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ABSTRACT: In the presence of monovalent alkali metal ions, G-
rich DNA sequences containing four runs of contiguous guanines
can fold into G-quadruplex (G4) structures. Recent studies showed
that these structures are located in critical regions of the human
genome and assume important functions in many essential DNA
metabolic processes, including replication, transcription, and repair.
However, not all potential G4-forming sequences are actually
folded into G4 structures in cells, where G4 structures are known
to be dynamic and modulated by G4-binding proteins as well as
helicases. It remains unclear whether there are other factors
influencing the formation and stability of G4 structures in cells.
Herein, we showed that DNA G4s can undergo phase separation in vitro. In addition, immunofluorescence microscopy and ChIP-
seq experiments with the use of BG4, a G4 structure-specific antibody, revealed that disruption of phase separation could result in
global destabilization of G4 structures in cells. Together, our work revealed phase separation as a new determinant in modulating the
formation and stability of G4 structures in human cells.
KEYWORDS: guanine quadruplex, phase separation, transcription regulation, transcription factor, ChIP-seq

■ INTRODUCTION
Guanine quadruplexes (G4s) are non-canonical DNA
structures composed of two or more layers of G-tetrads,
each of which contains four guanines stabilized by Hoogsteen
base pairing and a monovalent metal ion, e.g., K+ and Na+. The
formation of G4 structures in human cells was first reported in
1987,1 and many subsequent studies were conducted to assess
G4 formation in vitro and in cells. In particular, it was revealed
bioinformatically and experimentally that DNA G4 is
ubiquitously present in the human genome.2−4 These studies
also unveiled the enrichment of G4 structures at replication
origins, oncogene promoters, and telomeres, suggesting the
important functions of G4 structures in regulating DNA
replication, transcription, telomere maintenance, and other
biological processes.5

G4 structures are highly dynamic in cells,6,7 and effective
regulations of G4s are crucial for maintaining genomic and
epigenetic stability, as manifested by the functions of known
G4-binding proteins in chromatin remodeling (e.g., ATRX and
REV1),8,9 long-range DNA interactions (e.g., YY1 and
CTCF),10,11 and genetic diseases (e.g., WRN and BLM).12,13

Moreover, G4 structures are known to be dynamic during cell
cycle progression, where higher levels of G4 structures were
observed in S-phase cells.14 Therefore, it is important to
understand how G4 structures are regulated in cells.

Liquid−liquid phase separation (LLPS) promotes the
formation of membraneless compartments in cells, such as

nucleolus, nuclear speckles, Cajal bodies, processing bodies (P
bodies), stress granules, etc.15 LLPS has been shown to
participate in a wide range of cellular processes, including
transcription, translation, DNA damage repair, cell signaling,
and spatial genome organization.15−17 Although many studies
are focused on LLPS of proteins or protein compartments, it
was recently revealed that, in the absence of proteins, DNA can
also undergo phase separation. For instance, Shakya and
King18 found that certain sequences of DNA, e.g., poly(GC),
can form phase-separated condensates. In addition, recent
studies on G4-binding proteins unveiled important functions
of G4s in many different biological processes.19−21 Interest-
ingly, many of these proteins, including FUS,22 hnRNPA1,23

hnRNPA2,24 and YY1,25 can undergo phase separation.
Furthermore, G4 structures can promote the condensation of
G4-binding proteins, including histone H1 and SERBP1.26,27

In light of these previous studies, we hypothesized that
phase separation may modulate the stabilities of G4 structures
in cells. In this study, we observed LLPS of DNA G4s in vitro
and demonstrated that phase-separated G4 DNA droplets can
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be disintegrated by 1,6-hexanediol (1,6-HD), an agent known
to disrupt LLPS.28,29 We also found that disruption of phase
separation diminished the enrichment of G4 structures in
chromatin of cultured human cells.

■ METHODS

Cell Culture
U2OS human osteosarcoma cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Thermo Fisher) supplemented
with 10% fetal bovine serum (FBS, Thermo Fisher) and 1%
penicillin−streptomycin solution (PS, GE Healthcare) at 37 °C
with 5% CO2.
Oligodeoxyribonucleotides and G4 Formation
Unlabeled and 5′-TAMRA-labeled oligodeoxyribonucleotides
(ODNs) were purchased from Integrated DNA Technologies
(IDT), and their sequences are listed in Supporting Information,
Table S1. These ODNs were annealed in a buffer containing 10 mM
Tris−HCl (pH 7.5), 10 mM KCl, and 0.1 mM EDTA by heating to
95 °C for 5 min, followed by cooling down to room temperature
slowly over 6 h.
Circular Dichroism Spectroscopy
The circular dichroism (CD) spectra for the ODNs (10 μM) in a
binding buffer containing 10 mM HEPES (pH 7.4) and 0.1 mM
EDTA with or without 0.1 mg/mL poly-L-lysine (P2636, Sigma) were
recorded at room temperature on a Jasco-815 spectrometer (Easton,
MD) at a scan rate of 1 nm/s. The CD spectra were averaged from
the signal of two repetitive scans collected in the wavelength range of
220−320 nm. The final spectra were obtained by the subtraction of
the signal acquired for the buffer solution and signal smoothing and
plotted using GraphPad Prism.
Phase Separation Assay
Pre-annealed 5′-TAMRA-labeled DNA and unlabeled DNA were
mixed at a molar ratio of 1:50 in the above-mentioned buffer. For
imaging of DNA in the presence of NaCl, NaCl was added to the
buffer until its desired concentration was reached. The samples were
incubated with or without 0.1 mg/ml poly-L-lysine at 25 °C for 30
min. The samples were subsequently dropped onto a glass microscope
slide and covered with a 12 mm coverslip (CG15NH1, Thorlabs)
immediately before imaging. Fluorescence and differential interfer-
ence contrast (DIC) imaging was conducted on an LSM 880 upright
confocal microscope (Carl Zeiss) with a 60× objective. The images
were analyzed by ZEN software.
Turbidity Measurements
Unlabeled cMYC DNA (20 μM) was prepared under the same
conditions as in phase separation assay. After incubation, the
absorbance at 400 nm was measured using a Nanodrop One
spectrophotometer (Thermo Scientific). Triplicate measurements
were performed. The average of the three readouts for each replicate
was recorded.
1,6-Hexanediol Treatment
In all in vitro assays, including phase separation and turbidity
measurements, stock solutions of 20, 40, and 60% of 1,6-hexanediol
(240117, Sigma) in a binding buffer were prepared before treatment.
After the addition of an equal volume of 1,6-HD-containing buffer,
the sample solution was mixed thoroughly by pipetting and incubated
at 25 °C for another 30 min before measurement.
G4 Immunofluorescence
U2OS cells were treated with 6% 1,6-hexanediol (240117, Sigma)
prepared in DMEM for 1 min; JQ1 (HY-13030, MedChemExpress)
was added to U2OS cells until its final concentration reached 1.0 μM,
and the cells were incubated for 12 h before immunofluorescence
microscopy imaging. The immunofluorescence microscopy experi-
ments were performed following previously published procedures.14

Briefly, cells on the coverslip were fixed in methanol/acetic acid (3:1,
v/v) for 10 min, permeabilized with 0.1% triton-X100/PBS for 15

min, and treated with 50 μg/mL RNase A (EN0531, Thermo Fisher).
After blocking with 2% BSA at room temperature for 1 h,
immunofluorescence microscopy experiments were conducted using
standard methods with BG4 (MABE917, Sigma-Aldrich), anti-FLAG
(14793S, Cell Signaling Technology), and anti-rabbit Alexa 594-
conjugated (A11037, Invitrogen) antibodies. Nuclei were stained with
DAPI (D9542, Sigma). Finally, the coverslips were mounted with
ProLong Diamond Antifade Mountant (Invitrogen). Images were
recorded using an LSM880 confocal laser scanning microscope (Carl
Zeiss) with a 100× objective and analyzed with ZEN. The foci
number per nucleus were counted using Find maxima in ImageJ. The
graphs were plotted using GraphPad Prism8.
G4-ChIP Sequencing and qPCR
G4-ChIP sequencing was performed using the custom-purified BG4
antibody and conducted as previously described with minor
modifications.30 DNA was fragmented following the protocol
described previously.31 Briefly, chromatin samples were diluted in a
blocking buffer containing 25 mM HEPES (pH 7.5), 10.5 mM NaCl,
110 mM KCl, 1 mM MgCl2, and 1% BSA and treated with RNase A.
The chromatin sample was subsequently incubated with 500 ng of the
BG4 antibody with rotation at 1400 rpm for 1.5 h at 16 °C. To the
mixture were then added 5 μL of pre-blocked Anti-Flag M2 magnetic
beads (Sigma, M8823), and the suspension was incubated under the
same conditions for 1 h. After washing with ice-cold wash buffer (10
mM Tris, pH 7.4, 100 mM KCl, 0.1% Tween 20) 7 times, the
captured DNA was eluted with TE buffer containing Proteinase K
while rotating at 1400 rpm. (6 h, 65 °C). The eluted DNA was then
purified by DNA Clean and Concentrator-5 (Zymo).

The DNA-sequencing library was prepared using NEBNext Ultra
DNA Library Prep Kit for Illumina (NEB) following the
manufacturer’s instructions. The quantity and quality of the purified
DNA libraries were assessed by a Qubit and an Agilent 2100
Bioanalyzer. The samples were multiplexed for next-generation
sequencing on an MGISEQ-2000 platform (BGI).

For quantitative PCR, immunoprecipitated samples and the input
control were used to quantify the enrichment of G4 structures. qPCR
was carried out using Luna Universal qPCR Master Mix (NEB) on a
CFX96 touch real-time PCR detection system (Bio-Rad). The
primers are listed in Supporting Information, Table S1.

Cell Counting Kit-8 Assay. The cell cytotoxicity after 1,6-HD
and JQ1 treatment was analyzed by using cell counting kit-8 (CK04,
Dojindo) following the manufacturer’s protocols. Cells were seeded at
a density of 5 × 103/well in 100 μL of medium into 96-well
microplates. Cells were incubated overnight before treatment. After
treatment, 10 μL of the cell counting kit-8 (CCK-8) reagent was
added to each well and then incubated for 3 h. The absorbance was
then measured at 450 nm using a BioTek Synergy H1 microplate
reader. All experiments were performed in triplicate.
Bioinformatics Analysis
FastQC (version 0.11.9) was employed for the quality assessment of
ChIP-seq data, and the reads were subsequently mapped to the
human hg38 reference genome using Bowtie2 (Version 2.5.0).32 The
two replicates were merged using SAMtools for analysis.33 The
unaligned and repeated reads were filtered out, and the remaining
reads were subjected to peak calling using MACS2 (v2.2.7.1)34 with a
false discovery rate of 0.05. Bigwig files were generated by using the
bamCompare tool.35 The results were visualized using Integrative
Genomics Viewer (IGV).36

ChIP-seq data sets of transcription factors (TFs) were retrieved
from the ChIP-atlas portal (https://chip-atlas.org/) using “hg38”,
experiment type “ChIP: TFs and others”, cell type class “bone”,
threshold for significance “50”, and cell type “U2OS”. Experiments
with treatment or genetic manipulation were removed from analysis.
BG4 peaks that can be detected in both control and 1,6-hexanediol-
treated cells were separated into “augmented G4” and “diminished
G4” based on the enrichment score. The overlapping percentage of
G4 with TF binding sites was calculated using bedtools.37 Fold
change was defined as the ratio between TF binding sites’ overlapping
percentage with “augmented G4” and “diminished G4” in 1,6-

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00106
JACS Au 2023, 3, 1650−1657

1651

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00106/suppl_file/au3c00106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00106/suppl_file/au3c00106_si_001.pdf
https://chip-atlas.org/
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hexanediol- vs mock-treated cells. Profiles and heatmaps were
generated by using the computeMatrix tool.35 The ChIP-seq data
reported in this paper are available at the NCBI GEO repository
under accession number GSE225772.

■ RESULTS AND DISCUSSION
To investigate whether G4s undergo phase separation and
assemble into droplets in the absence of proteins, we tested
two different G4-forming sequences derived from the
promoter regions of cMYC and cKIT proto-oncogenes. In
this vein, the cKIT promoter harbors three G4-forming
sequences,38 and the first sequence, KIT1, was used in the
present study. Oligodeoxynucleotides were pre-annealed in a
buffer containing 10 mM KCl and confirmed by circular
dichroism spectroscopy (Figure S1) to ensure the formation of
G4 structures before the LLPS assays. As depicted in Figure
1A, both G4 sequences can undergo phase separation and
assemble into droplets in the presence of poly-L-lysine (PLL), a
cationic polymer used for studying phase separation,39 where
droplets start to form at 10 μM G4 DNA. We also examined
G4 droplet formation by using a previously reported turbidity
assay.26,40 Upon incubation with PLL, the turbidity of the
DNA sample increased significantly, as manifested by the
formation of droplets in PLL-containing DNA solution (Figure
1B).

We next assessed the influence of salt concentration on
phase separation of G4 DNA. Our results showed that, after
annealing G4 DNA in a K+-containing buffer, the droplets

started to form at DNA concentrations as low as 10 μM
(Figure 1C). At a low concentration (5 μM), G4 DNA does
not assemble into droplets until NaCl concentration is at least
100 mM (Figure S2). We also observed that, at higher DNA
concentrations (20−50 μM), G4 DNA assembles into droplets
at both low and high NaCl concentrations but forms
aggregates at intermediate NaCl concentrations (Figures 1C
and S2). We reason that the addition of salt increases the ionic
strength of the solution and attenuated the electrostatic
repulsions between negatively charged G4 DNA, thereby
resulting in droplet formation at low DNA concentration and
aggregation at high DNA concentration.41 Further increases in
salt concentration augmented the solubility of DNA in the
PLL−DNA mixture;42 as a result, we observed precipitate
dissolution and droplet reformation at high salt concentrations.
Together, we showed that G4 DNA can undergo phase
separation at a concentration as low as 10 μM. In this respect,
it is worth noting that the intracellular concentration of Na+ is
about 10−15 mM, residing in the low concentration range of
NaCl used in this study.43 In addition, the average local
concentration of DNA in metaphase chromosomes is
approximately 0.17 g/mL,44 which is much higher than the
10 μM G4 DNA probe used in the current study (∼7*10−5 g/
mL). Thus, DNA in chromatin experiences an environment
with much more molecular crowding, which favors LLPS,45

than the in vitro conditions employed in the current study.
1,6-HD has been frequently employed to disrupt phase

separation through inhibition of hydrophobic interactions.28,29

Figure 1. G4 DNA undergoes phase separation in vitro. (A) Images of 10 μM mixture of 5′-TAMRA-labeled and unlabeled (1:50) G4
oligodeoxynucleotides acquired from fluorescence microscopy and differential interference contrast (DIC) microscopy (scale bar = 10 μm). (B)
Turbidity of 10 μM G4 DNA derived from the cMYC promoter in the presence or absence of 2 μM PLL. (C) Matrix diagram showing the phase
separation of different concentrations of cMYC G4 DNA in the presence of various concentrations of NaCl. Droplets are round shaped, whereas
aggregates are of irregular shape (Figure S2).
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We found that the addition of 1,6-HD led to disintegration of
G4 DNA droplets (Figure S3A), where we observed a marked
attenuation in droplet size when the solution contained 20%
1,6-HD. We also assessed droplet disruption by using a
turbidity assay. As displayed in Figure S3B, treatment with

increasing concentrations of 1,6-HD led to decreased turbidity
of the DNA solution, underscoring the disintegration and/or
dissolution of G4 DNA droplets. As 1,6-HD exhibits a more
pronounced impact on turbidity at a low NaCl concentration
than a high concentration, phase separation of G4 DNA at a

Figure 2. Disruption of phase separation led to diminished G4 structure foci in cells. (A) Immunofluorescence microscopy images showing the
presence of G4 structure foci in the control, as well as in 1,6-HD- and JQ1-treated U2OS cells. Nuclei were stained with DAPI; and G4 structures
were monitored using the BG4 antibody (scale bar = 20 μm). (B) Quantification of G4 structure foci after 1,6-HD and JQ1 treatment. The p values
were calculated by using two-tailed, unpaired Student’s t-test: ****, p < 0.0001.

Figure 3. BG4 ChIP-seq results of U2OS cells with and without 1,6-HD treatment. (A) Venn diagram depicting the numbers of significant BG4
ChIP-seq peaks in U2OS cells with (1,6-HD) or without (Ctrl) 1,6-HD treatment, and pie charts showing gene annotation of these peaks. (B)
Genome-wide profiles of BG4 ChIP-seq peaks for control and 1,6-HD-treated cells showing diminished peak intensity after 1,6-HD treatment. (C)
Heatmap of peak distribution and intensity in control and 1,6-HD-treated cells.
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low NaCl concentration depends more on hydrophobic
interaction. This result demonstrated that, aside from electro-
static interaction, hydrophobic interaction also contributes to
LLPS of G4 DNA. Together, these results revealed that 1,6-
HD treatment promotes the disintegration of G4 droplets in
vitro.

We next investigated how phase separation influences the
stability of G4 structures in cells. To this end, we treated
U2OS cells with 6% 1,6-HD for 1 min and assessed G4
formation in cells by using immunofluorescence microscopy
with the use of the BG4 antibody.14 In line with the in vitro
observations, we detected pronounced diminutions in G4
structure foci in cells upon 1,6-HD treatment (Figure 2). In
this context, 1,6-HD is known to be capable of disrupting
protein−protein interactions;46 hence, the diminished G4
levels in cells may also arise partly from attenuated protein−
protein interactions involving G4-binding proteins. It is of note
that 1,6-HD exposure did not appreciably influence the
survival of U2OS cells (Figure S4A).

Several studies demonstrated the formation of G4s in
promoters of transcriptionally active genes.47−49 In addition,
transcription co-activators form liquid-like condensates, which
recruit other proteins to enhancer regions to activate
transcription.50,51 Therefore, we hypothesized that the
assembly of these phase-separated condensates associated

with promoter regions may lead to stabilization of G4
structures. To test this hypothesis, we assessed how G4
formation in cells is perturbed upon treatment with JQ1, which
disrupts the binding of BRD4 to H3K27ac-marked enhancer
chromatin and dissolves the phase-separated condensates
composed of mediators and RNA polymerase II at super-
enhancers.51 Immunofluorescence microscopy analysis with
the use of the BG4 antibody again revealed a significant
diminution in BG4 foci in U2OS cells after JQ1 treatment
(Figure 2). In this regard, we observed that a 12 h treatment
with 1.0 μM JQ-1 did not alter the survival of U2OS cells
(Figure S4B). This result substantiated our conclusion that G4
structures in cells are stabilized in phase-separated con-
densates, although attenuated enhancer activity, arising from
JQ-1 treatment, may also contribute in part to diminished G4
structures.

To further examine the roles of phase separation in
stabilizing G4 structures in cells, we performed BG4-ChIP-
seq experiment for U2OS cells that were untreated or treated
with 1.5% 1,6-HD for 2 min.30,31 Our results from two
biological replicates revealed a substantially diminished
number of BG4 ChIP-seq peaks, namely, from 3507 peaks in
control cells to 2269 peaks in 1,6-HD-treated cells. The
majority of the peaks (58.9 and 61% in control and 1,6-HD-
treated cells, respectively) are located in promoter regions

Figure 4. 1,6-HD treatment led to diminished G4 structures in cells. (A) ChIP-seq tracks showing the transcription start site (TSS) of the
CCDC88A gene in control and 1,6-HD-treated U2OS cells. (B) ChIP-qPCR results showing diminished enrichment of G4 structures in the
promoter regions of HYAL3, CCDC88A, PRR14, and RPA3 genes in U2OS cells upon 1,6-HD treatment. The enrichment was assessed using
primers derived from the genomic regions around the TSS where the BG4 ChIP-seq peaks are located. ESR1, which has no G4 peak in the
promoter region, served as a negative control to calculate the changes in enrichment fold. The data represent mean ± S.D. of results from three
independent experiments. The p values were calculated by using two-tailed, unpaired Student’s t-test: *, p < 0.05; **, 0.001 ≤ p < 0.01. (C)
Comparison of overlapping percentages of TF occupancy at G4 sites in control and 1,6-HD-treated cells. Dash lines connect the same TFs in both
groups. The p values were calculated by using two-tailed, paired Student’s t-test: ****, p < 0.0001. (D) Profiles of fold enrichment of G4 signals in
control and 1,6-HD-treated cells at CTCF-binding sites with G4 structures and all CTCF binding sites, respectively.
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(Figure 3A), which is in agreement with the previously
reported results.48 We also observed that the peak intensities
were substantially attenuated upon 1,6-HD treatment (Figure
3B,C). It is worth noting that, among the 1369 overlapped
peaks detected from control and 1,6-HD-treated cells, more
than 65% of the peaks are located in promoter regions.

We further validated the BG4 ChIP-seq data by using ChIP-
qPCR. We chose several genes, including HYAL3, CCDC88A,
PRA3, and PRR14, whose promoter regions exhibit high G4-
forming potential and display diminished BG4 ChIP-seq peak
intensities following 1,6-HD treatment (Figures 4A,B, S5).
Consistent with the ChIP-seq results, we detected attenuated
enrichment of G4 structures in the promoter regions of all four
genes upon 1,6-HD treatment. Hence, we conclude that phase
separation contributes to the stabilization of G4 structures in
cells.

Because G4 structures were found to be binding hubs for
TFs in chromatin,48 we next examined whether those loci with
G4 structures being sensitive to 1,6-HD treatment are enriched
with TF binding sites. To this end, we first divided those G4
loci commonly detected in control and 1,6-HD-treated cells
into two groups based on IP enrichment scores, i.e., those G4
loci exhibiting decreased and increased BG4 ChIP signals after
1,6-HD treatment (i.e., labeled in Figure 4C as “diminished
G4” and “augmented G4”, respectively). We subsequently
calculated the overlapping percentage of BG4 peaks in each
group with ChIP-seq results of TFs using publicly available
data from ChIP-Atlas. Our results showed that those loci with
a diminished BG4 signal upon 1,6-HD treatment are more
likely to co-localize with TF binding sites than those with an
elevated BG4 signal after 1,6-HD treatment (Figure 4C).
Along this line, it remains unclear how 1,6-HD treatment leads
to elevated BG4 signals in some genomic regions, although we
speculate that this may arise from augmented accessibilities of
G4 structures in chromatin of these genomic regions. A
comparison of BG4 ChIP-seq peaks detected in control and
1,6-HD-treated cells with respect to individual ChIP-seq data
of TFs, including CTCF, MYC, and ZBTB48, showed minimal
or no effects of their overall genome-wide occupancy upon 1,6-
HD treatment (Figures 4D and S6). We, however, observed
pronounced diminutions in enrichment of these TFs at those
binding sites enriched with G4 structures. These data suggest
that G4-mediated LLPS is involved in regulating the chromatin
occupancy of TFs.

■ CONCLUSIONS
In summary, we demonstrated that G4 DNA can undergo
phase separation, and disruption of phase separation leads to
genome-wide destabilization of G4s. Previous studies showed
that DNA G4 structures promote phase separation through
binding to phase-separated proteins.52 Here, we revealed
another mechanism in modulating dynamic formation of DNA
G4 structures, which may bear important implications in
transcriptional regulation. In this vein, G4 structures are
enriched in gene promoters,5 and RNA polymerase II can
partition into two distinct types of phase-separated con-
densates, where the form with the C-terminal domain being
hypophosphorylated is accompanied with transcription ini-
tiation, but the hyperphosphorylated form is associated with
the splicing complex.53 While more efforts are needed to
understand further how phase separation of G4 DNA regulates
biological processes, our studies suggest that G4 structures are
hubs of not only the transcription machinery48 but perhaps

also other molecular complexes involved in chromatin
remodeling and long-range DNA interactions.7,10,25
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