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Regional bias of N®-methyladenosine (m°A) mRNA modification avoiding

splice site region, calls for an open hypothesis whether exon-intron boundary
could affect m°A deposition. By deep learning modeling, we find that exon-
intron boundary represses a proportion (12% to 34%) of m°A deposition at
adjacent exons (-100 nt to splice site). Experiments validate that m°A signal
increases once the host gene does not undergo pre-mRNA splicing to produce
the same mRNA. Inhibited m®A sites have higher m°A enhancers and lower m°A

silencers locally and show high heterogeneity at different exons genome-
widely, with only a small proportion (12% to 15%) of exons showing strong
inhibition, enabling more stable mRNAs and flexible protein coding. m°A is
majorly responsible for why mRNAs with more exons be more stable. Exon
junction complex (EJC) only partially contributes to this exon-intron boundary
mCA inhibition in some short internal exons, highlighting additional factors yet

to be identified.

As the most abundant mRNA internal modification, the N*-methyla-
denosine (m®A) is involved in various biological processes including
cell differentiation, brain development, tumorigenesis'®, and could
affect multiple aspects of RNA metabolism, including transcription,
splicing, translation, and degradation’®, with a major function in pro-
moting mRNA decay’'%. The m°A is deposited to nascent pre-mRNA
co-transcriptionally”, primarily by the methyltransferase complex
(MTC) comprising the catalytic core METTL3-METTL14 heterodimer
and other factors” ™. m°A is installed at a motif consensus of RRACH
(R=A or G, H=A, C, or U) as a stringent motif or RAC as a more
inclusive motif?**~?2, Despite the wide prevalence of m°A consensus in
mRNA, only a very small fraction is methylated™*°. At the global level,
mCAs reside preferentially in last exons, as well as in long internal
exons?°. Furthermore, m°As in internal exons appear to avoid the
nearby exonic region close to splice sites”. Our previous work has
revealed that the m°A site-specific methylation was primarily

determined by the flanking nucleotide sequences, and the local func-
tional cis-elements mainly resided within the 50 nt downstream of the
site”. The underlying mechanism beyond the identification of local cis-
regulatory elements of m°A site-specificity is still largely unknown.

As with m°A deposition, pre-mRNA splicing is also coupled with
transcriptional events, allowing for potential functional crosstalk
during transcription. Though several studies suggested that m°A could
regulate alternative splicing??*?, a careful bioinformatics analysis
showed that loss of METTL3 in mouse embryonic stem cells had a
minimal effect on pre-mRNA splicing". Conversely, whether pre-mRNA
splicing could affect m°A deposition is an open question. Most m°A
deposition occur in the region moving away from last exon start and
appears to avoid the adjacent region close to splice sites in internal
exons?°, These m°A regional distribution biases suggest that exon-
intron boundary could potentially play an inhibitory role for the m°A
deposition at the nearby region close to splice sites.
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Previously we have established the iM6A deep learning model
which models m°A site specificity with high accuracy (AUROC = 0.99)
by using the primary nucleotide sequence flanking the m°A site?., This
work demonstrated that the site specificity of m°A modification was
encoded primarily by the flanking nucleotide sequence at the cis-level.
Though the deep learning model itself is hard to be understood
directly (i.e., a “black box”), we could probe for the underlying biolo-
gical insights by creative in silico mutation of natural genomic regions
to test our hypotheses. Then if the followed wet experiments validate
randomly selected simulations, this contributes to verifying the model
and the biological hypotheses it is designed to investigate. As an initial
study, we performed the in silico saturation mutagenesis on the local
sequences surrounding the m°A site and discovered that the down-
stream 50 nt region of the mCA site was highly enriched with the cis-
elements governing m°A deposition”. Independent experimental
validation supported this finding. The in silico deep learning modeling
approach has proved to be an effective way to investigate the cis-
regulatory mechanisms that determines m°A deposition, and offers a
high-throughput and fast-paced low-cost discovery mechanism rela-
tive to exclusively experimental studies which could be cost-
prohibitive®.

In this study, we implemented iM6A deep learning modeling to
investigate cis-regulatory mechanisms for m°A site specificity beyond
the local cis-regulatory elements. By the in silico mutational modeling
at gene intron deletions, we discovered that exon-intron boundary
inhibits a proportion of m°A deposition at nearby exons. These
inhibited m°A sites tended to have a good local cis-element environ-
ment with more m°A enhancers and fewer m°A silencers, compared to
the m°A sites that were not inhibited. These modeling findings were
supported by the experimental validation, as will be shown below. The
m°A deposition inhibition by exon-intron boundary exhibited a high
heterogeneity at genomic level, with a small proportion of exons
exhibiting strong inhibition. By this m°A deposition inhibition
mechanism by exon-intron boundary, multi-exon mRNA will have
longer half-life given the same primary nucleotide sequence and m°A is
amajor contributor to mRNAs with more exons tend to be more stable;
Also, this mechanism enables mRNA to encode protein sequence
flexibly with less concern of creating too many m°A sites to compro-
mise its mMRNA stability.

Results

Deep learning modeling revealed that exon-intron boundary
inhibits m°A deposition at last exon and second-to-last exon

As we previously found that m®A appeared to avoid the nearby region
close to splice sites while being mostly enriched in the region moving
away from last exon starts™?°, we speculated that exon-intron
boundary might inhibit m°A deposition at exons. We modeled this
with an in silico mutational experiment by deleting the last intron
sequences from each gene to generate the non-last intron genes as the
input for iM6A (Fig. 1a) (i.e., pre-mRNA would not undergo pre-mRNA
splicing of last intron to generate mRNA). We unexpectedly found that
the m°A density increased around last exon start (Fig. 1a for mouse,
and Supplementary Fig. 1a for human).

A more detailed examination down to individual RAC sites in this
region revealed that (1) a proportion of RAC sites (~12%) in last exons
had an increase in m°A deposition (Fig. 1b for mouse, and Supple-
mentary Fig. 1b for human). Since the m°A deposition of these sites
were repressed by the exon-intron boundary of last intron, we define
them as the repressed mCA sites or latent m°A sites; (2) most of those
sites were enriched within the ~100 nt region to last exon start (Fig. 1b
for mouse, and Supplementary Fig. 1b for human). Next, we split last
exons into three groups based on its length (<= 200, 200 400, and
>=400 nt), and these latent sites were enriched in the ~100 nt region to
last exon start for all three groups (Supplementary Fig. 2), demon-
strating that m°A deposition inhibition by exon-intron boundary

occurs near the splicing sites for both short and long exons. In our
previous publication of the iM6A deep learning modeling®, we
implemented a high-throughput in silico saturated point mutations
around m°A sites and discovered that the local cis-elements that reg-
ulating m°A site-specificity are highly enriched in the downstream
50 nt region. Furthermore, from such an over one million point-
mutation modeling events, we calculated out the quantitative con-
tributions of m°A site-specificity by each of the total 1024 pentamers
using a linear regression model: m°A enhancers are top ranked Smers
(i.e. enhancing m°A deposition) while m°A silencers are bottom ranked
Smers (i.e. silencing m°A deposition).

We further investigated the distribution of m°A enhancers and
mCA silencers in the local region flanking the RAC sites upon last intron
deletion. In comparison to the majority RAC sites without m°A
deposition change, the RAC sites with increased m°A deposition con-
tained more m°A enhancers in the downstream 50 nt region (Fig. 1c for
mouse, and Supplementary Fig. 1c for human) while hosting less m°A
silencers in the same region (Fig. 1d for mouse, and Supplementary
Fig. 1d for human). This data showed that those latent m°A sites
(AProbability > 0.1) in last exons had a favorable local cis-element
composition for m°A deposition but was repressed by exon-intron
boundary. Evolution conservation analysis showed that these repres-
sed m°A sites were more conserved in comparison to the RAC sites that
were not subject to this exon-intron boundary inhibition (Fig. 1e, f for
mouse, and Supplementary Fig. le, f for human), supporting their
functional importance.

Besides repressing the m°A deposition in last exons, exon-intron
boundary might also inhibit the m°A deposition in the second-to-last
exons. We examined the m°A change situation in second-to-last exon
to demonstrate that the inhibitory effect of exon-intron boundary
exists locally in the 100 nt splice-site-adjacent exonic region of the two
flanking exons. We found the increase of m°A deposition (due to the
deletion of last intron) occurred only locally in the second-to-last exon
as well as last exon, without affecting other upstream exons (Fig. 1g for
mouse, and Supplementary Fig. 1g for human). Next, we plotted the
detailed m°A methylation changes for all the RAC sites in the second-
to-last exons. Upon the last intron deletion, -22% RAC sites had
increased m°A probability (Fig. 1h for mouse, and Supplementary
Fig. 1h for human), and most of those latent sites were also enriched in
the ~100 nt region close to the end of second-to-last exons (Fig. 1h for
mouse, and Supplementary Fig. 1h for human). Similarly, those latent
sites were enriched in the ~100 nt region close to second-to-last exon
ends for both short and long exons (Supplementary Fig. 3). Also, the
mPA enhancers enriched and m°A silencers avoided in the 50 nt
downstream region of these latent m°A sites respectively (Fig. 1i, j for
mouse, and Supplementary Fig. 1i, j for human). These data demon-
strated that exon-intron boundary inhibits the local m°A deposition at
its two adjacent exons while not affecting other upstream exons
(Fig. 1g for mouse, and Supplementary Fig. 1g for human). In addition,
these repressed m°A sites were also more conserved in comparison to
the RAC sites that were not subject to this intron inhibition suggesting
their functional importance (Fig. 1k, | for mouse, and Supplementary
Fig. 1k, | for human).

Deep learning modeling revealed that exon-intron boundary
inhibits m°A deposition at internal exons

Itis possible that exon-intron boundary also inhibits m°A deposition in
internal exon. To test this hypothesis, we performed a new round of
mCA deposition in silico modeling by deleting all introns from the gene
(i.e. pre-mRNA would not undergo pre-mRNA splicing to generate
mRNA), and found that the m°A level at internal exons also increased
remarkably upon intron deletion (Fig. 2a-c for mouse, and Supple-
mentary Fig. 4a-c for human). Overall ~34% RAC sites in internal exons
showed higher m°A probability (Fig. 2b, ¢ for mouse, and Supple-
mentary Fig. 4b, ¢ for human), and those latent m°A sites also mostly
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resided in the ~100 nt region to the two ends of internal exons (Fig. 2b,
¢ for mouse, and Supplementary Fig. 4b, ¢ for human). Given that most
internal exons in vertebrate are short (average size <150 nt)*, detail
examinations down to different exon length (<= 200, 200 - 400, and
>= 400 nt) revealed that the m°A deposition inhibited by exon-intron
boundary specifically occurred 100 nt near the splicing sites, even in
long exons (Fig. 2d-i for mouse, and Supplementary Fig. 4d-i for
human). In addition, the m°A enhancers or silencers were enriched or
avoided in the 50 nt downstream region of these repressed m°A sites
respectively, again supporting that these repressed m°A sites had a

good local cis-elements composition for m°A deposition but were
repressed by the nearby exon-intron boundary (Fig. 2j, k for mouse,
and Supplementary Fig. 4j, k for human). Evolution conservation
analysis demonstrated that these repressed m°A sites were more
conserved in comparison to the RAC sites that were not subject to this
exon-intron boundary inhibition (Fig. 21, m for mouse, and Supple-
mentary Fig. 41, m for human).

To further understand the m°A inhibition by exon-intron bound-
ary, we truncated either last intron (Supplementary Fig. 5a for mouse,
and Supplementary Fig. 5¢ for human) or all introns (Supplementary
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Fig. 1| Deep learning modeling reveals last intron deletion revives m°A
deposition at the local adjacent exonic regions of last exon and second-to-last
exon. a, g Schematic figure of in silico modeling m°A deposition in pre-mRNA by
iM6A. The m®A density of transcripts around original last exon start (a) or second-
to-last exon start (g) were compared between full length (black line) and last intron
deletion (pink line). b, h Positional plot of AProbability for the RAC sites located in
the first 500 nt region of last exons (b, 2000 genes) or the last 500 nt region of
original second-to-last exons (h, 16769 genes). Red, blue, and gray dots were those
sites that had increased (> 0.1), decreased (< —0.1), or not change probability
(|AProbability| <= 0.1) respectively by last intron deletion. ¢, d, i, j Positional plot for

Increased NC Increased NC

the frequency of top 50 m°A enhancers (c, i), m°A silencers (d, j) in mRNA
sequences around the RAC sites in last exon (c, d) or second-to-last exon (i, j).
Increased sites (red line, AProbability > 0.1), and no change sites (gray line, |
AProbability| <= 0.1). e, f Box plot of PhyloP score of latent m°A sites or no change
sites in near 3'SS (e, p <2.22e %) or away (f, p <2.22e %) from 3'SS (n=14724 or
32262 for e, n=4729 or 110760 for f). k, I Box plot of PhyloP score of latent m°A
sites or no change sites in near 5'SS (k, p=2.3¢e™) or away (I, p=0.028) from 5'SS
(n=10608 or 28074 for k, n=1117 or 3511 for I). In (e, f, k, I) the box represents the
1st to 3rd quartile with the median marked by a horizontal line, the P-values were
calculated by two-sided Wilcoxon test (Significance: **p < 0.001, *p < 0.05).
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Fig. 2 | Deep learning modeling reveals introns deletion revives m°A deposition
at splice site adjacent exonic regions of internal exons. a The m°A density of
transcripts around original last exon start were compared between full length
(black line) and all introns deletion (pink line). For all introns deletion, the input for
iM6A is the nucleotide sequence of mRNAs (only exon sequences with no introns).
b, c Positional plot of AProbability for the RAC sites located in the first (b, 1000
genes) or last (¢, 1000 genes) 500 nt region of internal exons. Red, blue, and gray
dots were those sites that had increased (> 0.1), decreased (< -0.1), or not change
probability (|AProbability| <= 0.1) respectively by introns deletion. d-i Positional
plot of AProbability for the RAC sites located in the first or last 200 (d, e, 1000
genes), 400 (f, g, 1000 genes), 500 (h, i, 2000 genes) nucleotide region of internal
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introns deletion. j, k Positional plot for the frequency of top 50 m°A enhancers (j),
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AProbability > 0.1), and no change sites (gray line, |AProbability| <= 0.1). I, m Box
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89,545 for (m). The box represents the 1st to 3rd quartile with the median marked
by a horizontal line. The P-values were calculated by two-sided Wilcoxon test
(Significance: **p < 0.001.).

Fig. 5b for mouse, and Supplementary Fig. 5d for human) to a max-
imum of 400 nucleotides by keeping the nearest 200 nucleotides at
the two intron ends (original mean intron length: ~4.8 kb for mouse,
and -6 kb for human). As intronic splicing cis-elements are highly
enriched at the 100 nt flanking intronic region of most human and
mouse exons”, these mini-introns should mostly retain their splicing
capacity. Intron size reduction only altered the m°A density mildly
(Supplementary Fig. 5a, b for mouse, and Supplementary Fig. 5c, d for
human), suggesting that the deep intronic sequences only played a
minor role in inhibiting m°A deposition at nearby exons. We further

truncated the full-length last introns to 200 nucleotides mini-introns
by preserving the flanking 100 nucleotides of the two intron ends
which contain highly enriched intronic splicing cis-elements® (Sup-
plementary Fig. 6a-c). As above, the deep intronic sequence con-
tributed little to this m°A deposition inhibition (Supplementary Fig. 5),
and the m°A density at the ends of the two flanking exons had little
change upon this intron length truncation (Supplementary Fig. 6a—c).
In contrast, the deletion of mini-introns promoted m°A deposition at
~100 nt region of the two nearby exons (Supplementary Fig. 6a-c).
These data support that the exon-intron boundary of the 200 nt long
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mini-intron may be as potent in inhibiting m°A deposition at nearby
exons as the exon-intron boundary of the full-length intron, enabling
the minigene experimental validation below. In our previous work, we
systematically characterized pentamer motifs as m°A enhancers and
silencers and demonstrated their respective contributions to m°A
deposition by independent experimental validations*. We speculated
that local motifs in introns might not be in favor of m®A deposition. To
verify it, we compared the distribution of m°A enhancers/silencers in
the retained introns and the exonic sequences. The exonic sequences
had a higher frequency of m°A enhancers than silencers (Supplemen-
tary Fig. 6d for mouse, and Supplementary Fig. 6e for human), and m°A
silencers were particularly enriched in each intronic end of the
retained mini-introns (i.e. splice site region, Supplementary Fig. 6d, e).

Experimental validation of exon-intron boundary inhibition on
m°A deposition

To experimentally validate the exon-intron boundary inhibition on
m°A deposition, we ligated the coding sequence (CDS) of AcGFPI in-
frame to a minigene. The minigene consisted of two exons and a 200
nt intervening mini-intron (Fig. 3a). We constructed two such mini-
genes, Lrp12 and Gne. The pre-mRNA splicing of both minigenes
occurred efficiently (Fig. 3b, and Supplementary Fig. 20), experimen-
tally confirming that the 200 nt long mini-intron retained its splicing
capacity. The iM6A modeling predicted the m°A inhibition by exon-
intron boundary in both minigenes, Lrp12 and Gne (Supplementary
Fig. 7a, b). Consistently, using the SELECT method to experimentally
quantify m°A*°, we did observe the m°A signal increase in both mini-
genes when they did not undergo pre-mRNA splicing to produce the
mRNA with the same nucleotide sequence (Fig. 3¢, d). Altogether, eight
RAC sites were predicted to increase their m®A level when the mini-
gene did not undergo pre-mRNA splicing to produce the mRNA with
the same nucleotide sequence (predicted m°A level increase > 0.1)
(Supplementary Fig. 7a), and five such RAC sites were experimentally
confirmed to increase their m°A level (highlighted in Fig. 3c, d). We
experimentally quantified all 19 RAC sites both minigenes and found
that they overall had an evident m°A signal increase (average relative
mCA level increase = 0.264 > 0, p=0.029, one sample t-test) (Fig. 3e),
agreeing with the iM6A prediction (average predicted methylation
level increase = 0.197 >0, p=0.0004, one sample t-test) (Supple-
mental Fig. 7b). These experimental data confirmed that exon-intron
boundary inhibits m°A deposition at nearby exons (Fig. 3, and Sup-
plementary Fig. 7). At the same time, we observed the RAC sites in
individual nearby exons had distinct m°A deposition inhibition, some
exons were strongly inhibited by exon-intron boundary, while others
were not (Fig. 3¢, d), suggesting heterogeneity of m°A deposition
inhibition.

Since a major function of m°A is promoting mRNA decay’ ™, the
mRNA produced without pre-mRNA splicing inhibition has stronger
m°®A signal, and thus should have shorter half-life (73,,). As expected,
for both Lrp12 and Gne, the mRNAs produced by constructs that didn’t
undergo pre-mRNA splicing had shorter T;/,s than mRNAs produced
by constructs that did undergo pre-mRNA splicing, though these two
mRNAs shared identical primary nucleotide RNA sequence (Fig. 3f, g).

A small proportion of last exons exhibit strong m°A deposition
inhibition by exon-intron boundary

As we observed distinct m°A deposition inhibition by exon-intron
boundary in individual flanking exons in the validation experiments
(Fig. 3), we further comprehensively investigated this exon hetero-
geneity of m°A deposition inhibition at a genome-wide scale. Towards
this goal, we calculated the m°A probability change (AProbability) for
the RAC sites located in all last exons after the last intron deletion in
the gene for each gene in this study. The first 200 nucleotides of last
exons were binned into 40 interval (5 nucleotides per interval). In each
interval, the RAC site with maximum probability change was selected,

and its corresponding AProbability was calculated as the AValue for
the interval. Then based on the AValue and using the k-means clus-
tering method, we clustered all the last exons into two groups: Clusterl
(C1) and Cluster2 (C2) (Fig. 4a for mouse, and Supplementary Fig. 8a
for human). C1 exons were those highly enriched with the signal
increased m°A sites (Fig. 4a for mouse, and Supplementary Fig. 8a for
human), indicating C1 exons exhibited strong m°A deposition inhibi-
tion by exon-intron boundary. We found that ~-30% RAC sites in C1
exons showed increased m°A deposition (Fig. 4b for mouse, and
Supplementary Fig. 8b for human), which was threefold of that in C2
exons (Fig. 4c for mouse, and Supplementary Fig. 8c for human).
Furthermore, these repressed m°A sites (AProbability > 0.1) were
enriched in the ~100 nt region of the C1 exons start (Fig. 4b for mouse,
and Supplementary Fig. 8b for human), and in both short and long
exons (Supplementary Fig. 9). To further investigate these two distinct
exon groups, we plotted their m°A levels before and after last intron
deletion respectively. The m°A level at C1 exons was only mildly higher
than that in C2 exons before last intron deletion in the gene (Fig. 4d-f
for mouse, and Supplementary Fig. 8d-f for human). However, after
last intron deletion in the gene, the m°A density increased sharply at C1
exons (about fivefold), but not at C2 exons (Fig. 4e-g for mouse, and
Supplementary Fig. 8e-g for human). To understand the underlying
cis-element mechanism in the C1 and C2 exons, we compared the
distribution of m°A enhancers and silencers around these repressed
mPA sites to that of RAC sites without m°A deposition change. The m°A
enhancers were more enriched in the 50 nt downstream of the
repressed m°A sites in C1 exons (Fig. 4h, i for mouse, and Supple-
mentary Fig. 8h, i for human), while the silencers were more avoided
this region in comparison to these sites in C2 exons (Supplementary
Fig. 13a, b for mouse, and Supplementary Fig. 13c, d for human). In
addition, we found the RAC sites were strongly enriched (about two-
fold) in the ~100 nt region of exon start in C1 exons in comparison to
that in C2 exons (Fig. 4j-1 for mouse, and Supplementary Fig. 8j-I
for human).

We examined all the pentamer occurrence comparing C1 vs. C2.
The NRACN maotifs (i.e. RAC containing pentamer) were more likely to
be enriched in Cl1 exons (Fig. 4m for mouse, and Supplementary
Fig. 8m for human). In addition, m°A enhancers were also more enri-
ched in C1 exons, while the m°A silencers were more avoided (Fig. 4n
for mouse, and Supplementary Fig. 8n for human), supporting our
findings that C1 exons tend to be with better local cis-element envir-
onment than C2 exons. We also showed the 20 most enriched or
avoided motifs. The 20 most enriched motifs included many parts of
the RRACH motif (Fig. 40 for mouse, and Supplementary Fig. 8o for
human), and the 20 most avoided motifs contained CG dinucleotides
(Fig. 4p for mouse, and Supplementary Fig. 8p for human). We also
compared the exon lengths and 3-UTR lengths between C1 and C2 last
exons. Both exon length and 3’-UTR length of C1 exons were longer
than C2 (Supplementary 10a, b for mouse, and Supplementary Fig. 10c,
d for human). Altogether, the m°A deposition inhibition by exon-intron
boundary in last exons demonstrated a high heterogeneity: only a
small proportion (mouse: 12.3%, 2339 out of 19045; human: 14.7%, 2681
out of 18209) of last exons exhibited strong inhibition, and these last
exons contained a high density of RAC and m°A enhancer motifs and
low density of m°A silencer motifs in the first 100 nt region of the last
exon start.

A small proportion of internal exons exhibit strong m°A
deposition inhibition by exon-intron boundary

We speculated that internal exons might also demonstrate a high
heterogeneity for m®A deposition inhibition by exon-intron boundary.
Accordingly, for the RAC sites located in internal exons, we calculated
the m°A probability change (AProbability) after all introns were
deleted in the gene, and applied the k-means method to cluster the
internal exons into two groups: Clusterl (C1) and Cluster2 (C2) (Fig. 5a
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for mouse, and Supplementary Fig. 11a for human). C1 exons were
highly enriched with the increased m°A deposition sites (Fig. 5a for
mouse, and Supplementary Fig. 11a for human), exhibiting strong m°A
deposition inhibition by pre-mRNA splicing. In total, ~70% of RAC sites
in C1 exons showed increased m°A deposition (Fig. 5b for mouse, and
Supplementary Fig. 11b for human), which was about 3-fold of that in
C2 exons (Fig. 5c for mouse, and Supplementary Fig. 11c for human),
and in both short and long exons (Supplementary Fig. 12). Further-
more, the repressed m°A sites (AProbability > 0.1) were enriched in the

3 6
Times (h)

3 6
Times (h)

~100 nt region of C1 exon start (Fig. 5b and Supplementary Fig. 6b).
Before intron deletion in the gene, the m°A levels at internal exons
were very low in both Cl1 and C2 exons (Fig. 5d-f for mouse, and
Supplementary Fig. 11d-f for human). After intron deletion, the m°A
density increased sharply at C1 exons, not at C2 exons (Fig. 5e-g for
mouse, and Supplementary Fig. 11e-g for human).

Consistent with the m°A enhancer and silencer distribution
flanking RAC sites in last exons, the m°A enhancers were more enri-
ched in the 50 nt downstream of increased sites in C1 exons (Fig. 5h, i
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Fig. 3 | Experimental validation of intron repression on m°A deposition.

a lllustration of the minigene experiment, using Lrp12 and Gne as two model genes.
The minigene contained two exons and a 200 nt intervening mini-intron (details in
Methods), and the first exon was in-frame fused to AcGFP1. Constructs were
transfected into HEK293T cells, and m°A signal was quantified by SELECT method.
b The pre-mRNA splicing of mini-intron in minigene of LrpI2 or Gne was validated
by RT-PCR in HEK293T cells. At least three independent experiments were per-
formed. ¢, d The bar plot of relative m°A level for detecting the m°A sites in mRNA.
The constructs of minigenes were shown, and RAC sites in LrpI2 (c) or Gne (d) were
marked as pink lines. Data were presented as mean + SD, the P-values were calcu-
lated by two-sided Student’s ¢-test (p = 0.0065, 0.00013, 0.004, 0.011 for Al, A2, A3,
ASin Lrp12, p=0.013,0.005,0.0008, 0.014, 0.003, 0.009 for Al, A4, AS, A6, A7, A1l

in Gne. Significance: **p < 0.001, **p < 0.01, *p < 0.05. n =3 or 2 biological inde-
pendent samples in (c) or (d)). The RAC site showed agreed increased m°A signal in
both iM6A modeling and experimental validation was marked by blue box. e The
dot plot of the experimental determined relative m°A level change for each RAC site
in mRNA (19 sites in total). Relative m°A level change was calculated for the relative
mCA level of each site between intron-containing and intron-deletion mRNAs. The
mean value (0.264) was shown as the dotted pink line, and P-value was calculated
by one-sample one-sided t-test for the increase vs. no change. f, g mRNA decay
plotted as a function of time. The normalized levels of minigene mRNA at O h were
set to 100%. The y axis represents the log value of mRNA remaining level. The P-
values were calculated by two-sided Student’s t-test (p=>5.4¢™ in (f) for Lrp12,
p=0.0026 in (g) for Gne. Significance: **p < 0.001, *p < 0.01).

for mouse, and Supplementary Fig. 11h, i for human), while the silen-
cers tended to be avoided this region (Supplementary Fig. 13e, f for
mouse, and Supplementary Fig. 13g, h for human). Lastly, the RAC sites
were about 2 fold enriched in the ~100 nt region of exon start in C1
exons comparing to that in C2 exons (Fig. 5j-1 for mouse, and Sup-
plementary Fig. 11j-I for human). Pentamer occurrence were also
compared between C1 and C2. Similarly, the RAC-containing penta-
mers were more likely to be enriched in C1 exons (Fig. 5m for mouse,
and Supplementary Fig. 11m for human). Moreover, m°A enhancers
were more enriched in Cl exons, while m°A silencers were more
avoided (Fig. 5n for mouse, and Supplementary Fig. 11n for human).
The 20 most enriched or avoided motifs were showed: the 20 most
enriched motifs included many parts of the RRACH motif (Fig. 5o for
mouse, and Supplementary Fig. 110 for human), and the 20 most
avoided motifs contained CG dinucleotides (Fig. 5p for mouse, and
Supplementary Fig. 11p for human). m°A deposition inhibition by exon-
intron boundary occurs at both end of internal exons. Accordingly, to
be comprehensive, we clustered the internal exons into two groups
based on AProbability at exon end region (Supplementary Fig. 14 for
mouse, Supplementary Fig. 15 for human), and came to same conclu-
sions (Supplementary Figs. 14-17). In summary, the m°A deposition
inhibition by exon-intron boundary in internal exons also had a high
heterogeneity at both exonic ends, and a small proportion of internal
exons exhibited strong inhibition.

The m°A deposition inhibition by exon-intron boundary allows
longer mRNA half-life

Since the exon-intron boundary inhibits m°A deposition at the nearby
exons, one would expect an anti-correlation between the m°A
deposition efficiency and the pre-mRNA splicing events (i.e. exon
number) in the host genes. Indeed, in our minigene validation (Fig. 3),
we experimentally confirmed this hypothesis. To extend this finding at
a genome-wide scale, we performed the scatter density plot between
m°A/RAC ratio and the exon number in individual mRNAs, and
observed a strongly negative correlation between the pre-mRNA splice
events and m°A/RAC ratio (i.e. m°A deposition inhibition by exon-
intron boundary) (Fig. 6a). Individual mRNAs with higher exon number
had lower m°A deposition efficiency (Fig. 6a, and Supplementary
Fig. 18a, b). Since a major function of m®A mRNA modification is to
promote mRNA decay’*?, mRNAs with short half-lives (77,5 < 5 h) had
higher rate of m°A deposition, while mRNAs with longer half-lives (7y/,s
of 5-10 h or >10 h) had a progressively lower rate of m°A deposition
(Fig. 6b). However, this negative correlation between Ty/,s and rate of
mPA deposition vanished in mRNAs of Mettl3 knockout mESCs
(Fig. 6¢), highlighting that this correlation is dependent on m°A.
Similarly, mRNAs with short half-lives (7/,s<5h) had fewer exons,
while mRNAs with 77,5 of 5-10 h or >10 h had a progressively increased
exon number (Fig. 6d, and Supplementary Fig. 18c). In addition, this
correlation between Ty/,s and exon numbers in individual mRNAs was
also lost in Mettl3 knockout mESCs (Fig. 6e, and Supplementary
Fig. 18d). To sum up, m°A mRNA modification accounts majorly for the
correlation that multi-exon genes have more stable mRNAs.

Having shown that m°A deposition efficiency is anti-correlated
with pre-mRNA splicing events, it would be reasonable that mRNAs
with fewer exons may have higher m°A levels. To test this hypothesis,
we compared the m®A level between single-exon and multiple exon
genes by matching RAC sites in mRNAs (Fig. 6) or match cDNA length
(Supplementary Fig. 18). We found that single-exon genes had higher
number of m®A sites than multiple-exon genes (Fig. 6f and Supple-
mentary Fig. 18e). Since m°A negatively regulates mRNA half-life, these
single-exon genes had shorter Ty,s (Fig. 6g, and Supplementary
Fig. 18f) and greater T;.,s changes between Mett{3 KO vs WT mESC cells
(Fig. 6i and Supplementary Fig. 18h). Moreover, the difference of Ty/,s
between single-exon and multiple-exon genes was lost upon global
loss of m®A in Mettl3 KO mESC cells (Fig. 6h and Supplementary
Fig. 18g). We performed a further analysis and found that mRNAs with
2-6 exons also had higher number of m°A sites than mRNAs with >=7
exons (Fig. 6j and Supplementary Fig. 18i), and mRNAs with 2-6 exons
also had shorter Ty/,s (Fig. 6k and Supplementary Fig. 18j) and greater
T12s changes between Mettl3 KO vs WT mESC cells (Fig. 6m and
Supplementary Fig. 18I). Although T7,,s of mRNAs with 2-6 exons were
shorter in Mett!3 knockout mESCs (Fig. 61 and Supplementary Fig. 18k),
the difference of Ty/,s (2-6 exons vs. >=7 exons) was much smaller than
that in Mettl3 WT mESCs.

Since we discovered that m°A deposition was strongly inhibited
in a small proportion of exons (C1 exons), we speculated that mRNAs
with C1 exons would have lower m°A levels than these without C1
exons. As expected, mRNAs with C1 exons had fewer number of m°A
sites (Fig. 6n and Supplementary Fig. 18m), longer T;,,s (Fig. 60 and
Supplementary Fig. 18n) and smaller 77/,s changes between Mettl3 KO
vs WT mESC cells (Fig. 6q and Supplementary Fig. 18p). In addition,
the difference of T;;,s (C1 vs C2) was almost lost upon global loss of
m°A in Mettl3 KO mES cells (Fig. 6p and Supplementary Fig. 180).
These data collectively demonstrate that exon-intron boundary inhi-
bits m°A deposition, allowing longer mRNA half-life for mRNAs with
more exons.

The m°A deposition inhibition by exon-intron boundary allows
flexible protein coding

We had shown that RAC sites were enriched in the ~100 nt region of
exon start in C1 exons. An open hypothesis is whether a distinct
amino acid or codon usage exists in these exons. To test this
hypothesis, we counted the codon usage for the first 30 codons
(30 x3 nt = 90 nt) in each exon, and also calculated its corre-
sponding amino acid usage. We found that amino acids D, N,and T
were the 3 mostly enriched in last exon of C1, while amino acids of
S, P, and A were the 3 mostly avoided (Fig. 7a). Consistent with
amino acids usage in last exon, D, N, and T were also enriched in
internal exons of C1, while S, P, and A were avoided (Fig. 7b). The
strong correlation of odds ratio (C1 vs C2) of amino acids usage
(Fig. 7¢) supported that last exons and internal exons follow the
same amino acid usage bias to effect their m°A deposition®. As
expected, the codons for D, N, T were enriched in Cl internal exons,
while codons coding A, S, P were avoided (Fig. 7d, e). Moreover, the
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Fig. 4 | A proportion of last exons exhibit strong m°A deposition inhibition by
exon-intron boundary. a, d, g, j The heatmap visualized AProbability (a), m°A
Probability (d), m®A Probability by last intron deletion (g), and counts of RAC sites
(§) in the first 200 nt of last exon. The 200 nt was binned into 40 intervals (5 nt per
interval). Genes were clustered (see details in Methods) into two clusters (Clusterl,
Cluster2) based on AProbability. b, ¢ Positional plot of AProbability (b for Clusterl,
c for Cluster2) for the RAC sites located in the first 500 nt region of last exons
(n=1500). Red, blue, and gray dots were those sites that had increased (> 0.1),
decreased (< -0.1), or not change probability (|AProbability| <= 0.1) respectively by
last intron deletion. e, f The m°A density around original last exon start (e for
Clusterl, f for Cluster2) were compared for transcripts with full length (black line),

last intron deletion (pink line). h, i Positional plot for the frequency of top 50 m°A
enhancers (h for Clusterl, Fig. 4i for Cluster2) in mRNA sequences around the RAC
sites. Increase sites (red line, AProbability > 0.1), and no change sites (gray line, |
AProbability| <= 0.1). k, I The density of RAC sites around last exon start (k for
Clusterl, 1 for Cluster2). m, n Pentamer enrichment in different last exon start
regions comparing Clusterl vs. Cluster2. The y-axis showed the —loglO(two-sided
Fisher-exact test P-value), and the x-axis indicated the log2(odds ratio values). In
m, NRACN motifs were highlighted in red. In n, top 50 m°A enhancers or silencers
were highlighted in red or blue respectively. o, p Dendrogram showed clustering of
20 most enriched (o) or avoided (p) motifs comparing Clusterl vs. Cluster2.

odds ratio (C1 vs C2) of codon usage also had strong correlation
between last exon and internal exon (Fig. 7f). We noticed that sets
of synonymous codons encoding the same amino acids had quite
different codon usages in C1 versus C2 exons. For example, the GAC
codon was more frequently used than synonymous codon GAT in
C1 exons (Fig. 7g), and AAC codon was also more enriched than
synonymous AAT codon (Fig. 7h).

These data suggest that the m°A deposition inhibition by exon-
intron boundary might allow flexible protein coding that could be
needed in the C1 exons. Though these exons contained the biased
amino acid and codon usage for specific protein coding and beyond,
they didn’t appear to have the enriched m°A signal due to the m°A
deposition inhibition by exon-intron boundary. A very interesting
question would be which one could come first in evolution: did the
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Fig. 5| A proportion of internal exons exhibit strong m°A deposition inhibition
by exon-intron boundary. a, d, g, j The heatmap visualized AProbability (a), m°A
Probability (d), m°A Probability by introns deletion (g), and counts of RAC sites (j)
in the first 200 nt of internal exon. The 200 nt was binned into 40 intervals (5 nt per
interval). Exons were clustered (see details in Methods) into two clusters (Clusterl,
Cluster2) based on AProbability. b, ¢ Positional plot of AProbability (b for Clusterl,
c for Cluster2) for the RAC sites located in the first 500 nt region of internal exons
(n=3000). Red, blue, and gray dots were those sites that had increased (> 0.1),
decreased (< -0.1), or not change probability (|AProbability| <= 0.1) respectively by
introns deletion. e, f The m°A density at internal exon start (e for Clusterl, f for
Cluster2) were compared for transcripts with full length (black line), introns

deletion (pink line). h, i Positional plot for the frequency of top 50 m°A enhancers
(h for Clusterl, i for Cluster2) in mRNA sequences around the RAC sites. Increase
sites (red line, AProbability > 0.1), and no change sites (gray line, |AProbability|
<=0.1). k, I The density of RAC sites at internal exon start (k for Clusterl, I for
Cluster2). m, n Pentamer enrichment in different last exon start regions comparing
Clusterl vs. Cluster2. The y-axis showed the —loglO(two-sided Fisher-exact test P-
value), and the x-axis indicated the log2(odds ratio values). In m NRACN motifs
were highlighted in red. In m, NRACN motifs were highlighted in red. In n, top 50
mCA enhancers or silencers were highlighted in red or blue respectively.

o, p Dendrogram showed clustering of 20 most enriched (o) or avoided (p) motifs
comparing Clusterl vs. Cluster2.

splice site evolve first, therefore blocking methylation thus enabling
more RAC motifs/codons to appear? or did these methylation sites
evolve first, requiring splice sites to come up to inhibit m°A deposition
and therefore mRNA degradation? Both scenarios could be true and
are interesting questions to pursue in natural evolutionary study.

Besides the protein coding bias, we found that the length of C1
internal exons was shorter than C2 internal exons, while the length of
its nearby introns including upstream and downstream intron was
longer (Fig. 7i). In addition, C1 exons were more likely to be con-
stitutive exons than alternative exons (Fig. 7j).
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Fig. 6 | The m°A deposition inhibition by exon-intron boundary enables longer
mRNA half-lives. a The scatter plot of m®A/RAC ratio for mRNA exon numbers for
individual mRNAs (dots), The P-value was determined by two-sided Student’s ¢-test.
b, ¢ The scatter plot of m*A/RAC ratio for mRNA Ty.,s (b for Mett!3 WT mouse ES
cells, ¢ for Mettl3 knockout mouse ES cells) for individual mRNAs (dots). The P-value
was determined by two-sided Student’s ¢-test. d, e The scatter plot of exon numbers
for mRNA Ty, (b for Metti3 WT cells, ¢ for Metti3 knockout cells) for individual
mRNAs (dots). m*A may majorly account for the correlation that multi-exon genes
have more stable mRNAs. The P-value was determined by two-sided Student’s ¢-test.
f-i Cumulative distribution and boxplots (inset) showing m°A sites number (f),
mRNA Ty5s in Mettl3 WT cells (g), mRNA T;,s in Mettl3 knockout cells (h), and
mRNA Ty5s changes upon global m°A loss (i) in single (n=101) and multiple exon
genes (n=101). The box represents the 1st to 3rd quartile with the median marked
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by a horizontal line. The P-values were calculated by two-sided Wilcoxon test.
j—m Cumulative distribution and boxplots (inset) showing m°A sites number (j),
MRNA Ty5s in Mettl3WT cells (k), mRNA T;,s in Metti3 knockout cells (I), and mRNA
T1/2s changes upon global m°A loss (m) in genes with 2-6 exons (n=1104) and
genes with >6 exons (n =1104). The box represents the 1st to 3rd quartile with the
median marked by a horizontal line. The P-values were calculated by two-sided
Wilcoxon test. n-q Cumulative distribution and boxplots (inset) showing m°A sites
number (n), mRNA Ty,5s in Mettl3 WT cells (0), mRNA Ty,s in Mettl3 knockout cells
(p), and mRNA Ty/>s changes upon global m°A loss (q) in genes of Clusterl (n =1104)
and genes of Cluster2 (n =1104). The box represents the 1st to 3rd quartile with the
median marked by a horizontal line. The P-values were calculated by two-sided
Wilcoxon test.

In summary, by in silico high-throughput mutational modeling
and experimental validations, we found that exon-intron boundary
inhibited the m°A deposition at nearby exons. The site-specificity of
mPA deposition were influenced by both local cis-regulatory elements
and this exon-intron boundary inhibition mechanism. Our work pro-
vides new insights into the mechanism of m°A site-specific deposition
and its global distributional bias or hallmark (Fig. 7k).

Exon junction complex partially contributes to m°A deposition
inhibition by exon-intron boundary

During our manuscript review period, there were three independent
papers published online which found that exon junction complex (EJC)
could contribute to the exon-intron boundary inhibition of m®A* ™, In
contrast to these three papers which claim that this EJC inhibition is
universal for m°A inhibition, we found that their EJC depletion/
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Fig. 7| The m°A deposition inhibition by exon-intron boundary enables flexible
protein coding. a, b Bar plot of odd ratio for amino acids of Cluster1 vs Cluster2 in
last exons (a) and internal exons (b). ¢ Scatter plot of the correlation for log,(odd
ratio) of Clusterl vs Clusters for amino acids in last exons and internal exons. Each
gray dot was an amino acid. d, e Bar plot of odd ratio for codons of Clusterl vs
Cluster2 in last exons (d) and internal exons (e). Its corresponding amino acids were
also labeled. f Scatter plot of the correlation for log,(odd ratio) of Clusterl vs
Clusters for codons in last exons and internal exons. Each gray dot was a codon.
g Bar plot of odd ratio for codons (GAC, GAT) encoding D amino acid of Clusterl vs
Cluster2 in internal exons. The P-values were calculated by two-sided Fisher-exact
test (p < 2.2, Significance: **p < 0.001). h Bar plot of odd ratio for codons (AAC,
AAT) encoding N amino acid of Cluster1 vs Cluster2 in internal exons. The P-values

o0—©& \
50 nt

were calculated by two-sided Fisher-exact test (p =1.3e™°. Significance: **p < 0.001).
i Density plot of internal exon length (middle panel), upstream intron length

(left panel), and downstream intron length (right panel). The density was compared
between Clusterl and Cluster2. The P-values were calculated by the two-sided
Kolmogorov-Smirnov test (p <2.2e™, p=6.4e, p=4.2¢ for left, middle, and
right panel respectively. Significance: ***p < 0.001). j Bar plot of odd ratio for con-
stitutive vs alternative exons in Clusterl and Cluster2. The P-values were calculated
by two-sided Fisher-exact test (p = 0.00000668. Significance: ***p < 0.001). k The
site-specificity of m°A modification is determined by both local cis-elements within
50 nt downstream sequence and the intron inhibition to m°A deposition at
nearby exons.

knockdown data could partially support that m°A is inhibited by exon-
intron boundary in a proportion of short internal exons. iM6A mod-
eling demonstrated the m°A deposition inhibition by exon-intron
boundary occurs in both short (<=200 nt) and long (>200 nt) internal
exons (Fig. 8a, c), and m°A density increases sharply at Cl1 exons by
intron deletion (Fig. 8a, c¢). On one hand, EJC depletion indeed
increased m°A modification in some short internal exons particularly

with a stronger increase in C1 short internal exons (Fig. 8b for Y14
depletion, and Supplementary Fig. 19a for siEIF4A3); on the other
hand, EJC depletion had little m°A signal increase in long internal exons
(Fig. 8d for Y14 depletion, and Supplementary Fig. 19b for siEIF4A3),
suggesting additional trans-factors yet to be identified. Besides
repressing the m°A deposition in internal exons, exon-intron boundary
also inhibits the m°A deposition in the last exons (Fig. 8e). However,
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Fig. 8 | Exon junction complex partially contributes to m°A deposition inhi-
bition by exon-intron boundary. a The m°A probability density at short internal
exons (<= 200 nt) were compared between full length (black line) and last intron
deletion (pink line). These internal exons were divided into two clusters (Clusterl
vs. Cluster2) based on clustering result of Supplementary Fig. 11. b The m°A
enrichment density at short internal exons (<= 200 nt) were compared between
control (gray lines) and Y14 depletion (red lines). These internal exons were divided
into two clusters (Clusterl vs. Cluster2) based on clustering result of Supplemen-
tary Fig. 11. ¢ The m°A probability density at long internal exons (> 200 nt) were
compared between full length (black line) and last intron deletion (pink line). These
internal exons were divided into two clusters (Clusterl vs. Cluster2) based on

Position to Last Exon Start (nt)

clustering result of Supplementary Fig. 11. d The m°A enrichment density at long
internal exons (> 200 nt) were compared between control (gray lines) and Y14
depletion (red lines). These internal exons were divided into two clusters (Clusterl
vs. Cluster2) based on clustering result of Supplementary Fig. 11. e The m°A prob-
ability density around original last exon start were compared between full length
(black line) and all introns deletion (pink line). These last exons were divided into
two clusters (Clusterl vs. Cluster2) based on clustering result of Supplementary
Fig. 8. f The m°A enrichment density around last exon start were compared
between control (gray lines) and Y14 depletion (red lines). These last exons were
divided into two clusters (Clusterl vs. Cluster2) based on clustering result of Sup-
plementary Fig. 8.

EJC depletion did not affect m®A deposition at last exons (Fig. 8f for Y14
depletion, and Supplementary Fig. 19¢ for siEIF4A3). The loss of EJC
could only increase the m°A signal on a small proportion of short
internal exons (Fig. 8b). Altogether, EJC, as a trans-factor, only

contributes to m°A inhibition by exon-intron boundary in a small
proportion of short internal exons, suggesting that additional factors
which may also participate in m°A deposition site-specificity are yet to
be identified.
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Fig. 9| EJC loss increase m°A deposition in a subset of short internal exons. a Pie
chart of short internal exons (<= 200 nt) with (280) or without (73176) m°A in
control HEK293T cell. b Pie chart of short internal exons (<= 200 nt) with (10504) or
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without (62952) m°A in Y14 depletion HEK293T cell. ¢ Pie chart of short internal
exons (<= 200 nt) with (69421) or without (4035) RAC sites.

We examined m°A modification in short internal exons. About
0.4% (280 out of 73456 expressed short internal exons) exons had m°A
modification in control HEK293T cell (Fig. 9a), highlighting that there
are m°A sites in these short exons escaped exon-intron boundary
inhibition. Upon the Y14 EJC component depletion®’, methylated short
exons increased to 14.3% (10504 out of 73456) (Fig. 9b). in contrast to
the fact that most of short exons were not subjected to EJC inhibition
(the actual proportion of short internal exons that have RAC sites is as
large as 94.5%) (Fig. 9c). These findings supported that EJC only con-
tributed to m°®A deposition inhibition in a small subset of short internal
exons, and there are m®A sites being immune to exon-intron boundary
inhibition. Exon-Junction complex (EJC) may only play a partial mod-
ulatory rule in inhibiting m®A site-specificity and other factors includ-
ing local cis-element environment and more trans-factors involved yet
to be discovered.

Discussion

In this study, we explored the larger scale cis-regulatory mechanisms
for m°A site specificity beyond the local cis-regulatory elements.
iM6A deep learning modeling showed that exon-intron boundary
inhibited a proportion of m°A deposition at nearby exons. These
findings were supported by experimental validations. Further, we
revealed that the m°A deposition inhibition by exon-intron boundary
exhibited a high degree of heterogeneity in different exons at
genomic level, with a strong inhibition in a small group of exons. This
mCA deposition inhibition by exon-intron boundary allows mRNA
with more exons to have longer half-life, and m°A is a major con-
tributor to why mRNAs with more exons tend to be more stable. In
addition, though some exons have biased amino acid and synon-
ymous codon usage for their specific need for protein coding or
beyond, these exons don’t appear to have higher m°A level due to this
mPA deposition inhibition by exon-intron boundary.

Our findings that exon-intron boundary inhibited m°A deposition
at the nearby exonic region close to splice sites and that the repressed
mPA sites were enriched within the -100 nt exonic region from either
splice site of an exon could help us understand the regional bias for m°A
maodification in mRNAs. Given that most internal exons in vertebrate are
short (average size <150 nt)*, their exonic regions are mostly within the
~100 nt distance to a splice site and hence the m°A deposition is
inhibited by exon-intron boundary in short internal exons. It could
explain why m®As are relatively enriched in last exons, as well as long
internal exons®. As last exon is composed of some coding region and
most of the 3'UTR contains >70% of all m°A modification in mRNAs?,

the exon-intron boundary inhibition on m°A deposition could focus the
concentration of m°A signal on last exons and enable the complex and
novel 3’'UTR regulations involving m°A related RNA biology.

It is interesting and important to understand the molecular
mechanism how exon-intron boundary inhibits m°A deposition. When
our manuscript was under review, three independent papers pub-
lished online reported that exon junction complex (EJC) could con-
tribute to the exon-intron boundary inhibition of m®A***, we found
that EJC only contributes to the m®A inhibition on a small proportion of
short internal exons, suggesting additional trans-factors yet to be
identified.

Another important question regarding the mechanism of m°A
deposition is when m°A is added to exons. Our previous study
demonstrated that m°A can be added to exons before the actual
splicing cleavage event (e.g. Figure 3 of Ke et al. GD 2017 showed m°A
deposition to intron-containing exonic region)", but the increase
of m°A deposition by EJC loss suggest that m°A can be added to
exons after the actual splicing cleavage event. RNA splicing involves
multiple steps which include exon/intron definition (i.e. the alpha
spliceosome complex), spliceosomes assembly (i.e. the beta spli-
ceosome complex and beyond, steps before the actual splicing
cleavage event), two-step splicing reaction (the actual splicing clea-
vage event), EJC assembly (post the splicing cleavage event)*. It is
possible that the time range when m°A is added to pre-mRNA/
mRNA covers the entire time range of pre-mRNA splicing which
includes both pre- and post- splicing cleavage event, and the pre-
mRNA splicing inhibition on m°A may exist in some or all these wide
time ranges. Pre-mRNA splicing is a very plausible mechanism by
which the exon-intron boundary may influence m°A deposition, but
other possibilities could be involved. These full mechanism details
are all exciting future directions for the field to settle in the
years ahead.

Our deep learning modeling approach highlights that the m°A
deposition site-specificity is overwhelmingly determined by primary
nucleotide sequences which includes both local cis-element motifs but
also long-range cis-element regulation such as exon-intron boundary.
All these facts support the view that m°A is “hard-wired” in the genome
by genomic sequences which echoes the view of some other collea-
gues in the field®* (e.g. the Murakami & Jaffrey review® in proposing
the gene structure relationship with m°A pattern and a potential role,
and the He & He review” discussed a related view). Given that, the
dynamic regulation of m®A might not be a phenomenon that could be
observed in most m®As. It is analogous to the situation of pre-mRNA
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splicing that most of pre-mRNA splicing is constitutive splicing though
there does exist alternative splicing as a minor group. There might be
mCA dynamics, as it is hard to rule out this possibility completely; if so,
it would be likely to exist in a relatively fewer number compared to the
static m°A methylation, though the underlying functional importance
is yet to be established. In the same vein, alternative splicing regulation
is an important layer of tissue-specific gene expression, though its
number is much fewer than that of constitutive splicing. As a young
field of m°A RNA biology, these directions are all exciting future
questions of great importance.

Vertebrate genes primarily consist of short exons separated by
large introns while lower eukaryotes genes (yeast as an example) are
made up of a large number of intronless genes or genes with long
exons separated by small introns™®. In yeast, m°A methylation occurs
only during meiosis as the METTL3 yeast homolog IME4 expression is
only expressed in this time period”*. In mammals, the m°A
deposition inhibition by exon-intron boundary may allow transcripts
to have low methylation level in general despite the widespread
expression of METTL3 across different tissues and cell types. In this
study, we showed that Cl1 internal exons exhibit strong m°A deposi-
tion inhibition by exon-intron boundary. Comparing to other exons,
these Clexons tend to be shorter in length while being flanked longer
5 and 3’ introns (Fig. 7i), suggesting the exon definition model could
play an important role for these C1 exons. Furthermore, the finding
that C1 internal exons tend to be constitutive exons not alternative
exons (Fig. 7j), suggesting that the robust pre-mRNA splicing effi-
ciency of constitutive exon may contribute to the exon-intron
boundary inhibition of m°A methylation.

A major function of m°A is to promote mRNA decay’'>. We
demonstrated that the m°A deposition efficiency has a strong anti-
correlation with pre-mRNA splicing events, and mRNAs with higher
exon number have lower m°A deposition efficiency. Thus, m°A
deposition inhibition by exon-intron boundary enables transcripts
with multiple exons to have long mRNA half-life. Our work reveals
that m°A is a major contributor to why mRNAs with more exons tend
to be more stable. As this study has shown, in comparison to tran-
scripts with multiple exons, transcripts with single exon have higher
mPA levels and possess shorter Ty/,s. Similarly, transcripts with lower
exon number have higher number of m®A sites, as well as shorter Ty,
»S. Many important regulatory genes are intronless, including many
immediate early genes (e.g. c-Fos gene) and important transcrip-
tional factors (e.g. Sox2 gene). The mRNAs of these genes are gen-
erally short-lived and have many m®As. Being intronless with more
methylated sites, this leads to shorter half-life and lower activity,
often appropriate for their evolved function to be able to response
acutely to rapid environmental perturbations.

It has been well established that pre-mRNA splicing could influ-
ence mRNA half-life through the non-sense mediated decay (NMD)
pathway*’, and our finding that exon-intron boundary/pre-mRNA
splicing inhibited m°A deposition to increase mRNA half-life provided
a completely new avenue for the regulation of pre-mRNA splicing on
mRNA stability.

Methods

Modeling m°A deposition in pre-mRNA by iM6A

We pulled singularity container (tensorflow-19.01-py2) from NVIDA
official website to create the environment for iM6A*, extra packages
including biopython (1.76), scikit-learn (0.20.3), keras(2.0.5) were
installed into external path by pip. The gene annotation tables (vM7
for mouse, v19 for human) were downloaded from GENCODE (https://
www.gencodegenes.org/), and the longest transcript was extracted
for each gene. The nucleotide sequence of pre-mRNA served as input,
and the probability of each nucleotide being a m°A site was calculated
by iM6A (Fig. 1a). For intron deletion, the sequences of the corre-
sponding introns were deleted from the gene, and the m°A density

around last exon start was compared between full length transcripts
and the intron deletion control. For the RAC sites in exonic regions,
the delta changes of m°A probability value (AProbability) after intron
deletion were calculated. Then, the sites were categorized into three
groups (increased, decreased and no change) based on AProbability
(cutoff = 0.1). Positional plot and scatter plot were used to char-
acterize AProbability distribution in exons.

Positional plot of pentamers in sequences flanking m°A sites
For the RAC sites in last exon and second-to-last exon, we calculated
their m°A probability change (AProbability) for last intron deletion by
iM6A. The sites were categorized into three groups (increase, decrease
and no change) based on AProbability (cutoff = 0.1). We extracted the
55 nt upstream and downstream sequences flanking the RAC sites in
mRNA, and the pentamers were enumerated from the 5’ end to the 3’
end of the sequence. The m°A enhancers and silencers were quantified
by iM6A through saturation mutation data analysis®. For positional
plot, we counted the numbers of top 50 enhancers and top 50 silencers
at each position of sequence. Then, the frequency of the enhancers or
silencers were calculated. The plots were compared between the
increased sites and no change sites. Similar strategy was applied to the
RAC sites in internal exons.

Conservation analysis of RAC sites

For the RAC sites in last exon and second-to-last exon, we calculated
their m°A probability change (AProbability) for last intron deletion by
iM6A. The RAC sites were categorized into three groups (increased,
decreased and no change) based on AProbability (cutoff = 0.1). Those
sites in degeneration position of synonymous codons were selected,
and box plot was used to compare the PhyloP score between increased
and no change sites. The P-values were determined by Wilcoxon test.
Similar strategy was applied to the RAC sites in internal exons.

Point mutation for 5’ and 3’ splice sites of last intron in
pre-mRNA

For multi-exon genes (>=3 exons), its sequences of last introns were
truncated to 200 nucleotides by keeping 100 nucleotides of intron
start and intron end. Next, the 5’ splice site (donor: GT dinucleotide),
3" splice site (acceptor: AG dinucleotide) of mini-introns were
mutated to CA, TC respectively. In addition, the cryptic splice sites
were predicted by SpliceAl* for the sequence of second-to-last exon,
mutated truncation intron and last exon. All of cryptic splice sites
(Probability > 0.1) were also mutated (donor: mutated to CA;
acceptor: mutated to TC). Finally, we only kept the genes (n=2370)
which had no new cryptic sites after this 1* round of cryptical splice
site point mutation according to SpliceAl, and iIM6A was used to
model the m°A deposition.

Construction of the minigene

The backbone of minigene was a common retroviral GFP vector, and
puromycin was the selection marker for stable cell line. Gne, and Lrp12
were used as the two model genes for experimental validation. For
each mRNA, the second-to-last exon was truncated to 100 nt by
keeping the 100 nt exonic sequence upstream of the exon end, last
intron was truncated to 200 nt by keeping the 100 nt intronic
sequences at each end of the last intron, and last exon was truncated to
240 nt by preserving the 240 nt downstream of the exon start. The
AcGFP1 was in-frame fused to the second-to-last exon. To avoid non-
sense mediated decay (NMD) effect, both genes have stop codon in the
last exon. The detailed sequence for the Gne and Lrp12 constructs are
in the Supplementary Table 1

mRNA decay assay
The stable cell lines constantly expressing the minigenes were sub-
jected to four time points (0, 3, 6, and 9 h) of post actinomycin D

Nature Communications | (2023)14:4172

14


https://www.gencodegenes.org/
https://www.gencodegenes.org/

Article

https://doi.org/10.1038/s41467-023-39897-1

treatment (final concentration of 1 ug/mL; Sigma, no. A9415) treatment
in three biological replicates. Total RNA of each sample was extracted
and quantified by qRT-PCR. The normalized mRNA levels at 0 h were
set to 100%. The Ty, was determined as In(2)/k, where k is the decay
rate constant. The mRNA levels at different time points were fitted to a
first-order exponential decay curve to calculate the k.

m°A quantification by SELECT method

The constructs of minigenes were transfected to HEK293T, and total
RNA was extracted after 48 h. The elongation and ligation-based
gPCR amplification method SELECT*° was used to quantify the m°A
modification. For each RAC site in mRNA, the C; value of m6A sites
was first normalized to two non-RAC sites at each construct to cal-
culate the m6A signal level for each site; the fold change of intensity
for each m6A site was calculated by comparing their normalized C,
value differences for each m6A site between intron-containing and
intron-deletion constructs. Oligos are listed in Supplementary Data 1.

Clustering exons based on AProbability of m°A by intron
deletion

For the RAC sites located in last exons (Fig. 4 for mouse, and Sup-
plementary Fig. 8 for human), we calculated the delta changes of m°A
probability value (AProbability) by last intron deletion. The first 200
nt of last exon was binned into 40 intervals (5 nt per interval). In each
interval, the site with maximum of probability change was selected,
while its corresponding AProbability was kept as the AValue for the
interval. Exons then were clustered into two clusters (Clusterl:
abbreviated C1, Cluster2: abbreviated C2) by k-means method based
on the AValue. The heatmap visualized AValue (Fig. 4a), average m°A
Probability (Fig. 4d), average m°A Probability after last intron dele-
tion (Fig. 4g), and average count of RAC sites (Fig. 4j) in each interval.
The same strategy was applied to cluster the internal exons upon all
introns deletion (Fig. 5 for mouse, and Supplementary Fig. 11
for human).

Correlation analysis between m°A and exon numbers

For each transcript, the m®A sites (Probability > 0.05) were predicted
by iM6A, and total number of RAC sites in exons were also counted.
Scatter density plot was used to visualize the correlation between m°A/
RAC ratio and exon numbers (Fig. 6a). The R-value was calculated by
Pearson Correlation Coefficient, and P-value was determined by two-
sided Student’s t-test. In addition, the transcripts were binned based
on exon numbers per mRNA, and boxplot was used to show the m°A/
RAC ratio or m°A density (number of m°A sites per 100 nt) in each bin
(Supplementary Fig. 18a, b).

Correlation analysis between m°A and mRNA half-life

The mRNA half-lives data were downloaded from Gene Expression
Omnibus repository under accession no.GSE86336, Scatter density plot
was used to visualize the correlation between m°A/RAC ratio and mRNA
half-lives (Ty) in Mettl3 WT (Fig. 6b) or knockout mouse ES cells
(Fig. 6¢). Similarly, the correlation between exon numbers per mRNA
and mRNA Ty,s in Mettl3 WT (Fig. 6d) or knockout cells (Fig. 6e) was
plotted. In addition, the transcripts were binned based on exon num-
bers per mRNA, and boxplot was used to show the mRNA T7y,s in Mett(3
WT (Supplementary Fig. 18c) or knockout cells (Supplementary
Fig. 18d) for each bin. The R-value was calculated by Pearson Correlation
Coefficient, and P-value was determined by two-sided Student’s t-test.

Analysis of mRNA half-lives

The mRNA half-lives was compared for single-exon vs multiple-exons
genes (Figs. 6f-i), 2-6 exons vs >6 exons genes (Fig. 6j-m), C1 vs C2
genes (Fig. 6n—-q). We matched the exact RAC sites (Fig. 6) or mRNA
length (Supplementary Fig. 18) for transcripts, cumulative distribution
and boxplots were used to show m°A sites number, mRNA Ty;,s in

Mettl3 wild-type (WT) cells, mRNA T;.,s in Mettl3 knockout (KO) cells,
and mRNA Ty,s changes upon global m°A loss. Median and inter-
quartile ranges were presented for the box plot. The P-values were
calculated by Wilcoxon test.

Comparison of amino acids or codons for C1 vs C2 exons

For the amino acids or codons in last exons or internal exons, we
counted the number for each amino acid or codon. Only the genes
expressed in mESCs were used (GSE86336). The frequency of amino
acid or codon in C1 or C2 exons was calculated, and odd ratio of C1 vs
C2 was computed. Fisher-exact test was used to evaluate the sig-
nificance. Scatter plot was used to visualize the correlation of odds
ratio between last exon and internal exon. The R-value was calculated
by Pearson Correlation Coefficient.

Analysis of m°A-IP data

We downloaded raw sequencing data from Gene Expression Omnibus
(GEO) repository (GSE204980, GSE207663). Raw sequencing data was
mapped to the hgl9 reference genome by bowtie2. For further analy-
sis, the BAM files were filtered for uniquely aligned reads. The read
coverage at each nucleotide position to library size was normalized,
Then, m°A-IP enrichment value was calculated by dividing the nor-
malized read density for mA-IP to that of the input. Positional plot was
used to characterize the density of enrichment in exons (Fig. 8). For
peak calling (Fig. 9), we searched enriched m°A region by scanning the
genome with 20 nt sliding windows. The statistical significance of
enrichment was calculated by Fisher’s exact test (m°A-IP vs. input).
Benjamini-Hochberg was applied to calculate the FDR for multiple
testing. m®A-enriched windows were filtered based on enrichment
fold (>2) and FDR (<0.05). Then, m°A-enriched windows were con-
catenated for peak with at least 40 nt. The FPKM (fragments per kilo
base per million mapped reads) value for each transcript was calcu-
lated based on input of m°A-IP data, and expressed genes were selec-
ted (FPKM >=1).

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

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon reasonable request. The mRNA half-lives
data were downloaded from the Gene Expression Omnibus repository
under accession no.GSE86336. m°A-IP data were downloaded from the
Gene Expression Omnibus repository under accession no. GSE204980,
and no.GSE207663. Source data for the figures and supplementary
figures are provided as a Source Data file. Source data are provided
with this paper.

Code availability
The source code of the manuscript is available at GitHub (https://
github.com/ke-laboratory/iM6A-Splicing).

References

1. Batista, P. et al. m(6)A RNA modification controls cell fate transition
in mammalian embryonic stem cells. Cell Stem Cell 15,

707-719 (2014).

2. Geula, S. et al. Stem cells. m6A mMRNA methylation facilitates
resolution of naive pluripotency toward differentiation. Science
347, 1002-1006 (2015).

3.  Yoon, K. et al. Temporal control of mammalian cortical neurogen-
esis by m6A methylation. Cell 171, 877-889.e17 (2017).

4. Wang, Y. et al. N6-methyladenosine RNA modification regulates
embryonic neural stem cell self-renewal through histone mod-
ifications. Nat. Neurosci. 21, 195-206 (2018).

Nature Communications | (2023)14:4172

15


https://github.com/ke-laboratory/iM6A-Splicing
https://github.com/ke-laboratory/iM6A-Splicing

Article

https://doi.org/10.1038/s41467-023-39897-1

5. Vu, L. P. et al. The N(6)-methyladenosine (m(6)A)-forming enzyme
METTL3 controls myeloid differentiation of normal hematopoietic
and leukemia cells. Nat. Med. 23, 1369-1376 (2017).

6. Weng, H. et al. METTL14 inhibits hematopoietic stem/progenitor
differentiation and promotes leukemogenesis via mRNA m. Cell
Stem Cell 22, 191-205.e9 (2018).

7. Nachtergaele, S. & He, C. Chemical Modifications in the Life of an
mRNA Transcript. Annu. Rev. Genet. 52, 349-372 (2018).

8. Murakami, S. & Jaffrey, S. R. Hidden codes in mRNA: control of gene
expression by m(6)A. Mol. Cell 82, 2236-2251 (2022).

9. Sommer, S., Lavi, U. & Darnell, J. J. The absolute frequency of
labeled N-6-methyladenosine in HelLa cell messenger RNA
decreases with label time. J. Mol. Biol. 124, 487-499 (1978).

10. Wang, X. et al. N6-methyladenosine-dependent regulation of
messenger RNA stability. Nature 505, 117-120 (2014).

1. Ke, S. et al. m(6)A mRNA modifications are deposited in nascent
pre-mRNA and are not required for splicing but do specify cyto-
plasmic turnover. Genes Dev. 31, 990-1006 (2017).

12. Zaccara, S. & Jaffrey, S. R. A unified model for the function of YTHDF
proteins in regulating m(6)A-modified mRNA. Cell 181,
1582-1595.€18 (2020).

13. Liy, J. et al. A METTL3-METTL14 complex mediates mammalian
nuclear RNA N6-adenosine methylation. Nat. Chem. Biol. 10,
93-95 (2014).

14. Wang, Y. et al. N6-methyladenosine modification destabilizes
developmental regulators in embryonic stem cells. Nat. Cell Biol.
16, 191-198 (2014).

15. Ping, X. et al. Mammalian WTAP is a regulatory subunit of the
RNA N6-methyladenosine methyltransferase. Cell Res. 24,

177-189 (2014).

16. Yue, Y. et al. VIRMA mediates preferential m(6)A mRNA methylation
in 3'UTR and near stop codon and associates with alternative
polyadenylation. Cell Discov. 4, 10 (2018).

17. Schwartz, S. et al. Perturbation of m6A writers reveals two distinct
classes of MRNA methylation at internal and 5’ sites. Cell Rep. 8,
284-296 (2014).

18. Ruzicka, K. et al. Identification of factors required for m(6) A mRNA
methylation in Arabidopsis reveals a role for the conserved E3
ubiquitin ligase HAKAI. N. Phytol. 215, 157-172 (2017).

19. Bokar, J., Shambaugh, M., Polayes, D., Matera, A. & Rottman, F.
Purification and cDNA cloning of the AdoMet-binding subunit of the
human mRNA (N6-adenosine)-methyltransferase. RNA 3,
1233-1247 (1997).

20. Ke, S. et al. A majority of m6A residues are in the last exons,
allowing the potential for 3" UTR regulation. Genes Dev. 29,
2037-2053 (2015).

21. Dominissini, D. et al. Topology of the human and mouse
m6A RNA methylomes revealed by m6A-seq. Nature 485,
201-206 (2012).

22. Meyer, K. et al. Comprehensive analysis of mRNA methylation
reveals enrichment in 3' UTRs and near stop codons. Cell 149,
1635-1646 (2012).

23. Luo, Z., Zhang, J., Fei, J. & Ke, S. Deep learning modeling m(6)A
deposition reveals the importance of downstream cis-element
sequences. Nat. Commun. 13, 2720 (2022).

24. Zhao, X. et al. FTO-dependent demethylation of N6-
methyladenosine regulates mRNA splicing and is required for adi-
pogenesis. Cell Res. 24, 1403-1419 (2014).

25. Liu, N. et al. N(6)-methyladenosine-dependent RNA structural
switches regulate RNA-protein interactions. Nature 518,

560-564 (2015).

26. Xiao, W. et al. Nuclear m(6)A reader YTHDC1 regulates mRNA spli-

cing. Mol. Cell 61, 507-519 (2016).

27. Wei, G. et al. Acute depletion of METTLS3 implicates N (6)-methyla-
denosine in alternative intron/exon inclusion in the nascent tran-
scriptome. Genome Res. 31, 1395-1408 (2021).

28. Bolisetty, M. T. & Beemon, K. L. Splicing of internal large exons is
defined by novel cis-acting sequence elements. Nucleic Acids Res.
40, 9244-9254 (2012).

29. Voelker, R. B. & Berglund, J. A. A comprehensive computational
characterization of conserved mammalian intronic sequences
reveals conserved motifs associated with constitutive and alter-
native splicing. Genome Res. 17, 1023-1033 (2007).

30. Xiao, Y. et al. An elongation- and ligation-based gPCR amplification
method for the radiolabeling-free detection of locus-specific N(6)
-methyladenosine modification. Angew. Chem. Int. Ed. Engl. 57,
15995-16000 (2018).

31. Yang, X., Triboulet, R., Liu, Q., Sendinc, E. & Gregory, R. |. Exon
junction complex shapes the m(6)A epitranscriptome. Nat. Com-
mun. 13, 7904 (2022).

32. Uzonyi, A. et al. Exclusion of m6A from splice-site proximal regions
by the exon junction complex dictates m6A topologies and mRNA
stability. Mol. Cell 83, 237-251.e7 (2023).

33. He, P. C. et al. Exon architecture controls mRNA m(6)A suppression
and gene expression. Science 379, 677-682 (2023).

34. Black, D. L. Mechanisms of alternative pre-messenger RNA splicing.
Annu. Rev. Biochem. 72, 291-336 (2003).

35. He, P. C. & He, C. m(6) A RNA methylation: from mechanisms to
therapeutic potential. EMBO J. 40, e105977 (2021).

36. Hawkins, J. D. A survey on intron and exon lengths. Nucleic Acids
Res. 16, 9893-9908 (1988).

37. Clancy, M., Shambaugh, M., Timpte, C. & Bokar, J. Induction of
sporulation in Saccharomyces cerevisiae leads to the forma-
tion of N6-methyladenosine in mRNA: a potential mechanism
for the activity of the IME4 gene. Nucleic Acids Res. 30,
4509-4518 (2002).

38. Agarwala, S. D., Blitzblau, H. G., Hochwagen, A. & Fink, G. R. RNA
methylation by the MIS complex regulates a cell fate decision in
yeast. PLoS Genet. 8, €1002732 (2012).

39. Schwartz, S. et al. High-resolution mapping reveals a conserved,
widespread, dynamic mRNA methylation program in yeast meiosis.
Cell 155, 1409-1421 (2013).

40. Kurosaki, T., Popp, M. W. & Maquat, L. E. Quality and quantity control
of gene expression by nonsense-mediated mRNA decay. Nat. Rev.
Mol. Cell Biol. 20, 406-420 (2019).

41. Jaganathan, K. et al. Predicting splicing from primary sequence with
deep learning. Cell 176, 535-548.e24 (2019).

Acknowledgements

We thank Dennis Weiss and members of Ke Laboratory and Ying
Laboratory for comments, suggestions, and thoughtful discussions. Ke
Laboratory and this research is funded by NIH/NIGMS Maximizing
Investigators’ Research Award (MIRA) R35 Award (R35 GM133711to S.K.),
American Cancer Society Pilot Award (ACS-2019-Pilot-Ke/IRG-16-191-33/
IRG-21-136-36-IRG to S.K.) and the Jackson Laboratory Cancer Center
New Investigator award from the NIH/NCI Cancer Center Support Grant
(2 P30 CA034196-34 to S.K.).

Author contributions

S.K., Z.L.,and Z.Y. conceived and designed the study. Z.L. conducted the
experiments and performed the data analysis. Q.M., S.S., N.L., and H.W.
contributed to the test of experimental validation. S.K. and Z.L., wrote
the manuscript. S.K. supervised the research.

Competing interests
The authors declare no competing interests.

Nature Communications | (2023)14:4172

16



Article

https://doi.org/10.1038/s41467-023-39897-1

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39897-1.

Correspondence and requests for materials should be addressed to
Zheng Ying or Shengdong Ke.

Peer review information Nature Communications thanks Kungi Chen
and the other, anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:4172

17


https://doi.org/10.1038/s41467-023-39897-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Exon-intron boundary inhibits m
	Authors

	Exon-intron boundary inhibits m6A deposition,�enabling m6A distribution hallmark,�longer mRNA half-life and flexible�protein coding
	Results
	Deep learning modeling revealed that exon-intron boundary inhibits m6A deposition at last exon and second-to-last exon
	Deep learning modeling revealed that exon-intron boundary inhibits m6A deposition at internal exons
	Experimental validation of exon-intron boundary inhibition on m6A deposition
	A small proportion of last exons exhibit strong m6A deposition inhibition by exon-intron boundary
	A small proportion of internal exons exhibit strong m6A deposition inhibition by exon-intron boundary
	The m6A deposition inhibition by exon-intron boundary allows longer mRNA half-life
	The m6A deposition inhibition by exon-intron boundary allows flexible protein coding
	Exon junction complex partially contributes to m6A deposition inhibition by exon-intron boundary

	Discussion
	Methods
	Modeling m6A deposition in pre-mRNA by iM6A
	Positional plot of pentamers in sequences flanking m6A sites
	Conservation analysis of RAC sites
	Point mutation for 5’ and 3’ splice sites of last intron in pre-mRNA
	Construction of the minigene
	mRNA decay assay
	m6A quantification by SELECT method
	Clustering exons based on ΔProbability of m6A by intron deletion
	Correlation analysis between m6A and exon numbers
	Correlation analysis between m6A and mRNA half-life
	Analysis of mRNA half-lives
	Comparison of amino acids or codons for C1 vs C2 exons
	Analysis of m6A-IP data
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


