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Abstract

Background: Post-transcriptional modifications like m6A, and secondary structures like G-quadruplex
(G4), play an important role in RNA processing. Despite an emerging number of studies focusing on

m6A and G4 separately, there are less studies about their synergy.

Aim: Since mb6A is known to be enzymatically created in DRACH-motif, and genetic variants may
create a novel DRACH-motif or abolish a pre-existing DRACH-motif, we can suppose that the variants
may affect gene product level through modulating m6A-G4 colocalization, which consequently may
affect fitness and change allele frequency. To test this hypothesis, rare and common variants in

selected human genes were investigated in terms of their effect on m6A-G4 colocalization.

Methods: Genomic sequences and variant features were fetched from GRCh37/hg19 and Biomart-
Ensembl databases, respectively. Counting the number of putative m6A- and G4-motifs in sequences

and statistical analysis were performed with appropriate libraries of Python3.7.

Results: Common variants creating novel m6A-motif were found more frequently inside than outside
G4, and displayed unequal distribution throughout pre-mRNA. Unequal distribution of m6A-creating

variants seemed to be related to their effect on thermodynamic stability of the overlapping-G4.

Discussion: Selective m6A-G4 colocalization suggests that m6A-motif is favorable when overlapping
with G4. Besides, thermodynamic stability may lead to unequal distribution of m6A-G4 colocalization,
because m6A-creating alleles seem to have lower frequency if stabilizes overlapping-G4 in 3-prime-
side, but not in 5-prime-side. We can conclude that the fitness, and consequently frequency of an
mb6A-creating variant is prone to become higher or lower depending on its position and effect on the

overlapping-G4 stability.

Running Title: Contribution of overlapping m6A-G4 and its stability to allele frequency
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Intruduction

Genetic variants in protein-coding genes display their impact on the phenotype mostly through
quantitative and qualitative fluctuation in protein products. In this respect, post-transcriptional RNA
modifications play an important role especially in quantitative manner. To date, more than 150
chemical modifications have been identified in RNAs [1, 2]. Though most of these modifications were
found in non-coding RNAs [rRNA, tRNA, snRNA and long-non-coding RNs), it has been shown that
coding RNAs are also subject to such modifications [3, 4]. N6-methyladenosine (m6A) is one of the
most abundant chemical modifications found in mRNAs [5, 6]. The function of m6A began to be
elucidated long after its discovery [7, 8]. We now know that m6A plays an important role in
processing, nuclear export, translational regulation and decay of the mRNAs [9, 10]. In line with these
functions, m6A modification was found to display an unequal distribution throughout mRNA [5, 6,

11, 12].

In addition to post-transcriptional modifications, secondary structures have also important role in
translational efficiency of the mRNAs. One of these secondary structures is the G-quadruplex (G4)
that is spontaneously formed in guanine-rich (G-rich) sequences in DNA or RNA. This structure is
known to be formed via Hoogsten base pairing of adjacent guanines in G-rich sequences [13].
Although Hoogsten hydrogen binds between G bases is essential for G4 structure, there are many
additional factors that may affect G4 folding in a G-rich sequence, like the length of the sequence,
the presence of an alternative Watson-Crick pair-based stable structure and free metal cations [14-
17]. Both bioinformatic studies based on the canonical consensus sequence, and experimental
genome-wide studies using G4 specific probes have revealed a non-random distribution of G4
structure throughout the genome and transcriptome [18]. These studies demonstrated that the G4
sequences are enriched at telomeres, promoter regions and replication origins in genomic DNA, and
UTRs in mRNA. Though G4 structures are formed both in DNA and RNA, it has been shown that RNA
G4 structures are more stable and have less topological diversity than G4 structures in DNA [19].
Searching the canonical consensus sequence (58-GsN;_;GsN;-7G3N;,Gs-3@ where Nis A, C, G, T, or U)
from which a typical G4 structure is known to form [17, 20, 21], putative G4 structures were found to
be present in 5’UTR of more than 9.000, and in 3’UTR of more than 8.000 human genes [22-24].
Moreover, it was shown that more than 1600 human genes have G4 structures in their ORF [25]. G4
structures in RNAs are supposed to play role in stability, splicing and translation of RNAs through

binding specific proteins like elF4G, LARK, SLIRP, AFF3, AFF4, elFAA and hnRNP A2 [26-32].

Despite the great difference in their formation and structure, m6A modification and G4 structure

seem to share common functional consequences in RNA processing. Both were separately shown to
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modulate splicing, nuclear export, translation and decay of the RNAs. Although, mutual or synergic
activities of m6A and G4 were not well understood, recent studies have revealed that m6A
modification can modulate G4 structure formation and vice versa. The m6A modification was found
to modulate G4 structure through affecting its stability as shown in R-loops [33], while the G4
structure was demonstrated to modulate m6A modification through facilitating the adenine N6-
methylation in target motif as shown in viral RNAs [34]. Their synergic activity was supported by

overlapping m6A-G4 in eukaryotic mRNAs, as well [35, 36].

Taking into account the previous studies, this study aimed to investigate whether the functional
consequences of overlapping m6A-G4 may have selective pressure on the variants that lead
colocalization of m6A and G4. To address this question, defined single nucleotide variants in selected
disease-associated human genes were investigated in terms of their effect on the colocalization of

m6A and G4.
Methods:

Reference sequence data: Human genome sequence (GRCh37/hg19) was downloaded from NCBI
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.25) and recorded as a sqgl database using
Sqlite3 library of Python3.7. Name list, exonic coordinates and variant coordinates of disease
associated human genes (28,250 transcripts from 3,306 MIM genes) were fetched from Ensembl
(Biomart; http://grch37.ensembl.org/biomart/martview/c4f6ef5ffc88cf1d9a00b63173228cda) and

recorded as text files.

Artificial variant sequences: Considering their genomic position, strand, alleles and allele frequency,
each single nucleotide variant and their flanking reference sequence was fetched from hg19-sql
database, and separately stored as ‘wild-type sequence pieces’. By replacing reference base with
variant base, a ‘variant sequence piece’ was produced for each corresponding ‘wild-type sequence
piece’. Each ‘variant sequence piece was tagged as a ‘common’ or ‘rare’ regarding the minor allele
frequency, MAF (‘common’ for alleles with MAF >=0.01, and ‘rare’ for alleles with MAF <0.01) of the
corresponding variant. Variants with no recorded MAF value in database were evaluated as rare

variant.

Searching and counting the putative G4 structures and m6A motifs: Both wild-type and matched
variant sequence pieces were evaluated with ‘re’ module and ‘Pandas’ library of Python3.7, in terms
of the presence and the count of putative G4-forming sequence (G13[N17Gi3]s) for putative G4
structures and DRACH motif ([A/G/U][A/G]AC[A/C/U]) for putative m6A modification sites. The effect

of the variant on the m6A motif number was evaluated according to m6A motif Number (n) in the
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presence of reference allele. Resulting effect was assessed as inert (change from n to n),

augmentative (from n to n+1) or reductive (from n to n-1).

Thermodynamic stability: Minimum free energy (MFE) value of each sequence piece was calculated

with ‘mfold’ library of Python3.7.

Statistical analysis: Chi-square, t-test, Z-test and correlation test were performed with the

‘statsmodels’ library of Python3.7.
Results

Number of the common variants creating m6A motif inside G4 structure are higher than the rare

variants

Since, both m6A and G4 found in pre-mRNA are known to affect splicing, localization, translational
efficiency and decay of the RNAs, variants in non-spliced sequence of the selected MIM genes were
evaluated in terms of their effect on m6A motif Number within putative G4 structures. While most of
the variants (94,6%, 50.933 variants) were found not to relate to m6A motif (n = n; inert variants),
75% (2009 variants) of the remaining created a novel m6A motif (n - n+1; augmentative variants),
and 25% (851 variants) abolished a preexisting m6A motif (n=> n-1; reductive) inside a putative G4-
structure (Supplementary File 1). It was found that the Number of rare variants which create a novel
m6A motif or increase the number of preexisting m6A motifs inside a G4 structure were statistically

lower (p=3.02e-6) than that of the common variants (Table 1).

To clarify whether this situation is limited to G4-included regions, the variants which have a flanking
region that is not included in any putative G4 (G4-not-included regions) were analyzed. Contrary to
G4-included regions, the Number of rare augmentative variants, which creates a novel m6A motif or
increases the number of preexisting m6A motifs inside G4-not-included regions, were found

statistically higher (p=6.98e-30) than that of common variants (Table 1).
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Table 1: Count of variants which decrease (n=>n-1), increase (n=>n+1) or does not change (n=>n) the meA
motif number (n) inside or outside the G4 structure in pre-mRNA. Rare variants (MAF<0,01) causing increase of
m6A motif number was significantly lower than excepted while inside the G4 structure, and higher then
excepted while out of the G4 structure.

m6A m6A motif number Variant count
MAF
motif value Chi-square
H Ref Variant
location | Reterence anan Observed Expected
allele allele
<0.01 509 529.913 0.82
n n-1
w >=0.01 763 742.087 0.58
g <0.01 31814 31661.47 0.73
$ n n
Y >=0.01 | 44186 44338.53 0.52
=l
£ <0.01 1174 1305.619 13.26 *
n n+1l
>=0.01 1960 1828.381 9.47 *
<0.01 994 919.87 5.97
n n-1
= >=0.01 7913 7987.12 0.68
o
£ <0.01 | 23410 23836.62 7.63
RS n n
g >=0.01 207396 206969.37 0.87
‘@
§ <0.01 1516 1163.5 106.79 **
n n+l
>=0.01 9750 10102.49 12.29 **

* p=3.02e-6, total chi-square: 25.41, df=2, ** p=6.98e-30, total chi-square: 134,26, df=2

Since both m6A modification and G4 structures are involved in translational rate, localization and
stability of mRNA, variants were evaluated in spliced RNA sequence, as well. While the difference
between rare and common variants in G4-not-included regions remained statistically significant

(p<0.001), there was no statistically significance in distribution of variant counts inside G4 (Table 2).
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Table 2: Count of variants which decrease (n=>n-1), increase (n=>n+1) or does not change (n—>n) the meA
motif number (n) inside or outside the G4 structure in mRNA. Rare variants (MAF<0,01) causing increase of
m6A motif number was significantly lower than excepted while inside the G4 structure, and higher then
excepted while out of the G4 structure.

m6A m6A motif number Variant count
MAF
motif value Chi-square
P Reference Variant
location ! Observed | Expected
allele allele
<0.01 0 1.09 0.128
n n-1
w >=0.01 13 11.9 1.395
°
g <0.01 71 68.2 7.995
?’D n n
° >=0.01 737 739.79 86.728
=l
£ <0.01 1 273 0.320
n n+1l
>=0.01 31 29.29 3.434
<0.01 695 655.42 2.39
n n-1
b >=0.01 5443 5482.57 0.28
o
£ <0.01 | 12698 12857.69 1.98
g n n
% >=0.01 107714 107554.3 0.23
‘@
§ <0.01 756 635.88 22.69 *
n n+l
>=0.01 5199 5319.11 271 %

* p<0.0001, total chi-square: 30.299, df=2

Rare variants creating m6A motif inside G4 avoid being close to 3’-side and prefer to be near 5’-

side of pre-mRNAs

Independently of their frequency, both inert and reductive variants displayed an equal distribution
throughout pre-mRNAs. Distribution of the augmentative rare variants displayed a statistically

significant shift from 3’-end to 5'-end of the pre-mRNAs (Fig 1).
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Figure 1: Comparison of mean distribution of common (MAF>=0.01) and rare (MAF<0.01) variants regarding
their effect on m6A-motif number inside G4. Distribution of the rare variants that increase m6A number have

closer location to 5’-side. (*p<0.001)

Because the total length and exon-intron contents of each transcript are different, relative position
rather than absolute position of the variants is more appropriate for the comparison of their
position-dependent effect in pre-mRNAs. To investigate the position-dependent effect of the variants
on mb6A-G4 colocalization in more detail, their relative positions were clustered as positional
quartiles. Distribution of the rare variant ratio through positional quartiles revealed that ratio of inert
variants displayed an equal distribution throughout pre-mRNAs. Except for the second quartile, the
ratio of reductive variants also displayed an equal distribution. In the second quartile, the ratio of
reductive rare variants was found significantly lower than expected. The ratio of augmentative
variants displayed unequal distribution in all quartiles. Except for the last quartile, and especially in
the first quartile, the ratio of augmentative rare variants was higher than expected. In the last

quartile, however, it was lower than expected (Fig 2).

Figure 2: Distribution of rare variant/common variant ratio throughout relative position quartiles. The rare
variants that increase m6A number display a gradually decreasing pattern from 5’- to 3’- side. (*p<0.001,

**p<0.0001)

To test whether there is a difference between the distributions of variant positions throughout G4
structure, relative positions of the variants in G4 sequence were compared. There was not found any

difference between over-G4 distributions of the variants (Data not shown.).

Colocalization of m6A and G4 seems to increase the thermodynamic stability of the G4 structure

Because of the crucial involvement of thermodynamic stability in G4-structure formation, minimum
free energy (MFE) values of the putative G4-structures were compared considering the variants and

m6A motif numbers.

Rare variants were shown to have lower MFE value, especially in reductive variants (Fig 3a). When
reference and variant bases were taken into account, it was observed that the alternative variant had

lower MFE than reference allele in each group (Fig 3b). While reductive rare variants were found to
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have lowest MFE, augmentative common variants were found to have highest MFE value (Fig 3a). To
test whether this result was due to the presence of m6A motif, MFE values of G4 sequences were
compared in terms of m6A motif number. MFE values were observed to be inversely related to m6A
motif count (Fig 3c). Putative G4 structures with three m6A motifs were found to have lowest MFE

values (Fig 3d).

Figure 3: Distribution of G4-MFE values throughout relative position quartiles (a, b) and the effect of m6A
number on G4-MFE value (c, d). The effect of m6A on MFE value depends on frequency (a), alleles (b) and m6A
number (c), especially three m6As (d).(*p<0.001, **p<0.0001)

Overlapping m6A-G4 may modulate G4 stability in a position-dependent manner

Due to position-dependent colocalization of m6A-G4 and m6A-dependent stability of G4, we can
suppose that G4-stability may also be modulated with a position-dependent manner. Additionally,
because of the relationship between overlapping m6A-G4 and allele frequency, it is possible that G4-
stability may depend also on allele frequency of the variants. In order to test these possibilities MFE
values of putative G4 structures were compared considering their relative position and minor allele

frequency of the variants that create m6A motif.

Distribution of MFE values over positional quartiles has shown that MFE values are prone to decrease
from 5’-end to 3’-end of the pre-mRNAs (Fig 4). To see whether this position-dependent decrease
depends on variant alleles, MFE values were evaluated in terms of alleles. Effect of the variant alleles
on MFE values was found to depend on their relative position (Fig 5a). Besides, the difference
between MFE values of variant allele and reference allele also showed a dependence on relative
position (Fig 5b). The MFR-difference (Variant allele MFE minus reference allele MFE) value had a
decreasing pattern throughout pre-mRNA. When the distribution of MFE-difference was reevaluated
considering the frequency of variant alleles, it was revealed that the decrease in MFE-difference was

started closer to 5'-end with common alleles (Fig 5c), and closer to 3’-end with rare variants (Fig 5d).

Figure 4: Correlation between G4-MFE values led by m6A-creating variants and their relative position.

Decreasing MFE value suggests an increased stability of G4 from 5’- to 3’-end.
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Figure 5: Position-dependen decrease in MFE values shown difference between reference (Ref) and alternative
(Alt) allele of the variants (a). The position dependency of MFE values is more clear when MFE differences
between Ref and Alt alleles are considered (b). MFE differences of common variants (c) and rare variants (d)

have different distribution pattern.

Discussion

Post-transcriptional modifications like m6A, and secondary structures like G-quadruplex, are principal
actors in RNA processing. While m6A modification is controlled by specific enzymes, formation of G4
structures largely relies on physico-chemical conditions and thermodynamic rules. Nevertheless,
both lead similar consequences in terms of their effects on RNA processing, but with different
manners. The dependence on a consensus sequence is another common feature of m6A and G4.
While m6A modification targets the adenine in the third position of DRACH ([A/G/U][A/G]AC[A/C/U])

motif [37], G4 structure is formed mostly from sequence with G1.3[N1.,G1.s]s motif [17, 20, 21].

Besides the separate roles of m6A modification and G4 structure, their colocalization has also been
shown to have functional importance. Crosstalk between m6A modification and G4 structures seems
bidirectional. For instance, m6A modification was shown to affect the stability of R-loop, a G4
structure formed by DNA:RNA hybrid strands [33, 34]. Mutually, G4 structures were shown to
modulate m6A modification in some viral genomes like HIV, Zika, Hepatitis B, and SV40 [36].
Supposing that a variant within G4-forming sequence may create or abolish m6A motif (DRACH), this
variant can be thought to be under selective pressure depending on the functional effect of the
resulting overlapping m6a-G4 status. In this respect, we can expect a correlation between frequency
and colocalization ability of the variants. In this study, the supposed impact of m6A-G4 colocalization
on the variant frequency was investigated. For this purpose, single nucleotide variants in selected
disease-associated human genes were evaluated in terms of their allele frequency and m6A-G4

colocalization ability.

First and outstanding result of this study was that the variants creating the m6A motif inside a G4
structure are prone to have higher frequency. In contrast, such variants have lower frequency if
located out of the G4 structure. Colocalization-dependent higher allele frequency of such variants

suggested that overlapping m6A-G4 may have a protective role.

To understand how a variant creating m6A motif inside a G4 structure may play a protective role and

gain a favorable feature, distribution of the colocalization-leading variants throughout pre-mRNAs
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was evaluated, since both m6A modification and G4 structure display their functional effects in a

position-dependent manner [11, 38].

The results showed that the position of the colocalization-leading variants has importance for the
underlying mechanism. In previous studies, it has been shown that m6A motif distribution
throughout RNA molecules is not equal. Many studies presented that m6A residues were enriched in
5’ untranslated regions (UTRs), around stop codons and in 3° UTRs adjacent to stop codons in
mammalian mRNAs [5, 6, 39]. Similarly, G4 structures were also reported to be overrepresented in

5@- and 3B-UTRs [22, 40].

Findings of this study suggest that the functional consequence of the m6A-G4 colocalization may
have selective pressure on the colocalization-leading variants in a position-dependent manner. While
G4 structures hosting an m6A motif created by a common variant showed equal distribution
throughout the pre-mRNA, G4 structures overlapping with m6A motifs created by a rare variant are
prone to avoid 3’-side of the pre-mRNAs. This result might mean that m6A-G4 colocalization can be
tolerated when found in the near 3’-side, but not in the central region and especially near 5'-side of
the pre-mRNA. Here, we can suppose that any variant that creates a novel m6A motif inside a G4
structure may become favorable, and display an increased population frequency, if found near the
3’-side. On the other hand, the same type of variant will be unpreferable if found in the transcript
body, and undesirable if found near the 5'-side of the pre-mRNA. The latter is expected to display a
decreasing allele frequency. The favorability of m6A-G4 colocalization in 3’-side may be due to the
supported function of the pre-existing G4 structure. For instance, as represented in Fig 6, the G4
structure supported by m6A in 5’UTR may reduce the translational efficiency of mRNA, since G4
structures in 5’UTR are known to affect cap-dependent and cap-independent translation [41].
Similarly, the G4 structure supported by overlapping m6A in 3'-side may enable the transcript to
produce alternative products, through modulating alternative splicing and alternative poly-adenilation

of pre-mRNA [23, 41]. It is also possible that m6A can modulate miRNA binding through stabilizing G4

structure after splicing [40].

Figure-6: A hypothetical model to explain the position-dependent effect of m6A-G4 colocalization. A variant
that creates m6A motif overlapping with G4 is prone to have higher allele freauency in 3’-side, because G4

supports poly-adenylation. In 5’-side, however, it is prone to have lower allele freauency to allow translation.

Position-dependen decrease in MFE values shown difference between reference (Ref) and alternative (Alt)

allele of the variants (a). The position dependency of MFE values is more clear when MFE differences between
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Ref and Alt alleles are considered (b). MFE differences of common variants (c) and rare variants (d) have

different distribution pattern.

There may be many consequences of the m6A-G4 colocalization. Creation of novel docking sites for
specific proteins can be considered in this respect. Both m6A and G4 structures are known to be
recognized by specific proteins [26, 43, 44]. Therefore, colocalization of m6A modification and G4
structure may lead to competitive or cooperative interaction between these proteins. Testing these
possibilities requires experimental methods dealing in vitro RNA-protein interactions. Another
possible consequence of the m6A-G4 colocalization is the changing thermodynamic properties of the
structure. Thermodynamic stability is crucial for the formation of G4 structures [45, 46]. In contrast,
m6A formation is regulated by specific enzymes rather than thermodynamic status of the flanking
sequence [47, 48]. However, m6A modification can affect thermodynamic stability of the RNA, as
reported to marginally reduce the stability of A:U base pairing [49]. Similarly, in recent studies,
colocalization of m6A and G4 was shown to alter the stability of DNA:RNA hybrid quadruplexes,
known as R-loop [33, 34]. In some of these studies, m6A was reported to promote G4 folding, while
in some others m6A was demonstrated to downregulate G4 formation. These contradictory findings
are still discussed. Besides, G4 was also disputed to modulate m6A modification as shown in viral
RNAs [34]. The overlapping m6A and G4 in 3’UTR of viral RNAs revealed that the folded G4 structures
may guide the enzymatic adenine methylation in DRACH motifs [36]. Moreover, enrichment of the
overlapping m6A and G4 in viral RNAs was reported to be critical for the impact of m6A on viral
fitness; as shown in HIV-1 [50]. In eukaryotes, overlapping m6A and G4 was shown in 3’'UTRs of

mRNAs, as well [51, 52].

Based on the previous studies suggesting the synergy between m6A and G4, we can suppose that
significance in the distribution of the variants leading m6A-G4 colocalization may be resulted from
the changed stability of the G4 structures. To test this possibility, MFE values of G4 structures were
calculated. DRACH (m6A) motifs were observed to cause a decreased MFE, which means an
increased thermodynamic stability of the G4 structure. Number of m6A motifs inside the G4

structure also seems crucial for the degree of the stability.

The position-dependency of overlapping m6A-G4 may explain the mechanism responsible for
difference in allele frequency among the variants leading m6A-G4 colocalization. Based on the
findings of this study, we can suppose that a m6A-G4 colocalization-leading variant will prone to have
higher allele frequency, if decreases G4 stability when located near 5’-side, and increases it when

located near 5’-side of the pre-mRNA (Fig 7).
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Figure-7: The position-dependent effect of m6A-G4 colocalization can be explained by MFE difference. The
variants that create m6A motif overlapping with G4 may have better fitness due to decreased G4 stability near

3’-side and increased G4 stability near 3’-side.

The preliminary results of this study suggest that m6A overlapping with G4 structure may have
functional consequences with an unknown mechanism. At least, it seems likely that this mechanism

needs position-dependent stability of G4 structure.

In summary, we can conclude that the fitness, and consequently frequency of a variant creating m6A
motif is prone to become higher or lower depending on whether it is located inside or outside the G4
structure, respectively. Furthermore, the frequency of these variants may depend on both their
position and their effect on the thermodynamic stability of G4 structure. If located near 5’-side and
destabilizes G4 or located near 3’-side and stabilizes G4, a variant creating m6A motif is prone to

have higher fitness and frequency.


https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441767; this version posted April 29, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

References

1- Motorin Y, Helm M. 2011 RNA nucleotide methylation. Wiley Interdiscip. Rev. RNA 2, 611-
631. (doi:10.1002/wrna.79)

2- Machnicka MA et al. 2013 MODOMICS: a database of RNA modification pathways—2013
update. Nucleic Acids Res. 41, D262-D267. (d0i:10.1093/nar/gks1007)

3- Desrosiers R, Friderici K, Rottman F. 1974 Identification of methylated nucleosides in
messenger RNA from Novikoff hepatoma cells. Proc. Natl Acad. Sci. USA 71, 3971 — 3975.
(doi:10.1073/pnas.71.10.3971)

4- Adams JM, Cory S. 1975 Modified nucleosides and bizarre 50 -termini in mouse myeloma
mRNA. Nature 255, 28 — 33. (d0i:10.1038/255028a0)

5- Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M, Ungar L, Osenberg S,
Cesarkas K, Jacob-Hirsch J, Amariglio N, Kupiec M, Sorek R. Topology of the human and
mouse m 6 A RNA methylomes revealed by m 6 A-seq. Nature. 2012 May;485(7397):201-6.

6- Meyer KD, Saletore Y, Zumbo P, Elemento O, Mason CE, Jaffrey SR. 2012 Comprehensive
analysis of mRNA methylation reveals enrichment in 30 UTRs and near stop codons. Cell 149,
1635-1646. (doi:10.1016/j.cell.2012.05.003)

7- Roundtree IA, Evans ME, Pan T, He C. Dynamic RNA modifications in gene expression
regulation. Cell. 2017 Jun 15;169(7):1187-200.

8- Zhao BS, Roundtree |IA, He C. Post-transcriptional gene regulation by mRNA modifications.
Nature reviews Molecular cell biology. 2017 Jan;18(1):31-42.

9- Shi H, Wang X, Lu Z, Zhao BS, Ma H, Hsu PJ, Liu C, He C. YTHDF3 facilitates translation and
decay of N 6-methyladenosine-modified RNA. Cell research. 2017 Mar;27(3):315-28.

10

Roignant JY, Soller M. m6A in mRNA: an ancient mechanism for fine-tuning gene expression.
Trends in Genetics. 2017 Jun 1;33(6):380-90.

11- Ke S, Alemu EA, Mertens C, Gantman EC, Fak JJ, Mele A, Haripal B, Zucker-Scharff I, Moore
MJ, Park CY, Vagbg CB. A majority of m6A residues are in the last exons, allowing the
potential for 3' UTR regulation. Genes & development. 2015 Oct 1;29(19):2037-53.


https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441767; this version posted April 29, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

12- Gilbert WV, Bell TA, Schaening C. Messenger RNA modifications: form, distribution, and
function. Science. 2016 Jun 17;352(6292):1408-12.

13- Bochman ML, Paeschke K, Zakian VA. DNA secondary structures: stability and function of G-
quadruplex structures. Nature Reviews Genetics. 2012 Nov;13(11):770-80.

14- Rachwal PA, Brown T, Fox KR. Effect of G-tract length on the topology and stability of
intramolecular DNA quadruplexes. Biochemistry. 2007 Mar 20;46(11):3036-44.

15- Rachwal PA, Fox KR. Quadruplex melting. Methods. 2007 Dec 1;43(4):291-301.

16- Rachwal PA, Brown T, Fox KR. Sequence effects of single base loops in intramolecular
quadruplex DNA. FEBS letters. 2007 Apr 17;581(8):1657-60.

17- Mukundan VT, Phan AT. Bulges in G-quadruplexes: broadening the definition of G-
quadruplex-forming sequences. Journal of the American Chemical Society. 2013 Apr
3;135(13):5017-28.

18- Lam EY, Beraldi D, Tannahill D, Balasubramanian S. G-quadruplex structures are stable and
detectable in human genomic DNA. Nature communications. 2013 Apr 30;4(1):1-8.

19- Bugaut A, Murat P, Balasubramanian S. An RNA hairpin to G-quadruplex conformational
transition. Journal of the American Chemical Society. 2012 Dec 12;134(49):19953-6.

20- Huppert JL, Balasubramanian S. G-quadruplexes in promoters throughout the human
genome. Nucleic acids research. 2007 Jan 1;35(2):406-13.

21- Huppert JL. Hunting G-quadruplexes. Biochimie. 2008 Aug 1;90(8):1140-8.

22- Kumari S, Bugaut A, Huppert JL, Balasubramanian S. An RNA G-quadruplex in the 5" UTR of
the NRAS proto-oncogene modulates translation. Nature chemical biology. 2007 Apr;3(4):218-
21.

23- Beaudoin JD, Perreault JP. 5-UTR G-quadruplex structures acting as translational repressors.
Nucleic acids research. 2010 Nov 1;38(20):7022-36.

24- Huppert JL, Bugaut A, Kumari S, Balasubramanian S. G-quadruplexes: the beginning and end
of UTRs. Nucleic acids research. 2008 Nov 1;36(19):6260-8.

25- Thandapani P, Song J, Gandin V, Cai Y, Rouleau SG, Garant JM, Boisvert FM, Yu Z,
Perreault JP, Topisirovic I, Richard S. Aven recognition of RNA G-quadruplexes regulates
translation of the mixed lineage leukemia protooncogenes. Elife. 2015 Aug 12;4:e06234.

26- Brazda V, Haronikova L, Liao JC, Fojta M. DNA and RNA quadruplex-binding proteins.
International journal of molecular sciences. 2014 Oct;15(10):17493-517.

27- Lyons SM, Kharel P, Akiyama Y, Ojha S, Dave D, Tsvetkov V, Merrick W, Ivanov P, Anderson
P. elF4G has intrinsic G-quadruplex binding activity that is required for tiRNA function. Nucleic
acids research. 2020 Jun 19;48(11):6223-33.

28- Niu K, Xiang L, Jin Y, Peng Y, Wu F, Tang W, Zhang X, Deng H, Xiang H, Li S, Wang J.
Identification of LARK as a novel and conserved G-quadruplex binding protein in invertebrates
and vertebrates. Nucleic acids research. 2019 Aug 22;47(14):7306-20.

29- Williams P, Li L, Dong X, Wang Y. Identification of SLIRP as a G quadruplex-binding protein.
Journal of the American Chemical Society. 2017 Sep 13;139(36):12426-9.


https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441767; this version posted April 29, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

30- Serikawa T, Spanos C, von Hacht A, Budisa N, Rappsilber J, Kurreck J. Comprehensive
identification of proteins binding to RNA G-quadruplex motifs in the 5" UTR of tumor-
associated mRNAs. Biochimie. 2018 Jan 1;144:169-84.

31- Lyonnais S, Tarrés-Solé A, Rubio-Cosials A, Cuppari A, Brito R, Jaumot J, Gargallo R,
Vilaseca M, Silva C, Granzhan A, Teulade-Fichou MP. The human mitochondrial transcription
factor A is a versatile G-quadruplex binding protein. Scientific reports. 2017 Mar 9;7(1):1-6.

32- Khateb S, Weisman-Shomer P, Hershco-Shani I, Ludwig AL, Fry M. The tetraplex (CGG) n
destabilizing proteins hnRNP A2 and CBF-A enhance the in vivo translation of fragile X
premutation mRNA. Nucleic acids research. 2007 Sep 1;35(17):5775-88.

33- Yang X, Liu QL, Xu W, Zhang YC, Yang Y, Ju LF, Chen J, Chen YS, Li K, Ren J, Sun Q. m 6
A promotes R-loop formation to facilitate transcription termination. Cell research. 2019
Dec;29(12):1035-8.

34- Abakir A, Giles TC, Cristini A, Foster JM, Dai N, Starczak M, Rubio-Roldan A, Li M,
Eleftheriou M, Crutchley J, Flatt L. N 6-methyladenosine regulates the stability of RNA: DNA
hybrids in human cells. Nature genetics. 2020 Jan;52(1):48-55.

35- Jara-Espejo M, Fleming AM, Burrows CJ. Potential G-Quadruplex Forming Sequences and N
6-Methyladenosine Colocalize at Human Pre-mRNA Intron Splice Sites. ACS chemical
biology. 2020 May 12;15(6):1292-300.

36- Fleming AM, Nguyen NL, Burrows CJ. Colocalization of m6A and G-quadruplex-forming
sequences in viral RNA (HIV, Zika, Hepatitis B, and SV40) suggests topological control of
adenosine N 6-methylation. ACS central science. 2019 Feb 4;5(2):218-28.

37- Csepany T, Lin A, Baldick Jr CJ, Beemon K. Sequence specificity of mMRNA N6-adenosine
methyltransferase. Journal of biological chemistry. 1990 Nov 25;265(33):20117-22.

38- Bushkin GG, Pincus D, Morgan JT, Richardson K, Lewis C, Chan SH, Bartel DP, Fink GR. m
6 A modification of a 3' UTR site reduces RME1 mRNA levels to promote meiosis. Nature
communications. 2019 Jul 30;10(1):1-3.

39- Batista PJ, Molinie B, Wang J, Qu K, Zhang J, Li L, Bouley DM, Lujan E, Haddad B,
Daneshvar K, Carter AC. m6A RNA modification controls cell fate transition in mammalian
embryonic stem cells. Cell stem cell. 2014 Dec 4;15(6):707-19.

40- Rouleau S, Glouzon JP, Brumwell A, Bisaillon M, Perreault JP. 3' UTR G-quadruplexes
regulate miRNA binding. Rna. 2017 Aug 1;23(8):1172-9.

41- Jodoin R, Carrier JC, Rivard N, Bisaillon M, Perreault JP. G-quadruplex located in the 5" UTR
of the BAG-1 mRNA affects both its cap-dependent and cap-independent translation through
global secondary structure maintenance. Nucleic acids research. 2019 Nov 4;47(19):10247-
66.

42- Song J, Perreault JP, Topisirovic I, Richard S. RNA G-quadruplexes and their potential
regulatory roles in translation. Translation. 2016 Jul 2;4(2):e1244031.

43- Hacht AV, Seifert O, Menger M, Schiitze T, Arora A, Konthur Z, Neubauer P, Wagner A,
Weise C, Kurreck J. Identification and characterization of RNA guanine-quadruplex binding
proteins. Nucleic acids research. 2014 Jun 2;42(10):6630-44


https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441767; this version posted April 29, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

44- Roundtree IA, He C. Nuclear m6A reader YTHDCL1 regulates mRNA splicing. Trends in
Genetics. 2016 Jun 1;32(6):320-1.

45- Xue Y, Liu JQ, Zheng KW, Kan ZY, Hao YH, Tan Z. Kinetic and Thermodynamic Control of
G-Quadruplex Folding. Angewandte Chemie. 2011 Aug 22;123(35):8196-200.

46- Lane AN, Chaires JB, Gray RD, Trent JO. Stability and kinetics of G-quadruplex structures.
Nucleic acids research. 2008 Oct 1;36(17):5482-515.

47- Meyer KD, Jaffrey SR. Rethinking m6A readers, writers, and erasers. Annual review of cell
and developmental biology. 2017 Oct 6;33:319-42.

48- Song Y, Xu Q, Wei Z, Zhen D, Su J, Chen K, Meng J. Predict Epitranscriptome Targets and
Regulatory Functions of N 6-Methyladenosine (m6A) Writers and Erasers. Evolutionary
Bioinformatics. 2019 Sep;15:1176934319871290

49- Kierzek E, Kierzek R. 2003 The thermodynamic stability of RNA duplexes and hairpins
containing N6-alkyladenosines and 2-methylthio-N6- alkyladenosines. Nucleic Acids Res. 31,
4472-4480. (doi:10.1093/nar/gkg633)

50- Kennedy EM, Bogerd HP, Kornepati AV, Kang D, Ghoshal D, Marshall JB, Poling BC, Tsai K,
Gokhale NS, Horner SM, Cullen BR. Posttranscriptional m6A editing of HIV-1 mRNAs
enhances viral gene expression. Cell host & microbe. 2016 May 11;19(5):675-85.

51- Wongsurawat T, Jenjaroenpun P, Wassenaar TM, Wadley TD, Wanchai V, Akel NS, Franco
AT, Jennings ML, Ussery DW, Nookaew |. Decoding the epitranscriptional landscape from
native RNA sequences. BioRxiv. 2018 Jan 1:487819

52- Jara-Espejo M, Fleming AM, Burrows CJ. Potential G-Quadruplex Forming Sequences and N
6-Methyladenosine Colocalize at Human Pre-mRNA Intron Splice Sites. ACS chemical
biology. 2020 May 12;15(6):1292-300.


https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

100

o)
-

o0
o

end of the transcript

70

ioRxiv preprint doi: https://doi.org/10.1101/2021.04.28.441767; this
was not certified by peer review) is the author/funder, who has g

available under aC

=3

version posted April 29, 2021. The copyright holder for this preprint (which
] de

ranted bioRxiv a license to display the preprint in perpetuity. Iflis ma
.0 International license.

’

BY 4

50

40

N
o

Average of relative distanveto 5

G

MAF >=0,01 <0,01

m6A motif N — n-1
number

>=0,01

N =—p

<0,01

>=0,01

<0,01

nN—N+1



https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

Relative rare varian

25-50% 50-75%

Relative distance to 5" end (%)

75-100%



https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

MFE (kcal/mol)

5 5
o - -1,5
g 1,6 * %k ‘;E-
%‘ L ® * 8
¢ -14 =
= %k ® ® E '110
L & @
s 12 =
-0,8
-1,0
'0,8 '0)6
-0,6 -0,4
04 |
-0,2
° Ref Ref Ref
e
MAF >=.01 <.01 >=.01 <.01 >=.01 <.01 Allele Al BEr Ak el Ak Ret A L
MAF >=.01 <01 >=.01 <.01 =01 <.01
m6A n-=>n n->n-1 n = n+l M6A i 2 s A= n- n+l
° .-
-10 & 14
—
© Xk
£ -12
~ ® ®
3 ;-
= .10
-6 -8
-6
-4
-4
-2
-2
0 0

3 m6A motif
number

3 m6A motif
number



https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

MFE (kcal/mol)

NI = o)

-

Relative distance to 5'-end


https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

o

)

/i

mo

o
)
2

no

=
N O o
. I .

| [

MFE (kcal

Relative
Position

S O
NN

i
certified by peer r

01 8.441767; this e , 2021. The cop
e der, who has g RXI e to display the
e under aCC-B ne nse.

L L) L] L]

0-25% 25-50% 50-75% 75-100%

Rare

0.20

0.15
0.10-

0.05-

0.00 1

-0.05

MFE Difference (kcal/mol)

-0.10

0-25% 25-50% 50-75% 75-100%

MFE Difference (kcal/mol)

MFE Difference (kcal/mol)

0.3

0.21

0.11

0.01

-0.2 T T T T
0-25% 25-50% 50-75% 75-100%

Common

0-25% 25-50% 50-75% 75-100%


https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

Re

: ) E - ) e
Effect of Allele in 5’-side ffect of Allele in 3’-side Allele |

TN /

Translation Poly-adenylation

A N

Translation Poly-adenylation
5'- _3
Me Me
Translation ‘ Poly-adenylation
5" _3) \
Legend (a)

N6-Methyladenosine (m6A)

more
stable

less
stable



https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

pre-mRNA G4

O
o
|

O
N
|

—
N
|

Prone to
decrease

-

MFE Difference (kcal/mol)

=5
7E
2o
aE
=]
=
[OR=a]
® ° 28~
DI o
2=
. oc P
can
(D('Dpo
c- R
as
a
IS
%22 o
BE
003
' O
TS <
-<%gp‘
o R
Qo
5o
250
8Fo
=3 7]
3>—<8
2<ao

Common

- == == Rare

Prone to
“ Increase

*w G4 stability
Sy

-
T
-

-

20

40 60 80
Relative distance to 5'-end


https://doi.org/10.1101/2021.04.28.441767
http://creativecommons.org/licenses/by/4.0/

