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SUMMARY
Interaction between the N6-methyladenosine (m6A) methyltransferase METTL3 and METTL14 is critical for
METTL3 to deposit m6A on various types of RNAs. It remains to be uncovered whether there is spatial control
ofm6Adeposition ondifferent types ofRNAs.Here, throughgenome-wideCRISPR-Cas9 screening in theA549
cell line, we find that H3K27ac acetylase p300-mediated METTL3 acetylation suppresses the binding of
METTL3 on H3K27ac-marked chromatin by inhibiting its interaction with METTL14. Consistently, p300 cata-
lyzing the acetylation of METTL3 specifically occurs on H3K27ac-marked chromatin. Disruptive mutations
onMETTL3 acetylation sites selectively promote them6A of chromatin-associatedRNAs fromp300-bound en-
hancers and promoters marked by H3K27ac, resulting in transcription inhibition of ferroptosis-inhibition-
related genes. In addition, PAK2 promotes METTL3 acetylation by phosphorylating METTL3. Inhibition of
PAK2 promotes ferroptosis in a manner that depends on the acetylation of METTL3. Our study reveals a
spatial-selective way to specifically regulate the deposition of m6A on enhancer and promoter RNAs.
INTRODUCTION

In mammalian cells, N6-methyladenosine (m6A) is an abundant

and reversible RNA modification on diverse types of RNAs.1,2

It has been revealed that they play important roles in various

physiological and pathological processes by regulating the

transcriptional as well as posttranscriptional processes of

RNAs.3–7 The m6A is mainly catalyzed by a multicomponent

methyltransferase complex (MTC), consisting of METTL3,

METTL14, WTAP (Wilms’ tumor 1-associating protein),

VIRMA, ZC3H13, HAKAI (also known as CBLL1), and

RBM15/15B.8–12 METTL3/METTL14 heterodimer is the cata-

lytic subunit in the m6A writer complex, in which only

METTL3 has catalytic activity and METTL14 is critical for bind-

ing of METTL3 on RNAs.13 Thus, the interaction of METTL3

with METTL14 is critical for METTL3 to catalyze m6A deposi-

tion on RNAs. However, whether and how the interaction be-

tween METTL3 and METTL14 could be dynamically and spe-

cifically regulated to modulate the m6A on specific RNAs is

largely unknown.
All rights are reserved, including those
m6A can be deposited on RNAs both co-transcriptionally and

post-transcriptionally after splicing.14–19 Histone modifications

could also regulate the deposition of m6A on chromatin RNAs.

It was reported that histone modification H3K36me3, which is

related to transcription elongation, can facilitate the m6A on

gene bodies by recruiting METTL3 to the chromatin through

interaction with METTL14.20 On the other hand, the chromatin-

associated regulatory RNAs (carRNAs), mainly composed of

repeat RNAs, enhancer RNAs (eRNAs), and promoter-associ-

ated non-coding RNAs (paRNAs), were also found to be m6A

methylated; the m6A of carRNAs facilitates the degradation of

these regulatory RNAs for the transcriptional inhibition of the

downstream targeted genes.2 Further studies revealed that

the localization of the core MTC components are enriched

in the chromatin regions marked by H3K27ac to facilitate the

m6A methylation of eRNAs and paRNAs for transcription activa-

tion.21,22 Recent studies revealed that regulating the m6A on

eRNAs and paRNAs is crucial for tumorigenesis.23,24

Regulation of the m6A on RNAs relies on the protein inter-

actions with MTC, protein posttranslational modifications also
Molecular Cell 85, 1–17, April 3, 2025 ª 2025 Elsevier Inc. 1
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play important roles in regulating the protein-protein interactions

in diverse biological processes.25 Indeed, different types ofmod-

ifications of the components of MTC have been reported to play

regulatory roles on m6A, including phosphorylation of METTL3

andWTAP,26,27 SUMOylation (small ubiquitin-likemodifier modi-

fication) of METTL3,28 and arginine methylation of METTL14.29

Recently, acetylation of METTL3 in the cytoplasm was reported

to regulate translation.30,31 However, whether posttranslational

modifications of MTC components regulate the assembly of

MTC is still unknown. Here, in contrast to the previous studies,

we find that the H3K27ac acetylase p300 mainly acetylates

METTL3 on H3K27ac-marked chromatin and further reveals a

mechanism for spatial-specific regulation of m6A.

RESULTS

Identification of p300 and PAK2 as negative regulators
of METTL3 interacting with METTL14
To screen for the genes that regulate the interaction between

METTL3 and METTL14, we construct a bimolecular fluores-

cence complementation (BIFC)-system-based reporter,32 which

indicates the binding intensity of METTL3 with METTL14 by

bringing together the two complementary non-fluorescent

fragments (Figure 1A). Subsequently, we established a stable

A549 cell line containing the TETon (tetracycline-controlled

transcriptional activation system)-BIFC reporter (Figure S1A).

As expected, we found that METTL3 or METTL14 knockdown

significantly decreased the yellow fluorescence of the TETon-

BIFC reporter in A549 cells (Figure S1B).

We then transduced A549 cells stably expressing the TETon-

BIFC reporter with the lentiviral library of CRISPR-Cas9 sgRNAs

(single guide RNAs) (targeting 19,114 genes) to perform whole-

genome screening for genes regulating the interaction between

METTL3 andMETTL1433 (Figure 1B). After activating the expres-

sion of TETon-BIFC reporter using doxycycline for 48 h, we

sorted the cells with the top and bottom 5% of yellow fluores-

cence intensity by fluorescence-activated cell sorting (FACS),

followed by high-throughput sequencing of the amplified

sgRNAs (Figure S1C). We found that the sgRNAs of 985 and

817 genes were significantly enriched in the cells with high and

low fluorescence intensities (Table S1). As expected, the

sgRNAs of METTL3 were dramatically enriched in cells with

low fluorescence intensities (Figure S1D). Interestingly, GO

(Gene Ontology) enrichment analysis revealed that the genes

with sgRNA significantly overrepresented in the cell with high

fluorescence intensities were significantly enriched in the terms

involved in the histone acetyltransferase complex and protein ki-

nase complex, which is consistent with the previous studies that

acetylation and phosphorylation play critical roles in the regula-

tion of protein-protein interaction34,35 (Figure 1C). Thus, these

acetyltransferase complex and protein kinase complex-associ-

ated genes might regulate the interaction of METTL3 with

METTL14 by mediating METTL3 post-translation modifications.

Subsequently, we tested the sgRNA of EP300 (Figure 1D), which

encodes the H3K27ac acetylase p300, because it emerged as

one of the most enriched genes from the histone acetyltransfer-

ase complex in our screening. In addition, since METTL3/

METTL14 heterodimer mainly localizes on nuclear to facilitate
2 Molecular Cell 85, 1–17, April 3, 2025
m6A deposition, we also tested the genes encoding nuclear-

or chromatin-localized proteins from the protein kinase complex,

including PAK2, CDK2, CDK13, and CAMK2G (Figure 1D).

First of all, based on the overrepresented sgRNAs, we confirmed

that knockout of these genes dramatically enhanced the

fluorescence intensity of TETon BIFC reporter, respectively

(Figures S1E and S1F). We hereby focused on EP300 and

PAK2, a serine/threonine protein kinase highly expressed in

various cancers,36 because their sgRNAs had the most

significant effects on the fluorescence of TETon BIFC reporter.

Collectively, p300 and PAK2 are potential inhibitors of METTL3

interacting with METTL14, which might be dependent on the

acetylation and phosphorylation of METTL3.

p300 acetylates METTL3 on H3K27ac-bound chromatin
p300 protein is a well-characterized transcription co-activator

and mainly localizes on chromatin responsible for H3K27ac

formation.37,38 A previous study reported that p300 acetylates

METTL3 in the cytoplasm to inhibit the nuclear translocation

of METTL3.30 We confirmed that the acetylation level of

FLAG-tagged METTL3 was dramatically increased after treat-

ing HEK293T cells with the mixture of the inhibitors of two

classes of cellular deacetylase, including nicotinamide

(NAM), an inhibitor of the SIRT (sirtuin) family deacetylases,

and trichostatin A (TSA), an inhibitor of histone deacetylase

(HDAC) classes I, II, and IV (Figure 2A), indicating that cellular

METTL3 is acetylated. Because p300 can localize in both nu-

clear and cytoplasm, we tested whether p300 can promote

the METTL3 acetylation in nuclear and cytoplasm cell frac-

tions, respectively. In contrast to the previous study, we

found that p300 overexpression promotes the acetylation of

FLAG-tagged METTL3 in both nuclear and cytoplasm. Since

p300 is mainly localized in nuclear, the p300-induced

METTL3 acetylation was much more dominant in nuclear

than the cytoplasm (Figure 2B). Immunofluorescence analysis

also confirmed that p300 mainly co-localizes with METTL3 in

nuclear (Figure 2C). These results suggest that p300 may

play a more important role in acetylating the nuclear-localized

METTL3 than cytoplasmic METTL3.

Since p300 is the acetylase of H3K27ac, which is themarker of

open chromatin and active enhancers and promoters, we there-

fore tested whether p300 acetylates both METTL3 and H3K27ac

on chromatin. Interestingly, we found that METTL3 simulta-

neously co-localizes with p300 and H3K27ac in the nuclear

using immunofluorescence (Figure S2A). Spatial co-localization

of METTL3, H3K27ac, and p300 was also observed using

three-dimensional structured illumination microscopy 3D-SIM

(3D structured illumination microscopy) (Figure 2D). Based on

microscopy image analysis,39 we found 71.8% of p300-bound

METTL3 simultaneously co-localized with H3K27ac (Figure 2E).

Consistently, through isolating the cytoplasm, nucleoplasm,

and chromatin fractions of the HEK293T cells (Figures S2B and

S2C), we found that the vast majority of acetylated METTL3

were in chromatin fractions other than cytoplasm or nucleo-

plasm fractions (Figure 2F). We further found that p300 knock-

down mainly decreased the acetylation of METTL3 in the iso-

lated chromatin of HEK293T cells (Figure 2G). Consistently,

overexpression of p300 significantly increases the acetylation



Figure 1. p300 and PAK2 are negative regulators of interaction between METTL3 with METTL14

(A) Schematic diagram of TETon-BIFC reporter.

(B) Overview of the CRISPR screen.

(C) GO enrichment analysis of genes with sgRNA significantly overrepresented in the cells with high fluorescence intensities. p values were calculated by one-

sided hypergeometric test.

(D) Ranked p values of the sgRNAs in genome-wide CRISPR-Cas9 screening. The representative genes were indicated.

See also Figure S1 and Table S1.
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of chromatin-associated FLAG-tagged METTL3, as well as the

acetylation of endogenous chromatin-associated METTL3

(Figures 2H and S2D). Similar results were also observed in

A549 cells (Figures S2E–S2H). These results indicate that p300

acetylates METTL3 mainly on H3K27ac-bound chromatin.
Three acetylation sites of METTL3 are acetylated by
p300 on chromatin
To identify acetylation sites of chromatin-associated METTL3,

FLAG-tagged METTL3 was isolated by chromatin fraction

extraction combined with co-immunoprecipitation (coIP) from
Molecular Cell 85, 1–17, April 3, 2025 3



Figure 2. p300 acetylates METTL3 on H3K27ac-bound chromatin

(A) CoIP detects METTL3 acetylation following treatment with deacetylase inhibitors TSA (1 mM) and NAM (5 mM) for 6 h in HEK293T cells.

(B) CoIP was used to detect the METTL3 acetylation in the nuclear and cytoplasmic lysates of HEK293T cells transfected as indicated.

(C) Immunofluorescence analysis of DAPI (blue), METTL3 (green), and p300 (red) in HEK293T cells. Scale bars: 40 mm.

(D) 3D-SIM illuminated localization of METTL3 (purple), p300 (red), and H3K27ac (green) in HEK293T cells. Scale bars, 10 mm.

(E) The spot model of Imaris software was used to reconstruct METTL3, p300, and H3K27ac based on 3D-SIM data (left), which was used to calculate their

co-localization relationship. The fractions of METTL3 proteins colocalize with both p300 and H3K27ac (M3 & p300 & H3K27ac), as well as the METTL3 proteins

only colocalize with p300 but not H3K27ac (M3 & p300), are depicted in the pie chart (right).

(F) CoIP was used to detect the METTL3 acetylation in the cytoplasm, soluble nuclear, and chromatin lysates of HEK293T cells transfected as indicated.

(G) Chromatinic and cytoplasmic lysates of HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3 acetylation.

(H) Chromatinic lysates of HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3 acetylation.

See also Figure S2.
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p300 overexpressed and control HEK293T cells and then

analyzed by mass spectrometry. Of five high confidences

p300-dependent lysine acetylation sites in chromatin-associ-

atedMETTL3, K177, K211, K215, K327, andK578were detected

(Figures 3A and S3A–S3C). Protein sequence alignment40 of

METTL3 homologs from representative vertebrates showed

that all these five lysine acetylation sites are evolutionarily
4 Molecular Cell 85, 1–17, April 3, 2025
conserved in mammals (Figure S3D). Consistent with mass

spectrometry, we truncated METTL3 and found that the acetyla-

tion exists in 1–350 and 351–580 amino acids of chromatin-asso-

ciated METTL3, respectively (Figure S3E). To validate whether

these lysine acetylation sites of METTL3 are target sites of

p300, we mutated each lysine K to arginine R to mimic acetyla-

tion-inactivation to detect the change of chromatin-associated



Figure 3. METTL3 acetylation prohibits the localization of METTL3 on H3K27ac-marked chromatin by inhibiting the interaction between

METTL3 and METTL14 on chromatin

(A) Mass spectrum analysis detects chromatin-associated METTL3 acetylation site.

(B) Chromatinic lysates of HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3 acetylation.

(C and D) Chromatinic lysates of HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3-METTL14 interaction.

(E and F) Chromatinic lysates of HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3-METTL14 interaction, METTL3 acetylation,

and METTL3-K215 acetylation.

(G) Chromatinic lysates of sh-scramble or sh-METTL14 HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3-H3K27ac interaction.

(legend continued on next page)
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METTL3 acetylation, respectively. Consistent with the previous

study,30 the METTL3-K177R mutation could significantly

reduce the p300-mediated METLL3 acetylation (Figure 3B). In

addition, we also identified that METTL3-K215R and METTL3-

K578R mutation could also result in a significant reduction in

p300-mediated chromatin-associated METTL3 acetylation,

rather than K to R mutation on K211 and K327 sites of chro-

matin-associated METTL3 (Figures 3B and S3F). These results

indicated that K177, K215, and K578 are acetylation sites of

METTL3 catalyzed by p300 on chromatin.

p300-mediated METTL3 acetylation inhibits its
interaction with METTL14 on chromatin
Through coIP in the isolated chromatin fraction of HEK293T

cells, we found that knockdown of EP300 other than its close ho-

mologCBP (CREB-binding protein) increased the interaction be-

tween METTL3 and METTL14 on chromatin (Figures 3C and

S3G); while p300 overexpression significantly decreased the

interaction between METTL3 and METTL14 on chromatin (Fig-

ure 3D). Together, these results demonstrated that p300 inhibits

the interaction of METTL3 with METTL14 on chromatin.

Next, we mutated all three lysine at K177, K215, and K578 of

METTL3 to arginine (METTL3-3KR) to mimic the non-acetylation

status. As expected, overexpression of p300 enhanced the acet-

ylation of chromatin-associated wild-type (WT) METTL3, but not

the METTL3-3KR mutant (Figure 3E). Similarly, the chromatin-

associated interaction of METTL14 with WT METTL3, but not

the METTL3-3KR mutant, is inhibited by p300 overexpression

in HEK293T cells (Figure 3E). We then mutated the three lysine

of METTL3 to glutamine (METTL3-3KQ) to mimic the lysine acet-

ylation status as previously reported.41 In contrast to the 3KR

mutation, the 3KQ mutation had an obvious inhibitory effect on

METTL3 binding with METTL14 on chromatin (Figure S3H). We

then generated an acetylation-K215-METTL3-specific antibody

due to its higher technical applicability compared with K177

and K578. Based on ELISA and western blot, we confirmed

that the acetylation-K215-METTL3-specific antibody specifically

recognizes K125ac other than unmodified K125, nor other acet-

ylation sites or other proteins (Figures S3I–S3K). Subsequently,

by using this antibody, we observed that p300 promotes endog-

enous chromatin-associated METTL3 acylation at the K215 site

(Figure S3L). We then found that METTL3-3KR mutant dramati-

cally decreases chromatin-associated METTL3 acetylation at

the K215 site and increases chromatin-associated METTL3

interacting with METTL14 (Figure 3F). Similar results were

observed in A549 cells (Figures S4A and S4B). Collectively,

these results demonstrated that acetylation of METTL3 by

p300 inhibits its interaction with METTL14 on chromatin.

Acetylation of METTL3 inhibits METTL3 deposition on
H3K27ac-bound chromatin
A previous study reported that METTL3, METTL14, and WTAP

are mainly located in regions of enhancers and promoters, which
(H and I) Chromatinic lysates of HEK293T cells, transfected as indicated, were a

(J) Profiles of METTL3 on H3K27ac-bound chromatin, spanning 5 kb upstream a

METTL3-WT or METTL3-3KR.

See also Figures S3–S5.
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are marked by H3K27ac as well as p300 binding.21 Consistently,

within the isolated chromatin fractions, we found that

METTL3 binds with H3K27ac in an RNA-independent manner

in HEK293T cells (Figure S4C). Furthermore, METTL14 knock-

down remarkably suppressed the interaction of METTL3 with

H3K27ac on chromatin (Figure 3G). These results indicate that

interacting with METTL14 is required for METTL3 to localize on

H3K27ac-marked chromatin, which is similar to the previous

report that METTL14 mediates the binding of METTL3 to

H3K36me3 marked chromatin.20

We were then interested in whether the acetylation of METTL3

affects its localization on H3K27ac-marked chromatin. We found

that p300 overexpression inhibits the interaction between

METTL3 and H3K27ac (Figure 3H). However, p300 overexpres-

sion only moderately decreases the abundance of chromatin

METTL3 and increases nucleoplasmic METTL3, implying that

acetylated METTL3 by p300 may relocate to other chromatin

loci and serve as a regulator independent of METTL14 or its

methylation activity (Figure S4D). Moreover, METTL3-3KRmuta-

tion promoted the interaction between METTL3 and H3K27ac

(Figure 3I). Similar results were also observed in A549 cells

(Figures S4E and S4F). To further investigate whether METTL3

acetylation regulates the re-distribution of METTL3 and

H3K27ac on chromatin, we first knockdown endogenous

METTL3 in A549 cells and rescued the cells by overexpression

METTL3-WT and METTL3-3KR to a similar level of METTL3

protein as the WT A549 cells (Figure S4G). Then, we performed

CUT&Tag (cleavage under targets and tagmentation)42

for METTL3 binding as well as H3K27ac in the METTL3-WT-

rescued and METTL3-3KR-rescued A549 cells, respectively.

As compared with WT METTL3, METTL3-3KR showed much

higher METTL3-binding signals at H3K27ac-marked chromatin

regions other than H3K36me3 or H3K9me3 marked regions

(Figures 3J and S5A). We then identified 10,215 upregulated

and 346 downregulated METTL3-binding peaks upon

METTL3-3KR mutation in A549 cells (Figure S5B). The upregu-

lated other than the downregulated METTL3-binding peaks in

METTL3-3KR were significantly enriched near transcription start

sites (TSSs) (Figures S5C and S5D). Consistently, the upregu-

lated METTL3 binding peaks in METTL3-3KR were also signifi-

cantly enriched in H3K27ac-bound chromatin compared with

unchanged or downregulated peaks (Figure S5E). On the other

hand, in contrast to METTL3 CUT&Tag signals, we did not

observe significant changes of H3K27ac CUT&Tag signal be-

tween METTL3-3KR and METTL3-WT at TSSs or METTL3 bind-

ing regions, which is consistent with our proposed model that

acetylation of METTL3 directly regulates the location of

METTL3 (Figures S5F and S5G). However, when we looked at

the upregulated METTL3 peaks in METTL3-3KR, we found

they had marginally but significantly lower fold changes of

H3K27ac signals between METTL3-3KR and METTL3-WT (Fig-

ure S5H), suggesting that 3KR mutations of METTL3 may have

indirect effects of suppressing the transcription activities of
nalyzed by coIP to detect METTL3-H3K27ac interaction.

nd 5 kb downstream of the H3K27ac peak center, in A549 cells rescued with



Figure 4. PAK2 and HDAC1 are regulators of METTL3 acetylation

(A) Chromatinic lysates of HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3-METTL14 interaction and METTL3 acetylation.

(B) Chromatinic lysates of HEK293T cells, transfected as indicated, were analyzed by Phos-tag SDS-PAGE to detect METTL3 phosphorylation.

(C) 3D-SIM was used to detect localization of METTL3 (purple) and PAK2 (green) in HEK293T cells. DAPI (blue) was used to mark the nucleus. Scale bars, 20 mm.

(D and E) Chromatinic lysates of HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3-METTL14 interaction, METTL3-H3K27ac

interaction, METTL3 acetylation, and METTL3-K215ac acetylation.

(F) Chromatinic lysates of FLAG-taggedMETTL3 overexpression HEK293T cells, treated with 2.5 mMNAM or 1 mMTSA for 16 h, were analyzed by coIP to detect

METTL3-METTL14 interaction and METTL3 acetylation.

(G and H) Chromatinic lysates of HEK293T cells, transfected as indicated, were analyzed by coIP to detect METTL3-METTL14, METTL3-H3K27ac, METTL3-

HDAC interaction, and METTL3 acetylation.

(I) 3D-SIM was used to detect the localization of HDAC1 (blue), METTL3 (red), and H3K27ac (green) in HEK293T cells. Scale bars, 5 mm.

(legend continued on next page)
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certain genes.2 Collectively, these results indicate that METTL3

acetylation prohibits the localization of METTL3 on H3K27ac-

marked chromatin by inhibiting the interaction between

METTL3 and METTL14 on chromatin.

PAK2 facilitates p300-mediated METTL3 acetylation by
mediating METTL3 phosphorylation
According to the above genome-wide screening, several protein

kinases, especially PAK2, can also inhibit the interaction be-

tween METTL3 and METTL14 (Figure 1D). Consistent with the

previous reports that phosphorylation can crosstalk with acety-

lation,35 we found that PAK2 overexpression not only decreased

the interaction betweenMETTL3 andMETTL14 on chromatin but

also increased the acetylation of chromatin-associated METTL3

in HEK293T cells, suggesting that PAK2 may affect the METTL3

acetylation through phosphorylating METTL3 (Figure 4A). In

addition, GPS, a software that predicts phosphorylation sites

with potential kinases,43 predicted that METTL3 is phosphory-

lated at S243 by PAK2 (Figure S6A). Mass spectrometry analysis

also revealed that S243 is a potential phosphorylation site (Fig-

ure S6B). Moreover, protein sequence alignment of METTL3 ho-

mologs showed that S243 is evolutionarily conserved in verte-

brates (Figure S6C). To confirm whether PAK2 promotes the

acetylation of chromatin-associated METTL3 by phosphory-

lating METTL3 at the S243 site, we performed a Phos-tag gel

assay and found that overexpression of PAK2 increased the

phosphorylation-dependent mobility shift of WT METTL3 but

not the mutant METTL3-S243A serine to alanine,44 which could

mimic the phospho-inactive at S243 (Figure 4B). In addition, we

also confirmed that PAK2 interacts with METTL3 (Figure S6D).

The co-localization of PAK2 and METTL3 was also observed us-

ing 3D-SIM (Figure 4C). We further found that the disruptive

S243A mutation dramatically decreases chromatin-associated

METTL3 acetylation and promotes the interaction of chro-

matin-associated METTL3 with METTL14 and H3K27ac,

whereas the S243D serine to aspartate mutation, which could

mimic the phospho-active at S243, dramatically increased chro-

matin-associated METTL3 acetylation (Figure 4D). Similar re-

sults were also observed in A549 cells (Figures S6E–S6G). In

addition, the inhibited interaction between METTL3 with

METTL14 and H3K27ac on chromatin by overexpression of

PAK2 was attenuated by METTL3-3KR mutations (Figure 4E),

suggesting that PAK2 regulates the interaction between

METTL3 with METTL14 and H3K27ac partially depends on the

acetylation of METT3. Collectively, these results indicate that

PAK2 inhibits the interaction of METTL3 with METTL14 and

H3K27ac by promoting METTL3 phosphorylation, which in turn

facilitates METTL3 acetylation on H3K27ac-marked chromatin.

HDAC1 deacetylates METTL3
Next, to identify the deacetylase that targets K177, K215, and

K578 sites on METTL3, we used the deacetylase inhibitors

TSA and NAM to determine whether the two classes of deacety-
(J) The spot model of Imaris software was used to reconstruct HDAC1, METTL3, a

localization relationship. The fractions of METTL3 proteins colocalize with both HD

only colocalize with HDAC1 but not H3K27ac (M3 & HDAC1), are depicted in the

See also Figure S6.
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lases HDACs and SIRTs are involved in the deacetylation

of chromatin-associated METTL3, respectively. Treatment of

HEK293T cells with the HDAC inhibitor TSA and the SIRT inhib-

itor NAMboth increased the acetylation of chromatin-associated

METTL3. However, only the HDAC inhibitor TSA, but not the

SIRT inhibitor NAM, inhibited the interaction between METTL3

and METTL14 on chromatin (Figure 4F). Thus, the HDACs family

may be preferentially involved in METTL3 deacetylation at K177,

K215, andK578 sites.We then attempted to identify whichmem-

bers of the HDACs family are involved in chromatin-associated

METTL3 deacetylation. We overexpressed HDAC1, HDAC2,

HDAC3, HDAC4, HDAC5, HDAC6, and HDAC7 and found that

only overexpression of HDAC1, the deacetylase of H3K27ac,45

increased the interaction between METTL3 with METTL14 and

H3K27ac on chromatin (Figures 4G and 4H). We further found

that METTL3 co-localizes with HDAC1 and H3K27ac (Figure 4I).

Microscopy image analysis39 showed that 66.5% of HDAC1-

bound METTL3 simultaneously co-localizes with H3K27ac

(Figure 4J). Similar results were also observed in A549 cells

(Figures S6H and S6I). Together, these data indicate that

HDAC1 is a deacetylase of H3K27ac-bound METTL3 and pro-

motes the interaction between METTL3 and METTL14 on

H3K27ac-marked chromatin.

METTL3 acetylation inhibits m6A deposition on eRNAs
and paRNAs to enhance gene expression
We next investigated whether the association of METTL3 on

H3K27ac-marked chromatin regulated by the METTL3 acetyla-

tion could affect the m6A of chromatin RNAs transcribed from

H3K27ac-marked chromatin. A previous study revealed that

METTL3-K177Q, other than METTL3-K177R mutation, can

inhibit the nuclear translocation of METTL3.30 Here, we also

observed that METTL3-3KR could not affect the nuclear translo-

cation of METTL3 (Figure S7A). Then, we used GLORI-seq

(glyoxal and nitrite-mediated deamination of unmethylated

adenosine sequencing)46 to identify and quantify the single-

nucleotide m6A sites on the chromatin-associated RNAs (caR-

NAs). We optimized the previous protocol46 (see STARMethods)

and increased the lengths of inserted fragments of the libraries

with A-to-I conversion rates ranging from 97.69% to 98.45%.

Similar to the previously published caRNA-seq data in HepG2

cells,23 our caRNA-seq data in A549 cells have on average

66.70% and 5.38% of reads uniquely mapped to intronic and

intergenic regions, respectively, which is distinctive from our

mRNA-seq data in A549 cells (Figure S7B). In addition, our

GLORI-seq revealed that the m6A levels were reproducible (Fig-

ure S7C), and 34,193 and 37,917 common m6A sites were iden-

tified in A549 cells rescued with METTL3-WT and METTL3-3KR,

respectively. 84% of these m6A sites were within the DRACH

motif (D = A\G\U, R = A\G, H = A\C\U), suggesting our GLORI-

seq data are reliable (Figure S7D). For the METTL3-WT samples,

14.99%, 5.8%, and 7.37% of the m6A sites were located

in introns, promoters, and intergenic regions, respectively
nd H3K27ac based on 3D-SIM data (left), which was used to calculate their co-

AC1 and H3K27ac (M3 & HDAC1 & H3K27ac), as well as the METTL3 proteins

pie chart (right).
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(Figure S7E); the METTL3-3KR samples had similar composi-

tions. Consistent with the previous study using MeRIP-seq

(m6A-specific methylated RNA immunoprecipitation with next-

generation sequencing),47 our results also showed that intronic

m6A sites on chromatin RNAs were overrepresented near splice

junctions (SJs) (Figure S7F). Consistent with the finding that

METTL3 acetylation inhibits m6A deposition, we identified

1,541 upregulated and only 839 downregulated m6A sites in

A549 cells rescued with METTL3-3KR (Figure S7G; Table S2).

To study the association between m6A and histone modifica-

tions, we then collected the chromatin immunoprecipitation

sequencing (ChIP-seq) data in A549 cells from ENCODE (Ency-

clopedia of DNA Elements) and GEO database,48–53 including

p300, H3K9me3 that marks heterochromatin, H3K36me3 that

marks gene bodies, H3K27ac that marks both active enhancers

and promoters, H3K4me1 that marks active enhancers with

H3K27ac, H3K4me2, and H3K4me3 that marks active pro-

moters with H3K27ac that marks active promoters, as well as

the binding regions of p300, which is the acetylase of

H3K27ac.37,54–56 We found that in the cells rescued by

METTL3-WT, the m6A levels in the regions marked by

H3K9me3 and H3K36me3 were much higher than those marked

by H3K4me1, H3K4me2, H3K4me3, H3K27ac, as well as p300-

binding regions (Figure S8A). This result is consistent with the

previous reports that m6A has crosstalk with H3K9me3 and

H3K36me3.20,57 Nevertheless, when we looked at the changes

of m6A levels resulting from 3KRmutations of METTL3, we found

a different scenario: m6A sites in H3K4me1-, H3K4me2-,

H3K4me3-, H3K27ac-marked regions, as well as p300-binding

regions other than those in H3K9me3- and H3K36me3-marked

regions were more notably upregulated by 3KR mutations

(Figures 5A and S8B; Table S2). Consistently, the highly m6A

methylated m6A sites had notably lower p300-binding effi-

ciencies in H3K27ac-bound regions, but not in H3K36me3 and

H3K9me3 regions (Figures 5B and S8C). In addition, we also

found that the m6A levels of these intergenic m6A sites closer

to p300-binding peaks had a significantly lower m6A level than

those further away from p300-binding peaks (Figure 5C). Similar

to H3K27ac, we also observed that H3K4me1 and H3K4me3

were co-localized with METTL3 (Figure S8D). RNA-independent

interaction of H3K4me1 and H3K4me3 with chromatin-associ-

ated METTL3 was also observed, whereas METTL14 knock-

down could dramatically inhibit the interaction of H3K4me1

and H3K4me3 with METTL3 (Figures S8E and S8F). Moreover,

p300 overexpression could inhibit the binding of chromatin-

associated METTL3 with H3K4me1 and H3K4me3, whereas

METTL3-3KR mutations increased these interactions

(Figures S8G and S8H). These results suggest that the

METTL3 acetylation specifically inhibits the m6A on RNAs tran-

scribed from enhancers and promoters.

We then determined the eRNAs and paRNAs based on the

enhancer regions and promoter regions defined by histone mod-

ifications. In cells rescued with METTL3-WT, we identified 2,532

and 752m6A sites on eRNAs and paRNAs, respectively. Them6A

on eRNAswere significantly (p = 4.23 10�4, two-tailedWilcoxon

test) upregulated upon 3KRmutations, whereas trend of upregu-

lation (p = 7.6 3 10�2, two-tailed Wilcoxon test) was also

observed for paRNAs possibly due to the relatively fewer m6A
sites on paRNAs (Figure 5D). In addition, we also observed

that the changes of METTL3 binding between METTL3-3KR

and METTL3-WT were significantly higher in chromatin regions

associated with m6A-upregulated RNAs, especially with upregu-

lated eRNAs and paRNAs, compared with all regions (Figure 5E).

Consistent with the previous report that the m6A on eRNAs and

paRNAs promotes the degradation of these RNAs to suppress

gene expression,2 we also found eRNAs and paRNAs abun-

dances were downregulated by 3KR mutations (Figure S8I).

Furthermore, METTL3-3KR mutations resulted in significantly

greater downregulation of the expression of m6A-upregulated

eRNAs, as compared with the m6A-downregulated, m6A-un-

changed, and non-modified eRNAs (Figure 5F; Table S3). Similar

downregulation was also observed for the expression of the

mRNAs associated with the m6A-upregulated eRNAs other

than those associated with other eRNAs (Figure 5G; Table S4).

We also found similar results in paRNAs (�) (Figures S8J and

S8K; Tables S3 and S4). These results suggest that 3KR muta-

tions of METTL3 result in upregulated m6A and downregulated

stabilities of eRNAs and paRNAs, as well as downregulated

expression of their associated mRNAs.

METTL3 acetylation inhibits ferroptosis by inhibiting the
m6A on eRNAs and paRNAs
We found that the associated genes of these eRNAs and paR-

NAs with upregulated m6A sites were significantly enriched in

the pathways amplified in lung cancer, as well as some specific

pathways widely recognized as ferroptosis pathway and ferrop-

tosis related, such as oxidoreductase activity, unsaturated fatty

acid metabolic process, steroid metabolic process, and NRF2

pathway, which is a known ferroptosis-inhibited pathway58 (Fig-

ure 6A; Table S3). Further, we found that downregulated mRNAs

upon 3KRmutations were also significantly enriched in the NRF2

pathway (Figure S9A; Table S4). As shown in Figure 6B, the m6A

on the eRNAs of AKR1C1 and AKR1C2, two representative

genes in the NRF2 and ferroptosis pathway, were elevated

upon METTL3-3KR mutations, in company with downregulated

expression of these eRNAs (Figure 6B). Based on quantitative

real-time PCR, we found significant mRNA expression downre-

gulation of 6 representative ferroptosis-inhibition-related genes

that were associated with eRNAs containing upregulated m6A

sites uponMETTL3-3KRmutations (Figure 6C). Next, we treated

A549 cells with ferroptosis-inducer ML162 and RSL3, and

observed that METTL3-3KR mutations promoted ML162 and

RSL3-induced cell death and lipid peroxidation, whereas

ferrostatin-1 (Fer-1), a ferroptosis inhibitor, rescued cell death

promoted by METTL3-3KR mutations (Figures 6D, 6E, and

S9B). Collectively, these results indicate that the acetylation of

chromatin-associated METTL3 inhibits ferroptosis by inhibiting

the m6A of eRNAs and paRNAs associated with genes that

inhibit ferroptosis.

PAK2 inhibitor promotes ferroptosis depending on the
acetylation of METTL3
PAK (p21-activated kinase) family members are known as onco-

genes and are highly expressed in multiple types of tumors; anti-

tumor drugs targeting the PAK family are under develop-

ment.36,59 Our study uncovered an uncharacterized oncogenic
Molecular Cell 85, 1–17, April 3, 2025 9



Figure 5. METTL3 acetylation inhibits m6A deposition on eRNAs and paRNAs to promote downstream gene expression

(A) Boxplot comparing m6A level differences in METTL3-3KR-rescued A549 cells versus METTL3-WT-rescued controls at different genomic regions. m6A sites

were grouped based on overlap with H3K36me3, H3K9me3, H3K4me1, H3K4me2, H3K4me3, H3K27ac, or p300 peaks. The number and p value of each

category are indicated below and above the boxplot, respectively. p values were calculated by two-sided Wilcoxon rank-sum test.

(B) Profiles of p300 binding within 1 kb of the genomic locations of highly (level > 0.5) and lowly (level < 0.5) methylated m6A sites located within H3K27ac-marked

regions in A549 cells.

(C) Boxplot comparing the levels of intergenic m6A sites with different distances to p300 peaks center in A549 cells. The number of each category m6A site is

indicated below the boxplot. p values were calculated by two-sided Wilcoxon rank-sum test.

(D) Boxplot comparing the m6A levels in METTL3-3KR-rescued A549 cells versus METTL3-WT-rescued controls for m6A sites on eRNAs (n = 2,532) and paRNAs

(�) (n = 752), respectively. p values were calculated by two-sided Wilcoxon rank-sum test.

(E) Boxplot comparing the log2 fold change (LFC) of METTL3-binding intensity in METTL3-3KR-rescued A549 cells versus METTL3-WT-rescued controls.

METTL3 peaks were categorized into two groups based on their overlap with upregulated m6A sites on either eRNAs/paRNAs (�) or other RNAs. The number of

METTL3 peaks in each category is indicated below the boxplot. p values were calculated by two-sided Wilcoxon rank-sum test.

(F) Boxplots comparing the LFC of eRNA expression in METTL3-3KR-rescued A549 cells versus METTL3-WT-rescued controls. eRNAs were classified into four

categories: those lacking m6A sites, those with downregulated m6A sites, those with upregulated m6A sites, and those containing unchanged m6A sites. The

number of eRNAs in each category is indicated below the boxplot. p values were calculated by two-sided Wilcoxon rank-sum test.

(G) Boxplot comparing the LFC of the eRNA-associated mRNA expression in METTL3-3KR-rescued A549 cells versus METTL3-WT-rescued controls. mRNAs

were grouped based on the m6A status of their associated eRNAs: eRNAs with upregulated m6A, eRNAs with non-upregulated m6A, and eRNAs without m6A

sites. The number of mRNAs in each category is indicated below the boxplot. p values were calculated by two-sided Wilcoxon rank-sum test.

See also Figures S7 and S8 and Tables S2, S3, and S4.
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role of PAK2 by inhibiting ferroptosis depending on the acetyla-

tion of METTL3. Interestingly, based on The Cancer Genome

Atlas (TCGA) data, we found that lung adenocarcinoma (LUAD)

patients whose tumors expressed low levels of PAK2 had a bet-

ter prognosis than those with higher PAK2 expression only in pa-
10 Molecular Cell 85, 1–17, April 3, 2025
tients with METTL3 high expression, other than patients with

METTL3 low expression (Figure 7A). Similar results were also

observed in liver carcinoma (LIHC), papillary renal cell carcinoma

(KIRP), bladder carcinoma (BLCA), and colorectal carcinoma

(COAD) (Figure S10A). These results further support the



Figure 6. METTL3 acetylation inhibits ferroptosis by inhibiting eRNAs and paRNAs m6A methylation

(A) Functional enrichment analysis of genes with m6A-up-regulated eRNAs and paRNAs (�) was executed by MsigDB (Molecular Signatures Database). p values

were calculated by one-sided hypergeometric test.

(B) The m6A level and eRNA level in A549 cells around the AKR1C1 and AKR1C2 gene locus are shown by integrative genomics viewer plots.

(C) Bar plot comparing the quantitative real-time PCR measured mRNA abundances of representative ferroptosis-related genes in METTL3-3KR-rescued A549

cells versus METTL3-WT-rescued controls. Data are presented as mean ± SD (n = 3 independent experiments). p values were calculated by two-tailed unpaired

Student’s t tests.

(legend continued on next page)
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METTL3-dependent role of PAK2 in promoting the survival of

cancer cells.

On the other hand, accumulating evidence revealed that can-

cer cells have higher iron metabolic demands, making them

more susceptible than normal cells to ferroptosis. Thus, ferrop-

tosis plays a key role in tumor suppression, and agents that

induce ferroptosis have been described as potential adjuvant

anti-cancer treatments.58 Notably, we found that FRAX486, a

PAK2 inhibitor, could increase ML162- and RSL3-induced cell

death and lipid peroxidation in A549 cells with WT METTL3,

whereas the ferroptosis inhibitor Fer-1 rescued FRAX486 pro-

moted ML162 and RSL3-induced cell death (Figures 7B, 7C,

and S10B). METTL3-3KR mutations had a similar effect as

FRAX486 and almost completely suppressed the effects of

FRAX486 on ML162 and RSL3-induced cell death. Similar re-

sults were also observed in HepG2, a liver cancer cell line

(Figures S10C–S10E). Besides RSL3 and ML162, there is also

a first-line drug, cisplatin (CDDP), that is known to promote cell

death by inducing apoptosis and ferroptosis.60 CDDP is being

used in the therapy of numerous tumors, including lung carci-

noma, BLCA, and colorectal carcinoma.61 We found the PAK2

inhibitor FRAX486 could also promote the antitumor effects of

CDDP on cell death as well as lipid peroxidation in A549 cells

with WT METTL3 other than METTL3-3KR mutant, suggesting

the PAK2 inhibitor promotes the antitumor efficiency of CDDP

through the acetylation of METTL3 (Figures 7D, 7E, and S10F).

DISCUSSION

METTL3 acetylation mediates the external stimulation-
induced specific m6A changes
Our finding uncovered an uncharacterized mechanism in which

the acetylation of METTL3 works as a critical mediator for the

external stimulations to confer selective cellular m6A changes

(Figure 7F). The m6A on RNAs was widely known to be dynami-

cally regulated, external stimulations, as well as different kinds of

stresses can regulate m6A specifically.27,62–65 How these m6A

sites are selectively regulated is largely unknown. Here, we un-

covered that the acetylation of METTL3 could be regulated by

multiple kinases, which are important for sensing different types

of external stimulations. The kinase-mediated dynamic acetyla-

tion of METTL3, thereby, provides a versatile platform for cells to

coordinate the m6A activity with diverse external environments.

Synergistic effect of p300-mediated chromatin opening
and stabilization of enhancer and promoter RNAs
Our study uncovered an uncharacterized way of cooperative

regulation of histone modification and m6A modification through

acetylating METTL3 by p300 on H3K27ac. Our study suggests

that p300 activates gene expression through two different mech-
(D) Bar plot comparing the cell death in METTL3-3KR-rescued A549 cells versus M

and then treated with DMSO, RSL3 (5 mM), or ML162 (5 mM) for 24 h. Data are pres

by two-tailed unpaired Student’s t tests.

(E) Bar plot comparing the lipid peroxidation in METTL3-3KR-rescued A549 cells v

12 h. RSL3, 5 mM; ML162, 5 mM. Data are presented as mean ± SD (n = 3 indepen

t tests.

See also Figure S9 and Tables S2 and S3.

12 Molecular Cell 85, 1–17, April 3, 2025
anisms. On one side, it opens the chromatin through H3K27ac;

on the other side, it stabilizes the eRNAs and paRNAs tran-

scribed from H3K27ac-marked chromatin to maintain the activ-

ity of enhancers. In addition, we also found that PAK2-mediated

METTL3 phosphorylation promotes p300-mediated H3K27ac-

bound METTL3 acetylation (Figure 7F); it bridges the gene acti-

vation on chromatin with kinase and possibly other cellular signal

transduction pathways. Nevertheless, since the m6A on eRNAs

and paRNAs may also play transcription-promoting roles in

certain cancer types,21,22 the co-acetylation of H3K27 and

METTL3 may also work as a negative feedback loop to maintain

the homeostasis of gene expression.

Implication ofMETTL3 acetylation in precisionmedicine
Our data also imply thatMETTL3 acetylation can be used for pre-

cision medicine in cancer therapy. It is known that PAK family

members are overexpressed and play oncogene roles inmultiple

types of cancers; a promising drug targeting PAK family mem-

bers was in a phase I clinical trial of acute myeloid leukemia,

non-Hodgkin’s lymphoma, and advanced solid tumors.59 Our

study suggests that the acetylation of METTL3 should also be

considered for precision medicine of certain cancers. On the

other hand, the dual roles of METTL3 in both promoting and sup-

pressing tumors were reported in different studies,66 the acety-

lation of METTL3 may bridge the gap in understanding these

seeming conflicts. The effects of METTL3 on cancers largely

depend on whether they are acetylated, which further relies on

the activities of other proteins, such as PAK2. Thus, the effects

of METTL3, as well as m6A, in cancers may be dependent on

the cellular contexts that determine the acetylation levels of

METTL3.

Multiple roles of acetylated METTL3 in the nucleus and
cytoplasm
In contrast to our finding that acetylation of METTL3 mainly oc-

curs in the nucleus, previous studies have reported controversial

roles of cytosolic METTL3 acetylation.30,31 In this study, we pri-

marily focused on chromatin-bound METTL3 acetylation rather

than METTL3 acetylation at the whole-cell level. This may largely

explain why the role of METTL3 acetylation we identified is

distinct from that reported in previous studies. Although

METTL3 acetylation likely has dual roles in the cytoplasm and

nucleus, p300-mediated METTL3 acetylation plays important

roles in specifically regulating m6A deposition on carRNAs tran-

scribed from p300-bound chromatin.

Limitations of the study
Because p300-mediatedMETTL3 acetylation results in the disso-

ciation of METTL3 from chromatin, we cannot rule out the possi-

bility that the dissociated acetylated METTL3 may relocate to
ETTL3-WT-rescued controls, pre-treated with DMSO or Fer-1 (5 mM) for 12 h,

ented asmean ± SD (n = 3 independent experiments). p values were calculated

ersus METTL3-WT-rescued controls subjected to the indicated treatments for

dent experiments). p values were calculated by two-tailed unpaired Student’s



Figure 7. Pharmacologic targeting of PAK2 promotes ferroptosis in a METTL3-acetylation manner

(A) Kaplan-Meier survival analysis of TCGA datasets. The patients were divided into two groups according to METTL3 expression level, and each group was

further divided into two groups according to PAK2 expression level. p values were calculated by log-rank test.

(B and C) Bar plot comparing the cell death (B) and lipid peroxidation (C) in METTL3-3KR-rescued A549 cells versus METTL3-WT-rescued controls, pre-treated

with DMSO, FRAX486 (2 mM), or Fer-1 (5 mM) for 12 h, followed by treated with DMSO, RSL3 (5 mM), or ML162 (5 mM) for 24 h (B) or 12 h (C). Data are presented as

mean ± SD (n = 3 independent experiments). p values were calculated by two-way ANOVA with Tukey’s post hoc test.

(D and E) Bar plot comparing the cell death (D) and lipid peroxidation (E) in METTL3-3KR-rescued A549 cells versus METTL3-WT-rescued controls, pre-treated

with DMSO, FRAX486 (2 mM), or Fer-1 (5 mM) for 12 h, followed by treated with PBS buffer or CDDP (90 mM) for 24 h (D) or 12 h (E). Data are presented as mean ±

SD (n = 3 independent experiments). p values were calculated by two-way ANOVA with Tukey’s post hoc test.

(F) A schematic model of the role of chromatin-associated METTL3 acetylation and phosphorylation by p300 and PAK2.

See also Figure S10.
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other chromatin loci to methylate RNAs independent of METTL14

or serve as a regulator independent of its methylation activity.

Indeed, recent studies suggest that METTL3 and METTL14 could
be recruited to different genomic loci by various chromatin-bind-

ing proteins or histone modifiers. For example, only METTL3, but

not METTL14, can be phosphorylated by ataxia telangiectasia
Molecular Cell 85, 1–17, April 3, 2025 13
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mutated (ATM) kinase for localization to DNA damage sites for

homologous recombination-mediated repair through m6A,27

whereas METTL14, but not METTL3, can interact with

H3K27me3 and recruit KDM5B, KDM6B, and PRC2 to chromatin

in an RNA- and m6A-independent manner.67,68 In human AML

cells, METTL3, but not METTL14 also can be recruited to gene

promoters through CEBPZprotein (CCAAT enhancer binding pro-

tein zeta) to facilitate m6A deposition on nascent RNAs.69 Alterna-

tively, interaction between METTL3 and METTL14 also has

m6A-independent roles, which could also be regulated by

METTL3 acetylation. It was also reported that interaction between

METTL3 and METTL14 promotes the interaction between en-

hancers and promoters to drive the senescence-associated

secretory phenotype independent of m6A.70 Thus, acetylation of

METTL3 may play alternative roles in modulating the chromatin

state for other cellular processes. The alternative roles of

METTL3 acetylation will be further explored.
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Hinkel, M., Májek, P., Vulliard, L., Penz, T., Parapatics, K., et al. (2019).

Systematic characterization of BAF mutations provides insights into intra-

complex synthetic lethalities in human cancers. Nat. Genet. 51, 1399–

1410. https://doi.org/10.1038/s41588-019-0477-9.

52. Xu, C., Kleinschmidt, H., Yang, J., Leith, E., Johnson, J., Tan, S., Mahony,

S., and Bai, L. (2023). Systematic Dissection of Sequence Features

Affecting the Binding Specificity of a Pioneer Factor Reveals Binding

Synergy Between FOXA1 and AP-1. Mol. Cell 84, 2838–2855.e10.

https://doi.org/10.1101/2023.11.08.566246.

53. Karolchik, D., Hinrichs, A.S., Furey, T.S., Roskin, K.M., Sugnet, C.W.,

Haussler, D., and Kent, W.J. (2004). The UCSC Table Browser data

retrieval tool. Nucleic Acids Res. 32, D493–D496. https://doi.org/10.

1093/nar/gkh103.

54. Collins, B.E., Greer, C.B., Coleman, B.C., and Sweatt, J.D. (2019). Histone

H3 lysine K4 methylation and its role in learning and memory. Epigenetics

Chromatin 12, 7. https://doi.org/10.1186/s13072-018-0251-8.

55. Heintzman, N.D., Hon, G.C., Hawkins, R.D., Kheradpour, P., Stark, A.,

Harp, L.F., Ye, Z., Lee, L.K., Stuart, R.K., Ching, C.W., et al. (2009).

Histone modifications at human enhancers reflect global cell-type-

specific gene expression. Nature 459, 108–112. https://doi.org/10.1038/

nature07829.

56. Millán-Zambrano, G., Burton, A., Bannister, A.J., and Schneider, R. (2022).

Histone post-translational modifications - cause and consequence

of genome function. Nat. Rev. Genet. 23, 563–580. https://doi.org/10.

1038/s41576-022-00468-7.

57. Liu, J.D., Gao,M.W., He, J.P.,Wu, K.X., Lin, S.Y., Jin, L.M., Chen, Y.P., Liu,

H., Shi, J.J., Wang, X.W., et al. (2021). The RNA m6A reader YTHDC1

silences retrotransposons and guards ES cell identity. Nature 591,

322–326. https://doi.org/10.1038/s41586-021-03313-9.

58. Jiang, X.J., Stockwell, B.R., and Conrad, M. (2021). Ferroptosis: mecha-

nisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 22, 266–282.

https://doi.org/10.1038/s41580-020-00324-8.

59. Li, Y., Lu, Q., Xie, C., Yu, Y., and Zhang, A. (2022). Recent advances on

development of p21-activated kinase 4 inhibitors as anti-tumor agents.

Front. Pharmacol. 13, 956220. https://doi.org/10.3389/fphar.2022.

956220.

60. Guo, J.P., Xu, B.F., Han, Q., Zhou, H.X., Xia, Y., Gong, C.W., Dai, X.F., Li,

Z.Y., and Wu, G. (2018). Ferroptosis: A Novel Anti-tumor Action for

Cisplatin. Cancer Res. Treat. 50, 445–460. https://doi.org/10.4143/crt.

2016.572.

61. Rottenberg, S., Disler, C., and Perego, P. (2021). The rediscovery of plat-

inum-based cancer therapy. Nat. Rev. Cancer 21, 37–50. https://doi.org/

10.1038/s41568-020-00308-y.

62. Yu, F., Wei, J., Cui, X., Yu, C., Ni, W., Bungert, J., Wu, L., He, C., and Qian,

Z. (2021). Post-translational modification of RNA m6A demethylase

ALKBH5 regulates ROS-induced DNA damage response. Nucleic Acids

Res. 49, 5779–5797. https://doi.org/10.1093/nar/gkab415.

63. Zhou, J., Wan, J., Gao, X., Zhang, X., Jaffrey, S.R., and Qian, S.B. (2015).

Dynamicm(6)AmRNAmethylation directs translational control of heat shock

response. Nature 526, 591–594. https://doi.org/10.1038/nature15377.

64. Dong, F.,Qin,X.,Wang,B., Li,Q.,Hu, J.,Cheng,X.,Guo,D.,Cheng,F., Fang,

C., Tan, Y., et al. (2021). ALKBH5 Facilitates Hypoxia-Induced Paraspeckle

Assembly and IL8 Secretion to Generate an Immunosuppressive Tumor

Microenvironment. Cancer Res. 81, 5876–5888. https://doi.org/10.1158/

0008-5472.CAN-21-1456.

65. Zhou, J., Wan, J., Shu, X.E., Mao, Y., Liu, X.M., Yuan, X., Zhang, X., Hess,

M.E., Br€uning, J.C., and Qian, S.B. (2018). N6-Methyladenosine Guides

mRNA Alternative Translation during Integrated Stress Response. Mol.

Cell 69, 636–647.e7. https://doi.org/10.1016/j.molcel.2018.01.019.

https://doi.org/10.1038/s41580-018-0081-3
https://doi.org/10.1038/onc.2009.119
https://doi.org/10.1038/onc.2009.119
https://doi.org/10.1016/j.celrep.2013.06.016
https://doi.org/10.1016/j.celrep.2013.06.016
https://doi.org/10.1016/j.molcel.2023.12.004
https://doi.org/10.1016/j.molcel.2023.12.004
https://doi.org/10.3390/cells12020218
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1158/0008-5472.Can-20-1804
https://doi.org/10.1158/0008-5472.Can-20-1804
https://doi.org/10.1038/s41467-019-09982-5
https://doi.org/10.1016/j.gpb.2020.01.001
https://doi.org/10.1074/mcp.T500024-<?show [?tjl=20mm]&tjlpc;[?tjl]?>MCP200
https://doi.org/10.1074/mcp.T500024-<?show [?tjl=20mm]&tjlpc;[?tjl]?>MCP200
https://doi.org/10.1016/j.celrep.2024.114065
https://doi.org/10.1016/j.celrep.2024.114065
https://doi.org/10.1038/s41587-022-01487-9
https://doi.org/10.1016/j.celrep.2018.05.077
https://doi.org/10.1016/j.celrep.2018.05.077
https://doi.org/10.1038/nature11247
https://doi.org/10.1038/nature11247
https://doi.org/10.1093/nar/gkz1062
https://doi.org/10.1038/s41588-019-0413-z
https://doi.org/10.1038/s41588-019-0477-9
https://doi.org/10.1101/2023.11.08.566246
https://doi.org/10.1093/nar/gkh103
https://doi.org/10.1093/nar/gkh103
https://doi.org/10.1186/s13072-018-0251-8
https://doi.org/10.1038/nature07829
https://doi.org/10.1038/nature07829
https://doi.org/10.1038/s41576-022-00468-7
https://doi.org/10.1038/s41576-022-00468-7
https://doi.org/10.1038/s41586-021-03313-9
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.3389/fphar.2022.956220
https://doi.org/10.3389/fphar.2022.956220
https://doi.org/10.4143/crt.2016.572
https://doi.org/10.4143/crt.2016.572
https://doi.org/10.1038/s41568-020-00308-y
https://doi.org/10.1038/s41568-020-00308-y
https://doi.org/10.1093/nar/gkab415
https://doi.org/10.1038/nature15377
https://doi.org/10.1158/0008-5472.CAN-21-1456
https://doi.org/10.1158/0008-5472.CAN-21-1456
https://doi.org/10.1016/j.molcel.2018.01.019


ll
Article

Please cite this article in press as: Huang et al., Spatial control of m6A deposition on enhancer and promoter RNAs through co-acetylation of METTL3
and H3K27 on chromatin, Molecular Cell (2025), https://doi.org/10.1016/j.molcel.2025.02.016
66. Cun, Y., Guo, W., Ma, B., Okuno, Y., and Wang, J. (2024). Decoding the

specificity of m6A RNA methylation and its implication in cancer therapy.

Mol. Ther. 32, 2461–2469. https://doi.org/10.1016/j.ymthe.2024.05.035.

67. Dou, X.Y., Huang, L.L., Xiao, Y., Liu, C., Li, Y.N., Zhang, X.N., Yu, L.S.,

Zhao, R., Yang, L., Chen, C., et al. (2023). METTL14 is a chromatin regu-

lator independent of its RNA N6-methyladenosine methyltransferase ac-

tivity. Protein Cell 14, 683–697. https://doi.org/10.1093/procel/pwad009.

68. Mu, M., Li, X., Dong, L., Wang, J., Cai, Q., Hu, Y., Wang, D., Zhao, P.,

Zhang, L., Zhang, D., et al. (2023). METTL14 regulates chromatin bivalent

domains inmouse embryonic stem cells. Cell Rep. 42, 113116. https://doi.

org/10.1016/j.celrep.2023.113116.

69. Barbieri, I., Tzelepis, K., Pandolfini, L., Shi, J.W., Millán-Zambrano, G.,

Robson, S.C., Aspris, D., Migliori, V., Bannister, A.J., Han, N., et al.

(2017). Promoter-bound METTL3 maintains myeloid leukaemia by m6A-

dependent translation control. Nature 552, 126–131. https://doi.org/10.

1038/nature24678.

70. Liu, P., Li, F., Lin, J., Fukumoto, T., Nacarelli, T., Hao, X., Kossenkov, A.V.,

Simon, M.C., and Zhang, R. (2021). m6A-independent genome-wide

METTL3 and METTL14 redistribution drives the senescence-associated

secretory phenotype. Nat. Cell Biol. 23, 355–365. https://doi.org/10.

1038/s41556-021-00656-3.

71. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold

change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15,

550. https://doi.org/10.1186/s13059-014-0550-8.

72. Martin, M. (2011). Cutadapt removes adapter sequences from high-

throughput sequencing reads. EMBnet J. 17, 10–12. https://doi.org/10.

14806/EJ.17.1.200.

73. Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S.,

Batut, P., Chaisson, M., and Gingeras, T.R. (2013). STAR: ultrafast univer-

sal RNA-seq aligner. Bioinformatics 29, 15–21. https://doi.org/10.1093/

bioinformatics/bts635.

74. Tarasov, A., Vilella, A.J., Cuppen, E., Nijman, I.J., and Prins, P. (2015).

Sambamba: fast processing of NGS alignment formats. Bioinformatics

31, 2032–2034. https://doi.org/10.1093/bioinformatics/btv098.
75. Feng, J.X., Liu, T., Qin, B., Zhang, Y., and Liu, X.S. (2012). Identifying ChIP-

seq enrichment using MACS. Nat. Protoc. 7, 1728–1740. https://doi.org/

10.1038/nprot.2012.101.

76. Quinlan, A.R., and Hall, I.M. (2010). BEDTools: a flexible suite of utilities for

comparing genomic features. Bioinformatics 26, 841–842. https://doi.org/

10.1093/bioinformatics/btq033.

77. Wu, T.Z., Hu, E.Q., Xu, S.B., Chen, M.J., Guo, P.F., Dai, Z.H., Feng, T.Z.,

Zhou, L., Tang, W.L., Zhan, L., et al. (2021). clusterProfiler 4.0: A universal

enrichment tool for interpreting omics data. Innovation (Camb) 2, 100141.

https://doi.org/10.1016/j.xinn.2021.100141.

78. Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L.,

Gillette, M.A., Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S.,

et al. (2005). Gene set enrichment analysis: A knowledge-based approach

for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci.

USA 102, 15545–15550. https://doi.org/10.1073/pnas.0506580102.

79. Liberzon, A., Subramanian, A., Pinchback, R., Thorvaldsdóttir, H.,
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Abcam Cat# ab217109

Anti-Acetyllysine Mouse mAb PTM BIO Cat# PTM-101; RRID: AB_2940830

Anti-H3K4me3 ABclonal Cat# A22146; RRID: AB_3066542

PAK2 Rabbit mAb ABclonal Cat# A4553; RRID: AB_2863294

GAPDH Rabbit mAb ABclonal Cat# A19056; RRID: AB_2862549

SNRNP70 Polyclonal Antibody ABclonal Cat# A14786; RRID: AB_2761662

Mouse TrueBlot ULTRA: Anti-Mouse Ig HRP Rockland Cat# 18-8817-33; RRID: AB_2610851

Rabbit TrueBlot: Anti-Rabbit IgG HRP Rockland Cat# 18-8816-33; RRID: AB_2610848

Goat anti-rabbit IgG (H+L), HRP conjugate Proteintech Cat# SA00001-2; RRID: AB_2722564

Mouse IgG (H+L) (Alexa Fluor� Plus 647 linked) Thermo Fisher Scientific Cat# A32728; RRID: AB_2633277

Anti-Rabbit IgG (H+L) (Alexa Fluor� Plus 488 linked) Thermo Fisher Scientific Cat# A32731; RRID: AB_2633280

Rabbit IgG (H+L) (Alexa Fluor� Plus 405 linked) Thermo Fisher Scientific Cat# A48254; RRID: AB_2890548

Goat Anti-Rabbit IgG (H+L) ABclonal Cat# AS070; RRID:AB_2769651

Goat Anti-Mouse IgG (H+L) ABclonal Cat# AS071; RRID:AB_2769650

METTL3 Polyclonal antibody Proteintech Cat# 15073-1-AP; RRID:AB_2142033

METTL3-K215ac antibody HUABIO Customized

Chemicals, peptides, and recombinant proteins

High-glucose (4.5.g/L) DMEM medium Corning 10-013-CVRC

Fetal bovine serum Sigma-Aldrich F0193-500 ML

Ham’s F-12K (Kaighn’s) medium Gibco 21127030

Opti-MEM Gibco 31985070

TSA (Trichostatin A) Selleck Chemicals S1045

Nicotinamide Medchem Express HY-B0150

RSL3 Targetmol T3646

ML162 Targetmol T8970

Cisplatin Targetmol T1564

Ferrostatin-1 Targetmol T6500
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FRAX486 Targetmol T6840

Liperfluo DOJINDO L248

PI KeyGEN BioTECH KGA1813-10

LentiFit HANBIO HB-LLF-1000

PEG6000 Sigma-Aldrich 81260

PEG20000 Sigma-Aldrich 81300

Polybrene Santa Cruz Sc-134220

Puromycin Sigma-Aldrich 540411

doxycycline Targetmol T1687

RIPA Buffer (10 3) Cell Signaling 9806S

PMSF Beyotime ST506
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Phos-tag (TM) Acrylamide AAL-107 Wako Diagnostics 300-93523
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Tris-HCl pH=8.0 Invitrogen AM9855G

DTT Sigma-Aldrich 43816-10 ML
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CaCl2 Sigma-Aldrich 21115-100 ML

RNase A Thermo Fisher Scientific EN0531

TRI Reagent� Invitrogen AM9738

DMSO Sigma-Aldrich D2650-100 ML

Fragment buffer New England Biolabs E6150S

Glycogen Thermo Fisher Scientific AM9510

H3BO3 Sigma-Aldrich B0394

NaNO2 Sigma-Aldrich 31443

MES Sigma-Aldrich M3671

Glyoxal Sigma-Aldrich 50649

Triethylamine Sigma-Aldrich 471283

Sodium acetate solution Thermo Fisher Scientific R1181

Acetic acid Sigma-Aldrich 695092-500 ML

Deionized formamide Sigma-Aldrich 344206-M

VAHTS mRNA Capture Beads Vazyme N401-01

Trypsin GIBCO 25200072

Coomassie Blue staining Thermo Fisher Scientific 24617

Tritonx-100 Sigma-Aldrich T9284-100 ML

DAPI KeyGEN BioTECH KGA1808-50

Blotting-Grade Blocker, nonfat dry milk Bio-RAD 1706404

TURBO� DNase I Thermo Fisher Scientific AM2238

AMPure XP beads Beckman A63881

PageRuler Prestained Protein Ladder Thermo Fisher Scientific 26616
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Multicolor Prestained Protein Ladder Epizyme Biotech WJ101

Critical commercial assays

Pierce� Rapid Gold BCA Protein Assay Kit Thermo Fisher Scientific A53226

Endo-free Plasmid Mini Kit II Omega D6950-02

Immunofluorescence Application Solutions Kit Cell Signaling 12727S

VAHTS Universal V10 RNA-seq Library Prep Kit for MGI Vazyme NRM606-01

SMARTer Stranded Total RNA-Seq Kit v2 TAKARA 634413

Ribo-MagOff rRNA Depletion Kit Vazyme N420-01

2 3 Universal SYBR Green Fast qPCR Mix ABclonal RK21203

ABScript III RT Master Mix for qPCR with gDNA Remover ABclonal RK20429

FastPure Cell/Tissue Total RNA Isolation Kit V2 Vazyme RC112-01

Quick-DNA Midiprep Plus Kit Zymo D4075

Lipomaster 3000 Transfection Reagent Vazyme TL301-01

Mut Express MultiS Fast Mutagenesis Kit V2 (Vazyme) Vazyme C215-01

RNA Clean & Concentrator�-5 RNA ZYMO RESEARCH R1015

Hyperactive Universal CUT&Tag Assay Kit Vazyme TD904

Deposited data

CRISPR-screening, GLORI-seq, chromosome-associated

RNA-seq, and mRNA-seq

This study GEO: GSE272469

Raw data This study Mendeley Data: http://www.doi.org/

10.17632/gr43vkr4s6.1

ChIP-seq data with A549 cells of EP300 ENCODE Project Consortium48;

Luo et al.49
ENCODE: ENCSR000BPW

ChIP-seq data with A549 cells of H3K27ac ENCODE Project Consortium48;

Luo et al.49
ENCODE: ENCSR783SNV

ChIP-seq data with A549 cells of H3K4me1 ENCODE Project Consortium48;

Luo et al.49
ENCODE: ENCSR636PIN

ChIP-seq data with A549 cells of H3K4me2 ENCODE Project Consortium48;

Luo et al.49
ENCODE: ENCSR410BCN

ChIP-seq data with A549 cells of H3K4me3 ENCODE Project Consortium48;

Luo et al.49
ENCODE: ENCSR203XPU

ChIP-seq data with A549 cells of H3K36me3 Sdelci et al.50; Schick et al.51 GEO: GSE108387

ChIP-seq data with A549 cells of H3K9me3 Xu et al.52 GEO: GSE247412

MeRIP-seq input data of HepG2 cells Dou et al.23 GEO: GSE205709

Experimental models: Cell lines

HEK293T Cellcook CC4003

A549 Cellcook CC0202

HeLa Cellcook CC1101

HepG2 Cellcook CC0118

Oligonucleotides

sgNC This study GCCTAGTCTCGGTAAGAGTG

sgEP300-1 This study CTGTAATAAGTGGCATCACG

sgEP300-2 This study GGTACGACTAGGTACAGGCG

sgCAMK2G This study TTTCTAGCAACGATCCACGG

sgPAK2 This study GTGTGCTCAAAATCAGATGG

sgCDK13 This study AGGTAACGGTGGTAATGTAG

sgCDK2 This study AAGCAGAGAGATCTCTCGGA

shMETTL3-1 This study GCCAAGGAACAATCCATTGTT

shMETTL3-2 This study GCTGCACTTCAGACGAATT
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shMETTL14-1 This study CCATGTACTTACAAGCCGATA

shMETTL14-2 This study GCTAATGTTGACATTGACTTA

SiCtrl This study TTCTCCGAACGTGTCACGT

sip300-1 This study CAGACAAGTCTTGGCATGGTA

sip300-2 This study CTAGAGACACCTTGTAGTA

siCBP-1 This study AATCCACAGTACCGAGAAATG

siCBP-2 This study TTGCAAGGAGCTTCCCAAG

q-PCR GAPDH-F This study CCTGACCTGCCGTCTAGAAA

q-PCR GAPDH-R This study CCCTGTTGCTGTAGCCAAAT

q-PCR SLC1A5-F This study GCTACTCCCGGACACCAGAC

q-PCR SLC1A5-R This study GGTCTGCAGGAGGCTAGGTT

q-PCR AKR1C2-F This study CTTTTCCACAGGTAAGAAACGGT

q-PCR AKR1C2-R This study CCAGGACAGGCATGAAGTGA

q-PCR AKR1C1-F This study TCTCAAACACTGTCATGGCCT

q-PCR AKR1C1-R This study CAACCCTCCTGGATGACTTGG

q-PCR PGD-F This study ATGGCCCAAGCTGACATCG

q-PCR PGD-R This study CCGTCTTGTGGTGTCCCTAT

q-PCR SLC5A6-F This study CGACCCCCTCTTCCTTTTCC

q-PCR SLC5A6-R This study GTCTGTGATCTGCAGCCAGT

q-PCR SLC7A11-F This study TCGCTGTGAAGGAAAAAGCAC

q-PCR SLC7A11-R This study GGTGGACACAACAGGCTTTC

Recombinant DNA

P300 MiaoLingBio P62911

PCDH-puro MiaoLingBio P14577

PCDH-RFP MiaoLingBio P17211

PCDNA 3.1 Addgene 128034

PLVX-TetOne-TRE3GS-MCS-EF1a-Neo MiaoLingBio P49160

PCDH-CMV-MCS-EF1-RFP MiaoLingBio P17211

mVenus N1 MiaoLingBio P32438

PEnCMV-HDAC1 (human) -3 3 FLAG-SV40-Neo MiaoLingBio P32870

PEnCMV-HDAC2 (human) -3 3 FLAG-SV40-Neo MiaoLingBio P6907

PCMV-HDAC3 (human) -FLAG-SV40-Neo MiaoLingBio P38134

PCDNA3.1-3 3 HA-HDAC4 MiaoLingBio P4892

PCMV-HDAC5 (human) -FLAG-SV40-Neo MiaoLingBio P37515

PCDNA3.1-HDAC6-3 3 HA MiaoLingBio P9653

PCDNA3.1-HDAC7-3 3 HA MiaoLingBio P9871

PEnCMV-CREBBP (human)-HA-SV40-Neo MiaoLingBio P29740

PLKO.1-Puro MiaoLingBio P0258

pCMV-PAK2 (human) -3 3 HA-Neo MiaoLingBio P54599

PLKO.1-EGFP MiaoLingBio P0255

pCMV-METTL3 (human) -Neo MiaoLingBio P49740

PCDNA 3.1 CMV-HDAC2-HA Generated in this study N/A

PCDNA 3.1 CMV-HDAC3-HA Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3 Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-K177R Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-K211R Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-K215R Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-K327R Generated in this study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PCDNA 3.1 CMV-FLAG-METTL3-K578R Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-K177-215-578R Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-K177-215-578Q Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-1-350aa Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-201-580aa Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-351-580aa Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-S243A Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-S243D Generated in this study N/A

PCDNA 3.1 CMV-HA-PAK2 Generated in this study N/A

PLKO.1-sh-METTL3-1-EGFP Generated in this study N/A

PLKO.1-sh-METTL3-2-EGFP Generated in this study N/A

PLKO.1-sh-METTL3-1-puro Generated in this study N/A

PLKO.1-sh-METTL3-2-puro Generated in this study N/A

PLKO.1-sh-METTL14-1-puro Generated in this study N/A

PLKO.1-sh-METTL14-2-puro Generated in this study N/A

PCDNA 3.1 CMV-FLAG-METTL3-K177-215-578R Generated in this study N/A

PLVX-TRE3G-METTL3-copGFP Generated in this study N/A

PLVX-TRE3G-METTL3-K177-215-578R-copGFP Generated in this study N/A

PMD2.G Addgene #12259

PsPAX2 Addgene #12260

Human sgRNA library Brunello in lentiCRISPRv2 Addgene #73179

lenti-CRISPRv2-puro Addgene #98290

Software and algorithms

DESeq2 (v.1.42.1) Love et al.71 http://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html

Cutadapt Martin72 https://github.com/marcelm/cutadapt/

STAR (v.2.7.10b) Dobin et al.73 https://github.com/alexdobin/STAR/

releases/tag/2.7.10b

Imaris 10.0 Oxford Instruments https://imaris.oxinst.com/products/

imaris-for-cell-biologists

FlowJo 10.8.1 Treestar https://www.flowjo.com

GLORI-tools Liu et al.46 https://github.com/liucongcas/GLORI-tools.

sambamba (v.1.0.0) Tarasov et al.74 http://www.open-bio.org/wiki/Sambamba

MACS2 (v.2.2.7.1) Feng et al.75 http://liulab.dfci.harvard.edu/MACS/

bedtools (v.2.30.0) Quinlan and Hall76 https://packages.guix.gnu.org/packages/

bedtools/2.30.0/

clusterProfiler R package (v.4.10.1) Wu et al.77 https://github.com/YuLab-SMU/

clusterProfiler

MSigDB C2 gene sets and C5 gene sets Subramanian et al.78;

Liberzon et al.79
https://www.gsea-msigdb.org/gsea/msigdb

GraphPad Prism 10.2.3 www.graphpad.com RRID: SCR_002798

deepTools (v.3.5.1) Ramı́rez et al.80 https://deeptools.readthedocs.io/en/latest/

Clustal Omega 1.2.4 Sievers et al.40 http://www.clustal.org/

trim_galore (version 0.6.7) https://github.com/

FelixKrueger/TrimGalore

https://github.com/FelixKrueger/TrimGalore

bowtie2 (v.2.5.1) Langmead and Salzberg81 https://github.com/BenLangmead/bowtie2/

releases/tag/v2.5.1

MAGeCK Li et al.82 https://sourceforge.net/p/mageck/

wiki/Home/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
HEK293T, A549, HeLa, and HepG2 cells were purchased from Guangzhou Cellcook Biotechnology Co LTD (Guangzhou, China).

HEK293T, A549, and HepG2 cells were cultured in high-glucose (4.5 g/L) DMEM medium (10-013-CVRC, Corning) containing

10% fetal bovine serum (F0193-500ML, Sigma). A549 cells were grown in Ham’s F-12K (Kaighn’s) medium (21127030, Gibco)

with 10% fetal bovine serum (F0193-500ML, Sigma). All cell lines were cultured in a humidified incubator at 37 �C under an atmo-

sphere containing 5% CO2.

Antibodies and reagents
METTL3-K215ac antibody (1:1000) was customized from HUABIO, China. Anti-FLAG (1:1000, FM1804), p300/CBP (1:1000, P2859),

METTL14 (1:1000, HPA038002) antibodies were purchased from Sigma, USA. Anti-Rabbit IgG (H+L) (Alexa Fluor� Plus 488 linked,

1:500, A32731), Mouse IgG (H+L) (Alexa Fluor� Plus 647 linked,1:500, A32728), and Rabbit IgG (H+L) (Alexa Fluor� Plus 405 linked,

1:500, A48254) antibodies were purchased From Thermo Fisher Scientific, USA. Anti-HA-Tag (1:2000, 3724S), Myc-Tag (1:1000,

2276S), p300 (1:1000, 86377), b-tubulin (1:500, 2146S), LaminB1 (1:500, 13435), H3 (1:1000, 4499S), mouse IgG HRP-linked

(1:5000, 7076S) antibodies were purchased from Cell Signaling Technology, USA. Anti-METTL3 (1:1000, ab195352), METTL3 (Alexa

Fluor� 647 linked, 1:500, ab217109), H3K4me1 (1:1000, ab8895), H3K27ac (1:1000, ab4729), and H3K27ac (Alexa Fluor� 488

linked, 1:500, ab245911) antibodies were purchased from Abcam, UK. Anti-Kac (1:1000, PTM-101) antibody was purchased from

PTM BIO, China. Anti-H3K4me3 (1:1000, A22146), PAK2 (1:500, A4553), GAPDH (1:10000, A19056), SNRNP70 (1:1000, A14786),

Rabbit IgG(H+L) (AS070), and Mouse IgG (H+L) (AS071) antibodies were purchased from ABclonal, China. Anti-METTL3 (1:1000,

15073-1-AP) and Rabbit IgG (H+L) HRP-linked (1:5000, SA00001) antibodies were purchased from Proteintech Group, China.

TrueBlot* Ultra Anti-Mouse IgGHRP-linked (1:3000, 18-8817-33) and TrueBlot*Ultra Anti-Rabbit IgGHRP-linked (1:3000, 18-8816-

33) antibodies were purchased from Rockland, USA. Deacetylase inhibitor TSA was purchased from Selleck. Deacetylase inhibitor

NAM was purchased from MCE. RSL3, ML162, Cisplatin (CDDP), Ferrostatin-1, and PAK2 inhibitor FRAX486 were purchased from

TargetMol, China. Liperfluo was purchased from DOJINDO, JPN. PI staining was purchased from keyGEN BioTECH, China.

METHOD DETAILS

Plasmids
The Human sgRNA library Brunello in lentiCRISPRv2 (#73179) was obtained from Addgene, USA. The BiFC reporters containing

N terminal (I152L) and C terminal of VENUS were respectively subcloned into pLVX-TetOne-TRE3GS-MCS-EF1a-Neo (P49160,

MiaoLingBio) to generate TETon-BIFC reporters. The cDNA plasmids of METTL3 (P49740), p300 (P62911), HDAC1 (P32870),

HDAC2 (P6907), HDAC3 (P38134), HDAC4 (P4892), HDAC5 (P37515), HDAC6 (P9653), HDAC7 (P9871), CREBBP (P29740), and

PAK2 (P54599) were purchased fromMiaoLingBio, China. We used pCDH-RFP or PCDNA3.1, as the carrier vector for these cDNAs.

These genes were integrated into the destination vector using Gateway cloning. All mutants were generated using the Mut Express

MultiS Fast Mutagenesis Kit V2 (Vazyme Biotech, China) and were integrated into the destination vector.

Transfection and Virus Production
For transient transfection, cells were transfected by Lipomaster 3000 Transfection Reagent (TL301-01, Vazyme Biotech, China) ac-

cording to the manufacturer’s instructions. Briefly, cells were seeded 24 hours before transfection, and the plasmids and Lipofect-

amine reagent were combined in Opti-MEM media. After 6 h, the media was replaced with regular media without antibiotics.

For lentivirus production, lentiviral constructs were co-transfected with the psPAX2 packaging plasmid and the pMD2.G VSV-G

envelope-expressing plasmid into HEK293T cells through LentiFit (HB-LLF-1000, HANBIO, China) according to the manufacturer’s

instructions. The viruses were collected for 48 h, concentrated by the PEG Virus Precipitation Solution, and stored at -80 �C.

CRISPR-Cas9-mediated gene knockout
We used CRISPR-Cas9 technology to knock out EP300, PAK2, CDK2, CDK13, and CAMK2G. Each sgRNA was cloned into the

empty backbone of lenti-CRISPRv2-puro. Then, lenti-CRISPRv2-puro-based viruses were produced as described in the ‘Transfec-

tion and Virus Production’ section. Subsequently, A549, HeLa, and other cells were infected with the virus and 1 mg/ml polybrene for

24 h. Finally, cells were selected with puromycin (6 mg/ml; Sigma, USA) for 3 days. The sgRNA sequences are displayed in the key

resources table.

shRNA-mediated RNA interference
The shRNAs of METTL3 and METTL14 were cloned into the empty backbone of lentivirus-based pLKO.1-puro or pLKO.1-EGFP.

Then, PLKO.1-based viruses were produced according to as described in the ‘Transfection and Virus Production’ section. Subse-

quently, A549, HeLa, and other cells were infected with the virus and 1 mg/ml polybrene for 24 h. Finally, cells were selected with

puromycin (6 mg/ml; Sigma, USA) for 3 days. The shRNA sequences are displayed in the key resources table.
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siRNA-mediated RNA interference
All siRNAs were produced by GenePharma and transfected using RNAFit Transfection Reagent (HB-RF-1000, HANBIO, China) ac-

cording to the manufacturer’s protocol. The siRNA sequences are displayed in the key resources table.

Genome-wide CRISPR/Cas9 screening
CRISPR screen in A549 cells with stably expressed TETon-BIFC reporter. A549 cells with stably expressed TETon-BIFC reporter

(1.23 108 cells) were transducedwith a genome-wide gRNA library Brunello in lentiCRISPRv2 (73179, Addgene, USA) at amultiplicity

of infection (MOI) of 0.3. Cells with stably transduced genome-wide gRNA library were selected with 5 mg/ml puromycin, and 4.5 3

107 cells were passaged every 48-72 hours at a density of 5 3 106 cells per 15 cm dish in Ham’s F-12K (Kaighn’s) medium for the

duration of the screen. At 5 days post puromycin selection, cells were treated with doxycycline (1 mg/mL) for 48 hours. Next,

1.5 3 108 cells were sorted by flow cytometry sorting and collected 5% in high-VENUS-signal cells and low-VENUS-signal cells.

Genomic DNA was isolated using a Quick-gDNA MidiPrep (Zymo Research, USA). sgRNA after PCR amplification was sent to the

GENEWIZ (Suzhou, China) to be sequenced on Illumina NovaSeq 6000.

sgRNA sequencing data analysis
Raw reads were trimmed using Cutadapt to remove the constant flanking sequences of sgRNA sequences.72 Read counts of the

sgRNAs were calculated by the count command of MAGeCK.82 The sgRNAs with MAGeCK normalized read counts of high-

VENUS-signal or low-VENUS-signal samples < 200 were removed for further analysis. Then, the test command of MAGeCK was

used to calculate the p values for the comparison between two samples of sgRNAs. The Genes with p value < 0.01 and fold change

(high-VENUS-signal/low-VENUS-signal) > 1.5 were identified as the gene enriched in high-VENUS-signal populations. Meanwhile,

genes with p value < 0.01 and fold change (low-VENUS-signal/high-VENUS-signal) > 1.5 were identified as genes enriched in

low-VENUS-signal populations.

Western blotting and co-immunoprecipitation (co-IP)
Whole-cell extracts were generated by direct lysis with water-diluted RIPA lysis buffer (9806S, Cell Signaling Technology, USA), add-

ing 1mMphenylmethylsulphonyl fluoride (PMSF; ST506, Beyotime Biotech, China) immediately before use. Lysates were sonicated,

and then centrifuged at 12,000 g for 15 min at 4 �C. Samples were boiled by adding 63 SDS sample buffer for 10 min at 100 �C and

resolved using SDS-PAGE. For co-immunoprecipitation, cells were lysed by IP lysis buffer (25 mM Tris-HCl pH = 7.5, 0.1% IGEPAL

CA-630, 250 mM NaCl, 5% glycerol, 5 mM EDTA) with 1% protease inhibitor cocktail (HY-K0010, MCE, USA), 1% Phosphatase In-

hibitor cocktail II (HY-K0022, MCE, USA), 1 mMPMSF, 1 mMTSA, and 5 mMNAM. Then, cell lysates were sonicated and centrifuged

at 12,000 g for 15 min at 4 �C. Immunoprecipitation was carried out by incubating the appropriate antibody with cell lysate overnight

at 4 �C, followed by incubating Protein A/G Magnetic Beads (PB101-02, Vazyme Biotech, China) for 2 hours at 4 �C. Immunoprecip-

itates were washed three times with cold IP lysis buffer, eluted with 23 SDS loading buffer by boiling for 10 min, and resolved using

SDS-PAGE.

Phosphate-affinity gel electrophoresis
Phosphate-affinity gel electrophoresis was performed in gels containing 50 mMMnCl2 and 50 mM acrylamide-pendant Phosphate-

Tag ligand according to the manufacturer’s protocols (AAL-107, Wako Chemicals, JPN). The cell lysates were purified to remove the

lysis buffer containing EDTA by Ultrafiltration Spin Columns (FUF051-5pcs, Beyotime, China) and dissolved in 13 SDS sample buffer

before Phosphate-affinity gel electrophoresis. Then, proteins were resolved using Phosphate-affinity gel. Before transmembrane,

Phosphate-affinity gel was washed three times by trans buffer containing 5 mmol/L EDTA.

Cell fractionation
A549 and HEK293T cells were fractionated following the previously published procedure.2 Briefly, 1 3 107 cells were collected,

washed with 1 ml cold PBS buffer containing 1 mM EDTA, and centrifuged at 500 g and room temperature for 5 min. Added 200

uL ice-cold cytoplasmic lysis buffer (10 mM Tris-HCl pH = 7.5, 0.1% IGEPAL�CA-630, 150mMNaCl) to the cell pellet and incubated

on ice for 5 min, then added 2.5 volumes of chilled sucrose cushion (24% RNAse-free sucrose in cytoplasmic lysis buffer). Subse-

quently, centrifuge at 15,000g and 4 �C for 10 min. The supernatant was collected as the cytoplasmic fraction. Added 100 mL of pre-

chilled glycerol buffer (20 mM Tris-HCl pH = 7.9, 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 0.125 mM PMSF, 50% glycerol) to

resuspend the nuclei pellet, then added an equal volume of cold nuclei lysis buffer (10 mM HEPES pH = 7.6, 1 mM DTT, 7.5 mM

MgCl2, 0.2 mM EDTA, 0.3 M NaCl, 1 M UREA, 1% IGEPAL�CA-630) and vigorously vortexed. The mixtures of nuclei pellets were

incubated on ice for 2 min, then centrifuged at 4 �C with 15,000 g for 2 min. The supernatant is soluble nucleoplasm, and the pellet

is chromatin fraction.

Chromatin-associated protein co-immunoprecipitation
The chromatin pellets were first obtained as described in the ‘Cell fractionation’ section to analyze the protein interaction of METTL3

and METTL3 acetylation on chromatin. The chromatin pellets were lysed by 200 mL chromatin lysis buffer (25 mM Tris-HCl pH = 7.5,

0.1% IGEPAL CA-630, 250 mM NaCl, 5% glycerol, 5 mM MgCl2) with 1% protease inhibitor cocktail, 1% Phosphatase Inhibitor
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Cocktail II, 1mM PMSF, 1 mM TSA, and 5 mM NAM. Then, lysates of chromatin pellets were sonicated at 4 �C. Subsequently,
TURBO�DNase I (AM2238, Thermo Fisher Scientific, USA) and RNase A (EN0531, Thermo Fisher Scientific, USA) were respectively

added to lysates with 50 units/ml and 30 mg/ml and incubated at 30 �C for 30 min. Next, lysates were diluted to 1 mL by using IP lysis

buffer (25 mMTris-HCl pH = 7.5, 0.1% IGEPAL CA-630, 250mMNaCl, 5% glycerol, 5 mMEDTA) with 1% protease inhibitor cocktail,

1% Phosphatase Inhibitor Cocktail II, and 1 mM PMSF. Finally, immunoprecipitation was carried out by incubating the appropriate

antibody with cell lysate overnight at 4 �C, followed by incubating Protein A/G Magnetic Beads for 2 hours at 4 �C. Immunoprecip-

itates were washed three times with cold IP lysis buffer, eluted with 23 SDS loading buffer by boiling for 10 min, and resolved using

SDS-PAGE.

RNA extraction and quantitative real-time PCR
The total RNA was extracted from cells using FastPure Cell/Tissue Total RNA Isolation Kit V2 (RC112-01, Vazyme Biotech, China).

The RNA concentration was measured using a Nanodropone spectrophotometer (Thermo Fisher Scientific, USA). Total RNA was

reverse transcribed using ABScript III RT Master Mix for qPCR with gDNA Remover kit for qPCR (RK20429-100T, ABclonal, China)

and diluted 5 - 10 folds. cDNA amplification was performed using 2 3 Universal SYBR Green Fast qPCR Mix (RK21203, ABclonal,

China) with the LightCycle480 II PCR System (Roche, Switzerland) according to the manufacturer’s protocol. The GAPDH was used

as the internal control, and each sample was analyzed in triplicate. The results were analyzed using the 2-DDCT method, and gene

expression was reported relative to that of the internal control. The primer sequences for quantitative real-time PCR are displayed

in the key resources table.

Chromatin-associated RNA (caRNA) extraction
To isolate the caRNA, the chromatin pellet was first obtained as described in the ‘Cell fractionation’ section. Then, the chromatin pel-

let was dissolved in 1 mL of TRI Reagent� (AM9738, Invitrogen, USA) and heated at 50 �C with shaking at 1,000 rpm for 20 minutes

until it completely dissolved. Finally, caRNAs were extracted according to the manufacturer’s instructions for TRI Reagent�.

GLORI-seq of chromatin-associated RNAs
First, genomic DNA is removed from caRNAs by using DNase I (EN401, Vazyme). Subsequently, non-ribosomal caRNAs were further

enriched by using the Ribo-MagOff rRNADepletion Kit (N420-01, VazymeBiotech, China). Then, GLORI was carried out according to

previously published.46 Briefly, caRNAs were fragmented at 94 �C for 30 s. Then, guanosine of fragmented caRNAs was protected in

a protection buffer (1.32 M glyoxal, 50%DMSO) at 50 �C for 30 min. Subsequently, add 10 ml saturated H3BO3 solution and incubate

at 50 �C for 30min. Next, add deamination buffer (750 mM NaNO2, 40 mMMES buffer, and 2.08 M glyoxal) and incubate at 16 �C for

8 h to deaminize adenine. Finally, add deprotection buffer (0.25 M TEAA and 25% deionized formamide) and incubate at 95 �C for

10 minutes.

For library construction, SMARTer Stranded Total RNA-Seq Kits v2 Pico InputMammalian (Takara, 634413) was used according to

the manufacturer’s protocols with some modified steps. In brief, about 50 ng GLORI-treated RNA was used for first-strand cDNA

synthesis, and Illumina adapters and indexes were added to first-stranded cDNA. The PCR1 products were purified twice by using

0.83 AMPure beads, then skipped the removal of the Ribosomal cDNA step and eluting cDNA with 20mL RNase-free H2O. The pu-

rified cDNA was amplified by 9 to 11 cycles of PCR2, and followed by purification using 1 3 AMPure beads. Finally, the library size

distribution was evaluated by Qsep100NGS. The library sequencing was performed at GeneMind Biosciences Company (Shenzhen,

China) through the SURFSeq 5000 platform on PE100 mode.83

caRNA-seq and RNA-seq
For caRNAs-seq, caRNAs without rRNA and genomic DNAwere used to construct a library using the SMARTer Stranded Total RNA-

Seq Kit v2 (Takara) according to the manufacturer’s protocols. After the quality control, Sequencing was performed at BGI Company

(Shenzhen, China) through the MGISEQ-2000 platform on PE150 mode.

For RNA-seq, total RNA was captured mRNA by using VAHTS mRNA Capture Beads (N401, Vazyme). Then, library preparation

was performed by using the VAHTS Universal V10 RNA-seq Library Prep Kit for MGI (NRM606-01, Vazyme). After the quality control,

Sequencing was performed at BGI Company (Shenzhen, China) through the MGISEQ-2000 platform on PE150 mode.

CUT&Tag
CUT&Tag experiments were performed by Hyperactive Universal CUT&Tag Assay Kit (TD904, Vazyme Biotech, China). Briefly, A549

cells were incubated and bound with ConA Beads Pro. Then, we added 50 ml cold Antibody Buffer dilution with Anti-METTL3 (1:50,

15073-1-AP, Proteintech, China) or Anti-H3K27ac (1:100, ab4729, Abcam, UK) antibodies to incubate for 12 h at 4 �C. Next day, sec-
ondary antibodies (1:100, AS070, ABclonal, China) were added and incubated for 1 hour at room temperature. The unbound anti-

bodies were removed by Dig-Wash buffer and the pA-Tn5 adaptor complex was prepared and added to the nuclei with gentle ver-

texing. Washed nuclei were resuspended in the Tagmentation buffer and STOP buffer was used to stop fragmentation. The DNA

library was purified and amplified for sequencing with the SURFSeq 5000 platform of GeneMind Biosciences Company (Shenzhen,

China) on PE100 mode.83
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Mass spectrometry
To identify acetylation and phosphorylation sites of chromatin-associated METTL3, HEK293T cells co-transfected with FLAG-

METTL3 and Myc-p300 or HA-PAK2, and then chromatin-associated METTL3 precipitated from chromatin fraction of HEK293T

cells. Then the precipitate was analyzed by Coomassie Blue staining. The protein band corresponding to METTL3 was excised

and subjected to in-gel digestion with trypsin. Mass spectrometry analysis was performed at Wininnovate Bio Company (Shenzhen,

China) through Easy nLC 1200 system (ThermoFisher, USA) with Q Exactive mass spectrometer (ThermoFisher, USA) fitted with a

Nano Flex ion source. The MS/MS data were analyzed for protein identification and quantification using PEAKS Studio 8.5. The local

false discovery rate at PSM was 1.0% after searching against the Uniprot database with a maximum of two missed cleavages.

Immunofluorescence staining and image analyses
The cells, after treatments, were fixed in 4%paraformaldehyde, permeabilized with 0.25%Triton X-100, and blockedwith 3%BSA at

room temperature for 1 h. Then, the samples were incubated with dilution primary antibodies overnight at 4�C followed by incubation

with the appropriate Fluorescent secondary antibody. Finally, Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; key-

GEN BioTECH, China). Images were acquired with the Nikon N-SIM Microscope System by using the 3D-SIM module (Nikon,

JPN) or confocal microscopy (ZEISS, Germany).

3D-SIM data analysis was performed in Imaris software (Oxford Instruments UK). Briefly, the intermediate value of protein diameter

is measured. Then, the spot model was used to reconstruct the proteins acquired from 3D-SIM. If the distance between different

spots is less than the radius of the spot, the proteins represented by these spots were considered co-localized and were marked

as yellow. The co-localization of p300-H3K27ac, p300-METTL3, METTL3-H3K27ac, HDAC1-H3K27ac, and HDAC1-METTL3 was

calculated according to this definition.

Cell-death assays
We used PI staining to stain cells, followed by flow cytometry analysis to detect cell death. Briefly, cells were seeded in six-well plates

of about 2.5 3 105 cells per well. The next day, the cells were treated with the indicated compounds. After treatment, all cells were

collected and stained with 5 mg/ml PI staining (keyGEN BioTECH, China) at room temperature for 30 min. Cells were analyzed with

flow cytometry (BeckmanCoulter, USA). PI-positive cells were considered to be dead cells. At least 5,000 cells were detected in each

group by flow cytometry. All experiments were repeated at least three times.

Determination of lipid peroxidation
Cells were seeded in six-well plates of about 2.5 3 105 cells per well. The next day, the cells were treated with the indicated com-

pounds and then collected. The cells were stained with 2.5 mMLiperfluo at 37 �C for 30min. Subsequently, samples were analyzed by

flow cytometry (Beckman Coulter, USA). The fluorescence intensity in the FITC channel was detected.

Enzyme-linked immunosorbent assay (ELISA assay)
ELISA was performed by HUABIO company. Briefly, polystyrene plates was coated by 1 mg/mL of unmodified K215

(CEPAKKSRKHAASDV) and acetylated K215 (CEPAKKSRK(ac)HAASDV) peptide diluted in coating buffer for overnight at 4 �C,
respectively. Following coating, the plates were blocked with 150 mL of 1% BSA at 37 �C for 1 hour. Subsequently, 1% BSA and

different concentrations of METTL3-K215ac antibodies were added to detect peptides coated on polystyrene plates, respectively.

After 1 h incubation at 37 �C, HRP-conjugated second antibodies were added and incubated to plates at 37 �C for 45 min. TMB sub-

strate solution was then introduced to initiate the reaction, which was allowed to proceed at 37 �C for 5 min. The reaction was termi-

nated by adding 1M sulfuric acid. Absorbance was measured at 450 nm using a microplate reader.

GLORI-seq analysis for chromatin-associated RNAs
The second ends of the paired-end reads, which correspond to the sense strand of the original RNA, were used in the analysis.

Raw reads were treated with trim_galore (v.0.6.7) for adaptor trimming. Then, the reads were mapped to converted human

reference genome (hg38) using STAR (v.2.7.10b) following the previous pipeline implemented in the provided GLORI-tools

with default parameters.46,73 m6A level for each m6A site was calculated as the fractions of unconverted reads in the total

covered reads. The m6A levels based on less than 15 total covered reads were removed from the analysis. Differential m6A sites

between R-METTL3-WT and R-METTL3-3KR were determined as those with absolute changes of the mean m6A modification

levels greater than 0.15.

Determination of promoter and enhancer regions
We defined the promoter and enhancer regions as previously described.2 Promoter regions were determined as the regions located

from 1 kb upstream to 100 bp downstream of the transcription start site (TSS). The enhancer regions were determined as the

H3K27ac peaks within -50 kb to -5 kb upstream and 5 kb to 50 kb downstream of the TSS. We categorized the RNAs derived

from enhancers as enhancer RNA (eRNA) and the RNA derived from promoters as promoter-associated RNA (paRNA). To ensure

the exclusion of potential noise from nascent pre-mRNA, we further classified paRNAs into sense (paRNA [+], coding strand) and

antisense paRNAs (paRNA [–], template strand) based on the transcript origins.
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mRNA-seq and caRNA-seq data analyses
Raw sequencing reads were preprocessed using trim_galore (version 0.6.7) for adapter trimming.46 These reads were then aligned to

the human reference genome (hg38) using STAR aligner (v.2.7.10b) with default parameters.73 Only the uniquely mapped reads were

used in the downstream analyses. Differentially expressed genes with 1.5-fold change and adjusted p value < 0.05 were determined

using DESeq2 (v.1.42.1).71 The transcript abundance for each eRNA and paRNA region was normalized by FPKM. BigWig files were

produced using deepTools (v.3.5.1) bamCoverage with ‘–normalized using RPKM’ parameters.80

ChIP-seq data and CUT&Tag data analyses
RawChIP-seq andCUT&Tag readswere preprocessed using trim_galore (version 0.6.7) for adapter trimming. These readswere then

aligned to the human reference genome (hg38) using bowtie2 (v.2.5.1). PCR duplicates were removed using sambamba (v.1.0.0).74,81

Only the uniquely mapped reads were used in the downstream analyses. The peaks were called using MACS2 (v.2.2.7.1).75 Peaks

from replicates were combined using bedtools (v.2.30.0) merge.76 The METTL3 and H3K27ac peaks were quantified using FPKM

calculation. The up-regulated and down-regulated METTL3 peaks between R-METTL3-WT and R-METTL3-3KR were determined

as those with FPKMs of R-METTL3-3KR 1.5-fold higher or 1.5-fold lower than R-METTL3-WT respectively.

Gene ontology and pathway analyses
Gene ontology and pathway enrichment analyses were performed using the clusterProfiler R package (v.4.10.1).77 Enrichment terms

were determined using MSigDB C2 gene sets and C5 gene sets.78,79

TCGA data analysis
We obtained gene expression data pression data and corresponding clinical information from the TCGA database. Samples exhib-

iting METTL3 (or PAK2) expression levels above the mean were categorized into the METTL3-high (or PAK2-high) group, while those

with expression levels below the mean were classified as the METTL3-low (or PAK2-low) group. Survival curves for these distinct

patient groups were generated using the Kaplan-Meier method and compared using the log-rank test.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantitative real-time PCR and flow cytometry data, statistical analyses were conducted using the GraphPad Prism 10.2.3 soft-

ware. The results are presented as the mean ± s.d. of three biologically independent experiments or samples. The p values were

calculated using an unpaired Student’s t-test or two-way ANOVAwith Tukey’s post hoc test. If p value less than 0.05 was considered

significant. For survival analyses, Cox proportional hazards and log-rank tests were used.

For high-throughput data, statistical analyses were conducted using the R-studio. The statistical significances of differences were

determined using two-sidedWilcoxon rank-sum test. Pearson correlation coefficients (PCCs) and p values were calculated to assess

the correlations. For box plots, the center lines represent the median, the box limits show the upper and lower quartiles and the whis-

kers represent 1.5 3 the interquartile range. For stacked bar plots, the p values were calculated by two-sided chi-squared test.
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