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m°A RNA modifications are measured at
single-base resolution across the mammalian
transcriptome

Lulu Hu®"234121384 Shyn Liu'?3>¢12, Yong Peng"#35612, Ruiqi Ge'?3'2, Rui Su®”2?, Chamara Senevirathne?,
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Liangzhi Luo"?3, Huanyu Wang'?3, Yuru Wang"?3, Minkui Luo ®2°, Mengjie Chen®56135,

Jianjun Chen®719113 and Chuan He ®1231324

Functional studies of the RNA N¢-methyladenosine (m°A) modification have been limited by an inability to map individual
m°®A-modified sites in whole transcriptomes. To enable such studies, here, we introduce méA-selective allyl chemical labeling
and sequencing (mSA-SAC-seq), a method for quantitative, whole-transcriptome mapping of méA at single-nucleotide resolu-
tion. The method requires only ~30 ng of poly(A) or rRNA-depleted RNA. We mapped m°A modification stoichiometries in
RNA from cell lines and during in vitro monocytopoiesis from human hematopoietic stem and progenitor cells (HSPCs). We
identified numerous cell-state-specific m°A sites whose methylation status was highly dynamic during cell differentiation. We
observed changes of m°A stoichiometry as well as expression levels of transcripts encoding or regulated by key transcriptional
factors (TFs) critical for HSPC differentiation. m®A-SAC-seq is a quantitative method to dissect the dynamics and functional

roles of m°A sites in diverse biological processes using limited input RNA.

expression programs"’. The most abundant internal mRNA

modification in mammals is m°A. m°A modification exhibits
physiologically important effects on a variety of biological processes'>.
Despite the importance of RNA m°A methylation, a quantitative
method that maps whole-transcriptome m°A sites with stoichiomet-
ric information is lacking. Such a method would allow the evaluation
of contributions of individual m°A sites to biological functions and
enable analysis and comparison of potential global dynamic changes
during cell differentiation, cell signaling or stress responses.

The first two transcriptome-wide mappings of m°A modi-
fications, conducted in 2012 (m°A-seq or MeRIP-seq), used
anti-m°A to enrich RNA fragments containing m°A, producing
maps with a resolution of 100-200 nucleotides (nt) (refs. **). This
antibody-based profiling approach and later improved versions,
such as PA-m°A-seq’, miCLIP® and m°A-LAIC-seq’, have enabled
extensive research on m°A and its biological functions. However, the
antibody-based approach has several notable limitations, including
low resolution, a lack of stoichiometric information, a requirement
of a large amount of input materials and a limited ability to compare
m°A methylation across conditions®. A DART-seq method fuses an
m°A-reader protein to an RNA-editing enzyme to induce mutations
at sites adjacent to m°A residues’. This method can map m°A using

RNA modifications have emerged as critical regulators of gene

limited input material, but it still lacks quantitative information
regarding the modification site and stoichiometry.

MAZTER-seq'’ and m°A-REF-seq'' use the MazF RNase known
to selectively cleave RNA at unmethylated ACA motifs but not meth-
ylated m*ACA motifs", allowing detection of m°A at m°ACA motifs
after subtraction. However, these methods can only cover ~16% of
m°A sites in this specific motif. Additionally, they lack detection
sensitivity. Because the m°®A-to-A ratio is typically 0.5% in most
RNA samples, methods that detect A residues instead of m°A and
subtract from the over 200-fold excess of unmodified A to obtain
information for the much less abundant m°A demand extremely
high sensitivity and selectivity for these approaches. A method that
selectively detects m°A instead of A is therefore preferred.

The recently developed m°A-SEAL"” and m°A-label-seq'* offer
new options for m°A-specific mapping, but they still lack stoi-
chiometric information. A variety of antibody-independent meth-
ods'*""” have been developed to measure the abundance of m°A at a
particular site, but these could not be applied across the whole tran-
scriptome. A high-throughput sequencing method using limited
input material to quantitatively map RNA m°A, similar to bisulfite
sequencing for 5-methylcytosine in DNA, is critical for mechanis-
tic investigations of m°A biology and for revealing new biological
insights in eukaryotic systems.
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Results

Strategy and development of m°A-SAC-seq. To detect and quan-
tify m°A levels across the transcriptome at single-nucleotide reso-
lution, we developed m°A-SAC-seq. This method uses the Dim1/
KsgA family of dimethyltransferases, which transfer the methyl
group from S-adenosyl-L-methionine (SAM) to adenosines, form-
ing m°A and then N°N°-dimethyladenosine (m®,A) in consecutive
methylation reactions® (Fig. 1a).

For m°A-SAC-seq, we selected the Methanocaldococcus jan-
naschii homolog MjDim1, which shows highly processive kinetics
of converting m°A into m®,A”, and used a chemically modified
allylic-SAM as the cofactor® (Fig. 1a and Supplementary Fig. 1a,b).
We synthesized a 12-mer RNA probe with a GGA/mSACU con-
sensus motif containing A’ or ‘m°A’ (underlined) in the middle
(Fig. 1b,c and Supplementary Fig. 1c,d). In the presence of
allylic-SAM, MjDim1 exhibited an approximately tenfold preference
formCA over A inamodelallyl group transfer reaction (Fig. 1d,e), con-
verting m°A into allyl-modified m°A (N°-allyl,N°-methyladenosine
or a®m°A) and A into allyl-modified A (N°-allyl-adenosine or a®A).
We further optimized the enzyme-labeling protocol to achieve the
optimum efficiency (Supplementary Fig. 1e,f).

Subsequent I, treatment converts a®m°A and a°A into homo-
logs of N',N°-ethanoadenine and N',N°-propanoadenine, respec-
tively, as we have previously shown* (Fig. la and Supplementary
Fig. 1g). Human immunodeficiency virus 1 (HIV-1) reverse tran-
scriptase (RT) reads through synthetic oligonucleotides contain-
ing the allyl-labeled and cyclized adducts with negligible RT stops
(Supplementary Fig. 1h). To our delight, the HIV-1 RT gener-
ated ~tenfold higher mutation rates at the cyclized a®m°A sites
(true-positive m°A sites) than cyclized a°A sites (unmodified A
sites) in almost all sequence contexts tested using model oligo-
nucleotides containing NNXNN (X is either cyclized am°A or
a°A; Supplementary Table 1 and Fig. 1f). Therefore, m°A-SAC-seq
directly detects m°A and exhibits high selectivity toward m°A over A
at two steps of the procedure: (1) the allyl transfer from allylic-SAM
catalyzed by MjDim1 is ~tenfold more selective for m°A than A, and
(2) the labeled and cyclized m°A adducts generate higher mutation
rates than the corresponding adducts formed from unmodified A.
Even with the high selectivity of m°A-SAC-seq (~100-fold), there is
a ~200-fold excess of unmodified A that could produce non-specific
background noise. To confirm the specificity of m°A-SAC-seq, we
included a control sample in which RNA is treated with the m°A
demethylase FTO before MjDim1 labeling. FTO treatment removed
a large portion of the m°A in isolated mRNAs from HeLa cells, jus-
tifying its use to erase m°A in the transcriptome as a background
control (Supplementary Fig. 1i).

Next, we assessed the ability of m°A-SAC-seq (Supplementary
Fig. 1j) to detect m°A in a variety of sequence contexts by using dif-
ferent RNA probes that contain either NNa®m°ANN or NNm°ANN
in the middle (Supplementary Table 1). Using probes that contain
NNa*mfANN, we confirmed that HIV RT does not display a nota-
ble intrinsic sequence context preference, and the misincorporation
occurs at the cyclized a°m°A site, with an expected mutation pattern
of AtoU/C> G (data not shown). We then analyzed the sequence
preference of MjDim1 using RNA probes that contain NNm°ANN
in the middle. We performed allyl transfer catalyzed by MjDim1 fol-
lowed by chemically induced cyclization and RT. Because the RT
step does not show notable sequence preference, mutation rates
from this experiment mostly reflect the sequence preference of
MjDim1 toward the GA motif (Supplementary Fig. 1k). We found
that m°A in the most common consensus motif of Gm°AC tends to
yield high mutation rates (>30%), whereas m°A in the less common
Am°AC afforded lower but still clearly above background muta-
tion rates (5-10%), indicating that our method can determine the
modification stoichiometry of m°A in almost all sequence contexts
(Supplementary Fig. 11). To ensure modification stoichiometry
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quantification at most sequence contexts when sequencing biologi-
cal samples, we added in spike-in calibration probes that contain
varying fractions of m°A in NNm®ANN with different barcodes
(Supplementary Table 1). These calibration probes undergo the
same m°A-SAC-seq procedures as the real biological samples.
Therefore, mutation rates of m°A in the calibration probes in dif-
ferent sequence contexts provide normalization standards to deter-
mine modification fractions of individual m°A sites in sample RNA.

Quantitative m°A maps of poly(A)-tailed RNAs from cell lines.
We comprehensively mapped m°A sites in poly(A)-tailed RNAs
isolated from HeLa, HEK293 and HepG2 cells using m°A-SAC-seq
with spike-in calibration RNA probes. We observed efficient label-
ing and mismatch conversion of m°A; the spike-in probes with
100% DRm°ACH displayed a mutation rate of ~75%, whereas
those with 100% unmodified DRACH displayed a mutation rate
below 5% (Supplementary Fig. 2a). FTO treatment of the spike-in
probes further revealed that the non-specific mutation rate in the
DRACH motif is below 5% (Supplementary Fig. 2a). The m°A sites
in spike-in probes displayed characteristic mutational patterns, and
the observed mutation rates are proportional to the m°A stoichi-
ometry (an example probe is shown in Supplementary Fig. 2b).
We relied on spike-in standards with different fractions to assign
modification stoichiometry information. Significant linear corre-
lations (R*>0.92, P<0.05) between mutation frequency and m°A
fraction of spike-ins ensured reliability of quantification for the
m°A fraction on various DRACH motifs (Supplementary Fig. 2c).
To ensure reliability of our identified m°A sites, we kept only the
m°A sites identified in both biological replicates after comparison
with demethylation controls (Supplementary Fig. 2d-f). About 60%
of m°A sites identified in each technical replicate overlap with sites
identified in the other technical replicate (Supplementary Fig. 2g).
According to the sampling test on mapped reads, ~80% of mapped
reads could recover approximately 90% of m°A sites (Supplementary
Fig. 2h). As a base-resolution method, m°A-SAC-seq requires
more sequencing depth than the antibody-dependent profiling
approaches.

We identified more than 10,000 high-confidence m°A sites with
stoichiometrical information in each of these three cell lines with
two biological replicates (Supplementary Data 1 and Supplementary
Fig. 3a,b). m°A stoichiometry was reproducible within biological
replicates (Supplementary Fig. 3c). Consistent with previous obser-
vations™, most m°A sites are enriched around the stop codon and
located in the 3’-untranslated region (3’-UTR) and coding DNA
sequence (CDS) regions (Supplementary Fig. 3d,e), with identified
m°A sites in the frequent m°A-methylated GGACU and AGACU
motifs displaying the highest frequency (Supplementary Fig. 3f).
We noticed that the number of identified sites in the less frequent
m°A-methylated DAACH motifs was low. This is most likely
caused by the fact that m°A-SAC-seq yields low mutation rates for
certain Am°AC motifs (Supplementary Fig. 11). To estimate how
many DAACH sites m°A-SAC-seq might have missed, we ana-
lyzed DRACH motifs under MeRIP-seq peaks and compared them
with m°A-SAC-seq sites. We could observe seven to nine DRACH
motifs per peak, on average, from MeRIP-seq data®*** in three cell
lines that we studied (Supplementary Fig. 3g). We decided to focus
on Gm°AC- or Am°AC-enriched peaks to avoid overestimating
DRACH sites under MeRIP-seq peaks that are not methylated and
not detected by m*A-SAC-seq. We identified ~72% of these peaks, on
average, that were enriched with the Gm®AC motif (Supplementary
Fig. 3h), which is consistent with previous reports®*>*°. Based on this
analysis, m°A-SAC-seq likely missed ~85% of Am®AC motif occur-
rences (Supplementary Fig. 3i). However, the Am°AC sites detected
by m°A-SAC-seq were significantly enriched in high-signal peaks
(Supplementary Fig. 3j), indicating that m°A-SAC-seq can still
uncover highly modified Am°AC sites.
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Fig. 1| mSA-SAC-seq strategy and development. a, MjDim1 uses allylic-SAM as a cofactor to label m®A to a®mPA, which undergoes cyclization following

I, treatment. b, An m®A-modified 12-mer RNA probe was treated with MjDim1 and allylic-SAM, followed by matrix-assisted laser desorption ionization
(MALDI) characterization. The added molecular weight is that of the allyl group. €, An m°éA-free 12-mer RNA probe was treated with MjDim1 and
allylic-SAM, followed by MALDI characterization. No detectable new product appeared. d, Michaelis-Menten steady-state kinetics of the MjDim1-catalyzed
allyl transfer to an m®A-containing probe (MALDI_Probe_m®A in Supplementary Table 1). Data are represented as mean +s.e.m. for two biological

replicates x two technical replicates. e, Michaelis-Menten steady-state kinetics of the MjDim1-catalyzed allyl transfer to an unmodified control probe
(MALDI_Probe_A in Supplementary Table 1). Data are represented as mean +s.e.m. for two biological replicates x two technical replicates. f, Cyclized a®m°A
induces higher mutation rates than cyclized a®A in various RNA sequence contexts when using HIV RT. RNA oligonucleotides containing a®A or a®m°A were
synthesized by incorporating O°-phenyl-adenosine phosphoramidite into the designed sequence containing an NNXNN motif (X=a%A or a®m°A).

Next, to further validate the m°A-SAC-seq results, we enriched
m°A-modified poly(A)-tailed RNAs in HeLa cells and then per-
formed m°A-SAC-seq (MeRIP-SAC-seq) (Methods). Almost 70%
of the confident m°A-SAC-seq sites overlap with MeRIP-SAC-seq
sites (Supplementary Fig. 3k). Moreover, around 60% of the
m°A-SAC-seq sites overlap with MeRIP-seq peaks (Supplementary
Fig. 31). Notably, m°A-SAC-seq sites are significantly enriched in
high-signal MeRIP-seq peaks (Supplementary Fig. 3m). We further
compared m°A sites identified by m°A-SAC-seq with public data,
such as data from MeRIP-seq in HeLa** and HEK293* cells and data
from m°A-SEAL"” and miCLIP® in HEK293 cells. The distribution
of m°A sites revealed from m°A-SAC-seq resembled that of m°A
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peaks obtained by MeRIP-seq (Supplementary Fig. 3n). MeRIP-seq
and m°A-SEAL sites overlapped better with m°A-SAC-seq sites than
miCLIP sites (Supplementary Fig. 30,p). However, we observed that
miCLIP sites are enriched near the identified sites of m°*A-SAC-seq
(Supplementary Fig. 3q). These results, therefore, confirm that
m°A-SAC-seq could specifically detect m°A-modified sites in the
whole transcriptome. We applied SELECT"’ and MAZF digestion'"!
to validate several randomly selected sites, including one m°A nega-
tive and four m°A positives using SELECT (Supplementary Fig. 4a)
and one m°A negative and five m°A positives using MAZF digestion
(Supplementary Fig. 4b), confirming the accuracy of m°A-SAC-seq.
FTO™ and FTO" signal tracks for representative transcripts clearly

NATURE BIOTECHNOLOGY | VOL 40 | AUGUST 2022 | 1210-1219 | www.nature.com/naturebiotechnology


http://www.nature.com/naturebiotechnology

NATURE BIOTECHNOLOGY RTICLES

HEK293 Hela HepG2 5-UTR (1,006) 3'-UTR (11,650) CDS (9,686)
6 100 4 6 100 6 | 100 c1 ci1
= < < Cc2 C12
a & 754 < 754 < 754
o p c c
z S o ksl
@ . § 501 4 g 501 ad g 50 c13
w7 < oz | < < o5 |
< g2 < 251 S 25
S ol T 0
15}
5 24 2 2
Qo
[S
=
: | L
0 - . W L - I_ _ - 0 4 I | = 0 - I-
| T T
>0 >10 >20 >30 >40 >60 >80 >O >10 >20 >30 >4O >60 >80 >0 >10 >20 >30 >4O >60 >80
m°A fraction (%) m°®A fraction (%) mPA fraction (%)
Sum of m®A fraction on 100-nt bin (%)
0 - - 201
3-UTR m CDS B 5-UTR
HEK293 Hela HepG2
Intron B Intergenic B Promoter I e
[+
Positive regulation of cellular catabolic process —| : [ ] [} [ J [ ] Adjusted
Mitochondrial transport - [ ] Pvalue
Histone modification — [} [ ] : : [ : [
Covalent chromatin modification — (] [ ] [ ] [ J o
RNA splicing | ® e O o o e O 0.0025
Ribonucleoprotein complex biogenesis — ® [ J [ ] [ 4 [
Regulation of chromosome organization | [ ] [ 4 [ 3 [ ] [ ] [ ] [ J o 0.0050
RNA catabolic process -| [ ] [} [ J 0.0075
Regulation of mMRNA metabolic process | [ [ ] [ ] [ [ } :
Regulation of mitotic cell cycle phase transition — [ ] [ 3 [ ] [} [ J
Ribosome biogenesis | [ ] .
Ameboidal-type cell migration — [ ) Gene ratio
Regulation of protein import into nucleus ° ® 0.02
Double-strand break repair — [ 4 . @ 0.04
Recombinational repair — [ J @ 0.06
Regulation of mMRNA processing — [ ) .
Post-Golgi vesicle-mediated transport —| . . [ @ 0.08
mRNA transport —| [ ]
T T T T T T T T
Cc5 c21 C22 C23 C24 C25 C26 C27

3-UTR clusters W 5'-UTR clusters B8 CDS clusters

Fig. 2 | Characteristics of quantitative m®A maps in poly(A)-tailed RNAs from HelLa, HEK293 and HepG2 cells. a, Number (bar plots) and modification
fractions (violin box plots) distribution of m°A sites in different RNA regions that include 3'-UTR, CDS, intronic, 5’-UTR, intergenic and promoter. In box
plots, lower and upper hinges represent first and third quartiles, the center line represents the median, the red dot represents the mean, and whiskers
represent +1.5% the interquartile range (HEK293: n=6,2013'-UTR, n=4,967 CDS, n=514 5'-UTR, n=379 intronic, n=148 intergenic, n=25 promoter;
Hela: n=6,004 3'-UTR, n=4,069 CDS, n=377 5’-UTR, n=324 intronic, n=103 intergenic, n=15 promoter; HepG2: n=6,030 3’-UTR, n=4,585 CDS,
n=460 5-UTR, n=126 intronic, n=57 intergenic, n=12 promoter). b, k-means clustering was performed for RNA 100-nt bins that contain m®A sites in
at least one of the three cell lines. The 5’-UTR, 3’-UTR and CDS 100-nt bins were classified into seven clusters by k-means clustering on the m®A fractions
sum of 100-nt bin. Each row represents a 100-nt bin, and the number of 100-nt bins is shown in the bracket. ¢, GO Biological Process (GOBP) enrichment

analysis for the m°A clusters defined in b. Cell type-specific clusters (C5, C13-

showed the specificity of m°A-SAC-seq. (Supplementary Fig. 4c).
Of note, even without FTO treatment control, we could assign more
than 90% confident m°A sites (Supplementary Fig. 4d), justify-
ing the specificity of the m°A-SAC-seq strategy even without the
demethylation control. In conclusion, although m°A-SAC-seq has
a limitation in the detection of the less frequently m°A-methylated
Am°AC motif, it could still reveal high m°A stoichiometry sites in
these motifs; it reveals more than 70% DRACH sequences with stoi-
chiometric information.

In addition to m°A sites in the 3’-UTRs and CDSs, we also
observed a considerable number of m°A sites in the 5'-UTRs and
intronic regions, including sites with over 40% modification stoi-
chiometry in all three cell lines (Fig. 2a). The average stoichiometry
for m°A is notably higher in intronic regions than in the 5-UTR,
3’-UTR and CDS (Fig. 2a). We performed unsupervised k-means
clustering for transcripts with 5'-UTR-, 3'-UTR- and CDS-specific
methylation, respectively. We found that the majority of m°A sites
display considerably different stoichiometries across different cell
lines (Fig. 2b). Gene ontology (GO) enrichment analysis showed
that the cell-type-specific m°A sites (clusters C13-C15 and C24-
C26) are enriched in transcripts associated with various biological
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C15 and C24-C26) are highlighted by bold italic.

processes, such as histone or chromatin modification, RNA splicing,
RNA catabolism, RNA metabolism and cell cycle (Fig. 2c). Results
from these three cell lines suggest that quantitative m°A fractions
of a large portion of m°A sites are different among cell types. To
seek further evidence of cell-type-specific m°A methylation, we col-
lected and processed the published MeRIP-seq data from different
cell types using a unified pipeline. We found only 35-50% (5,073)
common peaks among the three cell lines at 50- to 500-nt (peaks)
resolution (Supplementary Fig. 4e).

Region-specific m°A on mRNA decay and translation efficiency.
To reveal the relationship between region-specific m°A and mRNA
metabolism, we categorized 5’-UTR-m°A-only, 3'-UTR-m°A-only
and CDS-m°A-only transcripts into three groups (high, medium
and low) with equal numbers of transcripts based on the sum of
their m°A fractions at specific mRNA regions (3’-UTR, 5’-UTR
or CDS) of the transcript and determined how their lifetimes and
translation efficiencies were affected by the knockdown of the m°A
writer (METTL3) or readers (YTHDF1/YTHDEF2), respectively. We
observed shorter lifetimes for transcripts with high m°A stoichi-
ometries than for transcripts with low m°A stoichiometries for all
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Fig. 3 | Effects of m°A on the modified RNAs in cell lines. a, Cumulative curves and box violin plots showing the distribution of transcript lifetime with
different m®A fractions in Hela cells. Transcripts were classified into three groups (high, medium and low) with equal numbers of transcripts based on
the sum of their m®A fractions (left: n=1,576 high, n=1,575 medium, n=1,575 low, n=5,277 no m°A, right: n=1,672 high, n=1,671 medium, n=1,671

low, n=6,739 no m°A). Two lifetime data sets, GSE98856 (left) and GSE49339 (right), were used to confirm each other. The P value between two
groups (the no m°A group as reference) was determined by one-tailed Wilcoxon rank-sum test in the violin box plots. b, Cumulative curves and box violin
plots showing the lifetime distribution of 5’-UTR-m®A-only (n=77), 3’-UTR-m®A-only (n=1,579), CDS-m°A-only (n=889) and non-m°®A (n=5,277)
transcripts; lifetime data set: GSE98856. ¢, Cumulative curves and box violin plots showing the distribution of lifetime for 5’-UTR-m®A-only (n=110),
3’-UTR-m°A-only (n=2,200), CDS-m°A-only (n=1,182) and non-m°®A (n=6,739) transcripts in siControl (control short interfering RNA) and siYTHDF2
(YTHDF2 short interfering RNA) data sets and their ratios in Hela cells. The y axis label of the box violin plot is the same as the x axis label of the
cumulative curve plot; lifetime data set: GSE49339. d, Distribution of MFE of RNA folding for a 31-nt sliding window with or without m®A on the 16th
adenosines. The upstream and downstream 15 nt of adenines with or without m®A were used to generate the 31-mer window. All identified m°A sites
(n=12,234 HEK293, n=10,892 Hela, n=11,270 HepG2) were used to calculate MFE, and the number of non-m°®A sites was 10,000 for each cell type.

e, Distribution of PhastCons scores of m®A and non-m°A sites in cell lines. In different cell lines, m°A sites were classified into two categories (low and
high) based on their PhastCons scores (low <0.5, high>0.5) (HEK293: n=2,711 low, n="7,074 high; HelLa: n=2,482 low, n=6,139 high; HepG2: n=2,230
low, n=6,998 high). For b-e, the P value was determined by one-tailed Wilcoxon rank-sum test. In box plots (a-e), lower and upper hinges represent first
and third quartiles, the center line represents the median, the red dot represents the mean, and whiskers represent +1.5x the interquartile range.

transcripts and 3’-UTR-m°A-only and CDS-m°A-only transcripts
(Fig. 3a and Supplementary Fig. 5a,b). The knockdown of either
METTL3 or YTHDEF?2 led to extended RNA lifetime, especially for
the more heavily modified transcripts (Supplementary Fig. 5a,b),
confirming the main role of m°A in mRNA turnover”. Notably,
our analysis revealed that the 5-UTR-m°A-only transcripts tend
to display a longer lifetime than unmodified transcripts and
3’-UTR-m°A-only and CDS-m°A-only transcripts (Fig. 3b,c).
Furthermore, depletion of YTHDF2 caused reduced stability of
these transcripts, suggesting a stabilization role of YTHDF2 on the
5’-UTR-m°A-only transcripts, either directly or indirectly (Fig. 3c).

The m°A fractions of transcripts showed an effect on transla-
tion efficiency, with knockdown of either METTL3 or YTHDF1
further decreasing translation efficiency (Supplementary Fig. 6a,b).
Translation efficiency can be notably perturbed by m°A sites located
in the CDS but less so in the 3’-UTR and 5’-UTR* (Supplementary
Fig. 6¢). These observations confirm the translation upregulation
role discovered previously’®” and in a recent m*A-QTL analysis™.
The m°A-QTL study also revealed a heterogeneous effect of m°A on
translation, with certain m°A sites recognized by RNA-binding pro-
teins (RBPs) that suppress translation. When we analyzed a 31-mer
window around the modified m°A sites, we observed that they tend
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to adopt predicted structures with lower minimum free energies
(MFE) than non-methylated sites, suggesting that m°A tends to
mark regions that form secondary structures (Fig. 3d). This result
confirms previous observations that m°A marks more structured
transcripts and elevates translation efficiency, potentially by relax-
ing the secondary structure®.

We previously reported that mRNA m°A is evolutionarily con-
served and tends to cluster among species''. It is tempting to specu-
late that specific adenine sites subjected to m°A modification could
be more conserved than those without methylation, because m°A
plays important roles in mRNA stability, translation and second-
ary structure tuning. Using the stoichiometry information from our
m°A-SAC-seq data, we explored the correlation of m°A stoichiom-
etry and natural selection during evolution. Like previous studies>",
we also observed that m°®A sites are more conserved than unmethyl-
ated A sites (Supplementary Fig. 7a). However, we found that m°A
sites with low PhastCons scores tend to be highly m°A modified,
while m°A sites with high PhastCons scores tend to be lowly m°A
modified (Fig. 3e), suggesting that high-stoichiometry m°A sites are
more likely to evolve quickly than low-stoichiometry sites.

We also compared HepG2 m°A sites and ENCODE eCLIP data’"*
from the same cell line to explore potential connections between
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m°A and RBPs. We identified 11 RBPs that show site overlap of at
least 5% between m°A and eCLIP binding sites (Supplementary
Fig. 7b), including known components of methyltransferases (e.g.,
RBM15 (ref. *)), readers (e.g., IGF2BPs*) (note that the eCLIP data
are not available for the YTH family readers of m°A in HepG2) and
potential new reader protein candidates whose relationship with
m°A would need future investigation.

m°A deposition is linked to RNA splicing. Recent studies have
uncovered the effects of m°A on pre-mRNA splicing through
hnRNPG**, hnRNPA2BI (ref. *’) and YTHDCI (ref. **). To explore
a potential link between m°A and RNA splicing, we investigated
m°A sites identified from HEK293 rRNA-depleted RNA samples.
We observed a depletion of m°A close to the splice site (SS) in both
introns and exons; however, we found that m°A isenriched toward the
5'-end of introns but not at 5'- or 3’-ends of exons (Supplementary
Fig. 8a). We observed approximately 29.6% of m°A sites close to the
5’- or 3’-SSs (i.e., within 300 nt of intron and 200 nt of exon flank-
ing the 5’- or 3’-SS; Supplementary Fig. 8b) and subsequently asked
whether these sites could be associated with alternative splicing
(AS). We selected previously identified hnRNPG-bound m°A sites™
and examined their co-occurrence with AS events after METTL3
or METTL14 knockdown. We found approximately 11.6% of
hnRNPG-bound m®A sites near SSs showing potential relationships
with AS events (| A¥Y|> 5%, false-discovery rate (FDR) <0.1) fol-
lowing depletion of either METTL3 or METTL14 (Supplementary
Fig. 8c). The deposition of m°A near SSs is specific in distinct AS
events (Supplementary Fig. 8d,e), suggesting that m°A might be
responsible, at least in part, for some of these AS events.

m°A dynamics along monocytopoiesis. Despite the crucial effects
of RNA m°A methylation on cell differentiation as well as cell sig-
naling and stimulation responses, the dynamics of m°A modifica-
tion along most biological processes remain unclear'’. RNA m°fA
modification is known to play important roles during normal and
malignant hematopoiesis®. We applied m°A-SAC-seq to interrogate
whole-transcriptome m°A changes during hematopoiesis, a highly
controlled process during which epigenetic events and gene expres-
sion are strictly orchestrated to ensure correct fate decisions. We
specifically studied monocytopoiesis starting from human umbili-
cal cord blood-derived CD34* HSPCs. Human monocytopoiesis is
completed in vitro by day 9 (Supplementary Fig. 9a—e). We there-
fore performed m°A-SAC-seq with samples collected at days 0 (d0),
3 (d3), 6 (d6) and 9 (d9) during monocytopoiesis. To gain com-
prehensive information about m°A dynamics on pre-mRNAs and
other unprocessed RNAs, we sequenced isolated RNAs after rRNA
depletion. As a result, we identified approximately 20,000-32,000
high-confidence m°A sites in each of the above four time points
during monocytopoiesis (Supplementary Data 1).

We identified a total of 9,654 gene transcripts containing m°A
modifications at least at one time point (Supplementary Data 2).
As expected, we observed enrichment of m°A sites in the CDS and
3’-UTR (Supplementary Fig. 10a). The m°A stoichiometry mainly
ranges from 25 to 75%; m°A sites in introns (1,416 to 3,611 sites
at different stages of monocytopoiesis) showed surprisingly the
highest average modification stoichiometry (Fig. 4a). All regions of
mRNAs can be m°A methylated, although the 3’-UTR and CDS tend
to enrich more highly modified m®A sites, and certain non-coding
RNAs (ncRNAs) also contain m°A sites (Supplementary Fig. 10b and
Supplementary Data 2). Many of these m°A-modified transcripts
(e.g., RUNXI (ref. *°), FOS*, ZEB2 (ref. **), ETV6 (ref. ©*), XIST* and
MALATTI (ref. )) have been reported to regulate hematopoiesis.
Furthermore, transcripts of m°A writers, readers and erasers (e.g.,
METTL3/METTL14, WTAP, YTHDFI1/YTHDF2/YTHDF3 and
ALKBHS5) are also m°A modified, suggesting a mechanism of m°A
autoregulation (Supplementary Data 2). By exploiting expression
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patterns of genes with m°A modification, we found that transcripts
with dynamic m°A stoichiometric changes tend to show more sig-
nificant expression variations than transcripts possessing stable
m°A (Fig. 4b). In addition, we observed that the stoichiometry of
m°A at different RNA regions displayed weak negative or no cor-
relations with gene expression level (Supplementary Fig. 11). A
similar result could also be found in cell lines (Supplementary
Fig. 12), indicating that transcript abundance does not affect m°A
detection using m°A-SAC-seq.

Contrary to some of previous speculations, we found that m°A
displayed substantial redistribution and dynamics among differ-
ent regions of mRNA during differentiation (Fig. 4c). We identi-
fied many m°A sites in the CDS, 3’-UTR and intronic regions that
were gained or lost compared to the previous time point (Fig. 4d).
Moreover, we observed that m°A stoichiometry near the stop
codons decreased during HSPC differentiation but was restored
after differentiation (Supplementary Fig. 10c), suggesting that m°A
stoichiometric changes might play a role in the regulation of differ-
entiation. To further investigate m°A dynamics across differentia-
tion, we grouped genes based on their mRNA m°A stoichiometric
changes in the 5'-UTR, CDS, 3’-UTR and intron regions and identi-
fied a total of 39 clusters (Fig. 4e and Supplementary Fig. 10d). We
next examined functional differences between genes with dynamic
or stable m°A deposition. GO analysis showed that genes main-
taining basic cell survival functions tend to undergo dynamic m°A
stoichiometric changes (pathways related to DNA repair, damage,
integrity and cell cycle), whereas genes involved in pathways related
to myeloid cell activation, immune response, RNA splicing and
catabolic processes are more stable in m°A stoichiometry (Fig. 4f).

Dynamic m°A levels correlate with gene expression changes. m°A
modification could mark and prime transcripts for coordinated
decay and translation and thus facilitate transcriptome turnover
and protein production during cell differentiation’. We identified
4,406 m°A-modified transcripts that were differentially expressed
between any two consecutive time points (FC>1.5 or FC <0.667,
FDR<0.05; Fig. 5a and Supplementary Data 3). Among them,
transcripts encoding TFs critical for monocyte developmental
regulation’**** exhibited m°A stoichiometry changes along with
expression level changes during HSPC differentiation (Fig. 5b). For
example, the stoichiometry of m°A methylation in the CDS of KLF4
increased along with abundance of the transcript level from dé6 to
d9; a similar observation was made for EGRI CDS m°A methyla-
tion at the d0-to-d3 transition. Additional examples include m°A
stoichiometry changes of 3’-UTR m°A methylation in ERG1, SPI1
and CEBPA, which decreased in m°A stoichiometry and increased
in transcript abundance at the d0-to-d3 transition.

To further investigate the relationship between m°A modification
and gene expression, we identified 1,240 genes with changes in both
m°A stoichiometry (|MD|>10%) and transcript level (FC> 1.5 or
FC<0.667, FDR < 0.05) between two adjacent time points (Fig. 5¢
and Supplementary Data 4). Notably, these genes with m°A installed
in the CDS or 3’-UTR are significantly enriched in transcripts regu-
lated by master TFs (Fig. 5d), which orchestrate the development of
blood cells from HSPCs. For instance, transcripts regulated by SP1
and SPI1 are enriched with m°A in the CDS, whereas transcripts
regulated by NF-kB1, RELA, STAT3 and TP53 tend to accumulate
m°A in the 3'-UTR, respectively. The current quantitative maps of
m°A during this process, particularly the correlation between m°A
stoichiometry changes and transcript level differences for key tran-
scripts, provide rich resources for further mechanistic understand-
ing and modulation of HSPC differentiation in the future.

To provide additional insights, we used ENCODE eCLIP data’*
from K562 cells, an immortalized myelogenous leukemia cell line,
to investigate a potential association between individual m°A sites
and RBP binding. We observed significant overlap between binding

1215


http://www.nature.com/naturebiotechnology

ARTICLES NATURE BIOTECHNOLOGY

)
(-

1001 5-UTR CDs 3-UTR Intron
= ‘ Time o) NS NS NS 3x1025x10°3x 107 3x1024x10°2x107 NS NS NS
S | @ 41— = = o] T T He AR e 44 = = =
S & do o : 5.0 - :
S =3 . 3 . - H . . o
% 50 = d3 2 o ¢ i . 47 ¢ vy 251 : Lo L 24 . | Status
g oo 5 Sl e T +_I_+++ Ll L | 2 oame
= o5l g B | ++¢ - O] -|- -‘--H- ONTT TT TT| o = | & stable
E S 4 H 254 ¢ |
3 v 0 -2 5 o : .
O a T T T T T T w - T T T - T T T - T T T - T T T
5-UTR CDS 3-UTR Intron ncRNA Intergenic d3 d6 d9 d3 d6 do9 d3 d6 d9 d3 d6 d9
region
C
5-UTR == =
cDs = — S — ,
v y N\ / 1
“ 4{ A \\é’ﬂ 1 Time
. “"/ — e e N\ . S W do
\ W i =— d3
@E_E_ I d6
sum =W L
R==
Intron L meA
100
Mutoe = = s
regions ﬁ

50
/ — lzs
\ RN 7 /RN 0
None : = St ———==

I Gain Loss

5-UTR CDS T
ime
300 4 1,500 a3 Mds Mdo
200 1 1,000 Region
W s-utR @ CDS
100 - 500 I M 3-UTR M Intron
0 0
g d3 d6 do d3 d6 do Status
3 ¥l Dynamic Stable
o 3-UTR Intron
1,500 A Adjusted P value (-log, )
900 -
1,000 1 0_5 10 15 20
600 -
500 4 I 300 | I
d3  d6 d9 d3 d6 d9

Fig. 4 | m®A dynamics across hematopoietic stem cell differentiation into monocytes. a, Distribution of m°A fractions in different genomic features.
Colors indicate time points. In box plots, lower and upper hinges represent first and third quartiles, the center line represents the median, and whiskers
represent +1.5x the interquartile range (5’-UTR: n=867 dO, n=773 d3, n=628 d6, n=647 d9; CDS: n=11,630 d0, n=12,277 d3,n=7,215 d6, n=7,603
d9; 3’-UTR: n=15,243 dO, n=15,393 d3, n=10,378 d6, n=11,310 d9; intron: n=3,611 d0, n=1,416 d3, n=1,481d6, n=3,560 d9; ncRNA: n=1,473 dO,
n=1,232d3, n=948 d6, n=1,073 d9; intergenic region: n=590 dO, n=424 d3, n=414 d6, n=581d9). b, The log,-transformed fold changes (log, FC)

of expression levels of transcripts with dynamic or stable m°A sites in different feature regions of MRNAs between adjacent time points are shown. The
dynamic or stable m®A sites were defined as those that were detected between adjacent time points, and their changes of m°A fractions were more or
less than 20%, respectively. Colors indicate the dynamic or stable status. P values were determined using a two-tailed Mann-Whitney U-test; NS, not
significant. In box plots, lower and upper hinges represent first and third quartiles, the center line represents the median, and whiskers represent +£1.5x the
interquartile range (5’-UTR: n=613, n=299, n=576, n=259, n=531, n=254; CDS: n=3,341,n=2,220,n=3124,n=1,767,n=2,814,n=1,611; 3’-UTR:
n=3,586,n=2,740,n=3,380,n=2,304, n=3,263, n=2,171; intron: n=1,558, n=253, n=1,050, n=198, n=1,657, n=290). The order of the n number in
each region is consistent with that of box plots shown in each region. ¢, Alluvial plots showing global m®A dynamics on feature regions of mRNAs during
monocytopoiesis. Each line represents one transcript bearing m°A at different transcript regions across four time points. Colors indicate feature regions
where m°A was initially installed at dO. d, Number of genes that gained or lost m°A in different regions of MRNAs were counted by comparing to the
previous time point. Only genes gaining or losing m°A on the specific genomic region were considered. Colors indicate the status of gain or loss. e, Heat
maps depicting clusters of m°A sites by m°A stoichiometries in different transcript regions of MRNAs. The dendrogram in each cluster was constructed
using complete linkage based on Euclidean distance. Numbers near the dendrograms represent cluster identifiers. f, Heat map illustrating GO analysis on
genes with dynamic or stable m°A in different transcript regions during differentiation. The dendrograms in both rows and columns were constructed using
complete linkage based on Euclidean distance. Between adjacent time points, m°A sites with a stoichiometry difference more than 20% were defined as
dynamic, and those less than 20% were defined as stable.
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Fig. 5 | m°A modification impacting gene expression during monocytopoiesis. a, Heat map showing expression profiles of m®A-modified and differentially
expressed genes (FC>1.5 or FC < 0.667, FDR < 0.05) by comparing any two time points during HSPC differentiation. Gene expression levels were scaled
by z score across time points. The dendrogram was constructed using complete linkage based on Euclidean distance. Master TFs involved in regulating
HSPC differentiation into monocytes are labeled in the heat map; lincRNA, long intergenic non-coding RNA; sncRNA, small non-coding RNA. b, Examples
displaying changes of both m°A stoichiometries in different transcript regions and expression levels of key TF transcripts; CPM, counts per million.

¢, Distribution of counts of genes with changes in both m°A stoichiometries in different transcript regions and expression levels between adjacent time
points. Colors indicate changes, with hyper- or hypomethylation defined as having methylation difference (MD) >10% or MD < -10%, respectively; up- or
downregulated gene expression differences are defined as having FDR < 0.05 and FC > 1.5 or FC < 0.667, respectively. d, Heat map showing TF-regulated
gene enrichment analysis on the gene sets with m°A in the CDS and 3’-UTR in ¢. The dendrograms in both rows and columns were constructed using
complete linkage based on Euclidean distance. Master TFs during differentiation were labeled in the heat map. e, Heat map (left) depicting the overlap
between RBP eCLIP peaks and mP®A sites and bar plots (right) showing the distribution of counts of their shared binding regions, respectively. The
dendrogram in rows was constructed using complete linkage based on Euclidean distance. The percent overlap was represented by the average of the
fractions of overlap that was reciprocal for RNA m°A sites and RBP eCLIP peaks. The co-occurrence criteria between RBPs and m®A was defined as both of
RBP and meA reciprocal fractions of site overlap > 5% and one of them > 9% at least at one time point.

sites of a preferred set of 12 RBPs (Fig. 5¢ and Supplementary Data
5) or an exploratory set of 23 RBPs (Supplementary Fig. 13a and
Supplementary Data 5) and m°A sites. Among them, YBX3, which
we recently reported as a potential m°A effector protein®, presents

NATURE BIOTECHNOLOGY | VOL 40 | AUGUST 2022 | 1210-1219 | www.nature.com/naturebiotechnology

the highest overlapping binding sites with m°A sites. Moreover, we
observed that the YBX3-bound and m°A-modified transcripts are
enriched in pathways related to cell cycle, especially at the early
stages of differentiation (Supplementary Fig. 13b). Although these
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results suggest that YBX3 might play a translation regulation role
through m°A during HSPC differentiation, more experiments to
support this role need to be conducted in the future.

We then investigated the correlation between m°A and RNA splic-
ing during monocytopoiesis. We found a similar distribution of m°A
in the introns and exons and near SSs at different stages of monocy-
topoiesis to that of HEK293 cells, with a characteristic enrichment of
m°A toward the 5’-end of introns (Supplementary Fig. 14a,b). The
conserved deposition of m°A in introns suggests its potential func-
tional role in pre-mRNA processing. We further identified 7,480
AS events in total (| A¥|>5%, FDR<0.1) during monocytopoiesis
(Supplementary Data 6). Among these events, around 14.2% cor-
relate with changes of stoichiometry (|MD|>10%) of SS-adjacent
mCA sites (that is, m°A within 300nt of intron and 200nt of exon
flanking the 5’- or 3’-SS; Supplementary Fig. 14c and Supplementary
Data 7). For instance, TRPV2 (ref. *) and DOK2 (ref. *°),
involved in HSPC cell cycle progression, growth and differentiation,
both showed notable AS level differences along with changes of m°A
stoichiometry at one single site during d0-to-d6 and d6-to-d9 tran-
sitions, respectively (Supplementary Fig. 14d). To further analyze
changes in m°A stoichiometry during monocytopoiesis that may
accompany AS changes, we performed RNA-sequencing analysis of
HSPC samples after knockdown of METTL3 and METTLI14. After
METTL3/METTL14 knockdown, we identified 9,248 AS events
during HSPC differentiation (Supplementary Data 8), including the
event that was shown in Supplementary Fig. 14d (left). The splic-
ing inclusion level of the skipped exon from TRPV2 transcripts
increased after METTL3/METTL14 knockdown (Supplementary
Fig. 14e, left). Therefore, our results may suggest effects of m°A
deposition on mRNA splicing during cell differentiation.

Discussion

While the RNA m°A modification plays critical roles during cell
differentiation, tissue development and transcriptional regulation,
studies of these biological processes have been hampered by the
limited materials for sequencing and lack of robust methods for
comparison of m°A levels across conditions.

We present a quantitative m°A-SAC-seq method that maps
m°A sites in the entire transcriptome at single-base resolution.
The method requires only ~30ng of input RNA (from 300 ng total
RNA), making it suitable for investigating a variety of biological
systems. We detailed comprehensive maps of m°A at single-base
precision and with stoichiometry information. m°A-SAC-seq does
show a motif preference of GAC over AAC. Previous studies using
chromatography”*?, miCLIP® and miCLIP2 (ref. °) have reported
that ~70-75% of m°A sites occur in the GAC motif. This suggests
that m°*A-SAC-seq could uncover up to about 80% of m°A sites even
with a limitation at detecting AAC sites, although m°A-SAC-seq can
still reveal highly modified m°A sites in the AAC motif. Engineering
of the current methyltransferase to exhibit less sequence bias is a
future direction we hope to pursue. In addition, our quantitative
sequencing data revealed numerous cell-type-specific m°A sites
among three different cell lines (HeLa, HEK293 and HepG2), con-
sistent with our observation that MeRIP-seq data showing 35-50%
common peaks among these cell lines. Application of m°A-SAC-seq
to monocytopoiesis led to a quantitative delineation of m°A deposi-
tion and stoichiometric dynamics across cell differentiation, reveal-
ing a broad scope of m°A dynamics on key transcripts important
for cell differentiation and uncovering new m°A-interacting protein
candidates. This study showcases the potential for broadly applying
m°A-SAC-seq to obtain whole-transcriptome m°A stoichiometry
maps in various cell differentiation, early development, neuronal
signaling and clinical samples. Therefore, we think m°A-SAC-seq
will serve as a gold standard that overcomes the current techno-
logical bottleneck for quantitative m°A sequencing and enables new
biological discoveries.
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Methods

Expression and purification of recombinant MjDim1. The MjDim1 gene was
codon optimized and synthesized by Thermo Fisher Scientific and cloned into

a pET-His-SUMO vector. T7 Express Competent Escherichia coli (NEB) was
transformed with the plasmid and cultured at 37 °C. When the optical density at
600nm (ODy,) reached 1, cells were cooled to 16 °C, IPTG was added to a final
concentration of 0.1 mM for inducible expression, and cells were cultured at 16°C
for an additional 18h. Cells were collected and lysed by EmulsiFlex-C3 (Avestin)
in lysis buffer (50 mM Tris-HCI (pH 7.5), 300 mM NaCl). The soluble recombinant
protein was purified using a nickel resin column (GE Healthcare) washed with
washing buffer (50 mM Tris-HCI (pH 7.5), 300 mM NaCl, 5mM imidazole). Ulp1
was added in the resin to cleave the SUMO tag on the column at 4°C for 16 h. The
enzyme was eluted in elution buffer (20 mM Tris-HCI (pH 7.5), 150 mM NaCl,
20mM imidazole) and subjected to anion-exchange chromatography (Sourcel5-Q
10/10, GE Healthcare) on an AKTA Purifier 10 system (GE Healthcare) to get

rid of the RNA and DNA bound with the enzyme. Flow-through was collected

for the second round of cation-exchange chromatography (Sourcel5-S 10/10, GE
Healthcare), and the fractions coming out between conductivity 20 and 35 were
collected and concentrated to ~1.6 mM. Glycerol was added in the enzyme to a
final concentration of 30% and stored at 80 °C for future use.

Synthesis of allylic-SAM analog. S-Adenosyl-L-homocysteine (20 mg, 0.05 mmol,
1 equiv.) was dissolved in formic and acetic acids (1:1, 2ml). Allyl bromide (425 pl,
5mmol, 100 equiv.) and AgClO, (10.4mg, 0.05mmol, 1equiv.) were added and
stirred at ambient temperature (22 °C) for 8 h. The reaction was quenched with
20ml of 0.01% trifluoroacetic acid (TFA; vol/vol) in water. The aqueous phase
was washed three times with diethyl ether (3 x 10 ml) and then passed through

a 0.2-pm syringe filter. The crude mixture of allyl-SAM was purified using a
preparative reversed-phase high-performance liquid chromatography (RP-HPLC)
column (XBridge Prep C18 5pm OBD 19X 150 mm). A diastereomeric mixture of
the allylic-SAM analog was collected, concentrated and lyophilized. The resultant
compounds were redissolved in water containing 0.01% TFA (vol/vol), aliquoted
and stored at -80 °C before use.

Biochemical assay for a°m°A methyltransferase activity in vitro. The in vitro
methyltransferase activity assay was performed in a standard 20-pl reaction
mixture containing the following components: 50 ng to 1 pug of RNA probe or 30ng
of mRNA, 10 nmol of fresh recombinant MjDim1 enzymes, 3mM allylic-SAM,

40 mM HEPES (pH 8.0), 40 mM NH,Cl, 4mM MgCl, and 1U pl~! SUPERase In
RNase Inhibitor (Thermo Fisher Scientific). For the RNA probe, the reaction was
incubated at 50 °C for 1 h. For mRNA or other biological samples, RNA fragments
were ligated with biotin-modified 3’-adapter and bound with Dynabeads MyOne
Streptavidin C1 (Thermo Fisher Scientific). The reaction was performed on the
solid phase using the following procedure: 50 °C for 1 h and change new reaction
system for three rounds to efficiently label m°A sites with an allyl group.

MALDI-time-of-flight (MALDI-TOF) and HPLC. The RNA reaction products
were purified using Dynabeads MyOne Streptavidin C1 (Thermo Fisher Scientific)
and eluted by heating at 98 °C for 10 min. One microliter of the supernatant was
then mixed with an equal amount of MALDI matrix, which was composed of a

9:1 (vol/vol) ratio of 2',4",6’-trihydroxy acetophenone (THAP; 10 mgml™" in 50%
acetonitrile and water):diammonium citrate (50 mgml~' in water). The mixture
was then spotted on a MALDI sample plate, dried under vacuum and analyzed

by a Bruker Ultraflextreme MALDI-TOF-TOF mass spectrometer in a reflector,
positive mode. The HPLC profiles were acquired using Waters 2695 equipment.

Quantification of am°A in RNA by LC-MS/MS. RNA oligonucleotides or mRNAs
were digested into nucleosides, and the amount of am®A was measured by using
Agilent 6460 Triple Quad MS-MS with a 1290 UHPLC supplied with a ZORBAX
Eclipse XDB-C18 column (UHPLC-QQQ-MS/MS) and calculated based on the
standard curve generated by pure standards. For each sample, RNA was digested by
using 1 U of nuclease P1 (Wako) in a 25-pl reaction containing 10 mM ammonium
acetate at 37°C for 16 h. Then, 1 pl of FastAP thermosensitive alkaline phosphatase
and 3 pl of 10x FastAP buffer (Thermo Scientific) was added, and the reaction

was incubated at 37 °C for 2h. Samples were then filtered using a 0.22-pm filter
(Millipore) and injected into LC-MS/MS. The nucleosides were quantified by
using the nucleoside-to-base ion mass transitions of 282 to 150 (m°A), 323 to

191 (am°A), 268 to 136 (A) and 284 to 152 (G). Quantification was performed in
comparison to the standard curve obtained from pure nucleoside standards run

on the same batch of samples. The ratio of m°A to G was calculated based on the
calibrated concentrations.

RNA probe synthesis and validation. RNA probes (Supplementary Table 1)

with modifications were designed and synthesized using an EXPEDIT DNA
Synthesizer 8909. Unmodified probes were purchased from Integrated DNA
Technologies. Probes for the calibration spike-in mix were splint ligation products
of barcoded 12-mer purchased oligonucleotides with the 29-mer m°A-containing
synthesized probe. All the probe sequences are listed in Supplementary Table 1.
The a°m°A-containing RNA oligonucleotide was synthesized by incorporating

Of-phenyl-adenosine phosphoramidite into the designed sequence containing a
GGACU motif. The beads were treated with N-methyl-N-allylamine to convert
O°-phenyl to the N°-methyl N°-allyl group. After the regular procedure to

remove the 2’-silyl protecting group, the crude RNA oligonucleotide was ethanol
precipitated and further purified by RP-HPLC. The structure of the probe was
confirmed by MALDI-TOF MS with THAP as the matrix. The HPLC-purified
probe was dissolved in deionized water; 1 nmol of RNA probes in 200 uL water
was treated with 8 ul of 0.2 M iodine dissolved in 0.2 M KI. After incubation at
room temperature for 1h, 8 ul of 0.2 M Na,S,0, was added to quench the reaction.
The mixture was filtered and injected into HPLC with the same gradient. It can
be observed that the original peak disappeared at retention time (32.3 min), while
two identical peaks eluted at 29.3 and 29.6 min, which are the two isomers of the
cyclized products. Both peaks show the same mass-to-charge ratio (m/z) at 3,018
in the MALDI-TOF mass spectrum, consistent with the proposed structure.

Steady-state kinetics of MjDim1-catalyzed am°A and a°A modifications.
M;jDim1 (168 pM) was used for the kinetic measurements using both MALDI_
Probe_m°A and MALDI_Probe_A (Supplementary Table 1) with allylic-SAM as a
cofactor. Considering that allylic-SAM is not an optimal cofactor for the enzyme,
we chose relatively long reaction time points as linear intervals: 0, 1, 2.5, 5, 7.5 and
10 min. The reaction products were analyzed by LC-MS/MS. Relative amounts of
A, m°A, a°A and ma®A and G were calculated for each measurement according to
standard curves. The amounts of the adenosine derivatives are normalized to the
amount of G nucleotide. Error bars indicate s.d. for duplicate experiments from
two independent assays.

m°A-SAC-seq scheme. m°A-SAC-seq experiments require parallel construction of
three libraries: (1) the input library, where the RNA is subjected to standard library
construction without any treatment by MjDim1 or I, and is used as a reference to
call mutations; (2) the experimental library (FTO-), where RNA is treated with the
M;jDim1 enzyme with cofactor allylic-SAM to convert m°A sites into allylic-m°A
by MjDim1 and (3) the background noise group (FTO*), where m°A sites were
erased by FTO first, followed by allylic labeling. Both experimental groups and the
background noise group were treated with I, for the cyclization reaction, followed
by reverse transcription with HIV RT (Worthington Biochemical).

RNA poly(A) tail elimination, fragmentation and 3’-adapter ligation. The
library construction strategy was modified from the m'A-MAP approach™ with
some changes. Specifically, 30 to 100 ng of poly(A)* RNA or ribo- RNA (300 ng

to 1 g of total RNA) were annealed with oligo(dT), digested with RNase H

(NEB) and DNase I (NEB) to remove oligo(dT) and purified by RNA Clean

& Concentrator kits (Zymo Research). The purified RNA was fragmented by
sonication using Bioruptor (Diagenode; 30 cycles of 30s on/30's off to obtain
~150-nt fragments), followed by PNK enzyme (NEB) treatment at 37 °C for 30 min
to expose the 3’-hydroxyl group. Calibration spike-in mix (0.6%) was added in

the reaction and subjected to 3'-adapter (Supplementary Table 1) ligation with T4
RNA ligase 2, truncated KQ (NEB). The excessive RNA adaptor was digested by
adding 1l of 5" Deadenylase (NEB) into the ligation mix followed by incubation
at 30°C for 1h. Then, 1l of RecJf (NEB) was added and incubated at 37°C for 1h.
One microliter of RT primer (50 uM) was added with the following parameters:
anneal 75°C for 5min, 37 °C for 15min and 25°C for 15min.

m°A site labeling and reverse transcription. Fifteen microliters of dynabeads

C1 (Thermo Fisher Scientific) was added to the reaction to purify the
3’-adapter-ligated RNA. The beads were washed, resuspended in 6 pl of water

and denatured at 70 °C for 30's and cooled on ice. m°A enzymatic labeling was
performed on beads. Two microliters of 10X buffer (400 mM HEPES (pH 8.0),

400 mM NH,Cl, 40 mM MgCl,,), 2 pl of SUPERase In RNase Inhibitor (Thermo
Fisher Scientific), 6 pl of allylic-SAM and 4 pl of MjDim1 enzyme (1.6 mM) were
added in the reaction and incubated at 50 °C for 1h. The supernatant was removed,
and 4 pl of water, 1 pl of 10x buffer, 1 ul of RNase inhibitor, 2 pl of allylic-SAM and
2 pl of enzyme were added in the reaction and incubated at 50 °C for 20 min (this
labeling step was repeated six times). Beads were washed and resuspended in 25 pl
of water. One microliter of 125 mM I, was added and mixed thoroughly and kept
in the dark at room temperature for 1h, then 1pl of 40 mM Na,S,SO, was added

to quench I,. Beads were washed and resuspended in 9 pl of water. Then, 2 pl of
10x RT buffer (SuperScript III First-Strand Synthesis SuperMix, Thermo Fisher
Scientific), 2 pl of 10mM dNTP, 2 pl of 25 mM MgCl,, 1.25ul of 0.1 M DTT, 2 pl of
RNaseOUT and 2 pl of HIV RT enzyme (Worthington Biochemical) were added in
the tube to perform reverse transcription at 37 °C for 3h. For input RT, 1h with 1 pl
enzyme was sufficient. Beads were washed and resuspended in 8 pl of water.

cDNA 3’-adapter ligation, library construction, purification and sequencing.
One microliter of RNase H buffer and 1 pl of RNase H were added into the
resuspended reverse transcription product and placed in a thermocycler (Bio-Rad)
at 37°C for 30 min. Beads were washed and resuspended in 50 pl of water. cDNA
was eluted by boiling the beads at 95°C for 10 min, purified using a DNA Clean &
Concentrator kit (Zymo Research) to remove short adapters and eluted into 10 pl
of water. Two microliters of 10x T4 RNA ligase buffer, 2 pl of 10mM ATP, 10 pl of
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50% PEG8000, 1 pl of cDNA_3"adapter (50 pM; Supplementary Table 1) and 1 pl of
T4 RNA ligase 1 were added into the eluted cDNA, and the ligation was performed
at 25°C overnight. The reaction was purified using a DNA Clean & Concentrator
kit (Zymo Research) and eluted with 21 pl of water. One microliter of supernatant
was used for quantitative real-time PCR (qPCR) testing, and the remaining 15 pl
was used for library construction. NEBNext Ultra IT Q5 Master Mix and NEBNext
adaptors were used for library amplification. Amplified libraries were purified
using 0.8x Ampure beads. The purified libraries were sent for next-generation
deep sequencing. The libraries were sequenced on an Illumina HiSeq X Ten with
paired-end 2 X 150 bp read length.

FTO demethylation. The fragmented RNA materials were ligated to the
biotin-modified 3'-adapter (Supplementary Table 1) and bound with Dynabeads
MyOne Streptavidin C1 (Thermo Fisher Scientific). RNA on beads was denatured
at 70°C for 30s and quickly put on ice to quench secondary structure formation.
Demethylation was performed on the solid phase in a 50-pl reaction system

of 50 mM HEPES buffer (pH 7.0), 75 uM (NH4),Fe (SO4),, 2mM L-ascorbic

acid, 0.3 mM a-ketoglutarate, 2 Ul RNase inhibitor and 0.2 nmol of FTO. The
demethylated RNA was washed and subjected to m°A-SAC-seq.

m°A-immunoprecipitation (m°A-IP). HeLa poly(A)* RNA was purified with

a Dynabeads mRNA DIRECT Purification kit (Thermo Fisher Scientific) and
sonicated to ~150-nt fragments using Bioruptor (Diagenode) with 30 cycles of

30s on/30s off. An EpiMark N°-Methyladenosine Enrichment kit (NEB) was used
to enrich m°A-containing RNA fragments. m°A-IP RNA fragments (120 ng) were
prepared, and a 0.6% calibration spike-in mix was added. Half of the materials were
subjected to m°A-SAC-seq (demethylase™ group), and the other half was treated
with FTO followed by m°A-SAC-seq (demethylase* group).

Quantitation of m°A stoichiometry by standard curve construction using
model oligonucleotides. Four pairs of synthetic RNA oligonucleotides containing
either m°A or A were used to examine the efficiency of m*A-SAC-seq in causing
misincorporation during reverse transcription in a quantitative manner.

MeRIP-SAC-seq flow chart. To validate our strategy, we enriched the
m°A-containing poly(A)* RNA using an m°A antibody and subjected the
m°A-enriched mRNA to m°A-SAC-seq as a positive control. In addition to the
enzyme-treated sample, we also perform two additional control reactions in
parallel: (1) an input library of untreated RNA that will be used as a reference to
exclude single-nucleotide polymorphisms and (2) a demethylase-treated control
in which RNA is treated with recombinant FTO to erase m°A sites before enzyme
labeling to distinguish true m°A sites from the off-target activity of the MjDim1
enzyme at a subset of adenosine residues.

Procedures of SELECT and MazF for m°A-SAC-seq validation. The SELCET
procedures were described previously'’. Total RNA was mixed with 40nM Up
Primer, 40 nM Down Primer and 5uM dNTP in 17 pl of 1x CutSmart buffer

(50 mM potassium acetate, 20 mM Tris-acetic acid, 10 mM magnesium acetate,
100 pg ml™ BSA, pH 7.9, at 25°C). The RNA and primers were annealed by
incubating the mixture at a temperature gradient: 90 °C for 1 min, 80 °C for 1 min,
70°C for 1 min, 60°C for 1 min, 50 °C for 1 min and 40°C for 6 min. Subsequently,
3 ul of a mixture containing 0.01 U Bst 2.0 DNA polymerase, 0.5 U SplintR ligase
and 10 nmol of ATP was added in the former mixture to a final volume of 20 pl.
The final reaction mixture was incubated at 40 °C for 20 min, denatured at 80°C
for 20 min and kept at 4°C. Afterward, QPCR was performed in high-performance
real-time PCR with LightCycler Systems (Roche). The 20-pul qPCR reaction was
composed of 2x qPCR SYBR Green Master Mix (Roche), 200 nM qPCRF primer,
200nM qPCRR primer, 2 pl of the final reaction mixture and double-distilled
water. QPCR was run using the following conditions: 95°C for 5min, 95°C for 10s
and 60 °C for 35s for 40 cycles, 95°C for 155, 60 °C for 1 min, 95°C for 15s and
hold at 4°C. PCR products were analyzed by PAGE.

The MazF procedures were reported previously''. Total RNA was incubated
with 2.5 U of MazF (mRNA interferase MazF; Takara Bio, 2415A) in the 20-pl
reaction mixture of MazF buffer (40 mM sodium phosphate (pH 7.5) and 0.01%
Tween 20) at 37 °C for 30 min. Total RNA with or without MazF treatment was
subjected to gene-specific quantitative PCR with reverse transcription (RT-qPCR).

Monocytic differentiation of CD34* HSPCs. CD34* HSPCs were isolated from
umbilical cord blood samples, and the differentiation of CD34* cells was conducted
as described previously'®". Briefly, mononuclear cells (MNCs) were enriched from
umbilical cord blood by density gradient centrifugation via Ficoll (17-1440-02,

GE Healthcare), and red cells were depleted from MNCs by ammonium chloride
solution (07850, STEMCELL Technologies). CD34" cells were enriched from
MNCs with a CD34 MicroBead kit (130-046-702, Miltenyi Biotec) following the
manufacturer’s instructions. The CD34 cells were maintained in SFEM medium
(09650, STEMCELL Technologies) with 10 U ml™! penicillin/streptomycin
(15-140-122, Thermo Fisher Scientific), 25 ug ml™ plasmocin prophylactic
(ant-MPP, InvivoGen), 100 ng ml™! stem cell factor (300-07, PeproTech), 10 ng ml™
interleukin-3 (IL-3; 200-03, PeproTech) and 10 ng ml! IL-6 (200-06, PeproTech)
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for 48 h. Cells were induced into monocytic differentiation with StemSpan Myeloid
Expansion Supplement IT (02694, STEMCELL Technologies), collected at the
indicated points and stained with CD34 (11-0349-42, eBioscience; 5l (0.5 ug) per
test), CD11b (12-0118-42, eBioscience; 5l (0.5 ug) per test) and CD14 (17-0149-
42, eBioscience; 5l (0.25 pg) per test). The flow cytometry samples were analyzed
with a BD LSRFortessa cell analyzer (BD FACSDiva v8.0.1), and the related data
were analyzed using FlowJo v10.

Primary and differentiated HSPC RNA purification. RNA samples were
extracted with an miRNeasy Mini kit (217004, Qiagen). Ribosomal RNA was
removed with a RiboMinus Eukaryote kit (Thermo Fisher Scientific). Purified
ribo” RNA was subjected to m°A-SAC-seq.

m°A-SAC-seq data preprocessing. Adapters of all raw m°A-SAC-seq data sets
from two FTO*"- replicates of HeLa, HEK293, HepG2 cells and four time points
of HSPC differentiation into monocytes were clipped away by Cutadapt v1.15 (ref.
*%) or Trimmomatic v0.39 (ref. ). Adapter-free reads plus 5" and 3’ barcodes were
collapsed to remove PCR duplicates by using fastx_collapser (http://hannonlab.
cshl.edu/fastx_toolkit/) or BBMap v38.73 (https://sourceforge.net/projects/
bbmap/). After PCR deduplication, the leftmost 5 and rightmost 11 bases of reads
were trimmed to discard 5’ and 3’ barcodes. Finally, R1 reads longer than 15nt
were retained for further analysis.

Read mapping. All reads from preprocessed m°A-SAC-seq data sets were
mapped to the human genome (hg38) and the GENCODE v27 gene annotation
using STAR v2.5.3a” with parameters according to the ENCODE long RNA-seq
processing pipeline, except that the criteria to allow mismatches depending on
read length were slightly less stringent to capture more potential base mutations
--outFilterMismatchNoverReadLmax 0.06).

Mutation calling and identification of m°A sites. First, to maximize the read
coverage, bam files from input and FTO* data sets were merged into a single file by
cell lines and time points, respectively. Merged bam files and those bam files from
FTO- data sets were split by strands and piled up using the samtools subcommand
mpileup. Second, mutation calling was performed using VarScan v2.3 (ref. **)
subcommand somatic in two pair-wise comparisons: (1) FTO- versus input and
(2) FTO" versus FTO*. For each comparison (X versus Y), mutation sites were
kept if (1) the reference position was adenine (A), (2) the P value was <0.1, (3)

the mutation frequency was X-Y > 5% (FTO- versus input) or X-Y > 2% (FTO~
versus FTO"), (4) coverage was more than five reads, (5) the 5-mer context was
DRACH and (6) only the common sites from two or three biological replicates of
either FTO" or FTO* were kept. Finally, sites in both types of comparisons (FTO-
versus input and FTO- versus FTO*) were identified as m°A sites.

Spike-in analysis and calibration curve for m°A stoichiometry estimation.
Spike-in sequences were directly extracted from preprocessed m°A-SAC-seq

data sets, and observed mutation rates of the target A were calculated by motifs.
To correlate observed mutation rates and m°A fractions in each motif to fit the
values measured from the spike-in samples, linear regression models were used:
y=ax+b, where y is the observed mutation rate, and x is the m°A fraction. We fit
spike-in mutation rates and m°A fractions using the above model in R 3.5.1. Thus,
the best-fit calibration curve in each DRACH motif was used for the estimation of
m°A stoichiometry in m°A-SAC-seq data sets.

mRNA secondary structure and m°A conservation analysis. For each A or m°A
site, a sliding window of 31 nt was used to calculate RNA MFE by ViennaRNA
with default parameters. The upstream and downstream 15nt of adenines with
or without m°A were used to generate the 31-nt window. For m°A conservation
analysis, the bigWig file with PhastCons scores (hg38.phastCons100way.bw) was
downloaded from the University of California Santa Cruz Genome Browser. The
PhastCons score of each m°A site was calculated using deepTools v3.4.3 (ref. ).

MeRIP-SAC-seq data analysis. Raw data were preprocessed, and subsequent
read mapping and mutation calling were performed as described above. For

peak calling, the sequence alignment data were divided by strands, and then
MACS2 v2.1.1 (ref. °) was used for the detection of m°A peaks with the following
parameters: -f BAM -B --SPMR --nomodel --tsize 50 --extsize 150 --keep-dup all.

Ribosome profiling data analysis. Reads in raw sequencing data from GSE63591
(ref. ) and GSE49339 (ref. *’) were first subjected to adapter trimming and then
mapped to the human genome (hg38) by HISAT?2, as described above. Raw reads
on each gene were counted by feature. Counts from Subread v1.6.4 (ref. *') were
normalized for sequencing depth and gene length using the transcripts per million
(TPM) method. Translation efficiency (TE) of each gene was calculated as a ratio
of TPM values between ribosome protected fragments and input RNA samples. To
reveal the correlation between TE and m°A fraction of different RNA regions in
Hela cells, 5'-UTR, 3’-UTR and CDS regions with TE values were classified into
three groups (low, medium and high) based on the sum of the m°A fraction on the
region, respectively.
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RNA lifetime profiling data analysis. Adapter trimming, read mapping and TPM
calculation in raw sequencing data from GSE98856 (ref. ©*) and GSE49339 (ref. )
were performed as described above. For RNA lifetime measurements, the External
RNA Controls Consortium (ERCC) spike-in TPM values were first transformed

to attomoles using a linear regression model, y=ax+ b, where y is the attomole (in
log, transformation), and x is the TPM value (in log, transformation). The variable
y is calculated using the following equation: y = d - v - ¢/t, where d is the dilution
factor of spike-in added to each RNA sample, v is the volume (in microliters) of
diluted spike-in added to total RNA mass in each sample, c is the concentration
(in attomoles per microliter) of each spike-in, and ¢ is the mass (in micrograms)

of total RNA in each sample. We fit spike-in TPM values and attomoles using the
above model in R 3.5.1. Thus, the best-fit dose-response curve in each sample was
used for the estimation of RNA attomoles of each gene. Finally, the half-life of each
gene was estimated as describe in ref. . To reveal the correlation between lifetime
and m°A fraction of different RNA regions in Hela cells, 5’-UTR, 3’-UTR and CDS
regions with lifetime values were classified into three groups (low, medium and
high) based on the sum of the m°A fractions on the region, respectively.

m°A site clustering analysis. k-means clustering was used to identify genomic
regions (5'-UTR, 3’-UTR and CDS) with different m°A fractions in various cell
lines by using Cluster 3.0 (v1.59)** with parameter ‘runs=1000, similarity=centered
correlation;, and the results were shown as a heat map by Java TreeView (v1.1.6r4).
To investigate m°A-specific functions on distinct genomic regions across HSPC
differentiation into monocytes, only genes with m°A installed on certain genomic
regions were considered for fuzzy c-means clustering analysis by the Mfuzz v2.42.0
package®. Briefly, we used genes with changes of mean m°A fractions at any two
time points not less than 20% by comparing to the other two time points (that is,
variance of >133.33), and the data were scaled by z score before clustering. Clusters
of time-specific m°A were decided in the function ‘mfuzz’ with 10,000 iterations.
Euclidean distance was used as the clustering method.

Functional enrichment analysis. GOBP enrichment analysis in HeLa, HEK293
and HepG2 cells was performed using clusterProfiler v3.15.3”, and the top 18
GOBP terms with the lowest P values of <0.01 were clustered. For functional
enrichment analysis on dynamic and stable m°A across HSPC differentiation into
monocytes, 24 gene sets that represented the top 500 genes ranked by the largest
changes of fractions on dynamic m°A or the smallest changes of fractions on stable
m°A in each set were uploaded to the g:Profiler web server®. The size of GOBP
terms, ranging from 15 to 700, was used, and the top five terms were ranked by
the smallest adjusted P values (top terms were considered only if their adjusted P
values were <1) in each set and were selected for visualization.

Differentially expressed gene analysis. The differentially expressed genes were
found in input data sets from HSPC samples by pair-wise comparisons between
any two time points using the edgeR v3.24.3 package® with the trimmed mean
of M-values (TMM) normalization method for RNA abundance. The CPM for
normalized gene expression and FC of gene expression between any two time
points were calculated in edgeR and used for downstream analysis.

TF target enrichment analysis. Genes with changes in m°A stoichiometries (as
m°A MD, or [MD|> 10%) in CDSs or 3’-UTRs and expression levels (FC> 1.5
or FC<0.667 and FDR < 0.05) between adjacent time points were uploaded

to the TRRUST v2 web server”. TFs that met with their target hits of >3 and
corresponding P value of <0.01 in at least one queried gene set were selected for
visualization.

Differential AS event (DASE) analysis. rMATS v4.0.2 (ref. ') was used to identify
DASEs from GSE56010 (ref. %), HSPC METTL3/METTLI14 knockdown and
control RNA-sequencing samples and input data sets of HSPC m°A-SAC-seq
samples by using the following pair-wise comparisons: (1) d3 versus d0, (2) d6
versus d3 and (3) d9 versus d6. The AS events whose sum of inclusion and skipping
read counts was less than eight in any two samples were filtered out, and DASEs
were defined as having an FDR of <0.1 and changes in inclusion levels | A¥|>0.05.
The mean fractions of all m°A sites in SS regions (within 300 nt of intron and 200 nt
of exon flanking the SS) of current DASEs were used to assess the links between
m°A deposition and RNA splicing.

Co-occurrence of RBP binding and m°A sites. eCLIP data of 103 and 120

RBPs in HepG2 and K562 cells were obtained from the ENCODE project’-*,
respectively. All irreproducible discovery rate peaks or biological replicate peaks
were considered if their fold enrichment was >2 and their P value was <0.01. Only
data sets with at least 1,000 peaks after filtering were used for further analysis.
Overlapping between RBP binding sites in each data set and m°A sites in cell lines
and blood samples was determined similar to as described in ref. *'. In brief, the
percentage of m°A sites in a certain sample that overlapped with eCLIP peaks in

a certain data set was calculated and vice versa, that is, calculating the percentage
of eCLIP peaks in a certain data set that overlapped with m°A sites in a certain
sample. The overall pair-wise percent overlap was represented by the average of
those percentages in the analysis of HSPC samples.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
Data have been deposited in the NCBI Gene Expression Omnibus (GEO) and are
accessible through GEO series accession number GSE162357.

Code availability

For m6A-SAC-seq data processing, the code is available in the following GitHub
repositories: https://github.com/shunliubio/m6A-SAC-seq and https://github.com/
CTLife/m6A-SAC-seq.
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Data analysis Cutadapt v1.15, Trimmomatic v0.39, FASTX Toolkit v0.0.13, BBMap v38.73, STAR v2.5.3a, VarScan v2.3, MACS2 v2.1.1, Subread v1.6.4,
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The m6A-SAC-seq data generated by this study have been deposited in NCBI Gene Expression Omnbus (GEO) under the accession number GSE162357.
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Data exclusions  No data were excluded.
Replication Two or three biological or techanical replicates were performed independently. All attempts were successful.
Randomization  Samples were randomly allocated into experimental groups.

Blinding The investigators were blinded to group allocation during data collection and/or analysis.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used CD34 (Cat: 11-0349-42, eBioscience, 5 pL (0.5 pg)/test), CD11b (Cat: 12-0118-42, eBioscience, 5 ulL (0.5 pg)/test), CD14 (Cat:
17-0149-42, eBioscience, 5 pL (0.25 ug)/test). Anti-GAPDH antibody (0411) (sc-47724, 1:1000 WB, Santa Cruz Biotechnology, Dallas,
TX, USA; RRID: AB_627678), Anti-METTL3 antibody, Rabbit (ab195352, 1:1000 WB, 1:100 IF, Abcam, Cambridge, UK; RRID:
AB_2721254), Anti-METTL14 antibody, Rabbit (HPA038002, 1:1000 WB, 1:100 IF, Sigma-Aldrich, RRID: AB_10672401). Antibodies
were validated as noted on manufacturer's website or as cited in the results/methods sections. We have validated the METTL3 and
METTL14 by the use of the knockdown cells.

Validation The validation statements are provided on the manufacturer's website. Additional information with the validation of these antibodies
could be found on the https://antibodyregistry.org/ website with the RRID numbers of the antibodies provided above.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Hela(Hela, ATCC,CCL-2), HEK293(ATCC, CRL-11268) and HepG2(ATCC,HB-8065)

Authentication The Hela(Hela, ATCC,CCL-2), HEK293(ATCC, CRL-11268) and HepG2(ATCC,HB-8065) cell lines were recently purchased
directly from ATCC and maintained in low passage. No further authentication was performed surplus to these.

Mycoplasma contamination All cell lines were tested negative for mycoplasma contamination by the sequencing data.




Commonly misidentified lines No commonly misidentified cell lines were used. The Hela, HEK293 and HepG2 cell lines were used in previous m6A mapping
(See ICLAC register) studies.
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Plots

Confirm that:
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Methodology

Sample preparation The cells were collected at indicated points and stained with CD34 (Cat: 11-0349-42, eBioscience), CD11b (Cat: 12-0118-42,
eBioscience), CD14 (Cat: 17-0149-42, eBioscience)

Instrument BD LSRFortessa X-20 analyzer

Software BD FACSDiva software v8.0.1 used for collection, FlowJo software v10 used for analysis.

Cell population abundance 10,000 cells were acquired for each sample. No cell sorting was performed in this manuscript.

Gating strategy All gates were set based on FSC/SSC- area and negative stained control after appropriate compensation using single-stained

compensation controls.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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