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Abstract 

CCCTC-binding factor (CTCF) binding sites are hotspots of genome inst abilit y. Although man y f actors ha v e been associated with CTCF binding 
site fragility, no study has integrated all fragility-related factors to understand the mechanism(s) of how they work together. Using an unbiased, 
genome-wide approach, we found that DNA double-strand breaks (DSBs) are enriched at strong, but not weak, CTCF binding sites in five human 
cell types. Energetically f a v orable alternativ e DNA secondary str uct ures underlie strong CTCF binding sites. These str uct ures coincided with the 
location of topoisomerase II (TOP2) clea v age comple x, suggesting that DNA secondary str uct ure acts as a recognition sequence for TOP2 binding 
and clea v age at CTCF binding sites. Furthermore, CTCF knockdown significantly increased DSBs at strong CTCF binding sites and at CTCF sites 
that are located at topologically associated domain (T AD) boundaries. T AD boundary-associated CTCF sites that lost CTCF upon knockdown 
displa y ed increased DSBs when compared to the gained sites, and those lost sites are o v errepresented with G-quadruple x es, suggesting that 
the str uct ures act as boundary insulators in the absence of CTCF, and contribute to increased DSBs. T hese results model ho w alternativ e DNA 

secondary str uct ures facilitate recr uitment of TOP2 to CTCF binding sites, providing mechanistic insight into DNA fragility at CTCF binding sites. 
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enomic DNA fragility, particularly at regions of the genome
alled common fragile sites, is associated with cancer risk
 1 ,2 ). Importantly, DNA fragility contributes to chromoso-
al abnormality formation in cells, and we have previously

hown that over half of the translocation breakpoints in at
east one gene of gene pairs resided within a fragile site ( 3 ).
ragile sites have also been associated with focal deletions
eceived: August 15, 2023. Revised: February 3, 2024. Editorial Decision: Februa
The Author(s) 2024. Published by Oxford University Press on behalf of Nuclei

his is an Open Access article distributed under the terms of the Creative Comm
http: // creativecommons.org / licenses / by-nc / 4.0 / ), which permits non-commerci
riginal work is properly cited. For commercial re-use, please contact journals.pe
and amplifications of oncogenes ( 4–6 ), further demonstrating
that breakage within these regions has a role in promoting
the formation of cancer-associated chromosomal rearrange-
ments and abnormalities. Recent bioinformatic approaches
have begun to identify and characterize the features associ-
ated with the fragile site location across the genome. Histone
modifications, CCCTC-binding factor (CTCF) binding sites
and DNA flexibility were positively associated with common
ry 20, 2024. Accepted: February 23, 2024 
c Acids Research. 
ons Attribution-NonCommercial License 
al re-use, distribution, and reproduction in any medium, provided the 
rmissions@oup.com 

https://doi.org/10.1093/nar/gkae164
https://orcid.org/0000-0002-7415-6011
https://orcid.org/0000-0003-4812-3627
https://orcid.org/0000-0002-9804-9368


3838 Nucleic Acids Research , 2024, Vol. 52, No. 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fragile sites ( 7 ,8 ). Exploring these features in depth could
provide further insight into the mechanisms contributing to
genomic instability, thus enabling better prediction of DNA
fragility and identification of individuals most susceptible
to cancer-promoting mutations. Alternative DNA secondary
structures ( 9 ) and topoisomerase II (TOP2) ( 9–12 ) were also
characterized as mediators of DNA fragility. These results in-
dicate that particular genomic features and proteins are asso-
ciated with DNA double-strand break (DSB) incidence. These
findings are consistent with our previous work in which fragile
sites have the potential to form more energetically favorable
alternative DNA secondary structures ( 13 ,14 ). Additionally,
we and others have shown that these alternative DNA sec-
ondary structures can act as a recognition signal for TOP2,
facilitating TOP2 binding and eventual cleavage ( 9 ,15–20 ). 

CTCF acts as the anchoring protein that demarcates
boundaries between topologically associated domains (TADs)
( 21 ,22 ), which are generated through cohesin-mediated loop
extrusion ( 23–26 ). TADs are regions wherein DNA within
a TAD is more likely and frequently in contact with DNA
in the same TAD ( 27 ) and regulate gene expression, replica-
tion timing and DNA repair domains ( 28–31 ). CTCF bind-
ing sites are enriched for DSBs ( 9–12 ,32 ). However, there
are over 600 000 CTCF binding sites in the human genome,
which are differentially used and bound with varying strength
and frequency depending on cell type ( 33 ); yet, the mecha-
nisms driving cell-type-specific CTCF usage are still not com-
pletely understood. Two studies have indicated that TOP2B
and CTCF / cohesin binding sites overlap with each other
( 34 ,35 ), suggesting that these proteins may function together
to contribute to DNA fragility at these sites. The overlap
of TOP2B and CTCF / cohesin binding sites also indicates
that TAD boundaries are involved with this fragility as they
are sites of high topological stress. The topological stress of
cohesin-mediated loop extrusion at TAD boundaries is in part
regulated by transcription-coupled supercoiling ( 36 ). Interest-
ingly, a core feature of the common fragile sites in the genome
is that they are in large, expressed, late-replicating genes that
span TAD boundaries ( 37 ). No studies have examined how
CTCF binding, alternative DNA secondary structure, TOP2
and TAD boundaries function in tandem to mediate DSBs. 

Here, we examined how these key features participate in
CTCF-mediated DNA fragility, to better understand the role
of CTCF in genomic instability. We found that strong and
weak CTCF binding sites exhibit different DNA fragility, with
more DSBs at strong sites. Analysis of strong CTCF bind-
ing sites revealed a potential to form more stable alterna-
tive DNA secondary structures, enrichment of TOP2 cleav-
age complexes (TOP2ccs) and reduction of TOP2ccs upon
TOP2B knockout, when compared to weak CTCF binding
sites. Knockdown of CTCF protein in nonmalignant MCF10A
cells revealed that strong CTCF binding sites are prefer-
entially sensitive to DSBs after CTCF knockdown. Since
strong CTCF binding sites are enriched for TAD boundary-
associated CTCF binding sites, we evaluated DSBs at altered
CTCF binding sites that were either TAD boundary or loop
associated. This uncovered that all TAD boundary-associated
CTCF binding sites increased DSBs in response to CTCF
knockdown regardless of how binding may have changed
(lost, gained or unchanged), while loop-associated CTCF
binding sites have no significant changes in DSBs. We then as-
sessed secondary structure formation at altered CTCF binding
sites and found TAD boundary-associated CTCF binding sites
that recused binding had significantly more stable secondary 
structures than either gained or unchanged CTCF binding 
sites. Furthermore, these TAD boundary-associated CTCF lost 
sites were enriched for G-quadruplex (G4) structures, and had 

more DSBs upon CTCF knockdown, supporting a model of 
these structures acting as insulating factors when CTCF is 
limited, and contributing to the increased fragility at TAD 

boundary-associated lost sites. Overall, TAD boundary asso- 
ciation drives the fragility patterns at CTCF binding sites and 

co-occurs with stronger CTCF binding sites, more stable alter- 
native DNA secondary structures and greater TOP2B binding.
These factors along with the topological stress at TAD bound- 
aries dictate DNA fragility of these regions. 

Materials and methods 

Cell culture 

Jurkat cells (GenScript) were grown in RPMI 1640 medium 

(Gibco), supplemented with 10% fetal bovine serum (FBS,
Gibco 16000044). MCF10A cells (ATCC) were grown in 

MEGM media (Lonza, CC-3150) without FBS and treated 

with etoposide (Sigma, E1383) for 24 h. Jurkat and MCF10A 

cells were verified using the short tandem repeat profiling and 

showed 100% and 98% match, respectively, to the ATCC 

database profile. Both cell lines were tested negative for my- 
coplasma by employing the LookOut Mycoplasma qPCR De- 
tection Kit (Sigma). 

shRNA construction, transduction and expression 

Short hairpin RNA (shRNA) targeting sequences from the 
RNAi Consortium ( 38 ) were cloned into tet-pLK O .1 puro 

( 39 ) (Addgene #21915): shCTCF (TRCN0000218498), shLuc 
( 40 ) (Addgene #136587). Briefly, targeting sequences from 

the RNAi Consortium were modified to change the XhoI 
restriction site in the shRNA loop to a PstI site. Oligonu- 
cleotides were annealed at 95 

◦C in annealing buffer [10 

mM Tris–HCl, 100 mM NaCl and 1 mM ethylenedi- 
aminetetraacetic acid (EDTA)] for 5 min on a thermo- 
cycler and cooled slowly to room temperature. Annealed 

primers were phosphorylated in vitro with T4 polynu- 
cleotide kinase (NEB) and then cloned into tet-pLK O .1 puro 

that had been digested with EcoRI and AgeI. All con- 
structs were confirmed by Sanger sequencing. shCTCF de- 
signed sequence: CCGGT A TGA TTTCCCA TCGACA TTTCT- 
GCAGAAA TGTCGA TGGGAAA TCA T A TTTTTG. 

Production of viral supernatant and transduction of 
MCF10A cells were conducted using previously published 

protocols ( 41 ). To induce shRNA expression, shLuc and 

shCTCF MCF10A cells were treated with 1 μg / ml of doxy- 
cycline (Sigma, cat. D9891) for 48 h, and processed for DNA 

break mapping, western blotting and RNA extraction. 

Western blot 

Cells were lysed in an ice-cold RIPA buffer [50 mM Tris–
HCl, pH 8.0, 150 mM NaCl,1% NP-40, 0.1% sodium do- 
decyl sulfate (SDS), 1 × protease inhibitors (cOmplete mini 
EDTA-free, Roche) and 1 × phosphatase inhibitors (PhosStop,
Roche)] and protein concentrations of the lysates were de- 
termined by Pierce Micro BCA assay (cat. 22225). Equal to- 
tal protein amount was loaded into stacking and resolving 
SDS–polyacrylamide gel electrophoresis (PAGE) gel. Using 
a wet transfer system, proteins were transferred to polyvinyli- 
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ene fluoride membranes. Membranes were blocked with 5%
on-fat milk in 1 × TBST buffer (20 mM Tris, pH 7.5, 150
M NaCl, 0.05% Tween 20). Primary antibodies were in-

ubated at 4 

◦C overnight [CTCF (BD, 1:1000, cat. 612149),
APDH (Cell Signaling, 1:10 000, cat. 5174), p53 (Santa
ruz, 1:500, cat. sc-126) and γH2AX (Ser139) (Abcam,
:5000, cat. ab11174)]. Membranes were washed and then
ncubated with horseradish peroxidase (HRP)-conjugated sec-
ndary antibodies, anti-mouse (Bio-Rad, 1:500, cat. 170-
047) and anti-rabbit (Bio-Rad, 1:500, cat. 170-5046), respec-
ively. Pierce™ ECL (cat. 32109) kit was used for HRP sub-
trate detection. Images were captured by Bio-Rad ChemiDoc
maging System and signal intensity was quantified by Bio-
ad Image Lab Software. 

TS proliferation assay 

CF10A cells were analyzed using CellTiter 96 

® AQueous
ne Solution Cell Proliferation Assay (Promega, cat. G3580)

ollowing the manufacturer’s protocol. 

everse transcription and real-time RT-PCR 

otal RNA from MCF10A cells was obtained by organic
xtraction using TRIzol reagent according to the manu-
acturer’s protocol (Life Technologies, cat. 15596018). Re-
erse transcription reaction was performed following the
anufacturer’s protocol (Invitrogen, cat. 18091050). Bio-
ad CFX384 Touch Real-Time PCR Detection System was
sed for real-time polymerase chain reaction (PCR). To
void genomic DNA contamination, all primers were de-
igned to span across exon junctions. CTCF forward se-
uence: A CCA GTGGA GAATTGGTTCG; CTCF reverse se-
uence: GTGTCCCTGCTGGCA T AACT. GAPDH forward
equence: AC ATCGCTC AGAC ACC ATG; GAPDH reverse se-
uence: TGTA GTTGA GGTCAATGAA GGG. The messenger
NA (mRNA) expression level of CTCF was normalized to

he GAPDH . 

NA sequencing 

otal RNA from Jurkat cells was extracted as described above,
nriched for poly-A fragments, followed by fragmentation, re-
erse transcription and second strand complementary DNA
cDNA) synthesis. Double-stranded cDNA was purified with
MPure XP beads and ends were repaired and then ligated
ith Illumina sequencing adapters followed by PCR amplifi-

ation (Novogene, Inc.). Libraries were then subjected to 150-
p paired-end sequencing with the Illumina NovaSeq 6000. 

enome-wide break mapping and sequencing 

etection of DSBs using either purified genomic DNA or fixed
uclei was performed as described ( 9 , 42 , 43 ). Briefly, fixed nu-
lei were subjected to blunting / A-tailing reactions and Illu-
ina P5 adapter ligation to capture DSB ends. Genomic DNA
as then purified and fragmented by sonication and subse-
uently ligated to the Illumina P7 adapter, and the libraries
ere PCR amplified. To map DSBs from purified genomic
NA, the genomic DNA was subjected to blunting / A-tailing

eactions and Illumina P5 adapter ligation to capture DSB
nds. The excess adapter was removed and then DNA was
ragmented by sonication, and subsequently ligated to Illu-
ina P7 adapter, and the libraries were PCR amplified. Pre-
ared libraries were then subjected to whole-genome, 75- and
150-bp paired-end sequencing with the Illumina NextSeq 500
and HiSeq X Ten platforms, respectively. 

Processing of DSB reads 

Sequencing reads were aligned to the human genome
(GRCh38 / hg38) with bowtie2 (v. 2.3.4.1) aligner running
in high-sensitivity mode (–very-sensitive). Restriction on the
fragment length from 100 to 2000 nt (-X 2000 -I 100
options) was imposed. Unmapped, nonprimary, supplemen-
tary and low-quality reads were filtered out with SAMtools
(v. 1.7) (-F 2820). Further, PCR duplicates were marked
with picard-tools (v. 1.95) MarkDuplicates, and finally, the
first mate of nonduplicated pairs (-f 67 -F 1024) was fil-
tered with SAMtools for downstream analysis. For each de-
tected break, the most 5 

′ nucleotide of the first mate de-
fined the DNA break position. Sequencing and alignment
statistics for the DSB mapping / sequencing libraries prepared
from MCF10A and Jurkat cells are listed in Supplementary 
Tables S1 and S2 , respectively. Biological repeats of each sam-
ple that showed very high reproducibility of genomic cov-
erage (Pearson’s correlation r = 0.803–0.942 for MCF10A,
r = 0.926–0.989 for Jurkat, P ∼ 0, Supplementary Figure 
S1 ) were combined for downstream data analysis. This
strong correlation confirms that the break mapping proce-
dure does not introduce significant amounts of random DNA
breaks that could convert single-stranded nicks into DSBs.
The DSB data from GM13069 cells ( 42 ), neural progeni-
tor cells (NPCs) ( 9 ) and HeLa cells ( 44 ) were previously
published. 

Processing RNA-seq and ChIP-seq data 

High-throughput sequencing data used in this study were
downloaded from Gene Expression Omnibus through Se-
quence Read Archive or from the ENCODE project ( 45 );
all datasets used in this study are listed in Supplementary 
Table S3 . The publicly available RNA sequencing (RNA-seq)
data from HeLa ( 46 ), GM12878 ( 47 ), MCF10A ( 48 ) and
NPCs ( 49 ) were aligned to the GRCh38 / hg38 genome us-
ing HISAT2 aligner ( 50 ), and the gene expression [fragments
per kilobase million (FPKM) values] was quantified using
StringTie ( 51 ). The RNA-seq data from Jurkat cells gener-
ated from this study were aligned to the same human genome
assembly using STAR aligner (v. 2.7.9) with RefGene anno-
tation, downloaded from the University of California, Santa
Cruz (UCSC) browser, and transcript quantification was per-
formed with RSEM (v. 1.3.0) ( 52 ,53 ). 

The publicly available data for CTCF chromatin im-
munoprecipitation sequencing (ChIP-seq) from HeLa ( 45 ),
GM12878 ( 45 ), MCF10A ( 54 ,55 ), Jurkat ( 56 ), NPCs ( 45 ) and
RPE-1 ( 45 ), and each associated input control data, were
downloaded and aligned to the GRCh38 / hg38 genome us-
ing bowtie2 (v. 2.3.4.1). Binding peaks were called by the
macs2 tool (v. 2.2.9.1) using the default setting with each
dataset controlled for the matching input data (-c). Using
BEDtools (v. 2.27.1) intersect between called CTCF ChIP-seq
peaks and a list of determined genome-wide CTCF motifs
( n = 887 981) ( 33 ), CTCF binding peaks with CTCF motifs
were refined by excluding the binding sites that lack CTCF
motifs ( Supplementary Table S4 ). Peak strength as defined by
macs2 score that reflects the significance of each called peak
was used to group into bins for further analyses. Peak summits
were used to center regions of interest for all analyses. The

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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publicly available data for BG4 ChIP-seq from NHEK ( 57 ),
HaCaT ( 58 ) and K562 ( 59 ), BG4 CUT&Tag from U2OS ( 60 )
and TOP2B ChIP-seq from MCF10A were processed similarly.

Single-nucleotide cumulative plots at CTCF binding 

sites 

The strongest (top 10%) and weakest (bottom 10%) CTCF
binding sites were determined based on macs2 score of CTCF
ChIP-seq data: for all binding peaks, n = 6011, 4019, 6911,
9841 or 6820 each for MCF10A, GM12878, HeLa, NPCs and
Jurkat, respectively; for binding peaks with CTCF motifs,
n = 4878, 3529, 5386, 6912 or 5593 each for MCF10A,
GM12878, HeLa, NPCs and Jurkat, respectively. DSB cover-
age at these regions was determined using BEDtools (v. 2.27.1)
coverage reporting the depth at each position in the refer-
ence regions (-d), and then the merge function was used to
compile each region’s coverage into a single line readable to
python3. Using python3 (v. 3.6.5) with matplotlib (v. 2.2.2),
numpy (v. 1.15.0) and pandas (v. 0.23.3), the cumulative
single-nucleotide break profiles were plotted over the relative
nucleotide position to the CTCF ChIP-seq peak summit and in
the ±500 bp flanking regions with read normalization (reads
per million, RPM), and boxplots were plotted over the relative
nucleotide position to the CTCF ChIP-seq peak summit and in
the ±150 bp flanking regions with read normalization (RPM).
Statistical tests were performed using python3 (v. 3.6.5) with
scipy stats (v. 0.19.1). 

Differential binding analysis of CTCF ChIP-seq data 

CTCF ChIP-seq data from MCF10A CTCF wild-type (WT)
and knockdown (KD) cells ( 55 ) were downloaded and pro-
cessed as described earlier. Binding peaks with CTCF mo-
tifs were used for further analysis to identify differentially
binding regions using DiffBind 3.0 with the same param-
eters as described in Lebeau et al. ( 55 ). Briefly, bam and
narrowPeak files for each sample and bam files of the as-
sociated input were used. Normalization and analysis of
CTCF binding peaks was carried out using the parame-
ters as follows: normalize = DBA_NORM_DEFAULT, li-
brary = DBA_LIBSIZE_PEAKREADS, background = False,
bREtrieve = False. The threshold for significance was set
at false discovery rate (FDR) ≤ 0.01 and abs(log 2 FC) ≥ 1
in all conditions. Differential peak sets conserved between
replicates and conditions were used for downstream analy-
sis. Heatmaps of the differential peaks identified by DiffBind
were generated using deepTools ( 61 ). 

ChIP-qPCR assay 

ChIP-qPCR procedures were followed as described in Khoury
et al. ( 62 ) with minor modifications as follows. MCF10A
shLuc and shCTCF cells were harvested at 80–90% conflu-
ence. Chromatin was measured by the BCA assay, and 600
μg chromatin was used for each ChIP reaction, and 2% of
the chromatin was aliquoted as an input. Chromatin pre-
cleared with 30 μl of Salmon Sperm DNA / Protein G Agarose–
50% Slurry (#16-201, Millipore) was incubated with CTCF
antibody (Active Motif, cat. 91286) or no antibody at 4 

◦C
overnight. ChIP-DNA was purified and suspended in 50 μl
solution of 10 mM Tris–HCl (pH 8.0) and 0.1 mM EDTA.
The Bio-Rad CFX384 Touch Real-Time PCR Detection Sys-
tem was used for qPCR reactions. Primers used in qPCR re-
actions are listed in Supplementary Figure S8 A. A two-step
��CT equation was used for quantification. The value was 
then normalized to a 2% chromatin input for each sample and 

further normalized against the no antibody control to calcu- 
late the fold enrichment. 

Identifying consensus G4-forming regions 

To generate G4 consensus sites, publicly available BG4 ChIP- 
seq data from NHEK, K562 and HaCaT cells and CUT&Tag 
data from U2O2 cells were downloaded through Sequence 
Read Archive and aligned to the human genome assem- 
bly GRCh38 / hg38 using bowite2. Biological replicates were 
merged. Low-quality, secondary and supplementary align- 
ments, and unmapped reads were filtered out. Peaks were 
called by macs2 tool (v. 2.2.9.1) individually for each cell line 
controlled by input or IgG control (-c). Using BEDtools (v.
2.27.1), merged union list of BG4 binding peaks was created 

( n = 57 673) and used for intersection and reporting number 
of peaks that were present at the same genomic location in at 
least three out of four cell lines; these sites were extracted and 

defined as G4 consensus sites ( n = 8250). To generate G4 ran- 
dom shuffle control, BEDtools (v. 2.27.1) was used to shuffle 
with -chrom option to randomly choose genomic location and 

keep features of G4 consensus sites on the same chromosome.

Analysis of CC-seq data 

The CC-seq data from Gittens et al. ( 63 ) were downloaded 

and aligned to the human genome (GRCh38 / hg38) follow- 
ing the same processing as break data (as detailed in the ‘Pro- 
cessing of DSB reads’ section). The matched sets of etoposide- 
treated WT and TOP2B 

−/ − RPE-1 cells in both asynchronous 
and G1 arrested cells had replicates merged, respectively, and 

the coverage from each was calculated in the preferential DNA 

break sites defined above. 

Genomic region definitions 

The GRCh38 / hg38 build RefSeq genes were downloaded 

from the UCSC browser. The definitions used for each ge- 
nomic feature are as follows: promoter region ranging from 

transcription start site −1000 to −250 nt, transcription start 
site region ranging from transcription start site −250 to +250 

nt, gene body region ranging from transcription start site +250 

nt to transcription termination site −250 nt and transcription 

termination site regions ranging from transcription termina- 
tion site −250 to +250 nt. 

DNA secondary structure analysis 

We previously described how to use DNA secondary struc- 
ture calculation programs to examine the energetic poten- 
tial for secondary structure formation across the human 

genome ( 9 ,64 ). Here, we applied the same analysis [Vien- 
naRNA programs with parameters for analyzing DNA ( 65 )] 
to sequences of regions of interest in the human genome as- 
sembly GRCh38 / hg38. Energetic potential calculations were 
performed with a window of 30 nt and a step of 1 nt. 

Mutation depletion score analysis 

To determine the level of mutation constraint on the consen- 
sus G4-forming regions, we used the recently published UK 

Biobank depletion rank score ( 66 ). To calculate the score,
Halldorsson et al. ( 66 ) tabulated the number of UK Biobank 

variants in each 500-bp window of the genome. Then, this 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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difference. 
umber was compared to an expected number, given the hep-
amer nucleotide composition of the window, and the frac-
ion of heptamers with a sequence variant across the genome
nd their mutational classes. The depletion score was assigned
rom 0 (most depletion) to 1 (least depletion) to each 500-bp
indow with a 50-bp step size and showed that the windows
ith low depletion scores were enriched for cis -regulatory re-

ions and variants identified in genome-wide association stud-
es. We identified all 500-bp windows scored by Halldorsson
t al. that had an overlap of over 250 bp with the consensus
4 regions. 

tatistical analysis 

tatistical analysis was carried out using scipy stats (v. 0.19.1)
nd R (v. 4.2.0). Tests are specified in figure legends, and
tatistical significance is denoted by asterisks: * P < 0.05,
* P < 0.01, *** P < 0.001 and 

**** P ∼ 0, unless stated
therwise. 

esults 

NA DSBs and stable alternative DNA secondary 

tructures are signatures of strong CTCF binding 

ites 

TCF binding strength has been correlated with sequence
onservation across mammalian species ( 67 ). To examine the
ffect of CTCF binding strength on the degree of DNA break-
ge, genome-wide DSBs were sequenced / mapped with single-
ucleotide resolution in five untreated cell lines: GM13069
nonmalignant lymphoblastoid), HeLa (malignant cervical ep-
thelial), MCF10A (nonmalignant breast epithelial), NPCs
from apparently healthy individual) and Jurkat (malignant,
 lymphocytes) ( 9 ,44 ). DNA breaks were assessed for each
ell line at all CTCF binding sites, grouped into 10 equal
ize bins based on CTCF protein binding strength derived
rom ChIP-seq signal ( 45 , 54 , 56 ). Mapped DSBs in five cell
ines are enriched at stronger CTCF binding sites and DSB
overage medians decrease with decreasing CTCF binding
trength ( Supplementary Figure S2 A). Significantly more DSBs
ere observed at the strongest (top 10%) CTCF binding sites

n each cell line than at the weakest (bottom 10%) CTCF
inding sites ( P ∼ 0, two-sample, Kolmogorov–Smirnov test)
 Supplementary Figure S2 B and D). Also, a periodic DSB sig-
al flanking the strong CTCF binding sites was observed,
onsistent with our previous reports ( 9 ,43 ), which results
rom the strong nucleosome positioning capability of CTCF
 68 ). Next, we refined the CTCF binding sites by only in-
luding the binding peaks that contain CTCF binding motifs
 Supplementary Table S4 ), and again used 10 equally sized
ins to define the top 10% strongest and the 10% weakest
TCF binding sites. Consistent with our earlier observation,

he strong CTCF binding sites are significantly enriched with
SBs when compared to the weakest CTCF binding sites ( P ∼
, two-sample, Kolmogorov–Smirnov test) (Figure 1 A and C).
To analyze all CTCF binding sites across five cell lines, we

ompared DSBs across the union set of CTCF sites and found
hat median normalized DSB coverage decreased with dimin-
shing CTCF binding strength across all lines ( Supplementary 
igure S3 A). Furthermore, we evaluated how common the
trongest CTCF binding sites were between lines and found
hat of the 6884 strongest CTCF binding sites in each cell
line, 2100 were common to all five. When the common strong
CTCF binding sites were compared to the strong sites not
shared in each line, we found that the shared sites were sig-
nificantly more enriched in DSBs in each cell line ( P < 0.001,
Kruskal–Wallis, post-hoc Dunn test) ( Supplementary Figure 
S3 B). Together, this demonstrates that DSB enrichment is a
common signature at strong CTCF binding sites and the
fragility of strong CTCF binding sites is driven by features
intrinsic to these sites. 

We previously demonstrated that sequences that can form
highly stable DNA secondary structures are enriched at CTCF
binding sites, and secondary structure-containing CTCF bind-
ing sites accumulate significantly more DSBs than CTCF bind-
ing sites that do not contain alternative DNA secondary struc-
tures ( 9 ). To examine whether there is a difference in the
potential to form DNA secondary structures at strong and
weak CTCF binding sites, the relative folding free energy ( �G ,
kcal / mol) at these sites was calculated using ViennaRNA with
DNA thermodynamic parameters to determine the extent of
DNA secondary structure formation potential from single-
stranded DNA in five cell lines. We found that DNA at and
around strong CTCF binding sites (peak summit ± 75 nt) had
the potential to form more energetically favorable DNA sec-
ondary structures than DNA at weak CTCF binding sites in
five cell types ( P ∼ 0, two-sample, Kolmogorov–Smirnov test)
(for CTCF binding sites with CTCF motifs only, see Figure 1 B
and D; for all CTCF binding sites, see Supplementary Figure 
S2 C and E). This suggests that alternative DNA secondary
structure stability is one intrinsic feature of strong CTCF bind-
ing that mediates fragility. 

Because CTCF is also classified as a transcription factor
( 69 ,70 ), and transcription start sites are known to accumu-
late DSBs dependent on the expression level ( 9 , 10 , 12 , 44 ),
we assessed whether the presence of transcription start sites
correlates with CTCF binding strength, which could explain
the difference in DSB accumulation observed. Interestingly,
there was no preferential distribution of strong CTCF bind-
ing sites at transcription start sites, or genic regions in gen-
eral, compared to weak CTCF binding sites for the five cell
lines ( Supplementary Figure S4 ), but we observed a trend
of weak CTCF binding sites having increased abundance in
genic regions. To determine whether gene expression at genic
CTCF binding sites underlies the difference in fragility, we
evaluated the gene expression of all genic CTCF binding sites
by grouping them based on their CTCF binding strength
and found that the strong CTCF binding sites did not have
higher expression levels than the weak CTCF binding sites
( Supplementary Figure S5 A). Furthermore, when breaks were
assessed across each decile of CTCF binding site strength
in all cell lines, there was no significant difference between
DSBs of the top strongest bins based on genic or intergenic
status ( Supplementary Figure S5 B). Interestingly, among the
weaker CTCF binding sites there were increased levels of
DNA breaks in the genic CTCF sites compared to the inter-
genic CTCF sites. However, these levels of DNA breaks were
still lower than DSBs at the strongest CTCF binding sites. Al-
together, this suggests that while transcription plays a role
in the breaks at weaker CTCF binding sites, the level of ex-
pression does not explain the differences in fragility between
the strong and weak CTCF binding sites; instead, alternative
DNA secondary structure stability is likely to underlie this

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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Figure 1. DSBs and highly stable alternative DNA secondary str uct ures are significantly enriched at strong CTCF binding sites in multiple cell types. ( A ) 
DSBs were mapped in three untreated nonmalignant (MCF10A, GM13039 and NPC) and two untreated cancer cell lines (HeLa and Jurkat). CTCF binding 
strength was defined based on ChIP-seq signal for each cell line, and binding sites with CTCF motifs were identified and used here. DSBs are enriched 
at the top 10% strongest CTCF binding sites (strong, red), but not at the 10% w eak est CTCF binding sites (weak, blue) in untreated GM13069 
( n = 3529), HeLa ( n = 5386), MCF10A ( n = 4878), NPC ( n = 6912) and Jurkat ( n = 5593) cells, as demonstrated by cumulative DSB coverage (RPM) 
( ±500 nt) at these sites. ( B ) DNA sequences around strong CTCF binding sites (red) ( ±150 nt) form more energetically favorable DNA secondary 
str uct ures ( �G , kcal / mol) than sequences around weak sites (blue), as determined by folding predictions of single-stranded DNA using ViennaRNA with 
DNA thermodynamic parameters and a 30-nt sliding window with a 1-nt step; a low �G (kcal / mol) indicates that sequences are more favorable to form 

the str uct ure. ( C ) R ead-normaliz ed DSB co v erage (RPM) w as significantly greater at the strong (red) v ersus the w eak (blue) CTCF binding peak sites 
( ±150 nt) for each cell line. ( D ) R elativ e f olding free energy w as significantly more stable at the strong (red) v ersus the w eak (blue) CTCF binding peaks 
( ±150 nt) for each cell line. B o x es denote 25th and 75th percentiles, middle lines show medians and whiskers span from 5% to 95%; **** P ∼ 0, 
tw o-sample, K olmogoro v–Smirno v test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DNA breaks at strong CTCF binding sites are 

caused by TOP2 cleavage 

Alternative DNA secondary structures can arise from single-
stranded DNA when duplex DNA is unwound such as in the
presence of negative supercoiling, and these alternative DNA
secondary structures can be recognized by TOP2, enhancing
TOP2 binding and eventual cleavage ( 9 ,15–20 ). Furthermore,
TOP2B has been shown to be located at CTCF binding sites
( 34 ,35 ) and CTCF binding sites display increased DNA break-
age following exposure to the TOP2 poison etoposide ( 9–
12 ). To further characterize the difference between strong and
weak CTCF binding sites, we evaluated TOP2B binding at
the strongest and weakest CTCF binding sites in MCF10A
cells and found that TOP2B bound significantly more at the
strong CTCF binding site ( ±150 nt, P ∼ 0, two-sample,
Kolmogorov–Smirnov test), which matches with significantly
more stable alternative DNA secondary structure formation
and higher DSB frequency, compared to the weak sites (Fig-
ure 2 A and B, P ∼ 0, two-sample, Kolmogorov–Smirnov
test). This suggested that differential targeting of CTCF bind-
ing sites by TOP2B could underlie the pattern of differential
DSB accumulation. Furthermore, we have shown that DSBs
significantly increase in an etoposide dose-dependent man-
ner at the strongest CTCF binding sites in GM13069 cells,
but not at weak CTCF binding sites ( 9 ). Here, a significant
dose-dependent increase of DSBs after exposure to etopo-
side was also observed in MCF10A and HeLa cells at strong 
CTCF binding sites ( Supplementary Figure S6 ) ( P < 0.001,
Kolmogorov–Smirnov test). Etoposide traps TOP2ccs, pre- 
venting religation of the DNA strands ( 71 ); therefore, these re- 
sults further suggest that TOP2 is significantly more present at 
strong CTCF binding sites and could contribute to increased 

DNA breakage at these sites. 
While etoposide treatment demonstrates TOP2-mediated 

fragility, we next examined the direct involvement of TOP2 

activity at CTCF binding sites. Using the CC-seq from Git- 
tens et al. ( 63 ), a direct measurement of TOP2 activity by 
mapping TOP2ccs, we evaluated TOP2 at CTCF binding sites 
from RPE-1 cells ( 45 ). We found that the strongest CTCF 

binding sites were sensitive to TOP2 activity, as indicated by 
the significant reduction of TOP2cc coverage observed in the 
TOP2B knockout condition when compared to WT cells in 

both G1 and asynchronous states ( P ∼ 0, Wilcoxon rank sum 

test) (Figure 2 C and D). TOP2B is the predominant TOP2 

isoform present during G1, whereas asynchronous cells can 

utilize both TOP2A and TOP2B ( 72 ). Therefore, the signifi- 
cant reduction of TOP2ccs observed in TOP2B knockout G1 

cells at strong CTCF binding sites indicates that TOP2B di- 
rectly contributes to DNA breaks observed at these sites (Fig- 
ure 2 C and D). When TOP2cc coverage was similarly an- 
alyzed at weak CTCF binding sites (Figure 2 E and F), we 
found that while there was a significant reduction of TOP2ccs 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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Figure 2. TOP2 preferentially binds and clea v es DNA at strong CTCF binding sites. ( A ) Cumulative DSBs from MCF10A (RPM), average TOP2B binding 
from MCF10A (RPM) and relative free energy of alternative DNA secondary str uct ure formation (kcal / mol) were assessed at the strong CTCF binding 
sites in MCF10A ( n = 6011) showing an overlap of TOP2B binding, DSB accumulation and energetically f a v orable str uct ures at these CTCF binding sites. 
( B ) Cumulative DSBs from MCF10A (RPM), average TOP2B binding from MCF10A (RPM) and relative free energy of alternative DNA secondary 
str uct ure formation (kcal / mol) were assessed at the weak CTCF binding sites in MCF10A ( n = 6011) showing a low degree of overlap between TOP2B 

binding secondary str uct ure formation at these CTCF binding sites and low DSB accumulation. ( C ) Cumulative TOP2cc coverage (RPM) was calculated 
at single-nucleotide positions of the top 10% strong CTCF binding sites ( n = 1973; ±500 nt) for asynchronous WT (blue), async hronous TOP2B knoc kout 
(green), G1 WT (orange) and G1 TOP2B knockout (red) RPE-1 cells. ( D ) Quantification of TOP2cc co v erage at strong CTCF binding sites ( n = 1973; ±150 
nt) demonstrates that TOP2B knockout, in asynchronous and G1 cells, significantly reduced TOP2cc accumulation. ( E ) Cumulative TOP2cc co v erage 
(RPM) was calculated at single-nucleotide positions of the weak (bottom 10%) CTCF binding sites ( n = 1973; ±500 nt) for asynchronous WT (blue), 
asynchronous TOP2B knockout (green), G1 WT (orange) and G1 TOP2B knockout (red) RPE-1 cells. ( F ) Quantification of TOP2cc coverage at weak CTCF 
binding sites ( n = 1973; ±150 nt). B o x es denote 25th and 75th percentiles, middle lines show medians and whiskers span from 5% to 95%; 
*** P < 0.001 and **** P ∼ 0, Wilco x on rank sum test. 
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Figure 3. CTCF knockdown significantly increases DSB enrichment at the strong CTCF binding sites in MCF10A cells. ( A ) CTCF is knocked down in 
shCTCF MCF10A cells compared to shLuc (top, CTCF; bottom, β-actin loading control). ( B ) Knockdown of CTCF in MCF10A cells is significantly reduced 
by 60%, normalized to β-actin (** P < 0.01, Student’s t -test). ( C ) Knockdown of CTCF in MCF10A cells does not alter cell proliferation as measured by 
the MTS assay. ( D ) CTCF knockdown increased DSBs at strong CTCF binding sites (left, n = 6011) but not at weak CTCF binding sites (right, n = 6011), 
as demonstrated by cumulative read-normalized coverage (RPM) of DSBs mapped in MCF10A shLuc (blue) and shCTCF (orange) cells. ( E ) Quantification 
of DSB co v erage at the 3862 CTCF binding sites ( ±150 nt) after eliminating sites at which both samples had zero DSB coverage among the 6011 strong 
CTCF binding sites. Bars indicate means and error bars show ±standard deviation. Boxes denote 25th and 75th percentiles, middle lines show medians 
and whiskers span from 5% to 95%; * P < 0.05 and *** P < 0.001, Wilco x on rank sum test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

after TOP2B knockout for both asynchronous and G1 phase
cells ( P < 0.001, Wilcoxon rank sum test), TOP2ccs were
not enriched to the same extent at these sites as compared
to the strong CTCF binding sites. Altogether, this demon-
strates that TOP2B preferentially binds and cuts at the strong
CTCF binding sites compared to the weak CTCF binding sites,
leading to the differential breakage at strong CTCF binding
sites. 

Loss of CTCF increases DSBs at strong CTCF 

binding sites 

We have identified TOP2 cleavage as a source of increased
fragility at strong CTCF binding sites and that etoposide
treatment further increases DSBs at strong CTCF binding
sites. Next, we assessed the CTCF protein level in MCF10A
cells treated with etoposide and found that there is a dose-
dependent decrease in CTCF protein ( P < 0.05, UT to 0.15
μM and 0.15 to 15 μM, Student’s t -test), while classical mark-
ers of DNA damage, γH2AX and p53, showed expected in-
creases ( Supplementary Figure S7 A and B). We confirmed
this decreased CTCF expression by RT-qPCR that also ex-
hibited a dose-dependent decrease in CTCF mRNA level
( P < 0.01, UT to 0.15 μM, P < 0.05, 0.15 to 1.5 μM,
P < 0.01, 0.15 to 15 μM, Student’s t -test) ( Supplementary 
Figure S7 C). This demonstrates that increased DSBs at strong
CTCF binding sites are co-incident with the decreased over-
all expression of CTCF. To determine whether the loss of
CTCF directly influences the formation of DSBs at strong 
CTCF binding sites, we knocked down CTCF protein in 

MCF10A cells using lentivirus to introduce either a con- 
trol (shLuc) or inducible shRNA construct against CTCF 

(shCTCF). Following selection for stable cell lines from bulk 

populations, we confirmed CTCF was significantly reduced 

by 60% in the shCTCF population following induction with 

doxycycline for 48 h ( P < 0.001, Student’s t -test) (Figure 
3 A and B), and this inducible knockdown did not change 
cell proliferation (Figure 3 C). Following DSB mapping, we 
found that knockdown of CTCF led to a significant in- 
crease in DNA breaks at strong, but not weak, CTCF bind- 
ing sites ( P < 0.001, Wilcoxon rank sum test) (Figure 3 D 

and E). This is consistent with the etoposide-induced DNA 

breaks with a dose-dependent increase at strong CTCF bind- 
ing sites ( Supplementary Figure S6 ) and implicates the loss 
of CTCF promoting increased fragility at strong CTCF bind- 
ing sites. However, this seems unexpected based on the ob- 
servations in Figure 1 and Supplementary Figures S2 and S3 ,
where DSB enrichment was present at strong CTCF binding 
sites. 

To understand the interplay between CTCF expression 

and binding, we analyzed the publicly available CTCF ChIP- 
seq data of CTCF knockdown in MCF10A from Lebeau 

et al. ( 55 ), in which they showed a 50–60% reduction in 

CTCF protein, and the overall CTCF binding of the cells 
remained largely unchanged, with a small number of lost 
CTCF binding sites, and even smaller number of gained CTCF 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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Figure 4. CTCF knockdown altered binding at CTCF binding sites and differential DSBs and DNA secondary str uct ure folding potentials at gained, lost 
and unchanged CTCF binding sites in MCF10A cells. ( A ) Heatmaps show CTCF binding at significantly gained ( n = 504), lost ( n = 3270) and unchanged 
( n = 35 1 0 1) CTCF binding sites between WT and CTCF knockdown MCF10A cells. Binding peaks with CTCF motifs only were used for the analysis, and 
differentially binding sites were calculated and identified using DiffBind 3.0 ( 55 ). Heatmaps were generated using deepTools ( 61 ) at the summit ± 1.5 kb 
regions of the differential peaks identified by DiffBind. ( B ) Scatter plot of each CTCF binding site based on relative binding strength rank in WT and CTCF 
knockdown conditions (gained, red; lost, blue; unchanged, gray). ( C ) DSBs were mapped in shLuc and shCTCF MCF10A lines. DSBs are significantly 
increased at gained and lost CTCF binding sites f ollo wing CTCF knockdown (reads per kilobase million, RPKM). ( D ) DNA sequences around lost (blue) 
CTCF binding sites form more energetically favorable alternative DNA secondary str uct ures than unchanged (gray) or gained (red) CTCF binding sites. 
B o x es denote 25th and 75th percentiles, middle lines show medians and whiskers span from 5% to 95%; ** P < 0.01, *** P < 0.001 and **** P ∼ 0; 
pairwise comparisons, Wilco x on rank sum test; cross-group comparisons, K olmogoro v–Smirno v test. 
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inding sites ( 55 ). Reanalyzing their CTCF ChIP-seq data
alignment to the human GRCh38 / hg38 build genome) and
ltering out non-CTCF motif-containing binding sites, we
ound very similar results with a total of 38 875 CTCF
eaks, of which 3270 were significantly lost (FDR < 0.01,
og 2 FC < −1) and 504 CTCF peaks significantly gained
FDR < 0.01, log 2 FC > 1) in the CTCF knockdown cells,
hile the rest of CTCF binding peaks ( n = 35 101) remained

tatistically unchanged ( 55 ) (Figure 4 A). Six randomly se-
ected sites that are defined as lost, gained and unchanged (two
ach) were validated by CTCF ChIP-qPCR in the shCTCF
CF10A cells and the control shLuc cells ( Supplementary 

igure S8 ). Additionally, we assessed how the relative binding
trengths changed between WT and knockdown, and found
that a larger number of CTCF binding sites altered their rela-
tive rankings but did not meet the stringent thresholds of sig-
nificance (Figure 4 B). This suggests that changes in the overall
CTCF binding profile are more prominent than depicted by
binding strength significance alone and could also contribute
to the observed phenotypes. 

We then examined DSBs at the gained, lost and unchanged
CTCF binding sites in the shLuc and shCTCF MCF10A cells,
and found that the level of DNA breaks was significantly
increased upon CTCF knockdown in all groups (gained:
P < 0.01, lost: P < 0.001, unchanged: P ∼ 0, Wilcoxon
rank sum test) (Figure 4 C). Interestingly, we observed that
lost sites were more enriched in DSBs in WT cells compared
to gained sites, and this remained true after CTCF knock-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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down (WT, P < 0.001; knockdown, P < 0.001, Kolmogorov–
Smirnov test). This is intriguing, as we showed that the bind-
ing strength of CTCF correlates with DSBs (Figure 1 and
Supplementary Figures S2 and S3 ), and we would have pre-
dicted that lost CTCF binding sites would show a reduction
in DSBs since binding was decreasing. This suggests that there
are other contributors to the fragility at the lost CTCF bind-
ing sites. Therefore, we investigated the alternative DNA sec-
ondary structure forming potential at these three CTCF bind-
ing site groups, as we have shown that alternative DNA struc-
ture forming potential contributes to increased fragility. We
found that the lost CTCF binding sites were defined by more
favorable DNA secondary structure formation than either the
unchanged or gained sites (Figure 4 D). More interestingly, the
more favorable DNA secondary structure formation is both
in the immediate CTCF binding summit and in the flank-
ing sequence for the lost sites. This demonstrates that lost
CTCF binding sites are defined by regions of highly stable
DNA secondary structure. Furthermore, this suggests that the
ability of these sites to form highly stable secondary struc-
tures could predispose these sites for decreased binding un-
der CTCF-limiting conditions, while still maintaining TAD
boundaries. 

Alternative DNA secondary structures, G4s act as 

backup boundary elements upon CTCF loss and 

contribute to increased DSBs 

In support of our hypothesis that highly stable DNA sec-
ondary structure formation could predispose CTCF binding
sites for CTCF loss but maintain TAD boundaries, Hou et al.
showed G4s were enriched at TAD boundaries and CTCF-
distal G4s were able to independently insulate chromatin ( 73 ).
Indeed, Lebeau et al. found that the lost CTCF binding sites
that occurred at TAD boundaries did not significantly alter in-
sulation when compared to WT and CTCF knockdown cells
( 55 ). To determine whether the lost CTCF binding sites at
TAD boundaries had a higher potential to form DNA sec-
ondary structure than those within TADs (loop-associated),
we evaluated the lost, gained and unchanged CTCF binding
sites, by intersecting these sites with constitutive CTCF bind-
ing sites ( 33 ), as these sites are associated with TAD bound-
aries across different cell types ( 74 ) (Figure 5 A). Lost sites
were significantly underrepresented for TAD boundaries, and
unchanged sites were overrepresented among TAD bound-
aries ( P < 2.22 × 10 

−16 , chi-square test) (Figure 5 B), sug-
gesting overall protection or preservation of the TAD bound-
aries in the CTCF-limiting environment. We then examined
the ability to form alternative DNA secondary structures at
the TAD boundary versus loop-associated CTCF binding sites
and found that the lost CTCF binding sites at TAD bound-
aries are predicted to form significantly more stable DNA
secondary structures than either loop-associated lost CTCF
sites or gained or unchanged TAD boundary sites (Figure
5 C, P < 0.01, Kruskal–Wallis, post-hoc Dunn test). Overall,
this supports the model in which alternative DNA secondary
structures, such as G4s, maintain boundaries in the absence of
CTCF. 

Next, we investigated whether the classification as a TAD
boundary- or loop-associated CTCF binding site influenced
the DSB accumulation at these sites. We found that among all
lost CTCF binding sites, those associated with TAD bound-
aries are more enriched for DSBs in WT, and upon CTCF
knockdown when compared to lost sites located at loops
( P < 0.001, Kruskal–Wallis, post-hoc Dunn test) (Figure 5 D).
More interestingly, all TAD boundary-associated sites sig- 
nificantly increased breaks upon CTCF knockdown (gained: 
P < 0.01, lost: P < 0.001, unchanged: P ∼ 0, Wilcoxon rank 

sum test); meanwhile, all loop-associated sites had no signif- 
icant change in DSBs following CTCF knockdown (Figure 
5 D). The increased DSBs at the TAD boundary-associated 

sites were positively in agreement with the TOP2B and G4 

abundance at these sites; both G4 and TOP2B are significantly 
enriched at TAD boundary-associated sites of all three types 
(lost, gained and unchanged) compared to the loop-associated 

sites ( Supplementary Figure S9 ; P < 0.001, Kruskal–Wallis,
post-hoc Dunn test). In Figure 5 E, an example of neighbor- 
ing lost TAD boundary- and loop-associated sites illustrates 
the differential DSBs at these two classes of lost CTCF sites,
and G4 and TOP2B enrichments can be seen in the TAD 

boundary-associated lost sites. 
We then asked whether G4s can be recognized and cleaved 

by TOP2. We curated a consensus set of G4-forming regions 
( n = 8250) (see the ‘Materials and methods’ section), based on 

publicly available ChIP-seq / CUT&Tag data using BG4 ( 57–
60 ), an antibody specific for G4 structure ( 75 ), and evaluated 

the presence of etoposide-induced DNA breaks. Almost all G4 

consensus sites (94%) overlap with CTCF binding sites, and 

etoposide treatment revealed that there are significantly in- 
creased DSBs at G4 sites as compared to the untreated, and 

the intensity of DSBs significantly increases with increasing 
etoposide concentrations (Figure 6 A and C for GM13069 and 

Figure 6 B and D for HeLa, P < 0.001, Wilcoxon rank sum 

test). The same dose-dependent changes in the DSB level upon 

etoposide treatment were not observed at the randomly shuf- 
fled G4 sites (Figure 6 C and D). More importantly, endoge- 
nous DSBs at the G4 consensus sites in untreated cells dis- 
played an enrichment compared to shuffled sites (Figure 6 C 

and D, P < 0.001, ns: not significant, Kruskal–Wallis, post- 
hoc Dunn test). In addition, heatmaps of DSB coverage over 
the G4 consensus sites (Figure 6 A and B) also revealed that 
a snapshot of endogenous breaks was captured in untreated 

cells, and etoposide traps these breaks as the concentration in- 
creases. This notion is supported by the study of Hoa et al. ( 76 ) 
in which TOP2 was shown to frequently fail to religate en- 
dogenous, transiently cleaved products even without the pres- 
ence of inhibitors, which can then be processed into persistent 
DSBs. Thus, our result indicates that TOP2-mediated DSBs are 
preferentially present at G4 structure regions and contribute 
to endogenous DSBs at these regions. 

As shown in Figure 5 C, the lost CTCF binding sites at TAD 

boundaries possess significantly more stable predicted sec- 
ondary structures than lost loop sites. Also, among the TAD- 
associated CTCF binding sites, we found that the lost sites 
were overrepresented for overlap with G4s ( P < 2.13 × 10 

−12 ,
chi-square test) (Figure 6 E). We then examined lost TAD 

boundary- and lost loop-associated CTCF binding sites for 
DNA breaks in response to etoposide treatment in both 

GM13069 and HeLa cells, different from MCF10A to assess 
the role of DNA secondary structure. Figure 6 F and G reveals 
that lost sites at TAD boundaries, when compared to those 
at loops, were significantly more enriched with etoposide- 
induced DSBs ( P < 0.001, Kruskal–Wallis, post-hoc Dunn 

test) and maintained the strong increase in breaks correspond- 
ing to the increased concentrations of etoposide. This result 
demonstrates that the lost TAD boundary-associated CTCF 

binding sites can be recognized by TOP2, generating endoge- 
nous and etoposide-induced DSBs. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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Figure 5. TAD boundary-associated CTCF binding sites are enriched for DSBs and increase fragility upon CTCF knockdown. ( A ) Venn diagram shows the 
division of gained, lost and unchanged CTCF binding sites (CBSs) among constitutive CTCF binding sites ( n = 22 097). ( B ) Mosaic plot shows the 
underrepresentation of lost CTCF binding sites for TAD boundaries and being overrepresented in loop-associated sites. Meanwhile, unchanged CTCF 
binding sites are o v errepresented among TAD boundaries and underrepresented among loop-associated sites ( P = 2.22 × 10 −16 , chi-square test). ( C ) 
DNA sequences around lost TAD boundary-associated CTCF binding sites (solid blue) form the most energetically stable alternative DNA secondary 
str uct ures among altered CTCF binding sites ( ±150 bp). ** P < 0.01, Kruskal–Wallis, post-hoc Dunn test. ( D ) DSBs are enriched at all TAD 

boundary-associated CTCF binding sites and significantly increased upon CTCF knockdown. Loop-associated CTCF binding sites show changes in DSBs 
in the same direction as binding changes (RPKM). ( E ) A representative view of a lost TAD boundary-associated CTCF binding site and a lost 
loop-associated CTCF binding site near the gene SOS1 demonstrates the selective increase in DSBs at lost sites associated with TADs. CTCF ChIP-seq 
from CTCF WT and knockdown cells (dark blue and maroon, respectively), DSBs from CTCF shRNA control WT and CTCF knockdown (blue and orange, 
respectively), along with the CTCF classifications (gained; lost; unchanged), TAD CTCF binding sites (yellow), consensus G4 sites (green) and TOP2B 

binding (red). B o x es denote 25th and 75th percentiles, middle lines show medians and whiskers span from 5% to 95%; ** P < 0.01, 
*** P < 0.001, **** P ∼ 0, and ns, not significant; pairwise comparisons, Wilco x on rank sum test; cross-group comparisons, Kruskal–Wallis with 
post-hoc Dunn test. 
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Figure 6. TOP2-mediated DSBs preferentially present at G4 str uct ure regions and at the lost TAD boundary-associated CTCF binding sites. Etoposide 
(ETO) treatment significantly increases DSB enrichment at G4 consensus regions in GM13069 ( A ) and HeLa cells ( B ). B o xplot illustration of DSB 

co v erage at the consensus G4 regions in GM13069 ( C ) and HeLa cells ( D ). ( E ) Mosaic plot shows lost CTCF binding sites at TAD boundaries are 
o v errepresented among shared G4 CTCF binding sites, while gained CTCF binding sites are underrepresented among G4 CTCF binding sites 
( P = 2.13 × 10 −12 , chi-square test). The lost CTCF binding sites at TAD boundaries, when compared to those at loops, are significantly more enriched 
with etoposide-induced DSBs in GM13069 ( F ) and HeLa cells ( G ), and maintain the strong DSB increase corresponding to the increased concentrations 
of etoposide. B o x es denote 25th and 75th percentiles, middle lines show medians and whiskers span from 5% to 95%; *** P < 0.001, **** P ∼ 0, and 
ns, not significant, Kruskal–Wallis f ollo w ed b y post-hoc Dunn test. 

 

 

 

 

 

 

 

G4 structures overlapping TAD 

boundary-associated CTCF binding sites are under 
high mutational constraint 

A recent study by Wulfridge et al. demonstrated that G4s en-
hance CTCF binding and stabilize TAD formation ( 77 ). To
further determine whether there was a critical role for the G4
structure at TAD boundary-associated CTCF binding sites, we
evaluated whether there was a selective pressure to preserve
G4 sequences at CTCF binding sites. Across the genome, the
rate of polymorphism is higher at non-B DNA loci, such as
G4s, compared to other loci ( 78 ). However, if a subset of these 
structures is integral to regulating CTCF binding site dynam- 
ics with downstream consequences, we would expect those 
loci to be under purifying selection to combat this high muta- 
bility. We examined the consensus set of G4-forming regions 
( n = 8250) using the recently published UK Biobank depletion 

rank score by Halldorsson et al. ( 66 ), to determine the level 
of constraint on these G4 structures. We identified all 500-bp 

windows scored by Halldorsson et al. that had an overlap of 
over 250 bp with the consensus G4 regions. The distribution 
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Figure 7. G4s ha v e functional and conserved roles at TAD boundary-associated CTCF binding sites. ( A ) The mutational constraint on the observed G4 
str uct ures varies throughout the genome, as shown by the distribution of the depletion scores (0, most depleted, to 1, least depleted). ( B ) The most 
constrained G4s are enriched for CTCF binding along with H3K4me1 and CoREST. ( C ) The G4 str uct ures with at least one overlapping TAD 

boundary-associated CTCF binding site are more constrained compared to str uct ures that overlap with loop-associated CTCF binding sites 
(**** P < 2.2 × 10 −16 , Wilco x on rank sum test). ( D ) Model of DNA fragility at CTCF binding sites driven by TAD and loop associations, TOP2B activity, 
G4s and CTCF binding. 
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f the depletion scores (0, most depletion, to 1, least depletion)
or the windows overlapping the G4 structures in our dataset
emonstrates that not all G4 sequences are under the same
utational constraint (Figure 7 A). Limiting the analysis to

he G4 structures with the lowest depletion scores (depletion
core < 0.05), we compared the overlapping regions to ChIP-
eq peaks for various transcription factors and histone marks
equenced by ENCODE. Using locus overlap analysis ( 79 ), we
bserved that these highly constrained regions overlapping G4
tructures are significantly enriched for CTCF binding sites
 P < 10 

−6 , odds ratio = 1.28) (Figure 7 B). We also found en-
ichment of H3K4me1 ( P < 10 

−5 , odds ratio = 1.29), which is
ften associated with enhancers, and CoREST ( P < 10 

−5 , odds
atio = 1.24), which has been identified as a subunit for sev-
ral protein complexes in these regions. Importantly, depletion
cores of G4 structures at TAD boundary-associated CTCF
inding sites are significantly lower than the depletion scores
f G4 structures at loop-associated CTCF binding sites (Figure
 C, P < 2.2 × 10 

−16 , Wilcoxon rank sum test). These analy-
es indicate that G4 structures overlapping TAD boundary-
ssociated CTCF binding sites are under high mutational
constraint and might be functional, as previously suggested
( 78 ,80 ). TAD boundaries that are stable across cell types also
show enriched heritability and evolutionary constraint ( 81 ),
further supporting a role for a sequence / structure-dependent
function at TAD boundaries. 

Overall, this suggests that G4s are conserved at CTCF bind-
ing sites, presumably to act as backup insulating factors, par-
ticularly at TAD boundary-associated CTCF binding sites.
The strong structure formation at certain sites then allows for
the sites to reduce CTCF occupancy in a CTCF-limiting envi-
ronment. Furthermore, the topological stress at TAD bound-
aries creates an active region for local DNA melting to form
alternative secondary structures driving a higher DSB envi-
ronment from TOP2B activity. Then in a CTCF-limiting envi-
ronment, the stress of global topological changes across all
TAD boundary-associated sites leads to increased DSBs in
CTCF knockdown at these sites. At all sites, the differences
in alternative secondary structure strength drive the baseline
DNA break levels at CTCF binding sites ( Supplementary 
Figure S9 ). The new model described here is depicted in
Figure 7 D. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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Further validating this model, we uncovered that in five
cell lines, the stronger CTCF binding sites were enriched for
TAD boundary-associated CTCF binding sites, while weak
sites were depleted ( Supplementary Figure S10 A). We then
examined DSBs in all cell lines across the stratified CTCF
binding site bins, and found that DSBs were enriched in TAD
boundary-associated CTCF binding sites compared to loop-
associated sites across all decile strengths in five cell lines.
This indicates that TAD boundary-associated CTCF bind-
ing sites were the primary drivers of the binding strength-
mediated breaks, not CTCF binding per se ( Supplementary 
Figure S10 B). This supports the results from the CTCF knock-
down, where DNA breaks at CTCF binding sites are shaped
by the formation of strong alternative DNA secondary struc-
ture derived from topological stress at TAD boundaries, and
are mediated by TOP2 activity. 

Discussion 

Here, we investigated factors underlying DNA fragility at
CTCF binding sites and how this fragility acts within the
broader context of CTCF’s role in 3D chromatin organiza-
tion. We found that both alternative DNA secondary struc-
tures such as G4s and TOP2 cleavage contribute to the dif-
ferential DNA fragility at CTCF binding sites. Using an un-
biased, genome-wide DNA break mapping approach, we first
determined that DSBs are preferentially enriched at the strong
CTCF binding sites in multiple cell types, as compared to the
weak binding sites. This led us to reveal strong CTCF binding
sites dominated by TAD boundary-associated sites, and TAD
boundary-associated sites contain significantly more G4s and
TOP2 binding than loop-associated sites. Upon CTCF knock-
down, TAD boundary-associated CTCF binding sites signifi-
cantly increased DNA breaks, while loop-associated sites had
no significant DSB change. The TAD boundary-associated lost
sites that displayed significantly reduced CTCF binding upon
CTCF knockdown are overrepresented with G4s and suffi-
ciently maintained TAD boundaries even in the absence of
CTCF. 

CTCF has been classified as a tumor suppressor gene,
as demonstrated by increased susceptibility to both hema-
tological and solid cancers in Ctcf hemizygous mice. These
Ctcf + / – tumors showed a more invasive and metastatic pheno-
type, leading to an overall worse prognosis / outcome in these
mice ( 82 ). Analysis of human breast tumors in the Cancer
Genome Atlas database showed that 60% of breast cancers
possess CTCF copy number loss ( 83 ). In addition to dele-
tions, mutations within CTCF either subsequently inactivat-
ing CTCF protein or decreasing CTCF gene expression have
been demonstrated to be significantly associated with cancer
progression and prognosis ( 84–86 ). Studies have begun to pro-
vide explanations for how reduced functional CTCF protein
levels promote oncogenesis. Reduction of CTCF protein lev-
els has direct effects on CpG and CTCF binding site methy-
lation ( 82 ,83 ), resulting in gene expression changes of cancer
progression-associated pathways such as stress response (i.e.
hypoxia and hormones) and cell motility ( 83 ). Lebeau et al.
showed that altered sub-TAD architectures in single allele
knockout CTCF cells resulted in novel promoter–enhancer in-
teraction leading to oncogenic activation ( 55 ). Similarly, mu-
tations within CTCF binding sites are observed in many can-
cer types and can diminish CTCF binding to specific DNA
sites ( 87–89 ). Cancers with these CTCF binding site muta-
tions are associated with chromatin architecture and gene ex- 
pression changes ( 33 ), and have also been shown to display 
chromosomal instability ( 89 ). Recent work by Lambuta et al.
showed that whole genome doubling events caused a reduc- 
tion of CTCF protein, and resulted in loss of proper TAD es- 
tablishment and increased accumulation of copy number vari- 
ants ( 90 ). CTCF levels in these cells are at 50% of WT cells,
meaning it is only 25% of that normally required for the cel- 
lular DNA content. This would create an even more aberrant 
binding landscape. They also found CTCF binding sites with 

both lost and gained CTCF binding ( 90 ), which likely follows 
a similar reprioritization as we propose here. Though they 
suggest the loss of CTCF binding is stochastic across CTCF 

binding sites, our evidence suggests that it is driven by the 
DNA secondary structure forming ability of the CTCF bind- 
ing sites. These highly stable DNA secondary structures being 
more persistent would in turn drive increased fragility at these 
sites and could explain their observation of recurrent copy 
number variants in the whole genome doubling model com- 
pared to the diploid control cells. Furthermore, DNA breaks 
at a putative TAD boundary-associated CTCF binding site 
within the KMT2A gene can lead to the generation of KMT2A 

rearrangements often found in acute myeloid leukemias and 

acute lymphoblastic leukemias ( 10 ,12 ). Gothe et al. identified 

that TOP2-mediated DNA breakage at CTCF binding sites is 
associated with rearrangement partners, particularly known 

in therapy-related acute myeloid leukemias, and that breakage 
and KMT2A rearrangement events are increased with etopo- 
side treatment ( 12 ). 

A strong presence of G4s at regulatory regions of the human 

genome has been well established ( 57 ,91–93 ). G4s can lead to 

the accumulation of DNA damage during DNA replication 

and transcription by acting as a barrier to impede these pro- 
cesses ( 94–96 ). We and others have shown that TOP2 and al- 
ternative DNA secondary structures are associated with DNA 

fragility ( 9 , 10 , 12 , 13 , 15 ), and that TOP2B-mediated DNA
breaks are preferentially located at CTCF / cohesin binding 
sites. Therefore, TOP2, when failing to religate its cleaved 

products ( 76 ), can promote the generation of endogenous 
DSBs at CTCF / cohesin binding sites. TOP2B interacts with 

CTCF and cohesin, and is colocalized with CTCF and cohesin 

at TAD boundaries ( 34 , 35 ). T OP2B displayed an orientation- 
specific binding relative to the position of CTCF and cohesin,
and the binding order positions TOP2B at the base / outside 
of the TAD loop and cohesin is located inside the loop ( 35 ).
Moreover, cohesin, a ring structured complex, uses an ATP- 
dependent loop extrusion mechanism to guide TAD forma- 
tion ( 23–26 ), and its narrow opening limits the rotation of 
chromatin ( 97 ,98 ). The strategic positioning of TOP2B at 
TAD boundaries is suggested to resolve topological stress 
and DNA entanglements caused by active DNA extrusion 

when chromatin is passed through the cohesin rings ( 97 ,98 ).
Analysis of biotinylated 4,5,8-trimethylpsoralen (TMP) in- 
corporation revealed TOP2-mediated negative supercoiling at 
CTCF / cohesin binding sites ( 35 ,99 ). In addition to DNA su- 
percoiling in recruiting TOP2B to the TAD boundaries, we 
showed that TAD boundary sites are enriched with G4s, and 

G4s can be recognized and cleaved by TOP2. Recent stud- 
ies have demonstrated that G4s have a direct role in the re- 
cruitment of CTCF to DNA ( 77 ) and that the G4 stabilizing 
ligands (pyridostatin and CX5461) generate DSBs through a 
TOP2 poisoning mechanism, like etoposide ( 100 ,101 ). Here,
we found that the TAD boundary-associated CTCF binding 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae164#supplementary-data
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ites had the potential to form highly stable DNA secondary
tructures such as G4s, leading to TOP2 cleavage, and con-
ributing to the differential DNA fragility at these sites under
n abundance of CTCF. 

Upon reduction of CTCF protein, DSBs further increase
ignificantly at the TAD boundary-associated CTCF binding
ites, regardless of gained, lost or unchanged sites, although
he increase is less in the gained sites, which correlated with
ignificantly less G4s and TOP2 binding compared to the lost
nd the unchanged sites. In contrast, this significant increase
as not observed in all three types of the loop-associated sites.
ecent evidence points to CTCF’s direct role in DSB repair,

pecifically in promoting homologous recombination by di-
ectly interacting with CtIP, BRCA2 and Rad51, and recruiting
hem to the broken ends ( 102–104 ). Particularly, CtIP is re-
uired for the removal of TOP2cc by regulating the nuclease
ctivity of MRE11 ( 105 ), and CTCF-depleted cells showed an
ncrease in γH2AX foci ( 103 ) and displayed high sensitivity
o etoposide treatment ( 102 ,103 ). Importantly, using γH2AX
hIP-qPCR, Lang et al. revealed that six genomic regions (co-
apped to the unchanged TAD boundary-associated sites in
ur study) have increased DNA breaks in CTCF knockdown
ells ( 103 ). This increase in DNA breaks at unchanged TAD
ites agrees with our observation. Interestingly, the CTCF-
epleted cells were more sensitive to etoposide treatment than
he CtIP-depleted cells, even though both have impaired ho-
ologous recombination and other DNA repair pathways in
 comparable manner ( 102 ). These studies indicate that the
imited pool of CTCF causes more TOP2cc damage, likely
ue to diminishing the general repair of TOP2cc and / or pro-
oting the formation of TOP2cc at TAD boundary-associated
TCF binding sites. Furthermore, CTCF’s binding is highly
ynamic with a residence time of 1–2 min in human cells,
nd the reduced level of CTCF can slow down the search
ime for the next binding sites ( 106 ), which would prolong
ohesin extrusion and promote G4 formation and TOP2
inding. 
G4s are enriched at TAD boundaries ( 73 ) and are shown

o recruit CTCF to TAD-associated binding sites and rein-
orce TAD formation ( 107 ). In addition to our finding that
he lost CTCF sites at TAD boundaries have increased DSBs
nd were overrepresented with G4s, Lebeau et al. ( 55 ) demon-
trated that even with a 50–60% reduction in CTCF protein,
hese sites can maintain TAD domain insulation ability, sug-
esting that G4s can act as boundary stabilizers in the absence
r limiting of CTCF. The polarity of CTCF binding is critical
or the regulation of TAD organization and a convergent ori-
ntation of CTCF binding sites has been shown to serve as
nchors for chromatin loops ( 22 , 27 , 108–110 ). Interestingly,
ou et al. showed the strand orientation of the G4s at CTCF
inding sites strongly correlated with the orientation of the
TCF motifs, suggesting the involvement of G4s in establish-

ng the orientation of CTCF binding and possibly enhancing
TCF function ( 73 ). Moreover, TAD boundaries with CTCF
nd G4s are stronger and more insulating than those without
4s, and modeling studies indicate that G4s, independent of
TCF binding, behave as strong insulators ( 73 ). These stud-

es lend support to the observation that the lost sites at TAD
oundaries, despite reduction in CTCF binding, preserve TAD
nsulation, and could be due to the occurrence of G4s to safe-
uard the TAD boundaries. However, it comes at the expense
f increased DSB at these sites, possibly leading to an increased

ormation of chromosomal abnormalities. 

 

We present a mechanistic model in which alternative DNA
secondary structures, especially at TAD-associated CTCF
binding sites, facilitate the recruitment of TOP2 and lead to
increased DNA fragility (Figure 7 D). Furthermore, our results
support the model in which G4s act as backup boundary ele-
ments at CTCF boundary sites. Altogether, this offers a unique
insight into the mechanisms for how reduced CTCF protein
levels and / or alterations to CTCF binding sites contribute to
the genomic instability and processes that facilitate the forma-
tion of oncogenic chromosomal abnormalities, thus providing
a better understanding of cancer susceptibility. 
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