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CTCF binding landscape is shaped by the epigenetic state
of the N-terminal nucleosome in relation to CTCF motif
orientation
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Abstract

CTCF binding sites serve as anchors for the 3D chromatin architecture in vertebrates. The functionality of these anchors is influenced by the
residence time of CTCF on chromatin, which is determined by its binding affinity and its interactions with nucleosomes and other chromatin-
associated factors. In this study, we demonstrate that CTCF occupancy is driven by CTCF motifs, strategically positioned at the entry sides of a
well-positioned nucleosome, such that, upon binding, the N-terminus of CTCF is oriented towards the nucleosome. We refer to this nucleosome
as the CTCF priming nucleosome (CPN). Our analyses suggest that CTCF can more easily displace the CPN if the nucleosome is not marked
by CpG methylation or repressive histone modifications. Under these permissive conditions, the N-terminus of CTCF recruits SMARCAb to
reposition the CPN downstream, thereby creating nucleosome-free regions that enhance CTCF occupancy and cohesin stalling. In contrast,
when CPNs carry repressive epigenetic marks, CTCF binding is weaker, with no nucleosome displacement or chromatin opening, and cohesin
is retained less effectively at CTCF binding sites. We propose that the epigenetic status of CPNs shapes cell-specific CTCF binding patterns,
ensuring the maintenance of chromatin architecture throughout the cell cycle.
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Introduction

3D genome organization in vertebrates is largely shaped by
CTCEF, which stops cohesin-guided extrusion of chromatin at
its binding sites in the convergent orientation [1,2]. CTCF is a
ubiquitously expressed, highly conserved 11 zinc finger (ZF)-
DNA binding factor [3]. As part of the ENCODE project,
CTCF binding sites were among the first to be mapped by
ChIP-seq across multiple tissues and species [4]. It is estimated
that there are ~326 000 CTCF binding sites in the human
genome, with an average of 66 000 sites occupied by CTCF
in a single cell type [5]. CTCF binding sites serve as anchors
for 3D genome organization [2], activators, or repressors of

transcription [6], insulators [7], imprinting control regions [8],
DNA repair sites [9], and more [10]. Dysfunction of CTCF
binding sites has been associated with various pathological
conditions, including myotonic dystrophy [11], aberrant X-
chromosome inactivation [12], neurodevelopmental disorders
[13], and cancer [14, 15].

Although the overall CTCF binding pattern remains largely
consistent across different cell types, a small but signifi-
cant proportion (~10%-30%) of CTCF binding sites are
cell type-specific [16]. These cell-specific sites play a critical
role in defining cell identity by contributing to cell-specific
3D genome organization and gene transcription [17]. For
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instance, during embryonic stem (ES) cell differentiation into
distinct lineages, changes in CTCF occupancy—marked by
the loss and gain of cell-specific sites—are closely linked to
cell specialization [18]. Similarly, unique cancer-specific CTCF
binding patterns have been identified across various human
malignancies [14], and anti-cancer drug treatments have been
shown to alter CTCF occupancy [19, 20]. Therefore, CTCF
binding patterns appear to be fundamental to cell fate and
specialization. The dynamic reorganization of CTCF occu-
pancy may represent a crucial cellular mechanism for adapt-
ing to new conditions or environmental challenges. Neverthe-
less, key questions remain underexplored: What determines
the specificity of CTCF binding in different cell types, and how
are changes in CTCF occupancy achieved during processes
such as development, differentiation, or stress responses?

It has been established that CTCF occupancy is
regulated by CpG methylation [21-23], cell-specific tran-
scription factors (TFs) [17, 24], kinases that phosphorylate
ZFs to displace CTCF during mitosis [25] or in hormone
response [26], chromatin remodeling factors that open chro-
matin for CTCF occupancy [27], histone marks [28], and
more [29]. CTCF binds a great assortment of DNA sequences
using combinatorial clustering of its 11 ZFs [30, 31]. CTCF
ZFs 3-7 are responsible for recognition and binding the 15-
bp CTCEF core consensus [30], while ZFs 1-2 and ZFs 9-11
bind downstream and upstream from the core consensus
sequences, respectively [32]. CTCF bound sites are located
in nucleosome-depleted regions (NDRs) flanked by several
well-positioned nucleosomes around CTCF binding sites
[33]. As cohesin translocates along chromatin, it encounters
nucleosomes before reaching CTCF bound at convergent
motifs, suggesting that nucleosomes may act as “regulatory
barriers,” potentially modulating cohesin’s translocation
speed and adding an additional layer of regulation to cohesin
dynamics and loop extrusion.

Single-molecule level analysis of chromatin structure has
demonstrated that only a small fraction of individual fibers
is bound by CTCF at any given time in a cell population
[34]. Similar conclusions about the transience of CTCF bind-
ing were drawn from single-cell nucleosome positioning [35]
and single-cell DNA-footprint [36]. CTCF binding is dynamic,
with CTCF protein binding on and off chromatin with an
average residence time of 1-10 min [37-39]. Such dynamic
binding is essential for 3D genome organization and neces-
sary for chromatin extrusion by cohesin [16]. When CTCF is
off chromatin, its place is occupied by a nucleosome [36, 40,
41]. To re-bind to chromatin, CTCF must first reposition this
nucleosome. This process involves chromatin-remodeling fac-
tors such as SNF2H (SMARCAS), CDH4, and BRG1, which
can slide, evict, or remove nucleosomes around CTCF bind-
ing sites [27, 42, 43]. Consequently, nucleosomes play a cru-
cial role in regulating CTCF occupancy. Evidence support-
ing this includes the significant loss of CTCF occupancy ob-
served after the loss of SMARCAS, which disrupts CTCF’s
ability to reposition nucleosomes and re-bind to its target sites
(27, 44, 45].

The CTCF-nucleosome regulation model suggests that
CTCEF can recognize and bind to its sites even when they
are occupied by nucleosomes [36]. Moreover, CTCF restores
the exact same binding pattern in daughter cells after mitosis,
during which most CTCF is released from chromatin due to
phosphorylation of CTCF ZFs [25, 46]. Additionally, when
CTCF is degraded using auxin-degron systems, its occupancy

is erased, but upon auxin removal, CTCF occupancy is re-
stored exactly as it was before [47]. These observations sug-
gest that the CTCF binding pattern for each cell type is en-
coded in the DNA and chromatin status, thereby maintaining
cell identity.

In this study, we sought to identify how chromatin status in-
fluences a cell-specific CTCF occupancy. By comparing ChIP-
seq and Affinity-seq data from the same cell type, we analyzed
CTCF binding sites both in vivo and in vitro. Based on our
findings, we propose a model for the regulation of CTCF oc-
cupancy that is driven by the epigenetic status of the nucle-
osome that is well-positioned relative to CTCF binding sites.
To confirm this proposed model, we used wild-type (wt) and
mutant (mut) CH12 cells. Compared to wtCH12 cells, a ho-
mozygous deletion of CTCF ZFs 9-11 in mutCH12 cells re-
sulted in a loss of CTCF occupancy at ~5000 (5K) binding
sites [48,49]. Ectopic expression of wt CTCF in the mutCH12
cells not only recapitulated CTCF occupancy like in wt cells
but, most importantly, restored CTCF occupancy at the same
5K lost CTCF sites [48], suggesting that these sites are some-
how pre-marked to be bound by CTCF in the CH12 cells. In
this study, we demonstrate that cell-specific CTCF occupancy
depends on the epigenetic status of the nucleosome asymmet-
rically positioned relative to CTCF binding site.

Materials and methods

Cell culture and plasmids

CH12 wt and mutant (mut) cells were described previously
in [48, 49] and obtained as a gift from Dr. Casellas’s lab. The
cell lines were maintained in RPMI 1640 supplemented with
10% fetal bovine serum (FBS), 1% penicillin—streptomycin,
and 55 uM 2-p mercaptoethanol. All ectopically expressed
CTCF and BORIS constructs described in this study were
designed on a backbone of pMy-MouseCTCFbiotag-T2A-
mOrange plasmid (Addgene plasmid #50564) and described
in [48]. NIH3T3, stably expressing either EV (Empty Vector)
or BORIS (clone#2), were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% of fetal calf
serum and penicillin—streptomycin, described in [24].

ChlP-seq

For ChIP-seq, 2 x 10° asynchronously growing cells were
crosslinked with 1% formaldehyde for 10 min at room tem-
perature, followed by quenching with 125 mM glycine for 10
min. Cells were then washed twice with 1x phosphate-
buffered saline (PBS) and resuspended in chromatin
immunoprecipitation (ChIP) lysis buffer (150 mM NaCl,
1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS), 20
mM Tris-HCI pH 8.0, and 2 mM EDTA). Chromatin was
sheared to 200-600 bp and immunoprecipitated using 5 pg
of respective antibodies. The immunoprecipitated DNA was
purified using Zymo-spin™ columns (ZymoResearch), and
DNA concentration was measured with a Qubit 4 Fluorom-
eter (ThermoFisher). For sequencing, 5-10 ng of DNA was
used to prepare libraries with the NEBNext Ultra I DNA Li-
brary Prep Kit for Illumina (New England, Catalog E76455S).
Paired-end sequencing was performed on a NovaSeq 6000
system. All ChIP-seq experiments were conducted with at
least two biological and/or technical replicates. Antibodies
used in ChIP-seq: SMARCAS (Snf2h) (Abcam, #ab3749),
H3K9me3 (Abcam, ab#8898), RAD21 (Abcam, ab217678),



SMC3 (Abcam, ab#9263), and SMC1 (Bethyl Laboratories,
#A300-055A).

ATAC-seq

Freshly growing CH12 cells (5 x 10%) were pelleted by cen-
trifugation and resuspended in 50 ul of cold lysis buffer (10
mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, and 0.1%
IGEPAL CA-630), gently pipetting up and down ten times.
Nuclei were pelleted by centrifugation at 2500 x g for 10 min
at 4°C and resuspended in 25 pl of 2x TD Buffer (Illumina
Cat #FC-121-1030), containing 8 ul of Tn5 Transposes (Il-
lumina Cat #FC-121-1030) and 17 ul of nuclease-free water.
The reaction was incubated for 30 min at 37°C. Tagmented
DNA was purified by using a Zymo Research DNA Clean &
Concentrator" -5-Capped Columns. The libraries were ampli-
fied using NEBNext High-Fidelity 2 x polymerase chain reac-
tion (PCR) Master Mix (New England Biolabs, M0541). The
libraries were size-selected by adding 1.8 x volume Agencourt
AMPure XP beads (Beckman, 63881). Library concentration
was measured by DNA High Sensitivity Kit (Invitrogen) on a
Qubit fluorometer (Invitrogen). Library quality and fragment
sizes were assessed on a Bioanalyzer (Agilent). ATAC-Seq li-
braries from at least two biological replicates for each condi-
tion were paired-end-sequenced on an Illumina NextSeq550
platform. ATAC-seq libraries were generated as previously

described [50].

MNase-Seq assisted H3 ChIP-seq

MNase-ChIP-seq was performed on wtCH12 or mutCH12
fixed cells using the SimpleChIP® Enzymatic Chromatin IP
Kit (Magnetic Beads) (Cell Signaling Technology, Cat #9003)
following the manufacturer’s protocol. Briefly, after obtain-
ing MNase-digested lysates as described in the MNase-seq
method, chromatin lysates were incubated with 5 pg of Hi-
stone H3 (Cell Signaling, #D2B12) XP® Rabbit mAb and ro-
tated overnight at 4°C. Following this incubation, 30 ul of
Protein G Magnetic Beads were added to the mixture and
rotated for 2 h at 4°C. The Protein G magnetic beads were
then pelleted using a magnetic separation rack for 1-2 min.
The supernatant was carefully removed, and the beads were
washed three times with 1 ml of low salt wash buffer, incubat-
ing each wash for 5 min at 4°C with rotation. After the final
low salt wash, 1 ml of high salt wash buffer was added, and
the beads were incubated again for 5 min at 4°C with rotation.
The beads were pelleted, and the supernatant was removed.
Next, 150 ul of 1x ChIP Elution Buffer was added, and the
chromatin was eluted from the antibody/Protein G magnetic
beads by placing the tubes on a thermomixer at 65°C for 30
min with gentle shaking (1000 rpm). The eluted chromatin
supernatant was transferred to a new tube, and the immuno-
precipitated DNA was purified according to the kit proto-
col. Sequencing libraries were prepared using the NEBNext®
Ultra™ II DNA Library Prep Kit (New England, Catalog
E7645S).

MeDIP library preparation

Genomic DNA (gDNA) was extracted from freshly growing
CH12 cells and sonicated using a Covaris ultrasonicator to
obtain a mean fragment size of 200 bp. For library prepara-

tion, 5 ug of sonicated gDNA was end-repaired and ligated
with adaptors using the NEBNext Ultra DNA Library Prep Kit
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for Illumina (New England, Catalog E7645S). The reaction
mixture was then purified with AMPure XP beads (Beckman-
Coulter, CA, USA, Catalog #A63881). For precise size selec-
tion, half of the sample was run on a 1.5% agarose gel, and
DNA fragments of 150-250 bp were extracted from the gel.
Both the size-selected and nonsize-selected libraries were de-
natured at 95°C for 10 min, followed by incubation on ice for
10 min. The denatured DNA was subjected to immunoprecip-
itation with 5-methylcytosine antibody (Active Motif, Catalog
#61479) by incubating the reaction mixture at 4°C for 15 h.
The immunoprecipitated DNA was size-selected again using
AMPure XP beads and amplified using Q5 High-Fidelity DNA
Polymerase (New England Biolabs, Catalog #M0491). The
amplification products were purified with AMPure XP beads.
Finally, the purity and fragment length distribution were as-
sessed using a Bioanalyzer 2100 (Agilent Technologies), and
the libraries were subjected to deep sequencing on the Illumina
HiSeq 2000 platform.

Published next-generation sequencing datasets
used in this study

For the Affinity-seq mouse spleen data, we used the dataset
GSE111772, generated in [51]. For CTCF ChIP-seq, we
used the following datasets: mouse spleen GSM918745,
GSM918763 [52]; CH12 cells (GSE137216), NIH3T3 cells
(GSE207058) from [48], mouse ES cells (SRR5085156,
SRR5085157) [37], MCF7 cells (GSE70764), K562 cells
(GSE137216) from [24]. For RAD21 ChIP-seq, we used the
following datasets: CH12 cells (GSE137216) [48], NIH3T3
(current study), mES cells (SRR5085154, SRR5085155) [53].
To generate Fig. 1D and E, and Supplementary Figs S3A,
S4C, and S6A we used: MNase-H3 ChIP-seq (current study),
H2A.Z ChIP-seq (GSE207058) [24], H3K9me3 ChIP-seq
(GSM 946548, SRR507879) from [52], and SmC MeDIP-seq
(GSM1368909) from [54]. To generate Supplementary Fig.
S2, we used the following next-generation sequencing (NGS)
data for mES cells: H3K9me3 (SRR21782395), MNase-H3
(GSE146082) [55], SmC MeDIP-seq (SRR6321573) [56].
To generate Fig. 2, we used CTCF ChIP-seq, MNase-seq,
and H3K9me3 ChIP-seq data from parental and Setdbl
KO mouse ES cells, as published in [28] and available un-
der GSE184471. To generate Supplementary Fig. S3C and D,
we used data from [57]. To generate Supplementary Fig. S5A
and B, we used the following NGS data: for MCF7 cells:
MNase-seq (SRR3142031, SRR3142029); for K562 cells:
MNase-seq (SRR3211681, SRR3211680), SmC MeDIP-seq
(SRR1237957). To generate Supplementary Fig. S5D, we
used H3K9me3 ChIP-seq for mouse spleen (SRR30337758)
from [58]. For SMARCAS depletion data in Fig. 5 and
Supplementary Fig. S8, we used datasets from [27, 44, 45].
For ATAC-seq data in Fig. 6 and Supplementary Fig. S10, we
used the following NGS data: mouse ES cells: SRR14701291
[59], SRR11195903 [55], SRR13264661 [60]; NIH3T3:
(GSE207058) [24], CH12 cells: (current study). To generate
Fig. 7A, we used 5SmC MeDIP-seq data (GSM1368909), and
for Fig. 7B-F, data from the current study. For wtCH12 and
mutCH12 cells, we utilized ChIP-seq dataset GSE137216 (for
CTCE, BORIS, FL-CTCE, deltaC-CTCE, and deltaN-CTCEF),
which were generated in our previous study [48]. For NIH3T3
cells, we used ChIP-seq dataset GSE207058 that we previously
generated by our lab [24]. The genomic coordinates (mm9,
hg19) are provided in Supplementary Table S1.
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Bioinformatic analysis of ChIP-seq, ATAC-seq,
MNase-seq, and meDIP-seq data

Sequences generated by the Illumina or NovaSeq 6000 were
aligned against either the human (build hg19) or mouse (build
mm9) genome using the Bowtie2 program with options “—
very-sensitive -X 2000” [61]. Bowtie output files (SAM) were
converted into BAM files using the “samtools view” option
in SAMtools [62], and these BAM files were then used for
generating heatmaps with deepTools [63]. To call ChIP-seq or
meDIP-seq peaks we applied MACS2 peak calling algorithm
with defaults parameters [64]. The ChIP-seq data were visu-
alized using the Integrative Genomics Viewer (IGV) [65]. The
peak overlaps between ChIP-seq datasets were determined
with the BEDTools Suite, with at least 1 bp overlap [66].
For ATAC-seq, the open chromatin regions were called using
MACS2 with options: -nomodel — shift -100 — extsize 200 -f
BAMPE. For MNase-Seq Assisted H3 ChIP-seq, we produced
multiple replicates that exhibited a strong Pearson correlation,
typically ranging from 0.75 to 0.95, ensuring robust repro-
ducibility. The best replicates were combined into one set for

heatmap visualization using deepTools. The overlapping of ge-
nomic coordinates to generate Upset plot was performed using
Intervene [67].

Affinity-Seq data

CTCF Affinity-seq data for 3-month-old mouse spleen were
generated in the Zuo et al. study [51]. In this study, the au-
thors isolated genomic DNA from mouse spleen using the
phenol-chloroform extraction method and randomly sheared
it to ~200 bp fragments through sonication [51]. This ex-
traction method preserves the DNA CpG methylation sta-
tus, allowing mapping of CTCF binding only to unmethylated
DNA sequences. The genomic DNA was incubated overnight
with purified 6HisHALO-tagged CTCF 11-ZFs protein [51].
In the current study, we downloaded the FASTQ files for
CTCF Affinity-seq data from mouse spleen (GSM3039567)
and mouse control DNA (GSM3039568) from the se-
ries GSE111772. The FASTQ files were aligned to the
mouse genome (mm9 build) using Bowtie2 with the options
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“—very-sensitive -X 2000.” The resulting Bowtie output files
(SAM) were converted into BAM files, which were subse-
quently used for generating heatmaps with deepTools. To call
peaks for Affinity-seq, we applied the MACS2 peak-calling al-
gorithm with default parameters, using mouse control DNA
as the input control. The list of Affinity-seq CTCF peaks is
provided in Supplementary Table S1.

Heatmaps for NGS data visualization

The heatmaps of ChIP-Seq, ATAC-seq, MeDIP-seq,
and MNase-seq-H3 ChIP tag densities for different clus-
ters were generated using deepTools [63]. For heatmap
visualization of ATAC-seq data, we sorted BAM files of
paired-end mapped reads into two categories based on
fragment size, using the bamCoverage option from deep-
Tools. For CTCF footprints, we applied the arguments
“~Mnase -minFragmentLength 40 -maxFragmentLength
130,” and for nucleosome positioning, we used “~Mnase
-minFragmentLength 160 —maxFragmentLength 200.” For
heatmap visualization of MNase-assisted H3 ChIP-seq data,
we similarly used the bamCoverage option with the —-Mnase
argument. For ChIP-seq and meDIP-seq, we used just bam-
Coverage option without an additional argument. All BAM
files in this study were normalized using the deepTools op-
tion “-normalizeUsing RPKM.” Heatmaps were generated
using the computeMatrix option to simultaneously analyze
and visualize multiple NGS datasets at the same genomic
coordinates. Since certain datasets, such as ChIP-seq, ex-
hibited significantly higher enrichment values compared to
MNase-H3 ChIP-seq or MeDIP-seq, we adjusted the heatmap
intensities using different —zMax values in plotHeatmap. The
heatmaps, each with different zMax values as reflected by
the numbers on the average plots and scale bars, were then
combined into a single figure. The heatmaps and average plots
were centered on either a strand-oriented CTCF consensus
or the summits of CTCF ChIP-seq peaks, depending on the
analysis. For analyses involving MNase-seq H3 data, we
specifically used a strand-oriented CTCF consensus because
nucleosome positioning is sensitive to the orientation of
the consensus motif. Conversely, for ChIP-seq (Figs 3, SF,
and 6C) and ATAC-seq (Fig. 3, and Supplementary Figs S1,
S6B, and S10), we centered the data on the summits of
CTCF ChIP-seq peaks. This approach ensured that all CTCF
binding events, regardless of motif orientation, were included.
It is worth noting that only ~70%-80% of CTCF ChIP-seq
peaks contain a canonical CTCF consensus motif with a
P-value < 1le-5. By centering analyses on the summits of
CTCF ChIP-seq peaks, we were able to account for all CTCF
binding events comprehensively.

Identification of CTCF binding motifs/consensuses

For CTCF motif analysis, we used the summit CTCF ChIP-
seq or CTCF Affinity-Seq BED files generated by MACS2.
The sequences around the summits of ChIP-seq or Affinity-
Seq peaks were extended by 100 bp upstream and down-
stream for CTCF motif discovery. FASTA files were gener-
ated using BEDTools (getfasta option) based on either the hu-
man (hg19) or mouse (mm9) genome. These FASTA files were
then used to recover position weight matrices using Multi-
ple EM for Motif Elicitation (MEME) software [68]. We ran
MEME with the parameters (-nmotifs 1 -mod oops -revcomp
-w 15, or -w20, or -w40) to identify the motif for CTCF

ChIP-seq or CTCF Affinity-seq peaks. To determine the ori-
entation of CTCF motifs for each CTCF ChIP-seq peak, we
used the FIMO tool from the MEME suite with default set-
tings (P-value < 0.0001). FIMO allowed us to identify the
genomic coordinates and strand-specific CTCF motif orienta-
tion under each ChIP-seq peak called by MACS2. Based on
the strand-specific orientation, CTCF motifs were classified
as either plus or minus motifs for further analysis. To gen-
erate heatmaps in deepTools that account for strand-specific
information, we included strand data directly in the BED file
with genomic coordinates (sixth column). This enables deep-
Tools’ computeMatrix program to handle strand orientation
correctly, aligning data in the direction of CTCF binding site
orientation. In cases where the 100 bp window around the
summit of a CTCF peak contained more than one CTCF mo-
tif, we selected the motif with the most significant P-value.
If several motifs within a single CTCF ChIP-seq peak had
identical p-values, those sites were excluded from the analysis.
The list of plus and minus CTCF motifs used in this study is
provided in Supplementary Table S1. Notably, not all CTCF
ChIP-seq peaks were associated with a MEME PWM (Posi-
tion Weight Matrix) P-value < 0.0001, as some contained
variations of the CTCF motif or motifs with lower statistical
significance. These CTCF ChIP-seq peaks were excluded from
the deepTools heatmap analysis, along with peaks containing
multiple CTCF consensus sequences. Consequently, the total
number of mapped CTCF ChIP-seq peaks exceeds the num-
ber of CTCF motifs presented in Supplementary Table S1,
which were used for heatmap generation. To calculate the to-
tal number of CTCF motifs in the mouse genome, we used
the position weight matrices from CTCF ChIP-seq data in
CH12 cells to scan the mouse genome (mm?9) using the FIMO
tool with default settings (P-value < 0.0001). To identify
motif enrichment around CTCF ChIP-seq peaks, we used
the MEME AME (Analysis of Motif Enrichment) tool, an-
alyzing 400-bp sequences centered on the CTCF summits
against the JASPAR CORE and UniPROBE Mouse motif
databases.

AlphaFold-multimer prediction

We used the AlphaFold Server (https://alphafoldserver.com/)
to predict potential interactions between CTCF, BORIS, and
SMARCAS. Interactive Predicted Aligned Error (PAE) viewer
plots were generated by the server using the amino acid
sequences for CTCF (Sequence ID: NP_006556.1), BORIS
(Sequence ID: NP_001255969.1), and SMARCAS (Sequence
ID: NP_003592.3). The accuracy of the predicted multi-
meric structures was evaluated using AlphaFold-Multimer
[69], which employs interface predicted template modeling
(ipTM) to assess prediction quality.

Results

About sevenfold discrepancy between in vivo

bound and potentially available CTCF binding sites
We initiated this study by asking how does the status of chro-
matin influence cell-specific CTCF occupancy. One of the most
straightforward ways to address this question is to compare
CTCF binding to chromatin with CTCF binding to naked
DNA isolated from the same type of cells. This comparison
provides information on how many sites are available for
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Figure 3. The loss of CTCF occupancy leads to reduced chromatin accessibility, a process dependent on the N-terminus of CTCF. (A) Schematic
representations of wt and mutant CTCF proteins in wtCH12 and mutCH12 cells, respectively. The mutant CTCF has a homozygous deletion of ZFs 9-11
(ZFs 9-11). (B) Venn diagram illustrating the overlap of CTCF binding sites mapped by ChIP-seq in wtCH12 versus mutCH12 cells. (C and D) Heatmaps
showing CTCF occupancy in relation to chromatin accessibility (ATAC-seq) in wtCH12 and mutCH12 cells. The analysis focuses on sites where CTCF
binding is either remained (C) or lost (D) in mutCH12 cells. Paired-end ATAC-seq reads were classified into short fragments (<130 bp), representing
CTCF footprints, and nucleosome-sized fragments (>160 bp) to assess nucleosome positioning. (E-H) Chromatin accessibility analysis in mutCH12 cells
ectopically expressing different CTCF constructs: Full-length CTCF (FL-=CTCF) (E), CTCF truncated at the C-terminus (deltaC) (F), CTCF truncated at the
N-terminus (deltaN) (G), and human BORIS (H). At the top of each panel, a schematic representation of the ectopically expressed protein is displayed,
mapped by ChlIP-seq, with occupancy at the 5K lost CTCF sites visualized in heatmaps labeled “ChIP-seq.” At the bottom of each heatmap (C-H): The
presence of NFRs and the two flanking nucleosomes (Nucleos.) around the summit of CTCF ChIP-seq data is indicated with black arrows. Labels “Yes”
or “No" denote the presence or absence of these features. Below each panel is a schematic illustrating the proposed binding of the ectopically
expressed protein in relation to nucleosome positioning and open chromatin states. The heatmaps (C-H) are centered at the summit of CTCF ChiIP-seq

peaks, spanning a 6 kb window for ChIP-seq data and a 2 kb window for ATAC-seq data.
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CTCF binding on DNA and how many are indeed bound in
chromatin.

To this end, we used previously published studies [51, 52]
to compare CTCF binding sites in mouse spleen identified by
either ChIP-seq (chromatin) or Affinity-seq (naked genomic
DNA), using either CTCF antibodies or the 11 ZF DNA-
binding domain of CTCEF, respectively (Fig. 1A). Using these
two genome-wide approaches, we mapped 26 208 CTCF
binding sites in chromatin and 191 231 potential CTCF bind-
ing sites in naked genomic DNA of mouse spleen, respectively
(Fig. 1A and B). The majority of CTCEF sites (96%) bound in
vivo (chromatin) were also identified by the 11 ZFs binding
to naked genomic DNA (in vitro), confirming that the CTCF
binding domain is a main factor of CTCF occupancy (Fig. 1B).

However, 167 132 potential CTCF binding sites were not
occupied by CTCEF iz vivo, despite being accessible to the 11-
zinc-finger (ZF) domain binding as identified by Affinity-seq.
Since Affinity-seq preserves genomic CpG methylation, which
is known to negatively affect CTCF binding [21], DNA methy-
lation alone cannot fully explain the absence of CTCF occu-
pancy at these sites. Given that these sites were free of CpG
methylation and available for 11 ZF binding, we hypothesized
that other regulatory factors may influence CTCF occupancy
in vivo. Notably, a comparison of ChIP-seq and Affinity-seq
data revealed that CTCF binding affinity is more uniform
when the 11-ZF domains bind directly to genomic DNA, as
observed in Affinity-seq. This contrasts with the variable bind-
ing strength observed in ChIP-seq, which is modulated by the
chromatin environment (Supplementary Fig. STA).

Motif analysis of CTCF binding sites detected by ChIP-seq
and Affinity-seq identified the classic 14-bp CTCF core con-
sensus motif at the summit of the recovered peaks (Fig. 1B).
However, this motif alone is not sufficient to predict CTCF
occupancy. When the mouse genome (mm9) was scanned for
the CTCF consensus, over 900 000 potential CTCF bind-
ing sites were detected, most of which were never bound by
CTCEF in the spleen or any other mouse cell types (Fig. 1C
and Supplementary Fig. S1B). Interestingly, there were 1772
CTCF ChlIP-seq peaks in the mouse spleen that were not re-
covered by Affinity-seq. These CTCF peaks exhibited a de-
generate variant of CTCF consensus motif (Fig. 1B), leading
to significantly reduced CTCF binding affinity compared to
peaks with a canonical CTCF motif (Supplementary Fig. S1A).
Given that CTCF occupancy can be modulated by other TFs
[17, 70], a motif analysis conducted within a 400 bp window
around the summit of the 1 772 CTCF ChIP-seq peaks re-
vealed significant enrichment of binding sites for various B-
cell specific TFs, including members of the IKAROS family
(Supplementary Fig. S1C). These TFs may contribute to stabi-
lizing weak CTCF binding events at these regions, as shown
previously [17]. Thus, this analysis indicates that neither the
presence of the CTCF consensus motif nor the absence of CpG
methylation is fully sufficient to explain the cell-specific occu-
pancy of CTCF in vivo.

CTCF motifs are strategically positioned at the
entry sides of well-positioned nucleosomes, such
that upon binding, the N-terminus of CTCF is
oriented towards the nucleosome

Based on the comparison of ChIP-seq and Affinity-seq data

(Fig. 1B), it appears there are potentially seven times more
available CTCF binding sites than those actually bound by

CTCF in mouse spleen chromatin. Importantly, CTCF ChIP-
seq data from various mouse tissues (ENCODE data) show
that these potential binding sites are occupied by CTCF in
other cell types (Fig. 1C, and Supplementary Fig. S1B and D).
This suggests that these sites are valid CTCF binding sites,
likely free from CpG methylation (due to their accessibility
to the 11 ZFs of CTCF), but exhibit tissue-specific chromatin
properties that restrict CTCF binding in the spleen. We aim
to investigate which DNA and chromatin features that ren-
der these potential CTCEF sites unavailable for binding in the
spleen while allowing CTCF binding in other cell types.

In Fig. 1C, a genome browser visualization demonstrates
that the potential CTCF binding sites recovered by Affinity-
seq, but not by ChIP-seq in mouse spleen, are bound by CTCF
in mouse B-cell lymphoma (CH12) and mouse embryonic
stem (mES) cells (shown by arrows). There are also Affinity-
seq recovered CTCF sites that are not bound by CTCF in
CH12 and mES cells but bound by CTCF in other cell lines
(Supplementary Fig. S1B and D). Based on these observa-
tions, for future analysis, we categorized CTCF binding sites
into three groups: (Group #1) sites bound by CTCF in the
chromatin of the analyzed cells (CTCF-bound, ChIP-seq),
(Group #2) Affinity-seq recovered sites not bound by CTCF
in the chromatin of the analyzed cells (11 ZFs-only, naked
DNA), and (Group #3) CTCF consensus sequences that are
not bound by CTCF in vivo and not recovered by Affinity-seq
(CTCF motif, not bound by CTCF) (Fig. 1C). For each group,
we randomly selected ~32 000 CTCF binding motifs and ana-
lyzed them in the plus (sense) orientations, reversing the signal
from the minus orientation to match the plus strand (Fig. 1D
and Supplementary Fig. S2).

Previous studies have shown that CTCF competes with nu-
cleosomes for DNA binding i vivo [36, 40, 41]. Once bound
to chromatin, CTCF can reposition nucleosomes on either side
of its binding site [33]. To investigate nucleosome positioning
at the three selected groups of CTCF binding sites, we ana-
lyzed MNase-assisted H3 ChIP-seq data for both CH12 and
mES cells (Fig. 1D and Supplementary Fig. S2). Our analysis
first focused on plus-oriented CTCF motifs bound by CTCF
in CH12 cells (Group #1) (Fig. 1D and E). The combined
analysis of CTCF occupancy via ChIP-seq and Affinity-seq,
along with nucleosome positioning, revealed distinct patterns.
High-occupancy CTCF ChIP-seq peaks were primarily found
in nucleosome-free regions (NFRs) flanked by well-positioned
nucleosomes, while low-occupancy CTCEF sites exhibited less
stable binding and showed a nucleosome approaching from
the right side of plus-oriented CTCF sites (shown by blue
arrow in Fig. 1D). Clustering of CTCF-bound sites (Group
#1) into three clusters based on occupancy levels revealed
that low-occupancy CTCEF sites, unlike high-occupancy sites,
exhibit a narrower DNA footprint influenced by the nu-
cleosome positioned on the right of the plus CTCF motif
(Supplementary Fig. S3A, blue arrow). Interestingly, the same
nucleosome on the right is well-positioned at Affinity-seq de-
rived CTCF binding sites that are not bound by CTCF in
CH12 cells (Group #2) (Fig. 1D and E, blue arrow). This nu-
cleosome is positioned such that, once CTCF binds, its N-
terminus is oriented towards the nucleosome [32], with the
CTCF consensus sequence located at the entry side of the nu-
cleosome. We refer to this nucleosome as the CTCF priming
nucleosome (CPN). The same analysis of CTCF sites bound
or not bound by CTCF in mES cells showed consistent results
with those observed in CH12 cells (Supplementary Fig. S2).
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Additionally, re-analysis of CTCF depletion in mES cells using
the auxin-degron system [57] revealed that upon CTCF loss,
nucleosomes, including the CPN, shifted inward toward the
CTCEF site but did not fully occupy it (Supplementary Fig. S3C
and D), suggesting that the positioning of the CPN and CTCF
occupancy are interrelated across cell types.

Based on these observations, we propose that CTCF bind-
ing sites are strategically positioned at the entry side of the
CPN. At sites where CTCF strongly binds, it displaces the
CPN for stable DNA binding, with its N-terminus oriented
toward the nucleosome, shifting the nucleosome downstream
from the binding site (Fig. 1E, schematic, black arrow). In con-
trast, at sites identified only by Affinity-seq, CTCF is unable
to displace the CPN for a strong DNA binding (Fig. 1D and
E, and Supplementary Figs S2 and S3A). Therefore, we sug-
gest that specific epigenetic features of the CPN may modulate
CTCF’s ability to bind in chromatin.

CTCEF is less likely to displace the priming
nucleosome if the nucleosome carries the
repressive histone mark H3K9me3 or is wrapped in
a CpG-methylated DNA

Our next objective was to identify the epigenetic features
that influence CTCF’s ability to displace nucleosomes at
CTCF-bound sites (identified by ChIP-seq) compared to
sites identified by Affinity-seq and not bound by CTCF in
vivo. To achieve this, we compared CTCF ChIP-seq data
from CH12 cells with Affinity-seq data, classifying CTCF
binding sites into two categories: sites bound by CTCF in
CH12 cells (58 010 sites) and sites recovered by Affinity-
seq but not bound by CTCF in CH12 cells (133 108 sites)
(Supplementary Fig. S4A). Next, we overlapped these two
groups of CTCEF sites with histone modification and variant
data mapped by ENCODE in CH12 cells. This analysis re-
vealed that the histone variant H2A.Z is significantly enriched
at CTCF-bound sites, as shown previously [55], whereas the
repressive histone modification H3K9me3 is predominantly
enriched at sites not bound by CTCF (Supplementary Fig.
S4B).

To further investigate, we analyzed ChIP-seq data for
H2A.Z and H3K9me3 at three groups of CTCF sites clas-
sified in Fig. 1D. High-occupancy CTCF-bound sites (Group
#1) were flanked by nucleosomes carrying the active histone
variant H2A.Z and were completely depleted of the repres-
sive histone mark H3K9me3. In contrast, not bound by CTCF
sites (11 ZFs-only, Group #2) and low-occupancy CTCEF sites
within the CTCF-bound group (Group #1) were enriched with
H3K9me3 at the CPN (Fig. 1D). These findings suggest that
the CPN, marked by H3K9me3, may inhibit CTCF’s ability
to displace nucleosomes for strong DNA binding. Conversely,
H2A.Z may facilitate nucleosome displacement, consistent
with previous studies implicating SMARCAS in this process
[71]. Clustering of CTCF-bound sites (Group #1) and analysis
of mES cell data further confirmed that H3K9me3 enrichment
at the CPN negatively correlates with CTCF binding within
the chromatin environment (Supplementary Figs S2 and S3A).

Since H3K9me3 histone modification is often associated
with CpG methylation [72], we extended our analysis to in-
clude the analysis of CpG methylation in CH12 and mES
cells at the three groups of selected CTCF sites (Fig. 1D,
and Supplementary Figs S2 and S3A). This analysis showed
that CTCF-bound sites (Group #1) were associated not only
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with the absence of CpG methylation at the CTCF consen-
sus itself but also at the DNA sequence wrapped around the
CPN (Fig. 1D, and Supplementary Figs S2 and S3A). Thus,
the methylation status of DNA wrapped around the CPN is
also an important factor for CTCF occupancy. In contrast,
CTCF sites recovered by Affinity-seq only (Group #2), but not
bound in vivo, showed CpG methylation enrichment at the
CPN, likely opposing strong CTCF binding in vivo (Fig. 1D).
Group #3, consisting of CTCEF sites never bound by CTCE,
showed more widespread enrichment of both H3K9me3 and
CpG methylation outside of the CPN (Fig. 1D). Similar pat-
terns were observed in mES cells, leading to the same conclu-
sions (Supplementary Fig. S2).

Additionally, the analysis of CTCF binding sites specific
to either CH12 or mES cells revealed that the presence of
H3K9me3 and CpG methylation at the CPN inhibits or re-
duces CTCF binding in a cell-specific manner (Supplementary
Fig. S4C). For example, CTCF sites that are bound only in
mES cells are enriched with both H3K9me3 and CpG methy-
lation in CH12 cells, suggesting a repressive environment that
blocks CTCF binding. Conversely, CTCF sites bound only in
CH12 cells are depleted of these repressive marks, allowing
for strong CTCF binding in these regions (Supplementary Fig.
S4C). Similar patterns were observed in the human cell lines
K562 and MCF7, further supporting the idea that the cell-
specific occupancy of CTCF is influenced by the epigenetic
landscape surrounding the CPN (Supplementary Fig. SSA-C).

Based on these observations, we propose that cell-specific
CTCF occupancy depends on the CTCF’s ability to reposi-
tion the CPN for effective DNA binding. When the CPN is
enriched with CpG methylation and/or H3K9me3 histone
modifications, CTCF is less capable of repositioning the nu-
cleosome, resulting in reduced or absent binding. Conversely,
when the CPN incorporates an active histone variant such as
H2A.Z, CTCF can more effectively displace the nucleosome,
facilitating stronger binding. Thus, the methylation status and
histone modification state of the CPN are critical factors mod-
ulating CTCF occupancy.

The loss of H3K9me3 at the CTCF priming
nucleosome opens CTCF sites for a stable CTCF
occupancy

As we describe the interrelation between high CTCF occu-
pancy and the absence of the H3K9me3 mark on the CPN, we
tested this hypothesis by examining whether CTCF sites iden-
tified by Affinity-seq in spleen cells but not bound by CTCF
in vivo could be attributed to the enrichment of H3K9me3
at the CPN. Analysis of H3K9me3 ChIP-seq data in mouse
spleen confirmed that the CPN of CTCEF sites not occupied
in vivo showed clear enrichment of repressive histone marks,
whereas these marks were absent from the CPN of CTCF-
bound sites (Supplementary Fig. SSD). This finding corrob-
orates observations in CH12 and mES cells (Fig. 1D, and
Supplementary Figs S2 and S3A), reinforcing that the presence
of H3K9me3 at the CPN is opposing strong CTCF binding in
vivo.

To further support this, we reanalyzed published data re-
porting that the KO of Setdb1, a histone methyltransferase, in
mES cells increased CTCF occupancy as H3K9me3 levels de-
creased [28]. Comparing CTCF ChIP-seq data from wt and
Setdbl KO cells, we identified at least 3608 CTCF bind-
ing sites where CTCF occupancy increased at least two-fold


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf587#supplementary-data

10 Tajmul et al.

(P-value < 0.01) upon Setdbl KO (Fig. 2A). The combina-
tion of CTCF ChIP-seq, MNase-seq, and H3K9me3 ChIP-seq
at these 3608 sites showed that increased CTCF occupancy
was accompanied by a downstream shift of the CPN, mov-
ing away from the N-terminus of CTCF as H3K9me3 was
lost specifically at the priming nucleosome (Fig. 2B and C). In
parental mES cells, the plus-oriented consensus for the 3608
CTCF sites was located at the entry side of the CPN marked by
H3K9me3, and this repressive modification inhibited CTCF
binding. Upon loss of H3K9me3, CTCF occupancy dramati-
cally increased. Although the H3K9me3 heatmap data at these
sites appeared to position the repressive histone modification
directly at the CTCF consensus (Fig. 2B), more precise anal-
ysis revealed that the average summit of H3K9me3 ChIP-seq
peaks, which were lost upon Setdb1 KO, is located at least 70
bp downstream from the start of the 14-bp CTCF core con-
sensus, downstream from the N-terminus of CTCF (Fig. 2D).
These results confirm our hypothesis that the repressive epige-
netic status of the CPN hinders strong CTCF binding. How-
ever, upon removal of H3K9me3, the CPN shifts downstream,
allowing strong CTCF binding (Fig. 2E).

High- and low-occupancy CTCF sites are associated
with specific grammars of the CTCF core
consensus sequence

Upon examining the genome browser views of CTCF ChIP-
seq data across multiple cell lines (Fig. 1C and Supplementary
Fig. S1D) and the heatmaps generated in this study, we ob-
served that low-occupancy, small CTCF ChIP-seq peaks, those
not classified as significant peaks by the MACS algorithm,
were recovered by Affinity-seq as strong CTCF binding sites.
Furthermore, these peaks are also identified as cell-specific
CTCEF binding sites in other cell types, where they display high
CTCF occupancy. This low CTCF occupancy is indicated by
yellow arrows in Fig. 1C and D, and Supplementary Figs S1A,
S1D, S2, S3A, S4C, S5C, S5D, and S6. Based on these obser-
vations, we suggest that there are many more CTCF binding
sites in vertebrate cells than previously recognized. These sites
may not be classified as significant ChIP-seq peaks but still
bind CTCEF briefly and specifically. The repressive status of the
CPN appears to oppose stronger CTCF binding at these sites.
The functionality of these sites remains an open question, but
they do show a low enrichment of cohesin, suggesting their
potential and brief involvement in 3D genome organization
(Supplementary Fig. S1D).

To analyze these low-occupancy CTCEF sites in greater de-
tail (the group#2 from Fig. 1D), we clustered them into three
groups based on the enrichment of CTCF ChIP-seq reads
(Supplementary Fig. S6A). Regarding nucleosome positioning
and histone modifications, these low-occupancy CTCF sites
did not exhibit significant differences in the enrichment of
H2A.Z, H3K9me3, and CpG methylation across the three
different clusters (Supplementary Fig. S6A), unlike the dis-
tinct patterns observed for the clustering of CTCF-bound
sites (Supplementary Fig. S3A). Motif analysis of the different
clusters of CTCF-bound sites versus Affinity-seq-recovered
CTCF nonbound sites revealed differences in the grammar of
the 14-bp core CTCF consensus sequence. High-occupancy
CTCF-bound sites preferentially featured C, G, and G nu-
cleotides at positions 4, 8, and 13, respectively, within the
14-bp CTCF consensus sequence (Supplementary Fig. S3A).
In contrast, low-occupancy, cell-specific, and Affinity-seq only

CTCF binding sites predominantly contained G, A, and A nu-
cleotides at these critical positions (Supplementary Figs S1D,
S3A and B, S4C, and S6A). These findings suggest that the in-
trinsic DNA-binding affinity of the CTCF ZF domains is one
of the key factors influencing its occupancy iz vivo.

Since CTCF binding in chromatin is linked to the chro-
matin environment, we further clustered 191 231 CTCF
binding sites, mapped by Affinity-seq, into seven clusters
based on their binding strength (Affinity-seq read enrichment)
(Supplementary Fig. S6B). This clustering, reflecting interac-
tions of the 11 ZFs of CTCF with naked DNA, reinforced the
initial observation regarding the grammar of the CTCF motif.
The strongest CTCF binding, independent of chromatin con-
text, was consistently associated with C, G, and G nucleotides
at positions 4, 8, and 13, respectively (Supplementary Fig.
S6B). Sites with weaker CTCF binding progressively exhib-
ited more frequent G, A, and A nucleotides at these posi-
tions (Supplementary Fig. S6B). The read enrichment of CTCF
measured by Affinity-seq was also reflected in CTCF ChIP-
seq data across different cell lines (Supplementary Fig. S6B),
further supporting the conclusion that the grammar of the
CTCEF consensus sequence significantly influences CTCF bind-
ing both in vitro and in vivo.

Cell-specific CTCF occupancy is pre-marked and
stable within each cell type

Our findings outlined above suggest that cell-specific CTCF
occupancy is influenced by the epigenetic status of the CPN. It
is known that each cell type exhibits a unique pattern of CTCF
occupancy, which plays a crucial role in 3D genome organiza-
tion and the maintenance of cell identity [73]. During mitosis,
the majority of CTCEF is released from chromatin, necessitat-
ing the re-establishment of the same CTCF binding pattern in
daughter cells post-mitosis as was present in the mother cell
[46]. The use of auxin-degron systems to analyze CTCF dy-
namics has shown that, upon withdrawal of auxin, CTCF re-
stores its binding pattern to its pre-depletion state [47]. These
observations suggest that cell-specific CTCF binding patterns
are preprogrammed and preserved within the chromatin state
of each cell type.

In this study, we sought to explore the mechanisms by
which cell-specific CTCF occupancy is maintained and re-
established, focusing particularly on the potential role of the
CPN in pre-marking future CTCF binding sites. We hypothe-
sized that the status of the CPN may serve as a memory marker
for CTCF binding, preserving the specific occupancy pattern
seen in each cell type across cell divisions. To test this hypoth-
esis, we utilized a model system involving wt CH12 cells and
mutant (mut) CH12 cells. The mutCH12 cells were previously
generated through the homozygous deletion of CTCF ZFs 9-
11, resulting in a truncated CTCF protein (Fig. 3A, schematic)
[49]. This modification leads to the loss of mutant CTCF bind-
ing at ~5K CTCEF sites in mutCH12 cells, as observed in com-
parative analyses of CTCF ChIP-seq data with wtCH12 cells
(Fig. 3B) and in [48]. Previously, we demonstrated that ec-
topic expression of full-length (FL) CTCF in mutCH12 cells
restores CTCF occupancy at these SK lost sites, replicating
the pattern observed in wtCH12 cells, except for 199 CTCF
sites that were entirely lost [48]. This suggests that these
5K sites hold inherent chromatin features that mark them
for future CTCF occupancy, regardless of the loss of CTCF
binding.
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To investigate the chromatin features that mark these sites
for CTCF binding, we also utilized various truncated forms of
CTCE lacking either the N-terminal (AN) or C-terminal (AC)
regions, while retaining all 11 ZFs necessary for DNA bind-
ing to the 5K sites (Supplementary Fig. S7A-C). This approach
allowed us to dissect the roles of the C- and N-terminal do-
mains of CTCF in the re-establishment of occupancy at the 5K
sites. Furthermore, we explored the role of BORIS (CTCFL),
a paralog of CTCEF that shares a similar 11 ZF DNA-binding
domain but differs in the C- and N-terminal regions [74,
75]. We previously showed that BORIS can bind to the 5K
lost CTCF sites in mutCH12 cells, but not in wtCH12 cells,
where it would normally compete with CTCF for binding
[48].

To comprehensively analyze the chromatin and DNA fea-
tures associated with the 5K lost CTCF sites, we performed the
following assays in wtCH12 and mutCH12 cells: ATAC-seq
(to assess chromatin accessibility), MNase-assisted H3 ChIP-
seq (to profile nucleosome occupancy), MeDIP-seq (to map
DNA methylation), H3K9me3, and H2A.Z ChIP-seq (to iden-
tify repressive and active histone modifications). The use of
wtCH12 and mutCH12 cells provides a unique system to in-
vestigate how the chromatin and DNA status changed with
the loss of CTCF binding and the subsequent re-occupancy
by CTCF and BORIS proteins [48].

Loss of CTCF occupancy results in the loss of
chromatin accessibility, a state that cannot be
restored at the CTCF binding sites without the
N-terminus of CTCF

To investigate the changes in chromatin status following the
loss of CTCF occupancy at the SK CTCEF sites in mutCH12
cells, we performed ATAC-seq analysis to compare chromatin
accessibility in wtCH12 and mutCH12 cells. ATAC-seq us-
ing paired-end sequencing allowed us to categorize the reads
into short fragments (<130 bp), indicative of CTCF footprint,
and nucleosome-sized fragments (>160 bp) to determine nu-
cleosome positioning (Fig. 3C-H). We analyzed chromatin ac-
cessibility at two groups of CTCF binding sites: (i) Remain-
ing CTCEF Sites (56K): these sites are bound by CTCF in both
wtCH12 and mutCH12 cells and serve as a control; (ii) Lost
SK CTCEF Sites: these sites are bound by CTCF in wtCH12
cells but lose CTCF occupancy in mutCH12 cells (Fig. 3C
and D).

It is well-documented that CTCF bound sites are located
in open chromatin regions with well-positioned nucleosomes
flanking these sites [33]. Our ATAC-seq analysis confirmed
this at the remaining CTCF sites in both wtCH12 and
mutCH12 cells, as well as at the 5K lost CTCF sites in
wtCH12 cells, showing clear footprints of open chromatin
and nucleosome positioning at the flank of CTCEF sites (Fig. 3C
and D, and Supplementary Fig. S7D). However, in mutCH12
cells, the loss of CTCF occupancy at the 5K sites resulted in a
complete loss of both open chromatin and nucleosome posi-
tioning around these sites (Fig. 3D, right panel). This indicates
that CTCF is crucial for maintaining an open chromatin state
at its binding sites. Ectopic expression of FL-CTCF (tagged
with V5-tag) in mutCH12 cells restored not only CTCF occu-
pancy at the vast majority of the 5K lost sites (as mapped us-
ing V5-tag antibodies) but also reestablished open chromatin
and nucleosome positioning around CTCF sites (Fig. 3E). This
restoration suggests that CTCF functions as a pioneer factor
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capable of binding and opening closed chromatin as shown
previously [39, 76, 77].

To determine which domain of CTCF is essential for
chromatin opening and nucleosome repositioning, we ex-
pressed truncated versions of CTCE tagged with V3, in
mutCH12 cells. We found that truncations of either the C-
terminus (deltaC) or the N-terminus (deltaN) led to less sta-
ble CTCF binding compared to FL-CTCF (Fig. 3E and F, and
Supplementary Fig. S7C). Importantly, CTCF lacking the C-
terminus was still capable of opening chromatin and reposi-
tioning nucleosomes, but CTCF lacking the N-terminus was
not (Fig. 3F and G). This demonstrates that the N-terminus of
CTCEF is essential for its ability to open chromatin and repo-
sition nucleosomes. Unexpectedly, the N-terminus truncated
version of CTCF was still able to bind the 5K lost CTCF
sites without opening of chromatin (Fig. 3G). Furthermore,
we investigated the role of BORIS, a paralog of CTCF with a
different N- and C-termini. Our analysis revealed that while
BORIS could not open the chromatin at the 5K lost CTCF
sites, it could still bind closed chromatin (as shown by BORIS
ChIP-seq peaks) at the 5K sites in mut CH12 cells (Fig. 3H).
These data are corroborating previous findings regarding the
N-terminus of CTCF and BORIS [78].

In conclusion, this analysis suggests that CTCF acts as a
pioneer TF capable of opening closed chromatin and reposi-
tioning nucleosomes. This pioneer activity is dependent on the
N-terminus of CTCE, highlighting its critical role in chromatin
dynamics and gene regulation.

Nucleosome positioning around CTCF binding sites
depends on the N-terminus of CTCF

Our ATAC-seq data analysis demonstrated that CTCF-bound
sites are associated with open chromatin and flanked by well-
positioned nucleosomes, with these chromatin states being
influenced by the N-terminus of CTCF (Fig. 3). To validate
the ATAC-seq findings, we performed micrococcal nuclease
digestion followed by H3 histone ChIP sequencing (MNase-
H3-ChlIP-seq) to assess nucleosome status in wtCH12 versus
mutCH12 cells. The MNase-H3-ChIP-seq analysis revealed
that several well-positioned nucleosomes flank the 56K re-
maining CTCF sites in both wtCH12 and mutCH12 cells
(Supplementary Fig. S7E). However, at the 5K lost CTCF sites
in mutCH12 cells, the nucleosome positioning observed in
wtCH12 cells was disrupted (Fig. 4A and B). In mutCH12
cells, we detected only one well-positioned nucleosome lo-
cated at the N-terminus of CTCF relative to the 5K lost motif
orientation (Fig. 4B, blue arrow). The same N-terminal nu-
cleosome was also observed at low occupancy CTCF sites in
wtCH12 cells (Fig. 4A). By combining MNase-H3-ChIP-seq
data at the 5K lost CTCF sites in both wtCH12 and mutCH12
cells, we confirmed that CTCF motifs are located at the en-
try side of the well-positioned nucleosome in mutCH12 cells,
while the same sequences are nucleosome-free when bound by
CTCF in wtCH12 cells (Fig. 4C). Thus, similar to the Affinity-
seq only CTCEF sites shown in Fig. 1D and E (group #2), in the
absence of strong CTCF binding, the N-terminal nucleosome
shifts toward the CTCF motif, positioning it at the entrance
of what we term the CPN.

Ectopic expression of full-length CTCF (FL-CTCF) in
mutCH12 cells restored the open chromatin state and the po-
sitioning of several nucleosomes on each side of the 5K lost
CTCEF sites (Figs 3E and 4D), further corroborating that both
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Figure 4. Nucleosome positioning around CTCF binding sites depends on the N-terminus of CTCF. (A and B) Heatmaps showing CTCF occupancy
(ChlIP-seq) combined with nucleosome positioning (MNase-H3), centered on the CTCF motif in the plus (sense) orientation. (A) Sites bound by CTCF in
wtCH12 cells. (B) Sites lost in mutCH12 cells. (C) MNase-H3 ChlIP-seq profile from panels (A) and (B) combined into a single plot, comparing
nucleosome occupancy at the 5K lost CTCF sites in wtCH12 and mutCH12 cells. A schematic representation above the plot illustrates nucleosome
positioning relative to the CTCF motif (red arrow) at the lost sites. (D-G) Heatmaps displaying V5-tag density (D-F) or BORIS antibody (Ab) density
combined with MNase-H3, following ectopic expression of the indicated CTCF vectors or BORIS in mutCH12 cells. Schematics at the bottom of the
heatmaps illustrate the structural outcomes of CTCF truncations, with black arrows indicating the changes in nucleosome positioning and movement.
(A-G) The CPN is indicated by blue arrows.



chromatin states depend on CTCF occupancy. When examin-
ing nucleosome positioning in mutCH12 cells expressing ei-
ther a C-terminal truncation (deltaC) or an N-terminal trun-
cation (deltaN) of CTCE, we found that the truncation of the
N-terminus prevented the restoration of open chromatin and
proper nucleosome positioning around CTCF binding sites
(Figs 3F and G, and 4E and F). The deltaC truncation also
affected nucleosome positioning but to a lesser extent com-
pared to the N-terminus (Fig. 4E). BORIS, like the N-terminus
truncation of CTCE, failed to open chromatin or create phased
nucleosome arrays (Figs 3H and 4G). Therefore, the MNase-
H3-ChIP-seq analysis corroborates our ATAC-seq data,
demonstrating that the N-terminus of CTCF is essential for
maintaining an open chromatin state and phased nucleosome
positioning.

The N-terminus of CTCF is necessary for the
recruitment of the chromatin remodeling factor
SMARCAD5 (Snf2h) at CTCF binding sites

If we assume that CTCF competes with the CPN for DNA
binding, an important question arises: how does CTCF dis-
place the CPN downstream to create open chromatin around
its binding site? Previous studies have demonstrated that the
chromatin remodeling factor SMARCAS (Snf2h) is required
for CTCF occupancy and for maintaining nucleosome spacing
[27, 44, 45]. To investigate how SMARCAS influences CTCF
binding, we analyzed several cell lines in which SMARCAS
depletion was achieved using different strategies. Reanalyzing
data from three independent studies [27, 44, 45], using the
same analytical framework as in Fig. 1D, we confirmed that
SMARCAS depletion consistently led to a substantial, though
incomplete, loss of CT'CF occupancy at its binding sites across
datasets from both mouse and human cells (Fig. SA and B,
and Supplementary Fig. S8). This loss was accompanied by
the appearance of a nucleosome at the CTCF binding site (Fig.
5A-C and Supplementary Fig. S8) and a reduction in chro-
matin accessibility (Supplementary Fig. SSE).

Visualization of nucleosome positioning within a 2000
bp window revealed that high CTCF occupancy, prior to
SMARCAS depletion, corresponded to a well-ordered ar-
ray of nucleosomes flanking the CTCF motif (Fig. SA and
Supplementary Fig. S8A and F). Similar to the observations in
Fig. 1D, low-occupancy CTCEF sites displayed the CPN nucle-
osome shifted toward the CTCF motif (Fig. SA, blue arrow).
However, following SMARCAS degradation, the ordered nu-
cleosome array was disrupted. Only the two nucleosomes
directly flanking the CTCF motif shifted inward, effectively
squeezing CTCF out of the binding site and reducing its occu-
pancy (Fig. 5A-D). This effect was more pronounced within a
400 bp window, where the inward shift of the flanking nucle-
osomes correlated precisely with the loss of CTCF occupancy
(Fig. 5B and D, and Supplementary Fig. S8C and D).

Since SMARCAS depletion precedes the reduction in CTCF
occupancy, we interpret this as CTCF’s inability to recruit
SMARCAS to displace the CPN nucleosome and establish
open chromatin (schematic presentation in Fig. SE). This fail-
ure likely results in the observed reduction in CTCF binding.
Regarding the CPN nucleosome, CTCF-bound motifs were
nucleosome-free prior to SMARCAS degradation but shifted
to the nucleosome entry side post-degradation, weakening
CTCF binding (Fig. 5A-D and Supplementary Fig. S8). These
findings align with our data from the 5K lost CTCF sites
in mutCH12 cells (Figs 3 and 4). A critical distinction be-
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tween the stable loss of CTCF occupancy in mutCH12 cells
and the transient loss resulting from siRNA- or PROTAC-
mediated SMARCAS degradation lies in the behavior of the
C-terminal nucleosome. Upon SMARCAS depletion, this nu-
cleosome also shifts inward toward the CTCF motif. Similar
inward repositioning of flanking nucleosomes was observed
with auxin-mediated CTCF degradation (Supplementary Fig.
S3C and D) and nanoNOMe-seq single-molecule analysis of
dynamic CTCF binding [70]. This difference likely reflects
chromatin’s ability to adapt to stable versus transient changes
in CTCF binding. Notably, even with SMARCAS depletion,
CTCF retains the ability to recognize and bind its target sites.
This conclusion is supported by our data showing that a
CTCF variant with a truncated N-terminus can bind the 5K
lost sites in mutCH12 cells (Fig. 3G), albeit with lower occu-
pancy than full-length CTCF (Supplementary Fig. S7C) but
fails to reposition the CPN nucleosome for strong binding
(Figs 3G and 4F).

SMARCAS has been shown to directly interact with CTCF
by co-IP [60]; however, the interacting domains between the
two proteins have not been mapped. Using AlphaFold3 pre-
dictions, we identified a potential interaction between the
N-terminus of CTCF (~155-177 amino acids) and the P-
loop-containing nucleoside triphosphate hydrolase domain
of SMARCAS (~160-680 amino acids) (Supplementary Fig.
S9A). While the confidence of this prediction was low, with
an ipTM score of 0.25, it was notably stronger compared
to the lack of any predicted interaction between BORIS and
SMARCAS (Supplementary Fig. S9B).

To experimentally test the AlphaFold3 prediction and
further analyze how SMARCAS occupancy correlates with
CTCEF binding, we performed ChIP-seq with SMARCAS an-
tibodies in both wtCH12 and mutCH12 cells. We found that
SMARCAS occupancy follows CTCF occupancy in all types
of CH12 cells at the remaining CTCF binding sites (Fig. SF,
top panel). With the loss of CTCF binding at the 5K sites,
SMARCAS occupancy is lost, suggesting that SMARCAS is
recruited by CTCF to chromatin (Fig. SF, lower panel). The
ectopic expression of FL-CTCF in mutCH12 cells, restores
SMARCAS occupancy at the 5K lost CTCF sites (Fig. SE
lower panel). However, the truncation of the N-terminus of
CTCF or ectopic expression of BORIS in mutCH12 cells failed
to restore SMARCAS occupancy at the 5K CTCF sites (Fig.
SF, red arrows). At the same time, the truncation of the C-
terminus affected SMARCAS enrichment, but at lesser extent,
probably, because it is affected CTCF binding overall (Fig. SF
and Supplementary Fig. S7C). As an additional control, we an-
alyzed SMARCAS occupancy at 199 CTCF binding sites that
were irreversibly lost and not restored by ectopic FL-CTCF ex-
pression in mutCH12 cells (Supplementary Fig. S9C). At these
sites, SMARCAS occupancy was completely absent and not
restored, mirroring the pattern observed with the ectopically
expressed deltaN CTCF and BORIS. These data suggest that
the N-terminus of CTCF is essential for recruiting SMARCAS,
which is necessary for opening chromatin and phasing nucle-
osomes around CTCF binding sites.

The nucleosome-free accessible chromatin
facilitates the halting of cohesin extrusion at CTCF
binding sites

The N-terminus of CTCF is crucial for halting cohesin-
mediated chromatin extrusion, a process essential for
mediating 3D genome organization [48, 79-81]. Moreover, as
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demonstrated in this study, the N-terminus of CTCF is also
required for nucleosome repositioning and the establishment
of open chromatin around CTCF binding sites (Figs 3 and 4).
This observation raises an important question: are these two
events, chromatin accessibility and cohesin retention at CTCF
sites, interconnected?

To evaluate this hypothesis, we examined CTCF binding
sites that are unable to retain cohesin. In each cell type,
there is a subset of CTCEF sites, referred to as CTCF sites
depleted of cohesin (CTCFnotRAD21), which neither ex-
hibit cohesin enrichment nor participate in 3D genome or-
ganization [48]. Genome browser analysis of these CTCFno-
tRAD21 sites, combined with ATAC-seq data, revealed that
they are generally located in regions inaccessible to TnS5-
transposase (Fig. 6A), as previously shown [39]. Motif anal-
ysis of CTCFnotRAD21sites identified the same core CTCF
consensus sequence as found in CTCF sites occupied by co-
hesin (CTCF/RAD21) (Fig. 6B), suggesting that the DNA se-
quence alone is not sufficient to explain why some CTCF
sites are excluded from cohesin occupancy. To extend this
analysis on a genome-wide scale, we selected 1 000 CTCF-
bound sites with and without cohesin occupancy in wtCH12
cells (Fig. 6C). These two groups of CTCF sites were an-
alyzed for nucleosome positioning (MNase-H3) and chro-
matin accessibility (ATAC-seq), confirming the initial obser-
vation that low or absent cohesin occupancy correlates with
closed chromatin around CTCF sites (Fig. 6C). Interestingly,
SMARCAS occupancy was equally present at both groups of
CTCEF sites, while H2A.Z histone modification was more en-
riched at CTCF/RAD21 sites (Fig. 6C). These data support
the idea that the incorporation of H2A.Z histone modifica-
tion into nucleosomes flanking CTCEF sites facilitates nucle-
osome displacement by SMARCAS, as previously shown in
[71], thereby promoting chromatin opening around CTCF
sites. This, in turn, contributes to the halting of cohesin ex-
trusion. The same analysis, conducted on two additional cell
lines, mES and NIH3T3, yielded similar conclusions: CTCF
sites lacking cohesin are linked to reduced chromatin ac-
cessibility (Supplementary Fig. S10), as previously shown
[39].

Moreover, in our recent publication, we showed that the ec-
topic expression of BORIS in NIH3T3 cells increased CTCF
occupancy and chromatin accessibility around CTCEF sites via
the SRCAP-H2A.Z pathway [24]. Cohesin occupancy analysis
at these sites revealed that some CTCEF sites, depleted of co-
hesin in NIH3T3 cells (before BORIS expression) converted
into CTCF cohesin enriched sites with BORIS expression
(NIH3T3 + BORIS cells). This conversion was accompanied
by chromatin opening around CTCF sites (Supplementary Fig.
S11A). Conversely, some CTCF/RAD21 sites were converted
into CTCFnotRAD21 sites in NIH3T3 + BORIS cells com-
pared to NIH3T3 + EV cells, a process accompanied by a loss
of chromatin accessibility at these CTCF sites (Supplementary
Fig. S11B). Thus, nucleosome repositioning and chromatin
opening at CTCF binding sites correlates with cohesin
overlap.

CTCF occupancy is affected by the permissive
epigenetic status around its binding sites

To investigate what preconditions the 5K lost CTCF sites
in mutCH12 cells for future CTCF occupancy, we analyzed
the CpG methylation status using SmC MeDIP-seq in both
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wtCH12 and mutCH12 cells. First, we compared CpG methy-
lation enrichment at CTCF motifs that were either bound or
not bound by CTCF in wtCH12 cells (Fig. 7A). This analysis
revealed a stark difference: CTCF-bound sites were depleted
of CpG methylation, whereas not bound CTCF sites were en-
riched with CpG methylation. This finding aligns with the
well-established fact that CpG methylation negatively affects
CTCEF binding [21, 22]. Next, we examined the CpG methyla-
tion status across three distinct groups of CTCF binding sites
in CH12 cells: (i) Remaining CTCF sites: 56 276 sites that
are bound by CTCF in both wtCH12 and mutCH12 cells;
(ii) SK lost CTCEF sites: 4 958 sites that lost CTCF binding
in mutCH12 cells but could be restored with ectopic expres-
sion of FL-CTCEF; (iii) Irreversibly lost CTCEF sites: 199 sites
that were irreversibly lost in mutCH12 cells and could not be
restored with FL-CTCF expression (Fig. 7B). The MeDIP-seq
analysis demonstrated that while the remaining CTCF sites
(#1) were devoid of CpG methylation, the 5K lost CTCEF sites
(#2) began to acquire some CpG methylation in the absence
of CTCE, as indicated by the enrichment of the MeDIP-seq
signal at the CTCF motifs in mutCH12 cells compared to
wtCH12 cells (Fig. 7B and Supplementary Fig. S12A, shown
by the black arrow). In contrast, the irreversibly lost CTCF
sites (#3) exhibited a more pronounced gain of CpG methyla-
tion (Fig. 7B, red arrow). Since CTCF binding is known to
be methylation-sensitive, the observed methylation patterns
across the three groups (Fig. 7B) may explain the restora-
tion of CTCF binding in mutCH12 cells. The persistence of
low methylation levels at the 5K lost sites (Group #2) in
mutCH12 cells permits potential CTCF re-binding when full-
length 11 ZFs CTCF is ectopically expressed. Conversely, the
gain of CpG methylation at the 199 sites prevents CTCF re-
binding, highlighting the critical role of methylation in regu-
lating CTCF binding.

Previous studies have shown that CTCF binding is essential
for maintaining the unmethylated state of its target sites [73,
82]. However, at the 5K lost CTCEF sites, these regions largely
remain unmethylated even in the absence of CTCF. Analysis
of ATAC-seq data (Fig. 3D) showed that the chromatin sur-
rounding the 5K sites transitions to a closed state following
CTCEF loss, thereby preventing other chromatin-binding fac-
tors from sustaining the unmethylated state of these sites. This
raises the question of why only a small subset (199 CTCF
sites) of the lost SK CTCF sites gained CpG methylation,
while the remaining 4958 sites remained largely methylation-
free. To investigate this, we analyzed the sequences of the
two groups (#2 and #3, Fig. 7B) of CTCF sites to determine
whether the irreversibly lost CTCF sites might have a higher
presence of CpG sites within the consensus sequence, as previ-
ously reported [30]. No significant differences were observed
between these two groups that could explain their differential
methylation status (Fig. 7C). Furthermore, the irreversibly lost
CTCEF sites were not associated with CpG islands, with only
3.2% of them being part of such regions. A manual analysis
of the most representative examples of irreversibly lost CTCF
sites revealed that these 199 sites already exhibited some level
of CpG methylation in wtCH12 cells, particularly in the se-
quences surrounding the CTCF-bound sites (Fig. 7B and D,
and Supplementary Fig. S12B, shown by black arrows). This
contrasts sharply with the 5K lost sites, which could be re-
stored with FL-CTCF expression and were generally devoid of
CpG methylation in both wtCH12 and mutCH12 cells (Fig.
7B and D).
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Thus, certain CTCF sites are more susceptible to acquiring
CpG methylation upon the loss of CTCF binding. Based on
the observed CpG methylation enrichment (Fig. 7B and D,
and Supplementary Fig. S12B), these sites may initially be
hemi-methylated (with only one strand of the DNA being
methylated, as shown in Supplementary Fig. S12B). Over time,
with the loss of CTCF binding, these sites are more likely to
become fully CpG methylated, which renders them inaccessi-
ble to CTCF binding.

As we have shown that the epigenetic status of CPN influ-
ences CTCF occupancy (Fig. 1D, and Supplementary Figs S2,
S3A, S4C, and S5D), we analyzed the enrichment patterns of
H3K9me3 and H2A.Z around CTCF sites in wtCH12 and
mutCH12 cells. A comparison of H3K9me3 levels at the re-
maining and lost CTCF sites in these cells showed that the
epigenetic chromatin status did not change with the deletion
of ZFs9-11, nor with the loss of CTCF occupancy at the 5K

sites (Fig. 7E and Supplementary Fig. S12C). This may ex-
plain why these 5K lost CTCF sites remain available for fu-
ture CTCF occupancy in mutCH12 cells. However, the 199
irreversibly lost CTCF sites did acquire the repressive his-
tone mark, rendering these sites inaccessible for CTCF oc-
cupancy (Fig. 7F). As high CTCF occupancy was associated
with the gain of the H2A.Z histone variant (Fig. 1D and
Supplementary Fig. S3A), we investigated whether H2A.Z
pre-marks the 5K lost CTCF sites in mutCH12 cells for fu-
ture CTCF occupancy, as previously suggested [46]. However,
the analysis of H2A.Z in wtCH12 versus mutCH12 cells re-
vealed that this histone variant was lost in association with
the loss of CTCF occupancy at the 5K sites in mutCH12
cells (Fig. 7E and Supplementary Fig. S12D). This finding sup-
ports the conclusion that the absence of repressive histone
modifications may contribute to maintaining the 5K sites in
a state permissive for future CTCF binding in mutCH12 cells,
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even though active histone variants like H2A.Z are completely
lost.

Thus, in this study, we confirmed our initial hypothesis
regarding the regulation of CTCF occupancy by CPN. We
demonstrated that CTCF binding to the 5K lost CTCEF sites
in mutCH12 cells is preprogrammed not only by the CpG
methylation status of the CTCF site itself but also by the CpG
methylation status and histone modifications of the CPN. The
preservation of the unchanged CpG methylation status and
H3K9me3 histone modifications at the SK lost CTCEF sites in
mutCH12 cells, as observed in wtCH12 cells, makes these sites
available for CTCF occupancy (Fig. 7). This finding highlights
the importance of the epigenetic landscape in regulating CTCF
binding and further emphasizes the role of chromatin accessi-
bility in CTCF function.

Discussion

CTCF binding patterns are closely linked to cell fate during
differentiation, playing a critical role in 3D genome organiza-
tion and cell-specific gene transcription [73, 83]. In this study,
we sought to investigate how these cell-specific CTCF binding
patterns are established and maintained to preserve cell iden-
tity. First, we compared CTCF binding to naked DNA ver-
sus chromatin and proposed a model for CTCF occupancy.
According to this model, CTCF binding sites are strategi-
cally positioned at the entry side of a well-positioned nucle-
osome, such that upon CTCF binding, its N-terminus is ori-
ented towards the nucleosome. We refer to this nucleosome as
the CPN. CTCEF can either shift this nucleosome downstream
from its binding site or not, depending on the epigenetic state
of the nucleosome.

Based on our analysis, a picture emerges where CTCF is
more likely to displace nucleosomes when the DNA is un-
methylated at CpG sites and the nucleosomes lack repres-
sive histone marks, such as H3K9me3. Under these condi-
tions, CTCF can recruit SMARCAS via its N-terminus, push-
ing the nucleosome downstream and enabling stable binding
to the nucleosome-free sequence. Conversely, when nucleoso-
mal DNA is CpG-methylated and enriched with repressive hi-
stone marks such as H3K9me3, CTCF is less likely to effec-
tively displace the nucleosome. In such cases, the nucleosome
remains in place, leading to weak CTCF binding. Based on our
analysis of the experimental data presented here and multiple
published datasets, we propose that the contributions of the
C-terminal and N-terminal nucleosomes flanking CTCF are
unequal. Specifically, the epigenetic status of the N-terminal
nucleosome (CPN) plays a more critical role in determining
CTCEF binding. This distinction is further supported by differ-
ences in their positioning relative to the CTCF binding site:
(i) upon CTCF binding, the N-terminal nucleosome is shifted
further downstream compared to the C-terminal nucleosome
[70]; (ii) mapping CTCF occupancy using the CUT&RUN
approach often results in the asymmetric release of the C-
terminal nucleosome along with the CTCF footprint [84], sug-
gesting that the C-terminal nucleosome is positioned closer to
the CTCF binding site.

To confirm our model, we used wtCH12 and mutCH12
cells and demonstrated that as long as the CPN’s epigenetic
status remains favorable for CTCF binding, these sites re-
main pre-marked for CTCF occupancy, even in the absence
of CTCEF itself. Our data suggest that both the CTCF consen-
sus sequence and the CPN must be free of repressive epige-

netic marks to permit stable CTCF binding. Active epigenetic
marks, such as H2A.Z histone variant, appear to be linked to
CTCF binding itself rather than serving as pre-markers for fu-
ture CTCF occupancy. We also speculate that the mechanism
by which priming nucleosomes regulate CTCF occupancy may
extend to other pioneer factors, as REST [85], PU.1 [86], and
ESRRB [87], which are capable of displacing nucleosomes and
associating with well-positioned nucleosomes. However, the
exact mechanism of nucleosome displacement likely varies,
depending on the specific protein partners of each factor. The
standard models explaining nucleosome sliding by remodeling
factors do not typically consider the effects of CTCF bind-
ing or the replacement of H2A with H2A.Z [88]. Since our
findings demonstrate that CTCF binding precedes SMARCAS
recruitment, the SHL-7 entry site may be obstructed by the
CTCF binding site. Additionally, H2A.Z incorporation en-
hances DNA unwrapping compared to canonical nucleosomes
[89]. These factors suggest the need for a new model to explain
nucleosome repositioning downstream of the CTCF binding
site.

Do small CTCF peaks matter? Cross-referencing ChIP-seq
(in vivo) with Affinity-seq (in vitro) from the same cell type
revealed that CTCEF sites detected strongly in vitro but not in
vivo are still weakly bound by CTCF iz vivo. However, this
weak CTCF occupancy is often insufficient for these sites to
be classified as significantly bound by standard peak-calling
algorithms, such as MACS. Similarly, when comparing CTCF
occupancy across different cell lines, a closer examination of
cell-specific CTCF binding sites shows that these sites are also
weakly bound by CTCF in other cell types but are not identi-
fied as significant peaks in ChIP-seq data.

In Fig. 1C and D, and Supplementary Figs S1-S6, we have
highlighted these low-occupancy CTCF sites with yellow ar-
rows. According to our model, CTCF can briefly recognize
and bind to these sites without inducing chromatin open-
ing. The repressive nature of the CPN, which incorporates
the H3K9me3 repressive histone mark, prevents strong and
sustained CTCF occupancy. Thus, we propose that there are
many more CTCF binding sites than are currently detected by
ChIP-seq using peak-calling algorithms like MACS.

Do these low-occupancy CTCEF sites matter? Our data sug-
gest they do. We observed that low CTCF occupancy is as-
sociated with low cohesin enrichment, indicating that these
sites might contribute to loop formation, albeit weakly and for
short durations. A growing body of research supports the idea
that low-occupancy CTCF sites play a role in cell-specific tran-
scription [90], serve as targets for JPX RNA [91]. Addition-
ally, recent findings indicate that weak CTCEF sites help define
H3K9me2/3 nanodomain structures within the genome [92].
In summary, these low-occupancy CTCEF sites should not be
disregarded, as they may contribute to 3D genome organiza-
tion and gene transcription.

Why does the enrichment of H3K9me3 and H2A.Z at the
CPN affect CTCF occupancy? In this study, we demonstrated
that the presence of the H3K9me3 histone modification on
the CPN either reduces or completely inhibits CTCF bind-
ing to chromatin. This finding is consistent with several pre-
vious studies that have identified a mutually exclusive re-
lationship between H3K9me3 enrichment and CTCF occu-
pancy [28, 92-94]. For example, during the differentiation of
human embryonic stem cells into pancreatic islet organoids,
CTCF recruitment to new binding sites is facilitated by the
demethylation of H3K9me3 to H3K9me2 on nucleosomes
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flanking these sites [93]. The H3K9me3 modification can
be established by at least six enzymes, including SUV39H1,
SUV39H2, SETDB1, SETDB2, G9A, and GLP, which ex-
hibit redundant functions [95]. The single KO of several
of these enzymes has been shown to increase CTCF occu-
pancy. For instance, SETDB1 depletion in mouse cells led to
the increased recruitment of CTCF at >1600 CTCF motifs
within SINE B2 repeats [96]. Similar results confirmed that
SETDB1 KO caused a global increase in CTCF occupancy,
accompanied by changes in nucleosome positioning around
newly occupied CTCF sites, independent of DNA methylation
[28]. Furthermore, G9A KO also resulted in enhanced CTCF
occupancy [97].

Thus, the removal of H3K9me3 consistently increases
CTCEF occupancy at thousands of CTCF binding sites, though
not universally. This pattern mirrors that observed with CpG
methylation, which influences CTCF occupancy but is not suf-
ficient to explain its genome-wide distribution [98]. We spec-
ulate that the CPN may harbor additional repressive histone
marks not mapped in this study.

The reduced CTCF occupancy at sites flanked by
H3K9me3-modified nucleosomes suggests that CTCF may
bind these sites weakly but is unable to reposition the CPN.
As previously shown [27, 44], and confirmed by our study,
SMARCAS (SNF2H) is required for CTCF to displace nucle-
osomes at its binding sites. Interestingly, histone deacetylation
has been shown to block SWI/SNF remodelers from accessing
chromatin [99], suggesting that repressive histone modifica-
tions may hinder SMARCAS-mediated nucleosome displace-
ment, thereby preventing the strong and stable occupancy of
CTCEF Conversely, active histone variants such as H2A.Z may
facilitate nucleosome displacement by SMARCAS [71], pro-
moting chromatin opening around CTCEF sites and enhancing
CTCEF binding stability, as shown previously [27, 55].

A key question remains: what initiates strong CTCF oc-
cupancy? In this study, we demonstrated that the grammar
of the CTCF core motif plays a critical role. The affinity of
CTCF binding varies depending on the strength of the CTCF
motif. CTCF likely demonstrates higher affinity for stronger
motifs and, upon binding, influences the epigenetic status of
flanking nucleosomes by incorporating H2A.Z through the
recruitment of chromatin remodeling factors, such as SR-
CAP [24]. This incorporation, in turn, further facilitates chro-
matin opening via SMARCAS activity. In contrast, weaker
CTCF motifs are more susceptible to cell-specific regulation
of CTCF occupancy through repressive epigenetic modifica-
tions, as H3K9me3 and CpG methylation.

Why is the CPN well-positioned relative to the CTCF con-
sensus? Our proposed model supports the CTCF-nucleosome
competition model, which has been explored in prior studies
[36,40,41]. An analysis of MNase-seq data from experiments
where CTCF was depleted using either the auxin-degron sys-
tem [57] or a conditional mouse model [100], or where CTCF
binding was lost during cell differentiation [42], revealed in-
creased nucleosome occupancy directly at CTCF binding sites
in the absence of CTCE. In this study, by focusing on CTCF
sites in the plus orientation, we found that the CTCF consen-
sus typically resides on the entry side of the well-positioned
nucleosome, with the N-terminus of CTCF facing the nucleo-
some upon binding.

The next question is: Why is the CPN well-positioned? The
fact that nucleosomes remain well-positioned even in the ab-
sence of CTCF suggests that intrinsic DNA properties, such as
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DNA conformation and bendability, play a key role in nucleo-
some positioning. Indeed, CTCF binding sequences have been
shown to possess properties that enable them to stall RNA
polymerase IT independently of CTCF binding [101] and help
retain cohesin at CTCF-bound sites [48]. Notably, even when
CTCPF’s N-terminus, which interacts with cohesin, is directed
to alternative target sites, cohesin is not retained at non-CTCF
sequences [39, 48], indicating that the specific conformation
of the CTCF-DNA complex is crucial. Moreover, the CTCF
motif sequence itself has been found to exhibit significantly
higher DNA bendability compared to the surrounding 200
bp of DNA [102]. DNA bendability is a key factor in nucleo-
some positioning, and sequences with greater flexibility often
favor specific rotational settings within nucleosomes [103].
Thus, the high flexibility of the DNA at CTCF consensus sites
may naturally favor its positioning near the entry side of the
nucleosome.

Another potential explanation for the well-positioned nu-
cleosome could be related to non-B DNA motifs, which are
found to be highly enriched at CTCF sites [104, 105]. Non-B
DNA structures are known to disrupt nucleosome positioning
[106]. If CTCF binding sites adopt a non-B DNA structure,
this could act as a repellent for nucleosome assembly, further
contributing to the shift in nucleosome positioning relative to
the CTCEF site.

In summary, our study underscores the critical role of the
well-positioned nucleosome in establishing and maintaining
CTCF binding patterns, which are crucial for cell identity. We
propose that CTCF binding is tightly regulated by the epige-
netic state of the priming nucleosome. The next question is:
What factors guide and establish these epigenetic marks dur-
ing cell differentiation?

Limitations of the study

All analyses in this study were performed on total cell popu-
lations. While informative, single-molecule approaches could
provide more detailed insights into the nucleosome reposition-
ing dynamics associated with CTCF binding to chromatin.
In investigating CTCF sites bound iz vitro but not in vivo,
we relied on multiple ENCODE datasets and other published
ChIP-seq data for various epigenetic marks to explore the
differences between chromatin-bound and DNA-only sites.
However, we cannot rule out the potential influence of ad-
ditional, yet-undiscovered epigenetic modifications that may
contribute to these differences. Additionally, the analysis of
wt versus mutant CH12 cells focused exclusively on the 5K
CTCEF sites with upstream CTCF consensus motifs bound by
ZFs 9-11. This scope may not fully capture the broader diver-
sity of CTCF binding sites across the genome.
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