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Malignant glioma exhibits immune evasion characterized by highly expressing the immune
checkpoint CD47. RNA 5-methylcytosine(m5C) modification plays a pivotal role in
tumor pathogenesis. However, the mechanism underlying m5C-modified RNA metab-
olism remains unclear, as does the contribution of m5C-modified RNA to the glioma
immune microenvironment. In this study, we demonstrate that the canonical 28SrRNA
methyltransferase NSUN5 down-regulates f-catenin by promoting the degradation of
its mRNA, leading to enhanced phagocytosis of tumor-associated macrophages (TAMs).
Specifically, the NSUN5-induced suppression of f-catenin relies on its methyltransferase
activity mediated by cysteine 359 (C359) and is not influenced by its localization in the
nucleolus. Intriguingly, NSUNS5 directly interacts with and deposits m5C on CTNNBI1
caRNA (chromatin-associated RNA). NSUN5-induced recruitment of TET2 to chromatin
is independent of its methyltransferase activity. The m5C modification on caRNA is sub-
sequently oxidized into 5-hydroxymethylcytosine (5ShmC) by TET?2, which is dependent
on its binding affinity for Fe?* and a-KG. Furthermore, NSUNS5 enhances the chromatin
recruitment of RBFOX2 which acts as a 5ShmC-specific reader to recognize and facilitate
the degradation of 5ShmC caRNA. Notably, hmeRIP-seq analysis reveals numerous mRNA
substrates of NSUNS5 that potentially undergo this mode of metabolism. In addition,
NSUNS5 is epigenetically suppressed by DNA methylation and is negatively correlated
with IDH1-R132H mutation in glioma patients. Importantly, pharmacological blockage
of DNA methylation or IDH1-R132H mutant and CD47/SIRPa signaling synergistically
enhances TAM-based phagocytosis and glioma elimination in vivo. Our findings unveil a
general mechanism by which NSUN5/TET2/RBFOX2 signaling regulates RNA metabo-
lism and highlight NSUNS5 targeting as a potential strategy for glioma immune therapy.

NSUN5 | RNA methylation | RBFOX2 | glioma | CTNNB1

Opver 160 types of RNA modifications have been studied, ranging from N6-methyladenosines
(m6A) to pseudouridine (¥) (1). Among these modifications, m5C is one of the most
common and significant ones (2). Members of the NSUN family act as writers of m5C
with two conservative cysteine residues crucial to the methylation reaction (3). A recent
study indicates that NSUN5 can stabilize target mRNA through its binding and modifying
functions (4). It is reported that TET?2 is involved in the modification of caRNA with
5-hydroxymethylcytosine (5hmC), leading to caRNA degradation (5). However, the
mechanism by which m5C is converted to 5hmC on caRNA and 5hmC mediated caRNA
metabolism remains unknown.

Malignant glioma exhibits immune evasion and is associated with a complex tumor
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microenvironment, with as many as 30 to 50% of cells in gliomas being tumor-associated
macrophages (TAMs) (6). Rather than acting as guards or bystanders, these TAMs provide
a tumor-adapted environment for glioma growth (7). The mutation of isocitrate dehy-
drogenase 1 and 2 (IDH1 and IDH?2) is commonly found in low-grade glioma (LGG),
which exhibits metabolic reprogramming and an abnormal increase in 2-HG. The excessive
accumulation of 2-HG competitively inhibits dioxygenases, such as the TET family, which ¢ g /Ny,

leads to hypermethylated CPG islands (8) "RW., C.S., X.C., and R. Yang contributed equally to this
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the correct splicing of the neural-specific splicing factor nPTB (10). Additionally, it has
been shown to bind nascent RNA and inhibit transcription (11).
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[-catenin is known to promote tumor proliferation and enable
immune escape of glioma cells (12). CD47, a critical immune
checkpoint (13) overexpressed in tumors, is the downstream prod-
uct of B-catenin (14). CD47 is located on the surface of tumor
cells and binds to the SIPRa of phagocytes, releasing a“don’t eat
me” signal that suppresses membrane deformation and phagocy-
tosis of phagocytes (13). Blocking the CD47/SIRP1a axis not
only increases phagocytosis around tumors but also stimulates
adaptive immune reactions due to the antigen-presenting function
of phagocytes, which makes it a promising therapeutic target in
solid tumors, including glioma.

In our experiment, we identify that NSUN5 down-regulates
p-catenin by promoting the degradation of its mRNA, resulting in
enhanced phagocytosis of TAMs and glioma elimination. NSUN5
catalyzes m5C modification on CTNNBI1 caRNA, which is subse-
quently oxidized into ShmC by TET2. RBFOX2 as a specific reader
of 5ShmC, facilitating the degradation of 5ShmC caRNA. The regula-
tory network involving NSUNS5/TET2/RBFOX2 in caRNA metab-
olism and tumor immune microenvironment could pave the way for
the development of targeted immune therapies for glioma.

Results

NSUN5 Promotes the Phagocytosis of TAMs in Glioma. Using
single-cell bioinformatic analysis (S Appendix, Fig. S1 A and B),
we found that malignant cells exhibited the lowest NSUNS5
expression levels among the different cell types that make up
the tumor mass. Both in vitro (S Appendix, Fig. S1 C-J) and
in vivo experiments (S/ Appendix, Fig. S1 K—N) revealed that

NSUNS5-overexpressed cells exhibited lower cell survival and
decreased tumor migration rate, further supporting the idea that
NSUNS5 plays a crucial role in glioma suppression.

To investigate the specific impact of NSUNS5 on the immune
environment of glioma, we analyzed the infiltration of various
immune cells (87 Appendix, Fig. S2A). Since macrophages comprise
approximately one-third of the glioma, we sought to determine
whether TAMs played a role in the regulation of NSUN5-mediated
tumor growth. Surprisingly, we observed a significant inhibition of
tumor growth reduction in vivo following the administration of
peripheral macrophage scavenger clodronate liposomes (Fig. 1 A-D
and ST Appendix, Fig. S2 B-D), providing insights into the function
of NSUNS5. Subsequently, an in vitro coculture model was estab-
lished to confirm the critical role played by NSUNS in macrophages
(SI Appendix, Fig. S2E). Low-magnification microscopy revealed
that tumor cells overexpressing NSUN5 were more easily engulfed,
resulting in the formation of a low-pH phagolysosome (Fig. 1 £and
SI Appendix, Fig. S2 F-K). This suggests that tumor cells promote
phagocytosis in an NSUN5-dependent manner. Furthermore, when
CFSE-marked tumor cells were cocultured with macrophages,
we observed a higher proportion of CFSE-positive macrophages in
the NSUNS overexpression group, and vice versa (Fig. 17 and
SI Appendix, Fig. S2 L and M). These results suggest that NSUN5
promotes the phagocytosis of TAMs.

NSUNS5 Down-Regulates CTNNB1 mRNA, Inhibiting CD47-Induced
Immune Evasion of Glioma. To elucidate the mechanism by
which NSUNS5 promotes the phagocytosis of macrophages in the
tumor immune environment, we performed mRNA sequencing
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Fig. 1. NSUNS5 promotes the phagocytosis of TAMs. (A) Representative images of the luciferase signal in C57BL/6 mice, treated with or without clodronate
liposomes (CL) to eliminate macrophage;“PL" indicates PBS liposomes. (B) Quantification of luciferase activity in panel (A). (C) Body weight of mice on day 13.
(D) Kaplan-Meier analysis of survival in mouse models. () Images of a coculture of GL261 and mouse peritoneal macrophages are presented, with pHrodo
avidin used to label active lysosomes in red. (F) Flowcytometry intensity analysis of fluorescence in macrophages after phagocytosis of CFSE-labeled tumor
cells in coculture experiment. The histogram shows the ratio of CFSE-positive macrophages in the coculture experiment. Data represent mean + SD; *P < 0.05,
**P <0.01, and ***P < 0.001.

20f12 https://doi.org/10.1073/pnas.2321611121 pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2321611121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321611121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321611121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321611121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321611121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321611121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321611121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2321611121#supplementary-materials

(mRNA-seq) analysis and found that the Wnt signaling pathway
was the top enriched pathway that was significantly down-regulated
in NSUNS5 overexpression group (Fig. 24 and SI Appendix,
Fig. S3A). This finding aligns with the results obtained from
the CGGA database (SI Appendix, Fig. S3B). CTNNBI, a key
regulator of the Wnt signaling pathway was ranked first among
the differentially expressed genes (Fig. 2B). Recently, NSUNS5 is
reported to methylate 28S5rRNA and modulate the translation
process (15). However, we observed that NSUNS5 overexpression
led to the downregulation of CTNNB1 and CD47 mRNA levels
(Fig. 2 C and D and SI Appendix, Fig. S3 C-F), suggesting a
mechanism independent of NSUN5-induced ribosome regulation.
Accordingly, NSUNS5 negatively regulates CTNNB1 and CD47
protein levels (Fig. 2 E and F and SI Appendix, Fig. S3 G-1).
Moreover, overexpression of P-catenin or CD47 in NSUNS5-
transfected cells blocked the NSUNS5-induced phagocytosis-
enhancing effect (8] Appendix, Fig. S3 J-O).

Earlier research indicated a potential association between NSUN5
expression and genomic DNA methylation (15). Consistently,
inhibiting DNMT1 through shRNA or the nonspecific inhibitor
5-Aza, which also hinders RNA methyltransferase activity (16),
significantly increased NSUNS5 expression (Fig. 2 G and H).
Moreover, in vitro experiments combining decitabine, a specific
DNMTT1 inhibitor, and RRx001, a small molecular by-product
from the aerospace industry (17) known to reduce CD47 and
SIRPa (18), showed a notable upregulation of NSUN5 and a down-
regulation of B-catenin and CD47 (Fig. 2J). Simultaneous admin-
istration of decitabine and RRx-001 demonstrated greater eflicacy

in a mouse glioma model compared to each drug alone, as evi-
denced by reduced tumor volume (S/ Appendix, Fig. S3 P-R) and
prolonged survival rates (SI Appendix, Fig. S3S). Consistently,
low expression of NSUN5 and increased macrophage infiltration
in the decitabine and RRx-001 combination group were observed
(SI Appendix, Fig. S4 A-D). These findings suggest that disrupt-
ing the CD47-SIRPa interaction while concurrently up-regulating
NSUNS5 may represent a potential strategy against glioma

(Fig. 2)).

The Suppression of 3-Catenin by NSUN5 Relies on Its Methyl-
transferase Activity Mediated by C359 and Is Not Influenced
by Its Localization in the Nucleolus. We conducted further
investigations to determine whether NSUN5 regulates the
expression of P-catenin through rRNA m5C modifications.
Our findings indicated that overexpression of NSUNS5 in
multiple glioma cell lines resulted in an increase in total RNA
m5C levels, whereas knockdown of NSUNS5 led to a decrease in
total RNA m5C levels (SI Appendix, Fig. S4 E-H), confirming
its methyltransferase activity. Research has demonstrated that
the cysteine residues C326 and C373 are crucial for NSUNG
methyltransferase activity. C373 performs the function of methyl
transfer, while C326 releases the protein from the target RNA (19)
(SI Appendix, Fig. S41). In comparison to NSUN6, NSUNS5 has
two homologous cysteine residues, C308 and C359, which suggest
their essential role in the methyltransferase activity of NSUN5
(81 Appendix, Fig. S4)). Intriguingly, we observed an increase in
total RNA m5C modification in NSUN5-WT cells and a modest
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Fig. 2. NSUNS5 down-regulates CTNNB1 mRNA, thereby inhibiting CD47-induced immune evasion of glioma. (A) The top 20 pathways with the smallest P values
were selected for KEGG enrichment analysis. (B) The heatmap illustrated the genes in the Wnt signaling pathway based on our mRNA-seq results. (C and D)
Relative mRNA levels of CTNNB1 and CD47, respectively. (E and F) Effect of NSUN5 on the protein levels of p-catenin and CD47 in relative cells with indicated
treatments. (G) Effect of DNMT1 knockdown on the protein levels of NSUN5, p-catenin, and CD47. (H) Effect of 5-Aza treatment on the protein levels of DNMTT1,
NSUNS5, p-catenin, and CD47. (/) The protein levels of DNMT1, NSUNS5, p-catenin, and CD47 in GL261 cells with indicated treatments for 48 h. (/) A schematic
diagram showing the targets of decitabine and RRx-001. Data represent mean + SD; **P < 0.01 and ***P < 0.001.
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decrease in NSUN5-C308A cells. However, a sharp decrease
was detected in NSUNS5-C359A cells, suggesting a dominant
negative impact on the target site by NSUN5-C359A (Fig. 34).
Furthermore, the downregulation of p-catenin and CD47 in
cell lines containing the C359A mutation was blocked (Fig. 3B
and ST Appendix, Fig. S4K), resulting in a decreased phagocytic
capacity of TAMs surrounding cells expressing mutant NSUN5
(81 Appendix, Fig. S4 L-0O). Notably, these effects were observed
even in the NSUN5-C308A cell line, indicating that the NSUN5-
C308A mutation may retain its methylation activity but lack
recycling capability due to the covalent bond between NSUN5-
C308A and mRNA.

To determine the subcellular localization of NSUNS5 and where
it exerts its function, an NSUN5-GR (glucocorticoid receptor of
rat) fusion protein was expressed in U87MG cells and was induced
to translocate to the nucleus by adding triamcinolone acetonide
(TA) to the medium (20). After confirming the reliability of the
method using confocal microscopy and western blotting
(SI Appendix, Fig. S5 A—Cand Fig. 3C), our analysis showed that
the nuclear localization of NSUNS5 enhanced its effects on sup-
pressing B-catenin expression and inducing phagocytosis (Fig. 3
D and E and ST Appendix, Fig. S5 D and E).

It is reported that NSUN5 functions as a rRNA methyltrans-
ferase to modulate the translation process when resides in the
nucleolus (15). To investigate whether NSUNS5 regulates f-catenin
expression is dependent on its nucleolus localization, we first gen-
erated an NSUNS mutant that exclusively localizes outside of the
nucleolus by deleting its 1 to 120 amino acids (21) (Fig. 3F and

SI Appendix, Fig. S5F). The m5C modification level in 285 rRNA
significantly decreased in U251MG-NSUN5A120 (Fig. 3G).
Remarkably, NSUN5-A120 still functioned as a repressor of
f-catenin expression (Fig. 3 H and [ and ST Appendix, Fig. S5 G
and H), suggesting the presence of alternative mechanisms. Next,
we performed m5C dot-blot and LCMS/MS with mRNA samples
purified using oligo(dT) magnetic beads. As anticipated, more

m5C modifications were detected in the presence of NSUNS or
NSUNS5-A120 (Fig. 44 and SI Appendix, Fig. S6 A and B).

NSUN5 Deposits m5C on CTNNB1 mRNA, Thus Promoting Its
Degradation. To determine whether NSUNS5 can directly bind to
the mRNA of CTNNBI, an Aza-IP sequencing was carried out
on two separate RNA samples, resulting in a list of 5,617 mRNAs.
Among them, 1,573 genes were up-regulated and 1,891 genes were
down-regulated according to mRNA-seq, including CTNNBI1
which is marked in the Volcano plot representing the 3,464 genes
in the intersection (Fig. 4B and SI Appendix, Fig. S6C). The GO
enrichment analysis of the up and down-regulated genes revealed
that various signal pathways related to cancers were either activated
or inhibited (S Appendix, Fig. S6D). Moreover, after removing
tRNA, we observed that protein-coding RNAs accounted for 62%
of the genotypes, with a significant proportion of exons, indicating
the crucial role of NSUN5 in mRNA modulation (87 Appendix,
Fig. S6 E and F). Notably, CTNNB1 was found to be significantly
enriched (S Appendix, Fig. S6G). NSUNS5  overexpression
significantly promoted the degradation of CTNNB1 mRNA, while
knocking down endogenous NSUNS5 enhanced the stability of
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Fig. 4. NSUNS5 deposits m5C on CTNNB1 mRNA, thus promoting its degradation. (A) m5C dot blot analysis in U87MG cells. (B) Analyzing the mRNA enriched in
Aza-IP alongside the differentially expressed genes identified in RNA-seq revealed that 1,573 genes were up-regulated, while 1,891 genes were down-regulated.
(C) CTNNB1 mRNA decay assay. (D) The enrichment of CTNNBT mRNA immunoprecipitated by anti-Flag antibody was assessed in U87MG cells. (E and F) The
enrichment of CTNNB1 mRNA immunoprecipitated by anti-m5c antibody was assessed. (G) The proteins contained in the supernatant and cell components
were analyzed. P24, the lentivirus capsid protein, was used as an indicator of the presence of the virus. P55, the precursor of p24, was only found in cell
components, indicating successful separation. (H) The sequence of RNA probe 1. (/) RNA EMSA experiments. (/) The percentage of probe1 bound by GST-NSUN5
was quantified. (K) The sequence of WT and mutant probe 1. (L) LCMS/MS analysis of the m5C modification on the oligos which mediated by NSUN5 through
the in vitro methylation. Data represent mean + SD; “ns” indicates not significant, **P < 0.01, and ***P < 0.001.

CTNNB1 mRNA (Fig. 4Cand SI Appendix, Fig. S6 Hand I). RNA
immunoprecipitation (RIP) assay revealed that both NSUN5 and
NSUN5A120 can directly bind to CTNNB1 mRNA (Fig. 4D and
SI Appendix, Fig. S6)). Furthermore, m5C-MeRIP showed that both
NSUNS5 and NSUN5-A120 overexpression significantly increased
the m5C abundance on CTNNB1 mRNA, while knocking down
endogenous NSUN5 diminished the m5C level on CTNNBI (Fig. 4
Eand Fand SI Appendix, Fig. S6K), confirming that NSUNS5 plays
a significant role in depositing m5C modifications on CTNNB1
mRNA. These findings suggest that NSUN5-mediated m5C
modification on CTNNB1 mRNA may induce its degradation.
We speculated that the 359 cystine of NSUN5-C308A mutant
could covalently bind to its targeted “C.” To confirm this covalent
modification on the 308 cystine to alanine mutant NSUNS, we con-
ducted RNase-LCMS/MS analysis (S Appendix, Fig. S7 A-E). We
did not find complete cytidine at 359C, but instead detected acylation
at 359C, formylation at 361C, and acetylation at 310G. We specu-
lated that the original covalently binding cytidine has been decom-
posed due to the acidic substances used in mass spectrum processing.
Based on these pieces of evidence, we conducted a lentivirus-packaging
experiment (S/ Appendix, Fig. S8A) to identify the binding site on
the transcript of CTNNB1 drawing on the prediction that
NSUNS5-C308A mutant would be packaged into lentivirus when
the viral genome contains a targeted “C.” Our results suggested that
the middle part (801 to 1,600 bp) might be a possible binding site
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(Fig. 4G). Based on the motif predicted by Aza-IP seq analysis
(81 Appendix, Fig. S8B), we designed several probes for the REMSA
experiment, two of which showed dose-dependent binding capacity
(81 Appendix, Fig. S8 C—Fand Fig. 4 H-). We also performed muta-
tions on the methylation sites of the two probes and utilized recom-
binant NSUNS5 to conduct in vitro methylation experiments. The
results demonstrated a decrease in the level of m5C on the mutant
probes (Fig. 4 Kand L and SI Appendix, Fig. S8 G and H). Collectively,
our findings show that NSUNS5 can bind to the transcript of
CTNNBI and deposit m5C modifications on two potential sites,
thereby promoting its degradation.

NSUNS5 Catalyzes the Formation of m5C on CTNNB1 caRNAs,
Which Are Subsequently Oxidized by TET2 for Further Processing.
To gain a better understanding of the types of mRNA influenced
by NSUNS5, we isolated RNAs from cytoplasm, nucleoplasm,
and chromatin (87 Appendix, Fig. S9A) and measured their
proportions. Surprisingly, we observed a dramatic decrease in
the proportion of CTNNB1 mRNA in the chromatin-associated
RNA (caRNA) fraction in NSUNS5 overexpressing U87MG
cell line (Fig. 5A4), resulting from a notably decreased half-life
(Fig. 5B). In addition, NSUN5 overexpression exhibited little
effect on non-caRNA stability (S Appendix, Fig. S9 B-D). These
findings provide further support for our conclusion that NSUN5
functions as a key regulator of CTNNBI expression through its
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role in caRNA regulation. Notably, in NSUNS5 transfected cells,
higher levels of 5Shmc were detected in both total RNA (Fig. 5C
and SI Appendix, Fig. S9 E and F) and CTNNB1 mRNA (Fig. 5
D and E). Furthermore, NSUN5-C308A, but not NSUNS5-
C359A mutant transfection also resulted in accumulated 5hmc
in CTNNB1 mRNA (Fig. 5F). TET2 is a well-known DNA
m5C dioxygenase (22), which can decrease the level of caRNA
by converting m5C to ShmC (5). Knockdown of either NSUN5
or TET2 mitigated the decrease in B-catenin induced by TET2
or NSUNS, respectively (Fig. 5 G and H), indicating that both
are necessary to destabilize CTNNB1 mRNA.TET2 has several
crucial catalytic sites, including Fe** and a-KG binding sites
(essential cofactors of TET2) and a DNA-binding site (23). Our
finding indicated that the wild-type (WT) TET2 expression
resulted in a reduction of m5C and an increase in ShmC levels,
which was linked to its binding affinity for Fe** (AHxD) and
a-KG (Aa-KG), but not for DNA (ADNA) (Fig. 5 / and / and
SI Appendix, Fig. S9G). Moreover, knockdown of endogenous
TET2 significantly diminished the 5hmC modification on
CTNNB1 mRNA (87 Appendix, Fig. SOH). Accordingly, a decline
in the levels of CTNNB1 mRNA and protein was observed only
in TET2(WT) or TET2(ADNA) expressed cells (Fig. 5 Kand L).

As nascent RNA is primarily situated on chromatin prior to
undergoing additional modification and processing, it is also
regarded as a form of caRNA that is potentially affected by TET?2.
To investigate the effect of NSUNS5 on degradation of nascent
RNA, we used the click reaction of 5-Ethynyluridine (EU) and
found that NSUNS5 resulted in a higher rate of degradation of
nascent RNA (Fig. 5 M and N). It is worth noting that NSUN5
induces recruitment of TET2 from the cytoplasm to chromatin,
regardless of its methyltransferase activity (Fig. 5 O and P). In
addition, isolation of protein on the nascent RNA(IPONR) anal-
ysis showed a significant enrichment of TET2 in NSUNS over-
expression cells (Fig. 5Q). To test the hypothesis that nascent RNA
of CTNNBI catalyzed by NSUNS5 is degraded in a TET2-
dependent manner, the caRIP experiment was conducted, and we
found that NSUNS5 enhances the interaction between TET2 and
CTNNBI caRNA (Fig. 5 Rand S). However, we did not find any
direct interaction between NSUN5 and TET2 (S Appendix,
Fig. S91). Nevertheless, we observed spatial colocalization of
NSUNS5 and paraspeckle (SI Appendix, Fig. S9)), which is a phase
separation structure that mainly processes and modifies mRNA
(24), suggesting that there might be alternative mechanisms
involved in the recruitment of TET2. These findings indicate that
TET?2 acts downstream of NSUNS5 to mediate the transition of
m5C to 5ShmC on CTNNBI1 caRNA (Fig. 57).

RBFOX2 Is a Potential Reader of RNA 5hmC and Mediates the
Degradation of CTNNB1 caRNA. To determine which protein
could recognize RNA 5hmC and mediate the degradation of
CTNNBI1 caRNA, recombinant TET2 protein was used to
facilitate the oxidation of a probe containing m5C, and borane-
ammonia was employed to reduce overoxidized forms, such as
5fC and 5caC, to 5ShmC (Fig. 6A). The efficacy of oxidation was
measured using LCMS/MS (Fig. 6B). Subsequently, the probe
was biotin-labeled and used for RNA pull-down followed by
Mass Spectrometry analysis (Dataset S3). Our findings identify
RBFOX2 as a potential candidate reader capable of recognizing
and binding to ShmC RNA, rather than m5C RNA (Fig. 6C). We
further confirmed that RBFOX2 accelerated the degradation of
CTNNB1 mRNA (Fig. 6D) and reduced p-catenin protein levels
(Fig. 6F and SI Appendix, Fig. S10A). In addition, knockdown
of NSUNS5 in RBFOX2-overexpressing glioma cells rescued the
levels of B-catenin, further supporting the connection between
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RBFOX2-mediated degradation and NSUNS5 (Fig. 6F). Next,
recombinant RBFOX2 protein (S Appendix, Fig. S10B) was
incubated with total RNA or a 1:1 mixture of m5C oligo and
5hmC oligo as targets. In vitro RIP (iv-RIP) assays demonstrated
that RNA bound by RBFOX2 contained a higher level of 5ShmC
(Fig. 6 G and H). Furthermore, Isolation of Proteins on Nascent
RNA (IPONR) assays revealed that NSUNS5 increased RBFOX2
binding to nascent RNA (Fig. 6/), as well as to CTNNB1 caRNA,
as demonstrated by caRIP (Fig. 6/).

To validate the broader significance of our findings, hmeRIP-seq
analysis was conducted, revealing that the enrichment of motifs
(“U(C/G)CCUGG”) associated with 5ShmC is highly consistent
with the top motif (“GCCUGG”) enriched in the Aza-IP-seq
(SI Appendix, Fig. S10C). Interestingly, a recent report shows that
the top motif recognized by RBFOX2 is “GCCUGG,” which is
consistent with our findings (S/ Appendix, Fig. S10C) (25). In
addition, the RBFOX2 eCLIP-seq peak is consistent with the
ShmC-RIP-seq (SI Appendix, Fig. S10D). We further conducted
an RNA EMSA assay to test the RBFOX2’s binding affinity for
hm5C-containing transcripts and found that the recombinant
His-tagged RBFOX2 protein could strongly bind to hm5C oligo
(SI Appendix, Fig. S10E). These data suggest that RBFOX2 acts
as a reader for RNA hm5C. Among the 5564 genes enriched by
hmeRIP, 612 of them were also enriched by Aza-IP and showed
decreased expression in RNA-seq analysis (S7 Appendix, Fig. S10F).
To further confirm the functional impact of NSUNS5 on these
genes, we selected four of them (RAB5B, MAP2K4, SLC16A3,
SOX9) and conducted RNA decay assays. The results revealed that
NSUNS5 induced a significantly higher rate of degradation for all
four genes (87 Appendix, Fig. S10G). Our findings unveil that the
NSUNS5/RBFOX2 axis represents a general mechanism that reg-
ulates RNA metabolism in a 5SmC/5hmC-dependent manner.

The IDH1-R132H Mutation Down-Regulates NSUNS5 by Affecting
Its Genomic Methylation. IDH1-R132H is a prevalent mutation
in LGG. Previously, research has demonstrated that mutant IDH1
can form a heterodimer with WT form, converting a-KG into 2-
HG (26), which inhibits the function of demethyltransferases and
leads to a highly methylated genome. Using RNA-seq data from
the CGGA database, we found a negative correlation between
NSUNS5 gene expression and IDH mutation status (S Appendix,
Fig. S11A4). Moreover, IDH1-R132H mutation led to a decrease
in NSUNS5 levels (Fig. 74 and SI Appendix, Fig. S11B) and
m5C levels in total RNA (Fig. 7B and SI Appendix, Fig. S11C),
followed by an inhibition in TAM phagocytosis (Fig. 7C). The
downstream genes NAPRT1 and PD-L1 were also analyzed
(SI Appendix, Fig. S11D). The m5C-meDIP assay confirmed a
relatively higher m5C modification on the CpG island within the
NSUNS5 promoter upon IDH1-R132H transfection (Fig. 7D).
‘The protein levels of B-catenin (Fig. 7E) and TAM phagocytosis
(Fig. 7F) were significantly restored in cells transfected with
NSUNS. Additionally, IDH1-R132H has been shown to promote
a suppressed tumor immune environment (27-29). We also
observed a better cell survival in IDH1-R132H-transfected cells
(SI Appendix, Fig. S11E). Patient samples further confirmed low
expression of NSUN5 in IDH1-R132H mutant patients, as well
as low macrophage infiltration (Fig. 7 G—/). Our data indicate
that the IDH1-R132H mutation may impact the tumor immune
microenvironment by targeting NSUNS5.

RRx-001 Enhances the Antitumor Effect of Ivosidenib in IDH1
Mutant Gliomas. As demonstrated in our study, DNMT1 and
IDH1-R132H can epigenetically down-regulate NSUNS, leading
to the suppression of the f-catenin-CD47 signaling pathway in
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Fig.5. NSUNS catalyzes the formation of m5C in CTNNB1 caRNAs, which are subsequently modified by TET2 for further processing. (A) Quantification of CTNNB1
MRNA levels was performed by qPCR in the cytoplasm, nucleoplasm, and chromatin of U87MG cells. (B) The caRNA was fractionated, and gPCR was performed
to measure the rate of RNA decay. (C) The 5hmC levels were quantified by LCMS/MS. (D-F) The enrichment of CTNNB1 mRNA immunoprecipitated by anti-5hmc
antibody was assessed. (G and H) The p-catenin protein levels were detected. (/ and /) The m5C and 5ShmC levels were quantified by LCMS/MS. (K) Relative CTNNB1
MRNA levels. (L) The p-catenin protein levels were measured. (M) The nascent RNA metabolically labeled with EU (green) was measured in U251MG cells with
indicated treatments. (N) The relative mean gray value of EU in the indicated cells was quantified. 12 cells were randomly chosen for analysis. (O and P) The TET2
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used to enrich its binding caRNA. (S) The caRNAs bound to TET2 were firstimmunoprecipitated with anti-TET2 antibody. The enrichment of CTNNB1 caRNA was
further measured using gPCR from the TET2 immunoprecipitated caRNAs. (T) Schematic diagram showing the sequential formation of m5C and 5hmC induced
by NSUNS and TET2. Data represent mean + SD; “ns” indicates not significant, *P < 0.05, **P < 0.01, and ***P < 0.001.

PNAS 2024 Vol. 121

No. 14 e2321611121

https://doi.org/10.1073/pnas.2321611121

7 of 12



A NH, NH, B m5C 5hmC
Nﬂ/mﬂ N7 Y oH
oy o 5200 5500
H H 5150 S 400
TET2 \ 4 = =300
. ./!3 s~ F 1508 200
o,
5<~/'\£/\3‘ Fe:(’s 5.‘/%3‘ E 0 g 100
o, BHINHS g—A, m5C  5hmC m5C  5hmC
oligo oligo oligo oligo
m! li hmC oli
C 5C oligo 5hmC oligo F T98G
H Vector Flag-RBFOX2°¢
£ 64 ' %o
N i Ce 0.5 - CTNNB1 2 L L ©
% T H '} =0.0 [ 2 ] =) 2
S+ . S 0.0 prsmgrm B O Dt PDe O Dt D —
2 047 ° Q The £ 328 £ 2528
& E [RBF R I - G GRCR B R 0w
o5 i! £ e 3 .
598 §isEy £.1.0= Vector e - - - v = |B-catenin
2 |7 s 1.5 = RBFOX2°¢ 070 0.87 085 0.29 048 064
IYge) ] -1 T T T 1
2°, : 0 2 4 6 — |Flag
3 1 ° 'T“' -'I . time(h) 0.21 016 0.13 0.34 0.70 0.28
0 6 B e s w— o o [NSUNS
Log2(# of Peptides with 0.67 0.56 0.41 053 0.33 0.22
Oligo-m5C + 1) T S S—— — — i)
LCMS/MS LCMS/MS
US7TMG .
T 20, — 8 08, —
Y Q £ 07 J U251MG caRIP
X <15 £
s . O Q o P
S oL £1.0 £ 06 “
o & < < 5 =
> oo 05 © 05 =2
s =|B-catenin ) 04 g £
- |Flag 0.0 E Eo
3\ < e
= ==/B-actin S St SeEo 23
& & o
IPONR 2D
Input No click _ EU 5z
o o o o q, q
$ WP WP ot P o o
W8 (e e O O
[— O &
e [0 S Histone H3 Veotor NSUN5%

Fig. 6. RBFOX2is a reader of RNA 5hmC and mediates the degradation of CTNNB1 caRNA. (A) A schematic diagram illustrating the synthesis of the 5ShmC probe
was generated. (B) The extent of m5C and 5hmC modifications on the probes was determined by mass spectrometry analysis. (C) A scatter plot was generated
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a TET2/RBFOX2-dependent manner and ultimately reducing
TAM phagocytosis. Our in vitro experiments demonstrated that
a lower dose of RRX-001 can increase the expression of NSUN5
in WT glioma cells compared to IDH1-R132H mutant glioma
cells, indicating that WT gliomas are more responsive to RRX-001
treatment (Fig. 84). In recent years, much attention has been given
to drugs targeting mutant IDH1, with ivosidenib and olutasidenib
being approved by the FDA for the treatment of acute myeloid
leukemia and cholangiocarcinoma, respectively (30, 31). However,
their applications in glioma are still obscure. Our findings revealed
that combining ivosidenib with RRx-001 synergistically induced
NSUNS5 and down-regulated B-catenin and CD47, particularly
in IDH1-R132H mutant glioma (Fig. 8B). This was consistent
with a lower cell viability (Fig. 8C). Additionally, in situ glioma
model in C57BL/6 mice confirmed our conclusion in vivo (Fig. 8
D-G). Immunofluorescence analysis of tissue slices demonstrated
increased macrophage infiltration in the group treated with the
combination of ivosidenib and RRx-001 (Fig. 8 H-K). Overall,
our findings suggest that RRx-001 exhibits a potential synergistic
effect with ivosidenib in the treatment of IDH1-mutant glioma.

Taken together, we demonstrate that NSUNS, which is epige-
netically suppressed by DNA methylation in gliomas, is capable
of introducing m5C modification on CTNNB1 caRNA. Meanwhile,
NSUNS5 induces chromatin recruitment of TET2 and RBFOX2.
The m5C modification on caRNA is subsequently converted to
5hmC by TET?2, leading to its degradation through recognition
by the ShmC-specific reader RBFOX2. This results in a reduction
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in the transcription of CD47, tipping the balance in favor of “eat”
in the “Don't eat me” signaling pathway. Combination of small
molecules RRx-001 and ivosidenib synergistically inhibits glioma
growth invivo by targeting CD47/SIRPa and activation of
NSUNS5, respectively (Fig. 8L1).

Discussion

Malignant glioma exhibits extremely immune evasion. Herein,
our research has unveiled the critical role played by NSUNS in
modulating glioma immune microenvironment. NSUN5 sequen-
tially induces modifications of m5C and 5hmC on CTNNB1
caRNA to promote its degradation with the aid of TET2 and
RBFOX2, thereby blocking the phagocytosis-based immune
evasion.

NSUNS is a highly conserved 28S rRNA m5C methyltrans-
ferase in eukaryotes (3). Its role in affecting the assembly of ribo-
somes leads to reduce the global protein synthesis, and it can also
mediate selective translation (15). Additionally, it can interact with
RIG-I to recognize extraneous dsRNA (32) and methylate mRNA
(4). Our study has identified various substrates of NSUNS, includ-
ing mRNA, IncRNA, and other ncRNA. NSUN5’s regulation of
f-catenin level is related to the direct methylation of CTNNBI
caRNA by its highly conserved methyltransferase amino acids
cystine 308 and cystine 359 (Fig. 3B and SI Appendix, Fig. S4K),
independent of its regulation of ribosome function (Fig. 3 A and

Iand ST Appendix, Fig. S5 G and H). We performed site-specific
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mutation on NSUNS’s cystine 359, which significantly inhibited
the decrease in B-catenin levels. Interestingly, mutation of cystine
308 resulted in a covalent binding between NSUNS5 and its sub-
strate RNA, which was so strong that it directly incapacitated the
substrate RNA, causing the same effect as WT NSUNS5. To deter-
mine the specific nucleic acid sequence recognized by NSUNS5,
we covalently bound NSUNS to its target site using the cytidine
analog 5-azacytidine and conducted Aza-IP-seq. This led us to
identify the site of modification on CTNNB1 mRNA.

It is widely accepted that the same mRNA modification can be
recognized by different molecules, leading to different, even opposite
outcomes, as seen with the m6A modification (33). The m5C mod-
ification on mRNA can enhance mRNA stability through readers
such as YBX1 (34) and LIN28B (35), as well as promote nuclear
export via the reader ALYREF (36). However, no reader has been
identified to induce the degradation of m5C-modified mRNA.
Recently, it was reported that NSUN2-mediated m5C modification
enhanced the stability of CTNNB1 mRNA (37). Surprisingly, our
findings have demonstrated that NSUNS5 is involved in the degra-
dation of CTNNB1 caRNA, with this biological process being
linked to the sequential modification of 5ShmC, which is mediated
by TET2. TET2 is a member of the Ten Eleven Translocation
(TET) family of enzymes (34). Unlike other members, TET?2 lacks
the CXXC domain that participates in binding to methylated DNA
CpG island (8), which gives it greater flexibility in intracellular
localization and substrate binding, allowing it to mediate the
hydroxymethylation in RNA (5). We have demonstrated TET2 is

PNAS 2024 Vol.121 No.14 2321611121

capable of hydroxymethylating CTNNB1 mRNA, leading to its
degradation (Fig. 5 D—H and SI Appendix, Fig. SOH). We have also
noticed reduced accessibility of chromatin in cells that overexpress
NSUNS (87 Appendix, Fig. S9 Kand L). This suggests that NSUN5
may facilitate the recruitment of TET?2 to chromatin. Its particu-
larly thrilling that NSUNS5 can enhance the recruitment of TET?2
to chromatin, even in the absence of its methyltransferase activity
(Fig. 5 O and P). All of these findings suggest that the process of
m5C modification on mRNA is dynamic and connected to
TET2-mediated degradation of caRNA.

Since the intersection of Aza-IP and mRNA-seq results contains
both up-regulated and down-regulated genes, and their distribu-
tion is almost evenly divided (Fig. 4B), our study mainly explains
why those genes are down-regulated. We are also intrigued by how
the up-regulated genes were able to evade degradation by TET2.
We believe the answer may be related to the distributional char-
acteristics of TET2 on chromatin. We are unsure whether TET2
could directly bind to its target RNAs or whether it depends on
other RBPs. This is because a recent publication has shown that
only a subset of TET2-mediated 5ShmC-modified mRNAs can be
detected by TET2-RIP (38).

The modification ShmC is known to be present at low levels, and
its function is not well characterized. In our study, we propose that
RBFOX2 is a reader of ShmC. Similar to TET2, RBFOX2 has the
ability to bind to nascent RNA and inhibit transcription by recruiting
Polycomb Complex 2, leading to H3K27me3 modification (11).
Notably, a recent study shows that RBFOX2 as a reader capable of
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recognizing m6A modifications on caRNA (39). Our results demon-
strate that ShmC modifications introduced by NSUNS5 and TET?2
can enhance the binding of RBFOX2 to caRNA/nascent RNA and
facilitate the degradation of the target caRNA. This function of
RBFOX2 synergistically complements its previously reported role in
transcriptional regulation. Additionally, RBFOX2 is a well-known
splicing factor involved in alternative splicing, which can influence
the stability of its target pre-mRNA (40). Interestingly, we observed
that ShmC was not detected on mature mRINA molecules with polyA
tails, suggesting that premature mRNAs with ShmC undergo exten-
sive degradation. We propose that RBFOX2 may also contribute to
abnormal alternative splicing events, ultimately leading to the desta-
bilization of caRNA molecules with 5hmC modifications. Taken
together, these findings suggest that RBFOX2 may function asa mul-
tifunctional protein, orchestrating its interactions with multiple
targets.

Immune therapy has been considered a breakthrough in the
treatment of cancer. However, it has been largely unsuccesstul in
glioma clinical trials. One of the main reasons for this is that glioma
is considered a “cold tumor,” lacking immune cells in its microen-
vironment, especially the LGG (41). Therefore, it is crucial to find
ways to transform it into a “warm tumor.” Our results show that
the low expression level of NSUNS is associated with IDH1 muta-
tion (87 Appendix, Fig. S11A4). The same phenomenon is observed
in the glioma patient sample (Fig. 7 G—/). We suspect that this could
be the reason why IDH1 mutant glioma cells exhibit greater capac-
ity to evade the immune system (42), as well as why patients with
IDHI-mutated glioma demonstrate higher resistance to immune
therapy (43). Using MeDIP, we identify that IDH1-R132H muta-
tion induces high methylation of the CpG island within the
NSUNS5 gene promoter (Fig. 7D). Restoring NSUNS5 in the
IDH1-R132H mutant glioma cell could significantly enhance mac-
rophage phagocytosis (Fig. 7 £'and F). In addition, combining the
IDH1-R132H inhibitor ivosidenib with RRx-001 could synergis-
tically increase the survival rate and reduce tumor volume (Fig. 8
D-G). These results lead us to identify NSUNS5 as a critical factor
that mediates immune evasion in IDH1 mutant glioma patients.
Targeting NSUNS5 for macrophage immune therapy, as well as
IDH1 mutation, could lead to impressive therapeutic outcomes.

Although m5C is a prevalent and critical modification, its mech-
anism and regulation have yet to be fully elucidated. One of the most
intriguing findings is that previous studies on TET2 and 5hmC in
mRNA have mainly concentrated on their destabilizing effects, dis-
regarding the fact that m5C, from which 5hmC is converted, is an
important mRNA stabilizer. Our study resolved this paradox by
revealing that NSUNS5 can recruit TET?2 to the chromatin, causing
the degradation of the caRNA prior to its maturation and capture by
other readers. Although we are unsure of the direct mechanism of
recruitment at this moment, data from mass spectrometry analysis
suggests that NSUNS may interact with TAF15, a component of
paraspeckles (44) (Dataset S3). It is demonstrated that TET?2 can bind
to PSPCI (5) and may play a pivotal role in RNA metabolism within
paraspeckles. Interestingly, we observed that NSUN5 localizes in par-
aspeckles (S Appendix, Fig. S9)). Therefore, we propose that dynamic
sequential modifications of NSUN5 and TET2 toward CTNNB1
(B-catenin) caRNA may occur in paraspeckles, which warrants further
investigation. Overall, our study provides a valuable resource for deci-
phering the potential biological significance of 5ShmC and opens up
unique functions for ShmC modification in caRNA metabolism.
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Materials and Methods

Lentivirus Package. For lentivirus production, 293T cells were cultured in 10 cm
dishes, and when the cells were 60% confluent, they were transfected with the
target plasmid, pMD2g and psPAX2 plasmids. After 48 h of incubation, the pack-
aged virus-containing medium was harvested for subsequent use.

Dot Blot. RNAs were denatured in 65 °Cfor 15 min and were spotted onto a nylon
membrane (GE Healthcare), dried, and cross-linked twice with 120,000 pJ/cm2
ultraviolet light. The membrane was blocked in 5% BSA in PBS + 0.1% Tween
20for 1 h before transfer into blocking solution supplemented with 5-mCantibody
(Diagenode)and incubated overnightat 4 °C. After secondary antibody incubation
and wash, dot blots were visualized using a chemiluminescence ECL kit (Tanon).

Western Blot. Cells were harvested at indicated times, and 30 pg of total protein
from each group was used for electrophoresis. The membrane was blocked with
5% nonfat milk at room temperature for 1 h and incubated overnight at 4 °C
with primary antibodies against target protein. Subsequently, an anti-rabbit (CST,
7074S) or anti-mouse (CST, 7076S) secondary antibody was applied to the mem-
brane and incubated for 1 h at room temperature. Protein bands were visualized
using a chemiluminescence ECLkit (Tanon, Shanghai, China).

Statistical Analysis. The statistical methods used in this study were as fol-
lows: Grouped data were expressed as mean = SD unless otherwise indicated.
All in vitro experiments were conducted with a minimum of three replicates.
Differences in means between groups were assessed using the two-tailed
unpaired Student's t test for parametric data or the Mann-Whitney U test for
nonparametric data when comparing two groups. For comparisons involving
multiple groups, one-way ANOVA was utilized. Statistical significance was defined
as P < 0.05. Survival analysis was performed using Kaplan-Meier survival curves,
and differences between groups were evaluated using log-rank statistics. All
statistical analyses were conducted using GraphPad Prism 9 software (GraphPad
Software, Inc.).

Data, Materials, and Software Availability. The sequencing data gener-
ated in this study have been deposited in the SRA repository under accession
codes PRINA1005572 (for RNA-seq), PRINA995949 (for hmeRIP-seq), and
PRINA998620 (for AzalP-seq) (45-47). All study data are included in the article
and/or supporting information.
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