Received: 12 October 2023 Revised: 20 February 2024

Accepted: 22 February 2024

DOI: 10.1002/ctm2.1621

CLINICAL AND TRANSLATIONAL MEDICINE

RESEARCH ARTICLE WILEY
NSUN?2 promotes colorectal cancer progression

by enhancing SKIL mRNA stabilization

Shaomin Zou** | Yizhi Huang"* | Ziqing Yang"** | Jieping Zhang*® |

Mangqi Meng">* | Yijing Zhang"** | Junyan Feng“** | RuiSun“*® |

Weiyao Li***® | Wencong Wang"** | Jesus Garcia-Foncillas Lopez® |

Lekun Fang'?>?

'Department of General Surgery, The
Sixth Affiliated Hospital, Sun Yat-sen
University, Guangzhou, China

2Guangdong Provincial Key Laboratory of
Colorectal and Pelvic Floor Disease, The
Sixth Affiliated Hospital, Sun Yat-sen
University, Guangzhou, China

3Biomedical Innovation Center, The Sixth
Affiliated Hospital, Sun Yat-sen
University, Guangzhou, China

“Department of Biomedical Sciences, City
University of Hong Kong, Hong Kong,
China

3Jiménez Diaz Foundation University
Hospital, Madrid, Spain

Correspondence

Lekun Fang, Guangdong Provincial Key
Laboratory of Colorectal and Pelvic Floor
Disease, The Sixth Affiliated Hospital, Sun
Yat-sen University, Guangzhou 510655,
China.

Email: fanglk3@mail.sysu.edu.cn

Graphical Abstract

0
B £ B 2
- VLCOYBX1 i, SJ(IL

Stablized -2 i'{' Degraded
TAZ TAZD. = e Prot
N N o dero e:sc_)me
AXL,CTGF... gradation
001D,
000
[eoel) Oloee

Tumorigenesis

. NSUN2 is highly expressed in colorectal cancer.
. NSUN2 induces m5C modification of SKIL and promotes the stability of SKIL

mRNA.

. YBX1 might be the m5C reader of SKIL.
4. NSUN?2 activates TAZ expression by SKIL.
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Abstract

Background: NOP2/Sun domain 2 (NSUN2) is one of the important RNA
methyltransferases catalyzing 5-methylcytosine (m5C) formation and partici-
pates in many critical bioprocesses. However, the roles and underlying molecular
mechanisms of NSUN2-mediated m5C modification in colorectal cancer (CRC)
remain unclear.

Methods: To explore the NSUN2 expression in CRC, fresh tissue samples were
collected and Nsun2 knockout mouse was constructed. In vitro and in vivo func-
tional assays were conducted to assess the role of NSUN2. RNA array and bisulfite
sequencing were used to investigate the potential targets. The mechanisms of
NSUN2 function on SKIL were identified by m5C-methylated-RNA immunopre-
cipitation and RNA stability assays. Additionally, tissue microarray analysis was
conducted and patient-derived tumour xenograft mouse (PDX) models were used
to define the potential therapeutic targets.

Results: NSUN2 was highly expressed in CRC and correlated with poor CRC
patient survival. Moreover, silencing NSUN2 suppressed CRC tumourigenesis
and progression in Nsun2 knockout mouse models. In vitro and in vivo studies
suggested that NSUN2 promoted colorectal cancer cell growth. Mechanisti-
cally, SKI-like proto-oncogene (SKIL) is positively regulated by NSUN2, and the
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1 | INTRODUCTION

Colorectal cancer (CRC) is the third most common can-
cer worldwide.'"* Surgery is the cornerstone of curative
treatment. Nevertheless, most CRC patients succumb to
the disease as a result of late diagnosis and ineffective treat-
ment modalities.”” Therefore, novel treatment targets for
CRC are urgently needed.

Recent discoveries have shown that aberrations in
epigenetic regulation, such as RNA methylation, play
crucial roles in cellular functions and numerous human
diseases.®” Recently, 5-methylcytosine (m>C) modification
has attracted increasing attention.'”!! In eukaryotes, the
deposition of m°C on mRNA is mostly catalyzed by the
NOP2/Sun domain (NSUN) family'?® and tRNA aspartic
acid methyltransferase 1 (TRDMT1) is found to mainly
methylate tRNA.!® NSUN?2, also called myc-induced
SUN domain-containing protein, participates in tumouri-
genesis and developmental disorders in a m>C-dependent
manner.'®? Small ubiquitin-like modifier —2/3 can inter-
act directly with NSUN2 by stabilizing it and mediating
its nuclear transport.”’ NSUN2-mediated methylation of
the p16 3'UTR reduces pl6 mRNA decay.”” However, its
regulatory mechanisms and role in human CRC remain
largely unknown.

SKIL, also known as SnoN, is a negative controller of
transforming growth factor-beta (TGF-f) signalling.?* %
In mammals, SnoN is ubiquitously expressed in embryos
and adult tissues.”® SKIL expression levels are elevated
in many cancer cells and tissues, including those derived
from non-small-cell lung cancer (NSCLC)?’ and breast
cancer.’® Evidence has shown that SnoN interacts with
multiple components of the Hippo pathway, inhibiting the
binding of large tumour suppressor kinase 2 (Lats2) to TAZ
and leading to TAZ stabilization.?® Additionally, SKIL pro-
moted tumourigenesis and immune escape of NSCLC cells
through the upregulation of the TAZ/autophagy axis and
inhibition of the STING pathway.?’ In contrast, some stud-
ies have suggested that SKIL plays a tumour suppressor

NSUN2-SKIL axis is clinically relevant to CRC. NSUN2 induced m5C modifica-
tion of SKIL and stabilized its mRNA, which was mediated by Y-box binding
protein 1 (YBX1). Elevated SKIL levels increased transcriptional coactivator with
PDZ-binding motif (TAZ) activation.

Conclusions: Our findings highlight the importance of NSUN2 in the initia-
tion and progression of CRC via m5C-YBX1-dependent stabilization of the SKIL
transcript, providing a promising targeted therapeutic strategy for CRC.

5-methylcytosine modification, colorectal cancer, NSUN2, SKIL

role.”>?® For example, silencing SKIL increased the pro-
liferation of ESCC cell lines, demonstrating the complex
roles of SKIL in tumourigenesis.

Herein, we used NSUN2 knockout mice to uncover
the oncogenic role of NSUN2-mediated RNA m>C mod-
ification in CRC. Methylation by NSUN2 promotes the
stability of SKIL mRNA in a Y-box binding protein 1
(YBX1)-dependent manner, ultimately upregulating TAZ
expression. We propose that the NSUN2-m>C-SKIL-TAZ
axis promotes the initiation and progression of CRC.

2 | RESULTS

2.1 | Overexpression of NSUN2 in CRC
tissues is associated with patient survival
and tumourigenesis

To explore the role of mRNA m>C modification in CRC,
we evaluated the expression levels of major mRNA m°C
methyltransferases in a CRC cohort from The Cancer
Genome Atlas database (TCGA) (Figure 1A and Figure
S1A). There were no obvious differences in NSUNS,
NSUN7 and TRDMTI1 expression between the colorectal
tumour tissues and adjacent normal tissues. Interestingly,
the expression level of NSUN2 was higher in tumour vs.
matched normal tissues. These findings were also verified
in different CRC datasets, including GSE20916, GSE33113
and GSE8671 (Figure 1A and Figure S1B). Furthermore, the
overexpression of NSUN2 in CRC tissues was also found
in freshly collected tissues (Figure 1B, C and Figure S1C).
Kaplan-Meier survival analysis showed that CRC patients
with high NSUN2 expression had a lower overall survival
(OS) than those with low NSUN2 expression (Figure 1D
and Table S1). These results suggest that NSUN2 is fre-
quently upregulated in CRC patients and might serve as
a prognostic indicator for CRC.

We next generated NSUN2 knockout mice
(Nsun2-/-) to investigate the role of NSUN2 in CRC
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NSUN?2 is upregulated in CRC, associated with patient’s survival and tumourigenesis. (A) NSUN2 was highly expressed in

colorectal cancer tumour tissues (T) compared with adjacent normal tissues (N) from TCGA, GSE20916 and GSE33113 databases. (B)

qRT-PCR analysis showed the NSUN2 mRNA levels in 14 paired samples of CRC tumours (T) and corresponding adjacent normal tissues (N).
(C) Western blot analysis showed the NSUN2 protein levels in paired samples of CRC tumours (T) and corresponding adjacent normal tissues

(N). (D) Kaplan-Meier estimates of survival time of patients in cohort (n = 267) from the sixth Affiliated Hospital of Sun Yat-sen University
and GSE17538 (n = 232) by different NSUN2 expression levels in tumours. (E) Schematic representation of azoxymethane (AOM)/dextran

sulfate sodium (DSS). (F) Colonoscopy photos of representative examples from Nsun2+/+ and Nsun2-/- mice. Arrow points to tumours. (G)

Representative colon tumour images of Nsun2+/+ and Nsun2-/- mice. Arrow points to tumours. Scale bar = 1 cm. (H) Tumour numbers and
volumes of Nsun2+/+ and Nsun2-/- mice. (I) H&E (hematoxylin and eosin) staining of colon tumour sections from Nsun2+/+ and Nsun2-/-

mice. Scale bar = 1 mm. *P < 0.05; **P < 0.01; **P < 0.001.
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tumourigenesis. Compared with those of Nsun2+/+
littermates, colon extracts of Nsun2-/- mice showed a
significant reduction in NSUN2 protein levels (Figure
S1D). Then, a single intraperitoneal dose (10 mg/kg of body
weight) of azoxymethane (AOM) followed by three six-day
cycles of oral administration of 2% or 1.5% dextran sulfate
sodium (DSS) was administered to establish a CRC model
(Figure 1E). As expected, Nsun2-/- mice developed smaller
and fewer tumours than Nsun2+/+ mice (Figure 1F-H).
Histopathological analysis showed advanced colorectal
tumour stages in Nsun2+/+ mice compared with Nsun2-/-
mice (Figure 1I), indicating the critical role of NSUN2 in
the tumourigenicity and progression of CRC.

2.2 | NSUN2 enhances the
tumourigenesis and progression of CRC

To investigate the effects of NSUN2 on the behaviour of
CRC cells, we knocked down NSUN2 with shRNAs and
determined the efficiency by western blotting. Incucyte
and colony formation assays were used to explore the
regulatory effect of NSUN2 on the proliferation of CRC
cells. As Figure 2A, B shows that depletion of NSUN2
inhibited cell proliferation while overexpressing NSUN2
showed the opposite effects. In addition, reintroducing
NSUN2 rescued CRC cell growth (Figure 2C). Consistently,
colony formation assays showed that NSUN2 promoted
colony formation ability, as indicated by colony numbers
(Figure 2D-F and Figure S2A-C). We also found that the
number of migrating cells significantly decreased after
NSUN?2 knockdown (Figure 2G). In contrast, upregulation
of NSUN2 increased cell migration ability (Figure 2H). Res-
cue experiments suggested that NSUN2 was involved in
promoting the migration of CRC cells, further confirming
the oncogenic role of NSUN2 (Figure 2I).

Stably infected DLD1 cells were inoculated into the
flanks of nude mice, and the effect of NSUN2 on xenograft
tumour growth was observed. Compared with the control
group, the NSUN2 knockdown group showed significantly
decreased tumour sizes and weights, which could be res-
cued by reintroducing NSUN2 (Figure 2J-L). Collectively,
these results indicate that NSUN2 promotes CRC growth
both in vitro and in vivo.

2.3 |
in CRC

NSUN?2 stimulates SKIL expression

NSUN2 functions as a methyltransferase that catalyzes
the methylation of cytosine to 5-methylcytosine.”” The
immunofluorescence assay in NSUN2 knockdown or over-
expression CRC cells showed that the m°C fluorescence

signal was significantly positively correlated with NSUN2
expression (Figure 3A, B), indicating that NSUN2 was
responsible for the m°C modification level in CRC cells.
Therefore, to identify downstream effectors involved in
NSUN2-mediated CRC progression, we assessed poten-
tial targets with RNA sequencing and bisulfite sequencing
(RNA-BisSeq) data.’® After overlapping, there were 14
potential targets (Figure 3C). Among these, activating tran-
scription factor 3 (ATF3),°*? cyclin-dependent kinase 9
(CDK9),>* Hes-related family BHLH transcription factor
with YRPW motif1(HEY1),>* Chromobox 4 (CBX4),? inte-
grin subunit beta 1 (ITGBI),*° and SKI like proto-oncogene
(SKIL)*"*7 were oncogenes, while SET domain contain-
ing 2 (SETD2)® acts as tumour suppressor. Nevertheless,
when we used different cell lines for verification, only SKIL
expression levels were consistently reduced after NSUN2
knockdown in DLD1 cells, HCT116 cells and HT-29 cells
(Figure 3D and Figure S3A). SKIL, also known as SnoN, is a
mediator of the TGF-f signalling pathway and plays onco-
genic or tumour-suppressive roles in epithelial tissues.*”
Depletion of NSUN2 significantly reduced SKIL mRNA
and protein levels, while NSUN2 overexpression produced
the opposite results (Figure 3D and Figure S3B). The
SKIL expression level is higher in Nsun2+/+ mice than
in Nsun2-/- mice (Figure 3E). Previous studies revealed
that SKIL could promote the tumourigenesis and immune
escape of NSCLC cells.”’ Bioinformatics analysis showed
that SKIL was upregulated in CRC (Figure 3F). Analy-
sis of the expression of SKIL in 14 pairs of matched fresh
frozen primary CRC tissues and adjacent normal mucosa
revealed that CRC exhibited high SKIL levels (Figure
S3C). Clinically, patients with high SKIL expression lev-
els were correlated with worse prognosis (Figure 3G). To
further assess the clinical relevance between NSUN2 and
SKIL, we examined their expression profiles in a cohort
of CRC tissues. The results showed that tumour tissues
with high NSUN2 expression had higher levels of SKIL
(Figure 3H, I). Besides, we performed IHC staining on
tissue microarray (TMA). NUSN2 and SKIL showed a
significant positive correlation in clinical (Figure 3J, K).

2.4 | NSUN2 promotes malignant
phenotypes of CRC cells via SKIL both in
vitro and in vivo

To uncover the function of the NSUN2-SKIL axis, we then
designed rescue functional assays. SKIL overexpression
restored the inhibitory effects of NSUN2 knockdown on
CRC cell proliferation, colony formation and migration
(Figure 4A-C). On the contrary, knockdown of SKIL abro-
gated the NSUN2 promoting CRC cell colony formation,
cell proliferation and migration (Figure S4).
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FIGURE 2 NSUN2 promotes malignant phenotypes of CRC cells both in vitro and in vivo. (A) After infection of DLD1 and HCT116 cells
with shRNAs, cell growth curves were determined by Incucyte assays. The expression of NSUN2 was analyzed by Western blot. (B)
Overexpression NSUN2 promoted CRC cell growth determined by Incucyte assays. (C) Overexpression of NSUN2 restored the cell growth
inhibition caused by NSUN2 depletion. (D) Effects of NSUN2 depletion on the clonogenic ability of DLD1 and HCT116 cells. (E)
Overexpression of NSUN2 promoted CRC cell colony formation. (F) Overexpression NSUN2 restored the reduced colony numbers caused by
NSUN?2 silencing. (G) After infection of DLD1 and HCT116 cells with shRNAs, cell migration was determined by transwell assays. Scale bar =
100 um. (H) Overexpression of NSUN2 promoted CRC cell migration. (I) Overexpression NSUN2 restored the cell-migration inhibition caused
by NSUN2 silencing. (J) A xenograft mouse model was constructed by subcutaneously injecting nude mice with DLDI cells (n = 6 per group).
Representative images of xenografts were shown. (K, L) Decreased tumour volume (K) and weight (L) were observed in the NSUN2
knockdown group, which was restored by NSUN2 overexpression. **P < 0.01; ***P < 0.001.
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DLDI cells treated with or without shNSUN2 and PLVX-
SKIL were inoculated into the flanks of nude mice. The
results showed that NSUN2 knockdown inhibited tumour
growth and decreased tumour weight and Ki67 expression
levels, while SKIL overexpression rescued these effects
(Figure 4D-G). Altogether, SKIL is a key target of NSUN2
that promotes CRC malignancy.

2.5 | Methylation by NSUN2 stabilizes
SKIL mRNA in a YBX1-dependent manner

Next, we explored whether the oncogenic function of
NSUN2 depends on its m°C methyltransferase activity.
An enzymatic double-dead mutant of NSUN2 was gen-
erated by introducing point mutations in cysteines 271
and 321. By overexpressing NSUN2 wild-type (WT) and
mutant plasmids in NSUN2-silenced cells, we found that
only the wild-type was able to rescue CRC cell prolifera-
tion and colony formation, while enzymatic dead mutants
of NSUN?2 failed (Figure 5A and Figure S5A). Addition-
ally, overexpressing WT but not mutant NSUN2 recovered
SKIL mRNA and protein levels in NSUN2-knockdown
cells (Figure 5B and Figure S5B). Next, we found that
SKIL mRNA was effectively enriched by the m°C antibody
(Figure 5C). Furthermore, silencing NSUN2 decreased the
m>C levels of SKIL in CRC cells, which could be rescued
by overexpressing WT but not mutant NSUN2 (Figure 5D).
Since m°C modification can regulate target mRNA sta-
bility, to determine how NSUN2-mediated m°C regulates
the expression of SKIL mRNA, we treated CRC cells with
actinomycin D. As shown in Figure 5E, NSUN2 silenc-
ing significantly reduced the half-life of SKIL mRNA. This
reduction could be restored by overexpressing wild-type
but not mutant NSUN2 (Figure 5F), indicating that NSUN2
upregulates SKIL by enhancing its mRNA stability via m>C
modification.

Y-box binding protein 1 (YBX1), an important m°C
reader,’”” has been proven to maintain mRNA stability
by recruiting ELAVLL.® RIP assays using YBX1 antibodies
showed that YBX1 could bind to SKIL mRNA (Figure 5G),
and this interaction was reduced in NSUN2-silenced cells
(Figure 5H), indicating that YBX1 might be the m°C reader
of SKIL. Further research showed that shYBXI could

decrease the expression level of SKIL by reducing the
stability of SKIL mRNA in CRC cells (Figure 51, J). Silenc-
ing YBXI1 suppressed the activation of SKIL expression by
NSUN2 (Figure 5K, L). Taking all the above results into
consideration, we concluded that NSUN2 could upregulate
the expression of SKIL by increasing the stability of SKIL
mRNA in a YBX1-dependent manner in CRC cells.

2.6 | NSUN2 induces the SKIL-TAZ axis
to promote CRC tumourigenesis

YAP/TAZ are closely related transcriptional regulators and
participate in the progression of different types of cancer.*
SKIL promoted breast cancer tumourigenesis by enhanc-
ing the activity of TAZ.?” We sought to determine whether
NSUN?2 affects the SKIL-TAZ axis. As shown in Figure 6A,
B, NSUN2 overexpression increased TAZ protein levels,
while NSUN2 knockdown suppressed the TAZ expression.
Previous studies have shown that SKIL interacts with mul-
tiple components of the Hippo pathway to inhibit the
binding of Lats2 to TAZ and the subsequent phosphory-
lation of TAZ.%® Further experiments showed that NSUN2
silencing substantially inhibited TAZ target gene expres-
sion in CRC cells (Figure 6C). SKIL silencing accelerated
TAZ protein degradation.27 Consistently, NSUN2 knock-
down increased the TAZ protein turnover rate (Figure 6D).
In addition, SKIL overexpression partly restored the activa-
tion of TAZ expression and its targets in NSUN2-depleted
cells, indicating that NSUN2 regulates the SKIL-TAZ axis
(Figure 6E, F).

Subsequently, we sought to determine the clinical
relevance of NSUN2-mediated TAZ regulation in a
patient-derived xenograft (PDX) model. To this end, after
NSUN2 expression levels were measured (Figure 6G), we
implanted fresh primary tumour samples resected from
CRC patients into immunocompromised mice and then
intraperitoneally injected PBS or verteporfin, a disruptor
of YAP/TAZ-TEAD-mediated transcription (Figure 6H).
Significantly, the administration of verteporfin attenuated
the progression of NSUN2-high PDX tumours (cases 1 and
2). In contrast, verteporfin had a minimal impact on the
growth and weight of NSUN2-low PDX tumours (cases 3
and 4; Figure 61, J).

Kaplan-Meier estimates of survival time of patients in cohort (n = 267) from the sixth Affiliated Hospital of Sun Yat-sen University by

different SKIL expression levels in tumours. (H) NSUN2 were positively correlated with the expression of SKIL at mRNA levels in TCGA and

pairs of fresh tissues. (I) Adjacent and tumour tissues of colorectal cancer patients were collected and lysates were analyzed by
immunoblotting with indicated antibodies. (J) Representative IHC staining for NSUN2 and SKIL in human CRC tissue microarray (TMA).
Case 1is representative of a patient with NSUN2-high colon cancer. Case 2 is representative of a patient with NSUN2-low colon cancer. Scale
bar = 100 um. (K) Quantification of staining intensities of indicated protein from sections in (J). NSUN2 and SKIL show a positive correlation.

*P < 0.05; ***P < 0.001.
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cell growth in NSUN2 knockdown DLD1 and HCT116 cells by incucyte assays. (B) Wild-type but not mutant NSUN2 reversed the decrease of
SKIL mRNA and protein levels caused by NSUN2 depletion. (C) Assessment of the m5C modification of SKIL mRNA by m5C-RIP qPCR. (D)
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Collectively, this study revealed that NSUN2 promoted
CRC malignancy by facilitating SKIL mRNA stabilization,
followed by TAZ activation (Figure 7).

3 | DISCUSSION

RNA m°C modification is an emerging epigenetic mod-
ification in recent years that is associated with many
cellular and physiological processes (e.g., RNA matura-
tion, editing, localization, stability and translation).'*#42
Abnormal m°C modification plays vital roles in var-
ious diseases, including cancer**° and inflammatory
and autoimmune diseases.*’” Nevertheless, the precise
correlations between RNA m>C modification and CRC
development remain largely unclear. Here, we showed
that m>C levels were increased in CRC cells due to
the overexpression of NSUN2. NOP2/Sun RNA methyl-
transferases (NSUNs), a notable methyltransferase family,
have attracted increasing attention as a result of their
functional roles in mRNA modification and the progres-
sion of many diseases. NSUNG6, a methyltransferase with
strong substrate specificity toward mRNA, primarily tar-
gets untranslated regions (UTR) at the consensus sequence
motif CTCCA. Abnormal expression of NSUN6 is an
important factor involved in the regulation of pancreatic
cancer cell proliferation.*® NSUN3-dependent RNA mod-
ifications drive the translation of mitochondrial mRNA
to power metastasis.*! In liver cancer, NSUN7 is epi-
genetically inactivated, which prevents correct mRNA
methylation.* m°C methyltransferase NSUN2 catalyzes
tRNA m°C modification, promoting the anaplastic thyroid
cancer progression.'” NSUN2 activates the ORAI2 expres-
sion, promoting gastric cancer metastasis.”® We found
aberrant overexpression of NSUN2 in CRC tissues, which
was highly associated with poor prognosis, suggesting a
prognostic value for NSUN2. Our work first reveals the role
of NSUN2-mediated m°C modification in the progression
of CRC and clarifies its mechanism.

Ski-like novel gene (SnoN), a member of the Ski fam-
ily, is an important negative regulator of TGF-{ signalling
that was originally identified as a transforming oncogene
in chicken embryonic fibroblasts.’>>! Both prooncogenic
and antioncogenic activities of SnoN have been reported.?
In breast cancer, SnoN can antagonize the Hippo kinase
complex to promote TAZ signalling, stimulating malignant
progression.?® SKIL expression has also been found to be

higher in NSCLC tissue than in adjacent normal tissue.
Silencing of SKIL inhibited the malignant behaviour of
NSCLC cells and promoted T-cell infiltration.”” However,
in papilloma, overexpression of SnoN inhibits oncogenic
transformation induced by Ras and Myc in vitro and signif-
icantly blocks tumourigenesis in vivo.?” In oesophagal can-
cer, the role of SnoN in the abrogation of TGF-3-induced
growth arrest and tumour suppression was explored and
confirmed.”” Here, we evaluated the expression levels of
SKIL in different CRC databases and uncovered that SKIL
was highly expressed in CRC patients. In addition, SKIL
expression was assessed in CRC tissues compared with
paired normal tissues. Kaplan—-Meier analysis revealed
that patients with high SKIL levels had shorter overall
survival times. Altogether, our results demonstrated the
oncogenic role of SKIL in CRC and its potential as a prog-
nostic indicator for CRC patients. Until now, the mecha-
nisms controlling the expression of SKIL have remained
unclear. Our findings revealed a new mechanism of SKIL
expression regulation through m>C modification, which
suggests that the regulatory mechanism of SKIL expres-
sion is epigenetically mediated and that the inhibition of
m°C modification in SKIL may have therapeutic benefits
for CRC patients. In vitro and in vivo experiments demon-
strate that NSUN2 promotes CRC development through
SKIL. In CRC tumour tissues, the protein expression levels
of NSUN2 and SKIL showed a significant positive correla-
tion. Therefore, it may be interesting to further study the
synergistic anticancer effect of SKIL and NSUN2-mediated
m°C modification in CRC.

Recently, an integrated m°C regulatory network has
been determined. The regulatory effects of RNA modifica-
tion are usually interpreted by reader proteins.® Aly/REF
export factor (ALYREF), characterized as the m>C “reader”
in the nucleus, could facilitate the export of m>C-modified
mRNAs.>* Upon NSUN2 deficiency, the recognition of
CDKNIA mRNA by ALYREF was suppressed, resulting in
a decrease in CDKNIA mRNA shuttling from the nucleus
to the cytoplasm.”* In addition, YBX1 could recognize
m>C-modified mRNAs through the indole ring of W65
in its cold-shock domain. YBX1 maintains the stability of
its target mRNA by recruiting ELAVLL.® In this study, we
uncovered m>C-mediated RNA stabilization of SKIL by
NSUN2, which was YBX1 dependent. Whether any other
m°C mediators are involved in SKIL regulation remains to
be elucidated. Moreover, recent studies have revealed that
m>C RNA modifications of tRNA play important roles in

Significant reduction of YBX1 binding to SKIL when NSUN2 was silenced. (I) YBX1 knockdown substantially decreased the RNA and protein
levels of SKIL. (J) Effects of YBX1 knockdown on mRNA half-life of SKIL by RNA stability assays. (K, L) Wild-type NSUN2 reversed the
decrease of SKIL mRNA (K) and protein (L) levels caused by NSUN2 depletion, which could be abrogated by YBX1 knockdown. *P < 0.05;

**P < 0.01; ***P < 0.001; ns, not significant.
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FIGURE 6 NSUN2 induces the SKIL-TAZ axis to promote CRC tumourigenesis. (A) Western blot analysis showed that overexpression
of NSUN2 led to increased TAZ protein levels. (B) NSUN2 silencing decreased protein levels of TAZ. (C) NSUN2 depletion substantially
suppressed the expression of TAZ-targeted genes. (D) DLDI cells were infected with shNSUN2 or Scramble and then treated with
cycloheximide (100 pg/mL) for indicated times. The turnover of TAZ is indicated graphically. (E) HCTI116 cells were transfected with the
indicated plasmids and immunoblotted with the indicated antibodies. (F) Overexpression SKIL reversed the inhibition of TAZ-targeted gene
expression caused by NSUN2 silencing. (G) Expression level of NSUN2 in indicated patient-derived xenografts (PDXs). (H) Treatment
schedule of verteporfin is indicated. (I) Impact of verteporfin on tumour growth in mice bearing indicated PDXs (n = 8 each group). (J)
Impact of verteporfin on tumour weight in mice bearing indicated PDXs (n = 8 each group). **P < 0.01; ***P < 0.001; ns, not significant.
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FIGURE 7 Schematic illustration shows that NSUN2

promotes CRC malignancy by facilitating SKIL mRNA stabilization,
followed by TAZ activation.

different biological functions.* For instance, the oxidative
phosphorylation complex subunits translation depends
on the formation of m°C in mitochondrial tRNAM®t
by NSUN3. Neuronal Nsun2-deficiency decreased the
m°C levels of tRNA, resulting in inhibited expression
of 70% of tRNASY isodecoders.”® Therefore, the role of
m°>C-mediated tRNA methylation in CRC tumourigenesis
needs to be further investigated. Furthermore, it has been
reported that the P53 pathway, Wnt/§ catenin signalling
and PI3K/AKT/mTOR signalling were significantly corre-
lated with m>C levels.’® Given the important roles of these
pathways in CRC, whether m°C modification impacts
these pathways in CRC needs further exploration.

TAZ is the key transducer of Hippo signalling and
a novel downstream signalling transducer of PODXL
in mediating cancer invasiveness and stemness prop-
erties in colon cancer.”’ Here, we showed that NSUN2
post-transcriptionally stabilized SKIL, triggering the
abnormal activation of TAZ. The benzoporphyrin deriva-
tive, verteporfin is a powerful photosensitizer and widely
used in the treatment of macular degeneration. Within the
syngeneic tumour microenvironment, verteporfin could
inhibit the expression of PD-L1, which was associated with
enhanced T-lymphocyte infiltration.”® Previous study
found that verteporfin preferentially induced apoptosis
of cultured patient-derived EGFR-amplified/mutant
Glioblastoma (GBM) cells, suppressed expression of
YAP/TAZ transcriptional targets and conferred significant
survival benefit in an orthotopic xenograft GBM model.”
Additionally, the researchers further designed and initi-
ated a phase O clinical trial of Visudyne, an FDA-approved
liposomal formulation of verteporfin. As TAZ is the
main target of verteporfin,°” we explored the associations
between NSUN2 expression levels and verteporfin based
on PDX models. Results indicated that tumours with high
NSUN?2 expression are more sensitive to verteporfin treat-
ment, hinting at its potential therapeutic effects in CRC.

Our study has some limitations. First, Nsun2-/- mice
were whole body knock out. The systemic knockout may
exert effect on different cell types. Intestinal conditional
knockout (Nsun2“¥0) mice would be better to further
explore the role of NSUN2 in CRC progression. Addi-
tionally, 5-fluorouracil (5-FU) is the first-line treatment
for colorectal cancer.®’ High NSUN2 expression lowers
the sensitivity of fluorouracil in prostate cancer.%” Further
research on combinatorial effects of verteporfin and 5-FU
may help to improve therapeutic efficacy in CRC.

4 | MATERIALS AND METHODS

4.1 | Cell culture and transfection

The human CRC cell lines DLD1, SW480, HCT116, RKO
and HT-29 were purchased from the American Type
Culture Collection (ATCC). The cells were cultured in
RPMI-1640 (Roswell Park Memorial Institute) or Mini-
mum Essential Medium medium supplemented with 10%
fetal bovine serum (Gibco) at 37°C, 5%CO,. All cell lines
are routinely tested for mycoplasma.

The cDNAs for human NSUN2 and human SKIL were
cloned by RT-PCR and subcloned into pcDNA3.1 (+)
vector or PLVX vector. The double mutants of NSUN2
(C271A, C321A) were constructed using Mut Express II
Fast Mutagenesis Kit v2 (C214-02, Vazyme). The primers
were listed as follows: NSUN2 (C321A) F: GTATTC-

CACGgcTTCACTAAACCCTATTGAGGATGAAG; R:
AGTGAAgcCGTGGAATACACCATCCTTCCACCT.

NSUN2 (C271A) F: TATGTGATGTCCCT-
gcCAGTGGAGACGGCACTATGAGA; R:

TGgcAGGGACATCACATAAAATTCGATCATAGA. The
target plasmid was amplified using Phanta Max Super-
Fidelity DNA Polymerase. Then, Dpn I digestion was
performed to remove the methylated template plasmid.
The amplified digestive product recombined the mutant
site under the catalysis of Exnase II, achieving in vitro
cyclization of linear DNA. Finally, the mutant plasmids
were sequenced by BGI Genomics. Transient transfection
was performed using polyethyleneimine HCl (polyy-
sciences Inc,24765-1) according to the manufacturer’s
instructions.

4.2 | Animals

NU/NU nude mice (#D000521) and C57BL/6 mice
(#N000013) were purchased from GemPharmatech
Biotechnology Corporation. All mice were crossed at least
five generations to a C57BL/6 background. Littermates
were used as control for experiments. Female nude mice,
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aged 4 weeks, were utilized for the xenograft studies. They
were randomly assigned to various groups. For the PDX,
PDX models were obtained from the Sixth Affiliated Hos-
pital of Sun Yat-sen University. All mice were maintained
under pathogen-free conditions. Animal experiments
were approved by the Institutional Animal Care and Use
Committee of The Sixth Affiliated Hospital of Sun Yat-sen
University (IACUC-2022101101).

43 | AOM-DSS model

Nsun2 whole body knock-out mice (Nsun2-/-) were pur-
chased from GemPharmatech Biotechnology Corporation
(Strain no. T013748). The AOM (10 mg/kg body weight) was
administered to the mice via intraperitoneal injection on
the first day. Five days later, mice were fed with 2% DSS
in drinking water for 6 days and were then followed by
2 weeks of recovery. The 2% DSS treatment-2 weeks recov-
ery cycle were repeated once and at last followed by a 1.5%
DSS treatment for 3 days. Mice were sacrificed at 80 days
after AOM injection.

4.4 |
mice

Xenograft tumour model in nude

For xenograft studies, female BALB/c nude mice (4 weeks
old) were used and randomly divided into three groups.
DLD1 cells infected with shNSUN2, PLVX-NSUN2 or
control were harvested and injected into the flanks of
mice. Besides, to study the function of the NSUN2-SKIL
axis in CRC tumourigenesis, nude mice were randomly
divided into four groups (Scramble, shNSUN2, PLVX-
SKIL, shNSUN2+PLVX-SKIL). Cells were resuspended in
PBS at a density of 1.5 x 107 cells/mL and injected into the
flanks of the nude mice. Subsequently, randomization and
single blinding were performed when measuring tumour
volume which was calculated as lengthxwidth?x0.5.
About 2 weeks later, the tumours were carefully removed,
photographed and weighed.

4.5 | PDX models

Patient-derived tumour fragments were injected
into the flanks of female NCG (NOD/ShiLtJGpt-
Prkdcem26Cd52 ] ppgem26Cd22/Gpt) mice (GemPharmatech
Biotechnology Corporation). When the tumour sizes
reached about 200 mm?3, the mice were randomly divided
into two groups and subjected to the treatment of PBS
and verteporfin 30 mg/kg daily (intraperitoneal injection),
respectively. The tumour volumes were measured and

3

calculated as lengthxwidth?x0.5. Finally, the tumours
were harvested at the end of the experiments.

4.6 | Immunoblotting

Cells were harvested with a lysis buffer containing a pro-
teinase and phosphatase inhibitors cocktail. Then cell
lysates were subjected to SDS-PAGE. After transferring,
blocking and incubating with specific antibodies, the pro-
teins on the membranes were visualized. The antibodies
used included NSUN2 (1:4000, Proteintech, 20854-1-AP),
SKIL (1:4000, Proteintech, 19218-1-AP), GAPDH (1:5000,
Proteintech, 60004-1-Ig), Myc (1:5000, CST, 2276s), Flag
(1:5000, CST, 8146s), TAZ (1:4000, Proteintech, 22306-1-AP)
and YBX1 (1:4000, abcam, ab12148).

4.7 | Immunohistochemistry

Briefly, sections were de-paraffinized, re-hydrated,
retrieved antigen and incubated with anti-NSUN2, anti-
SKIL or anti-Ki67 at 4°C overnight. Next, the slides
were incubated with an HRP-conjugated secondary
antibody, visualized with DAB (Dako, Cytomation) and
counterstained with hematoxylin. Image J was used for
quantification.

4.8 | Immunofluorescence

Cells were washed with PBS and fixed with 4%
paraformaldehyde for 10 min at room temperature.
Then cells were permeabilized with 0.5% Triton X-100 for
20 min at room temperature, blocked and incubated with
anti-NSUN2 (1:200, Proteintech, 20854-1-AP), anti-m°C
(1:100, abcam, ab10805), or anti-Ki67 (1:100, CST, 9449) at
4°C overnight. Afterwards, cells were washed and incu-
bated with fluorochrome-conjugated secondary antibody
(1:500) for 1 h at room temperature followed by DAPI
(Beyotime, C1002) staining. Images were acquired with
confocal microscopy.

4.9 | RNA isolation and real-time qPCR

Total RNA was isolated from cells with TRIZOL reagent
(Invitrogen). The cDNA was prepared using ReverTra Ace
gPCR RT Master Mix with gDNA Remover (TOYOBO).
Then the gene expression was quantified using 2xSYBR
Green qPCR Master Mix (biotool, #B21203) in the Light-
Cycler480 PCR system (Roche). Finally, the results were
analyzed by the 2(72A¢T) method and GAPDH was used
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as an internal control. All of the qPCR primers are listed in
Table S2.

4.10 | RNA array

DLD1 cells were infected with scramble or shNSUN2
lentivirus for 48 h. Then RNA samples from DLDI1 cells
were isolated using the Trizol reagent (Invitrogen) and sent
to Shanghai Biotechnology Corporation for sequencing
based on Affymetrix Human U133 Plus 2.0 Array.

4.11 | Cell proliferation and colony
formation assays

The incucyte live cell analysis system (Essen Bioscience)
is used for cell proliferation assay. Cells were seeded in
six-well plates and placed inside incubators, then the
machine would automatically capture amounts of images
at different time points and analyze them while cells
remained unperturbed. For colony formation assay, 800-
1000 infected CRC cells were seeded in six-well plates and
cultured in indicated mediums for 10 days. Then, cells were
fixed with 4% paraformaldehyde and stained with a crys-
tal violet solution. The numbers of colonies were counted
(n=23).

4.12 | Cell migration assay

1x10° infected cells were placed in the upper chamber
and incubated with serum-free medium. Simultaneously,
culture medium containing 10% FBS was added to the
basolateral chamber. Twenty-four hours later, cells were
fixed with 4% paraformaldehyde for 10 min, washed with
PBS and then stained with 0.1% crystal violet for 10 min.
Finally, the cells were photographed in three random
visual fields and analyzed by image J.

4.13 | m5C methylated RNA
immunoprecipitation

The total RNA of cells was extracted with TRIZOL reagent
(Invitrogen), then fragmented into ~200 nucleotides (nt)
by incubation with fragmentation buffer (Ambion) at 70°C
for 10 min. Ten percent volume RNA was used as input,
while the remaining RNA was incubated with anti-m>C
antibody, followed by incubated with protein A/G Mag-
netic Beads in 900 mL of RIP lysis buffer on a rotary
homogenizer at 4°C for 4 h. Next, beads were resuspended
with a mixture of 10 mL of 10% SDS, 10 mL of Proteinase

K and 130 mL of RIP buffer and digested at 55°C for
30 min. RNA in immunoprecipitation or input group was
recovered according to the manufacturer’s instruction.

4.14 | mRNA stability assay

DLD1, HCTI116 and SW480 cells were infected with the
indicated virus and then incubated with actinomycin D
(10 pg/mL) for indicated time points (0, 2, 4, or 6 h). Finally,
RNA was isolated with Trizol and quantified with qPCR.

4.15 | RNA immunoprecipitation

After preparing and collecting cells, RNA immunoprecip-
itation was conducted as described previously,’ by the
Magna RIP RNA-binding protein immunoprecipitation kit
(17-701, Millipore). In brief, cells were lysed on ice with
RIP lysis buffer supplemented with a 0.1% RNase inhibitor
and 0.2% protease inhibitor cocktail and then subjected
to immunoprecipitation. The immunoprecipitated com-
plex was treated with Proteinase K. Finally, the RNA was
purified, collected and converted to cDNA for qPCR.

4.16 | TMA analysis

For TMA, the original immunohistochemistry slides were
scanned by Aperio Versa (Leica Biosystems) which cap-
tured digital images of the immunostained slides. The
receiver operating characteristic curve was used to define
the cutoff point when calculating the survival rate.

4.17 | Bioinformatics analysis

Colorectal cancer data sets were downloaded from the pub-
licly available GEO databases (https://www.ncbi.nlm.nih.
gov/gds/?term = GSE), including GSE20916, GSE33113,
GSE8671 and GSE17538. Bioinformatics analysis and visu-
alization were performed by SPSS and GraphPad software,
version 8.

4.18 | Statistical analysis

Survival analysis and Kaplan-Meier analyses were done
by SPSS software. The P values were calculated by log-rank
test. Statistical analysis was performed using GraphPad
software, version 8. Differences between the two groups
or multiple groups were calculated by unpaired Student’s
t-tests or one-way analysis, respectively. The data are
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presented as the mean =+ standard deviation (SD). P value
<0.05 was considered significant.

AUTHOR CONTRIBUTIONS

Lekun Fang conceived and designed the study. Shaomin
Zou, Yizhi Huang, Ziqing Yang, Jieping Zhang, Mangqi
Meng, Yijing Zhang, Rui Sun, Weiyao Li, Jests Garcia-
Foncillas Lopez and Lekun Fang performed the experi-
ments. Junyan Feng and Wencong Wang performed the
animal breeding. Shaomin Zou wrote the manuscript with
the assistance of Lekun Fang. Shaomin Zou and Lekun
Fang analyzed the TMA results. All authors reviewed the
manuscript.

ACKNOWLEDGEMENTS

This research was supported by National Key R&D Pro-
gram of China (2021YFF0702600), the National Natural
Science Foundation of China (82222056, 82302910 and
82373512), Guangdong Special Young Talent Plan of Scien-
tific and Technological Innovation (2019TQ05Y510),
the Natural Science Foundation of Guangdong
(2022A1515012316 and 2021B1212010004), Guangzhou
Basic Research Foundation (SL2023A04J01264) and
National Key Clinical Discipline. The authors thank L.
Xiao and M. Lee for providing technical suggestions.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

All data generated or analysed during this study are
included in the article and are available from the corre-
sponding author upon reasonable request.

ETHICS APPROVAL AND CONSENT TO
PARTICIPATE

All cancer patient samples were collected with the
patients’ written informed consent and approval from the
Institutional Review Board of the Sixth Affiliated Hospi-
tal of Sun Yat-sen University (2023ZSLYEC-366). Animal
experiments were approved by the Institutional Animal
Care and Use Committee of The Sixth Affiliated Hospital
of Sun Yat-sen University (IACUC-2022101101).

ORCID
Weiyao Li © https://orcid.org/0000-0003-0262-8945
Lekun Fang ‘© https://orcid.org/0000-0002-0296-292X

REFERENCES

1. Zhao H, Ming T, Tang S, et al. Wnt signaling in colorectal cancer:
pathogenic role and therapeutic target. Mol Cancer. 2022;21:144.

2. Teng S, Li YE, Yang M, et al. Tissue-specific transcription repro-
gramming promotes liver metastasis of colorectal cancer. Cell
Res. 2020;30:34-49.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Fang L, Yang Z, Zhang M, Meng M, Feng J, Chen C. Clini-

cal characteristics and survival analysis of colorectal cancer in
China: a retrospective cohort study with 13,328 patients from
southern China. Gastroenterol Rep (Oxf). 2021;9:571-582.

. Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics 2020:

gLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209-
249.

. LuY, Xie S, Zhang W, et al. Twal/Gid8 is a beta-catenin nuclear

retention factor in Wnt signaling and colorectal tumorigenesis.
Cell Res. 2017;27:1422-1440.

. Yang Z, Huang D, Meng M, et al. BAF53A drives colorec-

tal cancer development by regulating DUSP5-mediated ERK
phosphorylation. Cell Death Dis. 2022;13:1049.

. Qi J, Sun H, Zhang Y, et al. Single-cell and spatial analysis

reveal interaction of FAP+ fibroblasts and SPP1+ macrophages
in colorectal cancer. Nat Commun. 2022:13.

. Chen X, Li A, Sun BF, et al. 5-methylcytosine promotes patho-

genesis of bladder cancer through stabilizing mRNAs. Nat Cell
Biol. 2019;21:978-990.

. LiX, Meng Y. Expression and prognostic characteristics of m(5)

C regulators in low-grade glioma. J Cell Mol Med. 2021;25:1383-
1393.

Xu X, Zhang Y, Zhang J, Zhang X. NSun2 promotes cell
migration through methylating autotaxin mRNA. J Biol Chem.
2020;295:18134-18147.

SulJ,WugG, YeY, et al. NSUN2-mediated RNA 5-methylcytosine
promotes esophageal squamous cell carcinoma progression
via LIN28B-dependent GRB2 mRNA stabilization. Oncogene.
2021;40:5814-5828.

Yang M, Wei R, Zhang S, et al. NSUN2 promotes osteosarcoma
progression by enhancing the stability of FABP5 mRNA via
m(5)C methylation. Cell Death Dis. 2023;14:125.

Zuo S, Li L, Wen X, et al. NSUN2-mediated m(5) C RNA
methylation dictates retinoblastoma progression through pro-
moting PFAS mRNA stability and expression. Clin Transl Med.
2023;13:e1273.

Chen SY, Chen KL, Ding LY, et al. RNA bisulfite sequencing
reveals NSUN2-mediated suppression of epithelial differentia-
tion in pancreatic cancer. Oncogene. 2022;41:3162-3176.

Shinoda S, Kitagawa S, Nakagawa S, et al. Mammalian NSUN2
introduces 5-methylcytidines into mitochondrial tRNAs. Nucleic
Acids Res. 2019;47:8734-8745.

Lewinska A, Adamczyk-Grochala J, Wnuk M. TRDMTI1-
mediated RNA C-5 methylation as a novel target in anticancer
therapy. Biochim Biophys Acta Rev Cancer. 2023;1878:188964.

Li H, Zhu D, Wu J, et al. New substrates and determinants for
tRNA recognition of RNA methyltransferase DNMT2/TRDMTI.
RNA Biol. 2021;18:2531-2545.

Wang Y, Wei J, Feng L, et al. Aberrant m5C hyperme-
thylation mediates intrinsic resistance to gefitinib through
NSUN2/YBX1/QSOX1 axis in EGFR-mutant non-small-cell lung
cancer. Mol Cancer. 2023;22:81.

Li P, Wang W, Zhou R, Ding Y, Li X. The m(5) C methyltrans-
ferase NSUN2 promotes codon-dependent oncogenic transla-
tion by stabilising tRNA in anaplastic thyroid cancer. Clin Transl
Med. 2023;13:€1466.

Wang N, Chen RX, Deng MH, et al. m(5)C-dependent cross-
regulation between nuclear reader ALYREF and writer NSUN2
promotes urothelial bladder cancer malignancy through


https://orcid.org/0000-0003-0262-8945
https://orcid.org/0000-0003-0262-8945
https://orcid.org/0000-0002-0296-292X
https://orcid.org/0000-0002-0296-292X

16 of 17

21.
22.

23.

24.

25.

26.
27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.
38.

39.

CLINICAL AND TRANSLATIONAL MEDICINE
. ‘OpenAccess.

ZOU ET AL.

%

facilitating RABL6/TK1 mRNAs splicing and stabilization. Cell
Death Dis. 2023;14:139.

Hu Y, Chen C, Tong X, et al. NSUN2 modified by SUMO-2/3
promotes gastric cancer progression and regulates mRNA m5C
methylation. Cell Death Dis. 2021;12:842.

Zhang X, Liu Z, Yi J, et al. The tRNA methyltransferase NSun2
stabilizes p16INK(4) mRNA by methylating the 3’-untranslated
region of p16. Nat Commun. 2012;3:712.

Deheuninck J, Luo K. Ski and SnoN, potent negative regulators
of TGF-beta signaling. Cell Res. 2009;19:47-57.

Chi C, Liang X, Cui T, Gao X, Liu R, Yin C. SKIL/SnoN atten-
uates TGF-betal/SMAD signaling-dependent collagen synthesis
in hepatic fibrosis. Biomol Biomed. 2023;23:1014-1025.

Pan D, Zhu Q, Luo K. SnoN functions as a tumour suppressor by
inducing premature senescence. EMBO J. 2009;28:3500-3513.
Zhu Q, Le Scolan E, Jahchan N, Ji X, Xu A, Luo K. SnoN antago-
nizes the hippo kinase complex to promote TAZ signaling during
breast carcinogenesis. Dev Cell. 2016;37:399-412.

Ma F, Ding M-G, Lei Y-Y, et al. SKIL facilitates tumorigenesis
and immune escape of NSCLC via upregulating TAZ/autophagy
axis. Cell Death Dis. 2020:11.

Lamouille S, Derynck R. Oncogene and tumour suppressor: the
two faces of SnoN. EMBO J. 2009;28:3459-3460.

Zhu W, Wan F, Xu W, et al. Positive epigenetic regulation loop
between AR and NSUN2 promotes prostate cancer progression.
Clin Transl Med. 2022;12:€1028.

Sun Z, Xue S, Xu H, et al. Effects of NSUN2 deficiency on
the mRNA 5-methylcytosine modification and gene expres-
sion profile in HEK293 cells. Epigenomics. 2019;11(4):439-
453.

Li X, Gracilla D, Cai L, et al. ATF3 promotes the serine synthesis
pathway and tumor growth under dietary serine restriction. Cell
Rep. 2021;36:109706.

Liu H, Kuang X, Zhang Y, et al. ADORALI inhibition promotes
tumor immune evasion by regulating the ATF3-PD-L1 axis.
Cancer Cell. 2020;37:324-339.

Chu Y-Y, Chen M-K, Wei Y, et al. Targeting the ALK-CDK9-
Tyr19 kinase cascade sensitizes ovarian and breast tumors to
PARP inhibition via destabilization of the P-TEFb complex.
Nature Cancer. 2022;3:1211-1227.

Ibrahim SA, Gadalla R, El-Ghonaimy EA, et al. Syndecan-1is a
novel molecular marker for triple negative inflammatory breast
cancer and modulates the cancer stem cell phenotype via the
IL-6/STAT3, Notch, and EGFR signaling pathways. Mol Cancer.
2017;16:57.

Wang X, Qin G, Liang X, et al. Targeting the CKlalpha/CBX4
axis for metastasis in osteosarcoma. Nat Commun. 2020;11:1141.
Li Y, Sun C, Tan Y, Zhang H, Li Y, Zou H. ITGBI enhances
the radioresistance of human non-small cell lung cancer cells
by modulating the DNA damage response and YAPl-induced
epithelial-mesenchymal transition. Int J Biol Sci. 2021;17:635-
650.

Hagerstrand D, Tong A, Schumacher SE, et al. Systematic inter-
rogation of 326 identifies TLOC1 and SKIL as cancer drivers.
Cancer Discov. 2013;3:1044-1057.

Yuan H, Han Y, Wang X, et al. SETD2 restricts prostate cancer
metastasis by integrating EZH2 and AMPK signaling pathways.
Cancer Cell. 2020;38:350-365.

Bonni S, Bonni A. SnoN signaling in proliferating cells and
postmitotic neurons. FEBS Lett. 2012;586:1977-1983.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Moroishi T, Hansen CG, Guan K-L. The emerging roles of YAP
and TAZ in cancer. Nat Rev Cancer. 2015;15:73-79.

Delaunay S, Pascual G, Feng B, et al. Mitochondrial RNA
modifications shape metabolic plasticity in metastasis. Nature.
2022;607:593-603.

Zhao BS, Roundtree IA, He C. Post-transcriptional gene regula-
tion by mRNA modifications. Nat Rev Mol Cell Biol. 2017;18:31-
42.

Nombela P, Miguel-Lopez B, Blanco S. The role of m(6)A,
m(5)C and Psi RNA modifications in cancer: novel therapeutic
opportunities. Mol Cancer. 2021;20:18.

Li Z, Li B, Yu H, et al. DNMT1-mediated epigenetic silencing of
TRAF6 promotes prostate cancer tumorigenesis and metastasis
by enhancing EZH2 stability. Oncogene. 2022.

Xie S, Chen W, Chen K, et al. Emerging roles of RNA methyla-
tion in gastrointestinal cancers. Cancer Cell Int. 2020;20:585.

Yu G, Bao J, Zhan M, et al. Comprehensive analysis of m5c
methylation regulatory genes and tumor microenvironment in
prostate cancer. Front Immunol. 2022;13:914577.

Cui L, Ma R, Cai J, et al. RNA modifications: importance in
immune cell biology and related diseases. Signal Transduct
Target Ther. 2022;7:334.

Yang R, Liang X, Wang H, et al. The RNA methyltrans-
ferase NSUNG6 suppresses pancreatic cancer development by
regulating cell proliferation. EBioMedicine. 2021;63:103195.
Ortiz-Barahona V, Soler M, Davalos V, et al. Epigenetic inactiva-
tion of the 5-methylcytosine RNA methyltransferase NSUN7 is
associated with clinical outcome and therapeutic vulnerability
in liver cancer. Mol Cancer. 2023;22:83.

Liu K, Xu P, Lv J, et al. Peritoneal high-fat environment pro-
motes peritoneal metastasis of gastric cancer cells through acti-
vation of NSUN2-mediated ORAI2 m5C modification. Oncogene.
2023;42:1980-1993.

Jahchan NS, You YH, Muller WJ, Luo K. Transforming growth
factor-beta regulator SnoN modulates mammary gland branch-
ing morphogenesis, postlactational involution, and mammary
tumorigenesis. Cancer Res. 2010;70:4204-4213.

Pan D, Zhu Q, Luo K. SnoN functions as a tumour suppressor by
inducing premature senescence. EMBO J. 2009;28(22):3500-3513.
Yang X, Yang Y, Sun BF, et al. 5-methylcytosine promotes mRNA
export—NSUN2 as the methyltransferase and ALYREF as an
m(5)C reader. Cell Res;27:606-625.

LiuY, Zhao Y, Wu R, et al. nRNA m5C controls adipogenesis by
promoting CDKN1A mRNA export and translation. RNA Biol.
2021;18:711-721.

Blaze J, Navickas A, Phillips HL, et al. Neuronal Nsun2 defi-
ciency produces tRNA epitranscriptomic alterations and pro-
teomic shifts impacting synaptic signaling and behavior. Nat
Commun. 2021;12:4913.

Wang X, Mao Y, Xu H, Chen J, Chen X. Identification of
m(5)C-related molecular subtypes and prediction models in
the prognosis and tumor microenvironment infiltration of soft
tissue sarcoma. Heliyon. 2023;9:e19680.

Lee WY, Kuo CC, Lin BX, Cheng CH, Chen KC, Lin CW.
Podocalyxin-like protein 1 regulates TAZ signaling and stemness
properties in colon cancer. Int J Mol Sci. 2017:18.

Liang J, Wang L, Wang C, et al. Verteporfin inhibits PD-L1
through autophagy and the STAT1-IRF1-TRIM28 signaling axis,
exerting antitumor efficacy. Cancer Immunol Res. 2020;8:952-
965.



ZOU ET AL.

59.

60.

61.

62.

Vigneswaran K, Boyd NH, Oh SY, et al. YAP/TAZ transcriptional
coactivators create therapeutic vulnerability to verteporfin in
EGFR-mutant glioblastoma. Clin Cancer Res. 2021;27:1553-1569.
Osama M, Essibayi MA, Osama M, Ibrahim IA, Nasr Mostafa
M, Sakir Eksi M. The impact of interaction between verteporfin
and yes-associated protein 1/transcriptional coactivator with
PDZ-binding motif-TEA domain pathway on the progression
of isocitrate dehydrogenase wild-type glioblastoma. J Cent Nerv
Syst Dis. 2023;15:11795735231195760.

Zou S, Qin B, Yang Z, et al. CSN6 mediates nucleotide
metabolism to promote tumor development and chemoresis-
tance in colorectal cancer. Cancer Res. 2023;83:414-427.

Sun G, Ma S, Zheng Z, et al. Multi-omics analysis of expres-
sion and prognostic value of NSUN members in prostate cancer.
Front Oncol. 2022;12:965571.

CLINICAL AND TRANSLATIONAL MEDICINE 17 of 17

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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