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1 | INTRODUCTION

Gastric cancer (GC) has become the sixth most com-
mon cancer worldwide, with an estimated 1,089,103 cases
and about 700,000 deaths by 2020 [1, 2]. GC develop-
ment is a complex process, including crosstalk between
genetic mutations, epigenetic modifications, metabolic
reprogramming, and microbiome [3]. In clinical prac-
tice, numerous therapy options for GC treatment have
been adopted, including surgery, chemotherapy, anti-
angiogenic therapy, and immunotherapy [4, 5]. However,
the 5-year survival rate of patients with GC is still lower
than 50% [6]. Thus, it is crucial to explore the mechanism
of GC development and identify novel targets for GC treat-
ment.

Pre-B-cell leukemia homeobox 1 (PBX1) interacts with
PREP1 or MEISI to form a dimer. The PREP1/MEISI-
PBX1 dimer translocates into the nucleus depending on the
nuclear localization signal (NLS) provided by PBX1 and
acts as a transcription factor (TF) [7]. In contrast, PBX1
is a cofactor of HOX proteins and regulates axial pattern-
ing [8]. The gene was first reported as an oncogene in
acute lymphoblastic leukemia, which gained the carcino-
genic effect of the t(1;19) juxtaposes, resulting in E2A and
PBX1 fusion [9]. Recent studies also found that a dominant-
negative Pbxl mutant, PbxINT, is required for the onco-
genic activity of HOXB7 in melanoma and breast adeno-
carcinoma [10]. In addition, PBX1 functions as an activated
TF that upregulates lipid metabolism genes in estrogen
receptor-negative breast cancer [11]. It has been reported
that the PBX1 protein level is elevated in the gastric mucosa
of GC patients with Helicobacter pylori (H. pylori) infec-
tion [12]. However, the mechanism underlying the change

chromatography-mass spectrometry were used to explore the biological function
of tetrahydrobiopterin (BHy).

Results: Knockdown of METTL3 suppressed xenograft tumor growth and
lung/lymph node metastasis in vivo. Mechanistically, we found that METTL3
combined with and stabilized PBX1 mRNAs. Chromatin immunoprecipitation
(ChIP) and further experiments suggested that PBX1 acted as a transcrip-
tion factor inducing GCHI1 expression. Moreover, the METTL3-PBX1-GCHI axis
increased BH, levels in GC cells, thereby promoting tumor progression.
Conclusions: This study suggested that METTL3 enzymes promote tumor
growth and lung/lymph node metastasis via METTL3-PBX1-GCH]1 axis increas-
ing BH4 levels in GC.
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in PBX1 levels remains unknown, and the biological sig-
nificance of upregulated PBX1 expression is yet to be
explored.

N6-methyladenosine (m®A) has been proven to be the
most abundant modification of RNA in eukaryotic cells
[13]. The m®A motifs regulate the stability, splicing, loca-
tion, and translation of the target RNA. This epigenetic
modification is reversible, installed by ‘writer’, proteins
and eliminated by ‘eraser’ proteins, such as ALKBH5
and FTO. METTL3, METTL14 and WTAP form the m°A
methyltransferase complex responsible for most m® A mod-
ifications. In recent years, METTL3 has been reported to
have a notable effect in different typical cancers, includ-
ing prostate [14], esophageal [15], and lung cancer [16].
In gastric adenocarcinoma, Wang et al. [17] reported that
METTLS3 stabilized HDFG mRNAs to affect the aerobic
glycolysis of GC cells. Other studies have shown that
ARHGAP5, a-smooth muscle actin and ZMYM1 are also
target genes of METTL3, affecting the biological behaviors
of a series of GCs [18-20]. These results indicate that the
biological effects of MEETL3 are diverse, depending on its
downstream genes.

Tetrahydrobiopterin (BH,), involved in endogenous syn-
thesis of GTP by GTP cyclohydrolase-1 (GCHL), is also
involved in the production of monoamine neurotransmit-
ters, in the generation of nitric oxide, and in the process of
pain by acting as an enzyme cofactor [21, 22]. BH, produc-
tion increases in T cells, which is vital for their prolifera-
tive ability and anti-tumor activity [23]. BH, induces lipid
remodeling in fibrosarcoma and protects cells from fer-
roptosis [24]. Specific inhibitors of BH, biosynthesis, such
as DAHP, SPRi3, and QM385 [23], have been designed,
and their efficiency has been widely proven [24]. Thus,
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understanding the role of BH, in GC has potential value
in pharmacology.

In the present study, we revealed an innovative m®A-
mediated PBX1-GCH1 pathway that regulates the biosyn-
thesis of BH,. These findings suggest that METTL3 and
BH, may be new targets for GC therapy.

2 | MATERIALS AND METHODS

2.1 | Patients and tissue specimens

Tumor and paired para-carcinoma tissues were collected
from 100 patients with GC, diagnosed at the First Affiliated
Hospital of Sun Yat-sen University (Guangzhou, Guang-
dong, China) between January 2011 and December 2016.
All patients were diagnosed with GC preoperatively and
underwent radical excision. Patients who died within three
months after surgery or had more than one primary tumor
been excluded. All tissue specimens were separated and
frozen at -80°C or formalin-fixed and paraffin-embedded.
Experienced pathologists from the First Affiliated Hospital
of Sun Yat-sen University reviewed the tissue sections. Eth-
ical approval for research on human subjects was obtained
from the Institutional Review Board of the First Affili-
ated Hospital of Sun Yat-sen University. Each participant
signed an informed consent form before participating in
the study.

2.2 | Celllines, cell culture, and
transfection

Human gastric cancer cell lines (AGS, MKN1, SGC7901,
and MGC803) were purchased from the Chinese Academy
of Sciences Shanghai Branch Cell Bank (Shanghai,
China). AGS cells were cultured in DMEM/F12 (Gibco,
ThermoFisher, Waltham, MA, USA) and MKN1, SGC7901,
and MGCS803 cells were cultured in RPMI-1640 (Gibco)
supplemented with 10% fetal bovine serum (FBS; Bio-
logical Industries, Israel) and 1% antibiotics (peni-
cillin/streptomycin, Gibco) at 37°C with 5% CO,. The cell
lines were tested for potential mycoplasma contamination
by PCR and confirmed mycoplasma-negative.

Drug treatments, such as STM2457 (MedChemExpress,
New Jersey, USA), were performed as previously described
[25]. Briefly, the cells were grown on 6 well culture plates
with 10% FBS medium 24 h before STM2457 treatment.
Then, STM2457 was added to the medium at a concentra-
tion of 10 umol/L.

According to the manufacturer’s instructions, siRNA
transfection was performed using Lipofectamine RNAI
Max (Invitrogen, Thermo Fisher Scientific, Inc., Waltham,

MA, USA). Briefly, siRNAs were diluted in the 100 uL Opti-
MEM (Gibco) at 5 nmol/L and mixed with 5 uL Lipo-
fectamine RNAi Max. After incubation at room temper-
ature for 20 min, the mixture was added to the cell cul-
ture medium, and the cells were collected after 48 h. The
sequences of specific siRNAs are listed in Supplementary
Table S1. Overexpression plasmids were constructed using
pEZ-Lv201 (iGene Biotechnology, Guangzhou, Guang-
dong, China), and the knockdown plasmids were con-
structed using LVRU6GP (iGene Biotechnology). All plas-
mids were constructed by iGene Biotechnology Co., Ltd.
Transfection of plasmids was performed using Lipofec-
tamine 3000 (Invitrogen). Briefly, 2 ug plasmids and 5 uL
Lipofectamine 3000 were diluted in 150 uL Opti-MEM
and 5 uL Lipofectamine 3000 were diluted in 150 uL
Opti-MEM. Then, the plasmids and Lipofectamine 3000
solution were mixed and incubated at room temperature
for 15 min. Finally, the mixture was added onto 6 well
plates, and cells were collected after 48-72 hours for further
studies.

2.3 | Animals and animal models

BALB/c male nude mice (5-6 weeks old) were purchased
from Specific Pathogen Free (Beijing) Biotechnology Co.,
Ltd. (Beijing, China) and maintained in specific pathogen-
free facilities. The Institutional Ethical Board approved
animal studies of the First Affiliated Hospital of Sun Yat-
sen University.

For tumor xenograft models, MGC803 cells (5x10°) with
METTL3 knockdown and negative control were subcuta-
neously injected into the right axilla of nude mice (n =
6 per group). Tumor volume was monitored every other
day (volume = length X width? x 1/2). When the largest
tumor diameter reached 1 cm, the mice were sacrificed via
a cervical dislocation manner. The tumors were weighed,
imaged, and fixed in 4% paraformaldehyde or frozen for
further analyses. To investigate the function of SPRi3,
xenograft models were first established using MGC803
cells overexpressing METTL3 and a blank control. After
one week, SPRi3 (300 mg/kg in 10 uL DMSO; Solarbio, Bei-
jing, China) was injected into the tumors, and an equal
volume of DMSO was injected as a negative control. The
injection was performed weekly until the mice were sac-
rificed after 8 weeks. The tumors were resected, pho-
tographed, and fixed in 4% paraformaldehyde for further
analysis.

For the lung metastasis model, MGC803 cells (luciferase
labeled, 1x10°%) with METTL3 knockdown and negative
control were injected intravenously into the tail vein of
nude mice. Six weeks after injection, fluorescein sodium
salt (Solarbio) was injected into the tail vein of the
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mice. The bioluminescence images were captured using
an IVIS Lumina II (Xenogen Corp., Alameda, Califor-
nia, USA). After 8 weeks, the mice were sacrificed by
cervical dislocation, and the lungs were resected, pho-
tographed, and fixed in 4% paraformaldehyde for further
analyses.

For the popliteal lymph node metastasis model,
MGC803 cells (Luciferase labeled, 1x10° in 20 uL PBS)
were injected into the left footpad of mice (twice in three
days). Six weeks after injection, fluorescein sodium salt
(Solarbio) was injected into the tail vein of the mice.
The bioluminescence images were captured using an
IVIS Lumina II (Xenogen Corp.). After 8 weeks, the
mice were sacrificed by cervical dislocation. The left legs’
footpad and popliteal lymph nodes were resected, pho-
tographed, and fixed in 4% paraformaldehyde for further
analysis.

2.4 | RNA extraction and real-time PCR
(gPCR) analysis

According to the manufacturer’s instructions, total RNA
was extracted from cells and tissues using RNAiso (Takara,
Kusatsu, Japan). Briefly, the cells in 6 well plates were
lysed in 500 uL. RNAiso on ice and then mixed with 200
uL chloroform(Baishi, Guangzhou, Guangdong, China).
After incubating for 10 min on ice, the mixture was cen-
trifuged at 12000 rpm for 15 min, and the chloroform was
collected. Next, 500 uL isopropanol (Baishi) was added to
the mixture and incubated for 10 minutes. After centrifuga-
tion at 12000 rpm for 10 min, the RNAs were placed at the
bottom of the tubes. Then, the RNA precipitate was washed
with 75% ethyl alcohol (Baishi) and diluted in diethyl pyro-
carbonate (DEPC) water (Takara).

As instructed, quantifications of specific RNA were
used SYBR® Green I (Accurate Biotechnology, Chang-
sha, Hunan, China). Briefly, 5 uL SYBR Green, 3 uL. DEPC
water, 1 ul primers and 1 ul cDNA were prepared for
each sample, and the qPCR protocol was run using a
LightCycler®) 480 II (Roche, Basel, Switzerland). The fold
change was calculated using the relative quantification
method (2724€). The qPCR primers used are listed in Sup-
plementary Table S2.

2.5 | Cell proliferation, colony formation,
migration, and invasion assays

The cells were seeded in 96-well plates at 1,000 cells per
well for the cell proliferation assays. Cell proliferation was
evaluated using 10% CCK-8 (SolarBio) diluted in standard
culture media for 2 h. Proliferation rates were determined

at 0, 24, 48, 72, and 96 h after seeding, and quantification
was performed on a microtiter plate reader (ALLSHENG,
Hangzhou, Zhejiang, China) measured at UV wavelength
(1) = 450 nm.

For colony formation assay, cells were seeded in 6-well
plates at a density of 500 cells/well. The cells were then
cultured in complete media for 4-6 weeks until the size
of a single colon reached 2-5 mm. Then the colonies were
fixed by 4% paraformaldehyde and stained by 1% leucocrys-
tal violet for 5 minutes.

For the cell migration and invasion transwell assays,
50,000 cells in 400 L media with 10% fetal bovine serum
were plated on the top chambers of Transwell Clear
Polyester Membrane Inserts (for the migration assay, Corn-
ing Costar, New York, USA) and BioCoat Matrigel Invasion
Chambers (for the invasion assay, Corning Costar), while
culture media with 10% FBS was applied to the bottom.
After 16-72 hours, migrated or invaded cells were stained
with crystal violet and counted under a microscope (Olym-
pus, Tokyo, Japan).

2.6 | mSA dot blot assay

The dot blot assay was performed according to an online
protocol (https://en.bio-protocol.org/e2095). Briefly, RNA
was isolated from cells as previously described and dena-
tured at 95°C for 2 min. Then, 2000 ng of mRNA was
spotted onto a Hybond-N* membrane (Cytiva, Shanghai,
China) and crosslinked by UV (4000 x 100 uJ/cm?, twice;
Spectronics, USA). The membrane was then washed and
incubated in blocking buffer (5% skim milk, EpiZyme,
Guangzhou, Guangdong, China) and then gently shaken
overnight with an anti-m°A antibody (synaptic system,
202003; Goettingen, Germany) at 4°C. The membrane
was then washed, incubated with an anti-mouse antibody
(EpiZyme), and washed again. Finally, the membrane was
exposed to Hyperfilm ECL (Thermo Fisher, Waltham, MA,
USA), and images were acquired using a ChemiDoc™
imaging system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Methylene blue (MB Solarbio) was used to interact
with mRNA and as a loading control.

2.7 | mfA-modified RNA
immunoprecipitation (Me-RIP) and RNA
immunoprecipitation (RIP)

Cells in 150 mm dishes were crosslinked by UV (4000
%X 100 ,uJ/cmZ, twice; Spectronics) and collected in PBS.
The RNA-m°A complexes were isolated using 0.5% NP-40
(Sigma-Aldrich, Merck Millipore, Darmstadt, Germany).
After pelleting DNA via centrifugation, the suspension was
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added to 5 ug anti-m°A (for Me-RIP, synaptic system), anti-
METTLS3 (for RIP, Proteintech), or anti-IgG (EpiZyme) and
incubated overnight at 4°C. Then, 40 uL protein A/G mag-
netic beads (Invitrogen, Thermo Fisher Scientific, Inc.)
were added to the mixture for 1 h, and the beads were col-
lected and washed twice with wash buffer (0.1% SDS and
0.5% NP-40 in PBS, Gibco). The RNA-m°A complex was
de-crosslinked by heating at 45°C for 1 h. Finally, RNAiso
(Takara) was added to the beads for RNA isolation. gPCR
measured the quantification of m°®A-enriched PBX1. The
enrichment percentage was calculated using the relative
quantification method: 2* (CTIP-CTinput).

2.8 | m6A-modified RNA
immunoprecipitation-sequencing
(MeRIP-seq)

For MeRIP-seq, the RNAs were purified by Spin Col-
umn RNA Cleanup & Concentration Kit (Sangon Biotech,
Shanghai, China). Total RNA was greater than 120 ug,
and the integrity and quantity of each RNA sample
were assessed using agarose gel electrophoresis and a
NanoDropTM instrument (ThermoFisher). According to
the manufacturer’s protocol, intact mRNA was first iso-
lated from total RNA samples using an Arraystar Seq-
StarTM poly(A) mRNA Isolation Kit (Aksomics, Shang-
hai, China). The isolated mRNA was chemically frag-
mented into 100-nucleotide-long fragments by incuba-
tion in fragmentation buffer (10 mmol/L Zn?* and 10
mmol/L Tris-HCI, pH 7.0), and the size of the fragmented
mRNA was confirmed using agarose gel electrophore-
sis. Then, m®A-methylated mRNAs were immunoprecip-
itated with an anti-N6-methyladenosine antibody (synap-
tic system), as previously described, and an aliquot of
the fragmented mRNAs was collected. The major proce-
dures included immunoprecipitation, washing, and elu-
tion. The eluted m°A mRNA fragments were then concen-
trated for RNA-seq library construction. A KAPA Stranded
mRNA-seq Kit (F. Hoffmann-La Roche Ltd, Grenzacher-
strasse, Basel, Switzerland) was used to create RNA-seq
libraries for m°A antibody-enriched and input mRNAs
(Ilumina, San Diego, CA, USA). The prepared libraries
were diluted to a final concentration of 8 pmol/L, and clus-
ters were generated on an Illumina cBot using a HiSeq
3000/4000 PE Cluster Kit (#PE-410-1001, Illumina), fol-
lowed by sequencing on an Illumina HiSeq 4000. Finally,
all reads were mapped to the human genome 19 using
BWA tools and annotated using miRBase version 21 (https:
//www.mirbase.org) and miRDeep2 (https://www.mdc-
berlin.de/8551903/en/). The data were analyzed using R
software (Free Software Foundation, Boston, MA, USA).

2.9 |
(ChIP)

Chromatin immunoprecipitation

The ChIP assay was performed using a ChIP assay kit
(SimpleChIP® Plus Sonication Chromatin IP Kit (#56383,
Cell Signaling Technology, MA, USA). Briefly, 5x10° GC
cells were fixed with 1% formaldehyde (Baishi), quenched
with glycine (#G8200, Solarbio) at room temperature, fol-
lowing which they were collected, washed, and resus-
pended in lysis buffer (Cell Signaling Technology). The
sonicated chromatin solution was immunoprecipitated
with anti-IgG (DIA-AN, Q6004; Wuhan, Hubei, China)
and anti-PBX1 (Abnova, HO0005087-M01; Tsukiji, Tokyo,
Japan). Immunoprecipitated DNA was purified by column
collection and analyzed by qPCR. The enrichment per-

centage was calculated using the relative quantification
method: ZCTChIP»CTinput.

2.10 | The bioinformatics analysis of
online database

We downloaded the clinical data from the database of The
Cancer Genome Atlas (TCGA) (https://cancergenome.nih.
gov/) and Genotype-Tissue Expression (GTEx) (https://
gtexportal.org/home/). The differentially expressed genes
were calculated in R version 4.1.2 with EdgeR package [26].
CHIPBbase v2.0 [27] and JASPAR database [28] were used
to identify potential downstream genes of transcription
factors. For CHIPBase analysis, target transcription fac-
tors were imported and the binding region was chosen as
“up/down 1000bp”. All the genes output from the database
were downloaded for further analysis. For JASPR database,
target transcription factors were selected and the sequence
of 1000bp upstream of potential downstream genes were
imported in “Scan” box. Relative profile score threshold
was 80%.

2.11 | Untargeted sequence of
metabolism

Novogene Co., Ltd. (Beijing, China) performed the untar-
geted metabolomics sequencing. Briefly, the samples were
placed in EP tubes and resuspended with prechilled 80%
methanol (Baishi) and 0.1% formic acid (Rhawn, Shang-
hai, China) by vortexing. The samples were then melted
on ice and washed for 30 s. After sonification for 6 min,
the samples were centrifuged at 5,000 rpm at 4°C for 1
min. The supernatant was freeze-dried and dissolved in
10% methanol. Finally, the solution was injected into the
Liquid Chromatography with tandem mass spectrometry
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(LC-MS-MS) system analysis (SCIEX Headquarters, Fram-
ingham, MA, USA).

2.12 | Enzyme-linked immunosorbent
assay (ELISA)

The NO levels in cells were detected by colorimetric
ELISA-like assay via the Nitric Oxide (NO) assay kit
(BioAssay Systems; Hayward, CA, USA) according to the
manufacturer’s instructions. Briefly, the cell lysis was
added in 96-well plates and incubated with antibody from
the kit. After washing the antibody away, reaction reagents
were added and the absorbancy at 1 = 405 mm was read.

2.13 | Statistical Analysis

Overall survival (OS) is defined as the interval between the
first radical resection to the date of death from any cause or
to the date of the last follow-up visit. And the Progression-
Free-Survival (PFS) is defined as the interval between the
first radical resection to the first disease progression or
death. Kaplan-Meier analysis was used to analyze the sur-
vival fraction.

All statistical values were calculated using Statistical
Product and Service Solutions (SPSS) 22.0 (Chicago, IL,
USA). Experimental studies were analyzed by indepen-
dent sample t-test to compare two groups and by one-
way ANOVA followed by post hoc Tukey’s test to compare
multiple groups. Kaplan-Meier analysis and log-rank tests
were used to evaluate differences in patient survival. The
Spearman rank correlation test was used to determine sta-
tistical correlations. Statistical significance was set at P <
0.05.

3 | RESULTS

3.1 | METTL3-mediated m°A
modification promotes GC malignant
progression

It has been conclusively demonstrated that METTL3
expression level was higher in GC tissues than in the adja-
cent normal gastric mucosa in the TCGA database and
clinical patient samples. Elevated METTL3 levels were
associated with worse long-term outcomes in GC patients
[17]. To examine whether the elevated METTL3 proteins
caused the outcome deterioration, we first detected the
basic METTL3 protein levels in GC cell lines (Supplemen-
tary Figure SIA) and selected the AGS and SGC7901 cell

lines with low METTL3 expression to construct METTL3
overexpressing cell models (Supplementary Figure S1B).
The proliferation, colony formation, migration, and inva-
sion abilities were significantly improved by METTL3
overexpression (Supplementary Figure S1C-E). In con-
trast, knockdown of METTL3 (Supplementary Figure
S2A) significantly suppressed the proliferation, colony
formation, migration, and invasion abilities of AGS,
MKN1, and MGC803 cells (Supplementary Figure S2B-D).
Considering the m®A catalytic ability and translation
enhancement effect of METTL3 protein, we used plas-
mids containing catalytically inhibited METTL3 (aa395-
398, DPPW—APPA), as previously reported [17], to trans-
fected GC cells (Supplementary Figure S3A and B). The
mC®A dot blot results showed that the catalytic mutant
did not affect the total RNA m°®A modification level.
At the same time, overexpression of wild type (WT) or
knockdown of METTL3 significantly influenced RNA m®A
levels (Supplementary Figure S3C). Moreover, catalyti-
cally inhibited METTL3 abolished METTL3 promoting
proliferation, colony formation, migration, and invasion
abilities (Supplementary Figure S3D-F). STM2457, a spe-
cific inhibitor of METTL3 transmethylation function, also
impaired METTL3-mediated proliferation, colony forma-
tion, migration, and invasion (Supplementary Figure S4).
Collectively, these results suggested that METTL3 pro-
moted GC proliferation, colony formation, migration, and
invasion in an m°®A-dependent manner.

Furthermore, the effect of METTL3 on proliferation and
metastasis in vivo was assessed. MGC803 cells treated
with METTL3 shRNAs (shM3#1 and shM3#2) or control
shRNAs (shNC) were employed. Compared to the negative
control, in xenograft models, cells with METTL3 knock-
down displayed significantly suppressed tumor growth,
both in tumor volume and weight (Figure 1A-C, Supple-
mentary Figure S5). IHC images showed that the pro-
liferation biomarker Ki67 was decreased upon METTL3
knockdown (Figure 1D). Additionally, knockdown of
METTLS3 significantly inhibited lung metastasis in vivo, as
reflected by bioluminescence imaging and H&E staining
(Figure 1E-G). As lymph node metastasis is the most com-
mon metastasis in GC, we established a footpad-popliteal
lymph node metastasis model to investigate the function
of METTL3 in lymph node metastasis (Figure 1H). Post
harvesting the popliteal lymph nodes after 8 weeks, the
lymph nodes from the mice with knockdown of METTL3
cells were smaller than those from negative controls
(Figure 11 and J). H&E staining revealed that lymph nodes
of METTL3 knockdown groups had a lower percentage
of GC metastasis (Figure 1K and L). These results sug-
gested that METTL3 promoted GC proliferation and inva-
sion both in vitro and in vivo.
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FIGURE 1 Knockdown of METTL3 suppressed tumor growth and lung/lymph node metastasis in vivo. (A-C) Image of xenograft tumor
samples (A) and their tumor volume (B) and tumor weight (C) derived from METTL3 knockdown and the negative control MGC803 cells. (D)
Representative H&E and THC images of METTL3 and Ki-67 expression in xenograft tumor tissues showed in Figure 1A-C. Scale bar: 200 yum.
(E) Representative bioluminescence images of mice, 8 weeks after tail vein injection of MGC803 cells with METTL3 knockdown or negative
control cells. (F) H&E staining of lung sections from mice with the injection of MGC803 cells with METTL3 knockdown or negative control
cells. Scale bars: 1.5 mm (upper panel) and 200 um (bottom panel). (G) Quantification of the metastatic nodes of lungs in Figure 1F. (H)
Representative images of popliteal lymph nodes metastasis and non-metastasis mice, 8 weeks after footpad injection with MGC803 cells. (I)
Image of popliteal lymph nodes of mice injection with METTL3 knockdown and the negative control MGC803 cells. (J) The volume of
popliteal lymph nodes in Figure 11. (K) H&E staining of popliteal lymph nodes in Figure 1I. Scale bars: 0.5 mm (upper panel) and 200 um
(bottom panel). (L) The percentage of metastasis and non-metastasis popliteal lymph nodes in mice with the injection of MGC803 cells with
METTL3 knockdown or negative control cells. The data are the mean +SEM of three independent experiments. *, P <0.05; **, P <0.01; ***, P
<0.001. Abbreviations: shNC, negative control of METTL3 knockdown; shM3, knockdown of METTL3; METTL3, methyltransferase 3; H&E,
hematoxylin-eosin staining; IHC, immunohistochemistry

3.2 | METTL3 regulates PBX1 mRNA
stability through m°A modification

scripts were lost, and 123 peaks were gained significantly
after METTL3 knockdown (Supplementary Figure S6D).
Since METTL3 is an m°®A writer, we focused on analyz-

To explore the molecular mechanism of METTL3 in GC
progression, we conducted MeRIP-seq combined with
RNA-seq. The MeRIP-seq showed that almost 50% of m°A
modification was located in the three prime untrans-
lated regions (3’-UTR) region and 25% in the five prime
untranslated regions (5-UTR; Supplementary Figure S6A
and B). Most of these peaks were read both in METTL3
knockdown and negative groups (negative control: 35133;
METTL3 knockdown: 33134). And the peaks were mapped
in 11755 and 11382 genes respectively (Supplementary
Figure S6C). Further analysis revealed that 604 m®A tran-

ing the genes with lost peaks on METTL3 knockdown.
On the other hand, RNA-seq revealed that the expression
of 969 genes changed more than 2-fold after the knock-
down of METTL3 in AGS cells (Supplementary Figure
S6E). We then combined the results of the two sequenc-
ing analyses and found that 7 genes overlapped (ZNF264,
SMUG]I, ZNF668, ZBTB43, ZNF445, PBX1, and ZNF324B;
Figure 2A, Supplementary Table S3).

To validate the downstream gene candidates, we used
gPCR to measure the mRNA levels of the 7 genes
mentioned above in METTL3 (both WT and mutant)
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overexpressed cells, METTL3 knockdown cells, and cor-
responding control cells. The results indicated that only
ZNF668 and PBXI1 transcription levels were significantly
downregulated upon METTL3 knockdown and upregu-
lated by elevated METTL3 levels but not influenced by
mutant METTL3 levels (Figure 2B, Supplementary Figure
S7A). Consistently, the protein level of PBX1 was pos-
itively correlated with METTL3 levels in GC cell lines
(Figure 2C, Supplementary Figure S7B), whereas mutant
METTL3 did not affect PBX1 levels (Supplementary Figure
S7C). Moreover, IHC staining of our previous xenograft
tumor samples showed that PBX1 expression was inhib-
ited by METTL3 knockdown (Figure 2D). However, pro-
tein levels of ZNF668 decreased only in MKN1 cells upon
METTL3 overexpression and increased only in SGC7901
cells upon METTL3 knockdown (Supplementary Figure
S7D and E). TCGA analysis also confirmed a positive cor-
relation between METTL3 and PBX1 in GC tissues (Sup-
plementary Figure S7F). These data suggested that PBX1,
but not ZNF668, may be directly regulated by METTL3.

MeRIP-seq revealed two m°®A peaks on the 5UTR and
3UTR of PBX1 mRNA that decreased upon METTL3
knockdown (Supplementary Figure S7G). Furthermore,
MeRIP analysis showed that PBX1 mRNA was signifi-
cantly enriched by METTL3 antibody, and the enrichment
was increased upon METTL3 overexpression (Figure 2E).
The MeRIP-qPCR analysis indicated that the m°A-specific
antibody significantly enriched the PBX1 mRNA, and the
mPA-specific enrichment was decreased significantly in
METTL3-knockdown AGS cells (Figure 2F). We employed
actinomycin D to block the RNA transcript of AGS cells
as m®A could regulate the stability of RNA targets. The
PBX1 mRNA degraded more rapidly upon METTL3 knock-
down and was highly stable in METTL3"!-overexpressing
AGS cells than those expressing METTL3™" (Figure 2G
and H). The IF images of GC tumor and paired adjuvant
normal samples confirmed that METTL3 and PBX1 had
higher levels in GC tissues than those in normal adju-
vant tissues (Figure 2I). We also investigated whether other
méA enzymes affected PBX1 levels. However, there was no
variation in PBX1 protein levels in ALKBH5 or METTL14
knockdown (Supplementary Figure S7H and I). These
findings indicated that METTL3-mediated mSA modifi-
cation regulated PBX1 levels by affecting PBX1 mRNA
stability.

3.3 | METTL3 promotes GC malignant
process by elevating PBX1 expression

Both PBX1 and ZNF668 are characteristic oncogenes in
some cancer types, but the biological functions of these two
genes have not been determined in GC. We explored the

RNA profile data of GC patients in the TCGA database.
The statistical results showed that patients with higher
expression levels of PBX1 or ZNF668 had worse overall
and progression-free survival (Figure 3A, Supplementary
Figure S8A and B). However, we combined the RNA pro-
file data in TCGA and GTEx databases and found no dif-
ferences between tumor and normal tissues on PBX1 and
ZNF668 mRNA levels (Supplementary Figure S8C). Next,
we used two specific siRNAs to inhibit PBX1 and ZNF668
in AGS cell lines. On PBX1 knockdown (Supplementary
Figure S8D and E), proliferation viability was significantly
suppressed (Figure 3B), and migration and invasion abil-
ities were severely impaired (Figure 3C, Supplementary
Figure S8F). However, the knockdown of ZNF668 had the
opposite effect on the proliferation, migration, and inva-
sion ability of AGS cells (Supplementary Figure S8G-I).
These results suggested that PBX1, but not ZNF668, was a
potential oncogene in GC and may be a downstream gene
of METTL3 in GC progression.

Moreover, we used siRNAs to target PBX1 in AGS
and MKNI1 cells overexpressing METTL3 and quantified
PBXI1 protein levels by western blotting (Figure 3D, Sup-
plementary Figure S9A). Knockdown of PBX1 dramati-
cally inhibited the elevation of proliferation, migration,
and invasion ability promoted by METTL3 overexpres-
sion (Figure 3E and F, Supplementary Figure S9B-D). Cor-
respondingly, overexpression of PBX1 rescued the pro-
liferation, migration, and invasion ability of METTL3-
knockdown AGS cells (Figure 3G-I, Supplementary Figure
S9E). These results indicated that PBX1 was a target
gene of METTL3 that regulated the malignant process
of GC.

3.4 | PBX1 acts as a TF to induce GCH1
expression in GC

To comprehensively understand the function of PBX1
in GC development, we performed RNA-seq analysis in
PBXl-overexpressing and negative control AGS cells, to
explore the different genes. The data revealed that a series
of pathways related to proliferation and metastasis, such
as cell cycle, microtubule-based process, and DNA repli-
cation, were remarkably altered upon PBX1 overexpres-
sion (Supplementary Figure S10A and B). The molecu-
lar mechanism by which PBX1 promoted GC develop-
ment was then investigated. Given that PBX1 acts as a
TF in some cancer types, such as colorectal cancer [29],
breast cancer [30], and acute lymphoblastic leukemia [31],
we reviewed the CHIP-seq data of cells from colorec-
tal and breast cancer in the CHIPBase database (http:
//rna.sysu.edu.cn/chipbase3/index.php) to explore poten-
tial downstream genes of PBX1. The detected DNA frag-
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mC®A-mediated PBX1-regulated GC cells proliferation and metastasis. (A) Kaplan-Meier survival curves of OS and PFS based

on PBX1 expression in TCGA database using the online bioinformatics tool Kaplan-Meier Plotter. (B) CCK-8 assays revealed knockdown of
PBX1 with siRNAs inhibited proliferation ability of GC cells. (C) Knockdown of PBX1 in GC cells suppressed migration and invasion ability as
indicated by transwell assay. Cell numbers per field were calculated representatively. (D) PBX1 protein level was increased following METTL3
overexpression and was rescued by PBX1 siRNAs. The protein levels were measured by western blotting assay (left panel), and the grayscale
was measured by ImageJ software. (E) CCK-8 assay showed that the proliferation ability increased on METTL3 overexpression, and this effect
was rescued by PBX1 knockdown. (F) Quantification of migration and invasion cells on METTL3 overexpression transfected with PBX1
siRNAs or the negative controls in transwell assays. (G) PBX1-overexpressed plasmids were transfected into METTL3-knockdown AGS cells
and the corresponding controls. Western blotting analysis revealed the expression efficiency (left panel), and the grayscale was measured by
Image]J software. (H-I) CCK-8 and transwell assay revealed that PBX1 overexpression rescued the suppression of proliferation (H), migration,
and invasion (I) caused by METTL3 knockdown. The data are presented as mean + SEM of three independent experiments. *, P <0.05; **, P
<0.01; ***, P <0.001. Abbreviations: OS, overall survival; PFS, progression-free survival; TCGA, The Cancer Genome Atlas Program; CCK-8,
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ments were mapped onto 103 gene promoter regions in
colorectal cancer and 3907 genes in breast cancer (Sup-
plementary Table S4). The Venn diagram showed that 35
genes were enriched in both cancer types (Supplementary

Figure S10C).

Furthermore, we compared the expression levels of the
35 genes mentioned above in GC and normal tissues in the

TCGA database and found that only 23 genes had higher
expression levels in GC (Supplementary Figure S10D).
Among these genes, GCHI1 was reported to be the first rate-
limiting enzyme of BH, biosynthesis. BH, controls cell
proliferation in liver [32] and colon cancer [33]. Thus, we
wondered whether the METTL3-PBX1 axis could regulate

GCHI expression.
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Accordingly, we then collected 10 tumor tissues and
adjacent normal tissues of patients with GC. Western blot-
ting showed that METTL3, PBX1, and GCH1 protein levels
were increased in most tumor tissues (Figure 4A). Next,
we determined the relationship between the expression
levels of METTL3, PBX1, and GCHI1 in GC cell lines. The
results showed that METTL3 dramatically induced the
mRNA and protein levels of GCHI in an m®A-dependent
manner (Figure 4B, Supplementary Figure S10E). In con-
trast, knockdown of METTL3 in AGS and MKNI1 cells
markedly suppressed GCH1 levels (Figure 4C and D). After
treatment with specific siRNA of PBX1, GCH1 was sig-
nificantly decreased (Supplementary Figure SI0F). More-
over, the catalytic inhibition of METTL3 by STM2457
significantly decreased PBX1 and GCHI1 protein levels
in a time-dependent manner (Figure 4E). Clinical spec-
imens demonstrated higher protein levels of METTL3
and GCHI in GC than those in normal adjuvant tissues
(Figure 4F). These results suggested that the METTL3-
PBX1 axis induced GCH1 expression in GC.

To test whether GCH1 was regulated by PBX1 directly,
we used specific siRNAs to block PBX1 expression in
AGS cells and found that knockdown of PBXI1 elimi-
nated the promoting effect of METTL3 on GCH1 expres-
sion (Figure 4G, Supplementary Figure S10G). To explore
the transcription mechanism of PBX1, JASPR online tools
were used to predict the direct interaction sites between
PBX1 and the GCHI promoter region, which exhibited the
likely domain with which the PBX1 protein may combined
(Supplementary Figure S10H). Comparing the results from
JASPR and CHIPBase, the binding site was suggested to
be located approximately 500 bp upstream of the tran-
scription start site (TSS) of GCHI. Next, the ChIP assay
indicated that the PBX1 antibody significantly enriched
the GCHI promoter region, while the negative IgG had
no such enrichment effect (Figure 4H). These results sug-
gested that PBX1 acted as a TF to induce GCH1 expression,
and therefore, GCH1 was the direct downstream gene of
the METTL3-PBXI1 axis.

3.5 | BH, is the effector molecule of the
METTL3-PBX1-GCH1 pathway

As GCH1 was the first rate-limiting enzyme of BH,
biosynthesis [24] (Figure 5A), we measured the BH, lev-
els in the lysates of cells with overexpression or knock-
down of METTL3. BH, expression was downregulated
by METTL3 knockdown and upregulated by METTL3WVT
overexpression, similar to GCH1 expression; however, it
did not change in the cells with METTL3™" transfection
(Figure 5B and C). In addition, the knockdown of PBX1
downregulated the intracellular BH, levels (Figure 5D).

The results suggested that METTL3-PBX1 mediated GCH1
protein-regulated BH, biosynthesis in GC cells.

To explore the potential mechanism by which BH,
promotes GC progression, artificial BH, analogues
(sapropterin dihydrochloride) were added to the AGS
cell medium. LC-MS showed that the levels of deriva-
tives of BH,, such as biopterin and 7,8-dihydropterin,
increased markedly (Supplementary Figure S11A), which
conformed to the cell membrane permeability of artificial
BH,. RNA-seq revealed that the expression profiles were
completely discrepant in BHy-treated cells (Supplemen-
tary Figure S11B). GO analysis also showed that the cell
cycle and metabolic processes were significantly enriched
in BH4-treated cells (Figure 5E, Supplementary Figure
S11C). These data suggested that BH, had a remarkable
biological effect on GC cells.

BH, is a cofactor of nitric oxide synthase (NOS) for NO
production. We measured the expression levels of NOS1-
3 and NO levels in METTL3 overexpressed or knockdown
cells. RT-qPCR revealed that only NOS2 was elevated upon
METTL3 overexpression (Figure 5F), whereas NOS1 could
not be detected in GC cells (data not shown). However,
ELISA of NO production showed that cellular NO levels
were unchanged (Figure 5G). Knockdown of METTLS3 led
to a decrease in NOS2-3, while NO levels slightly increased
(Figure 5H and I) and BH, did not affect NOS or NO lev-
els (Figure 5] and K). These results suggested that BH,
could not regulate GC progression through NO synthases.
Previous studies have shown that BH, regulates cellular
metabolic processes depending on its antioxidant charac-
teristics [24]. Therefore, untargeted metabolomic sequenc-
ing was performed to verify the metabolism variance in
BH,-treated AGS cells. A total of 1097 metabolites were
annotated and catalyzed into different categories, such
as benzenoids, nucleosides, nucleotides, analogues, lipids,
and lipid-like molecules (Supplementary Figure S11D). It
was shown that 22 of the mapped metabolites were down-
regulated and 49 were upregulated upon BH, treatment
(Figure 5L). Consistent with the GO analysis of RNA-seq,
the different metabolites included some types of nucleic
acids and aromatic amino acids. However, the identifica-
tion of metabolite functions is still incomplete, and our
group will continue to investigate the significance of these
metabolites in the future. Collectively, these data suggested
that BH, was the effector molecule of the METTL3-PBX1-
GCH]1 axis.

3.6 | METTL3-PBX1-GCH]1 axis increases
BH,-induced GC progression

Finally, we investigated whether BH, promoted GC pro-
gression in vitro and in vivo. According to the CCK-8 and
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transwell analysis, the proliferation, migration, and inva-
sion abilities of AGS cells were dramatically enhanced
by BH, supplementation and restored the proliferation
and metastasis defects caused by METTL3 knockdown
(Figure 6A and B, Supplementary Figure S12A). In con-
trast, SPRi3, a small-molecule inhibitor of BH, synthesis,
severely impaired cell proliferation, migration, and inva-
sion abilities (Supplementary Figure S12B and C) and abol-
ished the promoting effect of proliferation, migration, and
invasion caused by METTL3 overexpression (Figure 6C
and D, Supplementary Figure S12D). A xenograft model
was used to verify the suppressive effect of SPRi3 on pro-
liferation. The results showed that SPRi3 abolished the
promoting effect of METTL3 on tumor growth (Figure 6E
and F, Supplementary Figure S12E). In summary, BH,
biosynthesis, induced via the METTL3-PBX1-GCHI axis,
promoted GC progression in vitro and in vivo.

To determine the mechanism in real GC patients, we
measured BH, levels and found the levels to be signif-
icantly higher in GC than in normal adjuvant tissues
(Figure 6G). We also collected tumor specimens from 117
GC patients at our clinical center with complete follow-up
for 5years. IHC staining was performed on METTL3, PBX1,
and GCH1 proteins, and Kaplan-Meier analysis confirmed
that these genes indicated a poorer OS of the patients
(Figure 6H). Pearson tests revealed that there were positive
correlations between METTL3, PBX1, and GCH1 (METTL3
vs. PBX1, r=0.278, P=0.0024; METTL3 vs. GCH1, r = 0.175,
P = 0.05; PBX1 vs. GCH1, r = 0.38, P <0.001). These data
suggested that the METTL3-PBX1-GCH1 axis had worse
outcomes in GC patients.

4 | DISCUSSION

METTL3 is the most critical methyltransferase protein
and forms a catalytic compound core with METTLI14 [34].
Overexpression of METTL3 has been reported in vari-
ous cancer types that promote cancer progression, initi-
ation, and drug resistance [35-37]. In contrast, evidence
has shown that METTL3 acts as a cancer suppressor in
glioblastoma and bladder cancer [38, 39]. Furthermore,
the demethylation proteins ALKBH5 and FTO have onco-
gene and anti-oncogene functions in some cancer cases

[40-45]. These studies indicate that although METTL3 and
ALKBHS5/FTO oppositely regulate the m°A modification
abundance of RNAs, the biological significance of m°A is
much more dependent on the effector genes themselves.
In GC tissues, Wang et al. [17] showed that METTL3 stabi-
lizes HDGF mRNA to regulate energy metabolism by acti-
vating GLUT4 and NEO2. Other genes, such as ZMYMI
and SEC62, have also been identified as target genes reg-
ulated by METTL3, promoting GC progression [20, 46].
However, all these findings had no further exploration
for clinical practice, because of the absence of specific
inhibitors of the downstream pathway. On the other hand,
STM2457 has been reported to be a molecular inhibitor of
METTLS3 [25]. Identifying METTL3-mediated genes is vital
for patient selection with STM2457 application in clinical
practice. In the present study, we identified the promot-
ing effect of METTL3 on GC progression both in vitro and
in vivo. Mechanistically, METTL3-mediated mP®A modifi-
cation stabilized PBX1 mRNA expression. PBX1, having
elevated levels, acts as a TF that induces transcription of
GCHLI, the first rate-limiting enzyme in BH, biosynthesis,
and increases BH, levels in GC cells and promotes GC
progression (Figure 6I). Remarkably, BH, synthesis had a
specific inhibitor, SPRi3, and the anti-tumor effect of the
inhibitor had been identified by our group in vivo.

A previous study reported that PBX1 levels increased
in the GC mucosa after H. pylori infection [12]. Increased
PBX1 level was reported to negatively regulate Cx32 expres-
sion, which is associated with H. pylori-related gastric
carcinogenesis, indicating that PBX1 may have a poten-
tial role in GC oncogenesis [47]. Additionally, the inter-
acting protein of PBX1, HPIP, can induce the cell cycle
and Epithelial-mesenchymal transition (EMT) pathway
in GC cells and promote GC progression [48]. However,
the molecular mechanism of PBX1 overexpression and
its oncogenic function remain unclear. The present study
found that PBX1 mRNA is stabilized by METTL3-mediated
mCA modification. We identified PBX1 as a new oncogene
that promotes the proliferation and metastasis of GC cells.
In vitro and in vivo studies have indicated that METTL3-
mediated PBX1 expression regulates GC proliferation and
metastasis. Subsequently, as PBX1 is a well-known TF,
we used ChIP-qPCR analysis to confirm the interac-
tion between PBX1 and the GCHI promoter region. The

PBX1 knockdown and negative control. (E) GO analysis of different genes in BH,-treated AGS cells. (F) mRNA levels of NOS2-3 in METTL3
overexpressed AGS cells and corresponding controls, as measured by qPCR. (G) ELISA quantified the NO levels of cell lysis solution in AGS
cells overexpressing METTL3 (normalized by total protein). (H-I) mRNA levels of NOS2-3 (H) and NO levels (I) in METTL3 knockdown AGS
cells and corresponding controls. (J) mRNA levels of NOS2-3 in AGS cells treated with BH, or distilled deionized water (blank), as measured
via qPCR. (K) ELISA quantified the NO levels in AGS cells treated with BH, or blank. (L) The volcano plot showed the different metabolites
of AGS cells on BH, treated. The data are presented as mean + SEM of three independent experiments. *, P <0.05; **, P <0.01; ***, P <0.001;
ns, not significant. Abbreviations: BH,, tetrahydrobiopterin; SPRi3, SPR inhibitor 3; NOS, nitric oxide synthase; NO, nitric oxide; ELISA,

enzyme-linked immunosorbent assay
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clinical tissues and cell samples showed a positive corre-
lation between METTL3, PBX1, and GCHI protein levels.

GCH1 is the first rate-limiting enzyme in BH, biosynthe-
sis [24]. BH, acts as a cofactor of enzymes affecting the pro-
duction of monoamine neurotransmitters and nitric oxide
and enzymes affecting pain conduction [21, 22]. Recent
studies have shown that BH, has biological significance in
cancer immune reactions and malignant progression [23,
24, 49]. Kynurenine levels are elevated in the GC initiation
process, but its downstream metabolite, xanthurenic acid,
is a potent inhibitor of a terminal enzyme in the synthetic
pathway of BH, [50]; ELISA analysis of GC samples from
our clinical center revealed that BH, level was increased
in tumor tissues. Artificial BH, administration improved
proliferation and metastasis in vitro, while administration
of SPRi3 (an inhibitor of BH, synthesis) had the opposite
effect. These results indicate that the m6A-mediated PBX1-
GCHI axis regulates BH, biosynthesis in GC cells, leading
to a malignant process. According to our findings, endocel-
lular NO levels were difficult to detect, and METTL3 did
not affect NOS levels.

Furthermore, nitric oxide (NO) levels did not change
after BH, or SPRi3 treatment. Collectively, the promot-
ing effect of BH, in GC may not depend on the NO syn-
thesis pathway. In contrast, BH, can work as an antiox-
idant that influences lipid metabolism or participates in
the one-carbon metabolism pathway [24, 51]. Finally, we
performed an untargeted metabolomics sequence analy-
sis to preliminarily explore metabolite transformation in
BH, treatment. The data indicated that upon the addition
of BH,, the abundance of metabolites, including lipids,
amino acids, and nucleotides, was altered in GC cells.

Our study reveals the promoting effect of PBX1 and BH,
in GC development and proposes the m®A-mediated PBX1-
GCHI pathway to regulate BH, synthesis. Moreover, we
suggest that STM2457, an inhibitor of METTL3, and SPRi3,
which impairs BH, biosynthesis, may be valuable in GC
therapy. However, there is still a lack of evidence in this
study. First, we did not detect the safety and efficiency
of STM2457 or SPRi3 in vivo. Second, the mechanism
and biological significance of metabolism remodeling
induced by BH, are yet to be explored in our subsequent
studies.

5 | CONCLUSIONS

Our data revealed that METTL3 regulates the expression
of potential oncogene PBXI in an m°®A-dependent manner.
Moreover, PBX1 plays a role in elevating GCHI expression.
The METTL3-PBX1-GCH1 axis controls the synthesis of
BH, and promotes the proliferation, migration, and inva-
sion of GC cells. Therefore, targeting the METTL3-PBX1-

GCHI1 axis may be a potential strategy for facilitating GC-
targeted therapy.
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