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SUMMARY
METTL14 (methyltransferase-like 14) is an RNA-binding protein that partners with METTL3 to mediate N6-
methyladenosine (m6A) methylation. Recent studies identified a function for METTL3 in heterochromatin in
mouse embryonic stem cells (mESCs), but the molecular function of METTL14 on chromatin in mESCs
remains unclear. Here, we show that METTL14 specifically binds and regulates bivalent domains, which
are marked by trimethylation of histone H3 lysine 27 (H3K27me3) and lysine 4 (H3K4me3). Knockout of
Mettl14 results in decreased H3K27me3 but increased H3K4me3 levels, leading to increased transcription.
We find that bivalent domain regulation by METTL14 is independent of METTL3 or m6A modification.
METTL14 enhances H3K27me3 and reduces H3K4me3 by interacting with and probably recruiting the
H3K27 methyltransferase polycomb repressive complex 2 (PRC2) and H3K4 demethylase KDM5B to
chromatin. Our findings identify an METTL3-independent role of METTL14 in maintaining the integrity of
bivalent domains in mESCs, thus indicating a mechanism of bivalent domain regulation in mammals.
INTRODUCTION

Histone proteins and their post-translational modifications have

emerged as important players in the regulation of gene expres-

sion and other chromatin-templated processes. Histone H3

lysine 4 trimethylation (H3K4me3) and histone H3K27me3 play

important roles in gene activation and repression, respectively,

in mouse preimplantation embryos.1 Chromatin regions

composed of both H3K4me3 and H3K27me3 are termed biva-

lent domains, which are prevalent in mouse embryonic stem

cells (mESCs).2 Genesmarked by bivalent domains are generally

believed to be in a poised state and can be activated rapidly in

response to developmental cues.2 Accumulating evidence sug-

gests that the polycomb repressive complex 2 (PRC2), which

mediates H3K27me3 of chromatin, including bivalent domains,

functions as a brake to prevent the premature activation of biva-

lent genes.3,4 Recent studies also suggested that H3K4me3 is

crucial for keeping these genes from DNA methylation.5,6 How-

ever, how the bivalent domains are established and regulated

remains incompletely understood.

Previous studies identified RNA-binding proteins (RBPs) at

bivalent promoters,7 where they regulate H3K27me3.8,9

METTL14 is an RBP that partners with METTL3 to mediate N6-

methyladenosine (m6A) modification on both mRNA and non-

coding RNAs.10–15 METTL3/METTL14 also mediates m6A

modification on RNAs transcribed from repetitive elements and
This is an open access article under the CC BY-N
nascent RNAs to regulate heterochromatin16–19 and transcrip-

tion,10,11,20,21 respectively. Of the heterodimeric METTL3/

METTL14 catalytic core complex, METTL3 mediates catalysis,

whileMETTL14 provides binding to substrate RNA.22–24 Interest-

ingly, some earlier studies hinted at functions of METTL3 and

METTL14 that are potentially independent of each other. For

example, depletion of METTL3 and METTL14 in mouse results

in different phenotypes in spermatogenesis.25 In addition, the

chromatin-binding sites of METTL3 and METTL14 show distinct

profiles and very little overlap in primary embryonic lung fibro-

blasts26 and in acute myeloid leukemia (AML) cells,27

respectively.

Here, we report that in mouse ESCs, in contrast to METTL3,

which is enriched at repetitive elements, METTL14 is by and

large enriched at genomic regions decorated by both

H3K27me3 and H3K4me3, i.e., the bivalent domains. We

show that loss of METTL14 leads to a significant and selective

reduction of H3K27me3 and an increase of H3K4me3 at these

bivalent domains, leading to gene activation, suggesting that

METTL14 is important for the integrity of bivalent domains.

Mechanistically, METTL14 appears to maintain bivalent do-

mains by promoting the binding of the H3K27me3 writer, the

PRC2 complex, and the H3K4me3 eraser, KDM5B. Our find-

ings have thus uncovered a role of METTL14 in the regulation

of bivalent domains and gene expression, independent of

METTL3-mediated m6A.
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Figure 1. METTL14 binds to bivalent domains

(A) Heatmaps showing density of METTL14 on METTL14 peaks (n = 3,179) in parental and Mettl14 KO cell lines.

(B) Venn diagram showing overlaps between METTL14 and METTL3 peaks. p = 1.24e�175. Fisher’s exact test.

(C) Bar graph showing the overlapping rates (Jaccard statistics; see STAR Methods) of METTL14 peaks with peaks of different histone modifications.

(D) UCSC genome browser snapshots showing the binding patterns of METTL14 and histone modifications at representative bivalent domains.

(E) Venn diagram showing overlaps between METTL14 peaks and bivalent domains. p = 0. Fisher’s exact test.

(F) Venn diagram showing overlaps between METTL14 target genes and bivalent genes. p = 0. Fisher’s exact test.

Heatmaps were ranked according to METTL14 density in parental cells in descending order in (A). Two replicates of H3K4me3 and H3K27me3 ChIP-seq were

performed.
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RESULTS

METTL14 primarily binds to bivalent domains
We carried out chromatin immunoprecipitation sequencing

(ChIP-seq) of METTL14 in mESCs and identified 3,179

METTL14-enriched peaks, which are significantly reduced in

theMettl14 knockout (KO) cells (Figures 1A and S1A–S1C), sug-

gesting that these peaks represent bona fide METTL14-binding

sites. To further exclude ChIP-seq signals that might be caused

by antibody cross-reactivities and to confirm our finding, we first

generated mESCs in which the endogenous Mettl14 alleles are

tagged with FLAG-FKBP12F36V. METTL14 proteins can be

degraded rapidly (12 h) upon addition of degradation tag 13

(dTAG-13) (Figure S1D). We then carried out ChIP-seq with a

FLAG antibody in this cell line in the presence and absence of

dTAG-13, which induced METTL14 degradation (Figure S1E).

As METTL14 forms heterodimers with METTL3,28 we next deter-

mined METTL3 binding sites by analyzing public available ChIP-
2 Cell Reports 42, 112650, June 27, 2023
seq datasets.16 Surprisingly, we found that, by and large,

METTL14 does not co-localize with METTL3 on chromatin

(4.5%, 142/3,179) no matter whether METTL14 locations are

identified by METTL14 antibodies (Figure 1B) or by FLAG anti-

bodies in the dTAG-METTL14 cell line (Figure S1F). Specifically,

METTL14 is significantly enriched at gene promoters and CpG

islands (39.4%, 1,252/3,179), while METTL3 is mostly localized

to introns and intergenic regions (98%, 2,604/2,656) as reported

previously,16 suggesting that METTL14 may play a METTL3-in-

dependent role on chromatin.

To investigate potential roles of METTL14 on chromatin, we

first investigated the histone modification features at its binding

sites by analyzing the public ChIP-seq datasets in mESCs.29 We

observed substantial overlaps betweenMETTL14 andH3K4me3

peaks (75.8%, 2,409/3,179), which are associated with active

promoters but not with H3K27ac (14.7%, 466/3,179), which is

another active promoter mark. METTL14 binding sites also sub-

stantially overlap with the repressive histone mark H3K27me3
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Figure 2. METTL14 regulates histone modifications at bivalent domains
(A and B) Aggregation plots showing the average enrichments of H3K27me3 (A) and H3K4me3 (B) at bivalent domains (n = 4,863) in parental andMettl14 KO cell

lines.

(C) UCSC genome browser snapshots showing the binding patterns of histone modifications on representative bivalent domains in parental andMettl14 KO cell

lines.

(D) Heatmap showing densities of METTL14 at bivalent domains (n = 4,863) in parental cell lines.

(E and F) Heatmaps showing ChIP-seq fold changes (log2(Mettl14 KO/parental)) of H3K27me3 (E) and H3K4me3 (F) at bivalent domains (n = 4,863).

(G) Boxplot showing density (log2(density)) of METTL14 at bivalent domains quartered into four groups according to METTL14 binding density from high to low

(n = 1,216, 1,216, 1,216, and 1,215 peaks in groups 1, 2, 3, and 4, respectively). ****p < 0.0001 (exact p values from left to right: 0, 0, and 0), two-sided paired t test.

(legend continued on next page)
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(74.5%, 2,367/3,179). The Jaccard statistics (see STAR

Methods) betweenMETTL14 binding sites and histonemodifica-

tion peaks also show strong correlations of METTL14 with

H3K4me3 and H3K27me3 (Figure 1C). Chromatin regions

composed of both H3K4me3 and H3K27me3 are termed biva-

lent domains, which play crucial roles in regulating develop-

mental genes during mouse embryo development.2 Our findings

thus suggest that METTL14 specifically binds to bivalent

domains in mESCs. We further performed H3K4me3 and

H3K27me3 ChIP-seqs and calculated co-enrichments of

H3K4me3 and H3K27me3 with METTL14 (Figure 1D). Indeed,

we found that a large proportion of METTL14 binding sites

(59.3%, 1,885/3,179) overlapped with bivalent domains, while

26.2% (835/3,179) and 8.8% (279/3,179) overlapped with

H3K4me3 only and H3K27me3 only, respectively (Figure 1E).

In order to determine whether METTL14 binding sites harbor

both H3K4me3 and H3K27me3 simultaneously, we carried out

the ChomeID technique30 to capture H3K4me3-H3K27me3 co-

decorated chromatin regions. Specifically, we overexpressed a

hemagglutinin (HA)-tag-fused protein containing a H3K27me3

reader domain (CBX7_Chromo) and a H3K4me3 reader domain

(TAF3_Phd) in mESCs (Figure S1G) and performed HA ChIP.

Consistent with previous study, we found that the HA ChIP

enrichment level at bivalent regions is significantly higher than

monovalent regions (Figure S1H). In addition, we found the fused

protein is enriched at METTL14 binding sites (Figure S1I), sup-

porting the idea that the METTL14 binding sites contain both

H3K4me3 and H3K27me3. In addition, most of METTL14 target

genes (74.2%, 1,840/2,480) are bivalent genes (Figure 1F),

whose transcription is regulated by H3K4me3 and H3K27me3

at bivalent domains.2 Collectively, these observations suggest

that METTL14 specifically binds to bivalent domains and may

play a regulatory role in mESCs.

METTL14 loss leads to decreased H3K27me3 and
increased H3K4me3 levels at bivalent domains
To investigate the functional importance ofMETTL14 enrichment

at bivalent domains, we first asked whether METTL14 regulates

key histone modifications at bivalent domains by carrying out

H3K4me3 and H3K27me3 ChIP-seq in parental and Mettl14

KO cell lines. We identified an overall decrease of H3K27me3

as well as an overall increase of H3K4me3 at bivalent domains

upon METTL14 loss (Figures 2A, 2B, and S2A), suggesting that

METTL14 regulates bivalent domain integrity in mESCs. We

further verified the change of H3K27me3 levels by ChIP-qPCR

(Figure S2B). UCSC genome browser snapshots of H3K4me3

and H3K27me3 at a cluster of representative bivalent genes in

parental and Mettl14 KO cells are shown in Figures 2C and

S2C, respectively. Importantly, we observed positive correla-
(H and I) Boxplot showing ChIP-seq fold changes (log2(Mettl14 KO/parental)) of

**p < 0.01, ****p < 0.0001 (exact p values of H from left to right: 2.34e�06, 2.12e�0

1.19e�07), two-sided t test.

For boxplots in (G)–(I), the middle line and lower and upper hinges of the boxplo

whiskers extend from the hinges to no further than 1.53 IQR (interquartile range)

according to METTL14 density in parental cells in descending order in (D)–(F). Fo

correspond to the median and the first and third quartiles, respectively. The whisk

points are plotted individually. ChIP-seq density is added by 1 before log2 trans
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tions between METTL14 binding density and fold changes of

H3K27me3 and H3K4me3 (Figures 2D–2F). Specifically, we

divided bivalent domains into four groups representing differen-

tial METTL14 binding intensities ranging from high to low (Fig-

ure 2G). We observed that bivalent domains with higher

METTL14 binding showed a greater decrease of H3K27me3 as

well as a greater increase of H3K4me3 uponMETTL14 depletion

(Figures 2H and 2I). These data suggest that METTL14 regulates

both H3K27me3 and H3K4me3 at bivalent domains. As

METTL14 depletion may lead to mESC differentiation, to reduce

the bias caused by potential cell identity change, we also per-

formed H3K4me3 and H3K27me3 ChIP-seq in the dTAG-

METTL14 cells where METTL14 can be degraded rapidly before

cells manifest signs of differentiation. Consistently, while no sig-

nificant cell morphology change was observed (Figure S2D), the

24 h dTAG treatment caused a near-complete depletion of

METTL14 (Figure S1E) and a prominent increase in H3K4me3

(Figure S2E). However, we observed only a very modest

decrease of H3K27me3 (Figure S2F). We reasoned that it is

possibly due to the relatively longer turnover rate of this modifi-

cation and that more than 24 h is needed to observe significant

changes. Alternatively, but not mutually exclusively, METTL14

may contribute to the de novo establishment of H3K27me3. To

test this possibility, we treated the mESCs with the PRC2 inhib-

itor EPZ6438 for 7 days. We then withdrew EPZ6438 and treated

the cells with DMSO or dTAG-13 for an additional 24 h before

measuring the H3K27me3 level. We found that the H3K27me3

level was decreased to the background level after EPZ6438

treatment and restored after EPZ6438 withdrawal (Figure S2G).

It is worth noting that the restored H3K27me3 level is signifi-

cantly lower in the METTL14 depleted cells, suggesting that

METTL14 plays an important role in H3K27me3 establishment

(Figure S2G).

METTL14 loss leads to increased transcription of
bivalent genes
As the transcription activity of bivalent genes is regulated by the

balance between the active mark H3K4me3 and the repressive

mark H3K27me3,2 we next asked whether the RNA level of biva-

lent genes is impacted by METTL14 depletion. We performed

RNA-seq in parental andMettl14KO cells and found significantly

increased expression of METTL14-bound bivalent genes (Fig-

ure 3A). On the contrary, such an increase is not observed in

the METTL14-unbound bivalent genes or the METTL14-bound

non-bivalent genes (Figure 3A). We further showed that bivalent

genes with higher METTL14 binding showed a greater increase

of their expression levels (Figure 3B). qRT-PCR assays also vali-

dated thatMettl14 KO led to an increase of the expression levels

of METTL14-bound bivalent genes (i.e., the Hoxd family genes,
H3K27me3 (H) and H3K4me3 (I) on four groups of bivalent domains as in (G).

9, and 8.60e�03; exact p values of I from left to right: 3.45e�30, 1.52e�16, and

t correspond to the median and the first and third quartiles, respectively. The

from the hinge. Outlying points are plotted individually. Heatmaps were ranked

r boxplots in (D)–(F), the middle line and lower and upper hinges of the boxplot

ers extend from the hinges to no further than 1.53 IQR from the hinge. Outlying

formation.
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Figure 3. METTL14 regulates transcription of bivalent genes

(A) Boxplot showing RNA-seq densities (log2(RPKM)) of theMETTL14-bound bivalent genes (n = 1,840), METTL14-unbound bivalent genes (n = 2,044), and other

METTL14-bound genes (n = 641) in parental and Mettl14 KO cell lines. ****p < 0.0001 (exact p values from left to right: 8.08–10, 3.35e–01, and 5.09e–01), two-

sided t test.

(B) Boxplot showing RNA-seq densities fold changes (log2(Mettl14 KO/parental)) of the bivalent genes associated with the four groups of bivalent domains

defined in Figure 2G (n = 1,087, 1,035, 973, and 789 genes in groups 1, 2, 3, and 4, respectively). **p < 0.01, ****p < 0.0001 (exact p values from left to right: 2.19e–

14, 5.14e–03, and 3.25e–01), two-sided t test.

(C) qRT-PCR showing relative expression levels of bivalent genes (Foxa2, Irx3, Hoxd11) in parental and Mettl14 KO cell lines. The mean of three biological

replicates ± SD is shown. *p < 0.05, **p < 0.01 (exact p values from left to right: 3.69e–02, 2.50e–03, 9.81e–03, and 9.70e–01), two-sided t test.

(D–F) UCSC genome browser snapshots showing the transcription levels of bivalent genes (Foxa2, Irx3, Hoxd11) in parental and Mettl14 KO cell lines.

For boxplots in (A) and (B), the middle line and lower and upper hinges of the boxplot correspond to the median and the first and third quartiles, respectively.

The whiskers extend from the hinges to no further than 1.53 IQR from the hinge. Outlying points are plotted individually. RNA-seq density is added by 0.01

before log2 transformation. Two replicates of RNA-seq were performed. Three replicates of H3K27me3 ChIP-qPCR were performed.
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Foxf2, Irx3) (Figure 3C). Such alterations were shown in UCSC

genome browser snapshots (Figures 3D–3F). In addition, we

showed that protein levels of these genes are also up-regulated

inMettl14KOcells (Figure S3A). GeneOntology (GO) analysis re-

vealed that bivalent genes regulated by METTL14 were closely

associated with multicellular organism development (Fig-

ure S3B), consistent with the report that METTL14 is important

for development and differentiation.31 Collectively, these find-

ings suggest that METTL14 binds and regulates bivalent gene

expression in mESCs.

METTL3 is not required for METTL14 to regulate
bivalent domains
METTL3 and METTL14 form a stable heterodimer mRNA m6A

methyltransferase complex.28 To explore whether m6A

was involved in METTL14-mediated regulation of bivalent do-

mains, we generated and validated rescued cell lines containing

either wild-type METTL14 (METTL14WT) or mutants unable to

support METTL3-mediated m6A methylation (METTL14R298A

and METTL14D312A)23 (Figures S3C and SD). Interestingly, we

found that METTL14WT and mutants (METTL14R298A and

METTL14D312A) both readily restored H3K27me3 and H3K4me3

in the Metttl4 KO cells (Figures 4A, 4B, and S3E–S3F). Consis-

tently, bivalent domains with higher METTL14 binding showed a

greater decrease of H3K27me3 as well as a greater increase of

H3K4me3 upon METTL14 depletion, which can be rescued by

METTL14WT as well as by METTL14R298A and METTL14D312A

(Figures 4C and 4D).

In order to further investigate whether m6A catalytic activity

impacts bivalent chromatin, we carried out H3K27me3 and

H3K4me3 ChIP-seq in parental and Mettl3 KO cell lines. We

found no overt changes of H3K4me3 in response to METTL3

loss (Figure S3G). However, the H3K27me3 level is significantly

down-regulated. Since METTL3 is barely detectable at bivalent

domains (Figures 1B and S3H), this reduction of H3K27me3 is

likely due to an indirect effect of METTL3.

These results, coupled with the distinct genomic locations of

METTL3 and METTL14 in mESCs, suggest that METTL3 and

m6A are not required for METTL14 to regulate histone modifica-

tions at bivalent domains.

Since METTL14 is an RBP and works with METTL3 to deposit

m6A co-transcriptionally, we next askedwhetherMETTL14 bind-

ing to chromatin is regulated by transcription. We performed

FLAG ChIP in the dTAG-METTL14 cells treated with the tran-

scription inhibitor triptolide and found no significant changes of

FLAG-METTL14 binding upon triptolide treatment (Figure S3I),

suggesting that METTL14 binding to bivalent domains is likely

to be independent of transcription.

METTL14 interacts with H3K4me3 methyltransferase
complex PRC2 and the H3K4me3 demethylases KDM5A
and KDM5B
To gain mechanistic insight into the METTL14 function at biva-

lent domains, we next set out to identify METTL14-interacting

proteins under conditions where METTL3 is absent by purifying

an HA-taggedMETTL14 and its associated proteins from the nu-

cleus ofMettl3KOmESCs (Figure S4A; Table S1). GO analysis of

the co-immunoprecipitated proteins showed that METTL14-in-
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teracting proteins were enriched in mRNA-associated and chro-

matin-associated pathways (Figure S4B). Specifically, among

the high-confident candidates, we found EED and SUZ12, which

are core subunits of the H3K27me3 methyltransferase PRC2

complex, as well as KDM5A and KDM5B, which are H3K4me3

demethylases (Figure S4C). We validated the interactions be-

tween the endogenous METTL14 and the PRC2 complex and

KDM5A/5B in mESCs by reciprocal co-immunoprecipitation

(Figures 5A and 5B). Furthermore, in vitro pull-down experiments

suggested that METTL14 may directly interact with PRC2 and

KDM5A/5B (Figures 5C and 5D). In order to map the regions of

METTL14 that interact with the PRC2 complex, we overex-

pressed different truncations of METTL14 (Figure S4D) and

confirmed that the C-terminal region of METTL14 was important

for the METTL14-PRC2 interaction (Figure S4E), which is consis-

tent with the previous report that the C-terminal region of

METTL14 is essential for the interaction between METTL14

and other proteins.32

METTL14 co-localizes with PRC2 and KDM5B and is
required for PRC2 binding at bivalent domains
The interactions between METTL14 and the PRC2 complex and

KDM5A/5B raised an interesting possibility that METTL14 may

regulate bivalent domains by collaborating with these critical

enzymes relevant to bivalency regulation.We first askedwhether

METTL14 co-binds with these proteins on chromatin. EZH2,

EED, and SUZ12 ChIP-seqs identified 3,570, 3,201, and 3,839

binding sites at bivalent domains, respectively, which we further

found to be significantly overlapped with METTL14 binding sites

(Figure 5E). Consistently, we found that bivalent domains are en-

riched for EZH2, EED, and SUZ12 (Figures 5F and S5A–S5C),

and their binding densities on these elements were positively

correlated with METTL14 (Figures S5D–S5F), suggesting that

METTL14 co-occupies with PRC2 at these regions.

Because of the lack of commercially available ChIP-grade

antibodies for KDM5A/5B, we next interrogated KDM5A/5B

chromatin localizations by analyzing public ChIP-seq datasets

in mESCs33,34 and identified 2,626 KDM5A and 7,921 KDM5B

binding sites, respectively (Figures 5G and 5H). We found over-

laps of a large proportion of METTL14 binding sites with KDM5B

(30.2%, 961/3,179) but not KDM5A (1.57%, 50/3,179)

(Figures 5G and 5H). Consistently, we found that the binding

density of KDM5B, but not KDM5A, at bivalent domains corre-

lated positively with that of METTL14 (Figures 5I, 5J, and S5G–

S5H), suggesting that METTL14 might regulate chromatin bind-

ing of KDM5B but not KDM5A. Importantly, the binding densities

of EZH2, EED, and SUZ12 at bivalent domains were reduced in

the Mettl14 KO cells, while the overall protein levels of EZH2,

EED, and SUZ12 were largely unaltered in the Mettl14 KO cells

(Figures 6A–6C and S5I–S5L). We confirmed the decrease of

EED binding at several representative loci by ChIP-qPCR (Fig-

ure S5M). In addition, bivalent domains with higher METTL14

binding also showed a greater decrease of PRC2 complex occu-

pancy in the Mettl14 KO cells (Figures 6D–6F), suggesting that

METTL14 specifically regulates PRC2 binding at bivalent do-

mains. Consistent with this METTL14-PRC2 regulation axis, we

showed that PCR2 loss led to a similar up-regulation of bivalent

genes as did the METTL14 loss by reanalyzing the published
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RNA-seq data (GEO: GSE56312 and GSE136584) (Figures S6A

and S6B).35,36

Due to the lack of a commercially available ChIP-grade anti-

body, we were not able to investigate the endogenous KDM5B

binding profile in the Mettl14 KO mESCs. In order to overcome

this obstacle, we knocked in the FLAG tag at the N terminus of

the endogenous Kdm5b gene in parental and Mettl14 KO cells

(Figure S6C) and performed FLAG ChIP. Consistent with the
up-regulated H3K4me3 level at bivalent regions, we showed

that the binding densities of FLAG-KDM5B are significantly

down-regulated upon METTL14 loss (Figure S6D).

In summary, our findings identified an important function of

METTL14 in bivalent domain regulation independent of

METTL3 and m6A modification in mESCs and revealed a poten-

tial underlying mechanism, thus providing important insight into

mechanisms of bivalent domain regulation in mammals.
Cell Reports 42, 112650, June 27, 2023 7



EZH2

EED

5%
In

pu
t

Ig
G

M
ET

TL
14

IP

SUZ12

Co-IP

EZH2

5%
In

pu
t

Ig
G

M
ET

TL
14

SUZ12

EED

METTL14
PRC2

+ - +
+ + +

In Vitro Pull-down

KDM5B

5%
In

pu
t

Ig
G

M
ET

TL
14

IP

Co-IP

KDM5A KDM5B

5%
In

pu
t

Ig
G

M
ET

TL
14

METTL14
KDM5B

+ - +
+ + +

In Vitro Pull-down

KDM5A

5%
In

pu
t

Ig
G

M
ET

TL
14

METTL14
KDM5A

+ - +
+ + +

In Vitro Pull-down

METTL14 peaks EZH2 peaks

1,6561,523 1,914

METTL14 peaks EED peaks

1,6021,577 1,599

METTL14 peaks SUZ12 peaks

1,6501,529 2,189

METTL14 peaks KDM5B peaks

9612,218 6,960

Parental
KDM5B density

Bi
va

le
nt

do
m

ai
ns

so
rte

d
by

M
ET

TL
14

Parental
KDM5A density

0

Bi
va

le
nt

do
m

ai
ns

so
rte

d
by

M
ET

TL
14

30

25

20

15

10

5

503,129 2,576

METTL14 peaks KDM5A peaks

0

30

25

20

15

10

5

Evx2 Hoxd13

chr2:74,627,312-74,795,455

Hoxd11Hoxd10 Hoxd8 Hoxd4 Hoxd3 Hoxd1

METTL14

EZH2
350

0

50

0

50kb

EED

SUZ12
300

0

300

0

SETDB1

100

55

100

180

180

180

100

70

100

180 180

A B C D

E F

G H

I J

Figure 5. PRC2 and KDM5A/5B localizations are correlated with METTL14 at bivalent domains

(A) Western blots showing reciprocal immunoprecipitation of METTL14 and PRC2 complex (EZH2, EED, SUZ12).

(B) Western blots showing reciprocal immunoprecipitation of METTL14 and KDM5A/KDM5B.

(C) Western blots showing in vitro pull-down of METTL14 and PRC2 complex (EZH2, EED, SUZ12).

(D) Western blots showing in vitro pull-down of METTL14 and KDM5A (left) and KDM5B (right).

(E) Venn diagram showing overlaps between METTL14 and EZH2 and EED and SUZ12 (exact p values from left to right: 0, 0, and 0). Fisher’s exact test.

(F) UCSC genome browser snapshots showing densities of METTL14, EZH2, EED, and SUZ12 at bivalent domains in parental cell line.

(G and H) Venn diagram analysis showing overlaps between METTL14 and KDM5A (G) and KDM5B (H) (exact p value of G: 8.07e–41; exact p value of H: 0),

Fisher’s exact test.

(I–J) Heatmaps showing densities of KDM5A (I) and KDM5B (J) at bivalent domains (n = 4,863) in parental cell line.

For blots, representative of two independent experiments are shown in (A)–(D). Heatmaps were ranked according to METTL14 density in parental

cells in descending order in (I) and (J). ChIP-seq density is added by 1 before log2 transformation. Two replicates of EZH2, EED, and SUZ12 ChIP-seq were

performed.
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Figure 6. METTL14 regulates PRC2 localization to bivalent domains

(A–C) Heatmaps showing densities of EZH2 (A), EED (B), and SUZ12 (C) at bivalent domains (n = 4,863) in parental and Mettl14 KO cell lines.

(D–F) Boxplot showing ChIP-seq fold changes (log2(Mettl14KO/parental)) of EZH2 (D), EED (E), and SUZ12 (F) on four groups of bivalent domains as in Figure 2G.

*p < 0.05, ****p < 0.0001 (exact p values of D from left to right: 1.71e–02, 3.50e–13, 5.34e–08; exact p values of E from left to right: 3.74e–07, 3.04e–27, and 1.80e–

12; exact p values of F from left to right: 7.19e–145, 1.79e–71, and 6.19e–06), two-sided t test.

(G) Schematic model showing METTL14 regulates PRC2 and KDM5B localization at bivalent domains. Loss of METTL14 results in a decrease of H3K27me3 and

an increase of H3K4me3 and the subsequent activation of these METTL14-bound bivalent genes.

(legend continued on next page)
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DISCUSSION

In this study, we revealed a chromatin binding profile of

METTL14 and provided evidence that METTL14 regulates biva-

lent domain integrity in mESCs. Our conclusion is supported by

multiple lines of evidence including the demonstrations that (1)

METTL3 is not required for METTL14 to regulate bivalent do-

mains; (2) METTL14 co-localizes with PRC2 and is required

for PRC2 enrichment to deposit H3K27me3 at bivalent do-

mains; (3) METTL14 also interacts with KDM5B, which is

required for H3K4me3 regulation at bivalent domains; and (4)

chromatin-bound METTL14 is important for transcription

activity of bivalent genes, as loss of METTL14 increases tran-

scription of those bivalent genes bound by METTL14 (Fig-

ure 6G). Importantly, our findings have uncovered a unique

role of METTL14 in the bivalent domain regulation independent

of METTL3-mediated m6A.

Our findings show that the presence of PRC2 and KDM5B at

bivalent domains is regulated by METTL14, as loss of

METTL14 leads to a significant reduction of these enzymes at

bivalent sites, suggesting that METTL14 could play a role in

the binding of these enzymes at bivalent domains to ensure

the integrity of bivalent domains. Our finding that METTL14

physically interacts with PRC2 and KDM5B suggests that

METTL14 accomplishes this function by regulating H3K27me3

and H3K4me3 through interactions with PRC2 and KDM5B.

However, many questions remain unknown. For instance, how

is METTL14 specifically recruited to bivalent domains to begin

with? Given that METTL14 can bind RNA, chromatin-associated

RNAs, including nascent transcripts and long non-coding RNAs

(lncRNAs),37 might contribute to METTL14 binding, either

through direct interactions or indirect interactions mediated by

other RBPs such as NONO and PSPC1, which are known regu-

lators of bivalent domains.8,9 Interestingly, a recent study

showed that METTL14 specifically binds to G-quadruplex

RNAs through its RGG domain,38 suggesting that RNAs with

specific secondary structures might regulate METTL14 binding.

Interestingly, DNAs at bivalent domains have also been shown to

preferentially form G-quadruplexes,39,40 and thus it will be of

great interest to explore whether DNA or RNA secondary struc-

tures impact METTL14 binding to bivalent domains. Additionally,

METTL14 has also been shown to bind H3K36me3.41 Although

this modification is not enriched at bivalent domains, the histone

modifications that form the bivalent domains, i.e., histone

H3K4me3 andH3K27me3,might also regulateMETTL14 binding

through direct or indirect interactions.

During the revision of this article, another study reported that

METTL14 binds to H3K27me3-enriched chromatin regions.42

Furthermore, they showed that H3K27me3 is up-regulated

upon METTL14 loss. Since the Mettl14 conditional KO (CKO)

cell used in their study showed significant morphological

changes, it remains unclear whether the change of H3K27me3

is a direct or secondary effect of METTL14 loss. In our study,
For boxplots in (D) and (E), the middle line and lower and upper hinges of the boxp

whiskers extend from the hinges to no further than 1.53 IQR from the hinge. O

METTL14 density in parental cells in descending order in (A)–(C). ChIP-seq densi

SUZ12 ChIP-seq were performed.

10 Cell Reports 42, 112650, June 27, 2023
we utilized a METTL14 acute depletion system to show that

H3K27me3 is down-regulated within 24 h upon METTL14 loss,

at which time point no obvious morphological changes were

observed (Figure S2D). Mechanistically, their study showed

that METTL14 interacts with H3K27me3 demethylase KDM6B

to down-regulate H3K27me3 levels at bivalent domains. In our

study, we found that the H3K27me3 level is mainly regulated

by METTL14 physically interacting and probably recruiting the

PRC2 complex and that, consistently, METTL14 loss signifi-

cantly impaired the binding densities of PRC2 components at

bivalent domains. Taken together, our data suggest that

METTL14 directly promotes PRC2 binding and enhances

H3K27me3 levels at bivalent domains, though our data do not

rule out the possibility that METTL14 may also regulates

H3K27me3 levels via KDM6B as well. The exact mechanism of

METTL14 regulating H3K27me3 may be complex and different

in different cell types and under different conditions and there-

fore needs further investigation.

Another question that remains unanswered is the impact of

elevated H3K4me3 upon METTL14 depletion. Recent studies

suggested that H3K4me3 is not required for the activation of

bivalent genes6 but is crucial for keeping these genes from

DNA methylation, which induces permanent gene silencing.5,6

It will be of great interest to investigate in the future whether

the up-regulated H3K4me3 in Mettl14 KO cells leads to DNA

methylation changes during embryo development.

Taken together, our data show that METTL14 is enriched at

bivalent domains, similar to that of the PRC2 complex and

the H3K4me3-specific demethylase KDM5B. Our data further

suggest that METTL14 regulates PRC2 and KDM5B localization

to bivalent domains, possibly through protein-protein interac-

tions. As a result, loss of METTL14 leads to the reduction of

H3K27me3 and subsequent activation of these bivalent genes.

Our findings uncovered a mechanism that regulates bivalent

domains and a unique role of METTL14, independent of

METTL3-mediated m6A, which may contribute to embryo

development.

Limitations of the study
We carried out ChIP-seq of METTL14 with endogenous

METTL14 antibody in mESCs and identified 3,179 METTL14-en-

riched peaks. To further exclude ChIP-seq signals that might be

caused by antibody cross-reactivities, we also generated

mESCs in which the endogenous Mettl14 alleles were tagged

with FLAG-FKBP12F36V and carried out ChIP-seq with a FLAG

antibody and found the endogenous METTL14 ChIP-seq peaks

significantly overlap with the FLAG ChIP-seq signals (44.3%,

1,409/3,179).

We assessed the morphology change of mESCs to evaluate

the potential impact of METTL14 loss on pluripotency/differenti-

ation of the cells. We showed that the morphology of the cells

seems to be flatter and less compact for the Mettl14 KO cells

(Figure S6E), suggesting signs of cell identity change. Tomitigate
lot correspond to the median and the first and third quartiles, respectively. The

utlying points are plotted individually. Heatmaps were ranked according to

ty is added by 1 before log2 transformation. Two replicates of EZH2, EED, and
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this issue, we utilized dTAG technology by integrating the FLAG-

FKBP12F36V tag at the N terminus of the endogenous Mettl14

locus. The addition of dTAG-13 induced a rapid depletion of

METTL14 proteins (Figure S1D), but we observed no significant

morphology change at 24 h after dTAG-13 treatment (Fig-

ure S2D), which is the time point at which we carried out ChIP-

seq experiments. In addition, H3K27me3 levels are significantly

higher inMETTL14WT,METTL14R298A, orMETTL14D312A rescued

cells than Mettl14 KO cells, while only METTL14WT, but not

METTL14R298A or METTL14D312A, rescued cells show a signifi-

cant difference in cell morphology (Figure S6E), suggesting

that the m6A-related function of METTL14 impacts stem cell

identity but that regulation of H3K27me3 is independent of the

m6A-related function of METTL14. It would be helpful to do

METTL14 ChIP in the Mettl14 KO and METTL14WT,

METTL14R298A, or METTL14D312A rescued cells to match the

H3K27me3 and H3K4me3 data in Figures 4A and 4B. Unfortu-

nately, we could not perform METTL14 ChIP in the rescued cells

because the ChIP-grade METTL14 antibody was no longer

available at that time. Additional insights into the regulation of

H3K27me3 by METTL14 need further studies, such as

investigating whether artificially tethering METTL14WT,

METTL14R298A, or METTL14D312A by a CRISPR-based technol-

ogy can restore H3K27me3 at bivalent regions.
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Recombinant human FLAG-PRC2 complex Active Motif Cat#31387

Recombinant human FLAG-JARID1A Active Motif Cat#31431

Recombinant human FLAG-JARID1B Active Motif Cat#31518

Nuclease P1 Thermo Cat#18009027

Alkaline phosphatase Sigma Cat#P4252

HA peptide Synthesize by Chinapeptides Co., Ltd. N/A

Critical commercial assays

MinElute PCR Purification Kit Qiagen Cat#28006

FastStart Universal SYBR Green Master (Rox) Roche Cat#4913914001

TURBO DNA-free Kit Invitrogen Cat#AM1970

PrimeScript RT reagent kit Takara Cat#RR047A

SYBR Premix ExTaq Takara Cat#RR420Q

ACCEL-NGS 2S PLUS DNA LibraryKit SWIFT Cat#21096

DynabeadsTM mRNA Purification Kit Invitrogen Cat#0067112
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Deposited data

Raw and analyzed data This paper GEO: GSE206735

Original western blot images This paper https://data.mendeley.com/datasets/2yhp3dw4sk

H3K4me1, H3K4me2, H3K4me3,

H3K9me3, H3K27me3, H3K27ac

(Bleckwehl et al.29) GSE155062

METTL3 ChIP-seq (Xu et al.16) GSE126243

KDM5A ChIP-seq (Peng et al.34) GSE18776

KDM5B ChIP-seq (Kidder et al.33) GSE53087

Parental and Eed KO RNA-seq (Galonska et al.35) GSE56312

Parental and Eed KO RNA-seq (Zepeda-Martinez et al.36) GSE136584

Experimental models: Cell lines

E14Tg2a murine embryonic stem

cells (mESCs)

Gift from Qi-Long Ying, USC N/A

HEK293T ATCC N/A

Oligonucleotides

Primers for qPCR This paper See Table S2

Primers for cloning This paper See Table S2

Recombinant DNA

Plasmid: PPB-METTL14 (WT) This paper N/A

Plasmid: PPB-METTL14 (R298A) This paper N/A

Plasmid: PPB-METTL14 (D312A) This paper N/A

Plasmid: METTL14 Knock In This paper N/A

Software and algorithms

Tophat2 (Trapnell et al.43) https://ccb.jhu.edu/software/tophat/index.shtml

Bowtie (Langmead et al.44) http://bowtie-bio.sourceforge.net/index.shtm

Samtool (Li et al.45) http://www.htslib.org/doc/samtools.html

Deeptools (Ramirez et al.46) https://deeptools.readthedocs.io/en/develop/

Bedtools (Quinlan and Hall.47) http://bedtools.readthedocs.io/en/latest

Homer (Heinz et al.48) http://homer.ucsd.edu/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents may be directed to and will be fulfilled by the Lead Contact, Hongjie

Shen (hongjieshen@fudan.edu.cn).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

It’s worth noting that the endogenous METTL14 Rabbit Polyclonal antibody used for ChIP experiments in this study (Sigma,

Cat#HPA038002; RRID: AB_10672401; lot: B106302) is no longer commercially available. We have tested other lots (C118715,

E115616, E107157) under the same catalog number, which did not work under our current ChIP condition. It would be important

for others to perform preliminary experiments to make sure the METTL14 antibody is suitable for ChIP experiments.

Data and code availability
d ChIP-seq and RNA-seq data have been deposited at NCBI GEO repository and are publicly available as of the date of publi-

cation. Accession numbers are listed in the key resources table. This paper analyzes existing, publicly available data. These

accession numbers for the datasets are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
E14Tg2a murine embryonic stem cells (mESCs, gift from Qi-Long Ying, USC) were cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM) supplemented with 10% FBS (Gibco, #16000-044), 1%MEM non-essential amino acid (Gibco, #11140), 55 mM b-Mercap-

toethanol (Gibco, #21985-023), 100U/mLPenicillin/Streptomycin (Hyclone, #SV30010), 1000 units/mL LIF (Millipore, #ESG1107) and

MEK inhibitor PD0325901 (1 mM) and GSK3b inhibitor CH99021 (3 mM) at 37�C with 5% CO2.

METHOD DETAILS

Construction of stable cell lines and knockdown
CRISPR-Cas9 gene targeting was carried out as previously described49 and the single knockout clones were isolated and then

confirmed by Western blot showing undetectable protein. Mettl14 KO cells were generated in our previous study.16

For rescued cells, cDNA of full-length murine METTL14 WT (NCBI RefSeq: NM_201638.2) or METTL14 mutation (R298A,

D312A) were cloned into the pPB-CAG-IRES-Pac plasmid (Puromycine resistant). These plasmids were individually co-trans-

fected into mESCs with pCMV-PBase plasmid in a 1:1 ratio using Lipofectamine 3000 (Invitrogen, #L3000-015) according to

the manufacturer’s instruction. Medium was replaced by fresh media with 2 mg/mL Puromycine after 48 h post-transfection.

After continuous selection for 5 days, the surviving mESCs were pooled as stable rescued cell lines.

TAP purification of METTL14 protein complex
In brief, HA-METTL14 stably expressing Mettl3 KO mES cells was established using pPB system as described above. mESCs

nuclear extract was incubated with anti-HA and pre-washed protein A/G beads in the binding buffer (50 mM Tris-HCl pH 7.9,

150 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 20% glycerol, 0.1% NP-40, 3 mM b-ME, protease inhibitors) for 6 h, and then

washed with the same buffer and eluted with HA peptides (Chinapeptides Co., Ltd.). The purified protein complex was

subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis (TIMS-TOF Pro, Bruker Daltonics, Biller-

ica, MA).

Co-immunoprecipitation
mESCs were washed once with PBS and lysed in buffer A (10 mM HEPES pH7.5, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 1mM

PMSF and 1x Protease Inhibitor Cocktail) on ice for 15 min, then NP-40 was added to a final concentration of 0.25% for another

5 min. Nuclei were collected by centrifugation (2,000 rpm, 3 min, 4�C) and re-suspended in buffer C (20 mM HEPES, pH 7.5, 10%

Glycerol, 0.42MKCl, 4 mMMgCl2, 0.2 mMEDTA, 0.5 mMDTT, 1 mMPMSF and Protease Inhibitor Cocktail). After 30min incubation

on ice, nuclear extract was collected by high speed centrifugation (13,000 rpm, 15min, 4�C) as nuclear extract A. Insoluble chromatin

fraction was re-suspended with buffer A (2X volumes of buffer C) with DNase I. After 30 min incubation at 37�C, the soluble fraction

was collected by high speed centrifugation (13,000 rpm, 15 min, 4�C) as nuclear extract B. Nuclear extract A and nuclear extract

B were mixed and incubated with indicated antibody or IgG for 6 h at 4�C, followed by the addition of Dynabeads protein A/G for

another 2 h. The beads were washed for 4 times with wash buffer (Mixture of buffer A and buffer C in a ratio of 2:1). SDS buffer

was directly added to the beads and boiled for 10 min. The samples were loaded on SDS-PAGE gels and subjected to immunoblot-

ting using indicated antibodies.

Genome editing for dTAG endogenous knock-in
To generate dTAG-Mettl14 and cells by the endogenous knock-in, PITCh plasmids (sgRNA cutting and microhomology-contain-

ing dTAG repair template plasmid) were co-transfected into mESCs (See Table S2 for oligo sequences). After recovering

for 2 days without antibiotic selection, cells were serially diluted and cultured with 2 mg/mL puromycin for 5 days. Single-clone

colonies were picked, expanded, and genotyped by genomic DNA PCR targeting the integration site. For homogeneous knock-

in clones, protein degradation efficiency was verified by dTAG-13 (Tocris, #6605) treatment for 12 h followed by western

blotting.

In vitro pull-down
For protein-protein interaction assays, we used recombinant human FLAG-METTL14 (Active Motif, #31568), recombinant human

FLAG-PRC2 complex (Active Motif, #31387), recombinant human FLAG-JARID1A (Active Motif, #31431), recombinant human

FLAG-JARID1B (Active Motif, #31518). A total of 1mg FLAG-METTL14, 2 mg anti-METTL14/IgG and protein A/G beads were incu-

bated in 200mL binding system (50 mM Tris-HCl pH 7.9, 150 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 20% glycerol, 0.1% NP-40,

3 mM b-ME, protease inhibitors). After 1h incubation at 4�C, beads were washed 5 times with binding buffer, and then add 1ug

FLAG-PRC2/KDM5A/KDM5B. After 2h incubation at 4�C, beads were washed 5 times with binding buffer, and then boiled for

10 min in 50 mL of SDS loading buffer for Western blotting analysis.
16 Cell Reports 42, 112650, June 27, 2023
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Isolation of mRNA for QQQ and HPLC analysis
mRNA was isolated from 5mg total RNA followed with DynabeadsTM mRNA Purification Kit (Invitrogen, #0067112). Purified mRNA

was digested by nuclease P1 (Thermo, #18009027) in 25 mL of buffer containing 25 mM NaCl and 2.5 mM of ZnCl2 at 42�C for 2

h, which was followed by addition of NH4HCO3 (1 M, 3mL) and alkaline phosphatase (Sigma, #P4252) and additional incubation at

37�C for 2 h. Samples were then diluted to 60 mL and 5 mL of solution was loaded into liquid chromatography-tandem mass spec-

trometry (LC-MS/MS) (Sciex 4000Qtrap).

ChIP-seq
ChIP assays were performed as described elsewhere.50 Briefly, chromatin samples were incubated with specific antibodies in

the ChIP lysis buffer (20 mM Tris-HCl pH 8.1, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100 and 0.05% SDS) overnight at 4�C.
The protein-DNA complexes were immobilized on pre-washed protein A/G beads. The bound fractions were washed 3 times

with the Lysis buffer, and twice with the Low Salt Wash buffer (10 mM Tris-HCl, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40,

0.5% Na-deoxylcholate), and once with 10 mM Tris-HCl pH8.0. Elution and reverse crosslinking were carried out in the Elution

buffer (50 mM Tris-HCl pH8.0, and 1% SDS) at 65�C for 5 h. After 1 h of RNase A (1 unit/ml) at 37�C and Proteinase K (1 unit/ml)

digestion at 55�C, DNA samples were then purified using PCR extraction kit (QIAGEN, #28006). The precipitated DNA samples

were prepared for DNA deep sequencing according to manufacturer’s guidelines (SWIFT, #21096).

For histone modifications ChiP-seq in Mettl14 KI cells, ChIP-Rx was conducted. Human HEK293T cells processed identically as

spike-in for normalization.

RT-qPCR
Total RNAs from mESCs were isolated using TRIzol reagent (Invitrogen, #15596018) and treated with TURBO DNase using

TURBO DNA-free Kit (Invitrogen, #AM1970) according to the manufacturer’s instruction. cDNAs were synthesized with

PrimeScript RT reagent kit (Takara, #RR047A) containing random primers using 1mg of RNA per sample. RT-qPCR was per-

formed using SYBR Premix ExTaq (Takara, #RR420Q) with the Roche Lightcycler 480 Instrument II system. Primer sequences

are listed in Table S2.

Western blots
SDS loading buffer was added to the samples directly and boiled for 10 min. The samples were loaded on SDS-PAGE gels and

transferred from the gel to the membrane. Block the membrane for 1 h at room temperature using blocking buffer (5% milk in

PBST). Incubate the membrane with appropriate dilutions (presented below) of primary antibody in blocking buffer overnight

incubation at 4�C. Wash the membrane in three washes of PBST, 5 min each. Incubate the membrane with the recommended

dilution of conjugated secondary antibody in blocking buffer at room temperature for 1 h. Wash the membrane in three washes

of PBST, 5 min each. For signal development, follow the kit manufacturer’s recommendations and remove excess reagent. The

intensity of the band was measured by Bio-Rad Image Lab software (Bio-rad). Primary antibodies concentrations used are as

below: anti-METTL14 (1:1000, Sigma); anti-ACTIN (1:1000, Proteintech); anti-GAPDH (1:1000, Proteintech); EZH2 (1:1000, Cell

Signaling); EED (1:1000, Proteintech); SUZ12 (1:1000, Cell Signaling); KDM5A (1:1000, Bethyl); KDM5B (1:1000, Bethyl);

DYKDDDDK (Flag) (1:1000, Smart-lifesciences); HA (1:1000, Cell Signaling); HA-HRP (1:1000, Cell Signaling); FOXA2 (1:1000,

Proteintech); GATA6 (1:1000, Proteintech); HOXD11 (1:1000, Proteintech).

Strand specific total RNA-seq
Strand specific total RNA library preparation was performed using NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEB,

#E7420S).

QUANTIFICATION AND STATISTICAL ANALYSIS

ChIP-seq analysis
Raw reads were aligned to themm10 genome using Bowtie244 (v2.2.5) to report best alignment. PCR duplicates were removed using

samtools45 (v1.11) rmdup. Genome coverage bedGraph files for UCSC genome browser were generated by deeptools46 (v2.5.7)

bamCoverage with the parameters ‘‘-of bedgraph –normalizeUsingRPKM –binSize 25’’ for UCSC track. Peaks were generated by

macs251 (2.1.4) callpeak with parameters ‘‘-p 0.00001 –nomodel -f BAMPE’’. Peak annotation was carried out using Homer48

(v4.8.2) annotatePeaks.pl. The Jaccard statistic representing the ratio of the intersection of two sets to the union of the two sets

is calculated using bedtools47 (v2.26.0). Genome coverage bigwig files for heatmap and aggregation plot were generated by deep-

tools46 (v2.5.7) bamCoverage with the parameter ‘‘–normalizeUsingRPKM –binSize 5’’. Heatmaps were generated by deeptools46

(v2.5.7) computeMatrix and plotHeatmap. Aggregation plots were generated by deeptools46 (v2.5.7) computeMatrix and plotProfile.

ChIP-seq density on bivalent domainswere calculated byHomer48 (v4.8.2) analyzeRepeats.pl. Boxplot were generated by R boxplot.

Log2 transformed fold change is generated by deeptools46 (v2.5.7) bamCompare with the parameter ‘‘–binSize 5’’ and scaleFactors

as the following.
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Mettl14 KO/Parental ScaleFactor

METTL14 0.923

H3K27me3 1.105

H3K4me3 1.106
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For public ChIP-seq data, Peaks were generated by macs251 (2.1.4) callpeak with parameters ‘‘-p 0.00001 –nomodel -f BAM’’.

For ChIP-Rx analysis, The paired-end ChIP-Rx reads were processed with Trim Galore v0.6.6 (https://www.bioinformatics.

babraham.ac.uk/projects/trim_galore/) to remove adaptors and then aligned to the human hg19 andmousemm10 assemblies using

Bowtie244 (v2.2.5) with default parameters. PCR duplicates were removed using samtools45 (v1.11) rmdup. The number of spike-in

mm10 reads was counted with samtools45 (v1.11) and normalization factor alpha = 1e6/mm10_count was calculated.

Total RNA-seq analysis
Raw reads were aligned to themm10 genome using TopHat43 (v2.1.1). Genome coverage bedGraph files for UCSC genome browser

were generated by deeptools46 (v2.5.7) bamCoverage with the parameters ‘‘-of bedgraph –normalizeUsingRPKM –binSize 5’’.

Genome coverage bigwig files for RNA-seq were generated by deeptools46 (v2.5.7) bamCoverage with the parameter ‘‘–normalizeU-

singRPKM –binSize 5’’. RNA-seq density on bivalent genes were calculated by Homer48 (v4.8.2) analyzeRepeats.pl. Boxplot were

generated by R boxplot.

Analyses of repeats correlation
Correlation between sequencing sample repeats are calculated with deeptools46 (v2.5.7). Briefly, coverage on every 10kb bins

across genome are calculated with multiBigwigSummary, and pearson correlation test are carried out using plotCorrelation. Pearson

correlation coefficients for the biological replicates are listed in Table S3.
18 Cell Reports 42, 112650, June 27, 2023
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