptides were analyzed using a QExactive mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, 
USA). Fragment spectra were then analyzed utilizing the 
National Center for Biotechnology Information nonre-
dundant protein database with Mascot software (Matrix 
Science, Boston, MA, USA).

GST pull‑down assay
The plasmids encoding GST-HSP70Δ291−641 and His-
75aa were transfected into E. coli. For cell lysis, cells were 
lysed on ice in lysis buffer (50  mM Tris–HCl, pH 7.5, 
150  mM NaCl, 1% NP-40, 1  mM EDTA) supplemented 
with a complete protease inhibitor cocktail for 30  min. 
The lysate was clarified by centrifugation at 12,000×g for 
15 min at 4 °C. Clarified lysate was mixed with 100–200 
µL of pre-washed GST beads and incubated for 1–2 h at 
4  °C with gentle rotation. After three washes with wash 
buffer (50  mM Tris–HCl, pH 7.5, 150  mM NaCl, 0.1% 
NP-40), the target protein was diluted to 1–2  mg/mL 
in lysis buffer (1:10 ratio) and added to the GST beads, 
incubating overnight at 4  °C. The beads were washed 
three times with wash buffer for 5–10  min each, fol-
lowed by elution of bound proteins using 10–20  mM 
reduced glutathione in lysis buffer for 10–30 min at room 
temperature. Finally, eluted proteins were subjected to 
SDS-PAGE followed by Western blot to analyze protein 
interactions.

RIP (RNA Immunoprecipitation) assays
The RIP assay was performed using the PureBinding® 
RNA Immunoprecipitation Kit (GENESEED, P0101), fol-
lowing the manufacturer’s instructions. In brief, protein 
A/G magnetic beads were incubated with the primary 
antibody or IgG (MCE, USA) separately, and then incu-
bated with cells. Subsequently, RNA was co-precipitated 
and extracted, and finally quantitated using qRT-PCR. 
The primer sequences are listed in Table S4.

Biotin RNA pull‑down assay
Cells were lysed by ultrasonication in RIP buffer (150 mM 
KCl, 25  mM Tris–HCl, pH 7.4, 0.5  mM dithiothreitol, 
0.5% NP-40) supplemented with protease inhibitors and 
RNase inhibitors. The cell lysates were then precleared 
with streptavidin magnetic beads (MCE, USA). In  vitro 
transcribed biotin-labeled RNA or DNA probes adsorbed 
to streptavidin magnetic beads were subsequently incu-
bated with cell lysates at 4 °C for 6 h before washing three 
times with RIP buffer. Finally, the potential interacting 
proteins were evaluated using Western blot analysis.

MS2‑RIP assay
MS2-RIP assays were conducted following the instruc-
tions provided with the Millipore Magna RIP Kit (Milli-
pore, Darmstadt, Germany). The 6× MS2 stem loop was 
fused to the circSRCAP plasmid. Cells of interest were 
co-transfected with the target RNA expression vector 
fused with the MS2 stem loop and the MS2-GFP vec-
tor. Subsequently, these cells were lysed using RIP lysis 
buffer containing protease and RNase inhibitors. After 
centrifugation to clear the cell lysate, the supernatant 
was incubated with anti-GFP/IgG antibody-conjugated 
beads overnight at 4 °C. Following thorough washing, the 
binding complexes were eluted, purified, and analyzed by 
qRT-PCR or Western blot.

Animal experiments
For the xenograft model, fifteen 6-week-old male BALB/c 
nude mice were randomly assigned to three groups. 
After 1  week of acclimatization, 1 × 107 ENZR-C4-2B 
cells (scramble, sh-circSRCAP #1, or sh-circSRCAP #2) 
were combined with matrix gel in a 1:1 ratio and injected 
subcutaneously into the dorsal region of the mice. Once 
the tumor volume reached approximately 50 mm3, ENZ 
(25 mg/kg, administered orally) was administered. Tumor 
volume was monitored every 7  days. After 6  weeks of 
treatment, tumor tissues were collected and subjected to 
immunohistochemical (IHC) staining.

IHC
Paraffin sections were initially deparaffinized and rehy-
drated. Antigen retrieval was performed, and endog-
enous peroxidase activities were blocked. Subsequently, 
the sections were incubated overnight at 4  °C with the 
specified antibodies. Following this, the sections were 
incubated with a horseradish peroxidase-conjugated 
secondary antibody and subjected to DAB (3,3′-diam-
inobenzidine) staining. Finally, counterstaining was per-
formed using hematoxylin.
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Fig. 1  circSRCAP exhibits high expression levels in CRPC cells. A Differentially expressed circRNAs in ENZR-C4-2B and C4-2B cells, analyzed 
by circRNA-seq and visualized using volcano plots. B Total cell count in ENZR-C4-2B cells transfected with shRNAs targeting scramble or circSRCAP, 
after treatment with 10 μM ENZ for 0, 3, and 6 days. C Cell count in ENZR-C4-2B cells transfected with shRNAs targeting scramble or circSRCAP, 
followed by treatment with various ENZ concentrations for 3 days. D Total cell count in C4-2B cells transfected with vector or circSRCAP 
overexpression plasmids, after 10 μM ENZ treatment for 0, 3, and 6 days. E Cell count in C4-2B cells transfected with vector or circSRCAP plasmids, 
followed by treatment with different ENZ concentrations for 3 days. F Genomic locus of circSRCAP and SRCAP gene, with Sanger sequencing 
confirming reverse splicing of SRCAP exons 26 and 27 (red arrows). G PCR detection of circSRCAP expression in cDNA and genomic DNA 
from ENZR-C4-2B cells using convergent/divergent primers. H Stability of circSRCAP and linear SRCAP mRNA analyzed by qRT-PCR with/without 
RNase R treatment. I qRT-PCR analysis of circSRCAP expression in various cell lines, including C4-2B, ENZR-C4-2B, 22RV1, LNCaP, DU145, and PC-3. 
Values are mean ± SD. Statistical significance was determined by one-way ANOVA (*** p < 0.001)
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Fig. 2  Highly expressed circSRCAP increases the expression of AR-V7 protein in ENZR-C4-2B. A Western blot analysis of AR-V7 protein expression 
in ENZR-C4-2B cells transfected with scramble or circSRCAP shRNAs. B qRT-PCR analysis of AR-V7 mRNA expression in ENZR-C4-2B cells transfected 
with scramble or circSRCAP shRNAs. C Western blot detection of AR-V7 protein in C4-2B cells transfected with vector or circSRCAP overexpression 
plasmids. D qRT-PCR analysis of AR-V7 mRNA expression in C4-2B cells transfected with vector or circSRCAP overexpression plasmids. E ENZR-C4-2B 
cells transfected with scramble or circSRCAP shRNA were treated with 50 μg/mL cycloheximide (CHX), and AR-V7 half-life was assessed by Western 
blot at 0, 2, 4, and 8 h. F ENZR-C4-2B cells transfected with HA-ubiquitin (HA-Ub) and treated with scramble or circSRCAP shRNA for 48 h, 
followed by 5 μM MG132 for 6 h. Immunoprecipitation with AR-V7 antibody was followed by Western blot. G C4-2B cells transfected with vector 
or circSRCAP overexpression plasmids were treated with 50 μg/mL CHX, and AR-V7 half-life was assessed by Western blot at 0, 2, 4, and 8 h. H 
C4-2B cells transfected with HA-Ub and treated with vector or circSRCAP overexpression plasmids for 48 h, followed by 5 μM MG132 for 6 h. 
Immunoprecipitation with AR-V7 antibody and Western blot
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Statistical analysis
GraphPad Prism Software (GraphPad Software, La Jolla, 
CA, USA) was used to perform statistical analysis. Two-
tailed t Student’s test and one-way ANOVA analysis 
were performed for statistical comparisons. All statistics 

analysis data were expressed as mean ± standard error of 
the mean. A p value <0.05 was considered statistically 
significant.

Fig. 3  circSRCAP encodes a novel small peptide circSRCAP-75aa (75aa). A Diagram illustrating the open reading frame (ORF) of circSRCAP, 
including start/stop codons and the internal ribosome binding sequence (IRES). B Distribution of circSRCAP in the nucleus and cytoplasm 
analyzed by qRT-PCR, with U6 and GAPDH as nuclear and cytoplasmic markers, respectively. C Fluorescence in situ hybridization (FISH) images 
of circSRCAP in ENZR-C4-2B and 22RV1 cells. Scale bar = 10 μm. D Luciferase reporter assays in 293T cells transfected with full-length IRES 
and truncated fragments of circSRCAP to assess Luc/Rluc activity (n = 6 per group). E Cloning of Flag-tagged circSRCAP, Flag-circSRCAP, ATG mutant 
(Flag-Mut), and Flag-75aa ORF constructs into CMV expression vectors for Western blot detection of the 75aa peptide. F Western blot analysis 
of Flag-tag expression in 293T cells transfected with vector, Flag-circSRCAP, Flag-Mut, or Flag-75aa. G Polysome profiling in 293T cells transfected 
with circSRCAP or Flag-Mut plasmids, followed by separation of cell lysates using a 5–50% sucrose gradient. H qRT-PCR analysis of circSRCAP 
and SRCAP mRNA in polysome profiling fractions (Nr, Ms, Lp, Hp) from G. I LC–MS detection of the 75aa peptide expression in 293T cells 
overexpressing circSRCAP
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Results
circSRCAP promotes resistance of CRPC cells to ENZ by 
upregulating the expression of AR-V7.

In this study, C4-2B cells were cultured in complete 
medium containing increasing concentrations of ENZ 
over a period of more than 12  months, resulting in the 
development of ENZR-C4-2B cells [46]. RNA-Seq anal-
ysis identified 147 differentially expressed circRNAs 
between C4-2B and ENZR-C4-2B cells (Fig.  1A; Addi-
tional file 1). Generally, higher expression levels of RNA 
transcripts in cells correlate with stronger regulatory 
effects on cellular functions. In the case of ENZR-C4-2B 
cells, we conducted an analysis of the transcript expres-
sion levels of significantly upregulated circRNAs. Further 
analysis revealed that among the top ten circRNAs in 
ENZR-C4-2B cells, six were derived from coding genes. 
Knockdown experiments were performed on these six 
circRNAs (circASPH, circFCHO2, circFASN, circSRCAP, 
circPPIB, circTMPRSS2) using shRNAs in ENZR-C4-2B 
cells cultured in complete medium containing ENZ. 
Notably, knockdown of circSRCAP significantly inhibited 
cell proliferation, whereas knockdown of SRCAP mRNA 
did not have the same effect (Fig.  1B, C; Fig.  S1A–F). 
Conversely, overexpression of circSRCAP in C4-2B cells 
significantly increased resistance to ENZ, while over-
expression of SRCAP mRNA did not produce a similar 
effect (Fig. 1D, E; Fig. S1G). These findings indicate that 
circSRCAP may play a role in reducing the resistance of 
ENZR-C4-2B cells to ENZ. Sanger sequencing confirmed 
that circSRCAP was generated by reverse splicing of the 
26th and 27th exons of the SRCAP gene, forming a cir-
cular RNA molecule with a unique sequence distinct 
from SRCAP mRNA (Fig. 1F). PCR analysis using cDNA 
and genomic DNA (gDNA) templates showed that circ-
SRCAP could only be amplified with divergent prim-
ers from cDNA templates, while both cDNA and gDNA 
templates yielded amplification with convergent primers, 
indicating the specific reverse splicing pattern of circS-
RCAP (Fig. 1G). Additionally, the half-life of circSRCAP 
was found to be longer compared to SRCAP mRNA, as 
demonstrated by the Actinomycin D assay (Fig.  S1H, 
I). Furthermore, RNase R treatment of total RNA from 

ENZR-C4-2B cells showed that the stability of circSR-
CAP was significantly higher than that of SRCAP mRNA 
(Fig.  1H). Overall, these results suggest that circSRCAP 
exists predominantly in a circular form and may contrib-
ute to the resistance of ENZR-C4-2B cells to ENZ.

The AR-V7 protein stands out as the most crucial 
mechanism known for safeguarding CRPC cells against 
ENZ. Notably, circSRCAP exhibits predominant expres-
sion in AR-V7-positive cells (ENZR-C4-2B and 22RV1), 
weakly positive cells (C4-2B and LNCaP), but not in AR-
V7-negative cells (DU145 and PC-3) (Fig.  1I). Through 
experiments involving overexpression and knockdown 
of circSRCAP in C4-2B and ENZR-C4-2B cells, respec-
tively, it was observed that reduced circSRCAP expres-
sion inhibited AR-V7 protein levels in ENZR-C4-2B 
cells without affecting its mRNA levels (Fig. 2A, B). Con-
versely, elevated circSRCAP expression promoted AR-V7 
protein levels in C4-2B cells without affecting mRNA lev-
els (Fig. 2C, D). Further investigations in this study have 
demonstrated that alterations in circSRCAP expression, 
whether decreased or increased, can respectively dimin-
ish or augment the stability of the AR-V7 protein, thereby 
modulating its ubiquitination-mediated degradation 
(Fig. 2E–H). In summary, circSRCAP exhibits the capa-
bility to elevate AR-V7 protein expression, thus poten-
tially serving as a key regulatory factor contributing to 
drug resistance in CRPC.

The novel small peptide circSRCAP‑75aa (75aa) is encoded 
by circSRCAP
circRNAs are primarily recognized for their involve-
ment in post-transcriptional regulation. Emerging evi-
dence suggests that some circRNAs have the capability to 
encode functional peptides [47, 48]. In the case of circS-
RCAP, it contains an internal ribosome entry site (IRES) 
sequence and an open reading frame (ORF) spanning 228 
nucleotides across the back-splicing site. Notably, these 
elements are predominantly localized in the cytoplasm 
of ENZR-C4-2B cells and 22RV1 cells (Fig.  3A–C). To 
validate the translation initiation potential of the IRES 
sequence, a dual luciferase reporter gene experiment was 
conducted. Results revealed higher F-Luc/R-Luc activity 

(See figure on next page.)
Fig. 4  75aa enhances the resistance of CRPC to ENZ both in vivo and in vitro. A Total cell count in C4-2B cells transfected with vector, 
Flag-circSRCAP, Flag-Mut, or Flag-75aa plasmids, after treatment with 10 μM ENZ for 0, 3, and 6 days. B Total cell count in C4-2B cells transfected 
with vector, Flag-circSRCAP, Flag-Mut, or Flag-75aa plasmids, followed by treatment with various ENZ concentrations for 3 days. C Western blot 
detection of AR-V7 protein expression in C4-2B cells transfected with vector, Flag-circSRCAP, Flag-Mut, or Flag-75aa plasmids. D AR-V7 half-life 
in C4-2B cells transfected with vector, Flag-circSRCAP, Flag-Mut, or Flag-75aa plasmids, followed by treatment with 50 μg/mL cycloheximide (CHX) 
and Western blot analysis at 0, 2, 4, and 8 h. E Immunoprecipitation with AR-V7 antibody and Western blot analysis in C4-2B cells transfected 
with HA-Ub and vector, Flag-circSRCAP, Flag-Mut, or Flag-75aa plasmids, followed by treatment with 5 µM MG132 for 6 h. F–H BALB/c nude 
mice (n = 5 per group) were subcutaneously injected with ENZR-C4-2B cells stably transfected with scramble or circSRCAP shRNA. Tumor weight 
and volume were measured. Statistical significance was determined by one-way ANOVA (** p < 0.01, *** p < 0.001)
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with the IRES sequence compared to empty vectors and 
truncated IRESs (Fig.  3D). This suggests that the IRES-
driven ORF may encode a small peptide, circSRCAP-
75aa, consisting of 75 amino acids. To confirm the coding 

ability of circSRCAP, four plasmids were constructed: 
Vector, Flag-circSRCAP, Flag-Mut, and Flag-75aa, and 
transfected into 293T cells (Fig. 3E). Subsequent analysis 
demonstrated that transfection with Flag-cicSRCAP and 

Fig. 4  (See legend on previous page.)
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Flag-75aa resulted in the production of a small peptide 
approximately 13 kDa in size (Fig. 3F). Polysome profil-
ing via sucrose density gradient centrifugation further 
supported the translation of circSRCAP. 293T cells trans-
fected with circSRCAP and Flag-Mut vectors were sub-
jected to sucrose gradient centrifugation, which revealed 
circSRCAP predominantly in all polymeric fractions. 
Conversely, after ATG mutation, circSRCAP was mainly 
enriched in the non-ribosome component, without 
affecting the distribution of SRCAP mRNA, indicating 
active translation of circSRCAP (Fig.  3G, H). Moreover, 
overexpression of circSRCAP in 293T cells facilitated the 
identification of the specific amino acid sequence (LIQY-
DCGLPGGK) of the 75-amino acid peptide through LC–
MS (Fig. 3I). These findings collectively demonstrate that 
circSRCAP can be translated into a novel 75-amino acid 
peptide in an IRES-dependent manner.

75aa promote CRPC cell resistance to ENZ by inhibiting 
AR‑V7 degradation in vitro and in vivo
Overexpression of circSRCAP and 75aa in C4-2B cells 
enhances their resistance to ENZ and inhibits AR-V7 
degradation via the ubiquitin–proteasome pathway 
(Fig. 4A–E). To investigate the in vivo role of circSRCAP 
in CRPC resistance to ENZ, we employed a subcutane-
ous xenograft model. The findings revealed that knock-
down of circSRCAP in ENZR-C4-2B cells significantly 
increased tumor sensitivity to ENZ (Fig.  4F–H). After 
preparing a specific antibody for 75aa and confirming 
its specificity through LC–MS, we assessed the expres-
sion of Ki67, AR-V7, and 75aa in tumor tissues (Fig. S2A). 
The results indicated that knockdown of circSRCAP 
notably reduced the protein level of 75aa and suppressed 
the protein expression of Ki67 and AR-V7 in tumor tis-
sues (Fig. S2B). These results were consistent with those 
observed in  vitro, while SRCAP mRNA knockdown did 
not affect tumor tissue tolerance to ENZ (Fig. S2C–E).

75aa interacts with HSP70, preventing its protein deg-
radation and disrupting the formation of the HSP70-
STUB1 complex.

To elucidate how 75aa influences the stability of 
AR-V7 protein, we transfected the Flag-circSRCAP 
plasmid into C4-2B cells and investigated the binding 
partners of 75aa through Co-IP coupled with LC–MS. 

Our analysis revealed that 75aa could specifically bind 
to HSP70 protein (Fig. 5A). HSP70 forms a specialized 
complex with AR-V7, facilitating its stability through 
interactions with STUB1. Reduced levels or inhibi-
tion of HSP70 result in AR-V7 degradation via the 
ubiquitin–proteasome pathway [36]. In 293T cells, co-
transfection of mCherry-circSRCAP and HA-HSP70 
plasmids followed by immunofluorescence showed pre-
dominant nuclear co-localization of the two proteins 
(Fig.  5B). Co-IP experiments in C4-2B cells demon-
strated that exogenously expressed HSP70 could bind 
to 75aa, and endogenous HSP70 in ENZR-C4-2B cells 
exhibited a similar binding capacity to 75aa (Fig.  5C, 
D). HSP70 comprises two main domains: the nucleo-
tide-binding domain (NBD) and the substrate-binding 
domain (SBD), with a disordered region (DR) located 
near the C-terminal end. We constructed various trun-
cated plasmids based on the length of these domains: 
full-length HSP70 plasmid (HA-HSP70), NBD plasmid 
(HA-Δ1), NBD and SBD deletion plasmid (HA-Δ2), 
and SBD plasmid (HA-Δ3) (Fig. 5E). Co-IP experiments 
revealed that 75aa could interact with both full-length 
HSP70 and the truncated protein containing the DR 
region, whereas the deletion of the DR region abolished 
the binding of 75aa (Fig.  5F). This indicates that 75aa 
specifically binds to the DR region of HSP70. To inves-
tigate the direct interaction between 75aa and HSP70, 
we performed GST pull-down assays using His-75aa 
and GST-HSP70Δ291−641 (including the DR region) in 
the E. coli system. SDS-PAGE and Western blot analy-
sis confirmed that GST-HSP70Δ291−641 directly interacts 
with 75aa, while GST alone did not exhibit such bind-
ing (Fig.  5G). These findings collectively suggest that 
circSRCAP interacts with HSP70 through the encoded 
75aa.

Silencing circSRCAP in ENZR-C4-2B cells notably 
diminished the protein levels of HSP70 without affect-
ing its mRNA expression (Fig. 6A; Fig. S3A). Similarly, 
overexpression of circSRCAP in C4-2B cells did not 
alter HSP70 mRNA levels but significantly increased 
its protein expression (Fig. 6B; Fig. S3B). This indicates 
that circSRCAP regulates HSP70 protein expression 
through 75aa coding (Fig.  6C). Diminished expression 
of 75aa in ENZR-C4-2B cells led to decreased HSP70 

Fig. 5  75aa directly binds to HSP70. A LC–MS analysis identified HSP70 protein fragments bound to the 75aa peptide. B Immunofluorescence 
analysis of 293T cells co-transfected with mCherry-circSRCAP and HA-HSP70 plasmids, showing colocalization of 75aa and HSP70. Scale bar = 20 μm. 
C Immunoprecipitation of Flag-75aa and HA-HSP70 from total lysates of 293T cells, followed by Western blot detection. D Immunoprecipitation 
of 75aa or HSP70 antibodies from total lysates of ENZR-C4-2B cells, followed by Western blot detection. E Schematic diagram of the constructed 
plasmids. F Co-transfection of HSP70 mutant truncation and Flag-75aa plasmids in 293T cells, followed by immunoprecipitation with Flag or HA 
antibodies and Western blot analysis. G Detection of His-75aa and GST-HSP70Δ291−641 proteins expressed in E. coli using a GST pull-down assay

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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protein stability, promoted HSP70 degradation via 
the ubiquitin–proteasome pathway, and enhanced the 
interaction between HSP70 and STUB1 (Fig.  6D–F). 
Conversely, elevating 75aa expression in C4-2B cells 
enhanced HSP70 protein stability, inhibited HSP70 
degradation through the ubiquitin–proteasome path-
way, and reduced the binding of HSP70 to STUB1 
(Fig. 6G–I). These findings confirm that 75aa enhances 
HSP70 protein stability and disrupts the HSP70-STUB1 
complex.

75aa participates in the process of regulating AR‑V7 
expression by HSP70‑STUB1 complex
Firstly, we transfected the HA-HSP70 plasmid into 
C4-2B cells and the HSP70 shRNA plasmid into ENZR-
C4-2B cells, respectively. We observed a significant 
increase in AR-V7 expression upon overexpression of 
HSP70, whereas knockdown of HSP70 led to a significant 
decrease in AR-V7 expression, consistent with previous 
findings (Fig.  S4A, B). Furthermore, in ENZR-C4-2B 
cells, simultaneous downregulation of 75aa and overex-
pression of HSP70 resulted in a significant increase in 
AR-V7 expression and inhibited degradation compared 
to 75aa knockdown alone, leading to enhanced resist-
ance to ENZ (Fig.  7A–C; Fig.  S4C, D). Conversely, in 
C4-2B cells, overexpression of 75aa and knockdown of 
HSP70 led to a significant decrease in AR-V7 expres-
sion and promoted degradation compared to 75aa over-
expression alone, resulting in reduced resistance to ENZ 
(Fig.  7D–F; Fig.  S4E, F). Additionally, in ENZR-C4-2B 
cells, we observed that 75aa inhibited the ability of 
STUB1 to degrade AR-V7 (Fig. 7G). These findings sug-
gest that 75aa enhances the stability of HSP70 protein 
within the HSP70-STUB1 complex, thereby increasing 
AR-V7 expression and enhancing CRPC resistance to 
ENZ (Fig. 7H).

eIF4A3 and DDX39A collaboratively facilitate the 
expression of circSRCAP in CRPC cells.

The formation of circRNAs involves multiple splic-
ing factors that regulate the generation of circRNAs 
through the reverse splicing of pre-mRNA. eIF4A3, a 

potent splicing factor, participates in various cancer pro-
gressions by positively or negatively regulating circRNA 
generation [45, 49–52]. In comparison to C4-2B cells, 
eIF4A3 expression significantly decreases in ENZR-
C4-2B cells (Fig.  S5A). Utilizing CircInteractome, we 
predicted eIF4A3 binding sites matching the circSRCAP 
flanking region, revealing four upstream and two down-
stream binding sites of eIF4A3 relative to circSRCAP 
mRNA (Fig.  8A). RIP assays using an anti-eIF4A3 anti-
body demonstrated eIF4A3’s ability to bind to circSRCAP 
mRNA via three upstream putative binding sites (b, c, 
and d) within the corresponding RNA–protein complex, 
while no binding was observed in the downstream region 
(Fig.  8A). RNA truncation upstream of circSRCAP, fol-
lowed by verification through RNA pull-down experi-
ments, confirmed the necessity of these binding sites 
for the interaction between the circSRCAP upstream 
sequence and eIF4A3 (Fig. 8B). Furthermore, knockdown 
of eIF4A3 in ENZR-C4-2B cells significantly upregulated 
circSRCAP expression (Fig. 8C, D).

The site where circRNAs encode proteins or peptides 
is primarily the cytoplasm, prompting researchers to 
identify the (RBPs) that mediate their export from the 
nucleus. Through MS2-RIP combined with LC–MS, 
we identified that DDX39A protein can bind to circSR-
CAP (Fig.  8E). Notably, the expression of DDX39A in 
ENZR-C4-2B cells was significantly higher compared to 
C4-2B cells (Fig.  S5B). Previous studies have suggested 
that DDX39A mediates the export of circRNAs from the 
nucleus [53]. In our study, overexpression of DDX39A 
notably increased the cytoplasmic content of circSRCAP 
while decreasing its nuclear content, whereas knockdown 
of DDX39A had the opposite effect (Fig.  8F). Immuno-
fluorescence combined with FISH experiments demon-
strated the colocalization of DDX39A and circSRCAP 
in the nucleus, with high or low expression of DDX39A 
affecting the distribution of circSRCAP within the cell 
(Fig.  8G). Collectively, these findings confirm that low 
expression of eIF4A3 in CRPC cells can enhance circSR-
CAP production, while DDX39A promotes the export of 
circSRCAP from the nucleus (Fig. 8H).

(See figure on next page.)
Fig. 6  75aa inhibits HSP70 protein degradation and formation of the HSP70-STUB1 complex. A,B Western blot analysis of HSP70 protein expression 
in C4-2B cells transfected with vector, circSRCAP overexpression plasmids, scramble or circSRCAP shRNAs. C Western blot detection of HSP70 
in C4-2B cells transfected with vector, Flag-circSRCAP, Flag-Mut, or Flag-75aa plasmids. D Half-life of HSP70 in ENZR-C4-2B cells transfected 
with scramble or circSRCAP shRNAs, followed by 50 μg/mL cycloheximide (CHX) treatment and Western blot analysis at 0, 2, 4, and 8 h. E 
Immunoprecipitation of HSP70 from ENZR-C4-2B cells transfected with HA-Ub and scramble or circSRCAP shRNAs, followed by 5 μM MG132 
treatment and Western blot detection. F Immunoprecipitation of HSP70 or STUB1 from total lysates of ENZR-C4-2B cells transfected with scramble 
or circSRCAP shRNAs, followed by Western blot. G Half-life of HSP70 in C4-2B cells transfected with vector or Flag-circSRCAP plasmids, followed 
by 50 μg/mL CHX treatment and Western blot analysis at 0, 2, 4, and 8 h. H Immunoprecipitation of HSP70 from C4-2B cells transfected with HA-Ub 
and vector or Flag-circSRCAP plasmids, followed by 5 μM MG132 treatment and Western blot. I Immunoprecipitation of HSP70 or STUB1 from total 
lysates of C4-2B cells transfected with vector or Flag-circSRCAP plasmids, followed by Western blot
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Fig. 6  (See legend on previous page.)
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Discussion
CRPC, a fatal male disease, primarily relies on AR inhibi-
tors for clinical treatment, yet available options remain 
limited [54–57]. Drug resistance often emerges due 
to abnormal AR splicing following endocrine therapy, 

posing a significant challenge in CRPC management 
[58–60]. To address this, novel treatment strategies and 
biomarkers are urgently needed. Here, we identify circ-
SRCAP, a previously unexplored circRNA derived from 
exons 26–27 of the SRCAP gene, as upregulated in 

Fig. 7  75aa regulates AR-V7 expression via the HSP70-STUB1 complex. A AR-V7 expression in ENZR-C4-2B cells transfected with scramble + vector, 
sh-circSRCAP + vector, or sh-circSRCAP + HA-HSP70 plasmids, detected by Western blot. B Total cell count in ENZR-C4-2B cells transfected 
with scramble + vector, sh-circSRCAP + vector, or sh-circSRCAP + HA-HSP70 plasmids, after treatment with 10 μM ENZ for 0, 3, and 6 days. C 
Total cell count in ENZR-C4-2B cells transfected with scramble + vector, sh-circSRCAP + vector, or sh-circSRCAP + HA-HSP70 plasmids, treated 
with different ENZ concentrations for 3 days. D AR-V7 expression in C4-2B cells transfected with vector + scramble, Flag-circSRCAP + scramble, 
or Flag-circSRCAP + sh-HSP70 plasmids, detected by Western blot. E Total cell count in C4-2B cells transfected with vector + scramble, 
Flag-circSRCAP + scramble, or Flag-circSRCAP + sh-HSP70 plasmids, after treatment with 10 μM ENZ for 0, 3, and 6 days. F Total cell count 
in C4-2B cells transfected with vector + scramble, Flag-circSRCAP + scramble, or Flag-circSRCAP + sh-HSP70 plasmids, treated with different ENZ 
concentrations for 3 days. G AR-V7 expression in ENZR-C4-2B cells transfected with Flag-75aa, HA-STUB1, or Flag-75aa + HA-STUB1 plasmids, 
detected by Western blot. H Schematic illustrating the role of circSRCAP in CRPC resistance to ENZ. Statistical significance was determined 
by one-way ANOVA (*** p < 0.001)
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ENZR-C4-2B cells, correlating with heightened AR-V7 
expression and ENZ resistance. Our findings reveal that 
circSRCAP encodes a 75aa peptide via an active IRES. 
In  vitro assays demonstrate that 75aa, not circSRCAP 
itself, promotes CRPC resistance to ENZ. Mechanisti-
cally, 75aa inhibits STUB1-mediated ubiquitination of 
AR-V7 protein by directly binding to HSP70, sustaining 
AR-V7 expression in ENZR-CRPC. Furthermore, we elu-
cidate that the splicing factor eIF4A3 regulates circSR-
CAP generation by binding to its precursor mRNA, while 
RBP DDX39A mediates circSRCAP export from the 
nucleus, facilitating 75aa encoding. Overall, our findings 
propose circSRCAP as a potential therapeutic target for 
ENZR-CRPC.

While our research demonstrates that knockdown of 
circSRCAP and 75aa reduces ENZR-CRPC resistance to 
ENZ in xenograft models and weakens ENZ tolerance in 
ENZR-C4-2B cells in vitro, our study lacks human patho-
logical tissue samples to verify 75aa expression in ENZR-
CRPC patients. This leaves the expression of circSRCAP 
and 75aa in ENZR-CRPC patients uncertain, and it’s 
unclear if 75aa’s role in humans solely involves regulating 
the HSP70-STUB1 complex. Notably, AR-Vs cleavage is a 
crucial aspect of CRPC resistance to endocrine therapy, 
but it’s not the sole determinant. Prior to ENZ treatment, 
75% of CRPC patients on ADT alone express nuclear 
AR-V7, yet ENZA treatment yields significant anti-
tumor activity, with response rates ranging from 57 to 
78% [13, 14, 60, 61]. These data suggest that AR-V7 pro-
tein expression in tissues does not conclusively indicate 
CRPC’s absolute treatment intolerance. Hence, further 
exploration is needed to uncover additional mechanisms 
through which 75aa promotes CRPC resistance to ENZ, 
and our ongoing research endeavors are addressing this 
aspect. However, in addition to ENZ, second-generation 
androgen receptor inhibitors, including apalutamide and 
revilutamide, also target the androgen receptor (AR) and 
its signaling pathways.

In various disease models, circRNAs have predomi-
nantly been studied for their role as “microRNA sponges” 
[62–65]. However, only a handful of studies have 

investigated the involvement of circRNAs in regulat-
ing CRPC cell resistance to ENZ, and none of them have 
explored the translational function of circRNAs [66–68]. 
With advancements in bioinformatics, researchers can 
now predict circRNAs potentially capable of encoding 
proteins or peptides driven by specific IRES or N6-meth-
yladenosine (m6A) modifications, some of which have 
been recently reported [69–71]. This prompted us 
to investigate the possibility and molecular effects of 
circSRCAP-derived translated proteins or peptides on 
CRPC resistance to ENZ. Upon evaluating circSRCAP’s 
sequence on the circRNADb website, we predicted and 
obtained its putative IRES structure and ORF, indicat-
ing its potential to encode small peptides [72]. As IRES 
serves as a crucial promoter for circRNA translation, we 
constructed a circSRCAP IRES truncation plasmid to 
compare its expression with the predicted wild-type circ-
SRCAP IRES plasmid. Our findings demonstrated that 
circSRCAP possesses the translation initiation ability and 
polypeptide coding potential of IRES. Through a series of 
experiments, we further validated that the 75aa polypep-
tide encoded by circSRCAP, rather than circSRCAP itself, 
promotes CRPC cell resistance to ENZ.

STUB1, an essential E3 ubiquitin ligase, regulates 
multiple nuclear receptors [73–75]. Its interaction with 
AR/AR-V7 enhances their ubiquitination and degra-
dation, underscoring its significance in controlling 
oncogenic proteins. HSP70, a co-chaperone protein of 
AR-V7, facilitates its maturation by forming a complex 
with AR-V7. However, STUB1 disrupts this complex 
formation, leading to AR/AR-V7 protein degradation. 
Targeting HSP70 strengthens the binding between 
STUB1 and AR/AR-V7, promoting their ubiquitina-
tion and degradation. The HSP70-STUB1 complex 
represents a fundamental chaperone-ubiquitin–pro-
teasome mechanism governing AR variant protein 
stability, offering a potential strategy to combat CRPC 
drug resistance [36]. HSP70, comprising an N-terminal 
ATPase domain and a C-terminal substrate binding 
domain, along with HSP40, aids in the degradation of 
misfolded proteins [76–78]. STUB1 mediates HSP70 

(See figure on next page.)
Fig. 8  eIF4A3 and DDX39A collaboratively facilitate the expression of circSRCAP in CRPC cells. A Predicted binding sites of eIF4A3 in the flanking 
regions of circSRCAP (upper) and RIP validation of the binding site on the circSRCAP upstream sequence (lower). B RNA pull-down experiments 
to analyze the interaction between eIF4A3 and circSRCAP upstream truncates. Laz was used as a negative control and H19 as a positive control. 
C Western blot analysis of eIF4A3 expression in ENZR-C4-2B cells transfected with scramble or eIF4A3 shRNAs. D qRT-PCR analysis of circSRCAP 
expression in ENZR-C4-2B cells transfected with scramble or eIF4A3 shRNAs. E MS2-RIP assay schematic (upper left), with DDX39A protein identified 
by LC–MS (right and lower left panels). F qRT-PCR to investigate the distribution of circSRCAP in the nucleus and cytoplasm of ENZR-C4-2B 
cells transfected with vector, DDX39A overexpression, scramble, or DDX39A shRNAs, with U6 and GAPDH as nuclear and cytoplasmic markers, 
respectively. G Immunofluorescence and FISH analysis of DDX39A and circSRCAP colocalization in ENZR-C4-2B cells transfected with vector, 
DDX39A overexpression, scramble, or DDX39A shRNAs. Scale bar = 10 μm. H Schematic representation of the cooperative role of eIF4A3 
and DDX39A in promoting circSRCAP expression. Statistical significance was determined by one-way ANOVA (** p < 0.01, *** p < 0.001)



Page 17 of 21Meng et al. Journal of Translational Medicine          (2025) 23:108 	

Fig. 8  (See legend on previous page.)
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degradation post-misfolded protein degradation, main-
taining its optimal levels [79]. Abnormal HSP70 overex-
pression is observed in CRPC and mCRPC, correlating 
with high Gleason scores in PC and AR-V7 levels [36, 
80–82]. The HSP70/STUB1 complex homeostasis may 
crucially modulate AR-V7 protein levels, where HSP70 
binds to AR-V7, shielding it from STUB1-mediated 
degradation. This study affirms 75aa as the driving 
force behind elevated HSP70 protein expression. At a 
deeper level, AR-V7 can also mediate the resistance to 
CRPC induced by second-generation androgen recep-
tor inhibitors, such as apalutamide and darolutamide, 
in the same manner as ENZ. Moreover, beyond the 
second-generation androgen receptor inhibitors, the 
HSP70/STUB1 complex can regulate the activity of 
CRPC cells resistant to abiraterone. These findings sug-
gest that the 75aa peptide may not only target ENZ-
induced CRPC but also potentially offer therapeutic 
benefits in CRPC resistance driven by other endocrine 
therapies. Hence, targeting the 75aa peptide derived 
from circSRCAP holds promise as a potential therapeu-
tic avenue for AR-V7-overexpressing CRPC patients.

The biogenesis of circRNAs involves intricate pro-
cesses, with the involvement of various RBPs add-
ing to its complexity. Several RBPs have been reported 
to either promote or inhibit circRNA biogenesis. For 
instance, QKI enhances circRNA production by bind-
ing to specific single-stranded RNA motifs in flanking 
introns during EMT, while ADAR1 inhibits circRNA 
expression through A-to-I editing of RNA pairs neigh-
boring the circular exon [83, 84]. However, the func-
tions and mechanisms of many other RBPs in circRNA 
biogenesis remain elusive. In this study, we discovered 
that eIF4A3 negatively regulates circSRCAP expres-
sion in ENZR-CRPC cells. Notably, our findings suggest 
a negative correlation between eIF4A3 and circSRCAP 
expression. Despite reports indicating that eIF4A3 can 
both promote and inhibit circRNA expression, its spe-
cific regulatory mechanisms remain unclear [51, 85]. The 
export of circRNA from the nucleus is crucial for its cod-
ing function. Here, we identified DDX39A as a key RBP 
mediating circSRCAP nuclear export using MS2-RIP 
combined with LC–MS. DDX39A has been recognized 
as a pivotal regulator of RNA export from the nucleus 
and is primarily involved in exporting circRNAs shorter 
than 400 nt [86, 87]. Indeed, prior studies have primar-
ily relied on DDX39A knockdown to assess the distri-
bution of circRNAs of varying lengths across different 
cellular compartments. However, this approach may not 
fully capture the comprehensive impact of DDX39A on 
all circRNAs within different length ranges. Addition-
ally, the specific regulatory mechanisms through which 
DDX39A mediates circRNA nuclear export have yet to 

be fully elucidated. Therefore, further research is needed 
to explore the broader role of DDX39A in circRNA biol-
ogy and to uncover the precise mechanisms underlying 
its involvement in circRNA nuclear export. Our research 
underscores DDX39A as a critical RBP mediating circS-
RCAP nuclear export, thereby endowing it with coding 
potential. Overall, our findings shed new light on the role 
of DDX39A in controlling circRNA nuclear export, offer-
ing a fresh perspective on its regulatory mechanisms in 
circRNA biology.

We have conclusively demonstrated for the first time 
that the 75aa peptide is encoded by circSRCAP, exhibit-
ing upregulation in ENZR-CRPC cells and possessing 
coding capability. Notably, reducing the expression of 
the 75aa peptide, without altering circSRCAP expression, 
sensitized ENZR-C4-2B cells to ENZ in vitro. Mechanis-
tically, 75aa directly interacts with the DR structure of 
HSP70, disrupting the formation of the HSP70-STUB1 
complex and thereby impeding AR-V7 degradation via 
the ubiquitin–proteasome pathway, consequently pro-
moting CRPC resistance to ENZ. Moreover, the down-
regulation of eIF4A3 facilitates unimpeded production of 
circSRCAP in ENZR-CRPC cells, augmenting its expres-
sion, while DDX39A facilitates the nuclear export of 
circSRCAP, thereby facilitating the encoding of the 75aa 
peptide. In summary, targeting the 75aa peptide presents 
a promising therapeutic avenue to enhance the sensitivity 
of ENZR-CRPC patients to ENZ.

Conclusions
In conclusion, circSRCAP plays a crucial role in bol-
stering the resistance of CRPC cells to ENZR through 
the encoding of a novel 75aa peptide, which acts on 
the HSP70-STUB1 complex to augment the stability of 
AR-V7. In addition, the generation of circSRCAP is reg-
ulated by eIF4A3 and mediated by DDX39A for export 
from the nucleus. Overall, the revelation of circSRCAP’s 
coding function expands our comprehension of circRNA 
involvement in the development and resistance mecha-
nisms of ENZR-CRPC.
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