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SUMMARY
Themarking of DNA, histones, and RNA is central to gene expression regulation in development and disease.
Recent evidence links N6-methyladenosine (m6A), installed on RNA by the METTL3-METTL14 methyltrans-
ferase complex, to histone modifications, but the link between m6A and DNA methylation remains scarcely
explored. This study shows that METTL3-METTL14 recruits the DNAmethyltransferase DNMT1 to chromatin
for gene-body methylation. We identify a set of genes whose expression is fine-tuned by both gene-body
5mC, which promotes transcription, and m6A, which destabilizes transcripts. We demonstrate that
METTL3-METTL14-dependent 5mCandm6A are both essential for the differentiation of embryonic stem cells
into embryoid bodies and that the upregulation of key differentiation genes during early differentiation de-
pends on the dynamic balance between increased 5mC and decreased m6A. Our findings add a surprising
dimension to our understanding of how epigenetics and epitranscriptomics combine to regulate gene
expression and impact development and likely other biological processes.
INTRODUCTION

Epigeneticmodifications onDNA and histones are intimately con-

nected so as to dynamically regulate chromatin structures and

orchestrate gene expression and cellular functions.1–3 A major

layer of gene expression control is DNA methylation (5mC [5-

methylcytosine]), occurring at CpG dinucleotides. The DNAmeth-

yltransferase family (DNMT1, DNMT3A, and DNMT3B), respon-

sible for DNA methylation, is indispensable for mammalian tissue
998 Cell 188, 998–1018, February 20, 2025 ª 2024 Elsevier Inc.
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development and homeostasis.4–6 DNAmethylation at promoters

is well-known to transcriptionally repress the formation of coding

and non-coding RNA.7 In gene bodies, it correlates positively

with gene expression.8–10 The distribution of the mark is strongly

influenced by interplay with histone modifications.11–14 For

instance, H3K36me3, a histone modification frequent at the

bodies of actively transcribed genes, favors gene-body methyl-

ation via DNMT3B.14,15 Promoter methylation is well known for

critical roles played in embryonic development by repressing
AI training, and similar technologies.
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self-renewal genes. Less explored is the contribution of intragenic

methylation in activating lineage-determining genes.11,14,16,17

Alongside DNA and histones, mRNA has recently been discov-

eredasa substrate ofepigeneticmodifications, adiscovery having

led to the emergence of ‘‘epitranscriptomics.’’ N6-methyladeno-

sine (m6A) is themost prevalent internal modification in eukaryotic

mRNA18,19 and is an essential player in multiple post-transcrip-

tional processes, e.g., RNA stability and translation efficiency.20,21

It is notably involved in mammalian development,22–24 wherein

m6A on mRNAs encoding key regulators of pluripotency ensures

their rapid, timely downregulation in response to developmental

cues, which in turn allows differentiation to occur.23 This mark is

deposited co-transcriptionally by the METTL3-METTL14 core

methyltransferase complex at thousands of sites in the transcrip-

tome,25 especially in the 30 end and stop codon.20,26,27 Beyond

regulating mRNAmetabolism,22,25,28,29 m6A and its machinery in-

fluence the state of chromatin and control gene expression by

affecting several modified histones.30,31 For example, Li et al.

have shown that the METTL3-METTL14 complex promotes

H3K9me2 demethylation and gene expression via m6A readers.32

Further studies haveshown that recruitment ofMETTL3-METTL14

to chromatin and subsequent m6A deposition could be guided

by chromatin-associated proteins and histone modifications,

including H3K36me3.29,33,34 Recent evidence also indicates that

bothMETTL3andMETTL14can regulate thechromatin landscape

independently of m6A.35–39

While connections between m6A and histone modifications

are gradually emerging, only hints of links between m6A and

DNA methylation have been reported. So far, three studies

point to a link between the m6A machinery and DNA modifica-

tions31,40,41: one descriptively suggests a link between m6A

and 5mC31 and the other two provide evidence of a mechanistic

link between m6A readers and DNA hydroxymethylation via the

TET (ten-eleven translocation) enzymes.40,41

The mechanisms, functions, and biological relevance of such

connections are still poorly known. Are m6A, 5mC, and their

related enzymes directly connected? Do epigenetic and epitran-

scriptomic marks jointly regulate gene expression? What is the

physiological role of this interplay? Tackling these questions in

this study, we have made significant advances at all three levels.

First, we identify a mechanism for gene-body methylation:

recruitment of the 5mCwriter DNMT1 byMETTL3-METTL14, fol-
Figure 1. The DNA methyltransferase DNMT1 is recruited to chromatin

(A) NanoBRET energy transfer indicates that NanoLuciferase-METTL3 and -MET

negative control, n = 4).

(B) Immunostaining showing co-localization of transiently expressed DNMT1 with

bar: median.

(C) Endogenous co-immunoprecipitation (coIP) of DNMT1 with METTL3 and ME

(D) In vitro coIP shows increased DNMT1-METTL14 interaction with rising METT

(E) Direct interaction between recombinant METTL14 and DNMT1, observed by

(F andG) Recruitment of DNMT1 to chromatin assessed by ChIP-qPCR in the GAL

RGG domain or by full-length METTL14, but not by the NLS domain nor by MET

(H) RNase treatment does not impair the interaction of METTL14-FLAG with DNM

(I) Recruitment of DNMT1 to chromatin byMETTL14 is independent of m6A activity

using a GAL4-tagged METTL14 mutant (R254/255A) unable to support METTL3-

All data are means ± SEM (A) or means ± SD (F, G, and I). p values by two-way AN

and I).

See also Figure S1.
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lowed by deposition of the mark in the gene-body. Specifically,

chromatin-bound METTL3-METTL14 interacts with DNMT1 via

the METTL14 RGG domain, independently of the m6A mark

and apart from the well-known H3K36me3-DNMT3A-DNMT3B

axis.13–15 Second, a distinct mode of gene expression regulation

emerges from the frequent co-occurrence of both marks at

shared targets: combination of a transcriptional effect of gene-

body 5mC with a post-transcriptional effect of m6A. Thus,

although m6A is not involved in DNMT1 recruitment, it does

play a major role, post-transcriptionally, in gene expression

regulation. Third, we show how the combined effects of 5mC

and m6A on gene expression relate to a biological process: em-

bryonic stem-to-embryoid body (ES-to-EB) differentiation. Spe-

cifically, 5mC favors gene transcription, whereas m6A reduces

transcript stability. During differentiation, a shift in the balance

between the two marks influences expression of key differentia-

tion genes. Overall, our findings suggest that fine-tuning of gene

expression via the METTL3-METTL14-DNMT1 axis is critical for

differentiating embryonic stem cells (ESCs).

RESULTS

The DNA methyltransferase DNMT1 is recruited to
chromatin by METTL3-METTL14
In this study, we aimed to better understand the emerging link

between epigenetics and epitranscriptomics. We began by

searching for partners of METTL3 and METTL14 and unexpect-

edly found that they interact with the well-known DNA methyl-

transferase DNMT1. We first performed a NanoBRET

(bioluminescence resonance energy transfer) binding assay

with NanoLuc-tagged METTL3 or METTL14 (BRET donors) and

HaloTag-tagged DNMT1 (BRET acceptor). DNMT1 was closely

associated with METTL3 and METTL14 (Figure 1A). We then

used immunostaining to investigate the subcellular localization

of these proteins. All three proteins, presenting as punctate

spots, displayed their reported nuclear localization,27,28,42 with

co-localization observed between RFP-DNMT1 and Myc-

METTL3 or METTL14 (Figures 1B and S1A). No co-localization

was found with the tags alone (Figures 1B and S1A).

Next, we performed co-immunoprecipitation (coIP) in HeLa

cells and found FLAG-METTL14 to interact with Myc-DNMT1

(Figure S1B). Importantly, DNMT1 co-precipitated with both
by METTL3-METTL14

TL14 are in close proximity to Halo-DNMT1 in living HEK293 cells (HaloTag as

METTL3 or METTL14 in the nuclei of COS-7 cells. Scale bars: 5 mm, horizontal

TTL14 in HeLa cells (n = 3).

L3 levels (n = 2).

in vitro pull-down followed by western blotting (n = 3).

4-5XUAS system. In HEK2935XUAS cells, DNMT1 is recruited by theMETTL14

TL14-DRGG2 (n = 4).

T1-Myc, as assessed co-immunoprecipitation in HeLa cells (n = 3).

(n = 3). ChIP-qPCR in the GAL4-5XUAS system performed as in Figure 1G but

mediated m6A methylation.86

OVA (A), Pearson’s correlation analysis (B), and two-tailed unpaired t test (F, G,
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METTL3 and METTL14 in endogenous coIP experiments (Fig-

ure 1C), and interestingly, METTL3 enhanced the interaction of

METTL14 with DNMT1, which suggests the formation of a

ternary complex (Figure 1D). In vitro pull-down experiments

showed that DNMT1 interacts directly with recombinant

METTL14 protein (Figure 1E). We then identified the domain of

METTL14 involved in this interaction: the essential arginine/

glycine-rich RNA-binding (RGG)43 domain (Figure S1C). A

METTL14 variant lacking this domain (METTL14DRGG) proved

unable to interact with DNMT1 (Figure S1D). Taken together,

our data support the direct binding of DNMT1 to METTL14 in

the context of the METTL3-METTL14 complex.

The above data prompted us to assess whether METTL3-

METTL14 regulates DNMT1 recruitment to chromatin. Using

METTL14-GAL4 tethering combined with DNMT1 chromatin

immunoprecipitation (ChIP), we observed increased DNMT1

chromatin occupancy in the presence of either full-length

METTL14 or its RGG subdomain (Figures 1F and 1G). By

contrast, the METTL14DRGG2 variant did not enhance DNMT1

chromatin binding (Figures 1G and S1E), despite the similar

recruitment of the GAL4 constructs to the integrated 5xGAL4

promoter (Figures S1F–S1H). These results are in line with our

above observation that the RGG domain mediates the

METTL14-DNMT1 interaction (Figures S1C–S1E).

An important question was whether the m6A-depositing cata-

lytic activity of METTL3-METTL14 is required to recruit DNMT1

to chromatin since both METTL3 and METTL14 can function

independently of their m6A-related enzymatic activity.35,37 First,

coIP following RNase treatment revealed that the interaction

between DNMT1 and METTL14 does not require RNA scaf-

folding (Figure 1H). Second, in GAL4 tethering assays, using a

METTL14-R254/255A mutant that suppresses m6A deposition

did not affect DNMT1 recruitment, as compared with METTL14

wild type (WT) (Figures 1I and S1I). These findings indicate that

METTL14 recruits DNMT1 to chromatin via its RGG domain,

independently of its effect on catalytic activity.

METTL3 promotes DNMT1-dependent gene-body
methylation
Considering the essential role of DNMT1 in genome-wide DNA

methylation4 and its observed binding to METTL3-METTL14
Figure 2. METTL3 facilitates DNMT1-dependent gene-body DNA meth

(A) Reduced 5mC levels (M value) in METTL3 KO HeLa cells, based on the 50,00

(B) Volcano plot of 5mC changes in METTL3 KO HeLa cells, with significant

p value < 0.05 and Db value > 0.2).

(C) Percentage of gene-body 5mC changes in METTL3 KO HeLa cells (measured

(D) Dot blotting in HeLa cells treated with METTL3 inhibitor STM-2457 (1, 5, an

(quantified for 25 mM) as means ± SEM.

(E and F) Volcano plot showing no changes in 5mC following METTL3 (STM-245

(G and H) DNMT1 does not bind H3K36me3 by coIP in HeLa cells transiently exp

DNMT1 by unmodified and H3K36me3-modified nucleosomes (H). DNMT3B and

positive controls (n = 3).

(I) SETD2 knockdown in HeLa cells has very limited impact on METTL3-depende

(J) Knockdown of DNMT1, DNMT3A, or DNMT3B in HeLa cells reveals that MET

(K) METTL3 KO impairs DNMT1 binding to chromatin, but not that of DNMT3A o

(L) DNAmethylation changes amongMETTL3-dependent 5mC genes in HeLa cell

m6A (by METTL3i or FTOi).

p values by two-tailed t test (A and D).

See also Figure S2.
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(Figure 1), we investigated whether METTL3-METTL14 contrib-

utes to DNA methylation homeostasis. We knocked out

METTL3 in HeLa cells (METTL3 knockout [KO]) and compared

them with WT cells (Figure S2A). Genome-scale DNA methyl-

ation profiling with the Infinium methylation EPIC array revealed,

upon METTL3 KO, a major decrease in global 5mC levels

(Figures 2A, 2B and S2B–S2D; Table S3). We confirmed these

findings using a second METTL3 KO clone (Figures S2A and

S2B). Remarkably, most hypomethylated sites were found in

gene-bodies (Figure 2C). It is worth stressing, furthermore, that

the observed hypomethylation could not be attributed to

changes in expression of the DNA methyltransferases (DNMT1,

DNMT3A, and DNMT3B; see Figure S2E). Overall, we conclude

that METTL3-METTL14 favors gene-body 5mC deposition

through DNMT1 recruitment to chromatin (Figure 1).

We next assessed the possible contribution of the m6A mark

itself to regulating the deposition of 5mC. Treating HeLa cells

with inhibitors targeting either the m6A writer METTL344 or the

m6A eraser FTO (fat mass and obesity associated)45 did not

globally affect 5mC (Figures 2D–2F and S2F). Nor did targeting

m6A demethylation by means of a dCasRx-ALKBH5 fusion pro-

tein46 result in any decrease in local 5mC levels (Figures S2G–

S2I). Thus, our findings indicate that the METTL3-METTL14

complex, but not the m6A mark itself, promotes both DNMT1

recruitment (Figure 1G–1I) and gene-body DNA methylation

(Figures 2A–2F).

Gene-body methylation is well known to occur via the

H3K36me3-DNMT3A-DNMT3B axis.13–15 Therefore, we investi-

gated whether this histone mark is involved in the DNA hypome-

thylation observed following METTL3 depletion. First, coIP in

HeLa cells indicated that DNMT1, unlike DNMT3B, does not

bind H3K36me3 (Figure 2G). Second, direct in vitro pull-down

assays showed that DNMT1 exhibited no preference for

H3K36me3-modified over unmodified recombinant nucleo-

somes, whereas the PWWP (proline-tryptophan-tryptophan-

proline) domain of DNMT3B displayed the expected preferential

binding to H3K36me3 (Figure 2H).

We then performed knockdown of SETD2, which catalyzes

H3K36me3 formation, and measured both H3K36me3 and

5mC. As expected, we observed a global decrease in

H3K36me3 (Figure S2J), yet DNA methylation profiling revealed
ylation

0 most variable CpGs (n = 3).

ly hypo- and hypermethylated sites as light and dark blue dots (corrected

as in Figure 2B).

d 25 mM) shows no difference in 5mC levels (n = 3; ns: not significant). Data

7; E) or FTO (FB23-2; F) inhibitor treatment (n = 3).

ressing DNMT1-Myc (G) and in vitro pull-down of recombinant FLAG-tagged

recombinant glutathione S-transferase (GST)-PWWP domain of DNMT3B as

nt gene-body DNA methylation (n = 3).

TL3-dependent gene-body 5mC mostly relies on DNMT1 (n = 3).

r DNMT3B (n = 3).

s after knockdown of DNMT1, DNMT3A/DNMT3B, or SETD2, or perturbation of
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Figure 3. 5mC and m6A contribute together to regulating the expression of common target genes

(A) In HeLa cells, gene-body 5mC strongly co-occurs with coding-sequence m6A.

(B) Venn diagram of the overlap between 5mC-marked gene-bodies (mean b value > 0.25) and m6A-marked coding sequences (peak in m6A-seq).

(C) Proportion of m6A-associated CpGs by 5mC level (0%–25%, 25%–50%, 50%–75%, 75%–100% b value), determined in the TSS and CDS by bootstrapping

(STAR Methods).

(D) Association between 5mC andm6A in TSS (top) and CDS (bottom). CpGs grouped by 5mC levels (0%–25%, 25%–50%, 50%–75%, 75%–100% b value) and

by m6A association or lack thereof.

(E) 5mC levels of the top 2,000 most variable intragenic CpGs among 5mC-m6A target genes show dependence on METTL3 and DNMT1.

(legend continued on next page)
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no notable decrease in 5mC among genes identified as depend-

ing on METTL3 for gene-body methylation (Figure 2I). This result

indicates that the here-identified mechanism of gene-body

methylation, depending on DNMT1-METTL3-METTL14, does

not involve H3K36me3 as a determinant.

To assess how different DNMTs might contribute to METTL3-

mediated 5mC deposition in gene-bodies, we knocked down

DNMT1, DNMT3A, or DNMT3B in HeLa cells (Figure S2K). First,

DNMT1 depletion strongly reduced 5mC within gene-bodies

(Figure S2L). This indicates that, alongside the well-known role

of DNMT3A and DNMT3B,13–15 DNMT1 also contributes to intra-

genic 5mC deposition, consistent with previous reports.47–49 As

shown in Figure 2J, ‘‘METTL3-dependent’’ gene-body 5mC sites

mostly rely on DNMT1, the roles of DNMT3A and DNMT3B being

marginal at these sites. In subcellular fractionation, METTL3

depletion led to reduced chromatin binding by DNMT1, but not

by DNMT3A/DNMT3B (Figure 2K). This further indicates that

METTL3 recruits DNMT1 to chromatin for DNA methylation but

affects neither DNMT3A nor DNMT3B. Moreover, we found an

overlap between gene-body hypomethylation upon METTL3

KO and genes whose 5mC marking is DNMT1-dependent (Fig-

ure 2L). We found no such overlap with DNMT3A- or DNMT3B-

dependent 5mC marking (Figure 2L). As expected, however,

we observed an overlap between genes that are hypomethylated

upon SETD2 depletion and those hypomethylated upon

DNMT3A or DNMT3B depletion, thus confirming the previously

established H3K36me3-DNMT3A/DNMT3B axis (Figure S2M).

Overall, the H3K36me3-DNMT3A/DNMT3B axis appears

dispensable for the methylation of gene-bodies targeted by

METTL3 (Figures 2I, 2J, and S2M). Perturbing m6A levels like-

wise did not affect DNAmethylation at METTL3-dependent sites

(Figure S2N).

Collectively, these results indicate that METTL3-METTL14 fa-

vors gene-body DNA methylation by recruiting DNMT1 to chro-

matin, independently of the m6A mark itself and of the previously

established H3K36me3-DNMT3A/DNMT3B mechanism.

Both 5mC and m6A contribute to regulating the
expression of common target genes
Having established the mechanism of DNMT1 recruitment to

chromatin by METTL3-METTL14, we investigated its functional

impact. As METTL3 acts as DNMT1 recruiter and mediator of

5mC deposition (cf. Figures 1 and 2) as well as m6A writer, we

investigated whether 5mC and m6A co-occur on the same tar-

gets. Integrated analysis of m6A sequencing (m6A-seq) and

genome-scale DNA methylation in HeLa cells revealed that

genes with m6A-modified RNAs are frequently marked by

5mC, and almost exclusively in gene-bodies (Figures 3A, 3B,

S3A, and S3B). In CDS (coding DNA sequence) regions, but

not TSS (transcription start site) regions, we observed a strong

positive correlation between m6A sites and 5mC levels

(Figures 3C and 3D). Noteworthily, nearly half of the identified
(F) Percentage of gene-body CpGs within 5mC-m6A targets with decreased or in

(G) Genes exhibiting hypomethylation (Db < �0.2) upon METTL3 KO are globally

(H and I) Genes showing reduced m6A (1.5-fold decrease) in METTL3 KO sho

respectively (n = 2). Spearman correlation analysis and two-tailed t test.

See also Figure S3.
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5mC-m6A targets contain intragenic CGIs, and these genes

are often associated pluripotency mechanisms (Figure S3C).

Together, these results reveal a significant co-occurrence be-

tween 5mC on DNA (mostly in gene-bodies) and m6A on RNA.

Focusing on 5mC-m6A target genes, we observed global

gene-body hypomethylation following METTL3 or DNMT1

depletion (Figures 3E and 3F). By contrast, H3K36me3,

DNMT3A, and DNMT3B did not seem involved in methylating

CpGs at 5mC-m6A targets (Figure 3E). These observations

support a model where METTL3 recruits DNMT1 to promote

5mC deposition at 5mC-m6A targets. Gene-body methylation

is common in highly expressed genes in mammals, although

the molecular basis of this observation remains unclear.8–10

Having found strong co-occurrence of gene-body 5mC with

m6A (on the corresponding transcript), we examined whether

and how 5mC and m6A might co-contribute to regulating

gene expression. RNA sequencing (RNA-seq) revealed signif-

icant downregulation among genes hypomethylated upon

METTL3 depletion (Figure 3G), suggesting that METTL3-

dependent 5mC favors gene expression, in line with the ex-

pected correlation between gene-body DNA methylation and

transcription.8–10,15,50,51

Considering the dual role of METTL3 as mediator of 5mC

deposition and as m6A writer, we examined how the presence

of m6A affects transcript levels. First, transcriptome-wide map-

ping of m6A revealed, as expected, a global decrease in m6A

upon METTL3 depletion (Figure S3D). Remarkably, we

observed a negative correlation between m6A levels and gene

expression, reduced m6A being associated with upregulation

upon METTL3 KO (Figures 3H and 3I). Since m6A is known to

promote RNA degradation,23,24,52 RNA stability was profiled

by actinomycin D assay, and, in line with our prior results

(Figures 3H and 3I), we found reduced m6A to be globally asso-

ciated with increased RNA stability (Figure S3E). By compari-

son, polysome profiling showed no correlation between trans-

lation efficiency and m6A changes (Figure S3F). Upon

METTL3 depletion, loss of m6A thus appears to promote

gene expression through increased transcript stability. Hence,

in this context, METTL3-mediated m6A deposition appears to

modulate gene expression predominantly by affecting RNA sta-

bility. Altogether, these data suggest that both marks influence

gene expression, with METTL3-dependent gene-body 5mC

likely favoring gene expression and m6A exerting a post-tran-

scriptional downregulating effect through decreased RNA

stability.

Overall, our findings point to a distinct mechanism of gene-

body methylation by DNMT1 via METTL3-METTL14, indepen-

dently of the m6A mark itself. Furthermore, despite m6A not

being involved in DNMT1 recruitment, it may still play a major

functional role. Indeed, as METTL3-METTL14 is involved in

depositing both 5mC and m6A, and as the two marks tend

to co-occur, our results suggest that both marks may regulate
creased 5mC in METTL3 KO HeLa cells.

downregulated by RNA-seq (n = 3). Two-tailed Wilcoxon test.

w increased gene expression, as determined by IP and input of m6A-seq,
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together the expression of common targets through their

respective transcriptional and post-transcriptional effects.

Mettl13-Mettl14 regulates DNMT1-dependent gene-
body DNA methylation in ESCs
To study the biological relevance of the METTL3-METTL14-

DNMT1 axis, we investigated the dynamic regulation of m6A

and 5mC in ESCs, since these marks are known to orchestrate

self-renewal and differentiation.17,23,24,53,54 Consistent with our

findings on HeLa cells, Mettl3 KO in ESCs induced global DNA

hypomethylation, mostly in gene-bodies (Figures 4A–4C and

S4A), despite no change in total Dnmt levels (Figure S4B). More-

over, reanalyzing data from Xu et al.31 confirmed that Mettl3 KO

ESCs display decreased gene-body 5mC (Figure S4C).

In ESCs, notably, H3K36me3 is reported to both recruit

Dnmt3b for gene-body methylation and interact with

Mettl1414,15,33 (Figures S4D–S4F). Therefore, using public

H3K36me3, Dnmt3b, Mettl3, and Mettl14 ChIP data and public

genome-wide 5mC data for Dnmt3b KO,15,35,52,55 we examined

whether Mettl3-dependent gene-body 5mC deposition is medi-

ated by the H3K36me3-Dnmt3b or H3K36me3-Mettl14 axis.

First, only a minority of ‘‘Mettl3-dependent’’ gene-body targets

were hypomethylated upon KO of Dnmt3b (Figures 4D and

S4D). Second, Mettl14 ChIP-seq, but not H3K36me3 ChIP-

seq, displays enriched signal at regions of Mettl3-mediated

5mC deposition (Figure 4E). Thus, the intragenic hypomethyla-

tion observed in Mettl3 KO ESCs does not depend on Dnmt3b,

nor is it associated with H3K36me3.

We next assessed whether Dnmt1 plays a key role in Mettl3-

mediated gene-body 5mC deposition in ESCs (as in HeLa cells).

First, in agreement with previous studies,47–49 Dnmt1 KO

strongly reduced DNA methylation (Figure 4F). Second, in

contrast to Dnmt3b depletion and consistently with findings on

HeLa cells (Figure 2), Dnmt1 depletion strongly affected DNA

methylation in targets of Mettl3-mediated 5mC deposition

(Figures 4G, S4G, and S4H). Furthermore, chromatin fraction-

ation showed impaired Dnmt1 binding to chromatin upon Mettl3

KO, but not upon inhibition of Mettl3 catalytic activity (Figure 4H).

Accordingly, and as observed in HeLa cells, Mettl3 inhibition had
Figure 4. In ESCs, Mettl3-Mettl14 partner with Dnmt1 for DNA methyla

(A) Reduced 5mC levels in Mettl3 KO ESCs (n = 3).

(B) 5mC changes (Db value) in Mettl3 KO ESCs, with hypo- and hypermethylated

(C) Reduced 5mC levels in gene-bodies (corrected p value < 0.05 and Db > 0.2).

(D) Gene-bodies whose 5mC marking is Mettl3-dependent (defined as 5mC loss

data (GEO: GSE72856).15

(E) High signal in Mettl14 ChIP-seq,35 but not in H3K36me3 ChIP-seq55 amo

GSE206730 and GSE31039).

(F) Reduced 5mC across all genes in Dnmt1 KO ESCs (n = 3).

(G) Targets of Mettl3-mediated 5mC deposition depend on Dnmt1 for gene-bod

(H) Subcellular protein fractionation indicates that Mettl3 knockout, but not catal

(I) Chart showing, for genes with METTL3-dependent gene-body 5mC (total colu

dependency (defined as 5mC loss R10% in the corresponding DNA methyltra

(Mettl14 and H3K36me3 ChIP-seq overlap).

(J) Dnmt1 binding (by ChIP-seq87), Dnmt1 largely overlaps with Mettl352 and

published data (GEO: GSM2059182, GSE202848, and GSE206735).

(K) Among genes with ‘‘Mettl3-dependent’’ gene-body 5mC, there is a strong ove

Dnmt3b.

p values by two-tailed unpaired t test (A) and one-sided hypergeometric test (J).

See also Figure S4.
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no global effect on 5mC (Figures 2E and S4I). Overall, most

genes hypomethylated in Mettl3 KO ESCs also appeared to

depend onDnmt1 for 5mCdeposition, with only a fraction relying

on both Dnmt1 and Dnmt3b (Figure 4I). Likewise, no overlap ap-

peared between genes showingMettl3-dependent 5mC deposi-

tion and genomic regions where Mettl14 acts as H3K36me3

reader (Figure 4I). Next, examining public Mettl3, Mettl14, and

Dnmt1 ChIP-seq data for targets of Mettl3-mediated 5mC depo-

sition, we found Dnmt1 to largely colocalize with Mettl3 and

Mettl14 (Figure 4J). This is consistent with our observation that

DNMT1 interacts with both METTL3 and METTL14 in HeLa cells

(Figures 1C and 1D), further supporting that DNMT1 is recruited

by the METTL3-METTL14 complex. Furthermore, in ESCs,

Mettl3-Mettl14 ChIP targets exhibiting 5mC hypomethylation

upon Mettl3 depletion primarily overlap with Dnmt1 targets

(defined by either chromatin occupancy or 5mC dependency),

only a few being identified as shared Dnmt1/Dnmt3b targets

and even fewer as Dnmt3b-only targets (Figures 4K and S4J).

Overall, we uncover a mechanism of gene-body methylation

and a distinct set of genes that do not depend on the presence

of either H3K36me3 or Dnmt3b for their gene-body methylation.

We reveal a mode of gene-body methylation that depends on

Dnmt1 recruitment by Mettl3-Mettl14.

Coordinated regulation of gene expression through 5mC
and m6A in ESCs
In light of the dual function of Mettl3-Mettl14 as mediator of

Dnmt1-dependent 5mC deposition (Figure 4) and as m6A writer,

we next examined in ESCs the potential co-occurrence of 5mC

(on genes) and m6A (on the corresponding transcripts). Consis-

tent with our findings on HeLa cells, we found 5mC, particularly

in gene-bodies, to co-occur frequently with m6A (Figures 5A–

5C). Our HeLa data (Figure 3) having hinted that both marks

might jointly regulate the expression of their common target

genes (5mC at the transcriptional level and m6A at the post-tran-

scriptional level), we sought to dissect the effects of both marks

in ESCs.

First, as gene-body methylation is reported to correlate with

active transcription,56 we tracked nascent RNA synthesis by
tion deposition in gene-bodies

sites in light and dark blue (corrected p value < 0.05 and Db > 0.2).

R10% in Mettl3 KO) are barely affected in Dnmt3b KO ESCs. From published

ng sites of Mettl3-dependent 5mC deposition. From published data (GEO:

y methylation.

ytic inhibition, reduces Dnmt1 binding to chromatin in ESCs (n = 2).

mn height), the proportion (in blue) of genes showing Dnmt1 and/or Dnmt3b

nsferase knockout) or genes associated with Mettl14 binding to H3K36me3

Mettl1435 binding in genes with ‘‘Mettl3-dependent’’ gene-body 5mC. From

rlap of Mettl3-Mettl14 ChIP-seq targets with Dnmt1, but minimal overlap with
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labeling new transcripts with a uridine analog57–59 (SLAM-seq

[thiol-linked alkylation for the metabolic sequencing of RNA],

see STAR Methods and Figure S5A). In Dnmt1 KO ESCs, we

observed both upregulation and downregulation of transcription

(Figure 5D). Importantly, these transcriptional changes corre-

lated with the 5mC status: genes hypomethylated in gene-

bodies displayed both decreased transcriptional activity and

downregulation of their steady-state expression level (Figures

5E, S5B, and S5C). We noted an opposite trend for genes dis-

playing promoter hypomethylation, highlighting a location-spe-

cific impact of 5mC on transcription56,60 (Figure S5B). Our find-

ings underscore the role of DNA methylation in transcriptional

regulation and indicate that Dnmt1-mediated intragenic methyl-

ation promotes transcriptional activity.

Next, we used acute catalytic inhibition of Mettl3 to evaluate

the effect of m6A on gene expression. This approach, unlike

Mettl3 KO, enabled us to investigate m6A without affecting

DNA methylation, as seen in HeLa cells (Figures 2E, 4H, and

S2G–S2I). SLAM-seq revealed significantly raised levels of

m6A-marked transcripts with no effect on nascent transcript for-

mation, suggesting a post-transcriptional effect (Figure 5F). Re-

analysis of public ESC data61 further revealed increased stability

of m6A-marked transcripts upon Mettl3 KO (Figure 5G). Like-

wise, Mettl14 KO extended the half-lives of m6A-bearing tran-

scripts (Figures 5G and S5D–S5F). Mettl3 KO and Mettl14 KO

had comparable effects on RNA stability (Figure S5G). Together,

these results highlight that m6A exerts a post-transcriptional

effect, reducing RNA half-lives and steady-state expression

levels. Both Mettl3 and Mettl14 contribute to this regulatory

mechanism.

To further dissect the transcriptional vs. post-transcriptional

effects of the two marks on common targets, we examined

steady-state expression and nascent transcription (by

SLAM-seq) following Dnmt1 depletion (affecting 5mC) or

Mettl3 inhibition (affecting m6A) (Figure S5H). Upon Dnmt1

depletion, we observed a strong correlation between changes

in steady-state expression and in nascent transcript forma-
Figure 5. The transcriptional effect of gene-body 5mC and the post-tra
(A) Distribution of 5mC sites (TSS vs. gene-body), according to corresponding tr

(B) Strong overlap between genes with m6A-marked transcripts and gene-body

(C) Distribution of m6A peaks (TSS vs. CDS) in ESCs (left) and proportions of 5m

(D) SLAM-seq in Dnmt1 KO ESCs highlights changes in nascent transcription (

(fold-change > 1.5 and corrected p value < 0.05).

(E) Decreased gene-body methylation in Dnmt1 KO ESCs coincides with reduce

(F) SLAM-seq in ESCs treated with 50 mMSTM-2457 shows that while inhibition o

does not affect nascent transcript formation (n = 3).

(G) Depletion of Mettl3 (from GEO: GSE86336)61 or Mettl14 (in-house data, n = 3

nomycin D assay followed by RNA-seq).

(H) Comparison of nascent and steady-state transcript levels (SLAM-seq) for 5mC

effect of Mettl3 inhibition is post-transcriptional (top, see Figure S5H). Post-trans

and nascent RNA levels (bottom).

(I) Mettl3 inhibition and KO display similar post-transcriptional effects (by SLAM-

regulation (RNA-seq).

(J) Gene expression (input m6A-seq), m6A (m6A-seq), and 5mC (Infinium array) wer

24 h, n = 3).

(K) Increased 5mC (Db > 0.1) is associated with gene upregulation 24 h after in

(PRO-seq) indicates a concomitant rise in active transcription (right, n = 3).

p values by chi-squared test (A), hypergeometric test (C), two-way t test (E, F, I,

See also Figure S5.
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tion, suggesting mainly a transcriptional impact of 5mC on

gene expression (Figures 5H and S5H). However, Mettl3 inhi-

bition caused gene upregulation due to reduced transcript-

destabilizing effect by m6A (Figures 5H and S5H). Lastly,

Mettl3 KO and inhibition of its catalytic activity had similar

post-transcriptional effects on 5mC-m6A targets (Figure 5I,

left), likely related to m6A loss. By contrast, while Mettl3 inhi-

bition logically led to upregulation of steady-state RNA levels,

this effect was absent in Mettl3 KO cells (Figure 5I, right). As

Mettl3 KO affects both 5mC and m6A and Mettl3 inhibition

only affects m6A, this discrepancy probably reflects transcrip-

tional regulation. Overall, we uncover a combined effect on

gene expression of an epigenetic mark (5mC) at the transcrip-

tional level and an epitranscriptomic mark (m6A) at the post-

transcriptional level. Specifically, gene-body 5mC promotes

gene expression through transcription, whereas m6A re-

presses gene expression by destabilizing RNAs, thus fine-tun-

ing the expression of common target genes.

To provide additional functional insights, we investigated a

previously described dynamic process involved in peri-implan-

tation development: the transition from naive to formative plu-

ripotency.62–64 We observed a rapid increase in m6A levels by

3h post-induction, whereas 5mC levels did not start to increase

until 24 h (Figure 5J). Temporally, this rapid increase in m6A

coincided with decreased expression of shared 5mC-m6A tar-

gets, whereas the later rise in 5mC was associated with a

rebound in gene expression (Figure 5J). We thus hypothesized

that m6A initially downregulates expression, whereas 5mC later

enhances it. Next, using nuclear run-on sequencing59,65,66 (pre-

cision nuclear run-on sequencing [PRO-seq]) to map active

transcription (Figure S5I), we found increased 5mC during in-

duction to correlate with both higher steady-state expression

(by RNA-seq) and active transcription (by PRO-seq), indicating

a transcriptional effect (Figure 5K). By contrast, m6A gain corre-

lated with decreased expression but with no global changes in

transcription, suggesting post-transcriptional regulation (Fig-

ure S5J). In conclusion, these data reinforce the notion that
nscriptional effect of m6A combine to regulate gene expression
anscript m6A status.

5mC (mean b value > 0.25).

C-marked and -unmarked CpGs with m6A-marked transcripts (right).

n = 3), with significant up- and downregulation in red and blue, respectively

d nascent transcription and reduced steady-state transcript levels.

f Mettl3 catalytic activity increases steady-state levels of m6A-marked RNAs, it

) increases the stability of transcripts that are normally m6A-marked (by acti-

-m6A targets indicates that Dnmt1 KOmostly affects transcription, whereas the

criptional regulation can be quantified by the difference between steady-state

seq and actinomycin D assay) on 5mC-m6A targets but different steady-state

e tracked during the transition from naive to formative pluripotency (at 0, 3, and

duction of formative pluripotency (left). Precision nuclear run-on sequencing

and K), Kolmogorov-Smirnov test (G).
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5mC and m6A regulate gene expression through transcripti-

onal and post-transcriptional effects, with substantial imp-

lications for dynamic gene regulation during peri-implantation

development.

5mC and m6A are both required for ES-to-EB
differentiation
Given the effects of 5mC and m6A in regulating gene expression

during early embryonic development (Figure 5), we explored the

biological functions of Mettl3 and Mettl14 in this context. First,

we performed spontaneous ES differentiation to EBs using WT,

Mettl3 KO, and Mettl14 KO ESCs. Furthermore, to investigate

the role of Dnmt1 recruitment by the Mettl14 RGG domain

(cf. Figure 1), we performed rescue experiments with either

Mettl14WT (rescuing both 5mC and m6A) or Mettl14DRGG

(rescuing only m6A) (Figures 6A and S6A). As previously re-

ported,23,24 Mettl3 KO ESCs displayed impaired differentiation,

with higher expression of pluripotency genes and lower expres-

sion of differentiation markers (Figure S6B). In line with this,

Mettl14 KO produced smaller EBs with reduced expression of

differentiation markers (Figures 6B and S6C). Strikingly, only

Mettl14WT could fully rescue the normal EB phenotype.

Mettl14DRGG expression resulted in an intermediate phenotype

(Figures 6B and S6C). Together, these observations indicate

that Mettl3-Mettl14 contributes to EB differentiation via both

m6A and Dnmt1-deposited 5mC.

Delving deeper into EB differentiation, we examined the puta-

tive involvement of Mettl3-Mettl14-mediated 5mC deposition. In

line with Mettl3 KO (Figures 4A–4C), we found Mettl14 KO to

cause global DNA hypomethylation in both ESCs and EBs

(Figures 6C and S6D), without affecting DNA methyltransferase

expression (Figures S6E and S6F). Importantly, DNAmethylation

was rescued by expression of Mettl14WT, but not of Mettl14DRGG

(Figures 6C and S6D). This highlights the critical role of the

Mettl14-Dnmt1 interaction. Consistent with these findings,

Mettl3-depleted EBs also displayed reduced global levels of

DNA methylation (Figures 6D and S6G), with many hypomethy-

lated sites in gene-bodies (Figure 6E). Considering the known in-

crease in 5mC during WT ES differentiation (Figure S6G; Kalkan

et al.,53 Smith,67 and Suelves et al.68), its impairment uponMettl3

or Mettl14 depletion or removal of the Mettl14 RGG domain

(Figures 6C–6E and S6G) suggests that the Mettl3-Mettl14-

Dnmt1 axis contributes significantly to EB formation.
Figure 6. 5mC and m6A are both required during ES-to-EB differentiat

(A) Schematic model of ES-to-EB differentiation upon LIF removal, with all ESC l

(B) Immunostaining of differentiationmarkers (Sox17, Gata4, Gata6, Foxa2) indica

of Mettl14WT but only partially by Mettl14DRGG expression. Scale bars, 100 mm.

(C) Mettl14 KO reduces 5mC levels in EBs, and these are rescued by expression

(D and E) Altered 5mC levels in Mettl3 KO EBs (D), with hypo- and hypermethyla

heatmap of the top 2,000 most variable intragenic CpGs (E).

(F) PCA plot for all m6A peaks found by m6A-seq, showing that EBs and ESCs h

(G) Changes in m6A betweenWT EBs and ESCs, with significant changes highligh

of significant peaks/genes (right).

(H) Heatmap of the top 2,000 most variable m6A regions during the ESC-to-EB t

(I) Hierarchical clustering showing that EBs lacking Mettl3 or Mettl14 cluster with

(J and K) Comparing Mettl14 KO with Mettl14WT and Mettl14DRGG allows to asse

enrichment analysis (GSEA) of gene expression indicates that Mettl14 KO strongly

See also Figure S6.
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We then investigated m6A deposition in differentiating ESCs.

Transcriptome-wide mapping of RNA methylation revealed that

ESCs and EBs have distinct m6A profiles (Figure 6F), with both

gain and loss of m6A upon exit from pluripotency (Figures 6G,

6H, and S6H).

Since both marks are regulated during ESC differentiation, we

performed RNA-seq and evaluated their separate and combined

effects on expression of differentiation-related genes by

comparing Mettl14 KO cells rescued by Mettl14DRGG (rescuing

onlym6A) vs.Mettl14WT (rescuing both 5mCandm6A). Hierarchi-

cal clustering revealed distinct patterns, with Mettl3 KO and

Mettl14 KO EBs clustering with Mettl14DRGG-rescued EBs,

possibly because of their respective defects in differentiation

(Figure 6I). Focusing on EB lineage differentiation genes, gene

set enrichment analysis (GSEA) confirmed only partial pheno-

typic rescue in Mettl14 KO cells by Mettl14DRGG, as compared

with Mettl14WT (Figures 6J-6K and S6I). Overall, these data un-

derscore the crucial impact of the interaction between Mettl3-

Mettl14 and Dnmt1 during ES-to-EB differentiation and empha-

size that both 5mC and m6A are required for this process.

The dynamics of 5mC and m6A regulate key genes
during ES-to-EB differentiation
Following our finding that Mettl3-Mettl14-dependent 5mC and

m6A both regulate gene expression and ES-to-EB differentiation,

we aimed to identify key genes whose expression is controlled

by both marks during ESC differentiation. We applied three

criteria to pinpoint such targets in ESCs: (1) putative destabiliza-

tion bym6A (assessed by upregulation uponMettl3 inhibition), (2)

5mC-promoted transcription (evidenced by lower expression

upon Mettl3 KO vs. Mettl3 inhibition), and (3) the presence of

both marks (Figure S7A). We thus identified 1,732 genes, here-

after referred to as ‘‘candidate genes’’ (Figure 7A). Importantly,

the observed upregulation upon Mettl3 inhibition was not attrib-

utable to transcriptional effects, which confirms its post-tran-

scriptional nature (Figure 7B).

Gene ontology analysis revealed many candidate genes to be

involved in peri-implantation development (Figure S7B). During

the ES-to-EB transition, candidate genes exhibited global upre-

gulation inWT cells, but not uponMettl3 KO (Figures 7C and 7D).

As downregulation upon Mettl3 KO was observed in both ESCs

and EBs, low expression cannot be attributed solely to defective

EB differentiation (Figure 7C). We thus hypothesized that altered
ion

ines used.

tes that impaired EB formation inMettl14 KO cells is fully rescued by expression

of Mettl14WT, but not Mettl14DRGG (n = 3).

ted CpGs in light and dark blue (corrected p value < 0.05 and Db > 0.2), and

ave distinct m6A profiles (n = 3).

ted in orange (left, fold-change > 1.5 and corrected p value < 0.05) and number

ransition.

Mettl14DRGG-rescued EBs, from RNA-seq (n = 3).

ss the effects of reducing both 5mC and m6A vs. m6A alone in EBs. Gene set

impairs differentiation, with Mettl14DRGG showing an intermediate phenotype.
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gene expression patterns may instead be attributable to 5mC

and m6A effects.

Notable examples of candidate genes involved in differentia-

tion include Notch2,69 Eomes,70 Insr,71 and Smad372 (Figures

7E, 7F and S7C). As expected, Mettl3 inhibition resulted in

increased expression in ESCs, whereas Mettl3 KO caused lower

expression than Mettl3 inhibition, suggesting a repressive role

for m6A and a permissive role for 5mC in regulating gene expres-

sion (Figures 7E, 7F, and S7C). Therefore, we next examined the

function of each mark. DNA methylation is known to increase in

differentiating ESCs,53,67,68 but candidate genes exhibited even

higher levels of gene-bodymethylation than other genes (Figures

7G and S7D). Importantly, we found intragenic 5mC to be medi-

ated by the Mettl3-Mettl14-Dnmt1 axis, not Dnmt3b (Figures 7H

and S7E). Furthermore, SLAM-seq analysis revealed transcrip-

tion of candidate genes, especially those induced during WT

EB formation, to be reduced following Dnmt1 KO (Figures 7I

and S7F). These data suggest that gene-body methylation

following Dnmt1 recruitment by Mettl3-Mettl14 promotes tran-

scription of key genes in differentiating ESCs. We next analyzed

dynamic changes in m6A during EB differentiation. Overall,

candidate genes displayed both gain and loss of m6A upon

exit from pluripotency (Figure S7G), but genes induced during

differentiation appeared strongly biased toward reduced m6A

(Figures 7J, S7G, and S7H). Examining the half-lives of the cor-

responding transcripts in Mettl14-depleted ESCs, we observed

a significant increase in their stability (Figures 7K and S7I). By

contrast, candidate genes with increased m6A during differenti-

ation were not upregulated (Figure S7H). This suggests that m6A

can actively prevent the expression of such genes. Thus, while

loss of m6A during differentiation allows upregulation of the cor-

responding candidate genes, gain of m6A can inhibit their

expression. This nuanced regulatory mechanism supports the

transition from pluripotency to differentiation.

To validate ourmodel, we investigated the subset of candidate

genes expected to be upregulated during EB formation (as

defined in Figure 7D). Mettl14DRGG-rescued EBs showed

reduced induction of these genes as compared with WT EBs, a

defect attributable to impaired Dnmt1 recruitment resulting in

reduced intragenic 5mC (Figures 7L and S7E). By contrast,

comparing Mettl14 KO and Mettl14DRGG cells suggested that
Figure 7. Dynamic, coordinated adjustments of 5mC and m6A fine-tun
(A and B) Identification of 1,732 candidate genes (see Figure S7A and STAR Meth

nascent transcription, by SLAM-seq) or knockout (by RNA-seq).

(C) Expression of candidate genes in ESCs and EBs in WT and Mettl3 KO condit

(D) Heatmap showing that candidate genes upregulated in EBs (top 500 by EB

expression in Mettl3 KO EBs.

(E and F) Divergent regulation of differentiation-involved candidate genes followin

qPCR (F, n = 6).

(G) Candidate genes reach higher gene-body 5mC levels than other genes durin

(H) Gene-body methylation of candidate genes depends on Mettl3 and Dnmt1.

(I) Dnmt1 KO reduces nascent transcription of candidate genes, especially for ge

(J) ‘‘Up’’ candidate genes display a global loss of m6A during differentiation, w

p value < 0.05).

(K) ‘‘Up’’ candidate genes display increased transcript half-lives in Mettl14 KO E

(L and M) Comparing Mettl14 KO, Mettl14WT, and Mettl14DRGG conditions revea

candidate genes display opposite effects for 5mC and m6A, with the influence o

Data as mean ± SD (F). p values by two-way t test (B, F, G, and K), one-sample

See also Figure S7.

1012 Cell 188, 998–1018, February 20, 2025
reduced m6A levels facilitate expression of the same genes.

Lastly, comparing Mettl14 KO with WT EBs highlighted that the

combined loss of 5mC and m6A resulted in reduced expression

of these genes. Thus, whereas 5mC and m6A display opposite

effects, the influence of 5mC prevails at genes expected to be

upregulated during differentiation (Figure 7L). We illustrate this

intricate regulation of gene expression by examining key genes

involved in EB formation, including Eomes and Notch2

(Figure 7M).

In conclusion, our findings support a dynamic model wherein

the balance between gene-body DNA methylation and RNA

methylation, both mediated by Mettl3-Mettl14, shifts during

exit from pluripotency. In particular, upregulation of well-known

differentiation genes (e.g., Eomes, Notch2, Smad3) is made

possible by a prominent increase in 5mC and decrease in m6A

(Figure S7J).

DISCUSSION

Our findings reveal an additional string to the already impressive

bow of m6A and its writer complex METTL3-METTL14. Beyond

the roles of these players in controlling transcript processing

and beyond their chromatin-state-regulating effects on histones,

our data reveal that the METTL3-METTL14 complex is also

involved in mediating DNA intragenic CpG methylation. It thus

promotes both a transcriptional epigenetic effect and a post-

transcriptional epitranscriptomic effect, which combine to fine-

tune gene expression.

Ourmodel includes two ‘‘paths,’’ bothbeginningwithMETTL3-

METTL14 (Figure S7J). The first is a mechanism of gene-body

DNA methylation: chromatin-bound METTL3-METTL14 can re-

cruit theDNAmethyltransferaseDNMT1 tochromatin, thus favor-

ing gene-body 5mC deposition. In mammals, 60%–80% of CpG

sites are methylated, with intragenic regions being more me-

thylated than intergenic regions.11,73 Previous studies have

demonstrated (1) reliance of gene-body methylation on epige-

netic interplay between the H3K36me3 histone modification

and DNMT3B14,15,74 and (2) H3K36me3-mediated recruitment

of METTL14 to chromatin.33 By contrast, METTL3-METTL14-

dependent gene-body methylation in the here-identified gene

set requires neither H3K36me3 nor DNMT3B.
e expression of key genes in differentiating ESCs
ods) and changes in expression upon Mettl3 inhibition (Exp: steady-state, Tx:

ions.

/ES fold-change in WT cells, referred to as ‘‘up’’ candidates) show impaired

g Mettl3 inhibition or Mettl3 KO in ESCs by RNA-seq (E) and validation by RT-

g EB differentiation.
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Only three studies, to date, have hinted at a link between m6A

and DNA methylation.31,40,41 The work of Deng et al. (performed

on HEK293T and ESCC [esophageal squamous cell carcinoma]

cells) differs from ours (performed on HeLa and ES cells) in that it

found METTL3 depletion to induce a higher level of 5mC. As

regulation of DNA methylation is highly cell-context depen-

dent,75–77 it is noteworthy that Xu et al. made observations

similar to ours in ESCs. More fundamental is the difference be-

tween the mechanisms of both Deng et al. and Sun et al., based

on impaired hydroxymethylation due to a defect in Tet1 recruit-

ment via m6A readers, and ours, which relies neither on m6A

readers nor on Tet1 as 5mC demethylase.

The ‘‘second path’’ of our model concerns the well-known role

of the METTL3-METTL14 complex as m6A writer. Although this

catalytic activity is not required for recruitmentofDNMT1andsub-

sequent DNA methylation, the active m6A writer complex inter-

venes in the secondpath of ourmodel, as evidencedbyco-occur-

ring gene-body 5mC and m6A on the corresponding transcript.

Importantly, and despite not being involved in the ‘‘first path,’’

m6A plays a major role through the second path in the case of

5mC-m6A target genes: the twomarks co-contribute, in opposite

ways, to regulatingexpressionof thesegenes,gene-body5mCby

enhancing their transcriptionandm6Abydestabilizing theirRNAs.

The result is a dynamic balance between transcriptional activity

and RNA stability, ensuring subtle control of gene expression.

The link evidenced here between epigenetics and epitran-

scriptomics is part of a larger gene-expression-regulating

network. On the one hand, RNAmethylation affects steady-state

RNA levels through post-transcriptional control of transcript sta-

bility.27,52,59,78,79 The transcript-destabilizing effect of m6A is key

tomaintaining proper gene expression dynamics in cells.23,80 On

the other hand, gene-body 5mC upregulates transcription. The

resulting balancing act brings to mind established interactions

between activating and repressive histone marks, such as the

intricate interplay observed in bivalent domains, whereby

H3K4me3 and H3K27me3 coordinate nuanced gene expression

regulation.81

Here we pinpoint an important area where our findings are bio-

logically relevant: embryonic differentiation, showing that two

regulating paths of our model are required for proper differentia-

tion (Figures 6 and 7). Consistent with previous studies,23,24 exit

from pluripotency is accompanied by repression of naive plurip-

otency gene expression throughm6A-promotedRNAdecay, and

depletion of Mettl3 or Mettl14 results in differentiation defects.

We have further established, by deleting the Mettl14-RGG

domain, that recruitment of Dnmt1 by Mettl3-Mettl14 is crucial

for efficient induction of EB formation. While a few studies

have provided hints in this direction,17,53 we now establish a

pivotal role of gene-body methylation in early embryonic devel-

opment. Noteworthy examples of key genes identified here as

being regulated by both marks are Eomes, essential for specifi-

cation of multiple lineages,70 Smad3, involved in mesoderm and

definitive endoderm cell fate,72 and Notch2, which orchestrates

the formation and patterning of tissues and organs across

various stages of embryogenesis.69 Thus, genes whose spatio-

temporal expression ensures correct cell fate decisions during

mammalian embryonic development72 are tightly regulated by

5mC and m6A in differentiating ESCs.
In a manner reminiscent of bivalent domains, the presence of

both marks at crucial differentiation-related genes suggests that

these genes are kept under control in pluripotent cells but remain

poised for rapid expression upon differentiation.81 During EB for-

mation, accordingly, a local shift in the balance between 5mC and

m6A levels (the former increasing, the latter decreasing) facilitates

activation of those genes. By contrast, it is worth mentioning that

a subset of 5mC-m6A genes displays gain of m6A during differen-

tiation, opposing the effects of gene-body 5mC and repressing

their expression. This gain of m6A tallies with the well-docu-

mented role of the mark in regulating pluripotency-related genes.

Taken together, this nuanced regulation, supported by localized

changes in m6A distribution, underlies both repression of pluripo-

tency and promotion of EB formation. What are the mechanisms

driving gain and loss of the mark? Differential recruitment and

activity of the m6A writer complex have notably been linked to in-

teractions with transcription factors, RNA-binding proteins,

and the chromatin environment.29,30,33,82–84 How external cues

and intrinsic signaling mechanisms interact to influence local

m6A dynamics during ESC differentiation warrants future

investigation.

The connections identified here between an RNA-modifying

complex, a DNA methyltransferase, and the corresponding

marks are reminiscent of the tight, critical interplay between his-

tone-modifying enzymes and DNMTs or histone enzymes and

m6A.1,85 In this exciting field, our findings have the potential to

spark an explosion of discovery and perhaps to close a regulato-

ry loop between histone modifiers, DNMTs, and RNA modifiers.

A picture is forming in which these players work hand-in-hand

within intimately connected epigenetic/epitranscriptomic pro-

grams, integrating gene regulation networks within the cell.

In conclusion, our results (1) identify a distinct set of genes de-

pending on METTL3-METTL14-recruited DNMT1 for gene-body

methylation, (2) demonstrate fine-tuning of gene expression

regulation through the combined and opposite effects of 5mC

and m6A, and (3) show a role for this fine-tuning in ES-to-EB dif-

ferentiation. Importantly, the balance between these contrasting

effects shifts during exit from pluripotency, resulting in enhanced

expression of key differentiation genes. By shedding another

light on the links between epigenetics and epitranscriptomics

as they relate to gene expression, our findings open prospects

for future breakthroughs, notably in developmental biology and

potentially in disease.

Limitations of the study
In addition to the open questions for future work noted in the dis-

cussion, the study has some limitations. First, this study focuses

on the regulation of gene-body DNA methylation, gene-bodies

being where we observed most of the hypomethylation following

METTL3 depletion. However, hypomethylated sites also occur

outside gene-bodies. Thus, it is plausible that METTL3-

METTL14may facilitate DNMT1 recruitment to other genomic re-

gions, including promoters, enhancers, and repetitive elements.

Investigating whether the here-identified mechanism is involved

in regulating DNA methylation across various genomic regions

would be interesting.

Second, spontaneous EB differentiation is inherently hetero-

geneous, with a diverse array of cell types and developmental
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stages observed. While examining inter-cell heterogeneity in

relation to 5mCandm6A regulationwithin distinct lineages would

be an enriching endeavor, our analyses were limited by the

substantial amounts of material required for the techniques

used. Consequently, our findings might not fully capture the

nuanced differences between individual cells, especially across

different developmental lineages, within differentiating EBs.

Such cellular heterogeneity warrants investigation with single-

cell technologies.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
HeLa, COS-7, and HEK293/T cells and HEK2935XUAS cells containing the stably integrated 5xUAS-luciferase reporter (gift from Bas-

tian Stielow, Philipps University, Marburg, Germany)88 weremaintained in DMEMsupplemented with 10%FBS and 1%penicillin and

streptomycin (Gibco). Mettl3 knockout (KO) and wild-type (WT) J1 mouse embryonic stem cells (ESCs) (gift from Howard Y. Chang,

Stanford University, USA)23 andDnmt1 KOmouse ESCs and the corresponding wild type (gift from Fabio Spada, LudwigMaximilians

University, Germany)89 were cultured in high-glucose DMEM-containing 15% FBS, 1mM sodium pyruvate, 1% non-essential amino

acids, 1% glutaMAX�, 1% penicillin and streptomycin, 0.1mM b-mercaptoethanol (Gibco), and 1000 units/ml recombinant mouse

leukemia inhibitory factor (LIF) (Millipore) on tissue culture plates coated with 0.1% gelatin and feeder cells (irradiated mouse embry-

onic fibroblasts). Mettl14 KO andWT E14TG2a mouse ESCs (gift from Laixin Xia, Southern Medical University, Guangzhou, China)32

and the corresponding rescued ES cell lines (generated in this study) were cultured on tissue culture plates coated with 0.1% gelatin,

in N2B27 medium (50% DMEM/F12 and 50% Neurobasal Medium (Gibco), containing 0.1mM b-mercaptoethanol (Gibco), 2 mM

L-glutamine (Gibco), B-27 serum-free supplement (Gibco), N2 supplement (Gibco), 1% penicillin and streptomycin), supplemented

with 1000 units/ml recombinant mouse leukemia inhibitory factor (LIF) (Millipore), and a mixture, here called ‘‘2i’’, of the small-mole-

cule inhibitors CHIR99021 (3mM, Axon Medchem) and PD0325901 (1mM, Axon Medchem). All cells were cultured at 37�C under 5%

CO2 and routinely tested for mycoplasma contamination with the MycoAlert�Mycoplasma Detection Kit (Lonza). None of these cell

lines are listed in the database, maintained by ICLAC, of commonly misidentified cell lines.

METHOD DETAILS

Manipulations on cultured cells
Transfection of HeLa and HEK2935XUAS cells was done with Lipofectamine� 2000 or 3000 (Invitrogen) as indicated, and transfection

of COS-7 cells was carried out with FugeneHD transfection reagent (Promega) according to themanufacturer’s protocols. HEK293/T

cells were transfected with either Lipofectamine� 2000 or 3000 as indicated or with Fugene HD transfection reagent, according to

the manufacturer’s protocols.

For drug treatments, HeLa cells were seeded and treated with METTL3 inhibitor STM-2457 (MedChemExpress, HY-134836) at 1,

5, and 25mM, with FTO inhibitor (MedChemExpress, HY-127103) at 20mM, or with the corresponding vehicle control. After 72h of

treatment, the cells were harvested and subjected to further analyses. ESCs were treated with METTL3 inhibitor STM-2457 at

50mM or with its vehicle control and collected 24h post-treatment for further analysis.

In vitro differentiation of ESCs
The transition from naı̈ve to formative pluripotency was adapted from previous protocols.62,63 Briefly, 23106 naı̈ve pluripotent ESCs

were cultured on tissue culture plates coatedwith 0.1%gelatin, in ‘‘naı̈vemedium’’ (2i/LIF serum-free N2B27medium, see ‘‘cell lines’’

section). After 12 hours, the medium was replaced with FBS-containing medium (high-glucose DMEM containing 15% FBS, 1mM

sodium pyruvate, 1% non-essential amino acids, 1% glutaMAX�, 1% penicillin and streptomycin, 0.1mM b-mercaptoethanol

(Gibco)) to induce formative pluripotency. Cells cultured under these conditions were collected after 3 or 24 hours for further analysis.

Embryoid bodies (EBs) were obtained by spontaneous differentiation of ESCs. Briefly, ESCs were trypsinized and counted with a

TC20� Automated Cell Counter (BIORAD). They were seeded onto Petri dishes at 43106 ESCs/dish (Greiner) in 15 ml EB medium

(high-glucose DMEM-containing 15% FBS, 1mM sodium pyruvate, 1% non-essential amino acids, 1% glutaMAX�, 1% penicillin

and streptomycin, 0.1mM b-mercaptoethanol (Gibco) and maintained for 8 days. The cells were precipitated by gravity, resus-

pended, and cultured in freshmedium every two days before collection of the EBs for further analysis. Brightfield microscopy images

of the EBs were captured with an inverted microscope (Axio Observer 7, Zeiss). The area of each EB was measured with the ImageJ

software, and the actual area (in mm2) was calculated on the basis of the scale provided in the images.

Cell line generation
The METTL3 KO HeLa cell line was generated with the CRISPR-Cas9 nuclease system by homology-directed repair (HDR).90 Briefly,

sgRNAs were designed to target the start codon (ATG) and the first intron (about 500 bp downstream of ATG) of METTL3 according to

the guidelines listed on the CRISPOR website (http://crispor.tefor.net). The sgRNAs were cloned into the pX461 vector (Addgene,
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48140). In parallel, donor pUC18 vectors (GenScript, SD1162) were generated, containing gene sequences homologous to those flank-

ing the sgRNA targeting sites, an adjacent selectable marker (mCherry or a puromycin resistance gene), and a mammalian transcrip-

tional terminator (bGH, synthesized by Genewiz) or a triple terminator (bGH+hGH+SV40, synthesized by Genewiz). Co-transfection of

HeLa cells with the donor vectors and gRNA-containing plasmids at a ratio of 2:1 was performed with Lipofectamine� 2000 according

to the manufacturer’s instructions (Invitrogen). Twenty-four hours post-transfection, selection was initiated with 2mg/ml puromycin and

continued for at least 10 days. Surviving mCherry-positive cells were sorted into 96-well plates (1 cell/well) by fluorescence-activated

cell sorting (FACS) and grown for two to three weeks before clones were transferred into 24-well plates and METTL3 expression was

measured by quantitative reverse transcription PCR (RT-qPCR) and western blotting. CRISPR-Cas9-targeted genomic regions in pos-

itive clones were PCR-amplified and sequenced. All relevant sgRNA sequences and primers are listed in Table S7.

In RNAi experiments, HeLa cells were transfected in 10 cm dishes with 20 nM short interfering RNAs (siRNAs, Horizon), using

INTERFERin (Sartorius) according to the manufacturer’s protocol. RNAi induction was performed in two rounds: an initial siRNA

transfection followed by a second transfection 48 hours later. Cells were reseeded between transfection rounds and harvested after

96 hours (from the first transfection). The knockdown efficiency was checked by western blotting.

For Mettl14-rescued cells, a Mettl14WT or Mettl14DRGG cDNA was cloned into plasmid pLV-EF1a-IRES (Blasticidin S resistant) and

used, along with packaging vectors (pMD2.G and psPAX2), to co-transfect HEK293/T cells with Lipofectamine� 3000, according to

the manufacturer’s protocol. Supernatant containing lentivirus particles was collected 48 and 72 hours post-transfection, supple-

mented with polybrene, and used to infect Mettl14 KO ESCs. After two rounds of infection, cells were selected for 7 days with

10mg/ml blasticidin S48 and the surviving cells were pooled as stably rescued cell lines.

Immunofluorescence
Fugene HD transfection reagent (Promega) was used according to themanufacturer’s recommendations to co-transfect COS-7 cells

with 500ng Myc-METTL3 or Myc-METTL14 (in house) and RFP-DNMT191 plasmid. As control, cells were co-transfected, as

described above, with Myc-METTL3 or Myc-METTL14 and 500ng empty backbone vector encoding RFP or with RFP-DNMT1

and empty backbone vector encoding the Myc tag. After 48 h, the cells were crosslinked with 4% paraformaldehyde (Electron Mi-

croscopy Sciences, 15710) for 10 min at room temperature (RT) and quenched with 0.125M glycine for 5 min at RT. After 20 min of

permeabilization with 100% methanol at -20�C, the cells were incubated for 1 h at RT with PBS containing 0.5% Tween 20 and 5%

BSA (Millipore-Sigma Aldrich). Epitope-tagged METTL3 or METTL14 was detected with mouse anti-Myc antibody (Cell Signaling

Technology, 2276S) and visualized with an anti-mouse IgG coupled to Alexa Fluor 594 dye (ThermoFisher Scientific, A-11005).

Myc-METTL3/14 and RFP-DNMT1were detected respectively with a 458, 488, 514nmmultiline argon laser and a 561nmDPSS laser.

Slides weremounted with Prolong Gold AntifadeMountant with DAPI (Thermo Fisher Scientific, P36931). Images were captured with

a confocal microscope (LSM 880, Zeiss).

For immunofluorescence in EBs, the structures were fixed in 4% paraformaldehyde solution for 2 hours at 4�C and washed three

times with PBS under gentle shaking before being transferred into 30% (v:v) sucrose-PBS solution for cryopreservation. Fixed EBs

were embedded in Tissue Freezing Medium (Leica) and cryosectioned to a thickness of 20mmunder RNase-free conditions. The cry-

osections werewashedwith 1%SDS-PBS before 1h of permeabilization/blocking (3%BSA, 5%horse serum, and 0.3%Triton X-100

in PBS). After incubation with the primary antibody (overnight, 4�C in 3% BSA, 1% horse serum, 0,1% Triton X100) the cryosections

were washed three times with PBS and incubated for 2 hours at RT with secondary antibody and Hoechst 33258 (Merck). Following

three washes with PBS, the samples were mounted with a coverglass in Glycergel (Agilent Dako) and images were acquired with a

Leica DM3000 microscope with a 20x-magnification objective. The following primary antibodies were used: FoxA2 (Cell Signaling,

8186), Gata4 (Abcam, ab307823), Gata6 (Cell Signaling, 5851), Sox17 (Abcam, ab224637).

NanoBRET
For donor saturation assays, HEK293 cells (43105) were plated in a 12-well plate and co-transfected with 10ng NanoLuc-METTL3 or

NanoLuc-METTL14 vector (synthesized by Genscript) and increasing concentrations (0-1000 ng) of a HaloTag DNMT1 vector

(synthesized byGenscript) or a negative control HaloTag vector (Promega, G6591) vector. In all experiments, the cells were collected

24h post-transfection and the medium was replaced with phenol red-free OptiMEM I Reduced Serum Medium with 4% FBS in

the absence (control sample) or presence (experimental sample) of 100nM NanoBRET 618 fluorescent ligand (Promega). Cells

(23104 cells/well) were plated into a 96-well white assay plate (Corning Costar) and incubated at 37�C, 5% CO2. Forty-five hours

post-transfection, NanoBRET furimazine substrate (Promega) was added to both control and experimental samples at 10mM final

concentration. Readings were performed within 5 min with a GloMax Discover (Promega) equipped with 450/80nm bandpass and

610nm longpass filters (reading setting: 0.3s). A corrected BRET ratio was calculated and defined as the 610-to-450 nm emission

ratio determined for experimental samples (i.e., those treated with NanoBRET fluorescent ligand) minus that determined for control

samples (not treated with NanoBRET fluorescent ligand). BRET ratios are expressed in milliBRET units (mBU), 1mBU being defined

as the corrected BRET ratio multiplied by 1000.

RNA extraction and RT-qPCR
Total RNAwas extracted with the RNeasy Kit (Qiagen) according to themanufacturer’s instructions. Residual DNAwas removedwith

the RNase-Free DNase Set (Qiagen). RNA was quantified with the NanoDropTM 1000 Spectrophotometer (Thermo Scientific). One
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microgram of RNAwas reverse transcribed with the First Strand cDNASynthesis Kit (Roche). Gene expression was analyzed with the

LightCycler 480 SYBR Green I Master mix (Roche) on the LightCycler 480 real-time PCR system (Roche). Gene expression levels

were normalized to either human GAPDH or mouse Gapdh and Tbp. Primer sequences are listed in Table S7.

Western blotting
Cells were washed with ice-cold PBS (Lonza), scraped, and homogenized in ice-cold lysis buffer [50mM Tris-Cl (pH 8.0), 150mM

NaCl, EDTA 5mM, 0.5% NonidetP40 (NP-40)] supplemented with cOmplete� Mini Protease Inhibitor Cocktail (Roche) for 15-

30min. After centrifuging for 10 min at 17,000 g and 4�C, the supernatant was collected and proteins were quantified with the

DC� Protein Assay Kit (Bio-Rad). For the cell fractionation assay, proteins were extracted with Subcellular Protein Fractionation

Kit (Thermo Fisher) according to themanufacturer’s protocols. Cell extracts were fractionated by SDS-PAGE and transferred to nitro-

cellulose membranes for immunostaining. Membranes were blocked for 1 h with 5% (w/v) non-fat dried skimmed milk powder (Bio-

Rad) in TBST and then incubated overnight at 4�Cwith primary antibody in blocking buffer.Membraneswerewashed three timeswith

TBST and incubated with a 1:10,000 dilution of horseradish-peroxidase-conjugated secondary antibody for 1h. After three washes

with TBST, the membranes were developed with the ECL Plus system (Amersham Biosciences) or with the SuperSignal� West

Femto Maximum Sensitivity Substrate, according to the manufacturer’s protocols. Protein bands were detected with the

ChemiDoc� Imaging Systems (Bio-Rad). The following primary antibodies were used: b-actin (Sigma Aldrich, A5316), GAPDH (Pro-

teintech, 60004-1-Ig), TBP (Abcam, ab818), H3 (Abcam, ab1791, Cell Signalling, 4499), METTL3 (Proteintech, 15073-1-AP),

METTL14 (Sigma Aldrich, HPA038002), DNMT1 (Abcam, ab19905), Dnmt1 (Cell Signaling, 5032), SETD2 (Cell Signaling, 80290),

DNNT3A (Abcam, ab307503), DNMT3B (Cell Signaling, 57868), H3K36me3 (Cell Signaling, 4909), Flag (Sigma Aldrich, F3165),

Myc (Cell Signaling, 2276), GAL4 (Santa Cruz, sc-510), GST (Cell Signaling, 2624).

Recombinant protein purification
GST and GST-tagged proteins were expressed in Escherichia coli strain BL21(DE3) with the pGex-4T1 vector system (Amersham

Biosciences, 27-4580-01). A single transformed colony was picked and cultured overnight at 37�C in 40ml LB with 100mg/ml ampi-

cillin. The following day, 350ml fresh LB with 100mg/ml ampicillin was added. Recombinant protein expression was induced with

0.1mM isopropylthiogalactosidase (IPTG) at 16�C for 4h. The cells were harvested by centrifugation and sonicated on ice in PBS

(Lonza) supplemented with 1% Triton and cOmplete� Mini Protease Inhibitor Cocktail (Roche). The lysate was then incubated

with Glutathione Sepharose 4B GST-tagged protein purification resin (Cytiva, 17075601) for 2h at 4�C. Elution of GST-tagged pro-

teins was performed for 10min at room temperature with 50mMTris, 10mMglutathione, pH 8.0. The efficiency of recombinant protein

production was tested by Coomassie Brilliant Blue staining.

Recombinant human histones (H2A, H2B, H3.1, and H4) were expressed in E. coli BL21(DE3) or C41(DE3) cells following in-

duction with 500mM IPTG (4 hours at 37�C). Cells were resuspended in lysis buffer (200mM NaCl, 20mM Tris-HCl pH 7.6, 1mM

EDTA, 1mM b-mercaptoethanol) and lysed by sonication. The lysates were cleared by centrifugation (30,000g for 20 minutes)

and the insoluble pellet was resolubilized in extraction buffer (6M guanidine HCl, 1mM DTT, 1x PBS, pH 7) and nutated at 4�C
overnight. The extracts were cleared by centrifugation (30,000 g for 40 minutes), filtered, and diluted 1:1 with HPLC buffer A

(0.1% trifluoroacetic acid (TFA) in water) before purification by reverse-phase HPLC on a column eluted with 30-70% buffer

B (0.1% TFA in 90% acetonitrile and 10% water). The efficiency of purification was determined by quadrupole LC-MS (Agilent)

and the purified histones were lyophilized. To reconstitute histone octamers, lyophilized histones were dissolved in unfolding

buffer (20mM Tris-HCl pH 7.6, 6M guanidine HCl, 0.5mM EDTA, 1mM DTT), combined at 1:1:0.95:0.95 molar ratio

(H2A:H2B:H3.1:H4), and diluted to 1mg/ml with unfolding 3 x 1L refolding buffer (20mM Tris (pH 7.6), 2M NaCl, 0.5mM

EDTA, and 1mM DTT). The assembled octamers were purified by size-exclusion chromatography with a GE Superdex 200 in-

crease 10/300 GL column. Wild-type nucleosome core particles (WT NCPs) were assembled by salt gradient dialysis of purified

octamers and biotinylated Widom-601 DNA, at molar ratios of 1.2, 1.24, and 1.28 in buffer (2mM NaCl, 5mM Tris-HCl pH 7.6,

0.5mM EDTA, 0.5mM DTT). Assembled nucleosomes were concentrated with a 30-kDa molecular weight cutoff centrifugal filter

device (Millipore Sigma) and formation was analyzed by native gel electrophoresis (5% acrylamide gel, 0.5X TBE, 120 V, 45 mi-

nutes) with ethidium bromide.

GST pull-down assays
GST pull-down assays were performed by incubating bead-bound GST or GST-METTL14 (full-length or partial) with Flag/His-tagged

recombinant humanDNMT1 protein (ActiveMotif) at 4�C for 2 h in ice-cold binding buffer [50mMTris-Cl (pH 8.0), 150mMNaCl, EDTA

5 mM, 0.5% NonidetP40 (NP-40)] supplemented with cOmplete�Mini Protease Inhibitor Cocktail (Roche). The beads were washed

five times with ice-cold binding buffer containing 300mMNaCl, pelleted at 500g for 1 min, and taken up in SDS–PAGE sample buffer.

Pulled-down proteins were resolved by SDS-PAGE and subjected to western blotting.

Co-immunoprecipitation with purified recombinant proteins
Anti-His antibody (Abcam, ab18184) (1mg) was incubated overnight at 4�C with Flag-tagged recombinant human METTL14 protein

(Active Motif) in the presence or absence of equimolar Flag/His-tagged recombinant human DNMT1 protein (Active Motif) in NP40

buffer [50mM Tris-Cl (pH 8.0), 150mM NaCl, EDTA 5 mM, 0.5% NonidetP40 (NP-40)] prior to addition of Dynabeads� Protein G
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(Invitrogen) and incubation for 2 h. After three washings, the proteins associated with Protein G magnetic beads were analyzed by

western blotting.

In the ternary complex assay, 1mg anti-His antibody (Abcam) was incubated at 4�C overnight in ice-cold binding NP40 buffer sup-

plemented with cOmplete� Mini Protease Inhibitor Cocktail (Roche) with a fixed level of Flag/His-tagged recombinant human

DNMT1 protein (Active Motif), either alone or with GST-tagged recombinant METTL14 protein (fixed level) or with the latter and

GST-tagged recombinant METTL3 protein (increasing levels). This was followed by addition of Dynabeads� Protein G (Invitrogen)

and incubation for 2h. After washing, proteins associated with Protein G magnetic beads were analyzed by western blotting.

In the in vitro pull-down DNMT1/DNMT3B-H3K36me3 assay, 20 nM in-house biotinylated WT NCPs or purchased biotinylated

H3K36me3 NCPs (Epicypher) was conjugated with MyOne Streptavidin T1 Dynabeads (ThermoFisher Scientific) in binding buffer

(1x PBS, 1% NP-40, 5mM EDTA, 5% glycerol, pH 7.5) for 30 minutes on ice. On-bead NCPs were then incubated with either

200 nM recombinant DNMT1-His-FLAG (ActiveMotif) or 100 nM recombinant DNMT3B-PWWP-GST (ActiveMotif) for 1 hour on

ice with gentle shaking. After incubation, the beads were washed four times with washing buffer (1x PBS with 300mM NaCl, 1%

NP-40, 0.1% sodium dodecyl sulfate, 5% glycerol, pH 7.5) and eluted with 1x SDS-PAGE sample loading buffer. Samples were

analyzed by western blotting.

Co-immunoprecipitation assays on cell lysates
For co-immunoprecipitation in transfected cells, cells were washed 24 h after transfection with ice-cold PBS (Lonza) and lysed in ice-

cold buffer [50mM Tris-Cl (pH 8.0), 150mM NaCl, EDTA 5mM, 0.5% NonidetP40 (NP-40)] supplemented with cOmplete� Mini Pro-

tease Inhibitor Cocktail (Roche) for 15-30 min. The lysate was centrifuged for 10 min at 17,000g and 4�C and the supernatant was

collected. Five percent of the protein lysate was used as input, while the remainder was incubated with the indicated antibody or

corresponding control IgG overnight at 4�C, prior to addition of Dynabeads� Protein G (Invitrogen) and incubation for 2 h. Dyna-

bead-associated proteins were then washed five times in lysis buffer and subjected to western blot analysis. To exclude any scaf-

folding role of RNA in the interaction betweenMETTL14 and DNMT1, cell lysate was treated with RNAse (Thermo Fisher Scientific) for

15 minutes at 37�C prior to immunoprecipitation. For co-immunoprecipitation involving DNMT1-Myc or DNMT3B-Myc with

H3K36me3, the cell lysate was sonicated before immunoprecipitation. The endogenous immunoprecipitation assays were carried

out with a combination of monoclonal and polyclonal anti-DNMT1 antibodies (Abcam, ab19905, Invitrogen, 60B1220.1) at 1:1 ratio.

GAL4-5XUAS recruitment assay
Lipofectamine� 3000 (Invitrogen) was used to co-transfect HEK2935XUAS cells containing the stably integrated 5xUAS-luciferase re-

porter1 with pcDNA3-GAL4-METTL14 fusion expression constructs and pFlag-CMV2-DNMT1 according to the manufacturer’s pro-

tocols. The transfection efficiency was checked by western blotting for each replicate. Forty-eight hours after transfection, cells were

crosslinked for 8 min at room temperature with 1% formaldehyde, the reaction was stopped by adding 0.125 M glycine and then

washing twice with cold PBS. ChIP experiments were performed according to the iDeal ChIP-seq kit for Transcription Factors pro-

tocol (Diagenode, C01010055). Sonication was performed with Bioruptor plus (Diagenode) in cold water with the following settings:

30 min with 30-s ON/OFF intervals and high sonication strength. Flag antibody (Sigma Aldrich, F3165), GAL4 antibody (Santa Cruz,

sc-510), and mouse control IgG (2mg each) were incubated with chromatin overnight at 4�C. After extensive washing steps, ChIP-ed

DNA was eluted, de-crosslinked overnight at 65�C, and then purified. Three microliters of DNA-fragment-enriched immunoprecip-

itate or 3ml input, supplemented with 0.5mM primers and SYBR Green Master mix (Roche), was subjected to 40 PCR cycles in a

LightCycler 480 II (Roche). The percentage of input recovered after immunoprecipitation was calculated with the DCt formula:

(2�(Ct IP—Ct Input)) 3 100. The primer sequences are indicated in Table S7.

Dot blotting for 5mC and m6A quantification
DNA and RNA were extracted (Qiagen, 27106; 75162) and poly(A) enrichment was performed on the RNA extracts (Sigma Aldrich,

MRN70-1KT). The samples were spotted onto a nylon membrane (GE Healthcare Hybond-N+), the membrane was dried, and UV

crosslinking was performed at 4000 x 100mJ/cm2. The membrane was stained with 0.04% methylene blue in 0.5 M sodium acetate

and rinsed with PBS + 0.1% Tween-20 for 5 min and blocked for 1h in 5% bovine serum albumin and horse serum (for 5mC) or 3%

non-fat dry milk (for m6A) in PBS + 0.1% Tween-20, transferred into blocking solution supplemented with mouse anti-5mC antibody

(Diagenode, C15200003) or rabbit anti-m6A antibody (Synaptic Systems, 202003) diluted 1:500, and incubated overnight at 4�C.
Thereafter, the membrane was washed three times with PBS + 0.1% Tween-20 for a total of 30 min. It was transferred into blocking

solution supplemented with horseradish-peroxidase-conjugated secondary antibodies diluted 1:1000, incubated for 1 h at room

temperature, washed three times with PBS + 0.1% Tween-20, and developed with the ECL system (AmershamBiosciences) accord-

ing to the manufacturer’s instructions. ImageJ software was used for signal quantification.

Site-specific m6A demethylation
For site-specificm6A demethylation, 2.53106HEK293/T cells were seeded in a 10-cmplate. After 12 hours, cells were co-transfected

with 9mg gRNA targeting SQLE (squalene epoxidase) or non-targeting control vector, along with 9mg dCasRX-ALBH5 plasmid, ac-

cording to a published protocol.46 Transfection was conducted with Lipofectamine� 2000 according to the manufacturer’s instruc-

tions. Thirty-six hours post-transfection, the cells were harvested for further analyses. The gRNA sequences are listed in Table S7.
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Bisulfite pyrosequencing
Genomic DNA extraction, including the recommended proteinase K and RNase A digestions, was done with the QIAamp DNA Mini

Kit (Qiagen, 51306) according to the manufacturer’s protocol. Bisulfite conversion of genomic DNA (1mg) was performed with the EZ

DNAMethylation Kit (ZymoResearch, D5002). Then 3ml converted DNA (corresponding to approximately 150 ngDNA) was subjected

to PCR amplification of the specific region. PCR assays were performed with HotStarTaq DNA Polymerase (Qiagen, 203205) under

the following cycle conditions: 95�C for 15min, 50 cycles of (95�C for 30s; Tm�C for 1min; 72�C for 1min), 72�C for 7min, and finally

cooling to 4�C. Amplification was confirmed on agarose gel and pyrosequencing of successfully amplified PCR products was per-

formed with the PyroMark Q24 System (Qiagen). Primer sequences were designed with PyroMark Assay Design SW2.0 (Qiagen) and

are listed in Table S7.

RNA-seq
For ESCs and EBs (day 8), RNA-seq library preparation was performed with TruSeq Stranded Total RNA Library Prep Gold (96 Sam-

ples) and TruSeq RNA Single Indexes Set A and Set B, according to the manufacturer’s instructions and starting with 100 ng total

RNA. High-throughput sequencing was performed on the Illumina NextSeq500 system. For other samples, inputs from m6A-seq

(seem6A sequencing section) or SLAM-seq data (see SLAM-seq section, using total counts) were used to evaluate gene expression.

m6A Sequencing
The method for m6A sequencing (m6A-seq) was adapted from a protocol described previously.18 Starting with 500mg total RNA,

enrichment in polyadenylated RNA was done through one round of oligo-dT selection with the GenElute mRNA Miniprep Kit (Sigma

Aldrich). The selected RNAs were then fragmented by incubating 90ml RNA (at 0.9mg/ml) at 94�C for 40 s in 10ml 10X fragmentation

buffer (100mMTris-HCl and 100mMZnCl2) in thin-walled PCR tubes in a pre-heated thermocycler blockwith the heated lid open. Ten

microliters of 0.5M EDTA was added and the tubes were placed on ice. The RNA was then precipitated with sodium acetate and

resuspended in 300ml RNase-free water. RNA fragment size was assessed by running 0.25mg RNA on a 2100 Bioanalyzer (Agilent)

with the RNANano kit (Agilent). 2-5mg fragmented RNAwas kept at -80�Cas input. The RNAwas denatured at 70�C for 5min and then

put on ice. The IP mix was prepared as follows: fragmented poly-A-enriched RNA from cultured cells in 290ml, 10ml proteinase inhib-

itors (Roche), 5ml (200 units) RNasin� Ribonuclease Inhibitors (Promega), 5ml of 200mM Ribonucleoside Vanadyl Complex (RVC)

(Sigma Aldrich), 100 ml 5X IP buffer (50mM Tris-HCl, 750mM NaCl, 0.5% (v/v) NP-40), 3.5ml anti-m6A antibody (Synaptic System,

202003), and 86.5ml RNase-free water. The mix was incubated overnight at 4�C on a rotating wheel. The next day, 50ml Dynabeads�
Protein G (Invitrogen) were washed twice with 1x IP buffer supplemented with antiproteases (Roche) and blocked by incubating the

beads for 1h on a rotating wheel in washing buffer supplemented with 0.5mg/ml BSA. The beads were washed again twice, added to

the IP mix, and incubated for 2 h at 4�C on a rotating wheel. The beads were washed three times with 1 ml washing buffer supple-

mented with 10ml RNasin� and 10ml RVC. Elution was performed by TriPure (Roche) extraction and RNA was resuspended in 9ml

RNase-free water. A sequence library was prepared with the SMARTer� Stranded Total RNA-seq Kit v2 - Pico Input Mammalian

(Takara) for both input and IP samples. Samples were sequenced with the Illumina NextSeq500.

Infinium Methylation array
Genomic DNA was extracted with the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer’s protocol. Infinium

MethylationEPIC Array Service was provided by Diagenode. DNA methylation was analyzed on Infinium MethylationEPIC or

MouseMethylation bead arrays as previously described.92 Briefly, the EZ DNA Methylation Kit (Zymo Research) was used for

conversion of genomic DNA (300–800ng) with sodium bisulfite, and methylation assays were performed with 4ml converted DNA

at 50ng/ml, according to the manufacturer’s protocol. Raw methylation array data were submitted to the NCBI’s Gene Expression

Omnibus (GEO) database.

SLAM-seq
Nascent transcript formation was measured with the SLAM–seq Kinetics Kit–Anabolic Kinetics Module (Lexogen) and SLAMseq

Metabolic RNA labelling experiments were performed by Isogen Life Science. In brief, WT or Dnmt1 KO ESCs were incubated

with 265mM 4SU for 2 hours before collection in the dark. For Mettl3 inhibitor treatment, WT ESCs were treated with 50mM STM-

2457 or vehicle for 24h, with addition of 4SU to themedium at 265mM for the last 2 hours of treatment. For each clonal line, a negative

control with no 4SU incubation was included for detection of T-to-C SNP variants (cf. SLAM-seq data analysis). RNA was then ex-

tractedwith TriPure (Roche), according to the instructions of the SLAM–seq Kit (Lexogen). Alkylation of incorporated S4U nucleotides

was performed from 4mg labeled RNA. A sequencing library was prepared from 200 ng converted RNA with the QuantSeq 3’ mRNA-

seq V2 Library Prep Kit with UDI (Lexogen) and sequenced on the Illumina NextSeq 2000 platform in SR100 mode.

RNA stability assay by actinomycin D treatment
WT and Mettl14 KO ESCs were treated with 5mg/ml actinomycin-D (Sigma) or vehicle for 0, 2, 4, 8 hours. Likewise, WT and METTL3

KOHeLa cells were treated with 1mg/ml actinomycin D or vehicle for 0, 4, 6, and 8 hours. Cells were collected and RNAwas extracted

with the RNeasy Kit (Qiagen) according to the manufacturer’s instructions. Sequencing libraries were then prepared with TruSeq

Stranded Total RNA Library Prep Gold (96 Samples) as described in the ‘‘RNA-seq’’ section, starting from 200 ng total RNA.
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Polysome profiling
Polysome profiling was done by previously reported methods93 with somemodifications. Five 15-cm plates each of METTL3 KO and

WT HeLa cells were prepared as described in the ‘‘cell lines’’ section. Fifteen minutes before harvest, 100mg/ml cycloheximide (CHX)

(Sigma) was added to the medium. Cells were washed twice with ice-cold PBS supplemented with 100mg/ml CHX, scraped, and

centrifuged at 4�C (500g for 5 minutes). Cell pellets were resuspended in 500ml lysis buffer (20mM Tris pH 7.4, 100mM KCl, 5mM

MgCl2, 100mg/ml CHX, 1% Triton X- 100, supplemented with cOmplete� Mini Protease Inhibitor Cocktail (Roche) and 40U RNase

Inhibitor (Promega)), incubated at 4�C for 20 minutes, and centrifuged (13000g for 20 minutes). The supernatant was treated with the

RNase-Free DNase Set (Qiagen) according to the manufacturer’s protocol and then centrifuged at 4�C (13,000g for 15 minutes). The

A260 absorbance of each sample was measured to adjust the RNA amount to 300mg. A 10–50%w/v sucrose gradient was prepared

for each sample in lysis buffer without Triton X-100 and adjusted lysates were loaded onto the sucrose gradient and centrifuged at

4�C (190,000g for 90minutes, Beckman, rotor SW41Ti). The gradients were then fractionated into 0.4-ml fractions with an ISCODen-

sity Gradient Fractionation system at 1ml/min speed. The A254 absorbance of each fraction was measured by the optical unit of the

fractionating system. Fractions corresponding to non-polysomes (free RNA, 40S, 60S, and 80S) and polysomes were collected. RNA

was extracted with TRIzol LS (Invitrogen) and purified with lithium chloride (LiCl) precipitation solution (Invitrogen) according to the

manufacturer’s protocols. For sequencing, the 40S, 60S, and 80S fractions were pooled into a single sub-polysome fraction called

the ‘‘monosome fraction’’. cDNA libraries from the sub-polysome and polysome fractions were prepared and sequenced as previ-

ously described.

Precision run-on and sequencing (PRO-seq)
PRO-seq experiments were performed and analyzed as described previously.65,66,94 Briefly, nuclear run-on assays were performed

on 103106 ESCs nuclei combined with 0.53106 spike in Drosophila S2 cell nuclei. The mixture was incubated for 3 minutes at 30�C
with 25mMBiotin-11-ATP/UTP/CTP/GTP (PerkinElmer). After this, total RNA was extracted and fragmented in 0.2M NaOH for 10 mi-

nuteson ice.BiotinylatednascentRNAswere thenpurifiedonM-280streptavidinbeads (Invitrogen). Enzymatic stepswereconducted

with RppH (NEB) and PNK (NEB) to remove the 5’ cap, repair the triphosphate, and repair the 5’ hydroxyl ends. Adapter ligation and

reverse transcriptionwereperformedwithSuperScript III (Invitrogen), followedbyPCRamplification. Librarieswere size-selectedwith

AMpure XP (Beckman Coulter #A63882) and sequencing was done on a NovaSeq 6000 (Illumina) platform with single-read runs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sequencing & array data analysis
Pre-processing of sequencing data

Sequencing data from m6A-seq, polysome-seq, ChIP-seq, and RNA-seq were pre-processed as follows. First, the raw sequencing

data were analyzed with FastQC (v0.11.5).95 Low-complexity reads were removed with the AfterQC tool (v0.9.6)96 using default

parameters. For RNA data (m6A-seq, polysome-seq, ChIP-seq, and RNA-seq), reads were mapped to human tRNA and

rRNA sequences with Bowtie2 (v2.3.4.1)97,98 to exclude reads originating from rRNA or tRNA. The rRNA and tRNA sequences

were downloaded from https://www.ncbi.nlm.nih.gov/nuccore using "Homo sapiens"[Organism] (for HeLa cells) or "Mus musculu-

s"[Organism] (for ESCs and EBs) AND (biomol_rrna [PROP] OR biomol_trna [PROP] as search parameters. Reads that did not map

to tRNA or rRNA sequences and ChIP-seq reads were further processed with Trimmomatic (v0.33)98 using default parameters to re-

move adapter sequences. The resulting fastq datawere again analyzedwith FastQC to ensure that no further processingwas needed.

m6A-seq data analysis

Pre-processed reads (cf. previous section) from HeLa cells were mapped against the human reference genome (GRCh37/hg19)

with the STAR algorithm (v2.6.1d)99 using the reference transcriptome based on Ensembl (v85)100 and LNCipedia (v5.2)101

(referred to hereafter as Ensembl+LNCipedia) in single-end mode (HeLa cells). Pre-processed reads (cf. previous section)

from ESCs and EBs were mapped against the mouse reference genome (GRCm38/mm10), also using the STAR algorithm

(v2.6.1d) in single-end mode. The reference transcriptome based on Ensembl (v99) was used as reference transcriptome

(referred to hereafter as mouse Ensembl). Gene expression was evaluated on the basis of HTseq counts (v0.9.1)102 of input sam-

ples. m6A sites were identified from IP samples with the m6aViewer peak-calling tool (v1.6.1),103 using the input to estimate

background noise. Sites showing significant enrichment over input in all replicates (per condition) and present in genes showing

an expression level of at least 1TPM were considered for further analysis. For visual representations of local enrichment profiles,

HPB normalized coverage profiles were generated with the bamTobw tool (https://github.com/YangLab/bamTobw)104 and up-

loaded into the IGV tool (v2.9.4).105

Differential analysis of m6A sites was performed as previously published.52 Briefly, the m6A counts provided by m6aViewer were

first imported into R and adjusted for changes in gene expression by dividing values by the ratio inputsample / inputcontrol of the cor-

responding transcript in the inputs (cf. RNA-seq data analysis). Then differential analysis was performed with edgeR (v3.42.2),106 with

the normalizedm6A levels being protected from further re-scaling by fixing the library size for all samples as lib.size = rep(10̂6, X) in the

voom function (with X being the number of samples in the cohort). Principal component analysis (PCA) was performed from normal-

ized m6A counts in ESCs and EBs to estimate variability between biological replicates. The threshold for significant differential m6A

was set at corrected p < 0.05 and an absolute fold change >1.5.
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m6A-seq data annotation

The association of m6A sites with transcripts (isoform level) was performed with the m6aViewer tool (v1.6.1)103 on the basis of the

reference transcriptome used for read mapping (Ensembl+LNCipedia for HeLa and mouse Ensembl for EBs). Each m6A site was as-

signed to a transcript region by intersecting its chromosomal position with the regions defined in the section ‘‘Infinium array reanno-

tation’’. To identify the regions richest in m6A, the distribution of m6A sites across transcript regions was computed as percentages.

RNA-seq data analysis

RNA-seq data were pre-processed/analyzed as described under ‘Pre-processing of sequencing data’, then analyzed with DESeq2

(v1.22.2).107 For differential expression of RNA-seq data, pre-processed data (cf. previous section) were then mapped to the human

transcriptome (GRCh37/hg19) with the RSEM tool (v1.3.1)108 using Ensembl+LNCipedia reference transcriptome and converted

to BAM with SAMtools (v1.6.2).109 The ‘expected read counts’ were submitted with the tximport package (v1.10.1).110 Under con-

ditions where m6A-seq was performed, the input samples were used for RNA-seq analysis, as mentioned in the legends. In those

cases, m6A input data were pre-processed/analyzed as described under ‘‘Pre-processing of sequencing data’’ and ‘‘m6A-seq

data analysis’’108–110. Then differential analysis was performed with edgeR (v3.42.2).

Infinium methylation array data analysis

Raw InfiniumMethylationEPIC data (HeLa cells) and MouseMethylation data (ESCs and EBs) were pre-processed according to pub-

lished guidelines111: CpG probes of low quality (detection p-value threshold: 0.05) were removed from the analysis. Additionally, In-

finium MethylationEPIC probes targeting methylation sites located on the X- and Y-chromosomes or at common single-nucleotide

polymorphisms and cross-reactive probes (i.e. targeting several genomic locations) were filtered out on the basis of the extended

annotation of McCartney et al.112 b-values were computed with the following formula: b-value = M/[U+M], where M and U are the

raw ‘‘methylated’’ and ‘‘unmethylated’’ signals, respectively. b-values were corrected for type I and type II bias with the peak-based

correction.113 For HeLa data, technical triplicates of each biological replicate were merged into one metasample, using the median

b-value of each probe. Principal component analysis (PCA) was performed on the basis of the 2,070 most variant CpGs (standard-

deviation > 0.29) in WT and METTL3 KO HeLa cells to estimate variability between biological replicates. For differential analysis be-

tween METTL3 KO and WT cells, the obtained median b-values were converted to M-values and p-values were computed with Stu-

dent’s t-test. Then the Benjamini-Hochberg multi-testing correction was applied and probes showing a corrected p-value < 0.05 and

a Db > 0.2 were defined as significant.

For visual representations, Infinium coordinates in hg19 (HeLa) or mm10 (ESCs and EBs) were converted to wig files, using the

median b-value of the biological triplicates as coverage feature. To improve visualization, the coordinates were extended to 40 bp

and overlapping coordinates were slightly shifted downstream to remain visible. The resulting wig files were uploaded into the

IGV tool (v2.9.4).105

Infinium array reannotation

For Infinium MethylationEPIC array reannotation, long noncoding transcript positions were obtained from the LNCipedia

website (‘lncipedia_5_2_hc_hg38.bed’) and other transcript positions were obtained from Gencode (v28).114 For Infinium

MouseMethylation reannotation, transcripts from Gencode (vM25) were used. Within the genome, "promoters" and "gene-bodies"

were defined, respectively, as the regions located from 250 bp upstream to 250 bp downstream of the transcription start site (TSS)

and from 250 bp upstream-250 bp downstream of the TSS to the transcription termination site (TTS). The ‘‘gene-body’’ region was

further subdivided into four regions corresponding to those distinguished in transcripts: a "stop" region extending 500 bp upstream

and downstream from the stop codon, introns excluded, a "5’ UTR" preceding the start codon, a "CDS region" between the two pre-

vious ones, and a ‘‘3’UTR’’ downstream of the stop codon. Gene-bodies of noncoding genes were excluded. Note that when the

"promoter" region is discussed in relation to a transcript region, it is called ‘‘TSS’’. Infinium MethylationEPIC chromosome positions

in hg19 (from Illumina annotation file vB4) were converted to hg38 with the liftOver tool,115 while InfiniumMouseMethylation chromo-

some positions were obtained in GRCm38/mm10 from Illumina annotation file (v1.0 A1 GS Manifest file). Infinium positions were

finally overlapped with the aforementioned regions (TSS, 5’UTR, CDS, Stop, 3’UTR).

CpG Island annotation

CpG Island (CGI) positions were obtained for the hg19 human genome build from UCSC Table Browser (downloaded on June 2023).

CGI positions were then overlapped with the ‘Ensembl+LNCipedia’ transcript positions with bedtools intersect (v2.25.0).116 Finally,

each gene presenting at least one CGI more than 1.5 kb from its TSS was considered to have a gene-body CGI.

ChIP-seq analysis

Dnmt187 (GSM2059182) and Dnmt3b15 (GSE72856) ChIP-seq data in ES cells were downloaded from the GEO website as raw data

(fastq) and re-analyzed. Pre-processed data (cf. previous section) were aligned to the genome (GRCh37/hg19) with Bowtie2

(v2.3.4.1) and SAMtools (v1.6.2) was used to convert the output file to the BAM format. Duplicates were removed with Picard Tools

(v2.20.4). Peakswere calledwithMACS2 (v2.1.1), with IP or IgG as test and INPUT as control, and only default parameters were used.

Peaks overlapping with IgG peaks, on the basis of Bedtools merge (v2.25.0), were filtered out. Only reproducible peaks based on

Bedtools merge were used for further analysis. Bigwig files were generated from BAM files using deepTools (v3.5.4)117 with bamCo-

verage. Visualization was performed with computeMatrix followed by plotProfile or plotHeatmap, with deepTools.

Polysome-seq data analysis

Pre-processing was performed as previously described (cf. RNA-seq data analysis section). Counts were imported into R and tran-

scripts containing ‘‘lnc-’’, ‘‘_’’ or ‘‘_AS’’ were filtered out to limit sources of non-coding transcripts. Then differential analysis was
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performed with edgeR (v3.42.2), with the parameter normalize set at ‘‘quantile’’ in the voom function. To account for changes in

expression, the polysome fractions were normalized to the sub-polysome fraction by defining the contrast in the makeContrasts

function as ‘(groupM3KO.poly - groupM3KO.sub) - (groupWT.poly - groupWT.sub)’.

RNA stability-assay analysis

Pre-processing was performed as previously described (cf. m6A-seq data analysis section). Expression values fromWT andMettl14

KO ESCs were then fitted to an exponential decay model by linear regression in R, as previously described.52 Only genes with

reliable regressions (half-life > 1 hour in at least one condition and absolute correlation coefficient > 0.5 for the regression) were

used for further analysis. For stability data in WT and Mettl3 KO ESCs, half-life values were obtained from puclic data61

(GSE86336), downloaded as a processed data table on GEO, and the m6A status of transcripts was derived from our in-house

m6A-seq data (this study).

SLAM-seq data analysis

SLAM-seq analyses were performed following a previously established protocol,57 using the SLAMdunk pipeline (v0.4.3).58 Briefly,

readswere trimmed andmapped to themouse genome (mm10) with NextGenMap, which accepts multiple mismatches. Readswere

filtered to keep those with unique 3’UTR alignments. T-to-C SNPs were excluded (using ‘no 4SU negative controls’ as background).

Total and T-to-C conversion counts were generated for each 3’UTR transcript region. The 30 UTR counts were then imported into R

and analyzed with edgeR (v3.42.2) for differential analysis. Total counts were used for steady-state expression analysis. For nascent

RNAs, the conversion counts were normalized to total counts for nascent RNAs. The threshold for significant differential expression

was set at corrected p < 0.05 and absolute fold change >1.5.

To assess post-transcriptional regulation using SLAM-seq data, we then compared RNA fold changes of steady-state gene

expression and nascent RNA regulation. This method was adapted from a previously established protocol using exonic and intronic

reads in RNA-seq as proxy for steady-state and nascent RNA regulation, respectively.52,118

PRO-seq data analysis

The raw fastq data were trimmed with Cutadapt (v1.14) and Trimmomatic (v0.33)98,119 and then aligned with either the mm10 or dm3

genome using bowtie2.120 The strand-specific single nucleotide ends of aligned reads were constructed using BEDTools with ge-

nomecov.116 Bedgraph data were normalized to the number of reads mapped to the spike-in dm3 genome before being converted

into bigwig data for further analysis. Bigwig files were then averaged for each condition with deepTools using bigwigCompare, with –

operation set at ‘mean’. Visualization was performed with computeMatrix and plotProfile from deepTools.

Data integration
5mC and m6A data integration in WT cells

To investigate the relationship between 5mC and m6A in WT cells, 5mC and m6A levels at corresponding sites were summarized,

respectively, using themedian of the b-value and log2 fold enrichment across biological replicates. Four complementary approaches

were used:

1 In the ‘‘transcript-centric’’ analysis, transcripts (found at > 1 TPM) were classified as ‘m6Amarked’ or ‘nonm6Amarked’ accord-

ing to whether at least one isoform was modified with at least one m6A or not. Then the numbers of 5mC-modified

(b-value > 0.25) Infinium probes corresponding to ‘m6A marked’ and ‘not m6A marked’ transcripts were determined, and these

categories were further broken down according to whether the Infinium probe was located in the promoter or the gene-body.

2 In the ‘‘transcript-gene-body-centric’’ analysis, transcript gene bodies (from transcripts found at > 1 TPM and presenting at

least one Infinium probe) were classified as ‘m6Amarked’ or ‘nonm6Amarked’ according to whether or not at least one isoform

was modified in its gene-body with at least one m6A. For each transcript, the longest isoform was selected as a representative

of the transcript and the mean 5mC level was computed across the gene-body of that isoform. Transcript gene bodies were

then stratified as ‘5mC-modified’ (b-value > 0.25) or ‘non 5mC modified’. Finally, transcript stratification was overlapped ac-

cording to m6A and 5mC marking. The list of stratified transcripts is available in Table S1.

3 In the ‘‘region-centric’’ analysis, the different regions (TSS, 5’UTR, CDS, Stop, 3’UTR) of transcripts (found at > 1 TPM) were

classified as ‘m6A marked’ or ‘non m6A marked’ depending on whether at least one isoform was modified with at least one

m6A in that region (note that m6A could also be present in another region of the same transcript). Infinium probes were then

classified as ‘m6A associated’ or ‘notm6A associated’ depending on the presence ofm6A in the same region of the correspond-

ing transcript. The relationship between 5mC and m6A was then investigated in three ways:
i Infinium probes were grouped into four bins of increasing b-value (0-0.25, 0.25-0.5, 0,5-0.75, 0.75-1). For each bin, the per-

centage of probes associated with m6A was computed by means of a bootstrap approach: random selection of 10% of the

probes followed by binning and percentage computation was repeated one hundred times to robustly evaluate the associ-

ation between the 5mC level and the percentage of m6A-associated CpGs.

ii For each transcriptomic region, the percentage of Infinium probes that were 5mC modified (b-value > 0.25) and m6A asso-

ciated was computed.

iii For each transcriptomic region, Infinium probes were grouped into 1000 bins of increasing b-value and for each bin the

number of probes associated with m6A was determined, to visualize the correlation between the 5mC level and m6A

presence.
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Integration of 5mC, m6A, and other sequencing data in WT & KO cells

Transcripts identified as ‘‘m6A-marked’’ (cf. ‘‘transcript-gene-body-centric’’ analysis) were overlapped with transcripts corres-

ponding to ‘‘5mC-marked’’ genes (average gene-body b-value > 0.25). These genes are commonly referred to as ‘‘5mC-m6A

targets’’ througout the study. The annotation described under ‘Infinium array reannotation’ was used to associate genes with Infinium

probes.

When focusing on 5mC, genes having at least one Infinium probe in the gene-body were selected. Unless otherwise stated, genes

with at least one probe with Db < -0.1 in the differential 5mC analysis between METTL3 KO and WT cells were considered to be

‘‘METTL3-dependent’’ for DNA methylation.

Whole Genome Bisulfite Sequencing (WGBS)

Parental and METTL3 KO WGBS data for mouse ESCs31 (GSE126239) were downloaded as processed data (CG.meth.txt and

CpG_report.txt files respectively) from GEO (https://www.ncbi.nlm.nih.gov/geo/). Sites with less than 10-read coverage were

filtered out. When methylation values were available for both strands for the same CpG site, the values were averaged if the

two values were similar (absolute Db < 0.2) and discarded otherwise. Sites for which at least one methylation site per condition

was available were kept. For each site, Db was computed as the difference between the mean (or unique) values for METTL3 KO

and WT cells.

WGBS data annotation

Each WGBS site was assigned to a transcript region by intersecting, with bedtools intersect (v2.25.0),116 its chromosomal position

with the promoter and gene-body regions defined in the section ‘‘Infinium array reannotation’’.

Additionally, repeated regions for the mm10 genome build were downloaded from the repeatMasker database with Table Browser

from the UCSC website (https://genome.ucsc.edu/cgi-bin/hgTables) (downloaded on the 2024-01-17). For simplicity, the repeated

regions were re-defined as follows:

1- ‘repFamily’ was used as main criterion

2- Families with less than 1000 occurrences and the family ‘Unknown’ were grouped under the term ‘Other’.

3- The multiple ‘hAT’ families were regrouped under a single term, as were the ‘TcMar’ families

4- For better comparison with Xu et al.,31 the ERVK family was refined into IAPEz and non-IAPEz ERVK by means of the

‘‘repName’’

The mm10 repetitive regions obtained were then overlapped with the WGBS sites with bedtools intersect (v2.25.0).116

Finally, WGBS sites overlapping simultaneously with a repeated region and a promoters or gene-body were excluded.

Integration of public Mettl14 and H3K36me3 ChIP-seq data

For comparison of publicMettl1435 andH3K36me355 ChIP-seq data (GSE206730, GSE31039), bigwig fileswere directly downloaded

from the GEOwebsite (https://www.ncbi.nlm.nih.gov/geo/). H3K36me3 having been aligned with mouse genomemm9, the genomic

locations of relevant bed files (e.g.Mettl3-dependent 5mC sites or Dnmt3bChIP-seq peaks) were lifted frommm10 tomm9bymeans

of the ‘liftOver’ tool.115 Scores for each genomic region were then computed with computeMatrix from deepTools (v3.5.4) and the

matrices were imported into R. The signal was first averaged per bin and per condition. Then, to correct for differences in analysis

methods between the two datasets, the signal was normalized to local background by adjusting each condition’s signal relatively to

the mean signal of the outermost 10% bins at the 5’ and 3’ ends of the windows.

Integration of data from ESCs and EBs

For 5mC, when b-values are utilized, data were processed as previously described (cf. Infinium methylation array data analysis sec-

tion) with no additional normalization. To mitigate batch effects between the ‘Mettl3’ and ‘Mettl14’ datasets and between ESCs and

EBs, integration of the 5mC data involved separate normalization for each experimental set. Within each batch (i.e. ES Mettl3, EB

Mettl3, ES Mettl14, and EBMettl14), the data underwent z-score transformation for the whole batch (including WT, KO, and rescued

cells when relevant). Then, the normalized data were averaged per condition. ES data from the Mettl3 and Mettl14 KO batches were

merged together, as were EB data from both batches. To establish baseline values, WT cells from the Mettl3 and Mettl14 batches

were averaged as one unified ‘‘WT’’ signal (separately for ES and EB) for downstream analysis.

For RNA-seq data, as with 5mC, the datasets were first segregated into ESCs and EBs for each batch (Mettl3 or Mettl14). The data

were then normalized using z-score transformation within each batch (including WT, KO, and rescued cells when applicable). We

then merged the two EB batches and performed hierarchical clustering using average linkage. GSEA was carried out with the fGSEA

package (v.1.26.0),121 with genes pre-ranked by log2 fold change from the differential analysis. Gene set collections were down-

loaded from the Molecular Signatures Database (v.7.5.1; http://www.gsea-msigdb.org/gsea/msigdb/index.jsp).

Statistical analysis

Statistical significance was calculated with Student’s t-test, the Wilcoxon rank-sum test, the Pearson or Spearman correlation test,

the hypergeometric distribution test, the chi-squared test, the Kolmogorov-Smirnov test, ANOVA, or the linear regression test with

interaction, with the type of test (paired or unpaired, one-sided or two-sided) specified in the corresponding legend. When required,

correction for multiple testing was applied by means of the Benjamini-Hochberg method or FDR, as indicated. The criterion for sta-

tistical significance was p-value (or corrected p-value) < 0.05. No statistical method was used to predetermine sample size. Unless

otherwise stated, error bars in the graphical data represent means ± standard error of the mean or median and interquartile range
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(IQR), and boxplots present medians as center lines, with box limits representing the upper and lower quartiles and whiskers

representing 1.53IQR. All sequencing and Infinium array data were generated from three independent experiments, except for

the m6A-seq data for METTL3-KO, which was generated from two replicates. Statistical details of experiments can be found in

the figure legends. Statistical analyses were performed with Graphpad Prism version 7 or R version 4.2.2. Schemes were created

with BioRender.com.
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Figure S1. METTL3-METTL14 recruit the DNA methyltransferase DNMT1 to chromatin, related to Figure 1

(A) Immunostaining of COS-7 cells transfected with Myc-METTL3 or Myc-METTL14 (green) and empty RFP vector (red), as negative controls of Figure 1B. Scale

bars, 5 mm, median as horizontal bar.

(B) METTL14-FLAG interacts with DNMT1-Myc by co-immunoprecipitation in transiently expressing HeLa cells (n = 3). EGFP-Myc as negative control.

(C) Schematic illustration of METTL14 domains (top) and pull-down of GST-tagged METTL14 domains with recombinant FLAG/His-tagged DNMT1 (bottom).

Asterisks mark METTL14 domains. (n = 3).

(D) CoIP in transiently transfected HeLa cells indicates that DNMT1-Myc interacts with full-length METTL14-FLAG, but not with METTL14-DRGG-FLAG. (n = 3).

(E) Schematic of the METTL14 RGG1 and RGG2 subdomains (top) and pull-down showing interaction between GST-tagged RGG2 and recombinant FLAG/His-

tagged DNMT1 (bottom). Asterisks mark the RGG subdomains (n = 3).

(F and G) The GAL4-METTL14 fusion constructs used in Figures 1F and 1G display similar chromatin binding by GAL4 ChIP-qPCR. Two-tailed unpaired t test (ns,

non-significant).

(H and I) Expression of the GAL4-tagged constructs and FLAG-tagged DNMT1 in HEK2935XUAS cells, as used in GAL4-5XUAS recruitment assays (related to

Figures 1F, 1G, and 1I).
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Figure S2. METTL3 promotes DNMT1-dependent gene-body 5mC, related to Figure 2

(A) Validation of METTL3 knockout by western blotting in two independent HeLa cell clones (n = 3).

(B) Reduced DNA methylation in a second HeLa METTL3 KO clone (n = 3).

(legend continued on next page)
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(C) Principal-component analysis (PCA) based on the 2,070 most variable CpGs in WT and METTL3 KO HeLa cells.

(D) Heatmap depicting the 5mC level of the 10,000 CpGs with the most variation (Db) among WT and METTL3 KO HeLa cells.

(E) METTL3 KO does not affect the expression of DNA methyltransferases by western blotting (n = 3).

(F) Validation of reduced m6A levels in HeLa cells treated with 25 mM STM-2457 by dot blotting (n = 3).

(G–I) Scheme representing targeted m6A erasure by CRISPR-dCasRX-ALKBH5 (G). In HEK293T cells, targeting dCasRX-ALKBH5 to SQLE increased RNA

levels (H, by RT-qPCR), as expected from the RNA-destabilizing effect of m6A (H), but it did not affect local 5mC levels (I, by pyrosequencing). Data as means ±

SEM (n = 3).

(J) Reduced levels of SETD2 (left) and H3K36me3 (right) in SETD2-knockdown HeLa cells (n = 3).

(K) Reduced levels of DNMT1, DNMT3A, and DNMT3B following knockdowns in HeLa cells (n = 3).

(L) Reduced CpG methylation across all genes in DNMT1-KD HeLa cells (n = 3).

(M) SETD2-dependent 5mC sites (Db%�0.1 in SETD2-KD cells) are hypomethylated following depletion of DNMT3A or DNMT3B, whereas negative control sites

(|Db| % 0.005 in SETD2-KD cells) are globally unaffected.

(N) Differential 5mC levels (Db) indicate that METTL3 (STM-2457) or FTO (FB23-2) inhibitors have little to no impact on METTL3-dependent sites.

p values by two-tailed t test (B, H, and I).
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Figure S3. Both 5mC and m6A fine-tune expression of common target genes, related to Figure 3

(A) Number of methylated CpGs associated with genes whose transcripts are either m6A-marked or not in HeLa cells.

(B) Proportions of m6A peaks in transcript regions (left) and percentage of 5mC-modified CpGs among those co-occurring with m6A by transcript region (right).

p values by hypergeometrical test: TSS = 1, 50 UTR = 0.61, CDS = 1.13e�206, stop codon = 4.13e�81, and 30UTR = 4.67e�3.

(C) Percentage of 5mC-m6A target genes with or without intragenic CpG islands (CGI, top) and representative associated gene ontology pathways (bottom).

(D) METTL3 depletion globally reduces m6A levels in HeLa cells (n = 2).

(E) METTL3-dependent m6A-marked genes display increased transcript half-life in METTL3-depleted HeLa cells, as assessed by actinomycin D assay followed

by RNA-seq (n = 3).

(F) Changes in m6A do not correlate with changes in translation efficiency (TE, by polysome profiling sequencing) upon METTL3 depletion (n = 3). METTL3

dependency defined by a 1.5-fold decrease in m6A level in METTL3 KO. Spearman correlation analysis (left).

p values by two-sided t test (D–F, right).
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Figure S4. In ESCs, Mettl3-Mettl14 promote DNMT1-dependent gene-body 5mC, related to Figure 4

(A) Validation of Mettl3 knockout by western blotting in ESCs (n = 3).

(B) Mettl3 KO in ESCs does not affect the expression of DNA methyltransferases (Dnmt1, Dnmt3a, and Dnmt3b) by RNA-seq. Data as means ±SD (n = 3).

(C) Whole-genome bisulfite sequencing (WGBS) shows 5mC reduction in gene-body and intergenic regions inMettl3-depleted ESCs. From published data (GEO:

GSE126243).31

(D) Dnmt3b depletion in ESCs leads to DNA hypomethylation in regions identified as Dnmt3b targets by ChIP-seq. From published data (GEO: GSE72856).15

(legend continued on next page)
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(E and F) H3K36me3 and Mettl14 ChIP-seq signals are enriched at Dnmt3b target regions (ChIP-seq peaks) in ESCs (E), with examples of ChIP-seq tracks (F).

From published data (GEO: GSE72856, GSE206730, and GSE31039).15,35,55

(G) Validation of Dnmt1 knockout by western blotting in ESCs (n = 3).

(H) Global DNA hypomethylation observed among genes with Mettl3-dependent 5mC, following Dnmt1 depletion in ESCs.

(I) No significant changes in 5mC following Mettl3 inhibitor treatment (STM-2457) in ESCs (n = 3). Data plotted as in Figure 2E.

(J) Distribution of Mettl3-Mettl14 ChIP-seq targets (among genes with Mettl3-dependent 5mC deposition) based on their reliance on the catalytic activity of

Dnmt1 and/or Dnmt3b in ESCs (5mC loss R10% upon Dnmt1 and/or Dnmt3b KO).

p values by two-sided t test (B and C).
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(legend on next page)
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Figure S5. Coordinated regulation of gene expression through 5mC transcriptional effect and m6A post-transcriptional effect in ESCs,

related to Figure 5

(A) Schematic of nascent transcript measurement by SLAM-seq, using 4-thiouridine (S4U) incorporation into newly synthesized RNA and T-to-C chemical

conversion.

(B) Changes in nascent and steady-state transcript levels uponDnmt1 KO correlate with 5mC loss. Genes are grouped by the extent of 5mC loss in the gene-body

(Db left to right: < �0.2, �0.2 to �0.15, �0.15 to �0.1, �0.1 to 0; >0) and promoter region (Db left to right: >0, 0 to �0.05, �0.05 to �0.1, �0.1 to �0.2, <�0.2).

(C) Example of genes with Mettl3-dependent 5mC that are downregulated (by RNA-seq) and hypomethylated (by 5mC Infinium) in Dnmt1 KO ESCs.

(D) Validation of Mettl14 knockout in ESCs by western blotting (n = 3).

(E–G) Depletion of Mettl14 globally increases RNA stability in ESCs (actinomycin D assay and RNA-seq, n = 3) (E), with representative transcripts (F), and this

depletion has a post-transcriptional effect comparable to that seen in Mettl3 KO ESCs (G, from published data GEO: GSE86336).61

(H) Schematic of the strategy used in Figure 5I using SLAM-seq data. Linear correlation between nascent transcription (‘‘nascent tx’’) and steady-state transcript

levels (‘‘expression’’) indicates transcriptional regulation, while deviations above or below the x = y diagonal suggest post-transcriptional regulation (stabilizing or

destabilizing effect, respectively).

(I) PRO-seq maps active transcription, as shown here in ESCs grown in 2i + LIF for highly and lowly expressed genes (>25 and 1–5 cpm, respectively, n = 3).

(J) Gain of m6A (fold-change > 1.5) is associated with reduced gene expression at 24 h of formative pluripotency induction (left, by RNA-seq), with no concomitant

change in active transcription (right, by PRO-seq).

p values by one-way ANOVA (B), two-sided t test (E and J), and linear regression (on log2 values) test (F).
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(legend on next page)
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Figure S6. The role of both 5mC and m6A during ES-to-EB differentiation, related to Figure 6

(A) Validation of Mettl14 KO and rescue with Mettl14WT or Mettl14DRGG in ESCs by western blotting (n = 3).

(B) Mettl3 KO EBs failed to upregulate the differentiation markers T, Foxa2, and Otx2 and to downregulate the pluripotency markers Nanog, Sox2, and Rex1. EB-

to-ES ratio by RT-qPCR (n = 3).

(C) EB formation upon Mettl14 depletion is fully rescued by Mettl14WT but only partially by Mettl14DRGG, as judged on the basis of EB size at day 8. Scale bar,

200 mm. Number of EBs (n) as indicated.

(D) Mettl14 KO reduces gene-body 5mC levels in ESCs, which is rescued by Mettl14WT but not Mettl14DRGG expression (n = 3).

(E and F) Mettl14 KO does not affect Dnmt1 protein levels, (E, by western blotting, n = 2) or transcript levels of the DNA methyltransferases Dnmt1, Dnmt3a, and

Dnmt3b (F, by RNA-seq, n = 3).

(G) Mettl3 KO leads to global DNA hypomethylation in ESCs and EBs (n = 3). Group medians as dashed lines.

(H) Representative tracks with gain of m6A upon exit from pluripotency, obtained for known target RNAs.

(I) Heatmap of key lineage differentiation genes (RNA-seq) showing that Mettl14DRGG expression partially rescues differentiation of Mettl14 KO EBs.

Data as mean ± SEM (B) or means ±SD (F). p values by two-tailed t test (B, C, and F).

ll
Article



(legend on next page)
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Figure S7. The dynamics of 5mC and m6A regulate expression of key genes in differentiating ESCs, related to Figure 7

(A) Criteria for identifying candidate genes regulated by 5mC-m6A in ESCs: (1) destabilizing m6A effect (expression log2 fold-change > 0 in Mettl3i), (2) a tran-

scriptional effect of 5mC, leading to lower expression upon Mettl3 KO (fold-change Mettl3 KO < fold-change Mettl3i), and (3) co-occurrence of m6A and gene-

body 5mC (average b R 0.25).

(B) GO annotation for peri-implantation development among candidate genes. Gray bars represent gene counts (left y axis), and the red line shows percentage

(right y axis) in each GO category.

(C) Divergent regulation of differentiation-involved candidate genes following Mettl3 inhibition or Mettl3 KO in ESCs by RNA-seq.

(D) Examples of candidate genes with an increased gene-body 5mC level during EB differentiation.

(E) Mettl14 KO reduces gene-body 5mC levels in candidate genes in EBs, and normal levels are rescued by Mettl14WT, but not Mettl14DRGG expression (n = 3).

(F) Examples of candidate genes showing, in ESCs, reduced nascent transcript formation following Dnmt1 depletion.

(G) Candidate genes display either gain or loss of m6A during differentiation, with ‘‘up’’ candidate genes mainly losing m6A.

(H) Relief from post-transcriptional downregulation through m6A loss (log2 fold-change < 0) facilitates upregulation of candidate genes during EB differentiation.

(I) Examples of candidate genes with increased transcript stability following Mettl14 depletion in ESCs (actinomycin D assay). Linear regression (on log2
expression values) test with interaction.

(J) Schematic model of Mettl3-mediated DNA gene-body methylation and RNA methylation. (a) This study highlights that, aside from known RNA methylation

mechanisms, Mettl3-Mettl14 recruits Dnmt1 to chromatin via the RGG domain to promote gene-body methylation. (b) On shared 5mC-m6A targets, gene-body

methylation promotes nascent transcription, whereas m6A has a post-transcriptional destabilizing effect. (c) In ESCs, 5mC and m6A counteract each other on

shared targets, but the balance between the two marks may shift during exit from pluripotency. Specifically, upregulation of many key differentiation genes is

unlocked by a prominent increase of 5mC and reduced m6A.
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