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Abstract

METTL3 and METTL14 are two components that form the core heterodimer of the main RNA m°A methyltransferase complex (MTC)
thatinstalls m°A. Surprisingly, depletion of METTL3 or METTL14 displayed distinct effects on stemness maintenance of mouse embry-
onic stem cell (mESC). While comparable global hypo-methylation in RNA m°A was observed in Mettl3 or Mettl14 knockout mESCs,
respectively. Mettl14 knockout led to a globally decreased nascent RNA synthesis, whereas Mettl3 depletion resulted in transcription
upregulation, suggesting that METTL14 might possess an m°A-independent role in gene regulation. We found that METTL14 colocal-
izes with the repressive H3K27me3 modification. Mechanistically, METTL14, but not METTL3, binds H3K27me3 and recruits KDM6B
to induce H3K27me3 demethylation independent of METTL3. Depletion of METTL14 thus led to a global increase in H3K27me3 level
along with a global gene suppression. The effects of METTL14 on regulation of H3K27me3 is essential for the transition from self-re-
newal to differentiation of mESCs. This work reveals a regulatory mechanism on heterochromatin by METTL14 in a manner distinct
from METTL3 and independently of m°A, and critically impacts transcriptional regulation, stemness maintenance, and differentiation
of mESCs.

Keywords METTL14, chromatin, H3K27me3, m°A-independent, mESC differentiation

Introduction including pre-mRNA processing (Zhou et al., 2019), degradation
(Wang et al., 2014), and translation (Wang et al., 2015). The m°A
methylation on chromatin-associated regulatory RNA (carRNA)
critically impacts chromatin state and transcription (Huang et
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transferase complex (MTC, writers), which consists of METTL3 al, 2019; Liu gt al.‘, 2020, 2,021.61' Xuetal, 2021)" meA dependgnt
and METTL14 as the core and other regulatory subunits includ- mRNA regulation is essential in mammals, and its dysregulation
ing WTAP (Zhong et al.,, 2008; Ping et al,, 2014), VIRMA (Yue et affects diverse physiological processes (Frye et al., 2018; He and

al, 2018), ZC3H13 (Wen et al,, 2018), and RBM15/RBM15B (Patil ~ 11& 2021).
et al,, 2016). m°A is known as a reversible modification upon the As the core MTC components, METTL3 and METTL14 form a

discovery of two demethylases FTO and ALKBHS (Jia et al., 2011; stable heterodimer complex (Liu et al., 2014; Wang et al.,, 2016a).
Zheng et al., 2013). meA methylated transcripts are regulated by METTL3 is the catalytically active monomer, and METTL14 plays a
reader proteins during almost all steps of mRNA metabolism structural role in RNA substrates recognition. As both METTL3 and

METTL14 are required for RNA m°A methylation, perturbations

Amongallknowninternal RNA modifications, N®-methyladenosine
(m°A) is the most prevalent one on mammalian messenger RNA
(MRNA). m°A is installed by a large multicomponent methyl-

Received 13 December 2022; accepted 31 January 2023.

©The Author(s) 2023. Published by Oxford University Press on behalf of Higher Education Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

=1
(]
O
oJ
(@
or=i
()]
s}
(@)
ey
(a



https://creativecommons.org/licenses/by/4.0/
mailto:chuanhe@uchicago.edu?subject=
mailto:junliu1223@pku.edu.cn?subject=

—
(]
O
od
c
o =i
()]
s}
(@)
]
Ay

684 | Douetal

of METTL3 and METTL14 are supposed to induce similar defects,
or METTL3 depletion would cause a more severe phenotype than
METTL14 depletion. However, knockdown of METTL14 had a higher
incidence of tumorigenicity in glioblastoma stem cells (GSCs) than
knockdown of METTL3 (Cui et al., 2017), suggesting that METTL14
may have other functions in addition to forming a heterodimer
with METTL3 to install m°A. Recent studies suggest that METTL3
and METTL14 could be recruited to different genomic loci by vari-
ous chromatin-binding proteins or histone modifiers. For example,
both METTL3 and METTL14 were found associated with chromatin
fractions; however, they do not bind to the same genomic regions.
Only METTL3, but not METTL14, could be recruited to gene pro-
moters through CEBPZ protein in human AML cells (Barbieri et
al., 2017). In addition, H3K36me3 facilitates the binding of the
mPA MTC to adjacent RNA polymerase II to install m°A co-tran-
scriptionally through directly binding with METTL14 rather than
METTL3 (Huang et al., 2019). These findings suggest that METTL3
and METTL14 may have distinct protein binding partners; these
interactions could help recruit the MTC to different genomic loci
for m°A installation. Besides the potentially different regulatory
effects of METTL3 and METTL14 on RNA modification, METTL3
was found to promote translation independently of its methyl-
transferase activity (Lin et al., 2016). The m°A-independent regula-
tory role of METTL14 has not been well studied.

Here we show that METTL14, but not METTL3, binds H3K27me3
and recruits KDM6B to METTL14-occupied genomic regions in an
RNA- and mPfA-independent manner. In this way, knockout of
Mettl14 impaired the recruitment of KDM6B and led to increased
H3K27me3 predominantly at genomic regions bound by METTL14
in mESCs, which repressed downstream gene expression. We fur-
ther demonstrate that the group of genes regulated by METTL14
at genomic regions co-occupied by METTL14 and H3K27me3
are essential to the self-renewal and differentiation potency of
mESCs. Our results suggest that METTL14 regulates heterochro-
matin in a METTL3- and mPfA-independent manner, and such a
chromatin-level regulation is critical to transcription regulation,
stemness maintenance, and mESC differentiation.

Results

Mettl3 and Mettl14 showed different effects
on stemness maintenance and transcription
regulation in mESCs

To investigate potential diverse roles of METTL3 and METTL14,
we constructed conditional knockout (CKO) of Mettl3 and Mettl14
mESCs (Lin et al., 2017), respectively (Fig. STA and S1B). Both CKO
cell lines did show a reduction in cell proliferation (Fig. S1C). To
our surprise, the two proteins exerted different regulatory roles
in stem cell maintenance: Mettl3 knockout retained round and
compact mESC colony morphology, whereas Mettl14 knockout
could barely support mESC maintenance (Figs. 1A, 1B and S1D),
indicating the potential distinct role of METTL14 from METTL3.
As both METTL3 and METTL14 are required for RNA m°A
methylation, the phenotypic differences of the two cell lines indi-
cate there might be methylation-independent effects. To evaluate
their roles in RNA methylation, we therefore isolated nonriboso-
mal RNAs from soluble cytoplasmic, nucleoplasmic, and chro-
matin-associated fractions and quantified mPA levels with liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The
mCA/A ratios in all three fractions showed a comparable decrease
upon either Mettl3 or Mettl14 knockout (Fig. 1C and 1D). To further
specify the methylation substrates of METTL3 and METTL14, we

immunoprecipitated m°A-containing chromatin-associated RNAs
(caRNAs, ribosomal-RNA depleted) or mRNAs and performed
high-throughput sequencing (m°A-MeRIP-seq) in the two CKO cell
lines and their respective controls. The m°A level on mRNAs and
caRNAs reduced similarly in both CKO cells (Fig. S2A and S2B),
consistent with the LC-MS/MS analysis (Fig. 1C and 1D). We also
detected a low level of N° N°-dimethyladenosine modification
(m®,A) from LC-MS/MS in our samples, the RNA modification only
present on rRNAs (Sergiev et al., 2018), and lower than 1% of rRNA
reads from m°A-MeRIP-seq (Fig. S2C and S2D), suggesting limited
TRNA contamination.

In each cell line, we identified ~30,000 peaks in the caRNAs
and ~20,000 peaks in the mRNAs that are highly reproducible
between two biological replicates (Fig. S2E and S2F). Compared
to the controls, Mettl3 and Mettl14 knockout cells both showed
more hypo-methylated peaks on mRNAs and caRNAs (Fig. S2G
and S2H). Our previous work has demonstrated that METTL3
can deposit m°A on carRNAs, and thus tune chromatin state and
transcription (Liu et al., 2020). We then examined the m°A meth-
ylation on carRNAs, namely promoter-associated RNA, enhancer
RNAs, and repeats RNA. As expected, the Mettl14 knockout
resulted in an overall reduction in the carRNA methylation lev-
els (Fig. 1E and 1F). We noticed that in all carRNA species, the
mPA fold-changes upon Mettl3 and Mettl14 knockout are positively
correlated (Fig. S2I), suggesting that METTL14 can regulate carR-
NAs methylation in a manner similar to, although not identical
to METTL3. Consistent with our findings (Liu et al., 2020), such
decrease in m°A levels on carRNAs did lead to an increase in RNA
abundance upon either Mettl3 or Mettl14 knockout in mESCs (Fig.
1G and 1H). We also performed functional enrichment analysis
with genes with hypo-methylated RNAs upon Mettl14 or Mettl3
knockout and found that METTL3 and METTL14 were involved
in similar pathways through m°A methylation (Fig. S3A and S3B).
Overall, we barely detected difference in the effects of METTL3
and METTL14 on m°A methylation in mESCs, supporting that
both proteins are required for methylation.

To further explore why the two knockout cell lines behave dif-
ferently, we quantified the transcription rate of nascent RNAs.
Depletion of METTL3 is known to induce more open chromatin and
elevate transcription in mESCs (Liu et al., 2020). Surprisingly, nascent
transcript synthesis was inhibited in Mettl14 knockout mESCs com-
pared to the control, contrary to Mettl3 knockout cells (Figs. 2A, 2B,
and S3C). Consistent with lower transcription rate, Mettl14 knockout
also induced more nuclear RNA downregulation (3,863 down-reg-
ulated genes vs. 2,707 up-regulated genes), while Mettl3 knockout
caused more nuclear RNA upregulation (751 down-regulated genes
vs. 1,178 up-regulated genes) (Fig. 2C and 2D). Furthermore, the genes
that were downregulated by Mettl14 knockout and also upregulated
by Mettl3 knockout are enriched with signaling pathways regulat-
ing pluripotency of stem cells (Fig. S3D and S3E). Considering that
METTL3 and METTL14 barely differed in m°A methylation deposi-
tion, but showed distinct effects on phenotypes and transcriptome
responses, we suspected that METTL14 is involved in chromatin reg-
ulation independent of m°A methylation.

METTL14 shows distinct chromatin-binding
preference from that of METTL3

To investigate the role of METTL14 on chromatin, we performed
CUT&RUN to map the genomic binding of METTL14 and METTL3
in mESCs. In wild-type mESCs, we captured ~400 genomic bind-
ing sites for METTL3, and more than 4,000 genomic binding sites
for METTL14 (Fig. 3A), with a highly specific and well-validated
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Figure 1. METTL3 and METTL14 showed different effects on stemness maintenance of mESCs. (A) Alkaline phosphatase staining of Mettl3 Control
and Mettl3 CKO, and Mettl14 Control and Mettl14 CKO mESCs. (B) Colony formation abilities of Mettl3 Control and Mettl3 CKO, Mettl14 Control and Mettl14
CKO quantified by AP staining. n = 4 biological replicates; error bars indicate means + SEM. (C and D) LC-MS/MS quantification of the m°A/A ratio of the
nonribosomal (non-Ribo) RNA in soluble cytoplasmic (Cyto), nucleoplasmic (Nu), and chromosome-associated (Chro) fractions extracted from Mettl3
Control and Mettl3 CKO (C), Mettl14 Control and Mettl14 CKO (D) mESCs, respectively. n = 3 biological replicates; error bars indicate means + SEM. (E
and F) mPA level changes on carRNAs were quantified through normalizing m°A sequencing results with spike-in in Mettl3 Control and Mettl3 CKO (E),
Mettl14 Control and Mettl14 CKO (F) mESCs, respectively. n = 2 biological replicates; error bars indicate means + SEM. (G and H) carRNAs were divided into
hypo-methylated (Hypo-m°A) and non-hypo-methylated (The rest) groups in mESCs. Boxplot showing greater increases in RNA abundance fold-changes
(log,FC) of Mettl3 CKO vs. Mettl3 Control (G) or Mettl14 CKO vs. Mettl14 Control (H) in the hypo-m°A group compared with the rest group in mESCs. P values

were calculated by a nonparametric Wilcoxon-Mann-Whitney test.

antibody (Fig. S4A and S4B). This observation led us to hypothe-
size that METTL14, with intense genomic binding sites, may play
a different chromatin regulatory role compared to METTL3.

We overlapped the binding sites of METTL14 with METTL3 in
wild-type mESCs, with only ~4% of the genomic binding sites of
METTL14 colocalized with those of METTL3 (Fig. 3B). We then
categorized METTL14 and METTL3 peaks according to their loca-
tions on functional elements and found that METTL14 favored
promoter regions, while METTL3 preferred intergenic and intron
regions (Fig. 3C). Next, to investigate how METTL14 differed
from METTL3 in chromatin binding, we overlaid their respective
genomic binding sites with various euchromatin and heterochro-
matin histone marks (Fig. S4C and S4D). We found that METTL3
loci are predominantly enriched with the repressive histone mark

H3K9me3, which is consistent with a recent finding that METTL3
is recruited to H3K9me3 decorated genomic loci (mainly local-
ized at the intergenic regions) by an H3K9me3 methyltransferase
SETDB1in mESCs (Xuetal., 2021). However, METTL14 binding sites
are associated with repressive histone mark H3K27me3 rather
than H3K9me3, and also with active histone marks H3K27ac and
H3K4me3 (Fig. S4C and S4D), further supporting that METTL14
has different chromatin-binding preferences from METTL3.

We next asked whether the difference in genomic binding of
METTL14 and METTLS3 is associated with RNA m°A methylation.
We first categorized METTL14 and METTL3 binding sites in wild-
type mESCs into three groups based on their relationship with
mCA: (i) METTL14 binding sites that are neither colocalized with
METTL3 nor located at m°A-marked transcripts (METTL14-specific
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Figure 2. METTL3 and METTL14 showed opposite effects on transcription regulation. (A) Nascent RNA synthesis in Mettl3 Control, Mettl3 CKO, Mettl14
Control, and Mettl14 CKO mESCs, detected by using a click-it RNA Alexa fluor 488 imaging kit. EU, 5-ethynyl uridine; DAPI, 4’,6-diamidino-2-phenylindole.
(B) Cumulative distributions of transcription rate in Mettl14 Control and Mettl14 CKO in mESCs. P values were calculated by a nonparametric Wilcoxon-
Mann-Whitney test. (C and D) Volcano plots of genes that differentially expressed upon Mettl14 (C) or Mettl3 (D) knockout in mESCs (adjusted P [padj] <
0.05). Down- and up-regulated genes are highlighted with blue and orange, respectively.

sites); (i) METTL3 bindings sites that are neither colocalized
with METTL14 nor located at m®A-marked transcripts (METTL3-
specific sites); (iii) METTL14 or METTL3 binding sites that are
located at mCfA-marked transcripts (METTL3/METTL14-m°A
transcripts) (Fig. 3D). Apart from ~2,000 METTL3/METTL14-m°A
transcripts and 230 METTL3-specific sites, we identified 2,623
METTL14-specific genomic binding sites, accounting for ~60% of
its total bindings. We further overlapped the three groups of bind-
ing sites with various histone marks and observed that METTL3/
METTL14-m°A sites are mainly located at genomic regions with
active histone marks H3K4me3 and H3K27ac, consistent with
mPA being installed at actively transcribed regions by m°A MTCs
(Fig. S4E). In addition to the two active histone marks H3K4me3
and H3K27ac, METTL14-specific sites overlap mostly with repres-
sive marks, particularly H3K27me3, while METTL3-specific sites
overlap mostly with H3K9me3 (Fig. S4D and S4E). These results
suggested that METTL14 and METTL3 could play diverse roles: on
one hand, they form heterodimer to co-transcriptionally install
m°A at actively transcribed regions, on the other hand, they
bind chromatin with distinct preference and may function inde-
pendently of their roles in m°A installation.

We then examined whether the chromatin binding of
METTL14 and METTL3 are affected by each other. We mapped the
genomic binding of METTL14 in both control and Mettl3 knock-
out mESCs as well as METTL3 binding sites in the control and
Mettl14 knockout mESCs (Fig. S4F and S4G). The genomic bind-
ing of METTL14 globally increased upon Mettl3 depletion (Fig. 3E).
In contrast, the global binding of METTL3 in Mettl14 knockout
mESCs showed a general reduction compared to the control (Fig.
S4H), suggesting that METTL3 binding on chromatin is depend-
ent on METTL14. Since we already found that Mettl14 knockout

repressed transcription globally (Fig. 2A-C), we then asked if this
transcriptional repression is associated with the different chro-
matin-binding preference of METTL14 and METTL3. We profiled
their genomic binding on genes that were significantly repressed
after Mettl14 knockout (3,863 down-regulated genes in Fig. 2C).
Although these down-regulated genes were occupied by both
METTL14 and METTL3, no obvious changes in METTL3 binding
were observed upon Mettl14 knockout, suggesting that METTL3
plays limited roles in these down-regulated genes (Fig. S41). In this
way, it is the chromatin binding of METTL14, but not METTL3,
thatis critical to genes repression upon Mettl14 knockout. In addi-
tion, the GO enrichment analysis of the METTL14-targeted genes
showed that they were mainly involved in transcriptional regula-
tion and embryonic development (Fig. 3F). Taken together, these
results suggested that the chromatin binding of METTL14 but not
mPfA methylation could be responsible for the transcription regu-
lation and morphologies caused by depletion of Mettl14, which is
distinct from Mettl3 knockout in mESCs.

METTL14 regulates H3K27me3 deposition at
their co-occupied facultative heterochromatin

To unbiasedly compare genomic bindings between METTL14
and METTL3, we applied the unsupervised K-means clustering
method. We used the binding intensity of METTL14 and METTL3
around their peak centers (+2.5 kb) in Mettl3 or Mettl14 knock-
out mESCs and their respective controls as input, and classi-
fied METTL3 and METTL14 genomic bindings into four clusters
(C1-4) (Fig. 4A). Among the four clusters, C1 and C4 showed sig-
nificant METTL3 binding but they differed in METTL14 binding
intensity. METTL14 majorly binds to C2 and C3, with the latter
showing a much higher METTL14 binding intensity and being
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Figure 3. METTL14 displayed distinct chromatin bindings compared with METTL3. (A) Heatmap showing METTL14 CUT&RUN signal around the
METTL14 peak centers (5 kb, left panel), and METTL3 CUT&RUN signal around the METTL3 peak centers (+5 kb, right panel) in wild-type mESCs.
(B) Venn diagram of peaks overlap between METTL3 and METTL14 CUT&RUN peaks in wild-type mESCs. (C) Distribution of METTL3 and METTL14
CUT&RUN peaks in wild-type mESCs at distinct genomic regions including promoter, TTS, exonic, intronic, and intergenic regions annotated by HOMER
in Mettl3 Control and Mettl3 CKO mESCs. n = 2 biological replicates; error bars indicate means + SEM. (D) METTL14 and METTL3 sites in wild-type
mESCs were categorized into three groups: (i) METTL14 binding sites that were neither colocalized with METTL3 nor located at m°A-marked transcripts
(METTL14-specific sites); (i) METTL3 bindings sites that were neither colocalized with METTL14 nor located at m°A-marked transcripts (METTL3-
specific sites); (iii) METTL14 or METTL3 binding sites that were located at m°®A-marked transcripts (METTL3/METTL14-mPA transcripts). Bar chart shows
the number of sites in each group. The caRNA MeRIP-seq in this study were used to identify m°A-marked transcripts. (E) Scatter plot (left panel) and
boxplot (right panel) showing METTL14 CUT&RUN signal in Mettl3 Control and Mettl3 CKO mESCs. P value in boxplot was calculated by a nonparametric
Wilcoxon-Mann-Whitney test. (F) Gene Ontology (GO) enrichment analysis of METTL14 gene targets in mESCs.

completely devoid of METTL3 binding (Fig. 4B). To further char-
acterize chromatin binding of METTL14 and METTL3 in the four
clusters, we overlaid them with various euchromatin and hetero-
chromatin histone marks. As we expected, METTL3-bound clus-
ters C1 and C4 enriched H3K9me3, similar to METTL3-specific

sites; METTL14-bound cluster C2 was predominantly modified
by H3K4me3 and H3K27ac, more like the METTL3/METTL14-
m°A sites; and METTL14-bound cluster C3 enriched both active
histone marks H3K4me3 and H3K27ac and repressive histone
mark H3K27me3, corresponding to the METTL14-specific sites

=1
(]
O
oJ
(@
or=i
()]
=
(©)
—
(a




688 | Douetal

A

METTL3 CUT&RUN

METTL14EUT&RUN

r \

C

0.00
1.00
2.00
3.00

METTL14-H3K27me3-colocalized sites

G 8
[N Eb ) S====
Blacklistﬁo%oﬁoﬁo%oﬁoﬁo%o% %O%O%O%O%O%O%O%
~ ~ N ~ ~ ~ ~ N ~ N N N N o~ o~ o~ o~
CUT&RUN signal GSE36114 and GSE154135
o
P—
Q B METTL3 METTL14 D E 1004
U CUT&RUN CUT&RUN 20 METTL14 ; .
——— —— U :_; S = ;c
o3 SDP Q) \ S 5 0.75+ =
NUASID @ N 2 el g .07
S Soe S DD g 18 S 0s g3 4
o] Q;°Q> C*& S %Q;& £ g 0507 2]
U D °> S 5 s
= Q:\ e&\ S ‘\ Q:\ O z 2 1.0 E 0.25 METTL14 £ 1
(@) PN \‘\ = E : — £ b
E 1 1 1 1 1 1 1 jan) 05 g —t o]
2.5 = S 0.00 METTL14 - ¥
T T T
2.0 1 -5kb 0 5 kb 0 5 10
1.5+ ) H3K27me3 peaks Width of peaks (x1 kb)
8 1.0
2 05 F 20 kb
= 0.
5 3l o & [0-12] ] s i it 1. Mett]14 Control (r1)
g EZ] [0-12] ] s . Metti14 Control (12)
g 2 2 5 e [0-12] 1. Mettl14 CKO (r1)
S Z BN 0-12] T e i MettITA CKO(r2)
Z 1 ez 0220y e ... Mettl3Control (r1)
& 4 Sz J (0121 - b i Metti3 Control (r2)
i = 2| [0-12] | R T _Mett3 CKO (r1)
Z 3- E 5 [0-12] 1 ) o N Mettl3 CKO(r2)
[ I A e T - ]
1~
& 24 C3
% 1 r?é [0-4.88] 7 | " e Mettl14 Control (r1)
g)D (l: [0_488] ] W&MMMMMM“MMettI%imLOILrAZJI
£ 2| [0-488] | pstistissiesiosion st bbbk, Mett/14 CKO (r1)
g 3] = L [0-4.88]],_, R r— Mettl14 CKO(r2)
< =] . Control (r1)
24 Cc4 g"{ [0-4.88] ] o Control (r2)
14 7 Pax6os1 Pau;ar rrrrr b= Pax6

Figure 4. METTL14 colocalizes with H3K27me3 marked facultative heterochromatin. (A) METTL3 and METTL14 CUT&RUN peaks are grouped into four
clusters with K-means clustering method. The inputs are METTL3 or METTL14 CUT&RUN signals at their peak centers and the flanking 2.5 kb regions in
Mettl3 Control and Mettl3 CKO, Mettl14 Control and Mettl14 CKO mESCs. The heatmap showing the clustering results of METTL3 and METTL14 CUT&RUN
signal on their peak centers and the flanking 2.5 kb regions. (B) Average profiles of METTL3 and METTL14 CUT&RUN signal within each cluster in (A).
(C) The heatmap showing various histone modification on the four clusters of METTL3 and METTL14 CUT&RUN peak centers and the flanking 2.5 kb
regions identified in (A). (D) Average profile of H3K27me3 modification level around H3K27me3 peak center and the flanking 5 kb regions. H3K27me3
peaks were categorized into METTL14 bound (+) and unbound (-) groups. (E) Cumulative distribution and boxplots (inside) of H3K27me3 peaks width.
H3K27me3 peaks were categorized into METTL14 bound (+) and unbound (-) groups. P values were calculated by a nonparametric Wilcoxon-Mann-
Whitney test. (F) IGV plots showing METTL3 and METTL14 CUT&RUN signal, H3K27me3 modification level and its inputs around Pax6 gene loci in
Mettl14 Control and Mettl14 CKO mESCs, respectively.
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(Fig. 4C). Intriguingly, distinct chromatin states could be further
identified through categorizing binding intensities of METTL14
in the C3 cluster. The moderate bindings of METTL14 denoted
active histone modification H3K4me3 and H3K27ac, whereas the
strong bindings of METTL14 were colocalized with repressive
histone mark H3K27me3 (hereafter referred to as the METTL14-
H3K27me3-colocalized sites) (Figs. 4C and S5A), suggesting
that chromatin-binding strength of METTL14 is closely asso-
ciated with different chromatin states. Likewise, H3K27me3 at
regions occupied by METTL14 displayed a higher modification
level with broader peaks compared to those without METTL14
binding (Figs. 4D-4F, S5B and S5C). These METTL14-H3K27me3-
colocalized sites showed lower transcription levels compared to
the ones bound by METTL14 but not marked with H3K27me3,
which is consistent to the repressive roles of H3K27me3 (Fig.
S5D). In addition, these METTL14-H3K27me3-colocalized sites
were also devoid of m°A methylation (Fig. SSE), consistent with
the observation that these H3K27me3-marked and METTL14-
bound loci are devoid of METTL3 binding and thus no m°A dep-
osition. Altogether, these METTL14-H3K27me3-colocalized loci
are associated with the function of METTL14 as a chromatin
regulator that is independent of METTL3 and m°A.

To assess the regulatory effects of METTL14 on the
H3K27me3 modification, we proceeded to perform Chromatin
Immunoprecipitation Sequencing (ChIP-seq) of H3K27me3in con-
trol and Mettl14 knockout mESCs. In addition, Mettl14 knockout
led to an overall increase in repressive histone mark H3K27me3
(Figs. SA and S6A), which was also validated with both Western
blot and CUT&RUN (Fig. S6B-D). To further correlate changes of
H3K27me3 in Mettl14 knockout mESCs with chromatin binding
of METTL14, we profiled changes in H3K27me3 in our four clus-
ters (C1-C4). The increases in H3K27me3 after Mettl14 knockout
occurred mainly in the METTL14-H3K27me3-colocalized C3 clus-
ter (Fig. 5B). Additionally, the increase of H3K27me3 upon Mettl14
depletion was significantly correlated with the binding density of
METTL14 in wild-type mESCs (Fig. 5C). And these changes were
observed only on the METTL14 genomic loci rather than those
also with the presence of METTL3 (Fig. S6E). Furthermore, upon
Mettl14 knockout in mESCs, the METTL14-H3K27me3-colocalized
loci showed a greater increase in H3K27me3 modification, com-
pared to those not bound by METTL14 (Fig. 5D), along with a more
decreased RNA expression level (Fig. S6F). These results further
confirmed that METTL14, but not METTL3, hinders the accumu-
lation of H3K27me3 through its direct chromatin binding at the
METTL14-H3K27me3-colocalized loci.

To further decipher the regulatory roles of METTL14 on
H3K27me3 and its dependence on m°A, we generated stable
rescue cell lines that express wild-type METTL14 or an inactive
R298P mutant (methyltransferase activity abrogated) (Sledz and
Jinek, 2016; Wang et al., 2016a, 2016b; Liu et al., 2018). We pro-
ceeded with ChIP-seq of H3K27me3 in Mettl14 control, Mettl14
CKO together with the two rescued Mettl14 CKO cell lines. The
increased level of H3K27me3 observed in Mettl14 CKO mESCs
was reversed with both wild-type and inactive mutant METTL14,
which was consistent with Western blot results (Figs. 5E and S6G-
I). These results all support that the function of METTL14 as a
chromatin regulator of H3K27me3 is independent of its function
as a component of methyltransferase.

To further explore the mechanism of how METTL14 regulate
H3K27me3, we did co-immunoprecipitation (co-IP) experiments in
wild-type mESCs with and without Benzonase (an endonuclease
degrades all forms of DNA and RNA) treatment to test whether
METTL14 could bind H3K27me3. We found that METTL14, but

not METTLS3, directly binds H3K27me3 independent of both RNA
and DNA (Fig. 5F), in consistent with our results that METTL14
can colocalize with H3K27me3 (Fig. 4C). We further confirmed the
direct interaction of METTL14 with H3K27me3 by performing an
in vitro co-IP experiment with the H3K27me3-containing peptide
(Fig. S6J). A recent study reported that METTL14 can interact with
lysine demethylase 6B (KDM6B) to facilitate demethylation of
the adjacent H3K27me3 (Wu et al., 2020). We performed co-IP to
confirm METTL14, but not METTL3, interacts with KDM6B (Figs.
5G and S6K). The interaction between KDM6B and METTL14 is
independent of RNA, and not dependent on other components of
the MTC (Fig. S6L). Besides, when treated mESCs with GSK-J4, a
KDMB6B inhibitor, we observed an overall decrease in nascent RNA
synthesis as expected (Fig. S6M). Taken together, we propose that
METTL14 depletion disrupts the interaction between METTL14
and KDM6B in the METTL14-H3K27me3-colocalized genomic
regions, which leads to an increased H3K27me3 level and down-
stream gene repression, indicating that METTL14 depletion
impairs the recruitment of KDM6B, leading to the accumulation
of H3K27me3 (Fig. SH).

METTL14 regulates H3K27me3 changes during
neuronal differentiation of mESCs

H3K27me3 is critical for mammalian development (Wiles and
Selker, 2017), and we did notice a dramatic increase in H3K27me3
levels at the METTL14-H3K27me3-colocalized genomic regions
during mESC differentiation (Fig. S7A),in particular differentiation
into neurons (Fig. 6A). A recent study showed that Mettl14 knock-
out led to premature differentiation of neural stem cells (Wang
et al., 2018). We then asked whether the H3K27me3 modification
at METTL14-H3K27me3-colocalized genomic regions would reg-
ulate neuronal differentiation. We ranked genomic H3K27me3
peaks according to their level changes during the differentiation
of mESCs into neural progenitor cells (NPCs). We found that the
increase of H3K27me3 during differentiation was positively cor-
related with H3K27me3 changes upon Mettl14 knockout (R? = 0.64;
Fig. 6B), suggesting a regulatory role of METTL14 on H3K27me3
during neuronal differentiation.

Next, to examine whether METTL14 chromatin bindings are
involved in H3K27me3 regulation during neuronal differentiation,
we ranked METTL14-bound genomic loci based on their binding
intensity in wild-type mESCs and found that the higher the bind-
ing intensity of METTL14 the greater the increase of H3K27me3
during differentiation through neuronal lineage (R? = 0.64; Figs. 6C
and S7B). Similar trends were also observed upon Mettl14 deple-
tion in mouse NPCs (R? = 0.55) (Figs. 6C and S7C). Furthermore,
when categorizing the H3K27me3 peaks into METTL14-bound
and METTL14-unbound groups, we found that the increase
in H3K27me3 during neuronal differentiation predominantly
occurred at the METTL14-H3K27me3-colocalized loci (Fig. 6D and
6E), suggesting that METTL14 chromatin binding is essential to
the differentiation of mESCs into NPCs and this process hinges
upon H3K27me3 regulation.

H3K27me3 methyltransferase inhibitor can
rescue the effects of Mettl14 knockout in
embryoid body formation of mESCs

To determine whether the increased level of H3K27me3 is
responsible for the altered pluripotency states of mESCs upon
Mettl14 knockout, we sought to rescue the phenotype with chem-
ical inhibitors that can abrogate the activities of H3K27me3-
related enzymes. The commercially available inhibitor, GSK343
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and unbound (METTL14-unbound) groups.

(against H3K27me3 methyltransferase EZH2) was selected. As
knockout of Mettl14 caused a global increase in H3K27me3 lev-
els (Fig. 5A), we treated Mettl14 knockout mESCs with GSK343.
We collected cells after they differentiated into embryonic bod-
ies (EBs), extracted RNAs, and performed RNA-seq to evaluate
RNA expressions (Fig. 7A). As expected, the expression changes
induced by Mettl14 knockout were largely rescued when treated
with GSK343 (Fig. 7B and 7C). To further assess the impacts of
the chromatin binding of METTL14, we categorized genes into
four groups according to whether they were bound by METTL14
or marked with H3K27me3, respectively. We observed that when
we treated Mettl14 knockout mEBs with GSK343, the expression
changes of genes were maximally rescued at the METTL14-
H3K27me3-colocalized regions (Fig. 7D). To investigate if the m°A
methylation might also affect global transcriptome upon Mettl14
knockout in mEBs, we categorized genes into m°A-marked and
H3K27me3-modified subgroups. Though m°A-marked genes
also showed a global reduction in gene expression upon Mettl14

knockout, the extent of this reduction cannot be compared with
expression changes of H3K27me3-modified genes (Fig. S7D),
suggesting that the methylation-independent, chromatin regu-
lation role of METTL14 can be prominent. Furthermore, treat-
ment with GSK343 partially rescued the reduced nascent RNA
synthesis, as well as the disrupted colony morphology caused
by Mettl14 depletion in mESCs (Figs. 7E and S7E). Taken together,
our results demonstrated that the regulation of H3K27me3
by METTL14, especially via its direct chromatin bindings, is
critical to the pluripotency maintenance and differentiation
of mESCs.

Discussion

To date, the function of m°A in mammalian development is still
mysterious. We revealed that METTL14 has an additional func-
tion independent of m°A methylation, it regulates mamma-
lian heterochromatin in a manner distinct from METTL3. This
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Figure 7. H3K27me3 methyltransferase inhibitor rescued gene expression changes upon Mettl14 depletion. (A) Schematic of experimental design.
(B) Heatmap showing gene expression fold-changes (log,FC) comparing Mettl14 CKO vs. Mettl14 Control mEBs, Mettl14 CKO mEBs treated with GSK343
vs. untreated, respectively. Genes were ranked by gene expression log FC comparing Mettl14 CKO vs. Mettl14 Control mEBs. (C) The correlation of mRNA
expression log FC between Mettl14 CKO vs. Mettl14 Control, and Mettl14 CKO mEBs treated with GSK343 vs. untreated. (D) Boxplots of mRNA expression
log,FC comparing Mettl14 CKO vs. Mettl14 Control mEBs (left panel), and Mettl14 CKO mEBs treated with GSK343 vs. untreated (right panel). Genes were
categorized into four groups according to whether they are targets of H3K27me3 or METTL14. P values were calculated by a nonparametric Wilcoxon-
Mann-Whitney test. (E) Nascent RNA synthesis in Mettl14 Control, Mettl14 CKO and Mettl14 CKO treated with 3 pmol/L GSK343 mESCs, detected by using
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mCA-independent function is critical to the differential pheno-
type and transcriptional regulation in mESCs.

We demonstrated that depletion of Mettl14 induced an over-
all increase in H3K27me3, especially at regions co-occupied by
METTL14 and H3K27me3. Our results support that METTL14
antagonizes the accumulation of H3K27me3 in mESCs: (i)
METTL14 rather than METTL3 can bind H3K27me3 in an
RNA- and mCfA-independent manner; (ii) METTL14 interacts
with H3K27me3 demethylase KDM6B; (iii) H3K27me3 level at
METTL14-H3K27me3-occupied genomic loci increased after
Mettl14 knockout. Taken together, METTL14 impedes the accu-
mulation of H3K27me3 at these regions through its direct inter-
action with the H3K27me3 demethylase KDM6B. Furthermore,
treatment with GSK343, an H3K27me3 methyltransferase inhib-
itor, rescued changes in gene expression upon Mettl14 depletion,
especially for genes co-occupied by METTL14 and H3K27me3,
demonstrating that the regulation of METTL14 on H3K27me3 at
the METTL14-H3K27me3-co-occupied genomic regions are criti-
cal to the self-renewal and differentiation ability of mESCs.

In addition to H3K27me3, METTL14 genomic binding can also
colocalize with activate histone modifications H3K4me3 and
H3K27ac, and METTL14 interacts with components of active gene
regulation complexes. These active regions are enriched with
mfA-modified transcripts, suggesting the presence of binding
partners of METTL14 on active chromatin that may help recruit
the heterodimer of METTL14 and METTL3 to install m°A. However,
transcripts derived from the genomic regions co-occupied by

METTL14 and H3K27me3 are less enriched of m°A, suggesting
that alternative METTL14 binding partners on these regions
prevent the binding of METTL3. Therefore, our results suggest
that the binding partners of METTL14 at active and repressive
genomic regions recognize different domain/pocket of METTL14
to dictate diverse or even opposite functions (Fig. SH). Recent
work also suggested that METTL3/METTL14 has methylation-in-
dependent functions (Lin et al., 2016; Liu et al., 2021b). We show
here METTL14 can recruit KDM6B for H3K27me3 demethylation
and is itself a chromatin regulator. This methylation-independ-
ent function is critical to early development. It is also important
to carefully analyze the mfA-dependent and meA-independent
functions and pathways in different biological systems when
modulating METTL14 levels. In many cases, the m°A-depend-
ent pathways may dominate through recruiting both METTL3
and METTL14, in other cases the m°A-independent pathway
may dominate through recruiting just METTL14 as shown in the
mESC differentiation into neuronal lineage in this study. Future
research should also address how METTL14 alone is recruited
without METTL3 and its importance in other biological processes.

Materials and methods

Mouse embryonic stem cells construction

The CKO Mettl14 C57BL/6 mice were a generous gift from Dr.
Ming-Han Tong’s group (Lin et al., 2017), CKO Mettl14 ESCs were
derived from Mettl14™x blastocyst. 2 x 10° mESC cells were



METTL14, H3K27me3, m°A-independent, mESC differentiation | 693

then transfected with 200 ng PB-CAG-Puromycin-P2A-CreERT2
and 100 ng PBase by electroporation. After 24 h, electroporated
cells were treated with 1 pg/mL Puromycin to generate stable
Mettl14/¥fox; CreERT2 ES clones (CKO Mettl14). Mettl14 CKO cells
were electroporated with PB-CAG-mMettl14-P2A-blasticidin or
PB-CAG-mMettl14-R298P-P2A-blasticidin, 24 h after electropora-
tion, 1 pg/mL Puromycin and 10 pg/mL blasticidin were added
to generate stable rescued wild-type (wt) or R298P mutated (mu)
Mettl14 mESCs.

CKO Mettl3 C57BL/6 ESCs were generated by inserting a FLIP
cassette into the exon 3 of Mettl3 assisted by CRISPR/Cas9 as
described before (Andersson-Rolf et al., 2017). Once the Cre
recombinase is activated, the FLIP cassette will be inverted to a
mutagenic configuration to disrupt the splicing of Mettl3 gene,
resulting in the complete loss of gene function. 2 x 10> mESC
cells were then transfected with 200 ng PB-CAG-Puromycin-P2A-
CreERT?2 and 100 ng PBase by electroporation. After 24 h, electro-
porated cells were treated with 1 pg/mL Puromycin to generate
stable Mettl3™/fex; CreERT2 ES clones (CKO Mettl3).

Mouse embryonic stem cells culture

We cultured mESCs in DMEM (Invitrogen) supplemented with
15% FBS (GeminiBio), 1% nucleosides (100x) (Millipore), 1 mmol/L
L-glutamine (Gibco), 1% nonessential amino acid (Gibco), 0.1
mmol/L 2-mercaptoethanol (Sigma), 1,000 U/mL LIF (Millipore), 3
pmol/L CHIR99021 (Stemcell), and 1 umol/L PD0325901 (Stemcell)
in 37°C and 5% CO,,.

Nascent RNA labeling assay

mESCs cells were grown on pre-coated glass over slides. After
24 h, the nascent RNA synthesis assay was performed by using
the Click-It RNA Imaging Kits following the manufacturer’s pro-
tocol. Olympus FV1000 was used for confocal image acquisition,
and Image ] software (Schneider et al., 2012) was used to quantify
the signal intensity.

Western blot

The samples were treated with RIPA buffer containing 1x pro-
tease inhibitor cocktail. The cell lysates were then mixed with 4x
loading buffer and boiled at 98°C for 15 min and stored at —-80°C
for use in the next step. A total of 30 pg protein of each sample
was loaded into 4%-12% NuPAGE Bis-Tris gel and then transferred
to PVDF membrane. The membranes were blocked in 5% milk
PBST for 1 h at room temperature (RT), and incubated in a diluted
primary antibody solution in 5% milk PBST at 4°C overnight. The
membranes were then washed and incubated in a dilution of sec-
ondary antibody conjugated to HRP for 1 h at RT. Protein bands
were detected using Pierce™ ECL Western Blotting Substrate kit.

Cell fractionation

mESCs were fractionated following the procedure previously
published (Wuarin and Schibler, 1994). Briefly, 5 x 10° to 1 x 10’
cells were collected, washed with 1 mL cold PBS/1 mmol/L EDTA
buffer, and collected by centrifugation at 500 xg. Added 200 pL
ice-cold lysis buffer (10 mmol/L Tris-HCl, pH = 7.5, 0.05% NP40,
150 mmol/L NaCl) to the cell pellet and incubated on ice for
5 min, then gently pipetted up the cell lysate over 2.5 volumes
of chilled sucrose cushion (24% RNase-free sucrose in lysis
buffer), and the cell pellet was collected by centrifuging with
15,000 xg for 10 min at 4°C. All the supernatant was collected
as cytoplasmic fraction. Then gently added 200 pL ice-cold
PBS/1mmol/L EDTA to the nuclei pellet without disturbing the
pellet, then aspirated the PBS/EDTA. Added 100 L prechilled

glycerol buffer (20 mmol/L Tris-HCl, pH = 7.9, 75 mmol/L NaCl,
0.5 mmol/L EDTA, 0.85 mmol/L DTT, 0.125 mmol/L PMSE, 50%
glycerol) to resuspend the nuclei pellet with gentle flicking of
the tube, then added an equal volume of cold nuclei lysis buffer
(10 mmol/L HEPES, pH = 7.6, 1 mmol/L DTT, 7.5 mmol/L MgCl,
0.2 mmol/L EDTA, 0.3 mol/L NaCl, 1 mol/L UREA, 1% NP40) then
vigorously vortexed for 1 min. The mixtures of nuclei pellet were
incubated on ice for 5 min, then centrifuged at 4°C with 15,000
xg for 2 min. Collected all the supernatant as soluble nuclear
fraction/nucleoplasm, then gently rinsed the pellet with cold
PBS/1 mmol/L EDTA then collected as chromosome-associated
fraction.

RNA isolation

TRIZOL was used to isolate total RNA following the manufactur-
er’s instructions. RiboMinus transcriptome isolation kit was used
to extract nonribosomal RNA from the total RNA. Dynabeads
mRNA DIRECT™ kit was used to extract mRNA from total RNA.
The RNA concentration was measured by UV absorbance at
260 nm.

LC-MS/MS quantification of m°A in
nonribosomal RNA

A hundred nanograms of nonribosomal RNA/mRNA was digested
with nuclease P1 (1 U) in 25 pL of buffer containing 20 mmol/L
NH4Ac at 42°C for 2 h, then NH4HCO3 (1 mol/L, 3 pL) and alka-
line phosphatase (0.5 U) were added and incubated at 37°C for
2 h. After the digestion steps, sample were filtered (0.22 pm pore
size, 4 mm diameter), and 5 pL of the diluted sample (1:1 diluted)
was injected into the LC-MS/MS. The nucleosides were separated
by reverse phase ultra-performance liquid chromatography on
a C18 column, and detected by Agilent 6,410 QQQ triple-quad-
ruple LC mass spectrometer in a positive electrospray ionization
mode. The nucleoside to base ion mass transitions of 282 to 150
(m°®A), and 268 to 136 (A) were used to quantify the nucleosides.
Quantification was performed by comparing standard curves
obtained from pure nucleoside standards from the same batch
of samples. The ratio of m°A to A was calculated according to the
calibration concentration.

caRNA or mRNA m°A-seq

One microliter 1:1000 diluted mPA spike-in from the EpiMark
Né-Methyladenosine Enrichment Kit was added to 1 pg nonribo-
somal caRNA or mRNA before the fragmentation step. Then the
RNA fragmentation was performed according to previously pub-
lished protocols (Dominissini et al., 2012). m°A-IP was performed
using EpiMark N¢-Methyladenosine Enrichment Kit following the
manufacturer’s protocols. Sequencing was performed at Berry
Genomics (China) on an [llumina NovaSeq machine.

Nuclear RNA-seq

Total RNA was isolated from the soluble nuclear fraction/nucleo-
plasm fraction of mESCs. Then the mRNA was enriched from
total RNA by using the Dynabeads mRNA DIRECT™ kit. SMARTer
Stranded Total RNA-seq Kit v2 (Takara) were used to prepare the
library according to the manufacturer’s instructions. Sequencing
was performed at the University of Chicago Genomics Facility on
an Illumina NovaSeq machine.

Nascent RNA-seq

mESCs cells were seeded and controlled to afford the same
amounts of cells. After 48 h, 5-ethynyl uridine (EU) was added
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to 0.5 mmol/L at 60, 30, 20, and 10 min before trypsinization col-
lection. Total RNA was purified by Trizol reagent, and nascent
RNA was captured by Click-iT Nascent RNA capture Kit. ERCC
RNA spike-in control (Ambion) was added to each sample (0.01
BL per sample) before constructing the library with SMARTer
StarstarTotal RNA-Seq Kit V2. Sequencing was performed at the
University of Chicago Genomics Facility on an Illumina NovaSeq
machine.

METTL3 and METTL14 CUT&RUN-seq

CUT&RUN was performed as described (Skene et al., 2018). Briefly,
1 x 10’ mESCs were harvested and washed twice with ice-cold
PBS. The cells were then incubated with 2 mL nuclear isolation
buffer (10 mmol/L Tris-HCI, pH = 7.5, 250 mmol/L sucrose, 400
mmol/L spermidine, 0.8% Triton X-100) and 6 mL H,0 for 20 min
on ice with frequent mixing. The pellets were collected by cen-
trifugation at 2,500 xg for 15 min. Washed cell pellet with nuclear
isolation buffer and antibody buffer (20 mmol/L HEPES, pH = 7.5,
150 mmol/L KCl, 0.5 mmol/L spermidine, 2 mmol/L EDTA, 1 mg/
mL BSA). The cell pellets were then incubated overnight with
the antibody in Antibody buffer at 4°C. The following day, the
supernatant was removed by centrifugation and the cell pellets
were washed three times with wash buffer (20 mmol/L HEPES,
pH = 7.5, 150 mmol/L KCl, 0.5 mmol/L spermidine). The cell pel-
lets were then incubated with Protein A-MNase (1.5 pg in 300
pL wash buffer) for 1 h by rotation at 4°C. After three washes,
the cell pellets were resuspended in 300 pL wash buffer with 6
pL 100 mmol/L CaCl,, mixed rapidly by inversion, and placed
on ice for 30 min. The reactions were stopped by the addition
of 300 pL 2x stop buffer (340 mmol/L NaCl, 20 mmol/L EDTA, 4
mmol/L EGTA, 0.05 mg/mL RNaseA, 0.05 mg/mL glycogen, 2 pg/
mL spike-in DNA). The supernatant DNA was collected after cen-
trifugation and further purified using phenol/chloroform/isoamyl
alcohol (25:24:1) extractions and precipitated with 0.1 volume of
3 mol/L sodium acetate, pH = 5.2, and 3 volumes of ethanol using
glycogen as carrier. Library preparation was performed by using
KAPA HyperPlus Kits according to the manufacturer’s protocols.
Sequencing was performed at Berry Genomics (China) on an
[llumina NovaSeq machine.

CUT&RUN-seq with spike-in

CUT&RUN was performed using CUTANA™ ChIC/CUT&RUN Kit
(Epicypher) following the manufacturer’s protocols. 0.5 mol/L
cells were applied for each sample with 0.2 pL SNAP-CUTANA
K-MetStat Panel (H3K27me3) or 0.025 ng E. coli Spike-in DNA
(METTL14). Library preparation was performed with KAPA
HyperPrep Kits according to the manufacturer's protocols.
Sequencing was performed on an Illumina NextSeq 550 platform
at the University of Chicago Single Cell Immunophenotyping
Core.

Histone modification ChIP-seq

mESCs were resuspended in growth media with a concentration
of 10° mL, cross-linked by adding 1% formaldehyde directly to
the media and slowly shook at RT for 10 min. Cross-linking was
stopped by adding glycine to a final concentration of 0.125 mol/L
and incubating for 5 min at RT with a slow shake. The media
was removed and the cells were washed twice with ice-cold PBS.
Chromatin immunoprecipitation was performed using Auto iDeal
ChIP-seq kit for Histone with (for Mettl14 Control, Mettl14 CKO,
and two rescued Mettl14 CKO mESC lines) spike-in Chromatin
(Active Motif) and spike-in Antibody (Active Motif) following the

manufacturer’s protocols. Library preparation was performed by
using KAPA HyperPlus Kits according to the manufacturer’s pro-
tocols. Sequencing was performed at the University of Chicago
Genomics Facility on an Illumina NovaSeq.

mRNA-seq

mRNA was enriched from total RNA by using the Dynabeads
mRNA purification kit. SMARTer Stranded Total RNA-seq Kit v2
were used to prepare the library according to the manufactur-
er’s instructions. Sequencing was performed at Berry Genomics
(China) on an Illumina NovaSeq machine.

Cell proliferation assay

500 mESCs were seeded per well in a 96-well plate. The CCK-8
Cell Counting Kit was used to detect cell proliferationin 2, 3, 4, 5,
and 6 days following the manufacturer’s protocols. In brief, 10 pL
CCK8 solution was added to each well and incubated for 1 h, and
the absorbance at 450 nm was determined using a microplate
reader (BioTek Cytation5).

mESCs differentiation to EBs

mESCs were trypsinized to prepare single-cell suspension and
1 x 10° cells were seeded in ultra-low cluster plates with DMEM
supplemented with 15% FBS, 1 mmol/L L-glutamine, 0.1 mmol/L
2-mercaptoethanol, 1% nonessential amino acid. EBs were col-
lected after seeded 7 days.

Alkaline phosphatase staining

Cells were counted before cultured into 24-well plates (1,000
cells/well). The cells were gently rotated in dish and cultured
for 5 days. The cell clones were washed twice with PBS, then the
cells were fixed with 4% paraformaldehyde for 15 min at RT and
stained with Alkaline Phosphatase Assay Kit. Cell colony imaging
was performed by using Olympus IX73.

co-IP with RNase treatment

Cells were washed twice by PBS, collected by scraping, and pel-
leted by centrifuge at 500 xg for 3 min. The cell pellet was resus-
pended with cold lysis buffer (50 mmol/L Tris-HCl, pH = 7.5, 150
mmol/L NaCl, 1% NP40, 1:100 Protease Inhibitor Cocktail, 20 U/
mL RNase inhibitor), and incubated at 4°C for 15 min with rota-
tion. RNase A/T1 (Thermo Fisher Scientific) was added to the cell
lysate. The lysate was incubated at 25°C for 10 min, and then
centrifuged at 15,000 xg for 15 min at 4°C. Fifty microliters of
the supernatant was saved as input. The rest supernatant was
incubated with 1-3 pg of specific antibodies-conjugated or IgG-
conjugated Protein G Dynabeads (Thermo Fisher Scientific) at 4°C
overnight. Beads were washed 5 times with the lysis buffer. Both
beads and input were boiled in 1x LDS loading buffer at 95°C for
10 min and analyzed by Western blot.

Protein in-vitro co-IP assay

Proteins were incubated in reaction buffer (50 mmol/L Tris-HCI,
pH = 7.5, 150 mmol/L NaCl, 1:100 Protease Inhibitor Cocktail) at
25°C for 10 min. Five microliters was kept as input. The rest was
incubated with 0.5 pg of specific antibodies-conjugated Protein
G Dynabeads (Thermo Fisher Scientific) at RT for 45 min. Beads
were washed 5 times with the wash buffer (50 mmol/L Tris-HCl,
pH = 7.5, 150 mmol/L NacCl, 0.05% NP40). Beads and input were
boiled with 1x LDS loading buffer at 95°C for 10 min and analyzed
by Western blot.
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caRNA and mRNA mfA-seq data analysis

Data analysis was performed as described (Liu et al.,, 2020).
Briefly, raw reads were trimmed with Trimmomatic-0.39 (Bolger
et al.,, 2014) and then aligned to the mouse genome (mm10)
and transcriptome (GENCODE, version M19) together with
spike-in genomes including unmodified control RNA (Cypridina
Luciferase) and m°A methylated control RNA (Gaussia Luciferase)
(New England Biolabs) using HISAT (version 2.1.0) (Kim et al., 2015)
with “-k 5 --rna-strandness RF” parameters. Mapped reads were
separated by strands using samtools (version 1.9) (Li et al., 2009)
and m°A peaks were called using MACS2 (version 2) (Zhang et al.,
2008) with parameter “-g 1.3e8 --tsize 150 --extsize 150 --nomodel
--keep-dup 5" for each strand separately. Significant peaks with
q < 0.01 identified by MACS2 were considered. Peaks identified in
at least two biological replicates were intersected using bedtools
(v.2.26.0) (Quinlan and Hall, 2010) and were used in the following
analysis. The number of reads mapped to mouse genome divided
by number of reads mapped to m°A modified spike-in represented
whole m°A level.

Nascent RNA-seq data analysis

Data analysis was performed as described (Liu et al., 2020).
Briefly, raw reads were trimmed with Trimmomatic-0.39 (Bolger
et al,, 2014) and then aligned to mouse genome (mm?10) and
transcriptome (GENCODE, version M19) together with external
RNA Control Consortium (ERCC) RNA spike-in control (Thermo
Fisher Scientific) using HISAT (version 2.1.0) (Kim et al., 2015)
with “-k 5 --rna-strandness R” parameters. Reads on each
GENCODE annotated gene were counted using HTSeq (Anders
et al., 2015) and then normalized to counts per million (CPM)
using edgeR (Robinson and Oshlack, 2010) packages in R. CPM
was converted to attomole by linear fitting of the RNA ERCC
spike-in. RNA level and EU adding time was fitted to linear
equation, and the slope was estimated as transcription rate of
RNA.

Nuclear RNA-seq data analysis

Data analysis was performed as described (Liu et al., 2020). Briefly,
raw reads were trimmed with Trimmomatic-0.39 (Bolger et al.,
2014) and then aligned to mouse genome (mm?10) and transcrip-
tome (GENCODE, version M19) using HISAT (version 2.1.0) (Kim
et al,, 2015) with “-k 5 --rna-strandness RF” parameters. Reads
on each GENCODE annotated gene were counted using HTSeq
(Anders et al., 2015) and then differentially expressed genes
(DEGs) were identified by DESeq?2 (Love et al., 2014) with adjusted
P value <0.05 and requiring at least 10 reads in at least half of the
samples.

CUT&RUN data analysis

Raw reads were trimmed with Trimmomatic-0.39 (Bolger et al.,
2014) and then mapped to mouse genome (mm10) using bowtie2
(version 2.4.1) (Langmead and Salzberg, 2012) with “—dovetail”
parameter in default mode: search for the multiple alignments,
report the best one. Duplicated reads were removed with sam-
tools “rmdup” (Li et al., 2009). Peaks were called using HOMER
(Heinz et al., 2010) in factor style with “-F 2 -L 2 -tagThreshold
10" parameters. Peaks identified in two biological replicates were
pooled using bedtools (v.2.26.0) (Quinlan and Hall, 2010) and were
used in further analysis. The ENCODE blacklist (Amemiya et al.,
2019) were downloaded and used to mark CUT&RUN peaks. Peaks
with high intensity were identified by ROSE (Whyte et al., 2013)
with default parameters.

ChIP-seq data analysis

Raw reads were trimmed with Trimmomatic-0.39 (Bolger et al.,
2014) and then mapped to mouse genome (mm10) using bowtie2
(version 2.4.1) (Langmead and Salzberg, 2012) in default mode:
search for the multiple alignments, report the best one. Histone
modification peaks were called using HOMER in histone mode
(Heinz et al.,, 2010) with default parameters. Peaks identified in
at least two biological replicates were intersected using bed-
tools (v.2.26.0) (Quinlan and Hall, 2010) and were used in further
analysis.

Clustering analysis

A matrix was built with rows as METTL3 and METTL14 CUT&RUN
peaks; columns as METTL3 Control, METTL3 CKO, METTL14
Control, and METTL14 CKO mESCs samples, each with two bio-
logical replicates, around +2.5 kb of peak centers (100 bp per bin,
8 samples x 2 replicates x 50 bins = 800 columns); and entries
as METTL14 CUT&RUN signal quantified by RPKM (reads per
kilobase per million mapped reads) in METTL3 Control and
METTL3 CKO mESCs, or METTL3 CUT&RUN signal in METTL14
Control and METTL14 CKO mESCs. K-means clustering method
was then applied with euclidean distance as measures of simi-
larities between rows to cluster the CUT&RUN peaks into to four
clusters.

Enrichment analysis

Functional enrichment analysis was performed with DAVID
(Huang et al., 2019) with default parameter.

Statistical analysis

No statistical methods were used to predetermine sample size.
At least three biological replicates were used in each experi-
ment unless otherwise stated. Data are presented as the mean
+ standard error of the mean (SEM) or standard deviation (SD).
Two-tailed Student’s t-tests or nonparametric Wilcoxon-Mann-
Whitney test (Wilcoxon rank-sum test, two-sided) were applied
for calculating the P value indicated in the figure legends were
performed to assess the statistical significance of differences
between groups. Pearson correlation coefficients were calcu-
lated to assess correlation. In order to evaluate the scatter of
the data points around the fitted regression line, R?is used in our
scatter plots which indicates the percentage of the dependent
variable variation that a linear model explains. For box plots, the
center line represents the median, the box limits show the upper
and lower quartiles, whiskers represent 1.5x the interquartile
range.

Supplementary information

The online version contains supplementary material available at
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