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ABSTRACT

Objective: Post-transcriptional modifications like m6A
(N6-methyladenosine) and secondary structures like G-quadruplex (G4)
are formations that play a vital role in RNA processing. Their synergy also
has functional consequences. Since m6A is known to be enzymatically
created in the DRACH-motif, and that genetic variants can create a novel
DRACH-motif or abolish a pre-existing DRACH-motif, we can hypothesize
that variants which affect the gene product level through modulating
m6A-G4 colocalization, may also consequently affect fitness and change
the allele frequency. To test this hypothesis, the rare and common variants
in selected human genes were investigated to determine their effect on
DRACH-G4 colocalization.

Material and Methods: Genomic sequences and variant information were
retrieved from the GRCh37/hgl9 and Biomart-Ensembl databases.
Experimentally determined G4 sequences were obtained from two
different studies.

Results: Common variants leading to the formation of a novel DRACH-
motif were found to be significantly higher inside the G4 structure than
outside. In contrast, rare variants with the same feature were higher
outside the G4-structure and had uneven distribution alongside the pre-
mRNA. The uneven distribution of the DRACH-creating rare variants was
observed to correlate with their effect on thermodynamic stability of the
overlapping G4.

Conclusion: Selective DRACH-G4 colocalization suggests that m6A is
evolutionally favorable when overlapping with G4. The thermodynamic
stability could lead to uneven distribution of DRACH-G4 colocalization,
favorable in 3-prime-side, but not in 5-prime-side. We can conclude that
the fitness, and consequently frequency of a DRACH-creating variant is
prone to become higher or lower depending in its position and effect on
the overlapping-G4 stability.

Keywords: RNA modification, N6-methyladenosine, G-quadruplex, allele
frequency
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Amag: M6A (N6-metiladenozin) gibi post-transtranskripsiyonel modifikas-
yonlar ve G-kuadrupleks (G4) gibi ikincil yapilar, RNA islenmesinde 6nemli
rol oynayan olusumlardir. Bu iki olusumun birlikteliginin de islevsel sonug-
lari vardir. M6A olusumunun DRACH motifi lizerinde enzimatik olarak
meydana geldigi, genetik varyantlarin yeni DRACH motifi olusturabildigi
veya var olan bir DRACH motifini ortadan kaldirabildigi dikkate alindiginda,
bu tlr varyantlarin, mRNA Uzerinde m6A-G4 6rtlisme durumunu degisti-
rerek gen Urlin duzeyini etkileyebilecegini, bunun da nesiller boyunca
ilgili varyantin alel sikhgini degistirecegini varsayabiliriz. Bu hipotezi test
etmek igin secilmis hastalik iligkili genlerdeki nadir ve sik varyantlar
DRACH-G4 6rtiismesi yontnden incelendi.

Gereg ve Yontemler: Genomik diziler ve varyant bilgileri sirasiyla GRCh37/
hg19 ve Biomart-Ensembl veritabanlarindan cekildi. Deneysel olarak sap-
tanmis G4 dizileri iki farkli galismadan elde edildi.

Bulgular: Yeni bir DRACH motifi olusumuna yol agan yaygin varyantlar, G4
yapisi iginde yiiksek bulundu. Ayni 6zellige sahip nadir varyantlar ise G4
yapisi disinda yiksek bulunurken, pre-mRNA tizerinde esit dagilim goster-
medikleri belirlendi. Yeni bir DRACH motifi olusumuna yol agan nadir var-
yantlarin esit olmayan dagilimi, ortlstigl G4 yapisinin termodinamik
kararlilig tizerindeki etkisi ile iliskili bulundu.

Sonug: Beklenenden sik gézlenen DRACH-G4 6rtlismesi, m6A modifikasyo-
nunun G4 ile 6rtlstigl durumlarin evrimsel bir avantaj sagliyor olabilece-
gini dustndirmektedir. Nadir varyantlara bagh ortaya ¢ikan DRACH-G4
ortigmelerinin pre-mRNA’da esit dagilim géstermemesi ise, m6A’'nin G4
termodinamik kararliligini degistirmesi ve bu degisikligin pre-mRNA'nin 5’
kismina gore 3’ kisminda daha fazla tolere ediliyor olmasina bagli gérun-
mektedir. Sonug olarak, DRACH motifi olusturan varyantlarin segilim bas-
kist ve bunun sonucunda bigimlenen alel sikligi, bu varyantin pre-mRNA
Gzerindeki konumuna ve ortlstigi G4 olusumunun kararlilig Gzerindeki
etkisine gore degisiklik gdstermektedir.

Anahtar kelimeler: RNA modifikasyonu, N6-metiladenozin, G-kuadrupleks,
alel sikhg
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INTRODUCTION

The 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 a significant role,
especially in a quantitative manner. To date, more than 150
chemical modifications have been identified in RNAs (1, 2).
Though most of these modifications are found in non-coding
RNAs (rRNA, tRNA, snRNA and long-non-coding RNAs), it has
been shown that coding RNAs are also subject to modifications
(3). N6-methyladenosine (m6A) is one of the most abundant
chemical modifications found in mRNAs (4, 5). The function
of m6A was elucidated long after its discovery (6, 7). We now
know that m6A plays a significant role in processing, nuclear
export, translational regulation, and decay of mRNAs (8, 9). In
line with these functions, m6A modification displays an unequal
distribution throughout mRNA (4, 5, 10).

In addition to post-transcriptional modifications, secondary
structures have a key role in translational efficiency of mRNAs.
One of these secondary structures is the G-quadruplex (G4)
which is spontaneously formed in guanine-rich (G-rich) sequen-
ces in DNA or RNA. This structure is formed via Hoogsten base
pairing of adjacent guanines in G-rich sequences (11). Although
Hoogsten hydrogen binds between G bases are essential for G4
structure, there are many additional factors that could 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 (12-15). Bioinformatic studies
which are based on the acknowledged consensus sequence and
experimental genome-wide studies using G4 specific probes
revealed a non-random distribution of G4 structure throughout
the genome and transcriptome (16). These studies demons-
trated that the G4 sequences are enriched at the telomeres,
promoter regions and replication origins in genomic DNA, and
UTRs (Untranslated Region) in mRNA. Though G4 structures
are formed both in DNA and RNA, it has been shown that G4
structures in RNA are more stable and have less topological
diversity than G4 structures in DNA (17). Searching the cano-
nical consensus sequence (5-G,N, _G,N, .G,N, G.-3" where N
isA, C, G, T, or U) from which a typical G4 structure is known to
form, 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 (15, 18, 19, 20-22). Moreover, it showed that more than
1.600 human genes have G4 structures in their ORFs (Open
Reading Frame) (23). G4 structures in RNAs are supposed to
play a role in stability, splicing, and translation of RNAs through
binding specific proteins like elF4G, LARK, SLIRP, AFF3, AFF4,
elF4A and hnRNP A2 (24-30).

Despite the enormous difference in their formation and struc-
ture, m6A modification and the G4 structure seem to share
common functional consequences in RNA processing. Both are
separately shown to modulate splicing, nuclear export, trans-
lation, and decay of the RNAs. Although mutual or synergic
activities of the m6A and G4 are not well understood, recent

studies revealed that m6A modification can modulate G4 struc-
ture formation and vice versa. The m6A modification was found
to modulate the G4 structure through affecting its stability as
shown in R-loops, while the G4 structure was demonstrated to
modulate m6A modification through facilitating the adenine
N6-methylation in target motif as shown in viral RNAs (31, 32).
Their synergic activity is supported by overlapping m6A-G4 in
eukaryotic mRNAs (33, 34).

MATERIAL and METHODS

Aim: Considering previous studies, this study aimed to inves-
tigate whether the functional consequences of overlapping
m6A-G4 have selective pressure on the variants that lead to
colocalization of m6A and G4. To address this question, defi-
ned single nucleotide variants in selected disease-associated
human genes were investigated to determine their effect on
the colocalization of m6A and G4.

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 data-
base using Sqlite3 library of Python3.7. The name list and exonic
coordinates of disease associated human genes (28,250 trans-
cripts from 3,306 MIM genes) and genomic coordinates, alle-
les, and allele frequencies of the variants within these regions
were fetched from Ensembl (Biomart; http://grch37.ensembl.
org/biomart/martview/c4f6ef5ffc88cf1d9a00b63173228cda)
and UCSC Genome Browser (https://genome.ucsc.edu/cgi-bin/
hgTables).

Real G4 data: Genomic coordinates of experimentally identified
G4 regions were yielded from two GEO datasets (GSE77282
and GSE181373) (37, 38). The neighboring gene name, SNP
(Single Nucleotide Polymorphism) record name, variant alleles,
and allele frequency of the variants within these coordinates
were fetched from the UCSC Genome Browser and recorded
as text files.

Artificial variant sequences: Considering their genomic positi-
on, strand, alleles and allele frequency, each single nucleotide
variant and their flanking reference sequence was retrieved
from a hg19-sql database, and separately stored as ‘wild-type
sequence pieces’. By replacing the reference base with a variant
base, a ‘variant sequence piece’ was produced for each corres-
ponding ‘wild-type sequence piece.” Each ‘variant sequence
piece was tagged as ‘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 the database
were evaluated as rare variants.

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 the
Python3.7, for the presence and count of a putative G4-forming
sequence (G, ,[N, .G, .1,), for putative G4 structures and con-

sensus DRACH motif ([A/G/U][A/G]AC[A/C/U]), and for putative
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m6A modification sites. The effect of the variant on the m6A
(DRACH) motif number was evaluated according to putative
DRACH motif Number (n) in the presence of a reference al-
lele. The 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 ‘seqfold’ library
of the Python3.7.

Statistical analysis: The Chi-square, t-test, Z-test, and corre-
lation test were performed with the ‘statsmodels’ library of
the Python3.7.

RESULTS

The number of common variants creating the DRACH (m6A)
motif inside the G4 structure are higher than the rare variants.
Since, both m6A and G4 found in pre-mRNA are known to af-
fect splicing, localization, translational efficiency, and decay of
the RNAs, variants in a non-spliced sequence of the selected
MIM genes were evaluated in terms of their effect on a m6A
motif Number within putative G4 structures. While most of
the variants (94,6%, 50,933 variants) were found not to re-
late to the m6A motif (n—>n;inert variants), 75% (2,009 va-
riants) of the remaining variants created a novel m6A motif
(n=>n+1;augmentative variants), and 25% (851 variants) abo-
lished a preexisting m6A motif (n->n-1;reductive) inside a pu-
tative G4-structure (Supplementary File 1). The research 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 re-
gions, 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 created a novel m6A motif or
increased 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).

Since both the m6A modification and G4 structures participated
in the translational rate, localization and stability of mRNA, vari-
ants were evaluated in the spliced RNA sequence, as well. Whi-
le the difference between rare and common variants in G4-not-
included regions remained statistically significant (p<0.001),
there was no statistical significance in the distribution of variant
counts inside G4 (Table 2).

Rare variants creating the DRACH (m6A) motif inside G4
avoid being close to 3’-side and prefer to be near 5’-side of
pre-mRNAs.

Independent of their frequency, both inert and reductive va-
riants displayed an equal distribution throughout pre-mRNAs.
The distribution of augmentative rare variants displayed a
statistically significant shift from 3’-end to 5’-end of the pre-
mRNAs (Figure 1).

Table 1: Count of variants which decrease (n ->n-1), increase (n ->n+1) or do not change (n ->n) the m6A motif
number (n) inside or outside the G4 structure in pre-mRNA. Rare variants (MAF<0.01) increasing the m6A motif
number were significantly higher outside the G4 structure, while common variants (MAF 20.01) increasing the
m6A motif number were significantly higher inside the G4 structure

m°®A motif number

Variant count

6 .
mA "T°t'f MAF value Chi-square
location
Reference allele  Variant allele Observed Expected
<0.01 509 529.913 0.82
- n n-1
'.g >0.01 763 742.087 0.58
E <0.01 31,814 31,661.47 0.73
[U) n n
] >0.01 44,186 44,338.53 0.52
E <0.01 1,174 1,305.619 13.26*
n n+l
>0.01 1,960 1,828.381 9.47*
<0.01 994 919.87 5.97
e n n-1
H >0.01 7,913 7,987.12 0.68
€
< <0.01 23,410 23,836.62 7.63
© n n
;“c_;’ 20.01 207,396 206,969.37 0.87
"
5 <0.01 1,516 1,163.5 106.79%*
o n n+l
>0.01 9,750 10,102.49 12.29**

* p=3.02e-6, Total chi-square:25.41, df=2, ** p=6.98e-30, Total chi-square: 134.26, df=2
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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 m6A motif
number (n) inside or outside the G4 structure in mRNA. Rare variants (MAF<0.01) increasing the m6A motif
number were significantly higher outside the G4 structure, while common variants (MAF>0.01) were lower

m°A motif number

Variant count

. .
meA r.notlf MAF value Chi-square
location Reference allele  Variant allele Observed Expected
<0.01 0 1.09 0.128
- n n-1
'g 20.01 13 11.9 1.395
£ <0.01 71 68.2 7.995
U] n n
] >0.01 737 739.79 86.728
= <0.01 1 2.73 0.320
n n+1l
>0.01 31 29.29 3.434
<0.01 695 655.42 2.39
= n n-1
° >0.01 5,443 5,482.57 0.28
€
< <0.01 12,698 12,857.69 1.98
‘3 n n
3 >0.01 107,714 107,554.3 0.23
wv
8 <0.01 756 635.88 22.69*
n n+1
>0.01 5,199 5,319.11 2.71%

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

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 m6A-G4 colo-
calization in more detail, their relative positions were clustered
as positional quartiles. Distribution of the rare variant ratio
through positional quartiles revealed that the ratio of inert va-
riants displayed an equal distribution throughout pre-mRNAs.
Except for the second quartile, the ratio of reductive variants
displayed an equal distribution. In the second quartile, the ratio
of reductive rare variants was found to be significantly lower
than expected. The ratio of augmentative variants displayed
unequal distribution in all quartiles. In the first quartile, the ra-

N oW B W o N ok W5
o ©o o o o o o o o

Relative distance to 5" end of the transcript

-
o

tio of augmentative rare variants was higher than expected, ho-
werver in the last quartile it was lower than expected (Figure 2).

To evaluate whether there is a difference between the distri-
bution of variant positions throughout the G4 structure, the
relative position of variants in the G4 sequence were compa-
red. There was no difference found between the over-G4 dist-
ribution of the variants (Data not shown.).

Colocalization of m6A and G4 seems to increase the ther-
modynamic 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.

I[NINT

MAF >=0,01 <0,01 >=0,01 <0,01 >=0,01 <0,01
m6A motif No— 1 N—sn n—sn+l
number

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 the putative G4 motifs. Dist-
ribution of the rare variants that increase m6A number have closer location to 5’-side.
*p<0.001
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Figure 2: Distribution of rare variant/common variant ratio throughout relative position
quartiles. The rare variants that increase m6A number display a gradually decreasing pat-
tern from 5’- to 3’- side. *p<0.001, **p<0.0001
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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

Rare variants were shown to have lower MFE values, especially
in reductive variants (Figure 3a). When reference and variant
bases were considered, it was observed that the alternative
variant had a lower MFE than the reference allele in each gro-
up (Figure 3b). While reductive rare variants were found to
have the lowest MFE, augmentative common variants were
found to have the highest MFE value (Figure 3a). To evaluate
whether this result was due to the presence of the m6A motif,
the MFE values of G4 sequences were compared to the m6A
motif number. The MFE values were observed to be inversely
related to the m6A motif count (Figure 3c). Putative G4 struc-
tures with three m6A motifs were found to have the lowest
MFE values (Figure 3d).

Overlapping m6A-G4 could modulate the G4 stability in a po-
sition-dependent manner.

Due to position-dependent colocalization of m6A-G4 and m6A-
dependent stability of G4, we can hypothesize that G4-stability
could also be modulated in a position-dependent manner. Ad-
ditionally, because of the relationship between overlapping
m6A-G4 and allele frequency, it is possible that G4-stability
could depend on allele frequency of the variants. To test this
theory, the MFE values of putative G4 structures were com-
pared while considering the relative position and minor allele
frequency of the variants that created the m6A motif.

Distribution of the MFE values over positional quartiles showed
that MFE values were likely to decrease from the 5’-end to the
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Figure 4: Correlation between G4-MFE values led by m6A-creating variants and their relati-
ve position. Decreasing MFE value suggests an increased stability of G4 from 5’- to 3’-end.
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Figure 5: Position-dependent decrease in MFE values shows difference between reference (Ref) and
alternative (Alt) allele of the variants (a). The position dependency of MFE values is clearer when MFE
differences between Ref and Alt alleles are considered (b). MFE differences of common variants (c)
and rare variants (d) have different distribution patterns.

3’-end of pre-mRNAs (Figure 4). To see whether this positi-
on-dependent decrease depended on variant alleles, the MFE
values were evaluated in terms of alleles. The effect of variant
alleles on the MFE values was found to depend on their relative
position (Figure 5a). The difference between MFE values of the
variant allele and reference allele showed a dependence on
relative position (Figure 5b). The MFE-difference (Variant allele
MFE minus reference allele MFE) value had a decreasing pat-

tern throughout pre-mRNA. When the distribution of the MFE-
difference was reevaluated considering the frequency of variant
alleles, it revealed that the decrease in the MFE-difference star-
ted closer to the 5’-end with common alleles (Figure 5c¢), and
closer to the 3’-end with rare variants (Figure 5d).

Real Data Analysis
To evaluate the validity of the findings, experimental
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frequency in 3’-side, because G4 supports poly-adenylation. In 5’-side, however, it is prone to

have lower allele frequency to allow translation.

G-quadruplex data were analyzed. The first set of data included
13,423 genomic coordinates of G-quadruplex regions yielded
from the HelLa human transcriptome study dataset, GSE77282
(35). The second set was retrieved from the GSE181373 dataset
that obtained single-cell mapping of DNA G-quadruplex struc-
tures in three human cancer cell lines (K562, MCF7 and U20S),
and included 223,696 genomic regions (36). All the SNPs and
their flanking sequences located inside these genomic coordi-
nates were gotten from the USCS Browser (https://genome.
ucsc.edu/).

The first dataset included 13,360 unique genomic regions in
6,613 genes. A total of 15,169 known variants were found wit-
hin these regions. When the regions with extreme length (me-
dian length: 11,657 bp, min length: 10 bp, maximum length:
110,841 bp) were filtered out, 823 regions covering at least one
variant were yielded (Supplementary File-2). Of these regions,
only 110 (13.36%) were found to have classical G4-quadruplex
motifs (G, ,[N, .G, .I,). The G4-quadruplex motif-included se-
quences that were evaluated in terms of DRACH (m6A) motif
number with variant alleles. Approximately 10% of them were
found to have a changed DRACH motif number; From 0 to 1:21
variants, from 1 to 2:13 variants, from 2 to 3:2 variants, from 1
to 0: 15 variants and from 2 to 1:4 variants.

The second dataset included 223,696 genomic regions of which
198,959 were unique. Of these experimentally detected quad-
ruplex regions, which had a 2,939.46 bp length in mean (medi-
an 1,766 bp), 1,5487 (43.5%) were found to have at least one
classical G4-quadruplex motif. Though 34,482 variants (35,603
alleles) were identified to be covered by these regions, only
406 (1.14%) were located inside a classical G4-quadruplex
motif. While 81 variants were found to remove a pre-existing
classical G4-quadruplex motif, 117 were observed to create a
novel classical G4-quadruplex motif. Of the remaining 299 va-
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Figure 7: The position-dependent effect of m6A-G4 colocali-
zation 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 5’-side and increased G4
stability near 3’-side.

riants, which did not affect the G4-motif, 288 did not change
the m6A-motif number within the G4-quadruplex motif. Only
six variants were found to increase the m6A-motif number wit-
hin the G4-quadruplex motif, while five variants decreased the
m6A-motif number.

When the allele frequency was considered, no significant dif-
ference was found in the distribution of the m6A motif counts
(Supplementary Table-1). On the other hand, the statistically
significant relationships observed in the data yielded from the
presumed G4-motifs that we were not able to evaluate in the
real data, because the count of rare variants were not sufficient
(Supplementary File-2).
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DISCUSSION

Post-transcriptional modifications like m6A, and secondary
structures like G-quadruplex, are principal actors in RNA pro-
cessing. While the m6A modification is controlled by specific
enzymes, the formation of G4 structures relies on physico-che-
mical conditions and thermodynamic rules. Both lead to similar
consequences in terms of their effects on RNA processing, but
with different manners. The dependence on a consensus se-
quence is another common feature of the m6A and G4. While
the m6A modification targets the adenine in the third position
of the DRACH ([A/G/U][A/G]AC[A/C/U]) motif, the G4 structu-
re is formed from the sequence with G [N, .G, .]. motif (15,
18, 19, 37).

Besides the separate roles of the m6A modification and G4
structure, their colocalization has been shown to have functi-
onal importance. The crosstalk between the m6A modification
and G4 structures seems bidirectional. For instance, the m6A
modification is shown to affect the stability of the R-loop, and
a G4 structure formed by DNA: RNA hybrid strands (31, 32).
Mutually, the G4 structures are shown to modulate m6A mo-
dification in some viral genomes like HIV, Zika, Hepatitis B, and
SV40 (34). If we suppose that a variant within the G4-forming
sequence can create or abolish the m6A motif (DRACH), this
variant could 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 the frequ-
ency and colocalization ability of the variants. In this study, the
impact of the m6A-G4 colocalization on the variant frequency
was investigated. For this purpose, the single nucleotide vari-
ants in selected disease-associated human genes were evalua-
ted for their allele frequency and m6A-G4 colocalization ability.

The outstanding result of this study is that the variants creating
the m6A motif inside a G4 structure are prone to have a hig-
her frequency. In contrast, such variants have lower frequency
if located outside of the G4 structure. The Colocalization-de-
pendent higher allele frequency of such variants suggest that
overlapping m6A-G4 could 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 featu-
re, distribution of the colocalization-leading variants througho-
ut pre-mRNAs was evaluated, since both the m6A modification
and G4 structure display their functional effects in a position-
dependent manner (38).

The results showed that the position of the colocalization-le-
ading variants has importance for the underlying mechanism.
Previous studies, showed that the m6A motif distribution thro-
ughout RNA molecules was not equal. Many studies observed
that the m6A residues were enriched in 5’UTRs, around stop
codons and in 3’ UTRs adjacent to stop codons in mammalian
mRNAs (4, 5, 39). Similarly, the G4 structures were also repor-
ted to be overrepresented in 5’- and 3'-UTRs (20, 40).

Findings of this study suggest that the functional consequen-
ce of the m6A-G4 colocalization may have selective pressure

on the colocalization-leading variants in a position-dependent
manner. While the G4 structures hosting a m6A motif created
by a common variant showed equal distribution throughout the
pre-mRNA, G4 structures overlapping with m6A motifs crea-
ted by a rare variant are likely to avoid the 3’-side of the pre-
mMRNAs. This result could mean that the m6A-G4 colocalization
can be tolerated when found near the 3’-side, but not in the
central region and especially near the 5’-side of the pre-mRNA.
Then, it can be deduced that any variant that creates a novel
m6A motif inside a G4 structure could become favorable, and
display an increased population frequency, if found near the
3’-side. On the other hand, the same type of variant would not
bepreferable 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 a
m6A-G4 colocalization in the 3’-side is due to the supported
function of the pre-existing G4 structure. For instance, as rep-
resented in Fig 6, the G4 structure supported by the 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 an overlapping m6A in the 3’-side may enable
the transcript to produce alternative products, through mo-
dulating alternative splicing and alternative poly-adenilation of
pre-mRNA (21, 41). It is also possible that the m6A can modu-
late miRNA binding through stabilizing the G4 structure after
splicing (40).

There could be consequences for the m6A-G4 colocalization.
The creation of novel docking sites for specific proteins must
be considered in this respect. Both m6A and G4 structures are
known to be recognized by specific proteins (24, 43, 44). The-
refore, colocalization of the m6A modification and G4 structure
may lead to competitive or cooperative interaction between
these proteins. Evaluating these possibilities requires expe-
rimental methods dealing in vitro RNA-protein interactions.
Another consequence of the m6A-G4 colocalization is the chan-
ging thermodynamic properties of the structure. Thermodyna-
mic stability is crucial for the formation of G4 structures (45).
In contrast, m6A formation is regulated by specific enzymes
rather than the thermodynamic status of the flanking sequence
(46). However, m6A modification can affect the thermodynamic
stability of RNA, and marginally reduce the stability of an A: U
base pairing (47). Similarly, in recent studies, the colocalization
of m6A and G4 was shown to alter the stability of the DNA: RNA
hybrid quadruplexes, known as R-loop (31, 32). Some studies
reported that the m6A promoted G4 folding, while others de-
monstrated that the m6A downregulated the G4 formation.
These contradictory findings are still discussed. The G4 was also
disputed to modulate the m6A modification in viral RNAs (32).
The overlapping m6A and G4 in 3’UTR of viral RNAs revealed
that the folded G4 structures may guide the enzymatic adenine
methylation in the DRACH motifs (34). Moreover, enrichment
of the overlapping m6A and G4 in viral RNAs are reported to
be critical for the impact of the m6A on viral fitness; as shown
in HIV-1 (48). In eukaryotes, the overlapping m6A and G4 are
shown in the 3’UTRs of mRNAs, as well (33, 49).
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Based on previous studies that suggested the synergy between
m6A and G4, we can deduce that significance in the distribu-
tion of variants leading to the m6A-G4 colocalization may re-
sult from the changed stability of the G4 structures. To assess
this possibility, the MFE values of G4 structures were calcula-
ted. DRACH (m6A) motifs were observed to cause a decreased
MFE, which means increased thermodynamic stability of the G4
structure. The number of m6A motifs inside the G4 structure
also seems crucial for the degree of stability.

The position-dependency of overlapping m6A-G4 may explain
the mechanism responsible for difference in allele frequency
among the variants leading to 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
(Figure 7).

The preliminary results of this study suggest that m6A overlap-
ping with G4 structure may have functional consequences with
an unknown mechanism. At least, it seems likely that this mec-
hanism needs position-dependent stability of the G4 structure.

Since all findings of the study need to be validated with real
data, sequences yielded from genomic coordinates of experi-
mentally identified quadruplex regions in two GEO datasets
were also investigated for the covered variants and putative
m6A motif numbers. However, because the counts of the ex-
perimentally detected quadruplex regions which had classical
motif (G, [N, .G, .].) were not sufficient for further statistical
analysis, findings of the study could not be supported or dispro-
ved by the real data. Choosing the classical G4-quadruplex mo-
tif was a limitation of recent study, so the theoretical findings of
this study were restricted to the classical G4-quadruplex motif,
which seems not to be common in the real quadruplex pools.
Therefore, different subtypes of the G4-quadruplex motifs, to-
gether with the G_ [N, .G, .], motifs, should be considered in
further studies to manage the synergy of the overlapping G4-
m6A motifs and allele frequency of the m6A-related variants.

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

Study limitations: The recent study included only the selec-
ted MIM genes, and the known SNPs reported in these genes.
Findings revealed from the available experimental data were
insufficient to evaluate theoretical findings of the study.

CONCLUSION

The starting point of this study was a suspicion as to whether
there is a functional crosstalk between chemical modificati-
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ons (like m6A) and secondary structures (like G4-quadruplex)
in RNA. In case of such a crosstalk, the genetic variations at
the chemically modified base are expected to have functional
consequences, which create selective pressure on the variant
allele. Though the lack of experimental validation and supports,
the findings of this study suggest that the fluctuation in allele
frequency of the human SNP’s could be a consequence of the
crosstalk between the m6A and G4-quadruplex. In addition
to the potential contribution to population genetics and evo-
lutionary genetics, such a crosstalk between the m6A and G4-
quadruplex also has the potential to help us understand the
polygenic nature of the complex disorders and the modifying
genetic factors in the single-gene disorders.
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