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Abstract: Interleukin-23 (IL-23) is a pivotal cytokine implicated in tumor progression and immune evasion, yet its
precise molecular mechanisms remain incompletely characterized. In this study, we elucidate that IL-23 upregu-
lates METTL16, which in turn enhances PD-L1 expression and facilitates tumor immune escape. Integrated analysis
of TCGA and GEO datasets revealed the co-upregulation of IL-23 and METTL16 in lung and colon carcinomas, both
of which are correlated with poor clinical outcomes. Mechanistically, IL.-23 induces METTL16 expression in cancer
cells via JAK-STAT3 pathway-mediated transcriptional activation. Notably, METTL16 augments PD-L1 levels via an
m6A-independent mechanism by directly binding to PD-L1 and impeding its SPOP-mediated ubiquitination and pro-
teasomal degradation. In vivo, METTL16 promotes colon cancer xenograft growth while concurrently suppressing
CD8* T cell infiltration and IFN-y secretion within the tumor microenvironment. Collectively, these findings establish
the IL23/METTL16/PD-L1 axis as a novel regulatory pathway and potential therapeutic target in cancer immuno-
therapy.
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Introduction predominantly secreted by antigen-presenting
cells. Upon binding to its receptor IL-23R, IL-23
activates the JAK-STAT signaling cascade, pre-
dominantly engaging STAT3, which regulates
the transcription of downstream target genes.
This pathway promotes the proliferation and
stabilization of Thl17 cells, contributing to in-
flammatory and autoimmune processes [5].
Emerging evidence underscores IL-23 in tumor
progression [6]. For example, Calcinotto et al.
demonstrated that IL-23 secreted by myeloid-
derived suppressor cells (MDSCs) activates the
androgen receptor (AR) pathway in prostate
cancer, facilitating tumor cell survival and prolif-
eration under androgen-deprived conditions

Tumor cells evade host immune surveillance
primarily through the PD-1/PD-L1 axis, which
suppresses T cell activity within the tumor
microenvironment (TME) [1, 2]. Although im-
mune checkpoint inhibitors targeting PD-1/
PD-L1 have significantly enhanced T cell-medi-
ated antitumor responses, their clinical bene-
fits remain limited to a subset of patients, large-
ly due to primary and acquired resistance [3].
Given the multifaceted regulation of PD-L1
expression, uncovering its upstream modula-
tors is critical for overcoming resistance and
improving the efficacy of cancer immuno-

therapy. o -

[7]. Similarly, tumor-associated macrophage
Interleukin-23 (IL-23) is a heterodimeric cyto- (TAM)-derived IL-23 has been shown to facili-
kine composed of p40 and p19 subunits [4], tate immune evasion in glutamine-addicted
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clear cell renal cell carcinoma (ccRCC) [8].
Nevertheless, the role of IL-23 in cancer
remains controversial, with studies suggesting
both tumor-promoting effects, such as enhanc-
ing cell survival, proliferation, and immune sup-
pression, and tumor-suppressive functions,
particularly when IL-23 is derived from tumor
cells themselves [9-13]. These conflicting find-
ings underscore the need to clarify the molecu-
lar context in which IL-23 exerts its immuno-
modulatory effects, particularly in relation to
PD-L1 regulation and tumor immune escape.

N6-methyladenosine (m6A) is the most preva-
lent internal RNA modification in eukaryotes,
representing a crucial epigenetic mechanism
that modulates RNA metabolism. This modifi-
cation is dynamically regulated by methyltrans-
ferases (writers) and demethylases (erasers),
while its downstream functions are executed
through specific RNA-binding proteins (readers)
[14]. Among recently identified m6A writers,
METTL16 has emerged as a multifunctional
regulator involved in pre-mRNA splicing, mRNA
stability, and translational control in mammali-
an cells [15-18]. Accumulating evidence reveals
the context-dependent roles of METTL16 in
tumorigenesis. For instance, in acute myeloid
leukemia (AML), METTL16 promotes leukemo-
genesis by reprogramming branched-chain
amino acid (BCAA) metabolism via m6A-depen-
dent mechanisms [19]. In cholangiocarcino-
ma, METTL16 facilitates tumor progression
via PRDM15-mediated upregulation of FGFR4
[20]. Furthermore, lactylation-modified MET-
TL16 has been shown to induce cuproptosis in
gastric cancer by mediating m6A-dependent
modification of FDX1 mRNA [21]. METTL16 also
maintains intracellular S-adenosylmethionine
(SAM) homeostasis and redox balance, conse-
quently suppressing lytic replication of Kaposi’s
sarcoma-associated herpesvirus (KSHV) and
modulating KSHV-associated tumorigenesis
[22]. More broadly, m6A modification serves as
a master regulator of both tumor progression
and anti-tumor immunity. Notably, multiple
mO6A regulators such as METTL3, FTO, and
IGF2BP2, have been validated as promising
therapeutic targets for enhancing immunother-
apy efficacy [23]. Nevertheless, the specific
involvement of METTL16 in tumor immune eva-
sion awaits systematic elucidation. Recent
studies have begun to explore the regulatory
relationship between METTL16 and PD-L1.
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Wang et al. reported that METTL16 negatively
regulates PD-L1 expression in colorectal can-
cer through an m6A-dependent mechanism by
reducing PD-L1 mRNA stability, thereby en-
hancing antitumor immune responses [24].
Additionally, Lu et al. observed that METTL16
overexpression decreased PD-L1 expression in
pancreatic ductal adenocarcinoma and is posi-
tively associated with CD8" T-cell infiltration
[25]. These findings suggest that, under basal
conditions, METTL16 may promote antitumor
immunity through m6A-dependent epitranscri-
ptomic regulation. Whether inflammatory sig-
naling, such as IL-23 stimulation, induces a
functional switch in METTL16 and alters its role
in tumor immune evasion remains unclear.

Our research group has long been dedicated to
studying the intersection of epitranscriptomic
regulation and tumor immunity. In our prelimi-
nary work, through analysis of TCGA data and
immune-related gene set enrichment, we
observed that METTL16 expression is aber-
rant in multiple cancer types and significantly
correlates with immune cell infiltration and
immune-related pathways, suggesting its po-
tential involvement in tumor immune regula-
tion. However, unlike the well-studied METTL3
and METTL14, the precise role and regulatory
mechanisms of METTL16 in tumor immunity
remain largely unexplored. Meanwhile, 1L-23, a
key pro-inflammatory cytokine, plays a critical
role in tumor immune evasion and represents
another long-standing research interest of our
group. Notably, the crosstalk between IL-23 sig-
naling and epitranscriptomic regulation has not
yet been reported. Based on the above back-
ground, we propose the following hypothesis:
IL-23 activates the STAT3 signaling pathway to
upregulate METTL16 expression, which in turn
stabilizes PD-L1 protein through a post-transla-
tional mechanism, thereby promoting tumor
immune evasion.

Based on this hypothesis, we investigate the
molecular mechanism by which IL-23 upregu-
lates METTL16 to enhance PD-L1 expression
and facilitate immune escape. While IL-23 has
been implicated in immunosuppressive pro-
cesses within the TME, the role of METTL16 as
a mediator of this pathway remain undefined.
Through a combination of bioinformatic analy-
sis and experimental validation, we delineate
how IL-23 mediated METTL16 expression and

Am J Cancer Res 2026;16(8):3678-3693



IL-23 promotes PD-L1 via METTL16

subsequently impacted on PD-L1 expression.
Our findings not only elucidate a previously
unrecognized IL-23/METTL16/PD-L1 axis but
also highlight potential targets for improving
cancer immunotherapy.

Materials and methods
Cell culture, cell transfection and infection

Human lung cancer cell lines (A549 and
H1299), colorectal cancer cell lines (HCT-116,
RKO, and HT-29), esophageal cancer cell line
(KYSE-150), renal cancer cell line (786-0), and
breast cancer cell line (MDA-MB-231) were
obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). All cell
lines were authenticated using short tandem
repeat (STR) profiling and tested for mycoplas-
ma contamination. Cells were cultured in
DMEM or RPMI-1640 medium (Gibco), supple-
mented with 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin-streptomycin (Gibco)
at 37°C in a humidified incubator with 5%
CO,. Transfections with plasmids or siRNAs
were performed using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s
protocol.

Plasmids, siRNA and sgRNA

Plasmids, including METTL16 overexpression
plasmid, IL-23 plasmid, STAT3 plasmid, and
their respective empty vectors were construct-
ed by Youbio Biological Technology (Hunan,
China). The SPOP overexpression plasmid was
constructed by Bio-research Innovation Center
(Suzhou, China). All constructs were cloned into
pcDNA 3.1 vector carrying with different tags
(Flag, HA, His). The siRNAs targeting IL-23,
METTL16 and STAT3 were purchased from
Hanbio Biotechnology Co. LTD (Shanghai,
China). IL-23 siRNA sequences were used as
follows: silL-23, sense: 5-CAG CAG CUU UCA
CAG AAG CUC UGC-3, antisense: 5’-GCA GAG
CUU CUG UGA AAG CUG CUG-3. METTL16
siRNA sequences were used as follows: siMET-
TL16-1, sense: 5'-GAA AUA GAU ACA AGG ACA
ATT-3’, antisense: 5-UUG UCC UUG UAU CUA
UUU CTT-3’; siMETTL16-2, sense: 5-GGA UGC
UCU UAA AGA AGA ATT-3’, antisense: 5-UUC
UUC UUU AAG AGC AUC CTT-3’; SiMETTL16-3,
sense: 5-GGU GAA UUA GAG UUU GUU ATT-3’,
antisense: 5-UAA CAA ACU CUA AUU CAC CTT-
3. STAT3 siRNA sequences were used as fol-
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lows: siSTAT3-1, sense: 5-ACA UCC AAA UAG
AAG AUA GGA CU-3’, antisense: 5-AGU CCU
AUC UUC UAU UUG GAU GU-3’; siSTAT3-2,
sense: 5-CCC GUC AAC AAA UUA AGA AAC
UG-3’, antisense: 5-CAG UUU CUU AAU UUG
UUG ACG GG-3'.

Antibodies

Anti-IL-23 antibody (#TA372494; 1:1000) was
purchased from Origene, and Anti-IL-23R
antibody (#27163-1-AP; 1:1000) was pur-
chased from Proteintech. Anti-STAT3 antibody
(#sc8019; 1:1000), and anti-pSTAT3 anti-
body (#sc¢8059; 1:1000) was purchased from
Santa cruz, anti-actin antibody (GB11001-100;
1:2,000) antibodies was obtained from Ser-
vicebio. Anti-METTL16 antibody (19924-1-AP;
1:2,000), Anti-Flag tag (2054 3-1-AP; 1:20,000),
anti-PD-L1 antibody (66248-1-lg; 1:2,000),
anti-HA tag (51064-2-AP; 1:5,000) and anti-His
tag (66005-1-1g; 1:3,000) antibodies were all
bought from Proteintech. Peroxidase-conju-
gated anti-mouse secondary antibody (70-
GAMOO7; 1:5000) and peroxidase-conjugated
anti-rabbit secondary antibody (70-GAROO072;
1:5,000) were purchased from MultiSciences
Company.

RNA extraction and gPCR

Total RNA was extracted using TRIzol reagent
(Invitrogen) and reverse transcribed into cDNA
using PrimeScript™ RT reagent Kit (TaKaRa).
Quantitative real-time PCR (qPCR) was per-
formed using SYBR Green PCR Master Mix
(TaKaRa) on a LightCycler 480 Instrument
(Roche). The gPCR reaction was performed in a
total volume of 20 uL containing 2 uL of cDNA
template, 0.4 yL each of forward and reverse
primers (10 uM), 10 pyL of 2x SYBR Green
Master Mix, and nuclease-free water. The ther-
mal cycling conditions consisted of an initial
denaturation at 95°C for 30 s, followed by 40
cycles of denaturation at 95°C for 10 s and
combined annealing and extension at 60°C
for 30 s. Relative target gene expression was
calculated using the 2%4°t method. Primers
were described as follows: METTL16, Forward:
5-TCT GAA TGG AAG AGT GAG CCT T-3', Rever-
se: 5-GAG TCT CAA GGG AAC TGT GGG-3;
PD-L1, Forward: 5-CAT TTG CTG AAC GCC CCA
TA-3’, Reverse: 5-TGT CCA GAT GAC TTC GGC
CT-3’; GAPDH, Forward: 5-CAG CCT CAA GAT
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CAG CA-3’, Reverse: 5-TGT GGT CAT GAG TCC
TTC CA-3..

Western blotting

Cells were collected and lysed in cold RIPA buf-
fer supplemented with protease inhibitor cock-
tail (Thermo Fisher Scientific). Lysates were
centrifuged at 12,000 g for 20 min at 4°C and
then the liquid supernatants were collected.
Protein concentrations were determined using
a BCA kit (PO0O12, Beyotime Biotechnology).
Then, proteins were separated by SDS-PAGE
and transferred to PVDF membranes. Mem-
branes were blocked with 5% skim milk and
incubated with primary antibodies overnight
at 4°C: anti-METTL16 (1:2000, 19924-1-AP,
Proteintech), anti-IL-23 (1:1000, Origene), anti-
PD-L1 (1:2000, 66248-1-1g, Proteintech), anti-
STAT3 (1:1000, Santa Cruz Biotechnology),
anti-p-STAT3 (1:1000, Santa Cruz Biotech-
nology), and anti-Actin (1:2000, GB11001-100,
Servicebio). After overnight incubation, the
membranes were washed and incubated for
1 h at room temperature with horseradish per-
oxidase (HRP)-conjugated secondary antibod-
ies: goat anti-mouse 1gG (1:5,000; GAMOO7,
Lianke Biotech) or goat anti-rabbit IgG (1:5,000;
GAROO072, Lianke Biotech). Protein bands were
detected using enhanced chemiluminescence
reagents (Thermo Fisher Scientific) and imaged
with a chemiluminescence detection system
(Thermo Fisher Scientific) [26].

Immunoprecipitation (IP)

For immunoprecipitation experiments, cells
were first lysed using a cold NP40 lysis buffer
containing a protease inhibitor cocktail (Thermo
Fisher Scientific). The resulting protein lysate
was then incubated with magnetic beads conju-
gated to HA or Flag tags (Sino Biological, China).
Following three washes with TBST buffer to
remove non-specific binding, the proteins were
eluted from the beads by heating in SDS load-
ing buffer. The eluted samples were then sub-
jected to SDS-PAGE electrophoresis and subse-
quent western blot analysis.

In vivo ubiquitination assay
To assess the in vivo ubiquitination of PD-L1,
cells were cotransfected with His-tagged ubig-

uitin and the specified plasmids. Following a
36-hour incubation post-transfection, cells
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were treated with MG132 (10 uM, Sigma) for 6
hours to inhibit proteasomal degradation.
Subsequently, cells were harvested and lysed
in NP40 buffer. The resulting lysates were incu-
bated with magnetic beads conjugated to HA
tags. After three successive washes with TBST
buffer to eliminate non-specific interactions,
the bound proteins were eluted by heating in
SDS loading buffer. Finally, the eluted proteins
were analyzed via Western blotting to detect
ubiquitinated PD-L1 species.

Protein stability analysis

To determine protein stability and measure pro-
tein half-life, the cycloheximide chase assay
was employed. Cells were transfected as indi-
cated. Following a 48-hour incubation post-
transfection, cells were exposed to 20 ug/ml
cycloheximide (Sigma) to inhibit new protein
synthesis. At specified time intervals, cells were
harvested, lysed, and protein levels were
assessed via Western blotting to monitor the
degradation of target proteins.

ChIP assay

ChIP assays were performed using the
SimpleChlIP Plus Enzymatic Chromatin IP Kit
(P2078, Beyotime Biotechnology) according to
the manufacturer’'s instructions [27]. Anti-
STAT3 antibody (Cell Signaling Technology) and
normal IgG were used. Primers for amplify-
ing the METTL16 promoter region: Primer 1:
Forward: 5'-ATC ACT TCA ACC CCA C-3’, Reverse:
5-CCA TCT TTG GTT GGT AG-3’; Primer 2:
Forward: 5’-CCC ATA CTC ACA GGG TTA GTA-3,
Reverse: 5’-CTG TTA GCT CCA AAG AGC-3..

Luciferase reporter assay

The METTL16 promoter region was cloned into
the pGL3-basic vector (Promega). Cells were
co-transfected with METTL16 promoter re-
porter plasmids and STAT3 expression plasmid
or empty vector using Lipofectamine 3000.
Luciferase activity was measured 48 hours
post-transfection using the Dual-Luciferase
Reporter Assay System (Promega) [28].

Flow cytometry

Tumor and spleen samples were treated with
red blood cell lysis buffer and incubated with
fluorescently labeled antibodies for 30 minutes
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on ice. Antibodies used included anti-CD45
(#103106), CD3 (#100236), CD4 (#100559),
CD8 (#100753), IFN-y (#505830) and TNF-«
(#506339) was purchased from BiolLegend.
Data were acquired using a FACSCalibur flow
cytometer (BD FACSCanto) and analyzed with
FlowJo software.

Animal experiments

Six- to eight-week-old Balbc and C57BL/6 mice
were purchased from the Laboratory Animal
Center. All animal studies were approved by the
Animal Experimentation Ethical Committee of
Bengbu Medical University (project license No.
2024-228). For subcutaneous xenograft mod-
els, 5x10° CT26 or MC38 cells were injected
into the right axilla of mice. Tumor volume and
weight were measured every three days. At the
end of the experiments, the mice were eutha-
nized by intraperitoneal administration of pen-
tobarbital sodium at 50 mg/kg to induce deep
anesthesia and minimize pain and distress.
Death was confirmed by the absence of respi-
ration, heartbeat, corneal reflex, muscle tone,
and normal mucosal coloration. Tumor and
spleen tissues were subsequently collected for
flow cytometric analysis. All animal procedures
were conducted in accordance with the institu-
tional guidelines for the care and use of labora-
tory animals established by Bengbu Medical
University.

Statistical analysis

Statistical analyses were performed using
SPSS 21 and GraphPad Prism 9, with results
presented as mean + SD. For comparisons
between two groups, significance was assessed
using two-tailed paired or unpaired t-tests. For
comparisons among multiple groups, one-way
analysis of variance (ANOVA) was performed,
followed by Tukey’s post hoc test. For experi-
ments involving multiple groups measured
over time, such as tumor growth curves, repeat-
ed-measures ANOVA was used, followed by
Bonferroni’s post hoc test for multiple compari-
sons. A two-sided P value < 0.05 was consid-
ered statistically significant.

Results

Expression levels and clinical significance of
IL-:23 and METTL16 in tumor tissues

To elucidate the expression patterns and clini-
cal relevance of IL-23 in cancer, we conducted
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a systematic analysis across multiple tumor
types. Initial screening using the TIMER data-
base revealed elevated IL-23 expression in vari-
ous malignancies, particularly in colon adeno-
carcinoma (COAD) and lung cancers (Figure
1A). This was further validated via the UALCAN
platform, which conformed markedly higher
IL-23 mRNA levels in both COAD and lung
cancer specimens compared to their matched
normal counterparts (Figure 1C, 1D), suggest-
ing a pan-cancer overexpression pattern pre-
dominantly in epithelial-derived tumors. Stage-
stratified analysis demonstrated a progressive
increase in IL23A expression from normal tis-
sues (n = 41) through stages | to IV in COAD
(Figure 1E). Similar stage-associated upregula-
tion trends were observed in lung adenocarci-
noma (LUAD) and lung squamous cell carcino-
ma (LUSC) cohorts (Figure S1B). These findings
position IL23A as a potential biomarker for
tumor progression in COAD, LUAD, and LUSC.

Further analysis of the TCGA-COAD dataset
(41 normal vs. 471 tumor samples) reinforced
IL-23 overexpression in tumor tissues (Figure
1B). This finding was corroborated by data from
the GSE76987 dataset, which showed signi-
ficantly higher IL-23A levels in malignant tis-
sues compared to normal or precancerous
samples (Figure 1H). Immune infiltration analy-
sis revealed positive correlations between
IL23A expression and multiple immune cell
subsets in both COAD and LUAD, including B
cells, CD8* T cells, CD4* T cells, macrophages,
neutrophils, and dendritic cells (Figure S1A),
implicating a potential role of IL-23 in shaping
the tumor immune microenvironment. Clini-
cally, Kaplan-Meier analysis showed that
high IL-23A expression was significantly associ-
ated with reduced overall survival in LUAD
(Figure 1F), underscoring its prognostic rele-
vance and potential involvement in tumor
aggressiveness.

METTL16 has been a long-standing research
focus of our laboratory, and our previous stud-
ies have generated substantial preliminary evi-
dence showing that METTL16 is aberrantly
expressed across multiple tumor types and
closely associated with the tumor immune
microenvironment [29, 30]. To explore the epi-
genetic landscape associated with 1L-23 signal-
ing, we next characterized the expression pro-
file of METTL16. Analysis of TCGA-COAD data
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Figure 1. Expression levels and clinical significance of IL-23 in tumor tissues. A. Box plot analysis of IL23A expres-
sion across various cancer types using the TIMER database. Significantly elevated IL23A expression is observed in
tumor tissues compared to normal controls. Colorectal cancer (COAD) and lung cancers (LUAD, LUSC) are highlight-
ed in red boxes. B. Correlation analysis between IL23A expression and tumor purity in COAD, showing a significant
positive correlation (P < 0.0001). C. Box plots comparing IL23A expression in LUAD and LUSC tumor tissues versus
normal tissues. IL23A expression is significantly higher in tumors (P < 0.0001). D. IL23A expression in COAD strati-
fied by tissue type (normal, primary tumor, and metastatic tumor), showing significant upregulation in tumors (P <
0.0001). E. Stage-specific expression of IL23A in COAD, revealing progressive upregulation with advancing clinical
stage (P < 0.0001). F. Kaplan-Meier overall survival analysis of COAD patients stratified by IL23A expression levels.
High IL23A expression correlates with reduced overall survival (log-rank P = 0.0046). G. Scatter plot showing a
positive correlation between IL23A and METTL16 expression (R = 0.20, P = 4.2e-06). H. Box plot analysis of IL23A
expression in normal, hyperplastic, precancerous, and tumor tissues, showing significantly elevated levels in tumor
samples (P < 0.0001).
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indicated METTL16 overexpression in colorec-
tal tumor tissues (Figure S2A). Immune profiling
using the TIME2 database demonstrated that
METTL16 expression positively correlated with
immune cell infiltration, including B cells, CD8*
T cells, CD4* T cells, macrophages, neutrophils,
and dendritic cells (Figure S2B). UALCAN analy-
sis revealed a stage-dependent increase in
METTL16 mRNA expression from stage | to IV
(Figure S2C, S2D). The GSE76987 dataset also
showed increased METTL16 expression in
malignant versus precancerous/normal colon
tissues (Figure S2QG). Clinically, high METTL16
expression correlated with unfavorable overall
survival in COAD patients (Figure S2E). Previous
studies in pancreatic ductal adenocarcinoma
have also linked high METTL16 expression to
increased CD8" T-cell infiltration and immune
checkpoint expression, including PD-L1, sup-
porting a potential role for METTL16 in tumor
immune regulation [25, 31]. Consistent with
these findings, the positive correlation between
METTL16 and CD274 (Figure S2F) provided
a strong rationale for further investigation.
Notably, co-expression analysis showed a
strong positive correlation between IL-23A
and CD274 (encoding PD-L1) across tumor
samples (Figure 1G), implicating both IL-23 and
METTL16 in the modulation of immune check-
point pathways and tumor immune evasion.

IL-23 regulates METTL16 expression via STAT3-
dependent transcriptional activation

To elucidate the mechanism by which IL-23 reg-
ulates METTL16 expression, we performed a
series of in vitro experiments across multiple
tumor cell lines. IL-23 knockdown significantly
decreased METTL16 mRNA levels in A549 and
H1299 cells compared to negative controls
(NC) groups (Figure 2A). Conversely, recombi-
nant human IL-23 (rhlL-23) treatment induced
a dose-dependent upregulation of METTL16
MRNA in both cell lines (Figure 2B). Consisten-
tly, Western blot analyses conformed that rhliL-
23 elevated METTL16 protein levels, whereas
IL-23 silencing reduced its expression (Figure
2C, 2D), indicating a positive regulatory role of
IL-23 in METTL16 induction. These findings
were further validated in additional cancer cell
lines (Figure S3A, S3B).

Given the well-established role of STAT3 as a
downstream effector in IL-23 signaling [32, 33],
we next examined its involvement in METTL16
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regulation. As shown in Figure 2C, 2D, rhIL-23
stimulation increased p-STAT3 levels in a dose-
dependent manner, while IL-23 knockdown
diminished p-STAT3 expression, paralleling
changes in METTL16 expression. Notably,
PD-L1 protein levels also increased upon rhiL-
23 stimulation in a dose-dependent fashion,
consistent with the upregulation of METTL16.
Additionally, IL-23R protein expression was
similarly upregulated following rhiL-23 treat-
ment, suggesting a potential positive feedback
mechanism that may amplify IL-23 signaling.
Overexpression of STAT3 led to a marked
increase in METTL16 mRNA (Figure 2E) and
protein levels (Figures 2G, S3C), while STAT3
knockdown produced the opposite effects
(Figures 2F, 2H, S3D). Immunofluorescence
staining confirmed nuclear co-localization of
STAT3-METTL16 (Figure S3E). To further con-
firm direct transcriptional regulation, luciferase
reporter assays demonstrated that STAT3 over-
expression significantly enhanced METTL16
promoter activity (Figure 2l). ChIP-qPCR re-
vealed a strong enrichment of STAT3 at the
METTL16 promoter region (Primer 1), in con-
trast to 1gG controls (Figure 2J-L). Collectively,
these results establish STAT3 as a transcrip-
tional activator of METTL16 in response to
IL-23 signaling, and further reveal that IL-23
simultaneously upregulates PD-L1 and IL-23R
expression, potentially through both METTL16-
dependent and -independent pathways.

METTL16 regulates PD-L1 expression in tumor
cells

We next investigated whether METTL16 influ-
ences PD-L1 expression. Western blot analy-
ses demonstrated that METTL16 overexpres-
sion significantly elevated PD-L1 protein levels
in both lung and colon cancer cell lines, where-
as METTL16 knockdown led to a notable reduc-
tion in PD-L1 expression (Figure 3A, 3B, 3D,
3E). This regulatory relationship was confirmed
in additional cancer cell lines (Figure 3C), sup-
porting METTL16 as a positive regulator of
PD-L1. Flow cytometric analysis further corrob-
orated these findings, revealing elevated sur-
face PD-L1 levels in METTL16-overexpressing
cells across diverse cancer types, including
esophageal (KYSE-150), and breast (MDA-
MB-231) cancer cell lines (Figure 3F, 3G).

These findings collectively indicate that MET-
TL16 governs PD-L1 expression across multi-
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Figure 2. IL.-23 upregulates METTL16 expression via the JAK-STAT3 signaling pathway. A. qRT-PCR analysis of I.-23
and METTL16 mRNA levels in A549 and H1299 cells transfected with sill-23 or negative control (NC). Data are
presented as mean + SD (n = 3). ****P < 0.0001. B. Dose-dependent induction of METTL16 mRNA expression by
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J. Schematic representation of the METTL16 promoter with predicted STAT3 binding sites. K, L. ChIP-gPCR analysis
of STAT3 binding to the METTL16 promoter in A549 and H1299 cells. Data are shown as mean £ SD (n = 3). ****Pp
< 0.0001.

ple tumor types. The observed reduction of induction by rhiL-23 (Figures 2C, 2D, S3A, S3B),
PD-L1 following IL-23 silencing (silL-23) and its coupled with bioinformatic co-expression anal-
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yses of IL.-23 and PD-L1 (Figure 1G), position
METTL16 as a key mechanistic link between
IL-23 signaling and PD-L1 upregulation. Thus,
our data define the IL-23-METTL16-PD-L1 axis
as a crucial pathway mediating tumor immune
evasion and a potential target for immunother-
apeutic intervention.

METTL16 inhibits SPOP-mediated ubiquitina-
tion and degradation of PD-L1

To elucidate the molecular mechanism by whi-
ch METTL16 regulates PD-L1 expression, we
first examined public m6A-seq datasets
(GSE90914, GSE182607) to determine wheth-
er METTL16 modulates PD-L1 in an mo6A-
dependent manner. These datasets did not
support m6A modification of PD-L1 by MET-
TL16. Consistently, qPCR analysis revealed
that neither METTL16 knockdown nor overex-
pression significantly altered PD-L1 mRNA lev-
els (Figures 4A, S4A), indicating that PD-L1 is
regulated by METTL16 at a post-transcriptional
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level. Given that PD-L1 expression can be mod-
ulated through the ubiquitin-proteasome sys-
tem, we treated METTL16-deficient cells with
proteasome inhibitor MG132. This treatment
rescued the METTL16 knockdown-induced
reduction in PD-L1 protein levels (Figures 4B,
S4B), implicating enhanced proteasomal deg-
radation in the absence of METTL16. Protein
stability assays further confirmed that METTL16
depletion shortened the half-life of PD-L1
(Figures 4C, 4D, S4C, S4D), reinforcing the
notion of post-translational regulation. Co-IP
experiments verified a specific interaction
between METTL16 and PD-L1 (Figures 4E,
S4E).

Previous studies have established SPOP as a
key E3 ubiquitin ligase that directly interacts
with PD-L1 and promotes its K48-linked polyu-
biquitination and proteasomal degradation [34,
35]. Our group has also published several stud-
ies examining the functions and molecular
mechanisms of SPOP in cancer development
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Figure 4. METTL16 inhibits SPOP-mediated PD-L1 ubiquitination and degradation. A. gRT-PCR analysis of METTL16
and PD-L1 expression in NCI-H1299 cells transfected with METTL16 siRNA or EV (left), and with METTL16 over-
expression plasmid or EV (right). B. Western blot analysis of PD-L1 protein levels in NCI-H1299 and A549 cells
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and progression. This established expertise, uitination of PD-L1 (Figures 4G, S4G). A
together with prior evidence identifying SPOP METTL16-only control was included in 293T
as a major E3 ligase of PD-L1, provided a strong cells and showed no nonspecific signal (data
rationale for prioritizing SPOP in the present not shown). Our data indicate that METTL16
study [36-40]. Our results demonstrate that stabilizes PD-L1 by shielding it from SPOP-
METTL16 prevents SPOP-induced downregula- dependent ubiquitination and proteasomal
tion of PD-L1 (Figures 4F, S4F). Ubiquitination degradation. Collectively, these findings estab-
assays revealed that METTL16 overexpression lish a novel mechanism by which that METTL16
substantially attenuates SPOP-mediated ubig- stabilizes PD-L1 protein through direct binding,
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thereby sterically hindering SPOP access and
attenuating PD-L1 ubiquitination and subse-
quent degradation.

METTL16 facilitates tumor immune evasion in
Vivo

Previous studies reported that METTL16 down-
regulates PD-L1 and influences immune eva-
sion in colorectal cancer [24, 41]. To explore
the role of METTL16 in vivo function, we
employed subcutaneous tumor models using
CT26 and MC38 murine colon cancer cells
with METTL16 knockdown or overexpression
(Figure 5A). In the CT26 model, METTL16
knockdown significantly reduced tumor growth,
as reflected by reduced tumor volume and
weight compared to controls (Figure 5B-D).
Conversely, METTL16 overexpression acceler-
ated tumor growth (Figure S5A-C). METTL16
overexpression also led to shortened mouse
survival (Figure S5D). Similar results were
obtained in the MC38 model (Figure S5F-H).
Crucially, METTL16 failed to promote tumor
growth in immunodeficient nude mice (Eigure
S6A, S6B), establishing its immune-dependent
oncogenic function.

Analysis of the tumor immune microenviron-
ment revealed that METTL16 knockdown
increased infiltration of immune cells, particu-
larly CD4* and CD8* T cells (Figure 5E). Fur-
thermore, CD8* T cells from METTL16-deficient
tumors exhibited higher IFN-y and TNF-a pro-
duction, indicative of enhanced cytotoxic activ-
ity (Figure 5F). Conversely, METTL16 overex-
pression diminished CD8" T cell recruitment
and IFN-y secretion (Figure S5E, S5l, S5)J).
Splenic immune profiling showed elevated
CD8* T cell proportions in METTL16-knockdown
mice, without significant change in CD4* T cell
populations (Figure 5G). Collectively, these
findings demonstrate that METTL16 promotes
immune evasion by limiting cytotoxic T cell in-
filtration and function, thereby fostering an
immunosuppressive tumor microenvironment.
This underscores the role of METTL16 as a key
immune modulator and a potential target for
reversing tumor immune escape (Figure 6).

Discussion

Tumor immune evasion represents a funda-
mental mechanism in cancer progression,
allowing malignant cells to escape immune-
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mediated destruction and persist in the host
[42]. Among the key immune checkpoint path-
ways, the PD-1/PD-L1 axis plays a critical role
in suppressing antitumor immune responses
[43]. PD-L1, expressed on tumor cells, binds to
PD-1 receptors on T cells, leading to the inhibi-
tion of T-cell activation, proliferation, and cyto-
kine production, thereby facilitating immune
evasion [44, 45]. Although immune checkpoint
inhibitors targeting the PD-1/PD-L1 pathway
have revolutionized cancer treatment, both
intrinsic and acquired resistances remain a
major clinical obstacle. This underscores the
critical need to elucidate the upstream regula-
tory mechanisms of PD-L1 expression to uncov-
er novel therapeutic targets and enhance
immunotherapy efficacy.

IL-23 is a proinflammatory cytokine that has
emerged as an important modulator of tumor
immunology. Upon engaging its receptor IL-
23R, IL-23 activates the JAK-STAT signaling cas-
cade, predominantly through STAT3, to modu-
late downstream gene expression [4]. In addi-
tion to its well-established role in autoimmune
diseases such as psoriasis and Crohn’s dis-
ease, IL-23 promotes Th17 cell expansion and
stimulates the secretion of proinflammatory
cytokines including IL-17A, IL-22, and TNF-a.
Several biologics targeting IL-23 (e.g., uste-
kKinumab, guselkumab, risankizumab) have
received clinical approval for inflammatory dis-
orders [5]. Nevertheless, the precise mecha-
nisms by which IL-23 contributes to tumor
immune evasion in cancer remain incompletely
understood.

Concurrently, METTL16 has gained attention
as a multifunctional m6A methyltransferase
involved in RNA modification, gene expression
regulation, and cellular stress responses [41].
For example, Sun et al. revealed that lacty-
lation-modified METTL16 mediates FDX1 m6A
modification to promote cuproptosis in gastric
cancer [21]. Shi et al. identified that METTL16
regulates UBXN1 expression through both tran-
scriptional and post-transcriptional mecha-
nisms in gastric malignancies [46]. Despite
these emerging roles, contribution of METTL16
to tumor immune evasion and its interplay
with canonical immunosuppressive pathways,
such as PD-L1 signaling, has not been fully
elucidated.
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Figure 5. METTL16 promotes tumor immune evasion in vivo. (A) Schematic diagram illustrating the experimental
design for colon cancer xenograft modeling in BALB/c mice using METTL16 knockdown cells. (B) Representative
images of tumors excised from BALB/c mice (n = 10) subcutaneously injected with stable METTL16 knockdown or
control CT26 cells. (C, D) Quantification of tumor weight (C) and tumor volume (D) in control and METTL16 knock-
down groups. Data are presented as mean + SD. ****P < 0.0001 vs. control. (E) Flow cytometry analysis of tumor-
infiltrating immune cells (CD45*, CD3*, CD4*, and CD8") in tumors from METTL16 knockdown and control mice (n
=5). **P < 0.01, ***P < 0.001. (F) Proportion of IFN-y* and TNF-a* CD8* T cells in tumor samples, as assessed
by flow cytometry. *P < 0.05 vs. control. (G) Flow cytometry analysis of splenic immune cell subsets (CD45*, CD3*,
CD4*, CD8*) in METTL16 knockdown and control mice (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.

This study defines the IL-23/METTL16/PD-L1
axis as a novel regulatory pathway mediating
tumor immune evasion and highlights its poten-

3689

tial as a therapeutic target in cancer immuno-
therapy. Previous studies have reported critical
roles of METTL16 in colon cancer. Wang et al.
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Tumor cells

Figure 6. Schematic model depicting the I1L-23/STAT3/METTL16/PD-L1 axis
in tumor immune evasion. IL.-23 activates STAT3 to induce METTL16, which
stabilizes PD-L1 protein by blocking SPOP-mediated degradation, leading to

immune escape.

demonstrated that METTL16 overexpression
inhibits colon cancer cell growth and downregu-
lates PD-L1 expression in vitro, while enhanc-
ing T cell viability and reducing apoptosis in co-
culture systems, suggesting an anti-tumor
immune effect [24]. Wei et al. [47] and Li et
al. [48] identified METTL16 as an oncogenic
factor that promotes colon cancer progression
through SOGA1 upregulation via m6A-depen-
dent mechanisms. These discrepancies un-
derscore the context-specific functions of
METTL16, likely influenced by differences in
cell type, tumor microenvironment, and regula-
tory networks. Notably, both our study and the
previous investigations by Wang et al. [24]
examined the regulation of PD-L1 by METTL16,
but reported opposite regulatory effects. Wang
et al. showed that METTL16 negatively regu-
lates PD-L1 through m6A modification and
reduced PD-L1 mRNA stability. In contrast, our
study reveals that activation of the IL-23/STAT3
signaling pathway transcriptionally upregulates
METTL16, which subsequently stabilizes PD-
L1 protein through an m6A-independent post-
translational mechanism. Specifically, MET-
TL16 directly interacts with PD-L1 and inhibits
SPOP-mediated ubiquitination and degrada-
tion. This apparent discrepancy may reflect
differences in signaling context, as previous
studies were conducted largely under basal
culture conditions, whereas our study specifi-
cally investigated IL-23-driven inflammatory
signaling. Collectively, these findings indicate
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that METTL16-mediated regu-
lation of PD-L1 is highly con-
text dependent and may un-
dergo a functional switch
in response to microenviron-
mental inflammatory signals.
QOur in vitro and in vivo assa-
ys consistently demonstrated
that METTL16 upregulates
PD-L1 protein levels and pro-

Tumor microenvironment

CD8+ T cell

o motes immune escape. MET-
IFN-y TL16 knockdown not only in-
| ™Fa hibited tumor growth but also

GzmB

enhanced CD4* and CD8" T
cell infiltration and effector
cytokine production, whereas
overexpression impaired cyto-
toxic T cell recruitment and
accelerated tumor progres-
sion. These findings clarify
METTL16 as an immune eva-
sion factor and emphasize its context-depen-
dent function within the tumor microenviron-
ment. Although the present study demon-
strates that IL-23 upregulates METTL16 expres-
sion via the STAT3 signaling pathway and sub-
sequently stabilizes PD-L1 protein, whether
STAT3 directly binds to the METTL16 promoter
remains to be fully elucidated. Bioinformatics
analysis revealed several potential STAT3 bind-
ing sites within the METTL16 promoter region.
Consistent with this, we observed that IL-23
treatment induced STAT3 phosphorylation and
increased METTL16 expression, effects that
were abrogated by a STAT3 inhibitor. Collectively,
these findings suggest that STAT3 may directly
regulate METTL16 transcription. However, di-
rect evidence, such as ChIP-qPCR assays, is
still needed to confirm the physical interaction
between STAT3 and the METTL16 promoter.
Future studies employing ChIP-qgPCR will help
delineate the precise binding sites and their
dynamics upon IL-23 stimulation, thereby fur-
ther clarifying the transcriptional regulatory
mechanism of the IL-23/STAT3/METTL16 axis.

In summary, this work uncovers a previously
unrecognized 1L-23/STAT3/METTL16 axis that
stabilizes PD-L1 and enables tumor immune
escape. Targeting this pathway may offer a
novel strategy to overcome resistance to
PD-1/PD-L1 blockade and improve outcomes
in cancer immunotherapy. Future investiga-
tions should explore whether METTL16 similar-
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ly regulates other immune checkpoint proteins
and how its function varies across tumor types.
Additionally, given that this study was primarily
based on in vitro and murine models, further
validation using clinical samples is essential.
Elucidating the broader role of METTL16 in
tumor immunity will be critical for translating
these mechanistic insights into effective, clini-
cally actionable strategies.
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Figure S1. IL23A expression correlates with immune cell infiltration and tumor progression. A. Scatter plots showing
correlations between IL23A expression and the infiltration levels of immune cells - including B cells, CD8* T cells,
CD4* T cells, macrophages, neutrophils, and dendritic cells - in COAD, LUAD, and LUSC samples from the TIMER da-
tabase. Each plot includes Pearson correlation coefficients and p-values indicating significant associations. B. Box
plots illustrating IL23A expression in LUAD across clinical stages and in LUSC across histological subtypes. IL23A
expression increases with advancing tumor stage in LUAD and varies significantly among LUSC subtypes. Statistical
significance is indicated by p-values.
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Figure S2. Expression levels and clinical significance of METTL16 in tumor tissues. A. Scatter plot comparing MET-
TL16 expression in normal and tumor tissues across TCGA samples. Each point represents an individual sample;
red denotes tumor and blue denotes normal tissue. METTL16 expression is significantly higher in tumors. B. Cor-
relation analysis between METTL16 expression and immune cell infiltration levels in COAD. Scatter plots illustrate
relationships with B cells, CD8* T cells, CD4* T cells, macrophages, neutrophils, and dendritic cells. Correlation
coefficients (cor) and partial correlations (partial.cor) are provided. C. Box plot comparing METTL16 expression
in normal and tumor tissues from COAD samples. Expression is significantly elevated in tumors (P < 0.0001). D
Box plot showing METTL16 expression across cancer stages in COAD, with a trend of increased expression in later
stages. Statistical significance is denoted by p-values. E. Kaplan-Meier survival curve for COAD patients stratified by
METTL16 expression. High METTL16 levels correlate with poorer overall survival. Log-rank p-value and hazard ratio
(HR) are indicated. F. Scatter plot showing a significant positive correlation between METTL16 and IL23A expression
in COAD (R = 0.20, P = 4.2e-06). G. Box plot comparing METTL16 expression across sample types (normal, hyper-
plastic, precancerous, tumor). METTL16 levels are significantly elevated in tumor tissues (P < 0.0001).
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with O, 10, or 20 ng/mL rhlL-23 for 24 hours. B. Western blot analysis of METTL16, endogenous IL-23, STAT3, p-
STAT3, PD-L1, and Actin in HCT-116 and RKO cells transfected with silL.-23 or NC. C. Western blot showing METTL16,
PD-L1, Flag-STAT3, and Actin levels in HT-29 and HCT-116 cells transfected with EV or Flag-STAT3. D. Western blot
of METTL16, STAT3, PD-L1, and Actin in HT-29 and HCT-116 cells transfected with NC, siMETTL16, siSTAT3-1, or si-
STAT3-2. E. Immunofluorescence analysis of HCT-116 cells showing nuclear co-localization of METTL16 and STAT3.
DAPI stains nuclei (blue), and merged images indicate overlap.
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with METTL16 siRNA or NC. Cells were treated with cycloheximide (CHX, 20 ug/mL) for O, 4, 8, or 12 hours to assess
PD-L1 stability. (E) Immunoblot (IB) analysis of immunoprecipitates (IPs) and whole-cell lysates (WCLs) from HT-15
cells transfected with the indicated plasmids. MG132 (10 uM) was applied 6 h before harvesting. (F) IB analysis
of WCLs from HT-29 and HCT-116 cells transfected with the indicated plasmids to assess PD-L1 and SPOP expres-
sion. (G) Ubiquitination assay via IB of IPs and WCLs from HT-29 and HCT-116 cells transfected with the indicated
constructs. MG132 treatment (10 uM for 6 h) was applied prior to sample collection.
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Figure S5. METTL16 promotes tumor growth and immune evasion in vivo. A. CT26 cells overexpressing METTL16 or
EV were injected into BALB/cmice. Tumor volume was measured over 16 days. METTL16 significantly promoted tu-
mor growth (P < 0.0001). B. Tumor weights at endpoint confirmed increased tumor burden in the METTL16 group (P
< 0.0001). C. Representative images of tumors from EV and METTL16-overexpressing groups. D. Flow cytometry of
tumor-infiltrating CD8* T cells showing reduced abundance in METTL16-overexpressing tumors. E. IFN-y secretion by
CD8* T cells was significantly lower in METTL16-overexpressing tumors compared to control (P < 0.0001). F. MC38
cells transfected with EV or METTL16 overexpression plasmid were subcutaneously injected into C57BL/6 mice.
Tumor volume was monitored over 16 days. METTL16 significantly enhanced tumor growth (P < 0.0001). G. Tumor
weight data corroborated the increased growth in the METTL16 group (P < 0.0001). H. Representative tumor images
from EV and METTL16 groups. |. Kaplan-Meier survival analysis revealed significantly shorter survival in mice bear-
ing METTL16-overexpressing tumors (P = 0.0019). J. Flow cytometry analysis showed reduced infiltration of CD8* T
cells and suppressed cytokine secretion (TNF-&, IFN-y) in METTL16-overexpressing tumors (P < 0.0001 for IFN-y).
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Figure S6. METTL16 fails to promote tumor growth in immunodeficient nude mice. A. CT26 cells transfected with EV
or METTL16 were injected into BALB/c mice. Tumor volumes were measured over 15 days. METTL16 overexpres-
sion significantly increased tumor growth. Representative tumor images are shown. No significant difference in final
tumor weight was observed. B. MC38 cells overexpressing METTL16 or EV were injected into C57BL/6 mice. Tumor
volumes were recorded over 15 days. METTL16 significantly promoted tumor growth, although no significant differ-
ence in tumor weights was observed. Representative tumor images are shown.



