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G-quadruplexes (G4s) formed by guanine-rich nucleic acids play a
role in essential biological processes such as transcription and rep-
lication. Besides the >1.5 million putative G-4–forming sequences
(PQSs), the human genome features >640 million single-nucleotide
variations (SNVs), the most common type of genetic variation
among people or populations. An SNV may alter a G4 structure
when it falls within a PQS motif. To date, genome-wide PQS–SNV
interactions and their impact have not been investigated. Herein,
we present a study on the PQS–SNV interactions and the impact
they can bring to G4 structures and, subsequently, gene expres-
sions. Based on build 154 of the Single Nucleotide Polymorphism
Database (dbSNP), we identified 5 million gains/losses or struc-
tural conversions of G4s that can be caused by the SNVs. Of these
G4 variations (G4Vs), 3.4 million are within genes, resulting in an
average load of >120 G4Vs per gene, preferentially enriched near
the transcription start site. Moreover, >80% of the G4Vs overlap
with transcription factor–binding sites and >14% with enhancers,
giving an average load of 3 and 7.5 for the two regulatory ele-
ments, respectively. Our experiments show that such G4Vs can
significantly influence the expression of their host genes. These
results reveal genome-wide G4Vs and their impact on gene activ-
ity, emphasizing an understanding of genetic variation, from a
structural perspective, of their physiological function and patho-
logical implications. The G4Vs may also provide a unique category
of drug targets for individualized therapeutics, health risk assess-
ment, and drug development.

G-quadruplexes | single nucleotide variations | genetic variations

G-quadruplexes (G4s) are four-stranded secondary structures
formed by guanine-rich nucleic acids via a union of four

guanine tracts (G-tracts). G4s play a role in essential cellular
processes such as transcription, replication, genome instability,
carcinogenesis, and other diseases (for recent reviews, see refs. 1
and 2). In the human genome, there exist >1.5 million putative
G-4 sequences (PQSs) with a preferential enrichment near
transcription start sites (TSSs) (3–6), implying a role of G4s in
transcription regulation. PQSs can be classified into four major
subtypes according to the variation in G-tracts or loops. The
most studied canonical PQS motifs are defined by a consensus of
G≥3(N1–7G≥3)≥3 (N denotes any of the four nucleotides) (4, 7),
which can form a G4 of three or more guanine-tetrad (G-tetrad)
layers, named 4G in this work (Fig. 1). Other well-characterized
noncanonical G4s include those with a long loop of 8 to 15 nu-
cleotides (4GL15) (8), a G-vacancy in one of the G-tetrad
(GVBQ) (5), or a bulge of one non-G nucleotide in one of the
G-tracts (Bulge) (9) (Fig. 1). These subtypes of G4s have been
recently detected in the genome of living human cells (10).
Genomic DNA also features single-nucleotide variations (SNVs),

a type of genetic variation at single-nucleotide positions. SNVs can

influence a variety of functions of a genome. Many SNVs are as-
sociated with diseases or disease susceptibility, response to drugs,
treatments, and vaccines (for review, see refs. 11 and 12). An SNV
within a PQS may affect the assembly of a G4 (Fig. 1). It has been
reported that the change of a single nucleotide in a PQS could
cause a drastic change in G4 structure (13, 14) and change gene
expression, for example, by threefold of the c-Myc oncogene (14). A
few studies showed that SNVs in the G4-L1 DNA PQS in humans
are subject to evolutional selection (15), and those in the PQSs at
the 5′ untranslated region (UTR) of human RNA are of physio-
logical relevance (16, 17).
An SNV falling within a PQS either causes a gain/loss of

G-tract or changes the composition of a loop (Fig. 1A), which
can further result in complex changes in the physical properties
of the G4 due to the extreme structural polymorphism of G4s
arising from different folding pathways and base interactions
(18). In particular, an SNV disrupting a G-tract is expected to
have a more profound impact than that in a loop and may prevent
G4 formation or cause a structural conversion from one subtype to
another (Fig. 1B, arrowheads). Such structural changes can affect
G4s in multiple aspects such as the following: 1) folding topology
and/or conformation (13, 14); 2) folding/unfolding kinetics and
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stability (19); 3) equilibrium between G4 and duplex DNA (20); 4)
local G4-protein interactions (21); 5) translocation of motor proteins
on DNA (22); and 6) transmission of negative supercoiling wave in
DNA, which can modulate G4 formation at a distal region (21, 23).
Therefore, G4-interacting SNVs not only bring variations to se-
quences but also lead to diverse changes in secondary structures in
genomic DNA and, perhaps, the corresponding RNA products,
eventually leading to physiological consequences (2, 24, 25).
The number of SNVs disclosed increased significantly in re-

cent years. According to build 154 of the Single Nucleotide Poly-
morphism Database (dbSNP) released in 2020 by the National
Center for Biotechnology Information (NCBI, https://www.ncbi.
nlm.nih.gov/), over 640 million SNV entries have been achieved for
humans. Since the size of the human genome is ∼3 billion nucle-
otides, this gives an average of one SNV in every five nucleotides.
At such a high frequency, every PQS motif may interact with three
or more SNVs on average, since a minimal canonical PQS motif is
15 nucleotides (i.e., G3NG3NG3NG3). For this reason, it is be-
coming ever more important to ask how genome-wide PQS–SNV
interactions result in structural variations in G4s and consequently
affect the functionality of genomes—a question that has not yet
been addressed.
Therefore, we surveyed genome-wide PQS–SNV interactions

in the human genome and explored their impact on G4 assembly
and gene activity. Based on dbSNP build 154, we identified 5
million gains/losses or structural conversions of G4 variations
(G4Vs) that may be caused by SNVs. Of them, 3.4 million are
associated with genes with a profound enrichment near TSSs;
80% overlap with transcription factor–binding sites (TFBSs) and
14% with enhancers, implying they can impact transcription by
affecting DNA-transcription factor/enhancer interactions. In-
terestingly, we found G4Vs displayed significantly higher oc-
currence in oncogenes and tumor-suppressor genes than in bulky
genes. Our experiments show such G4Vs can significantly in-
fluence DNA processivity and gene expression at both RNA and
protein levels. Collectively, our work reveals a prevalence of
G4Vs and their impact on the functionality of the human ge-
nome. The structure–functionality relationship associated with
the G4Vs should be a vital factor in determining the conse-
quences of genetic variations.

Results
SNVs and PQSs in the Human Genome. In dbSNP build 154, the total
entries of SNVs, excluding the indels, have reached >640 million

(Fig. 2A). The probability of a genomic region having an SNV is
determined by the size of the region and the frequency of SNV
occurrence. For convenience, we surveyed the size distribution of
all the four subtypes of PQSs that have recently been shown to
form G4 in living animal cells (10), which yielded an average of
26 nucleotides (nts) based on the consensus used (Fig. 2B). It
should be mentioned here that the value depends on the defi-
nition of PQS, particularly the maximum length of loops. To
evaluate the frequency of SNVs, we divided the human chro-
mosomes into contiguous bins of defined sizes and calculated the
percentage of bins that contained at least one SNV. This result
gives the probability for a genomic DNA region of defined size to

Fig. 1. PQS–SNV interactions and examples of structural changes of G4 they may induce. (A) Interactions of an SNV with a PQS (showing only two G-tracts).
(B) Representative structural changes (⇔) that may be caused by SNV at the indicated guanine (green to cyan). REF, reference; VAR, variant.

Fig. 2. SNVs and PQSs in the human genome. (A) Accumulation of SNVs in
the NCBI dbSNP database over the last decade. (B) The size distribution of
PQS motifs. (C) SNV coverage across intervals of chromosomes. Arrow indi-
cates the probability of finding at least one SNV in a 26-nt-sequence motif.
(D) Distribution of SNV loads in PQSs.
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have one or more SNVs. As shown in Fig. 2C, if an SNV and
PQS are random to each other, 93% of the PQSs would be SNV
positive. In reality, however, nearly 99% of the PQSs were found
SNV positive when we mapped the SNVs to the PQSs (Fig. 2D),
giving an average load of 7.8 SNVs per PQS.

A Preferential Occurrence of SNV in PQS. The higher percentage of
SNV-positive PQSs than predicted suggested that the SNVs did
not occur randomly but with a preference toward PQSs, which is
supported by an observation that G4-forming sequences are
more mutagenic (26). By comparing their density in the entire
genome and the PQS regions, we found that the frequency of
SNV was 45% greater in the latter (Fig. 3A). In agreement with
this, the distribution of SNV across the PQS regions also showed
an increased occurrence in the PQSs compared with the flanking
regions (Fig. 3B). PQSs enrich at TSSs. Because of the elevated
occurrence of SNVs at PQSs, the SNVs also peaked at the TSSs
(Fig. 3C). If the SNVs occurred randomly, the SNV distribution
would be a flat line across the TSSs.

G4Vs in the Genome. To find out how the SNVs might affect G4
structures, we extracted the immediate 50 nts from both sides of
each SNV and searched the 101-nt region for PQSs in the ref-
erence (REF) and variant (VAR) sequences, respectively. Pre-
vious studies showed that a substitution in a G-tract has a more
profound impact on the physical properties of a G4 than that in a
loop. For example, the changes in the thermal melting temper-
ature of G4s in the former case could be up to several tens of
degrees (27–29) while being several degrees in the latter (30, 31).
Therefore, we focused only on those G-tract–affecting SNVs af-
terward. By comparing the changes in the number of G4s in the
two sequences, we identified 5 million of such G4Vs (Fig. 3D).
Formation of G4s can be induced by transcription at both the

upstream (21, 32) and downstream (7, 33–37) side of a TSS, which
in return regulates transcription (32, 36, 37). To explore the
physiological relevance of G4Vs concerning gene regulation, we
surveyed their occurrence across genes and found they were sig-
nificantly enriched near the TSSs (Fig. 3E). This enrichment
resulted from two features combined: an enrichment of PQSs at
TSS (6, 38–41) and a higher occurrence of SNVs at the PQSs

(Fig. 3C). The frequency of G4V in the ∼100,000 reference se-
quence (Refseq) genes is highly variable. Some genes are abun-
dant, and others are low in G4V load, but a G4V enrichment at
TSS was seen in most genes (Fig. 3F). Since TSSs are where
transcriptions initiate and fire, the G4Vs near TSSs may have a
greater impact than those in other regions on gene activity.

G4Vs in Genes. We then focused more on the G4Vs in genes
(i.e., gene bodies plus the 2-kbp flanking regions), in which we
found 3.4 million G4Vs (Fig. 4A). G4Vs were present in almost
every gene when SNVs disrupting any of the four subtypes of
PQSs were counted, giving an average load of 123 per gene (Fig.
4B). For each subtype of G4s, the average load is provided in
Fig. 4C, which showed that the G4Vs involving noncanonical
PQSs were more dominant.

G4Vs in Gene-Regulatory Elements.Genomic DNA functions through
DNA–protein interactions. A structural change in DNA caused by
a G4V at a protein binding site directly affects DNA–protein in-
teraction (21) and, expectedly, the relevant function it mediates. A
single nucleotide mutation affecting a G4 upstream of the P1
promoter of the c-MYC gene could change the promoter activity
by several folds (14). Transcription regulation is mainly mediated
by bindings of transcription factors (TFs) to short sections of DNA
known as TFBSs. Such binding should be affected if a G4V occurs
within or near a TFBS.
To seek more insight, we surveyed the interaction between

SNV/G4Vs and TFBSs using the data from the Gene Transcrip-
tion Regulation Database (GTRD, gtrd.biouml.org/) containing
TFBSs identified from multiple chromatin immunoprecipitation
sequencing (ChIP-Seq) experiments (42). We found that >60% of
the SNVs and >80% of the G4Vs overlapped with the TFBS
(Fig. 5A). On the other hand, a total of 36 million TFBS entries
interacted with G4V with an average load of 3 (Fig. 5B). These
interactions were both enriched around TSSs (Fig. 5C), implying
rich G4V–TFBS interactions in the initiation of transcription.
Enhancers are sequences that can be bound by TFs and can

act at regions more distal to TSSs to activate gene promoters (43).
We also examined SNV/G4V-enhancer interactions using the data
from the Human Active Enhancers to Interpret Regulatory

Fig. 3. The occurrence of SNVs in human genomic regions. (A) Preference of SNV occurrence in PQS region versus in the entire genome. (B) Enrichment of
SNVs in PQS regions. (C) The overlap frequency of SNV and PQS over genome intervals around TSS. (D) Total G4Vs caused by SNVs in the human genome. (E)
The occurrence of G4V across human Refseq genes. (F) Three-dimensional presentation of G4V occurrence across human Refseq genes sorted in descending
order by the mean of G4V frequency.
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Variants (HACER, bioinfo.vanderbilt.edu/AE/HACER/index.html)
database (44). Our results show a much smaller fraction of the SNV/
G4Vs overlapped with the enhancers (Fig. 5D) in comparison with
the TFBSs (Fig. 5A). A total of 4.7 million enhancer entries over-
lapped with an average of 7.5 G4Vs (Fig. 5E). Similar to the
G4V–TFBS interaction, the enhancers with G4V and G4Vs in en-
hancers both peaked at the TSSs (Fig. 5F). However, the enhancers
with G4Vs showed a much broader distribution near the TSSs.

Effect of PQS–SNV Interaction on G4 Formation. All our above
analyses pointed to a large scale of PQS–SNV interaction at
TFBSs and enhancers near TSSs, revealing a mechanism by which
SNVs may affect G4 formation and, consequently, transcription.
In the following sections, we demonstrate how such SNVs could
affect G4 structures and, as a result, impact gene activities.
Regarding the alteration in G4 structure, we first tested sev-

eral single point mutations in the telomeric DNA sequence (Fig.
6A) to mimic SNVs that fall into the three regions in Fig. 1A,

respectively. Among the sequences, the wild type (T4G) readily
formed a canonical antiparallel G4 as judged from the positive
peak at 290 nm in its circular dichroism (CD) spectrum (Fig. 6B)
and faster migration in native gel electrophoresis (Fig. 6 C, Left).
The formation of G4 was prevented by a mutation in the middle
of a G-tract (T3G1, T3G2), resulting in a flat CD spectrum
(Fig. 6B) and slower migration in the native gel than the more
compact G4s (Fig. 6C). The other mutations in the loop or at the
G-tract–loop interface did not abolish G4 formation as expected,
suggesting a G-tract–disrupting SNV is more effective in af-
fecting a G4.
We next tested seven native SNVs that induced conversions

between representative G4 structures (Fig. 1) by a more infor-
mative technique: dimethyl sulfate (DMS) footprinting. The
rs10282850, an intron variant in the PVT1 gene, is an A/G
substitution that turns the GGG(aG3)3 motif in the REF into
GaG(aG3)3 in the VAR. With four intact G3 tracts, the REF
readily formed a canonical G4 according to the protection of the

Fig. 4. Distribution of the number of G4Vs assigned to human genes. (A) Total G4Vs and their subtypes. (B) G4V loads in genes. (C) G4V loads in genes
classified by subtypes.

Fig. 5. Interaction of G4V with gene-regulatory elements. (A–C) TFBSs. (D–F) Enhancers. (A) Percent features within TFBSs. (B) G4V loads in G4V-positive
TFBSs. (C) Frequency of G4V–TFBS interactions across Refseq genes. (D) Percent features within enhancers. (E) G4V loads in G4V-positive enhancers. (F)
Frequency of G4V–enhancer interactions across Refseq genes.
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four G3 tracts against chemical cleavage. In the VAR, the dis-
ruption of the G3 tract at the 5′ side completely prevented G4
formation, leaving no protection for the G-tracts (Fig. 7A). For
the rs536494398, the protection to the one G2 and three G3

tracts in the REF suggested a formation of G4 (Fig. 7B). The
hyper-cleavage at the two Gs (red arrowheads) in the first G3

tract from the 5′ end and its return to a fully protected status in

the presence of guanosine (K+/G) indicated a formation of
GVBQ in the REF (5, 45, 46). The C/G substitution led to a
formation of a canonical G4 with three intact G-tetrad layers in
the VAR. For the rs1479792287 (Fig. 7C), a G4 can form in the
REF at two alternative positions using the four G-tracts from
either the 5′ or 3′ end (black bracket). The G/C substitution in
the VAR caused a loss of a G-tract in the middle, resulting in a

Fig. 6. The structural change caused by a single point mutation in single-stranded telomeric DNA revealed by CD spectroscopy and gel electrophoresis. (A)
DNA sequences used. Letters in red indicate mutation. (B) CD spectroscopy. (C) Gel electrophoresis. G4 migrates faster than an equivalent linear DNA. The
DNAs showed identical migration when denatured.

C D

BA

Fig. 7. Examples of G4V caused by SNV: (A) rs10282850, (B) rs536494398, (C) rs1479792287, and (D) rs113205402. G4 formation in single-stranded DNAs was
detected by the protection of the G-tracts in DMS footprinting (gels at the left side and digitization at the right side). SNV IDs are at the top of the gels,
followed by the names of their host genes in parentheses. The G4 was stabilized by K+, but not by Li+. G-tracts are indicated by brackets and SNVs by ar-
rowheads. Structural change was indicated at the right side of the digitization panel.
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formation of a long-loop 4GL15 G4. As to the rs113205402
(Fig. 7D), the GGcG tract at the 3′ side of the PQS joined the
three G3 tracts at its 5′ side to form a bulge G4 in the REF. In
the VAR, the GaG tract at the 5′ end was turned into a G3 that
joined the other three neighboring G3 tracts at its 3′ side to form
a more stable canonical G4 as indicated by the greater protection
of the G-tracts. Further examples of more subtle changes in G4
structure can be found in SI Appendix, Figs. S1–S3.

Effect of G4V on DNA Processing. Genomic DNA is processed by
various proteins to function. We then used the exonuclease I
hydrolysis assay (22, 47) to evaluate how a G4V would affect
DNA processing. In these assays, two DNAs with a PQS from the
REF and VAR of Fig. 7 and SI Appendix, Figs. S1–S3, respec-
tively, were mixed and subjected to cleavage from the 3′ end by
the exonuclease. The formation of G4 in the DNAs prevented
them from being cleaved depending mainly on the stability and
folding/unfolding kinetics of the G4s, since the enzyme only
cleaves relaxed DNA. Therefore, the extent of DNA cleavage
assesses how the G4s would affect the exonuclease-catalyzed DNA
processing. We can see that all the G4Vs identified in Fig. 7 and SI
Appendix, Figs. S1–S3 remarkably affected the susceptibility of the
DNAs to the exonuclease (SI Appendix, Table S1), illustrating an
impact of G4V on this and potentially other DNA-processing
events.

Effect of G4V on Gene Expression. Many previous studies have
shown that G4-interacting chemical ligands can disturb G4s in
many ways similar to SNVs by mediating structural changes af-
fecting G4 kinetics, stability, and G4-protein interaction (48).
Treating cells with such ligands could cause a change in the
transcriptome (SI Appendix, Fig. S4), demonstrating a structure–
function connection for G4s. The enrichment of G4V near TSSs
implied that the structural changes are likely to affect gene ex-
pression. To gain more insight, we constructed luciferase-expressing
plasmids in which a native promoter sequence amplified from the
human genome containing an REF or VAR of an SNV was used to
control the expression of the luciferase gene. These plasmids were
transfected into cultured HEK293T cells to examine the effect of
the corresponding G4V.
In Fig. 8, two SNVs in the promoter region of the IRF8 gene,

rs12325654 and rs976502573, were tested. Our recent work (10)
has shown a formation of G4s at the SNV sites (Fig. 8A). The
two SNVs both occurred in a G3tcgtG7acG3 motif that formed a
canonical G4 in a DNA duplex in the REF as indicated by an
extra band in native gel electrophoresis (Fig. 8B, lane 2, arrow-
head). The DMS footprinting (Fig. 8 C and D) revealed that the
guanine residual in the middle of the G7 tract (red arrowhead)
was not protected and therefore served as a 1-nt loop in the G4.
Because the rs12325654 is a T/C substitution in a loop, it only
caused a tiny reduction in the formation of the G4 (Fig. 8B, lane
4, arrowhead). In contrast, the G-tract–disrupting rs976502573
completely prevented G4 formation by changing the first G3 tract
into GcG (Fig. 8B, lane 6).
We then amplified the promoter and 5′ UTR region of the

IRF8 gene and inserted the amplicon with or without the SNV
into a pGL3-basic plasmid upstream of a luciferase reporter. Gene
activity assay showed that the rs12325654, which occurred in a loop
and slightly reduced the formation of G4 (Fig. 8B, lane 4), did not
show a meaningful effect on IRF8 expression (Fig. 8 E and F). In
contrast, the G4-disrupting rs976502573 significantly reduced IRF8
expression at both the RNA (Fig. 8E) and enzyme (Fig. 8F) level,
indicating a strong effect of the G4V on IRF8 expression.
Next, we examined the rs757592196, a G/A substitution in a

five–G-tract PQS with the VEGFA gene, which turned the middle
G5 into G3aG. G4 formation was detected in the neighborhood of
this SNV in living human cells (10) (SI Appendix, Fig. S5A). This
SNV did not abolish the formation of G4 (SI Appendix, Fig. S5B)

but shortened the G-tract in the middle and enlarged the loop
beside it. According to the literature, these two alterations both
destabilize the G4 (49, 50). As a result, the formation of G4 re-
duced from 66% in the REF to 37% in the VAR (SI Appendix,
Fig. S5B), accompanied by a reduction of protection to the
G-tracts in DMS footprinting (SI Appendix, Fig. S5 C and D). The
DMS footprinting also suggested a change in folding topology as
judged from the altered participation of guanines in the G-tracts.
Altogether, these changes led to a reduced VEGFA expression (SI
Appendix, Fig. S5 E and F).
We also carried out the same set of assays with six more SNVs

that could cause different structural changes, including 4G to
alternative 4Gs (SI Appendix, Fig. S6), 4G to Bulge (SI Appendix,
Fig. S7), G4 disruption (SI Appendix, Fig. S8), less 4GL15 to
more 4G/4GL15 (SI Appendix, Fig. S9), GVBQ to 2-tetrad 4G
(SI Appendix, Fig. S10), and Bulge to 2-tetrad 4G (SI Appendix,
Fig. S11). The expressions of the corresponding genes all
changed in association with these G4Vs. Of them, rs17335710 is
of particular interest. With four G-tracts, a G4 could form in the
REF (SI Appendix, Fig. S6). A T/G substitution in the VAR only
had a marginal effect on the extent of G4 formation (SI Ap-
pendix, Fig. S6B) but added an extra G3 tract at the 3′ side of the
original PQS (SI Appendix, Fig. S6 C and D, green arrowheads).
The protection to the five G-tracts indicated that a G4 could
alternatively arise with four G-tracts either from the 5′ or 3′ side
of the PQS in the VAR, creating a “spare tire” that has been
hypothesized to aid in the repair process when such sequences are
damaged (51). This alternative G4 formation may cause different
folding topologies and change the way the sequence responds to
the environment that might contribute to the reduced EGFR
expression. It is also noted that rs976502573 (Fig. 8) and rs151333
(SI Appendix, Fig. S8) both caused disruption of G4 but led to
opposite effects on gene expression. This observation implies that
each SNVmay have unique effects depending on a combination of
multiple factors. Collectively, the results of the nine SNVs in this
section revealed that a G4V could dramatically affect the activity
of a host gene.

G4Vs in Oncogenes and Tumor-Suppressor Genes. The association of
SNVs with diseases has been the most explored genotype–
phenotype connection. The impact of G4V on gene activity
strongly suggests their biological and medical implications. The
association of G4Vs with diseases and abnormal phenotypes is
also of particular interest because G4 structures are therapeutic
targets (52). A G4V may imply a gain or loss of a potential drug
target in a specific group of people. Information on G4Vs may,
therefore, promote developing therapeutic approaches for per-
sonalized medicine. We examined the occurrence of G4Vs in
oncogenes (53) and tumor-suppressor genes (54) to exemplify
their potential involvement in diseases (Fig. 9). On average, 167
and 192 G4Vs were found per oncogene and tumor-suppressor
gene, respectively, which are both enriched at TSSs and signifi-
cantly greater than the average load of 123 G4Vs for all genes.
This suggests G4Vs may have particular importance in carcino-
genesis that can be induced by abnormal expression of oncogenes
and tumor-suppressor genes.

Discussion
In this work, we disclosed the existence of millions of G4Vs as-
sociated with SNVs in the human genome (Figs. 2 and 3) and
surveyed their presence in genes (Figs. 4 and 9) and regulatory
elements (Fig. 5). We further illustrated that they could effi-
ciently affect G4 structure (Figs. 6 and 7 and SI Appendix, Figs.
S1–S3) and, consequently, influence DNA processing (SI Ap-
pendix, Table S1) and gene activity (Fig. 8 and SI Appendix, Figs.
S5–S11). Because an SNV influences a G4 in diverse aspects, the
ultimate consequence of a G4V on gene expression results from
a combination of many factors.
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G4s are involved in a variety of biological processes by acting
at the transcription and translation layers of gene expression (1).
The enrichment of G4V near TSSs creates structural changes in
these key regulatory elements in transcription. Our results il-
lustrated that a G4V can affect gene activity by directing the
interaction between DNA and transcription factors, activators,
and silencers. Examples of such G4 structures and their partic-
ipation in gene expression have been found in the promoters of
many genes such as HRAS (55), KRAS (56), WT1 (57), MET
(58), BCL2 (59), and C-MYC (14, 60, 61), to mention a few
examples. Moreover, a gain/loss or change in a G4 in an RNA
transcript originated from a G4V in DNA can affect translation
(62, 63). On the other hand, a G4 may serve as a regulatory
element in a more specific manner by specific interactions with
proteins and other molecules (2, 25).
Our current work focused only on the SNVs that change a

G-tract. Besides, those in loops or flanking sequences may also

affect G4 formation to various degrees. In some particular cases,
for example, in which G4 forms along with or in competition
against a hairpin in a loop or flanking sequence (64–66), an SNV
would interfere with the cooperation or competition to bring
sophisticated changes in structures. Therefore, the actual scope
of G4Vs should go further beyond what we disclosed here. On
the other hand, new rules governing the formation of G4s are
being discovered, which can be explored by various prediction
algorithms (for a recent review, see ref. 67). The identification of
new G4s will further increase the diversity of both G4s and G4Vs
as part of the genetic variations. At present, knowledge regarding
the contribution of G4Vs to the functional diversity of the hu-
man genome is almost absent and awaits systematic investiga-
tion. The structural aspect of the SNVs should be considered in
inferring their biological function and pathological implication.
The G4V-function relationship should enrich our understanding
of the health issues associated with SNVs in individualized

Fig. 8. Effect of SNV-mediated loop change and G-tract disruption on IRF8 gene expression. (A) Formation of G4s near the TSS of the IRF8 gene detected by
G4-ChIP in living human HEK293T cells. The red arrowhead indicates the PQS bearing the SNVs. (B) Formation of G4s in the REF and VAR duplex DNAs
detected by native gel electrophoreses in the PQS indicated by an arrowhead in A. The DNA was heated (H) to generate G4 or not heated (N) to remain fully
annealed. (C) Same as B, except that G4 formation was detected by DMS footprinting. (D) Digitization of C. (E) RNA and (F) protein expression of the lu-
ciferase reporter downstream of the IRF8 promoter in a pGL3-basic plasmid transfected into HEK293T cells.
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therapeutics, health risk assessment, and drug development. For
example, a disease-causing G4V suggests that the corresponding
G4 structure may be relevant to and serve as a unique target for
the disease (52). This information may help develop therapeutic
approaches to such diseases in a specific population. A PQS–SNV
interaction that destabilizes a G4 and changes gene expression
may be corrected by stabilization of the G4 with chemical ligands.

Materials and Methods
Details are in SI Appendix, SI Materials and Methods, including the follow-
ing: the source of genome data files; identification of PQSs and G4V-

inducing SNVs; coverage of SNVs in genome; profiling of SNVs in genomic
regions; DNA and plasmids; CD spectroscopy; DMS footprinting; native gel
electrophoresis; exonuclease I hydrolysis; in vitro transcription of dsDNA;
transfection; reverse transcription; qPCR; and determination of reporter
activity.

Data Availability.All study data are included in the article and/or SI Appendix.
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