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Abstract 

During mammalian embryogenesis, both the 5-cytosine DNA methylation (5meC) landscape and three dimensional (3D) chromatin architecture 
are profoundly remodeled during a process known as ‘epigenetic reprogramming.’ An understudied aspect of epigenetic reprogramming is how 

the 5meC flux, per se , affects the 3D genome. This is pertinent given the 5meC-sensitivity of DNA binding for a k e y regulator of chromosome 
folding: CTCF. We profiled the CTCF binding landscape using a mouse embryonic stem cell (ESC) differentiation protocol that models embryonic 
5meC dynamics. Mouse ESCs lacking DNA methylation machinery are able to exit naive pluripotency, thus allowing for dissection of subtle effects 
of CTCF on gene e xpression. We perf ormed CTCF HiChIP in both wild-type and mutant conditions to assess gained CTCF–CTCF contacts in 
the absence of 5meC. We performed H3K27ac HiChIP to determine the impact that ectopic CTCF binding has on cis- regulatory contacts. Using 
5meC epigenome editing, we demonstrated that the methyl-mark is able to impair CTCF binding at select loci. Finally, a detailed dissection of 
the imprinted Zdbf2 locus sho w ed ho w 5meC-antagonism of CTCF allo ws f or proper gene regulation during differentiation. T his w ork pro vides 
a comprehensive overview of how 5meC impacts the 3D genome in a relevant model for early embryonic events. 
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Introduction 

5-Cytosine DNA methylation (5meC) is a highly conserved
epigenetic mark, generally associated with gene repression. In
mammals, DNA methylation is typically found in the CpG
dinucleotide context and approximately 80% of CpGs are
methylated in somatic tissues. During the early stages of mam-
malian development following fertilization, most of the ga-
metic 5meC is erased; subsequently, during implantation, the
de novo methyltransferases DNA METHYLTRANSFERASE
3A and 3B (DNMT3A and DNMT3B) rapidly establish the
embryonic DNA methylation landscape ( 1 ). This period is
called the naïve-to-primed pluripotency transition, and occurs
just prior to germ layer specification ( 2 ). Changes in the hi-
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stone modification patterns and in the transcriptional land- 
scape are also substantial during this period ( 3 ). Thus, it is 
presumed that the epigenome plays an integral role in prepar- 
ing the cells within the embryo for lineage commitment. 

In mammalian cell nuclei, the chromatin is organized in hi- 
erarchical structures that range from multi-megabase chro- 
mosome territories to more local cis- regulatory contacts ( 4–
7 ). Inside the territories, different chromatin compartments 
are defined by their transcriptional activity: the euchromatic 
‘A’ compartments that are typically transcriptionally active 
and the ‘B’ compartments that are relatively transcriptionally 
repressed ( 4 ,8 ). The compartments themselves are organized 

into Topologically Associating Domains (TADs)—‘regulatory 
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eighborhoods’ that facilitate gene expression programs ( 9–
1 ). Within TADs, DNA loops can be formed, which are the
mallest degree of organization, and can enable or insulate
nteractions between gene promoters and cis -regulatory ele-
ents such as enhancers ( 6 ,12 ). The cis regulatory contacts
iffer substantially between cell types and they are crucial
or determining proper cell identity ( 13 ,14 ). This hierarchical
hromosome organization is dynamic and very important for
everal genomic processes, including transcription, gene regu-
ation, replication and cell division ( 15 ). 

There are several architectural proteins involved in chro-
atin organization, CCCTC-BINDING FA CT OR (CTCF) be-

ng one of the most well-characterized. CTCF is a zinc finger
ZF) protein that is highly conserved in mammals and that
inds pervasively throughout the genome. It is known that
TCF plays a role together with the cohesin complex in the
emarcation of TADs boundaries ( 16–18 ) and also has a role
n transcription as it regulates loops between enhancers and
romoters ( 19 ,20 ). The absence of CTCF in mice is lethal in
he early embryo, whereas heterozygous deletions of the pro-
ein present predisposition to cancer ( 21 ,22 ), indicating that
TCF plays an essential role in development and cell iden-

ity. Genome profiling analysis of CTCF occupancy in human
ells, obtained from different tissues, reveals cell-type-specific
ignatures ( 23 ). 

What are the mechanisms that dictate cell-specific CTCF
inding patterns? Certainly, transcription factors play a role
 24 ,25 ), as well as chromatin modifying complexes ( 26 ). How-
ver, a compelling mechanism is DNA methylation itself,
iven that roughly 40% of variability of CTCF binding pat-
erns between cell types can be linked to 5meC status in the
inding site ( 27 ). Biochemical analyses have confirmed that
he presence of 5meC at certain cytosines within the CTCF
inding motif can significantly impair CTCF-DNA interac-
ions ( 28 ). While DNA methylation does not appear to play
 significant role in either TAD or compartment establish-
ent ( 29–31 )—with the notable exception of some cancers

 32 ,33 )—5meC indeed has an effect on relatively short cis -
egulatory contacts in some contexts. In vivo the antagonis-
ic relationship between CTCF binding and 5meC has been
ell-documented at genomic imprints. For example, the pa-

ernally methylated H19-Igf2 imprinting control region (ICR)
epels CTCF binding, allowing for interactions between en-
ancers at this locus and the Igf2 promoter leading to expres-
ion. Conversely, CTCF binds the unmethylated maternal al-
ele, insulating the activation of the Igf2 promoter from its
nhancers, which in turn allows the expression of the H19
ong non-coding RNA (lncRNA) ( 34–36 ). The antagonism be-
ween CTCF binding and 5meC has also been observed in tu-
ors ( 37 ). To wit, in IDH mutant gliomas the hypermethy-

ation of a CTCF binding site causes a reduction in CTCF
inding that results in the expression of a glioma oncogene
 32 ,38 ). 

In this study, we set out to determine how the dra-
atic embryonic DNA methylation program impacts three-
imensional chromatin architecture and underlying gene reg-
lation in a dynamic system. We employed a mouse embry-
nic stem cell (ESC) differentiation approach that recapit-
lates the embryonic de novo DNA methylation dynamics:
aïve ESCs cultured in serum-free media, which are charac-
erized by low levels of DNA methylation ( 39 ), were differ-
ntiated to Epiblast-like cells (EpiLCs) inducing the transi-
ion towards primed pluripotency ( 40 ). In parallel, we em-
ployed a Dnmt1; Dnmt3a; Dnmt3b triple knockout (TKO)
cell line, which despite completely lacking DNA methylation
( 41 ), is able to adopt a primed-like state during EpiLC dif-
ferentiation ( 42–45 ). We reasoned that our strategy using de-
fined media could provide developmentally relevant insights
that were masked in prior studies using solely serum-grown
ESCs ( 46 ,47 ), which exhibit relatively high heterogeneity ( 48 ).
We profiled CTCF binding changes in ESCs and EpiLCs in
the presence and absence of 5meC, showing that ∼1% CTCF
binding sites are enriched in TKO EpiLCs, relative to WT. Pre-
vious chromosome conformation studies using DNA methyla-
tion mutants were not able to detect architectural differences
at finer scales, therefore likely missed many short-range cis -
regulatory interactions ( 30 ,31 ). Hence, we utilized HiChIP
( 49 ), which captures both short and long-range interactions
and allowed us to assess either chromatin loops by enrich-
ing for CTCF-bound loci, or enhancer-promoter contacts by
enriching for histone H3 lysine 27 acetylation (H3K27ac)-
marked regions. We could then determine how differential
CTCF binding affects the cis -regulatory landscape. We func-
tionally demonstrated that 5meC negatively impacts CTCF
binding at multiple loci by implementing epigenome editing.
Finally, we carried out fine grained genetic experiments to
show how 5meC influences CTCF-mediated gene regulation
at the imprinted Zdbf2 locus. In sum, our study provides a
comprehensive view of how the embryonic DNA methylation
program contributes to chromatin folding as a means to con-
trol gene expression. 

Materials and methods 

ESC cell lines 

E14Tg2a (E14) mouse ESCs was the parental line used for all
experiments in this study, as well as serving as the background
for all transgenic lines. The TKO was previously generated in-
house ( 50 ). 

Cell culture and differentiation 

For the cells grown in serum culture conditions we used Glas-
gow medium (Gibco) supplemented with 15% Fetal bovine
Serum (FBS), 0.1 mM MEM non-essential amino acid, 1 mM
sodium pyruvate, 2 mM l -glutamine, penicillin, streptomycin,
0.1 mM β-mercaptoethanol and 1000 U / ml leukemia in-
hibitory factor (LIF). To pass, the cells were washed with
1 × PBS, then trypsin was added to detach and disaggregate
the cells for 5 min at 37 

◦C. The desired number of cells were
then transferred to the new flask. 

For the 2i + vitC culture conditions we used N2B27 medium
(50% neurobasal medium, 50% DMEM) supplemented with
N2 (Gibco), B27 (Gibco), 2 mM l -glutamine, 0,1 mM β-
mercaptoethanol, penicillin, streptomycin, LIF and 2i (3 μM
Gsk3 inhibitor CT-99021, 1 μM MEK inhibitor PD0325901)
and Vitamin C (Sigma) at a final concentration of 100 μg / ml.
To pass the cells, the media was removed, then Accutase
(Gibco) was added to detach and disaggregate the cells and
incubated for 5 min at room temperature. The desired num-
ber of cells were then transferred to the new plate. The ESCs
in both conditions were grown on 0.1% gelatin-coated flask
in an incubator at 37 

◦C and 5% CO 2 . 
To induce EpiLC differentiation, cells were gently washed

with PBS, dissociated, and replated at a density of 2 × 10 

5

cells / cm 

2 on Fibronectin (10 μg / ml, Sigma))-coated plates in
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N2B27 medium supplemented with 12 ng / ml FGF2 (R&D)
and 20 ng / ml Activin A (R&D). EpiLCs were passed with
Accutase at day 3 of differentiation when the differentiation
time was 7 days. 

To inhibit PRC2 activity, cells were treated with 2 μM
UNC1999 (Tocris) for at least one week. Control cells were
treated with UNC2400 (Tocris)—an analog with > 1000-fold
lower potency—at the same concentration and in parallel. 

Generation of sgRNA constructs for epigenome 

editing 

A piggyBac transposition compatible vector ( 51 ) was mod-
ified by removing the sequences between the inverted ter-
minal repeats by restriction digest, and incorporating a Hy-
gromycin B resistance gene and U6-TRACR sequence by Gib-
son assembly. For Nrp2 , a one guide RNA sequence was in-
serted by digesting the vector with BbsI, and ligating a dou-
ble stranded DNA sequence containing compatible overhangs.
For the other targets, dual-guide constructs were generated by
linearizing the plasmid with BbsI and inserting a PCR product
containing one gRNA sequence, the invariant sgRNA scaffold
sequence, a modified murine U6 promoter and a second gRNA
sequence, using the pLK O .1-blast-U6-sgRNA-BfuA1-stuffer
plasmid as a template for amplification ( 52 ). Guide RNA se-
quences were designed using the CRISPOR online program
(crispor .tefor .net). Non-specific gRNA sequences were used as
controls. Oligo sequences can be found in Supplementary 
Table S1 . 

Generation of transgenic ESCs 

All transgenesis experiments were performed with ESCs cul-
tured in serum-containing media. Briefly, in each transfection
∼5 million cells were transfected with a mix containing 2.5 μg
of each plasmid and plated at different concentrations to al-
low clone selection. We then performed electroporation using
the Amaxa® Nucleofector® II Device from Lonza with the
mouse ESC (A-013) program according to the manufacturer’s
instructions. The transfected cells were cultured for a day in
antibiotic-free media and then were placed under antibiotic
selection. The SunTag / TET epigenome editing construct was
obtained from Addgene (Plasmid #82559). Individual clones
that were Geneticin® (ThermoFisher) resistant were screened
for Cas9 and GFP expression by western blotting. The dual
guide vectors were co-transfected with a plasmid containing
the PiggyBac transposase, and Hygromycin B (ThermoFisher)
resistant cells were pooled. 

Generation of CTCF binding site deletion 

The deletion of the CTCF binding site was generated by trans-
fecting two CRISPR sgRNAs flanking the target sequence
along with Cas9. sgRNAs were designed using the online
CRISPOR online program (crispor .tefor .net) and cloned into
the pX459 plasmid harboring the Cas9 gene. Around 5 mil-
lion WT serum-grown ESCs were transfected with 1 μg of
plasmids using Amaxa 4d Nucleofector (Lonza) and plated at
a low density. Ninety-six individual clones were picked and
screened by PCR for ∼600 bp deletion. Mutated alleles were
confirmed by Sanger sequencing of cloned PCR amplicons.
sgRNA sequences and genotyping primers can be found in
Supplementary Table S1 . 
CUT&RUN 

We performed CUT&RUN according to the original proto- 
col ( 53 ) with the following modifications: 5x10 

5 cells were 
used for each sample, and the primary antibody was incu- 
bated overnight at 4 

◦C on a rotator. After incubation with 

pAG-MNase and performing the MNAse reaction, the sam- 
ples were placed on a magnetic rack and the supernatant con- 
taining the DNA samples was recovered. Following addition 

of 0.1% SDS and 0.17 mg / ml Proteinase K, samples were 
incubated at 50 

◦C for 1 h. Purified DNA was obtained by 
phenol / chloroform extraction and precipitated with 100% 

ethanol by centrifugation. The DNA pellet was washed in 

80% ethanol, spun down and air-dried before being resus- 
pended in 25 μl of 1 mM Tris–HCl pH8.0. We used a primary 
CTCF antibody (Cell D31H2) or IgG control (Sigma Aldrich 

I5006) and no secondary antibody was used for these experi- 
ments. The pAG-MNase plasmid was obtained from Addgene 
(#123461), and the protein was purified by the Curiecoretech 

Recombinant Protein Platform. 
Sequencing library preparation was made using the NEB- 

Next® UltraTM II DNA Library Prep Kit for Illumina 
(NEB) following the procedure described in ‘Library Prep for 
CUT&RUN with NEBNext® UltraTM II DNA Library Prep 

Kit for Illumina® (E7645) V.1’ available in protocols.io. Qual- 
ity control for the finalized libraries was performed using a 
TapeStation 420 system (Agilent). Libraries were sequenced 

by Novogene Co on a NovaSeq using paired-end 150 bp pa- 
rameters, requesting 4 GB of data per sample, or approxi- 
mately 13 million reads. The full list of datasets generated in 

this study are listed in Supplementary Table S2 . 

Hi-ChIP 

Hi-ChIP experiments were performed using the Arima Hi- 
ChIP kit (Arima Genomics) according to the manufacturer’s 
instructions. 15 μg of chromatin were used per sample and 

experiments were performed in duplicates. Briefly, cells were 
cross-linked with 2% formaldehyde for 10 min at room tem- 
perature, lysed and chromatin was digested with two different 
restriction enzymes included in the kit. Overhangs were filled- 
in in the presence of biotinylated nucleotides, followed by lig- 
ation. Ligated DNA was sonicated using the Covaris M220 

to an average fragment size of 500 bp with the following pa- 
rameters (peak incident power: 50; duty factor: 10%; cycles 
per burst: 200; treatment time: 250 s). DNA was then im- 
munoprecipitated overnight using 2.5 μg of H3K27Ac (Active 
Motif 91193) or CTCF antibody (Active Motif 91285). Af- 
ter a double-size selection to retain DNA fragments between 

200 and 600 bp using Ampure XP beads (Beckman Coulter) 
the biotin-ligated DNA was precipitated with streptavidin- 
coupled magnetic beads (included in the kit). 

The Hi-ChIP libraries were prepared on beads using the 
Accel-NGS 2D library Kit (Swift Bioscience) following in- 
structions from the Arima Hi-ChIP kit. Final libraries were 
analyzed using 4200 TapeStation system (Agilent) and se- 
quenced by Novogene Co on a NovaSeq using paired-end 150 

bp parameters. 

ChIP-qPCR 

CTCF ChIP was performed as previously described ( 54 ).
Briefly, 4 μl of CTCF rabbit antibody (AbFlex 91285) or 4 

μl of IgG control rabbit antibody at 1 mg / ml (SigmaAldrich 

I5006) were combined to 50 μl of protein A magnetic beads 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
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Invitrogen 10001D) and added to sonicated chromatin (from
00 to 700 bp, checked on agarose gel) from 7–9 million cells,
 / N in the cold room. Beads were washed twice with TF-WBI

20 mM Tris–HCl / pH 7.4, 150 mM NaCl, 0.1% SDS, 1%
riton X − 100, 2 mM EDTA), twice with TFWBIII (250 mM
iCl, 1% Triton X-100, 0.7% DOC and 10 mM Tris–HCl,
 mM EDTA), and twice with with TET (0.2% Tween-20,
0 mM Tris–HCl / pH 8.0, 1 mM EDTA). Chromatin was
luted and de-crosslinked in 70 μl of elution buffer (0.5%
DS, 300 mM NaCl, 5 mM EDTA, 10 mM Tris–HCl pH 8.0)
ontaining 40 μg of proteinase K in an overnight incubation
t 65 

◦C. Eluted and purified DNA (Qiagen 28204) was di-
ectly used for qPCR. Data was first normalized to input, then
o positive control locus (chr1:63181149–63181244). Primer
equences can be found in Supplementary Table S1 . 

ircular chromosome conformation capture (4C) 

C material was generated as previously described ( 55 ).
aïve ESCs containing the constitutively expressed dCas9-

unTag / TET1construct plus either dual guides targeting a
meC-sensitive CTCF binding site or a scrambled gRNA con-
rol were differentiated to EpiLCs for 4 days. 10–15 mil-
ion EpiLCs were cross-linked, after which MboI (New Eng-
and Biolabs) was used as the primary restriction enzyme and
laIII (New England Biolabs) as the secondary restriction en-

yme. The four viewpoints representing the four CTCF bind-
ng sites were each amplified with specific primers contain-
ng Illumina P5 and P7 sequences, respectively. The P7 primer
ontained a barcode to distinguish between TET1-edited and
crambled control lines. Primer sequences can be found in
upplementary Table S1 . 

All eight 4C libraries were pooled at equimolar concentra-
ions prior to sequencing. 150 bp single-end reads were gener-
ted on a NextSeq 550 (Illumina) at the I2BC Next Generation
equencing Core Facility. 

NA extraction, cDNA synthesis and RT-qPCR 

NA extraction from cell pellets was performed using the
ingFisher Duo Prime Magnetic Particle Processor and the
agMAX mirVana Total RNA kit, according to the manu-

acturer’s instructions. 
First strand cDNA synthesis was performed using the Su-

erScript III Reverse Transcriptase kit (Invitrogen). 500 ng of
otal RNA were used for each reaction, along with 1 μl of 50
g / μl of random primers, 1 μl of 10mM dNTP mix and sterile
 2 O up to 13 μl. The rest of the procedure was performed

ollowing the manufacturer’s instruction. 
For each RT-qPCR reaction, 1 μl of cDNA was mixed with

 μl of LightCycler 480 SYBR Green I Master and 0.5 μl of
0 μM of each forward and reverse primers as well as sterile
 2 O up to 10 μl. The RT-qPCR was run on a LightCycler 480

I (Roche Applied Science) using 384-well plates. The sam-
les first followed an initial incubation at 95 

◦C for 10 min,
nd then 45 cycles of denaturation at 95 

◦C for 10 s, anneal-
ng at 61 

◦C for 20 s and extension at 72 

◦C for 20 s. Samples
ere amplified in triplicates with appropriate non-template

ontrols. Relative gene expression was calculated using the
 

−�Ct method and normalized to the geometric mean of the
xpression levels of the two housekeeping genes Rrm2 and
plp0. Graphical representation and statistical analysis was
erformed with GraphPad Prism software. Primer sequences
an be found in Supplementary Table S1 . 
Protein extraction and western blot 

For protein extraction, we used a BC250 lysis solution
(25 mM Tris pH 7.9, 0.2 mM EDTA, 20% glycerol, 0.25 M
KCl) supplemented with complete, EDTA-free protease in-
hibitors (Roche). Then, the samples were sonicated with a
Bioruptor sonication device (high, 30 s on, 30 s off, for three
cycles) and the protein concentrations were quantified using
Pierce BCA Protein Assay Kit (ThermoFisher) on an Infinite
M200 (Tecan) machine. Western blot imaging was performed
using the ChemiDoc MP (Biorad). The following antibodies
and dilutions were used: Lamin-B1 (abcam ab16048) 1:2000
and H3K27me3 (Cell Signaling C36B11) 1:5000. 

Pyrosequencing 

Genomic DNA was isolated from cells using the NucleoSpin
Tissue kit (Macherey-Nagel). 500 ng–1 μg of genomic DNA
was bisulfite converted using the EZ DNA Methylation-Gold
kit (Zymo). Bisulfite-converted DNA was PCR amplified,
and analyzed using the PyroMark Q24 machine and associ-
ated software (Qiagen). Graphical representation and statis-
tical analysis was performed with GraphPad Prism software.
Primer sequences can be found in Supplementary Table S1 . 

LUMA 

Genomic DNA (500 ng) was digested with MspI + EcoRI or
HpaII + EcoRI (New England BioLabs) in parallel duplicate
reactions. HpaII is a methylation-sensitive restriction enzyme,
and MspI is its methylation-insensitive isoschizomer. EcoRI
was included for internal normalization. The extent of the
enzymatic digestions was quantified by pyrosequencing (Py-
roMark Q24), and global CpG methylation levels were then
calculated from the HpaII / MspI normalized peak height ratio.

WGBS analysis 

Adapter and low-quality sequences were removed using
Trimmomatic (v0.39) ( 56 ) and parameters ‘ILLUMI-
NACLIP:adapters.fa:2:30:10 SLIDINGWINDOW:4:20
MINLEN:24’. Read quality was assessed using FastQC be-
fore alignment to the mm10 genome using Bismark (v0.23.1)
( 57 ) and default parameters. Reads with mates that did
not survive read trimming or that could not be aligned in
paired-end mode were concatenated and realigned. PCR
duplicate reads were removed using deduplicate_bismark
and CpG methylation information was extracted using bis-
mark_methylation_extractor. In vivo WGBS was downloaded
from Wang et al. ( 58 ) and processed using the same param-
eters. Parallel coordinate plots were generated in VisRseq
(v0.9.42) ( 59 ). 

CUT&RUN analysis 

PE 150 reads were trimmed to 36 using Trimmomatic
and parameter ‘CROP:36’. PCR duplicate reads were
removed using Clumpify (v38.18) ( 60 ) and parameters
‘dedupe = t k = 19 passes = 6 subs = $substitution_filter’,
where substitution_filter is calculated by multiplying the
rate of Illumina sequencing error (1%) with read length.
Subsequently, adapter-derived and low-quality nucleotides
were removed as described above for WGBS. Read qual-
ity was assessed using FastQC before alignment to the
mm10 genome using bowtie2 (v2.4.5) ( 61 ) and parameters
‘–local –very-sensitive –no-mixed –dovetail –no-discordant

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
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–phred33 -I 10 -X 700’. Bigwig files were generated us-
ing Deeptools (v3.5.1) ( 62 ) bamCoverage and param-
eter ‘–normalizeUsing CPM –blackListFileName black-
listed_regions.fa –ignoreForNormalization chrX chrM chrY
–binSize 1’, removing blacklisted regions defined by the
Kundaje lab. Aligned reads were used to call peaks using
SEACR (v1.3) ( 63 ) and parameters ‘0.01 non stringent’.
Peak calls were subsequently filtered for the presence of a
CTCF motif using FIMO (v5.5.0) ( 64 ), the canonical CTCF
motif MA0139.1 from the 2022 JASPAR database ( 65 ) by
applying a P -value cutoff of 1e-3.25, as previously described
( 66 ). Peaks from all samples were merged using Bedtools
(v2.30.0) ( 67 ) and default parameters, resulting in 74319
peaks, which were subsequently used to generate correlo-
grams and PCA plots. Enrichment of CTCF binding was
calculated over peaks using VisRseq and RPKM values were
used to calculate Spearman correlations using Morpheus
( https:// software.broadinstitute.org/ morpheus ). To compare
WT and TKO EpiLC CTCF profiles, ESC-specific peaks were
removed by filtering on enrichment (RPKM > 1 in any EpiLC
dataset) as well as no excess enrichment (RPKM < 5) in
control IgG samples, resulting in 66 905 peaks. Genomic
distribution of peaks was assessed using ChIPseeker ( 68 ).
Venn diagrams were generated using pybedtools and mat-
plotlib. PCA plots were generated using the from sklearn
PCA package ( 69 ) and matplotlib. Average 5meC levels over
CTCF peaks were calculated using Bedops (v2.4.40) ( 70 ).
Differential CTCF enrichment over peaks was calculated
using Limma (v3.54.1) ( 71 ) and default parameters. Scat-
terplots and violin plots were generated using VisRseq and
matplotlib. 

HiChIP analysis 

HiChIP libraries were sequenced at shallow depth (3–4 mil-
lion paired-end reads) and the ARIMA MAPS pipeline (v2.0)
( 72 ) was used to calculate target sequencing depth. Following
deep sequencing, the HiC-Pro pipeline (v3.1.0) ( 73 ) was used
to digest the mm10 genome ( ∧ GATC G 

∧ ANTC), align reads
and generate contact map matrices. Single-end alignment bam
files were used for peak calling using macs2 (v2.2.7.1) ( 74 )
and generating bigwigs using bamCoverage (as described
above). Adjacent H3K27ac peaks (within 5 kb) were merged
using bedtools merge. Chromosome 11 consistently showed
more reads in TKO cells and was ignored in subsequent anal-
yses. Correlation between samples was assessed using HiCex-
plorer hicCorrelate over 5kb matrices. Replicates were merged
and PCA plots were generated using fanc (v0.9.25) ( 75 )
over chromosome 19 using parameters ‘-Z -s 100000’. A / B
compartments were calculated using HiCexplorer hicPCA
over 25kb matrices. CTCF enrichment over previously de-
fined autosomal TADs (Bonev 2017) was caulculated using
VisRseq. Differential 3D contacts were called using two dif-
ferent pipelines, both of which input individual replicates and
consider variation between samples. Firstly, hichipper (v0.7.7)
( 76 ) and parameters ‘-mu -pp 1000’ was used to normalise
HiChIP signals and call significant loops (FDR < 0.05) and
differential loops (between WT and TKO cells) were calcu-
lated using diffloop ( 77 ) and quickAssoc normalization. big-
Interact tracks of differential looping were colour coded based
on statistical significance (FDR < 0.05). This identified peak-
to-peak 3D interactions. Secondly, to expand the analysis to
peak-to-other 3D interactions, we employed fithichip ( 78 ) on
individual and merged replicates to call significant interac- 
tions (5kb bin size, max size 2 Mb, min size 10 kb, FDR 0.05) 
and the fithichip DiffAnalysisHiChIP.r script was used for dif- 
ferential loop analysis (FDR 0.05, FC > 1.5). Virtual 4C plots 
were generated in HiCexplorer (v3.7.2) ( 79–81 ) using a com- 
bination of chichViewpoint (–averageContactBin 4 –range 
500000 500000), chicSignificantInteractions (–pValue 0.2 –
xFoldBackground 2), chicAggregateStatistic (default param- 
eters), chicDifferentialTest (–alpha 0.25 –statisticTest chi2) 
and chicPlotViewpoint (–pValueSignificanceLevels 0.1). Since 
the viewpoint of virtual 4C plots is collapsed, careful man- 
ual alignment with genome browser tracks and HiC matrices 
was performed. hicCompareMatrices and hicPlotMatrix were 
used to generate heatmaps. UCSC genome browser track hubs 
( 82 ) were also generated for visualization. 

RNAseq analysis 

PCR duplicate reads, as well as adapter and low quality se- 
quences, were removed as described above. Trimmed reads 
were aligned to the mm10 genome using STAR (v2.7.9a) ( 83 ) 
and default parameters. Gene expression levels were quanti- 
fied over Refseq genes using VisR and uniquely aligned reads 
(MAPQ = 255). Differential expression analysis was con- 
ducted using Limma and default parameters. Bigwigs were 
generated as described above with the additional parameters 
‘–minMappingQuality 255’. Bar charts were generated using 
matplotlib ( 84 ). 

4C analysis 

4C libraries were processed using the c4ctus pipeline ( 55 ) 
using default parameters. Viewpoint coordinates used: 
Zdbf2 chr1:63252740–63253821, Nrp2 chr1:62735878–
62736791, Csf1 chr3:107728368–107729020, Mob3b 

chr4:35108947–35109851. Regions to exclude: Zdbf2 

chr1:63250689–63255821, Nrp2 chr1:62733878–
62738863, Csf1 chr3:107726363–107731020, Mob3b 

chr4:35106947–35112312. The region over which to nor- 
malise 4C signals (viewpoint ± 2 TADs) used: Zdbf2 

60980000–65189138, Nrp2 60319873–65189138, Csf1 

107090000–109510000, Mob3b 32580000–40090000. The 
delta between 4C signals in cells expressing target sgRNAs 
versus scrambled sgRNA was calculated using bigWigCom- 
pare (v3.5.1). 

Results 

DNA methylation impacts CTCF binding at a 

minority of sites 

In naïve mouse ESCs, the de novo and maintenance DNA 

methylation is impaired, while active DNA demethylation 

is stimulated, leading to extremely low 5meC levels: < 10% 

of all CpGs are methylated, mainly localized to transpos- 
able elements ( 85–89 ) (Figure 1 A, B). To achieve this state,
we cultured ESCs in serum-free media, supplemented with 

MEK and GSK3 β inhibitors plus vitamin C (2i + vitC) ( 39 ).
Given the global DNA hypomethylation, perhaps unsurpris- 
ingly the transcriptional landscape of WT naïve ESCs is highly 
similar to that of TKO ESCs cultured in the same con- 
ditions ( 44 ). We went on to profile the CTCF binding in 

both WT and TKO ESCs by Cleavage Under Targets and 

Release Using Nuclease (CUT&RUN) ( 53 ). Consistent with 

the DNA methylation and transcriptomic data, the CTCF 

https://software.broadinstitute.org/morpheus
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binding patterns are coherent between WT and mutant con-
ditions ( Supplementary Figure S1 A, B). 

Next we differentiated WT and TKO ESCs to EpiLCs.
Within four days, the WT genome is highly methylated
( ∼80% methylated CpGs), whereas the TKO EpiLC genome
remains completely unmethylated ( 43 ) (Figure 1 A, B). Never-
theless, even in the absence of DNA methylation, we and oth-
ers have previously demonstrated TKO can not only exit naïve
pluripotency, but can do so with similar differentiation kinet-
ics as WT ( 29 , 42 , 44 ). We reasoned then that EpiLC differen-
tiation would provide a dynamic system in which we could
directly compare cell type-specific versus DNA methylation-
mediated CTCF regulation. Therefore, as with ESCs, we per-
formed CTCF CUT&RUN in WT and mutant day 4 (D4)
of differentiation EpiLCs. The CTCF binding landscape in
WT and TKO EpiLCs globally resembled each other more
than the TKO EpiLCs resembled naïve ESCs (Figure 1 C;
Supplementary Figure S1 A). This suggests that the cell type
plays a more important role in determining CTCF occupancy
than DNA methylation, per se . Although it is worth not-
ing that there are more differences between WT and TKO
EpiLCs than there are between WT and TKO ESCs (Figure
1 C; Supplementary Figure S1 A, B). These results are in line
with a study performed in parallel with ours that used a sim-
ilar experimental strategy ( 90 ). 

Nevertheless, we were able to determine a substantial num-
ber of CTCF peaks that were enriched specifically in TKO
EpiLCs: 748 out of 66 905 total peaks (fold-change ≥ 2, ad-
justed P < 0.05) (Figure 1 D, E). A number of data points in-
dicate that DNA methylation is antagonizing CTCF binding
at these elements. Firstly, TKO-specific peaks were depleted
at promoter regions, which are generally DNA methylation-
free ( Supplementary Figure S1 C). As expected, CpG island
promoters—which are defined by their high CpG content,
and are typically unmethylated—exhibited an exceedingly
small number of TKO-specific CTCF peaks ( Supplementary 
Figure S1 D). Secondly, using whole genome bisulfite (WGBS)
data ( 45 ), we could observe that the vast majority of TKO-
enriched sites gain DNA methylation in WT (Figure 1 F;
Supplementary Figure S1 E). This stood in contrast with all
other peaks, which exhibited much less bias for DNA methy-
lation gain, and harbored a substantial number of sites that
remained unmethylated. Thirdly, we examined in detail the
DNA methylation state of CpGs within the CTCF binding
motif at the TKO-specific sites. The CTCF core binding motif
may contain a number of CpG sites that have been demon-
strated to impact CTCF-DNA interactions when methylated,
with position five (CpG5) in the JASPAR motif (Figure 1 G)
exhibiting the most substantial effect in biochemical studies
( 25 , 28 , 91 ). Of the 748 TKO-enriched sites, we were able to
determine 322 wherein we could discern a CTCF motif with
DNA methylation information at least at one pertinent CpG
( Supplementary Figure S1 C). This may indicate that DNA
methylation in the local chromatin environment, perhaps via
interaction with methyl-sensitive DNA binding proteins, may
play an important role in shaping the CTCF binding landscape
( 92 ). For ensuing analyses, we focused on CTCF binding sites
containing CpGs. Consistent with the overall DNA methyla-
tion pattern (Figure 1 F), two CpG dinucleotides within the
CTCF recognition site (CpG5 and CpG15) showed an enrich-
ment of DNA methylation compared to all other peaks (Fig-
ure 1 G). While the overall percentage of TKO-specific peaks
is only ∼1% of the total number of binding sites, there still
remains a fairly considerable number of sites where DNA 

methylation can influence not only CTCF binding, but poten- 
tially cis regulatory gene control. 

3D genome architecture is globally preserved in 

DNA methylation-deficient pluripotent cells 

HiChIP is a variation of Hi-C in which cross-linked chromatin 

is immunoprecipitated for a chromatin-associated factor or 
modification prior to sequencing ( 49 ). We performed HiChIP 

of CTCF in WT and TKO ESCs and EpiLCs in order to en- 
rich for CTCF-anchored contacts (see Supplementary Table S2 

for the full list of datasets generated). The HiChIP data is 
versatile in that both CTCF occupancy, as well as genomic 
contact information data is generated. Consistent with the 
CTCF CUT&RUN profiles, the HiChIP datasets are grouped 

more closely by cell type as opposed to genotype (Figure 2 A,
Supplementary Figure S2 A). Moreover, the data indicated that 
CTCF enrichment over TADs and A / B compartment organi- 
zation was largely unperturbed in the absence of DNA methy- 
lation ( Supplementary Figure S2 B–D). From merging the data 
by cell type, we were able to determine 117294 total CTCF 

peaks in ESCs compared with 121430 in EpiLCs, thus a very 
modest 3.5% increase. We next analyzed the number of signif- 
icant contacts from the HiChIP data, focusing on those con- 
tacts that link CTCF-bound sites together. Using stringent pa- 
rameters, we performed differential analyses and uncovered 

876 ESC-specific and 1523 EpiLC-specific loops that met our 
significance thresholds (FDR ≤ 0.05, log 2 FC ≥ 2) (Figure 2 B).
It is worth noting that previous studies have also reported an 

increase in CTCF-CTCF contacts during ESC differentiation,
which may signify cell type-specific gene regulatory programs 
becoming cemented ( 7 ). 

Given the absence of an effect on large chromatin struc- 
tures, we reasoned that differential CTCF binding may rather 
impact relatively shorter cis regulatory contacts ( 93 ). Thus,
we performed H3K27ac HiChIP in WT and TKO ESCs and 

EpiLCs in order to establish the ‘enhancer connectome’ in 

each of these conditions ( 94 ). Keeping in line with the CTCF 

and transcriptome data, the H3K27ac landscape clusters by 
cell type much more strongly than by genotype (Figure 2 C,
Supplementary Figure S2 E). We were able to identify 3802 

ESC-specific H3K27ac contacts, and 1864 in EpiLCs (Fig- 
ure 2 D). This can be readily observed at marker genes for 
ESCs and EpiLCs, respectively, which exhibited dramatic 
changes in their H3K27ac-enriched enhancer-promoter con- 
tacts independently of the DNA methylation state (Figure 2 E,
Supplementary Figure S3 ). The global preservation of chro- 
matin architecture in TKO EpiLCs strongly bolsters our pre- 
vious findings that DNA methylation is dispensable for exiting 
naïve pluripotency ( 44 ). However, we were curious to pursue 
whether we could discover a class of genes that are sensitive 
to CTCF binding in the 5meC mutant, even if the impact on 

the overall EpiLC state may be more nuanced. 
In line with the fact that ESCs exhibit low / absent levels 

of 5meC, we only observed two differential loops between 

WT and TK O . More saliently, CTCF-anchored loops enriched 

in TKO EpiLCs relative to WT—where 5meC levels are very 
high—may indicate DNA methylation sensitivity. Using the 
same analysis, we uncovered 43 differential loops in the DNA 

methylation mutant, using highly stringent thresholding pa- 
rameters (Figure 3 A). Notably, only two loops were enriched 

in the WT EpiLCs. Analyzing a larger region around each 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
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nchor ( ±1750 bp) identifies an additional 96 TKO-specific
TCF loops, and 17 in WT. Thus, by combining both analy-

es, we defined a final list of 124 differential CTCF contacts,
ith a noticeable enrichment of contacts in TKO EpiLCs.

t is worth noting that most TKO-specific CTCF binding
ites could not be associated with TKO-specific loop events,
ut this appears primarily due to insufficient read coverage
t these sites, therefore they remained below our statistical
hresholds. Consistently, CTCF peaks from the TKO EpiLC
iChIP data were predominantly DNA methylated in WT

 Supplementary Figure S4 A, B). It is also worth emphasizing
hat CpG at position 5 was more enriched than other CpGs
n the CTCF binding motif in the TKO EpiLC HiChIP data,
suggesting that this is the most deterministic base for 5meC-
mediated antagonism ( Supplementary Figure S4 C). 

TKO EpiLC-specific CTCF loops are correlated with 

gene misregulation at discrete loci 

CTCF-mediated chromosome folding can ensure enhancer-
promoter contacts allowing for proper gene expression, and
at the same time insulate promoters from aberrant enhancer
interactions ( 95 ) (Figure 3 B). Therefore, we set out to deter-
mine if the de novo DNA methylation program can exert an
effect on CTCF-dependent gene control. We first defined all
interactions: CTCF-CTCF, CTCF-Other, H3K27ac-H3K27ac

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
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and H3K27ac-Other ( Supplementary Figure S5 A, B); we
found that the majority of interactions were CTCF-CTCF
and H3K27ac-H3K27ac, respectively. We next intersected the
CTCF and H3K27ac data sets, and found that H3K27ac was
enriched at either anchor of roughly half CTCF-CTCF inter-
actions ( Supplementary Figure S5 C). However, we did not ob-
serve a notable difference in H3K27ac enrichment at either an-
chor of TKO-specific CTCF loops ( Supplementary Figure S5 D,
E). Moreover, we did not interrogate loci where we observed
differential H3K27ac-looping with no clear 5meC-CTCF dy- 
namics ( Supplementary Figure S6 A). Our strategy was to sys- 
tematically assess the 124 differential CTCF-CTCF loops that 
were enriched in TKO EpiLCs, and determine if H3K27ac 
contacts and gene expression were impacted. While we iden- 
tified many genes overlapping differential CTCF loops that 
did not change in expression ( Supplementary Figure S6 B),
we identified 76 genes that indicate that DNA methylation 

could influence gene expression via CTCF antagonism based 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
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n their proximity to ectopic CTCF contacts. Finally, at a sub-
et of loci on this list, we observed 5meC-sensitive CTCF-
TCF loops, but we did not see any obvious changes in the
nderlying H3K27ac ( Supplementary Figure S6 C). 
From the remaining loci, we culled our list to four com-

elling candidates for further analysis: Csf1 , Mob3b, Nrp2
nd Zdbf2 . The Csf1, Mob3b and Nrp2 genes either con-
ain or are adjacent to CTCF binding sites containing a
pG at position 5, and CTCF was enriched at these sites

n TKO EpiLCs but not WT ( Supplementary Figures S7 –
9 ). Importantly, in all cases the TKO EpiLC-specific bind-
ng was associated with the formation of differential loop(s)
FDR < 0.05, fold-change ≥ 2). Finally, these three genes were
pregulated in TKO EpiLCs ( Supplementary Figure S10 A).
t least in the case of Csf1 and Mob3b , virtual 4C sug-
ested that the TKO EpiLC-specific loop was also associ-
ted with increased interactions between H3K27ac-enriched
egions ( Supplementary Figures S7 and S8 ). In other words,
he differential CTCF–CTCF looping could be facilitating
nhancer-promoter contacts, leading to upregulation (Figure
 B, Supplementary Figures S7 B and S8 B). 
Finally, from our analyses, the most significant differential

TCF loop that was enriched in TKO EpiLCs was found at
he imprinted Zdbf2 locus. As opposed to the previous exam-
les, the presence of the differential loop was correlated with
ecreased Zdbf2 expression (Figure 3 C). While we uncovered
his loop through an agnostic approach, incidentally this is
 locus that we have previously characterized. In our culture
ystem, the Zdbf2 maternal imprint is lost, and both alleles
ehave like the active paternal allele, thus mitigating the po-
ential for confounding analysis ( 42 ). During ESC to EpiLC
ifferentiation, DNA methylation upstream of the Zdbf2 pro-
oter is required to antagonize polycomb repressive complex
 (PRC2)-mediated silencing in order to allow proper gene
ctivation ( 42 ,96 ). We also showed that four enhancers up-
tream of the Zdbf2 promoter are crucial for its activity ( 43 ).
he physiological consequences of embryonic Zdbf2 regula-

ion are life-long: in mouse embryos where DNA methylation
s not deposited upstream of the Zdbf2 promoter, the gene re-
ains constitutively polycomb-repressed, leading to decreased

ppetite, smaller size, and lower survivability in affected pups
ith respect to their WT littermates ( 42 ,97 ). As such, Zdbf2
as emerged as a valuable locus to study the long-lasting ef-
ects of epigenetic reprogramming. 

The differential loop at the Zdbf2 locus is anchored in a
TCF binding site that sits between the Zdbf2 promoter and

he aforementioned four enhancers. In WT EpiLCs, CTCF
inding was depleted, which was correlated with a gain of
meC at position 5 in its binding site (Figure 3 D). In TKO
piLCs, where CTCF binding was maintained, our H3K27ac
iChIP data revealed less interactions between the Zdbf2 pro-
oter with upstream enhancers in the TKO EpiLCs compared
ith WT (Figure 3 D). Thus, we reasoned that in ESCs, the
TCF binding could help insulate Zdbf2 from precocious ac-

ivation; this insulation is maintained in the DNA methyla-
ion mutant, helping to explain the persistent repression when
he CTCF site is not methylated (Figure 3 B). Consistent with
his interpretation, the Zdbf2 promoter exhibits substantially
ncreased interactions with the upstream enhancers at later
ime points in differentiation when the gene is more highly
xpressed compared with the hypomethylated naïve ESC state
 43 ). 
 

Epigenome editing confirms DNA 

methylation-CTCF antagonism 

While globally the WT and TKO EpiLCs are transcription-
ally similar, there are a substantial number of misregulated
genes in the DNA methylation mutant ( 44 ). Thus, it is pos-
sible that the gene misregulation we have described may be
indirect of CTCF-mediated action. To formally demonstrate
that DNA methylation , per se , affects CTCF binding and
downstream regulatory defects, we performed locus-specific
DNA demethylation using the CRISPR / Cas9 SunTag sys-
tem. Briefly, catalytically inactive Cas9 (dCas9) fused to five
GCN4 epitopes (SunTag) recruits the TET1 catalytic domain
fused to GFP and a single chain variable fragment (scFv)
that recognizes the SunTag ( 98 ). We took advantage of a
piggyBac transgenesis-compatible plasmid where all compo-
nents are expressed as a single transcript driven by a consti-
tutive promoter, and the translated peptide contains the P2A
self-cleavable peptide sequence between the dCas9-SunTag
and GFP-scFv-TET1 ( Supplementary Figure S10 B) ( 45 ,99 ).
After selecting for GFP positive cells, we used piggyBac-
mediated transgenesis to stably integrate single guide RNAs
(sgRNAs) that target the epigenome editing machinery to
the respective CTCF binding sites. Following selection of
sgRNA integration, we differentiated the dCas9-SunTag / TET
and control lines to EpiLCs for four days. In all cases,
we would expect that persistent DNA demethylation would
lead to increased CTCF binding. However, depending on the
mode of regulation, we would expect either increased expres-
sion (eg, Csf1 , Mob3b and Nrp2 ) or repression (eg, Zdbf2 )
(Figure 4 A). 

Indeed, we observed robust targeted DNA demethylation
for each candidate locus compared to control (Figure 4 B,
Supplementary Figure S10 C). Validating our prediction, re-
duced 5meC was associated with increased CTCF binding in
every case (Figure 4 C, Supplementary Figure S11 A, B). We
next assessed if local gene expression was altered when CTCF
binding was increased. In the case of Csf1 , Mob3b and Nrp2 ,
we did not observe changes in expression that were consistent
with our model ( Supplementary Figure S11 C). 

To assess the impact of TET1-editing on 3D genome organi-
zation as well as to gain insight into the the transcriptional reg-
ulation of the the three aforementioned genes, we performed
high-resolution circular chromosome conformation capture
followed by sequencing (4C-seq) ( 100 ,101 ), using the 5meC-
sensitive CTCF binding sites as viewpoints. At Csf1 , we did
not observe enrichment of the TKO-specific contact present
in the CTCF HiChIP data ( Supplementary Figure S12 A). This
may be due to relatively minor enrichment of CTCF in the
TET1-edited line ( Supplementary Figure S11 A), or an arti-
fact caused by dCas9 binding to chromatin; in any event,
this could help explain the absence of an expression change.
Conversely, at both Mob3b and Nrp2 we indeed observed in-
creased contacts at the TKO-specific CTCF anchor sites when
5meC was reduced—hence, they are bona fide 5meC-sensitive
loops ( Supplementary Figure S12 B, C). Interestingly, we ob-
served reduced expression at Mob3b , contrary to our expecta-
tions ( Supplementary Figure S11 C). Further experiments will
need to be performed to determine if this loop structure in
fact dampens Mob3b transcriptional activity or if it simply
is transcriptional interference by the dCas9-SunTag complex
bound in the body of the Mob3b gene ( 102 ). Finally, while the
TKO-specific CTCF binding and looping dynamics are clearly

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data


10944 Nucleic Acids Research , 2024, Vol. 52, No. 18 

A B C D

E

1 2 3 4
0

20

40

60

80

100

CpG position

%
 C

pG
 m

et
hy

la
tio

n
0.0

0.1

0.2

0.3

Re
la

tiv
e 

en
ric

hm
en

t n
or

m
al

ize
d

to
  p

os
itiv

e 
co

nt
ro

l lo
cu

s

Control (Nrp2 sgRNA 1)
Zbdf2 sgRNA 1/2

DNA methylation CTCF enrichment
(Zdbf2 locus)

TET1
TET1

TET1

Non-target gRNA
control

CTCF

5meC loss?
CTCF binding?

Gene expression?

dCas9

Epigenome editing

**** ********
**

*

Re
la

tiv
e

ex
pr

es
sio

n

Zdbf2 expression

D2 D4 D7
0

10

20

30

40

**

D0
(ESC)

10 kb

13476

13476

2990

-1026

CpG5

V
I
E
W
P
O
I
N
T

Zdbf2 sgRNA

Δ (Zdbf2 - non-targ.)

Non-target sgRNA

C
T

C
F

 4
C

<Gpr1 Zdbf2>

EpiLC profiling

3D CTCF interactions
(TKO, shared)

EpiLCs

ESCs

Figure 4. Precision cytosine demethylation at the Zdbf2 locus results in increased CTCF binding and failure to completely activate gene expression. ( A ) 
Schema depicting the site-directed 5meC erasure strategy. A catalytically inactive Cas9 (dCas9, gray rectangle) fused to a SunTag (five gray circles) is 
recruited to target chromatin by one or several gRNAs and in turn recruits the catalytic domain of TET1 (purple) via scFv interactions with the SunTag. 
Cells are differentiated for 4 days (left) and assessed for 5meC levels, CTCF binding, nearby gene expression and 3D conformation compared to control 
cells expressing non-target gRNA (right). ( B ) Bisulphite-pyrosequencing results of cells expressing non-target sgRNA (black) and cells expressing 
sgRNAs (purple) targeted to the Zdbf2 CTCF binding site. The position of each CpG within the amplicon is indicated, and the CpG corresponding to 
CpG5 in the canonical CTCF binding motif is highlighted by the red box. Data are shown as mean ± standard error for three replicates. ( C ) ChIP-qPCR 

results of the same cells as in B. Data are shown as mean ± standard error for three replicates represented by unfilled circles. ( D ) RT-qPCR results of the 
same cells as in B o v er a time course of 7 da y s of EpiLC differentiation. Expression of each replicate was normalized to two housekeeping genes ( Rrm2 
& Rplp0 ), and then to WT ESCs. Data are shown as mean ± standard error for three replicates. ( E ) UCSC genome browser screenshot of the Zdbf2 
locus showing 4C-seq results of the same cells as in B. The TKO-specific CTCF HiChIP loop (orange) is included for reference. Grey loops represent 
significant interactions shared between WT and TKO EpiLCs. The TKO-specific CTCF binding site was used as a viewpoint. Note that genomic contacts 
generally increase on the left side of the plot in the TET1-edited condition, when CTCF binding at the viewpoint is enriched. P -values were calculated by 
t wo-t ailed paired t-test assuming unequal variance: * P < 0.05, ** P < 0.01, ** P < 0.001, **** P < 0.0 0 01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/52/18/10934/7740592 by guest on 06 N

ovem
ber 2024
recreated at the TET1-edited Nrp2 locus, there is no clear reg-
ulatory impact ( Supplementary Figure S11 C). 

However, fitting with our model, the enriched CTCF at the
epigenome-edited Zdbf2 locus led to a significant decrease in
Zdbf2 expression (Figure 4 C, D). Consistently, 4C-seq data in-
dicated the presence of the TKO-specific loop structure when
TET1 was targeted to the CTCF-binding site (Figure 4 E). We
went on to characterize the CTCF-mediated control of this
locus in more depth. 

CTCF and Polycomb both coordinate repression of 
Zdbf2 in the h ypometh ylated state 

We were intrigued by our dCas9-SunTag / TET1 editing re-
sults at Zdbf2 , and were motivated to perform further ge-
netic tests to substantiate our model of CTCF insulating the
four enhancers from contacting the Zdbf2 promoter (Fig-
ure 5 A, B). To do this, we generated a homozygous dele-
tion mutant of the CTCF binding site in WT ESCs (Fig-
ure 5 A, Supplementary Figure S13 A). In ESCs lacking the
CTCF binding site, indeed we observed a minor increase 
in Zdbf2 expression (Figure 5 C). As mentioned, Zdbf2 is 
polycomb repressed in ESCs (Figure 5 A, B), and we pre- 
viously demonstrated that addition of a PRC2 inhibitor to 

ESC culture media leads to mild de-repression ( 43 ). We 
performed the same experiment here, and recapitulated the 
mild effect observed in the WT background (Figure 5 C,
Supplementary Figure S13 B). Strikingly, we observed a sub- 
stantial upregulation ( ∼17 fold) when we added the PRC2 

inhibitor to cells lacking the CTCF binding site (Figure 5 C).
These data strongly suggest that polycomb and CTCF syn- 
ergistically cooperate to maintain Zdbf2 repression in the 
hypomethylated state—H3K27me3 is enriched TKO EpiLCs 
as well ( 42 ,45 )—and the de novo DNA methylation pro- 
gram is required to release both of these means of control 
(Figure 5 A-C). Finally, consistent with our prediction, in 

EpiLCs when the DNA methylation levels are high and CTCF 

is no longer bound, the deletion of the CTCF binding site did 

not lead to an effect on Zdbf2 expression ( Supplementary 
Figure S13 C). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae724#supplementary-data
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iscussion 

he CTCF binding landscape varies substantially between cell
ypes, most likely related to its role in orchestrating the cis -
egulatory interactions that help define cell identity. As 5meC
ntagonizes CTCF in certain contexts, we utilized an ESC to
piLC differentiation system as this particular trajectory is
ssociated with a dramatic increase in global DNA methyla-
ion levels. Given the dramatic genome-wide gain of 5meC,
ne could conclude that only 1% of CTCF binding sites im-
acted represents a minor effect. On the other hand, 1% com-
rises hundreds of sites, and impaired CTCF binding could
irectly influence the expression of hundreds or thousands of
enes. This upper limit would constitute a substantial effect
n genome regulation. Indeed, at day four of EpiLC differen-
iation, 1459 genes were misregulated in TKO cells (FC ≥ 2,
djusted P ≤ 0.05). However our analyses would suggest that
 small fraction of the total number of misregulated genes was
ikely due to direct CTCF-mediated control; it should be em-
hasized that expression of a greater subset of genes could be

mpacted via downstream effects, and there were more subtle
hanges in looping and / or expression that did not meet our
hresholds. 

Nevertheless, we went on to examine four loci due to the
ikely effect that 5meC had on CTCF binding and looping. We
id not discover a clear biological process linking these four
genes. Csf1 encodes a macrophage-stimulating factor that is
widely expressed across mouse tissues, and is important for
maintenance of tissue-specific macrophage populations ( 103 ).
Mob3b is part of the highly conserved monopolar spindle-
one-binder (MOB) gene family, and while the protein prod-
ucts have no known enzymatic function, they are thought to
be scaffold proteins, and are linked with a number of hu-
man diseases ( 104 ). Nrp2 codes for a transmembrane protein
that contributes to a number of signaling pathways that con-
tribute to the cytoskeleton, angiogenesis, and cancer progres-
sion ( 105 ). Conversely, we have extensively described Zdbf2 .
Interestingly, although it is expressed during early embryonic
stages, Zdbf2 mutants exhibit no obvious phenotypes either in
ESCs nor in the in vivo embryo; rather, Zdbf2 expression ap-
pears important in the postnatal hypothalamus ( 42 ,97 ). Thus,
it is possible that while the genes we described in this study
were protected from ectopic CTCF-mediated gene control in
WT EpiLCs (and potentially the in vivo epiblast) via 5meC
deposition, we uncovered regulatory mechanisms that are bi-
ologically relevant in other cell types at later developmental
stages. One could imagine that toggling the DNA methyla-
tion at the CTCF binding sites—via natural TET-mediated
demethylation, for example ( 92 ), akin to what we did with
our artificial dCas9 system—could tune the expression of the
linked genes to ensure proper cellular function. 
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Related to this point, a substantial number of potentially
DNA methylation sensitive binding sites could be masked
due to the fact that even in WT EpiLCS, when global 5meC
levels were elevated, the CTCF-bound region remained hy-
pomethylated (Figure 1 E). CTCF itself may protect from de
novo DNA methylation at a substantial number of its binding
sites ( 22 , 106 , 107 ). Additionally, these elements are likely pro-
tected by TET protein activity ( 92 ) and / or combinatorial tran-
scription factor binding ( 106 , 108 , 109 ). In other words, there
is potential that DNA methylation could be substantially dis-
ruptive to the 3D regulatory structure of the genome absent of
factors that deter DNA methylation machinery. This is hinted
at by the fact that in some cancers, where the DNA methy-
lome is broadly misregulated, there are notable examples of
5meC accumulation leading to CTCF loss resulting in onco-
gene expression ( 32 ,33 ), or repression of a tumor suppressor
( 110 ). A previous study examined CTCF binding in a mouse
ESC line harboring mutations in Tet1 and Tet2 (as opposed
to our study here, the cells were cultured in conditions such
that DNA methylation levels were globally high) ( 92 ). They
observed that increased DNA methylation and loss of CTCF
binding adjacent to promoters led to reduced gene expression;
however, they employed a metastable cellular state and did
not formally assess the impact of differential CTCF binding
on chromatin conformation. Fodder for future studies will be
to remove protection mechanisms, such as TET enzymes or
pertinent transcription factors, in order to observe if ectopic
gain of DNA methylation at discrete sites will have a more
severe impact on CTCF-regulated genes than a complete loss
of 5meC. 

We utilized the EpiLC differentiation technique because
it allowed for us to interrogate a cellular transition in the
complete absence of DNA methylation. In most differenti-
ated cell types DNA methylation is absolutely required, and
acute 5meC loss leads to widespread epigenetic misregula-
tion and cell death ( 111 ). However, EpiLCs are distinguished
from other highly DNA methylated cell types in that they
are still pluripotent, and express many of the same transcrip-
tion factors that are linked with the pluripotency network
( 112 ). It is possible that this property is directly related with
the resilience EpiLCs show in the absence of DNA methy-
lation. In other words, there could be the same mechanisms
in place in EpiLCs that allow DNA hypomethylated naïve
ESCs to proliferate without fatal genomic instability. This
could include ensuring that CTCF-mediated genome architec-
ture largely stays intact independently of the underlying DNA
methylation state. It is possible that in other more differen-
tiated cell types, acute depletion of DNA methylation may
lead to a more drastic effect than we observed in our TKO
EpiLCs. 

How then to bypass the cell death phenotype in DNA
methylation mutants? Many chromatin conformation studies
take advantage of degron technology and assay genome fold-
ing in the window between protein depletion and cell death.
Such techniques have been successfully utilized to understand
the role of CTCF ( 18 ), cohesin ( 113 ,114 ), the Mediator com-
plex ( 115 ), and RNA polymerase II ( 116–118 ). With high res-
olution techniques, such as HiChIP or Micro-C ( 119–121 ),
a degron system can be coupled with an assessment of the
cis -regulatory interactome ( 118 ). Such techniques could be
adapted for DNA methylation degrons (eg, DNMT1) in dif-
ferentiated cell types in order to gauge the impact of 5meC on
the 3D genome. 
Nevertheless, our EpiLC system did reveal a number of 
DNA methylation-sensitive CTCF binding events. The emer- 
gence of epigenome editing has enabled the direct assessment 
of the effect of a chromatin modification at a locus of in- 
terest without generating genetic mutants that exhibit poten- 
tial confounding effects. Not only are these powerful tools 
to modify CTCF binding in cell culture systems, as described 

here and elsewhere ( 98 , 122 , 123 ), but they can also be imple-
mented in vivo ( 123 ). Indeed, a SunTag / TET system highly 
similar to the one we utilized here has been successfully em- 
ployed in mouse embryos to target the H19-Igf2 imprint,
which disrupted CTCF binding and Igf2 expression ( 99 ,124 ).
The prospect of using epigenome editing in the developing em- 
bryo proper to modify chromatin architecture and distill the 
physiological consequences presents a compelling endeavor 
for future studies. 
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