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G-quadruplexes (G4s) are noncanonical DNA secondary structures formed through the self-association of guanines, and

G4s are distributed widely across the genome. G4 participates in multiple biological processes including gene transcription,

and G4-targeted ligands serve as potential therapeutic agents for DNA-targeted therapies. However, genome-wide studies

of the exact roles of G4s in transcriptional regulation are still lacking. Here, we establish a sensitive G4-CUT&Tag method

for genome-wide profiling of native G4s with high resolution and specificity. We find that native G4 signals are cell type–

specific and are associated with transcriptional regulatory elements carrying active epigenetic modifications. Drug-induced

promoter-proximal RNA polymerase II pausing promotes nearby G4 formation. In contrast, G4 stabilization by G4-target-

ed ligands globally reduces RNA polymerase II occupancy at gene promoters as well as nascent RNA synthesis. Moreover,

ligand-induced G4 stabilization modulates chromatin states and impedes transcription initiation via inhibition of general

transcription factors loading to promoters. Together, our study reveals a reciprocal genome-wide regulation between native

G4 dynamics and gene transcription, which will deepen our understanding of G4 biology toward therapeutically targeting

G4s in human diseases.

[Supplemental material is available for this article.]

G-quadruplexes (G4s) are four-stranded intramolecular structures
that arise from the self-stacking of two or more guanine quartets
(G-quartets), in which the four guanine molecules form a square
planar arrangement in a cyclic hydrogen-bonding pattern
(Bochman et al. 2012; Varshney et al. 2020). G4s are formed in
guanine-rich nucleic acids and further stabilized in the presence
of monovalent cations (Hänsel-Hertsch et al. 2017; Spiegel et al.
2020). They are evolutionarily conserved and stable under physio-
logic conditions (Chen et al. 2018; Marsico et al. 2019). In mam-
mals, the genomic distribution of G4s is not random but rather
peculiar to specific genomic regions, such as telomeres, gene pro-
moters, transcription factor binding sites, and sites with DNA dou-
ble-strand breaks (Biffi et al. 2013; Varshney et al. 2020; Zheng
et al. 2020). Although the chemistry of G4s has been under inves-
tigation for decades, the important biological functions of G4have
just begun to emerge recently.

Based on their distribution in the genome, G4s have been im-
plicated in several essential cellular processes, such as gene tran-
scription, DNA replication, genomic instability, and telomere
elongation and maintenance (Varshney et al. 2020). Gene tran-
scription is a driving force of chromatin relaxation and single-
stranded DNA (ssDNA) exposure, which is a prerequisite for G4
formation. Chromatin immunoprecipitation with an engineered
G4 structure-specific antibody BG4 followed by high-throughput

sequencing (G4 ChIP-seq) has detected and mapped endogenous
G4s in mammalian cells (Biffi et al. 2013; Hänsel-Hertsch et al.
2018). Using this method, ∼10,000 G4 structures on chromatin
have been identified in human cells, themajority of whichmainly
reside upstream of the transcription start sites (TSSs) of actively
transcribed genes (Hänsel-Hertsch et al. 2016; Zheng et al. 2020),
suggesting the potential interplay between G4s and transcription-
al regulation.

Dysfunctions of G4s have been seen in neurodegenerative
diseases and breast cancer (Hänsel-Hertsch et al. 2020; Wang
et al. 2021a), and G4s were suggested to serve as potential thera-
peutic targets for DNA-targeted therapies, particularly in antican-
cer drug design (Neidle 2016; Zyner et al. 2019; Carvalho et al.
2020). The application of multiple G4-stabilizing compounds
(G4 ligands), such as TMPyP4, pyridostatin (PDS), and PhenDC3,
as potential anticancer drugs is currently being evaluated. These
compounds were initially developed to interfere with telomere
functions and alter transcription of oncogenes (De Cian et al.
2007; Rodriguez et al. 2012; Carvalho et al. 2020). Additionally,
G4 formationwas elevated in immortalized cells compared to their
normal counterparts (Hänsel-Hertsch et al. 2016), and the differ-
entially enriched G4 regions can function as genomic markers of
regions that drive breast cancer and serve as predictors of drug
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response to G4 ligands (Hänsel-Hertsch et al. 2020). Furthermore,
genetic interaction studies of G4s uncoveredmany genetic vulner-
abilities to G4 ligands, raising new therapeutic possibilities for G4
ligands in anticancer treatment (Zimmer et al. 2016; Zyner et al.
2019). After decades of development, some G4 ligands have
reached advanced phase I and phase II trials as candidate therapeu-
tic agents against several types of tumors (Drygin et al. 2009; Xu
et al. 2017; Carvalho et al. 2020). However, elucidating how G4s
are regulated byG4 ligands, especially at promoters, and the specif-
ic mechanisms underlying the biological roles of G4s and G4 li-
gands are still challenging.

Plenty of studies have linked G4 formation with transcrip-
tional regulation, and different models have been proposed for
G4 involved in transcription at promoters and gene bodies
(Spiegel et al. 2020; Varshney et al. 2020). G4 has been reported
to act as a direct or indirect roadblock for RNA polymerase II (Pol
II) elongation (Varshney et al. 2020), promoting or inhibiting
the recruitment of specific transcription factors and cofactors
(Raiber et al. 2012; Gao et al. 2015; Li et al. 2017; Makowski et al.
2018). However, this evidence is largely based on computationally
predicted G4 motifs, correlations between G4 and gene expres-
sion, or manipulation of G4 structures on individual genes in plas-
mid constructs (Spiegel et al. 2020; Varshney et al. 2020). The
genome-scale interplay between native G4 and transcription re-
mains unknown.More explicit evidence of nativeG4 involvement
in transcription and scrutiny of the potential interference of indi-
rect or network effects are imperative and would promote a better
characterization of the direct roles of G4 in genome-scale tran-
scriptional regulation. In this study, we established a sensitive
G4-CUT&Tag (cleavage under targets and tagmentation) method
(Kaya-Okur et al. 2019; Wang et al. 2019) to profile native G4s
across the human genome with high resolution and specificity.
Using G4 stabilizing ligands, we combined G4-CUT&Tag with
multiple complementarymethods to elucidate hownative G4 par-
ticipates in transcription on a genome-scale.

Results

Genome-wide profiling of native G4s by the cleavage under

targets and tagmentation approach

To identify the G4s in the human genome, we purified the G4
structure-specific scFv antibody BG4 (Flag-BG4 antibody with a
His-tag) (Supplemental Fig. S1A) and used the in vitro enrich-
ment-based G4 ChIP-seq protocol (Supplemental Fig. S1B,C; Hän-
sel-Hertsch et al. 2018) to profile the G4s in HEK293T cells. G4
signals were successfully mapped and showed similar profiles as
in a previously published G4 ChIP-seq data set (Supplemental
Fig. S1D; Hänsel-Hertsch et al. 2018). In addition, motif analysis
for the G4 peak regions in ChIP-seq revealed a significant enrich-
ment for G-rich motifs, which is consistent with the property of
G4 sequences and the reported G4 motifs (Supplemental Fig.
S1E; Hänsel-Hertsch et al. 2018). However, we noticed that, in ge-
neral, G4 ChIP-seq has a higher background, which is likely due to
the ex vivo enrichment-based strategy of ChIP-seq. To improve the
mapping ofG4s and profile the nativeG4s in the genome, we com-
bined the Tn5-based CUT&Tag approach (Kaya-Okur et al. 2019;
Wang et al. 2019) with Flag-BG4 antibody and established an in
situ G4 mapping method, named G4-CUT&Tag (Fig. 1A). In this
method, G4 structures are recognized by Flag-BG4 antibody in
situ, and G4-containing DNA fragments are cut and released by as-
sembled Tn5 transposome-assisted tagmentation. We successfully

generated the G4-CUT&Tag libraries with pre-assembled Tn5
transposome efficiently (<1 d) using 1×105 HEK293T cells (Sup-
plemental Fig. S1F).

Genome browser snapshots of G4s at individual genes (Fig.
1B; Supplemental Fig. S1G) and genome-wide analysis of G4 sig-
nals across all the protein-coding genes (Supplemental Fig. S1H)
showed that G4-CUT&Tag produced much higher signals at the
promoter regions with fewer background signals compared to G4
ChIP-seq. The metaplots and fingerprint plots of G4-CUT&Tag
libraries and their corresponding controls showed a higher signal-
to-noise ratio in HEK293T cells (Supplemental Fig. S1I,J). Peak call-
ing with model-based analysis of ChIP-seq (MACS2) (Zhang et al.
2008) identified 17,888G4peaks alongwith an IgG-CUT&Tag con-
trol, whereas only 9202 peakswere characterized fromG4ChIP-seq
with an IgG ChIP-seq control, suggesting the superior sensitivity of
G4-CUT&Tag. Size distributionanalysis of these peaks suggests that
G4-CUT&Tag has a slightly higher resolution (Fig. 1C). The high
correlation between biological replicates demonstrated the repro-
ducibility of G4-CUT&Tag (Fig. 1D). We identified 5815 over-
lapped peaks between G4-CUT&Tag and G4 ChIP-seq, with
12,073 and 3387 unique peaks for G4-CUT&Tag and G4 ChIP-
seq, respectively (Fig. 1E), suggesting that the in situ and ex vivo
capturing strategies may result in different G4 profiles. Annotation
of G4 peaks revealed that the majority of G4s localize at the gene
promoters and a subset of G4 peaks were distributed at the gene
body and intergenic regions (Fig. 1E). In agreement with a better
signal-to-noise ratio, the 12,073 unique peaks in G4-CUT&Tag
analysis were partly annotated to gene promoters, but a large pro-
portion of them were enriched in distal intergenic regions, which
often contain enhancers, indicating thatG4-CUT&Tag ismore sen-
sitive than G4 ChIP-seq in detecting G4s (Fig. 1E).

To investigate the relationship between native G4 and epige-
netic landscapes, we profiled the Pol II (POLR2A subunit) occupan-
cy, histone modifications (including H3K27ac, H3K4me3,
H3K4me2, and H3K4me1), as well as chromatin accessibility by
ATAC-seq in HEK293T cells. We found that G4s colocalized with
Pol II and active histone modifications and were accompanied
with high chromatin accessibility at promoters and enhancers
(Fig. 1F; Supplemental Fig. S2A,B). Genome-wide analysis showed
that G4s positively correlated with active histone modifications,
Pol II occupancy, and ATAC-seq signals (Fig. 1G). G4s were sub-
stantially prevalent at gene promoters (about 60%; 10,647 in
17,888) with high Pol II occupancy, chromatin accessibility, and
high levels of active histone modifications, including H3K27ac,
H3K4me2, andH3K4me3 (Fig. 1H). Themetaplot analysis revealed
that G4s colocalized with Pol II in the nucleosome-free regions be-
tween two nucleosomesmarked by H3K27ac (Fig. 1I,J).We further
compared the distributionofG4swith precisionnuclear run-on se-
quencing (PRO-seq) signals (NCBI Gene Expression Omnibus
[GEO: https://www.ncbi.nlm.nih.gov/geo/] accession numbers
GSM4730174 and GSM4730175), which measures nascent RNA
3′ ends andmaps transcriptionally engaged Pol II. G4 signals over-
lapped with the TSSs and Pol II pausing sites at promoter regions
(Fig. 1I,J), indicating that G4s may participate in the early stages
of transcription.

Because G4-CUT&Tag could detect the G4 signals at enhanc-
ers (Fig. 1E), we further characterized the G4 structures at different
enhancer types (defined by specific histone modifications). Active
and poised enhancers were clustered by their relative intensities of
H3K27ac and H3K4me1 (Supplemental Fig. S2C; Wang et al.
2015). Approximately 46% of G4 peaks (8168 in 17,888) reside
at active enhancers, which are associated with a high H3K27ac/
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Figure 1. Comprehensive profiling of genome-wide native G4s by G4-CUT&Tag. (A) Schematic of G4-CUT&Tag with a G4-structure-specific single-
chain antibody Flag-BG4. After binding of concanavalin A-coated magnetic beads to the cells and cell permeabilization, G4 structures were recognized
by Flag-BG4 in situ. Anti-Flag antibody and secondary antibody were added sequentially to tether protein A-Tn5 transposase. Tn5 was activated by mag-
nesium to cut the chromatin close to Flag-BG4 binding sites and simultaneously integrate adapters. After extraction, the Tn5-tagmented genomic DNAwas
amplified for library preparation and second-generation sequencing. For IgG control, mouse IgGwas used to replace Flag-BG4 antibody. (B) UCSCGenome
Browser tracks of G4 ChIP-seq and G4-CUT&Tag in HEK293T. The reads were aligned to human genome hg38 and normalized by reads per million. (C)
Distributions of peak width of G4-CUT&Tag and G4 ChIP-seq. G4-CUT&Tag and G4 ChIP-seq peaks were called by MACS2 using corresponding IgG con-
trols. A total of 17,888 G4-CUT&Tag peaks and 9202 G4 ChIP-seq peaks were identified. (D) Correlation plot between two G4-CUT&Tag biological rep-
licates in HEK293T cells. (E) Genome-wide annotation of HEK293T G4-CUT&Tag and G4 ChIP-seq peaks. G4-CUT&Tag detected more G4s at the
promoter, gene body, and intergenic regions than the G4 ChIP-seq method. (F) Tracks example of G4 ChIP-seq, G4-CUT&Tag, Pol II (subunit:
POLR2A), H3K27ac, H3K4me3, H3K4me2, H3K4me1 ChIP-seq, and chromatin accessibility (ATAC-seq) in HEK293T, showingG4smark transcriptional reg-
ulatory elements enriched with Pol II, multiple active chromatin marks, and open chromatin. (G) Correlation plot of G4s with POLR2A, histone modifica-
tions, and chromatin accessibility. Signals at the 17,888G4-CUT&Tag peaks were counted and calculated by Pearson’s correlation. (H) Heatmap analysis of
G4, histone modifications, POLR2A occupancy, and ATAC-seq signals at promoter regions in HEK293T. Heat maps were sorted by decreasing intensity of
G4-CUT&Tag signals. (I,J) Metaplot and heat map of G4-CUT&Tag, PRO-seq, and H3K27ac signals at promoter regions. The TSSs are denoted by the ver-
tical black-dashed lines.
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H3K4me1 ratio, high Pol II occupancy, and chromatin accessi-
bility, indicating that these enhancers are transcriptionally en-
gaged (Supplemental Fig. S2C,D). Approximately 14% of G4
peaks (2480 in 17,888) were distributed at poised enhancers
(Supplemental Fig. S2C), which display weaker G4 signals,
H3K27ac, Pol II, and ATAC-seq intensities compared to those at
promoters and active enhancers (Supplemental Fig. S2D–F).
Additionally, motif discovery revealed enrichment of six G-rich re-
curring motifs, which are consensus motifs of the SP1, FOXO, and
E2F family proteins (Supplemental Fig. S2G,H). Together, these
results demonstrate that G4-CUT&Tag is a sensitive and reproduc-
ible method for comprehensive profiling of native G4s, which
mark transcriptional regulatory elements across the genome.

Characterization of native G4 signals by G4-CUT&Tag and their

cell type specificity

To test the specificity of G4-CUT&Tag signals, we analyzed the
17,888 G4-CUT&Tag peaks and their equivalent random sequenc-
es with the widely used G4Hunter prediction program. This pro-
gram computationally estimates the G4 forming ability relying
on the G-richness and G-skewness of DNA sequence and provides
quadruplex propensity scores (Bedrat et al. 2016). Prediction ofG4-
CUT&Tag peak sequences yielded 1,501,354 G4 hits, which were
nearly four times as many as those from equivalent random se-
quences. Furthermore, these hits were associated with higher
quadruplex propensity scores (Supplemental Fig. S3A,B). Next,
we compared the G4-CUT&Tag signals with G4-seq signals, which
represent observed G4 sequences (OQs) in purified, single-strand-
ed genomic DNA (Marsico et al. 2019). We found that G4-CUT&-
Tag signals largely overlapped with OQs at individual gene
promoters, as shown in the genome browser tracks (Fig. 2A,B). Ge-
nome-wide analysis revealed that the majority of G4-CUT&Tag
peaks contained OQs detected by G4-seq (Fig. 2C; Supplemental
Fig. S3C) and their signals were generally correlated (Fig. 2C)
with similar distribution patterns across different genomic regions
(Supplemental Fig. S3D–F), confirming the specificity of
G4-CUT&Tag signals.

R-loops are noncanonical three-stranded structures in which
the nascent RNA invades into double-stranded DNA (dsDNA) and
forms DNA:RNA hybrids during transcription (Niehrs and Luke
2020). G4s are suggested to be compatible and strongly correlated
with R-loops, andG4s are preferentially distributed in the nontem-
plate and displaced DNA strand of an R-loop (Duquette et al. 2004;
De Magis et al. 2019). Thus, we analyzed G4-CUT&Tag signals
with R-loop signals detected by 2×HBD-CUT&Tag and S9.6-
CUT&Tag (GSE156400) in HEK293T cells (Wang et al. 2021b).
The NPM1 and GRK6 loci each displayed G4 and R-loop signals,
and the G4s were located upstream of the mapped R-loops (Fig.
2D), which is consistent with previous studies (Chen et al.
2017). We found that 81.1% and 80.7% G4 peaks overlapped
with R-loop signals detected by R-loop 2×HBD-CUT&Tag and
S9.6-CUT&Tag (Fig. 2E), respectively. Also, G4-CUT&Tag intensi-
ties were positively correlated with R-loop 2×HBD-CUT&Tag sig-
nals (r=0.664) and S9.6-CUT&Tag signals (r=0.599) (Fig. 2F,G).
Collectively, these results indicate a genome-wide tight associa-
tion of G4s with R-loops and further confirm the specificity of
G4 signals from G4-CUT&Tag.

In order to measure the cell type specificity of native G4s, we
analyzed the G4 profiles in five cell lines of different origins, in-
cluding embryonic kidney cells (HEK293T), chronic myelogenous
leukemia cells (K562), cervical cancer cells (HeLa), small cell lung

cancer cells (SW1271), and breast cancer cells (MBD-231-LM2)
(Fig. 2H). We performed peak calling with input DNA sequenc-
ing data from each cell line (NCBI Sequence Read Archive [SRA;
https://www.ncbi.nlm.nih.gov/sra] accession numbers SRX5466
670, SRX3358201, SRX5449793, SRX6858029, and ERX4517
391). The low degree of G4 peak overlap between these cell lines
indicated that the G4s were highly cell type–specific, as shown
in the Venn diagram (Fig. 2I). Pearson’s correlation of G4-
CUT&Tag signals also exhibited great heterogeneity of G4s among
different cell lines (Fig. 2J). Together, these data demonstrate that
the G4 distribution and signal intensities vary widely among dif-
ferent cells, suggesting the cell type specificity of G4s and likely re-
flecting diverse epigenetic landscapes and transcription programs
among different cell lines.

The reciprocal interaction between RNA polymerase II

and native G4

Given the findings that G4 marks transcriptional regulatory ele-
ments and colocalizes with Pol II at promoters, we further investi-
gated the interplay between G4 and Pol II in two ways: first, by
perturbing the dynamics of transcription; and second, by stabiliz-
ing native G4. We used the well-known CDK9 inhibitor flavopiri-
dol (FP) to induce global promoter-proximal Pol II pausing at the
promoter and enhancer regions. The induction of Pol II pausing
is mediated through the inhibition of phosphorylation of three
key polypeptides: the Pol II C-terminal domain; the negative tran-
scription elongation factors (NELF); and theDRB sensitivity induc-
ing factor (DSIF) (Liang et al. 2015). As measured by ChIP with
reference exogenous genome (ChIP-Rx) (Orlando et al. 2014),
1-h treatment with FP rapidly induced retention of the Pol II
(POLR2A) occupancy (Fig. 3A,B). Moreover, FP increased native
G4 signals at promoters (Fig. 3A,B). We also found that FP in-
creased the Pol II occupancy and G4-CUT&Tag signals at both ac-
tive and poised enhancers (Fig. 3C,D). In summary, these data
suggest that enhanced Pol II pausing by FP promotes nativeG4 for-
mation at promoters and enhancers.

To investigate the effects of native G4s on Pol II-mediated
transcription, we utilized two G4 stabilizing compounds,
TMPyP4 tosylate (Anantha et al. 1998) and pyridostatin (Hänsel-
Hertsch et al. 2017), to modulate the native G4s in the genome.
We confirmed the specificity of BG4 and BG4-EGFP to G4s by
dot-blot assays (Supplemental Fig. S3G) and found that TMPyP4
or PDS treatment did not block the interaction between annealed
MYC-G4 oligonucleotides and BG4 or BG4-EGFP (Supplemental
Fig. S3H). In addition, we checked the purity of the G4 ligands
TMPyP4 and PDS by liquid chromatography-mass spectrometry
(Supplemental Fig. S4A,B). To minimize potential secondary ef-
fects, we treated the HEK293T cells with these ligands for 1 h
only. Immunostaining of G4s with BG4-EGFP antibody showed
that TMPyP4 rapidly and robustly increased the nuclear G4s (Fig.
3E,F). Next, we profiled the native G4s in the genome by G4-
CUT&Tag after 1 h of TMPyP4 treatment. TMPyP4 treatment in-
creased the G4-CUT&Tag signals at the NPM1 promoter (Fig.
3G). Genome-wide analysis confirmed that TMPyP4 induced a
global increase of native G4s at promoters (Fig. 3H), especially
around the TSSs (Supplemental Fig. S4C). We also measured the
Pol II subunits POLR2A and POLR2B, along with Pol II-associated
NELF complexmember B (NELFB) byChIP-Rx to investigate the ef-
fects of G4 stabilization on gene transcription. We found that
TMPyP4 treatment rapidly reduced Pol II and NELF occupancy at
TSSs (Fig. 3G). The heat map and metaplot analyses also revealed
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Figure 2. Characterization of native G4 signals in G4-CUT&Tag and their cell type specificity. (A,B) Genome browser tracks of G4-CUT&Tag and G4-seq
in HEK293T cells. Observed G4 sequences (OQs) detected by G4-seq (GSM3003540) on the forward (+) and reverse (−) strands (Marsico et al. 2019) were
compared with G4-CUT&Tag signals. Txn Factor ChIP track was derived from combining ChIP-seq peaks of 161 transcription factors in 91 cell types per-
formed by the ENCODE Project. (C) Heatmap andmetaplot analyses of G4-CUT&Tag andG4-seq signals at G4 peaks. G4-CUT&Tag signals were positively
correlated with OQs signals. Metaplots of these signals are shown at the top. (D) Track examples of G4-CUT&Tag, R-loop 2×HBD-CUT&Tag, and R-loop
S9.6-CUT&Tag signals at the NPM1 and GRK6 loci. (E) Pie graphs showing the overlap of G4-CUT&Tag peaks with R-loop signals identified by R-loop
CUT&Tag with the DNA:RNA hybrid sensor 2 ×HBD and S9.6 monoclonal antibody, respectively (Wang et al. 2021b). (F,G) Pearson’s correlation of
G4-CUT&Tag signals with R-loop 2×HBD-CUT&Tag signals (F) and R-loop S9.6-CUT&Tag signals (G) at the 17,888 G4 peaks. (H) A snapshot from
the UCSC Genome Browser showing G4-CUT&Tag signals in HEK293T, K562, HeLa, SW1271, and MBD-231-LM2 (LM2) cells. (I ) G4 peaks were called
with the corresponding whole-genome sequencing data of each cell line (SRX5466670, SRX3358201, SRX5449793, SRX6858029, and ERX4517391).
Overlapping of these G4 peaks showed heterogeneity of G4s among different cell lines. (J) Correlation analysis of log2 fold change of G4 signals versus
input in HEK293T, K562, HeLa, SW1271, and LM2 cells, showing the intercellular heterogeneity of G4s.
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Figure 3. The reciprocal interaction between RNA polymerase II and native G4 in the genome. (A,B) Pol II subunit POLR2A ChIP-Rx and G4-CUT&Tag
analyses showed that flavopiridol treatment resulted in increased Pol II occupancy and slightly increased G4 signals as seen at the promoter-proximal re-
gions of NPM1 and SRSF4 (A) or around TSSs (B) by heat map analysis. (C,D) Metaplot analysis of G4 and POLR2A peak regions at active (C) and poised
enhancers (D). (E,F) Immunostaining of G4 using BG4-EGFP (green) in HeLa cells treated with DMSO or TMPyP4 for 1 h. The nuclei were stained with DAPI
(blue) (E). For each sample, images of 4–6 fields of vision were acquired with fixed parameters. Fifty-one nuclei in each sample were randomly selected, and
the mean fluorescence intensities of G4s in each nuclear area were calculated by dividing the total intensities of BG4-EGFP with the nuclear area marked by
DAPI (F). (G–I) Analysis of G4-CUT&Tag signals and ChIP-Rx signals detected by the Pol II subunits POLR2A and POLR2B antibodies as well as the NELF
subunit NELFB antibody in HEK293T cells with or without TMPyP4 treatment. As shown at NPM1 loci (G) or heat map (H) and metagene plots (I) at
gene coding regions, TMPyP4 treatment induced a global increase of G4 signals and decrease of Pol II and NELF occupancy around TSSs.
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a global reduction of Pol II occupancy after G4 stabilization with
TMPyP4 (Fig. 3H,I).

To verify these findings, we further tested the effect of
another well-known G4 stabilizing ligand, PDS, on G4 and Pol II
occupancy. PDS exhibited weaker effects than TMPyP4 on G4 as
shown by the BG4-EGFP staining and quantification (Supplemen-
tal Fig. S4D,E). TheG4-CUT&Tag analysis showed that PDS also in-
creased genome-wide G4 signals at gene promoters, albeit to a
lesser extent (Supplemental Fig. S4F). These findings are consistent
with the BG4-EGFP immunostaining analysis and demonstrate
that both TMPyP4 and PDS enhance the genome-wide formation
of G4s. POLR2A and NELFB ChIP-Rx analyses showed that PDS
also substantially decreased the Pol II and NELF occupancy at
gene promoters (Supplemental Fig. S4F), confirming that ligand-
induced G4 stabilization impaired Pol II and NELF occupancy at
gene promoters throughout the genome.

Native G4 stabilization by G4 ligands rapidly modulates

chromatin states

Next, we tried to investigate the underlyingmechanisms by which
G4 regulates transcription. First, we performed a POLR2A ChIP-Rx
assay with HEK293T cells after 1 and 4 h of TMPyP4 treatment.
We found that TMPyP4 decreased Pol II occupancy in a time-de-
pendent manner as shown by a further decrease of POLR2A signal
intensity at promoters after extended TMPyP4 treatment (Supple-
mental Fig. S5A,B). The reduction of Pol II occupancy started at
the regions upstream of TSSs, indicating that G4 stabilization
may impair gene transcription at the transcription initiation stage
(Supplemental Fig. S5B). Surprised by such a rapid alteration of Pol
II and its associated factors by G4 stabilizing ligands, we were curi-
ous about the changes in the chromatin states atpromoters, includ-
ing dsDNA melting and chromatin accessibility. Thus, we
performed kethoxal-assisted single-stranded DNA sequencing
(KAS-seq) (Wu et al. 2020b), which uses N3-kethoxal to rapidly
and specifically label the guanines in single-strandedDNA, to track
changes of chromatin states by G4 ligands. The G-quartet utilized
the Hoogsteen bonds from four guanine bases to form a planar tet-
rad, which blocked the reaction between guanine andN3-kethoxal
(Fig. 4A). TMPyP4 treatment for 1hdiminished theKAS-seq signals
at the promoters, gene body, and transcription end sites (TESs) of
NPM1 and SRSF4 genes (Fig. 4B). Heat map and metaplot analyses
with all of the active promoters (Fig. 4C,D) showed that TMPyP4
decreased the KAS-seq signals globally. Moreover, from metagene
analysis (Supplemental Fig. S5C,D), we found that TMPyP4 treat-
ment also caused genome-wide reductions of the KAS-seq signals
at the gene body and TES regions, which agrees with the reducing
POLR2A ChIP-Rx signals at gene bodies after TMPyP4 treatment
(Fig. 3I). Consistent with the competition between G-quartet for-
mation and N3-kethoxal labeling, we found that the vast majority
of promoters with enhanced G4s after TMPyP4 treatment showed
attenuated KAS-seq signals (Supplemental Fig. S5E).

To further investigate the degrees of dsDNA melting and sin-
gle-stranded DNA exposure, we utilized non-denaturing bisulfite
conversion assays to convert the unmethylated cytosines (C) on
single-stranded DNA into uracils (U) and used Sanger sequencing
to measure the C-T conversion after various G4 ligand treatments.
We observed that bothNPM1 and SRSF4 promoters displayedmore
non-denaturing bisulfite conversion after TMPyP4 or PDS treat-
ment (Fig. 4E; Supplemental Fig. S5F). Combined with KAS-seq re-
sults, the data reflect more dsDNA melting and ssDNA opening
caused by G4 stabilization. To further measure the consequences

on chromatin accessibility by G4 stabilization, we performed
transposase-accessible chromatin using sequencing (ATAC-seq)
(Corces et al. 2017) to map the chromatin accessibility after
TMPyP4 treatment for 1 h. We found that G4 stabilization by
TMPyP4 increased the chromatin accessibility at the NPM1,
SRSF4, and HSPA8 promoters (Fig. 4F; Supplemental Fig. S5G). Ge-
nome-wide analysis of ATAC-seq signals at promoters uncovered
substantially increased chromatin accessibility after G4 stabiliza-
tion (Fig. 4G,H). Together, these results demonstrate that native
G4 stabilization by G4 ligands rapidly modulates chromatin states
by increasing dsDNA melting and chromatin accessibility in the
genome.

G4 stabilization substantially impairs nascent RNA synthesis

To further characterize the alterations of gene transcription by G4
ligands, we measured the nascent RNA synthesis after 1-h DMSO
or TMPyP4 treatment using transient transcriptome sequencing
(TT-seq) (Schwalb et al. 2016; Liang et al. 2018) with exogenous
S2 spike-in controls to minimize potential interference of indirect
or network effects. Track examples (Fig. 5A,B) showed that
TMPyP4 treatment decreased the nascent RNA synthesis of the
NPM1 and SRSF4 genes. The differential gene expression analysis
revealed reduced nascent RNA synthesis after TMPyP4 treatment
for 1 h (Fig. 5C; Supplemental Fig. S6A). We identified 5870 differ-
entially regulated genes (fold change>1.5 and P< 0.05) by DESeq2
with S2 spike-in controls (Fig. 5C,D). The vast majority of these
5865 genes were down-regulated with 1-h TMPyP4 treatment
(Fig. 5D), which is consistent with the POLR2A ChIP-Rx and
KAS-seq results (Figs. 3, 4). Furthermore, the metagene plot of
strand-specific TT-seq signals showed that TMPyP4 reduced the
nascent RNA synthesis at the gene body and TES regions, which
was in agreement with the reduction of Pol II occupancy and
KAS-seq signals at these regions (Fig. 5E; Supplemental Fig. S6B).
TMPyP4 treatment also decreased the enhancer RNAs (Supple-
mental Fig. S6C) and bidirectional antisense RNA synthesis at pro-
moters (Fig. 5E). Together, these results demonstrate that G4
stabilization by TMPyP4 quickly inhibits genome-wide nascent
RNA synthesis. To visualize the effects of TMPyP4 on individual
gene transcription, we performed Stellaris RNA fluorescence in
situ hybridization (FISH) (Liang et al. 2015) in HeLa cells with or
without TMPyP4 treatment to measure the nascent RNA synthesis
of GAPDH and ACTG1 genes in the nucleus (Supplemental Fig.
S6D). Without TMPyP4 treatment, we detected bright RNA FISH
spots using GAPDH and ACTG1 probes (Supplemental Fig. S6E–
H). These punctate spots in the nucleus were brighter than the cy-
toplasmic RNA transcripts, suggesting that they likely represent
sites of multiple nascent RNA transcripts. TMPyP4 treatment re-
duced the number of punctate spots (Supplemental Fig. S6E,G)
and significantly decreased the intensity of these RNA FISH spots
(Supplemental Fig. S6F,H).

Although native G4s were mainly present at the promoter re-
gions, G4s were proposed to act as direct or indirect roadblocks for
Pol II elongation in the gene body as evidenced from the artificial
reporter gene assays (Varshney et al. 2020). To check the influences
of native G4s on elongating Pol II in the gene body, we performed
quick Precision Run-On and sequencing (qPRO-seq) (Judd et al.
2020) in the presence or absence of TMPyP4. If G4s could function
as roadblocks for Pol II elongation, treatment of cells with TMPyP4
wouldmost likely retain the elongating Pol II at the gene bodies or
cause early termination of Pol II at TESs. However, we did not ob-
serve apparent retention of elongating Pol II from qPRO-seq at the
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NPM1 and SRSF4 genes (Fig. 5F). We further analyzed the genome-
wide strand-specific qPRO-seq signals along with the G4-
CUT&Tag signals with or without TMPyP4 (Fig. 5G,H). The results
showed that TMPyP4 decreased the overall elongating Pol II at the
gene bodies, which is consistent with the TT-seq and POLR2A

ChIP-Rx data showing decreased nascent RNA synthesis (Fig. 5E)
and reduced Pol II occupancy at the gene body (Fig. 3I), respective-
ly. However, TMPyP4 treatment neither caused apparent early ter-
mination of Pol II at the TESs nor induced evident elongating Pol II
retention in the gene bodies (Fig. 5G,H). We also noted that
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Figure 4. G4 stabilization by G4 ligands rapidly alters chromatin states with increased dsDNAmelting and chromatin accessibility. (A) Schematic for N3-
kethoxal labeling reaction in KAS-seq. In the G-quartet structure, the formation of Hoogsteen bonds blocks the chemical reaction between guanine andN3-
kethoxal. (B–D) Analysis of KAS-seq signals in HEK293T cells treatedwith DMSO or TMPyP4. Tracks examples illustrate that TMPyP4 reduces KAS-seq signals
at the promoters, gene bodies, and TESs of NPM1 and SRSF4 genes (B). Heat maps (C ) and metaplots (D) demonstrate that TMPyP4 induced a global re-
duction of KAS-seq signals at TSSs. (E) NondenaturingC to T conversion at twoG4 formingmotifs inNPM1 and SRSF4 promoters after TMPyP4 treatment in
HEK293T cells. Each row shows one representative Sanger sequencing result. The converted sites are depicted as black dots, whereas the unconverted sites
are represented as white dots. The percentages of C-T conversion sites for each group were calculated from these 10 sequences. (F–H) Analysis of ATAC-seq
signals in the absence or presence of TMPyP4 reveals that TMPyP4 enhanced the chromatin accessibility around TSSs. Snapshots of ATAC-seq tracks at
NPM1 and SRSF4 loci (F), heat maps (G), and metaplots (H) are shown.
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TMPyP4 treatment did not induce nativeG4 formation in the gene
bodies (Fig. 5G,H). These data are consistent with the genomic dis-
tribution of native G4s at promoters and suggest that blocking of
Pol II elongation in the gene body is likely only a minor function
of native G4 in the genome.

G4 stabilization inhibits transcription initiation by impairing the

loading of general transcription factors to promoters

Next, we investigated the underlyingmechanisms bywhichnative
G4 affects transcriptional regulation. We annealed the biotin-
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Figure 5. Disruption of G4 dynamics with G4 stabilizing ligands substantially restrains nascent RNA transcription. (A,B) UCSC Genome Browser snap-
shots of TT-seq tracks with DMSO or TMPyP4 treatment at gene coding regions of NPM1 (A) and SRSF4 (B) show that TMPyP4 down-regulated nascent
RNA synthesis. (C,D) Volcano plot (C) and heatmap (D) show substantially impaired nascent RNA synthesis in response to 1-h TMPyP4 treatment. A total of
5870 differentially genes (fold change>1.5 and P<0.05) were identified by DESeq2 with S2 spike-in controls. (E) Metagene plot analysis of strand-specific
TT-seq signals illustrates that TMPyP4 decreased nascent RNA synthesis at the gene body and bidirectional antisense RNA at promoter regions. (F) UCSC
Genome Browser tracks of qPRO-seq at NPM1 and SRSF4 loci. (G,H) Heat map and metaplot showing strand-specific qPRO-seq signals and changes of
qPRO-seq signals after TMPyP4 treatment. Rows represent genes and are sorted by gene length from shortest to longest. Corresponding G4-CUT&Tag
signals are shown on the right sides.
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Figure 6. G4 stabilization inhibits transcription initiation by impairing general transcription factor loading. (A) Schematic of immunoprecipitation of G4-
containing core promoter and nanoLC-FAIMS-MS/MS analysis. Streptavidin MagPoly beads were incubated with biotin-labeled G4-containing core pro-
moter DNA and nuclear protein extract sequentially for immunoprecipitation. After on-beads trypsin digestion, the interacting proteins with core promoter
DNA were analyzed on a Thermo Exploris 480 mass spectrometer. (B) List of core promoter interacting proteins with or without TMPyP4 treatment. (SL1)
Selective Factor 1. Sum PEP Score is calculated as the sum of the negative logarithms of the posterior error probability (PEP) values of the connected peptide
spectrum matches (PSMs). All the proteins in the list have high confidence, with q-values higher than the specified threshold 0.01. (C–E) Analysis of TBP,
TAF1, and GTF2B ChIP-Rx signals in cells treated with DMSO or TMPyP4 for 2 h. Track examples at the NPM1 (C ) and SRSF4 (D) loci are shown. Heat map
and metaplot analyses (E) showed that TMPyP4 impaired TBP, TAF1, and GTF2B occupancy after TMPyP4 treatment. (F,G) Luciferase reporter assay of G4-
containing promoters showed that G4 stabilization induced by TMPyP4 (F) or PDS (G) significantly inhibited the luciferase reporter gene expression. (H)
ChIP-qPCR analysis in HEK293T cells transfected with recombinant luciferase reported plasmid. These cells were treated with or without TMPyP4. The oc-
cupancy of POLR2A, TAF1, and GTF2B in the insertion-vector junction of the recombinant plasmid wasmeasured by ChIP-qPCR. The statistical analysis was
performed using an unpaired Student’s t-test. (I) Proposed model for the interplay between G4 and gene transcription. G4s are generated during tran-
scription and mark transcription regulatory chromatin in the genome. They are correlated with active transcription and coincident with R-loops.
However, disruption of G4 dynamics by G4 stabilizing ligands could alter the chromatin states by increasing the dsDNAmelting and chromatin accessibility
at the promoters, which impair the loading of general transcription factors, such as TBP, TFIID TAFs, and GTF2B. Thus, G4 stabilization leads to inhibition of
transcription initiation and nascent RNA synthesis.
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labeled core promoter DNA to form G4s, incubated the DNA with
or without TMPyP4, and performed pulldown assays with nuclear
extracts. We then performedmass spectrometry analysis to identi-
fy the proteins interacting with G4-forming core promoter DNA
(Fig. 6A). Compared to the sample without TMPyP4 treatment,
we identified fewer unique peptides for transcription initiation fac-
tors, such as GTF2B (TFIIB) and two TBP-associated factors (TFIID
complex composed of TBP and TAF1-15 and Selective Factor 1
complex containing TBP and at least TAF1A, TAF1B, TAF1C, and
TAF1D), in those treated with TMPyP4 (Fig. 6B). Distinct transcrip-
tion initiation complexes are selectively required for different RNA
polymerases (Zomerdijk et al. 1994; Hochheimer and Tjian 2003).
The general transcription factors TFIID and GTF2B are crucial for
mediating the selective and accurate promoter recognition of
Pol II through protein–DNA and protein–protein interactions
(Sainsbury et al. 2015; Roeder 2019). Therefore, loading of TFIID
andGTF2B to core promoter dsDNA are key steps for the formation
of the Pol II transcription preinitiation complex in a closed state
(Cramer 2019). Thus, we performed ChIP-Rx with antibodies
against TBP, TFIID subunit TAF1, and GTF2B after 1-h TMPyP4
treatment in HEK293T cells to check the effects of G4 stabilization
on transcription preinitiation complex assembly. UCSC Genome
Browser snapshots illustrated that G4 stabilization by TMPyP4 rap-
idly and substantially reduced the occupancy of TBP, TAF1, and
GTF2B at NPM1 and SRSF4 loci (Fig. 6C,D), whereas promoter re-
gions without G4-CUT&Tag signals were generally not occupied
by general transcription factors (GSE178668). Genome-wide anal-
ysis with these ChIP-Rx peaks (Fig. 6E) revealed that TMPyP4 im-
paired the recruitment of TBP, TAF1, and GTF2B at their binding
sites, indicating that TMPyP4-mediated G4 stabilization impairs
the recruitment of general transcription factors to the chromatin.

Furthermore, we speculated that the general mechanism of
impairment of transcription initiation could apply to the plasmid
templates. To test this hypothesis, we cloned the promoters of
NPM1, SRSF4,HSPA8,H2AX, and SERBP1 genes, which showedna-
tive G4 signals in the G4-CUT&Tag analysis, into the firefly lucif-
erase reporter plasmid pGL3, respectively. We tested the effects of
G4 stabilizing drugs on these recombinant plasmids by measuring
the luciferase activities (Fig. 6F). Compared to the vehicle-treated
controls, TMPyP4 or PDS treatment inhibited the promoter activ-
ities of NPM1, SRSF4, HSPA8, H2AX, and SERBP1 genes (Fig. 6F,G).
ChIP-qPCR with the SRSF4 recombinant reporter plasmid also
showed that TMPyP4 treatment reduced the recruitment of
POLR2A, TAF1, and GTF2B to the promoter (Fig. 6H), confirming
that the general mechanism of transcription initiation inhibition
applies to the plasmid templates. Together, these data demonstrate
that disruption of G4 dynamics by G4 stabilizing ligands inhibits
assembly of Pol II transcription preinitiation complex at promoter
regions.

Discussion

In this study, we reported a native G4 profiling method, G4-
CUT&Tag, by combining the G4-specific BG4 antibody with the
sensitive CUT&Tag technique (Kaya-Okur et al. 2019; Wang
et al. 2019). Compared with the well-known enrichment-based
G4 ChIP-seq method, G4-CUT&Tag showed a higher resolution
and profiles almost twice as many G4 peaks. It is likely attributed
to the in situ capture strategy which leads to the lower signal loss
and higher signal/noise ratio of the CUT&Tag technology. More-
over, the G4-CUT&Tag method is easier to perform and avoids
many laborious and time-consuming steps. Specifically, thismeth-

od does not require fixation, sonication, or immunoprecipitation
and is convenient in sequencing library preparation due to the
unique characteristics of Tn5 transposase. It only takes <24 h
fromcollecting cells to the library preparation. Thismethod allows
starting with less than half a million cells, and this could be opti-
mized further for even fewer cells, providing possibilities to profile
the native G4s in the whole genome with limited starting
materials.

In general, enhancers are associated with low transcriptional
output, and gene body regions are highly dynamic due to tran-
scription. Here, with this improved native G4 mapping method,
we are able to identify native G4s at active enhancers, poised en-
hancers, and gene bodies, suggesting that G4-CUT&Tag is capable
of capturing the dynamic and short-lived G4s at these sites. Novel
G4s were able to be identified from enhancers by G4-CUT&Tag
(Fig. 1E; Supplemental Fig. S2). G4s may regulate the activity of
these identified key cis-regulatory elements which maintain gene
expression programs. The sensitive G4-CUT&Tag could facilitate
further studies of enhancer G4s in gene transcription, enhancero-
pathies, development, lineage specification, and pluripotency
(Creyghton et al. 2010; Rada-Iglesias et al. 2011; Smith and
Shilatifard 2014; Wang et al. 2015; Local et al. 2018).

Computational prediction of G4-CUT&Tag peaks demon-
strates that a high association with G4 motifs and G4-CUT&Tag
signals is generally correlated with observed G4 sequence signals
by G4-seq (Marsico et al. 2019). Furthermore, G4-CUT&Tag peaks
are well-correlated with R-loop CUT&Tag signals, and they share a
matched distribution pattern, suggesting the G4 signals are bona
fide. Additionally, native G4s in the genome show cell type specif-
icity. In agreement with previous studies (Hänsel-Hertsch et al.
2016, 2020), G4s mark transcription regulatory elements and are
associated with active transcription as evidenced from the further
characterization of G4s with active epigenetic modifications and
high Pol II occupancy. Moreover, G4smark both active and poised
enhancers with high H3K4me1/H3K27ac ratios, suggesting that
G4s at the poised enhancers may participate in the maintenance
of the potential to activate transcription and may be involved in
development processes (Creyghton et al. 2010; Rada-Iglesias
et al. 2011; Local et al. 2018). Distribution of G4 in transcription
regulatory regions has been associated with chromatin relaxation,
because the treatment of cells with the histone deacetylase inhib-
itor entinostat (Saito et al. 1999) stabilized histone H3K27 acetyla-
tion and led to an increase of G4 prevalence (Hänsel-Hertsch et al.
2016). Here, we found that CDK9 inhibitor flavopiridol treatment
(Liang et al. 2015) for 1 h induced a rapid promoter-proximal Pol II
pausing and enhanced native G4 formation at both promoter and
enhancer regions (Fig. 3).

Dysfunction of G4s is involved in several human diseases,
such as alpha-thalassemia X-linked intellectual disability (ATR-X)
syndrome, C9orf72 amyotrophic lateral sclerosis and frontotem-
poral dementia (C9ALS/FTD), and breast cancer (Law et al. 2010;
DeJesus-Hernandez et al. 2011; Renton et al. 2011; Shioda et al.
2018; Hänsel-Hertsch et al. 2020). Targeting G4s has emerged as
the new type of DNA-targeted strategy, particularly for anticancer
treatment (Neidle 2016; Zyner et al. 2019; Carvalho et al. 2020).
The application of G4 ligands as potential anticancer drugs is cur-
rently being evaluated (Zimmer et al. 2016; Zyner et al. 2019), with
some of them currently reaching advanced phase I and phase II tri-
als as candidate therapeutic agents (Drygin et al. 2009; Xu et al.
2017; Carvalho et al. 2020). In this study, we found that stabiliza-
tion of native G4 with G4 ligands rapidly changed the local chro-
matin states and that 1-h TMPyP4 treatment increased the
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chromatin accessibility and altered the single-strand DNA confor-
mation at promoter regions (Fig. 4; Supplemental Fig. S5). These
findings suggest that G4s modulate biological processes such as
transcription by altering the chromatin states. Indeed, TMPyP4
could inhibit Pol II occupancy at the promoter regions in a time-
dependent manner and this effect could happen within 1 h, indi-
cating that the mutual regulation of native G4, chromatin states,
and transcription is a fast and dynamic process. G4 ligands are gen-
erally used for 1–2 d or even longer in cells to target G4s during an-
ticancer strategies or when studying G4 function in telomere
dysfunction and genome integrity (Hänsel-Hertsch et al. 2017;
Carvalho et al. 2020). Thus, our studies indicate that it is critical
to consider the rapid response of transcription changes and chro-
matin state alteration induced by native G4 stabilization when in-
vestigating functions of G4 ligands.

Although native G4s were coincident with active gene tran-
scription, transient transcriptome analysis revealed that G4 stabi-
lization rapidly decreased nascent synthesis of the gene body,
antisense, and enhancer RNAs (Fig. 5; Supplemental Fig. S6).
Mechanistically, we found that G4 stabilization inhibits transcrip-
tion initiation by impairing the loading of general transcription
factors to core promoters. This could be mediated through the im-
paired interaction of preinitiation factors with promoter DNA and
the conformational changes of promoter DNA due to increased
dsDNA melting (Fig. 6I). We observed impaired transcription pre-
initiation complex assembly at promoters and distribution of the
majority of G4s at promoters and enhancers. The genome-wide
analysis of qPRO-seq indicated that blocking Pol II elongation in
the gene body is not likely to be a dominant function of native
G4 in the genome (Fig. 5). Instead, mass spectrometry analysis
with promoter DNA andChIP-Rx analysis with TBP, TFIID subunit
TAF1, and GTF2B antibodies suggested that blocking of transcrip-
tion initiation plays a dominant role in gene transcription inhibi-
tion induced by G4 stabilizing agents.

Together, our studies have provided a more effective strategy
for comprehensively profiling native G4s in the human genome
and proposed amodel for the interplay between G4 and gene tran-
scription (Fig. 6I). G4s are generated after general transcription fac-
tor loading, Pol II recruitment, promoter melting, and Pol II
elongation. G4s are correlated with active transcription and coin-
cident with R-loops at the promoter regions. However, disruption
ofG4 dynamics byG4 stabilizing ligandsmodulates the chromatin
states with enhanced chromatin accessibility and increases dsDNA
melting as well as ssDNA opening. The alterations of chromatin
states impair the loading of general transcription factors, such as
TBP, TAF1, andGTF2B, to promoters, leading to inhibition of tran-
scription initiation and nascent RNA synthesis (Fig. 6I). Our find-
ings reveal the underlying mechanisms for the intertwinement of
RNA polymerase II, chromatin states, and native G4s, provide a
paradigm for functional studies of noncanonical DNA secondary
structures, and advance our understanding of quadruplex-target-
ing therapies.

Methods

BG4 and BG4-EGFP antibodies

The scFv antibody, BG4, was purified using the expression vector
pSANG10-3F-BG4 (Addgene plasmid no. 55756) according to the
previous study (Hänsel-Hertsch et al. 2018). To get BG4-EGFP an-
tibody, the EGFP coding sequence was amplified from the EGFP-
Tpr (Addgene #35024) and subcloned into pSANG10-3F-BG4 to

generate the BG4-EGFP expression plasmid, which was chemically
transformed into BL21 (DE3) competent cells. Expression of BG4-
EGFPwas induced by 0.2mM IPTG for 14 h at 16°C, 200 rpm. BG4-
EGFP protein was then purified with the Ni NTA beads 6FF (Smart-
Lifesciences). See Supplemental Methods for further details.

G4 ChIP-seq

G4 ChIP-seq was performed according to a previously published
protocol (Hänsel-Hertsch et al. 2018) with minor modifications.
Briefly, a total of 12.5 µL sheared chromatin was immunoprecipi-
tated with 800 ng BG4 antibodies and preblocked 5 μL Anti-
DYKDDDDK affinity beads (Smart-Lifesciences) sequentially.
After washes, the captured DNAwas eluted and purified for library
preparation with the NEBNext ultra II DNA library prep kit for
Illumina. Experimental details and sequencing data analysis are
described in Supplemental Methods.

G4-CUT&Tag

Recombinant pA-Tn5 and pA-Tn5 transposome assembly have
been described in detail (Wang et al. 2021b). Cleavage under tar-
gets and tagmentation was performed as described before (Kaya-
Okur et al. 2019; Wang et al. 2019) with some modifications.
Briefly, cells were incubated with activated concanavalin A-coated
magnetic beads (Smart-Lifesciences). The bead-bound cells were
permeabilized and incubated first with BG4 primary antibody, fol-
lowed by anti-Flag M2 antibody (Sigma-Aldrich), and lastly with
rabbit antimouse IgG antibody. Diluted pA-Tn5 adapter complex
was then added followed by the tagmentation reaction. Extracted
DNA fragments were used for library preparation. More details of
this experiment and data analysis are described in Supplemental
Methods.

ChIP-seq and ChIP-Rx

Chromatin immunoprecipitation sequencing was performed with
1×107 cells as previously described (Liang et al. 2015). The sheared
chromatin was immunoprecipitated with 10 µg individual anti-
bodies and 15 µL preblocked Protein A/G beads (Smart-Lifescien-
ces). Library was prepared using the NEBNext ultra II DNA
library prep kit for Illumina. For ChIP-Rx experiments, sonicated
human chromatinwas spiked-inwith 10%–30%mouse chromatin
to quantitatively normalize across experiments. Experimental de-
tails and sequencing data analysis are included in Supplemental
Methods.

KAS-seq, ATAC-seq, TT-seq, and qPRO-seq

KAS-seq was performed as reported (Wu et al. 2020a) with minor
modifications. ATAC-seq was performed as previously described
(Corces et al. 2017). TT-seq was performed as described previously
(Schwalb et al. 2016; Liang et al. 2018) with minor modifications.
qPRO-seq was performed as previously reported (Judd et al. 2020)
with somemodifications. For experimental details and data analy-
sis, see Supplemental Methods.

Native bisulfite conversion assay

Anative bisulfite conversion assaywas performed as previously de-
scribed (Zheng et al. 2017) using an EpiMark bisulfite conversion
kit (NEB) with some modifications, as elaborated in Supplemental
Methods.
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Immunofluorescence and Stellaris RNA FISH

Immunofluorescence and Stellaris RNA FISH were performed as
previously described (Raj et al. 2008; Liang et al. 2015). To detect
G4 formation, HeLa cells were incubated with BG4-EGFP antibody
and stained with DAPI (4′, 6-Diamidino-2-Phenylindole, Dihydro-
chloride) (Thermo Fisher Scientific D1306). For Stellaris RNA FISH,
HeLa cells were immunostained with specific Stellaris FISH probes
followed byDAPI staining. Images were acquiredwith a 63×1.4 oil
objective on a Leica SP8 STED confocal microscope. See the Sup-
plemental Methods for details.

Reporter gene assay and ChIP-qPCR

Putative G4 forming regions in the promoters of NPM1, SRSF4,
HSPA8, H2AX, and SERBP1 that showed signal enrichments in
G4-CUT&Tagwere amplified and cloned into the pGL3 basic lucif-
erase reporter vector (Promega) (primers are shown in Supplemen-
tal Table S1). For the luciferase reporter assay, HEK293T cells were
transfected with these plasmids and treated with TMPyP4 or PDS
followed by luciferase activity detection with the firefly luciferase
assay kit (US Everbright Inc.).

For ChIP-qPCR assays, 1 × 107 HEK293T cells were used for
immunoprecipitation with 5 μg of specific antibody and 15 μL of
preblocked Dynabeads Protein G (Invitrogen). After extensive
washes, the captured DNA was eluted, purified, and subjected to
real-time PCR (qPCR) analysis. To avoid the interference of geno-
mic DNA, the primers were designed to span across the inser-
tion-vector junctions (Supplemental Table S1). For the input
control, 10% of the sheared DNAwas directly purified without im-
munoprecipitation and was used for qPCR with the same primers.
More details are described in Supplemental Methods.

Liquid chromatography with electrospray ionization tandemmass

spectrometry (LC-ESI-MS/MS)

LC-ESI-MS/MS experiments were performed on a Thermo TSQ
Quantis triple-stage quadrupole mass spectrometer under the pos-
itive ion mode. See the Supplemental Methods for details.

Coimmunoprecipitation of core promoter and nanoLC-FAMIS-

MS/MS

A biotin-labeled DNA oligonucleotide (5′-GCGTGTAGTGCAC
TTGGGCGCCTATAATAATGGGTGGGTGGGGACATCTCATTCTT
GGGGACGGGAGGGTTCATACATCTAGACGCG-biotin-3′), which
was G-rich and contained core promoter elements, and its reverse
complement DNA oligo were synthesized by Sangon Biotech. The
G-rich oligo was annealed andmixed with its reverse complement
DNA oligo to formG4-containing core promoter DNA. Preblocked
streptavidin MagPoly beads (Smart-Lifesciences) were incubated
with annealed double-stranded DNA with or without TMPyP4.
These streptavidin MagPoly beads with core promoter DNA were
then incubated with nuclear protein extract. After extensive wash-
es, the captured proteins were eluted and digested via two-step
digestion in urea buffer as previously reported (Keilhauer et al.
2015; Zhang et al. 2017). The acidified peptides were desalted
with the C18 Stage tips (Thermo Fisher Scientific) and analyzed
by an Orbitrap Exploris 480 mass spectrometer equipped with
the FAIMS Pro interface. Samples were analyzed on an EASY-nLC
system using a Hypersil GOLD C18 Selectivity HPLC column
and 3-h preprogrammed gradients. Full MS resolutions were set
to 60,000 atm/z 200 andMass rangewas set to 350–1500. Raw files
were processed with Proteome Discoverer 2.4 (Thermo Fisher
Scientific) using a four-stage searching program. More details of

experiment and data analysis are described in Supplemental
Methods.

Quantification and statistical analyses

Data are presented as mean± SD. The sample sizes (n) in the figure
legends indicate the number of replicates in each experiment and
are provided in the corresponding figure legends. The peak or gene
size (N) in the heat maps indicates the number of peaks or genes
included. A two-tailed Mann–Whitney U test was used to deter-
mine the significant differences between the two groups (Fig. 3F;
Supplemental Figs. S4E, S6F, S6H). Statistical analysis in Figure 6,
F through H, was performed by unpaired Student’s t-tests, and
the P values were denoted in each figure.

Data access

All raw and processed sequencing data generated in this studyhave
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE178668. The mass spectrometry proteomics data generated
in this study have been submitted to the ProteomeXchange
Consortium (http://www.proteomexchange.org) via the PRIDE
(Perez-Riverol et al. 2019) partner repository under the data set
identifier PXD026830.
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