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FOXA1-dependent NSUN2 facilitates the
advancement of prostate cancer by
preserving TRIM28 mRNA stability in a
m5C-dependent manner

% Check for updates

Zhenda Wang'?®, Abudurexiti Mierxiati®*®, Wenkai Zhu®, Tian Li°

Dingwei Ye'?

, Hua Xu'?0<, Fangning Wan'20< &

RNA epigenetics is gaining increased attention for its role in the initiation, metastasis, and drug
resistance of tumors. These studies have primarily focused on m6A modification. However, despite
being the second most abundant modification found in RNA, the role of m5C modification in prostate
cancer remains largely unexplored. Here, we predict an RNA m5C methyltransferase, NSUN2, as a
potential therapeutic target for prostate cancer using various bioinformatics approaches, and verify
the potential of NSUN2 as a target through multiple preclinical models. Mechanistically, NSUN2
enhances the stability of TRIM28 mRNA by adding m5C modification, promoting the expression of
TRIM28. Concurrently, FOXA1, a prostate cancer lineage-specific transcription factor,
transcriptionally activates the expression of NSUN2. Our study confirms the clinical potential of
targeting RNA epigenetics for the treatment of prostate cancer and elucidates, mechanistically, how
RNA epigenetics participates in the complex biological activities within tumors via the FOXA1-

NSUN2-TRIM28 axis.

The most prevalent histological form of prostate cancer'” is called prostate
adenocarcinoma (PRAD), and it can be identified by its persistent reliance
on the androgen receptor (AR) signaling pathway’ Androgen deprivation
therapy (ADT) has therefore become the main therapeutic option®. Despite
improvements in survival rates, almost every patient eventually results in
castration-resistant prostate cancer (CRPC), which is marked by the rapid
establishment of resistance to ADT"”. Recent years have witnessed
advancements in treatment choices, including abiraterone, enzalutamide,
apalutamide, and darolutamide®"’. Nevertheless, they are not consistently
therapeutic. This treatment resistance is ascribed to a complex interplay of
mechanisms, including reactivation of the androgen receptor pathway,
activation of alternative transcription factors, and lineage plasticity*".
Identifying supplementary signaling pathways that influence CRPC pro-
gression may enhance the formulation of more efficacious therapeutic
medicines, including those aimed at DNA damage repair, the PI3K/AKT/
mTOR, and epigenetic modifications®**'. The growing utilization of

combination medications presents optimism for enhanced patient
outcomes.

Emerging evidence emphasizes the pivotal functions of RNA m5C epi-
genetics in cancer biology, encompassing uncontrolled proliferation™, distant
metastasis”, drug resistance’*”, immune suppression”’, metabolic plasticity”,
stemness maintain®, and genomic instability”’. Nevertheless, two enquiries
remain unresolved: (i) the role of RNA m5C alterations in carcinogenesis, and
(ii) the regulatory variables governing these m5C methyltransferases. Eluci-
dating these regulatory networks is essential for understanding how RNA
m5C epigenetics foster malignant transformation, promotes the distant
spread of tumor cells, and facilitates evasion from immune surveillance and
therapeutic selection pressures™ . Recent breakthroughs have revealed that
NSUN2 can be activated through direct binding to glucose, augmenting
tumorigenesis and anti-PD-LI resistance. These findings underscore the need
for further exploration of NSUN2, as understanding its role could provide
novel insights into tumor biology and identify new therapeutic targets.
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Large-scale genome sequencing studies indicate that mutations in
FOXALl are common in prostate cancer, particularly among Chinese
patients, and may act as drivers of the disease™ . FOXA1 influences tumor
progression in multiple aspects, including malignant transformation, drug
resistance, metastasis, and an immunosuppressive microenvironment™™*".
Traditionally, FOXAL1 is associated with defining tissue-specific enhancers
and reprogramming AR transcriptional networks*>*. However, it also
exerts effects independent of AR, involving epithelial-mesenchymal tran-
sition (EMT), castration resistance, immune suppression, and neuroendo-
crine prostate cancer transformation’***°, Directly targeting FOXA1 for
therapeutic purposes faces significant challenges, making it crucial to
understand its regulatory network"’ ™.

TRIM28 is a protein with complex function, such as ubiquitin E3 ligase™",
epigenetic modulator™, transcriptional activator™”. It was involved in complex
biological processes in many cancers, including immune surveillance
evasion™ ™, replicative immortality™, tumorigenesis™', cancer metastasis™’. In
prostate cancer, there are few studies on TRIM28, involving in AR signaling
pathway™, plasticity of luminal cells”, and degradation of p-Rb®. These
results implied that TRIM28 can promote tumorigenesis in many ways.

This study screened for a series of m5C methyltransferases, identifying
NSUN?2 as a factor linked to poor prognosis in PRAD. Our findings show
that, in CRPC models, ectopic NSUN2 expression dramatically increases cell
proliferation, tumor development, and metastasis. We additionally validated
TRIM28 to be a subsequent target of NSUN2, demonstrating that
NSUN?2 stabilizes TRIM28 mRNA in a m5C-dependent manner, as identi-
fied by YBX1. Additionally, we identified FOXAI as an upstream regulator
that upregulates NSUN2 expression. This research provides compelling evi-
dence that, in CRPC, the FOXA1-NSUN2-TRIM28 axis serves as a predictive
biomarker and therapeutic target, emphasizing NSUN2’s role in this context.

Results

Integrated multi-databases analysis to identify NSUN2 as a target
of PRAD

To uncover the roles of m5C modification, we analyzed m5C writers’
expression, including DNMT2, NOP2, NSUN2, NSUN3, NSUN4, NSUN5,
NSUNG6, NSUN7, using the TCGA and GSE46602 databases. Our analysis
revealed that NOP2, NSUN2, NSUN3, and NSUN?7 exhibited elevated
expression in cancer tissues in the TCGA dataset, while DNMT2 (also
known as TRDMT1) showed decreased expression (Fig. 1A). In the
GSE46602 dataset, DNMT2, NOP2, NSUN2, NSUNS3, and NSUN7 also
demonstrated increased expression, whereas NSUN6 showed decreased
expression (Fig. 1B).

We then assessed Disease-Free Survival (DFS) (Supplementary Fig.
1A), finding significant differences only for NSUN2 and NSUN5 among the
various groups. Given our focus on cancer pathogenesis, NSUN2 emerged
as a potential target. Notably, NSUN2 mRNA expression was higher in
cancer tissues across both TCGA (Supplementary Fig. 1B) and was asso-
ciated with lymph node metastasis (Supplementary Fig. 1C) and TP53
mutation status (Supplementary Fig. 1D). Furthermore, a substantial cor-
relation between NSUN2 expression and disease-specific survival (DSS) and
progression-free interval (PFI) was found using uniCox regression analysis
(Fig. 1C, D). Increased NSUN?2 expression was significantly correlated with
prostate carcinoma and linked to a worse prognosis. We analyzed public
database records to investigate the expression changes of m5C methyl-
transferases before and after castration (Fig. 1E). Among these enzymes,
NSUN?2 showed an initial decrease followed by an increase post-castration
(Fig. 1F), indicating its potential involvement in the development of resis-
tance to ADT over time. Through exploring public databases, we found that
many genes mutation before and after ADT. Notably, genes such as FOXA1
and AR exhibited extensive amplification (Fig. 1G).

In CRPC, cancer cells migrate and proliferat more quickly when
NSUN2 is present

To evaluate NSUN2 function, we enriched pathways activated in prostate
cancer with high NSUN2 expression, including androgen response,

oxidative phosphorylation, unfolded protein response, and mitotic
checkpoint (Supplementary Fig. 1H). We conducted several experiments,
including CCK-8, colony formation, scratch, and Transwell assays. We
established NSUN2 knockdown and overexpression cell lines in C4-2 (Fig.
2A) and 22Rv1 (Fig. 2B), confirming efficiency via Western blot and RT-
qPCR. Inhibition of NSUN2 expression slowed proliferation rates, while
increased NSUN2 expression accelerated growth in both C4-2 and 22Rv1
(Fig. 2C, D for C4-2; Fig. 2E, F for 22Rvl). Consistent results were
observed in colony formation assays for both C4-2 and 22Rv1 (Fig. 21, ).
We assessed metastatic potential using scratch and Transwell assays,
finding a significant decrease in migration ability in C4-2 (Fig. 2G) and
22Rv1 (Fig. 2H, K) cells upon NSUN2 suppression. Conversely, NSUN2
overexpression enhanced migration in 22Rvl cells (Fig. 2H, K). The
findings demonstrate that NSUN2 stimulates CRPC growth and metas-
tasis. By subcutaneously injecting BALB/cA nude mice, we created a
tumor-bearing model to study NSUN2 function in the carcinogenesis of
CRPC in vivo. Extracted tumors are depicted in Fig. 2L. Comparing the
shNSUN2 group to the negative control (NC) group, an analysis of sub-
cutaneous tumor tissues showed considerably smaller and less massy
tumors, whereas the NSUN2-oe group had larger tumors than the NC
group (Fig. 2M, N). Immunohistochemical staining showed a decrease in
NSUN?2, TRIM28, and Ki67 abundance following NSUN2 attenuation
(Fig. 20).

FOXA1 regulates NSUN2 expression by directly binding to its
promoter

To identify transcription factors associated with elevated NSUN2
expression, we designed a screening schematic (Fig. 3A). We selected
transcription factors linked to androgen receptor (AR)-dependent prostate
cancer(ARPC) from single-cell prostate cancer atlas data through differ-
ential gene analysis. We then compared expression correlations between
NSUN2 and these transcription factors across three prostate cancer
datasets, filtering out factors with p-values exceeding 0.05, resulting in a
heatmap (Fig. 3B). Six transcription factors (FOXA1, AFF3, TFAP2C,
ZMIZ1, ZNF217, ZNF649) showed consistent correlations. Among these
factors, FOXALI, recognized as a pioneer lineage-specific TF in prostate
cancer”, exhibited a constantly stronger correlation®”. Using three
datasets and TCGA, we verified the positive correlation between NSUN2
and FOXA1 expression (Fig. 3C, D, E, H). Additionally, we assessed
FOXAL1 and NSUN2 levels in PCa cells and normal epithelial cells via
Western blot (Fig. 3F, Supplementary Fig. 2E) and qPCR (Fig. 3G, Sup-
plementary Fig. 2F). In C4-2 (Fig. 31, J) and 22Rv1 (Fig. 3K, L) cells, we
examined NSUN2 expression following FOXA1 knockdown or over-
expression. Silencing FOXAI resulted in decreased NSUN2 expression,
while its overexpression led to increased NSUN2 levels. To further
investigate chromatin state transitions indicating transcription program
activation, we investigated chromatin accessibility in the NSUN2 pro-
moter, which is characterized as 1000 bp upstream of the transcription
start site. Chromatin accessibility was characterized using ChIP-Seq for
H3K27Ac and H3K4me3, along with ATAC-Seq (Fig. 4A). Scanning for
FOXAI binding sites in this region identified two motifs using JASPAR
(http://jaspar.genereg.net/) (Fig. 4B)°. ChIP-qPCR assays demonstrated
increased binding signals of FOXA1 in the NSUN2 promoter (Fig. 4C, D).
Luciferase reporter plasmids were constructed to include the promoter
region. Following FOXALI co-transfection, Dual-Luciferase reporter assays
indicated that FOXAL1 binds to the —250 to 0 bp region of the NSUN2
promoter (Fig. 4E). We also created mutated luciferase reporter plasmids,
including deletions and mutations of the binding sites (Fig. 4F, G). Luci-
ferase assays confirmed that these mutations blocked FOXA1-induced
transcriptional upregulation. Subsequently, we suppressed NSUN2
expression in cells overexpressing FOXA1 (Fig. 4H). CCK-8 assay (Fig. 4I)
and colony formation assay (Fig. 4]) illustrated that the tumorigenic effect
of FOXA1 was reduced following NSUN2 knockdown. These results
confirm that FOXA1 transcriptionally activates NSUN2 expression,
thereby enabling NSUN2 to function as an oncogene (Fig. 3M).
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NSUN2 promotes TRIM28 expression in CRPC

We hypothesized that NSUN2 facilitates prostate cancer proliferation and
metastasis through its activity as a methyltransferase. To test this, we con-
ducted transcriptomic sequencing on C4-2 cells overexpressing NSUN2.
The downstream gene screening proceeded as follows: initially, 68 genes

were identified by integrating bisulfite sequencing data from an established
C4-2R cell line™ and clinical specimens from prostate cancer patients before
and after abiraterone treatment, sourced from FUSCC. Cross-referencing
with a proto-oncogene database further refined the list to eight genes
(MARCKS, TRIM28, PRKCD, NAAA, DDX6, ARAF, HSPBI, JUN).
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Fig. 2 | NSUN2 promotes cancer cells proliferation and migration in PRAD.

A, B Representative immunoblotting assays and qPCR analyses demonstrate the
efficiency of transfection in C4-2 (A) and 22Rv1 (B) cell lines. C, D Quantification
results from the CCK-8 proliferation assay showing the effects of NSUN2 knock-
down (C) and overexpression (D) in C4-2 cells. E, F Quantification of the CCK-8
proliferation assay for 22Rv1 cells, illustrating the effects of NSUN2 knockdown (E)
and overexpression (F). G, H Representative images and quantification of invasion
assays in NSUN2-knockdown, NSUN2-overexpressing, and control C4-2 (G) or
22Rv1 (H) cells. Scale bar = 400 um. Quantification data is also provided.

I, J Representative images of the colony formation assay in C4-2 (I) and 22Rv1 (J)

cells, with corresponding quantification data. K Representative images and quan-
tification of migration assays for NSUN2-knockdown, NSUN2-overexpressing, and
control 22Rv1 cells. Scale bar: 400 um. Quantification data is also provided. L Tumor
images from nude mice implanted with parental, NSUN2 knockdown, or over-
expressing 22Rv1 cells (n =5). M, N Tumor mass (M) and growth curves (N) for
implanted tumors formed by parental, NSUN2 knockdown, or overexpressing
22Rv1 cells. O Representative HE staining and IHC images showing NSUN2,
TRIM28, and Ki67 staining in implanted tumors from NSUN2 knockdown or
overexpressing cells. 20x: Scale bar = 100 pm, 40x: Scale bar = 50 pm.

Ultimately, TRIM28 was selected as the key downstream target gene
(Fig. 5A).

Increased TRIM28 expression in the TCGA database correlated with
poorer prognosis. (Fig. 5D, E), and there was a notable positive association
found between NSUN2 and TRIM28 expressions (Fig. 5B, C). To investigate
the regulation of TRIM28 by NSUN2, we performed qRT-PCR and western
blot, confirming that NSUN2 knockdown led to downregulation of TRIM28
in mRNA and protein levels (Fig. 5F, G, Supplementary Fig. 2A, B). Given
that FOXALI positively regulates NSUN2, we explored whether FOXA1
could regulate TRIM28 via NSUN2. Stable cell lines with FOXA1 knock-
down or overexpression demonstrated that TRIM28 expression was inhib-
ited by FOXAL silencing and increased with FOXA1 overexpression (Fig.
5H, I, Supplementary Fig. 2C, D). Additionally, CRPC cell lines (C4-2, C4-
2B, and 22Rv1) showed a strong positive connection in the expression of
FOXA1, NSUN2, and TRIM28 (Supplementary Fig. 2E, F).

We further hypothesized that NSUN2 promotes TRIM28 expression
through an m5C-dependent mechanism. To test this, we conducted RIP,
RNA pulldown, and RNA stability assay. RIP indicated that the anti-
NSUN2 antibody significantly enriched TRIM28 mRNA, supporting
NSUNZ2’s role in targeting TRIM28 for m5C modification (Fig. 5]). The
m5C-specific antibody further enriched TRIM28 mRNA in NSUN2-
overexpressing cells, compared to NSUN2 knockdown cells (Fig. 5K).
Bisulfite sequencing identified potential methylation sites (Fig. 5L), and
RNA pulldown assays using biotin-labeled probes confirmed seven
NSUN2-bound sites on TRIM28 mRNA (Fig. 5M).

TRIM28 promotes cancer cell proliferation and migration

in CRPC

To further understand TRIM28’s role in CRPC, bioinformatics analysis of
published databases revealed its involvement in post-translational mod-
ifications, alternative splicing regulation, cell cycle, and cell motility (Fig. 6A,
Supplementary Fig. 3A). In vitro assays with two distinct shRNAs targeting
TRIM28 confirmed knockdown efficiency via qRT-PCR and western blot
(Fig. 6B, G, Supplementary Fig. 3B). TRIM28 inhibition significantly sup-
pressed proliferation, as demonstrated by CCK-8 assays, while over-
expression promoted proliferation (Fig. 6C, D, H, I). Similar results were
observed in colony formation assays (Fig. 6E, J, Supplementary Fig. 3C).
Migration assays, including wound healing and Transwell, showed that
TRIM28 downregulation hindered migration, while upregulation enhanced
it (Fig. 6F, K, L Supplementary Fig. 3D, E).

TRIM28 mRNA’s m5C alteration, mediated by NSUN2, preserves
its YBX1-dependent stability
Next, we identified the “Reader” protein that binds to the m5C modification
sites on TRIM28 mRNA. From public databases, we predicted that YBX1
and ALYREF, well-known m5C readers, showed the highest correlation
with TRIM28 mRNA expression (Fig. 7A). TRIM28 expression was
decreased when YBX1 was silenced (Fig. 7B, C), suggesting its role in sta-
bilizing TRIM28 mRNA. RIP assays confirmed direct interaction between
YBX1 and TRIM28 mRNA (Fig. 7D). Moreover, in vitro experiments
demonstrated that YBX1 promotes prostate cancer proliferation and
metastasis (Supplementary Fig. 3F, G).

Since RNA stability is commonly regulated by methylation, we
observed that NSUN2 knockdown dramatically suppressed the stability of

TRIM28 mRNA in cells with the transcription inhibitor Act D (Fig. 7E, F).
Given that FOXALI regulates TRIM28 through NSUN2, we further exam-
ined the impact of FOXA1 on TRIM28 mRNA stability. TRIM28 mRNA
was destabilized upon FOXA1 knockdown (Fig. 7G, H), and FOXA1-
induced RNA stability was attenuated when NSUN2 was silenced (Fig. 71).
Finally, we silenced TRIM28 in NSUN2-overexpressing cells and found that
TRIM28 knockdown markedly suppressed NSUN2-induced CRPC growth
(Fig. 7J, K, L).

NSUNZ2 has a higher expression in PRAD with a worse prognosis
In the prostate cancer samples, a favorable connection was seen between
elevated Gleason Scores and heightened NSUN2 expression (Supplemen-
tary Fig. 1E). Similarly, TRIM28 expression followed this trend (Supple-
mentary Fig. 1F). Immunohistochemistry (IHC) further demonstrated
significantly elevated NSUN2 levels in prostate cancer tissues (Supple-
mentary Fig. 1G).

Discussion

Cancer is a primary disease threatening human health®*. Prostate cancer
remains a significant global health burden, with thousands of new cases
reported annually*’. While ADT has achieved notable success in managing
prostate cancer, resistance to this treatment often arises within two to three
years, triggering CRPC”. Although clinical signs of CRPC manifest over a
period of two to three years, molecular alterations begin as early as three
months  post-therapy™. The causes of metastatic CRPC are
multifaceted”>” %, involving mechanisms such as restoration of androgen
receptor (AR) transcription programs and lineage plasticity. The restoration
of AR activity occurs through AR splice variants, AR mutations, or AR
amplification. Lineage plasticity, by which cancer cells change their iden-
tities to elude selection pressure brought by drugs, involves a complex set of
molecular events. Epigenetic analysis of prostate cancer patients undergoing
3 months of neoadjuvant enzalutamide monotherapy revealed that FOXA1
rewires cis-regulatory elements in an AR-independent manner to activate
proliferative signals, including those mediated by ARNTL*. Research on the
mechanisms underlying CRPC is essential for understanding the disease’s
pathophysiology and for identifying new therapeutic targets.

Although RNA methylation has been increasingly acknowledged as a
critical factor in tumorigenesis, most studies have concentrated on N6-
methyladenosine (m6A) modification”*. Conversely, 5-methylcytosine
(m5C), a second RNA methylation modification, has not received as
extensive investigation. To identify potential targets involved in m5C
modification, we constructed a geneset of methyl-transferases, identifying
NSUN?2 as a candidate by integrating gene expression data with prognostic
information. Recent studies have highlighted NSUN2’s role across cancers,
including gastric cancer®', esophageal squamous cell carcinoma*®*, pan-
creatic cancer”, hepatocellular carcinoma®, bladder cancer®. Notably,
NSUN?2 plays roles in biological processes such as RNA methylation and
mRNA stabilization. It was recently discovered that glucose functions as a
cofactor, facilitating the activation of NSUN2. This process preserves m5C
RNA methylation globally and stabilizes TREX2, leading to tumorigenesis
and failure of anti-PD-L1 immunotherapy®’. However, the specific mRNAs
modified by NSUN2 in prostate cancer remain unclear. According to a
bioinformatics analysis, prostate cancer patients exhibiting elevated NSUN2
expression levels demonstrate a poorer prognosis®. Despite this, NSUN2’s
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Fig. 3 | Cross-validation confirms a high positive correlation between NSUN2
and FOXAL1 expression. A Schematic representation of the screening process for
transcription factors associated with high expression levels of NSUN2. B Correlation
analysis of AR-specific transcription factors with NSUN2 expression in the Fred
Hutchinson, SU2C, and GSE70768 datasets. A cross within the box indicates that the
correlation is not statistically significant. C-E Correlation analysis between FOXA1
and NSUN2 expression in the Fred Hutchinson (C), SU2C (D), and GSE70768 (E)
datasets. F, G Representative immunoblotting assay (F) and gPCR analysis (G)

demonstrating the expression of FOXA1 and NSUN2 in normal and cancerous cell
lines. H Correlation between FOXA1 and NSUN2 expression in the TCGA database
for prostate adenocarcinoma (PRAD). I, J Representative immunoblotting assays and
qPCR results showing the expression levels of NSUN2 following FOXA1 knockdown
(I) and overexpression (J) in C4-2 cells. K, L Representative immunoblotting assays
and qPCR results illustrating the expression levels of NSUN2 after FOXA1 knock-
down (K) and overexpression (L) in 22Rv1 cells. M Graphical abstract summarizing
the mechanism by which FOXA1 regulates NSUN2 expression.
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role in PCa and its potential regulatory mechanisms have not been eluci- We next investigated the cause of elevated NSUN2 expression. Since

dated. In this study, we validated NSUN2’s role in CRPC using C4-2 and  transcriptional regulation is a primary driver of gene expression, we sear-
22Rv1 cell lines, both of which are representative models of CRPC. Our  ched for transcription factors associated with NSUN2 expression in prostate
results showed that, in CRPC, NSUN2 strengthens proliferation and cancer using public databases. A strong association was identified between

migration in vitro, consistent with findings from other cancer types’>***".

NSUN?2 expression and FOXA1, a transcription factor known to assist AR
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Fig. 4 | FOXAL transcriptionally activates NSUN2 expression by attaching to
NSUN?2 promoter. A Chromatin accessibility and the binding sites of FOXAL.

B Identification of two FOXA1 consensus binding sites located within the —1000 to
0 bp region of the NSUN2 promoter. C, D Chromatin immunoprecipitation (ChIP)
assays conducted in C4-2 (C) and 22Rv1 (D) cell lines using anti-FOXAL1. Results
indicate that FOXA1 binds to NSUN2 promoter. E-G Identification of FOXA1
response elements within the noncoding region of NSUN2. The regions within the
1000 bp proximal promoter of the NSUN2 gene were analyzed using distinct
promoter-luciferase reporter constructs. Luciferase activity was analyzed in
HEK293T cells transfected with FOXAL1 for a duration of 48 h. Luciferase activity

analysis in HEK293T cells. Cells were transfected with either the wild-type NSUN2
promoter-luciferase reporter (WT) or truncation (E), various mutant reporters (G)
and deletion constructs (F) alongside FOXA1 for 36-48 h. H Representative
immunoblotting assay assessing the expression levels of FOXA1 and NSUN2 fol-
lowing FOXAL1 overexpression after NSUN2 knockdown. I Quantification of CCK-8
proliferation assay results following FOXA1 overexpression after NSUN2 knock-
down. J Representative images from the colony formation assay after FOXA1
overexpression following NSUN2 knockdown, along with corresponding
quantification data.

in binding target genes and driving prostate cancer progression” """

FOXA1 mutations, frequently observed in prostate cancer, are linked to the
malignant phenotype™. However, extensive study has demonstrated that
FOXALI can function in an AR-independent manner’'. EMT is inhibited by
FOXAL in a way that is independent of AR”. Immunological response to
malignancy, interferon signaling gene expression, and STAT2 DNA-
binding activity were all inhibited by FOXA’s interaction with the STAT2
DNA-binding domain™. FOXA1 has also been reported to repress NR3C1
(glucocorticoid receptor gene) via the corepressor TLE3™. These findings
suggest that FOXA1’s full spectrum of functions is still not fully understood.
We demonstrated that FOXAI regulates NSUN2 expression through
transcriptional control, as confirmed by ChIP and luciferase assay.

Through the integration of RNA-seq data and bisulfite sequen-
cing, TRIM28 was discovered as a downstream target of NSUN2.
TRIM28 is a versatile protein implicated in numerous biological
processes, including tumorigenesis®', cell proliferation®, metastasis™,
antitumor immunity’*****, and drug resistance””. It has at least
three aspects of function: first, as a RING-type ubiquitin E3 ligase, it
can catalyze the ubiquitination and degradation of protein kinases
such as AMPK™. Secondly, as a SUMOylation E3 ligase, it promotes
the SUMOylation of PD-L1'”. Thirdly, as a scaffold protein, It
attaches to several chromatin remodeling complexes on chromo-
somes to inhibit transcription'®’. These functions are extensively
involved in processes such as tumor drug resistance'” and tumor
immunity'”. The TCGA data indicates that TRIM28 exhibits
abnormal expression in numerous cancer types. The role of
TRIM28 shows considerable variation across different cancer types.
In prostate cancer and other cancers, TRIM28 can act as an onco-
genic factor, while in renal cell carcinoma, the anti-tumorigenic effect
of TRIM28 is quite evident. In some tumors, function of TRIM28 is
still unclear. In PCa, particularly in CRPC, TRIM28 expression is
upregulated, and inhibiting TRIM28 will suppress tumor growth.
Mechanistically, TRIM28 activates AR signaling pathway'”, activat-
ing proximal luminal lineage cell markers”. TRIM28 can also pro-
mote prostate cancer pathology process by polyubiquitination and
degradation of phosphorylated retinoblastoma protein (p-Rb)'”’. The
expression of TRIM28 is also considered a potential stratification
factor, and the expression of TRIM28 can be used to predict sensi-
tivity to radiology therapy'® or chemotherapy'®”. Given TRIM28’s
influence on the tumor microenvironment, TRIM28 expression
interference can significantly increase the efficacy of tumor
immunotherapy'®.

Stable transfection cell lines were established with TRIM28
knockdown and overexpression. In vitro assay demonstrates that it
facilitates prostate cancer proliferation and metastasis. The regulatory
link between NSUN2 and TRIM28 was also confirmed in NSUN2
knockdown and overexpression cells. We hypothesized that TRIM28
is dependent on NSUN2-mediated methylation. The hypothesis was
initially supported by the RIP assay. Based on bisulfite sequencing,
seven sites were discovered using the RNA Pulldown. These findings
illustrated how NSUN2 regulates the TRIM28 expression. Act D is a
transcription inhibitor that is frequently used to stop the synthesis of
fresh mRNA in mRNA stability assay. As a result, the amount of
mRNA that remains after transcription inhibition can be used to

evaluate the degradation of mRNA®. We then figured out that the
m5C modification on TRIM28 mRNA improves its stability using
Act D to block the transcription.

RNA methylation modifications typically involve three types of
enzymes: “Writers”, “Erasers”, and “Readers”. It is the Writers’
responsibility to add methyl groups to RNA. Erasers remove them.
Readers recognize and mediate biological responses to methylated
RNA. YBX1 and ALYREF are well-known m5C Readers, but addi-
tional Readers such as FRPM™, SRSF2'”, YBX2'", YTHDF2'”,
RAD50'', have been identified. Previous observations in the litera-
ture indicate that distinct Readers appear to affect RNA in different
ways. These effects could be attributed to the Reader’s own function
or to proteins that co-localize with the Reader. For instance, plenty of
research indicates that YBXI affects the stability of mRNA to change
its half-life, which in turn impacts the target protein’s production™.
ALYREEF, on the other hand, is considered in many studies to change
the intracellular distribution of mRNA''". It was recently found that
the leukemia-associated SRSF2 P95H mutation changed its capacity
to read m5C in RNA, resulting in aberrantly spliced mRNA and
linked to a poor prognosis in leukemia'”’. FRMP promotes deme-
thylation by TET1 and R-loop unwinding to facilitate DNA repair by
recognizing m5C sites on mRNA®. YTHDEF2 is involved in pre-rRNA
processing in cells by binding directly to m5C in rRNA'”. Therefore,
we believe that YBX1 or ALYREF is more likely to be the Reader that
recognizes TRIM28 mRNA, which means that both of them show a
significantly positive correlation with TRIM28 mRNA.

We then examined the relationship between different Readers and the
expression of TRIM28 mRNA across several available databases. It was
found that YBX1 and ALYREF are the most robust Readers. We knocked
down YBX1 and ALYREF in CRPC cell lines and confirmed their impact on
TRIM28 expression. RIP assays further validated the binding of YBXI to
TRIM28 mRNA, reinforcing the hypothesis that NSUN2-mediated
methylation enhances TRIM28 mRNA stability via YBXI1. These results
reveal a new signaling axis: FOXA1-NSUN2-TRIM28, and construct a
regulatory network centered on RNA epigenetics, where multiple biological
processes engage in crosstalk with each other.

However, this study has some limitations. First, previous studies have
reached controversial conclusions regarding the role of FOXA1 in CRPC
metastasis. This study did not address whether the promotion of tumor
metastasis by TRIM28 is caused by overexpression of FOXA1, and this issue
requires further research. Secondly, further proof is required to validate
TRIM28’s role in NSUN2’s stimulation of tumor growth and metastasis.
Thirdly, there is a lack of more preclinical models (patient-derived orga-
noids, patient-derived xenografts, etc.) to evaluate the clinical prospects of
targeting the FOXA1-NSUN2-TRIM28 axis.

In conclusion, this study demonstrates that NSUN2 adds m5C
methylation marks to TRIM28 mRNA, which are recognized by YBX1 to
maintain TRIM28 mRNA stability. This, in turn, promotes CRPC pro-
liferation and metastasis. Additionally, FOXA1, a lineage-specific tran-
scription factor, regulates NSUN2 expression, highlighting the complex
regulatory mechanisms. Given TRIM28’s extensive involvement in cancer
biology, our findings suggest that targeting the FOXA1-NSUN2-TRIM28
axis could serve as a promising therapeutic approach for PCa,
particularly CRPC.

npj Precision Oncology | (2025)9:127


www.nature.com/npjprecisiononcology

https://doi.org/10.1038/s41698-025-00904-x

Article

65{ B%%° kel
C4-2R BS-seq g6 04 %
55 =
5 =
' ' 2501 %
@ o
Z 45 L
g &
840 g
ABIT BS-seq = =
35
70 75 80 85 90 75 80 85 90
Log2(TRIM28 TPM) Log2(TRIM28 TPM)
TRIM28 (TCGA) — Low TR TEM,
Logrank p=0.0062
5 3.1e-09 i C4-2
ﬁ ‘1’ e NC NSUN2 sh1 NSUN2 sh2 Vector NSUN2-oe
= 400 2 n(low)=197
& 5
I 3 TRIM28 TRIM28
< . €
g :
£200 iy K NSUN2 NSUN2
ko
2 o GAPDH l
Normal Tumor 0 20 40 60 80 100 120 140
Months
C4-2 C4-2 C4-2
- 6 - Vector NSUN2-0e N FOxm FOXA FOXAT Vector FOXAt-ce
< NC NSUN2sh1 v NSUN2 sh2 & kk sy
o o
? SaiE . a TRIM28
¢ Feees, 8
Qo o
& &
: : ol LN
z 4
£ E
) [ FOXA1
2 2
k] k]
(7] [
i - eroen El
0.0 o NSUN2 TRIM28
NSUN2 TRIM28
C4-2 c4-2 RIP (C4-2)
15— *NC FOXAT shiIFOXAT sh2¢ FOXA1 sh3 104 -Vector-FOXA-oe 3 4
c e ke 2 5 kil Py = - .
o -3 o
2 saax v @ 3
8 = sy = g 8 g
s 3 2
S 104 = % 2 S
] we E] 2
< < 3 <
2 P4 = Q2
[4 [4 S £
£ € 4 = S
g 05 2 ! 8
2 2 T 1
3 , iy 5 2 £
4 o 2
[ | | el
00 - - 0 0
FOXA1 NSUN2 TRIM28 FOXA1 NSUN2  TRIM28 196 NSUN2 NC-shNSUN2 ' NSUN2-0e
1 0 3 0 00 QO o 10 PP® @ O O©
(1) Chr19: 58,544,650-58,544,662 (5) Chr19: 58,545,120-58 545,135 (9) Chr19: 58,546,627-58,546,637 (13) Chr19: 58,549,210-58,549,230
(2) Chr19: 58,544,723-58,544,732 (6) Chr19: 58,545,195-58,545,205 (10) Chr19: 58,546,815-58,546,825 (14) Chr19: 58,549,485-58,549,495
(3) Chr19: 58,545,033-58,545,054 (7) Chr19: 58,545,340-58,545,350 (1) Chr19: 58,547,930-58,547,940 (15) Chr19: 58,549,658-58,549,668
(4) Chr19: 58,545,072-58,545,090 (8) Chr19: 58,546,110-58,546,120 (12) Chr19: 58,549,170-58,549,180 (16) Chr19: 58,549,686-58,549,696
Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 13 Site 14 Site 15 Site 16
+ = + — + — + — ‘= =+
Pull Down g -— - - od - | Pull Down | W e |

Input

[

Site 7 Site 8 Site 9 Site 10 Site 11 Site 12
— & = 5 = F = F = = E—
Pull Down q — "
mput| T S e e e e e

Fig. 5 | NSUN2 promotes the TRIM28 expression by adding m5C modification
to TRIM28 mRNA. A Identification of TRIM28 as a downstream target regulated
by NSUN2. B Correlation analysis between NSUN2 and TRIM28 expression using
the TCGA database for prostate cancer (PRAD). C Correlation analysis between
FOXAL1 and TRIM28 expression using the TCGA cohort for PRAD. D Relative
expression levels of TRIM28 in PRAD compared to tumor-adjacent tissues in
TCGA. E Kaplan-Meier analysis illustrating differences in Disease-Free Survival
(DEFS) based on TRIM28 expression in prostate cancer (PRAD), analyzed via
GEPIA. F, G Evaluation of TRIM28 expression following NSUN2 knockdown or
overexpression in C4-2 cells, demonstrated by representative immunoblotting

assays (F) and quantitative PCR (G). H, I Assessment of TRIM28 and NSUN2
expression after FOXA1 knockdown or overexpression in C4-2 cells, shown
through representative immunoblotting (H) and qPCR analysis (I). ] RNA
Immunoprecipitation (RIP) assays in C4-2 cells demonstrating the direct binding of
NSUN?2 protein to TRIM28 mRNA, as measured by qPCR. K RIP assays indicating
that the m5C abundance of TRIM28 mRNA fluctuates with changes in NSUN2
expression, assessed by qPCR. L Graph showing m5C abundance in TRIM28
transcripts utilizing Bisulfite sequencing. M Representative immunoblotting results
of NSUN2 following RNA Pulldown assays using cell lysate (Ly.) and biotinylated
TRIM28 probes.
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Materials and methods

Ethics statement and immunohistochemistry (IHC)

The study was carried out in strict accordance with the principles enshrined
in the Declaration of Helsinki, and was approved by the Medical Ethics
Committee of Cancer Hospital, Fudan University (SCCIRB). Prior to the

collection of tumor samples, written informed consent was obtained by the
patients, and the procedure was executed in compliance with institutional
and state laws governing the use of human tissues for experimental pur-
poses. Tumor tissues fixed and embedded underwent deparaffinization,
rehydration, and heat-mediated antigen retrieval. After incubation with 3%
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Fig. 6 | TRIM28 promotes cancer cells proliferation and migration in vitro.

A KEGG and GSEA analyses indicate pathways enriched in samples with high
TRIM28 expression. B Representative immunoblotting assay and quantitative PCR
(qPCR) demonstrate the efficiency of TRIM28 knockdown and overexpression in
C4-2 cells. Quantification of CCK-8 proliferation assays showing the effects of
TRIM28 knockdown (C) and overexpression (D) in C4-2. E Representative images
and quantification from the colony formation assay comparing TRIM28 knockdown
and overexpression in C4-2. F Representative images and quantification of invasion
assays for TRIM28-knockdown, TRIM28-overexpression, and control C4-2 cells.

Scale bar: 400 um. G Representative immunoblotting assay confirming the efficiency
of TRIM28 knockdown and overexpression in 22Rv1 cells. Quantification of CCK-8
proliferation assays in TRIM28 knockdown (H) and overexpression (I) in

22Rvl cells, presented as mean + SD (n = 6). J Images of colony formation assay in
TRIM28 knockdown and overexpression 22Rv1, with corresponding quantification
data. K Transwell assay results comparing TRIM28 knockdown and overexpression
in 22Rvl. Scale bar: 400 um. L Representative images of migrated TRIM28-knock-
down, TRIM28-overexpression, and control 22Rv1 cells, with quantification data
included. Scale bar: 400 pm.

methanol-H202 for 10 min, sections underwent treatment with normal
goat serum for a duration of 10 min. and subsequently stained with primary
antibodies overnight at 4 °C as follows: NSUN?2 (1:600, Proteintech, Cat No.
20854-1-AP), TRIM28 (1:600, Proteintech, Cat No. 15202-1-AP), and Ki-
67 (1:800, Cat No. 27309-1-AP, Proteintech). Sections were stained using
diaminobenzidine (DAB-2031, Fuzhou Maixin Biotech) after being treated
for 30 min with secondary antibodies (Proteintech, Cat. No. PR30011).
Pictures were taken with an Olympus camera and the software that came
with it.

Xenograft tumor growth

All animal procedures at Fudan University were authorized by the
Institutional Animal Care and Use Committe, which were in accor-
dance with pertinent ethical regulations. The study used male BALB/
cA nude mice that were 3-4 weeks old'"”. 1x10A7 22Rv1 cells with
shNSUN2 or NSUN2 overexpression were injected subcutaneously
into the animals’ dorsal flank. Tumor size was assessed biweekly.
Tumor weight was measured following euthanasia via CO, asphyx-
iation for 5 min, and tumor samples were subsequently harvested for
additional research.

Cell culture

The C4-2 and 22Rvl cell lines were obtained from the American
Type Culture Collection (ATCC). Researchers kept cells in RPMI
1640 media at 37 °C and 5% CO, (Gibco, Shanghai, China), added
with a 10% solution of fetal bovine serum (Gibco, Shanghai, China).
To minimize contamination, the media received an addition of 1%
penicillin-streptomycin (15-140-122, ThermoFisher Scientific) fol-
lowing manufacturer’s guidelines.

Western blotting

Proteins were harvested from C4-2 and 22Rvl cells. After being
subjected to electrophoresis, protein samples were moved onto a
PVDF membrane manufactured by Millipore in Shanghai, China.
Membranes were blocked and incubated with the diluted primary
antibodies to 1000 times their concentration at 4 °C overnight: anti-
NSUN?2 (Proteintech, 20854-1-AP), anti-FOXA1 (Abcam, ab55178),
anti-TRIM28 (Proteintech, 15202-1-AP), anti-YBX1 (Abcam,
ab76147) and anti-ALYREF (Proteintech, 16690-1-AP). After being
cleaned, membranes were stained with secondary antibodies (goat
anti-mouse, 1: 5000, Proteintech, SA00012-1; 1: 3000, Proteintech,
goat anti-rabbit, SA00001-2) for one hour at room temperature.
Utilizing ECL-plus™ chemiluminescence kits (BD Biosciences, NJ,
USA), visualization was achieved.

RNA extraction and real-time quantitative PCR (RT qPCR)
TRIzol reagent (ThermoFisher, Shanghai, China) was employed to extract
RNA from cells derived from prostate cancer and subsequently reverse
transcribed using MasterMix (TaKaRa, Otsu, Japan). RT qPCR was con-
ducted with GAPDH as an internal control.

Cell counting kit-8 assay (CCK-8)

A thousand cells per well were cultivated in a 96-well plate, with six repli-
cates for each sample. Cell viability was evaluated at designated times (24, 48,
72, 96, till 120 h) by measuring OD value at 450 nm.

Colony-forming assay

A thousand cells per well were cultivated in a plate with six wells and
cultivated for 10 days. Staining colonies with crystal violet, they were
quantified using Image].

Wound healing

Cells were cultivated into 6-well plates. A wound was induced by abrasion of
the cellular layer. Cells were subsequently inoculated in a serum-free
medium, and migration was evaluated by measuring the wound area at 0
and 24 h (or 12 h) using Image] software.

Transwell assay

Fifty thousand cells were cultivated in the Transwell compartment with
250 L of medium without serum, whilst the lower compartments provided
850 uL medium fortified with 10% FBS. After an interval, the cells were
stained with crystal violet, and Image]J software was used to calculate their
numbers.

Cell transfection

Cells underwent transfection with siRNA utilizing Lipo2000 reagent
(ThermoFisher Scientific, Waltham, MA, USA). Each plate was treated with
10 pL of siRNA (sequences: siRNAl: CGGGATCTATAACAACACCAT,
siRNA2: CCGTGTGTACTTATCCTGGAT, or non-targeting siRNA) in
Opti-MEM for a duration of 25 min. The medium was replaced after a
duration of six hours. Cells that were transfected were collected for analysis
48 h after transfection.

Chromatin immunoprecipitation assay (ChIP Assay)

C4-2 or 22Rv1 cells (1 x 10A7) were subjected to crosslinking in 1% for-
maldehyde for ten min, followed by quenching with glycine'"”. Cells were
lysed and subjected to sonication with a Bioruptor Sonicator. Input samples
were set aside, while the remaining samples underwent overnight immu-
noprecipitation at 4 °C using FOXA1 antibodies (ab170933, Abcam). Pro-
tein G beads underwent incubation at 4°C for 3 h. Following washes,
immunoprecipitated samples were eluted, and DNA amplification was
performed using TB Green (RR096A, Takara).

RNA pulldown assay

Cells in a 100 mm plate underwent lysis with a cell lysis buffer. RNA
probes were synthesized by Tsingke and biotinylated, and subse-
quently bound to Streptavidin Magnetic Beads utilizing RNA Capture
Buffer'”. The beads were incubated with protein samples for a
duration of 30 to 60 min at 4 °C. Protein complexes were isolated and
purified, followed by elution at 37 °C for Western blot analysis.

RNA immunoprecipitation assay (RIP Assay)

RIP assay is carried out utilizing RIP Kit from Millipore (catalog
number 17-700)""*. C4-2 cells in a 100 mm plate were subjected to
lysis using RIP lysis buffer. Input samples were reserved, and protein
G magnetic beads were incubated with antibodies for 0.5h at 25°C.
Following a 3-hour incubation of the cell lysate at 4°C, RNA was
subjected to washing with RIP Wash Buffer, followed by purification
and extraction utilizing TRIzol. RNA underwent reverse transcrip-
tion utilizing PrimeScript™ RT Master Mix (RR036A, Takara). It was
subsequently amplified with TB Green (RR096A, Takara).
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RNA stability assay D (MCE, HY-17559) was given. In order to ascertain the relative quantity of

The half-life of RNA was measured to evaluate RNA stability'"*. Six repli- TRIM28 mRNA in relation to the 0-hour time point, RNA was extracted
cates were utilized. At some time points (0, 1,2, 3,4,and 5h),5 pg/mLof Act  and subjected to RT-qPCR.
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Fig. 7 | YBX1, acting as a reader, is involved in maintaining the stability of
TRIM28 mRNA mediated by NSUN2 in an m5C-dependent manner. A A heat-
map illustrating the correlation between TRIM28 mRNA expression and seven
reader proteins. B, C Representative immunoblotting assay and quantitative PCR
(qPCR) showing TRIM28 expression after knocking down ALYREF (B) and YBX1
(C) in C4-2 cells. D RNA immunoprecipitation (RIP) assays in C4-2 cells demon-
strating the direct binding between YBX1 protein and TRIM28 mRNA, analyzed by
qPCR. E, F The decay rate of TRIM28 mRNA at designated time intervals following
actinomycin D (5 pug/ml) treatment in C4-2 (E) and 22Rv1 (F) after NSUN2inhi-
bition and overexpression, respectively, measured by qPCR. G, H The decay rate of
TRIM28 mRNA at designated time intervals following actinomycin D (5 pg/ml)

treatment in C4-2 (G) and 22Rv1 (H) following FOXA1 inhibition and over-
expression, analyzed by qPCR. I The decay rate of TRIM28 mRNA at designated
time intervals following actinomycin D (5 pg/ml) treatment in 22Rvl NSUN2
knockdown cells, with or without FOXA1 overexpression, assessed by gPCR.

J Representative immunoblotting and qPCR of NSUN2 and TRIM28 in TRIM28-
knockdown and control 22Rv1 cells, with or without NSUN2 overexpression.

K Representative images and quantification of the colony formation assay in
TRIM28-knockdown and control 22Rv1 cells, with or without NSUN2 over-
expression. L Quantification of CCK-8 proliferation assays in TRIM28-knockdown
and control 22Rv1 cells, with or without NSUN2 overexpression.

Construction of stable knockdown and overexpressed cells
Lentiviruses were acquired from Genechem (China) to create stable cell
models in C4-2 and 22Rv1. Cells suffered 3 pg/mL puromycin (MCE, USA)
selection for 5 days following lentivirus transfection. Western blot and RT-
qPCR were applied to measure transfection efficiency, with targeted
sequences listed in the Additional file.

Luciferase reporter assay

cDNAs were inserted into pGL4.10 control vectors (Promega)'”. The
inserted sequences are outlined in the Additional file. 293T cells underwent
transfection with FOXA1 plasmid, pRL-TK plasmids, and luciferase
reporter plasmid. Cells were harvested after 48 h to assess luciferase activity.

Statistical analysis

GraphPad Prism 9.0 was utilized for data analysis. We used the Student’s ¢
test to assess how significant the differences were. Statistical significance is
indicated by P values less than 0.05. (*p<0.05 **p<0.01,
and ***p <0.001).

Data availability

The following describes the transcriptome data and clinical data of 533
PRAD samples from 2 cohorts: 497 PRAD samples from TCGA (https://
www.cancer.gov/about-nci/organization/ccg/research/structural-
genomics/tcga), 36 PRAD samples from GSE46602 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi). The other data supporting the findings of this
study are available from the corresponding author upon reasonable request.

Code availability

The R code used for statistical analysis and figure generation in this study is
available upon request. Interested researchers are encouraged to contact the
corresponding author, and the necessary files will be provided promptly.
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