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Abstract

Background: Colorectal carcinoma (CRC) is the third most common cancer and second most common cause of
cancer-related deaths worldwide. Ribonucleic acid (RNA) N6-methyladnosine (m6A) and methyltransferase-like 3
(METTL3) play key roles in cancer progression. However, the roles of m6A and METTL3 in CRC progression require
further clarification.

Methods: Adenoma and CRC samples were examined to detect m6A and METTL3 levels, and tissue microarrays
were performed to evaluate the association of m6A and METTL3 levels with the survival of patients with CRC. The bio-
logical functions of METTL3 were investigated through cell counting kit-8, wound healing, and transwell assays. M6A
epitranscriptomic microarray, methylated RNA immunoprecipitation-gPCR, RNA stability, luciferase reporter, and RNA
immunoprecipitation assays were performed to explore the mechanism of METTL3 in CRC progression.

Results: M6A and METTL3 levels were substantially elevated in CRC tissues, and patients with CRC with a high m6A
or METTL3 levels exhibited shorter overall survival. METTL3 knockdown substantially inhibited the proliferation, migra-
tion, and invasion of CRC cells. An m6A epitranscriptomic microarray revealed that the cell polarity regulator Crumbs3
(CRB3) was the downstream target of METTL3. METTL3 knockdown substantially reduced the m6A level of CRB3, and
inhibited the degradation of CRB3 mRNA to increase CRB3 expression. Luciferase reporter assays also showed that the
transcriptional level of wild-type CRB3 significantly increased after METTL3 knockdown but not its level of variation.
Knockdown of YT521-B homology domain—containing family protein 2 (YTHDF2) substantially increased CRB3 expres-
sion. RNA immunoprecipitation assays also verified the direct interaction between the YTHDF2 and CRB3 mRNA, and
this direct interaction was impaired after METTL3 inhibition. In addition, CRB3 knockdown significantly promoted the
proliferation, migration, and invasion of CRC cells. Mechanistically, METTL3 knockdown activated the Hippo pathway
and reduced nuclear localization of Yes1-associated transcriptional regulator, and the effects were reversed by CRB3
knockdown.
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Conclusions: M6A and METTL3 levels were substantially elevated in CRC tissues relative to normal tissues. Patients
with CRC with high m6A or METTL3 levels exhibited shorter overall survival, and METTL3 promoted CRC progression.
Mechanistically, METTL3 regulated the progression of CRC by regulating the m6A-CRB3-Hippo pathway.
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Background

Colorectal carcinoma (CRC) is the third most common
cancer and second most common cause of cancer-related
deaths worldwide [1]. Because of tumor metastasis and
other complications, the mortality rate of CRC remains
high. Therefore, a timely clarification of the molecular
mechanism and effective therapeutic targets of CRC is
warranted.

Ribonucleic acid (RNA) N6-methyladnosine (m6A) is
the most common and abundant RNA modification in
eukaryotes [2, 3]. M6A modification is mainly mediated
by m6A methyltransferases, demethylases, and reader
proteins. M6A methyltransferases mainly comprise
methyltransferase-like 3 (METTL3) [4], methyltrans-
ferase-like 14 (METTL14) [5], Wilms tumor 1-associ-
ated protein (WTAP) [6], RNA binding motif protein 15
[7], and vir-like m6A methyltransferase associated [8].
M6A demethylases mainly comprise fat-mass and obe-
sity-associated protein (FTO) [9] and alkylation repair
homolog protein 5 (ALKBH5) [10]. Reader proteins
mainly comprise YT521-B homology domain—containing
family protein 1/2/3 (YTHDF1/2/3), YT521-B homol-
ogy domain-—containing 1/2, insulin-like growth fac-
tor 2 mRNA binding proteins 1/2/3, and heterogeneous
nuclear ribonucleoprotein family [11-13]. Several stud-
ies have verified that m6A modification plays a key role
in cancer progression [9, 14]. METTL3 and METTL14
can regulate the progression of multiple types of cancer,
including bladder cancer [15, 16], gastric cancer [17, 18],
cervical cancer [19], hepatocellular carcinoma [14, 20],
and pancreatic cancer [21]. FTO plays a central role in
oral squamous cell carcinoma [22], hepatocellular carci-
noma [23], bladder cancer [24], and acute myeloid leu-
kemia [9, 25]. Although studies have also demonstrated
that m6A modification plays a key role in CRC [4, 12], the
function and regulatory mechanism of m6A in CRC pro-
gression remain unclear.

In the present study, we verified the m6A and METTL3
levels in both adenomas (precancerous lesions of CRC)
and CRC tissues, and clarified the function of METTL3
in CRC progression. Moreover, we identified Crumbs3
(CRB3) as a downstream target of METTL3 and verified
the function of CRB3 in CRC. Then, we discovered that
METTL3 and CRB3 regulate CRC progression through
the Hippo pathway, and the function of METTL3 in
CRC progression was rescued by CRB3. Therefore, our

findings elucidated the role of METTL3, and we provided
a potential new treatment strategy against CRC.

Materials and methods

Clinical tissue specimens

Thirty CRC, 30 adenoma, and 30 adjacent normal (nor-
mal) tissues were obtained during surgery from Longhua
Hospital, which is affiliated with the Shanghai University
of Traditional Chinese Medicine. The diagnosis of CRC
and adenoma was confirmed according to pathological
evidence. Tissues were snap-frozen in liquid nitrogen and
stored at —80°C before detection was performed. This
study was approved by the Ethics Committee of Long-
hua Hospital (2019LCSY020), and informed consent was
obtained from all participants.

RNA m6A quantification assay

MB6A level was assayed using an RNA m6A quantification
kit (ab185912, Abcam, USA) per the protocol used in a
previous study [26]. Briefly, 200 ng of RNA was incubated
for 60 min with capture antibody, after which detection
antibody and enhancer solution were added. Finally,
the samples were incubated with developer solution
for 10min. Absorbance was detected at a wavelength of
450 nm.

Immunohistochemistry

Tissue samples from the normal, adenoma, and CRC
groups were fixed and then cut into 4-um sections
for immunohistochemistry (IHC). Tissue microarrays
(TMAs) were obtained from Shanghai Outdo Biotech
Co., Ltd. (Shanghai, China), and IHC was performed.
In brief, tissue samples were treated with EDTA, as an
antigen retrieval solution, and then incubated with m6A
antibodies (1:100, 56,593, CST, USA) and METTL3 anti-
bodies (1:500, ab195352, Abcam, USA) overnight at 4°C.
Subsequently, secondary antibodies were incubated for
1h at 37°C. Finally, the samples were stained and imaged.
The scores for staining intensity were determined accord-
ing to a staining intensity scale that ranged from 0 to 3+
points (0 for no staining, 1+ for weak immunoreactivity,
2+ for moderate immunoreactivity, and 3+ for strong
immunoreactivity). Positive percentage was scored as fol-
lows: 0 for negative cells, 14+ for 1-25%, 2+ for 26-50%,
34 for 51-75%, and 4+ for 76—100%. The intensity and
positive proportion scores were then multiplied to obtain
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a composite score, which recorded as the scores of IHC.
The composite score ranged from 0 to 12; a below average
score indicates low expression, whereas an above average
score indicates high expression. The clinical characteris-
tics of the samples are summarized in Additional file 4:
Tables S2 and S4.

Immunofluorescence

The m6A antibody (1:300, 56,593, CST), METTL3 anti-
body (1:1000, ab195352, Abcam), and CRB3 antibody
(1:500, PA5-53092, Thermo Fisher Scientific, USA) were
used. Samples were incubated with m6A, METTL3, and
CRB3 antibodies overnight at 4°C. Subsequently, second-
ary antibodies conjugated with Alexa Fluor were incu-
bated for 1h at 37°C. Finally, the samples were stained
and imaged.

M6A methylase activity assay

Nuclear extracts of adenoma and CRC tissues were per-
formed using a nuclear extraction kit I (OP-0002, Epi-
gentek, USA). Briefly, tissues were cut into small pieces,
and homogenized. Then they were incubated on ice
for 15min and centrifuged. Finally, the supernatant
was collected. Then m6A methylase activity was per-
formed using m6A methylase activity/inhibition assay kit
(P-9019, Epigentek, USA) per the protocol. In brief, 80 pl
of binding solution and 2 pl of m6A methylase substrate
were added into each strip well, which were incubated
at 37°C for 90 min. Then binding solution was removed,
and 46 ul of working methylase buffer and 4 pl of nuclear
extracts were added into each well. Fifty microlitre of the
diluted capture antibody were added and signal detection
was performed at 450 nm. Finally, m6A methylase activ-
ity was calculated per the protocol.

Cell culture and transfection

Normal colon cells (FHC) and CRC cells (HCT116,
HT29, SW480, and SW620; Shanghai Cell Bank, Shang-
hai, China) were cultured in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum
(FBS) and penicillin/streptomycin (100U/mL) in an
incubator with 5% CO, at 37°C. In addition, 293 T cells
obtained from the American Type Culture Collection
were cultured in Roswell Park Memorial Institute 1640
Medium with 10% FBS and penicillin/streptomycin
(100U/mL; Gibco, USA). METTL3 short hairpin RNA
plasmid, CRB3 short hairpin RNA plasmid, or negative
control (Genomeditech, China) were transfected using
FuGene HD transfection reagent (E2311, Promega, USA)
per the protocol used in a previous study [27].
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Cell counting kit-8 assay

After the transfection of HCT116 and SW620 cells was
completed, these cells were seeded on 96-well plates
at a concentration of 2 x 10 cells and cultured for 0,
24, 48, and 72h. Subsequently, 10-uL cell counting
kit-8 (CCKS8) was added to each well. After incubation
at 37°C for 1h, the absorbance value was detected at
450 nm.

Wound healing assay

After the transfection of HCT116 and SW620 cells was
completed, these cells were seeded on a six-well dish
with a culture insert (ibidi, Germany) at a concentra-
tion of 3 x 10* cells. After 24'h, the culture insert was
removed, and the cells were washed twice with phos-
phate buffer. Thereafter, 2-mL serum-free medium was
added to each dish, which was then set aside for 48h.
Images were captured, and the wound area was meas-
ured using Image] software (National Institutes of
Health, USA).

Transwell assay

Six-well plates with 8-um chambers (Corning, USA)
were used to assess cellular migration (without
Matrigel) or invasion (with Matrigel). In brief, trans-
fected HCT116 and SW620 cells were seeded in six-
well plates at a concentration of 1 x 10° cells. In total,
200-pL serum-free medium was added to the upper
chamber, and 600-puL of medium with 30% FBS was
added to the lower chamber, and they were set aside
for 48 h. The cells were then fixed with 4% paraformal-
dehyde for 30 min and stained with 0.1% crystal violet
solution for 15min. Five fields were randomly selected
to calculate the area of migrating or invading cells.

Quantitative real-time polymerase chain reaction

Total RNA was extracted using TRIzol reagent
(Ambion, USA). Complementary DNA was synthe-
sized using an EVM-MLV reverse transcription kit
(Aikeri Biotech, China). The amplification reaction was
performed using the SYBR-Green quantitative real-
time polymerase chain reaction (qPCR) kit (Thermo
Fisher Scientific, USA). Gene expression was normal-
ized using B-actin. The primers are listed in Additional
file 4: Table S1.

Western blotting

Cells were collected and lysed, and protein concentra-
tion was determined. The protein was separated and
transferred to a polyvinylidene difluoride membrane
followed by incubation with 5% milk at room tem-
perature for 1h. The membrane was incubated at 4°C
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overnight with the following antibodies: METTL3
(1:1000, 86,132, CST), CRB3 (1:1000, NBP1-98328,
Novus Biologicals, USA), YTHDF2 (1:1000, 80,014,
CST), macrophage stimulating 1 (MST1, 1:1000, 3682,
CST), phospho-MST1 (1:1000, 49,332, CST), salva-
dor family WW domain containing protein 1 (SAV1,
1:1000, 13,301, CST), large tumor suppressor kinase 1
(LATS1, 1:1000, 3477, CST), phospho-LATS1 (1:1000,
8654, CST), MOB kinase activator 1 (MOB1, 1:1000,
13,730, CST), phospho-MOB1 (1:1000, 8699, CST),
Yesl-associated transcriptional regulator (YAP, 1:1000,
4912, CST), phospho-YAP (1:1000, 13,008, CST), his-
tone (1:1000, 4499S, CST), and B-actin (1:1000, 4970s,
CST). The secondary antibody was then added, and the
membrane was incubated at room temperature for 1h;
protein expression was observed using a chemilumines-
cence gel imaging system (Tanon 5200, China).

Human m6A epitranscriptomic microarray analysis

Total RNA was quantified using the NanoDrop ND-1000.
The sample preparation and microarray hybridization
were performed per Arraystar’s standard protocols. In
brief, the total RNAs were immunoprecipitated with
anti-m6A antibody. The modified RNAs were eluted from
the immunoprecipitated magnetic beads as the “IP” The
unmodified RNAs were recovered from the supernatant
as “Sup” The IP and Sup RNAs were labeled with Cy5 and
Cy3, respectively, using the Arraystar Super RNA Labe-
ling Kit. The RNAs were combined and hybridized onto
an Arraystar Human m6A Epitranscriptomic Microar-
ray (8x60K, Arraystar). After the slides were washed, the
arrays were scanned using an Agilent Scanner G2505C.

Data processing and analysis

Agilent Feature Extraction software was used to ana-
lyze acquired array images. The raw intensity levels of
IP (Cy5-labeled) and Sup (Cy3-labeled) were normal-
ized. After the completion of normalization, probe sig-
nals were retained for further m6A methylation level and
m6A-quantity analysis. M6A methylation level was cal-
culated by determining the percentage of modification
according to the IP (Cy5-labeled) and Sup (Cy3-labeled)
normalized intensity levels. M6A quantity was calculated
by determining the m6A methylation amount according
to the IP (Cy5-labeled) normalized intensity levels. The
differentially m6A-methylated RNAs of the two com-
parison groups were identified by using filtering with the
thresholds of > 1.5 for fold change and <0.05 for P value.

Methylated RNA immunoprecipitation-qPCR

The m6A level of CRB3 was determined using a methyl-
ated RNA immunoprecipitation-qPCR assay per the pro-
tocol used in previous studies [4, 14]. In brief, 100 pug of
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total RNA was purified using an mRNA purification kit
(61,006, Invitrogen, USA) and subsequently sonicated.
And 2 pg of the RNA was saved as the input. These RNA
fragments were further immunoprecipitated with 5pg
of anti-m6A antibody (202,003, Synaptic Systems). Sam-
ples were incubated using protein A/G magnetic beads
(88,803, Thermo Fisher Scientific, USA). The enriched
RNA was analyzed through qPCR, and the m6A enrich-
ment was normalized using input. The primers are listed
in Additional file 4: Table S4.

RNA stability assay

HCT116 cells were seeded on 6-well plates for 24h, and
then treated with 5pug/mL actinomycin D (MCE, USA)
at the 0, 2, 4, 8, 24h. Total RNA was then isolated by
using TRIzol (Ambion) and analyzed through qPCR. The
mRNA expression for each group at a given time was cal-
culated and normalized using B-actin.

RNA immunoprecipitation assay

RNA immunoprecipitation (RIP) assay was performed
using the Magna RIP RNA-Binding Protein Immunopre-
cipitation Kit (17-700, Millipore, USA) per the manu-
facturer’s instructions. In brief, the cell samples were
collected and incubated using magnetic beads with 5pug
of mouse immunoglobulin G (17-700, Millipore) or
YTHDEF2 (80,014, CST). Then protein-RNA complexes
were then precipitated with a magnetic separator, and the
supernatant was discarded. Thereafter, each immunopre-
cipitate was incubated with proteinase K, and the RNA
was purified. Finally, the relative interaction between
YTHDEF2 and CRB3 transcripts was determined through
qPCR and normalized to the input.

Double luciferase reporter assay

To perform this assay, 293 T cells were seeded on 24-well
plates and transfected using FuGene HD transfection
reagent (E2311, Promega) per the protocol used in a pre-
vious study [28]. In brief, 293 T cells were transfected
with CRB3 wild type (CRB3-WT; Genomeditech) or
CRB3 variant (CRB3-Mut; Genomeditech) plasmid with
or without METTL3 knockdown for 6 h. Luciferase activ-
ity was detected using the dual-luciferase reporter system
(E1910, Promega).

Statistical analysis

Statistical analysis was conducted using SPSS 24.0. Data
were assessed using a two-tailed Student’s t test. Sur-
vival curves were generated using the Kaplan—Meier
method and compared using the log-rank test. Survival
data were analyzed through univariate and multivariate
Cox regression analyses. The distribution differences of
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the variables were analyzed using Pearson’s chi-square
test. A P value of <0.05 was regarded as statistically
significant.

Results

M6A levels were substantially elevated in both adenoma
and CRC and were associated with poor prognosis

A study indicated that approximately 85% of CRCs may
have transformed from adenomas [29]; therefore, we
examined the m6A levels in both adenoma and CRC tis-
sues. The results revealed substantially higher m6A levels
in both adenoma and CRC groups relative to the normal
group (Fig. la—c). A TMA was performed to explore the
correlation between m6A and survival in patients with
CRC. The results indicated a substantially higher m6A
level in the CRC group relative to the normal group
(Fig. 1d and e, Additional file 4: Table S2). Furthermore,
patients with CRC with high m6A level exhibited shorter
overall survival (Fig. 1f, Additional file 4: Table S3).

METTL3 level was substantially elevated in CRC

and was associated with poor prognosis

M6A modification is regulated by RNA methyltrans-
ferase and demethylase, hence we assessed the expression
of methyltransferase (METTL3, METTL14 and WTAP)
and demethylase (FTO and ALKBHS5) in both adenoma
and CRC. The results indicated that the protein level
of METTL3 was significantly higher in the CRC group
relative to the normal and adenoma groups (Fig. 2a—c);
this finding is consistent with the results in the data-
base (Additional file 1: Fig. Sla). And mRNA level of
METTL14 was significantly higher in the adenoma
group but not in the CRC group (Additional file 1: Fig.
Slc). Relative to the normal group, FTO was significantly
lower in the adenoma group but not in the CRC group
(Additional file 1: Fig. S1d). WTAP and ALKBHS5 levels
did not differ significantly among the three groups (Addi-
tional file 1: Fig. Sle and 1f). M6A methylase activity
was significantly higher in the CRC group relative to the
adenoma group (Fig. 2d). In CRC cells, the mRNA and
protein levels of METTL3 were also substantially higher
than in normal colon cells (Fig. 2e and f). To explore the
correlation between METTL3 and survival of patients
with CRC, a TMA was performed. The results indicated
that the level of METTL3 was substantially higher in the
CRC group relative to the normal group (Fig. 2g and h,
Additional file 4: Table S4). The patients with CRC with
high METTLS3 level also exhibited shorter overall survival
relative to those without a high METTL3 level (Fig. 2i,
Additional file 4: Table S5), which suggests that METTL3
level can serve as a prognostic marker of CRC.
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METTL3 drove CRC proliferation and invasion

To investigate the function of METTL3 in CRC, METTL3
knockdown was performed in HCT116 and SW620 cells
(Fig. 3a), and it significantly inhibited the proliferation
of HCT116 and SW620 cells (Fig. 3b). Transwell assays
indicated that METTL3 knockdown substantially inhib-
ited the migration and invasion of HCT116 and SW620
cells (Fig. 3c and d), and METTL3 knockdown also sig-
nificantly reduced the migration speed of HCT116 and
SW620 cells (Fig. 3e and f).

CRB3 was regulated by METTL3-mediated m6A
modification

To investigate the potential mechanism of METTL3
in CRC progression, an epitranscriptomic microarray
was performed, and the data obtained were analyzed.
For m6A methylation, 363 differentially m6A-methyl-
ated sites (DMSs) were identified; they comprised 353
upregulated DMSs and 10 downregulated DMSs (Fig. 4a,
Additional file 5). A further analysis revealed that these
363 DMSs belonged to 349 differentially m6A-methyl-
ated genes (DMGs), which comprised 341 upregulated
DMGs and 8 downregulated DMGs (Fig. 4b). For m6A
quantity, 248 DMSs were identified; they comprised 191
upregulated DMSs and 57 downregulated DMSs (Fig. 4c,
Additional file 6). A further analysis revealed that these
248 DMSs belonged to 224 DMGs, which comprised
175 upregulated DMGs and 49 downregulated DMGs
(Fig. 4d). Subsequently, main functions were identified
using the Gene Ontology and Kyoto Encyclopedia of
Genes and Genomes, which contain sequence-specific
DNA binding, RNA polymerase II transcription factor
activity, Toll-like receptor binding, beta-alanine metabo-
lism, alpha-linolenic acid metabolism, and nicotinate and
nicotinamide metabolism (Fig. 4e-h).

Seven overlapping DMGs between m6A methylation
and quantity were filtered using a Venn diagram (Fig. 5a),
and a qPCR analysis indicated a substantial increase in
CRB3 level after METTL3 knockdown (Fig. 5b and c).
The results obtained from The Cancer Genome Atlas
(TCGA) database revealed a substantial downregula-
tion of CRB3 level in the CRC group (Additional file 2:
Fig. S2b). A survival analysis indicated that the patients
with CRC with high CRB3 level exhibited higher over-
all survival and disease-free survival relative to those
without high CRB3 level (Additional file 2: Fig. S2c).
Although METTL3 knockdown also promoted bridging
integrator 1 (BIN1) expression, a substantial increase in
BIN1 expression was observed in the CRC group (Addi-
tional file 2: Fig. S2a and 2d). The survival analysis did
not indicate a correlation between BIN1 level and sur-
vival in patients with CRC (Additional file 2: Fig. S2e).
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In addition, the m6A level of CRB3 was substantially
reduced after METTL3 knockdown (Fig. 5d). Lucif-
erase reporters were revealed to determine the effect of
m6A modification on CRB3 expression. For the variant
form of CRB3, the adenosine bases in m6A consensus
sequences (GGAC) were replaced by cytosine; thus, m6A
modification was abolished. The results indicated that

the transcriptional level of wild-type CRB3 significantly
increased after METTL3 knockdown but not its level of
variation (Fig. 5e). An RNA stability assay revealed that
METTL3 knockdown substantially inhibited the degra-
dation of CRB3 mRNA (Fig. 5f). Moreover, data from the
TCGA database indicated that METTL3 mRNA expres-
sion in CRC tissues was negatively associated with CRB3

(See figure on next page.)

Fig.4 Analysis of epitranscriptomic microarray. Analysis of differentially
m6A-methylated genes (DMG) (b) at m6A methylation level; Analysis of
Ontology at méA methylation level and m6A quantity level; g, h Analysi
and m6A quantity level

N6-methyladnosine (m6A)-methylated sites (DMS) (a) and differentially
DMSs (c) and DMGs (d) at m6A quantity level; e, f Analysis of Gene
s of Kyoto Encyclopedia of Genes and Genomes at m6A methylation level
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levels (Fig. 5g). Studies have reported that YTHDF2 can
target mRNAs by recognizing m6A motif in CRC [5, 12];
thus, we explored the effect of YTHDF2 on CRB3. The
results indicated that the expression of YTHDF2 was
also significantly higher in adenoma and CRC tissues
relative to normal tissues (Additional file 3: Fig. S3), and
YTHDF2 knockdown substantially increased the level of
CRB3 (Fig. 5h and i). RIP assays also verified the direct
interaction between the YTHDF2 and CRB3 mRNA, and
this direct interaction was impaired after METTL3 inhi-
bition in SW620 and HCT116 cells (Fig. 5j and k). The
results indicated that METTL3 regulated the expression
of CRB3 in an m6A-YTHDF2-dependent manner.

CRB3 inhibited CRC proliferation and invasion

Our results also indicated that CRB3 level was substan-
tially lower in the adenoma and CRC groups than in
the normal group, which was consistent with the data
from TCGA database (Fig. 6a and b, Additional file 2:
Fig. S2b). To further investigate the function of CRB3 in
CRC, CRB3 knockdown was performed in HCT116 and
SW620 cells. CRB3 knockdown significantly promoted
the proliferation, migration and invasion of HCT116
and SW620 cells (Fig. 6¢c-e). CRB3 knockdown also sig-
nificantly increased the migration speed of HCT116 and
SW620 cells (Fig. 6f and g). These results verified that
CRB3 regulated CRC progression.

METTL3 regulated CRC proliferation and invasion

by CRB3-hippo pathway

Studies have demonstrated that CRB3 can regulate the
Hippo pathway [30, 31]. In the present study, we dis-
covered that CRB3 knockdown reduced MST1, LATSI,
MOBI, and YAP phosphorylation levels, and it reduced
the SAV1 levels in HCT116 and SW620 cells (Fig. 7a
and b). Conversely, METTL3 knockdown substantially
increased MST1, LATS1, MOBI, and YAP phosphoryla-
tion levels in HCT116 and SW620 cells (Fig. 7c and d).
Studies have demonstrated that YAP enters the nucleus
and acts as an oncogene; thus, we detected the level of
YAP in nuclei. The results indicated that CRB3 knock-
down markedly increased YAP protein levels in the
nuclei of HCT116 and SW620 cells (Fig. 7e and f); how-
ever, METTL3 knockdown substantially reduced the
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YAP protein levels in the nuclei of HCT116 and SW620
cells (Fig. 7g and h).

To test whether CRB3 functions downstream of
METTL3, we knocked down CRB3 in the METTL3
knockdown background. The results revealed that the
effects of METTL3 knockdown on cell proliferation,
migration, and invasion were rescued by the CRB3
knockdown (Fig. 8a-d). In addition, CRB3 knockdown
reduced the MST1, LATS1, MOBI, and YAP phospho-
rylation levels caused by METTL3 knockdown, indi-
cating that CRB3 knockdown repressed activation of
hippo pathway that was caused by METTL3 knockdown
(Fig. 8e and f).

Discussion

The incidence of CRC, which is a malignant tumor, has
increased. The 5-year survival rate of patients with CRC
is 65% [32], but it is extremely low in advanced-stage
CRC. Therefore, techniques that aid the implementation
of treatment strategies for CRC are urgently required
because they can improve patient survival [27]. Stud-
ies have reported that m6A modification plays a key role
in CRC [4, 5, 12, 33]. However, the changes to m6A in
both adenoma and CRC are still unknown. In addition,
the relationship between m6A level and the survival of
patients with CRC requires further clarification. In the
present study, we discovered that m6A levels are sig-
nificantly increased in both adenoma and CRC tissues,
indicating that m6A modification may be involved in the
adenoma-to-CRC transition. A further examination indi-
cated that the patients with CRC with high m6A level
exhibited shorter overall survival.

M6A modification is mainly mediated by m6A meth-
yltransferases, demethylases and reader proteins,
and it regulates pre-mRNA splicing, miRNA process-
ing, translation, and mRNA decay [34]. In the present
study, we discovered that the protein level of METTL3
and m6A methylase activity were both significantly
increased in CRC, indicating that METTL3 could
be involved in the CRC progression. Furthermore,
patients with CRC with high METTL3 level exhibited
shorter overall survival, suggesting that METTL3 can
also serve as a prognostic marker of CRC. These results
are consistent with those reported by other studies [4,

(See figure on next page.)

Fig. 5 Methyltransferase-like 3 regulated the expression of crumbs3 in an N6-methyladnosine -dependent manner. a Overlapping differentially
N6-methyladnosine (m6A)-methylated genes between m6A methylation level and quantity level as filtered through a Venn diagram; b Crumbs3
(CRB3) mRNA level as measured after methyltransferase-like 3 (METTL3) knockdown; ¢ CRB3 protein level as measured after METTL3 knockdown;

d The m6A level of CRB3 as measured after METTL3 knockdown; e Luciferase reporters performed to determine the effect of m6A modification

on CRB3 expression; f CRB3 mRNA expression as detected with or without treatment of actinomycin D at indicated time points; g The correlation
between METTL3 and CRB3 expression in The Cancer Genome Atlas database for CRC; h CRB3 mRNA level as measured after YTH domain—
containing family protein 2 (YTHDF2) knockdown; i CRB3 protein level as measured after YTHDF2 knockdown; j-k The direct interaction was verified
between the YTHDF2 and CRB3 mRNA. Data are presented as means = standard deviations (SDs). ‘P<0.05, “P<0.01, " "P<0.001
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P<0.001

35]. Subsequently, we verified the function of METTL3
in CRC. METTL3 knockdown inhibited the prolifera-
tion of HCT116 and SW620 cells, and it also substan-
tially inhibited the migration and invasion of HCT116
and SW620 cells. These results indicated that METTL3
acts as an oncogene that promotes the progression
of CRC. Studies have also reported on the key role of
METTL3 in various cancers. METTL3 can regulate
MALATT1 stabilization through m6A modification, and
it activates NF-kB activity to promote the malignant

progression of glioma [36]. METTL3 increases miR-
1246 levels through m6A modification, thereby pro-
moting non-small-cell lung cancer progression [37].
Moreover, METTL3 regulates the m6A modification
of SPHK2 to promote the progression of gastric can-
cer [38]. These findings verified the role of METTL3 in
cancers such as CRC. Therefore, METTL3 can be a new
treatment target for cancers.

Through an m6A epitranscriptomic microarray anal-
ysis, we revealed that CRB3 might be the downstream
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target of METTL3. METTL3 knockdown substantially
reduced the m6A level of CRB3 and inhibited the deg-
radation of CRB3 mRNA, finally to increase CRB3
expression. Studies have reported that the m6A con-
sensus sequences are GGAC [5]. Our study revealed

that METTL3 knockdown increased the transcrip-
tional level of CRB3. When the adenosine bases of
GGAC in CRB3 were replaced by cytosine, the tran-
scriptional level of CRB3 did not change. In addition,
YTHDEF2 could also regulate the CRC progression in

(See figure on next page.)

Fig. 8 The effect of methyltransferase-like 3 on colorectal carcinoma progression was rescued by crumbs3. The proliferation of HCT116 (a) and
SW620 cells (b) was rescued after crumbs3 (CRB3) knockdown; Migration and invasion was rescued after CRB3 knockdown in HCT116 (c) and
SW620 cells (d); The activation of hippo pathway was reversed after CRB3 knockdown in HCT116 (e) and SW620 cells (f). Data are presented as

xxx

means =+ standard deviations (SD). ‘P<0.05, "P<0.01, " "P<0.001
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an m6A-dependent manner [5, 12, 39]. In the present
study, we discovered that YTHDF2 knockdown sub-
stantially increased the level of CRB3. The direct inter-
action between the YTHDF2 and CRB3 mRNA was
also verified, and this direct interaction was impaired
after METTL3 inhibition. These results indicated
that METTL3 regulated the expression of CRB3 in
an m6A-YTHDF2-dependent manner. CRB3 is a pro-
tein of cell polarity, and it is associated with contact
inhibition [40]. Studies have demonstrated that CRB3
plays a central role in cancers such as CRC [30, 41,
42]. In the present study, we discovered that CRB3
levels in both adenoma and CRC were substantially
lower than in normal tissues, and we also revealed
that patients with CRC with high CRB3 level exhib-
ited higher overall survival and disease-free survival.
CRB3 knockdown significantly promoted the prolifer-
ation, migration, and invasion of HCT116 and SW620
cells. These results indicated that CRB3 regulates CRC
progression.

The depletion of CRB3 can inhibit the Hippo path-
way and lead to increased nuclear localization of
YAP [30, 31, 43]. The Hippo pathway plays a crucial
role in regulating CRC progression [44—47]. In the
present study, we also observed that CRB3 knock-
down inhibited the Hippo pathway and increased the
nuclear localization of YAP, suggesting that CRB3
regulates CRC progression through the Hippo path-
way. Conversely, METTL3 knockdown activated the
Hippo pathway and reduced the nuclear localization
of YAP. Finally, our results revealed that the effects of
METTL3 knockdown on cell proliferation, migration,
and invasion were rescued by the CRB3 knockdown.
CRB3 knockdown reversed the activation of hippo
pathway caused by METTL3 knockdown. Therefore,
our study indicated that METTLS3 facilitated CRC pro-
gression by regulating the m6A-CRB3-Hippo pathway,
which is a novel mechanism for regulating CRC. Even
though we demonstrated the regulatory mechanism of
METTL3 in CRC, further studies are required. First,
although a study reported that the selective first-in-
class catalytic inhibitor of METTL3 (i.e., STM2457)
can be used in treatment strategies for acute myeloid
leukemia [48], the inhibitor of METTL3 has not yet
been identified for the treatment of CRC. Therefore,
further studies are required to identify the inhibitor
of METTL3. Second, we discovered substantially ele-
vated m6A levels in both adenoma and CRC; METTL3
level was substantially elevated in only CRC, not in
adenoma. This suggests that other enzymes may also
be involved in the m6A modification in adenoma, and
further clarification was required.

Page 150f 17

Conclusion

In summary, we demonstrated that m6A and METTL3
levels are significantly increased in CRC. Patients with
CRC with high m6A or METTL3 levels exhibit shorter
overall survival, and METTL3 promoted CRC progres-
sion. Mechanistically, METTL3 regulates the progression
of CRC by regulating the m6A-CRB3-Hippo pathway.
These findings provide a new perspective for the imple-
mentation of targeted therapy for CRC.
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