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a b s t r a c t

In non-small cell lung cancer (NSCLC), the heterogeneity promotes drug resistance, and the restricted
expression of programmed death-ligand 1 (PD-L1) limits the immunotherapy benefits. Based on the
mechanisms related to translation regulation and the association with PD-L1 of methyltransferase-
like 3 (METTL3), the novel small-molecule inhibitor STM2457 is assumed to be useful for the treat-
ment of NSCLC. We evaluated the efficacy of STM2457 in vivo and in vitro and confirmed the effects of
its inhibition on disease progression. Next, we explored the effect of STM2457 on METTL3 and
revealed its effects on the inhibition of catalytic activity and upregulation of METTL3 protein
expression. Importantly, we described the genome-wide characteristics of multiple omics data ac-
quired from RNA sequencing, ribosome profiling, and methylated RNA immunoprecipitation
sequencing data under STM2457 treatment or METTL3 knockout. We also constructed a model for
the regulation of the translation of METTL3 and PD-L1. Finally, we found PD-L1 upregulation by
STM2457 in vivo and in vitro. In conclusion, STM2457 is a potential novel suppressor based on its
inhibitory effect on tumor progression and may be able to overcome the heterogeneity based on its
impact on the translatome. Furthermore, it can improve the immunotherapy outcomes based on PD-
L1 upregulation in NSCLC.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lung cancer is the leading cause of cancer-related death and the
second most common cancer worldwide [1]. The majority of lung
cancers (80%e85%) are non-small cell lung cancer (NSCLC), char-
acterized by a group of distinct diseases with genetic and cellular
heterogeneity [2]. This heterogeneity promotes drug resistance,
which is the major reason for the failure of currently available
therapeutic approaches [3]. In the last decade, the development of
antibodies against programmed death-1 (PD-1) receptor and pro-
grammed death-ligand 1 (PD-L1) have led to a significantly pro-
longed survival for a large proportion of NSCLC patients. However,
immunotherapies have limited activity due to the restricted
expression of receptor antigens [4], and the five-year overall sur-
vival for NSCLC patients remains less than 20%. Therefore, there is
an urgent need to develop novel molecules that prevent disease
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progression, overcome heterogeneity, and expand the patients
eligible for immunotherapy in NSCLC.

Because the translation mechanism integrates almost all onco-
genic signals and has extensive and crucial effects on oncogene
protein expression, targeting the components of this machinery is
promising for overcoming disease heterogeneity [5]. The newly
revealed translation mechanisms by Choe et al. [6] have increased
the interest in methyltransferase-like 3 (METTL3), the key enzyme
involved in N6-methyladenosine (m6A) methylation. The mRNA
circularization by METTL3 promotes the translation of oncogenes,
such as epidermal growth factor receptor and Yes1-associated
transcriptional regulator, in human cancer cells [6]. Furthermore,
accumulating evidence indicates that METTL3 oncogene is signifi-
cantly overexpressed and promotes disease progression in NSCLC,
but the underlying mechanism remains unclear [7]. Previous
studies of various cancers, including bladder cancer, have reported
an association between METTL3 and PD-L1 expression through
sustainedmRNA stability, among other mechanisms [8]. As a result,
METTL3 may be a novel therapeutic target for NSCLC. STM2457 is
the first bioavailable inhibitor of METTL3 and may be a potential
University. This is an open access article under the CC BY-NC-ND license (http://
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therapeutic strategy in NSCLC to inhibit disease progression, over-
come heterogeneity, and extend the benefits of immunotherapy.

STM2457 was initially synthesized by Yankova et al. [9] and
proved to be effective for the treatment of acute myeloid leukemia.
In recent years, the antitumor effect of STM2457 in solid tumors
such as intrahepatic cholangiocarcinoma [10] and Sonic hedgehog
medulloblastoma [11] has been reported, but its effects and
mechanism in NSCLC remain to be further explored. We evaluated
the use of STM2457 in NSCLC in vivo and in vitro, explored its effect
on METTL3, revealed the genome-wide characteristics of multiple
omics data (especially translatomics), and explored the regulation
for PD-L1. The results of the in vitro and in vivo effects of STM2457
enabled us to determine the potential use of the small-molecule
inhibitor and the feasibility of targeting METTL3. The effects of
the inhibitor on the molecular target METTL3 and translatomics
characteristics will guide the development of targeted translation
to overcome the heterogeneity in NSCLC. Finally, the evidence that
STM2457 regulates PD-L1 expression will strongly support the use
of a combination of STM2457 and anti-PD-l/PD-L1 to improve the
immunotherapy benefits.

2. Material and methods

2.1. Cell culture

Human lung cancer cell lines (A549, H1975, H1793, and
HCC827) and normal lung epithelial cell lines (HBE135-E6E7 and
BEAS-2B) were obtained from the AmericanType Culture Collection
(Manassas, VA, USA). Another lung cancer cell line PC-9 was pur-
chased from the European Collection of Authenticated Cell Cultures
(Salisbury, UK). Dulbecco's Modified Eagle Medium-high glucose
(Thermo Fisher Scientific Inc., Waltham, MA, USA) medium sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS), 1%
penicillin, and 1% streptomycin (Gibco, Carlsbad, CA, USA) was
applied to maintain the cells at 37 �C with 5% CO2. A549 and H1975
were selected as representative NSCLC cell lines of the current
study due to their capacity for high proliferation, high metastasis,
and high sensitivity to STM2457, which benefitted us in exploring
the effects and mechanism of STM2457 in vitro.

2.2. STM2457 treatment

STM2457 (MedChemExpress, Monmouth Junction, NJ, USA) was
synthesized based on the published chemical structure. The mo-
lecular formula of STM2457 (CAS No.: 2499663-01-1) is
C25H28N6O2 with a molecular weight of 444.53. STM2457 was
transported in powder form and can be stored for three years
at �20 �C and two years at 4 �C. In in vitro experiments, STM2457
was dissolved in dimethylsulfoxide (DMSO) to prepare a storage
solution with a concentration of 10 mM, and then the storage so-
lutionwas dilutedwith the completemedium to a series of working
solutions with various concentrations as required. In in vivo ex-
periments, STM2457 was dissolved in a 20% (m/V) 2-
hydroxypropyl-beta-cyclodextrin (Glpbio, Montclair, CA, USA)
vehicle as the working solution with a concentration of 5 mg/mL.
After one month of modeling, 50 mg/kg of STM2457 or the
respective vehicle was delivered to the mice via intraperitoneal
(i.p.) injection once daily for a total of two weeks (14 treatments).

2.3. Cell viability assay

Based on the variety of morphology, proliferation, STM2457
reactivity, and treatment time, the aforementioned cell lines were
inoculated into 96-well plates at different densities. To evaluate the
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viability of cells treated with 6-day STM2457, A549, PC-9, HBE,
HCC827, and H1793 were inoculated at 2,000 cells/well, whereas
H1975 and BEAS-2B were inoculated at 1,000 cells/well. Moreover,
for the cell viability evaluation of 3- and 1-day STM2457 treatment,
a slightly higher density of A549 (3,000 and 5,000 cells/well) and
H1975 (2,000 and 5,000 cells/well) inoculationwas necessary. After
overnight inoculation, the complete medium was replaced with
gradient concentrations (0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, and 50 mM) of
working solution from 0 to 50 mM or vehicle (DMSO) for 1, 3, or 6
days. At the end of the STM2457 treatment, the supernatant was
removed, and Cell Counting Kit-8 (Servicebio, Wuhan, Hubei,
China) was evenly mixed with a complete medium at a ratio of 1:9
and then added into 96-well plates (100 mL/well). After incubation
at 37 �C for 1 h, the absorbance at 450 nm was measured using a
microplate reader (Thermo Fisher Scientific Inc.). All experiments
were carried out in triplicate.

2.4. Colony formation assay

To evaluate the effect of STM2457 on A549 and H1975 prolif-
eration, 1,000 cells were seeded per well in a six-well plate. The
cells were cultured with STM2457 (0, 1, and 5 mM) and DMSO-
containing medium for 10 days at 37 �C with 5% CO2 until the
number of cells in a single clonewasmore than 50, and themedium
was replaced every three days. At the end of observation, the cells
were fixed with 4% paraformaldehyde and stained with crystal vi-
olet (Servicebio).

2.5. Wound-healing assay

A549 and H1975 were pretreated with 5 mM of STM2457 and
vehicle (DMSO) for 1, 3, and 6 days, and ibidi Culture-Insert 2 Well
in m-Dish 35mm (ibidi, Fitchburg, WI, USA) was applied for wound-
healing assay to evaluate the migration ability of A549 and H1975.
Referring to the protocol, 50,000 cells were suspended with 70 mL
of complete medium and seeded equally into two wells of culture-
insert in a 35-mm dish. The cells were incubated overnight at 37 �C
with 5% CO2 to ensure adherence and 90% confluence, the culture
insert was extracted, and a cell-free gap with a width of
500 ± 100 mm was formed between cell populations in two wells.
The original complete mediumwas replaced by low serum (2% FBS)
medium containing 5 mM of STM2457 or DMSO consistent with
pretreatment condition. During 24 h of culture, the changes in cell-
free gaps in each pretreatment group were observed and photo-
graphed regularly (0, 3, 6, 12, and 24 h). Each assay was performed
at least three times.

2.6. Matrigel transwell assay

Matrigel transwell assay was conducted using a 6.5-mm trans-
well with 8.0-mm pore polycarbonate membrane inserts (Corning
Inc., Corning, NY, USA) coated with BD Matrigel basement mem-
brane matrix (BD Biosciences, Franklin Lakes, NJ, USA) to evaluate
the invasion ability of A549 and H1975 pretreated with 5 mM of
STM2457 for 1, 3, and 6 days or DMSO for 6 days. In the invasion
assay, 50,000 cells suspended in 200 mL of serum-free medium
were seeded in the upper compartment of the chamber, and 800 mL
of Dulbecco's Modified Eagle Medium with 20% FBS was added to
the lower compartment of the chamber. STM2457 and DMSO were
mixed evenly with the aforementioned medium to maintain the
pretreatment conditions, and the cells were incubated for another
24 h. After that, the cells were fixed with 4% paraformaldehyde for
15min and stainedwith crystal violet. The non-invading cells in the
upper chamber were removed, and the invaded cells on the lower
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surface were photographed in five randomly selected visual fields.
Each assay was performed at least three times.

2.7. Western blot

Total proteins in NSCLC cell lines were extracted with radio-
immune precipitation assay buffer (Servicebio), quantified by a
bicinchoninic acid protein assay kit (Servicebio), separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel, and
then transferred into polyvinylidene fluoride membranes. The
membranes were incubated overnight with primary antibody
against METTL3 (ab195352; Abcam, Cambridge, UK), PD-L1
(ab205921; Abcam), poly(adenosine diphosphate-ribose) poly-
merase (PARP) (#9532; Cell Signaling Technology, Inc., Danvers,
MA, USA), caspase-3 ( #9664; Cell Signaling Technology, Inc.), B-cell
lymphoma-2 (Bcl-2) (#15071; Cell Signaling Technology, Inc.), Bcl-
2-associated X protein (Bax) (#41162; Cell Signaling Technology,
Inc.), and glyceraldehyde-3-phosphate dehydrogenase (ab8245;
Abcam) at 4 �C. After washing, horseradish peroxidase (HRP)e
conjugated secondary antibodies (SA00001-1 and SA00001-2;
Proteintech Group, Inc., Rosemont, IL, USA) were applied to incu-
bate membranes for 2 h at room temperature, and then the blot
signals were detected using an enhanced chemiluminescence (ECL)
detection system (ChemiDoc XRSþ machine; Bio-Rad Laboratories,
Hercules, CA, USA).

2.8. Apoptosis assay

Cell apoptosis was evaluated based on the fluorescence-
activated cell sorting analysis by Annexin V-fluorescein isothiocy-
anate (FITC)/propidium iodide (PI) staining. A549 and H1975
treated with STM2457 (0, 1, and 5 mM) and DMSO for 3 or 6 days
were harvested, washed twice in ice-cold phosphate-buffered sa-
line (PBS) with 2% bovine serum albumin, and centrifuged at
2,000 rpm for 5 min to collect 1 � 105e5 � 105 cells. The cells were
resuspended in 500 mL of binding buffer and stained for 5e10 min
with 5 mL of Annexin V-FITC and 5 mL of PI using an Annexin V-FITC/
PI staining kit (Jiangsu KeyGene BioTech Corp., Ltd., Nanjing, China).
The status of cell apoptosis was analyzed by BD AccuriTM C6 Plus
flow cytometer (BD Biosciences).

2.9. Animal

A total of six female BALB/c nude mice (Shulb, Wuhan, Hubei,
China) aged 4e6 weeks were raised under specific pathogen-free
conditions with a temperature of 22 ± 2 �C and humidity of 55%
± 5% on a 12-h light/dark cycle. They were allowed ad libitum ac-
cess to food and water during the experiments. All of the animal
experiments were performed according to the guidelines of the
Institutional Animal Care and Use Committee of Tongji Medical
College, Huazhong University of Science and Technology (Wuhan,
Hubei, China), which also approved the protocols (Approval No.:
2847).

2.10. Mouse model construction and administration

After 2 weeks of acclimatization, six female BALB/c nude mice
aged 6e8 weeks were injected with A549 suspension (1 � 106) on
the tail vein to construct a pulmonary metastasis mouse model and
randomly divided into two groups. After 4 weeks of modeling,
50 mg/kg of STM2457 and the respective vehicle (20% 2-
hydroxypropyl-beta-cyclodextrin) were delivered to the mice via
i.p. injection once daily for a total of 2 weeks (14 treatments). A total
of 6 weeks later, mice were sacrificed to observe pulmonary foci
and detect the expression of targets.
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2.11. m6A modification level quantification

According to the protocol of EpiQuik m6A RNA methylation
Quantification Kit (Colorimetric) (EpigenTek, Farmingdale, NY,
USA), the m6A RNA methylation status of total RNA isolated from
A549 and H1975 under STM2457 treatment was directly detec-
ted, which indirectly reflected the effect of STM2457 on the
catalytic activity of METTL3. Total RNA was extracted from the
aforementioned cells with TRIzol reagent (Thermo Fisher Scien-
tific Inc.) and 200 ng of sample RNA (1e8 mL) was bound into the
assay wells. Meanwhile, negative control reagents and diluted
positive control reagents were used for the preparation of the
standard curve. Capture antibody, detection antibody, and
enhancer solution were successively added to capture RNA
modified with m6A methylation. Each well was incubated with
developer solution at room temperature for 1e10 min away from
light, the enzyme reaction was stopped after adding stop solu-
tion, and the absorbance was read on a microplate reader (Per-
kinElmer Inc., Waltham, MA, USA) at 450 nm within 2e15 min.
The standard curve using linear regression was drawn for abso-
lute quantification of m6A methylated RNA. Measurements were
performed in triplicate.

2.12. RNA sequencing

Total RNA from 1 � 107 cells was extracted using TRIzol re-
agent for RNA sequencing (RNA-seq). VAHTS Stranded mRNA-seq
Library Prep Kit for Illumina V2 (Vazyme Biotech, Nanjing,
Jiangsu, China) was used for library preparation according to the
instructions. Reads were aligned to the human Ensemble genome
GRCh38 using Hisat2 aligner (v2.1.0) under parameters: -rna-
strandness RF. The reads mapped to the genome were calculated
using featureCounts (v1.6.3). Differential gene expression analysis
was performed using the DESeq2 R-package.

2.13. Ribo sequencing

A total of 1 � 107 cells were prepared for cell lysis. Then, the
cell medium was discarded, and the cells were washed twice
with ice-cold PBS containing 100 mg/mL of cycloheximide (Adooq
Bioscience, Irvine, CA, USA). Ribosome profiling was performed
using Epi Ribosome Profiling Kit (Epibiotek, Guangzhou, China).
Subsequently, ribosome-protected RNA fragments were extrac-
ted using an RNA Clean & Concentrator-5 kit (Zymo Research,
Orange County, CA, USA). Epi RiboRNA Depletion Kit (Human/
Mouse/Rat) (Epibiotek) was used for rRNA depletion. Sequencing
libraries were constructed using the QIAseq miRNA Library kit
(QIAGEN, Dusseldorf, Germany). Adapter sequences were
removed from raw sequencing data using cutadapt software.
Meanwhile, reads with a length between 25 and 35 bp were kept
for downstream analysis. Then, reads were aligned to rRNA and
tRNA sequences to remove rRNA and tRNA reads using bowtie
software, and the remaining reads were used to align to refer-
ence genome and transcriptome (Ensembl Version 91) using
hisat2 and bowtie software separately. The trinucleotide peri-
odicity of ribosomes and codon usage frequency were estimated
using the revised riboWaltz package. Open reading frame iden-
tification was performed using Price software. Read counts were
calculated using featureCounts software. Raw counts were
further normalized as reads per kilobase per million mapped
reads values using the fpkm function in the DESeq2 package.
Translation efficiencies (TEs) were determined as the ratio of
(normalized abundance determined by ribosome profiling)/
(normalized abundance determined by RNA-seq), as previously
reported [12].
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2.14. Methylated RNA immunoprecipitation sequencing (meRIP-seq)

Total RNA from 1 � 107 cells was extracted using TRIzol reagent,
and DNA contamination was removed using DNase I (BBI Solutions,
Cardiff, Wales, UK). Next, the precipitated RNA was washed with
ethanol and dissolved in ultrapure water. After concentration
determination, RNA was shared into approximately 200-nt frag-
ments by incubation at 70 �C for 7 min in a water bath. Of the
aforementioned fragmented RNA, 1/10 was saved as the input
control for further RNA-seq, and the remaining RNA was incubated
withm6A (D9D9W) Rabbit mAb (Cell Signaling Technology, Inc.) for
2 h at 4 �C and then mixed with DynabeadsTM Protein A for
Immunoprecipitation (Thermo Fisher Scientific Inc.) at 4 �C for 2 h
to acquire methylated RNA complex. The m6A antibody was
digested with Proteinase K digestion buffer (TransGen Biotech,
Beijing, China), and the methylated RNA was purified for further
meRIP-seq by DIATRE (Shanghai, China).

2.15. Bioinformatics analysis

The upstream processing of raw data acquired from the
aforementioned multiple omics sequencing, such as quality con-
trol (Fastqc), alignment (Hisat2, bowtie, and STAR), peak calling
(MACS2), and annotation (deeptools), was based on Python
(version 3.9.12) and Java (version 1.8.0) of Linux. The statistical
analysis and visualization of clean data were mainly performed
based on R (version 4.2.1) of Windows. The results of the differ-
ential gene expression analysis were visualized in the forms of
volcano, dumbbell, and scatter plots performed using the ggplot2/
R package. The clusterProfiler package was used for Gene
Ontology (GO)/Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis. The Venn plots drawn using the VennDia-
gram package reflected the results of cross-analysis among dif-
ferential expression genes in multiple omics sequencing. The
results of motif analysis were presented through the R package
ggseqlogo, the peak distribution fraction was depicted as the pie
chart through the R package ggplot2, and the peak distribution
profile was performed using plotProfile of deeptools. The software
Integrative Genomics Viewer on Windows is a powerful tool for
visualizing the results of reads mapped to the targets (METTL3
and PD-L1).

2.16. Interferon-gamma (IFN-g) induction

A549 and H1975 were seeded into six-well plates and treated
under different concentrations of STM2457 and/or 10 ng/mL of IFN-
g (MedChemExpress, Monmouth Junction, NJ, USA) for 24 h. After
washing with PBS, total cells were obtained and recognized with
primary and fluorescent antibodies: PD-L1 and APC anti-human
CD274 (BioLegend, San Diego, CA, USA). Under the induction of
IFN-g, Western blot and flow cytometry assay were performed and
analyzed for total and surface expression of PD-L1, respectively.

2.17. Flow cytometry assay

Harvested NSCLC cells werewashedwith PBS and incubated at 4
�C for 45 min away from light using 2% FBS and appropriate anti-
bodies in PBS. After washing with PBS, the samples were detected
on BD AccuriTM C6 Plus flow cytometer, and the data were analyzed
in FlowJo 10.6.2 (Ashland, OR, USA).

2.18. CRISPR-Cas9

To knock out the METTL3 gene in A549 (A549 KO_METTL3),
oligos for gRNAs were cloned into a lentiGuide-Puro vector
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(Addgene 52963) not containing Cas9 and transfected into A549
that stably expressed Cas9 by lentivirus infection. Three pairs of
alternative gRNAs for the METTL3 gene were constructed with
the help of Genomeditech (Shanghai, China). The following
gRNAs were used for knocking out METTL3 genes in A549:
METTL3 gRNA1 (gRNA1 50: GGGCTGTCACTACGGAAGGT, gRNA1
30: AGCATCAGTGGGCAATGTTA), METTL3 gRNA2 (gRNA2 50:
GATGCTCCTGCCACTCAAGA, gRNA2 30: TGCTGCCTCA-
GATGTTGATC), and METTL3 gRNA3 (gRNA3 50: GCTTTCTACCC-
CATCTTGAG, gRNA3 30: GAGTTGATTGAGGTAAAGCG). Based on
the verification of the gene expression effect and effective
target, gRNA2 was selected from the aforementioned three pairs
of gRNAs to continue the downstream experiment. After
monoclonal preparation, culture, and a series of validation, the
stable cell line with METTL3 knockout (A549 KO_METTL3) was
finally obtained from A549 cells infected with H_METTL3 link-
sgRNA2.

2.19. Dot blot of m6A modification level

mRNAs isolated from the total RNA of A549 KO_NC and
KO_METTL3 cell lines treated with 5 mM of STM2457 and DMSO
for 6 days were used to determine the concentration using the
NanoDrop and diluted to 100, 50, and 25 ng/mL using ribonucle-
ases-free water. The serially diluted mRNAwas denatured at 95 �C
for 3 min and chilled on ice immediately, and 2 mL of mRNA was
dropped onto the positively charged nylon membranes (Beyotime,
Shanghai, China). Spotted mRNA was crosslinked twice to the
membrane in a Stratalinker 2400 UV Crosslinker (Analytik Jena US
LLC, Upland, CA, USA) using the autocrosslink mode (1,200 mJ
(�100); 25e50 s). After blocking, the membranes were incubated
overnight with anti-m6A antibody (ABclonal, A19841; ABclonal,
Wuhan, China) at 4 �C. Then, the HRP-conjugated Affinipure Goat
Anti-Rabbit secondary antibody (SA00001-2; Proteintech Group,
Inc.) was added to the blots for 1 h at room temperature, and the
membrane was developed with the ECL detection system
(ChemiDoc XRSþ machine).

2.20. METTL3-mut plasmid

Human METTL3 (NM_019852) and METTL3 catalytic mutant
(aa395-398, DPPW/APPA) cDNAs were amplified by ClonExpress II
One Step Cloning Kit (Vazyme) and then subcloned into the vector
CMV-MCS-3FLAG-IRES-EGFP-SV40-Neomycin (GeneChem, Shang-
hai, China) to generate the plasmids of wild type (OE_METTL3) and
catalytic defect METTL3 (OE_METTL3_Mut) overexpression.

2.21. Transfection of plasmid

Cells at 70%e90% confluence were transfected with plasmids
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) diluted in
Opti-MEM Reduced Serum Medium (Gibco). After 2e4 days of in-
cubation at 37 �C, the cells were collected for subsequent
experiments.

2.22. Hematoxylin and eosin (H&E) staining

The whole lung specimens from the pulmonary metastasis
mouse model were paraffin-embedded and sliced into tissue sec-
tions with a thickness of 3e4 mm. After dewaxing, the tissue sec-
tions were stained with hematoxylin dye (Servicebio) for 3e8 min,
differentiated with 1% hydrochloric acid alcohol, and turned blue
with 0.6% aqueous ammonia to complete nuclear staining, and
cytoplasmic staining was performed by immersing sections in
eosin dye (Servicebio) for 1e3 min. After dehydration and drying,



H. Xiao, R. Zhao, W. Meng et al. Journal of Pharmaceutical Analysis 13 (2023) 625e639

629
the tissue sections were sealed with gum, digitally scanned, and
analyzed.

2.23. Immunohistochemistry staining

Following the protocol of the immunohistochemistry secondary
antibody kit (Absin, Shanghai, China), dewaxed and hydrated tissue
sections were incubated with hydrogen peroxide for 10 min,
blocking buffer for 5 min, and primary antibody against human
METTL3 and human PD-L1 for 20 min at room temperature. After
10-min incubation of primary antibody amplifier and HRP-
conjugated secondary antibody polymer, the fresh substrate solu-
tion was dropped on tissue sections and reacted for 5 min. After
dehydration and drying, the tissue sections were sealed with gum,
digitally scanned, and analyzed.

2.24. Statistical analysis

All analyses of results from molecular biology experiments,
especially cell viability assay and m6A modification level detection,
were performed using GraphPad Prism version 9.0 and OriginPro
2022. All data and error bars are presented as the mean ± standard
deviations from at least three independent experiments. All dif-
ferences between the two independent groups were evaluated by a
two-tailed Student's t-test. The |log2fold change (FC)| > 1 and
P < 0.05 were used as the criteria to define differential and stable
expression in all differential analyses. The indicated P values
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001) were
considered to be statistically significant.

3. Results and discussion

3.1. In vitro and in vivo effects of STM2457 on NSCLC progression

STM2457 (HY-134836) was synthesized based on the published
chemical structure (Fig. 1A). Considering the initial application of
STM2457 in NSCLC, the dose-response curves for 1, 3, and 6 days in
A549 (Fig. 1B) and H1975 (Fig. 1C) cells were plotted to determine
the optimal treatment time (6 days) and concentration (5 mM).
Additionally, the half-maximal inhibitory concentration values
were calculated (Fig. 1D). NSCLC cell lines (A549: 4.101 mM; H1975:
8.343 mM; PC-9: 3.758 mM; H1793: 11.66 mM; and HCC827:
14.59 mM) were more sensitive to STM2457 than normal lung
epithelial cell lines (BEAS-2B: 22.187 mM and HBE: 20.21 mM).

The in vitro effects of STM2457 on A549 and H1975 cells showed
degenerated proliferation at 1 mM; the effect was particularly
conspicuous at 5 mM in the colony-forming assay (Fig. 2A).
Furthermore, treatment with 5 mM STM2457 for 6 days inhibited
the cell migration ability by wound-healing assay (Figs. 2B and S1).
The results of matrigel transwell assays suggested that the invasion
capability of NSCLC cell lines was weakened by prolonged treat-
ment with 5 mM STM2457 (Fig. 2C). Moreover, fluorescence-
activated cell sorting analysis by Annexin V-FITC/PI staining
revealed the apoptosis-inducing effect of STM2457 in A549
(Fig. 2D) and H1975 (Fig. 2E), which was supported by the consis-
tent changes in apoptosis-related proteins (Fig. S2A and B) inwhich
cleaved PARP (Figs. S2C and D) and caspase-3 (Figs. S2E and F) were
hyperexpressed, and the ratio of Bcl-2 to Bax (Figs. S2G and H) was
Fig. 1. The structure of STM2457 and its dose-response curves in non-small cell lung
cancer (NSCLC). (A) Chemical structure of STM2457 (CAS# 2499663-01-1). Dose-
response curves of STM2457 treatment at 1, 3, and 6 days in (B) A549 and (C)
H1975 cells. (D) Dose-response curves of STM2457 treatment for 6 days in NSCLC cell
lines (PC-9, A549, H1975, H1793, and HCC827) and normal lung epithelial cell lines
(HBE and BEAS-2B).
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significantly decreased. As regards the administration regimen in
acute myeloid leukemia, 50 mg/kg of STM2457 or the respective
vehicle was delivered to the pulmonary metastasis mouse models
daily via i.p. injection for 14 days (Fig. 3A). The results of H&E
staining confirmed the inhibitory effect of STM2457 on pulmonary
colonization and progression of NSCLC in vivo (Fig. 3B).

3.2. Molecular mechanism of effects of STM2457 in NSCLC

3.2.1. Comprehensive evaluation of the effect of STM2457 on
METTL3 in NSCLC

To reveal the molecular mechanism underlying the aforemen-
tioned effects, we evaluated the effect of STM2457 on METTL3 in
NSCLC. As an inhibitor of METTL3 catalytic activity, STM2457 upre-
gulated the METTL3 protein expression in NSCLC in a time- and
concentration- dependent manner (Figs. 4A and B). Similar to the
MET receptor tyrosine kinase inhibitors [13], compensatory protein
overexpression and protein accumulation are not rare with treat-
ment with small-molecule inhibitors, suggesting the complex reg-
ulatory effects on METTL3. Therefore, STM2457 should be carefully
considered as a potential treatment for NSCLC. Perhaps influenced by
this compensatory mechanism, the activity of METTL3-mediated
m6A RNA methylation showed a consistent inhibition and then
activation with STM2457 treatment in a time- and concentration-
Fig. 2. In vitro effects of STM2457 on non-small cell lung cancer (NSCLC) progression. (A) Th
A549 and H1975 cells treated with STM2457 (0, 1, and 5 mM) or the respective vehicle (dime
was evaluated using wound-healing assay for 24 h in A549 and H1975 cells pretreated with S
NSCLC invasion was verified using matrigel transwell assays for 48 h in A549 and H1975 cells
6 days. The effect of STM2457 on NSCLC apoptosis was revealed using the fluorescence-ac
iodide (PI) staining in A549 (D) and H1975 (E) cells treated with STM2457 (1 and 5 mM) or
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dependent manner (Figs. 4C and D). The total cellular m6A in mRNA
level was most significantly inhibited at day 3 (A549: P < 0.0005) or
4 (H1975: P < 0.0001) and at a concentration of 5 mM (A549:
P < 0.0001 and H1975: P < 0.0001). Using the dose-response curves
of STM2457 (Figs. 1B and C), we found that the optimum inhibitory
effect of the drug at the level of m6A was earlier than the optimum
inhibitory effect on cell proliferation. The weak effect relative to the
inhibitors of oncogenic drivers, a common feature of epigenetic
therapies including STM2457 [14], appears insufficient to explain the
contradiction between the effect and the mechanism. However,
whether the cytotoxicity of STM2457 is due to its role in other
mechanisms than m6A modification needs to be further explored.

The effects of STM2457 may result from the inhibition of the
catalytic activity and upregulation of protein expression onMETTL3
(Fig. 4E). As an inhibitor of METTL3, STM2457 can “erase” the cat-
alytic activity of METTL3 and increase its protein level through an
unknown compensatory mechanism. At low concentrations or
short time duration, there was prominent inhibition of METTL3
catalytic activity mediated by STM2457. Beyond this concentration
or time node, the balance shifted toward STM2457-mediated
upregulation of METTL3 protein expression. In general, regardless
of the inactivation, the total expression of METTL3 was upregulated
by STM2457, which could be regarded as a novel upregulator.
Future studies should explore the application potential and
e effect of STM2457 on NSCLC proliferation was assessed using colony-forming assay in
thylsulfoxide (DMSO), 5 mM) for 10 days. (B) The effect of STM2457 on NSCLC migration
TM2457 (5 mM) or the respective vehicle DMSO for 6 days. (C) The effect of STM2457 on
pretreated with STM2457 (5 mM) for 1, 3, and 6 days or the respective vehicle DMSO for
tivated cell sorting analysis by Annexin V-fluorescein isothiocyanate (FITC)/propidium
the respective vehicle DMSO for 3 or 6 days.
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optimize the structure of STM2457 based on its mechanism from
the multi-omics analysis. The possibility of degrading METTL3 us-
ing a series of novel “degraders” de novo synthesized via peptide
proteolysis-targeting chimeras, which prevent the METTL3 enzyme
activity and downregulate its expression, should be also explored in
the future [15].
3.2.2. Impact of STM2457 on transcriptomes in NSCLC
Them6Amodificationmediated byMETTL3 is themost common

mRNA methylation and plays an important role in RNA splicing,
stability, and translation [16]. The effect of STM2457 on tran-
scriptome and translatome in NSCLC has attracted significant in-
terest. At the transcriptional level, the 1,713 upregulated genes (e.g.,
H19 and AC135506.1) and 507 downregulated genes (e.g., MT-TC
and PRSS35) after STM2457 treatment were screened in
A549 cells (Fig. 5A and Table S1). Notably, METTL3 (log2FC ¼
0.3775 < 1, P < 0.05), the target of STM2457, and PD-L1 (log2FC ¼
�0.7204 > �1, P > 0.05), the ligand of the immune checkpoint re-
ceptor PD-1, were not significantly regulated. In the functional
enrichment analysis (Table S2, Figs. 5B and C), the “tumor necrosis
factor (TNF) signaling pathway” (gene ratio ¼ 0.0362, P ¼ 0.002)
and “Hippo signaling pathway” (gene ratio ¼ 0.0149, P ¼ 0.003)
were significantly enriched by upregulated genes in the KEGG
analysis; both pathways have been explored by tumor research,
including that related to NSCLC. The genes downregulated by
STM2457 were significantly enriched in “cytokine-cytokine recep-
tor interaction” (gene ratio ¼ 0.093, P < 0.001), a large and complex
pathway that involves the transforming growth factor-beta, TNF,
and other cytokine families (Figs. 5B and D). Therefore, we believe
that STM2457 may have significant effects on the NSCLC tran-
scriptome through METTL3-mediated regulation of RNA splicing
and stability, which may depend on the m6A methyltransferase
activity of METTL3.
3.2.3. Impact of STM2457 on translatome in NSCLC
METTL3 interacts with the translation initiation machinery to

promote translation independent of its methyltransferase activity
[17]. Based on the comprehensive effects of STM2457 on METTL3,
the effects of STM2457 on the translatome may be more important
in NSCLC. After treatment with STM2457, 5,208 genes with a greater
than two-FC of TE were screened based on the combined analysis of
ribosome profiling (Ribo-seq) and RNA-seq in A549 cells (Table S3).
Among the 3,371 upregulated genes, the TE of SNORA5C was most
significantly increased (Fig. 6A). The TE of PD-L1 increased with
DMSO exposure from 0.01 to 1.21 after STM2457 treatment
(Fig. S3A), which is direct evidence for the regulatory effects of
STM2457 on PD-L1 translation. Additionally, the TE of METTL3 was
also increased by 2.1957-fold (Fig. S3B), suggesting a potential
mechanism for METTL3 overexpression induced by STM2457. GO
enrichment analysis for the aforementioned genes revealed their
associations with DNA damage repair (Fig. 6B). However, 1,837
downregulated genes were mainly enriched in “organelle location
by member tethering,” “tubulin binding,” and “microtubule” in
terms of biological processes, molecular functions, and cell compo-
nents, respectively (Fig. 6C), consistent with the inhibitory effects of
STM2457 on the migration and invasion abilities of NSCLC. Except
for PD-L1 with upregulated TE, it is worth mentioning that other
Fig. 3. In vivo effects and regulation of STM2457 on programmed death-ligand 1 (PD-
L1) expression in non-small cell lung cancer (NSCLC). (A) The modeling and drug
administration scheme of a pulmonary metastasis mouse model. (B) In the lung sec-
tions of a pulmonary metastasis mouse model, the effect of STM2457 on NSCLC pro-
gression and the regulation of STM2457 on the expression of both methyltransferase-
like 3 (METTL3) and PD-L1 in vivo were evaluated using hematoxylin and eosin (H&E)
staining and immunohistochemistry (IHC) staining, respectively. HP: hydroxypropyl.
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genes including EGF and AKT1 involved in the “PD-L1 expression
and PD-1 checkpoint pathway in cancer” pathway of the KEGG
enrichment analysis were downregulated after STM2457 treatment
(Fig. 6D and Table S4). Therefore, the regulatory effects of STM2457
on PD-L1 need to be explored further.

The polysome profiling data of METTL3-depleted or control
HeLa cells [6] provided a new perspective to further understand the
impact of STM2457 on the translation mechanisms through
METTL3. The TE of almost all differentially translated genes (DTGs)
was downregulated (Table S5), suggesting that the main effect of
METTL3 deletion on the translation regulation is to induce its in-
hibition. Among 4,286 downregulated DTGs, the top three greatest
TE FCs were for ROPN1L-AS1, PLEKHG6, and HHAT; the TE of RPPH1
most significantly increased as a member of 97 upregulated DTGs
(Fig. 7A). Subsequently, the translatome data for STM2457 treat-
ment and METTL3 depletion were combined and analyzed
(Table S5). A subset of 659 DTGs, including PD-L1 andMETTL3, have
attracted significant interest due to their positive correlations with
METTL3 expression (Fig. 7B). Consistent with STM2457 treatment,
Fig. 4. Impact of STM2457 on methyltransferase-like 3 (METTL3) expression and activity
METTL3 expression was detected by Western blot in A549 and H1975 cells treated with STM
for 6 days. (B) The concentration-dependent effect of STM2457 for 3 or 6 days on METTL3 ex
(0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, and 50 mM) or the respective vehicle (DMSO, 5 mM). (C) Th
adenosine (m6A) RNA methylation modification was evaluated using EpiQuik m6A RNA Meth
(5 mM) for 0e6 days or the respective vehicle (DMSO, 5 mM) for 6 days. (D) The concent
H1975 cells treated with STM2457 (0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, and 50 mM) or the respective
of STM2457 on METTL3 expression and activity in NSCLC. *P < 0.05, **P < 0.01, ***P < 0.00
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METTL3 depletion induced a decrease in PD-L1 TE from 3.58 to 1.19
and a decrease inMETTL3 by 5.74-fold. Therefore, we speculate that
the translation regulation of this gene set may be more dependent
on METTL3 expression than its catalytic activity. Finally, the KEGG
(Fig. 7C and Table S6) and GO (Figs. 7D and E) enrichment analyses
found that the downregulated DTGs induced by METTL3 depletion
were associated with fatty acid metabolism and cell cycle, respec-
tively. Future research should focus on the specific underlying
mechanism.

3.2.4. Impact of STM2457 on m6A methylation modification in
NSCLC

Although the current results indirectly indicate that STM2457
inhibits METTL3-mediated m6A methylation modification in
NSCLC, the effects should be investigated in detail based on the
meRIP-seq data. As the high-frequency m6Amotif RGACH (R¼G/A;
H¼ A/C/U) (Fig. S4A), m6A peaks under the treatment of DMSO and
STM2457 were significantly enriched on the motif “AGACU”
(DMSO: P ¼ 1 � 10�137 vs. STM2457: P ¼ 1 � 10�66). Furthermore,
of non-small cell lung cancer (NSCLC). (A) The time-dependent effect of STM2457 on
2457 (5 mM) for 0e6 days or the respective vehicle (dimethylsulfoxide (DMSO), 5 mM)
pression was detected by Western blot in A549 and H1975 cells treated with STM2457
e time-dependent effect of STM2457 on the activity of METTL3-mediated N6-methyl-
ylation Quantification Kit (Colorimetric) in A549 and H1975 cells treated with STM2457
ration-dependent effect of STM2457 on METTL3 activity was evaluated in A549 and
vehicle (DMSO, 5 mM) for 6 days. (E) Schematic diagram for the comprehensive impact
1, and ****P < 0.0001.



Fig. 5. Impact of STM2457 on transcriptome of non-small cell lung cancer (NSCLC). (A) The volcano plot of differential expression analysis of RNA sequencing (RNA-seq) data
acquired from A549 cells treated with STM2457 (5 mM) and the respective vehicle (dimethylsulfoxide (DMSO), 5 mM) for 3 days. (B) The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment of the differentially expressed genes was analyzed using R/clusterProfiler packages. The Gene Ontology (GO) enrichment of (C) upregulated or (D) down-
regulated differentially expressed genes acquired from RNA-seq data of A549 cells treated with STM2457 (5 mM) and the respective vehicle (DMSO, 5 mM) for 3 days was analyzed
using the R/clusterProfiler package. TNF: tumor necrosis factor; cAMP: cyclic adenosine monophosphate; BP: biological processes; MF: molecular functions; CC: cell components.
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with both treatments, m6A peaks were abundant in exons (34.84%
vs. 35.28%), transcription termination sites (24.38% vs. 26.75%), and
promoter-transcription start sites (21.53% vs. 23.43%), without
significant between-group differences (Figs. S4B and C). Consis-
tently, the effect of STM2457 on m6A peak enrichment was mainly
downregulated (upregulated peaks: 67 vs. downregulated peaks:
258), suggesting an inhibitory effect of STM2457 on m6A methyl-
ation modification (Fig. 8A and Table S7). However, compared to
METTL3 depletion (upregulated peaks: 2,602 vs. downregulated
633
peaks: 2,576), the effect of STM2457 as the molecular inhibitor of
METTL3 was relatively insignificant (Fig. 8B and Table S8). At the
same time, the targets of inhibition were different between
STM2457 treatment and METTL3 knockout. Among the 194
downregulated differentially m6A-modified genes (DMGs)
enriched by 258 downregulated peaks, therewere only 32 DMGs, of
which m6A methylation is also inhibited by METTL3 knockout
(Fig. 8C). GO enrichment analysis revealed the difference of func-
tion between downregulated DMGs induced by STM2457



Fig. 6. Impact of STM2457 on translatome of non-small cell lung cancer (NSCLC). (A) The dumbbell plot of the changes in translation efficiency (TE) of differentially translated genes (DTGs)
with the top 10 upregulated (10 genes on the left) or downregulated TEs (10 genes on the right), as well as methyltransferase-like 3 (METTL3) and programmed death-ligand 1 (PD-L1),
acquired from ribosome profiling (Ribo-seq) and RNA sequencing (RNA-seq) data of A549 cells treated with STM2457 (5 mM) and the respective vehicle (dimethylsulfoxide (DMSO),
5 mM) for 3days. TheGeneOntology (GO) enrichmentof DTGswith (B) upregulatedor (C) downregulatedTEwas analyzedusing theR/clusterProfiler package. (D) TheKyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis of differentially translated genes (DTGs) acquired from Ribo-seq and RNA-seq data of A549 cells treated with STM2457 (5 mM) and the
respective vehicle (DMSO, 5 mM) for 3 days. BP: biological processes;MF: molecular functions; CC: cell components; GTPase: guanosine triphosphate hydrolase; MAPK:mitogen-activated
protein kinase.
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Fig. 7. Impactofmethyltransferase-like 3 (METTL3) depletion on translatomebasedonbioinformatics analysis of polysomeprofilingdata acquired fromHeLa cells. (A) Thedumbbell plot of
the changes in translation efficiency (TE) of differentially translated genes (DTGs)with the top 10 upregulated (10 genes on the left) or downregulated TEs (10 genes on the right), aswell as
METTL3 and programmed death-ligand 1 (PD-L1), acquired from polysome profiling data of METTL3-depleted and control HeLa cells. (B) Venn diagram of DTGs acquired from
ribosome profiling (Ribo-seq) data of A549 cells treated with STM2457 and polysome profiling data of METTL3-depleted HeLa cells. (C) The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment of DTGs acquired from polysome profiling data of METTL3-depleted and control HeLa cells was analyzed using R/clusterProfiler package. The Gene Ontology (GO)
enrichment of DTGs with (D) upregulated or (E) downregulated TE acquired from polysome profiling data of METTL3-depleted and control HeLa cells was analyzed using the R/cluster-
Profiler package. KD: knock down; NC: negative control; BP: biological processes; MF: molecular functions; CC: cell components; MHC: major histocompatibility complex; NAD: nico-
tinamide adenine dinucleotide; NADP: nicotinamide adenine dinucleotide phosphate.
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Fig. 8. Impact of STM2457 on N6-methyladenosine (m6A) RNA methylation modification of non-small cell lung cancer (NSCLC). (A) Scatter plot of m6A enrichment in mRNAs
acquired from methylated RNA immunoprecipitation sequencing (meRIP-seq) data of A549 cells treated with STM2457 (5 mM) and the respective vehicle
(dimethylsulfoxide (DMSO), 5 mM) for 3 days. m6A-containing mRNAs with significantly increased and decreased peak enrichment are highlighted (|log2 fold change (FC)| > 1 and
P < 0.05). (B) Scatter plot of m6A enrichment in mRNAs acquired from meRIP-seq data of A549 negative control of METTL3 knockout (KO_NC) and A549 knockout of methyl-
transferase-like 3 (KO_METTL3). The m6A-containing mRNAs with significantly increased and decreased peak enrichment are highlighted (|log2FC| > 1 and P < 0.05). (C) Venn plot
of downregulated differentially m6A-modified genes (DMGs) acquired from meRIP-seq data of A549 cells with STM2457 treatment and METTL3 knockout. (D) Venn diagram of
upregulated, downregulated, and stable differentially m6A-modified genes (DMGs) acquired from meRIP-seq data and upregulated DTGs acquired from ribosome profiling (Ribo-
seq) and RNA sequencing (RNA-seq) data in A549 cells treated with STM2457 (5 mM) and the respective vehicle (DMSO, 5 mM) for 3 days. (E) The Gene Ontology (GO) enrichment of
DMGs with hypo-down peaks acquired from meRIP-seq data of A549 cells with STM2457 treatment. (F) The GO enrichment of DMGs with hypo-down peaks acquired from meRIP-
seq data of A549 cells with METTL3 knockout. BP: biological processes; MF: molecular functions; CC: cell components; UDP: uridine diphosphate.
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Fig. 9. Regulation of STM2457 on programmed death-ligand 1 (PD-L1) expression in non-small cell lung cancer (NSCLC). The regulation of STM2457 on the total expression of PD-L1
protein was detected using Western blot in (A) A549 and (B) H1975 cells treated with STM2457 (0, 0.05, 0.5, 5, and 50 mM) or the respective vehicle (dimethylsulfoxide (DMSO),
5 mM) for 3 days, with or without interferon-gamma (IFN-g) induction (10 ng/mL) for 24 h. The regulation of STM2457 on the membrane expression of PD-L1 protein was detected
using flow cytometry assay in A549 (C) without or (D) with IFN-g induction (10 ng/mL) for 24 h and H1975 (E) without or (F) with IFN-g induction (10 ng/mL) for 24 h. (G) The
regulation of methyltransferase-like 3 (METTL3) knockout on the total expression of PD-L1 protein was detected using Western blot in wild type (WT), METTL3 knockout (KO), and
the corresponding negative control (NC) A549 cells without or with IFN-g treatment (10 ng/mL) for 24 h. The regulation of METTL3 knockout on the membrane expression of PD-L1
protein was detected using flow cytometry assay in METTL3 KO (KO_METTL3) and the corresponding NC (KO_NC) A549 cells (H) without or (I) with IFN-g treatment (10 ng/mL) for
24 h. (J) The regulation of METTL3 with defective catalytic activity on PD-L1 expression was detected using Western blot in A549 cell lines with overexpression of WT (OE_METTL3),
catalytic defect (OE_METTL3_Mut), and the corresponding NC (OE_NC and OE_Mut_NC). GAPDH: glyceraldehyde 3-phosphate dehydrogenase; FL4-A: fluorescent light channel 4-
area; APC-A: allophycocyanin-area ; OE: overexpression; Mut: mutation.
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treatment (Fig. 8E and Table S9) and METTL3 knockout (Fig. 8F).
Subsequent exploration of the mechanisms underlying the afore-
mentioned differences will enhance our understanding of the
pharmacological action of STM2457, and more precise quantifica-
tion of m6A based on liquid chromatography-tandem mass spec-
trometry and multi-omics analysis integrating metabolomics
should be carried out.

To our interest, neither STM2457 treatment nor METTL3
knockdown significantly affected the m6A methylation status of
METTL3 (Fig. S4D) and PD-L1 (Fig. S4E), which was different from
the results of Ribo-seq. Similar to METTL3 and PD-L1, the trans-
lational efficiency was upregulated in a majority (2,163/3,371) of
DTGs, whereas m6A methylation was not affected by STM2457
treatment (Fig. 8D). The aforementioned evidence suggests that
METTL3-mediated m6A methylation may not be necessary for
translation machinery. Additionally, METTL3 expression was
upregulated by STM2457, which may have a profound effect on the
translation of a majority of targets, consistent with the published
reports that METTL3 translational regulation is independent of its
enzyme activity [17].

3.3. Regulatory effects of STM2457 on PD-L1 expression in NSCLC

3.3.1. Model for the regulatory effects of STM2457 on PD-L1
expression in NSCLC

Admittedly, there is still a long way to go to completely reveal
the mechanism underlying the effects of STM2457 in NSCLC.
However, we could preliminarily construct a model for the
regulation of STM2457 on the translation of PD-L1 based on the
current evidence. Regardless of deactivation, total METTL3 was
upregulated by STM2457 and interacted with the translation
initiation machinery to circularize more mRNA. Then, more ri-
bosomes were recruited for the circularized mRNA of PD-L1 to
improve the TE of PD-L1, independent of its methyltransferase
activity.

3.3.2. Validation of the effects of STM2457 on PD-L1 expression in
NSCLC

PD-L1 on the NSCLC cellular surface interacts with PD-1 on T
cells to inhibit activation, expansion, and effector functions of
antigen-specific CD8þ T cells; the binding helps cancer cells to
evade immune destruction. According to the extrinsic and intrinsic
causes of PD-L1 expression in cancer cells, PD-L1 is classified into
inducible and constitutive types, respectively. Among the extrinsic
factors, IFN-g is generally considered as the most prominent
inducer of PD-L1 [18]. Therefore, we emphasized the differences in
PD-L1 expression in location and cause during the validation of the
effects of STM2457 on PD-L1 expression. Both constitutive and
inducible PD-L1 on A549 (Fig. 9A) and H1975 (Fig. 9B) cells were
significantly upregulated by STM2457 (0e5 mM) in a concentration-
dependent manner, even though IFN-g increases the baseline PD-
L1 expression. Compared with PD-L1 expression on A549 cell sur-
face without (Fig. 9C) or with induction of IFN-g (Fig. 9D), the
upregulation of constitutive (Fig. 9E) and inducible (Fig. 9F) PD-L1
expression by STM2457 on H1975 cell surface showed a more
concentration-dependent effect.

To clarify the role of METTL3 methyltransferase activity in the
abovementioned regulation, we knocked out METTL3, upregulated
wild-type METTL3, or transfected METTL3 with catalytic defects in
A549. METTL3 depletion inhibited total (Fig. 9G) and membrane
expression of PD-L1 without (Fig. 9H) or with IFN-g induction
(Fig. 9I). Interestingly, knockout of METTL3 made the A549 cell line
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more insensitive to STM2457 (Fig. S5A), and STM2457 further
reduced the relatively low global m6A modification at the mRNA
level (Fig. S5B) even in A549 withMETTL3 depletion, betweenwhich
the potential mechanism needs to be further explored. Moreover,
transfected wild-type METTL3 and METTL3 with catalytic defects
increased the total PD-L1 expression, which supports that the
methyltransferase activity of METTL3 was unnecessary in the
aforementioned model (Fig. 9J). Finally, in vivo STM2457 could
upregulate PD-L1 and increase METTL3 expression (Fig. 3B). PD-L1
upregulation converts cold tumors into hot tumors [19], and
STM2457 improves efficacy with immunotherapy. Although several
recent in vivo studies confirmed that STM2457 plus anti-PD-1
showed promising antitumor efficacy against cervical squamous
cell carcinoma [20] and colorectal cancer [21], all of themwere based
on its role as a small-molecule inhibitor of METTL3while ignoring its
more powerful translation regulation of immune checkpoint PD-L1.

4. Conclusions

In conclusion, STM2457 is a potential novel suppressor based on
its inhibitory effect on tumor progression, ability to overcome het-
erogeneity based on its impact on the translatome, and ability to
improve the immunotherapy benefits based on PD-L1 upregulation
in NSCLC. However, further studies are needed to confirm the in vivo
effects of STM2457 and explore its multi-omics characteristics. More
experimental evidence is needed to support the theoretical possi-
bility that STM2457 can overcome tumor heterogeneity in NSCLC,
including the patient-derived tumor xenograft model to simulate
heterogeneous environments in vivo and single-cell sequencing to
explore the effects of STM2457 on heterogeneity. Additionally,
in vivo and in vitro studies should be conducted on the combination
of PD-1/PD-L1 antibodies. The current results provide an excellent
basis for targeting METTL3 as a therapeutic strategy for NSCLC.
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