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Targeting m7G-enriched circKkDM1A prevents ==
colorectal cancer progression
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Chengzeng Wang®*®

Abstract

Plenty of circRNAs have been reported to play an important role in colorectal cancer (CRC), while the reason

of abnormal circRNA expression in cancer still keep elusive. Here, we found that m7G RNA modifications were
enriched in some circRNAs, these m7G modifications in circRNAs were catalyzed by METTL1, and the GG motif was
the main site preference for m7G modifications in circRNAs. We further confirmed that METTL1 played a cancer-
promoting role in CRC. We then screened a highly expressed circRNA, called circKDM1A, and found that METTLT
prevented the degradation of circkDM1A by m7G modification. CirckDM1A was further verified to promote
proliferation, invasion and migration of CRC in vivo and in vitro. Its cancer-promoting ability was weakened after
the m7G site mutation. CircKkDM1A was verified to activate AKT pathway by upregulating PDK1, consequently
promoting CRC progression. These results suggest that m7G-modified circRNA promotes CRC progression via
activating AKT pathway. Our study uncovers an essential physiological function and mechanism of METTL1-
mediated m7G modification in the regulation of circRNA stability and cancer progression.
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Introduction
Colorectal cancer (CRC) is the most common clinical
malignant tumor of the digestive system, ranking fourth
among cancers in incidence and second in mortality
worldwide [1]. The occurrence and development of can-
cer is a complex process, and many problems remain
to be solved. Therefore, we also need to explore more
deeper molecular mechanisms of CRC development.

More than 100 different types of post-synthetic modi-
fications have been shown to exist on RNA, including
m6A, m5C, m7G [2]. It is currently reported that RNA
modification affects the stability of mRNA and tRNA
and affects RNA metabolism. For example, when m6A-
containing mRNA is recognized by YTHDEF2, the mRNA
is rapidly degraded through the deadenylation pathway
or the endoribonucleolytic pathway [3, 4]. When m6A
is present at the 5’ end of mRNA, it blocks its access to
DCP2, thereby stabilizing the mRNA [5]. m7G interacts
with C13-G22 in the D-loop to stabilize the tRNA tertiary
structure, and the lack of m7G is associated with rapid
tRNA decay and expression changes [6]. m6A modifica-
tion is the most prevalent RNA modification in various
types of RNA, including circRNA. The main functions
of m6A modification of circRNAs in tumors include: (1)
mediating the biogenesis of circRNA [7-9]; (2) maintain-
ing the stability of circRNA [10, 11]; (3) promoting the
cytoplasmic localization of circRNA [12].

m7G is one of the most prevalent modifications occur-
ring in tRNA variable loops and is regulated by the human
METTL1-WDR4 complex. As the “writer” of m7G,
METTLI1 is significantly overexpressed in AML, intra-
hepatic cholangiocarcinoma, hepatocellular carcinoma,
bladder cancer, lung cancer and nasopharyngeal can-
cer and promotes tumor development, including affect-
ing methylation levels of tRNA and tumor-related genes
stability, cancer cell signaling pathways and other regu-
latory mechanisms [13—17]. Circular RNA (circRNA) is
described as a type of end-to-end, single-stranded closed
circular RNA molecule with high stability, conservation,
and tissue expression specificity. Studies have shown that
a variety of circRNAs can regulate tumor development,
and the most studied ones are the regulation of tumor
cells. Although both m7G modification and circRNA play
an important role in promoting cancer, whether circRNA
contains m7G modification and the other correlations
between the two are still unclear, which requires further
study. Here, we focused on the role of m7G-modified cir-
cRNA to explore its effect in CRC progression and the
potential regulatory mechanism, which proved a new
sight for targeted therapy for CRC.
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Highlights

+ A large number of m7G modifications were enriched
on circRNA.

+ Oncogenic METTL1 enhances circKDM1A stability
via GG motif-dependent m7G modification.

+ M7G modification increases the oncogenicity of
circKDM1A in CRC.

+ M7G-modified circKDM1A activates the AKT
pathway via upregulating PDK1.

Methods

Patient tissue specimens and cell lines

Tissue from CRC patients were obtained from the First
Affiliated Hospital of Zhengzhou University. A CRC tis-
sue cDNA chip was obtained from Shanghai Outdo Bio-
tech (Shanghai, China). All patients signed informed
consent forms, and the protocols were approved by
the Ethics Committee of the First Affiliated Hospital
of Zhengzhou University (2019-KY-423) and Shang-
hai Outdo Biotech (YB M-05-02). HCT116 cells were
obtained from the Shanghai Cell Bank of Chinese Acad-
emy of Sciences (Shanghai, China). SW480 cells and
Human embryonic kidney 293T cells (293T cells) were
generous gifts from the Biotherapy Center of the First
Affiliated Hospital of Zhengzhou University. HCT116
cells and SW480 cells were cultured in high-glucose
DMEM (Gibco, Carlsbad, CA, USA), 293T cells were cul-
tured in RPMI 1640 (Gibco, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (Clark Bioscience,
Richmond, VA, USA) at 37 ‘C and 5% CO,,.

M7G-RIP sequencing

The m7G-IP-Seq service was provided by CloudSeq Inc.
(Shanghai, China). Total RNA from HCT116 cells was
collected and processed using RNase R digestion. RNase
R, an exonuclease, recognizes and binds to the 3’ end of
RNA molecules to degrade linear RNA and enrich cir-
cRNA, which lacks free 3’ or 5’ ends due to its closed
loop structure. mRNA was then further isolated using
oligo(dT) magnetic beads (ThermoFisher). Immunopre-
cipitation was performed according to the instructions
of GenSeqTM m7G-IP kit (GenSeq Inc., China). RNA
libraries for IP and input samples were then constructed
with NEBNext® Ultra II Directional RNA Library Prep
Kit (New England Biolabs, Inc., USA) by following the
manufacturer’s instructions. Libraries were qualified
using Agilent 2100 bioanalyzer and then sequenced in a
NovaSeq platform (Illumina). Briefly, Paired-end reads
were harvested from Illumina NovaSeq 6000 sequencer,
and were quality controlled by Q30. After 3’adaptor-
trimming and low-quality reads removing by cutadapt
software (v1.9.3). First, clean reads of input libraries were
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aligned to reference genome (UCSC HG38) by STAR
software. Then circRNAs were identified by DCC soft-
ware using the STAR alignment results. After that, clean
reads of all libraries were aligned to the reference genome
by Hisat2 software (v2.0.4). Methylated sites on RNAs
(peaks) were identified by MACS software. Differentially
methylated sites were identified by diffReps. These peaks
identified by both softwares overlapping with exons of
mRNA, LncRNA and circRNA were figured out and cho-
sen by home-made scripts. GO and Pathway enrichment
analysis were performed by the differentially methylated
protein coding genes, the associated genes of differen-
tially methylated LncRNAs and the source genes of dif-
ferentially methylated circRNAs separately.

SIMETTL1 sequencing

The SiMETTL1-seq service was provided by Cloud-
Seq (Shanghai, China). SiRNAs targeting the backsplice
junction site of METTL1 were synthesized by RiboBio
(RiboBio, Guangzhou, China). Total RNA from HCT116
transfected si-METTL1 was purified using QIAGEN
RNeasy Kit. Amplification was performed using the
AffinityScript-RT kit using Cy3 labeling. After elution,
raw images were obtained by scanning with an Agilent
Scanner G5761A (Agilent Technologies). Feature Extrac-
tion software (version12.0.3.1, Agilent Technologies) was
used to process the original image to extract the original
data. Quantile normalization and subsequent process-
ing were performed with the use of Genespring software
(version14.8, Agilent Technologies). The normalized
data were filtered so that at least one set of probes 100%
labeled as detected from each set of samples used for
comparison was left for subsequent analysis. The pvalue
of T test was used to screen differentially expressed
genes. Then, GO and KEGG enrichment analysis were
performed to determine the main biological functions
or pathways affected by the differential genes. Finally,
unsupervised hierarchical clustering was performed on
the differentially expressed genes, and the expression pat-
terns of differentially expressed genes among different
samples were displayed in the form of heat maps.

SiRNA and plasmid construction

The full-length of circKDMI1A was cloned into over
expression vector pcDNA3.1 (Hanbio Biotechnology,
Wuhan, China), while the mock vector with no circK-
DMI1A sequence served as a control. SIRNAs targeting
the backsplice junction site of circKDM1A and METTL1
were synthesized by RiboBio (RiboBio, Guangzhou,
China). Moreover, the shMETTL1 were synthesized
by GenePharma (GenePharma, Shanghai, China), effi-
ciency detected by qRT-PCR. miR-147b-3p mimics were
purchased from RiboBio (RiboBio, Guangzhou, China).
The wild-type and mutant circKDM1A plasmids were
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synthesized by Genechem (Genechem, Shanghai, China).
The wild-type and mutant METTL1 were synthesized by
Hanbio (Hanbio, Shanghai, China) Lipofectamine 3000
(Invitrogen, Carlsbad, USA) were used to cell transfec-
tions. The sequences of siRNAs were listed in Table S1.

RNA isolation, reverse transcription, and qRT-PCR

Total RNA was isolated from cells and tissues using
RNAiso Plus (Takara, Dalian, China) following the man-
ufacturer’s instructions. The integrity and purity of the
extracted total RNA were determined using NanoDrop
One UV-Vis spectrophotometer (Thermo Fisher Scien-
tific, Waltham, USA). RNA was immediately stored at
-80 °C until use. Reverse transcription was carried out
using the All-in-One™ First-Strand cDNA Synthesis Kit
(Uelandy, Suzhou, China). Genomic DNA was removed
at 42 °C for 2 min. Subsequently, RNA from cells and
tissues was reverse-transcribed into cDNA at 37 °C for
15 min, followed by an inactivation step at 85 °C for 5 s.
qRT-PCR was performed using the QuantStudio 5 Real-
Time PCR System (Applied Biosystems, Foster City,
USA) and the Hieff gPCR SYBR Green Master Mix kit
(Yeasen, Shanghai, China). The qRT-PCR reactions were
conducted with an initial denaturation at 95 °C for 5 min,
followed by 40 cycles of 95 °C for 10 s and annealing at
60 °C for 30 s. Primer sequences used for qRT-PCR are
listed in Table S2. The relative quantification of RNA was
calculated using the 27 =24t method, with GAPDH as the
internal reference.

Western blot analysis

Total protein was obtained by lysis of cells and centrifu-
gation of tissue samples using RIPA buffer containing
protease and phosphatase inhibitors on ice and homog-
enized with a BCA Kit (Beyotime, China). Denaturation
by heat. SDS-PAGE gels were assembled in appropriate
percentages based on the expected protein size range.
The gel was run at a constant voltage of 100 V until the
protein was sufficiently separated. The separated proteins
were transferred from the gel to the PVDF membrane
(Millipore, Massachusetts, USA) using a wet transfer
system. 5% skim milk powder in 1xTBST was blocked
at room temperature. The membranes were incubated
overnight at 4°C with the following primary antibodies:
AKT (ab179463) from Abcam (MA, USA), anti-phospho-
AKT (Ser473) (4060), anti-PDK1 (3062) and anti-E-cad-
herin (3195) from Cell Signaling Technology (MA, USA),
anti-Palladin (No. 10853-1-AP), and anti-GAPDH (No.
10494-1-AP) from Proteintech (Wuhan, China). Mem-
branes were incubated for 1 h in blocking buffer with a
secondary antibody attached to HRP. Enhanced chemi-
luminescence reagents (Millipore, MA, USA) were used
to visualize the protein bands. Protein band signals were
captured using a chemiluminescence imaging system.
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CircRNA identification

Total RNA and gDNA was extracted from CRC cells.
Forward and reverse primers based on the specific junc-
tion sequence of the circular RNA for circKDM1A are
designed to amplify the sequences in both ¢cDNA and
gDNA. The presence and specificity of the amplification
products are validated using qRT-PCR and nucleic acid
electrophoresis.

RNA Stability Assay: Cells are treated with 100 ng/mL
actinomycin D (Merck, Darmstadt, Germany), and total
RNA is harvested and extracted at 0 h, 8 h, 16 h, and 24 h
post-treatment. The changes in circRNA expression lev-
els are quantified using qRT-PCR.

Fluorescence in situ hybridization (FISH)

12 mm diameter coverslips are placed at the bottom
of a 24-well plate, and an appropriate number of cells
(6x10"4 cells/well) are cultured overnight. The cells are
allowed to reach 60-70% confluency before the experi-
ment. At room temperature, the cells are fixed with 4%
paraformaldehyde in PBS for 20 min. The specific Cy3-
labeled circKDM1A probe (Table S1) (GenePharma,
Shanghai, China) is hybridized using a FISH kit (Ribo-
Bio, Guangzhou, China) according to the manufacturer’s
instructions. Briefly, pre-hybridization is performed at
37 °C for 30 min, followed by hybridization with 2.5 pL
of 20 uM circKDM1A probe at 37 °C overnight. The cells
are then stained with DAPI. Image acquisition is carried
out using a laser scanning confocal microscope (Zeiss,
Jena, Germany).

Immunohistochemistry (IHC) and paraffin -SweAMI
-FISH +double IF
Paraffin sections were baked for 2 h, after deparaf-
finization, microwave repair cooling, permeabilization,
and sealing, METTL1 primary antibody (No. 14994-
1-AP, proteintech) or phospho-AKT primary antibody
(GB150002-100, servicebio) was drip-added at low tem-
perature overnight, and the signal was amplified by a
DAB system (PV-6000D, Zsgb-bio, China). Imaged under
a microscope (Olympus, Tokyo, Japan). A semi-quanti-
tative ISH scoring criterion was used to assess METTL1
expression. METTL1 and phospho-AKTwere scored
using Quant Center (3DHISTECH, Budapest, Hungary).
For Paraffin-SWEAMI-FISH +double IF, Paraffin sec-
tions were processed as above until antigen retrieval. The
above FISH experimental procedures were completed.
The cells were blocked by dropping BSA for 30 min. Pri-
mary antibody against METTL1 was added and incu-
bated overnight at 4°C. Cy5-labeled secondary antibodies
were incubated for 50 min at room temperature. The
sections were blocked again and the PDK1 primary anti-
body was added dropfold at 4°C overnight. Tsa-488-la-
beled secondary antibodies were incubated for 50 min
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at room temperature. DAPI was used to stain nuclei, and
anti-fluorescence quenching sealing agent was added
dropped-on to seal tablets. The sections were observed,
and images were collected under a Nikon orthostatic flu-
orescence microscope.

RNA pull-down assay

The BersinBio™ RNA pulldown Kit (Bes5102) was used
for the experiments. Biotinylated circKDMI1A probe,
biotinylated miR147b-3p probe, and their correspond-
ing control probes were designed and synthesized by
Genepharm (Shanghai, China) (Table S1). The RNA
probes were heated to 95 °C for 2 min and then imme-
diately placed on ice for 2 min to prepare RNA second-
ary structures. 40 pL of streptavidin magnetic beads
were washed with NT2 buffer and then incubated with
the RNA probes at 25 °C for 30 min. Cells were lysed in
NT2 buffer containing protease inhibitors and RNase
inhibitors, incubated on ice for 10 min, and then centri-
fuged. The supernatant was collected and incubated with
the probe-bead complexes at 25 °C with gentle rotation
for 2 h. The magnetic beads were collected and washed
four times by adding 1 mL of NT2 buffer each time. Pro-
teins were eluted by adding proteinase K and incubating
at 55 °C for 30 min with intermittent mixing. RNA was
extracted using the RNA Clean & Concentrator™-25 kit
(R1017, ZYMO Research, USA) for subsequent qRT-PCR
analysis.

RNA immunoprecipitation (RIP) assay

A total of 50 pl protein A/G beads were incubated with
5 pug (METTL1, AGO2) of the experimental antibody, or
an equal amount of IgG antibody (Millipore, MA, USA)
mixed at room temperature for 30 min. Cells were fully
lysed using 1X RIP lysis buffer, and total cell lysates were
mixed with the complexes described above and rotated
overnight at 4°C. The beads were collected, and the
supernatant was removed to add 1 ml 1x RIP wash buf-
fer, and the beads were washed 6 times in total. Diges-
tion was performed using proteinase k for 30 min. After
digestion, RNA was purified using the RNA Clean &
Concentrator™ kit (ZYMO Research, USA) to remove the
enzyme and buffer components. The RNA was reverse
transcribed using Revert Aid First Strand cDNA Synthe-
sis Kit (Thermo Fisher Scientific, Carlsbad, CA, USA).
Interactions between METTL1, AGO2, and circKDM1A
transcripts were assessed by qPCR and normalized to the
input.

m7G-circRNA meRIP

Total RNA was extracted from 2x 1077 cells. The RNA
(2 pg) was treated with RNase R (4 U) (Epicentre Bio-
technologies, Madison, WI, USA) at 37°C for 15 min to
digest linear RNA. Protein A/G magnetic beads were
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blocked with PBS containing 5% BSA to prevent non-
specific binding. The beads were then coupled with the
m7G antibody (RN017M, MBL) by rotating at room tem-
perature for 1 h. RNA fragments from the RNase R diges-
tion were incubated with the bead-antibody complexes at
4°C for 4 h with gentle rotation. The beads were washed
six times with 1x RIP wash buffer to remove nonspecifi-
cally bound RNA. The RNA/antibody complexes were
digested with Proteinase K at 55°Cfor 30 min to remove
proteins and release the RNA. After digestion, RNA
was purified using the RNA Clean & Concentrator™ kit
(ZYMO Research, USA) to remove the enzyme and buf-
fer components. The RNA was reverse transcribed using
Revert Aid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Carlsbad, CA, USA). The enrichment of
m7G-modified RNA was assessed by qRT-PCR and nor-
malized to the input RNA.

Transwell assay

For cell migration assays, 5x10°> modified HCT116 and
SW480 cells were seeded in transwell chambers with an
8 um well membrane (Corning, NY, USA). After 36-72 h
of culture, the lower layer cells were fixed, and the upper
layer cells were removed by wiping. Migrating cells were
stained with Giemsa (Solarbio, Beijing, China). Images
of the cells were obtained using light microscopy in
four fields. Similarly, for invasion assays, 5x10° modi-
fied HCT116 and SW480 cells were seeded in transwell
chambers with an 8 pm pore membrane (Corning, NY,
USA) coated with Matrigel (Corning, NY, USA). The
invasive cells were stained and imaged. The number of
migrating cells and invasive cells were counted.

Edu and CCK8 assay

Edu experiments were performed with the support of
Cell-Light TM Edu Apollo In Vitro Kit (C10310-1) (Ribo-
Bio, Guangzhou, China). According to the instructions,
2x10% modified HCT116 or SW480 cells were seeded in
96-well plates, the cells were cultured for 48 h, Edu label-
ing was added. Then, apollo staining and DNA staining
was performed, and images of different channels were
collected by fluorescence microscope (Olympus Cor-
poration, Tokyo, Japan) and synthesized. For the CCK8
assay, 2000 modified HCT116 or SW480 cells were
seeded in 96-well plates. After the cells were cultured
for 0, 12, 24, 48, 72 and 96 h, the cells were added to the
Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan) and incubated at 37 °C for 2 h. The OD450 value
was measured using a microplate detector.

Colony formation and cell cycle and apoptosis

For the clone formation assay, 2 x 10°> modified CRC cells
were seeded in 12-well plates. After 4 weeks, the cells
had grown in groups, they were fixed, Giemsa stained,
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and photographs were taken. The number of communi-
ties was counted using Image J (National Institutes of
Health, Bethesda, MD, USA). The apoptosis of modified
HCT116 or SW480 cells was detected by Annexin V/
propidium iodide (PI) apoptosis detection kit (Beyotime,
Shanghai, China). After the cells were collected, FITC/
mCherry-Annexin V and PI double staining were added
and detected by flow cytometry (ACEA NoVoCyte, USA).
The cell cycle experiment was conducted using the Cell
Cycle Detection Kit (C6031, Uelandy) as per the manu-
facturer’s instructions. Collected cells were fixed over-
night in pre-cooled 70% ethanol. Following fixation, the
cells were washed with PBS and stained with RNaseA
and PI at room temperature for 30 min. Flow cytometry
analysis was performed using the ACEA NovoCyte sys-
tem (USA). The acquired data were analyzed and fitted
using FlowJo™ software.

Animal models

EGFP-sh-METTL], luci-lv-METTL1, mcherry-lv-circK-
DM1A, and mcherry-mut-circKDM1A plasmids, along
with their respective control plasmids (Genepharm,
Shanghai, China), were co-transfected with pSPAX2 and
pMD2G plasmids into 293T cells for virus packaging.
The concentrated viruses were then used to transduce
HCT116 cells using LipoFilter Reagent (Hanbio Biotech-
nology, Wuhan, China). Stable cell lines were established
by selecting with puromycin (2 pg/mL) or neomycin
G418 (700 pg/mL). All mouse procedures were approved
by the Institutional Animal Care and Use Committee of
Zhengzhou University. BALB/c nude mice (4 weeks of
age) were obtained from Vital River Laboratories. After
a one-week acclimation period, the mice were injected
via the tail vein with stable HCT116 cells (2x10° in 100
puL PBS) from each experimental group. The mice were
regularly monitored for body weight and activity levels.
The experiment was terminated if the mice showed sig-
nificantly reduced activity, a body weight loss exceeding
20%, or severe cachexia. At the experimental endpoint,
fluorescence was directly detected using the IVIS Illu-
mina system (Caliper Life Sciences, USA), or biolumines-
cence was measured following intraperitoneal injection
of D-luciferin (150 mg/kg, Yeasen, China). Mice from
both the treatment and control groups were euthanized
by overdose inhalation anesthesia. Lung metastases were
harvested, fixed in paraffin, and sectioned for HE stain-
ing, immunohistochemistry, and immunofluorescence
staining.

Statistical analysis

All data were analyzed using Prism 10.0 (GraphPad,
San Diego, CA, USA) and expressed as mean+SD. Chi-
squared tests were performed using SPSS Statistics 21
(IBM, Chicago, IL, USA). Significant differences between
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two independent groups were evaluated by Student’s
t-test. Correlations were analyzed using Pearson’s cor-
relation coefficient(r) and two-tailed P-values. Survival
curves were assessed by log-rank (Mantel-Cox) tests.
p<0.05 was considered significant. All experiments were
performed at least three times.

Results

M7G modification is enriched in circRNAs in CRC cells

To study the m7G modification in RNA level, we firstly
performed m7G-RIP assays and further high-throughput
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sequencing to identify circRNA, IncRNA and mRNA
(Fig. 1A). Interestingly, the results showed that there
were abundant m7G modifications in circRNA (Fig. 1B).
There were 937 identified circRNAs with m7G modifica-
tion, and 62.4% circRNAs derived from exons (Fig. 1C).
There were 1 to 15 m7G peaks in circRNAs (Fig. 1D).
Most identified circRNA originated from chromosomes
1 and 2 (Fig. 1E). It has been reported that m7G modi-
fication in mRNA is enriched in a GA-rich context [18,
19]. Interestingly, we found the top m7G motif in cir-
cRNA was a GG-rich or GT-rich motif (Fig. 1F). To verify
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Fig. 1 Abundant m7G modification in circRNAs in CRC cells. A. The m7G-RNA immunoprecipitation library building protocol involves immunoprecipitat-
ing m7G-modified RNAs using an anti-m7G antibody. The enriched RNAs are then used to construct a sequencing library; B. Referencing the GRCh37/h19
version of the human genome, map the locations of m7G peaks and compare the distribution of m7G modifications across circRNA, INcRNA and mRNA; C.
The proportion of m7G-modified circRNAs derived from different genomic regions, such as exons, introns, intergenic regions and sense overlap regions;
D. Proportion of 15 types of m7G peaks on circRNA; E. The Distribution of circrnas containing m7G modification on each chromosome; F. The preference
of m7G motifs on circRNAs for GG or GT sequences and their proportions; G. Validation of m7G modification on circkDM1A, circSEMA4B, and circANKRD11
in HCT116 and SW480 cells by m7G-RIP-gPCR. Mean £ SD. Student’s t-test, 0.001 < **p <0.01, ***p < 0.001
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m7G modification in circRNA, we optimized the proto-
cols of m7G-RIP (Fig. 1G). The m7G RIP-qPCR results
showed that anti-m7G pulldowned the circKDM1A, circ-
SEMAA4B, and circANKRD11 in CRC cell lines (Fig. 1G).
Taken together, these results illustrate that the m7G
modification is enriched in circRNAs.

METTL1 as an oncogene in CRC to promote circRNA
stability via m7G modification

Many studies proved that METTL1 as a methyltransfer-
ase deposit internal m7G modification in mRNAs and
tRNA [19, 20]. METTLI expression was upregulated in
CRC through analyzing TCGA and GEO data (Fig. 2A
and S1A). Our clinical cohort and previous whole tran-
scriptome resequencing proved that METTL1 increased
in CRC compared to peri-carcinomatous tissue (Fig. 2B
and S1B). Moreover, higher-METTL1 patients were asso-
ciated with poorer prognosis (Fig. 2C). Next, we explored
METTL1 function in CRC cells using gene silence
method (Figure S2A). The results showed that silencing
METTL1 inhibited cancer cell proliferation (Figure S2B
and S2C), and significantly suppressed the migration and
invasion of cancer cells (Figure S2D). To further evalu-
ate METTL1 effect in vivo, we successfully built stably
transfected cell lines using overexpressed METTLI len-
tivirus and silencing METTL1 lentivirus (Figure S2E). In
line with the findings in vitro, silencing METTL1 in CRC
cells decreased CRC lung metastasis in vivo (Fig. 2D-E
and Figure S2F), and overexpressed METTL1 promoted
CRC metastasis in mice (Fig. 2F-G and Figure S2G). Our
results indicate METTLI1 serves as an oncogene and is
involved in CRC progression. To further confirm that the
m7G modification of circRNA is catalyzed by METTLI,
we constructed a METTL1 catalytically inactive plasmid
based on reported study [21] (Fig. 2H). Then, the m7G-
RIP results showed that m7G level in three circRNAs was
increased in METTL1 wild group and decreased when
the catalytic site of METTL1 was knocked down (Fig. 2I).
Taken together, these results show that the m7G modi-
fication loaded in circRNAs is catalyzed by METTLI,
which is an oncogene in CRC.

An METTL1-upregulated circRNA, circkDM1A, plays an
oncogene role in CRC

Studies reported that the presence of m7G modification
contributes to the stability of mRNA, tRNA and miRNA
[18, 20, 21]. To clarify whether the presence of m7G
modification affects the stability of circRNA, we knocked
down the expression of METTL1 and performed RNA
sequencing. The results showed that the global circRNA
expression was downregulated by METTL1 siRNA (Fig-
ure S3A). Subsequently, we merged the data of m7G-RIP-
seq and SIMETTL1-seq and found that 36 differentially
expressed circRNAs had m7G modification (Fig. 3A and
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B). In order to further screen out circRNAs that poten-
tially influence CRC progression, we used our previ-
ous sequencing data to identify the expression levels of
the top seven differentially expressed circRNAs with the
most abundant m7G. The results showed that circK-
DMIA was significantly more expressed in CRC tissues
than that in adjacent areas (Fig. 3C and D). circKDM1A
is derived from chromosome 1:23030469-23,050,520 and
consists of 2 adjacent exons in the KDM1A gene (Figure
S4A). To confirm the ring structure, we designed conver-
gent and divergent primers and determined that circK-
DMI1A exists as cDNA rather than gDNA (Figure S4B).
Moreover, we further analyzed the expression of circK-
DMI1A in 9 pairs of CRC tissues. ISH results showed
that circKDM1A was highly expressed in CRC tissues
(Fig. 3E and S4C). Higher expression of circKDM1A pre-
dicted poorer prognosis (Fig. 3F). To investigate the role
of circKDM1A, we designed siRNA targeting the cross-
linkage site of circRNA and performed in vitro functional
experiments (Figure S4D). These results of clone, edu
and flow cytometry experiments displayed that circK-
DM1A promoted CRC cell proliferation and inhibited
cell apoptosis (Fig. 3G-J). Moreover, silencing circK-
DMI1A impaired the ability of migration and invasion in
CRC cells (Fig. 3K). Taken together, these data suggest
that m7G modified circKDM1A plays an oncogene role
in CRC.

CircKDM1A stability is regulated by METTL1 depended on
GG motif

To explore the impact of m7G modification on circRNA
stability, we constructed circKDM1A plasmid with GG
mutation and GT mutation based on the above motif
preference analysis results. Next, we performed the
m7G-RIP assay and showed that the m7G modification
level of circKDM1A decreased significantly after mutat-
ing GG of circKDM1A, while there was no change after
mutating GT (Fig. 4A). Therefore, we speculate that GG
is the m7G modification preference on circKDM1A.
Then, we used RNAfold WebServer tool to analyze the
stability of the secondary structure of circKDM1A. GG
mutated circKDM1A exhibited higher minimum free
energy (MFE) and thermodynamic ensemble (TE) than
wild-type circKDM1A (Fig. 4B). Actinomycin D assay
show that GG-mutated circKDMI1A is less stable than
wild-type circKDM1A (Fig. 4C). To confirm that the sta-
bility of circKDM1A is affected by m7G modification cat-
alyzed by METTL1, we firstly examined the circKDM1A
expression in si-METTL1 or overexpressing METTL1
cell. Knockdown of METTLI significantly reduced the
expression of circKDM1A, while overexpression of
METTL1 showed the opposite trend (Fig. 4D). Mean-
while, circKDM1A was more stable in cells with over-
expressing METTL1 than that in the control (Fig. 4E).
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We next designed a rescue assay to detect m7G level
after mutating the GG motif of circRNA in overexpress-
ing METTL1 cells. Strikingly, Notably, we found that
GG mutation on circRNA reduced the increase in m7G
modification level caused by high METTL1 expression

(Fig. 4F). We further performed rescue assay in the
METTLI1-overexpressed cells by silencing circKDM1A.
Inhibiting circKDM1A rescues CRC cell proliferation,
migration, and invasion in response to METTL1 overex-
pression (Fig. 4G and H, S4E and S4F). Taken together,
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our results illustrate that METTL1 promotes the stabil-
ity of circKDM1A through GG-dependent m7G modifi-
cation. Moreover, circKDM1A is a key collaborator for
METTL1 to promote CRC progression.

M7G-modified circKDM1A activated AKT pathway by
upregulated PDK1

To explore the molecular mechanism that circKDM1A
promotes CRC progresssion, we firstly analyzed the
distribution of circKDM1A in CRC cells. Cell localiza-
tion experiments showed that circKDM1A was mainly
distributed in the cytoplasm, and a small amount also
exists in the nucleus (Fig. 5A and B). Previously reported
that cytoplasmic circRNA can act as a sponge to adsorb
miRNA, bind to protein, or translate small peptides. We
next explored whether circKDMI1A in the cytoplasm
could sponge miRNA. Therefore, we performed RIP
experiments and found that circKDM1A bound AGO2
protein, which suggested that circKDM1A has the poten-
tial to serve as a sponge (Fig. 5C). Then, we used the
Circinteractome  (https://circinteractome.nia.nih.gov/)
to predict the miRNAs that circKDM1A may bind to.
According to the context+score, we found that the top
three miRNAs potentially binding to circKDM1A were
miR-147b-3p, miR-625-5p and miR-526b-5p (Fig. 5D).
We then designed a circRNA biotin probe across the
circKDM1A junction site and used circRNA pull down
assay to determine the targeted miRNA (Figure S5A).
The CircKDM1A probe enriched more miR-147b-3p
than the NC probe (Fig. 5E). Additionally, silencing
METTLI1 or overexpressing METTL1 in CRC cells leads
to differential expression of miR-147b-3p (Figure S5B).
In order to explore the molecular mechanism of m7G-
modified circKDM1A, we performed KEGG pathway
enrichment based on the sequencing data of siMETTLI.
Among the top 20 signaling pathways, PI3K-Akt signal-
ing pathway was enriched and was regulated by METTL1
and circKDM1A (Figure S5C, S5D and 5F). Then, we
focused on PDKI1, a potential target of miR-147b-3p in
Targetscan database, and the upstream activator of Akt.
Similarly, silencing circKDM1A or METTLI, as well as
overexpressing circKDM1A or METTLI1 in CRC cells,
results in differential expression of PDK1 (Fig. 5G and
S5E). Moreover, miR-147b-3p probe pulled down circK-
DMI1A and PDK1 (Figure S5F and 5H). Upregulated
PDK1 in overexpressing circKDMI1A cells was inhib-
ited by miR-147b-3p mimic (Figure S5G). Furthermore,
the miR-147b-3p inhibitor can rescue the downregula-
tion of PDK1 in circKDM1A knockdown cells (Figure
S5H). To determine whether circKDM1A affected tumor
suppressor-related proteins by upregulating PDK1, we
designed siRNA of PDK1 to perform rescue experiments.
In highly expressed circKDM1A cells, the activated AKT
pathway was inhibited by siPDK1, and the expression
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of tumor suppressor proteins was increased (Figure S5I
and Fig. 5I). Moreover, MK2206, the Akt inhibitor, could
rescue the change of tumor suppressor-related proteins
and cell mobility caused by overexpressed circKDMI1A
in CRC cells (Fig. 5] and S5]). Taken together, these data
proved that m7G-rich circKDM1A played an oncogene
role by upregulating PDK1 to activate AKT pathway in
CRC cells.

Mutating m7G site in circKDM1A reduces its cancer-
promoting ability

In order to explore the impact of m7G modification on
the cancer-promoting ability of circRNA, we analyzed
the CRC function change of circKDM1A mutated in the
m7G modification site in vivo and in vitro. Our results
displayed that GG mutated circKDM1A inhibited CRC
cell proliferation and promoted cell apoptosis (Fig. 6A
and B). Compared with the wild-type group, tumor cells
in the mutant circKDM1A group showed worse inva-
sion and migration abilities (Fig. 6C and D). Addition-
ally, tumor cells in the mutant circKDM1A group exhibit
significantly upregulated miR-147b-3p expression, while
PDK1 expression is downregulated (Figures S6A and
S6B). Then, we constructed wild-type and GG mutant
circKDM1A stably transfected cell lines to explore the
impact of GG mutant circKDM1A on CRC progres-
sion in vivo (Fig. 6E). We found less lung nodules in GG
mutant circKDM1A group (Fig. 6F and G). Moreover,
we found that METTLI and circKDM1A have the same
region in mouse lung nodules, and the highly expressed
circKDM1A showed high expression of PDK1 (Fig. 6H
and Figures S6K-M). Meanwhile, when GG motif in
circKDM1A was mutated, METTL1 and circKDMI1A
were not found to have the same region and PDK1
expression was low (Fig. 6H and Figures S6K-M). In clini-
cal specimens of CRC, the expression the correlation of
METTL1-circKDM1A-miR-147b-3p-PDK1-p-AKT was
further confirmed. The results indicated positive corre-
lations between circKDM1A and METTLI1, PDK1, and
p-AKT, and a negative correlation with miR147b-3p (Fig.
S6C-F). Similarly, METTL1 exhibited positive correla-
tions with PDK1 and p-AKT and a negative correlation
with miR147b-3p (Fig. S6G-I). MiR147b-3p demon-
strated a negative correlation with PDK1 (Fig. S6]). Taken
together, m7G modification is a key factor for circK-
DM1A to promote CRC progression.

Discussion

Here, we found that m7G modification is abundantly
enriched in circRNAs. Remarkably, METTTL1, an onco-
gene in CRC, is responsible for catalyzing m7G modi-
fication on circRNAs. Then, we screened out a highly
expressed circRNA in CRC, circKDM1A. We found
that METTL1 lead to high expression of circKDM1A
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circkPDM1A and miR-526b-3p, miR-625-5p, and miR-147b-3p, with has-let-5p and has-let-3p serving as negative controls; (F) Effects of interfering with
METTL1 and circRNA on the AKT pathway detected by Western Blot; (G) Effects of interference and overexpression of circKkDM1A on PDK1 detected by
gRT-PCR; (H) Pulldown experiment of miR-147b-3p to verify the binding of miR-147b-3p to circkDM1A and PDK1, followed by verification using nucleic
acid gel electrophoresis; (1) Effects of knocking down PDK1 in cells with high expression of circkDM1A on PDK1, p-AKT and tumor suppressor proteins
detected by Western Blot; (J) Effects of adding a AKT activity inhibitor (MK2206) to pAKT and tumor suppressor proteins in cells with high expression of
circkDM1A detected by Western Blot; Mean +SD. Student’s t-test, *p < 0.05, 0.001 < **p < 0.01, ***p <0.001, ****p <0.0001
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Fig. 6 m7G modified circkDM1A enhanced CRC progression. (A) Effect of GG mutation of circKDM1A on CRC cells clonality and the number of clone
groups formed by CRC cells; (B) The effect of the GG mutation in the circkDM1A gene on apoptosis in CRC cells using flow cytometry and the propor-
tions of cells in early and late apoptosis calculated by FlowJo™; C, D. Effect of GG mutation of circkDM1A on CRC cells invasion and migration detected
by transwell assays and the number of migration and invasion was counted in CRC cells; E. The expression level of circKDM1A in the stable cell lines Iv-nc,
Iv-circ-WT, and Iv-circ-GG was detected using gRT-PCR; F. The effect of GG mutation of circkDM1A gene on lung metastasis in vivo was observed by pan-

oramic scanning of HE staining and local magnification (n=4);

G.The numbers of lung metastatic nodules in each group of mice (n=4); H. FISH-Multicolor

immunohistochemistry analysis of the relationship among METTLI, circKDM1A, and PDKT1 in pulmonary metastatic nodules in mice (n=4). Mean+SD.

Student’s t-test, 0.001 < **p < 0.01, ***p <0.001, ****p <0.0001
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by promoting its stability in CRC. Interestingly, the sta-  cancer-promoting effect of circKDM1A is weakened.
bility of circKDMI1A is regulated by the GG motif on  Subsequently, we confirmed that circKDM1A upregu-
circKDM1A. When circKDM1A is interfered with, the lated the expression of PDK1 by adsorbing miR-147b-3p,
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Sun et al. Molecular Cancer (2024) 23:179

thereby activating the AKT pathway. We further veri-
fied that the cancer-promoting effect of circKDM1A
depends on the AKT pathway. Moreover, we found that
m7G modification is a key factor for circKkDM1A to pro-
mote cancer progression. Studies reported that METTL1
promotes tumor progression in various ways. Here, our
study highlights that METTLI participates in CRC pro-
gression by regulating the circRNA metabolism (Fig. 7).

RNA is one of the important molecules in living
organisms. It is responsible for converting the genetic
information in DNA into proteins. The production and
degradation processes of RNA are tightly regulated, and
the degradation process is critical for maintaining gene
homeostasis and clearing defective RNAs. In the process
of RNA metabolism, RNA modification play an impor-
tant role and participate in the splicing, modification,
storage, and degradation of RNA metabolism [2, 22].
CircRNA, which plays an important role in tumor pro-
gression, has been found to be regulated by m6A modi-
fication [23, 24]. In our early studies, we found that m6A
modification can promote the formation of circRNA to
accelerate CRC progression [8]. In addition, other groups
have reported that the presence of m6A modification
promotes the cytoplasmic export of circRNA [12]. How-
ever, whether the metabolism of circRNA is subject to
other modifications has not been reported. M7G modi-
fication which is one of the most prevalent RNA modi-
fications has received significant attention recently. In
this study, we firstly reported that m7G is enriched in cir-
cRNAs, and the optimized m7GRIP confirmed this view.

Among the regulatory molecules involved in m7G
modification, METTL1 is the most reported molecule
and plays a cancer-promoting role in a variety of tumors
[22]. However, the role of METTL1 in CRC remains
unclear. In this study, we found that METTL1 is highly
expressed in CRC and promotes CRC tumor progres-
sion. Moreover, we identified that METTLL1 is respon-
sible for catalyzing the m7G modification on circRNAs.
The existence of this modification promotes the stability
of a cancer-promoting circRNA, circKkDM1A. Numer-
ous studies have proven that circRNA plays an impor-
tant regulatory role in the process of CRC by regulating
downstream genes and cell signaling pathways [25-27].
circRNA mainly participates in tumor progression by
adsorbing miRNA, binding to proteins, and translating
into small peptides. In our study, we found that circK-
DM1A located in the cytoplasm can bind to AGO2 and
adsorb miR-147b-3p to activate the AKT pathway to
promote the progression of CRC. More interestingly, we
found that m7G RNA modification is an essential factor
in circKDM1A promoting CRC progression.
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Conclusion

In this study, we found that circRNA is enriched in m7G
modification, which was catalyzed by the m7G regula-
tory molecule METTL1. We report for the first time that
METTLI1 plays a cancer-promoting role in CRC. More-
over, METTL1 promotes the stability of a new cancer-
promoting circRNA, circKDM1A, through regulating
m7G modification. Subsequently, circKDM1A promoted
CRC progression by activating the AKT pathway by
adsorbing miR-147b-3p. More interestingly, the cancer-
promoting effect of circKDM1A is regulated by m7G
modification. Overall, this study discovered an important
theory that METTLI participates in circRNA metabolism
to promote CRC progression, which provide a potential
therapeutic target for CRC. In our work, we found more
interesting finding and will explore the important role of
m7G modification in circRNA encoding small peptides.
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