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Selection and thermostability suggest G-quadruplexes
are novel functional elements of the human genome
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Approximately 1% of the human genome has the ability to fold into G-quadruplexes (G4s)}—noncanonical strand-specific
DNA structures forming at G-rich motifs. G4s regulate several key cellular processes (e.g., transcription) and have been
hypothesized to participate in others (e.g., firing of replication origins). Moreover, G4s differ in their thermostability,
and this may affect their function. Yet, G4s may also hinder replication, transcription, and translation and may increase
genome instability and mutation rates. Therefore, depending on their genomic location, thermostability, and functionality,
G4 loci might evolve under different selective pressures, which has never been investigated. Here we conducted the first
genome-wide analysis of G4 distribution, thermostability, and selection. We found an overrepresentation, high thermosta-
bility, and purifying selection for G4s within genic components in which they are expected to be functional—promoters,
CpGislands, and 5 and 3’ UTRs. A similar pattern was observed for G4s within replication origins, enhancers, eQTLs, and
TAD boundary regions, strongly suggesting their functionality. In contrast, G4s on the nontranscribed strand of exons were
underrepresented, were unstable, and evolved neutrally. In general, G4s on the nontranscribed strand of genic components
had lower density and were less stable than those on the transcribed strand, suggesting that the former are avoided at the
RNA level. Across the genome, purifying selection was stronger at stable G4s. Our results suggest that purifying selection
preserves the sequences of functional G4s, whereas nonfunctional G4s are too costly to be tolerated in the genome. Thus,
G4s are emerging as fundamental, functional genomic elements.

[Supplemental material is available for this article.]

The three-dimensional conformation of DNA at certain motifs
may deviate from the canonical B-DNA (Watson and Crick
1953). According to a recent estimate, as much as 13% of the hu-
man genome has the potential to fold into non-B DNA structures
(Guiblet et al. 2018), which include Z-DNA, H-DNA, A-phased
bends, cruciforms, slipped-strand structures, and G-quadruplexes
(G4s) (Zhao et al. 2010). Among non-B DNA structures, G4s have
been investigated the most. Over the last several years, G4 struc-
ture formation was unequivocally shown in the native chromatin
environment in human cells (Biffi et al. 2013; Hansel-Hertsch et al.
2017). G4 formation is intermittent and may be sensitive to envi-
ronment and to temporal signals associated with cell cycle
(Hansel-Hertsch et al. 2017) and development (Maizels 2015).
Because of this intermittent formation and their ability to form
in both DNA and RNA, G4 structures are emerging as key regulators
of fundamental cellular processes (for review, see Varshney et al.
2020) and have been implicated in multiple human diseases, in-
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cluding neurological disorders (Maizels 2015; Simone et al. 2015)
and cancer (Chambers et al. 2015; Hansel-Hertsch et al. 2016).

A G4 motif is composed of at least four stems, each including
three or more guanines, and stems are separated by loops in-
cluding one to 12 unspecified nucleotides (Fig. 1), leading to the
consensus motif sequence of G3.N;_15G3.N1_12G3,N;1_12G3,
(Huppert and Balasubramanian 2005). A G4 structure (Fig. 1) is
formed on the G-rich DNA strand of the motif because of stacking
of guanine stems in quartets (or quadruplexes) held together by
Hoogsten hydrogen bonds (Sen and Gilbert 1988). Usually, at least
four stretches of three guanines in tandem are required for G4
structure formation, with substitutions of the middle guanine in
a stretch having particularly detrimental effects on structure for-
mation (Lee and Kim 2009). G4 structures are stabilized by potas-
sium ions (Pinnavaia et al. 1978; Sen and Gilbert 1990). The
opposite C-rich strand can form a less stable i-motif structure
(Takahashi et al. 2017). More than 670,000 loci in the human ge-
nome possess G4 motifs (Sahakyan et al. 2017a). With a mean mo-
tif length of 36 bp, the loci capable of forming G4 structures
constitute ~1% of the human genome (for a comparison,
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Selection and thermostability at G-quadruplexes
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Figure 1. The schematic presentation of the G4 consensus motif and structure.

protein-coding sequences constitute ~1.5% of the genome)
(Chiaromonte et al. 2003).

The initial clues about the potential functionality of G4 loci
came from studies showing their enrichment in several genic com-
ponents and nongenic functional regions of the genome. For
instance, it was shown that G4 motifs are significantly overrepre-
sented in promoters (Huppert and Balasubramanian 2007), 5
and 3’ untranslated regions (UTRs) (Huppert et al. 2008), replica-
tion origins (Besnard et al. 2012), recombination hotspots (Mani
et al. 2009), telomeres (Smith et al. 2011; Moye et al. 2015), and
transposable elements (TEs) (Lexa et al. 2014). More recently, sub-
stantial evidence supporting genome-wide functions of G4 struc-
tures in vivo has been rapidly accumulating (for review, see
Varshney et al. 2020). G4 structures participate in regulation of
transcription (Baral et al. 2012; Hansel-Hertsch et al. 2016; Var-
shney et al. 2020), in the life cycle of active L1 TEs (Sahakyan
et al. 2017b), in telomere end protection and maintenance (Smith
et al. 2011; Moye et al. 2015), and in local chromatin remodeling
(Hansel-Hertsch et al. 2016). These numerous groups of G4 loci
with proven genome-wide functions in vivo are expected to evolve
under purifying selection for motif retention and conservation;
however, this has so far been shown only for G4s in UTRs (Lee
et al. 2020).

The role of G4s in several other biological processes—replica-
tion initiation (Valton et al. 2014), mRNA metabolism (Beaudoin
and Perreault 2013; Dolinnaya et al. 2016), alternative splicing
(Gomez 2004), regulation of noncoding RNAs (Simone et al.
2015), and translation (Wilkie et al. 2003; Babendure et al. 2006;
Kumari et al. 2007; Huppert et al. 2008; Bochman et al. 2012;
Bugaut and Balasubramanian 2012)—has been shown in vivo for
individual loci but still needs to be confirmed genome-wide. To il-
lustrate this point, G4 motifs were shown to be required for start-
ing replication at two chicken replication origins (Valton et al.
2014). Additionally, the insertion of a G4 motif doubled the activ-
ity of a replication origin locus in the human genome (Prorok et al.
2019). G4 motifs have been annotated at 91.4% of human replica-
tion origins (Besnard et al. 2012); however, whether they are re-
quired to start replication genome-wide is yet to be shown.

Some other functions of G4 structures—for example, their
participation in recombination (Mani et al. 2009; Boidn and
Gomez-Marquez 2010), in affecting higher-order chromatin orga-
nization at boundaries of topologically associated domains (TADs)
(Hou et al. 2019), in regulation of non-L1 TE life cycle (Lexa et al.
2014), in distal interactions between promoters and enhancers
(Hou et al. 2019; Williams et al. 2020), and in protecting CpG is-
lands from methylation (Halder et al. 2010; Mao et al. 2018; Jara-
Espejo and Peres Line 2020)—remain hypothetical. If G4s in these
genomic regions (e.g., in TADs) evolved under purifying selection

G4 structure

©) ization during replication, transcription,

and translation (for review, see Varshney
et al. 2020) and to lead to increases in
germline (Du et al. 2014; Guiblet et al.
2021) and somatic (Georgakopoulos-
Soares et al. 2018) mutations as well as
to genomic instability (Cheung et al. 2002; Zhao et al. 2010).
Thus, G4 structures that are not functional might be detrimental
to the genome and hence might be selected against (Valton and
Prioleau 2016). This might explain why G4s are depleted at exons
(Huppert and Balasubramanian 2005). Conversely, at functional
G4 loci, the high mutability should be constantly combatted by
purifying selection, acting to preserve G4 motifs to allow G4 struc-
ture formation.

Previous studies have proposed that some G4 loci evolve un-
der natural selection (Valton and Prioleau 2016); however, this has
not been analyzed on a genome-wide basis. It has been reported
that single-nucleotide polymorphisms (SNPs) disrupting G4 mo-
tifs found in promoters were less common than expected by
chance (Baral et al. 2012). G4 loci at promoters have also been
shown to be conserved across mammals (Verma et al. 2008).
Additionally, an enrichment in human SNPs with low minor allele
frequencies (MAFs) was found at non-B DNA loci, which include
G4 loci, supporting their evolution under purifying selection
(Du et al. 2014). Fewer polymorphic SNPs and fixed differences
were found at structure-disruptive than other motif positions for
G4 loci located in both genic and intergenic regions (Nakken
et al. 2009). Finally, it was recently shown that G4 loci located in
5" and 3’ UTRs and forming on mRNAs were selectively con-
strained (Lee et al. 2020). However, it remains unknown whether
G4 loci located in genic components other than promoters and
UTRs and in other functional regions of the genome (e.g., replica-
tion origins) evolve under selection.

In this study, we aimed to analyze selection acting at G4 loci
genome-wide while taking their thermostability (henceforth
termed “stability”) into account. Stability of G4 structures is usually
higher than that of B-DNA, but it can vary (for review, see Varshney
et al. 2020) depending on the number and lengths of stems and
loops, as well as the nucleotide composition of the loops (Kim
et al. 2016). Stability is commonly measured by biophysical meth-
ods such as circular dichroism (the differential absorption of circu-
lar polarized light) or melting temperature (Vorlickova et al. 2012).
Although accurate, these methods are challenging to scale up to the
whole genome. Recently, the relative stability of G4 structures has
been estimated by G4-seq, namely, by comparing short-read se-
quencing quality before and after G4 stabilization with potassium
(Chambers et al. 2015). Subsequently, a machine-learning
model trained on these relative stability estimates and validated
on 392 experimentally studied G4 structures was developed as
the software tool Quadron, which is used to annotate G4 loci and
predict their stability across the human genome (Sahakyan et al.
2017a). Considering stability in studies of G4s is critical because
(1) more stable G4s are known to have higher mutability (Guiblet
et al. 2021), and (2) we expect G4 stability to affect their function.
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Capitalizing on these recent developments, we investigated
stability and selection among G4 loci harbored by different genic
components (e.g., promoters, UTRs, and protein-coding exons)
and nongenic functional regions (e.g., replication origins and en-
hancers) in the human genome. On the one hand, we hypothe-
sized that purifying selection preserves functional G4 loci by
maintaining an optimal stability for the function they perform.
On the other hand, as also suggested by others (Piazza et al.
2015; Valton and Prioleau 2016), we hypothesized that stable
G4s represent a particular problem for replication, transcription,
and translation, and if some such G4s are not functional, then
they are not well tolerated and might be underrepresented in the
genome. To test these hypotheses, we exploited Quadron, a public-
ly available software for predicting G4 stability genome-wide
(Sahakyan et al. 2017a), and detected the footprints of purifying
selection acting on G4 loci using the Hudson-Kreitman-Aguadé
(HKA) test (Hudson et al. 1987) and a test based on distortion of
the site frequency spectrum.

Results

Uneven density of G4 loci across the genome

We annotated a total of 670,076 G4 loci in the human genome
(version hg19) using Quadron (Sahakyan et al. 2017a), a software
application that uses a machine-learning approach capitalizing
on the decrease in sequencing quality at chemically stabilized
G4 loci (Chambers et al. 2015). Approximately half of G4 loci
have the potential to form G4 structures on the reference strand;
the other half—on its reverse complement. Because the tran-
scribed and nontranscribed DNA strands were considered sepa-
rately for some genic components, we computed G4 density and
coverage per base and not per base pair. This resulted in the ge-
nome-wide G4 density of 0.116 loci per kilobase (taking the total
length of autosomes on reference and reverse complement strands
equal to 2,880,813,286 x 2 bases as a denominator). The mean
length of G4 loci across the genome was 36.4 bp, and thus, the ge-
nome-wide coverage (the number of bases annotated as G4 loci di-
vided by the total number of bases in reference and reverse
complement strands for autosomes) was 4.24 x 10~> per base. We
next studied the distribution of G4 loci (i.e., their density and cov-
erage) among genic components and nongenic functional regions
(Supplemental Table S1).

We considered, among genic components, 1-kb regions up-
stream from the transcription start sites (such regions contain pro-
moters and will be henceforth termed “upstream regions”), CpG
islands, 5 UTRs, protein-coding exons, introns, 3’ UTRs, and
1-kb regions downstream from the transcription termination sites
(see Methods). The DNA strand at which a G4 structure can form is
important for G4 loci located in transcribed genic components.
Therefore, the transcribed (i.e., used as a template for transcrip-
tion) and nontranscribed strands of 5 UTRs, protein-coding
exons, introns, and 3’ UTRs were considered separately. G4 struc-
tures forming on the transcribed DNA strand may suppress tran-
scription, whereas G4 structures on the nontranscribed DNA
strand may either facilitate or suppress transcription (for review,
see Varshney et al. 2020). G4 loci on the nontranscribed DNA
strand of protein-coding exons have the potential to form struc-
tures in mRNA and interfere with translation (Shabalina et al.
2006; Kumari et al. 2007; Huppert et al. 2008; Endoh and Sugi-
moto 2013; Endoh et al. 2013; Rhodes and Lipps 2015); G4 struc-

tures forming on either DNA strand may interfere with replication
(for review, see Varshney et al. 2020).

We considered, among the nongenic functional regions, rep-
lication origins (Besnard et al. 2012), recombination hotspots
(Halldorsson et al. 2019), enhancers (Andersson et al. 2014; Lizio
et al. 2015), expression quantitative trait loci (eQTLs) (The GTEx
Consortium 2020), and TAD boundary regions (Dixon et al.
2015; Hong and Kim 2017). For comparison, we used density
and coverage of G4 loci genome-wide or analyzed these measure-
ments in the noncoding nonrepetitive (NCNR) subgenome (Fig.
2), which comprises the genome left after removing all the genic
components and functional regions described above, as well as
some other components and regions (e.g., TEs and noncoding
RNA; see Methods). The NCNR subgenome, which covers a total
of 227 Mb, was used as a control because it is (presumably) neutral-
ly evolving. In it, we annotated 14,437 G4 loci.

We found that, among the genic components considered
(Fig. 2A; Supplemental Table S2A), upstream regions, CpG islands,
5" UTRs (both transcribed and nontranscribed strands), transcribed
strands of exons and of 3’ UTRs, and downstream regions had G4
density at least twofold higher than the genome-wide average (ad-
justed P<3.96 x 107'% in each case, Fisher’s exact test; all P-values
in the manuscript were corrected for multiple testing using the
Bonferroni method). The fold-differences in G4 density for CpG
islands, upstream regions, and transcribed strands of 5" UTRs ver-
sus the genome-wide average were particularly high: 12.3, 4.98,
and 4.11, respectively. We verified the results for upstream regions,
which included putative promoters, by observing similar trends
(Fig. 2A; Supplemental Table S2A) in a more limited set of experi-
mentally validated promoters (FANTOM Consortium and the
RIKEN PMI and CLST (DGT) 2014; Lizio et al. 2015). In contrast,
nontranscribed and transcribed strands of introns, nontranscribed
strands of exons, and nontranscribed strands of 3’ UTRs had G4
density closer to the genome-wide average (albeit also significantly
higher; P<3.96 x 1075 for all, Fisher’s exact test) (Fig. 2A; Supple-
mental Table S2A). G4 density in each group of genic components
considered was higher than that in the NCNR subgenome (P< 3.96
x 10713 in each case, Fisher’s exact test) (Supplemental Table S2A).
For almost all genic components for which we considered G4 den-
sity separately for the transcribed and nontranscribed strand (Sup-
plemental Table S3), it was significantly higher in the former than
in the latter (P<8.8 x 107'%), with the only exception of introns.
This suggests that G4 structures are disfavored at the level of
RNA. Similar trends were observed for G4 coverage (Supplemental
Fig. S1; Supplemental Tables S2B, S3).

Some of the observed differences in G4 density and coverage
mightbe explained by the distinct G-content of genic components,
for example, by high G-content in upstream regions, CpG islands,
and 5 UTRs. After correcting for G-content (see Methods) (Fig. 2A;
Supplemental Tables S1, S2), we still detected significant enrich-
mentin G4 density and coverage for almost all groups of genic com-
ponents considered (vs. the genome-wide average or the NCNR
subgenome; P<3.96 x 10~'% in each case, Fisher’s exact test). How-
ever, in some cases this enrichment became less pronounced
(Fig. 2A; Supplemental Table S2). For instance, after correcting for
G-content, G4 density was 7.37-, 4.03-, and 3.26-fold higher in
CpG islands, upstream regions, and transcribed strands of 5" UTRs
than the genome-wide average, respectively (P<3.96x 107" in
each case, Fisher’s exact test) (Supplemental Table S2A). Similar
trends were observed for G4 coverage (Supplemental Fig. S1; Sup-
plemental Table S2B). After correcting for G-content, the nontran-
scribed strands of exons had G4 density and coverage 21% and 19%

1138 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.269589.120/-/DC1

Selection and thermostability at G-quadruplexes

-
© N
L N

Fold differences vs. genome-wide >
»

0 - J
& Q@ Q@ & Q& 2
L S & ° & N
S 2V V9 & < I
& & g & &
& 3 3 i &
e N e $
S
X < N
$

Fold differences vs. genome-wide

. without correction for G—content
. with correction for G-content

Figure 2. Fold-differences in mean density of G4 loci located at different genic components (A) and nongenic functional regions (B) compared with the
genome-wide average and the noncoding nonrepetitive (NCNR) subgenome. Red horizontal line indicates no difference compared with the genome-wide

average.

lower than the genome-wide average, respectively (P<3.96 x 107'*
in each case, Fisher’s exact test) (Supplemental Table S2).

Each group of nongenic functional regions studied had signif-
icantly higher G4 density than the genome-wide average and the
NCNR subgenome (P<3.96x107'° in each case, Fisher’s exact
test) (Supplemental Table S2A). Replication origins and enhancers
had particularly high G4 density (Fig. 2B): 6.88- and 3.03-fold
higher than the genome-wide average, respectively. G4 coverage
showed similar trends (Supplemental Fig. S1; Supplemental Table
S2B). Correcting for G-content did not affect the results qualita-
tively but led to smaller differences in G4 density and coverage be-
tween nongenic functional regions and genome-wide averages, as
well as between nongenic functional regions and the NCNR subge-
nome (Fig. 2B; Supplemental Table S2).

G4 stability differs among genic regions and nongenic
functional regions

The software we used to annotate G4 loci across the genome
(Sahakyan et al. 2017a) assigns a predicted stability score to each

G4 locus, reflecting the probability and strength of G4 structure
formation. G4 stability is affected by the number of G-tetrads,
loop length and topology, and sequence composition of the G4
motif and flanking regions (Varshney et al. 2020). Quadron incor-
porates information about the predicted G4 structure. Quadron is
based on a machine learning approach that integrates (1) G4 motif
sequence consensus matching with Quadparser, which takes loop
size into account (Huppert and Balasubramanian 200S5), and (2)
G4-seq, which measures the decrease in sequencing quality at
chemically stabilized G4 loci (Chambers et al. 2015). The readout
of G4-seq can be thought of as a proxy for DNA polymerase stalling
caused by G4 structures and thus is indicative of structure forma-
tion. In the original publication, Quadron results were validated
with 392 in vitro, experimentally verified G4 structures, which in-
cluded parallel, antiparallel, and mixed G4 structures (Sahakyan
et al. 2017a).

The distribution of G4 stability scores in the human genome
is bimodal (Supplemental Fig. S2). Based on this distribution
and using experimental validations, Sahakyan and colleagues
(Sahakyan et al. 2017a) used a threshold stability score of 19 to split
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G4 loci into two groups. G4 loci with stability scores above 19 can
form stable structures, and G4 loci with stability scores equal to or
below 19 do not form stable structures. Henceforth, we will refer to
the former group as “stable G4 loci” and to the latter group as “un-
stable G4 loci.” Using this threshold, we designated 342,778 G4
loci as “stable” and 327,298 G4 loci as “unstable.” The median
stability score in the human genome was 19.5.

We investigated the distributions of stability scores (Fig. 3)
among G4 loci located within the NCNR subgenome, the genic
components described in the previous section, enhancers, replica-
tion origins, TAD boundary regions, and recombination hotspots,
as well as among G4 loci intersecting with eQTLs, which are much
shorter than G4 loci (The GTEx Consortium 2013). In the NCNR
subgenome, the majority of G4 loci were unlikely to form stable
structures; the median G4 stability score was 13.6, lower than
the threshold value of 19 and the genome-wide median of 19.5
(Fig. 3A).

We next compared the stability score distributions of G4 loci
within genic components to other G4 loci genome-wide and to G4
loci within the NCNR subgenome, using the stability threshold of

19 (Fig. 3A; Supplemental Table S4). There were more stable than
unstable G4 loci at upstream regions, validated promoters, and
CpG islands. Median G4 stability scores at these regions were
21.9, 22.3, and 20.0, which were 1.61-, 1.64-, and 1.47-fold high-
er than that in the NCNR subgenome, respectively (P<0.0017 in
each case, two-tailed permutation test). The median G4 stability
scores in upstream regions and validated promoters were also sig-
nificantly higher than respective median values in the rest of the
genome (P<0.0017 for both, two-tailed permutation test); the
difference in median stability scores between G4s at CpG islands
and the rest of the genome was not significant (P=1.00, two-
tailed permutation test). The median G4 stability score in down-
stream regions (19.8) was 1.45-fold higher than that in the NCNR
subgenome (P<0.0017, two-tailed permutation test) but was not
significantly different from that in the rest of the genome (P=
1.00, two-tailed permutation test).

Among genic components for which we could separate tran-
scribed and nontranscribed strands, exons had the most unstable
G4 loci and introns had the most stable G4 loci, whereas the stabil-
ity scores of G4s in 5 and 3’ UTRs were in between (Fig. 3A;
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Figure 3. Distribution of stability scores (violin plots) at G4 loci located at different genic components (A) and nongenic functional regions (B) compared
with the genome-wide distribution and with the distribution in the NCNR subgenome. Stability scores were obtained with the Quadron software (Sahakyan
et al. 2017a). Median values are marked on the violin plots. The number of G4 loci contained completely within components or regions (Supplemental
Table ST) is shown in the parentheses. Because eQTLs are always smaller than G4 loci, we plotted the scores of G4 loci only partially intersecting with eQTLs.
Red horizontal line indicates stability score of 19 used to differentiate between stable (more than 19) and unstable (19 or fewer) G4 loci. Stars indicate a
significant difference between median stability scores in a group of components or regions and that in the rest of the genome.
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Supplemental Table S4). At exons, most G4 loci were unstable; me-
dian stability score was 12.0 on the nontranscribed strands and
16.5 on the transcribed strands, which was 1.13-fold lower and
only 1.21-fold higher, respectively, than that in the NCNR subge-
nome (P<0.0017 for both, two-tailed permutation test); both val-
ues were below stability threshold of 19 and significantly lower
than the respective median stability scores in the rest of the ge-
nome (P<0.0017 for both, two-tailed permutation test). In con-
trast, at introns, there were more stable than unstable G4 loci.
The median G4 stability score at the transcribed strands of introns
(20.1) was significantly higher than that in the rest of the genome
and in the NCNR subgenome (P<0.0017 for both, two-tailed per-
mutation test), and the median G4 stability score at the nontran-
scribed strands of introns (19.4) was significantly higher than
that in the NCNR (P<0.0017, two-tailed permutation test) but
slightly, albeit significantly, lower than that in the rest of the ge-
nome (P<0.0017, two-tailed permutation test). 5’ UTRs possessed
mostly unstable G4 loci; their median stability scores were equal to
17.1 and 18.4 on the nontranscribed and transcribed strands, re-
spectively, which was 1.26- and 1.35-fold higher than that in
the NCNR subgenome (P<0.0017 for both, two-tailed permuta-
tion test). Both median values were also significantly lower
than the corresponding median values in the rest of the genome
(P<0.0017 for both, two-tailed permutation test). Finally, in
3’ UTRs, the median G4 stability scores were equal to 17.8 and
19.1 on the nontranscribed and transcribed strands, respectively
—which was 1.31- and 1.41-fold higher than that in the NCNR
subgenome (P<0.0017 for both, two-tailed permutation test).
The median value on the nontranscribed strand was also sig-
nificantly lower than the median in the rest of the genome (P<
0.0017, two-tailed permutation test). Notably, for each genic
group in which we could differentiate between strands, the medi-
an G4 stability was significantly lower on the nontranscribed than
on the transcribed strand (Supplemental Table S5).

In each group of nongenic functional regions we studied,
there were more stable than unstable G4 loci; namely, the median
stability scores were higher than the stability threshold of 19 (Fig.
3B; Supplemental Table S4). At enhancers, eQTLs, and replication
origins, the median G4 stability scores were particularly high: 22.4,
22.0, and 21.6, which were 1.65-, 1.62-, and 1.59-fold higher than
that in the NCNR subgenome, respectively (P<0.0017 for all; two-
sided permutation test) and significantly higher than the corre-
sponding median values in the rest of the genome (P<0.0017 for
all; two-sided permutation test). The median G4 stability score at
the TAD boundary regions (19.2) was lower than those at enhanc-
ers, eQTLs, and replication origins but was still significantly higher
than that in the NCNR subgenome (P<0.0017; two-tailed per-
mutation test), albeit significantly lower than the median in the
rest of the genome (P<0.0017, two-tailed permutation test). The
median G4 stability score at recombination hotspots (20.8)
was significantly higher (1.53-fold) than in the NCNR subgenome
(P<0.0017, two-tailed permutation test) but not significantly dif-
ferent from that in the rest of the genome (P=1.00, two-tailed per-
mutation test).

Selection footprints at G4 loci

An overrepresentation of G4 loci at some genic components and
nongenic functional regions suggests that such loci are subject to
selective constraints. In particular, we hypothesize that purifying
selection toward motif retention and sequence conservation oper-
ates at functional G4 loci (e.g., the ones located in promoters).

Biologically, balancing selection is not expected to operate at G4
loci, and we hypothesize that positive selection is uncommon at
G4s, because it is rare in the human genome in general
(Hernandez et al. 2011; Granka et al. 2012). To evaluate these hy-
potheses, we performed the HKA test (Hudson et al. 1987). We
used this particular selection test because it is applicable regardless
of the genomic context and thus it allowed us to evaluate patterns
of selection at different genomic locations. This test usually con-
trasts the counts of polymorphic and fixed variants between two
groups of regions—one hypothesized to evolve under selection
and the other used as a neutrally evolving control. With the
HKA test, purifying selection or balancing selection is expected
to lead to an enrichment of polymorphisms relative to substitu-
tions compared with a neutral background (Charlesworth and
Charlesworth 2003), yielding an odds ratio above one. In contrast,
positive selection is expected to lead to a deficit of polymorphisms
relative to substitutions compared with a neutral background,
yielding an odds ratio below one.

Applying the HKA test to G4 loci, we contrasted the counts of
polymorphic and fixed variants at G4 loci with those expected
based on the remaining sequences (devoid of G4 loci) of genic or
nongenic functional regions that harbor them. We expect that
many of the functional genomic regions we study (e.g., promoters)
already evolve under purifying selection. If the observed counts of
polymorphic variants at G4 loci are not significantly different
from expectations based on non-G4 sequences in the same func-
tional regions (significance is evaluated with Fisher’s exact test),
we have evidence that G4 loci and non-G4 sequences in such re-
gions are evolving under the same selective constraints. In con-
trast, a significantly greater number of polymorphic variants at
G4 loci is indicative of stronger purifying selection acting on G4
loci than on non-G4 sequences. In such cases, the odds ratio of
Fisher’s exact test (the probability of a site being polymorphic if
itis located within a G4 locus) is expected to be significantly great-
er than one, because mutations are more likely to be polymorphic
than fixed at G4 loci evolving under stronger selection than the re-
maining sequences.

To apply the HKA test to G4 loci, we used SNPs from the
Simons Genome Diversity Project (Mallick et al. 2016). This data
set was generated from 279 human genomes sequenced at a rela-
tively high depth (~30x). Single-nucleotide fixed variants were ob-
tained from whole-genome alignments (Blanchette et al. 2004;
Harris 2007) of human and orangutan genomes (International
Human Genome Sequencing Consortium 2001; Locke et al.
2011). Odds ratios and their 95% confidence intervals were com-
puted for all G4 loci located in a particular group of genic compo-
nents or nongenic functional regions together (Fig. 4A), as well as
separately for stable and unstable G4 loci (Fig. 4B). G4 loci inter-
secting with eQTLs and experimentally validated promoters were
not included in this part of the study because on average they
were longer than the components/regions they intersected with
and thus did not have an appropriate background to which they
could be compared. Recombination hotspots were also excluded
from this analysis owing to the lack of mutations in G4s located
in these regions.

Our results suggest that G4 loci evolved under different selec-
tive constraints, depending on which genic components they were
located within (Fig. 4A; Supplemental Table S6). Odds ratios
were significantly greater than one for G4 loci in upstream (odds
ratio=1.41, P<3.5x 10~'°, Fisher’s exact test) and downstream re-
gions of genes (odds ratio=1.29, P<3.5 x 10715). Odds ratios were
significantly greater than one on both the nontranscribed and
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Figure 4. Odds ratios (and their 95% confidence intervals) of the Fisher’s exact test used to evaluate the significance of the Hudson—Kreitman-Aquadé
test used to evaluate selection acting on G4 loci located at genic components and nongenic functional regions. Stable and unstable G4 loci are considered
together (A) and separately (B). Red line represents an expectation under a null hypothesis of similar selective pressure acting on G4 loci and on the remain-
ing sequences at the components/regions they are located within. If confidence intervals do not overlap the red line, the test is significant. Sample sizes are

shown in Supplemental Table S1.

transcribed strands of 5 UTRs (odds ratio=1.25 and 1.24, P=6.38 x
10" and P=3.76 x 107'2, respectively), as well as on both the
nontranscribed and transcribed strands of 3’ UTRs (odds ratio=
1.34 and 1.18, P<3.5x107"° and P=2.15x 1071, respectively).
Odds ratios were also significantly greater than one on both the
nontranscribed (odds ratio=1.28, P<3.5x 107'%) and transcribed
(odds ratio=1.30, P<3.5x1071%) strands of introns and on the
transcribed strand of exons (odds ratio=1.22, P=7.37x107'%). In
contrast, the odds ratio was not significantly different from one
on the nontranscribed strand of exons (odds ratio =0.94, P=1.00).

We found that G4 loci located in all three groups of nongenic
functional regions analyzed evolved under stronger purifying se-
lection for motif retention than the remaining sequences in these
regions (Fig. 4A; Supplemental Table S6). Odds ratios were high in
all three cases: for G4 loci located at enhancers (odds ratio=1.35, P
<3.5x107"%), at replication origins (odds ratio=1.35, P<3.5x
107'%), and at TAD boundary regions (odds ratio=1.31, P<3.5x
1071%). This finding suggests that such G4 loci are functional.
Although we originally analyzed FANTOM enhancers
(Andersson et al. 2014; FANTOM Consortium and the RIKEN

PMI and CLST (DGT) 2014; Lizio et al. 2015), analyzing
ENCODE enhancers (The ENCODE Project Consortium et al.
2020) led to a similar HKA odds ratio (odds ratio=1.23, P<3.5 x
107'%) (Supplemental Fig. S3). G4 loci located in the NCNR
subgenome also had odds ratio greater than one (odds ratio=
1.20, P<3.5x1071%), suggesting that some of them may, in fact,
also evolve under purifying selection and might be functional.
NCNR regions with low levels of recombination might be affected
by background selection, potentially deflating the HKA odds ratio.
However, the HKA odds ratios were not significantly different
between NCNR regions with high versus low recombination (Sup-
plemental Fig. S3), and thus, we retained NCNR regions with low
levels of recombination in the analysis.

We then used the HKA test to evaluate selection acting on sta-
ble and (separately) unstable G4 loci in each group of genic com-
ponents and nongenic functional regions considered (Fig. 4B; for
P-values, see Supplemental Table S6). In almost all cases (except
for the nontranscribed strands of exons), the odds ratios were sig-
nificantly higher for the stable than unstable G4 loci (Fig. 4B;
Supplemental Table S6). For stable G4 loci, the odds ratios were
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almost always (again except for the nontranscribed strands of ex-
ons) significantly greater than one (Fig. 4B; Supplemental Table
$6). In contrast, for unstable G4 loci, the odds ratios were not sig-
nificantly different from one in the majority of (nine out of 16) the
groups of elements and regions we considered. Thus, stable G4 loci
evolved under stronger purifying selection than unstable ones.
This difference was not observed between stable and unstable
G4s on the nontranscribed strand of exons because neither of
them evolved under selective constraints different from these for
non-G4 exonic sequences (Fig. 4B).

In principle, a significant HKA test result with odds ratio
greater than one is consistent with either purifying selection or
balancing selection (Hudson et al. 1987). To distinguish between
these two possibilities, we used the Kolmogorov-Smirnov test to
compare the site frequency spectrum between G4 loci and the re-
maining sequences for groups of genic components and nongenic
functional regions for which we obtained significant HKA test re-
sults. In all cases, we observed a higher prevalence of polymorphic
variants with a low MAF for G4 loci than for remaining sequences,
strongly suggesting that G4 loci evolved under purifying selection
(Supplemental Fig. S4; Supplemental Table S7).

Note that we never detected evidence of positive selection op-
erating at G4 loci (Fig. 4), as the odds ratios were never significantly
lower than one. Thus, although some individual G4 loci might be
evolving under positive directional selection, we expect such in-
stances to be rare and undetectable in our analysis of groups of
G4 loci.

We found that the rate of polymorphism was higher at G4s
than outside of G4s in some of the functional regions examined
(enhancers and upstream regions) (Supplemental Table S8A).
Thus, selective constraints might be more relaxed at G4 versus
non-G4 sites in some functional regions, leading to the observed
trends. Alternatively, but not exclusively, the increase in polymor-
phic rate at G4s might be owing to their elevated mutation rate
(Guiblet et al. 2021).

If stable G4s are functional, then they are expected to be more
conserved (i.e., to have lower human-orangutan divergence) than
unstable G4s or non-G4 sites. However, elevated mutation rates at
G4s, and at stable G4s in particular (Guiblet et al. 2021), might also
affect divergence. To analyze this effect on divergence, we initially
focused on the putatively neutral NCNR, for which selection ef-
fects should be minimal. We observed (Supplemental Table S8B)
that in the NCNR, stable G4s had higher divergence than unstable
G#4s, and all G4s had higher divergence than non-G4s (odds ratio=
1.64, P<2.2x 107'°, Fisher’s exact test), likely reflecting effects of
mutation. We next contrasted our results for NCNR with those
for upstream regions and enhancers (Supplemental Table S8B),
in which G4s are likely affected both by elevated mutation rate
and by purifying selection owing to functional constraints. In
these regions, we again observed higher divergence at stable versus
unstable G4s, and at G4s (in general) versus non-G4s. The odds ra-
tios for G4s versus non-G4s in upstream regions and enhancers
(1.19 and 1.38, respectively) were lower than that in the NCNR
(1.64), suggesting that G4s in upstream regions and enhancers
are affected by purifying selection. However, such selection was
not strong enough to compensate for the elevated mutation rate.

The elevation of mutation rate at G4s also raises a question of
whether the enrichment of polymorphisms at G4s in the HKA test
reflects an increase in mutation rate at recently stabilized G4s rath-
er than purifying selection. However, a closer look suggests that
the increase in mutation rate alone cannot explain the results of
the HKA test, because the majority of G4 loci were conserved in

their stability between human and orangutan. Indeed, among
133,144 stable human G4s with corresponding G4 annotations
in orangutan, as many as 90% were also stable in orangutan.
Thus, the enrichment of polymorphisms relative to substitutions
at G4 loci is more likely to reflect natural selection than mutation
processes.

Discussion

In this work, we present a comprehensive analysis of G4 loci in the
human genome. To the best of our knowledge, our study is the first
to analyze G4 enrichment in a single framework: to study the dis-
tribution of G4 stability, and to investigate selection acting on G4
loci, as related to functional annotations in the genome. We
showed that coverage, density, predicted stability, and selective
pressure of G4s depend upon the genic components and nongenic
functional regions in which they are located. Our results suggest
that natural selection maintains a high density of G4 loci and
high stability of G4 structures in some functional regions of the ge-
nome, as well as a low density and low stability in others. The sit-
uation for each particular group of regions likely depends on the
balance between the selective pressure to maintain functional
G4s and the cost of harboring such structures.

Our findings strongly support a functional role for several
groups of G4s in the genome. We corroborated earlier studies
showing an overrepresentation of G4s at most genic components
(Huppert and Balasubramanian 2007; Huppert et al. 2008). For the
first time, we also showed their strong overrepresentation at sever-
al nongenic functional regions (e.g., enhancers), suggesting that
G4s play important roles in these regions (Fig. 2). We also found
that, as a rule, genic components and nongenic functional regions
with strong G4 overrepresentation harbor loci capable of forming
stable G4 structures (Fig. 3). Stable G4 loci evolved under stronger
purifying selection than non-G4 sequences in most groups of gen-
ic components and nongenic functional regions considered (Fig.
4B). In a summary, our results suggest that functional G4s possess
the following signatures: They (1) are overrepresented, (2) are usu-
ally stable, and (3) evolve under stronger purifying selection than
the remaining sequences of the components or regions to which
they belong.

We expect functional G4s to have stability optimal for the
function they perform. Note that here we are not arguing that
they evolve toward maximum stability, as we only analyzed G4s
in a binary fashion: stable versus unstable. However, our results
suggest that, in most cases, a certain level of stability, namely, suf-
ficient for G4s to be assigned as “stable,” should be reached for G4s
to evolve under purifying selection and thus likely to enable their
function. Another way of thinking about this is that unstable G4s
might form structures only occasionally and are thus functionally
inert. Whereas G4 structure formation is sensitive to environment
and to temporal signals (Héansel-Hertsch et al. 2017), our results
suggest that this regulation occurs at the level of forming versus
not forming stable G4s, which evolve under purifying selection.

Our observation that G4s on the nontranscribed strand of ex-
ons and in the NCNR subgenome are underrepresented agrees
with the notion that G4 loci can be costly for the genome; that
is, they might interfere with and disrupt basic nucleic acid process-
es, such as replication, transcription, and translation (Rhodes and
Lipps 2015), and trigger genomic instability (Piazza et al. 2015)
and high mutation rates (Guiblet et al. 2021). Therefore, unless
they perform a function and thus evolve under purifying selection,
G4 loci capable of forming stable G4 structures are usually
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removed from the genome. In genic components and functional
regions where they do not possess a function, G4s usually are
not overrepresented, are unstable, and are not subject to stronger
selective pressure than non-G4 parts of the components/regions.
These observations allow us to speculate about the functional roles
of G4s located in different parts of the genome, which we discuss
in light of experimental studies showing or suggesting particular
functions of some G4s.

G4 loci in genic components

Upstream regions and promoters

At putative (upstream regions) and experimentally validated pro-
moters, G4 loci were not only strongly overrepresented but also sig-
nificantly more stable compared with the G4 loci in the rest of the
genome and in the NCNR subgenome. In fact, median G4 stability
scores at experimentally validated promoters were higher than at
any other genic components analyzed. Moreover, we also detected
a strong signature of purifying selection acting on G4 locilocated at
putative promoters, with the highest HKA odds ratio among genic
components studied. Selection was particularly strong for G4 loci
capable of forming stable structures at putative promoters. These
findings corroborate earlier studies showing an enrichment of G4
loci at promoters (Huppert and Balasubramanian 2007) and are
in agreement with the growing experimental support of their role
in regulating gene expression, likely via binding transcription fac-
tors (for review, see Varshney et al. 2020). Indeed, it was recently
shown that, in human cells, G4 antibodies colocalize with tran-
scriptionally active chromatin, G4 structures form preferentially
at promoters of highly expressed genes, and enhanced G4 forma-
tion is associated with increased transcriptional activity (Hansel-
Hertsch et al. 2016a). In another study, G4 structures were mapped
to chromatin in upstream regulatory regions of actively transcribed
human genes (Kouzine et al. 2017). Additionally, polymorphisms
at G4 loci located within promoters were found to affect variation
in transcription levels of genes in human populations (Baral et al.
2012).

CpG islands

The G4 loci located at CpG islands, which are frequently found
within promoters, had higher coverage (and density) compared
with the corresponding mean and median values for the genome,
respectively, and evolved under purifying selection. This result is
consistent with a proposed functional role of G4 structures at
CpG islands: it was hypothesized that such structures contribute
to maintaining the nonmethylated status of the CpG islands
(Mao et al. 2018).

Downstream regions

We discovered that G4 loci were overrepresented and more stable,
and evolved under purifying selection, when located within 1 kb
downstream from the transcription termination sites. These re-
sults point toward functionality of G4 structures at downstream re-
gions and support a suggestion that such structures aid in
demarcating transcription termination (Gromak et al. 2006;
Huppert et al. 2008). An enrichment of G4 loci immediately down-
stream (within 100 bp) from 3’ UTRs was shown in another study
(Huppert et al. 2008).

General observations for strand-specific genic components

G4 loci within genic components for which we could differentiate
between transcribed and nontranscribed strands showed two com-
mon trends. First, except for introns, their G-corrected coverage
(and density) was higher on the transcribed than on the nontran-
scribed strand (Fig. 2A), an observation in line with previous stud-
ies (Huppert et al. 2008; Varshney et al. 2020). Second, they were
more stable on the transcribed than on the nontranscribed strand
(Fig. 3A). Thus, stable G4s are particularly depleted on the non-
transcribed DNA strand. Previous studies suggested that G4s locat-
ed on the nontranscribed DNA strand aid in maintaining the DNA
in an open state and thus in transcription reinitiation, whereas
those located on the transcribed DNA strand inhibit transcription
(for review, see Varshney et al. 2020). Thus, the latter and not the
former G4s should be depleted, whereas we observed the opposite.
We note that G4s on the nontranscribed DNA strand may also
form within the corresponding RNA. In this case, our results are
consistent with G4 depletion owing to interference with other pro-
cesses, for example, translation. Moreover, our study suggests that
such structures are avoided in pre-mRNA in general, even for in-
trons that are not part of mRNA.

5 and 3 UTRs

Our findings that G4 loci are strongly overrepresented at 5 UTRs
and overrepresented (though not as strongly) at 3’ UTRs are in
agreement with another study (Huppert et al. 2008). We made
novel observations related to stability of G4s located in 5" and 3’
UTRs. We found that the median stability values of such G4s
were similar to the rest of the genome on the transcribed strand
but were lower on the nontranscribed strand, consistent with the
general trend we observed across genic components. We detected
footprints of purifying selection acting on stable G4s located on
both the nontranscribed and transcribed strands of both 5" and
3’ UTRs. Signatures of selection on G4s located on the nontran-
scribed strand of 5" and 3’ UTRs were also found in another recent
study (Lee et al. 2020).

The function of G4s capable of forming at UTRs is still being
investigated. G4s are frequently located near the beginning of
5 UTRs in mRNAs and may play a role in transcription initiation
(Huppert et al. 2008; Morris et al. 2010). It was previously found
that G4 structures form at 5" UTRs of highly expressed genes and
thus might facilitate their transcription (Hadnsel-Hertsch et al.
2016). Our selection results also support that the nontranscribed
strand of UTRs harbors stable functional G4s, which have the po-
tential to form at the level of RNA. Consistent with this, it was re-
cently shown that G4 loci at UTRs are enriched for RNA-binding
protein interactions, arguing for their functionality in RNA (Lee
et al. 2020). Nevertheless, we found G4 loci to be less stable on
the nontranscribed than on the transcribed strand of 5 UTRs.
This is likely because G4 loci on the nontranscribed strand of
5 UTRs may repress binding of the translation initiation complex
to 5'-cap of mRNAs or disrupt ribosomal scanning of the mRNA to-
ward the start codon (Kumari et al. 2007; Huppert et al. 2008).

Exons

For G4s located in exons, after correcting for G-content we found
an overrepresentation on the transcribed strand and a depletion
on the nontranscribed strand, consistent with another study
(Huppert and Balasubramanian 2005). Our study showed that
the median stability of G4s at exons was always lower than that
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for the rest of the genome, and for G4s on the nontranscribed
strand of exons, it was even lower than that for the NCNR subge-
nome. This observation agrees with another study that also sug-
gested low stability of G4s in exons (Arachchilage et al. 2019).
Thus, predominantly stable G4s may not be tolerated in exons,
particularly on the nontranscribed strand. Moreover, we did not
detect purifying selection acting on either stable or unstable G4s
on the nontranscribed strand of exons, suggesting that G4 struc-
tures on the nontranscribed strand are not maintained by natural
selection. Thus, both stable and unstable G4s are unlikely to be
functional, and stable G4s may be strongly avoided, in this group
of genic components. Because such G4s can form at the level of
RNA, they may hinder mRNA translation elongation through ribo-
somal frameshifting and stalling (Shabalina et al. 2006; Endoh and
Sugimoto 2013; Endoh et al. 2013) and were proposed to be select-
ed against by the context-dependent codon bias (Arachchilage
et al. 2019). In fact, G4 stability was found to be proportional to
their interference with translation (Endoh et al. 2013). For the
transcribed strand of exons, we only detected selection acting on
stable G4s. Such G4s may participate in regulation of transcription
at the level of DNA, a hypothesis that should be evaluated in future
studies.

Introns

We found that coverage and density of G4s located in introns were
similar to those in the rest of the genome but higher than those in
the NCNR subgenome. We found signatures of purifying selection
acting on stable G4 loci located on both the transcribed and non-
transcribed strands of introns (and also on unstable G4s on their
transcribed strands), arguing for their functionality. Intronic G4s
on the nontranscribed strand may participate in transcription reg-
ulation, particularly if they are located in the vicinity of the tran-
scription start sites (Eddy and Maizels 2008), or in RNA
processing, including alternative splicing (Eddy and Maizels
2008; Marcel et al. 2011; Fisette et al. 2012). Similar to G4s in ex-
ons, G4s located on the transcribed strand of introns may be in-
volved in regulating transcription, and further studies should
evaluate this possibility experimentally.

G4 loci in nongenic functional regions

Enhancers

Our study indicated overrepresentation, high stability, and evolu-
tion under purifying selection for G4 loci at enhancers. In fact, the
median G4 stability score at enhancers was higher than that for
any other group of genic components or nongenic functional re-
gions we studied. These observations strongly suggest that G4
loci play an important role in maintaining the function of enhanc-
ers. These results are particularly novel, as most previous studies fo-
cused on the analysis of G4 loci in genic components. One notable
exception is a recent study showing the presence of G4s at long G-
rich enhancer-associated regions and at the promoters of genes
they regulate, suggesting that G4s facilitate enhancer—promoter
interactions (Williams et al. 2020).

eQTLs

We found that eQTLs were enriched in G4s and that G4s overlap-
ping with eQTLs were usually highly stable. This result is perhaps
expected, as eQTLs frequently include sites of promoters, UTRs,
and enhancers (The GTEx Consortium 2020), where we also found
an overrepresentation of G4s. Another study recently detected an

enrichment of eQTLs at G4s located at UTRs (Lee et al. 2020).
Taken together, these observations provide strong evidence for
an important role of G4s in regulating gene expression genome-
wide.

Replication origins

We found strong overrepresentation, high stability, and purifying
selection for G4 loci at replication origins. In fact, replication ori-
gins had the highest G4 density among all groups of nongenic
functional regions we analyzed. Thus, our results are consistent
with the functional role of G4 loci at replication origins genome-
wide, confirming previous single-locus studies (e.g., Valton et al.
2014), and support the proposed importance of G4 loci in replica-
tion origin firing (Prorok et al. 2019).

TAD boundary regions

G4 loci at TAD boundaries displayed an enrichment in density and
coverage, in agreement with another study (Hou et al. 2019). Their
median stability score was close to that for the rest of the genome,
albeit higher than the median score for the NCNR subgenome. We
uncovered footprints of purifying selection operating at both sta-
ble and unstable G4 loci at TAD boundary regions. Therefore,
our results suggest that G4s in these regions are functional. G4s
were shown to have strong insulation ability and were suggested
to play a role in delineating TADs (Hou et al. 2019). The fact that
they have relatively low stability scores is at odds with the pattern
we observed for most other functionally important G4s, which
were predominantly stable. One possible explanation for this ob-
servation is the current lack of knowledge concerning the precise
sizes of TAD boundary regions. An alternative explanation is that
some unstable G4s are also functional in the genome.

Recombination hotspots

G4 loci were modestly overrepresented at recombination hotspots.
The majority of G4 loci at recombination hotspots were stable;
their median stability was not significantly different from that
for the rest of the genome but was higher than in the NCNR sub-
genome. Unfortunately, the currently available data did not allow
us to study selection acting on G4s located at recombination hot-
spots. Thus, our study could not provide evidence of functionality
of G4s located at them, and this question should be investigated in
the future. G4 structures were shown to be sites of preferential re-
combination via quadruplex formation in vitro (Bodn and Gémez-
Maérquez 2010) and were suggested to promote meiotic homolo-
gous recombination in vivo (for review, see Bochman et al. 2012).

Future directions, study limitations, and conclusions

Our study is the first to report depletion and, on average, low
stability of G4 loci in the NCNR subgenome. We propose that sta-
ble G4 loci in neutrally evolving regions may be harmful to the ge-
nome owing to their association with genomic instability (Piazza
et al. 2015) and high mutation rates (Guiblet et al. 2021). We
found that some G4 loci in the NCNR subgenome evolved under
purifying selection and thus might be functional. This novel ob-
servation suggests that G4 loci outside of the genic components
and nongenic functional genomic regions studied, as well as out-
side of the other regions excluded from the NCNR subgenome
(e.g., repetitive elements, telomeres), might possess novel, yet un-
known, functions—an exciting possibility that should be investi-
gated in future studies.
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The results of our study can only be interpreted as genome-
wide trends and cannot be extrapolated to individual loci.
Recent studies have established that only a subset of annotated
G4 loci fold into non-B DNA structures at a given time in vivo
(Hansel-Hertsch et al. 2016; Kouzine et al. 2017). The formation
of a G4 structure is not solely determined by its stability but is
modulated by supercoiling (over- or underwinding of a DNA
strand) and cellular conditions such as ionic concentrations.
Because of this transient nature, it is difficult to study the effect
of G4 structures at individual loci. Recently developed methods al-
lowing one to investigate genome-wide G4 formation in real time
(e.g., permanganate sequencing [Kouzine et al. 2019] and
kethoxal-assisted single-stranded sequencing [Wu et al. 2020])
are expected to enable locus-specific analysis of G4 formation, se-
lection, and function in the near future. Such analyses will be crit-
ical for uncovering the roles individual G4 loci play in genome
function and evolution.

Individual G4 loci may overlap with more than one genomic
annotation. As a result, determining what specific G4 functions
may be under selection becomes challenging. In our study, only
a relatively small proportion of bases in G4 loci intersected with
more than one functional annotation (Supplemental Table S9).
We aimed to present an exhaustive analysis of G4 overrepresenta-
tion, stability, and selection and thus accepted that overlaps in as-
signing G4s to particular groups of components or regions
represent a biological reality. Future studies might take an opposite
approach and analyze only groups of G4 loci with nonoverlapping
annotations.

In conclusion, our observations on enrichment or depletion,
stability, and purifying selection of G4 loci at multiple groups of
genic components and nongenic functional genomic regions sup-
port a wide variety of their hypothesized and reported functions
and disruptive properties (Rhodes and Lipps 2015; Varshney
et al. 2020). Moreover, our results suggest that predicted G4 stabil-
ity scores provide additional insights into functionality of G4 loci,
as most functional G4 loci in the genome appear to be stable.
Maintaining beneficial, functional G4s, especially those associated
with gene expression, must be balanced with the costs of detri-
mental G4s, which increase mutagenesis and genome instability.
Because G4 loci are involved in a wide range of genomic functions
and evolve under purifying selection even in otherwise neutrally
evolving regions, we propose to classify such loci as functional el-
ements of the genome.

Methods

Data sets

G4 loci and their predicted stability scores were annotated using
Quadron (Sahakyan et al. 2017a). We did not consider G4 loci an-
notated on the two sex chromosomes and on the mitochondrial
DNA. The hg19 version of the human genome was used because
it has a larger number of annotations of genomic features than
the more recent hg38 version.

Multiple data sets were downloaded from the UCSC Genome
Browser (Haeussler et al. 2019) for the human reference genome
(version hg19). We retrieved the NCBI RefSeq annotations of genic
components for protein-coding genes (Pruitt et al. 2014), upstream
and downstream regions of genes (each 1 kb long from the tran-
scription start site and the transcription termination site, respec-
tively), 5" and 3’ UTRs, protein-coding exons, and introns. All
exons and introns from NCBI RefSeq, including alternative tran-
scripts, were taken into account. All transcript coordinates were

merged in “exonic” (or “intronic”) versus “nonexonic” (or “nonin-
tronic”). We also obtained the annotations of CpG islands (Gardi-
ner-Garden and Frommer 1987), repeats (based on RepeatMasker)
(Smit 2004), and eQTLs occurring in multiple tissues (based on
GTEx project analyses) (The GTEx Consortium 2019).

The annotations of origins of replication were retrieved from
Besnard et al. (2012). The annotations of experimentally defined
enhancers and promoters were obtained from the FANTOMS pro-
ject (Andersson et al. 2014; FANTOM Consortium and the RIKEN
PMI and CLST (DGT) 2014; Lizio et al. 20135). In this data set, pro-
moters are annotated at a greater resolution than in the 1-kb up-
stream regions of genes. However, annotated promoters are on
average shorter than G4 motifs (~20 bp vs. ~36 bp). As a result,
G4 loci only partially intersected with FANTOMS promoters.
The CTCF binding site annotations were retrieved from The
ENCODE Project (The ENCODE Project Consortium 2012). The
annotations of TAD boundaries were retrieved from Dixon et al.
(2015). A TAD boundary and TAD boundary region were defined
as the center point between two consecutive TADs and £150 kb
around it, respectively, following the method previously described
(Hong and Kim 2017). The sex-averaged recombination rates were
retrieved from Halldorsson et al. (2019), and following the same
study, recombination hotspots were defined as regions where re-
combination rates were 10 times higher than the genome-wide
average.

The NCNR subgenome was defined as all locations of the ge-
nome that did not overlap with the studied genic components
or nongenic functional regions, as well as with CTCF binding sites,
repetitive elements, noncoding RNAs (The RNA Central
Consortium et al. 2017), gaps (including telomeres, centromeres,
and heterochromatin) in the reference genome (downloaded
from the UCSC Genome Browser) (Haeussler et al. 2019), and 5-
kb upstream and downstream regions of genes. Finally, we deleted
a 6-kb region (Chr 16: 31,970,000-33,760,000) that contains the
immunoglobulin heavy (IGH) locus to remove G4 loci involved
in class-switch recombination (Sen and Gilbert 1988).

Density and coverage of G4 loci across the genome

We computed the total number of bases annotated as genic com-
ponents or nongenic functional regions on the reference strand
and then also on its reverse complement of the human genome us-
ing BEDTools (Quinlan and Hall 2010). When two or more anno-
tations of the same type (e.g., for exons) overlapped, we selected
uniformly at random only one such annotation to avoid counting
the same interval multiple times (Supplemental Fig. S5). We ran
this process 10 times, and the resulting standard deviations of cov-
erage values were extremely low (Supplemental Table $10); thus,
this process did not affect our estimates substantially. 5" and 3’
UTRs, protein-coding exons, and introns were classified as “non-
transcribed” if their coding sequence (i.e., the sequence present
in RNA) matched the one of the reference strand and were classi-
fied as “transcribed” if it matched the one of the reverse comple-
ment strand.

G4 coverage was computed by dividing the number of bases
annotated as G4 loci by the total number of bases (including
both reference and reverse complement strands) in each group of
genic components or nongenic functional regions. G4 density
was computed by dividing the number of G4 loci by the total num-
ber of bases in each group of genic components or nongenic func-
tional regions. If a G4 locus was not completely contained within a
genic component or nongenic functional region, then the fraction
of its length that was contained was used in the calculation. We
also computed G4 coverage and density corrected by the guanine
content, by dividing each of these measurements by the
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proportion of guanines in each group of genic components or
nongenic functional regions. Fisher’s exact tests were performed
to evaluate the significance of differences in G4 density or cover-
age (corrected or uncorrected by guanine content) between differ-
ent groups of genic regions or nongenic functional regions and
genome-wide averages or measurements for the NCNR subge-
nome. Resulting P-values were adjusted for multiple testing using
the Bonferroni correction for 18 tests.

Analysis of stability scores in genic components and nongenic
functional regions

Stability scores of G4 loci were generated using Quadron
(Sahakyan et al. 2017a). The stability scores of G4s overlapping
with each group of the studied genic components and nongenic
functional regions were pooled with those in the NCNR subge-
nome. We removed labels indicating whether a G4 locus belonged
to a particular genic component or the NCNR subgenome. Next,
we randomly assigned these labels to G4s, keeping the number
of G4s in a group of genic components (or nongenic functional re-
gions) and in the NCNR subgenome intact, and computed the ab-
solute difference in medians between these two newly labeled sets
of G4s. This procedure was performed 10,000 times. To obtain the
empirical P-values, we computed the percentile of the original, ob-
served absolute value of the difference in medians to the distribu-
tion of absolute value of differences in medians as obtained from
10,000 permuted distributions. The resulting P-values were adjust-
ed for multiple testing using the Bonferroni correction for 17 tests.
A similar analysis was performed for each group of genic compo-
nents or nongenic functional regions and the remaining ge-
nome-wide data.

HKA test

To perform the HKA test, we used fixed single-nucleotide variants
between human and orangutan, as well as SNPs from the Simons
Genome Diversity Project (Mallick et al. 2016). A total of
69,329,877 fixed single-nucleotide variants between human and
orangutan genomes was retrieved from the vertebrate MULTIZ
100-way alignment (Blanchette et al. 2004; Miller et al. 2007) ob-
tained from the UCSC Genome Browser (Haeussler et al. 2019). A
total of 44,833,480 SNPs from the Simons Genome Diversity
Project (Mallick et al. 2016) was acquired from the Seven Bridges
Cancer Genomic Cloud (https://cgc.sbgenomics.com/). We dis-
carded singletons and doubletons as they might represent false
positives (removing only singletons or all SNPs with MAF <5%
did not change results qualitatively). Fixed and polymorphic mu-
tations were (separately) intersected with genic components, non-
genic functional regions, and the NCNR subgenome. For each
group of genic components or nongenic functional regions, muta-
tions not intersecting with G4 loci were considered as background
variation for that group of components or regions. We compared
the observed counts of fixed and polymorphic variants at G4
loci to those expected based on the remaining (non-G4) sequences
of the components/regions they were harbored by. We used
Fisher’s exact test to evaluate the significance of an odds ratio of
nucleotide variants to be polymorphic if found at G4 loci, as
well as the confidence interval of these odds ratios. The resulting
P-values were adjusted for multiple testing using the Bonferroni
correction for 16 tests.

Site frequency spectrum

The distributions of MAFs of polymorphic mutations from the
Simons Genome Diversity Project (Mallick et al. 2016) were com-
pared between G4 loci and the remaining sequences of genic com-

ponents or nongenic functional regions they are located within.
Minor alleles were assumed to be the ones with a lower allele fre-
quency, resulting in a folded site frequency spectrum. We discard-
ed singletons and doubletons as they might represent false
positives. Comparisons between the MAF distribution in G4s
and the remaining sequences were performed with the two-sample
Kolmogorov-Smirnov test. The resulting P-values were adjusted
for multiple testing using the Bonferroni correction for 14 tests.

Software availability

All computational tools used in this study are available at GitHub
(https://github.com/makovalab-psuG4_Selection) and as Supple-
mental Codes 1-3.
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