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Abstract

Non-small-cell lung cancer (NSCLC) represents a highly prevalent form of malignancy. 5-methylcytosine (m>C) methyla-
tion functions as a key post-transcriptional regulatory mechanism linked to cancer progression. The persistent expression
of PD-L1 in tumor cells plays a pivotal role in facilitating immune evasion and promoting T-cell exhaustion. However, the
involvement of m>C in NSCLC immune evasion remains inadequately understood. This study seeks to explore the function
of the m°C methyltransferase NSUN2 in modulating PD-L1 expression and facilitating immune evasion in NSCLC. Our
findings indicate elevated levels of NSUN2 and ALYREF in NSCLC, and both promote the growth of NSCLC cells and the
progression of lung cancer. Moreover, the expression of PD-L1 in NSCLC tissues positively correlates with NSUN2 and
ALYREF expression. We then discovered that PD-L1 acts as a downstream target of NSUN2-mediated m>C modification in
NSCLC cells. Knocking down NSUN2 significantly reduces m*>C modification of PD-LI mRNA, thereby decreasing its sta-
bility via the m°C reader ALYREF-dependent manner. Furthermore, inhibiting NSUN2 enhanced CD8" T-cell activation and
infiltration mediated by PD-L1, thereby boosting antitumor immunity, as confirmed in both in vitro and in vivo experiments.
Collectively, these results suggested that NSUN2/ALYREF/PD-L1 axis plays a critical role in promoting NSCLC progression
and tumor cell immune suppression, highlighting its potential as a novel therapeutic strategy for NSCLC immunotherapy.
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Introduction

According to the Global Cancer Statistics (GLOBOCON)
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diagnosed with advanced NSCLC generally face an unsat-
isfactory prognosis.

Recent advancements in the field of immunotherapy have
shown promise in halting tumor progression and providing
long-term clinical benefits for patients with malignancies
[2]. Specifically, immune checkpoint inhibitors (ICBs) tar-
geting programmed cell death protein 1 (PD-1) and its ligand
PD-L1 have demonstrated broad applicability across vari-
ous cancer types, leading to sustained clinical responses in
cases where treatment is effective [3]. However, it is impor-
tant to note that most patients with NSCLC are notal ways
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sensitive to ICB treatments. To improve the clinical efficacy
of PD-L1/PD-1 treatments in NSCLC, further exploration
of the molecular mechanisms governing PD-L1 regulation
is necessary.

PD-L1 is highly expressed in a variety of tumor cells.
PD-L1 inhibits the functional efficacy of cytotoxic lym-
phocytes and their capacity to kill tumor cells, which is a
key mechanism of immune evasion [4—6]. The regulation
of PD-L1 involves complex and multifactorial processes,
including gene transcription, transcriptional, post-transcrip-
tional modification, and post-translational modification [7].
Among these, 5-methylcytosine (m>C) RNA methylation,
one of the post-transcriptional modifications, has been
increasingly recognized for its pivotal role in controlling
gene expression [8, 9]. m’C methylation is a type of RNA
modification which involves the stability and function of
various RNA molecules, such as mRNA and tRNA. m°C
is regulated by m°>C methyltransferase (writers), demethy-
lases (erasers), and mSC—binding proteins (readers) [10].
NOP2/Sun RNA methyltransferase 2 (NSUN2), a crucial
m>C methyltransferase, exerts non-negligible roles in tumo-
rigenesis in an m>C-dependent manner [11-13]. Currently,
it was demonstrated that NSUN?2 is highly upregulated in
various tumors, such as breast cancer [14], colorectal cancer
[15], and gallbladder carcinoma [16], and is associated with
malignant phenotypes. Additionally, NSUN2 expression has
been found to be negatively associated with T-cell activa-
tion and may serve as a potential immunotherapy marker
in head and neck squamous cell carcinoma (HNSC) [17].
However, the function of NSUN2 and its roles in regulating
the PD-L1 expression to exert the antitumor immunity of
NSCLC remain elusive.

In this study, we initially proved PD-L1 is a downstream
target of NSUN2-mediated m>C modification in NSCLC
cells. We elucidated its pivotal role in facilitating immune
evasion in NSCLC cells via the activation of the NSUN2/
ALYREF/PD-L1 axis. Furthermore, NSUN2 regulates PD-
LI mRNA stability in an m>C-ALYREF-dependent manner,
indicating that PD-L1 expression is modulated by m°C mod-
ification. Our findings uncover the regulatory mechanism
for PD-L1 by m°C modification and may provide a potential
therapeutic target for controlling immune escape in NSCLC.

Materials and methods

Clinical tissue samples

Clinical samples of the paired adjacent normal lung tis-
sues and NSCLC tissues (n=180) were collected from the
Department of Biobank, Shanghai Chest Hospital. Tumor

microarrays were constructed using tissue samples from
60 of the 180 patients. The patients’ clinical characteristics
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information was shown in Supplementary Table 1. Written
informed consents were obtained from patients. All experi-
ments were approved by the ethics and research commit-
tees of the Shanghai Chest Hospital. The specific ethics
approval number is KS23044.

Cell culture and pharmacologic drug treatment

Human NSCLC cell lines NCI-H1299, NCI-H1975, Calu-1,
A549, PC9, human normal lung epithelial cells BEAS-2B,
human bronchial epithelial cell line 1l6HBE, HEK293T, and
the murine Lewis lung cancer cell (LLC) line were obtained
from our previous studies [18]. All cells were maintained
in DMEM (Gibco) supplemented with 10% fetal bovine
serum (FBS, HyClone) and 1% penicillin/streptomycin (Inv-
itrogen). All cells were incubated at 37 °C in a 5% CO,
environment. All cell lines were tested negative for myco-
plasma contamination. Atezolizumab (anti-PD-L1 block-
ade antibody; Selleck) or control IgG (Selleck) was used at
10 pg/mL for cell treatment. MY-1B (MedChemExpress)
was used at a final concentration of 0-50 pM. Nivolumab
(Selleck) or control IgG (Selleck) was used at 10 pg/mL for
cell treatment.

Plasmids, transfection, and lentiviral transduction

Oligonucleotides encoding shRNAs that target NSUN2,
including both complementary sense and antisense strands,
were synthesized, annealed, and subsequently cloned into
the pLKO.1 vector. The sequences of these oligonucleo-
tides were detailed in Supplementary Table 2. Plasmids for
the overexpression of ALYREF were produced by Zuorun
Biotech. Transfection of the plasmids was performed uti-
lizing Lipofectamine 2000 (Thermo Fisher Scientific). For
the generation of lentiviral particles, HEK293T cells were
co-transfected with the lentiviral vectors, packaging plas-
mid psPAX2, and envelope plasmid pMD2.G. After 48 h
of transfection, the infectious lentiviral particles were col-
lected, filtered through 0.45 pm PVDF filters, and employed
to transduce and infect targeted NSCLC cells.

RNA m>C dot blot assay

Total RNA was extracted using RNA-easy Isolation reagent
(Vazyme). The mRNA was denatured by heating at 100 °C
for 10 min, then immediately cooled on ice. It was subse-
quently transferred to Biodyne Nylon Transfer Membranes
(Beyotime) and cross-linked with 365 nm UV light for
10 min. Following a 1 h block with 5% nonfat milk in PBST
at room temperature, the membrane was incubated overnight
at 4 °C with an anti-m>C primary antibody (Proteintech).
Afterward, it was treated with an HRP-conjugated second-
ary antibody for 1 h and visualized via chemiluminescence.
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Methylene blue (Beyotime) served as a reference control for
the RNA samples.

RNA extraction and RT-qPCR

RNA was extracted utilizing the RNA-easy Isolation reagent
(Vazyme), followed by reverse transcription using HiScript
IIT RT SuperMix (Vazyme). To measure the expression lev-
els of the target RNAs, quantitative reverse transcription pol-
ymerase chain reaction (RT-qPCR) was conducted with the
HiScript I One Step qRT-PCR SYBR Green Kit (Vazyme).
The results were adjusted relative to GAPDH levels, and
the mRNA quantities were determined employing the 2724
method. The detailed primers are listed in Supplementary
Table 2.

RNA immunoprecipitation (RIP) assay

The BeyoRIP™ RIP Assay Kit (Beyotime) was utilized
following the manufacturer's protocol. First, anti-ALYREF
antibody, anti-m°C primary antibody, or control IgG was
incubated with protein A/G magnetic beads for 30 min at
room temperature. Then, the cell lysate supernatants were
combined with the antibody-coated magnetic beads and
incubated at 4 °C overnight. The next day, the complexes
of cell lysate, antibody, and magnetic beads were incubated
at 55 °C for 30 min. Finally, RNA was extracted using the
RNA-easy Isolation reagent (Vazyme) and quantified by RT-
gPCR. The primer sequences used for RIP are detailed in
Supplementary Table 2.

RNA pull-down assay

Partial PD-LI mRNA probes, either with or without m>C
modification, were synthesized by Generay (Shanghai,
China). These probes were incubated with A549 cell lysates
or purified ALYREF (BIOVISION-TECH, Shanghai, China)
overnight at 4 °C. The following day, streptavidin-conju-
gated magnetic beads (MedChemExpress) were added to the
complex and incubated at room temperature for 3 h. After
washing, the magnetic beads were heated, and the target
protein was detected via WB.

Luciferase reporter assay

Luciferase reporter assays were performed by inserting
partial PD-L1 3'-UTR sequences, either wild-type (WT) or
with mutated (Mut) m°C sites, into the pmir-GLO luciferase
reporter plasmid (Zuorun Biotech). Luciferase activity was
assessed by the Dual-Luciferase Reporter Assay Kit (Pro-
mega, Madison, WI, USA). The relative firefly luciferase
activity was normalized to the Renilla luciferase activity.

mRNA stability detection

Cells were treated with Actinomycin D (ActD, 5 pg/mL,
MedChemExpress) at time points of 0, 3, and 6 h before
trypsinization and collection. Total RNA extraction was
carried out employing the RNA-easy Isolation reagent. To
evaluate the relative amounts of PD-LI mRNA, RT-qPCR
was conducted.

Production of cytokine or protein analysis

Tissues obtained from clinical samples were homogenized in
phosphate-buffered saline (PBS) with a 1 X protease inhibi-
tor and 1% Triton X-100. The prepared homogenates were
subsequently employed to assess the levels of NSUN2 or
ALYREF by ELISA assay (Shanghai Enzyme-linked Bio-
technology). Furthermore, the amounts of tumor necrosis
factor-a (TNF-at) and interferon-y (IFN-y) in the superna-
tants of the cell cultures were determined using commercial
ELISA kits JONLNBIO).

Animal models

Athymic nude male mice (aged 4—-6 weeks) and C57BL/6
male mice (aged 4-6 weeks) were sourced from Jiesijie
(Shanghai, China) Biotechnology Co., Ltd. and were housed
in a specific pathogen-free (SPF) animal facility located at
the Shanghai Chest Hospital. All animal experiments were
approved by the institutional ethics committee of Shang-
hai Chest Hospital. For the tumorigenesis assay, cells were
injected into athymic nude mice to obtain cell line-derived
xenograft (CDX) models (n=5/group). Tumor growth was
assessed at 10-day intervals for CDX*** and at 5-day inter-
vals for CDXM75 with a digital caliper, and volume was
calculated as follows: 1/2xLx W2 (L indicates length, and
W indicates width). After 4 weeks for CDX*>*° and 2 weeks
for CDX™1°75, the mice were euthanized, and the xenografts
were subsequently weighted.

To create the Lewis lung cancer model, a total of
1 x 10° LLC cells transfected with the following constructs
were injected subcutaneously into the right dorsal flank of
C57BL/6 mice (n=>5/group). Both ssNSUN2 LLC cells and
control cells, with or without overexpression of ALYREEF,
were employed to explore the role of the NSUN2/ALYREF
axis in immune evasion. Mice were inoculated with either
shNSUN2 LLC cells or control cells that had received
treatment with PD-L1 mAb treatment (Bio X Cell, Bei-
jing, China) or control IgG isotype (ISO mAb, Bio X Cell)
administration to evaluate the immunosuppressive impact of
NSUN?2 and to ascertain if this impact was reliant on PD-L1.
Once the tumors became palpable, the mice were pooled
and randomized. PD-L1 mAb or isotype was administered
intraperitoneally every 3 days at a concentration of 100 pg
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per mouse. Tumor volume was assessed every three days
using calipers. Fifteen days after grouping, the mice were
sacrificed, and tumor samples were collected and prepared
for further analysis.

Flow cytometry

The discrimination between live and dead cells was car-
ried out using Fixable Viability Dye (BioLegend). To block
nonspecific binding of Fc receptors, single-cell suspensions
were incubated with CD16/CD32 (eBioscience), and subse-
quently, staining was performed using antibodies in accord-
ance with established protocols. The analysis of samples
was performed using anti-human-specific antibodies sourced
from BioLegend, including anti-CD45 (HI30), anti-CD8
(SK1), anti-CD3 (SK3), and anti-PD-L1 (MIH1).

Western blot (WB) analysis

For the WB analysis, proteins were extracted with a lysis
buffer, then separated using 8—-15% SDS-PAGE gel, and
subsequently transferred to PVDF membranes. Following
this, the membranes were blocked using 5% nonfat milk in
PBS/Tween 20 and then incubated with the designated pri-
mary and secondary antibodies. The antibodies employed
included: anti-NSUN2 (dilution of 1:1000; Immunoway),
anti-ALYREF (dilution of 1:1000; Santa Cruz Biotechnol-
ogy), GAPDH (dilution of 1:2000, Cell Signaling Tech-
nology), and anti-PD-L1 (dilution of 1:1000; Santa Cruz
Biotechnology).

Immunohistochemistry (IHC) analysis

For THC, slides underwent deparaffinization, rehydration,
and antigen retrieval, followed by blocking of endogenous
peroxidase activity. They were incubated overnight at
4 °C with antibodies against NSUN2 (1:200, Proteintech),
ALYREF (1:200, Santa Cruz Biotechnology), CDS8 (1:200,
Santa Cruz Biotechnology), and CD4 (1:200, Santa Cruz
Biotechnology). A horseradish peroxidase-conjugated sec-
ondary antibody and DAB were applied, and slides were
counterstained with hematoxylin. IHC scores were calcu-
lated by multiplying staining intensity (0-3) by the positive
rate (0—4), corresponding to positive area percentages.

Cell proliferation, migration, and 3D spheroid
formation assays

For the cell proliferation assay, the cells were trypsinized and
placed into 96-well plates at a density of 5000 cells per well.
Cell proliferation was assessed every 24 h from day 1 through
day 6 utilizing CCK-8 (MedChemExpress) reagent following
the manufacturer's instructions. In the cell migration assay,
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cells were plated in 6-well plates at a concentration of 2 x 10°
cells/mL. After 24 h of incubation, a sterile 1 mL pipette tip
was used to create scratches in the center of the confluent
monolayer, and the cells were maintained in DMEM with-
out serum. The migration of cells into the wound area was
observed using a microscope at 0 h and 24 h post-injury. For
the 3D spheroid formation assay, 50 uL of Basement Mem-
brane Extract (BME, Trevigen) was pipetted into each well of a
96-well plate and allowed to solidify at 37 °C. Following this,
treated cells were placed on top of the BME-based culture sys-
tem at a density of 5000 cells in 200 pL per well. The culture
medium was refreshed every 3 days. After 7 days of culture,
the number and size of spheroids were quantified.

PBMCs isolation and T-cell killing assay in vitro

To isolate the PBMCs, Lymphoprep (STEMCELL) was uti-
lized according to the manufacturer’s instructions. In brief,
the diluted blood was meticulously layered over Lymphoprep,
allowing for the retrieval of the mononuclear cell fraction from
the plasma post-centrifugation. The interface from Lym-
phoprep was carefully collected and subsequently washed with
Hanks’ Balanced Salt Solution. A total of 1x 10® PBMCs were
cultured in 1 mL of RPMI supplemented with 10 ng/mL of
IL-2 (R&D). A549 shCtrl and shNSUN?2 cells were placed in
a 96-well plate and co-cultured for 3 days with PBMCs that
had previously been activated with 100 ng/mL of anti-CD3
antibody, 100 ng/mL of anti-CD28 antibody, and 10 ng/mL of
IL-2. The PBMCs to A549 cell ratio during co-culture were
kept at 4:1. Afterward, cell death was measured by staining
with SYTOX Green followed by flow cytometry.

Statistics

GraphPad Prism was used to evaluate the data and create
the corresponding graphs. For comparing two groups, the
Student's unpaired #-test was applied. One-way or two-way
analysis of variance (ANOVA) was performed to evaluate
the statistical significance of differences among two groups.
Correlations were analyzed using the Pearson correlation test
and Spearman rank-correlation analysis. Survival curves were
obtained by using the Kaplan—Meier method, and comparisons
were made by using a log-rank test. The data are consistently
presented as the mean+SD. A significance level of p <0.05
was established for all tests.
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Results

NSUN2 and ALYREF were significantly upregulated
in NSCLC patients and NSCLC cell lines

To investigate the potential role of m°C modification in the
progression of NSCLC, we performed a preliminary analy-
sis of the m>C regulatory genes expression using data from
The Cancer Genome Atlas (TCGA). Our analysis revealed
obvious differences in the expression of m>C methyl-
transferase NSUN2 and m>C-binding proteins ALYREF
between the NSCLC tumor tissues and adjacent normal
tissues (ANTSs) (Fig. 1A, B). In addition, both NSUN2 and
ALYREF were notably upregulated in pan-cancer analy-
ses compared to ANTs, with particularly pronounced vari-
ability in lung squamous cell carcinoma (LUSC) and lung
adenocarcinoma (LUAD) (Supplementary Fig. 1A). These
results were corroborated across various NSCLC datasets
including GSCA and UALCAN database (Fig. 1C D, Sup-
plementary Fig. 1B). To further validate these observa-
tions, we analyzed the expression of NSUN2 and ALYREF
in the normal bronchial epithelial cell lines 16HBE and
BEAS-2B, as well as in multiple NSCLC cell lines. As
shown in Fig. 1E, NSUN2 and ALYREF were signifi-
cantly upregulated in NSCLC cells compared to 16HBE
and BEAS-2B. Additionally, we assessed the protein levels
of NSUN2 and ALYREF in NSCLC samples and found
that their expression was significantly higher in NSCLC
tumors than ANTs, as demonstrated by immunohisto-
chemical staining (IHC) (Fig. 1F, G) and Western blot
(WB) (Fig. 1H). Furthermore, dot blot analyses revealed
that m°C levels in NSCLC tumor tissues were significantly
elevated relative to ANTs, correlating with the expression
levels of NSUN2 and ALYREF (Fig. 1H). Collectively,
these findings suggest that NSUN2 and ALYREF expres-
sion are upregulated and positively correlated with m>C
levels in NSCLC tissues.

NSUN2 promotes the proliferation of NSCLC
both in vitro and in vivo

To further demonstrate the influence of NSUN2 in NSCLC
progression, we selected H1299 and A549 cell lines which
exhibit higher expressed NSUN2 to perform NSUN2
knockdown. Subsequently, the efficiency of NSUN2
knockdown was confirmed through WB and RT-qPCR
analysis (Fig. 2A and Supplementary Fig. 2A). Follow-
ing NSUN2 knockdown, we assessed the growth rate,
three-dimensional (3D) spheroid formation, and colony-
forming capacity of H1299 and A549 cell lines. Nota-
bly, the CCK-8 assay demonstrated that reduced NSUN2

expression significantly slowed cell proliferation in both
H1299 and A549 cell lines (Fig. 2B). Furthermore, the 3D
spheroid assay revealed fewer and smaller spheroids upon
NSUN2 downregulation (Fig. 2C, D). Colony formation
experiments, conducted to examine the extended effects
of NSUN?2 on cell proliferation, indicated a reduction in
colony numbers in the knockdown group (Fig. 2E, F).
Additionally, scratch and transwell assays showed that
NSUN?2 suppression impaired the migration and inva-
sion abilities of H1299 and A549 cells (Supplementary
Fig. 2B-D). Collectively, these results underscore the role
of NSUN2 in enhancing NSCLC cell proliferation, migra-
tion, and invasion in vitro.

For in vivo analysis, NSUN2 knockdown and control
cells were subcutaneously injected into nude mice to evalu-
ate its effect on xenograft tumor development. Compared
to the control group, NSUN2 knockdown tumors exhibited
significantly reduced size and weight after 30 days post-
transplantation (Fig. 2G-I). In summary, our data suggest
that NSUN2 may function as an oncogenic driver, promoting
the growth and metastatic potential of NSCLC.

ALYREF expression is positively correlated
with NSUN2 expression, and both serve as poor
prognostic indicators for NSCLC patients

Given the concurrent elevation of NSUN2 and ALYREF
in NSCLC, we further investigated the relationship
between these two genes. First, we analyzed protein
expression levels of NSUN2 and ALYREF in 180 paired
NSCLC and ANTs using enzyme-linked immunosorbent
assay (ELISA). The ELISA results indicated that NSUN2
and ALYREF protein levels were significantly higher in
NSCLC samples compared to ANTs (Fig. 3A, B). Further-
more, we detected a positive correlation between NSUN2
and ALYREF within the NSCLC tumor tissues (Fig. 3C).
This association was validated by analyses from TCGA
and TIMER datasets for NSCLC, LUAD, and LUSC
(Fig. 3D-H). NSUN?2 expression displayed no significant
association with clinical stage, while ALYREF expres-
sion showed a clear correlation (Supplementary Fig. 3A
and B). We also investigated the impact of NSUN2 and
ALYREF expression levels on NSCLC patient prognosis.
Kaplan—Meier analysis indicated that patients with ele-
vated NSUN2 or ALYREF expression had poorer overall
survival (OS), faster progression (FP), and shorter post-
progression survival (PPS) (Fig. 31, J, Supplementary
Fig. 3C-F). To further validate the association between
NSUN2 and ALYREF expression and patient prognosis,
we utilized the GSE31210 dataset from the GEO data-
base, which includes gene expression data from 226 pri-
mary lung adenocarcinoma samples. The results of this
external validation showed that elevated expression of
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«Fig.1 m°C regulator NSUN2 and ALYREF were upregulated in
NSCLC. A, B Heatmap (A) and Violin plot (B) showed the expres-
sion levels of several m°C regulated genes in NSCLC and normal
lung tissues from the TCGA. C, D The mRNA expression levels
of NSUN2 and ALYREF in normal lung tissues, LUAD and LUSC
tissues from GSCA database. E The protein levels of NSUN2 and
ALYREF were analyzed in human bronchial epithelial cell line
16HBE, human lung epithelial cell line BEAS-2B, human NSCLC
cell lines A549, H1299, PC9, Calul, and H1975 by WB assay. F, G
The representative TMA-IHC staining images and analysis the IHC
score of NSUN2 and ALYREF in paired NSCLC and ANTs (n=60.
Scale bars: 200 pm and 50 pm). H The global m’C levels, NSUN2
and ALYREEF protein levels were measured by dot blot and WB assay
in paired NSCLC samples and ANTs. Methylene blue staining served
as the internal control. ***p <0.001 and ****p <0.0001

NSUN?2 and ALYREF is significantly associated with
poor patient prognosis (Supplementary Fig. 3G and H).
These findings suggest that elevated NSUN2 expres-
sion may serve as an independent prognostic marker for
NSCLC, and a positive correlation identified between
NSUN?2 and ALYREF expression.

NSUN2 and ALYREF were closely associated
with the immune cell infiltration and PD-L1
expression in NSCLC

In order to further study the correlation between NSUN2 or
ALYREEF and tumor microenvironment immune cell infil-
tration, we first calculated the score of 24 immune cells’
infiltration using LUSC and LUAD TCGA database. Find-
ings indicated associations between NSUN2 or ALYREF
and some tumor-infiltrating lymphocytes (TILs) in LUAD
and LUSC, including Th17 cells, Th1 cells, CD8* T cells,
mast cells, and macrophages (Fig. 4A, B, Supplementary
Fig. 4A and B). Notably, a significant inverse correlation was
observed between the expression of NSUN2 or ALYREF
and CD8* T-cell infiltration, while no significant correla-
tion was identified with CD4* T-cell infiltration (Fig. 4C, D,
Supplementary Fig. 4C-H).

We then used Gendoma to explore potential interactions
between NSUN2 or ALYREF and the immunosuppres-
sive checkpoint PD-L1. Results indicated that the NSUN2
gene does not directly interact with PD-L.1, while ALYREF
does (Fig. 4E, F). Analysis with TIMER further revealed a
negative correlation between NSUN2 or ALYREF expres-
sion and PD-L1 levels in LUAD and LUSC tumor tissues
(Fig. 4G-H). Subsequently, PD-LI mRNA expression lev-
els were classified and analyzed based on varying levels of
NSUN2 and ALYREF within the LUAD and LUSC TCGA
datasets. The results showed that NSCLC tumor tissues
with higher expression of NSUN2 or ALYREEF exhibited
elevated PD-L1 levels, while tissues with lower NSUN2 or
ALYREEF expression showed reduced PD-L1 expression

(Fig. 4I-L). Collectively, these findings suggest that NSUN2
and ALYREF may play a role in modulating the immune
response through the regulation of PD-L1 expression.

Elevated ALYREF expression enhances
the proliferation of NSCLC cells

With the observed upregulation of ALYREF in NSCLC
tissues, we investigated its potential role in promoting
NSCLC cell proliferation, both in vitro and in vivo. We
overexpressed the wild-type ALYREF (ALYREF-WT) and
a catalytically inactive mutant (ALYREF-Mut) in H1975
and Calul cell lines. Successful overexpression of ALYREF
and its mutant variants were confirmed through WB and RT-
gqPCR analyses (Fig. SA, Supplementary Fig. 5A). Growth
curves generated from CCK-8 and cell counting assays dem-
onstrated that ALYREF-WT, but not ALYREF-Mut, signifi-
cantly enhanced the proliferation of H1975 and Calul cells
compared to control cells (Empty) (Fig. 5B, C, Supplemen-
tary Fig. 5B and C). These results were further supported by
findings from 3D spheroid formation and clonogenic assays,
which showed similar trends in cell proliferation consistent
with those observed in the CCK-8 assay (Fig. SD-G).

Given these in vitro observations, we expanded our
investigation to assess the role of ALYREF in vivo. Using
a xenograft model, we found that ALYREF-WT markedly
increased lung tumor growth, as reflected by tumor size and
weight; however, ALYREF-Mut did not produce compara-
ble effects (Fig. SH-J). Thus, these findings suggest that
ALYREEF overexpression promotes NSCLC progression
in vitro and in vivo.

NSUN2 and ALYREF mediates PD-L1
expression by regulating PD-LT mRNA stability
in an m°>C-dependent manner

Our previous study demonstrated a positive correlation
between PD-L1 expression and the levels of NSUN2 and
ALYREF. NSUN2 acts as m°C methyltransferase (writer)
[19], while ALYREF functions as an m>C binding pro-
tein (reader) [11], both recently confirmed to regulate
m°C-modified transcripts [11, 19]. Thus, we further tested
whether NSUN2 and ALYREF exerted regulatory effects
on PD-L1 expression in an m>C-dependent manner. To test
this hypothesis, we used NSCLC cells with NSUN2 knock-
down (H1299 and A549) and cells overexpressing ALYREF
(H1975 and Calul) to measure PD-L1 expression. Knock-
down of NSUNZ2 in H1299 and A549 cells led to reduced
PD-L]I protein and mRNA levels (Fig. 6A, B, Supplemen-
tary Fig. 6A and B). Additionally, flow cytometry (FCM)
confirmed decreased PD-L1 expression on the cell surface
(Fig. 6C, Supplementary Fig. 6C). In contrast, overexpres-
sion of ALYREEF, but not its mutant form, significantly
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Fig.2 Knockdown NSUN2 can restrain NSCLC tumorigenesis
in vitro and in vivo. A NSUN2 protein expression in H1299 and
A549 cell lines after NSUN2 knockdown was measured by WB assay.
B CCK-8 assay was used to evaluate the growth ability of H1299 and
A549 cells with or without NSUN2 knockdown. C, D Representa-
tive bright-field images, sizes, and relative numbers of three-dimen-
sional (3D) spheroids generation assays which showing the effect of
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NSUN2 knockdown on H1299 and A549 cells growth. Scale bar,
50 pm. E, F Colony formation assays showed the effect of NSUN2
knockdown on H1299 and A549 cells growth. G-I The representative
xenograft images, tumor weight, and tumor volume were analyzed
in indicated groups and time points (n=>5/group). Scale bar, 0.5 cm.
#HEEp <0.0001
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Fig.3 NSUN2 and ALYREEF are positively correlated in NSCLC.
A, B NSUN2 and ALYREEF protein levels were measured by ELISA
assay in NSCLC and paired adjacent normal lung tissues (n=180). C
Scatter plot showing correlation between NSUN2 and ALYREF pro-
tein expression levels in tumor tissues of 180 paired NSCLC patients.
p<0.0001. D-F The correlation between NSUN2 and ALYREF

increased PD-LI protein, mRNA, and cell surface levels
(Fig. 6D-F, Supplementary Fig. 6 D-F). These findings
indicate that NSUN2 and ALYREF jointly regulate PD-L1
expression.

To further explore whether ALYREF interacts directly
with mSC-methylated PD-L1 mRNA, we used RNA m°C
finder online database to identify the potential m*C recogni-
tion sites on the PD-L1 mRNA. We identified 3175C within
3'-UTR region of PD-LI mRNA (Fig. 6G). Based on this
prediction, we performed RIP assay using anti-m>C antibod-
ies revealed that 3175C was accessible for m°C modification

ALYREF Expression
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expression in TCGA-LUAD, TCGA-LUSC, and sum of the two.
p<0.05. G, H The correlation between NSUN2 and ALYREF in
LUAD and LUSC patients was also obtained from Timer database. I,
J The overall survival (OS) based on NSUN2 and ALYREEF expres-
sion in NSCLC was extracted from the Kaplan—Meier Plotter data-
base. ****p <0.0001

(Fig. 6H). Specifically, we conducted pull-down assays,
where we observed that the mutation of the m>C modifica-
tion sites significantly reduced the binding affinity between
ALYREF and PD-LI mRNA (Supplementary Fig. 6G).
RIP-qPCR assay showed that a decrease in m>C-modified
PD-L1 mRNA following NSUN2 knockdown in H1299 and
A549 cells, whereas ALYREF overexpression increased
m°C-modified PD-L1 mRNA levels in H1975 and Calul
cells (Fig. 61, J, Supplementary Fig. 6H and I). Addition-
ally, NSUN2 knockdown reduced ALYREF binding enrich-
ment with PD-LI mRNA in A549 cells, while ALYREF
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Fig.4 NSUN2 and ALYREF expression are highly associated with
immune infiltration in NSCLC. A, B Correlation between the NSUN2
or ALYREF expression level and relative abundances of 24 types of
immune cells in TCGA-LUAD cohorts. The size of dots indicates the
absolute value of Spearman R. C, D The correlation between NSUN2
or ALYREF expression levels and infiltration of CD8% T cells was
obtained from TCGA-LUAD. E, F Correlation generegulatory net- significance
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Fig.5 Overexpression of ALYREF promotes malignant growth of
NSCLC. A ALYREF overexpression efficiency was validated in
H1975 and Calul cells by WB assay. B, C CCK-8 assays were used
to evaluate the growth of H1975 and Calul cells with or without
ALYREF overexpression. D, E Representative spheroid images (D),
spheroid sizes (E, left panel), and spheroid numbers (E, right panel)
of 3D spheroids generated by empty, ALYREF-WT or ALYREF-

overexpression enhanced this interaction in H1975 cells
(Fig. 6K, L). These findings suggest that NSUN2, through
ALYREEF, regulates the m®>C modification of PD-LI mRNA.

Mut H1975, and Calul cells. Scale bar: 100 pm. F, G Colony for-
mation assays showing the effect of ALYREF-WT or ALYREF-Mut
on H1975 and Calul cells growth. H-J The representative xenograft
images, tumor weight, and tumor volume were analyzed in indicated
groups and time points (n=>5/group). Scale bar, 0.5 cm. **p<0.01,
**%p <0.001, and ****p <0.0001, N.S. means no significance

Since ALYRETF is known to affect RNA stability [20],
we investigated whether m°C modification mediated by
ALYREF influences PD-L1 mRNA stability. By inhibiting
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new RNA synthesis using actinomycin D, we observed
that NSUN2 knockdown accelerated PD-L1 mRNA deg-
radation, while stable overexpression of ALYREF signifi-
cantly enhanced its stability (Fig. 6M, N, Supplementary
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Fig. 6J and K). Additionally, we performed a luciferase
reporter assay using the wild-type (WT) and mutant PD-
L1 mRNA 3'-UTR sequences, which demonstrated that the
putative m>C sites positively affected the mRNA stability of
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«Fig.6 NSUN2 and ALYREF positively regulate PD-L1 expression in
human NSCLC cell lines. A, B The mRNA and protein expression
of PD-LI was detected in A549 cell lines after NSUN2 knockdown
by WB and RT-qPCR assay. C The cell membranous PD-L1 levels
were measured using flow cytometry (FCM) assay. D, E The mRNA
and protein expression of PD-LI was detected in H1975 cell lines
after ALYREF-WT or ALYREF-Mut using WB and RT-qPCR assay.
F H1975 membranous PD-L1 levels were detected by FCM assay. G
Prediction of potential m°C site in PD-LI mRNA with the RNA m>C
finder online database. H Candidate sites were verified with m>C-RIP
experiments. I, J m°C modification levels of PD-LI mRNA were
assessed by RIP assays in A549 cells with or without NSUN2 knock-
down and H1975 with or without ALYREF overexpression. IgG anti-
bodies were used as negative controls. K, L The interaction between
ALYREF and PD-LI mRNA in A549 cells with or without NSUN2
knockdown and H1975 with or without ALYREF overexpression was
detected by RIP assays. The enrichment of PD-LI was tested by RT-
qPCR. M, N RT-qPCR assay was used to analyze PD-LI mRNA lev-
els in A549 and H1975 cells after actinomycin D (ActD) treatment.
O Schematic illustration of the putative m>C sites and their mutants
(Mut) in the 3'-UTR sequence of PD-LI mRNA. P, Q Relative lucif-
erase activity in control, NSUN2 knockdown A549 and ALYREF-
WT, ALYREF-Mut H1975 cells co-transfected with WT or mut
PD-L1 (C mut to T). **p<0.01, ***p<0.001, and ****p <0.0001,
N.S. means no significance

PD-L1 via NSUN2 and ALYREF in A549 and H1975 cells
(Fig. 60-Q). Together, these results suggest that NSUN2/
ALYREF maintained the stability of PD-LI mRNA via an
m°C-dependent mechanism.

NSUN2/ALYREF axis downregulates antitumor
immunity in NSCLC

Tumor-derived PD-L1 plays a critical role in inhibiting anti-
tumor T-cell activation. To elucidate the contributions of
NSUN2 and ALYREF in PD-L1-mediated tumor immune
evasion, we co-cultured CD8" T cells with NSCLC cell
lines. The results indicated that knocking down NSUN2
or administering the PD-L1 inhibitor atezolizumab signifi-
cantly enhanced the sensitivity of NSCLC cells to T-cell-
mediated cytotoxicity compared to control groups (Fig. 7A).
Furthermore, T-cell activation was evidenced by increased
secretion of IFN-y and TNF-a resulting from NSUN2
knockdown or adding atezolizumab treatment (Fig. 7B, C).
In contrast, overexpression of ALYREF diminished the sen-
sitivity of NSCLC cells to T-cell killing and led to decreased
levels of IFN-y and TNF-a; however, treatment with atezoli-
zumab treatment could reverse these effects (Fig. 7D-F).
These findings indicate that PD-L1 may serve as a pivotal
mediator of the tumor immune escape mechanisms induced
by NSUN2 and ALYREF in NSCLC cells.

To assess whether the immunosuppressive roles of
NSUN2 and ALYREF were mediated by PD-L1 in vivo,
we utilized Lewis lung carcinoma (LLC) cells exhibiting
stable NSUN2 knockdown, ALYREF overexpression, or
both. These modified cells were subcutaneously implanted

into immunocompetent C57BL/6 mice, either with or with-
out PD-L1 mAb treatment as illustrated in Fig. 7G. The
knockdown of NSUN2 effectively inhibited tumor growth
(weight and volume), mirroring the effects seen with PD-L1
blockade. Importantly, overexpression of ALYREF did not
rescue tumor growth (Fig. 7H, Supplementary Fig. 7A). In
contrast, when ALYREF was overexpressed alone, tumor
growth increased, but this effect was reversible with PD-L1
mAb treatment (Fig. 7H, Supplementary Fig. 7A).

Next, we assessed CD8™ T-cell infiltration in Lewis lung
carcinoma by FCM. Both NSUN2 knockdown and anti-
PD-L1 therapy significantly reduced CD8* T-cell infiltra-
tion proportion in tumors compared to control groups, while
overexpression of ALYREF did not ameliorate this effect
(Fig. 7I). Furthermore, ALYREF overexpression alone was
associated with decreased CD8" T-cell infiltration, but anti-
PD-L1 treatment restored this infiltration. These results were
corroborated by IHC staining, although no significant dif-
ferences were observed in CD4* T-cell infiltration (Fig. 7J,
Supplementary Fig. 7B-D).

To further investigate the potential of NSUN?2 as a thera-
peutic target, we first assessed the specificity and toxicity of
the NSUN?2 inhibitor MY-1B. H1299 and A549 cells were
treated with MY-1B, and the resulting changes in NSUN2
protein and RNA levels were quantified. Additionally, we
evaluated the cytotoxicity of MY-1B over a range of con-
centrations. The results demonstrated that MY-1B treatment
significantly reduced both NSUN2 protein and RNA levels
in H1299 and A549 cells (Supplementary Fig. 7E and F).
Moreover, MY-1B displayed dose-dependent cytotoxic-
ity in tumor cells, while exhibiting no significant toxicity
to normal lung epithelial BEAS2B cells (Supplementary
Fig. 7G). These experiments highlight the targeted inhi-
bition of NSUN2 and suggest that the NSUN2 inhibitor
has a selective cytotoxic effect on NSCLC cells. Then, we
treated H1299 cells with the MY-1B in combination with
the PD-1 inhibitor and performed co-culture experiments
with activated PBMCs. To assess the effects of the combina-
tion immunotherapy on tumor cell viability, we conducted
CCK-8 assays. The results demonstrated that the combina-
tion treatment significantly reduced H1299 cell viability
compared to the single-agent treatments, indicating a syner-
gistic effect between NSUN2 inhibition and PD-1 blockade
in enhancing antitumor activity (Supplementary Fig. 7H).
These findings support the potential of combining NSUN2
inhibitors with PD-1 inhibitors for improving the efficacy of
immune-based therapies.

In summary, these findings indicate that NSUN2 and
ALYREEF contribute to tumor immune escape through the
upregulation of PD-L1, which inhibits CD8* T-cell infil-
tration within the tumor microenvironment. The effects of
NSUN2 knockdown mimic those observed with PD-L1
blockade, highlighting a potential therapeutic target in
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«Fig.7 NSUN2/ALYREF axis suppresses antitumor T-cell immu-
nity by upregulating PD-LI mRNA. A, D Relative cell death of
the indicated AS549/H1975 cells after coculturing with PBMCs
(PBMC:NSCLC cells=4:1). B, C, E, F The IFN-y and TNF-« pro-
tein levels in co-culture medium were measured by ELISA after 48
h co-incubation. G Schematic diagram exhibiting the groups and
treatment plan of the mouse model. H Images at the end points of
subcutaneous tumors formed by LLC cells in C57BL/6 mice (scale
bar, 0.5 cm). I Infiltrated CD8* T cells in CD3* T cells proportion
in indicated groups were measured by flow cytometry analysis. J
CDS8* T cells densities were determined by THC analysis in Lewis
lung tumors. Scale bar, 100 pm. K A schematic model illustrating
the mechanism of NSUN2/ALYREF axis-mediated m*C modification
of PD-LI mRNA promotes the NSCLC immune escape. *p <0.05,
*#p <0.01, ***p <0.001, and ****p <0.0001, N.S. means no signifi-
cance

NSCLC. These experiments underscore the selective inhibi-
tion of NSUN?2 and suggest that the NSUN2 inhibitor exerts
a cytotoxic effect specifically on NSCLC cells. Furthermore,
they provide a deeper insight into the potential of NSUN2
inhibitors for use in combination therapies.

Discussion

The limited efficacy of anti-PD-1/PD-L1 immunotherapy in
NSCLC underscores the critical need to further elucidate
the molecular mechanisms regulating PD-L.1 expression and
immune evasion in NSCLC [21-23]. In this study, we inves-
tigated the role of the NSUN2/ALYREF axis in modulating
PD-L1 expression in m°C-dependent way and its subsequent
influence on immune escape in NSCLC (Fig. 7K). To the
best of our knowledge, this is the first report demonstrating
that the NSUN2/ALYREF axis upregulates PD-L1 expres-
sion in NSCLC.

The m>C methylation modification is among the most
prevalent RNA modifications in eukaryotes, playing a
crucial role in epigenetic gene regulation through distinct
molecular pathways [24]. Emerging evidence indicates that
m°C modification is essential in both normal physiological
and pathological contexts, with particular significance in
cancer development and progression [25, 26]. The biologi-
cal functions of m>C methylation are mediated by meth-
yltransferase "writers," including members of the NSUN
and DNMT families, and can be dynamically modulated
by "erasers" such as the TET family, along with "reader"
proteins such as ALYREF and YBX1 [11, 27-29]. Accu-
mulating evidence indicates that NSUN2, a key m>C meth-
ylation "writer," regulates various oncogenic pathways in
cancer, including those related to cell proliferation, metas-
tasis, and drug resistance [12, 30-32]. Numerous studies
have identified NSUNZ2 as an oncogene in multiple cancer
types. However, the specific function of NSUN2-medi-
ated m>C modification in NSCLC remains insufficiently

understood. In this study, we first examined the expression
profiles of m°C regulatory factors in NSCLC tissues. Our
analyses, based on both TCGA-NSCLC data and our own
NSCLC clinical cohorts, revealed significantly elevated
levels of NSUN2 and ALYREF in tumor tissues compared
to ANTS, consistent with prior findings in other cancer
[32-34]. This upregulation was positively associated with
m>C levels and inversely correlated with overall prognosis
in NSCLC patients. Additionally, both in vitro assays and
murine models, reduced NSUN2 expression was found to
suppress the malignant characteristics of NSCLC cells,
while ALYREF overexpression promoted tumorigenic
behaviors. Collectively, these results identify NSUN2 and
ALYREF as oncogenic drivers in NSCLC tumorigenesis,
providing novel insights into the molecular mechanisms
underlying NSCLC progression.

The critical role of tumor immunity in cancer progres-
sion is well established [35, 36], and m°C modification has
been implicated in regulating immune responses within
tumors. Recent studies have demonstrated that NSUN2
negatively influences immune cell infiltration within the
tumor microenvironment (TME) of prostate cancer [37].
NSUN?2 also had been verified as a glucose sensor, and its
activation by glucose promotes tumorigenesis and resist-
ance to immunotherapy by sustaining TREX?2 expression,
thereby inhibiting the cGAS/STING pathway [34]. Numer-
ous studies have demonstrated that patients exhibiting high
PD-L1 expression on tumor cells tend to benefit from PD-1/
PD-L1 antibody therapy [23, 38, 39]. Therefore, identifying
strategies to modulate PD-L1 expression is of paramount
importance. Leveraging RNA-seq data from the TCGA-
LUAD and TCGA-LUSC databases, we identified a negative
correlation between NSUN2 or ALYREF expression and
both CD8* T-cell infiltration and PD-L1 expression, sug-
gesting a potential role in modulating antitumor immunity
and immune cell infiltration. NSUN2 and ALYREF have
been recently validated as regulators of m*>C-modified tran-
scripts [11, 19]. Based on our findings, we propose PD-L1
as a downstream target of m°C modification mediated by
NSUN2 and ALYREF in NSCLC cells. Indeed, NSUN2
inhibition resulted in PD-L1 downregulation and reduced
m°C binding to PD-LI1 mRNA, as confirmed through WB,
RT-qPCR, flow cytometry, and m°C-RIP assays. Conversely,
ALYREF overexpression significantly increased PD-L1 lev-
els and enhanced m°C binding to PD-LI mRNA. ALYREF
is particularly critical in recognizing m>C modifications and
regulating mRNA stability [40, 41]. In our study, ALYREF-
RIP analysis revealed enriched binding of PD-LI mRNA
by ALYREEF, an interaction that was diminished following
NSUN?2 knockdown and increased following ALYREF over-
expression. These findings underscore the role of NSUN2
and ALYREF in stabilizing PD-L1 expression through
m>C modifications, thereby providing new insights into the
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regulatory mechanisms linking mC RNA methylation with
immune evasion in NSCLC.

We next investigated the effects of NSUN2 and ALYREF
on the antitumor immune response in NSCLC cells. Upon
coculturing NSCLC cells with activated CD8* T cells, we
indicated that both NSUN2 and ALYREEF provided protec-
tive effects for tumor cells against CD8" T-cell-mediated
cytotoxicity. NSUN2 knockdown resulted in elevated levels
of IFN-y and TNF-a, while ALYREF overexpression sup-
pressed these cytokines. A syngeneic mouse model corrobo-
rated these results, showing an inverse correlation between
the NSUN2/ALYREEF axis and CD8" T-cell infiltration in
the tumor microenvironment. Our findings thus enriched
the understanding of the function of m>C writer and reader
protein-mediated immunoregulation in NSCLC.

Our study also highlights the potential for combina-
tion therapies targeting NSUN2. Given its pivotal role in
immune evasion, NSUN2 knockdown could sensitize tumors
to immune checkpoint blockade, potentially overcoming
resistance and enhancing therapeutic outcomes for NSCLC
patients. Our findings on NSUN2-mediated m°>C methyla-
tion of PD-LI mRNA uncover novel insights into the role
of RNA methylation in cancer immunotherapy. Therapeutic
strategies targeting m>C may modulate the immune response
by regulating PD-L1 expression in cancer cells and influ-
encing the function of immune cells, such as CD8" T cells.
Specificity and toxicity assessment of NSUN2 inhibitors
highlight the targeted inhibition of NSUN2 and suggest
that the NSUN?2 inhibitor has a selective cytotoxic effect
on NSCLC cells. In vitro results from the combined use of
the NSUN?2 inhibitor and PD-1 inhibitor demonstrate that
their co-administration enhances tumor cell cytotoxicity and
improves T-cell-mediated killing. These findings provide
preliminary validation of NSUN2 as a potential therapeu-
tic target, laying the groundwork for its clinical application.
However, while our in vitro and in vivo findings strongly
support the role of NSUN2 and ALYREF in modulating
PD-L1 expression and immune suppression, additional clini-
cal studies are needed to evaluate the viability of target-
ing NSUN2 in NSCLC treatment. Future research should
also investigate the broader implications of m>C modifi-
cation within the tumor microenvironment, including its
potential as a predictive biomarker for patient response to
immunotherapy.

In summary, our findings reveal a novel mechanism in
which NSUN2 post-transcriptionally upregulates PD-L1
expression in an m>C-ALYREF-dependent manner, enhanc-
ing PD-L1 mRNA stability and promoting immune evasion
in NSCLC. These insights deepen our understanding of the
molecular basis of immune escape in NSCLC and suggest
that NSUN2 and ALYREF may serve as promising thera-
peutic targets for improving the effectiveness of immune
checkpoint inhibitors in NSCLC treatment.

@ Springer
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