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NSUN2-mediated m5C modification of SOCS3 mRNA modulates
macrophage polarization in bladder cancer
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Tumor-associated macrophages (TAMs) are pivotal in facilitating the progression of cancer cells. M1 and M2 are two polarization
states of TAMs with opposite functions in tumor progression. While the regulatory role of N6-adenosine (m6A) methylation in
macrophage polarization has been established, the function of 5-methylcytosine (m5C) remains unclear. The presence of M2
macrophages in bladder cancer and adjacent normal tissues was validated using fluorescence-activated cell sorting (FACS) and
immunofluorescence (IF). The expression of reported m5C regulators (writers, readers, erasers) was screened in M2 macrophages to
identify the most relevant regulators. Mechanistic insights into how m5C methylation regulates macrophage polarization were
gained through RNA immunoprecipitation (RIP) and quantitative PCR. The FACS and IF results revealed that the main active state of
the tumor microenvironment (TME) was the M2 subtype in bladder cancer. Next, NOP2/Sun RNA methyltransferase family member
2 (NSUN2) was identified as the most upregulated RNA m5C methylase in M2 via a gPCR assay. According to whole-transcriptome
resequencing in si-NSUN2 RAW/THP-1 cells and GO analysis, SOCS3 was determined to be downstream of NSUN2. By methylating
particular sites in SOCS3 mRNA, NSUN2 inhibits both the stability and nuclear export of SOCS3 mRNA, which subsequently activates

the JAK2/STAT3 signaling pathway and then promotes macrophage polarization to the M2 phenotype while inhibiting M1
polarization. Additionally, this process involves the assistance and balance of the reader YBX1 and the eraser TET2. NSUN2
methylates SOCS3 mRNA to inhibit its stability and nuclear export, which consequently promotes macrophage polarization to M2.
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BACKGROUND

Tumor-associated macrophages (TAMs) are pivotal in facilitating
the progression of various types of solid tumors [1, 2]. TAMs can
be divided into two subgroups characterized according to their
active state: M1 and M2 [3, 4]. M1 macrophages have
proinflammatory and antitumor activities, whereas M2 macro-
phages have the opposite functions [5]. Additionally, according to
Wang et al., the polarization state of TAMs is essential for the
prognosis of bladder cancer (BC) patients, and M2 TAMs are
associated with worse outcomes and clinical stages [6]. However,
the state between M1 and M2 is not stable and is subject to
reversal. For example, Bossche et al. revealed that M2 macro-
phages are highly plastic and can be repolarized into the M1 state
by the addition of LPS and IFNy [4]. Additionally, Wang et al.
explored the reprogramming of M2-like TAMs into antitumor M1-
like TAMs as a novel cancer treatment [7].

The process of macrophage polarization is complicated, and
RNA epigenetic modification has been shown to play a critical
role in this regulation [8, 9]. Du et al. reported that METTL14-
regulated macrophage activation via N6-adenosine methylation
(m6A) of SOCST mRNA was required to maintain the negative

feedback control of macrophage activation in response to
bacterial infection [10]. Similarly, according to Ma et al., YTHDF,
an m6A reader, has been shown to mediate the reprogramming
of TAMs and control their antitumor immunity through
CD8+ T cells [11].

5-Methylcytosine methylation (m5C) is another important form
of RNA methylation, and its role in RNA metabolic regulation of
cancer development has been described [12, 13]. Xu et al.
reported that mRNA m5C methylation is upregulated in gastric
cancer and promotes its progression [14]. Previous reports have
identified a total of 17 enzymes associated with the regulation of
m5C RNA methylation [15]. However, it remains unclear which
specific enzyme is involved in the regulation of TAMs in bladder
cancer, and further research is needed.

Thus, in this study, we investigated the role of NSUN2 in the
process of macrophage polarization in BC and showed that
NSUN2 regulated macrophage polarization via m5C mRNA
modification to control both the stability and nuclear export
ability of SOCS3 mRNA. Additionally, this process requires the
assistance and balance of the reader Y-box binding protein 1
(YBX1) and the eraser TET2.
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METHODS

Patient cohort, tissue sample, and research ethics

All BCa samples were obtained from patients diagnosed with BCa who had
undergone surgery at Sun Yat-sen University Cancer Center. According to
the TNM Staging System for Bladder Cancer (8th edition, 2017), data on
each patient’s clinical and pathological information, as well as their
survival, were compiled. This study was approved by the SYSUCC Ethics
Committee (B2024-058-01), and informed consent was acquired.

Immunofluorescence (IF) assay

The expression of NSUN2 in macrophages in BCa patients was determined by
IF using purified polyclonal antibodies (Details of the used antibodies is listed
in Table S1). Initially, 4 um paraffin-embedded tissue sections from 64 patients
were subjected to deparaffinization using xylene, followed by rehydration
through a graded alcohol series. Citrate buffer was used in antigen retrieval
15 minutes, and nonspecific antigens were blocked with 5% goat serum for
30 min at 37 degrees. Then, the cells were incubated with NSUN2 and CD68
antibodies at 4 degrees overnight and then the cells were incubated with
DyLight 488 and DyLight 594 goat anti-rabbit/mouse secondary antibodies.
Finally, the cells were incubated with DAPI for 5 min at 37 degrees.

Cell lines, culture conditions, and transfection

The RAW and THP-1 macrophage lines were purchased from the Type
Culture Collection of the Chinese Academy of Sciences (Shanghai, China).
To obtain bone marrow-derived macrophages (BMDMs), we flushed mouse
bone marrow from tibias and femurs, and then 20 ng/ml M-CSF was added
to induce the differentiation of bone marrow cells for 1 week [16]. For
peripheral blood mononuclear cells (PBMCs), we isolated mononuclear
cells (MNCs) from whole blood with a SepMate™ (STEMCELL, #86450).
CD14 + CD16- monocytes were subsequently isolated with an EasySep™
Human Monocyte Isolation Kit (STEMCELL, #19359). Finally, 20 ng/ml CSF-1
was added to monocytes to obtain differentiated macrophages [17]. These
cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; Gibco, Waltham, MA,
USA), and the cells were cultured at 37 °C in a 5% CO2 incubator. To silence
NSUN2, small interfering RNAs (siRNAs) were designed and synthesized by
GenePharma (Shanghai, China) and transfected with Lipo8000TM Trans-
fection Reagent (Beyotime). The effective sequences are shown in Table S3.

Western blot (WB)

The cells were treated with RIPA lysis buffer (Beyotime) together with 1%
phosphatase and protease inhibitors to extract the proteins, after which
the proteins were separated by 10% SDS-PAGE (EpiZyme, Cambridge, MA,
USA). Then, the proteins were transferred onto PVDF membranes (Pierce
Biotechnology, Waltham, MA, USA), which were blocked with 5% milk at
37 °C for 1 h. These membranes were incubated with primary antibodies at
4 °C overnight. The membranes were subsequently incubated with
secondary antibodies for 2 hours. Finally, the membranes were exposed
to enhanced chemiluminescence (ECL) reagents (Abcam, Cambridge, UK).
The antibodies used are listed in Table S1.

Quantitative real-time polymerase chain reaction (qPCR)

RNA was extracted with TRIzol and then reverse transcribed (HiScript Q RT
SuperMix Kit, Vazyme, Nanjing, China) and amplified (ChamQ SYBR gPCR
Green Master Mix Kit, Vazyme) according to the manufacturer’s directions.
The relative expression of the target genes was calculated by the 2(—AACt)
method and normalized against the expression of GAPDH. The primers
used are listed in Table S2.

MO, M1/M2 macrophage induction of different cell lines

MO macrophage induction of PBMCs/BMDMs was performed as described
above (RAW cells were already MO macrophages). For MO induction, THP-1
cells were exposed to 100 ng/ml PMA for 24 hours. For M1 induction of MO
macrophages, 20 ng/ml LPS was added for 48 hours. For M2 induction, we
added 20 ng/ml IL-4 and IL-13 to MO cells for 48 hours.

ELISA analysis of supernatants from macrophages after
exosome treatment

The levels of IL-10, TGF@, and CXCL1 in the cell culture medium were
determined using ELISA with a Quantikine human ELISA kit from Wuhan
Fine Biotech Co,, Ltd., following the manufacturer’s guidelines.
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Coculture of macrophages treated with exosomes with

BCa cells

To induce differentiation into MO macrophages, THP-1 cells were seeded in
a 24-well plate and exposed to PMA. After 12 hours, the culture medium
was exchanged for a new medium, and a small chamber with BCa cells was
placed on top of the 24-well plate. The upper chamber had medium
without serum, whereas the lower chamber was filled with medium that
included 10% serum. After 24 hours of coculture, the cells were fixed with
paraformaldehyde, stained with crystal violet, and photographed.

Removing macrophages in C57 mice with clodronate-
liposome

Injecting 10 mg/kg clodronate-liposome according to body weight into
C57 mice by tail vein every week. To validate the effect of macrophage
depletion, mice were sacrificed 3 days after the injection, and single-cell
suspensions from the spleen were obtained for flow cytometry that
analyze the proportion of F4/80* cells in the C57 spleen. The animal
experiments were approved by the SYSUCC Animal Ethics Committee
(L102022023009K).

RNA pull-down assay

RIPA cell lysis buffer was used to prepare the cell lysates. In brief, 50 pl of
streptavidin magnetic beads were combined with 50 pmol of 3'-biotin-
labeled RNA probes and agitated for 30 minutes. Following incubation,
100 mg of protein lysate was added, and the mixture was agitated for
60 minutes at 4 °C.

RIP assay

An EZ-Magna RIP kit (NO. 17-701) was used. Briefly, the cells were lysed on
ice with RIP lysis buffer. Then, 50 pl of protein A/G magnetic beads, 100 pl
of cell lysate and 900 pl of RIP buffer were added to a clean microtube and
rotated at 4 °C for 3 h. Ten microliters of cell lysate was kept as input and
stored at —80 °C. Finally, the RNA was purified, collected, and converted to
cDNA for gPCR.

mRNA stability assay

Each sample was harvested at 0, 3, 6, and 7 hours after treatment with
actinomycin D (2 uM). Total RNA was isolated and converted to cDNA for
RT—gPCR analysis.

Statistical analysis

Statistical analysis was performed by SPSS software (version 25.0). All the
data are presented as the means + SDs. Student’s t-test or one-way ANOVA
was performed to analyze the differences between the two groups.
Benjamini-Hochberg adjustment was used to correct the false discovery
rates in multiple comparisons. Survival analysis was performed with
Kaplan—-Meier survival curves. The associations were analyzed by Pearson’s
chi-square test. A p-value < 0.05 was considered significant.

RESULTS

Infiltration of TAMs in BC tissues

To validate the distribution of M1/M2 TAMs in BC tissues,
fluorescence-activated cell sorting (FACS) was used in 6 pairs of
tumor and corresponding normal tissues. The results revealed that
CD68" macrophages were more likely to be present in surround-
ing tumor-surrounding tissues than in normal tissues. Among the
population of CD68" cells, CD206"CD68* (M2) and CD86"CD68™
(M1) cells accounted for 36.2% and 12.7%, respectively, of the
population in tumor-surrounding tissues, whereas they accounted
for 13.2% (M2) and 45.3% (M1) of the population in normal tissues
(Fig. 1A). These results revealed that M2 macrophages were the
main subtype of TAMs in BC tumor-surrounding tissues.

NSUNZ2 expression in TAMs and its clinical association with BC
patients

We wondered whether m5C RNA methylases play a role in the
regulation of M1 and M2 distribution. According to Ma et al., a
total of ten m5C RNA methylases have been identified since then.
Thus, a quantitative PCR (qPCR) assay was performed to compare
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Fig. 1 M2 polarization is increased in BCa tumor-surrounding tissues, and NSUN2 is increased in TAMs. A BCa tissues tend to have a
greater M2 proportion and a lower M1 proportion than normal tissues do. B A series of m5C writers are upregulated in BCa TAMs, and NSUN2
is the most highly expressed writer among these m5C writers. € Correlation analysis of m5C-related genes revealed that NSUN2 expression is
related to various m5C readers and erasers, such as ALYREF, YBX1, and TET2. D IF was performed to evaluate NSUN2 expression in BCa TAMs,
and patterns of low expression and high expression are shown. E Patients with high NSUN2 levels tend to have poorer clinical outcomes.
F High NSUN2 expression in BCa TAMs is associated with N stage and muscle invasion. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Statistics are presented as the means + SDs of three independent experiments.
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the expression of these m5C RNA methylases in tumor-
surrounding and normal tissues. As shown in Fig. 1B, several
kinds of mRNAs were highly expressed in tumor-surrounding
tissues, among which NSUN2 was the most significantly elevated.
To validate the effect of NSUN2 on macrophages, several cell lines
derived from both human and mouse mononuclear leukocytes
(THP-1 cells, RAW cells) were used to construct macrophage
models stimulated with IL-4. Whole-transcriptome resequencing
was subsequently performed in these stimulated cells, which
revealed that NSUN2 was commonly upregulated in M2 macro-
phages, and GO analysis showed that NSUN2-related signaling
pathways, such as regulation of mRNA stability or RNA transport,
were enriched, which indicated the potential of NSUN2 in M2
polarization via m5C methylation (Fig. S1).

NSUN?2 is the most common m5C RNA methylase in BCa, which
is also highly expressed in cancer cell, and its role in BCa cell has
been revealed. We explored the role of NSUN2 in the clinical
outcome of bladder cancer by analyzing relevant data from public
databases. Results showed that high NSUN2 expression is
associated with a poor response and prognosis to immunotherapy
such as anti-CTLA-4 and anti PD-1/PD-L1 therapy (Fig. S2).
However, all current BCa studies examined the NSUN2 expression
in whole tumor tissue, including tumor cells and immune cells.
Therefore, we additionally analyzed the associations of NSUN2
expression in TAMs with the clinical characteristics of BCa patients.
The results revealed that patients with high NSUN2-expressing
TAMs had shorter 5-year overall survival than patients with low
NSUN2-expressing TAMs did (Fig. 1E). In addition, high numbers of
NSUN2-expressing TAMs seemed to be related to lymph node
metastasis and muscle invasion in patients (Fig. 1F). Taken
together, these results indicate that high NSUN2 expression in
TAM:s is associated with a poor prognosis in BC patients.

NSUN2 regulates the polarization and function of
macrophages

To further validate the role of NSUN2 in M2 polarization, siRNA
technology was used to knock down NSUN2 expression in four
mononuclear leukocytes (RAW, THP-1, BMDM and PBMC). As
expected, repression of NSUN2 expression increased both the
mMRNA and protein expression levels of M1-related genes, such as
IL-10 and Arg-1, but reduced the mRNA and protein expression
levels of M2-related genes, such as TNF-a and iNOS (Fig. 2A, B). A
similar trend was observed for the levels of corresponding
cytokines excreted by M1/M2 macrophages (Fig. S3A). Moreover,
after NSUN2 was overexpressed with a plasmid, the opposite
effect on M1/M2 polarization in various macrophages was
observed (Fig. 2C and D). In addition, the growth of BCa cells
was greater in the NSUN2-knockdown M2 macrophages than in
the control cells (Fig. S3), indicating that the knockdown of NSUN2
inhibited the protumor effect of M2 macrophages on BCa cells. In
the flow cytometry, CD 86%/F4/80"(or CD68" in human cells) cells
were determined as M1 macrophage, and CD 206*/F4/80"(or
CD68" in human cells) cells were determined as M2 macrophage.
Results of these flow cytometry in RAW and THP-1 cells also
showed that knockdown of NSUN2 decreased the M2 proportion
while increasing M1 proportion, and over-expression of
NSUN2 showed the opposite result.(Figs. 2E, F and S3). Taken
together, these results indicate that NSUN2 plays a critical role in
regulating the process of macrophage polarization and its active
function.

Knocking down NSUN2 increased the expression of SOCS3, and
NSUN2 mediates the polarization of macrophages via the SOCS3/
JAK2/STAT3 pathway. To investigate the underlying mechanism
by which NSUN2 regulates macrophage polarization, a whole-
transcriptome resequencing assay was performed in siNSUN2 and
control cells. GO analysis was subsequently used to screen for
genes downstream of NSUN2. SOCS3 was the most significantly

SPRINGER NATURE

upregulated gene, as illustrated in Fig. 3A and B. Furthermore, as
depicted in Fig. 3C, we focused on signaling pathways related to
macrophage polarization. Consistent with these findings, the
subsequent WB and qPCR results revealed that the mRNA and
protein levels of SOCS3 were elevated (Fig. 3D, E). According to
data from public databases, SOCS3 also play an essential role in
the immunotherapy of BCa patients. And high SOCS3 expression
indicates better response and prognosis to immunotherapy.

According to Rottenberg et al., the suppressor of cytokine
signaling (SOCS) family is an important group of molecules that
usually regulate cytokine or hormone signaling [18]. Members of
the SOCS family can bind to JAK kinase, which can prevent its
phosphorylation and promote its degradation [18]. Additionally,
SOCS3 is known to be a negative regulator of inflammatory
activities via the JAK2/STAT3 signaling pathway, and SOCS family
members, such as SOCS1, were found to participate in the
regulation of macrophage polarization [19-21]. Thus, we also
detected the protein levels of JAK2/STAT3 pathway components,
and the results revealed that the knockdown of NSUN2 led to a
reduction in JAK2 and STAT3. Furthermore, we found that
knockdown of SOCS3 in si-NSUN2 cells decreased the protein
and mRNA expression of SOCS3 and rescued the levels of p-JAK2
and p-STAT3 (Fig. 3D, E). Consistent with these results, knockdown
of SOCS3 remodeled the polarization and ability of macrophages
caused by NSUN2 inhibition (Fig. 4A-E, S4). Taken together, these
results suggested that NSUN2 promoted macrophage polarization
in a manner dependent on the SOCS3-JAK2-STAT3 signaling
pathway.

Validating that NSUN2 also mediates the polarization of TAMs via
the SOCS3 pathway, both in human bladder cancer specimens and
in vivo. Consider that all evaluated macrophage subsets above
are cell lines or conditioned cells derived from bone marrow
precursors rather than macrophages in human BC tissues. To
validate whether NSUN2 and SOCS3 still plays a similar role in BC
patients, we isolated TAMs from human bladder cancer specimens
with FACS described as above. Following WB, qPCR, ELISA, and
flow cytometry improved our previous theory, that is NSUN2
promoted M2 polarization and inhibited M1 polarization of TAMs
in BC tissues (Fig. 5A-E). Also, knockdown of SOCS3 remodeled
the polarization and ability of macrophages caused by NSUN2
inhibition.

Moreover, to validate the importance of the NSUN2-centric
pathway in polarization of TAMs in vivo, we removed all
macrophages in C57 mice with clodronate-liposome, and then
C57 mice were injected with bladder cancer cells and untreated
BMDM or siNSUN2/siNSUN2-siSOCS3 BMDM to validate the
function of NSUN2 and SOCS3 in vivo (Fig. 6A, B). Results showed
that C57 injected with all kinds of BMDM tend to have a smaller
tumor size compared with PBS. Moreover, among all BMDM
subgroups, tumor size in the siNSUN2 group is smallest, and
tumor size in the siNSUN2-siSOCS3 group and the NC group don't
have a significant difference, indicating that knock-down of
NSUN?2 inhibited tumor growth in vivo while SOCS3 rescued this
inhibition (Fig. 6C, D). Also, results of IF showed that knockdown of
NSUN2 inhibited the M2 polarization and enhanced M1 polariza-
tion in vivo, while knockdown of SOCS3 in vivo rescued the above
changes brought by NSUN2 (Fig. 6E).

NSUN2 methylated SOCS3 mRNA

We wondered how NSUN2 controls the expression of SOCS3. As
an m5C RNA methylase, NSUN2 exerts its biological functions by
directly binding to targeted mRNAs and methylating determined
sites [12]. Thus, we detected whether NSUN2 could directly bind
to SOCS3 mRNA via an RNA immunoprecipitation (RIP) assay. As
shown in Fig. 7A, RIP detection with the NSUN2 antibody or the
m5C antibody significantly pulled down SOCS3 mRNA; however,
when NSUN2 was knocked down, the amount of pulled-down
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SOCS3 mRNA dramatically decreased. These results revealed that corresponding to these sites were synthesized, and an RNA pull-
NSUN2 could directly bind to SOCS3 mRNA via m5C methylation. down assay was performed for the NSUN2-SOCS3 mRNA complex.

To precisely validate the site of m5C methylation, 3 potential The results revealed that both the NSUN2 and m5C proteins could
sites of methylation were identified from the m5C prediction be enriched in the site 1 groups, which indicated that NSUN2
website (https://rmvar.renlab.org/) (Fig. 7B and C). Then, primers functions by binding to sites 1 (Fig. 7D).
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M2 polarization were reversed in the siNSUN2-siSOCS3 group. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. n.s. stands for non-significant.
Statistics are presented as the means + SDs of three independent experiments.

NSUN2 inhibited the nuclear export of SOCS3 mRNA

Zhang et al. reported that m5C methylation can regulate the
stability and nuclear export of targeted mRNAs, which leads to
changes in determined mRNA and protein expression [22]. To
validate whether NSUN2 mediates SOCS3 expression by affecting
the stability or nuclear export of its mRNA, we performed an
mMRNA stability assay and found that the knockdown of NSUN2
decreased the stability of SOCS3 mRNA (Fig. 7E). Furthermore, we
detected the levels of SOCS3 mRNA in the cytoplasm and nucleus

Cell Death and Disease (2026)17:75

and found that the knockdown of NSUN2 led to a significant
increase in SOCS3 MRNA in the cytoplasm but a decrease in
SOCS3 mRNA in the nucleus (Fig. 7F). To further explore the
relationship between NSUN2-mediated m5C methylation and
destabilization of SOCS3 mRNA, mutation assay is performed.
According to the result, mutation of m5C site 1 prevented the
binding of NSUN2 and increased the stability of SOCS3 mRNA
eventually (Fig. 7H, 1). FISH analysis further confirmed that the
knockdown of NSUN2 reduced the accumulation of SOCS3 mRNA
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in the nucleus (Fig. S5). Taken together, these results suggest that
NSUN2-mediated m5C methylation inhibits the nuclear export and
stability of SOCS3 mRNA, which leads to the decrease of SOCS3
expression and reduces its inhibition for JAK2/STAT3 pathway
eventually.

NSUN2-mediated SOCS3 mRNA methylation requires the
assistance of YBX1 and TET2

The process of NSUN2-mediated m5C methylation usually requires
a balance of readers and erasers. Yang et al. reported that NSUN2-
mediated RNA m5C methylation requires the assistance of ALYREF
(a reader) in the nucleus, facilitating the export of m5C-modified
mRNAs [23]. Similarly, Y-box binding protein 1 (YBX1) is also a
reader of NSUN2. To determine which types of regulators
positively participate in the process of SOCS3 mRNA methylation,
RNA oligo pull-down assays were performed on all m5C readers
(ALYREF and YBX1) and the m5C eraser (TET1-3) with validated
m5C sites of NSUN2 in SOCS3 mRNA. Both YBX1 and TET2 were
pulled down at sites 1 (Fig. 8A). Further RIP assays with YBX1 or
TET2 antibodies confirmed that SOCS3 mRNA could be pulled
down by both antibodies (Fig. 8B).

To define the roles of YBX1 and TET2 in the process of NSUN2-
mediated SOCS3 mRNA methylation, either YBX1 or TET2 was
knocked down using siRNA technology. The results revealed that
siYBX1 resulted in decreased stability of SOCS3 mRNA, whereas
SiTET2 led to the opposite results (Fig. 8C). Furthermore, a series of
RIP assays confirmed that YBX1 and TET2 directly bind to SOCS3
mMRNA. To further validate their role in mediating m5C methylation
of SOCS3, we performed additional functional experiments.
Immunofluorescence analysis demonstrated that knockout of
TET2 reduced the global m5C methylation level in macrophages,
while subsequent reconstitution of TET2 expression restored it.
Meanwhile, RNA stability assays revealed that knockdown of YBX1
up-regulated the stability of SOCS3 mRNA (Fig. S6). Taken
together, these results suggest that YBX1 and TET2 participate
in the regulation of NSUN2-mediated SOCS3 mRNA methylation.

Additionally, we detected the roles of YBX1 and TET2 in
macrophage polarization. As shown in Figs. 8D, E and S5, siYBX1
promoted M1 polarization in macrophages and inhibited M2
polarization, whereas siTET2 had the opposite effect.

DISCUSSION
TAMs are important components of the tumor microenvironment,
and they nurture the course of tumorigenesis and development,
although the underlying mechanism is not fully understood
[3, 24]. In recent decades, the roles of TAMs have been widely
explored. M1 and M2 macrophages are two active states of
macrophages under various conditions; M2 macrophages have
protumor effects, and M1 macrophages have proinflammatory
and antitumor effects [5]. A series of studies have shown that M2
macrophages constitute the major percentage of macrophages in
solid human cancers [1, 5, 25]. Consistent with these findings, our
results also suggest that M2 macrophages constitute the main
subtype of TAMs in the bladder TME. However, the states of M1
and M2 are plastic, and they can mutually transform into one
another under specific conditions. To clarify this phenomenon, we
need to elucidate the underlying mechanism by which macro-
phages polarize to the M1/M2 phenotype, which could serve as a
target for exploring new drugs for cancers in the future.
Epigenetic modifications, including RNA methylation, are critical
for the regulation of gene expression, and their roles in the
process of cancer development are widely known [12, 26, 27].
However, the role of RNA methylation in the regulation of
macrophage polarization has not been sufficiently investigated.
m6A is an important form of RNA methylation, and its role in
macrophage polarization has been emphasized in recent studies
[27-29]. It has been described as a rapid and dynamic “responsive”
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regulator, which broadly and agilely reshaping the transcriptome
landscape of immune-related genes to bidirectionally modulate
the M1/M2 equilibrium [11, 27]. On the other hand, another form
of RNA methylation, m5C, is generally considered more stable. Its
regulation depends more on the expression levels of its writers
and readers [30, 31]. However, few studies have revealed the role
of m5C in macrophage polarization. Recent studies revealed that
RNA modification plays an important role in the regulation of the
TME, especially the role of m6A in the polarization of M2
macrophages, whereas studies that focus on m5C in macrophage
polarization are insufficient [29, 32]. Additionally, Zhou et al.
revealed that m5C in BCa cancer cells promotes the pathogenesis
of BCa [33].

Since then, approximately 10 RNA m5C methylases have been
identified. To determine which m5C methylase participates in the
regulation of macrophage polarization in the bladder TME, we
used a qPCR assay to detect their expression in BC tumors
surrounding normal tissues. NSUN2 was subsequently identified
as the most significant regulator of these known m5C RNA
methylases. NSUN2 is the main member of the RNA m5C
methylases and catalyzes the methylation of cytosine residues in
tRNAs and other RNA molecules, playing a key role in cell
differentiation and development [13, 26, 34, 35]. Additionally,
further experiments revealed that NSUN2 is related to poor
prognosis in BCa patients and M2 polarization in various
macrophages. Taken together, these findings indicate that the
hypermethylation of m5C in macrophages might trigger M2
polarization in the BCa TME. Although the ability of m5C to
promote cancer progression has been well elucidated in cancers,
its function in the process of macrophage polarization is still
unclear [26, 35]. By knocking down its expression in macrophages,
we found that the state of macrophages changed and tended
toward M1 polarization, accompanied by elevated expression of
M1-related genes. These results suggest that NSUN2 participates
in the regulation of M2 polarization.

We subsequently reported that SOCS3 (suppressor of cytokine
signaling 3) is the downstream target of NSUN2 and that NSUN2
regulates SOCS3 protein expression via the methylation of SOCS3
mRNA. SOCS3 is a negative regulatory protein that primarily
modulates immune responses, inflammation, and metabolic
processes by inhibiting the JAK-STAT signaling pathway [18, 36].
It plays a crucial role in maintaining the cellular signaling balance
and preventing excessive inflammation and immune responses
[18, 37]. Usually, mRNA methylation occurs in 3’ or 5" untranslated
regions (UTRs), and methylation can affect the stability and
nuclear export of modified mRNAs [38, 39]. In our study,
knockdown of NSUN2 resulted in the upregulation of SOCS3
protein expression as well as its mRNA levels, indicating that
NSUN2-mediated m5C modification decreased the stability of
SOCS3 mRNA. Next, we detected whether SOCS3 mRNA export
was affected after m5C methylation. Consistent with reports that
NSUN2-mediated m5C modification can affect the nuclear export
of modified mRNAs, the repression of NSUN2 increased the
nuclear export of SOCS3 mRNA. We further explored the down-
stream signaling pathways by which NSUN2 regulates TAM
polarization, and the SOCS3/JAK2/STAT3 pathway was inhibited
after NSUN2 knockdown. The JAK2/STAT3 pathway is the core
pathway involved in TAM polarization in macrophages, and it has
been reported that IL-4 regulates M2 polarization mainly by
activating the JAK/STAT pathway [40, 41]. Additionally, the
upregulation of SOCS3, an upstream inhibitory molecule, is the
main cause of the inhibition of the JAK2/STAT3 pathway.

m5C modification not only mediates the binding of mRNAs
through m5C writers but also exerts regulatory effects through
the combination of m5C readers and erasers, which can
recognize and bind to m5C sites and produce biological effects
[13, 42]. In this study, we found that the expression of YBX1,
ALYREF (m5C readers), and TET2 (m5C eraser) changed
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Fig. 8 NSUN2-mediated SOCS3 mRNA methylation requires the assistance of the m5C reader YBX1 and the m5C eraser TET2. A RNA pull-
down assays revealed that the m5C reader YBX1 and the m5C eraser TET2 can also be pulled down by the validated m5C sites 1 and 3. B RIP
assays revealed that SOCS3 mRNA can be enriched by both YBX1 and TET2 antibodies. C Knockdown of YBX1 improved the stability of SOCS3
mRNA, whereas knockdown of TET2 decreased its stability. D, E Knockdown of YBX1 decreased the mRNA and protein expression of M2-
related genes and increased the expression of M1-related genes. In addition, TET2 knockdown resulted in the opposite trend.
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Fig. 9 Schematic diagram. NSUN2 promotes M2 polarization of TAMs by methylating SOCS3 mRNA, thereby activating the JAK2/STAT3 signaling

pathway. Additionally, m5C methylation in BCa regulates the M1/M2 polarization of TAMs through the NSUN2-m5C-YBX1/TET2 axis.

significantly in BCa TAMs compared with those in normal tissues,
which was also related to the expression of NSUN2. YBX1, as a
reader, recognizes and binds to specific RNA modifications,
influencing RNA stability, translation, and processing,g and
thereby regulating gene expression [42]. On the other hand,
TET2, as an eraser, removes certain RNA modifications by
oxidizing methylated cytosine residues, thereby facilitating
dynamic changes in RNA function and allowing the fine-tuning
of cellular processes such as differentiation and stress responses
[43, 44]. Together, these two proteins coordinate the regulation
of RNA modifications, ensuring proper cellular function and
adaptation. Further results of RNA oligo pull-down verified that
YBX1 and TET2 could bind to the predicted m5C sites in SOCS3
mRNA that also bind to NSUN2, and that the combination of
YBX1 and TET2 with m5C sites relies on the expression of
NSUN2. Furthermore, YBX1 knockdown increased SOCS3 mRNA
stability, whereas TET2 knockdown decreased SOCS3 mRNA
stability, which ultimately contributed to changes in the SOCS3/
JAK2/STAT3 pathway. These results suggest that SOCS3 mRNA
can be m5C modified by NSUN2, which destabilizes SOCS3
MRNA with the assistance of YBX1, combined with its m5C sites,
promoting the activation of the JAK2/STAT3 pathway. On the
other hand, TET2 can reverse the effect of NSUN2 by regulating
the demethylation of mRNA, converting the abnormal activation
of the downstream pathway into inhibition. Through the above
mechanism, the activation/inhibition of the JAK2/STAT3 path-
way regulates the polarization of BCa TAMs, which ultimately
mediates the progression of BCa (Fig. 9).

Therefore, these findings suggest that the NSUN2-m5C-YBX1/
TET2 axis in BCa TAMs regulates the polarization of macrophages
in the TME of BCa and ultimately affects the prognosis of BCa
patients. By intervening in and monitoring this axis artificially, we
might predict BCa patient prognosis individually, predict the
effectiveness of immunotherapy or interfere with the progression
of BCa. Unfortunately, there are no available medical antibodies or

Cell Death and Disease (2026)17:75

inhibitors for NSUN2 on the market. However, Jiang et al. reported
small molecule inhibitors that could decrease the methyltransfer-
ase activity of NSUN2, which could provide new therapeutic
options in the future [45]. Similarly, to the best of our knowledge,
research has yet to identify an agonist of TET2, which is expressed
at low levels or inactivated in various cancers. On the other hand,
YBX1 has been well studied as a common cancer-associated
antigen [46-48]. YBX1 can induce a T-cell response and immune
evasion by regulating PD-L1, and studies have shown that YBX1
can be inhibited by everolimus and the YBX1 phosphorylation
inhibitor TAS0612 [49, 50]. Therefore, targeting YBX1 in this axis
might be a new strategy for treating advanced BCa patients.

In conclusion, we found that M2 polarization and m5C
modification were significantly increased in BCa TAMs. Further
mechanistic research revealed that the NSUN2-m5C-YBX1/TET2
axis could regulate SOCS3 mRNA and further activate the JAK2/
STAT3 pathway, leading to M2 polarization of TAMs (Fig. 9). These
findings suggest that the NSUN2-m5C-YBX1/TET2 axis could be an
ideal target for immunotherapy in BCa patients.
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