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Abstract

The frequency of p53 mutations in colorectal cancer (CRC) is
approximately 40-50%. A variety of therapies are being developed
to target tumors expressing mutant p53. However, potential thera-
peutic targets for CRC expressing wild-type p53 are rare. In this
study, we show that METTL14 is transcriptionally activated by
wild-type p53 and suppresses tumor growth only in p53-wild-type
(p53-WT) CRC cells. METTL14 deletion promotes both AOM/DSS and
AOM-induced CRC growth in mouse models with the intestinal epi-
thelial cell-specific knockout of METTL14. Additionally, METTL14
restrains aerobic glycolysis in p53-WT CRC, by repressing SLC2A3
and PGAM1 expression via selectively promoting m®A-YTHDF2-
dependent pri-miR-6769b/pri-miR-499a processing. Biosynthetic
mature miR-6769b-3p and miR-499a-3p decrease SLC2A3 and
PGAM1 levels, respectively, and suppress malignant phenotypes.
Clinically, METTL14 only acts as a beneficial prognosis factor for
the overall survival of p53-WT CRC patients. These results uncover
a new mechanism for METTL14 inactivation in tumors and, most
importantly, reveal that the activation of METTL14 is a critical
mechanism for p53-dependent cancer growth inhibition, which
could be targeted for therapy in p53-WT CRC.
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Introduction

Colorectal cancer (CRC) is the third leading cause of death among var-
ious cancers and is attributed to a series of mutational events includ-
ing the adenomatous polyposis coli (APC), Kirsten rat sarcoma 2 viral
oncogene homolog (KRAS), B-Raf proto-oncogene, serine/threonine
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kinase (BRAF), and tumor protein P53 (p53) (Walther et al, 2009;
Siegel et al, 2021). Of note, approximately 40-50% of CRC patients
have p53 mutation (Baker et al, 1989). Wild-type p53 is a tumor sup-
pressor and functions as a critical transcription factor in cell-cycle
checkpoints, apoptosis, and senescence (Levine & Oren, 2009;
Vousden & Prives, 2009). In addition, studies have shown that energy
metabolism manipulation is a key point of wild-type p53 in attenuat-
ing tumorigenesis and development (Vousden & Ryan, 2009; Levine &
Puzio-Kuter, 2010). Wild-type p53 represses Warburg effect by
directly or indirectly regulating genes involved in metabolism, includ-
ing TIGAR, SCO2, and Parkin (Bensaad et al, 2006; Zhang et al, 2011;
Wang et al, 2018). Loss of wild-type p53 not only dampens its tumor-
suppressive function but also obtains new oncogenic effects, called
gain of function (GOF), such as enhanced capacity for metastasis, pro-
liferation, and chemo-resistance (Muller & Vousden, 2013), making
the reactivation of wild-type p53 or regulation of its downstream effec-
tors’ attractive therapeutic targets.

An emerging hallmark of cancer is metabolic reprogramming
(Hanahan & Weinberg, 2011; Pavlova & Thompson, 2016). Cancer
cells display altered glucose metabolism characterized by a prefer-
ence for aerobic glycolysis even when supplemented with abundant
oxygen. This aberrant metabolic feature has been known as the
Warburg effect, which promotes tumor progression with a higher
rate of glucose uptake and elevated ATP and lactate production, as
well as supervenient macromolecules and other elements required
for the generation of new cells in the context of rapid growth
(Koppenol et al, 2011; Pavlova & Thompson, 2016). Emerging evi-
dence has suggested that the Warburg effect contributes greatly to
tumorigenesis and could be targeted for tumor therapy. For exam-
ple, endogenous retroelement activation and inhibition of EGFR sig-
naling pathways suppress tumorigenesis by reversing the Warburg
effect and reactivating oxidative phosphorylation (De Rosa et al,
2015; Fresquet et al, 2021), highlighting the perspective therapeutic
targets of glycolysis. Lactate, a by-product of glycolysis, may serve
as a promising therapeutic target in cancers (Apicella et al, 2018;
Zhang et al, 2019). RNA modifications create a code that functions
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as a key sensor of metabolism and is responsible for transducing
metabolic changes into stable gene expression patterns (An &
Duan, 2022). N°-methyladenosine (m°®A) modification, one of the
RNA modifications, is the most abundant RNA modification in
eukaryotic mRNAs. Accumulating evidence indicates that m°A regu-
lates glycolysis to affect the occurrence and development of multiple
human tumors, such as cervical cancer, liver cancer, and CRC,
directly or indirectly through modification of glucose transport pro-
tein or glycolytic enzyme (Li et al, 2020; Shen et al, 2020; Wang et
al, 2020). Thus, understanding the molecular mechanisms of glycol-
ysis and m°A in CRC is essential for developing future diagnostic
and therapeutic strategies.

Deposit of m°A requires a writer complex mainly composed of core
methyltransferase-like 3 (METTL3) and METTL14 (Wang et al, 2016).
Eraser enzyme Fat mass and obesity-associated protein (FTO) and
AlkB homolog 5 (ALKBHS) serve as demethylases to reverse the mCA
modification (Shi et al, 2019). m°®A-modified transcripts are recog-
nized by reader proteins such as YT521-B homology (YTH) domain
family proteins (YTHDF1-3, YTHDCI, and YTHDC2), among which
YTHDF2 was firstly validated, which regulate RNA splicing, stability,
and translation (Wang et al, 2014; Shi et al, 2017; Zhou et al, 2019).
Besides, available evidence indicates that m°A methylation marks pri-
mary microRNA (pri-miRNA) transcripts for processing and then
affects cellular process (Alarcon et al, 2015b; Cao et al, 2021); thus
perturbation of miRNA biosynthesis by regulating m°A modification
on pri-miRNA could also interfere with cancer progression. Notably,
dysregulation of m°A methylated mRNA can regulate cancer develop-
ment. FTO has been suggested to play a tumorigenic role in acute
myeloid leukemia (Li et al, 2017; Huang et al, 2019b), while inhibition
of FTO exerts an extensive anti-leukemic activity in vitro and in vivo
(Su et al, 2018). ALKBHS5 can maintain the tumorigenicity of glioblas-
toma stem-like cells via sustaining FOXM1 expression (Zhang
et al, 2017). Our recent study showed that m®A marks enhance the
recognition of pri-miR-30d by YTHDCI1, and subsequently increased
mature miR-30d inactivates the glycolysis signaling to repress pancre-
atic tumorigenesis (Hou et al, 2021). Although the relationship
between m°®A modification and tumorigenesis has been proposed in
recent years, the precise mechanisms associated with glycolysis in
diverse status p53 CRC have not been fully elucidated.

In this study, we employed AOM and AOM/DSS-induced intesti-
nal epithelial cell (IEC)-specific METTL14 knockout (Mett1144EC)
CRC mouse models to verify the crucial suppressive role of
METTL14 in both adenoma and colitis-associated malignant trans-
formation. Besides, METTL14 expression was transcriptionally regu-
lated by wild-type p53 and METTL14-mediated m°A modification
selectively promoted miRNAs maturation in a YTHDF2-dependent
manner, thereby inhibiting Warburg effect in p53-WT CRC by
targeting SLC2A3 and PGAMI, respectively. Taken together,
METTL14 attenuates p53-WT CRC progression through repressing
Warburg effect in an m°A-dependent manner.

Results
Wild-type p53 activates METTL14 expression in CRC cell lines

As one of the core m°A methyltransferases, METTL14 engages in
dynamic m°A modification. Analysis of The Cancer Genome Atlas

2 of 21 EMBO reports 24: e56325 | 2023

Yichao Hou et al

(TCGA) datasets found METTL14 is down-regulated in many solid
tumors (Fig EV1A). We then compared the mRNA and protein levels
of METTL14 in CRC tissues and paired adjacently normal colorectal
tissues in our Cohort 1 and Cohort 2, and we found that the core
methyltransferase METTL14 was down-regulated in CRC (Fig EV1B
and C). To explore the mechanism of the decreased METTL14
expression in CRC, we found that p5S3 and ELK1 might act as predic-
tive transcription factors (TFs) for targeting METTL14 using
PROMO, ChIPBase, and TRAP database (Fig 1A). Moreover, analysis
of multiple datasets using a multiple experiment matrix (MEM)
revealed that p53, but not ELK1, was the co-expressed gene with
METTL14 in CRC (Fig 1B). Besides, the knockdown of ELK1 slightly
decreased the mRNA level of METTL14 whereas failed to affect the
protein level of METTL14 (Fig EV1D and E). Notably, p53 overex-
pression or knockdown up-regulated or down-regulated METTL14
mRNA and protein expression, respectively (Fig 1C-E). Interest-
ingly, we examined the subcellular distribution of METTL14 by
immunofluorescence (IF) and found obvious co-expression of
METTL14 with p53 in nuclei of p53-WT cells, while the co-
expression was not obvious in p53-MT cells (Fig 1F). In line with
the relationship between METTL14 expression and wild-type p53
identified in vitro, it was demonstrated that the METTL14 and p53
mRNA levels were correlated in p53-WT cancer cells, but not in
p53-MT cancer cells (Fig 1G), whereas no significant correlation
was present in KRAS-WT or KRAS-MT cancer cells in the Cancer
Cell Line Encyclopedia (CCLE) database (Appendix Fig S1A).
Moreover, GEO datasets showed a higher METTL14 level in p53-
WT CRC than in p53-MT CRC tissues, whereas no difference was
detected between KRAS-WT and KRAS-MT tissues (Appendix
Fig S1B). Consistently, datasets from TCGA also demonstrated that
diverse tumors harboring wild-type p53 displayed higher METTL14
mRNA levels than tumors harboring p53 mutations (Fig EVIF).
KRAS-WT and KRAS-MT tumor tissues displayed no obvious differ-
ences in METTL14 mRNA levels (Fig EV1F). Of note, METTL14 was
not increased in HCT116 (p53™7) cells transduced with p53
mutants (p53R175H and p53R273H), further highlighting the impor-
tance of wild-type p53 activity in transcriptional regulation of
METTL14 (Fig 1H and I). Intriguingly, depletion of mutant p53 had
no effect on METTL14 protein expression in p53-MT CRC cells
(Fig EV1G), indicating that the levels of p53 in CRC cells carrying
p53 mutations were not related to METTL14 levels. Correspond-
ingly, METTL14 protein level is relatively higher in p53-WT than
that in p53-MT and p53-null CRC cells (Appendix Fig S2). Strikingly,
p53-WT CRC had a much higher protein level of METTL14 com-
pared with p53-MT samples (Fig 1J), while no differences were
found between KRAS-WT and KRAS-MT CRC samples in Cohort 3
(Appendix Fig S3A). In addition, we found that METTL3, another
crucial m°A methyltransferase, displays no obvious differential
expression in p53-WT and p53-MT CRC tissues (Fig EVIH and
Appendix Fig S3B). These findings suggest that METTL14 might
play a more tissue-restricted role in p53-mediated tumor suppres-
sion. Since METTL14 expression is dependent on p53 transcriptional
activity, we further explored the p53-binding site within METTL14
promoter region. We analyzed the sequence of METTL14 promoter
for the potential p53-binding region (p53-BR) using JASPAR profile
database (Mathelier et al, 2016). Three putative p53-binding sites
were identified at 3 kb upstream of METTL14 transcription start site
(Fig EV1I). The subsequent ChIP assay verified the interaction of
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p53 with DNA fragment #1 comprising the p53-BR1 site (Fig 1K).
Consistently, quantitative analysis of ChIP-qRT-PCR indicated that
p53 is directly bound to DNA fragment #1 but not to other fragments
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of the METTL14 promoter in HCT116 and Lovo cells (Fig 1L). To
further determine whether the p53-BR1 site confers p53-dependent
activity, luciferase reporter assay was performed. Results showed
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Figure 1. Wild-type p53 activates METTL14 expression in CRC cell lines.

A Schematic illustration of screening for transcription factors using ChiPBase (http://rna.sysu.edu.cn/chipbase3/index.php), PROMO alggen (http://alggen.Isi.upc.es/cgi-
bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3/) and TRAP (http://trap.molgen.mpg.de/).

B MEM (https://biit.cs.ut.ee/mem/) identified correlation between ELK1, p53 and METTL14.

C HCT116 and Lovo cells were transfected with empty vector and p53 plasmid. Forty-eight hours after transfection, total RNA was then analyzed by gqRT-PCR analysis.
Data are presented as mean =+ SD (biological replicates, n = 3; **P < 0.01, ***P < 0.001).

D HCT116, Lovo, and RKO cells were transfected with control or p53 siRNAs. Forty-eight hours after transfection, total protein was then analyzed by western blot
analysis.

E HCT116, Lovo, and RKO cells were transfected with empty vector and p53 plasmid. Forty-eight hours after transfection, total protein was then analyzed by western
blot analysis.

F  Representative immunofluorescence staining of the p53 (green) and METTL14 (red) proteins in p53-WT HCT116, Lovo, and RKO cells and p53-MT HT29 (p53R273H),
SW480 (p53R273H/P309S), SW620 (p53R273H), and SW1116 (p53A159D) cells. Nuclei were stained with DAPI (blue). Scale bars = 10 pm. The relative mean fluores-
cence density was analyzed by Image).

G Correlation of METTL14 with p53 mRNA levels in p53-WT and p53-MT CRC cell lines from CCLE database (https:/sites.broadinstitute.org/ccle). r is the Spearman’s rank
correlation coefficient.

H gRT-PCR analysis of METTL14 levels after transfection with empty vector, wild-type, or mutant p53 plasmids in HCT116 (p53~/7) cells (biological replicates, n = 3;
**P < 0.01, ns = no significance).

| Western blot analysis of METTL14 levels after transfection with empty vector, wild-type, or mutant p53 plasmids in HCT116 (p53~") cells.

] Representative IHC images, and statistical analysis of immunoreactive score (IRS) of METTL14 expression in p53-WT (n = 63) and p53-MT (n = 41) CRC samples. The
horizontal lines represent the median; the bottom and top of the boxes represent the 25 and 75% percentiles, respectively; and the vertical bars represent the range
of the data. The insets show enlarged images of indicated p53-WT and p53-MT CRC tissues, respectively. Scale bars = 20 um and 2 pm (inset).

K ChIP assay verified the potential p53-binding site in the METTL14 promoter region in HCT116 and Lovo cell lines. Input fractions and IgG were used as controls.

L ChIP—qRT-PCR assay verified the potential p53-binding site in the METTL14 promoter region in HCT116 and Lovo cell lines. IgG was used as a control. Data are
presented as mean =+ SD (biological replicates, n = 3; ***P < 0.001, ns = no significance).

M Luciferase activities of luciferase reporter plasmid containing wild-type or mutant METTL14 promoter in control, wild-type p53 or mutant p53-overexpressing HCT116
(p537/) cells. pGL3 and Vector were used as controls. Data are presented as mean =+ SD (biological replicates, n = 4; **P < 0.01, ns = no significance).

Data information: For (C, H, L, M), statistical significance was determined by the two-tailed Student’s t-test. For (J), statistical significance was determined by the non-
parametric Mann-Whitney test. p-actin (ACTB) was used as a loading control, and p21"WA™/“PL was used as a positive control. The signal intensities were quantified by

densitometry using Image] software and normalized to the intensity of the internal positive controls.

Source data are available online for this figure.

that co-transfection of wild-type p53 selectively enhanced the tran-
scriptional activity of reporters with intact p53-BR1, whereas mutant
p53 did not activate reporter activity in p53-null CRC cells (Fig 1M).
Collectively, METTL14 is positively regulated by wild-type p53,
which physically interacts with p53-BR1 in the promoter region of
METTL14 to induce its expression.

METTL14 inhibits p53-WT CRC progression

The above results prompted us to investigate the role of METTL14
in diverse CRC cells in vitro and in vivo. We found that the stable
knockdown of METTL14 enhanced cell viability and colony forma-
tion ability of p53-WT cells compared with the respective controls,
whereas p53-MT cells treated in the same way did not show the
same phenotype (Figs EV2A-C and 2A). We then examined the in
vivo roles of METTL14 in p53-WT and p53-MT CRC cells and found
that the knockdown of METTLI14 increased the tumor volume and
weight in p53-WT tumors but not the p53-MT ones (Fig 2B and C).
Moreover, IHC analysis of Ki-67, a tumor proliferation marker was
performed to evaluate the proliferation of the tumor xenografts. In
concordance with the in vitro and in vivo findings, the Ki-67-
positive nuclei staining was increased in xenografts formed by
METTL14 silencing p53-WT cells compared with that in xenografts
formed by control cells (Fig EV2D), but the difference was not sig-
nificant statistically between control and METTL14 silencing p53-
MT cells (Fig EV2D). Collectively, these findings demonstrate that
the wild-type p53 target gene METTL14 might have potent wild-type
p53-dependent tumor suppression activity.

To consolidate the importance of METTL14 in the occurrence
and development of CRC, we generated Villin-Cre*/Mettl14™/"*
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mice (Fig EV2E). IHC staining validated the absence of METTL14 in
the intestinal epithelium of Mettl14*™™ mice without affecting its
expression in other normally functioning organs (Figs 2D and
EV2F). Colon carcinogenesis induced in mice by azoxymethane
(AOM) is a useful model as it mimics the adenoma-carcinoma
sequence observed in humans (Vivona et al, 1993) (Fig 2E).
Whereas the AOM/ Dextran sodium sulfate (DSS) model is a power-
ful platform to employ when studying the pathogenesis of inflam-
matory CRC (Parang et al, 2016) (Fig 2E). In two distinct CRC
models, mice from Mettl14*®¢ group were relatively emaciated
compared with METTL14 wild-type (Mettl14"") group (Fig EV2G).
Upon DSS challenge, Mettl14*™€ group bore more aggravated
weight loss than Mettl14"" group (Fig EV2H). Moreover, METTL14
deletion resulted in shorter colons, more congested, and swollen
spleens (Figs 2F and G, and EV2I). Histology showed more notable
mucosal destruction, nuclear atypia tumor cells, and colitis in the
intestinal epithelium of Mettl14*™C mice than that of Mettl14™7T
mice (Fig EV2J). Vitally, Mettl14*™€ mice showed both increased
tumor numbers and enhancive tumor size (Fig 2H). As expected,
Mettl14%™€ mice had more histologic dysplasia compared with their
Mettl14"T littermates (Fig 2I). All of these data suggest that
METTL14 deficiency promotes the pathogenesis and progression of
p53-WT CRC.

METTL14 suppresses glycolysis of p53-WT CRC cells by targeting
SLC2A3 and PGAM1

The Gene set enrichment analysis (GSEA) showed that cell prolifera-

tive signatures, apoptotic signatures, cell-cycle regulatory signa-
tures, signatures of CRC occurrence, and glycolytic signatures were

© 2023 The Authors
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significantly enriched in p53-WT CRC but not p53-MT with high
METTL14 expression (Fig 3A). An RNA sequencing (RNA-seq) anal-
ysis was performed to compare the gene expression profiles of the
stable knockdown METTL14 group and control group in p53-WT
and p53-MT cells. Firstly, the principal component analysis revealed
that control and METTL14 knockdown-treated samples were clearly
segregated, as expected (Fig EV3A). GSEA showed that besides the
gene sets related to cell proliferation, cell-cycle, apoptosis, and CRC-
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specific signature, gene sets related to glycolysis were enriched in
METTL14 knockdown group in p53-WT CRC cells (Figs 3B and
EV3B). No significant correlation or even opposite trend between
METTL14 knockdown and the above-mentioned signatures was
identified in p53-MT cells (Fig EV3C). These data suggest
that METTL14 might be related to wild-type p53 and serve as a key
modulator of glycolytic metabolism to affect p53-WT CRC
tumorigenesis.
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Figure 2. METTL14 inhibits p53-WT CRC progression.

Yichao Hou et al

A Colony formation assay of p53-WT (HCT116, Lovo, and RKO) and p53-MT (HT29, SW620, SW1116, and SW480) cells stably infected with shNC or sShMETTL14. Data
are presented as mean =+ SD (biological replicates, n = 3; *P < 0.05, **P < 0.01, ns = no significance).

B, C Representative images and analysis of tumors in nude mice bearing stably transfected shNC or ShAMETTL14 p53-WT (HCT116 and Lovo) and p53-MT (HT29 and
SW620) cells. Data are presented as mean + SD (biological replicates, n = 7, ns = no significance).

D Representative IHC staining images of METTL14 in Mettl14"YT and Mettl144'¥ mice. The insets show enlarged images of small intestine tissues and colorectal

tissues, respectively. Scale bars = 50 pm and 5 pm (inset).

E Schematic diagrams of AOM/DSS-induced and AOM-induced CRC models. i.p., intraperitoneal.
F  Colorectum was opened longitudinally, and two representative colorectal images derived from METTL14"Y" and METTL14*'5 mice from AOM/DSS-induced and

AOM-induced CRC models, respectively.

G Comparison of colorectum length between METTL14"T (n = 14, n = 24) and METTL14%"5€ (n = 13, n = 21) mice from AOM/DSS-induced and AOM-induced CRC

models, respectively. Data are expressed as mean = SD.

H  Comparison of tumor number, tumor load, and tumor size between METTL14"" (n = 14, n = 24) and METTL14%'5 (n = 14, n = 24) mice from AOM/DSS-induced

and AOM-induced CRC models, respectively. Data are expressed as mean =+ SD.

| Representative HE staining images of colorectum in METTL14"" (n = 14, n = 24) and METTL14%"5¢ (n = 13, n = 21) mice from AOM/DSS-induced and AOM-induced
CRC models. Lower panels show enlarged images of indicated normal or CRC tissues. Scale bars =2 mm (upper) and 40 um (lower). Black dashed line refers to the
border of tumor (T) and normal (N) tissues. Tumors are classified as adenomas with low to focal high-grade dysplasia. The percentages of mice with dysplasia are

shown (right).

Data information: For (A-C, G, H), statistical significance was determined by a two-tailed Student’s t-test.

METTL14 overexpression significantly reduced glucose uptake,
lactate production, ATP, and pyruvate levels, while METTL14
knockdown led to the opposite results in p53-WT cells (Figs 3C and
EV3D). Furthermore, ectopic METTL14 expression also displayed
decreased extracellular acidification rate (ECAR), which reflects
overall glycolytic flux, and increased oxygen consumption rate
(OCR), an indicator of mitochondrial oxidative respiration in p53-
WT cells (Figs 3D and EV3E). The heatmap clustering analysis
showed that METTL14 down-regulation resulted in the significant
alternation of glucose transporters and glycolytic enzymes in p53-
WT CRC cells (Fig 3E). In p53-MT CRC cells; however, METTL14
shows no significant or a negative impact on any glycolysis-
associated gene regulated by METTL14 in p53-WT CRC cells, echo-
ing the results of the GSEA analysis (Fig 3E). As further

confirmation, we found that only SLC2A3 and PGAM1 mRNA and
protein were regulated by METTL14 (Figs 3F and G, and EV3F).
Strikingly, no significant differences in alteration of ECAR and OCR,
as well as the expression levels of SLC2A3 and PGAM1 were identi-
fied in p53-MT cells accompanied by METTL14 overexpression or
silencing (Fig EV3G and H). Besides, METTL14 knockdown by small
interfering RNA (siRNA) up-regulated SLC2A3 and PGAM1 expres-
sion at protein levels by IF staining (Fig EV3I). As expected, the iso-
lated intestinal epithelium lysates of Mettl14*™€ mice exhibited
higher levels of SLC2A3 and PGAM1 than Mettl14"" mice by west-
ern blot analysis (Fig 3H). THC analysis also showed increased
SLC2A3 and PGAMI staining in tissues from Mettl13*™€ compared
with that from Mettl14"T mice (Fig 3I and Appendix Fig S4). Simi-
larly, IECs isolated from Mettl14*® mice possessed higher ATP

Figure 3. METTL14 suppresses glycolysis of p53-WT CRC cells by targeting SLC2A3 and PGAM1.

A GSEA comparison between patients with METTL14 high expression and METTL14 low expression in p53-WT and p53-MT CRC from TCGA CRC dataset, respectively.
Positive or negative normalized enrichment scores (NES) correspond to the enrichment of a given set in genes that are up- or down-regulated, respectively, in
response to high METTL14 expression. Data are presented as pseudo-heatmap with NES magnitude color-coded as indicated in the legend; all light red or nongray

comparisons have False Discovery Rate g-value (FDR g) < 0.05.

B Overview of GSEA identified the differential gene profiles between stably transfected shNC (n = 4), SAMETTL14-01 (n = 2), and ShMETTL14-02 (n = 2) HCT116 (p53-
WT) cells, respectively. The sum of the numbers in the small circles of different colors is the total number of genes in each gene sets related to cell proliferation,
cell-cycle, glycolysis, and metabolic process. The number where the two circles intersect is the total number of genes that are both regulated by METTL14 and

belong to the gene set related to different signatures.

C Lactate production, ATP level, glucose uptake, and pyruvate level in stably transfected Lv-vector and Lv-METTL14 or shNC and shMETTL14 HCT116 (p53-WT) cells.

Data are presented as mean =+ SD (biological replicates, n = 3; **P < 0.01).

D ECAR and OCR in stably transfected Lv-vector and Lv-METTL14 HCT116 (p53-WT) cells. Data are presented as mean =+ SD (biological replicates, n = 3; **P < 0.01).
E Schematic diagram of aerobic glycolysis pathway (left) and heatmap of crucial glycolytic genes involved in aerobic glycolysis pathway (right). Significantly
differentially expressed genes were identified by DESeq2 under the requirement of Adjusted P-value (adj.P.Val) < 0.05, 0.001 < adj.P.val < 0.01, or

adj.PVal < 0.001.

F, G Glycolytic gene expression in CRC cells transfected with empty vector or METTL14 plasmid for 48 h by gRT-PCR and western blot. Data are presented as

mean =+ SD (biological replicates, n = 3; *P < 0.05, **P < 0.01, ***P < 0.001).

H  Western blot analysis of METTL14, SLC2A3, and PGAM1 protein levels of intestinal epithelial cells from AOM/DSS-induced Mettl14"'" (n = 4) and Mettl14*'5C (n = 4)

and mice.

| Representative IHC staining images and quantitative analysis of SLC2A3 and PGAM1 in tumor tissues and nontumor tissues from AOM/DSS-induced Mettl144'5¢
and Mettl14"'" mice CRC models. The insets show enlarged images of tumor tissues and nontumor tissues, respectively. Scale bars = 40 pm and 4 pm (inset). Data
are presented as mean =+ SD (biological replicates, n = 6; **P < 0.01, ***P < 0.001).

J, K ATP level, lactate production, pyruvate level, and PGAM1 activity in intestinal epithelial cells isolated from AOM/DSS-induced Mettl14"'T (n = 9) and Mettl14*'5

(n =10) mice. Data are presented as mean =+ SD.

Data information: For (C, D, F, I-K), statistical significance was determined by a two-tailed Student’s t-test. ACTB was used as a loading control.

Source data are available online for this figure.
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level, lactate production, and pyruvate level than Mettl14"T mice
(Fig 3J). Accordingly, a higher enzyme activity was found in
Mettl14*™€ mice than Mettl14"T mice (Fig 3K). In summary, up-
regulation of METTL14 suppresses glycolysis by down-regulating
SLC2A3 and PGAMI, thus impeding Warburg effect of p53-WT CRC
cells, sequentially attenuating CRC tumorigenesis in the context of
wild-type p53 status.

METTL14 decreases SLC2A3 and PGAM1 levels by m®A-YTHDF2-
mediated pri-miR-6769b and pri-miR-499a processing

Considering the important role of m°A methyltransferase and
DGCRS in the miRNA biogenesis, we confirmed physical interaction
between the endogenous METTL14 and DGCRS8 proteins, and ribo-
nuclease (RNase) treatment weakened the interaction between
METTL14 and DGCRS, suggesting that their interaction might be
partly mediated by RNAs (Fig 4A). We then conducted genome-
wide miRNA expression profiling of p53-WT and p53-MT cells with
stable overexpression of METTL14 and control transfectants. Among
them, 90 miRNAs were up-regulated in the HCT116 cells with
METTL14 overexpression compared with control (Fig EV4A). We
then used the TargetScan and miRDB databases to identify potential
miRNAs that may regulate SLC2A3 and PGAM1. After overlapping
these potential SLC2A3- and PGAM]1-regulatory miRNAs with the
identified 90 up-regulated miRNAs, we found four and two miRNAs
that may regulate SLC2A3 and PGAMI, respectively (Fig EV4A).
KEGG enrichment analysis further revealed that the top six enriched
biological signatures included pyruvate metabolism and glycolysis/

Yichao Hou et al

gluconeogenesis in p53-WT cells (Fig 4B), whereas no such signifi-
cant relationship was identified in p53-MT cells (Fig 4C). These
results suggest that METTL14 might directly modulate glycolysis-
related miRNAs to regulate SLC2A3 and PGAM1 expression levels.
Among these miRNAs, miR-6769b-3p, miR-1321, miR-7160-5p, miR-
380-3p and miR-499a-3p were up-regulated after METTL14 overex-
pression (Fig 4D). Moreover, PCR and western blot assay demon-
strated that only METTL14-regulated miR-499a-3p and miR-6769b-
3p led to decreased expression of PGAM1 and SLC2A3 levels sepa-
rately in p53-WT cells (Fig 4E and F, and EV4B). Importantly, we
found that METTL14 could not modulate miR-6769b-3p and miR-
499a-3p demonstrated by miRNA microarrays and PCR assay in
p53-MT cells (Fig EV4C and D). Consistently, miR-6769b-3p and
miR-499a-3p display no significant impact on SLC2A3 and PGAM1
in p53-MT cells (Figs EVAE and 4G). Luciferase reporter assay
showed that all four predicted binding sites in SLC2A3 3'UTR and
the predicted binding site 1 in PGAM1 3'UTR were required for
interactions of miR-6769b-3p/SLC2A3 and miR-499a-3p/PGAM1
(Figs 4H and EVA4F).

The potential mechanisms responsible for the up-regulation of
miR-6769b-3p and miR-499a-3p via METTL14 in p53-WT cells were
investigated. In situ hybridization (ISH) and PCR assay showed
METTL14 silencing increased pri-miR-6769b and pri-miR-499a
levels, while METTL14 did not modulate the expression of miR-
6769b-3p/miR-499a-3p and pri-miR-6769b/pri-miR-499a in p53-MT
CRC cells (Figs 4I and EV4G and H). Considering that eight mainly
different readers (IGF2BP1-3, YTHDF1-3, YTHDC1, and YTHDC2) of
m®A modification have been identified, we explored which reader

Figure 4. METTL14 decreases SLC2A3 and PGAM1 levels by m®A-YTHDF2-mediated pri-miR-6769b and pri-miR-499a processing.

A Co-IP of METTL14 and DGCR8 in HCT116 cells in the presence or absence of ribonuclease.
B KEGG enrichment analysis of differential expression of miRNA target genes by miRWalk (http://mirwalk.umm.uni-heidelberg.de/) and miRDB database (http://mirdb.

org/) in p53-WT HCT116 cells.

C KEGG enrichment analysis of differential expression of miRNA target genes by miRWalk and miRDB database in p53-MT HT29 cells.
D gRT-PCR analysis of the miRNA levels in stably transfected vector and METTL14 HCT116 (p53-WT) cells. Data are presented as mean =+ SD (biological replicates,

n = 3; ns = no significance, *P < 0.05, **P < 0.01, ***P < 0.001).

E  Western blot analysis of SLC2A3 and PGAM1 protein levels in HCT116 and Lovo (p53-WT) cells transfected with control or miRNA mimics.

Representative IF staining and quantitative analysis of the SLC2A3 (green) and PGAM1 (green) proteins in HCT116 (p53-WT) cells transfected with control or miRNA
Representative IF staining and quantitative analysis of the SLC2A3 (green) and PGAM1 (green) proteins in HT29 (p53-MT) cells transfected with control or miRNA
mimics. Nuclei were stained with DAPI (blue). Scale bars = 20 pm. Data are presented as mean =+ SD (biological replicates, n = 4; ns = no significance).

Luciferase activity of reporters expressing wild-type or mutant SLC2A3 and PGAM1 3'UTRs in HCT116 (p53-WT) cells transfected with control or miRNA (miR-6769b-

Representative ISH images and quantitative analysis of miR-6769b-3p and miR-499a-3p in tumor tissues from AOM/DSS-induced Mettl14%'5 and Mettl14"" mice
CRC models. The insets show enlarged images of tumor tissues. Scale bars = 20 pm and 2 um (inset). Data are presented as mean =+ SD (biological replicates, n = 6;

gRT-PCR analysis of the pri-miR-6769b and pri-miR-499a levels in stably transfected Lv-vector and Lv-METTL14 HCT116 cells with control, YTHDF1-3, YTHDC1-2 or
IGF2BP1-3 siRNAs. Data are presented as mean =+ SD (biological replicates, n = 3; **P < 0.01). The dotted line represents basal mRNA expression of pri-miR-6769b

RNA stability of pri-miR-6769b and pri-miR-499a in stably transfected shNC and ShAMETTL14 HCT116 (p53-WT) cells with or without YTHDF2 overexpression. The data
RIP and qRT-PCR assays detected the enrichment of pri-miR-6769b and pri-miR-499a to YTHDF2 in stably transfected Lv-vector and Lv-METTL14 HCT116 cells. Data
MeRIP—qPCR assay detected m°A modification on pri-miR-6769b and pri-miR-499a in stably transfected vector and METTL14 HCT116 cells. Data are presented as

Representative images of tumors and analysis in nude mice intervened with control, miR-6769b-3p or miR-499a-3p expression p53-WT (HCT116 and Lovo) cells. Data

F
mimics. Nuclei were stained with DAPI (blue). Scale bars = 20 pm. Data are presented as mean =+ SD (biological replicates, n = 4; **P < 0.01).
G
H
3p and miR-499a-3p) mimics. Data are presented as mean =+ SD (biological replicates n = 4; ns = no significance, *P < 0.05, ***P < 0.001).
|
***p < 0.001).
J
and pri-miR-499a in HCT116 cells, acting as a control.
K
are presented as mean + SD (biological replicates, n = 3, *P < 0.05, **P < 0.01).
L
are presented as mean =+ SD (biological replicates, n = 3).
M
mean =+ SD (biological replicates, n = 3).
N
are presented as mean + SD (biological replicates, n = 7).
(0]

Representative images of tumors and analysis in nude mice intervened with control, miR-6769b-3p or miR-499a-3p expression p53-MT (HT29 and SW620) cells. Data
are presented as mean =+ SD (biological replicates, n = 7, ns, no significance).

Data information: For (D, F-0), statistical significance was determined by a two-tailed Student’s t-test. ACTB was used as a loading control.
Source data are available online for this figure.
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or readers could specifically recognize pri-miR-6769b and pri-
miR499a. We found that the negative regulation of METTL14 over-
expression on pri-miR-6769b and pri-miR-499a levels could only be
restored by YTHDF2 knockdown instead of other readers (Fig 4J).
YTHDF2 has been proved to preferentially recognize m°®A-modified
mRNA and mediate mRNA stability in many biological contexts

© 2023 The Authors
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(Wang et al, 2014; Chen et al, 2018). METTL14 down-regulation
enhanced the RNA stability of pri-miR-6769b and pri-miR-499a
(Fig 4K). Furthermore, ectopic expression of YTHDF2 partly antago-
nized increased mRNA stability in METTL14 silencing cells (Fig 4K).
To determine whether m°A sites participated in the modulation of
pri-miR-6769b and pri-miR-499a expression,

we constructed
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expression vectors containing m®A motif mutants and wild types
using SRAMP database (Fig EV4I). As a result, All MT or pri-miR-
6769b-MT4/pri-miR-499a-MT1 plasmids resulted in significant
increases in pri-miR-6769b/pri-miR-499a levels and decreases in
pre-miR-6769b/pre-miR-499a and miR-6769b-3p/miR-499a-3p levels
compared with plasmids bearing intact m°A sites (Fig EV4J and K).
Additionally, cells transfected with mutant METTL14 plasmids (MT-
METTL14, R298P) had no effect on pri-miRNA processing, SLC2A3
and PGAMI protein levels, or global m°A levels (Fig EV4L and M).
Moreover, we observed enhanced interaction between pri-miR-
6769b/pri-miR-499a and YTHDF2 in METTL14-overexpressing cells
(Fig 4L). MeRIP-qPCR assay further affirmed the presence of m°A
methylation on pri-miR-6769b/pri-miR-499a and METTL14 up-
regulation triggering greater m°A modification on pri-miR-6769b/
pri-miR-499a (Fig 4M). Further, we confirmed that miR-6769b-3p/
miR-499a-3p up-regulation suppressed p53-WT tumor growth in
vivo (Fig 4N), while xenograft tumors from p53-MT CRC cells
expressing control or miR-6769b-3p/miR-499a-3p exhibited no sig-
nificant differences (Fig 40). Collectively, METTL14 may suppress
the development of p53-WT CRC by selectively facilitating the
processing of pri-miR-6769b and pri-miR-499a in an m®A-YTHDF2-
dependent manner.

METTL14 attenuates the development of p53-WT CRC by
repressing glycolysis through miR-6769b-3p/SLC2A3 and
miR-499a-3p /PGAM1 axis

The selective maturation of miR-6769b-3p and miR-499a-3p in a
METTL14-mediated m°A-dependent manner led us to hypothesize
that miR-6769b-3p and miR-499a-3p may regulate METTL14-
controlled glycolysis reprogramming in p53-WT CRC cells. Above

Yichao Hou et al

all, we demonstrated that miR-6769b-3p and miR-499a-3p mimics
decreased glucose uptake, lactate, ATP, and pyruvate levels in
HCT116 cells, while miR-6769b-3p and miR-499a-3p inhibitors
showed the opposite effects (Fig SA and B). Moreover, both miR-
6769b-3p and miR-499a-3p mimics displayed decreased ECAR and
increased OCR in HCT116 cells (Fig 5C and D). As expected, miR-
6769b-3p and miR-499a-3p did not affect metabolic phenotype in
p53-MT CRC cells (Fig EV5A-D). In addition, mixture inhibitors res-
cued decreased cellular glycolytic function caused by METTL14
overexpression in p53-WT CRC cells (Fig 5E). Mixture mimics abol-
ished reduced glucose uptake, lactate, ATP, and pyruvate levels
caused by METTL14 overexpression in p53-WT CRC cells (Fig 5F).
Furthermore, mixture inhibitors obviously reversed the effects on
ECAR and OCR caused by METTL14 overexpression (Fig 5G) and
mixture mimics remarkably attenuated glycolysis, which also abol-
ished the effects of METTL14 overexpression on ECAR and OCR
(Fig 5H).

To examine the effects of the METTL14/miR-6769b-3p and
METTL14/miR-499a-3p axis on glycolysis in vitro and in vivo, we
verified that stable miR-6769b-3p and miR-499a-3p overexpression
inhibited tumor growth, and miR-6769b-3p and miR-499a-3p up-
regulation antagonized the tumor growth-promoting effect caused
by METTL14 knockdown in vivo (Figs EV5E and F, and 5I-K). We
then found that SLC2A3/PGAM1 down-regulation suppressed the
proliferation of p53-WT CRC cells but had no obvious effects on cell
proliferation in p53-MT CRC cells (Fig EV5G). Moreover, we found
that the expression level of SLC2A3/PGAMI1 was lower in p53-WT
CRC cell line, whereas miR-6769b-3p/miR-499a-3p expression levels
were higher in the p53-WT CRC cell line (Fig EVSH and I). More-
over, the stable knockdown of SLC2A3/PGAMI in CRC cells demon-
strated a significant reduction in tumor volume and weight derived

Figure 5. METTL14 attenuates the development of p53-WT CRC by repressing glycolysis through miR-6769b-3p/SLC2A3 and miR-499a-3p /PGAM1 axis.

A Glucose uptake, lactate, ATP, and pyruvate levels were determined in HCT116 (p53-WT) cells treated with control, miR-6769b-3p mimics, or inhibitor for 48 h. Data
are presented as mean =+ SD (biological replicates, n = 3, *P < 0.05, **P < 0.01).

B Glucose uptake, lactate, ATP, and pyruvate levels were determined in HCT116 (p53-WT) cells treated with control, miR-499a-3p mimics, or inhibitor for 48 h. Data
are presented as mean =+ SD (biological replicates, n = 3, *P < 0.05, **P < 0.01).

@ ECAR and OCR were determined in HCT116 (p53-WT) cells treated with control, miR-6769b-3p mimics, or inhibitor for 48 h. Data are presented as mean + SD (bio-
logical replicates, n = 3, *P < 0.05, **P < 0.01).

D ECAR and OCR were determined in HCT116 (p53-WT) cells treated with control, miR-499a-3p mimics, or inhibitor for 48 h. Data are presented as mean =+ SD (bio-
logical replicates, n = 3, *P < 0.05).

E Glucose uptake, Lactate, ATP, and pyruvate levels were determined in stably transfected Lv-vector and Lv-METTL14 HCT116 (p53-WT) cells treated with control or
mixture inhibitors for 48 h. Western blot analysis of the corresponding METTL14, SLC2A3, and PGAM1 protein levels in indicated treatment. Data are presented as
mean + SD (biological replicates n = 3, ns = no significance, **P < 0.01).

F Glucose uptake, Lactate, ATP, and pyruvate levels were determined in stably transfected Lv-vector and Lv-METTL14 HCT116 (p53-WT) cells treated with control or
mixture mimics for 48 h. Western blot analysis of the corresponding METTL14, SLC2A3, and PGAM1 protein levels in indicated treatment. Data are presented as
mean + SD (biological replicates, n = 3, ns = no significance, **P < 0.01).

G ECAR and OCR were determined in stably transfected Lv-vector and Lv-METTL14 HCT116 (p53-WT) cells treated with control or mixture inhibitors for 48 h. Data
are presented as mean =+ SD (biological replicates, n = 3, ns = no significance, **P < 0.01).

H ECAR and OCR were determined in stably transfected Lv-vector and Lv-METTL14 HCT116 (p53-WT) cells treated with control or mixture mimics for 48 h. Data are
presented as mean =+ SD (biological replicates n = 3, ns = no significance, **P < 0.01).

I,]  Representative images and analysis of tumors in nude mice generated by stably transfected shNC and ShMETTL14 or miR-6769b-3p and miR-499a-3p overexpres-
sing HCT116 (p53-WT) cells with or without METTL14 knockdown. Data are presented as mean + SD (biological replicates, n = 7, ***P < 0.001).

Western blot analysis of the expression of METTL14, SLC2A3, and PCAML1 in indicated tumor tissues.

L, M Representative images and analysis of tumors in nude mice generated by stably transfected shSLC2A3 and shPGAM1 HCT116 (p53-WT) cells with or without
METTL14 knockdown, and tumors intervened with 2-DG and 3-BP with or without METTL14 knockdown. Data are presented as mean =+ SD (biological replicates,
n=7,*P < 001, **P < 0.001).

N Western blot analysis of the expression of METTL14, HK1, SLC2A3, and PGAML1 in indicated tumor tissues.

Data information: For (A-J, L, M), statistical significance was determined by a two-tailed t-test. ACTB was used as a loading control.
Source data are available online for this figure.
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from p53-WT cells compared with those from control-treated cells,
whereas the p53-MT xenograft did not respond to the stable knock-
down of SLC2A3/PGAM1 (Fig EVSJ and K). Finally, we tested
whether glycolysis plays a role in METTL14/miR-6769b-3p and
METTL14/miR-499a-3p axis-mediated regulation of tumor growth in
vivo. As expected, the glycolytic inhibitors 2-deoxy-D-glucose (2-
DG) and 3-bromopyruvate (3-BP) (Xu et al, 2005) dramatically
reduced tumor growth (Fig SL and M). These results were further
confirmed by the changes in protein levels of SLC2A3 and PGAM1,
and HKI1, as therapeutic targets of 2-DG and 3-BP (Pajak
et al, 2019), by western blot analysis from tumor tissues (Fig 5N).
Moreover, 2-DG and 3-BP, as well as SLC2A3 and PGAM1 down-
regulation, reversed the acceleration of tumor growth caused by
METTL14 knockdown (Fig 5L-N). Taken together, METTL14 sup-
presses p53-WT CRC progression by inhibiting glycolysis through
miR-6769b-3p/SLC2A3 and miR-499a-3p/PGAM1 pathways.

METTL14, miR-6769b-3p/SLC2A3 and miR-499a-3p/PGAM1 are
clinically relevant in p53-WT CRC patients

To investigate the clinical significance of METTL14, glycolytic com-
ponents (SLC2A3 and PGAMI1), and microRNAs (miR-6769b-3p and
miR-499a-3p) in CRC patients, IHC, ISH, and real-time PCR analysis
showed that the levels of SLC2A3 and PGAM1 were higher in CRC
tissues than those in normal tissues, while the levels of miR-6769b-
3p and miR-499a-3p were higher in adjacently normal tissues
(Appendix Fig SS5A-D). In parallel, we confirmed that p53-WT CRC
had much higher levels of miR-6769b-3p/miR-499a-3p and much
lower levels of SLC2A3/PGAMI1 than p53-MT samples (Fig 6A). Our
results also showed expression of other glucose transporter SLC2A1
and phosphoglycerate mutase PGAM2 did not differ between the
two groups (Appendix Fig S6). Furthermore, the samples with
higher METTL14 expression displayed strong staining for miR-
6769b-3p and miR-499a-3p and weak staining for SLC2A3 and
PGAM]1, while samples with low expression of METTL14 were with
low levels of miR-6769b-3p and miR-499a-3p, and high levels of
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SLC2A3 and PGAM1 in p53-WT CRC samples (Fig 6B and C). How-
ever, miR-6769b-3p/miR-499a-3p and SLC2A3/PGAM]1 did not show
a correlation with METTL14 expression in p53-MT CRC samples,
and miR-6769b-3p/miR-499a-3p and SLC2A3/PGAMI1 levels were
also not correlated in p53-MT CRC samples (Appendix Fig S7A and
B). Moreover, we mined data from DepMap portal (Meyers
et al, 2017), a database comprising many perturbation datasets from
hundreds of human cancer cell lines. We specifically inquired the
functional effect of METTL14 knockout by CRISPR-Cas9 in various
human cancer cell lines. We parsed the cell lines based on p53 sta-
tus into either wild-type or mutant and plotted the gene effect score,
termed the Achilles score that reflects the essentiality of individual
genes for proliferation (Bieging-Rolett et al, 2020; Raj et al, 2022).
Interestingly, the Achilles scores for METTL14 were obviously
higher in p53-WT cancer cell lines than in cancer cell lines harbor-
ing p53 mutations and p53-MT cancer cell lines were less affected
by METTL14 perturbation than p53-WT cancer cell lines (Fig 6D).
Moreover, the top METTL14 co-dependencies include not only p53
and the p53-positive modulators ATM and TP53BP1, as well as p53
main effector p21WAT/CP (with Achilles score positively correlated
with that of METTL14) but also p53-negative modulators MDM2
and PPM1D (with Achilles score negatively correlated with that of
METTL14) in p53-WT cancer cells lines or whole cancer cell lines,
whereas the significant correlations between METTL14 and p53
disappeared, and the correlations between METTL14 and regulators
and effector of p53 tended to get weak in p53-MT cell lines (Fig 6E).
As expected, METTL14 and KRAS Achilles scores were not corre-
lated in cancer cell lines among these groups (Fig 5E).

We also showed that higher levels of METTL14, miR-6769b-3p,
and miR-499a-3p predicted a better prognosis, but the elevated
expression of SLC2A3 and PGAM1 exhibited robustly shorter OS in
patients with p53-WT CRC (Fig 6F and Appendix Fig S8A). However,
METTL14, miR-6769b-3p/miR-499a-3p, SLC2A3/PGAMI1 could not
serve as independent prognostic markers in p53-MT CRC (Fig 6F and
Appendix Fig S8B). Additionally, METTL3, SLC2A1, and PGAM2 dis-
play indiscriminately prognostic values in p53-WT and p53-MT CRC

Figure 6. METTL14, miR-6769b-3p/SLC2A3, and miR-499a-3p/PGAM1 are clinically relevant in p53-WT CRC patients.

A Representative IHC and ISH staining images and corresponding quantitative analysis of miR-6769b-3p/SLC2A3 IRS and miR-499a-3p/PGAM1 IRS in p53-WT (n = 63)
and p53-MT (n = 41) samples from Cohort 3. The insets show enlarged images of indicated p53-WT and p53-MT CRC tissues, respectively. Scale bars = 200 pm and
20 pm (inset). The horizontal lines represent the median; the bottom and top of the boxes represent the 25 and 75% percentiles, respectively, and the vertical bars

represent the range of the data.

@

Representative IHC and ISH images of METTL14, SLC2A3, PGAM1, miR-6769b-3p, and miR-499a-3p in CRC tissues with higher or lower METTL14 expression in p53-WT

(n = 63) samples from Cohort 3. Right panels show enlarged images of indicated p53-WT CRC tissues. Scale bars = 200 um (left) and 20 pm (right).

Statistical analysis of METTL14, SLC2A3, PGAM1, miR-6769b-3p, and miR-499a-3p in p53-WT CRC tissues (n = 63) from Cohort 3.
Achilles scores for METTL14 in p53-WT cancer cells (n = 217) and p53-MT cancer cells (n = 527).

Association between METTLL4 and p53, KRAS, ATM, TP53BP1, MDM2, PPM1D, and p21"VA"/CP1 was analyzed by Pearson’s correlation analysis in the CCLE dataset.
Kaplan—Meier survival curves of OS in CRC patients with wild-type p53 (n = 63) and mutant p53 (n = 41) from Cohort 3 database based on expression levels of
METTL14.

G The survival analysis of OS and DFS in various tumors in TCGA database based on expression levels of METTL14. First, we have divided tumor patients diagnosed with
the same tumor into patients with wild-type p53, patients with mutant p53, and patients regardless of p53 status. Second, according to optimal cutoff values, patients
in three groups were divided into a high-expression METTL14 group and a low-expression METTL14 group, respectively. Finally, Survival differences between the low-
expression METTL14 group and the high-expression METTL14 group in each set were assessed by the Kaplan—Meier estimate and compared using the log-rank test.
Esophageal Cancer (ESCA); Bladder Cancer (BLCA); Lower Grade Glioma (LGG); Glioblastoma (GBM); Sarcoma (SARC); Skin Cutaneous Melanoma (SKCM).

H Comparison of clinicopathological characteristics between METTL14 high- and low-expression tumors in p53-WT patients from Cohort 3 (n = 63).

| Schematic diagram of the relationship among METTL14, glycolysis metabolism, and CRC progression.

mm o0

Data information: For (A, D), statistical significance was determined by the nonparametric Mann—-Whitney test. For (C), statistical significance was determined by the
Fisher exact test. For E, statistical significance was determined by analysis of the Pearson’s correlation coefficient. For (F, G), statistical significance was performed by the
log-rank test. For (H), statistical significance was performed by the Chi-square test.
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(Appendix Fig S8A and B). We then mined data from TCGA and
found that high METTL14 exhibited more favorable OS in many
human cancer types with wild-type p53 regardless of spectrum of
p53 mutations, whereas high METTL14 has no significant positive
association with OS, or even has poorer OS in some types of tumors
with medium to high frequency of p53 mutations. In addition, we
also found that high METTL14 was significantly associated with a
more favorable disease-free survival (DFS) in some p53-WT tumors,
whereas high METTL14 did not confer significant favorable DFS or
even was associated with a poorer DFS in some tumors with medium
frequency of p53 (Fig 6G). Moreover, we observed that METTL14
was inversely correlated with poor histological differentiation, AJCC
III/IV stage, and tumor size (> 30 cm®) in p53-WT CRC patients
(Fig 6H), while no significant relationship was found between
METTL14 and clinicopathological features of CRC patients with p53
mutations (Appendix Fig S9A). Finally, multivariate regression anal-
ysis revealed that METTL14 expression was an independent prognos-
tic factor for p53-WT CRC patients in Cohort 3 and TCGA CRC
(Appendix Fig S9B and C). In general, METTL14 is an independent
predictor of beneficial prognosis in p53-WT CRC patients and func-
tions as a tumor suppressor by selectively maturating miR-6769b-3p
and miR-499a-3p, and then inhibiting the expression of SLC2A3 and
PGAMI, and rewiring the cellular metabolism to reduce glycolysis
and repress p53-WT CRC tumorigenesis (Fig 61).

Discussion

The results of the present study demonstrated that METTL14 was
transcriptionally activated by wild-type p53 and positively modu-
lated the processing of pri-miR-6769b/pri-miR-499a in an m°A-
YTHDF2-dependent manner, which selectively enhanced the matu-
ration of miR-6769b-3p/miR-499a-3p and down-regulated SLC2A3/
PGAMI, respectively, thus attenuating glycolysis and tumor devel-
opment in p53-WT CRC.

Selective deletion of Mettl14 in T cells impairs the induction of
naive T cells into induced Treg cells and leads to spontaneous
colitis in mouse models, providing a new tool for investigating
inflammatory bowel diseases (IBD) or IBD-associated malignancy
(Lu et al, 2020). Mettl14 knockdown in tumor-associated macro-
phages in tumor microenvironment triggers CD8* T cells differenti-
ating toward a dysfunctional state in mouse models, thus impairing
their ability to eliminate tumors, highlighting the tumor-suppressive
role of Mettll4 in tumor microenvironment (Dong et al, 2021).
Besides, METTL14 engages in ETBF-mediated pri-miR-149 proces-
sing in HCT116 CRC cells and then miR-149-3p inhibits CRC cell
proliferation through targeting PHFSA (Cao et al, 2021). Herein, we
discovered the tumor-suppressive function of METTL14 in p53-WT
CRC, which relied on the processing of pri-miR-6769b and pri-miR-
499a in an m°A-dependent manner. In addition, the biological func-
tion of m°A depends on the selective recognition of m°A sites by the
reader protein YTHDF2 (Fu et al, 2014). YTHDF2 is the first vali-
dated and the most extensively studied m®A reader, which can
selectively bind to m°A-containing mRNA and render the targeted
mRNA to cellular RNA decay sites (Wang et al, 2014). Recent stud-
ies have revealed the engagement of m°A reader proteins in regulat-
ing pri-miRNA stability and processing (Alarcén et al, 2015a; Hou
et al, 2021), and our present study also demonstrated the
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importance of YTHDF2 in mediating pri-miRNA stability and proces-
sing. However, whether there exist additional stabilizers or degrado-
somes that could mediate similar processing effects at pri-miR-
6769b/pri-miR-499a needs further investigation.

Studies have shown that mutant p53 loses the tumor-suppressive
function of wild-type p53 and gains function that contributes to
malignant progression; it is not surprising that a variety of therapies
are being developed to target tumors expressing mutant p53. For
example, compounds like PRIMA-1, maleimide analogs, and
STIMA-1 have been developed to reactivate some levels of wild-type
function in mutant p53. HDAC inhibitors, SIRT1, stathmin, and
autophagy are reported to target mutant p53 for degradation; how-
ever, the underlying mechanisms have not been fully elucidated and
their activities may not only confine to mutant p53 but also extend
to degrade wild-type p53. In addition to directly targeting mutant
p53, another approach is to target mutant p53-regulated pathways
(Muller & Vousden, 2014). So far, these therapies have not yet been
widely used and recognized. Besides, as another frequently mutant
gene in CRC, mutant KRAS leads to resistance to EGFR inhibitors
(EGFRIs), cetuximab and panitumumab, in metastatic CRC patients,
whereas patients with wild-type KRAS respond well to EGFRIs
(Martinelli et al, 2020). However, studies about therapeutic strate-
gies for p53-WT CRC are limited. Additionally, we identified two
glycolytic genes, SLC2A3 and PGAM1, which are crucial factors for
METTL14-mediated aerobic glycolysis in p53-WT CRC. Notably,
consistent with our discovery, previous studies have manifested the
negative regulation of wild-type p53 on SLC2A3 expression by
repressing activation of the IKK-NF-kB pathway (Kawauchi
et al, 2008, 2009). Although researchers have developed chromopy-
nones, glutor, glupin, and NV-5440 as small-molecule inhibitors of
SLC2A3, and MJE3, EGCG, 14r, PGMI-004A, and HKB99 have been
reported as potential PGAM1 inhibitors (Huang et al, 2019a;
Reckzeh & Waldmann, 2020), these inhibitors are less specific or
their applications in CRC have not been widely reported. So further
studies are perspective and urgent. Strikingly, our findings suggest
that the wild-type p53-modulated METTL14 can be tumor suppres-
sive in the context of wild-type p53 yet displays no significant
effects in p53-MT or p53-null CRC cells. Notably, METTL14 has
been reported to be required for some cancer development, whereas
METTL14 activation shows more tumor-suppressive activity in a
variety of tumors including UCEC (Liu et al, 2018), LIHC (Ma
et al, 2017), GBM (Cui et al, 2017), and skin cancer (Yang et al,
2021). Interestingly, Panneerdoss et al (2018) revealed that
METTL14 knockdown in BRCA cells (MDA-MB-431, MDA-MB-468,
and BT-549) carrying diverse p53 mutations led to reduced long-
term viability, migration, and invasion of BRCA cells, which,
together with clinical data (Fig 6G) revealing a different role for
METTL14 in mutant tumors, supports the idea that METTL14 can
only employ wild-type p53-dependent tumor-suppressive mecha-
nisms. This difference in METTL14 action in the context of wild-
type or deficient p53 also provides one potential explanation for
observed differences in the role of METTL14 in cancer development.
Our data suggest that p53 pathway status is one factor that dictates
whether METTL14 is a tumor suppressor or nonfunction gene,
even functions as an oncogene. Taken together, METTL14 and its
related glycolytic factors are crucial for CRC tumorigenesis and
development, and targeting these factors might be promising in the
prevention and treatment of p53-WT CRC.
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In summary, biologically, METTL14 serves as a tumor suppres-
sor and inhibits the progression of p53-WT CRC. Mechanically,
METTLI14 is transcriptionally activated by wild-type p53. METTL14-
mediated m°A modification selectively promotes YTHDF2-
dependent processing of pri-miR-6769b and pri-miR-499a, which
facilitates the maturation of corresponding miRNAs that target
SLC2A3 and PGAMI, respectively, thereby inhibiting glycolysis in
p53-WT CRC. Clinically, METTL14 expression inversely correlates
with the prognosis of CRC, especially of p53-WT CRC. Targeting
METTL14 and its associated factors may be promising for treating
p53-WT CRC.

Materials and Methods

AOM and AOM/DSS-induced Villin-Cre*/Mettl14"/F
mouse models

In order to generate mice with a conditional deletion of METTL14
in the IECs, METTL14"%/f19% mijce were crossed with Villin-Cre
transgenic mice. In the following steps, Villin-Cre-METTL141°%/+
were crossed with Villin-Cre-METTL14%%* to obtain Villin-Cre-
METTL14%%/1°% mice (named METTL14*"%) and Villin-Cre-
METTL14*/* (named METTL14"") littermates, which were used for
the experiments. Generation of the Villin-Cre™/Mettl14™/L condi-
tional knockout mice was performed by Shanghai Model Organisms
Inc. (Shanghai, China) and housed under specific pathogen-free con-
ditions, as well as fed under a 12 h-dark/12 h-light cycle with food
and water provided ad libitum in IVC Animal Laboratory, Shanghai
Jiaotong University. For AOM-induced tumor mouse model, mice
were administrated with AOM (Sigma-Aldrich; 10 mg/kg) by intra-
peritoneal injection for 6 consecutive weeks. For AOM/DSS-induced
tumor mouse model, mice were injected intraperitoneally with AOM
(Sigma-Aldrich; 10 mg/kg) on the first day. Then, these mice were
fed for 7 days with 2% DSS (MP Biomedicals) in drinking water and
then DSS-free water for another 14 days. This experimental series
was repeated three times. Mice experiments were conducted in accor-
dance with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals. All animal care and procedures were
compliant with the Animal Ethics Committee of the Ninth People’s
Hospital Affiliated with Shanghai Jiaotong University School of
Medicine.

Cell culture and treatment

Human p53-wild-type (p53-WT) CRC cell lines HCT116, RKO, Lovo,
and other p53-mutant (p53-MT) cell lines were purchased from
American Type Culture Collection (ATCC). NCM460 cell line was
obtained from INCELL Corporation. Cell lines were tested to be free
from mycoplasma contamination before use. All cells were cultured
in the recommended medium (Gibco) supplemented with 10% fetal
bovine serum (FBS; Gibco) and 1% penicillin/streptomycin (Gibco)
in a humidified atmosphere of 5% CO2 at 37°C. FuGENE transfec-
tion reagent (Promega) and DharmaFECT 1 siRNA transfection
reagent (Horizon Discovery) were used to transfect plasmid and
small interfering RNA (siRNA) following the manufacturer’s proto-
col, respectively. siRNAs, miRNA mimics, and inhibitors were pur-
chased from GenePharma (Shanghai, China). p53-WT, p53R237H,
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and p53R175H were from Addgene and other plasmids were
constructed by GeneRay (Shanghai, China) or GenePharma (Shang-
hai, China). Pifithrin-alpha (PFTa) and doxorubicin (Dox) were
obtained from Sigma-Aldrich. Sequences of siRNA, miRNA mimics,
and inhibitors were listed in Appendix Table S1. For transfection
with plasmids, cells were seeded at 50% confluence 24 h before
transfection, then transfected using FUGENE HD according to the
manufacturer’s instructions. Briefly, the transfection complex was
made with 1 pg plasmid, 3 pl FUuGENE HD and 100 pl Opti-MEM. Six
hours after the complex was added to the cells, normal culture
media were used to culture cells. After additional 48 h, cells were
harvested for analyses. For transfection with siRNA, miRNA mimics
or inhibitors, siRNA, miRNA mimics or inhibitors, and DharmaFECT
1 reagent were diluted in 100 pl Opti-MEM, respectively, and the
contents were mixed gently. The mixtures were incubated for 10-
20 min at room temperature. The incubated mixtures of siRNA and
DharmaFECT 1 were then added to cells. After additional 48 h, cells
were harvested for analyses.

To obtain stably transfected cell lines, cDNA was amplified and
subcloned into the lentiviral vector. HEK-293T cells were then trans-
fected with lentiviral plasmids and supernatants were collected for
infecting CRC cell lines with 8 pg/ml polybrene. Stable cells were
selected by treatment with puromycin, and the overexpression or
knockdown efficiency was assessed by qRT-qPCR. The lentivirus
control and lentiviral vectors expressing METTL14 were constructed
by Shanghai OBiO medical biotechnology company, Shanghai,
China.

Quantitative RT-PCR analysis (QRT-PCR)

Total RNA was isolated from the colorectal tissue specimens and
cell lines by TRIzol reagent (Ambion) according to the manufac-
turer’s instructions. Deoxyribonuclease I (Sigma-Aldrich) and
phenol-chloroform were used to purify RNA. For analysis of pri-
miRNA and mRNA, PrimeScript RT Reagent Kit (TAKARA) was
used for reverse transcription into cDNA. Pre-miRNA and mature
miRNA were extracted from total RNA using RNeasy MinElute
Cleanup Kit (Qiagen) and their cDNAs were synthesized using
miScript IT RT Kit (Qiagen). Quantitative real-time PCR was carried
out in triplicate with StepOnePlus real-time PCR system (Applied
Biosystems). qPCR primers used in this study were listed in Appen-
dix Table S2. ACTB and U6 small nuclear RNAs were used as inter-
nal controls. 274" method was used to calculate the relative
expression of RNAs.

Patient specimens

We used four Cohorts of patients with CRC who received surgery
between 2014 and 2020. Cohort 1 contained 118 paired CRC and
para-cancerous samples. Cohort 2 and Cohort 3 with detailed clini-
copathological characteristics and follow-up data were derived from
90 and 104 CRC patients, respectively. CRC was diagnosed by the
histopathological examination. Tissue samples for RNA extraction
were stored in liquid nitrogen, and those for IHC staining were
embedded in paraffin. All the individuals received no preoperative
chemotherapy or radiotherapy. The written informed consent form
was obtained from each participant and this study was approved by
the Ethics Committee of the Ninth People’s Hospital Affiliated with
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Shanghai Jiaotong University School of Medicine. The procedure
was in accordance with the provisions of the Declaration of Helsinki
of 1975. The clinical information of Cohort 3 was listed in
Dataset EV3.

Western blot

Protein was extracted from CRC cells, specimens, or immunoprecipi-
tation samples by RIPA lysis buffer (Beyotime Biotechnology) and
incubated on ice for 1 h. Then, the supernatant was collected after
centrifugation at 4°C for 20 min at 21,130 g and was quantified by
BCA Assay Kit (Thermo Fisher Scientific). Total protein (40 pg) was
separated by 10% SDS-PAGE and transferred onto PVDF membranes
(Bio-Rad Laboratories). After blocking with 5% BSA for 2 h, mem-
branes were incubated with primary antibodies at 4°C overnight.
Antibodies against METTL14 (ab220030), DGCR8 (ab191875), Ki-67
(ab15580), MPC1 (ab74871), SLC2A3 (ab15311), and HK2
(ab227198) were purchased from Abcam. Antibodies against p53
(sc-126), DGCR8 (sc-377249) SLC2A1 (sc-377228), ELK1 (sc-
365876), PFKP (sc-514824), SLC2A3 (sc-74399), GPI (sc-271459),
FBP1 (sc-271241), ALDOA (sc-390733), ALDOC (sc-271593),
GAPDHS (sc-293335), PGK1 (sc-130335), PGAM1 (sc-130334), ENO3
(sc-100811) and LDHA (sc-137243) were purchased from Santa Cruz
Biotechnology. Antibodies against p21 (#2947) were purchased from
Cell Signaling Technology. Antibodies against m°A (Cat. No. 202003
and Cat. No. 202011) were purchased from Synaptic System. Anti-
body against METTL14 (A8530) was purchased from ABclonal. Anti-
body against ACTB was purchased from Kangcheng. Antibody
against METTL14 (HPA038002) was purchased from Sigma-Aldrich.
The next day, membranes were washed with TBS-T and incubated
with Secondary antibodies (Kangcheng) labeled with HRP. Blots
were imaged using the ECL detection system (Bio-Rad Laboratories).

In vitro cell viability and colony formation assays

Cell viability was assessed by Cell Counting Kit-8 (CCK8, Dojindo).
Control and stably transfected CRC cells were seeded in 96-well
plates at a density of 3,000 cells/well and incubated overnight.
Then, cells were cultured for four consecutive days. CCK8 reagent
was added to cells at a fixed time every day, and the volume ratio of
CCK8 reagent to the serum-free medium was 1:10 (CCK8 reagent
10 pl/well). After adding CCK8 reagent, cells were incubated in the
dark at 37°C for 2 h and the absorbance of each well was measured
by OD at a wavelength of 450 nm. For colony formation assay, CRC
cells were seeded into 6-well culture plates and cultured for 7—
10 days. Subsequently, cells were fixed with 4% paraformaldehyde
and stained with 0.1% crystal violet. After washing several times
with PBS and drying, cell colonies were counted and cell clusters
with more than 50 cells were counted as colonies.

Immunohistochemistry (IHC)

Colorectal cancer tissue sections were deparaffinized and rehydrated
through an alcohol series followed by heat-mediated antigen retrieval
carried out by microwaving with sodium citrate buffer. After blocking
endogenous activity with 3% hydrogen peroxide and 5% normal goat
serum, slides were incubated with appropriate antibodies in a humidi-
fied box at 4°C overnight. Antibodies against METTL14 (HPA038002)
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and PGAM1 (sc-130334) were purchased from Abcam. Antibody
against p53 (sc-126) was purchased from Santa Cruz Biotechnology.
PGAM2 (15550-1-AP), SLC2A1 (21829-1-AP), SLC2A3 (20403-1-AP)
and METTL3 (15073-1-AP) were purchased from Proteintech. Color
reaction was performed with horseradish peroxidase (HRP) conjugates
with DAB detection, and hematoxylin was used to counterstain the cell
nuclei. The IHC staining was scored by 2 independent investigators
who were blinded to the clinical characteristics. The immunostaining
degree was calculated according to the staining intensity and the per-
centage of positive cells. The staining intensity was scored from 0 to 3
(0, negative staining; 1, weak staining; 2, moderate staining; 3, strong
staining) and the percentage of positive cells was also scored from 0 to
3: 0 (< 5%, negative), 1 (5-25%, sporadic), 2 (25-50%, focal), 3 (50—
75%, diffuse) and 4 (> 75%, entire). The final immunoreactive score
(IRS) ranged from O to 12, and the final IRS was classified as follows:
negative expression (0), low expression (1-4), medium expression (6
8), and high expression (9-12). Besides, protein expression within
xenografts or intestinal epithelial from mice was assessed on the basis
of the intensity and the scale of staining using Image-Pro Plus 6.0
(Media Cybernetics, Rockville, MD, USA) (Lin et al, 2020).

Immunofluorescence (IF)

Cells were plated on coverslips, fixed with 4% formaldehyde, and
permeabilized in 0.1% Triton X-100 in PBS. Then, cells were
blocked with 1 mg/ml BSA in PBS and incubated with specific pri-
mary antibodies at 4°C overnight. Antibody against METTL14
(HPA038002) was purchased from Sigma-Aldrich. Antibody against
p53 (sc-126) was purchased from Santa Cruz Biotechnology. Anti-
bodies against SLC2A3 (sc-74399) and PGAMI1 (sc-130334) were
purchased from Santa Cruz Biotechnology. Next day, cells were
washed and incubated accordingly with dye-conjugated secondary
antibodies (Thermo Fisher Scientific). Finally, cells were counter-
stained with 4,6-diamidino-2-phenylindole (DAPI, Vector Laborato-
ries). Images were captured using a Zeiss LSM-710 confocal
microscope (Zeiss). The relative mean fluorescence density was
analyzed by ImageJ (Shao et al, 2022).

In situ hybridization (ISH)

Samples were deparaffinized and treated with 10% hydrogen perox-
ide and pepsin (EXIQON), and hybridized with DIG-labeled LNA
probes (EXIQON) complementary to miR-6769b-3p or miR-499a-3p.
After being blocked with 10% normal goat serum and 5% BSA in
PBS, specimens were incubated with anti-DIG Fab fragments
(Roche) and secondary antibody conjugated with alkaline phospha-
tase (Invitrogen) using nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate (NBT-BCIP) as substrate. Counterstaining was
conducted using a nuclear fast red solution (Vector Laboratories).
Nikon 80i microscope and Nikon NIS-Elements F 2.3 software
(Nikon) were used for analysis. microRNAs expression was assessed
on the basis of the intensity and the scale of staining using Image-
Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA).

m°®A dot blot

Dot blot was conducted essentially as described for m°A immunoblot-
ting (above). The poly(A)+ RNA was loaded to the Hybond-N+
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membrane (GE Healthcare) and UV crosslinking was performed. Sub-
sequently, the membrane was blocked with 5% nonfat milk in PBST
and incubated with anti-m°A antibody (A8530, ABclonal) at 4°C
overnight. Next day, the membrane was incubated with horseradish
peroxidase-conjugated secondary antibody (Kangcheng) and
detected with the ECL detection system (Biorad). The same amount
of poly(A)+ RNA was loaded to the membrane, stained with 0.02%
methylene blue (MB) in 0.3 M mol/l sodium acetate (pH = 5.2) as
control.

Methylated RNA immunoprecipitation (MeRIP) assay

m°A methylation levels of RNA were determined using Magna
MeRIPTM mCA Kit (Merck Millipore). Total RNA was isolated by
TRIzol reagent (Ambion) and treated with deoxyribonuclease I
(Sigma-Aldrich). RNA fragmentation reagents (NEB) were used to
fragment RNA and the fragmented RNA was immunoprecipitated
with anti-m®A antibody (Synaptic Systems) according to the instruc-
tions from the manufacturer. 1/10 of the fragmented RNA was
saved as input. Real-time PCR was performed after m°A-IP to quan-
tify the changes in m°A methylation of RNA.

Glucose uptake assay

Glucose uptake assay was performed using Glucose Uptake Colori-
metric Assay Kit (Abcam, ab136955) according to the manufac-
turer’s instructions. For measurement of glucose uptake, cells were
seeded into 10-cm plates, transfected or infected with indicated
constructs, and incubated in RPMI 1640 supplemented with 10%
FBS for 48 h. The transfected cells were harvested, and the cell
number was determined. Treated cells were seeded to 96-well
plates at a density of 1 x 10* cells/well and incubated at 37°C
overnight, at which time the cell numbers were fairly similar
across groups. Next day, cells were starved for glucose for 2 h and
then incubated in 100 pl Krebs-Ringer-Phosphate-HEPES for
40 min. Subsequently, 10 pl 10 mM 2-deoxyglucose (2-DG) was
added into each well and incubated for 20 min. Finally, cells were
collected by extraction buffer and the glucose uptake was mea-
sured by OD at a wavelength of 412 nm. The results were normal-
ized to cell numbers.

Lactate production assay

Lactate production assay was performed using a colorimetric L-
Lactate Assay kit (Abcam, ab65331) according to the manufacturer’s
instructions. Cells were transfected or infected and harvested as
described in glucose uptake assay. Culture media were removed,
and cells were incubated in RPMI 1640 without FBS. After incuba-
tion for 1 h, supernatants were collected for measurement of lactate
production. The reaction mixture was incubated for 30 min at room
temperature and protected from light. The lactate level in the super-
natants was measured at 450 nm wavelength and normalized with
cell numbers. For measurement of the lactate levels of intestinal epi-
thelial cells (IECs) isolated from AOM/DSS-induced Mettl142'E€ and
Mettl14"T mice CRC models, 1 x 10° IECs were isolated and
homogenized in the Lactate Assay Buffer (Abcam). After centrifuga-
tion, the soluble fractions were used for measurements, which were
normalized to cell numbers.
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ATP production assay

Cellular ATP production was measured using ATP Assay Kit
(Abcam, ab83355) according to the manufacturer’s instructions.
Cells were transfected or infected as described above, and treated
cells were seeded to 6-well plates and cultured at 37°C overnight, at
which time the cell numbers were quite similar across groups.
5 x 10° cells from each group were homogenized in ATP Assay
Buffer and cell lysates were mixed and incubated with ATP Reaction
Mix for 30 min. Absorbance of the mixtures was measured at a
570 nm wavelength. Values were normalized to cell numbers. For
measurement of the ATP levels of IECs isolated from AOM/DSS-
induced Mettl14*E€ and Mettl14W" mice CRC models, 5 x 10° IECs
were isolated and homogenized in the ATP Assay Buffer (Abcam).
After centrifugation, the soluble fractions were used for measure-
ments, which were normalized to cell numbers.

Pyruvate assay

The pyruvate level was measured using a colorimetric Pyruvate
Assay Kit (BioVision, K609-100) according to the instructions from
the manufacturer. Cells were transfected or infected as described
above, and 5 x 10° cells from each group were centrifuged to
remove insoluble material and the supernatants were collected.
Then, 2-50 pl sample was added to 96-well plate, and the volume
was adjusted to 50 pl/well with Pyruvate Assay Buffer. Subse-
quently, 50 pl Reaction Mix was added to each well and incubated
for 30 min at room temperature. Pyruvate was measured at 570 nm
wavelength and normalized with cell numbers. For measurement of
the pyruvate levels of IECs isolated from AOM/DSS-induced
Mettl14*E€ and Mettl14W" mice CRC models, 5 x 10° IECs were iso-
lated and homogenized in the Pyruvate Assay Buffer (BioVision).
After centrifugation, the soluble fractions were used for measure-
ments, which were normalized to cell numbers.

PGAM enzyme activity assay

The PGAM enzyme activity was measured using a colorimetric
pyruvate assay kit (BioVision, K2007-100) according to the instruc-
tions from the manufacturer. For measurement of the PGAM
enzyme activity of IECs isolated from AOM/DSS-induced
Mettl14%™€ and Mettl14"" mice CRC models, 1 x 10° IECs were iso-
lated and homogenized in the Pyruvate Assay Buffer (BioVision).
The samples were centrifuged, and the soluble fractions were used
for measurements at a 570 nm wavelength, and the results were
normalized to cell numbers.

Seahorse metabolic analysis

Extracellular acidification rate (ECAR) and oxygen consumption rate
(OCR) were measured using Seahorse XF Glycolysis Stress Test Kit
and Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies).
Treated CRC cells were seeded into the Seahorse plates and incu-
bated overnight at 37°C, at which time the cell numbers were quite
similar across groups. Next day, the monolayer cells were washed,
and baseline concentration was measured. Then, glucose, oligo-
mycin, and 2-DG were sequentially added for ECAR measurement,
and oligomycin, FCCP (p-trifluoromethoxy carbonyl cyanide
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phenylhydrazone), and antimycin A and rotenone were sequentially
added for OCR measurement at specific time points. Data were ana-
lyzed by Seahorse XF-96 Wave software. OCR was reported in
pmol/min and ECAR in mpH/min. The results were normalized to
cell numbers.

RNA immunoprecipitation (RIP) assay

RNA immunoprecipitation was conducted using the Magna RIP™
RNA Kit (Merck Millipore) according to the manufacturer’s protocol.
Briefly, magnetic beads coated with specific antibodies or normal
IgG (Thermo Fisher Scientific) were incubated with prepared cell
lysates at 4°C overnight. Washed protein-RNA complexes were
mixed with proteinase K digestion buffer. Then, the co-precipitated
RNAs were purified using phenol: chloroform: isoamyl alcohol and
subsequently subjected to qPCR to investigate the enrichment of
RNA to specific proteins or subjected to m°A immunoblotting as
described above.

Co-immunoprecipitation (Co-IP)

Treated cells were lysed with IP lysis buffer (Beyotime Biotech-
nology) containing Protease/Phosphatase Inhibitor Cocktail
(Beyotime Biotechnology). Cell lysates were centrifuged, and the
supernatants were collected and incubated with specific anti-
bodies or normal IgG overnight at 4°C. Next day, Protein A/G
Beads (Santa Cruz Biotechnology) were added into the superna-
tants and incubated for 3 h at 4°C. After washing protein-binding
beads, the co-precipitated proteins were subjected to western blot
assays as described above.

Chromatin immunoprecipitation (ChIP) assays

Chromatin immunoprecipitation assay was performed using the
EZ-Magna ChIPTM A/G Kit (Millipore) according to the manufac-
turer’s protocol. Briefly, cells were treated with 1% formaldehyde,
harvested in lysis buffer, and sonicated to generate DNA frag-
ments. Pre-purified DNA of each sample was saved as input con-
trol. Then, DNA fragments were used for immunoprecipitation
with p53 antibody or normal IgG (Cell Signaling Technology).
Afterward, DNA was eluted and purified, and the purified chroma-
tin DNA samples were used to detect the promoter of METTL14.
The primer sequences used in ChIP assay were described in
Appendix Table S3.

Luciferase assay

The luciferase assay was conducted using the Dual Luciferase
Reporter Assay Kit (Promega) according to the manufacturer’s pro-
tocol. Briefly, CRC cells were plated in 96-well plates and co-
transfected with blank PGL3, PGAM1 3’-UTR-WT, PGAM1 3’-UTR-
Mut, SLC2A3 3’-UTR-WT, SLC2A3 3’-UTR-Mut, METTL14 p53-BR,
or METTL14 pS53-BR mut, and control mimics, miR-6769b-3p
mimics, miR-499a-3p mimics, vector, p53-WT, or MT plasmids.
After 48 h of transfection, cells were lysed, and the firefly and
Renilla luciferase activities were measured. Relative luciferase activ-
ity was shown as firefly luciferase activity normalized to Renilla
luciferase activity.
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RNA stability assay

Transfected CRC cells were treated with Actinomycin D (Sigma-
Aldrich) at a final concentration of 5 pg/ml for the indicated time.
Total RNA was extracted and quantified by RT-qPCR. The degrada-
tion rate of RNA (Kgecay) Was calculated by the following equation:

C
In (a) = _Kdecayt

t is the transcription inhibition time, and C is the RNA level at the
time t. CO is the level of RNA at 0 h in the equation, which means
the mRNA level before decay starts. Thus, the RNA half-time (t;,,)
can be calculated by the equation:

1
In (E) = _Kdecaytl/z

CRC xenograft model

BALB/c nude mice were purchased from Charles River Laboratories
(Beijing, China) and housed under specific pathogen-free condi-
tions, and fed under a 12 h-dark/12 h-light cycle with food and
water provided ad libitum in IVC Animal Laboratory, Shanghai Jiao-
tong University.

Colorectal cancer xenograft model was established by injecting
cells into the right flank of 4-week-old male BALB/c nude mice sub-
cutaneously. After the tumors were palpable, tumor growth was
measured every 4 days and tumor volume was calculated as
length x width? x 0.5. 2-DG (Selleck) or 3-Bromopyruvate (3-BP,
Selleck) was administered, respectively, at 800 and 5 mg/kg body
weight by intraperitoneal injection once every other day. Mice were
sacrificed after 3 weeks, and the subcutaneous tumors were excised
and weighed. Mice experiments were conducted in accordance with
the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. All animal care and procedures were compliant
with the Ethics Committee of Shanghai Jiao Tong University.

Isolation of intestinal epithelial cells

Intestinal epithelial cells were extracted as described previously,
with some modifications (Weigmann et al, 2007). Briefly, colonic
tissues were cleared and cut into 1-2 cm pieces. The tissue frag-
ments were then incubated with 2.5 mM ethylenediaminetetraacetic
acid (EDTA) and 1 mM Dithiothreitol (DTT) in HBSS for 20 min
under slow rotation. Mixtures were then filtered by a cell strainer
and intestinal epithelial cells were collected by centrifugation.

High-throughput sequencing

For RNA sequencing, total RNA was isolated from CRC cells with or
without METTL14 knockdown. The RNA sequencing was performed
by OE Biotech Co, Ltd (Shanghai, China) using Illumina Hiseq X
Ten platform to generate subsequent raw data. Each group had four
biological replicates. The analysis of RNA-seq data was performed
according to the TopHat-HTSeq-DeSeq2 frame. Briefly, reads were
mapped to the human genome (hg19) using TopHat v2.0.11 (http://
tophat.cbcb.umd.edu) with the default options with a TopHat
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transcript index built from Ensembl GRCh37. Count files of the
aligned sequencing reads were generated by the htseqg-count script
from the Python package HTSeq with union mode, using the GTF
annotation file. The read counts from each sequenced sample were
combined into a count file, which was subsequently used for the
differential expression analysis. Differential analyses were
performed on the count files using DESeq2 packages, following stan-
dard normalization procedures. For RNA-seq data, we explored the
underlying glycolysis-related genes based on P-value and adj.P.Val
(Dataset EV1).

The Cancer Genome Atlas CRC consisted of primary colorectal
adenocarcinoma with wild-type p53 and mutant p53. To gain fur-
ther insight into the biological pathways involved in diverse p53 sta-
tus CRC occurrence and development through METTL14, the gene
set enrichment analysis (GSEA) was performed. The gene sets col-
lection (c2.all.v4.0.symbols.gmt) from the Molecular Signatures
Database-MsigDB  (http://www.broad.mit.edu/gsea/msigdb/index.
jsp) was used for the enrichment analysis.

For miRNA microarrays, gene expression analyses of CRC cells
with or without METTL14 overexpression were performed using
Affymetrix miRNA 4.0 by OE Biotech Co, Ltd (Shanghai, China) and
Sinotech Genomics Co, Ltd (Shanghai, China), respectively. Each
group was sequenced in triplicate. Differential analyses were
performed on the count files using the Student’s t-test, following
standard normalization procedures. For miRNA sequencing, we
explored the underlying miRNAs based on P-value (Dataset EV2).
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis of differential expression miRNA target genes was
conducted by miRWalk (http://mirwalk.umm.uni-heidelberg.de/)
and miRDB (http://mirdb.org/) database.

Statistical analysis

SPSS 24.0 (IBM Corporation) and GraphPad Prism 8.0 (GraphPad
Software) were used to perform the statistical analysis. At least
three independent experiments were performed and all of the data
were shown as mean =+ standard deviation (SD). Normally distrib-
uted measurement data with comparable variation were analyzed
by the Student’s t-test between two groups or analyzed by the one-
way analysis of variance (ANOVA) test among three or more
groups. If the data exhibited a significant difference, when the data
presented a skewed distribution, comparisons between two groups
were performed using the nonparametric Mann-Whitney U-test or
Wilcoxon’s rank-sum test. Spearman correlation analysis was
performed to assess the relationship between different factors. Clini-
copathological data were analyzed by the Chi-square test or Fisher
exact test. The Kaplan—-Meier method was used to assess survivals
and curves were compared with the log-rank test. A Cox propor-
tional hazards model was applied to identify independently signifi-
cant variables. P < 0.05 was considered statistically significant.

Data availability

Our high-throughput sequencing data can be downloaded from
NCBI GEO database under the accession numbers GSE186792
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE186792)
and GSE210056 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
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acc=GSE210056). Other sequencing data can be downloaded from
GEO database under the accession number GSE39582 (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc = GSE39582).

Expanded View for this article is available online.
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