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ABSTRACT 

High-or der chr omatin organization pla ys an impor -
tant role in biological processes and disease devel-
opment. Previous studies revealed a widespread oc-
currence of guanine quadruplex (G4) structures in
the human g enome , with enrichment in g ene reg-
ulatory regions, especially in promoters. However,
it remains unclear whether G4 structures contribute
to RNA polymerase II (RNAPII)-mediated long-range
DNA interactions and transcription activity. In this
study, we conducted an intuitive overlapping analy-
sis of pre viousl y pub lished RNAPII ChIA-PET (c hro-
matin interaction analysis with paired-end tag) and
BG4 ChIP-seq (chromatin immunoprecipitation fol-
lowed by sequencing using a G4 structure-specific
antibody) data. We observed a strong positive cor-
relation between RNAPII-linked DNA loops and G4
structures in c hromatin. Ad ditionally, our RNAPII
HiChIP-seq ( in situ Hi-C followed by ChIP-seq) re-
sults showed that treatment of HepG2 cells with
pyridostatin (PDS), a small-molecule G4-binding lig-
and, could diminish RNAPII-linked long-range DNA
contacts, with more pronounced diminutions being
observed for those contacts involving G4 structure
loci. RNA sequencing data revealed that PDS treat-
ment modulates the expression of not only genes
with G4 structures in their pr omoters, b ut also
those with promoters being connected with distal
G4s through RNAPII-linked long-range DNA interac-
tions. Together, our data substantiate the function
of DNA G4s in RNAPII-associated DNA looping and
transcription regulation. 
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GRAPHICAL ABSTRACT 

INTRODUCTION 

The DNA guanine quadruplexes (G4s) are four-stranded
secondary structures that form in guanine-rich regions of
DNA ( 1 , 2 ). G4 structures arise from stacking of at least
three layers of G tetrads, where four Gs are held together
thr ough hydr ogen bonding and a monovalent cation, in
the order of K 

+ > Na 

+ > Li + ( 3 ). The de v elopment of a
G4 structure-specific antibody (BG4) enabled probing for
the presence of G4 structures in chromatin ( 4 ), where BG4
ChIP-seq (chromatin immunoprecipitation followed by se-
quencing using BG4) results unveiled the enrichment of G4s
in r egulatory r egions of the genome and the presence of dis-
tinct G4 landscapes in different cell lines ( 5 , 6 ). 

A number of studies re v ealed the important roles of
G4s in various cellular processes, including telomere main-
tenance ( 7 , 8 ), DNA replication ( 9 ), DNA damage ( 10 )
and transcription regulation ( 11–13 ). Integrati v e analysis of
ChIP-seq data of transcription factors and G4 structures
underscored G4s as binding hubs for transcription factors
51 827 4713; Email: yinsheng.wang@ucr.edu 
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n cells ( 14 ). In addition, multiple proteins were shown to 

ind directly to G4 structures in vitro ( 13 , 15–19 ). 
Another important element of gene regulation is 3D 

hromatin ar chitectur e, wher e the nucleus of mammalian 

ells is highly compacted and organized in a hierarchi- 
al fashion ranging from A–B compartment to enhancer– 

romoter (E–P) contacts ( 20 ). Extensi v e studies have been 

onducted to investigate the functions of E–P interactions 
n transcription regulation and their potential contribu- 
ions to disease de v elopment ( 21–24 ). In this vein, multi-
le methods have been developed to profile the detailed 

D organizations of the human genome, including 3C 

chromosome conformation captur e), 4C (cir cular chromo- 
ome conformation capture), 5C (chromosome conforma- 
ion capture carbon copy), Hi-C and HiChIP-seq ( in situ 

i-C followed by ChIP-seq) / ChIA-PET (chromatin inter- 
ction analysis with paired-end tag) / PLAC-seq (proxim- 
ty ligation-assisted ChIP-seq) ( 25 ). Among these meth- 
ds, HiChIP-seq / ChIA-PET / PLAC-seq can detect specific 
rotein-mediated long-r ange DNA inter actions and pro- 
ide important information about how individual proteins 
odulate high-order genome organization. Bioinformatic 

nalysis showed the enrichment of G4 structures in topo- 
o gicall y associating domain (TAD) boundaries and in E–P 

nteractions, indicating the role of G4s in high-order chro- 
a tin organiza tion ( 26 ). Mor eover, a r ecent study r e v ealed

hat Yin-Yang 1 (YY1), which is known to dimerize and 

nable E–P interactions ( 27 ), is able to interact with G4 

NA a t high af finity ( 13 ). Further HiChIP-seq assay sub- 
tantiated a YY1-mediated, G4-dependent DNA looping 

 13 ). Although multiple studies suggest a role of G4s in dis- 
al gene regulation, not much is known about the detailed 

echanisms through which G4 structures modulate long- 
ange DNA interactions in cells. 

Here, by conducting an overlapping-based analysis of 
hIA-PET data in publicly available Encyclopedia of DNA 

lements (ENCODE) database ( 28 ), we identified a strong 

orrelation between G4 structures in chromatin and RNA 

ol ymerase II (RN APII)-mediated long-range DN A inter- 
ctions. We also observed that treatment of cells with pyri- 
ostatin (PDS), a small-molecule G4-binding ligand, led to 

or e marked decr eases in RN APII-mediated DN A loop- 
ng at sites with G4 structures than those without. In ad- 
ition, genome-wide association analysis between ChIA- 
ET / HiChIP-seq and RNA sequencing (RNA-seq) data 

rovided a comprehensi v e understanding about transcrip- 
ion regula tion media ted by the interplay of G4 struc- 
ure and RNAPII-mediated DNA looping. Moreover, we 
howed that enhancer G4s modulate the expression of 
KR1C (aldo-keto reductase famil y 1C) famil y genes in 

epG2 cells. 

ATERIALS AND METHODS 

ell lines 

epG2 human hepatocellular carcinoma cells were cul- 
ured in Dulbecco’s modified Eagle’s medium (Life Tech- 
ologies) containing 10% fetal bovine serum (Invitrogen) 
nd 1% penicillin and streptomycin (Invitrogen). K562 hu- 
an chronic myelogenous leukemia cells wer e cultur ed in 
PMI 1640 medium (Life Technologies) containing 10% fe- 
al bovine serum (Invitrogen) and 1% penicillin and strepto- 
ycin (Invitrogen). The cells were maintained at 37 

◦C in an 

ncubator containing 5% CO 2 and the cells were tested to 

e free of mycoplasma contamination using e-Myco PCR 

etection Kits (Bulldog Bio). 

ell viability assay 

ell viability was examined using Cell Counting Kit-8 

CCK-8, Dojindo) according to the manufacturer’s recom- 
ended procedur es, wher e a 100 �l suspension containing 

000 HepG2 cells was plated in each well of a 96-well plate 
 day prior to treatment. Ten microliters of the indicated 

oncentrations of PDS were added to each well, and the 
ells were incubated for 24 h. After the incubation, 10 �l 
f CCK-8 solution was added to each well, and absorbance 
t 460 nm was recorded 3 h later with a BioTek Synergy H1 

icroplate reader (Agilent Technologies). 

ioinformatic analysis 

hIA-PET datasets were retrie v ed through the ENCODE 

ortal under assay title ‘ChIA-PET’, target of assay 

POLR2A’ and biosample ‘K562’ or ‘HepG2’. POLR2A 

hIP-seq datasets were also downloaded from the EN- 
ODE portal under assay title ‘ChIP-seq’. Bedpe files in 

RCh38 assembly were downloaded for overlapping anal- 
sis and contact matrix hic files were used for visualiza- 
ion. BG4 ChIP-seq raw data for HepG2 and K562 cells 
ere obtained from Sequence Read Archi v e with the ac- 

ession number of PRNJ60617 ( 14 ). BG4 ChIP-seq data 

ere processed following previously published procedures 
n GRCh38 assembly ( 14 ). Overlapping percentages be- 
ween RNAPII-linked long-range DNA interactions and 

4s were calculated using bedtools pairToBed command 

ith different -type parameters ( 29 ). One to multiple over- 
aps were combined accordingly. Bedpe files were split into 

wo anchors and deduplicated to produce loop anchors. 
OLR2A ChIP-seq narrowPeak files were overlapped with 

oop anchors to obtain POLR2A binding sites with or with- 
ut long-r ange inter actions. Over lap between peaks was cal- 
ulated using bedtools intersect command. Monte Carlo 

imulation was conducted by randomly shuffling peak file 
n target regions using bedtools shuffle command. 

iChIP and data analysis 

iChIP was performed as previously described ( 30 ). Ten 

illion HepG2 cells wer e mock-tr eated (with sterilized wa- 
er) or treated with 20 �M PDS for 24 h before cross-linking 

ith a fr eshly pr epar ed 1% formaldehyde solution at room 

emperature for 10 min. After quenching with glycine at a 

nal concentration of 125 mM for 10 min, the cells were 
ashed se v eral times with phospha te-buf fered saline (PBS) 
nd subsequently incubated in HiChIP lysis buffer (10 mM 

ris–HCl, pH 8.0, 10 mM NaCl, 0.2% NP-40 and freshly 

dded protease inhibitor cocktail) at 4 

◦C for 2 h with ro- 
ation. After washing once with cold HiChIP lysis buffer 
nd centrifugation, the cell pellet was resuspended in 0.5% 

odium dodecyl sulfate (SDS, 100 �l) and incubated at 62 

◦C 
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for 10 min. SDS was later quenched by adding 25 �l of
fr eshly pr epar ed 10% Triton X-100 and 135 �l water. Af-
ter incuba tion a t 37 

◦C for 15 min, the resulting chromatin
was restriction-digested by adding 25 �l of 10 × rCutsmart
buffer (NEB) and 100 units of MboI (NEB). Chromatin was
digested overnight at 37 

◦C with shaking at 900 rpm. MboI
was inactivated by incubation at 62 

◦C for 20 min and then
cooling to room temperature. To the mixture were subse-
quently added 15 nmol each of dCTP, dGTP, dTTP (NEB),
biotin-14-dATP (Jena Bioscience) and 40 U Klenow frag-
ment (NEB) in a total volume of 300 �l to perform nu-
cleotide fill-in and biotin labeling. Following incubation at
37 

◦C with shaking at 900 rpm for 1 h, a DNA ligase mas-
ter mix, which contained 664 �l water, 120 �l of 10 × T4
ligase buffer (NEB), 10% Triton X-100, 6 �l of 20 mg / �l
bovine serum albumin (BSA) and 10 �l T4 DNA ligase
(NEB), was added to the reaction mixture, and the mix-
ture was incubated at room temperature for 6 h. The chro-
matin was collected by centrifugation and sonicated into
300–500 bp DNA fragments in RIPA buffer (10 mM Tris–
HCl, pH 8.0, 140 mM NaCl, 1 mM EDTA, 1% Triton X-
100, 0.1% SDS, 0.1% sodium deoxycholate) and then incu-
bated with 10 �g POLR2A antibody (Thermo Fisher Sci-
entific) a t 4 

◦C overnight. Antibod y-bound chroma tin was
captured by 50 �l Protein A / G magnetic beads (Thermo
Fisher Scientific) pre-blocked with PBS / BSA (5 mg / ml
BSA in 1 × PBS). The beads were subsequently washed with
a low-salt RIPA buffer (10 mM Tris–HCl, pH 8.0, 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1%
sodium deoxycholate) three times, a high-salt RIPA buffer
(10 mM Tris–HCl, pH 8.0, 300 mM NaCl, 1 mM EDTA,
1% Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate
with proteinase inhibitor cocktail) three times, a LiCl wash-
ing buffer (10 mM Tris–HCl, pH 8.0, 150 mM LiCl, 1
mM EDTA, 0.5% NP-40, 0.1% sodium deoxycholate) three
times and a TE buffer (10 mM Tris–HCl, pH 8.0, 0.1
mM EDTA) twice. DNA was purified by DNA Clean &
Concentrator-5 (Zymo Research), and subsequently quan-
tified using Qubit (Thermo Fisher Scientific). Biotin-labeled
DNA was enriched using the Dynabeads MyOne strep-
tavidin C1 (Thermo Fisher Scientific). For each sample,
20 �l streptavidin C1 beads were washed twice with 400
�l Tween wash buffer (5 mM Tris–HCl, pH 7.5, 0.5 mM
EDTA, 1 M NaCl, 0.05% Tween 20) and resuspended in
40 �l of 2 × binding buffer (10 mM Tris–HCl, pH 7.5, 1.0
mM EDTA, 2.0 M NaCl) and incubated with 40 �l of the
above-mentioned DNA isolated from ChIP procedures at
room temperature for 15 min. The DNA-bound beads were
washed twice with 500 �l Tween wash buffer, collected and
resuspended in 25 �l TE buffer. Sequencing libraries were
constructed using NEBNext Ultr a DNA Libr ary Prep Kit
for Illumina (NEB) following the manufacturer’s instruc-
tions. The library was paired-end sequenced (2 × 100 bp)
on an MGI 2000 platform (BGI). Two biological replicates
were performed for each condition. 

P air ed-end r eads wer e pr ocessed using HiC-Pr o with de-
fault parameter (version 3.1.0) ( 31 ). Fastq files were aligned
to GRCh38 assembly, deduplicated and assigned to MboI
restriction fragments. After filtration for valid interactions,
interaction matrices were constructed and visualized using
HiCExplorer ( 32 ). 
RNA-seq and data analysis 

Total RNA was extracted from cells using Omega Total
RN A Kit I accordingl y to the manufactur er’s r ecommended
procedures. Pol y(A) RN A enrichment was conducted us-
ing NEBNext Pol y(A) mRN A Magnetic Isolation Module
(NEB), and the sequencing library was constructed by us-
ing the NEBNext Ultr a II RNA Libr ary Prep Kit (NEB)
following the manufacturer’s instructions. The resulting li-
brary was subjected to sequencing analysis on an MGI 2000
platform. The sequencing reads were aligned to GRCh38
assembly using STAR (v.2.7.0) with default parameters
( 33 ). Transcript quantification was conducted using feature-
Counts (v.2.0.3) ( 34 ). Differential gene expression analysis
was performed with DESeq2 (v.1.36.0) ( 35 ). 

Real-time quantitative polymerase chain reaction 

Total RNA was extracted using Omega Total RNA Kit I
(Omega) following the vendor’s recommended procedures
and quantified. A pproximatel y 2 �g total RN A was im-
mediately re v erse-transcribed using 200 units of M-MLV
re v erse transcriptase (Promega) with 1.0 �g oligo(dT) 20
primer according to manufacturer’s recommended pro-
cedures. Real-time quantitati v e polymerase chain reac-
tion (RT-qPCR) experiments were performed using Luna
Uni v ersal qPCR Master Mix (NEB) on a CFX96 RT-
qPCR detection system (Bio-Rad), by following the manu-
factur er’s r ecommended protocol. Standar d curv es of each
gene amplification product wer e obtained. Corr elation co-
efficients for the standar d curv es were confirmed to be at
least 0.99, and the amplification efficiencies were verified
to be within 90–110% (Supplementary Figure S1). Rela-
ti v e quantifications of the genes of interest were conducted
based on standard curves and normalized to GAPDH .
Primers used in RT-qPCR are listed in Supplementary Ta-
ble S1. 

3C-qPCR 

3C-qPCR was performed as previously described ( 36 ) with
some modifications. Briefly, 10 million HepG2 cells (mock-
treated or treated with 20 �M PDS for 24 h; dimethyl
sulfoxide-tr eated or tr eated with 1 �M JQ1 for 24 h) were
cross-linked in freshly prepared 1% formaldehyde in PBS
buf fer a t room tempera ture for 10 min and then quenched
by incubating with 125 mM glycine at room temperature
for 10 min. The cells were harvested, and the cell pellet was
suspended in 1 ml cold lysis buffer (10 mM Tris–HCl, pH
7.5, 10 mM NaCl, 0.2% NP-40 with freshly added protease
inhibitor cocktail) and incubated with rotation at 4 

◦C for
3 h. After centrifuga tion a t 400 × g at 4 

◦C for 5 min, the
resulting nuclear pellet was resuspended in 0.5 ml of 1.2 ×
restriction enzyme buffer (60 �l of 10 × rCutsmart buffer
and 440 �l water) and transferred to a 37 

◦C thermomixer.
To the reaction mixture was then added 7.5 �l of 20% (w / v)
SDS, and the mixture was incubated at 37 

◦C with shaking
at 900 rpm for 1 h. After quenching the SDS with 50 �l of
20% (v / v) Triton X-100 at 37 

◦C for 1 h, the reaction mix-
ture was digested overnight with 400 U EcoRI-HF (NEB)
at 37 

◦C with shaking at 900 rpm. Another round of diges-
tion was performed by adding a new aliquot of EcoRI-HF
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400 U) to the reaction mixture the next day, and the mix- 
ure was incubated at 37 

◦C with shaking at 900 rpm for 
 h. The restriction enzyme was subsequently deactivated 

y addition of 40 �l of 20% (w / v) SDS and incubation at
5 

◦C for 25 min. The reaction mixture was then diluted with 

00 �l of 10 × T4 ligase buffer, 5.425 ml ddH 2 O and 375 

l of 20% (w / v) Triton X-100 and incuba ted a t 37 

◦C with
entle shaking for 1 h. To the resulting mixture was added 

000 U T4 ligase (NEB), and the mixture was incubated at 
6 

◦C overnight. The sample was then treated with 300 �g 

roteinase K and the cross-linking was re v ersed by heating 

t 65 

◦C overnight. RNA was removed by incubating with 

00 �g RNase A at 37 

◦C for 1 h. DNA was purified by
henol–chloroform extraction. Real-time PCR quantifica- 
ions of ligation products were performed using Luna Uni- 
ersal qPCR Master Mix (NEB) on a CFX96 RT-qPCR de- 
ection system (Bio-Rad) following the manufacturer’s rec- 
mmended protocol. A digested and religated bacterial ar- 
ificial chromosome (BAC CH17-30P14), covering the ge- 
omic regions of interest, was used as a control template. 
rimers were designed to be in the same direction and as 
lose to the EcoRI restriction sites as possible. A constant 
rimer and a test primer were used in each qPCR reaction. 
tandar d curv es of ligation products were constructed us- 

ng serial dilution of control template (Supplementary Fig- 
re S2). The 3C-qPCR data were normalized to a control 

nteraction localized in the ERCC3 gene. Primers used in 

C-qPCR are listed in Supplementary Table S2. 

hIP-qPCR 

hIP experiments were conducted as previously described 

ith a few modifications ( 37 ). Briefly, 10 million HepG2 

ells were cross-linked in freshly prepared 1% formalde- 
yde in PBS buffer at room temperature for 10 min and 

hen quenched by incubating with 125 mM glycine at room 

emperature for 10 min. The cells were harvested, and the 
ell pellet was suspended in 1 ml cold lysis buffer (10 mM 

ris–HCl, pH 7.5, 10 mM NaCl, 0.2% NP-40 with freshly 

dded protease inhibitor cocktail) and incubated with ro- 
a tion a t 4 

◦C for 1 h. After centrifuga tion a t 400 × g a t
 

◦C for 5 min, the resulting nuclear pellet was resuspended 

n RIPA buffer (10 mM Tris–HCl, pH 8.0, 140 mM NaCl, 
 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% sodium 

eoxychola te) and incuba ted with rota tion a t 4 

◦C for 30
in. Chromatin was sheared using a QSONICA sonica- 

or Q125 at 4 

◦C for 10 min (10 s on / 10 s off pulse) with
 42% amplitude. The r esulting mixtur e was centrifuged at 
3 200 × g at 4 

◦C for 15 min. The supernatant was incu-
ated with 5 �g POLR2A antibody (Thermo Fisher Scien- 
ific) a t 4 

◦C overnight. Antibod y-bound chroma tin was cap- 
ured by 50 �l Protein A / G magnetic beads (Thermo Fisher 
cientific). The beads were subsequently washed with a low- 
alt RIPA buffer (10 mM Tris–HCl, pH 8.0, 140 mM NaCl, 
 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% sodium 

eoxycholate) three times, a high-salt RIPA buffer (10 mM 

ris–HCl, pH 8.0, 300 mM NaCl, 1 mM EDTA, 1% Tri- 
on X-100, 0.1% SDS, 0.1% sodium deoxycholate with pro- 
einase inhibitor cocktail) once, a LiCl washing buffer (10 

M Tris–HCl, pH 8.0, 150 mM LiCl, 1 mM EDTA, 0.5% 

P-40, 0.1% sodium deoxycholate) once and a TE buffer 
10 mM Tris–HCl, pH 8.0, 0.1 mM EDTA) once. DNA 

as purified by DNA Clean & Concentrator-5 (Zymo Re- 
earch). Quantitati v e PCR was conducted using Luna Uni- 
ersal qPCR Master Mix (NEB) on a CFX96 RT-qPCR de- 
ection system (Bio-Rad) following the manufacturer’s rec- 
mmended protocol. Primers used in ChIP-qPCR are listed 

n Supplementary Table S3. 

ESULTS 

v erlapping analysis rev ealed a corr elation betw een 

N APII-mediated long-range DN A interaction and G4 

tructures 

o investigate the correlation between RNAPII-dependent 
D genome organization and DNA G4, we assessed the co- 
ccupancy of endogenous G4 structure loci with the two an- 
hors of RN APII-linked DN A loops identified from ChIA- 
ET analysis ( 38 ). To this end, we performed overlapping 

nalysis using POLR2A ChIA-PET data retrie v ed from the 
NCODE database and BG4 ChIP-seq results obtained 

or the same cell lines, i.e. HepG2, K562 and HEK293T 

ells ( 6 , 14 , 28 , 39 ). Our results showed that large percentages
f DNA loops (141 010 / 220 992, 63.8% in HepG2 cells; 
9 729 / 186 714, 32.0% in K562 cells; and 96 902 / 174 673,
5.5% in HEK293T cells) carried at least one G4 struc- 
ure in the two anchors (Figure 1 A and Supplementary 

able S4). When compared to CTCF ChIA-PET data, 
e observed a higher overlapping percentage of RNAPII- 
ediated long-r ange DNA inter actions with endogenous 
4 sites, indicating acti v e engagement of DNA G4 struc- 

ures in transcription (Supplementary Table S5). Addition- 
lly, the majority of endogenous G4 sites (19 979 / 28 382, 
0.4% in HepG2 cells; 12 676 / 19 238, 65.9% in K562 cells; 
nd 12 438 / 19 965, 62.3% in HEK293T cells) are associated 

ith RNAPII-linked long-range DNA interactions (Figure 
 B and Supplementary Table S6), supporting a positi v e cor- 
elation between G4 structure and RNAPII-mediated DNA 

ooping. 
We also analyzed the RNAPII-linked DNA loops in 

epG2 cells and found that they encompass not only P– 

 interactions (24.1%), but also P–P interactions (8.8%), 
–E interactions (24.4%) and those not involving anno- 

ated promoters or enhancers (42.7%) (Supplementary Fig- 
re S3). Similar findings were made for those RNAPII- 
ssociated DNA loops with at least one anchor contain- 
ng G4 structure, though with slightly higher percentages 
–P (12.7%) and P–E (31.5%) interactions (Supplementary 

igure S3). 
Because there is a significant enrichment of GC content 

n promoter region of human genes ( 40 ), it is important 
o examine whether such a positive correlation arises from 

 bias in sequence context or open chromatin. To explore 
his possibility, we randomly chose the same number of 
eaks in control regions that consist of GC-rich sequences 
nd exhibit G4-forming potential in vitro , i.e. those regions 
ith observ ed G-quadruple x sequences (OQS) ( 41 ). In both 

562 and HepG2 cells, RNAPII-linked DNA loops display 

 significantly weaker co-occurrence with randomly picked 

egions with OQS ( P < 0.01, Monte Carlo simulation) than 

ith those loci enriched with G4 structures. We also con- 
ucted a similar analysis for open chromatin as reflected 
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Figur e 1. Overla pping anal ysis between RN APII ChIA-PET and BG4 ChIP-seq peaks in HepG2, HEK293T and K562 cells. ( A ) Percentages of DNA 

loop anchors, as re v ealed from RNAPII ChIA-PET analysis, that overlap with G4 structure loci, as determined from BG4 ChIP-seq analysis. The ChIA- 
PET loop anchors are divided into three groups, with both anchors having G4 structures (‘Both anchors’), only one of them having G4 structure (‘One 
anchor’) or neither having G4 structur es (‘None’). ( B ) Per centages of G4 structure sites (obtained from BG4 ChIP-seq) that overlap with anchors of 
RN APII-mediated DN A loops (obtained from ChIA-PET analysis). ( C ) The per centages of G4 structur e peaks overla pping with those RN APII binding 
sites that are involved with DNA loop formation versus those that are not. Two-tailed Student’s t -test with Welch’s correction: ** P < 0.01. ( D ) Statistical 
analysis of PET number of DNA loops with regard to anchor’s overlapping with BG4 ChIP-seq peaks; shown are mean ± SEM. One-way ANOVA test: 
**** P < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by DNase I hypersensiti v e sites. The results showed that
the RN APII-linked DN A loops display ed mean over lap-
ping percentages of 35.6% and 11.4% with DNase I hyper-
sensiti v e sites in HepG2 and K562 cells, respecti v el y, w hich
are substantially lower than with those sites harboring G4
structures ( P < 0.01, Monte Carlo simulation) (Supplemen-
tary Table S7). These results suggest that the enrichment
of RN APII-linked DN A loops at endo genous G4 structure
loci is not simply due to the primary sequence of DNA el-
ements at those sites (i.e. being GC-rich) or the association
of those loci with open chromatin, but rather attributed to
the formation of G4 structures at these sites. 

G4s were proposed to be binding hubs for transcription
factors to promote acti v e transcription ( 14 ). As RNAPII
binding sites are directly associated with transcription ac-
tivity, we assessed the G4 overlapping at those RNAPII
binding sites, as re v ealed by ChIP-seq data, with long-range
DNA interactions and those without. Our results showed a
much higher G4 percentage at those RNAPII binding loci
that are involved with DNA looping (Figure 1 C), under-
scoring the role of G4s in RNAPII-associated long-range
DNA interactions. 

To further investigate the relationship between DNA
looping and G4, we calculated the DNA interaction PET
numbers measured by ChIA-PET assay on the basis of G4
overlapping status. The results from HepG2, HEK293T and
K562 cells showed significantly higher interaction frequen-
cies when one anchor of DNA loops overlapped with G4
sites in chromatin compared to those loops not associated
with cellular G4s. Additionally, more pronounced interac-
tions were detected in cases where both loop anchors carry
G4 structures (Figure 1 D). These results indicate an acti v e
participation of G4s in RNAPII-mediated long-range DNA
interactions. 

G4 landscapes are distinct in different cells ( 6 ), and
so are 3D genome organizations ( 42 ). Thus, we queried,
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sing Diffbind algorithm ( 43 ), differential G4 sites in 

epG2 and K562 cells based on statistically significant dif- 
erences in BG4 ChIP signal (Supplementary Figure S4). 
 total of 18 991 differential G4 structure sites were re- 

rie v ed, including 9726 and 9265 in HepG2 and K562 cells, 
especti v ely. Like wise, a total of 10 956 cell type-specific 
NA loops were called from ChIA-PET datasets for the 

wo cell lines. We next compared the overlapping pattern 

etween differential G4s and long-range DNA interactions 
 44 ). Those DNA loops pr efer entially detected in HepG2 

ells ar e mor e lik ely to o verlap with G4 structures specifi-
ally detected in HepG2 cells than those detected uniquely 

n K562 cells (4378 versus 506, total 6598); the same finding 

as made for DNA loops pr efer entially detected in K562 

ells (2347 versus 168, total 4387) (Supplementary Figure 
5). These data again suggest the involvement of cellular 
4 structures in RNAPII-mediated long-range DNA inter- 

ctions. 

DS pr efer entially diminished RNAPII-mediated long-range 
NA interactions involving G4 structure loci 

o explore further the origins of the positive correlation be- 
ween G4 structures and RNAPII-mediated DNA looping, 
e conducted POLR2A HiChIP-seq in HepG2 cells with 

r without PDS treatment. In this context, PDS, a small- 
olecule G4 ligand that binds specifically to G4 struc- 

ures, has been widely used for displacing G4-binding pro- 
eins from G4 sites in cells ( 13 , 45 , 46 ). As HiChIP-seq also
aptures the in vivo binding landscape of target proteins, 
e first examined the effect of PDS on RNAPII bind- 

ng profiles. A total of 22 978 RNAPII peaks were iden- 
ified in ‘mock’ condition and exhibited a high overlap- 
ing percentage (10 467 / 22 978, 45.5%) with BG4 ChIP- 
eq peaks. Following a 24-h treatment with 20 �M PDS, 
nly 7278 RNAPII binding sites wer e captur ed and over- 

a pping anal ysis showed an a ttenua ted co-occurrence of 
he RNAPII binding loci with endogenous G4 structures 
2609 / 7278, 35.8%) (Figure 2 A). Likewise, signal intensi- 
ies of RNAPII are strongly diminished in cells treated 

ith PDS than those without (mock), where the signal 
atio of PDS / mock for G4 loci was significantly lower 
han non-G4 loci (Figure 2 B), indicating a role of PDS 

n impairing the recruitment of RNAPII to G4 structure 
ites in cells. Integrati v e Genomics Vie wer (IGV) plots 
f r epr esentati v e regions showed a strong effect of PDS 

n displacing RNAPII from the promoters of SLC26A2 , 
IGD6 and HMGXB3 genes that carry G4 structures (Fig- 
re 2 C). Howe v er, RNAPII ChIP signal was augmented 

n non-G4 regions after PDS treatment, which is consis- 
ent with the above-mentioned statistical analysis. In this 
ein, our cell viability assay results showed that a 24-h ex- 
osure with 20 �M did not gi v e rise to any apparent alter-
tion in the viability of HepG2 cells (Supplementary Fig- 
re S6). We next examined the impact of G4 structures 
n RNAPII-mediated long-range DNA interactions. The 
esults from HiChIP-seq analysis showed that PDS treat- 
ent markedly a ttenua ted RNAPII-media ted DNA loop- 

ng, as shown in the chromosome matrix view (Figure 3 A). 
n addition, a pronouncedly decreased number of DNA 

oops were detected in PDS-treated cells relati v e to mock- 
reated cells (66 417 versus 18 778), supporting that G4 is 
rucial for RNAPII-linked long-range DNA contacts. We 
lso observed an a ttenua ted presence of G4 structure sites 
n the loop anchors of the detected long-range DNA in- 
eractions in PDS-treated relati v e to mock-treated HepG2 

ells (27.7% versus 33.8%, Supplementary Table S7). More- 
ver, those DNA loops not perturbed by PDS treatment 
xhibited a much lower extent of overlap with endoge- 
ous G4 loci (Supplementary Table S8), indicating that 
DS pr efer entially disrupts G4-mediated long-range DNA 

nteractions. 
Genome-wide accumulation analysis of RNAPII- 

ssociated DNA loops in a distance range of 5–200 kb 

howed much weaker RNAPII-linked DNA interactions 
ollowing PDS treatment (Figure 3 B). Furthermore, those 
N APII-mediated DN A loops overla pped with endo ge- 
ous G4 loci displayed a more pronounced diminution 

n long-range interaction frequency in cells treated with 

DS than those lacking overlap with endogenous G4 sites 
Figure 3 C). 

Previous studies showed the enrichment of G4 struc- 
ures at the promoters of oncogenes, including KRAS and 

DM2 ( 47 , 48 ). Thus, we examined whether G4 structures 
la y an y role in RNAPII-mediated DNA interactions of 
hose onco genes. Anal ysis of our HiChIP-seq data re v ealed 

ultiple G4-containing long-range DNA interactions in- 
olving the promoters of KRAS and MDM2 genes, and the 
isruption of these interactions following PDS treatment 
Figure 3 D). In this vein, our RNAPII ChIP-qPCR experi- 
ent re v ealed enrichments of RNAPII at both the promot- 

rs and enhancers of KRAS and MDM2 genes (Supplemen- 
ary Figure S7), which are also enriched with G4 structures 
Figure 3 D). 

Together, these data furnish evidence to support that 
N APII-mediated long-range DN A interactions are highl y 

ssociated with G4 structures, and G4-binding ligand could 

erturb RNAPII-linked and G4-dependent DNA loops, in- 
luding those involving promoters of oncogenes. 

4-dependent DNA loops regulate gene expression 

NAPII is responsible for mRNA transcription and plays 
 vital role in gene expression ( 49 ). In light of the above re-
ults showing that cellular G4s are highly correlated with 

N APII-mediated DN A loops, we next asked w hether G4- 
ependent long-range DNA interactions modulate gene ex- 
ression. 
As G4 structures are proposed to be correlated with ac- 

i v e transcription ( 5 , 11 , 14 , 19 ), we first evaluated the expres-
ion pattern of genes with respect to the presence of G4 

tructures (based on BG4 ChIP-seq data) and long-range 
NA interactions (based on ChIA-PET data). We divided 

enes into four groups based on their associations with G4 

tructur es (Figur e 4 A): genes in group A carry G4 structur es
n their pr omoters; gr oup B and C genes do not contain G4
tructures in their promoters, but form loops with a distal 
ite with (group B) or without (group C) G4 structure; and 

he remaining genes were classified into group D. Among 

hese four groups of genes, group A exhibits the highest 
 xpression le v el, and group B displays significantly higher 
xpression profile than group C. Those genes without any 
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Figure 2. PDS trea tment modula tes genome-wide landscape of RNAPII occupancy. ( A ) A Venn diagr am displaying the over la ps of RN APII peaks in 
HepG2 cells that are mock- or PDS-treated, as re v ealed from HiChIP-seq analysis, with BG4 ChIP-seq peaks detected in HepG2 cells. ( B ) The ratios of 
RNAPII ChIP-seq signal in PDS-treated over mock-treated HepG2 cells for those peaks that overlap (w / BG4) or not (w / o BG4) with BG4 ChIP-seq 
peaks. Two-tailed Student’s t -test with Welch’s correction: **** P < 0.0001. ( C ) IGV plots depicting diminished RNAPII ChIP signal at G4 structure loci 
following PDS treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RNAPII-linked long-range interactions or associated with
G4 structures (group D) exhibit the lowest expression pro-
file (Figure 4 B). 

Ne xt, we e valua ted the influence of PDS trea tment on
cellular transcriptome. We found that genes in the afore-
mentioned groups A and B exhibited diminished expression
after PDS treatment (Supplementary Figure S8); such di-
minished expression, however, is much less pronounced for
group C genes, and not observed for those in group D (Fig-
ure 4 C). These data underscored that G4 structures not only
locally modulate expression of target genes through their
promoters, but also distally regulate the transcription of tar-
get genes through RNAPII-linked long-range DNA inter-
actions. 

G4-dependent DNA loops activate the expression of AKR1C
family genes 

The AKR1C1–3 genes are closely located on chromosome
10 in a region spanning ∼200 kb. RNAPII ChIA-PET data
of HepG2 cells re v ealed m ultiple DN A loops within this re-
gion and two G4 structures marked with enhancer activ-
ity (H3K27Ac) residing in the center of the DNA interac-
tion network (Figure 5 A). In contrast, G4 structures are
depleted in these regions in K562 cells, which are accom-
panied with much less RNAPII-mediated DNA interaction
network in these regions in K562 cells than HepG2 cells
(Figure 5 A and Supplementary Figure S9). Such analysis
suggests that G4s ma y pla y a critical role in 3D genome ar-
chitecture and modulate the expression of AKR1C1–3 genes
through long-range DNA interactions. 

After PDS treatment, RNAPII e xhibited mar kedly di-
minished occupancy at the two G4 regions, which is accom-
panied with reduced RNAPII-mediated DNA interactions,
as shown in the HiChIP-seq results (Figure 5 A and Sup-
plementary Figure S10). To further validate these findings,
we conducted 3C-qPCR assay, which can accurately deter-
mine interaction frequencies between genomic loci. One in-
teraction of interest is between the promoter of AKR1C1
and its upstream enhancer (E–P interaction, Figure 5 B).
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A

B

D

C

Figure 3. HiChIP-seq analysis showing that PDS pr efer entially disrupts RNAPII-linked long-range DNA interactions involving G4 structure loci. ( A ) 
HiChIP interaction matrices of RNAPII in chromosome 7 in HepG2 cells that were mock-treated (left) or treated with PDS (right). ( B ) Aggregation 
analysis of RNAPII-mediated long-range DNA interactions in mock- and PDS-treated HepG2 cells. ( C ) HiChIP PET ratios in PDS-treated over mock- 
treated HepG2 cells with respect to overlap with BG4 ChIP-seq peaks. Two-tailed Student’s t -test with Welch’s correction: **** P < 0.0001. ( D ) POLR2A 

HiChIP-seq results for G4-mediated long-r ange DNA inter actions involving the promoters of KRAS and MDM2 genes in mock- and PDS-treated HepG2 
cells. 
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e measured ligation efficiencies between the constant frag- 
ent (with primer 1f) located in the promoter and fiv e can- 

idate fragments (with primers 2f–6f). Our results showed 

 mar kedly ele va ted liga tion ef ficiency between 1f and 4f,
hich r epr esents the physical interaction of AKR1C1 pro- 
oter and upstream G4-containing enhancer in HepG2 

ells under mock treatment conditions. In accordance with 

iChIP-seq results, we observed a significant decrease in 

iga tion ef ficiency after PDS trea tment, supporting an ac- 
i v e role of G4 structure in this E–P interaction. Previous 
tudies demonstrated that JQ1, a small molecule, can specif- 
cally dislodge BRD4 from enhancers, thereby dissolving 

ediator and RNAPII clusters ( 50 , 51 ). Treatment with JQ1 

an cause reconfiguration of chromatin structure in selected 

ene loci ( 52 ). We observed a significantly diminished liga- 
ion efficiency in the same region following JQ1 treatment, 
ndica ting tha t the interaction observed between the tran- 
cription start site region of AKR1C1 and the distal G4 is 
–E interaction. 
We also validated another interaction between two G4 

tructures in AKR1C1–3 region. These two G4 structures 
erve as hubs in connecting multiple genomic loci and over- 
ap with H3K27Ac enhancer marks. Because of the long 

istance between these two regions ( ∼120 kb), a lower lig- 
tion frequency was observed compared to the aforemen- 
ioned E–P interaction (Figure 5 C). Howe v er, 3C-qPCR as- 
ay showed that PDS treatment resulted in a significant at- 
enuation in interaction between the two G4 loci (4f and 

g) compared to mock treatment (Figure 5 C). Such diminu- 
ion was also observed in cells treated with JQ1 (Figure 5 C). 
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A B

C

Figure 4. Consolidation analysis of RNA-seq and 3D genome ar chitectur e mapping. ( A ) A scheme depicting the grouping strategy. Genes were divided 
into four groups based on their association with G4 structures: group A genes have G4 structures in their pr omoters; gr oup B and C genes do not contain 
G4 structures in their promoters, but these promoters are connected, via RNAPII-mediated NDA looping, to distal sites with and without G4 structures, 
respecti v ely. The remaining genes were classified into group D. ( B ) Transcriptome profiles of each group of genes in mock-treated HepG2 cells. ( C ) Statistical 
analysis of PDS-induced alterations of the transcriptome in the four groups of genes in HepG2 cells. One-way ANOVA test: **** P < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These results demonstrated a physical linkage between two
G4s involved in an E–E interaction. 

Ne xt, we e xamined the role of G4-dependent RNAPII-
mediated DNA loops in the expression of AKR1C1–
3 genes. In accordance with the diminished RNAPII-
mediated DNA interactions in this region, we observed at-
tenuated expressions of AKR1C1–3 genes in HepG2 cells
(Figure 5 D). In contrast, we did not observe any signifi-
cant changes in expression of AKR1C1–3 genes in K562
cells after PDS treatment, which is consistent with the lack
of G4 structure and DNA loops in these regions in K562
cells (Figure 5 E). The above data support a role of G4
structures in augmenting the occupancy of RNAPII in en-
hancer regions to stimulate transcription of target genes
brought to close proximity by DNA looping. These results
further substantiate the roles of G4 structures in cell type-
specific RN APII-mediated DN A looping and transcription
regulation. 

DISCUSSION 

Under physiological conditions, G-rich regions of DNA can
fold into G4 structures, which regulate important cellular
processes, including transcription. DNA G4 was first found
to be involved in gene regulation by Hurley and cow ork ers
( 53 ), who observed that treatment of Burkitt’s lymphoma
cells with G4 ligands, e.g. PDS and TMPyP4, led to di-
minished transcription of MYC gene, whose promoter con-
tains G4-forming sequence. With the availability of a G4
structur e-specific antibody (i.e. BG4), r ecent studies un-
veiled an association between G4 and transcription regu-
lation ( 12 , 14 , 54–56 ). For instance, overla pping anal ysis of
DNMT1 ChIP-seq re v ealed its significant enrichment at
cellular G4 sites, which also exhibit much lower CpG methy-
la tion ( 19 ). A sequestra tion model, where the recruitment of
DNMT1 to G4 inhibits its enzymatic activity and results in
h ypometh ylated regions, was proposed to account for the
role of G4 in modulating gene expression. A later study
showed that different G4 folding states, measured by G4
ChIP-seq, are associated with distinct transcriptome pro-
files in two cell lines ( 54 ). Ther efor e, it is of interest to in-
vestigate the detailed mechanism through which DNA G4
structures modulate transcription. 

Aside fr om pr omoters, transcription can also be modu-
lated by distal regulatory elements such as enhancers, which
ar e r emote from transcription start sites of target genes in
the primary sequence, but close in 3D genome organiza-
tion. Mediated by transcription factors and cofactors, E–P
interactions initiate and promote RNAPII-mediated tran-
scription ( 21 ). Integrati v e analysis showed significant en-
richment of G4 at the TAD boundaries, which are pro-
posed to be the structural scaffolds for E–P contacts. A re-
cent study by Li et al. ( 13 ) re v ealed the ability of YY1, a
transcription factor known to enable DNA looping ( 27 ), in
binding with G4 structures in vitro and in cells, and found
that disruption of YY1–G4 binding led to a diminution in
YY1-mediated DNA looping. 

With the encouraging results of YY1 transcription fac-
tor, we sought to investigate further how G4 functions
in RNAPII-linked long-range DNA interactions and af-
fects transcription in general. First, we employed bioin-
formatic analysis by comparing POLR2A ChIA-PET and
BG4 ChIP-seq in three cell lines (i.e. HepG2, HEK293T and
K562). We found a strong overlap, > 60% in HepG2 cells,
between G4 structure sites and RNAPII-mediated DNA
loops (Figure 1 A). Our finding is consistent with previous
integrati v e analysis of G4 ChIP-seq with the Hi-C dataset
( 26 ). Moreover, we analyzed the association between in-
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A B C

D E

Figure 5. G4-dependent and RNAPII-linked DNA loops regulate the expression of AKR1C family genes. ( A ) RNAPII-mediated long-range DNA inter- 
actions within the regions of AKR1C1–3 genes in HepG2, but not in K562 cells. POLR2A HiChIP-seq results for the regions of AKR1C1–3 genes in mock- 
and PDS-treated HepG2 cells. ( B , C ) 3C-qPCR results for AKR1C1 E–P interactions and G4-mediated E–E interactions in HepG2 cells with or without 
PDS treatment, and with or without JQ1 tr eatment. The r elati v e le v el of each ligation product was plotted according to its distance from the constant 
primer. The data were normalized to ERCC3 control interaction frequencies for each ligation product. The data r epr esent mean ± SD ( n = 3). Two-tailed 
Student’s t -test: *, 0.01 ≤ P < 0.05; **, 0.001 ≤ P < 0.01; ***, 0.0001 ≤ P < 0.001. ( D , E ) RT-qPCR (mean ± SD, n = 3) results showing the relati v e 
e xpression le v els of AKR1C1–3 genes in HepG2 and K562 cells with or without PDS treatment. Two-tailed Student’s t -test with Benjamini and Hochberg 
correction for multiple comparison: *, 0.01 ≤ P < 0.05; **, 0.001 ≤ P < 0.01. 
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eraction frequency and the presence of G4 structure, and 

ore interactions were detected at cellular G4 loci (Figure 
 D). Shuf fling calcula tion a t DNase I hypersensiti v e sites
nd sites with OQS substantiated our finding that G4 struc- 
ur es ar e important determinants for long-range DNA con- 
acts (Supplementary Table S7). As DNA loops vary in dif- 
erent cell lines, we demonstrated that distinct DNA looping 

atterns are strongly associated with the cell type-specific 
istributions of G4 structures in chromatin (Supplementary 

igure S5). Together, our bioinformatic analysis lent evi- 
ence to support that G4 is involved in high-order chro- 
a tin organiza tion and in RNAPII-mediated long-range 
NA interactions. It is worth noting that there is so far no 

vidence supporting that RNAPII can bind directly with 

NA G4 structures. Howe v er, many transcription factors 
xhibit ability in binding directly with G4 DNA ( 13 , 16 , 57– 

9 ). As noted above, one of these transcription factors, 
Y1, could bind to G4 DNA at low nM binding affin- 

ty, and this binding contributes to YY1-mediated DNA 

ooping ( 13 ). It will be important to examine how other 
4-binding transcription factors contribute to RNAPII- 
ediated DNA looping. 
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Figure 6. A model illustrating the involvement of G4 structures in RNAPII-linked long-range DNA interactions and in gene expression regulation. A 

small-molecule G4 ligand, PDS, can perturb G4-binding capacity of proteins (e.g. YY1) and disrupt 3D genome ar chitectur e. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We also found that PDS, a small-molecule G4-binding
ligand, could disrupt global RNAPII binding with an ∼68%
decrease in significant binding sites (Figure 2 A). Specifi-
call y, those RN APII binding loci with G4 structures dis-
played more pronounced decreases following PDS treat-
ment compared to those without (Figure 2 B and C). As
RNAPII constitutes the core component of the mammalian
transcription machinery, our data suggest an important
role of G4 in RNAPII-mediated long-range DNA inter-
action and transcription regulation. Importantly, by us-
ing HiChIP-seq, we detected a ttenua ted RNAPII-media ted
long-r ange DNA inter actions following PDS treatment
(Figure 3 A and B), and we demonstra ted tha t such dimin-
ishing effect was more pronounced in DNA loops with G4-
containing anchors than those without (Figure 3 C). 

G4 structure has been proposed to play important roles
in transcription regulation ( 5 , 11 , 19 ); howe v er, limited stud-
ies demonstrated experimentally how distal G4s modulate
gene expression ( 13 ). We combined RNA-seq with long-
r ange DNA inter action data (ChIA-PET / HiChIP-seq) to
unravel the regulatory roles of G4-depedent DNA loops in
tr anscription. Tr anscriptome abundance profiling re v ealed
higher expression of not only those genes with G4 in pro-
moter regions but also those connected to a distal G4
through RNAPII-mediated long-range DNA interactions
(Figure 4 B). In addition, PDS-induced alterations in ex-
pression of those genes with G4-dependent DNA loops are
more pronounced than those genes connected with DNA
loops lacking G4 structures (Figure 4 C). 

We further evaluated how G4-dependent DNA loops
modulate gene expression in a specific genomic region.
AKR1C proteins are a group of enzymes responsible for
steroid reductions ( 60 ). AKR1C3 was shown to have an im-
portant role in the progression of prostate cancer ( 61 ) and
se v eral selecti v e inhibitors of AKR1C3 hav e shown antitu-
mor activity ( 62–64 ). Furthermore, a bioinformatic analysis
showed elevated AKR1C1–3 expression in liver cancer sam-
ples compared with normal li v er samples ( 65 ). Poorer sur-
vival rate was observed in those cancer patients with high
expression of AKR1C1–3 , suggesting that they may serve as
prognostic markers for liver cancer ( 65 ). Our HiChIP exper-
iments demonstrated that treatment with a G4-binding lig-
and led to diminished RNAPII-mediated DNA loops (Fig-
ure 5 A). By using 3C-qPCR assay, we validated our find-
ings made from RNAPII HiChIP-seq and demonstrated the
participation of G4 structure in both the P–E and E–E in-
teractions in AKR1C1–3 r egions (Figur e 5 B and C). We fur-
ther demonstrated that G4-dependent RNAPII-mediated
DNA loops play an important role in regulating the expres-
sion of AKR1C1–3 in HepG2 cells (Figure 5 D and E). Con-
sidering the possible role of AKR1C family in li v er cancer,
our study in HepG2 cells provided an important knowledge
basis for potential therapeutic interventions of liver cancer.
In addition, we failed to observe any apparent impact of
PDS treatment on the expression of the AKR1C1–3 genes
in K562 cells, which is in line with the lack of G4 structure-
mediated DNA looping at these genetic loci in K562 cells.
Our work, hence, also underscores a role of the interplay of
G4 structure and RN APII-mediated DN A looping in cell
type-dependent gene expression in human cells. 

In summary, we re v ealed, using a combination of bioin-
formatic and experimental approaches, that DNA G4 ac-
ti v ely participates in RNAPII-mediated long-range DNA
interactions (Figure 6 ). We also found that G4 structures
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ot onl y locall y modulate transcription in promoter re- 
ions, but also remotely regulate gene expression through 

ong-r ange DNA inter actions. Moreo ver, our w ork revealed 

 role of G4 structure in dif ferentially modula ting RNAPII- 
ediated DNA looping and expression of target genes in 

wo different cell lines, which could stimulate future stud- 
es about the role of G4-dependent DNA loops in cell type- 
pecific gene expression and in cancer biolo gy. To gether, our 
tudy provided new insights into the functional interplay 

f G4 structures and 3D genome architecture in regulating 

ene expression. 
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