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Abstract

Background: The binding of transcription factors (TF) to genomic targets is critical in
the regulation of gene expression. Short, double-stranded DNA sequence motifs are
routinely implicated in TF recruitment, but many questions remain on how binding
site specificity is governed.

Results: Herein, we reveal a previously unappreciated role for DNA secondary
structures as key features for TF recruitment. In a systematic, genome-wide study, we
discover that endogenous G-quadruplex secondary structures (G4s) are prevalent TF
binding sites in human chromatin. Certain TFs bind G4s with affinities comparable to
double-stranded DNA targets. We demonstrate that, in a chromatin context, this
binding interaction is competed out with a small molecule. Notably, endogenous
G4s are prominent binding sites for a large number of TFs, particularly at promoters
of highly expressed genes.

Conclusions: Our results reveal a novel non-canonical mechanism for TF binding
whereby G4s operate as common binding hubs for many different TFs to promote
increased transcription.

Keywords: Transcription factor binding, DNA G-quadruplex, Gene expression,
Chemical biology

Introduction

Transcription factors (TFs) control gene expression and chromatin structure through
precise protein-DNA interactions at specific genome locations [1]. Preferred binding
sites for hundreds of TFs exhibit short, defined DNA recognition motifs, commonly
called “consensus sequences,” based on in vitro binding studies [2—4] and also in chro-
matin using ChIP-seq [5]. Two modes of protein-DNA recognition are described to
contribute to TF binding specificity [6]. The first, based on the nucleotide readout, in-
volves hydrogen bonding and hydrophobic interactions between amino acid side chains
of the TF with base pairs primarily in the major groove of the DNA helix [7]. The sec-
ond mode uses shape readout and is mediated by local structural features of the DNA
double helix, such as minor groove width, base roll, and helix twist [8—10]. TF binding
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specificity can also be influenced by co-binding proteins [4] as well as epigenetic fea-
tures such as CpG-methylation [11] and nucleosome positioning [12]. Despite this pro-
gress, experimentally observed binding sites for many TFs have not been explained
[13]. As it is an open question as to what possible genomic features determine such
binding events, we set out to explore how alternative DNA secondary structures, called
G-quadruplexes, contribute to TF binding.

DNA G-Quadruplexes (G4s) are secondary structures made up of stacked G-tetrads,
with each tetrad formed from the co-planar arrangement of four Hoogsteen-bonded
guanine bases (Additional file 1: Fig. Sla) [14]. G4 structures have been visualized in
human cells [15] and mapped in chromatin to regulatory regions particularly in pro-
moters of highly expressed cancer genes [16, 17]. Analysis of patient-derived breast
cancer tumor xenograft models has recently revealed a relationship of G4s with somatic
copy-number aberrations and underlying transcriptional programs [18]. This together
with small molecule perturbation experiments [19] is suggestive of important roles for
G4s in transcriptional regulation. Biophysical and biochemical affinity experiments have
identified proteins, such as helicases and DNA binding proteins, that show selective
recognition for G4s over double-stranded DNA in vitro [20, 21]. The detailed molecu-
lar and functional relationship between endogenous G4s and components of the tran-
scription machinery therefore warrants thorough investigation.

Herein, we report that numerous TFs are recruited to sites of endogenous G4s in hu-
man chromatin. Supporting this, the binding of several TFs to G4 structures is shown
to have affinities comparable to that of canonical DNA double-strand interactions. Pro-
moter G4s also appear to be bound by a surprisingly large number of TFs, particularly
for highly expressed genes. Moreover, within a chromatin context, we provide robust
evidence to demonstrate that TF binding to G4s can be competed out with a G4-
selective small molecule. We posit that G4s are a previously overlooked key element of
gene regulation that serves as high-affinity hubs enabling the recruitment of many dif-
ferent TFs to the same site to promote active transcription.

Results

TF binding is tightly linked to endogenous G4 structures in the human genome

As DNA structure is fundamental to DNA-protein interactions, we explored the relation-
ship of endogenous TF binding and G4 secondary structures. For this, we used human
K562 chronic myelogenous leukemia cells and HepG2 hepatocellular carcinoma cells, as
these have been extensively mapped for protein binding sites by ENCODE [22]. We first
generated genome-wide maps of G4 structures (Additional file 1: Fig. S1b, hereafter re-
ferred to as endogenous G4s) from chromatin of K562 and HepG2 cells by G4 ChIP-seq
[23] using the G4 structure-specific antibody BG4 [24]. To eliminate possible antibody in-
teractions with chromatin-associated RNA or DNA/RNA hybrid G4s, chromatin was
treated with RNase A prior to immunoprecipitation [15, 25]. We observed thousands of
endogenous G4 sites in both K562 (9205 sites) and HepG2 (8805 sites) with 4825 sites in
common between the cell lines (Additional file 1: Fig. Slc-e). Most endogenous G4s
(8688/9205, 94% in K562; 6894/8805, 78% in HepG2) encompassed sequences previously
shown to physically form G4 structures by an in vitro genome-wide DNA Polymerase
stop-assay [26] (hereafter called potential G4s) (Additional file 1: Fig. S1f and g). The
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majority of endogenous G4s (9043/9205, 98% in K562; 8430/8805, 96% in HepG2) were
located in open chromatin, as defined by overlap with DNase hypersensitivity sites. In
both cell lines, many of these G4s (~ 40%) were found in promoters ~ 80 bp upstream of
transcription start sites (TSS) (Additional file 1: Fig. S1h and i). We then compared en-
dogenous G4s to the binding sites of various chromatin-associated proteins and histone
marks derived from ENCODE (for a full list see Additional files 2 and 3: Supplemental
Data Table S1 and S2). This analysis showed that many TFs were enriched at endogenous
G4 sites and is immediately suggestive of direct TF-G4 interactions (Fig. 1la and Add-
itional file 1: Fig. S2), particularly since several of the most enriched proteins, such as FUS
and SP1, have previously been suggested to interact with DNA G4s in vitro [20]. Despite
each cell line having a distinct G4 landscape, TFs mostly displayed a similar enrichment
0.54, see Fig. 1b and Additional file 4: Sup-
plemental Data Table S3), suggesting that G4 binding is a general property of certain TFs.

at endogenous G4s (Spearman correlation r =

Endogenous G4s were substantially devoid of both transcriptional repressors (e.g., CBXS,
ZNF318, EZH2 and PHB2) and repressive histone marks (e.g, H3K27me3, H3K9me3)
(Fig. 1a and Additional file 1: Fig. S2) which is consistent with previous observations that
endogenous promoter G4s are linked to high transcription levels [16, 17].
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Fig. 1 TF binding is tightly linked to endogenous G4 structures in the human genome. a Enrichment of
524 ENCODE proteins at G4 ChiP-seq sites in K562 for randomization in open chromatin (DHS). Top 20 and
bottom 20 candidates are highlighted. Green shading indicates proteins with reported G4-association. b
Genomic association with endogenous G4s is consistent in K562 and HepG2 cells. Spearman correlation test
(rs, ¥**P <0.0001) is based on the maximum enrichment observed for TFs that have been mapped in both
K562 (x-axis) and HepG2 (y-axis) cells. Green shading indicates proteins with reported G4-association. ¢
Genomic association of TFs obtained from ENCODE with endogenous G4s (x-axis) and potential G4 control
sites at promoters (y-axis). Proteins for which binding is independent of secondary structure formation
should show similar enrichment for both data sets (white dashed line). Green shading indicates proteins
with reported G4 association. d Occupancy profiles of enriched candidates SP2, E2F4, FUS, and NRF1 and a
non-enriched TF, CBX8, around endogenous G4 sites (green) and control sequences (gray). The
strandedness of endogenous G4s was derived from stranded data of sequences with G4 forming potential
[26] (see “Materials and methods")
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To confirm that the observed TF enrichment at G4s is not due to G-richness of
primary sequences, but is dictated by secondary structure (Additional file 1: Fig.
S3a), we evaluated control sites that have G4-forming potential [26] at promoters
(1kb upstream TSS as well as 5'UTR) of open chromatin, but have no detectable
endogenous G4 structure (Additional file 1: Fig. S3b and c). Many TFs were found
to display greater enrichment at endogenous Gé4s than at G-rich control sites
(Fig. 1c and Additional file 5: Supplemental Data Table S4). For example, at en-
dogenous G4s, SP2 is enriched 10.3-fold compared to 2.2-fold at G-rich control
sites, which suggests that G4 secondary structure is important for particular TFs.
The average TF ChIP-seq binding signal for the strongest enriched TFs was also
much higher at endogenous Gé4s, compared to control sites (Fig. 1d). The average
TF ChIP-seq signal for the strongest enriched TFs was also much higher at en-
dogenous G4s, compared to control sites (Fig. 1d). Consistent with direct recruit-
ment of TFs to G4 structures, the occupancy profile was generally centered around
endogenous G4 sites for a large number of TFs (e.g., 100 TFs were within + 20 bp
and 177 within +40bp) (Additional file 1: Fig. S2e).

R-loops (three-stranded DNA-RNA hybrids) form when nascent RNA anneals
back to template DNA. R-loops have been associated with GC-rich promoter re-
gions [27], while the interplay of G4s and R-loops has been suggested to influence
transcription [28]. Using R-ChIP and DRIP-seq data for K562 cells [29], some co-
occurrence of endogenous G4s and R-loop was observed (1431 overlapping peaks).
R-loops were located mostly on the opposite strand and downstream (~ 140 bp) of
the G4s (Additional file 1: Fig. S4a). While there are several TFs that appear to be
enriched downstream of endogenous G4s indicating interactions with R-loops, the
majority of TFs is centered on G4s (Additional file 1: Fig. S2e). Importantly, ChIP
signal profiles for TF highly enriched at G4s, such as SP2, E2F4, NRF1, or FUS,
were found to be centered on the G4s rather than R-loops supporting a direct re-
cruitment to G4s rather than R-loops (Fig. S4b).

We next investigated the relative contributions of G4s and double-stranded DNA to
TF recruitment, by comparing TF enrichment at endogenous G4s vs consensus binding
sites obtained from JASPAR [30]. Most TFs (165/193, ~ 85%) showed equal or greater
enrichment at endogenous G4s in K562 cells compared to consensus promoter binding
sites (Additional file 1: Fig. S5a and Additional file 6: Supplemental Data Table S5) and
32 TFs (including SP2, SP1 and E2F4) displayed more than 2-fold stronger enrichment
at endogenous G4s than at predicted consensus promoter binding sites in open chro-
matin (Additional file 1: Fig. S5b and Additional file 6: Supplemental Data Table S5).
These data suggest that G4 secondary structures can recruit several TFs more effect-
ively than double-stranded DNA.

Five of the twenty proteins most enriched at G4s in K562 cells (FUS, NONO,
U2AF1, HNRNPK, and HNRNPL) are classified as recognizing RNA or single-
stranded DNA (Additional file 1: Fig. S5c¢) and often not considered as conven-
tional TFs, as they lack specific double-stranded DNA binding sequences [1]. These
proteins are clearly important in transcriptional regulation [31], but it is not known
whether they bind DNA directly. Our findings support that these factors are tightly
associated with G4s and that some of these proteins can be recruited to chromatin
via DNA G4 structures.
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TFs selectively bind G4 structures

To confirm that the endogenous G4-enriched TFs identified above bind directly to
DNA G4s, we carried out biophysical interaction assays. Single-stranded, 3"-biotinyl-
ated oligonucleotides that fold into well-characterized (Additional file 1: Table S1) G4
structures (G4 Myc and G4 Kitl) were deployed alongside double-stranded DNA con-
trol oligonucleotides and mutated or 8-aza-7-deazaguanosine-substituted [32] (ssMyc*)
controls that cannot fold into G4s, with the ssMyc* control maintaining the same G-
richness of the parent sequence. The presence or absence of G4 formation was con-
firmed via circular dichroism spectroscopy (Additional file 1: Fig. S6). G4-binding TFs
were affinity captured from K562 nuclear extracts using immobilized oligonucleotides
followed by western blotting analysis using specific antibodies. Based on their enrich-
ment at endogenous G4s in K562 and HepG2 cells, we selected 33 highly enriched TFs
to investigate their G4 binding properties. Strikingly, a large fraction of TFs (22/33,
66%) showed capacity to bind to G4 structures (Fig. 2a, Additional file 1: Fig. S7 and
Table S2). Most of the candidates bound to both Myc G4 and Kitl G4, while few TFs
(e.g., SRSF1, RBM15) had a preference for one G4 structure. Crucially, there was little
or no binding to mutant single-stranded and double-stranded controls for the majority
of G4-binding TFs (17/22). Furthermore, little or no binding was seen with a single-
stranded 7-deazaguanine control sequence (ssMyc*) for the top enriched candidates
(SP2, FUS, and NRF1; Fig. 2b), which further confirms that G4 structure formation
alone and not G-richness is required for binding. In contrast, four candidates (e.g.,
NONO) were more promiscuous and bound G4s to a similar extent to that of at least
one of the control sequences, while TARDBP showed a very strong preference for
single-strand DNA. No detectable G4 binding was seen for some highly enriched TFs,
such as E2F4 and CEBPZ, so these proteins may be recruited to G4s via other indirect
interactions. Alternatively, structural features co-incident with endogenous G4s, such
as i-motifs [33, 34] or R-loops [35], possibly contribute to their recruitment. The en-
richment level of SP2, NRF1, FUS, MYC, YY1, and ZHX1 was comparable to their
binding to consensus sequence controls (Fig. 2b and Additional file 1: S7b), which is
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Fig. 2 TFs selectively bind to G4 structures. a Affinity pull-down western blot analysis of different G4
oligonucleotides and control sequences. Genomic enrichment at endogenous G4s in K562 for
randomization in open chromatin is shown in brackets. b Affinity pull-down of SP2, FUS, and NRF1 using a
G4 oligomer, single-stranded oligomers unable to form a G4 structure (ss mutMyc and ss Myc*) and
respective consensus sequences. ¢ Binding curves as determined by ELISA show high-affinity binding of
recombinant FLAG-NRF1 to a NRF1 double-stranded DNA consensus sequence and G4 structures, but
significantly weaker binding to a single-stranded 7-deaza control (error bars display standard

deviation, N=3)

GATCCGGCTCCTGCGCATGCGTGCTGCTATTTTT
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mostly in line with previous reports [36—-38]. Importantly, two negative controls,
FOXA1l and CTCF (Fig. 2a), that show low enrichment at endogenous Gé4s
(Additional file 2: Supplemental Data Table S1), did not bind to the G4 oligonucleo-
tides, with CTCF also serving as a control due to its G-rich consensus binding motif.
Notably, affinity enrichment experiments from nuclear lysate cannot distinguish direct
G4 binding from co-binding events; however, our findings are consistent with the re-
cruitment of numerous TFs to G4 structures in chromatin (Additional file 1: Fig. S8).

To measure the apparent binding affinities of TF-G4 interactions, we employed
an enzyme-linked immunosorbent assay (ELISA) with NRF1 as an exemplar, since
it was highly enriched at endogenous G4s in both K562 and HepG2 chromatin,
but notably, does not have a G-rich double-stranded DNA consensus motif (Add-
itional file 1: Fig. S3). Recombinant NRF1 displayed strong binding to a double-
stranded DNA consensus sequence (Kq=1.2+0.2nM) and folded G4 Myc structure
(Kq=8.21%0.9nM), but considerably weaker binding to single-stranded 8-aza-7-dea-
zaguanosine-substituted ssMyc* (Kq>100nM) (Fig. 2c). We also observed nanomo-
lar affinity for four other defined G4 structures tested (Ky ranging from 1.9-7.5
nM) and 4-14 fold selectivity over their corresponding double-stranded control se-
quences, highlighting the importance of G4 secondary structure formation for bind-
ing at these sites (Additional file 1: Fig. S9).

Competition of TF binding to G4s in native chromatin by small molecule ligands

Chromatin architecture affects both TF recruitment and the G4 landscape [16]; there-
fore, it is essential to validate and study TF-G4 interactions in a native chromatin con-
text. Genome-editing of G4-forming sequences in promoters would unavoidably
change TF binding site sequences in double-stranded DNA, so we employed a G4-
specific small molecule to selectively compete with TFs at endogenous G4 sites. We
assessed the small molecule pyridostatin (PDS) [39] for selective competition using
ELISAs. PDS competed with human NRF1 binding to Myc G4 DNA with an ICs, value
of 0.18 £ 0.03 uM, which is in agreement with the previously determined G4 binding af-
finity for PDS [40] (Fig. 3a). In contrast, PDS did not impair NRF1 binding to its
double-stranded DNA consensus sequence (Fig. 3a). Similarly, affinity enrichment ex-
periments for SP2, NRF1, and FUS from K562 nuclear lysates showed that PDS could
inhibit binding to folded G4 oligomers for all three TFs in a dose-dependent manner
with IC5q values ranging from 60 nM to > 5 uM, with no competition when duplex con-
sensus sequences were used (Fig. 3b and Additional file 1: S10). We then studied PDS
competition with TFs at G4 sites in K562 chromatin. We used isolated nuclei that
maintain transcriptional activity [41], chromatin organization [42], and TF binding pro-
files [43] to improve control of small molecule dosing and adapted a ChIP approach for
native, rather than cross-linked, chromatin for profiling TF binding [43] (Fig. 3c). TF
occupancy at known endogenous G4 structures (from TF ChIP-seq and G4 ChIP-seq)
was measured via ChIP-qPCR (Additional file 1: Table S5). PDS treatment caused a
substantial reduction in SP2, NRF1, and FUS occupancy (47-71%) at the G4 sites tested
(Fig. 3d). No changes were observed in occupancy for the control (non-G4 binding)
TFs FOXA1 and CTCEF (Fig. 3e). SP2, NRF1, and FUS binding to G4 sites in chromatin
is thus reduced by a competing G4 ligand, as would be expected by TF recruitment to
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a G4 structure. For SP2, an ICsq value of ~ 60 uM was estimated from dose response
experiments (Fig. 3f) and agrees with a one-site direct competition model with TF af-
finity of ~ 10 nM and nuclear TF protein concentration of ~ 1.5 uM (see Additional file
7: Supplemental Discussion).

G4s are hubs for the recruitment of TFs to enhance transcription

We noted that a considerable number of TFs bind to the same G4 structures both
in vitro (Fig. 2a and Additional file 1: S7) and in chromatin (Fig. 3d and Additional
file 1: S8). In K562 and HepG2 chromatin, most endogenous G4s (located in promoters
accessible in open chromatin) overlap with considerably more TF binding sites than
promoters lacking endogenous G4s (Fig. 4a). In previous studies, thousands of high-
occupancy targets to which many different TFs bound were highlighted in mammalian
genomes [44, 45]. While this observation has partly been attributed to technical ChIP
artifacts at highly expressed genes and GC-rich loci [46, 47], recent studies suggest that
this binding phenomenon is not an artifact and is based on direct TF-DNA interactions
[48, 49]. A major point of contention is the finding that many TF binding sites do not
match known consensus motifs [47]. We now hypothesize that DNA secondary struc-
tures such as G4s are a recognition feature that explains how multiple TFs bind to the
same genomic loci. Furthermore, we found that as the number of TFs binding at en-
dogenous G4s increased so did RNA Polymerase 2 occupancy and transcriptional activ-
ity (Fig. 4b and Additional file 1: Fig. S11). A similar correlation was observed for
promoters lacking G4s, but it should be noted that endogenous G4s are considerably
more occupied by a greater number of TFs (see different categories in Fig. 4b). This
now provides a mechanistic explanation of why genes marked by endogenous promoter
G4s show higher overall transcriptional levels (P <222 x 10™ ', unpaired Wilcoxon
test) (Fig. 4c), as previously observed in human epidermal keratinocyte cells [16]. Taken
together, we propose that endogenous G4s provide non-canonical docking sites for
many different TF complexes, to enable more frequent and productive interactions
through increased RNA Polymerase 2 recruitment leading to greater transcriptional
output (Fig. 4d). It is unlikely that dozens or hundreds of TFs simultaneously co-
occupy a genomic locus in a single large molecular complex in the same cell [48].
While certain TFs may bind their targets cooperatively [4], it is more likely that many
TFs can dynamically compete for binding to the same G4 locus. In a large population
of cells, this would result in the apparent co-localization at the same site due to signal
averaging across the cellular population.

Discussion

A fundamental feature of transcriptional regulation is the ability of TFs to recognize
specific DNA binding sites. In this study, we present an alternative view to the estab-
lished model of consensus sequence motif binding whereby endogenous G4 structures
in promoters frequently serve as docking sites for TFs in human chromatin. Our work
supports that DNA secondary structure recognition is an important mode by which
TFs can read the genome. By mapping the G4 landscape in two human cancer cell lines
and comparing these to hundreds of TF binding maps, we reveal that many TFs are
highly enriched at endogenous G4 sites. This enrichment is comparable to that of
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Fig. 4 G4s are hubs for the recruitment TFs to enhance transcription. Throughout panels a-c gene
endogenous G4 in promoters accessible in open chromatin (-1 kb upstream TSS, DHS positive) are colored
in green whereas promoters lacking an endogenous G4 are represented in gray. a Endogenous G4s mark
genomic regions that are highly occupied by TFs. Proportion of G4s overlapping with multiple different TFs
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different TFs causing even more actively transcribed genes

dsDNA consensus binding making it highly probable that G4s have a similar capacity
to recruit TFs in a cellular context.

Validating this model, we observe that several TFs bind G4s with affinities compar-
able to their consensus dsDNA both in vitro and in a chromatin context and that small
molecule ligands can displace TFs from endogenous G4s, but not consensus dsDNA
sites. Given that ENCODE has only mapped ~ 450 out of ~ 2800 potential TFs in K562
and HepG2 cells [1], there is every prospect that many more TFs will be recruited to
endogenous G4.

Recently, endogenous expression of a small, engineered G4-binding protein was reported
for detection of DNA G4s via ChIP-seq in human cells [50]. This alternative mapping ap-
proach observed G4s to be enriched at promoters, associated with highly expressed genes,
and enrichment of certain proteins (FUS, TAF15, RBM14, TARDBP, HNRNPK, PCBP1) at
G4 loci. In contrast to G4 ChIP-seq on fixed chromatin, the study mapped over 100,000
G4s and observed considerable G4 formation downstream of the TSS in addition to pro-
moter G4s. Endogenous expression of a probe may be able to detect weaker, more transient
G4s. However, it may also perturb the endogenous G4 landscape and shift the equilibrium
to stabilize G4s that do not normally form under physiological conditions.

A remaining challenge in the understanding of mechanisms that regulate transcrip-
tion is how a large number of different TFs bind to the same genomic site and cannot
be explained by the presence of their respective consensus motifs [1]. For some TFs,
our work gives an immediate explanation into how this might be resolved through TF
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recruitment to G4 secondary structures rather than dsDNA consensus motifs. Further-
more, TF recruitment by G4s may explain the recognition mode for TFs with non-
canonical binding properties. For example, recruitment of SP2, a TF with strong G4
association, is thought to be independent of its zinc finger dsDNA-binding domain and
requires only a glutamine-rich, positively charged N-terminal region for binding [51].
Further structural investigation into of TF-G4 complexes [21] will be needed to unravel
the molecular details of how TFs bind G4 structures.

Based on computationally predicted G4 forming sequences, earlier work has proposed
that G4s may interfere with TF binding causing transcriptional repression and that G4s
may need to be resolved by G4 binding proteins to facilitate transcription [52—54]. In con-
trast, endogenous promoter G4s are predominantly found at highly active genes [16, 17].
Here, we now show that in fact several TFs can selectively bind G4s, with little interaction
with corresponding dsDNA sequences, and that G4s are promiscuous hubs for the bind-
ing of many different TFs. We propose a fundamental mechanism of transcriptional regu-
lation that may apply to many genes, whereby G4 structures recruit a multitude of TFs
causing more frequent engagement of TFs in promoters and thereby stimulating tran-
scriptional output (Fig. 4d). Further functional studies are required to ascertain whether
there is a universally positive role of promoter G4s in transcription and to explore the de-
tails of mechanisms that maintain the endogenous G4 landscape in chromatin [55]. Alter-
native DNA structures should thus be seriously considered as a means to recruit TFs.

Materials and methods

Cell culture

Mycoplasma-free human chronic myelogenous leukemia K562 cells (CCL-243) derived
from a 53-year-old female were purchased from ATCC. HepG2 (HB-805) cells derived from
a 15-year-old male were kindly provided by M. Narita (CRUK Cambridge Institute, Univer-
sity of Cambridge). Both cell lines were grown in accordance with ENCODE cell culture
protocols and periodically tested for mycoplasma contamination and identity confirmed by
STR typing. Briefly, K562 cells were cultured in RPMI1640 (Glutamine plus, Life Technolo-
gies) supplemented with 10% of fetal bovine serum (Life Technologies) at 37 °C in 5% CO,.
HepG2 were grown in DMEM (high glucose without sodium pyruvate, Life Technologies)
supplemented with 10% of fetal bovine serum (Life Technologies) at 37 °C in 5% CO,.

Affinity enrichment and WES analysis
Exponentially growing K562 cells were lysed by swelling and mechanical force using
hypotonic buffer (20 mM HEPES pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.2 mM EDTA, 1
mM dithiothreitol (DTT) containing complete protease inhibitor cocktail (PIC)
(Thermo Fisher, cat. no. 87786)). Nuclei were then collected by centrifugation, lysed in
high salt buffer (20 mM HEPES pH 7.4, 500 mM NaCl, 3 mM MgCl,, 0.2 mM EDTA,
0.5% NP40, 1 mM DTT and PIC), and sonicated in a Diagenode Bioruptor Plus (5 cy-
cles 30 s each, 30s ON and 30 s OFF at high setting). Protein concentrations were
assessed using a Direct Detect infrared spectrometer (Merck).

For affinity enrichments (AEs), 50 pL of a slurry of streptavidin magnetic beads (Pro-
mega, cat. no. Z5481) was blocked in pull-down buffer (25 mM HEPES, 10.5 mM, 110
mM KCl, 1 mM MgCl,, 0.01mM ZnCl,, 10% glycerol, 0.01% Igepal C-630, 1 mM
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DDT) containing 3% BSA and bound to folded, biotinylated oligonucleotides. Magnetic
beads were incubated with ~ 0.25 mg of nuclear lysate in 250 pL pull-down buffer con-
taining PIC and 0.2 g/L salmon sperm DNA at 4 °C overnight and washed three times
with pull-down buffer. For competition binding experiments, incubations were per-
formed in the presence of respective concentrations of the G4 ligand pyridostatin
(PDS) [39]. The magnetic beads were then resuspended in 25 uL. NuPAGE LDS sample
buffer (Invitrogen, cat. no. NP0007) and heated to 70 °C for 10 min. Next, 1 uL of the
25 puL AEs in LDS sample buffer were analyzed via capillary-based immunoassays on a
Wes Protein Simple Western System (ProteinSimple) according to the manufacturer’s
protocol (https://proteinsimple.com/) using an anti-rabbit, anti-mouse, or anti-goat de-
tection module and corresponding antibodies (Additional file 1: Table S4). Bands were
quantified as area-under-the-curve using Compass software (ProteinSimple).

G-quadruplex ChIP-seq

ChIP-seq for G-quadruplex structures (G4-ChIP-seq) in K562 and HepG2 cells was per-
formed using the G4-specific antibody BG4 essentially as described previously [24]. Previ-
ous data for G4 ChIP-seq of K562 cells (NCBI GEO GSE107690) were also considered.

Native TF ChIP and G4 ligand treatment

Native ChIP for TFs was adapted from established protocols for yeast and drosophila [43,
56]. For each ChIP 1 x 107 log phase, K562 cells were pelleted by centrifugation (250g,
4°C, 5 min) and washed twice with PBS and resuspended in TM2+ buffer (10 mM Tris,
pH 7.5, 10mM NaCl, 2mM MgCl,, PIC) to a concentration of 2 x 10® cells per mL,
followed by addition of an equal amount of TM2+ containing 1.0% (v/v) tween-20 and
intermittent vortexing for 10 min. To release nuclei, the cell suspension was homogenized
in an all-glass Dounce homogenizer with 10 strokes of a “tight” pestle. Nuclei were then
collected at 1000g, washed with TM2+, and resuspended in digestion buffer (10 mM Tris,
pH 7.5, 10 mM NaCl, 1 mM CaCl,, 2 mM MgCl,, PIC) to an approximate DNA concen-
tration of ~ 0.5 mg/mL (based on A,¢). Next, 125 puL nuclei were preheated at 37 °C for 3
min and incubated for 5 min with 250 U of micrococcal nuclease (MNase; NEB, cat. no.
MO0247). Digestion was stopped by addition of 5mM EGTA and nuclei transferred to ice.
The salt concentration was then adjusted to 150 mM NaCl, and nuclei were treated with a
respective concentration of PDS [39] or DMSO at 37 °C for 10 min, followed by incubation
on ice for 5 min. Nuclei were disrupted and chromatin solubilized by passing through a 26-
gauge needle (10x). Soluble chromatin solution (S1) was separated from the insoluble pellet
by centrifugation (10,000g, 10 min, 4 °C) and the pellet resuspended in 140 pL ChIP buffer
(10 mM Tris, pH 7.5, 150 mM NaCl, 2 mM MgCl,, 2mM EGTA, 0.1% Triton X-100) and
incubated for 2 h at 10 °C with rotation. Salt-extracted chromatin was then clarified by cen-
trifugation (16,000g, 10 min, 4 °C) and the supernatant retained (S2). Fractions S1 and S2
were combined for ChIP reactions, 1% was kept at 4 °C as input control, while 3 pug of anti-
body was added to the ChIP reaction and incubated for 12 h at 4 °C. Next, 25 pL of Protein
G Dynabeads beads (Thermo Fisher, cat. no. 10004D) pre-blocked with 5 g/L BSA in PBS
were incubated with the ChIP reaction and washed twice with wash buffer (10 mM Tris,
pH 7.4, 150 mM NaCl, 0.75 mM EDTA). The beads were then resuspended in 91 pL elution
buffer (10 mM Tris, pH 7.4, 50 mM NaCl, 0.1 mM EDTA) and sequentially incubated with
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2pug RNase A (Ambion, cat. no. AM2271) for 30 min at 37°C, 100 ug proteinase K
(Ambion, cat. no. AM2546) and 1% SDS at 65 °C for 30 min, and eluted DNA was purified
from supernatant using a MinElute kit (Qiagen, cat. no. 28206).

TF native ChIP-qPCR

Eluted DNA from native TF ChIP reactions was used to quantify TF enrichment via qPCR,
using Fast SYBR PCR mix (Thermo Fisher, cat. no. 4385610), with a Bio-Rad CFX384 quan-
titative PCR machine. Cycling conditions were 95 °C for 20 s followed by 40 cycles of 3 s at
95°C and 30s at 60 °C. Based on ENCODE ChIP-seq data sets, primer pairs targeting TF
and G4 ChIP positive and negative regions were used (Additional file 1: Table S5). Relative
enrichments were derived with respect to their inputs and normalized to a TF- and G4-free
enhancer control region from the TMCC1 gene (Additional file 1: Table S5).

Other methods

Other standard methods [oligonucleotide folding, circular dichroism spectroscopy,
enzyme-linked immunosorbent assay] as well as oligonucleotide and primer sequences
are reported in Additional file 7: Supplemental Information.
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