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The human genome encodes 19 adenosine and cytidine deaminase genes, classified as A-to-I versus 
C-to-U editors. A-to-I editors have been widely identified as a promising therapeutic target in various 
cancers. Conversely, the investigation into C-to-U editors is relatively limited. This study evaluated 
RNA-editing genes in prostate cancer (PCa). Notably, the APOBEC3 genes are clustered in terms of 
their chromosomal locations, and their transcriptional changes exhibit significant positive correlations 
in both primary PCa and castration-resistant prostate cancer (CRPC). One member of this family, 
APOBEC3C, is demonstrated here as an androgen receptor (AR)-repressed gene. Consistently, 
APOBEC3 loci are epigenetically inhibited in PCa progression, with APOBEC3C level lower in PSA-high 
patients. APOBEC3C-low PCa cohorts exhibit increased resistance to Abiraterone and Enzalutamide. 
Clinicopathological profiling further confirmed APOBEC3C downregulation along PCa progression to 
advanced phases (grade IV/V, stage III-IV, and pathological stage T3-4), underscoring its prognostic 
value. Additionally, APOBEC3C expression inversely correlates with PCa relapse and mortality, and 
low APOBEC3C levels are linked to unfavorable survival. Notably, integrated analyses identified 
APOBEC3C as the sole RNA-editing gene with significance in both differential expression and PCa 
prognosis, and APOBEC3C had the best diagnostic performance among 19 genes. Our efforts provide 
a foundation for further RNA editors research in PCa diagnosis and therapy, and grant APOBEC3C as a 
candidate tumor suppressor.
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Prostate cancer (PCa) is a prevalent and highly impactful disease worldwide and a major contributor to cancer-
related deaths. The growth and proliferation of PCa cells heavily depend on the androgen receptor (AR) pathway, 
which drives the transcription of essential cellular programs like central metabolism1. The first-line management 
for PCa is androgen blockade based on castration and AR antagonists. However, despite significant advancements 
in the diagnosis and treatment of primary PCa, including improved imaging techniques, surgical methods, and 
targeted therapies, a substantial proportion of patients experience disease progression2. Over the course of 
disease progression, PCa commonly acquires resistance to standard anti-androgen therapies, such as androgen 
deprivation therapy (ADT), through a range of molecular mechanisms. These include mutations in the androgen 
receptor (AR)3, the expression of constitutively active AR splice variants (e.g., AR-V7)4, and the activation of 
alternative oncogenic signaling pathways that circumvent AR dependence, such as the PI3K/AKT/mTOR and 
Wnt/β-catenin pathways5. This adaptive resistance frequently results in disease recurrence in a more aggressive 
and therapy-resistant form, termed castration-resistant prostate cancer (CRPC). CRPC is characterized by 
persistent tumor proliferation despite castrate levels of circulating androgens, and it is associated with a poor 
prognosis, metastatic dissemination, and limited therapeutic efficacy6. There is a pressing need to identify new 
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molecular mechanisms and actionable targets that could facilitate the development of alternative therapeutic 
strategies for CRPC. Recent years, RNA-editing offers a novel perspective with immense potentials to tackle 
various cancers7–9, including PCa10,11.

RNA-editing encompasses a range of post-transcriptional modifications that confers specific sequence 
alterations in RNA transcripts12. Two main RNA-editing types in mammals are based on adenosine (A) to inosine 
(I) (A-to-I) and cytosine (C) to uridine (U) (C-to-U) conversions9, which are catalyzed by adenosine deaminases 
acting on RNA (ADAR) and apolipoprotein B mRNA-editing enzyme catalytic polypeptide (APOBEC) cytidine 
deaminases, respectively. In human cells, A-to-I RNA-editing13 prevails in pre-mRNA splicing, translation 
and gene regulation, profoundly affecting RNA stability and biogenesis9,12. A-to-I editing has been extensively 
implicated in tumorigenesis, ADAR has consistently been identified as a promising therapeutic target in various 
cancers14–16. In comparison, C-to-U RNA-editing has been less extensively studied. The AID/APOBEC family 
enzymes mediate DNA editing by deaminating C-to-U in single-stranded DNA (ssDNA), leading to DNA 
damage such as base substitutions and strand breaks17. This mechanism is critical for immune defense against 
viral infections but also implicated in genomic instability and cancer-associated mutagenesis18,19. Notably, 
APOBEC3C and APOBEC3D have been shown to promote DNA replication stress resistance in pancreatic 
cancer cells by deaminating cytidines in the nuclear genome, thereby ensuring DNA replication fork restart 
and repair20. Moreover, APOBECs have been implicated in the regulation of mRNA stability and microRNA 
targeting9. Collectively, these suggested the involvement of APOBECs in cancer progression, potentially through 
the induction of mutations and genomic instability.

Accordingly, accumulating evidence have documented that RNA-editing plays a pivotal role in PCa 
development and progression9–12. Indeed, A-to-I editing of the AR has been reported to impair its interaction 
with androgenic or anti-androgenic ligands10,12. The prostate cancer biomarker gene PCa antigen 3 (PCA3), 
a long non-coding RNA (lncRNA), was shown to regulate RNA-editing of the PCa suppressor PRUNE2 via 
ADARs and functions in PCa cell proliferation11. Additionally, the widespread alterations in RNA-editing 
patterns of human cancer have been annotated in The Cancer Genome Atlas (TCGA) database and 4 clinically 
relevant RNA-editing sites were detected in PCa12.

The human genome encodes totally 19 genes that composes the adenosine and cytidine deaminase family21. 
The ADAR/ADAT genes are A-to-I editors that regulate RNA splicing and gene transcription; while the AID/
APOBEC genes are C-to-U editors that engage with innate and adaptive immunity. The objectives of our current 
report are, for the first time, to comprehensively profile this gene family in typical PCa cell lines and clinical 
cohorts. We also aim to clarify whether AR mediates the transcription of this group of genes, including their 
responsiveness to AR agonists versus antagonists. These efforts would help to define the potential of targeting 
RNA editors in PCa intervention and expose novel diagnostic biomarker(s) and therapeutic target(s).

Results
The expression profile of RNA-editing related genes in prostate cancer
To systemically investigate the expression of RNA-editing family members in PCa, we profiled all 19 adenosine 
and cytidine deaminase genes with RNA-Seq datasets from the Cancer Dependency Map project (DepMap). 
This analysis was conducted across four typical prostate cell lines: Immortalized Prostate Epithelial Cells (PrEC-
LH), Benign Prostatic Hyperplasia-1 cells (BPH-1), and two prostate adenocarcinoma cell lines (LNCaP and 
VCaP). The results revealed variations in transcript expression of the RNA-editing family genes across these 
cell lines (Fig.  1A). Among the ADAR family genes, ADAD1 and ADAD2 are extremely low in the above 
cell lines (Fig. 1A) and are also relatively low in clinical samples (Fig. 1B-C), in which ADAD2 has much less 
expression in primary PCa and metastatic CRPC than respective controls. In contrast, the ADARB2 transcript 
was higher in PCa cell lines than PrEC-LH and BPH-1 cells, and were similarly up-regulated in clinical PCa 
cohorts as compared to normal controls (Fig. 1B). For the cytidine deaminase family genes, AICDA, APOBEC1, 
APOBEC2, APOBEC3A, and APOBEC4 transcripts were extremely low across the above cell lines (Fig. 1A) and 
PCa clinical cohorts (Fig. 1B-C). Nevertheless, the APOBEC3A gene was expressed much higher in BPH-1 than 
LNCaP and VCaP cell lines (Fig. 1A).

To investigate potential synergistic relationships among RNA-editing enzyme genes, we analyzed the 
correlation in their expression patterns. Our results revealed that most RNA-editing enzymes genes did not 
exhibit significant correlations in their expression in both primary PCa and CRPC. In contrast, the APOBEC3 
family genes, which are uniquely clustered within the same 22q13.1 chromosomal region (Table 1), showed a 
distinct and strong association in their expression patterns. These genes, known for their function in catalyzing 
C-to-U deamination on single-stranded DNA, exhibited positively correlated expression in both primary PCa 
and CRPC cohorts, with particularly strong correlations observed in CRPC (Fig. 2A-B). Furthermore, genetic 
analysis of the SU2C CRPC cohorts demonstrated that these APOBEC3 genes shared highly concordant 
chromosomal alterations, as exemplified in the pattern of gene amplification (Fig.  2C). This concordance is 
likely attributable to their physical linkage within the same chromosomal region, highlighting the coordinated 
nature of genomic alterations within the APOBEC3 cluster. These findings underscore the potential common 
regulatory mechanisms and potential common selection pressure among APOBEC3 family members. Among 
these APOBEC3 members, APOBEC3C emerged prominently as the most highly expressed cytidine deaminase 
gene in both primary PCa and CRPC (Fig. 1B-C). Of importance, APOBEC3C is less expressed in PCa cell 
lines (LNCaP and VCaP) than control lines (PrEC-LH and BPH-1) and in primary PCa than normal controls 
(Fig. 1A-B). The expression profiling of APOBEC3D and APOBEC3G mimicked that of APOBEC3C. Taken 
together, these findings delineated the expression of RNA-editing family genes in PCa typical cell lines and 
clinical samples.
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The down-regulation of APOBEC3C correlates with the progression of PCa
To further explore the clinical relevance of endogenous RNA-editing genes, we next assessed the expression 
profiles of 19 RNA-editing family members based on public PCa databases. Using TCGA prostate adenocarcinoma 
datasets, we applied the R package “limma” to examine expression of this gene sets (Fig. 3A). The computation 
process was based on filtering with an absolute log2 fold change (> 2) and a statistical significance (p-value of 
< 0.05). As shown, our analysis revealed that APOBEC3C, APOBEC3D, APOBEC3F, and APOBEC3G transcripts 
were significantly down-regulated in prostate adenocarcinoma tissues in comparison to normal prostate tissues, 
indicating potential tumor-suppressive functions.

Fig. 1.  Expression profiling of RNA-editing genes in typical prostate cell lines and clinical PCa cohorts. 
(A) The expression levels of 19 RNA editing genes across two type of benign prostate cells: immortalized 
prostate epithelial cells (PrEC-LH) and Benign Prostatic Hyperplasia-1 cells (BPH-1), as well as two prostate 
adenocarcinoma cell lines: LNCaP and VCaP. (B,C) Alignment of RNA-editing gene expression profiles in 
TCGA primary PCa cohorts versus normal samples (B), and in SU2C CRPC cohorts (primary CRPC versus 
metastatic CRPC) (C). Normal n = 52; primary PCa n = 495; primary CRPC n = 7; metastatic CRPC n = 259. * 
denotes p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001.
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Next, we assessed the prognostic potential of these 19 RNA-editing genes using univariate Cox regression 
analysis, by leveraging the clinical information in TCGA datasets. As shown, expressions of ADAT1, APOBEC2, 
APOBEC3B, APOBEC3C, and APOBEC3H had prognostic significance on PCa relapse (Fig.  3B), while 
APOBEC3C and ADAT2 obtained prognostic relevance on PCa overall survival (Fig. 3C). Notably, combined 
analyses exposed APOBEC3C as the sole RNA-editing gene that bore significance in both differential gene 
expression and PCa prognosis (Fig. 3D).

Collectively, by integrated analyses of multiple datasets that encompass both primary PCa and CRPC cohorts, 
we determined that APOBEC3C is markedly down-regulated in primary PCa (Figs. 1B and 3E-F); it is further 
down-regulated in more aggressive PCa specimens, compared to both normal and primary PCa tissues (Fig. 3G-
H). These findings substantiated the reverse correlation of APOBEC3C with PCa oncogenesis and progression.

APOBEC3C is an AR transcriptionally repressed gene in PCa
PCa initiation and progression are tightly associated with the AR pathway, which drives a signature gene subset 
including KLK3 (prostate-specific antigen, PSA), a PCa diagnostic biomarker. AR-mediated cell-proliferative 
and oncogenic functions cover central metabolism programs and mTOR activation1,22. Next, we addressed AR-
dependent regulation of these RNA-editing genes, with APOBEC3C as the concentration. We monitored the 
effects of AR agonists (dihydrotestosterone, DHT, and R1881) and antagonist (enzalutamide, ENZ) in public 
datasets and typical PCa cell lines. Specifically, in VCaP datasets GSE157107 and GSE135879, we observed 
that androgen activated canonical AR-signature genes (including KLK2, KLK3/PSA, etc.); while APOBEC3C 
expression was massively repressed (Fig. 4A-B). These findings were reproducible in the R1AD1 PCa cell lines 
(Fig. 4C-D). In comparison, APOBEC3C transcript was up-regulated by ENZ in R1AD1 cells, in opposite to the 
response of AR-signature genes (KLK2 and KLK3/PSA) (Fig. 4C-D).

The above observations in VCaP cells evidenced that APOBEC3C is an androgen-repressed gene. To further 
corroborate these findings, we examined public transcriptomes (GSE82223) of VCaP (Fig.  4E) and LNCaP 
(Fig.  4F) cells. In this dataset, both cell lines were subjected to DHT stimulation and AR knockdown with 
siAR. Indeed, in both cell lines DHT activated canonical AR-signatures but repressed APOBEC3C expression; 
in contrast, these androgen-mediated effects were effectively reversed by AR knockdown (Fig.  4E-F). For 
validation, we then performed RT-qPCR tests in VCaP cells that were subjected to DHT versus ENZ treatments 
(Fig. 4G). Indeed, APOBEC3C expression was repressed by DHT and enhanced by ENZ, with full-length AR 
(AR-FL, an AR-repressed gene23 and KLK3/PSA (an AR-activated gene) as controls. Consistent with the findings 
in transcriptional regulation, Western blotting analysis further confirmed that APOBEC3C protein levels were 
down-regulated upon DHT treatment, in opposite to DHT-induced expression of KLK3/PSA proteins (Fig. 4H). 
Taken together, these findings validated AR-mediated repression of APOBEC3C gene in prostate cancer cells.

The above findings demonstrated androgen effects on APOBEC3C gene expression and next, we aim to clarify 
the direct engagement of AR in its transcriptional regulation. We first predicted putative AR-binding motifs across 

Gene Chromosome location Enzymatic activity Role in RNA editing

ADAR 1q21.3 Adenosine deaminase Catalyzes the A-to-I RNA editing in dsRNA

ADARB1 21q22.3 Adenosine deaminase Catalyzes the A-to-I RNA editing in dsRNA

ADARB2 10p15.3 Lacks editing activity Prevents other ADAR enzymes to targets, and binds to both dsRNA 
and ssRNA

ADAT1 16q23.1 Adenosine-37 deaminase Specifically deaminates A-37 to I in tRNA-Ala

ADAT2 6q24.2 Adenosine-34 deaminase Probably deaminates A-34 to I in many tRNAs

ADAT3 19p13.3 Adenosine deaminase Catalyzes the A-to-I RNA editing in tRNA

ADAD1 4q27 Adenosine deaminase Catalyzes the A-to-I RNA editing in RNA, and bind exclusively to 
RNA, and is essential for male fertility and germ cell differentiationADAD2 16q24.1 Adenosine deaminase

AICDA 12p13.31 Cytidine deaminase Catalyzes the C-to-U conversion specifically during transcription 
of ssDNA

APOBEC1 12p13.31 Cytidine deaminase Catalyzes the C-to-U post transcriptional editing of diverse mRNAs

APOBEC2 6p21.1 Low intrinsic cytidine deaminase 
activity

Probably deaminates C to U editing and involved in DNA 
demethylation

APOBEC3A

22q13.1 Cytidine deaminase

Deaminates both methyl-C and C to U, and selectively targets 
ssDNA

APOBEC3B

Deaminates C to U editing, selectively targets ssDNA and does not 
deaminate dsDNA, dsRNA or ssRNA

APOBEC3C

APOBEC3D

APOBEC3F

APOBEC3G

APOBEC3H

APOBEC4 1q25.3 Cytidine deaminase Putatively deaminates C to U editing

Table 1.  The human adenosine and cytidine deaminase family members. A adenosine, I inosine, C cytidine; 
U uridine, dsDNA/dsRNA double-stranded DNA/RNA, ssDNA/ssRNA single-stranded DNA/RNA, ADAR 
adenosine deaminases acting on RNA.
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the APOBEC3C locus using JASPAR database (Matrix ID: MA0007.2; AR motif score > 85); through integrative 
analysis of AR and H3K27ac (marking epigenetically active chromatin) ChIP-Seq datasets, we localized three 
candidate AR binding sites: site 1 and site 3 in the 5’ region, and site 2 in the 3’ region of APOBEC3C gene locus 
(Fig. 5A-B). To validate these predictions, we performed chromatin immunoprecipitation (ChIP) followed by 
quantitative PCR (qPCR) in LNCaP and VCaP cells cultured in androgen-containing medium. In accordance 
with AR ChIP-Seq profiling, ChIP-qPCR in LNCaP and VCaP cells grown in androgen-containing medium 

Fig. 2.  Correlation of RNA editing genes in primary PCa and CRPC. (A,B) Pearson correlation coefficient 
matrix diagram of 19 RNA editing genes in TCGA primary PCa (A) and SU2C CRPC (B) cohorts. The values 
displayed represent precise significant correlations with p-values of 0.05 or less. The size and color intensity of 
circles are directly proportional to the respective Pearson coefficient, with red indicating a positive correlation 
and blue signifying a negative one. Additionally, insignificant results (p-values greater than 0.05) were omitted 
and represented by the absence of circles. primary PCa n = 495; metastatic CRPC n = 259. (C), Frequencies 
of chromosomal alteration for the RNA-editing genes based on analysis of the SU2C CRPC cohorts in the 
cBioPortal database (n = 429).
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Fig. 3.  Assessment of differenced expressed RNA editing genes and their prognostic significance in PCa. (A) 
Volcano plot of differently expressed genes (DEGs) between normal and prostate adenocarcinoma samples 
based on TCGA datasets, in which the RNA editing DEGs were highlighted. (B,C) Forest plot of hazard ratio 
for relapse (B) and overall survival (OS, (C)) associated prognostic RNA editing genes in PCa. (D) Venn 
diagram on the overlap between DEGs (A) and prognostic genes on PCa relapse (B) and OS (C). APOBEC3C 
stood out as the only RNA-editing DEG having prognostic significance. (E,F), Box plots of APOBEC3C 
expression in primary PCa versus normal controls (based on E-MTAB-6128 and GSE70768). (G,H) Violin 
plots of APOBEC3C expression in primary PCa and CRPC versus normal controls (based on datasets 
GSE21034 and GSE35988, respectively). *** denotes p < 0.001, and **** denotes p < 0.0001.

 

Scientific Reports |        2025 15:17725 6| https://doi.org/10.1038/s41598-025-00169-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


confirmed significant AR enrichment at sites 1 and 2 as compared to site 3, with the site 2 having the strongest 
AR occupancy. In comparison, the PSA-enh has enriched AR occupancy while the non-specific site (NS) does 
not (Fig. 5C-D).

In VCaP cells, DHT increased AR binding at the APOBEC3C gene 3’ enhancer site (as marked by the peak 
of H3K27ac) and significantly, H3K27ac occupancy was massively reduced by androgen, consistent with AR-
mediated transcriptional repression activity (Fig. 5A, Fig. S1A). In LN95 PCa cells, AR activities were attenuated 
by ARCC-32, a competitive AR degrader (ARD)2. As shown, in LN95 cells AR chromatin binding at the 
APOBEC3C gene 3’ sites were effectively abrogated by siAR treatment, as compared to the siGFP control (Fig. 
S1B). Of importance, we verified that ARD depleted AR proteins but enhanced APOBEC3C expression (Fig. 
S1C-D). Additionally, we analyzed the expression profiles of APOBEC3C in PCa cell lines encompassing distinct 
AR signaling contexts (PC3: AR-null, DU145: AR-null, LNCaP: AR-sensitive, and VCaP: CRPC-derived AR-
active), based on DepMap portal (Fig. S1E) and RT-PCR verification (Fig. S1F). Our results demonstrated that 
AR-negative PC3/DU145 cells exhibited higher baseline levels of APOBEC3C compared to AR-positive LNCaP/
VCaP cell lines. These findings provide further insight into the regulation of APOBEC3C across different PCa 
models. Collectively, our findings established AR-mediated APOBEC3C-repression mechanism: Upon androgen 
stimulation, AR-FL directly binds to APOBEC3C gene locus (particularly the 3’ enhancer site) and represses its 
transcription via epigenetic chromatin inactivation (as marked by decrease in H3K27ac).

The expression of APOBEC3C and AR-signature genes is in reverse correlation in PCa clinical 
cohorts
To define APOBEC3C in AR-mediated transcriptional network, we next focused on multiple datasets derived 
from PCa clinical cohorts. As expected, an analysis of the GSE48403 datasets verified that androgen deprivation 
therapy (ADT) resulted in the down-regulation of AR-activated gene sets, including KLK2, KLK3/PSA, NKX3-
1, TMPRSS2, FKBP5, ZBTB16 and SORD (Fig.  6A-B and S2A-E). In contrast, ADT led to pronounced up-
regulation of APOBEC3C expression in clinical samples (Fig. 6C). Notably, assessment of APOBEC3C protein 
expression in PCa pathological specimens revealed its reverse correlation with KLK3/PSA protein levels. 
Specifically, in comparison to the benign controls, PCa tumor samples exhibited gain in KLK3/PSA protein 
expression (marking the activation of AR-dependent transcriptional pathway) but attenuation in proteins of 
APOBEC3C (Fig.  6F), upholding its negative regulation by AR. Intriguingly, while up-regulation by ADT 
occurred on a majority of APOBEC family members (APOBEC3C, APOBEC3F, and APOBEC2, which catalyze 
C-to-U editing), an opposite trend was noted on a panel of ADAR family members (ADARB1, ADARB2, and 
ADAT1, which catalyze A-to-I editing) (Fig. 6C and S2F-J).

We took further efforts to profile APOBEC3C expression upon clinical administration of AR antagonists. 
By referencing the CTRP and CellMiner datasets, we performed a predictive analysis on drug sensitivity in 
TCGA PCa cases with Abiraterone (Abr) and Enzalutamide (ENZ) treatments. Indeed, PCa patients with 
low APOBEC3C expression levels were more resistant to Abr and ENZ (Fig. 6D-E). Furthermore, calculation 
of TCGA primary PCa and SU2C CRPC datasets demonstrated that APOBEC3C expression was reversely 
correlated with AR-signature gene programs in primary PCa and obviously, this reverse correlation became even 
stronger in CRPC (Fig. 6G-H). Furthermore, by integrating datasets from primary and advanced PCa cases, 
we observed that the APOBEC3C gene locus exhibited decreased binding of AR and H3K27Ac at the 5’ site 
and increased binding at the 3’ site (Fig. 6I). It is conceivable that this mechanistic transition may contribute to 
APOBEC3C down-regulation during PCa development and progression. Notably, these findings were consistent 
with our observations in the VCaP cells (derived from a metastatic lesion of a CRPC patient24, which exhibited 
prominent AR and K3K27Ac binding at the 3’ site of APOBEC3C gene (Fig. 5A), in alignment with the profiles 
in the clinical metastasis (M) specimens (Fig. 6I). Additionally, an alignment of ATAC-seq (marking chromatin 
openness) further revealed massive reduction in the overall chromatin accessibility. In fact, the decline in 
chromatin openness occurred across the entire loci hosting the APOBEC3 family genes (Fig. S2K). Collectively, 
these findings highlighted the potential of APOBEC3C as an AR-repressed PCa candidate tumor suppressor and 
a biomarker for predicting Abr and ENZ responsiveness.

The clinicopathological profiles and prognostic significance of APOBEC3C in PCa
To further define the prognostic values of APOBEC3C along PCa progression, we then evaluated the correlation 
between APOBEC3C transcript and clinicopathological characteristics in TCGA datasets. Accordingly, the 
PCa patient cohorts were classified into five categories in accordance with the 2019 International Society of 
Urological Pathology (ISUP) Consensus Conference on Grading of Prostatic Carcinoma25. The disease stage 
of each case was assigned based on the guidance in the Eighth Edition of the AJCC Cancer Staging Manual26. 
As shown, we observed insignificant difference in APOBEC3C expression between Grade-I (n = 45), Grade-II 
(n = 145) and Grade-III (n = 101) cohorts; however, the Grade-IV (n = 63) and Grade-V (n = 141) cases displayed 
substantially lower APOBEC3C expression (Fig. 7A). This pattern was consistently observed across PCa stages, 
as patients with more advanced stages (III-IV, n = 313) had much less APOBEC3C transcript in comparison to 
those in earlier stages (I-II, n = 132) (Fig. 7B).

Upon accessing the pathological stages, we next uncovered that the manifestation of lymph node metastasis 
(classified by N stages) did not exhibit a statistically meaningful association with APOBEC3C expression (Fig. 
S3A). In contrast, PCa distant metastasis (categorized by M stages) obtained lower APOBEC3C expression 
in the M1 stage cohorts (n = 3) than that in the M0 stage cases (n = 453) (Fig. S3B). However, the statistical 
significance of this finding was limited by the small sample size of the M1 group. The data from GSE41408 further 
demonstrate that metastatic PCa patients (n = 9) exhibit significantly lower APOBEC3C expression compared to 
non-metastatic cases (n = 39) (Fig. S3C). Nevertheless, PCa cohorts of the advanced T3-4 stages (n = 301) indeed 
displayed markedly less APOBEC3C expression than those in the T1-2 stages (n = 187) (Fig.  7C). Notably, 
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APOBEC3C transcripts were also reversely linked with the PSA gene expression; as shown, APOBEC3C mRNA 
was substantially lower in patients with PSA expression exceeding 20 ng/ml (n = 54) and between 10 and 20 ng/
ml (n = 97), in comparison to those with PSA levels below 10 ng/ml (n = 324) (Fig. 7D). Collectively, these results 
uphold the AR-mediated APOBEC3C repression mechanism, its potential tumor suppressor status during PCa 
progression, and its biomarker potentials on disease malignancy.

To solidify the prognostic significance of the APOBEC3C gene, we next stratified TCGA PCa cohorts based 
on APOBEC3C expression levels, in annotation with patient survival status and relapse outcome. As shown, a 
strong reverse correlation was noted between APOBEC3C expression and PCa relapse and mortality incidences 
(Fig. 7E). These findings were further ratified by Kaplan-Meier analysis, in which patients were segregated into 
APOBEC3C high versus low expression cohorts. As shown, the APOBEC3C-low group obtained significantly 
unfavorable relapse-free survival probabilities (Fig. 7F). Additionally, these reverse correlations were validated 
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by external PCa datasets as well (Fig. S3D-K). However, overall survival (OS) analysis showed less compelling 
differences between the APOBEC3C high versus low groups, likely owing to the limited number of cases in 
our study (Fig. 7G). This constraint may obscure more definitive associations between APOBEC3C expression 
with OS and survival probabilities (Fig. 7E and G). Nevertheless, to quantitatively evaluate APOBEC3C on PCa 
diagnosis, we then conducted the ROC curve analysis that provided unequivocal evidence that APOBEC3C had 
the best diagnostic performance among 19 RNA-editing genes (Fig. 7H).

Discussion
Our comprehensive analysis of the 19 RNA-editing family genes revealed distinct expression patterns across PCa 
cell lines and clinical samples, highlighting their diverse and potentially critical roles in prostate tumorigenesis. 
Among these genes, APOBEC3C emerges as the most highly expressed cytidine deaminase gene in both 
primary PCa and CRPC. Remarkably, APOBEC3C distinguished itself as the only RNA-editing gene that gained 
significant relevance in both differential gene expression and PCa prognosis. Interestingly, while APOBEC3C 
exhibits genomic amplification in few CRPC cases (1.9%), its overall transcriptional level is decreased. This may 
be explained by persistent AR signaling in CRPC and additional regulatory mechanisms, including genomic, 
epigenetic, and post-transcriptional alterations. These factors likely account for why APOBEC3C expression 
remains down-regulated in CRPC patients despite ADT, indicating a complex regulatory mechanism that 
deserves further exploration. Notably, our results highlight APOBEC3C as an RNA-editing gene with the best 
diagnostic performance and a crucial candidate tumor suppressor in PCa.

Mechanistically, AR binds to the APOBEC3C gene locus and represses its transcription by inducing chromatin 
remodeling, as evidenced by reduced H3K27ac signals. Our finding revealed that APOBEC3C, which is not a 
known transcription factor, is significantly down-regulated in both primary PCa and CRPC, and its expression 
negatively correlates with AR signature gene sets. Clinically, reduced APOBEC3C expression correlates with 
advanced PCa stages, higher PSA levels, and worse relapse-free survival rates, underscoring its potential as both 
a prognostic biomarker and a predictor of therapeutic response. Notably, patients with low APOBEC3C levels 
showed resistance to AR antagonists, as exemplified by Abiraterone and Enzalutamide, indicating its potential 
utility in patient stratification for targeted therapy.

With the functional significance of AR splicing variants (in particularly ARv7) in sight, our findings showed 
APOBEC3C gene is repressed by the AR-FL, as evidenced by its up-regulation by AR knock-down, DHT-
mediated repression in LNCaP (no detectable ARv7) and VCaP (low ARv7 that becomes even lower under 
androgen)27, and up-regulation by AR degrader that specifically targets AR-FL. Nevertheless, the functions of 
AR variants in APOBEC3C gene regulation should be systemically assessed in future work, particularly in the 
settings of CRPC cells that highly express endogenous variants.

Previous studies have suggested roles for RNA-editing enzymes in various cancers, including PCa. However, 
this study is the first to comprehensively profile the entire RNA-editing gene family in PCa and specifically 
identify APOBEC3C as a candidate tumor suppressor. Unlike prior research that primarily focused on ADAR 
enzymes, our work highlights the understudied APOBEC family, particularly APOBEC3C. Our findings of AR-
mediated transcriptional repression of APOBEC3C and its association with PCa progression and treatment 
response offer new insights into PCa oncogenesis and progression.

DNA editing has already revolutionized the biopharmaceutical sector, but RNA editing could prove to 
be equally powerful, granting new routes towards safer and redosable therapeutics28,29. RNA-editing drugs, 
specifically ADAR-based editors, have been advancing into clinical trials. Indeed, they offer new treatment 
options for rare genetic and complex diseases30. Research is also exploring broader RNA-editing pipelines 
beyond A-to-I editing, potentially incorporating other cellular editing systems. Nevertheless, targeting RNA-
editors would offer advantages like redosability and different dosing schedules to PCa therapy. Given the 
profound diagnostic potential of APOBEC3C, we would suggest further exploring therapeutic strategies in the 
context of its transcriptional repression by AR and identify modalities that enhance its enzymatic activity.

Conclusions
In conclusion, our study offers a comprehensive characterization of RNA-editing genes in PCa and establishes 
APOBEC3C as a pivotal candidate tumor suppressor. The progressive down-regulation of APOBEC3C in PCa, 
driven by AR-mediated repression, highlights its central role in prostate tumor biology.

Our findings carry significant implications for PCa diagnostics and therapeutics, suggesting that APOBEC3C 
could be utilized as a robust biomarker for disease prognosis, therapeutic resistance, and potential patient 

Fig. 4.  Characterization of APOBEC3C as an AR-repressed gene in PCa. (A,B) Heatmap of mRNA 
expression profiles of the RNA-editing genes (A) and AR-signature genes (B) in VCaP cells, upon treatment 
with androgen (DHT) versus vehicle control (Veh). The analyses were based on datasets GSE157107. (C,D) 
Heatmap visualization of RNA-editing enzyme gene expression (C) and AR pathway signature gene expression 
(D) in R1AD1 cells under three treatment conditions: vehicle control (Veh), synthetic androgen R1881 
stimulation, and enzalutamide (ENZ) suppression. Data derived from reanalysis of the GSE135879 dataset. 
(E,F) The expression of APOBEC3C, AR, and KLK3/PSA transcripts in VCaP (E) and LNCaP (F) cells, without 
or with AR knockdown (siAR versus siCtrl) and androgen (DHT versus vehicle). The analyses were based on 
datasets GSE82223. (G) RT-qPCR assay of APOBEC3C, AR-FL and KLK3/PSA (as normalized to actin) in 
VCaP cells that were exposed to DHT, ENZ, or vehicle control. (H) Protein expression levels of APOBEC3C 
and KLK3/PSA in LNCaP and VCaP PCa cell lines with DHT stimulation. *** denotes p < 0.001, and **** 
denotes p < 0.0001.
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stratification. Further investigations are needed to elucidate the mechanistic pathways regulated by APOBEC3C 
and to design therapeutic approaches aimed at restoring its tumor-suppressive activity in PCa.

Methods
Cell culture and reagents
PC3, DU145 and VCaP cells were grown in DMEM medium (Gibco, Cat. 12100046) supplemented with 10% 
fetal bovine serum (FBS, Gibco, Cat. A5670701) and 1% penicillin/streptomycin (P/S, HyClone, Cat. SV30010). 
LNCaP95 (LN95) cells were maintained in phenol-red-free RPMI1640 medium (HyClone, Cat. 118035-030) 
with 5% charcoal/dextran stripped FBS (CDS, HyClone, Cat. SH30068.03) and 1% P/S. All cells were incubated 
at 37℃ in a humidified incubator with 5% CO2. For compound treatment, VCaP cells were exposed to androgen 
(dihydrotestosterone, DHT, 10 nM, Selleck, Cat. S4757) versus Enzalutamide (ENZ, 10 μm, Selleck, Cat. S1250) 

Fig. 5.  Prediction and verification of AR binding sites in APOBEC3C. (A) Track visualization of H3K27ac and 
AR ChIP-seq peaks in the APOBEC3C gene locus (VCaP cells, DHT versus vehicle). (B), JASPAR prediction 
of AR binding motifs (Matrix ID: MA0007.2) within AR ChIP-seq peaks of the APOBEC3C locus. Left: AR 
consensus sequence; right: predicted binding positions. (C,D) ChIP-qPCR validation of AR occupancy at 
candidate sites (sites 1–3) in LNCaP and VCaP cells that were culture in androgen-containing medium (10% 
FBS). Controls: KLK3/PSA-enhancer (PSA-enh, ARE3) (positive control); NS (non-specific site, negative 
control). ** denotes p < 0.01, *** denotes p < 0.001, and **** denotes p < 0.0001.
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Fig. 6.  Characterization of APOBEC3C as an AR-repressed gene in clinical PCa cohorts. (A-C) The expression 
profiles of KLK2, KLK3/PSA and APOBEC3C in clinical PCa samples. This comparison was based on paired 
samples from each individual patient (before and after the androgen deprivation therapy (ADT)). The analyses 
were based on the datasets GSE48403. (D-E) An alignment between APOBEC3C expression levels and the 
sensitivity to abiraterone (Abr, (D)) and enzalutamide (ENZ, (E)) in PCa patients, based on TCGA, CTRP2 
and CellMiner datasets. (F) Protein expression levels of APOBEC3C and KLK3/PSA in PCa pathological 
specimens (T1, T2 and T3) and benign controls (N1, N2 and N3). (G,H), Pearson correlation coefficient 
matrix diagram between APOBEC3C and AR-signature genes in TCGA primary PCa (G) and SU2C CRPC 
(H) cohorts, respectively. (I) Track visualization of AR and H3K27ac ChIP-Seq and ATAC-seq peaks in 
the APOBEC3C gene locus in clinical PCa samples, which were categorized into three groups: normal (N), 
primary PCa (T) and metastatic CRPC (M). The analyses were based clinical PCa datasets GSE130408 and 
GSE70079, the bigWig files of all cases within each group were normalized, merged and then averaged. * 
denotes p < 0.05, ** denotes p < 0.01, and **** denotes p < 0.0001.
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Fig. 7.  The clinicopathological profile and prognostic significance of APOBEC3C in PCa clinical cohorts. 
(A-D) The profile of APOBEC3C expression in TCGA primary PCa cohorts, classified by tumor grade (A), 
stage (B), pathological T stage (C), and PSA level (D). (E) Relapse and survival distributions of PCa patients 
stratified along APOBEC3C transcript levels. (F,G) Kaplan-Meier curves of relapse-free survival (RFS, F) and 
overall survival (OS, G) analyses in TCGA primary PCa cohorts, with patients stratified into APOBEC3C high 
(n = 232) versus low (n = 232) expression groups. (H) Graph of receiver operating characteristic (ROC) curves 
that represents the predictive accuracy of RNA-editing gene expression on PCa prognosis. * denotes p < 0.05, ** 
denotes p < 0.01, and *** denotes p < 0.001.
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for 24 h. LN95 cells were treated with AR degrader ARCC-32 (100 nM, Arvinas Operations) for 12 h for further 
analysis. Vehicle (DMSO) was used as the control. All cell lines have been tested for mycoplasma contamination 
before conducting the experiments.

Quantitative real-time PCR (RT-qPCR) assay
Total RNA was extracted with the TRIzol reagent (Invitrogen, Cat. 15596018), in accordance with the 
manufacturer’s instruction. Subsequently, 1 µg of total RNA was reverse transcribed into complementary 
DNA (cDNA) using the PrimeScript™ RT Master Mix kit (Takara, Cat. RR036A), following the manufacturer’s 
protocol. PCR amplification was performed using TB Green Premix Ex Taq II kit (Tli RNaseH Plus, Takara, Cat. 
RR820A) along with specific primers. The primer sequences (5’ to 3’) were listed as below: Actin - forward: ​G​C​T​
A​T​C​C​A​G​G​C​T​G​T​G​C​T​A​T​C, reverse: ​T​G​T​C​A​C​G​C​A​C​G​A​T​T​T​C​C; AR-FL - forward: ​A​C​A​T​C​A​A​G​G​A​A​C​T​C​G​A​
T​C​G​T​A​T​C​A​T​T​G​C, reverse: ​T​T​G​G​G​C​A​C​T​T​G​C​A​C​A​G​A​G​A​T; KLK3/PSA - forward: ​T​C​T​G​C​G​G​C​G​G​T​G​T​T​C​
T​G, reverse: ​G​C​C​G​A​C​C​C​A​G​C​A​A​G​A​T​C​A; APOBEC3C - forward: ​C​T​T​G​G​T​T​C​T​G​C​G​A​C​G​A​C​A​T​A​C, reverse: ​
T​C​C​T​G​G​T​A​A​C​A​T​G​G​A​T​A​C​T​G​G​A​A. The RT-qPCR reaction was conducted on a CFX96 Real-Time System 
(Bio-Rad). It starts an initial denaturation step at 95 °C for 3 min, followed by 40 cycles of amplification (95 °C 
for 30 s plus 60 °C for 30 s). Relative gene expression was calculated based on 2−∆∆CT, with the housekeeping gene 
actin as internal control for normalization.

Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation was performed using the ChIP Assay Kit (Beyotime Biotechnology, Cat. 
P2078). Cells were cross-linked with 1% methanol for 10 min at 37  °C, followed by quenching with glycine 
(10X solution) for 5 min. After PBS washes, cells were lysed in SDS Lysis Buffer on ice for 10 min. Chromatin 
fragmentation was achieved by sonication using a Bioruptor® system (10 s ON/10 sec OFF, 25 W power, 15 cycles 
at 4 °C). Fragmented DNA (200 µL) was size-verified by agarose gel electrophoresis after phenol-chloroform 
extraction. The remaining chromatin was diluted in ChIP Dilution Buffer, pre-cleared with Protein A/G Agarose 
for 30 min on ice, and incubated overnight at 4 °C with AR antibodies (1:100, Proteintech, Cat. 66747-1-PBS). 
Immune complexes were captured using Protein A/G Agarose for 1 h on ice, washed sequentially with Low 
Salt Immune Complex Wash Buffer, High Salt Immune Complex Wash Buffer, and TE Buffer, then eluted with 
Elution Buffer. Crosslinks were reversed by incubating with NaCl at 65 °C for 4 h. Purified DNA was analyzed 
by qPCR using primers specific to a non-specific control site (NS: forward 5′-​C​A​G​A​G​G​G​C​T​T​C​T​G​G​T​G​C-3′, 
reverse 5′-​T​T​G​A​C​A​A​T​G​T​C​T​T​G​C​C​T​T​G​G-3′), KLK3/PSA-enhancer (ARE3) (PSA-enh: forward 5′-​G​C​C​T​G​
G​A​T​C​T​G​A​G​A​G​A​G​A​T​A​T​C​A​T​C-3′, reverse 5′-​A​C​A​C​C​T​T​T​T​T​T​T​T​T​C​T​G​G​A​T​T​G​T​T​G-3′), and APOBEC3C 
regions (site1: forward 5′-​G​G​A​G​G​G​G​C​C​A​T​G​A​T​T​C​A​C​A​A-3′, reverse 5′-​C​G​T​G​C​A​G​A​G​G​T​A​C​C​T​G​A​T​C​T-3′; 
site2: forward 5′-​G​T​G​T​T​G​C​T​C​C​T​C​T​T​G​T​C​C​A-3′, reverse 5′-​G​C​A​G​A​A​G​A​A​T​C​G​C​T​T​A​A​A​C​T​C​G-3′; site3: 
forward 5′-​A​G​T​T​T​G​T​G​C​C​T​T​C​A​G​T​C​T​C-3′, reverse 5′-​A​T​C​C​C​C​T​C​T​T​C​C​A​A​C​C​T​C-3′).

Quantitative analysis was performed using the formula:
Percentage of Input = 5% × 2

(
CT

Input
−CT

ChIP
)

where CTInput and CTIP represent the threshold cycle values of the input DNA and immunoprecipitated 
DNA, respectively. This calculation accounts for the 20-fold dilution factor of input DNA (5% = 1/20). PCR 
conditions included an initial denaturation at 95 °C for 3 min, followed by 40 cycles of 95 °C for 30 s and 60 °C 
for 30 s on a CFX96 Real-Time System.

Western blotting (WB) assay
Cells lysis was performed using the RIPA buffer (150mM NaCl, 10mM Tris-HCl (pH 7.2), 0.5% SDS, 1% NP-40, 
0.5% deoxycholate) with fresh Halt Protease Inhibitor Cocktail (Thermo Fisher, Cat. 78438). Total proteins were 
normalized and resolved with 4–12% Criterion™ XT Bis-Tris Protein Gel (Bio-Rad, Cat.3450123). Upon transfer 
onto 0.2 μm Nitrocellulose Membrane (Bio-Rad, Cat. 1704271), the blots were blocked with 5% nonfat dry milk 
in Tris-buffered saline containing 0.05% Tween-20 (TBST) for 1 h at room temperature, and then incubated for 
overnight at 4℃ with primary antibodies on an orbital shaker. After washing with TBST, the membranes were 
next blotted with secondary antibody conjugated with horseradish peroxidase for 1  h at room temperature. 
Finally, the blots were developed with ECL luminescence reagent (Bio-Rad, Cat. 1705061) on an automated 
chemiluminescence image analysis system. The primary antibodies used in this study were for APOBEC3C 
(1:1000, Proteintech, Cat. 10591-1-AP), KLK3/PSA (1:1000, Proteintech, Cat. 10679-1-AP), AR (1:1000, Abcam, 
Cat. ab74272) and beta-actin (1:1000, β-actin, Santa Cruz, Cat. sc-69878).

Tissue lysis
Freshly dissected tissue samples were cut into pieces and homogenized in ice-cold RIPA lysis buffer (supplemented 
with protease inhibitor cocktail and PMSF) using a pre-chilled mortar and pestle. The homogenate was subjected 
to pulsed ultrasonication on ice three times, followed by centrifugation at 12,000 × g for 15 min at 4 °C to collect 
the supernatant. Protein concentration was determined using the BCA assay, and lysates were normalized to 
3 µg/µL with RIPA buffer before adding 5× Laemmli loading buffer. Samples were denatured at 95 °C for 10 min 
in a thermal block and stored at -20 °C for short-term use or -80 °C for long-term preservation.

Data collection
The gene expression and clinical information of primary PCa and CRPC patients were retrieved from The Cancer 
Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/), PCa Data Base (PCaDB, ​h​t​t​p​:​/​/​b​i​o​i​n​f​o​.​j​i​a​l​a​b​-​u​
c​r​.​o​r​g​/​P​C​a​D​B​/​​​​​)​, and cBioPortal (https://www.cbioportal.org/). The drug sensitive data were obtained from the 
Cancer Therapeutics Response Porta (CTRP)l31 and CellMine32. Comparisons between immortalized Prostate 
Epithelial cells (PrEC-LH), Benign Prostatic Hyperplasia-1 cells (BPH-1), and the prostate adenocarcinoma 
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cell lines LNCaP and VCaP were conducted using the Cancer Dependency Map (DepMap) portal. The RNA-
seq data for VCaP and R1AD1 PCa cell lines (upon DHT versus ENZ treatments) were based on the datasets 
GSE157107 and GSE135879, respectively. Transcriptomes of VCaP and LNCaP cells (upon siRNA-mediated AR 
knockdown) were derived from the datasets GSE82223. AR and H3K27ac chromatin binding profiles in VCaP 
cells were obtained from the datasets GSE55062 and GSE157105, respectively. Paired comparisons of individual 
PCa patients (before and after androgen deprivation therapy (ADT)) were based on the datasets GSE48403. 
AR and H3K27ac ChIP-Seq and ATAC-seq profiling of clinical PCa samples were sourced from the datasets 
GSE130408 and GSE70079. RNA-seq and AR ChIP-Seq in LN95 cells were from the datasets GSE171045 and 
GSE106559, respectively.

Bioinformatics analysis
The differentially expressed genes (DEGs) between PCa and normal control were identified utilizing the R 
package “limma”33, with a cut-off criterion of |log2FoldChange|>2 and adjusted p-value < 0.05. The prognostic 
genes functionally associated with RNA-editing were identified through uni variate Cox regression analysis. 
The overlapping genes between DEGs and prognostic genes for relapse and overall survival were selected in the 
context of RNA-editing category. The R package “survminer” (https://github.com/kassambara/survminer) was 
employed to generate Kaplan-Meier (K-M) survival curves, and the R package “survivalROC”34 was employed 
to plot receiver operating characteristic (ROC) curve and calculate the predictive power of RNA-editing genes.

The raw RNA-Seq reads were initially trimmed using TrimGalor ​(​​​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​F​e​l​i​x​K​r​u​e​g​e​r​/​T​r​i​m​G​
a​l​o​r​e​​​​​) with the following specific parameters: “-q 20 –phred33 –stringency 4 –length 20 -e 0.1”. Subsequently, 
the clean reads were aligned to the hg19 human genome through STAR35, configured with the parameters 
“–outSAMattributes NH HI NM MD –outSAMstrandField intronMotif –quantMode GeneCounts”. For 
processing the ChIP-seq reads, trimming was conducted with Trim Galore under the same settings as for the 
RNA-seq. These trimmed reads were then mapped to the hg19 human genome using Bowtie236, with default 
parameters. The BAM files were processed through MACS237 for peak calling, with the parameters “–SPMR” 
and “–keep-dup = 1”. Significant peaks were identified upon a q-value < 0.05. The resulted bedgraph files were 
converted into bigWig format using the UCSC bedGraphToBigWig tool. For multiple bigWig files, we would 
normalize the signals and then merged all cases within each group using the bigwigmerge tool38. These bigWig 
files were subsequently applied for track visualization with IGV39.

Statistical analysis
The R platform version 4.4.1 (https://cran.r-project.org/) and GraphPad Prism 10.0 (GraphPad Software Inc, 
San Diego, CA, USA) were utilized to compute data and plot graphs. Our analyses were facilitated by various 
packages in the R platform. Group differences were assessed using ANOVA and Student’s t-test, while for Kaplan-
Meier survival analysis, the log-rank tests were used to calculate statistical significance in the clinical datasets. 
An adjusted p-value threshold of less than 0.05 was established to denote statistical significance across all tests.

Data availability
Data is provided within the manuscript and supplementary information files.
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