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Abstract

Background Cis-regulatory elements (CREs) are crucial for regulating gene expression, and G-quadruplexes (G4s),

as prototypal non-canonical DNA structures, may play a role in this regulation. However, the relationship between G4s
and CREs, especially with non-promoter-like functional elements, requires further systematic investigation. We aimed
to investigate the associations between G4s and human cCREs (candidate CREs) inferred from the Encyclopedia

of DNA Elements (ENCODE) data.

Results We found that G4s are prominently enriched in most types of cCREs, especially those with promoter-like
signatures (PLS). The co-occurrence of CTCF signals with H3K4me3 or H3K27ac signals strengthens the association
between cCREs and G4s. Genetic variants in G4s, particularly within their G-runs, exhibit higher regulatory potential
and deleterious effects compared to cCREs. The G-runs within G4s near transcriptional start sites (TSSs) are more
evolutionarily constrained compared to G-runs in cCREs, while those far from the TSS are relatively less conserved.
The presence of G4s is often linked to a more favorable local chromatin environment for the activation and execu-
tion of regulatory function of cCREs, potentially attributable to the formation of G4 secondary structures. Finally, we
discovered that G4-associated cCREs exhibit widespread activation in a variety of cancers.

Conclusions Our study suggests that G4s are integral components of human cis-regulatory elements, extending
beyond their potential role in promoters. The G4 primary sequences are associated with the localization of CREs,
while the G4 structures are linked to the activation of these elements. Therefore, we propose defining G4s as pivotal

regulatory elements in the human genome.
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Background

Eukaryotic gene expression is intricately regulated by cis-
regulatory elements (CREs) [1, 2]. CREs are sequences
located within the non-coding regions of the genome,
some of which are positioned near the gene transcrip-
tion start site (TSS), known as promoters, while others,
including enhancers, may be located away from the genes
and regulate their expression through spatial and proxi-
mal mechanisms facilitated by the three-dimensional
chromatin architecture [3]. These cis-regulatory ele-
ments can interact with transcription factors, acting like
switches to precisely control gene expression. Moreover,
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there are other types of cis-regulatory elements, includ-
ing silencers and insulators [3]. Silencers repress gene
expression [4], while insulators isolate two adjacent chro-
mosomal regions to prevent mutual interference in gene
regulations [5]. The coordinated operation of cis-regula-
tory elements plays a crucial role in cell differentiation
and development, and the utilization of cell-type-specific
cis-regulatory elements forms the cornerstone of cellular
functional diversity.

G-quadruplexes (G4s) are unusual nucleic acid sec-
ondary structures, typically formed in guanine-rich
regions [6, 7]. The basic unit of G4s is called a G-tetrad
or G-quartet, in which four guanines are linked by Hoog-
steen hydrogen bonds to form a stable planar - or near-
planar - assembly [6, 7]. Multiple G-tetrads can stack to
create a stable G4 structure. G4-prone sequences often
match a consensus motif (e.g, G,N;,G,N,,GN, -G,
where x > 3 and N can be any base), keeping in mind
that other motifs deviating from this consensus may
actually form stable G4 structures [6, 7]. Therefore, vari-
ous G4 prediction tools have been developed, includ-
ing G4Hunter [8], that do not rely entirely on a specific
consensus sequence pattern. Computational studies
have shown that G4s are not randomly distributed in the
human genome; instead, they are concentrated in func-
tional regions such as promoters [9], telomeres [10], and
intron-exon borders [11], suggesting that G4s may have
biological functions. Furthermore, in recent years, with
the widespread application of single-molecule techniques
in G4 research and the development of whole genome
methods, including G4 ChIP-seq [12] and G4Access [13],
more and more evidence indicates that G4 secondary
structures are not genomic “junk” or accidents but pos-
sess important biological functions. Extensive studies
have revealed that G4s are widely involved in the regu-
lation of a variety of biological processes, including gene
transcription [9], protein translation [14], genome stabil-
ity [15, 16], telomere regulation [17], and genome repli-
cation [18]. However, it remains uncertain whether there
are any differences in the association between G4s and
different groups of CREs, and whether G4s might be the
functional component of CREs. Additionally, it is worth
exploring whether the activation of CREs is related to the
G4 structure itself or the G-rich primary sequence com-
patible with G4 formation, and how significant the differ-
ences in the effects of these two factors on CRE activation
would be.

Due to the widespread use of sequencing technologies
and the ease of storing and sharing epigenetic data, it is
now possible to study and annotate the human genome
in depth. An international, large-scale study constructed
sets of candidate cis-regulatory elements (cCREs) for
the human and mouse genomes by comprehensively
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analyzing epigenetic data from the ENCODE (Encyclo-
pedia of DNA Elements) project [19]. This provides us
with the opportunity to systematically assess the associa-
tion between G4s and cis-regulatory elements, revealing
whether G4s may constitute a key component of cis-reg-
ulatory elements in the human genome.

In this study, we focused on exploring the impor-
tance of G4s in the candidate cis-regulatory elements
of the human genome. We first determined whether
G4 sequences were enriched among various groups of
cCREs, as the preferential distribution of G4s often hints
at their potential biological functions. Subsequently, we
assessed whether variants in G4-associated cCREs were
more likely to have regulatory effects or be more delete-
rious compared to cCREs themselves, based on Regu-
lomeDB scores and LINSIGHT scores. Additionally, we
interrogated the conservation of these cCRE-G4s from
an evolutionary perspective based on 241 mamma-
lian species. Furthermore, we investigated whether the
presence of G4s, especially their structures, might cor-
relate with a more favorable local chromatin environ-
ment for the activation and utilization of cCREs. Finally,
we examined whether the activation of cCREs remains
closely associated with G4s across multiple cancers. Our
research demonstrates that G4s are indeed fundamental
components of CREs, laying the theoretical foundation
for subsequent in-depth studies and interpretations of
CRE functionality.

Results

Candidate cis-regulatory elements are enriched with G4s
To comprehensively characterize the relationship
between G4s and cis-regulatory elements, we employed
the G4Hunter software [8] to predict all potential G4
sequences in the human genome (see methods), and
these predicted G4s were used for subsequent analysis. In
parallel, we retrieved the human candidate cis-regulatory
elements (cCREs) from the SCREEN (Search Candidate
cis-Regulatory Elements by ENCODE) database, in which
human cCREs are primarily categorized into five groups,
namely elements (or cCRE) with promoter-like signatures
(PLS), proximal enhancer-like signatures (pELS), distal
enhancer-like signatures (dELS), high DNase and CTCF
signals only (CTCF-only), and high DNase and H3K4me3
signals only (DNase-H3K4me3). These cCREs are all
defined based on epigenetic signals, including DNase-
seq, H3K4me3, H3K27ac, as well as CTCEF, and their dis-
tance from transcription start sites (see methods).

We first examined the proportion of cCREs overlap-
ping with G4 motifs (Fig. 1A). More than half of the PLS
elements (57.2%, Fig. 1B) overlap with G4 sequences,
followed by pELS elements (35.3%, Fig. 1B). The dELS
and DNase-H3K4me3 groups had around 20% of their
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Fig. 1 Overview of the enrichment patterns of G4s on candidate cis-regulatory element (cCREs). A lllustration of the definitions of G4-associated
cCRE, cCRE-associated G4, etc. We define a cCRE that has an overlap with G4 as a G4-associated cCRE, and similarly, a G4 that has an overlap

with a cCRE is defined as a cCRE-associated G4. The proportion of bases on a cCRE that participate in the composition of the G4 sequence

is referred to as the coverage of G4 on that cCRE. B Pie charts illustrate the proportion of cCREs (PLS, pELS, dELS, CTCF-only, and DNase-H3K4me3
elements) that contain G4s or not. Red represents the proportion of cCREs that contain G4s, while gray represents the opposite. PLS: promoter-like
signatures; pELS: proximal enhancer-like signatures; dELS: distal enhancer-like signatures; CTCF-only: high DNase and CTCF signals only. A complete
list of abbreviations is provided at the end of the article. C The fold enrichment of G4 in different categories of cCREs compared to the whole
genome, with dark and light bars representing the differences in fold enrichment with and without GC correction, respectively

elements overlapping with G4 sequences (Fig. 1B). The
lowest overlap was observed in the CTCF-only group,
with only 13.6% of its elements overlapping with G4
sequences (Fig. 1B).

We assessed the fold difference of G4 enrichment
across different categories of cCREs compared to the
whole genome. We found that the fold difference in
G4 enrichment was highest in PLS and pELS elements
(Fig. 1C). Given that G4s are, by definition, formed by
G-rich sequences, we then corrected for GC content

using a method adapted from Guiblet et al [20]. This
adjustment considers that both G-rich and C-rich
regions (indicating the presence of G4s on the reverse
strand) in the human genome have the potential to form
G4 structures, while the cCREs defined by the ENCODE
project do not include strand information (see methods).
After correction, we observed a decrease in fold differ-
ence for all cCRE categories (Fig. 1C). However, G4s still
exhibited relatively higher fold enrichment compared to
the whole genome in most of the cCRE categories, except
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for the CTCF-only elements (Fig. 1C). Additionally, G4s
in different cCRE categories exhibited variations in sta-
bility (Kruskal-Wallis test, P = 0), with those in PLS ele-
ments showing the highest stability (Additional file 1:
Fig. S1A; Wilcoxon test, P < 2.2x107° holds true for all
comparisons using PLS-G4s as baselines; Additional
file 2: Table S1). Moreover, the enrichment pattern of sta-
ble G4s in PLS elements showed the most pronounced
divergence from that of relatively unstable G4s (Addi-
tional file 1: Fig. S1B).

G4s are enriched at CTCF-bound cCREs accompanied

by H3K4me3 or H3K27ac signals

We and others previously reported that G4s are tightly
associated with the binding of CTCF, with CTCF binding
sites significantly enriched around Gé4s [21-23]. How-
ever, in this study, our analysis showed a weak correla-
tion between G4s and CTCF-only cCREs, which seems to
challenge the existing conclusions and findings. Indeed,
other groups of cCREs may also contain CTCF bind-
ing (CTCF-bound) signals that, together with enhancer
(H3K27ac) or promoter (H3K4me3) signals, forming the
basis of PLS and ELS elements. To elucidate the precise
association patterns between G4s and CTCF binding ele-
ments, we proceeded to perform comparative analysis
between CTCF-only cCREs, which exclusively contain
CTCE-bound signals, and cCREs containing both CTCF
and H3K4me3 or H3K27ac signals (referred to as CTCE-
hybrid cCREs or CTCE-hybrid elements for simplicity,
Fig. 2A).

Considering that G4s are preferentially located at the
boundaries of topologically associating domains (TADs)
[21], we suspected that the distribution of CTCF-only
and CTCF-hybrid elements at TAD boundaries would
differ. We compared the enrichment differences of
CTCEF-only and CTCE-hybrid elements at TAD bounda-
ries across various cell lines and tissues (see methods). As
expected, the enrichment level of CTCF-hybrid elements
was higher than CTCF-only elements in most cell lines
and tissues (Fig. 2B). A similar phenomenon was found
when we focused on cohesin-mediated anchor regions
of chromatin loops (Fig. 2C). That is, CTCEF-hybrid ele-
ments are more enriched at the anchor regions compared
to CTCF-only elements (Fig. 2C). We speculate that the
differential enrichment of CTCF-hybrid elements in spe-
cialized regions of higher-order chromatin structure may
facilitate a closer association with G4s, as compared to
CTCEF-only elements.

In addition, we separately calculated the distribu-
tion of G4 sequences around CTCF-hybrid and CTCE-
only cCREs. CTCF-hybrid cCREs are more enriched in
G4 sequences in their vicinity than CTCF-only cCREs
(Additional file 1: Fig. S2A), indicating a clear association

Page 4 of 23

between G4 and CTCF binding. However, the simul-
taneous presence of enhancer or promoter signals in
CTCE-hybrid cCREs makes it challenging to rule out the
possibility that the association of G4s with CTCF-hybrid
cCREs might be due to enhancers or promoters alone.
Therefore, we compared the differences in the propor-
tions of CTCF-hybrid and CTCEF-free cCREs overlapped
with Gé4s. The results showed that a higher proportion
of cCREs were associated with G4s when they simulta-
neously contain CTCF signals, which implies a genuine
positive close connection between CTCF binding and G4
localization, but only for the PLS and pELS cCRE groups
(Fig. 2D). Of note, the G4 density around CTCEF-hybrid
cCREs tended to be the highest (Additional file 1: Fig.
S2B). To further confirm this association, we constructed
logistic regression models to predict the inclusion of
G4s in cCREs. For PLS and DNase-H3K4me3 elements,
which are predominantly marked by H3K4me3, we mod-
eled using H3K4me3, CTCEF, and their interaction term
as features; for ELS elements marked by H3K27ac, we
modeled using H3K27ac, CTCF and their interaction
term as features. As a result, we found that the interac-
tion terms of CTCF with H3K4me3 or H3K27ac both
had a positive and significant effect, while CTCF alone
did not share this property and might even have an oppo-
site effect (Additional file 1: Fig. S3). This suggests that
the coexistence of CTCF and epigenetic signals in cCREs
is associated with G4 occupancy, which is consistent with
the above observations.

Since the association between CTCF binding and G4
localization can be explained by CTCF binding prefer-
ence for G4 structures [22, 23], we subsequently con-
ducted cell type-specific analysis to investigate whether
there are any differences in the occupancy of G4 struc-
tures around cCREs with different CTCF binding states.
We obtained cCREs for the K562 and HepG2 cell lines
from the SCREEN database and, in addition, retrieved
high-confidence G4 ChIP-seq peak data for these two
cell lines (see methods). Similarly, we divided the ele-
ments in different cCRE groups into CTCF-hybrid and
CTCF-free subgroups and calculated the distribution
of G4 ChIP-seq peaks around these subgroups. We also
calculated the distribution of G4 ChIP-seq peaks around
CTCF-only cCREs for comparison. Indeed, we observed
an enrichment in G4 structures around the CTCF-only
cCREs (Additional file 1: Fig. S4A-B), but this enrichment
almost disappeared when we compared the CTCF-only
cCREs with other cCREs at the same scale (Fig. 2E-
F), indicating that the enrichment of the G4 structures
around the CTCF-only cCREs is much less significant
than that around the other types of cCREs. Moreover, the
average distribution density of the G4 secondary struc-
tures around these cCREs tends to be higher when CTCF
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Fig. 2 Association mode of G4s with cCREs exhibiting different CTCF occupancy patterns. A Flowchart illustrates our approach to categorize
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binding signals are present (Fig. 2E-F), suggesting that
the co-occurrence of CTCF and H3K4me3 or H3K27ac
signals is associated with a stronger G4 structure occu-
pancy, and G4 structures do not strongly preferentially
present in open chromatin regions containing only CTCF
signals.

cCRE-G4s are inclined to possess regulatory significance

and are under negative selection in the human genome

The preferential distribution of G4s on cCREs raises a
question: could variants in cCRE-G4s potentially affect
the regulatory functions of the genome? We then con-
ducted a comprehensive investigation into the regulatory
potential of all variants mapped to G4 or cCRE regions.
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For this, we used RegulomeDB [24], which leverages epi-
genomic data to provide in-depth functional interpreta-
tion of variants or regions in the human genome. First, we
found that the variants in PLS-G4s exhibited the highest
RegulomeDB scores, while the regulatory variant scores
for cCRE-G4s were significantly higher than for other
G4s, suggesting the potential significant regulatory roles
of cCRE-Gd4s (Fig. 3A; Wilcoxon test, P < 2.2x107'® holds
true for all comparisons using PLS-G4s and other-G4s as
baselines, respectively; Additional file 2: Table S2). This
observation remains valid when examining the Regu-
lomeDB ranking scores in these G4 regions, where cCRE-
G4s showed a higher proportion of high-ranking scores
(Additional file 1: Fig. S5A). Furthermore, we inspected
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whether the regulatory scores of variants in cCREs asso-
ciated with G4s or not would show differences. As a
result, variants in G4-associated cCREs displayed higher
regulatory scores and higher proportions of high-ranking
scores (Additional file 1: Fig. S5B-C; Wilcoxon test, P =
1.76x107°, P = 1.04x10%"°, P = 0, P = 1.27x10"%, and
P = 3.42x10°? for comparisons in the PLS, pELS, dELS,
CTCF-only, and DNase-H3K4me3 groups, respectively),
which implies that the presence of G4s may enhance the
regulatory potential of their corresponding cCREs.

Given the important role of G-runs for the stabil-
ity of the G4 sequence, we next compared the regula-
tory scores of variants harbored in G-runs within G4
sequences with those in the remaining sequences of G4s.
Generally, nucleotides within runs of three or more G are
more likely to be involved in the formation of a G-tetrad,
although this is not absolute since the actual formation of
G-quadruplex secondary structures may involve complex
sequence patterns. We found that the variants in PLS and
ELS G-runs present higher regulatory scores compared
to the remaining variants in G4 sequences (Fig. 3B; Wil-
coxon test, P = 8.07x10™%, P = 4.55x10™2, P = 1.58x10"
51 P = 3.61x102 and P = 9.25x107 for comparisons in
the PLS, pELS, dELS, CTCF-only, and DNase-H3K4me3
groups, respectively), while also having a higher propor-
tion of 1a ranking scores (see methods; Ia correspond-
ing to the category with the highest likelihood being
functional; Additional file 1: Fig. S5D). However, the
regulatory potential of variants in G4 sequences, espe-
cially those in G-runs, may be influenced by the nucleo-
tide composition. To eliminate this effect, we proceeded
to analyze the regulatory score differences of variants
in G-runs derived from G4s and those originating from
cCREs that are not involved in the composition of G4
sequences (see methods). The results revealed that vari-
ants within the G-runs of G4s exhibited higher regulatory
scores compared to those found in cCRE G-runs (Fig. 3C;
Wilcoxon test, P = 1.94x10™%, P = 1.82 x107%, P = 0,
P =7.27%x10", and P = 1.78x107 for comparisons in the
PLS, pELS, dELS, CTCF-only, and DNase-H3K4me3
groups, respectively), along with a higher proportion of
1a ranking scores (Additional file 1: Fig. S5E). This sug-
gests that variants occurring in G-runs of G4 sequences
have a greater potential impact on genome regulation,
while the functionality of G4s cannot be simply explained
by their high G/C content.

Since G4s are potential functional elements within
human cCREs, are they less prone to mutation in the
human genome? With this question, we then assessed
whether cCRE-G4s in the human genome are under neg-
ative selection using the similar approach as mentioned
above, but with the assistance of LINSIGHT scores (see
methods) [25]. LINSIGHT employs a generalized linear
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model to infer the probability of negative selection in
non-coding regions of the human genome, evaluating the
functional impact and potential risk of variants in spe-
cific regions, such as enhancers [25]. First, we observed
that G4s located in the PLS and pELS regions displayed
relatively higher average LINSIGHT scores (Fig. 3D;
Wilcoxon test, P < 2.2x107'¢ holds true for all compari-
sons using PLS-G4s and pELS-G4s as baselines, respec-
tively; Additional file 2: Table S3). This suggests that
G4s in these regions are under stronger negative selec-
tion, making variants in these G4 regions more likely to
be deleterious. Intriguingly, we found that PLS and ELS
(pELS and dELS) cCREs containing G4 sequences also
had higher average LINSIGHT scores (Additional file 1:
Fig. S6; Wilcoxon test, P = 0, P = 0, and P = 0 for com-
parisons in the PLS, pELS, and dELS groups, respec-
tively), implying that the presence of G4 sequences may
render these regions more susceptible to negative selec-
tion rather than neutral selection, which could be inter-
twined with the potential functional role of G4s, despite
the fact that the average LINSIGHT scores for G4-asso-
ciated cCREs in both CTCF-only and DNase-H3K4me3
groups were slightly lower compared to non-Gé4-associ-
ated cCREs (Additional file 1: Fig. S6; Wilcoxon test, P
= 1.10x10 and P = 3.12x10'3 for comparisons in the
CTCF-only, and DNase-H3K4me3 groups, respectively).
Besides, the average LINSIGHT scores for G4 G-runs
were also greater than those of the remaining part of
the G4 sequences (Fig. 3E; Wilcoxon test, P = 9.46x10"
8, P =1.64x10", P = 8.36x10'%, P = 3.76x10% and P
= 2.47x10 for comparisons in the PLS, pELS, dELS,
CTCF-only, and DNase-H3K4me3 groups, respectively).
We propose that G4 G-runs play a critical role in stabiliz-
ing these secondary structures and are therefore subject
to higher constraints in the human genome.

To further confirm that the stronger negative selection
on G4 G-runs was not simply caused by high G/C con-
tent, we then examined the average LINSIGHT scores of
G-runs in cCREs that are not involved in G4 sequence
composition. Consequently, we observed that the average
LINSIGHT scores of the G4 G-runs were significantly
higher than those of the cCRE G-runs in the PLS, ELS,
and DNase-H3K4me3 groups (Fig. 3F; Wilcoxon test, P
=0,P=0,P=0,P=1.65x10%" for comparisons in the
PLS, pELS, dELS, and DNase-H3K4me3 groups, respec-
tively). This indicates that the heightened negative selec-
tion on G4 G-runs was not merely due to the nucleotide
composition of G4 sequences, though we noted that the
average LINSIGHT scores for G4 G-runs in the CTCE-
only group were lower (Fig. 3F; Wilcoxon test, P =
2.63x10°%).

Finally, we used the human genome-wide mutational
constraint map from the gnomAD (Genome Aggregation
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Database) database [26], which aggregates large-scale
human variants data, for further quantification. Due
to the resolution limit of the constraint map (1 kb), we
were unable to accurately compute and compare the
constraints on regions with shorter widths, such as G4
G-runs and cCRE G-runs. Therefore, we no longer dis-
cuss the gnomAD constraint differences between them.
Overall, the G4s in PLS and pELS presented higher con-
straint z-score values (Additional file 1: Fig. S7A; Addi-
tional file 2: Table S4), which indicates that the observed
number of variants in these G4 regions was lower than
expected. This is consistent with the results based on the
LINSIGHT model, except that the gnomAD constraint
z-scores were derived from a substantial amount of
human genomic mutation data. Moreover, we found that
those cCREs containing G4 sequences showed higher
constraint z-score values as well (Additional file 1: Fig.
S7B; Wilcoxon test, P = 1.87x10%*, P =0,P =0, P =
1.14x10%, and P = 2.47x10*8 for comparisons in the
PLS, pELS, dELS, CTCF-only, and DNase-H3K4me3
groups, respectively).

In general, these findings suggest that the presence
of G4s makes the cCRE sequences more constrained,
potentially attributable to the significant genomic regula-
tory functions associated with G4s.

G4 G-runs in cCREs near the transcription start site are
highly constrained across 241 mammalian genomes

We obtained the phyloP scores from the Zoonomia Pro-
ject database, which are derived from the alignment of
241 mammalian genomes. These scores were then used
to estimate the evolutionary constraints on G4s, as well
as cCREs, and to determine whether G4s in cCREs were
under selective pressures during evolution. Similar to
our aforementioned findings, G4s in PLS elements are
under greater selection pressure, followed by the G4s in
pELS. In contrast, the remaining three groups of G4s and
those G4s that are not associated with cCREs undergo
lower selection pressure (Fig. 4A; Additional file 2:
Table S5). Moreover, the average phyloP scores of G4
G-runs tend to be higher than the remaining sequences
in G4s (Fig. 4B; Wilcoxon test, P=0,P=0,P =0, P =
1.13x10'%, and P = 0 for comparisons in the PLS, pELS,
dELS, CTCF-only, and DNase-H3K4me3 groups, respec-
tively). Nevertheless, when we focus on the comparison
of average phyloP scores between G4s and cCREs, we
found that although the average phyloP scores of G4s in
pELS are higher than those in pELS cCREs, for the other
three groups of cCREs (including dELS, CTCF-only, and
DNase-H3K4me3 groups), the average phyloP scores of
G4s in them are lower (Additional file 1: Fig. S8; Wil-
coxon test, P = 3.14x10", P = 8.46x10%, P =0, P = 0,
and P = 5.01x1072%® for comparisons in the PLS, pELS,

Page 8 of 23

dELS, CTCF-only, and DNase-H3K4me3 groups, respec-
tively). A similar phenomenon was observed when we
analyzed the average phyloP scores of the G4 G-runs and
the cCRE G-runs that do not comprise G4 sequences
(Fig. 4C). Specifically, the average phyloP score of G4
G-runs in PLS and pELS was higher than that of G-runs
in cCREs (Fig. 4C; Wilcoxon test, P = 0 and P = 9.05%10"
% for comparisons in the PLS and pELS groups, respec-
tively). However, in the other three groups of cCREs, the
situation is reversed (Fig. 4C; Wilcoxon test, P = 0, P =
4.39x1071%, and P = 5.88x10° for comparisons in the
dELS, CTCF-only, and DNase-H3K4me3 groups, respec-
tively). Since PLS and pELS are elements located rela-
tively close (< 2 kb) to the transcription start site (TSS),
we suspect that those G4s further away from the TSS
may not be as conserved compared to cCREs during the
process of evolution.

To further confirm this, we first defined bases with phy-
loP scores > 2.27 as constrained bases, using the thresh-
old proposed by Sullivan et al. [27]. Subsequently, we
calculated the distribution of constrained bases upstream
and downstream of G4s that overlap with cCREs, as well
as the distribution of constrained bases around cCREs.
Surprisingly, the constrained bases exhibited a local-
ized depletion around cCRE-G4s, while they displayed
an enriched distribution in the vicinity of cCRE centers
(Additional file 1: Fig. SOA-E). Considering that the bases
within G4 sequences that are not part of G4 G-runs are
likely to be less conserved, we proceeded to investigate
the distribution of constrained bases centered on both
G4 G-runs and cCRE G-runs, respectively. We noticed
that G4 G-runs are more constrained than cCREs G-runs
in PLS and pELS elements (Fig. 4D-E), while the opposite
is true in the remaining three groups of cCREs (Fig. 4F-
H), which is consistent with our analysis above. The simi-
lar phenomenon was observed when we calculated the
proportion of constrained bases in G4 G-runs and cCRE
G-runs (Fig. 4I), which strongly suggests that the G-runs
in G4s near the transcription start site are highly con-
strained in mammals, while others may undergo dynamic
selection.

The presence of G4s is associated with a favorable local
environment for cis-regulatory elements
Previous studies have shown that the presence of G4s is
associated with epigenetic marks [28, 29]. We wondered
whether the occupancy of G4s in cCREs is also linked to
a local environment that is more favorable for the activa-
tion or functioning of cCREs. Since the functions of pro-
moters and enhancers are relatively clear, in this section,
we only consider PLS and ELS elements.

We first divided the cCREs into two subgroups based
on whether they overlapped with G4s or not, and then
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compared the z-score signal values of DNase, H3K4me3,
H3K27ac, and CTCF in these two subgroups across all
samples utilized in the SCREEN database. We found
that G4-associated cCREs exhibited higher DNase sig-
nal values in most samples, irrespective of the cCRE type
(Fig. 5A). G4-associated PLS elements displayed signifi-
cantly higher H3K4me3 and H3K27ac z-score signal val-
ues in nearly all samples compared to non-G4-associated
PLS elements (Fig. 5A). This is also the case in pELS,
except that, in a small subset of samples, the H3K27ac

signals of G4-associated cCREs were lower than those
of non-G4-associated cCREs (Fig. 5A). In most samples,
both H3K4me3 and H3K27ac signal values of G4-associ-
ated cCREs were significantly greater than those of non-
Gé4-associated cCREs, which was roughly similar to the
proportion observed in CTCF signal values (Fig. 5A).
Nevertheless, in most samples, we do observe higher val-
ues of these epigenetic marks in G4-associated cCREs
compared to non-G4-associated cCREs.
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Given that enhancers can interact with promot-
ers through spatial proximity, thereby regulating gene
expression, we were intrigued by the potential differ-
ences in the distribution of chromatin loop anchor
regions between these two cCRE subgroups. For this
purpose, we retrieved data on human pan-cell type
cohesin-mediated chromatin loops [30] and calcu-
lated the distribution densities of loop anchors around
them. As expected, G4-associated cCREs tended to
be preferentially distributed in anchor regions com-
pared to non-G4-associated cCREs (Fig. 5B). This is
particularly pronounced in dELS elements, indicating
that the presence of G4s may enhance the regulation of
gene expression by cCREs through three-dimensional
mechanisms, which is in line with our previous find-
ings [21]. Such difference cannot be simply attributed
to the association between G4s and enhancer signals
(H3K27ac), as indicated by the logistic regression
models (Additional file 1: Fig. S10). Additionally, using
a similar approach, we also calculated the distribution
density of transcription factor binding sites around
these two subgroups of cCREs. We utilized the motif
instances derived from the study of Andrews et al. [31]
and the transcription factor binding sites sourced from
the ReMap2022 database [32] for our calculations.
The motif instances of transcription factors exhib-
ited a relatively higher density around G4-associated
cCREs (Fig. 5C), and the same trend was also observed
when analyzing the transcription factor binding sites
data provided by the ReMap2022 database (Additional
file 1: Fig. S11A-C), suggesting that the presence of
G4s in cCREs may enhance the interaction between
transcription factors and cCREs, which coincides with
a previous study indicating that G4s serve as hubs for
transcription factor binding [33]. Considering that
DNA methylation can influence the activity of cCREs
[3], we next examined whether the occurrence of G4s
might be potentially associated with a lower meth-
ylation landscape in cCREs. In this regard, we char-
acterized the intensity of genome-wide unmethylated
regions in human cells in the vicinity of cCREs in both
subgroups. As a result, hypomethylation patterns were
observed around G4-associated cCREs in most cell
types (Fig. 5D). These patterns were particularly pro-
nounced in both PLS and pELS elements, suggesting
that the presence of G4s may lead to a low methyla-
tion state in cCRE regions, making them more sus-
ceptible to activation and utilization. Furthermore, by
establishing logistic regression models to determine
the presence of unmethylated blocks within cCREs, we
found that G4s significantly contribute to the hypo-
methylation tendency of cCREs, suggesting that G4s
can act as independent regulatory units to shape the
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methylation landscape of cCREs (Additional file 1: Fig.
S12A-C).

The G4 structure itself, and not simply its associated G-rich
sequence, is associated with cCRE activation

To confirm whether it is the G4 secondary structure or
the corresponding G-rich sequence that is associated
with the activation of cCREs, we parsed the pattern of
linkage between cell-type specific G4s and cCREs in the
K562 and HepG2 cell lines. We initially evaluated the
proportion of G4s supported by G4 ChIP-seq experi-
ments (hereafter referred to as endogenous G4s) that
were located in activated cCREs (e.g, PLS elements,
see methods). Besides, the background proportion was
also estimated without considering whether G4s are
supported by ChIP-seq experiments or not (see meth-
ods). As a result, endogenous G4s are overwhelmingly
located in activated cCREs rather than quiescent ones,
especially in PLS elements in both K562 and HepG2
cells (Fig. 6A). Interestingly, endogenous G4s are selec-
tively enriched around activated cCREs, with no appar-
ent enrichment observed around quiescent cCREs
(Additional file 1: Fig. S13A-B). In contrast, those G4s
that do not form secondary structures exhibit an asso-
ciation with cCREs independent of their activation
status (Additional file 1: Fig. S13A-B). For instance,
in K562 cells, we observed the enrichment of those
G4s around both activated and quiescent PLS regions
(Additional file 1: Fig. S13A). This suggests that the
activation of cCREs cannot be determined by G4-com-
patible sequences alone and potentially requires the
formation of secondary structures.

To further investigate the connection between G4
structures, as opposed to sequences, and the activation
of cCREs, we then performed a differential analysis of
the transcription factor occupancy levels in the regions
where two classes of G4s (with or without ChIP-seq
support) are located. We found that almost all tran-
scription factors preferentially bind to endogenous
G4 regions (Fig. 6B), with some previously reported
to interact with G4s, including SP1 [34, 35] and YY1
[36] (Fig. 6B). In addition, regions containing endog-
enous G4s in cCREs exhibit lower methylation levels
(Fig. 6C; Wilcoxon test, P = 1.12x103%, P = 1.19x10
52 p = 4.64x107''2 for comparisons of PLS, pELS, and
dELS groups in K562 cells, respectively; P = 2.24x10°%,
P =6.02x10"Y, P = 4.28x10™* for comparisons of PLS,
pELS, and dELS groups in HepG2 cells, respectively)
and more open chromatin state (Fig. 6D; Wilcoxon
test, P=0, P = 0, P = 0 for comparisons of PLS, pELS,
and dELS groups in K562 cells, respectively; P = 0, P
= 6.71x102%, P = 1.94x107'”° for comparisons of PLS,
pELS, and dELS groups in HepG2 cells, respectively).
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Fig. 6 Comparing the association between G4 structures and G4 sequences with cCRE activation. A The histogram shows the statistics

of the proportion of G4s located in the activated cCRE in each of the 1,000 randomized experiments. Both G4 ChiP-seq supported G4s (orange)
and background (all G4s; grey) proportions were estimated separately. Up-panel: K562 cell line; bottom-panel: HepG2 cell line. B Comparison

of the average binding coverage of transcription factors on two types of G4s with and without G4 ChIP-seq experimental support. Red dots:
the average binding coverage of this transcription factor on G4s with G4 ChIP-seq support is higher than that on other G4s and is higher

than 0.5. Orange dots: similar to red dots, except that the average binding coverage is lower than 0.5. Green dots: the average coverage of this
transcription factor binding on G4s with G4 ChIP-seq support is lower than that on other G4s. Top panels: K562 cells; bottom panels, HepG2
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but calculating the differences in ATAC-seq signals

We speculate that the G4 structures may regulate the
activation of cCREs by shaping the local epigenetic
environment.

G4-associated cCREs are extensively activated in cancers

We then investigated whether G4-associated cCREs are
more inclined to be activated in cancer cells, given the
higher levels of G4s in cancer tissues compared to non-
malignant tissues [7, 37]. To investigate this, we col-
lected the pan-cancer chromatin accessibility profiles,

along with the pan-cancer enhancer data inferred
from the H3K27ac signals and the promoter activ-
ity estimated from the pan-cancer RNA-seq data (see
methods).

We first examined the differences in distribution den-
sity and average coverage of ATAC-seq peaks between
two distinct subgroups of cCREs: those associated with
G4s and those not, across various types of cancers. Our
findings revealed that the distribution density and aver-
age coverage of ATAC-seq peaks in G4-associated cCREs
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Fig. 7 Quantification of the differences in pan-cancer chromatin accessibility, enhancer density, and promoter activity between G4-associated
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were higher than that of non-G4-associated cCREs in all
cancer types (Fig. 7A-B, Additional file 1: Fig. S14-S17).
The proportion of G4-associated cCREs overlapping with
ATAC-seq peaks was also higher than that of the remain-
ing cCREs in all types of cancers (Additional file 1: Fig.
S18). This suggests that the presence of G4s in cCREs
potentially correlates with a more accessible chromatin in
cancers, thereby establishing a favorable environment for
the activation of cCREs. Next, we evaluated the activation
status of enhancer-like cCREs in various types of cancers.
We discovered an elevated density of typical enhancers
around Gé4-associated pELS elements in different cancers
(Fig. 7C), while the disparity of enrichment is particularly
prominent in the vicinity of dELS (Fig. 7D). Since the PLS
element is potentially a cis-regulatory element acting as a
promoter, we then assigned PLS elements to their nearest
promoters and directly substitute the PLS activity with
promoter activity in various cancer tissues (see methods).
As a result, G4-associated PLS elements exhibited rela-
tively higher promoter activity (Fig. 7E; Wilcoxon test, P
< 2.2x107 for all cancer types), independent of the type
of cancer. Besides, a higher proportion of G4-associated
PLS elements were highly activated across different can-
cer types (Additional file 1: Fig. S19).

Furthermore, we downloaded cancer-specific gained
regulatory sequences from the TSCRE (Tumor-specific
Cis-Regulatory Elements) database [38] to examine
whether the activity of G4-associated cCREs might be
specifically enhanced in cancers. We analyzed cancers
that contained both H3K27ac and H3K4me3 marks
data. As a result, G4-associated cCREs exhibited a
higher enrichment of cancer-specific gained regulatory
sequences in most of the cancer types (Additional file 1:
Fig. S20). Nonetheless, this pattern did not hold true for
all cancer types (Additional file 1: Fig. S20), suggesting
that the association between Gé4-associated cCREs and
cancer-specific gained regulatory sequences may vary
depending on cancer types.

In conclusion, our analysis suggests that G4-associated
cCREs are also susceptible to be activated and used in
cancers.

Discussion

Over the past decades, researchers have conducted
extensive investigations into the physicochemical prop-
erties of G4s. However, in contrast, the study of the bio-
logical roles of G4s has only flourished in the last decade,
thanks to the explosion of omics data. G4s are highly
likely to become widely recognized as regulatory ele-
ments in the future. While relatively short, a G4 motif
can mediate and regulate various biological functions
in a non-coding manner due to its unique secondary
structure. Our study addressed a fundamental question:
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are cis-regulatory elements in non-coding regions of the
human genome associated with G4s? In accordance with
our research findings, we suggest that G4s are crucial
components of some, but not all cis-regulatory elements
in the human genome, and G4s may even constitute a
core part of them, although not all cCREs are necessarily
linked to G4s (Fig. 1B).

We noticed that the association between cCREs and
G4s varies among different groups. Specifically, cCREs
closer to TSS show a potentially stronger association
with G4s, primarily including PLS and pELS elements.
This is not unexpected, as G4s are inherently located
near transcription start sites (TSSs), especially in
upstream regions [39]. Interestingly, we observed that
the G4Hunter scores of PLS-G4s tend to be the highest.
G4Hunter scores can be used to characterize the stability
of G4 structures, at least in vitro, with higher G4Hunter
scores often indicating greater stability of G4 secondary
structures [8]. Typically, G4s exert their biological func-
tions mainly through the formation of folded secondary
structures [40]. This aligns with their enrichment near
TSSs, suggesting that G4s in cCREs near TSSs potentially
have stronger biological functions. Besides, these G4s are
more closely associated with cCREs, possibly serving as
their core functional elements, which is consistent with
the results we obtained from a conservation perspec-
tive in mammalian genomes, namely that G4 G-runs
near the TSS regions are more conserved compared to
c¢CRE G-runs in the vicinity of TSSs (Fig. 4D-E). A pre-
vious study also found that G-runs in promoter regions
are indeed conserved [41]. However, we suggest here
that this may also be the case for some enhancers pro-
vided they are relatively close to a transcription start site.
Besides, we observed differences in evolutionary con-
straints among different cCRE groups. This holds true for
both humans and across species. It should also be noted
that the conservation of G-runs is surprisingly reduced
when far from the TSS compared to that in cCREs across
species (Fig. 4C; Fig. 4F-H). We hypothesize that these
G4s may not be strongly selected, thus contributing to
the rapid evolution of those elements, which also reflects
the diversity of species. Interestingly, this trend is not in
agreement with the conclusions drawn from the Regu-
lomeDB regulatory scores (Fig. 3C). We speculate that
this discrepancy may arise from the fact that the CREs
we studied are regulatory elements within the human
genome, whereas the RegulomeDB annotation relies on
human epigenome data to infer regulatory scores. Con-
sequently, this reveals the unique characteristics of G4s
within the regulatory regions of the human genome.
Strikingly, we only observe a weak association between
CTCF-only cCREs and G4s, which was unexpected, as
both our prior work and that of others had indicated a



Zhang et al. BMC Biology ~ (2024) 22:177

significant correlation between CTCF binding sites and
G4 localization [21, 22]. Upon closer examination, it
becomes evident that there are prerequisites for the asso-
ciation between G4s and CTCF-bound cCREs. When
only CTCEF signals are present, the association between
cCREs and G4s is weak; however, when CTCEF-bound
cCREs also possess H3K4me3 or H3K27ac signals, a
stronger association with G4s emerges (Fig. 2D). This
strong association cannot be simply explained as a cor-
relation between G4s and H3K4me3 or H3K27ac signals
themselves, because when we classified cCREs based on
CTCF alone, a higher proportion of cCREs containing
CTCEF signals were associated with G4s, especially in PLS
and pELS elements. This difference becomes even more
pronounced when we directly observe cCREs and Gé4s
in the K562 and HepG2 cell lines. We speculate that the
interaction between CTCF and G4 in regions such as PLS
or ELS may contribute to the formation of chromatin
loops and other chromatin conformations, thereby facili-
tating the function of PLS or ELS elements.

Previous studies have suggested an association between
G4s and various epigenetic marks [28, 29, 42]. In this
study, we showed that the presence of G4s is often linked
to the local chromatin environment that supports the
activation or functioning of cCREs, such as increased
occupancy of transcription factors and a higher unmeth-
ylated state. This prompts us to formulate a hypothesis
that some cCREs may become regulatory elements pre-
cisely because of the presence of G4s. In other words,
the presence of G4s is an important factor ensuring their
biological functions. Intriguingly, we found that it is the
G4 structures rather than the sequences that is associ-
ated with the activation of cCREs (Fig. 6). The G4 struc-
ture regions often display higher transcription factor
occupancy as well as lower methylation levels, creating
a favorable epigenetic environment for the activation of
cCREs. Nevertheless, the relationship between the for-
mation of G4 secondary structures and changes in the
epigenetic environment is akin to a 'chicken and egg’
problem, rendering it difficult for us to make causal infer-
ences via computational methods. Yet, existing research
has provided us with some clues. For instance, it has been
confirmed that G4 structures can shape the local hypo-
methylation landscape of the genome [43]. Additionally,
G4 structures can interact with transcription factors,
serving as hubs for their binding [33]. Investigating how
G4 structures influence the local chromatin environment
and, consequently, impact cis-regulatory elements will be
a very intriguing topic.

Interpreting the consequences of variants in noncod-
ing regions has long been a challenging endeavor [44,
45]. Our study indicates that variants in G4s, especially
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those within G-runs that are likely to be important for
the formation of G4 structures, tend to possess a higher
regulatory potential and therefore tend to be con-
served, as substitutions often lead to deleterious vari-
ants. This indirectly underscores the importance of G4s
in cCREs. This aligns with previous studies [20, 46].
However, it is crucial to note that we observed differ-
ences in regulatory or evolutionary constraints among
different cCRE groups. Using data from the Zoonomia
Project indicates that G4s in distinct cis-regulatory
regions have experienced varying levels of selection
during evolution. Thus, we recommend that G4 should
be considered as a feature when developing new models
or algorithms to predict the regulatory capacity of non-
coding regions.

We noted that, in multiple cancers, G4-associated
cCREs are indeed more active, as evidenced by higher
levels of chromatin accessibility, promoter activity,
as well as enhancer activity. We also observed a clear
enrichment tendency of cancer type-specific gained
regulatory sequences in G4-associated cCREs. Since
cis-regulatory elements also regulate the transcriptome
expression of cancer cells or tissues, it would be crucial
in the future to further identify those G4-associated
cCREs that are aberrantly activated compared to adja-
cent non-cancerous tissues. We also look forward to the
extensive application of G4 ChIP-seq technology in the
identification of G4 secondary structures in cancer tis-
sues as well as their paired normal tissues. Identifying
G4s in normal cell lines that match the cancer cell line
types will be essential to understand which G4 struc-
tures are abnormally formed in cancer, whether these
abnormally formed G4 structures can affect their asso-
ciated cis-regulatory elements, and ultimately, whether
they can influence the regulation of target genes, poten-
tially leading to tissue carcinogenesis. However, due to
the limitations in G4 sequencing technology, we are
currently unable to obtain such sample data and ana-
lyze the structural alteration of G4s in cancer tissues in
conjunction with the activation status of cCREs.

Conclusions

In summary, our study reveals the crucial role of G4s
in human cis-regulatory elements, establishing their
central position in the genomic regulatory network.
G4s are crucial regulatory components of cCREs, and
not only promoters; they not only serve as the basic
backbone of these elements but also as key enhancers
of their regulatory capacity. The formation of G4 struc-
tures can provide strong support for the activation of
cis-regulatory elements, which may be attributed to
their complex interactions with epigenomic marks
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as well as trans-acting factors. Our findings lay the
groundwork for a deeper comprehension of cis-regu-
latory elements and the exploration of their underlying
mechanisms in future research studies.

Methods

G-quadruplex sequence prediction

We employed the G4Hunter software [8] for the pre-
diction and identification of all possible G-quadruplex
sequences in both the forward and reverse strands of the
human genome, with a window size of 25 (default value)
and a score threshold set at 1.5. The threshold default
value is generally 1.2, but the chosen value of 1.5 is more
stringent: it decreases the number of potential candidates
but ensures each candidate sequence actually forms a
G4 structure with more than 98% confidence in vitro. In
this study, only the 22 autosomes and the X chromosome
were considered and studied (i.e., the Y-chromosome
was excluded due to the unavailability of partial epige-
netic datasets). Unless otherwise specified, the assembly
version of the reference genome we used was hg38. As
a result, a total of 1,435,201 human G4 sequences were
obtained, with no strand asymmetry (717,551 motifs on
the forward strand and 717,650 on the reverse strand),
and an average width of 33 base pairs (bp, Additional
file 1: Fig. S21A). In a particular section, we also used rel-
atively unstable G4s as a reference control set. The pre-
diction of relatively unstable G4s was consistent with the
method described above, using a lower of 1.2 and remov-
ing G4s with absolute scores greater than 1.5.

The G4 coverage in specific elements or regions
is defined as the proportion of bases covered by G4
sequences. Likewise, G4 density is calculated as the count
of G4s divided by the total length of the elements or
regions. We excluded the gap regions from our calcula-
tions when calculating the coverage and density of G4s
across the entire genomic. These gap regions were down-
loaded from the UCSC Genome Browser. We adapted the
method from Guiblet et al. [20] to correct for GC con-
tent. They directly corrected for G content; however, in
this study, we did not correct based on G content because
cCREs are not strand-specific. Instead, we corrected for
GC content. This approach is preferable because C-rich
regions may indicate the presence of G4s on the oppo-
site strand. The corrected G4 coverage and density are
obtained by dividing the measurements with the GC con-
tent of these elements or regions; see ref [20] for details.

Endogenous G-quadruplex dataset

The endogenous G4 data for the K562 and HepG2 cell
lines were obtained from the Gene Expression Omnibus
(GEO) with accession number GSE145090. Unlike the
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human genomic G4 sequences predicted by G4Hunter,
these G4s were captured through G4 ChIP-seq experi-
ments, thereby representing the G4 secondary struc-
tures that were formed in specific cellular environments.
We utilized high-confidence endogenous G4 data
(GSE145090_20180108_K562_async_repl-3.mult.50f8.
bed for K562 cells and GSE145090_HepG2_async_
repl-3.mult.60f9.bed for HepG2 cells) in this study and
performed genome assembly version conversion using
liftOver software. In this study, when referring to G4s
supported by G4 ChIP-seq experiments, it specifically
denotes endogenous G4s.

Candidate cis-regulatory elements (cCREs) datasets

and annotation

The human candidate cis-regulatory elements (cCREs)
were retrieved from the SCREEN (Search Candidate
cis-Regulatory Elements by ENCODE) database (Reg-
istry V3), which encompasses five distinct groups: pro-
moter-like (PLS), proximal enhancer-like (pELS), distal
enhancer-like (dELS), CTCF-only, and DNase-H3K4me3
(Additional file 1: Fig. S21B). These various cCREs groups
are primarily classified based on epigenomic signals,
including DNase, H3K4me3, H3K27ac, and CTCE, as
well as genomic context annotations. In brief, PLS cCREs
are characterized by high DNase and high H3K4me3 sig-
nals and are located within 200 bp of the nearest tran-
scription start site (TSS). The cCREs with high H3K4me3
signals and low H3K27ac signals, positioned more than
200 bp from the TSS, are considered as DNase-H3K4me3
cCREs. Elements with high H3K27ac signals are regarded
as candidate enhancer-like (ELS) cCREs, with their clas-
sification also dependent on their distance to the TSS.
If the distance is less than 2,000 bp, they will be catego-
rized as pELS (proximal ELS, with low H3K4me3 signal
as well). Otherwise, they are designated as dELS (dis-
tal ELS). CTCF-only cCREs refer to elements with high
CTCEF signals but low H3K4me3 and H3K27ac signals.
Please note that PLS, ELS, efc. may also contain high
CTCF signals. Additionally, chromatin accessibility, as
indicated by high DNase signals, is a prerequisite for all
cCREs elements.

We annotated the presence of G4s in these cCREs
(Fig. 1A). For a given cCRE, we will consider it to be a
G4-associated cCRE if it overlaps any of the predicted G4
sequences (Fig. 1A). Likewise, this G4 is referred to as a
cCRE-associated G4 (or, more briefly in the manuscript,
as a cCRE G4, Fig. 1A). Of note, a very small propor-
tion (0.065%) of G4s may be associated with more than
one cCRE. Therefore, in this study, we excluded these
G4s when comparing the differences between various
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categories of G4s, such as the disparities in G4Hunter
scores between PLS-G4s and pELS-G4s.

In individual analyses, we also used cell type-spe-
cific cCREs data, mainly for the K562 and the HepG2
cell lines, which were also obtained from the SCREEN
database.

Relative density calculation

In this study, we extensively calculated the relative den-
sity of B objects (e.g, G4s) in both the upstream and
downstream regions of A objects (e.g., PLS elements). For
instance, we examined the distribution of G4 sequences
around different groups of cCREs, as well as the distri-
bution of loop anchors upstream and downstream of
G4-associated PLS elements and non-G4-associated PLS
elements. All these calculations were performed using
the EnrichedHeatmap package (V1.28.1) in R. We utilized
the coverage mode of EnrichedHeatmap (V1.28.1) for
calculation in all scenarios. The lengths of the upstream
and downstream extensions, as well as the resolution of
the density calculations, were adapted to the specific sce-
narios we analyzed, as outlined in the results section.

The principle of the calculation is as follows:

The regions upstream and downstream of the A objects
are divided into non-overlapping windows with a width
(resolution) of L. The average G4 density d; was

d; = 1;;[:1 wi
LxN

where N represents the number of A objects, while w/
signifies the width (w) of B object that intersects with the
i-th window for n-th A object.

TAD dataset and boundary definition

We extracted topologically associating domain (TAD)
coordinates from the 3D Genome Browser database,
using the hg38 version, for a variety of human cell lines
and tissues. We defined TAD boundaries following the
methods of McArthur & Capra [47] we used in our pre-
vious study [15], which involved extending a specific
width upstream from the TAD start coordinate and
downstream from the TAD end coordinate. For instance,
if the coordinates of a TAD were (chrl, X, Y), we then
generated two boundary regions, with the coordinates of
boundary 1 being (chrl, X-N, X) and the coordinates of
boundary 2 being (chrl, Y, Y+N), where N is the length
(width) of the extension. In this study, we examined the
robustness of the results by testing TAD boundaries with
widths of 5 kb, 10 kb, 20 kb, and 50 kb, respectively.
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Comparative analysis of cCRE enrichment at TAD
boundaries
In this study, we compared the enrichment differences
between CTCE-hybrid cCREs and CTCF-only cCREs
at TAD boundaries. Assuming we have a set of TAD
boundaries specific to a particular cell line or tissue, let
the number of CTCF-only cCREs be represented as k.
We first determined the count of CTCF-only cCREs that
are located inside these boundaries and denoted this
count as m. Considering that the number of CTCF-only
cCREs is substantially smaller than that of CTCEF-hybrid
cCREs, we performed 1,000 random samplings. In each
of these sampling, k samples were randomly selected
from the CTCF-hybrid cCREs collection to form a sub-
set. The number of elements in this subset located at
TAD boundaries was signified as . This process allowed
us to estimate the background distribution of the num-
ber of CTCE-hybrid cCREs enriched at TAD boundaries
when the quantity of CTCF-hybrid cCREs equaled that
of CTCF-only cCREs, based on the results obtained from
1,000 random samplings.

We applied z-score to evaluate whether CTCF-hybrid
cCREs are more enriched or depleted at TAD boundaries
compared to CTCF-only cCREs, that is,

m—

[
1000—1

1 1000
K= To00 X it

where m is the total number of CTCF-only cCREs
located inside TAD boundaries, whereas #; represents the
total number of CTCF-hybrid cCREs located inside TAD
boundaries in i-th sampling.

When the z-score is less than 0, it means that the
enrichment level of CTCF-only cCREs at TAD bounda-
ries is lower than the average level of CTCEF-hybrid
cCREs. Conversely, when it is greater than 0, it is higher.

Z-SCore =

Regression model construction

The glm function in R was used to construct the logis-
tic regression models. The dependent variable is binary,
for instance, whether a ¢cCRE contains a loop anchor.
The selection of independent variables varies according
to different analytical tasks. When considering features,
the presence or absence of G4 sequences is treated as
a binary variable, while the strength of signals such as
CTCF and H3K4me3 are treated as continuous variables.
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We decide whether to introduce interaction terms based
on the specific objectives of the research task.

Cohesin-mediated chromatin loop dataset

The human pan-cell cohesin-mediated chromatin loop
data was acquired from Grubert et al. [30]. The genomic
coordinates of loop anchors were then mapped to the
hg38 assembly version using the liftOver software.

In accordance with different task scenarios, we com-
puted and compared the relative density of loop anchors
around CTCF-hybrid and CTCF-only cCREs. Addition-
ally, we also examined the relative density of loop anchors
around G4-associated cCREs and non-G4-associated
cCREs. The calculation method for relative density have
been described above.

Comparison of epigenetic z-score values for different
cCREs

The z-score matrix files for DNase, H3K4me3, H3K27ac,
and CTCF epigenetic marks were gathered from the
SCREEN database, which contains the raw signal data for
each ENCODE sample used to identify cCREs. For each
epigenetic mark (e.g, DNase) and each cCRE group (e.g.,
PLS), we examined the z-score differences of this epige-
netic mark between G4-associated and non-G4-associ-
ated cCREs in each sample separately. Subsequently, we
computed the proportion of ENCODE samples in which
the z-score values for the epigenetic marks of G4-asso-
ciated cCREs were significantly higher than those of the
non-G4-associated cCREs. We also determined the pro-
portion of samples in which these values were lower or
showed no statistically significant distinction.

Transcription factor binding sites and motif data

We downloaded non-redundant human transcription
factor binding site data from the ReMap2022 database
(https://remap.univ-amu.fr). This dataset consists of a
total of 68.6 M binding sites, with an average length of
313 bp. These binding sites were identified using various
experimental techniques, including ChIP-seq, ChIP-exo,
and others.

In addition, we collected human transcription factor
motif data from Andrews et al. [31], resulting in an exten-
sive collection of approximately 25.8 M motif instances.
On average, these motif instances are around 11 bp
in length. We refrained from merging motif instances
derived from different transcription factors since this
would obscure the binding preferences of multiple tran-
scription factors for the same region.

We employed the EnrichedHeatmap package (V1.28.1)
to compute the disparities in transcription factor binding
density between G4-associated cCREs and non-G4-asso-
ciated cCREs.

Page 18 of 23

DNA unmethylation data acquisition and intensity
calculation

We obtained genome-wide unmethylated regions
(blocks) of normal human tissues from Loyfer et al. [48],
where each of these blocks comprises a minimum of
four CpGs, with the majority of CpGs within the block
being identified as unmethylated. We used the liftOver
software to convert the coordinates of unmethylated
genomic blocks from the hgl9 version to the hg38 ver-
sion. We also obtained all of the blocks used in that study
(regardless of whether they were methylated or not),
which we filtered, retaining only the blocks containing at
least four CpGs and employed them as background for
comparisons.

First, for each type of tissue, we calculated the distri-
bution density D of background blocks surrounding
G4-associated c¢CREs and non-G4-associated cCREs
(window width: 10 bp). Using the same approach, we
subsequently computed the distribution density d of
unmethylated blocks around them. Then the unmethyl-
ated intensities I of the window # around the two cat-
egories of cCREs in human tissue ¢ can be computed as
follows,

¢
It = @
n Dt
n
where the determination of d’ and D!, refer to the
methods of relative density calculation above.

Identification of G4 and cCRE G-runs

We implemented a customized script to identify G-runs
within G4 sequences as well as within non-G4 sequences
in cCREs. Typically, G4s with three or more quartets tend
to be formed from sequences having at least the same
number of consecutive guanines on each G-run, although
there are exceptions (e.g., sequences with bulges). Three-
quartet G4s tend to be more stable than 2-quartets
G4s; therefore, in this study, we only consider G-runs
with at least 3 consecutive guanines. While some stable
G-quadruplexes may be formed with interrupted G-runs
(bulges), incorporating these possibilities into our com-
putational analysis would introduce a significant level of
complexity. Therefore, we do not take them into account
here, aiming to simplify our analytical model.

We used regular expressions to detect G-runs in G4
sequences (G4s that overlapped with cCREs) on the
forward strand. All potential G-runs in the forward
strand cCREs were also identified, excluding those that
intersected with forward strand Gé4s. Using the same
approach, we also identified G4 G-runs and cCRE G-runs
on the reverse strand of the human genome. Conse-
quently, we can assess the differences between G4 G-runs
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and cCRE G-runs in terms of RegulomeDB regulatory
scores, LINSIGHT scores, and other relevant factors.

Acquisition and comparison of RegulomeDB, LINSIGHT,
and gnomAD constraint scores

We devised four sets of comparative experiments to
assess differences in the regulatory potential of regions
associated with cCREs, as well as differences in the nega-
tive selection pressures to which they are subjected.
These four sets include: (1) Comparing the differences in
these metrics across different groups of G4s (e.g., PLS-
G4s, pELS-G4s, etc.). (2) Comparing the differences
in these metrics across different group of cCREs (e.g,
G4-associated PLS versus non-G4-associated PLS, etc.).
(3) Evaluating the differences in these metrics between
G4 G-runs and the remaining sequences in G4s. Please
note that the remaining sequences in G4s were obtained
by subtracting G4 G-runs sequences from G4 sequences
using the ’subtract’ function provide by the bedtoolsr
package (V2.30.0-5). (4) Examining the differences in
these metrics between G4 G-runs and cCRE G-runs
(excluding G4 G-runs).

We obtained the pre-calculated regulatory scores for
common SNPs (dbSNP v153) with MAF > 0.01 from
the RegulomeDB website (https://regulomedb.org/regul
ome-search), which contains both probability scores and
ranking scores, with the probability scores ranging from
0 to 1, where 1 represents the highest likelihood of being
a regulatory variant, while the ranking scores taking the
values from Ia to 7, where Ia indicates the one with the
most supportive information and, therefore, potentially
possess the strongest functional impact. We assigned
these variants to different genomic regions for compara-
tive analysis. For example, we evaluated the differences
in regulatory probability scores as well as ranking scores
among all potential variants within G4 G-runs and cCREs
G-runs. If a certain region possesses a more pivotal role
in regulatory functions, we can then observe that the reg-
ulatory scores in that region are generally higher.

We acquired the pre-calculated LINSIGHT score file
(http://compgen.cshl.edu/LINSIGHT/LINSIGHT.bw)
and mapped it to the hg38 assembly version (bigwig for-
mat). LINSIGHT scores can be used to estimate the
extent of negative selection in non-coding regions of the
human genome, such as the extent of negative selection
differences between G4 G-runs and ¢cCRE G-runs, with
higher scores implying stronger negative selection. The
bigWigAverageOverBed (V2) software was utilized to cal-
culate the average negative selection strength for genomic
regions such as G4 G-runs.

In addition, we acquired the human mutational con-
straint map from the gnomAD database (V3), which was
imputed through the analysis of variations from ~76k
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human genomes. However, due to the resolution of this
constraint map being 1 kb, we were unable to perform
precise analysis on short sequences. Consequently, when
evaluating disparities in gnomAD constraint scores (gno-
mAD uses z-scores to represent constraints. For sim-
plicity, we will refer to them as ’scores’ below), we only
considered the distinctions between Gé4s located in dif-
ferent groups of cCREs, as well as the differences between
G4-associated cCREs and non-G4-associated cCREs.
Assuming that a genomic element (e.g, a G4-associated
PLS) overlap with m windows of this constraint map, and
the widths (base pairs covered by this element) of the
overlaps with these windows are (w;, w, ..., w,,), the con-
straint scores for these m windows are (s, s, ..., 5;), then
the constraint score for this element was calculated as,

m
s DLW X S
constraint — 77

D s Wi

PhyloP conservation scores for 241 mammals

and the definition of conserved bases

The phyloP conservation scores were obtained from the
Zoonomia project (https://zoonomiaproject.org), which
includes evolution-based conservation scores calculated
for each position in the human genome. These scores
were derived through the alignment of sequences from a
comprehensive set of 241 mammalian species. We con-
ducted comparisons of the differences in phyloP scores
between different groups of G4s and between G4 G-runs
and cCRE G-runs, etc. This analysis was carried out using
the same methodology as for the assessment of LIN-
SIGHT scores, as described above.

We also adopted the definition presented by Sullivan et
al. [27], defining bases with phyloP scores > 2.27 as con-
strained bases. Using this threshold, we identified a total
of 100,651,377 bases across the entire genome that are
conserved during evolution.

Distribution of constraint bases around G4s, cCREs,

and G-runs

We compared the distribution of constrained bases
around a certain group of cCREs (e.g, PLS) and their
associated G4s (e.g., PLS-G4s). The calculations were per-
formed using the EnrichedHeatmap package (V1.28.1), as
detailed in the methods section above, with a resolution
set to 10 bp.

Furthermore, we depicted the distribution of con-
strained bases in the upstream and downstream regions
of G4 G-runs and cCRE G-runs located in distinct groups
of cCREs regions. Given that the width of G-runs is usu-
ally very short, the resolution of the calculations here was
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increased to 1 bp. To estimate the distribution of con-
strained bases around G-runs, we conducted 100 ran-
dom sampling experiments. In each random sampling,
we independently selected 1,000 samples from both the
G4 G-runs collection (e.g., PLS G4 G-runs) and the cCRE
G-runs collection (e.g., PLS cCRE G-runs). We then cal-
culated the relative density of constrained bases around
the sampled samples. Finally, by analyzing the results
from 100 random sampling experiments, we estimated
the standard deviation errors in the distribution den-
sity of constrained bases around G4 G-runs and cCRE
G-runs.

Calculation of the proportion of G4s in activated cCREs

We calculated the proportion of endogenous G4s (as sup-
ported by G4 ChIP-seq experiments) and all G4s (with-
out considering G4 ChIP-seq experiments) located in
various types of activated cCRE elements for K562 and
HepG2 cell lines, respectively. Activated cCREs are those
that are supported by corresponding epigenetic signals
(including DNase, H3K4me3, etc.) in specific cells. In
contrast, quiescent cCREs are those lacking correspond-
ing epigenetic data support in specific cells. For example,
if a cCRE in the K562 cell line is found to be located in a
heterochromatic region, then that cCRE is considered a
quiescent cCRE.

As an example, the procedures for calculating the pro-
portion of endogenous G4 located in activated PLS ele-
ments are as follows.

Due to the significant disparity in the quantities of the
two types of G4s, we employed a sampling method to
estimate the distribution of the proportions. The number
of random samplings was set to 1,000. For each sampling,
we randomly select 1,000 G4s from the set of endog-
enous G4s and calculated the number of these selected
G4s that located in the active PLS elements; the number
of selected G4s that located in quiescent PLS elements
was also determined. The proportion of endogenous G4s
located in activated PLS elements was then calculated as,

active
PPLS = "
i i uiescent
n?ctzve + I’l?
where n%“" represents the number of endogenous G4s

located in the activated PLS elements in the i-th sam-
pling, while n?mescem refers to the number of endogenous
G4s located in the quiescent PLS elements.

The proportions of endogenous G4s in other types of
activated cCREs, and the proportions of all G4s in acti-
vated cCRE elements were calculated with reference to

the methods described above.
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Cell type-specific analysis

In this study, we compared the differences in transcrip-
tion factor occupancy, DNA methylation, and chroma-
tin accessibility between G4s supported by G4 ChIP-seq
experiments and other G4s in the K562 and HepG2 cell
lines.

The cell type-specific transcription factor binding data
were sourced from the UCSC Genome Browser database
(https://hgdownload.soe.ucsc.edu/goldenPath/hg38/
encRegTtbsClustered/). We filtered all transcription fac-
tor binding sites for the K562 as well as the HepG2 cell
line from this file, and in addition, the definition of tran-
scription factors was strictly referenced to Lambert et al.
[49]. G4s predicted by G4Hunter software were divided
into two categories based on whether they overlapped
with G4 ChIP-seq experiments, and the coverage of vari-
ous transcription factors on these two categories of G4s
was calculated using bedtoolsr package (V2.30.0-5).

DNA methylation data and ATAC-seq data for the K562
and HepG2 cell lines were publicly obtained from the
GEO database under accession number GSM2308596,
GSM3633977, GSE170378 and GSE170251, respectively.
We utilized the bigWigAverageOverBed (V2) software to
calculate the average methylation and ATAC-seq signal
values for the 200 bp regions centered G4s.

Pan-cancer data for chromatin accessibility, enhancer,

and promoter activity

To investigate the activation status of G4-associated
cCREs in cancer tissues, we acquired data on pan-cancer
chromatin accessibility, enhancer, and promoter activity
from publicly available databases, which were assessed
using ATAC-seq, H3K27ac, and RNA-seq techniques. In
this section of the study, we specifically focused on the
cancer types for which all three types of data were avail-
able simultaneously.

The chromatin accessibility data were derived from
the NIH Genomic Data Commons portal (https://gdc.
cancer.gov/about-data/publications/ATACseq-AWG). In
this study, cancer type-specific ATAC-seq peak datasets
were utilized. We examined the coverage of ATAC-seq
peaks for both G4-associated and non-G4-associated
cCREs, as well as the proportion of these cCREs located
in open chromatin regions. Please note that chromatin
accessibility is a necessary requirement for our analysis
of pan-cancer enhancer data and promoter activity data.
In other words, only the pan-cancer enhancers that over-
lap with ATAC-seq peaks will be included in subsequent
analysis. The same requirement applies to both ELS
(including pELS and dELS) elements and PLS elements.
This definition is similar to the ENCODE project consor-
tium definition of cis-regulatory elements [19].
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We retrieved enhancer data identified through
H3K27ac ChIP-seq in cancer tissues or cancer cell lines
from the CenhANCER database [50] (https://cenhancer.
chenzxlab.cn) with the typical enhancers were being
considered for use. We assessed the distribution density
of typical enhancers around enhancer-like cCREs (ELS),
which encompass pELS and dELS.

The pan-cancer promoter activity was downloaded
from the ICGC data portal. We utilized the raw promoter
activity data from the PCAWG project, initially filtering
out promoter activity data from normal samples within
that dataset, retaining only cancer samples relevant to the
cancer type used in our analysis. Subsequently, the PLS
elements were assigned to the nearest promoters (TSS
+ 200 bp). The activity of a specific promoter for a given
cancer type was defined as the average activity of that
promoter across all samples of that cancer type. If a pro-
moter overlapped with both G4-associated PLS elements
and non-Gé4-associated PLS elements, it was excluded
(~12%) to ensure the accuracy of subsequent compara-
tive analysis. We compared the differences in promoter
activity between G4-associated PLS elements and non
G4-associated PLS elements. Besides, we also evaluated
the proportion of highly activated promoters associated
with these two PLS element types, considering promoters
with an activity exceeding 1.5 as highly activated [51].

The cancer type-specific gained regulatory sequences
were obtained from the TSCRE (Tumor-specific Cis-Reg-
ulatory Elements; http://tscre.zsqylab.com/home) web-
site. Gained regulatory sequences refer to those that are
specifically upregulated in cancer tissues relative to the
corresponding non-malignant tissues. To maintain con-
sistency with the standard marks used by the ENCODE
project, only the cancer types that contained both
H3K4me3 and H3K27ac marks were retained for further
analysis.

Abbreviations

G4 G-quadruplex

cCRE candidate cis-regulatory element

PLS promoter-like signatures

pELS proximal enhancer-like signatures
dELS distal enhancer-like signatures
CTCF-only high DNase and CTCF signals only
DNase-H3K4me3  high DNase and H3K4me3 signals only
BLCA Bladder Urothelial Carcinoma

BRCA Breast Invasive Carcinoma

CESC Cervical Squamous Cell Carcinoma
COAD Colon Adenocarcinoma

GBM Glioblastoma Multiforme

HNSC Head and Neck Squamous Cell Carcinoma
KIRC Kidney Renal Clear Cell Carcinoma
LGG Low Grade Glioma

LIHC Liver Hepatocellular Carcinoma

LUAD Lung Adenocarcinoma

PAAD Pancreatic adenocarcinoma

PRAD Prostate Adenocarcinoma

READ Rectum adenocarcinoma
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SKCM Skin Cutaneous Melanoma
STAD Stomach Adenocarcinoma
THCA Thyroid Carcinoma

ucs Uterine Carcinosarcoma
UCEC Uterine Corpus Endometrial Carcinoma
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