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ABSTRACT

Numerous pieces of evidence support the complex,
3D spatial organization of the genome dictates gene
expression. CTCF is essential to define topologi-
cally associated domain boundaries and to facili-
tate the formation of insulated chromatin loop struc-
tures. To understand CTCF’s direct role in global
transcriptional regulation, we integrated the miniAID-
mClover3 cassette to the endogenous CTCF locus
in a human pediatric B-ALL cell line, SEM, and an
immortal erythroid precursor cell line, HUDEP-2, to
allow for acute depletion of CTCF protein by the
auxin-inducible degron system. In SEM cells, CTCF
loss notably disrupted intra-TAD loops and TAD in-
tegrity in concurrence with a reduction in CTCF-
binding affinity, while showing no perturbation to
nuclear compartment integrity. Strikingly, the over-
all effect of CTCF’s loss on transcription was mini-
mal. Whole transcriptome analysis showed hundreds
of genes differentially expressed in CTCF-depleted
cells, among which MYC and a number of MYC tar-
get genes were specifically downregulated. Mechan-
ically, acute depletion of CTCF disrupted the direct
interaction between the MYC promoter and its distal
enhancer cluster residing ∼1.8 Mb downstream. No-
tably, MYC expression was not profoundly affected
upon CTCF loss in HUDEP-2 cells suggesting that
CTCF could play a B-ALL cell line specific role in
maintaining MYC expression.

INTRODUCTION

CCCTC-binding factor (CTCF) is a transcription factor
with 11 zinc finger domains ubiquitously expressed in cells

of eukaryotes. Initially identified as a transcriptional repres-
sor of chick c-myc (1,2), CTCF has since been shown to
be a multi-functional gene necessary for survival and dif-
ferentiation in mammals. Mouse genetic studies have re-
vealed that Ctcf is required during early embryogenesis,
with homozygous Ctcf knock-out mice survival limited to
5.5 days post coitum (dpc) (3,4). Although heterozygous
Ctcf mice were viable and fertile, they exhibited a notably
increased cancer incidence in aged animals (5). In addition,
conditional knock-out mouse studies using Ctcfflox/flox mice
crossed with various tissue-specific Cre-expressing strains
confirmed the requirement of Ctcf during organ develop-
ment (6–9).

CTCF is an important regulator of the 3D chromatin ar-
chitecture of interphase chromosomes, which guides gene
expression (10–13). However, the complex and dynamic or-
ganization of the genome within the nucleus is not fully un-
derstood. At the broadest level of organization, chromo-
somes are spatially arranged into non-random chromoso-
mal territories generally defined by nuclear localization, and
these territories are organized at the multi-Megabase (Mb)
scale into either open, active A compartments or closed,
inactive B compartments (14–17). Compartment structures
are further organized into various sized topologically asso-
ciated domains (TADs), which provide an insulated neigh-
borhood that maintains transcriptional regulation in vivo
(18). CTCF is well-characterized as a transcription factor
that binds to insulator elements to define TAD boundaries,
and along with cohesin proteins, promote the formation of
CTCF–CTCF insulated chromatin loop structures. These
structures spatially compartmentalize interacting promot-
ers and enhancers into regulatory domains that allow for
dynamic gene transcriptional regulation through proximal
and distal intra-TAD chromatin looping (11,18–20). Intra-
TAD DNA loops between enhancer and promoter regions
have also been shown to be facilitated by CTCF (18,21).
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Significantly, meta-analysis of CTCF-mediated chromatin
loops identified the unique pattern that two CTCF-binding
sites must be oriented in a convergent manner to favor direct
DNA contact and binding by cohesin proteins (21).

Previous attempts to address CTCF’s role in genome
organization and transcriptional regulation in human cell
lines have relied on either targeted disruption of CTCF-
binding sites at specific TAD boundaries (22–24) or global
RNA depletion by siRNA and antisense oligos (25,26),
none of which are reversible. While these studies offered
valuable insights into CTCF’s involvement in TAD bound-
ary insulation and chromatin looping maintenance, the
studies were not sensitive enough to fully deplete CTCF
in an acute manner. In addition, accumulated secondary
transcriptional responses might occur during the long-term
establishment of knockdown cell lines. More recently, the
auxin-induced degron (AID) system was utilized in a mouse
embryonic stem (ES) cell model to integrate a miniAID epi-
tope tag fused to the mClover3 fluorescent reporter gene
to the endogenous Ctcf locus by clustered regularly inter-
spaced short palindromic repeats (CRISPR/Cas9) genome
editing. In the presence of doxycycline and auxin, enforced
expression of OsTIR1 combines with Skp1/Culin/F-box
(SCF) ubiquitin ligase components in the cell to form a
functional SCF/OsTIR1 E3 ubiquitin ligase complex that
rapidly degrades Ctcf protein in minutes, which was re-
versible after doxycycline and auxin were completely re-
moved (27–29). Results from the study showed that loss of
Ctcf did not abrogate genomic organization at the larger,
compartmental scale, but did disrupt TAD insulation and
chromatin looping between boundaries, resulting in a 10-
fold increase in differentially expressed genes over a 4-day
time course. Compared with previous functional studies of
CTCF utilizing mRNA knockdown by shRNA, antisense
oligo or Cre/LoxP induced Ctcf+/− tissues (4,5,30), AID
system allowed for complete depletion of Ctcf in an acute
and reversible manner, and greatly improved the investiga-
tion to identify Ctcf’s direct effect on chromatin organiza-
tion and transcriptional regulation.

In human cells, CTCF’s role in genomic organization and
global transcription regulation is less clearly defined due to
the lack of available tools to efficiently deplete CTCF. Here,
we used an AID system to conditionally deplete CTCF in
a human B-cell lymphoblastic leukemia (B-ALL) cell line,
SEM (31), and an immortal human erythroid precursor cell
line, HUDEP-2 (32). To create the reporter cell lines, we de-
veloped a novel knock-in strategy termed CHASE-knock-
in that combined homology-mediated end joining (HMEJ)-
based (33) donor design with flow cytometry based serial
sorting to improve knock-in efficiency in hard to target hu-
man cell lines. Our data supported the recent reported data
that acute loss of Ctcf does not affect nuclear compart-
mentalization on the multi-Mb scale, but does significantly
disrupt TAD boundary integrity and enhancer–promoter
looping (29,34). Notably, even though chromatin organi-
zation was altered, the impact on global transcription was
minimal suggesting the direct targets of CTCF were limited.
Longer depletion of CTCF may be necessary for chromatin
architectural changes to affect gene regulation of indirect
targets. Here, we present evidence supporting that MYC
was highly susceptible to CTCF depletion, and that the

transcriptional regulation of MYC was mediated through a
long-distance CTCF dependent enhancer–promoter inter-
action.

MATERIALS AND METHODS

Vector construction

The all-in-one CRISPR/Cas9-CTCF-gRNA (V6) con-
struct was derived from a previous study (35). All target-
specific single guide RNAs (gRNAs) were predicted by on-
line software (http://crispr.mit.edu/) (36). Paired oligomers
containing 20 bp of selected target sequence were syn-
thesized from Thermo Fisher Scientific Company and
cloned into the all-in-one vector between BsmBI sites.
All oligo information were listed in Supplementary Ta-
ble S1. Individual bacterial clones were screened and con-
firmed by Sanger sequencing with the U6-Forward sequenc-
ing primer: 5′GGGCAGGAAGAGGGCCTAT3′. A two-
step in-fusion cloning protocol was performed to gener-
ate the CTCF-miniAID-mClover3 donor knock-in vector.
Cloning primers were designed to amplify the 800 bp HA
5′ to the endogenous CTCF gRNA target. Overhangs of
23 bp including the target gRNA and PAM sequences
(5′GCACAAGGCTCCGCCATCACCGG3′) were added
to the 5′ end of the forward primer amplifying the 5′ HA
sequence. The 3′ HA was generated with a similar design
(reverse primer containing 23 bp including the target gRNA
and PAM sequences), but also included an additional over-
hang for in-fusion cloning (Clontech). Both HAs were am-
plified from genomic DNA of SEM cells. The miniAID-
mClover3 DNA fragment was amplified from pMK290 vec-
tor (Plasmid #72828, Addgene) (37). Snapgene software
was used to design all primers used for in-fusion cloning.
The PCR reactions were performed using CloneAmp poly-
merase (Clontech) and the cycling parameters were as fol-
lows for all cloning: 98◦C for 5 min, followed by 40 cy-
cles of 98◦C for 15 s, 55◦C for 20 s and 72◦C for 20 s.
First, the amplified 5′ HA was cloned into pCR-Blunt II-
TOPO vector (Thermo Fisher Scientific). The DNA was
purified from colonies and screened by Sanger sequenc-
ing with the primers M13F and M13R. The pCR-Blunt II-
TOPO-gRNA-PAM-5′HA was then linearized by PacI di-
gestion and ligated with miniAID-mClover3, and the 3′HA-
gRNA-PAM through in-fusion cloning protocol (Clon-
tech). Sanger sequencing was performed to ensure that
the knock-in DNA was seamlessly cloned in-frame with
the CTCF peptide. The doxycycline-regulated OsTIR1 ex-
pression plasmid (pMK243) was purchased from Addgene
(Plasmid #72835, Addgene). The primers and sequences
used for cloning vectors are listed in Supplementary Table
S1.

Cell culture

The human B-ALL cell line SEM (DSMZ) was main-
tained in RPMI-1640 medium (Lonza) containing 10% fe-
tal bovine serum (FBS) (Hyclone), 2 mM glutamine (Sigma)
and 1% penicillin/streptomycin (Thermo Fisher Scientific).
Immortal human erythroid precursor cell line HUDEP-2
was expanded in StemSpan SFEM (Stem Cell Technolo-
gies) supplemented with 1 �M dexamethasone, 1 �g/ml
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doxycycline, 50 ng/ml human SCF, 3 Units/ml EPO and 1%
penicillin/streptomycin. All cells were maintained at 37◦C
in a 5% CO2 atmosphere and 95% humidity. All cells were
tested negative for mycoplasma infection. Cell identity of
SEM was confirmed by short tandem repeat (STR) analy-
sis.

Electroporation

SEM and HUDEP-2 cells were electroporated by using
the Nucleofector-2b device (Lonza) with the V-kit and
program X-001. For CTCF-miniAID-mClover3 knock-in
delivery, 2.5 �g of the donor plasmid and 2.5 �g of
the CRISPR/Cas9-CTCF-gRNA plasmid were used for
5 million SEM cells. For the doxycycline-regulated Os-
TIR1 integration, 2.5 �g of pMK243 and 2.5 �g of the
CRISPR/Cas9-AAVS1-gRNA plasmid were co-delivered
into 5 million SEM cells.

Flow cytometry

To determine the percentage of cells that were mClover3-
positive, suspension cultured SEM cells were collected by
centrifugation at 800 g and filtered through a 70 �m cell
filter before flow cytometry sorting. Fluorescence from
mClover3 was detected by using the same FL1/FITC chan-
nel as GFP. DAPI was added to the cell suspension to ex-
clude dead cells.

Characterization of on-target knock-in events by genomic
PCR and Sanger sequencing

All cells stably integrated with knock-in cassettes were har-
vested for DNA extraction by PureLink Genomic DNA
Mini Kit (Thermo Fisher Scientific) 5 weeks after co-
electroporation with the CTCF-miniAID-mClover3 donor
vector and CRISPR/Cas9-CTCF-gRNA plasmid. Specific
primer sets designed to recognize the 5′ and 3′ knock-in
boundaries were used with the following PCR cycling con-
dition: 98◦C for 5 min, followed by 40 cycles of 98◦C for
15 s, 55◦C for 20 s and 72◦C for 20 s. The bands with
expected size were cut out, purified and ligated to pCR-
Blunt II-TOPO vector for Sanger sequencing by the M13F
and M13R primers. Single cell-derived clones 27, 35 and 42
were genotyped for homozygous insertion of the miniAID-
mClover3 cassette, and clone 36 for heterozygous knock-in.

Immunoblotting

Cells lysate was prepared by using RIPA buffer followed
with SDS-PAGE (Thermo Fisher Scientific) and trans-
ferred to a PVDF membrane according to the manufac-
turer’s protocols (Bio-Rad) at constant 100 V for 1 h. Af-
ter blocking incubation with 5% non-fat milk in TBS-T
(10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween-20) for
1 h at room temperature, the membrane was incubated
with antibodies against GAPDH (Thermo Fisher Scien-
tific, AM4300, 1:10,000), AID (MBL, M3-214-3, 1:2,000),
MYC (Cell Signaling Technology, #9402, 1:1,000), ACTIN
(Sigma, MABT825, 1:5,000) and CTCF (abcam, ab70303,
1:1,000) at 4◦C for 12 h with gentle shaking. Membranes

were washed three times for 30 min and incubated with a
1:2,000 dilution of horseradish peroxidase-conjugated anti-
mouse or anti-rabbit antibodies for 2 h at room temperature.
Blots were washed with TBS-T three times for 30 min and
developed with the ECL system (Amersham Biosciences)
according to the manufacturer’s protocol.

Auxin-induced degradation

Successful knock-in clones were cultured in medium sup-
plemented with doxycycline (1 �g/ml) to induce the ex-
pression of OsTIR1. Three single-cell derived clones were
treated with culture medium supplemented with 500 �M
IAA (natural auxin) (Sigma) for 24 or 48 h to induce degra-
dation of CTCF. ‘Wash’ cells were prepared from treated
cells that were centrifuged and resuspended by PBS three
times followed with an additional culture for 48 h in regular
medium.

RNA-sequencing

Total RNA was extracted by Trizol (Thermo Fisher Sci-
entific, 15596026) from replicate samples of cells treated
with or without IAA for 24 or 48 h. About 200 ng total
RNA were treated using Kapa rRNA depletion reagents
to remove ribosomal RNA, then converted into cDNA li-
braries using Kapa RNA HyperPrep Kit with RiboErase
(HMR). After end repair, dA-tailing and adapter ligation,
each cDNA library was purified and enriched by 11 cycles of
PCR amplification. All RNA-seq libraries underwent 151-
cycle paired-end sequencing on the Illumina NextSeq 500
system. FASTQ data of RNA-Seq were mapped to genome
hg19. RNA-Seq reads from each species were aligned us-
ing Bowtie2 2.3.4 (38). Fragments per kilobase per million
sequenced reads (FPKM) value were obtained using cuf-
flinks v2.2.1 (39). Per-gene read counts were obtained using
HTSeq v. 0.6.1 (40). Differentially expressed genes (DEGs)
were identified using count data generated as described
above and DESeq2 (version 1.14.0) (41). The log2(Fold
change) of all genes from whole transcriptome compari-
son (CTCFAID-IAA versus CTCFAID+IAA) were uploaded for
GSEA analysis (42). FPKM values of all genes were pro-
vided in Supplementary Table S2.

Quantitative real-time PCR

Reverse transcription was performed by using the High-
Capacity cDNA Reverse Transcriptase Kit (Applied
Biosystems, 4374966). Real-time PCR was performed
using FAST SYBR Green Master Mix (Applied Biosys-
tems, 4385612) based on manufacturer’s instructions with
primers to detect CTCF, MYC and GAPDH (Supplemen-
tary Table S1). Relative gene expression was determined by
using the ��CT method (43).

Hi-C and data analysis

In situ Hi-C experiments were carried out as previously
described (18). Briefly, five million CTCFAID SEM cells
(clones 27 and 35) with or without IAA treatment were
crosslinked with 1% formaldehyde for 10 min at room
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temperature, digested with 125 Units of MboI, labeled
by biotinylated nucleotides and ligated for proximity liga-
tion. After de-crosslinking, ligated DNA was purified and
sheared to 300–500 bps. Ligation junctions were then pulled
down with streptavidin beads and prepped as a standard
Illumina library. Each library underwent 75-cycle paired-
end sequencing on Illumina HiSeq 4000 system. About 100
million reads were obtained for each sample. Raw sequence
data were mapped and processed using Juicer v1.5 (44) with
default parameters. The Hi-C data and MboI cut sites were
mapped to hg19. Replicates data were first processed sepa-
rately. After confirmation of good reproducibility by HiC-
Spector (Supplementary Figure S3C) (45), we merged the
replicates and re-processed as combined results. The data
were visualized with the Juicebox (46). Our Hi-C samples’
resolution was between 8 and 20 kb, and the median resolu-
tion of merged samples was ∼18.5 kb. TADs and loops were
called by Arrowhead and HiCCUPS from Juicer pipeline.
We provide their annotated results in Supplementary Table
S3. The Cis Eigenvector values were calculated by eigenvec-
tor function of Juicebox at 250 kb resolution.

Capture-C

Capture-C was performed on two CTCFAID knock-in
clones 27, 35 and the CTCFAID heterozygous knock-in
clone 36 following the protocol described by Davies JO
et al. (47). To quantify interaction frequency between MYC
promoter and distal enhancers, signal value from .bw file
was analyzed by bigWigToBedGraph, then normalized by
probe signal for each experiment (48). Capture-C oligo in-
formation was included in Supplementary Table S1.

Cut&Run assay

Cut&Run assay of CTCF was performed as previously de-
scribed (44). Three million cells were collected for each sam-
ple. Cells were pelleted at 600 g for 3 min at room tem-
perature. Cell pellets were washed twice with 1.5 ml room
temperature wash buffer. Cell pellets were resuspended in 1
ml wash buffer at room temperature. While gently mixing,
100 �l concanavalin beads (BioMagAPlus Concanavalin A,
Polysciences, 86057-3; prewashed and resuspended in 100 �l
binding buffer) were added to the samples, followed with
gentle rotation for 10 min at room temperature. Samples
were placed on a magnetic stand and the supernatant was
removed. Beads were resuspended in 200 �l AB buffer (Dig-
wash buffer with 0.02% digitonin and 0.5 M EDTA) with
1.6 �g CTCF antibody (abcam, ab70303). Samples were ro-
tated at 4◦C for 2 h. Samples were placed on a magnetic
stand and supernatant was removed. Beads were gently re-
suspended in 200 �l Dig-wash buffer with 0.02% digitonin,
and 2 �l PA-MN (homemade reagent kindly provided by
Dr Steven Henikoff) was added to each sample, followed by
rotation at 4◦C for 1 h. Samples were placed on a magnetic
stand and supernatant was removed. Beads were washed
for a total of three times in 1 ml Dig-wash buffer, pipetting
gently. Following the final wash, beads were resuspended in
100 �l Dig-wash buffer by gentle mixing and transferred to

a new tube. On ice, 2 �l 100 mM CaCl2 was added to the
sample with gentle mixing. Afterward, samples were incu-
bated on ice for 30 min. Then 100 �l stop buffer was added
to the samples and samples were incubated for 10 min at
37◦C followed by centrifugation at 4◦C, 12,000 rpm. Sam-
ples were placed on a magnetic stand and the supernatant
containing the Cut&Run fragments was collected. To the
samples, 2 �l 10% SDS and 2.5 �l proteinase K were added
and the samples were incubated at 50◦C overnight. DNA
was extracted by the phenol/chloroform/isopropanol pro-
tocol. Library construction was performed using the NEB-
Next UltraII DNA Library Prep Kit from NEB (E7645S).
Indexed samples were sequenced using the Illumina MiSeq
V3 600-cycle kit (MS-102-3003).

Analysis of Cut&Run data

Paired-end reads were trimmed for NEB index adapter by
cutadapt (version 1.9, paired-end mode, default parameter
with ‘-m 6 -O 20’) and aligned to human genome hg19 by
BWA (version 0.7.12-r1039, default parameter) (49). Dupli-
cated reads were then marked with Picard (version 2.6.0-
SNAPSHOT) and only non-duplicated proper paired reads
were kept by samtools (parameter ‘-q 1 -F 1804’ version 1.2)
(50). To evaluate the Cut&Run assay quality, we first sepa-
rated reads by fragment size <120 bp, or fragment size >150
bp and <2,000 bp and generated bigwig files for visualiza-
tion. We observed a clear pattern that peaks in tracks with
<120 bp were sharper and surrounded by peaks in tracks
with >150 bp on IGV (version 2.4.13), which was consis-
tent to the description from the original Cut&Run protocol
paper (51). We then generated bigwig files using all reads
that fragment size <2,000 bp. Our samples contained 4–11
million uniquely mapped reads that are comparable to pub-
lished data. A R package ChIPseeker (version 1.18.0) was
used for annotating Narrow peaks from MACS2 (52,53).

To check whether our reduced CTCF sites upon CTCF
loss demonstrated bias toward 2XCTSes compared with
CTCF only sites (1XCTSes), we first called peaks individ-
ually from each of the three clones (clones 27, 35 and 42
with or without IAA) by MACS2 (version 2.1.1.20160309,
‘-f BAMPE –extsize 200 –nomodel’) twice using high con-
fidence cutoff FDR correct P-value ≤0.05; or low confi-
dence cutoff FDR correct P-value ≤0.5, respectively. To ob-
tain reproducible peaks, we only kept peaks called at least
once in high confidence cutoff and in either high or low
confidence cutoff for the other two replicates. After merg-
ing reproducible peaks from samples with or without IAA
and removing overlapped peaks (blacklist) (54), we counted
reads from three single cell derived clones with overlapped
peaks, calculated FPKM and compared between +IAA ver-
sus -IAA groups. To further define CTCF peaks with high
stringency, we scanned genome-wide CTCF motif predicted
by TRANSFAC (55) and JASPAR (56) using FIMO from
MEME suite (57) (version 4.11.3, ‘–motif-pseudo 0.0001
–thresh 1e-4’) and kept peaks carrying CTSes annotated
by ‘TRANSFAC CTCF M01259’ (Figure 2D-E and Sup-
plementary Figure S2H). The ratio calculated by log2fold
change (CTCFAID+IAA/-IAA) was utilized to define reduced
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(log2fold change≤-1), retained (-1<log2fold change≤1) and
gained (log2 fold change>1) CTSes.

Statistical analysis

Statistical analysis was performed by GraphPad Prism
6.0. P-values in Q-PCR, RNA-seq and quantification of
Capture-C results were calculated by performing a two-
tailed t-test from two or three independent biological repli-
cates.

RESULTS

The miniAID cassette knock-in to the endogenous CTCF
locus

We developed an optimized CRISPR/Cas9 with homology
arm and sorting enrichment knock-in protocol, so called
CHASE-knock-in, which combined HMEJ donor design
(33) with flow cytometry based serial sorting to efficiently
deliver the miniAID-mClover3 cassette to the endogenous
CTCF locus in a human B-ALL cell line, SEM (31), and
an immortal human erythroid precursor cell line, HUDEP-
2 (32), each with doxycycline inducible OsTIR1 integra-
tion (Figure 1A and Supplementary Figure S1A). Briefly,
CHASE-knock-in requires co-delivering to cells the previ-
ously described CRISPR/Cas9 all-in-one vector (58) along
with a knock-in cassette vector to generate CRISPR medi-
ated double-cut nuclease cleavage and release of the knock-
in cassette along with endogenous gRNA targeting to facil-
itate knock-in events, which were enriched by serial sort-
ing for knock-in cassette fluorescence. In this study, a
gRNA targeting the stop codon of CTCF was cloned into
the CRISPR/Cas9 all-in-one vector, called CRISPR/Cas9-
CTCF-gRNA. The knock-in cassette vector, called CTCF-
miniAID-mClover3, was designed to flank a miniAID-
mClover3 cassette with homology arms (HAs) 800-bp up-
stream (5′ HA) and 800-bp downstream (3′ HA) from
the CTCF gRNA target sequence. The ends of the HAs
in the knock-in cassette were equipped with the CTCF
gRNA and PAM sequence, which allowed for the knock-
in cassette to be released from the vector in the pres-
ence of CRISPR/Cas9-CTCF-gRNA (Figure 1A). Twenty-
four hours after co-delivery of CRISPR/Cas9-CTCF-
gRNA plasmid and CTCF-miniAID-mClover3 donor vec-
tor by electroporation, cells were sorted for fluorescence of
CRISPR/Cas9-CTCF-gRNA (mCherry). The sorted pop-
ulation recovered for 3 weeks in culture, followed by a sec-
ond sort to detect the proportion of cells expressing the
knock-in reporter fluorescence, mClover3. In SEM cells, we
detected ∼0.1% of the cells carried the mClover3 knock-
in cassette following the second sorting. The cells contain-
ing the knock-in reporter were cultured for an additional
2 weeks and sorted a third time to expand the knock-in
population. While initial knock-in efficiency was low, se-
rial sorting led to an enriched knock-in population with
98.9% of the cells containing the mClover3 cassette follow-
ing the third sort (Supplementary Figure S1B–D). High flu-
orescence density populations were selected to confirm suc-
cessful knock-in events (Supplementary Figure S1E).

Following CHASE-knock-in, clones derived from a tar-
geted bulk population of cells exhibiting high mClover3

levels were characterized for successful knock-in integra-
tion by genomic PCR and validated by Sanger Sequenc-
ing (Figure 1B). Auxin-inducible protein degradation was
possible when CTCF was tagged with miniAID-mClover3
in SEM and HUDEP-2 cells with doxycycline inducible
OsTIR1 integration. To test the efficient depletion of the
CTCF-miniAID-mClover3 fusion protein, multiple knock-
in clones were exposed to IAA (auxin) and doxycycline for
48 h in culture, and then harvested for immunoblotting us-
ing antibodies against CTCF and AID. Protein degrada-
tion was consistent between immunoblotting and flow cy-
tometric analysis (Figure 1C; Supplementary Figure S1F–
G). Parental wild-type SEM cells demonstrated no change
to CTCF’s expression when treated with IAA and doxycy-
cline (Supplementary Figure S1H). Thereafter, three knock-
in SEM clones (27, 35 and 42) showing complete deple-
tion of CTCF were selected for subsequent experiments.
Additionally, three knock-in HUDEP-2 clones (C3, C16
and C41; Supplementary Figure S8A–D) were character-
ized and used to compare findings observed from exper-
iments in the SEM clones 27, 35 and 42. In the mono-
allelic knock-in SEM clone 36, when the CTCF-miniAID-
mClover3 was degraded, CTCF protein translation from
the wild-type allele notably increased, suggesting compen-
sation occurred in response to CTCF disruption. We also
investigated the mRNA expression of CTCF in the knock-
in SEM clones 27, 35 and 42 by Q-PCR. After CTCF pro-
tein depletion, the mRNA level was significantly induced
suggesting that CTCF protein might repress its own tran-
scription (Figure 1D). Consistent with previous observa-
tions in mouse embryonic stem cells (33), loss of CTCF in
SEM cells resulted in time-dependent cell death (Figure 1E)
limiting the length of time cells could be treated and studied.
Therefore, our human CTCFAID cellular model was used as
a tool to investigate early changes to genomic organization
and global transcriptional regulation upon CTCF loss.

CTCF degradation disrupted global CTCF binding affinity

To assess the genome-wide CTCF-binding profile in CTCF
depleted cells, we investigated CTCF binding occupancy
using in situ chromatin immunoprecipitation followed by
high-throughput sequencing (Cut&Run assay) (51). We
identified 15,583, 33,059 and 21,669 peaks occupied by
CTCF in clones 27, 35 and 42 without IAA treatment, re-
spectively (Supplementary Figure S2A–C). Among these
three clones, CTCF bound peaks were evenly distributed in
promoters (21.4–30.4%), introns (30.8–35.32%), and distal
intergenic regions (33.23–37.66%) (Supplementary Figure
S2D and G). Global reduction of CTCF-binding affinity
and minimal CTCF retention at certain loci were evident
in all three clones following 48 h of IAA treatment (Figure
2A and B; Supplementary Figure S2A–C, Supplementary
Table S4).

Given the variation of peak numbers called from different
clones, a more stringent analysis of the CTCF-binding sig-
nature was conducted by combining peaks called between
the three replicates and using only those peaks containing
CTCF target sites (CTSes) as well as high confidence repro-
ducibility (see method of ‘Analysis of Cut&Run data’). The
ChIPseeker analysis tool (53) was used to detect bias in ge-
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Figure 1. miniAID cassette knock-in to the endogenous CTCF locus. (A) Schematic diagram of the donor vector design for miniAID-mClover3 knock-in
to the C-terminus of human CTCF before the stop codon. HA: homology arm; Endo-gRNA-PAM: CTCF endogenous guide RNA sequence and PAM
sequences added to each end of the HAs. (B) A pair of primers residing outside the HAs was used for genomic PCR. Single-cell derived clones (Clones 27,
28, 34, 35, 39, 40, 42, 46 and 48) were identified to only carry the knock-in (KI) allele. Clone 36 was recognized as a mono-allelic knock-in clone (labeled
blue). Clones 27, 35 and 42 were selected for subsequent studies (labeled red). (C) Multiple single cell-derived clones were expanded and treated with
IAA and doxycycline for 48 h to degrade the CTCF-miniAID-mClover3 fusion protein. Knock-in clones 27, 35 and 42 demonstrated complete protein
degradation after IAA treatment, as detected by immunoblotting. Mono-allelic knock-in clone 36 demonstrated specific degradation of the fusion protein
translated from the knock-in allele and retained endogenous protein expression. The fusion protein was 35 KD larger than endogenous CTCF. GAPDH
was included as loading control. (D) Q-PCR assessment of CTCF mRNA in response to CTCF protein depletion from three biological replicates treated
with IAA for 48 h; knock-in clones 27, 35 and 42 (N = 3). (E) Clone 27 cells were treated with doxycycline and IAA for 0, 24, 48 and 72 h and assessed for
viability with trypan blue staining.

nomic distribution of CTSes upon IAA treatment for 48 h.
From the combined analysis, there were 13, 287 total CTSes
assigned to three categories; reduced (6394), gained (153)
and retained (6740). Among the reduced CTCF-binding
peaks, 31.48% were located at promoter regions within 1
kb of a transcription start site (TSS), and 30.84% were lo-
cated at distal intergenic regions. In contrast, retained peaks
were mostly located at promoters within 1 kb distance of
a TSS (75.77%), with less retention at distal intergenic re-
gions (10.98%). Gained CTCF binding peaks shared a sim-
ilar pattern to retained peaks (75.82% at promoters within
1 kb distance to TSS and 9.8% at distal intergenic regions)
(Figure 2C and Supplementary Table S4).

Previously (59), it was observed that CTCF and BORIS
(CTCFL) could co-occupy a specific subset of regula-
tory elements consisting of clustered CTCF-binding mo-
tifs (termed 2XCTSes) mainly located at active promoters
and enhancers. To separate CTCF peaks with either 1XCT-
Ses or 2XCTSes, we identified the number of CTCF mo-
tifs in the SEM genome located within 40-bp of each other
and grouped them by counts. For instance, 1XCTSes in-
dicated one CTCF-binding motif with no others counted
within 40- bp, while 2XCTSes have 2 CTCF motifs and
3XCTSes have ≥ 3 CTCF motifs. Next, we assigned CTCF
peaks identified by Cut&Run to these three groups. Over-
all, we observed peak density of 2XCTSes and 3XCTSes
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Figure 2. CTCF degradation disrupted global CTCF occupancy. (A) CTCF Cut&Run tracks shown at the selective viewpoint of TP53 locus where signif-
icant reduction of CTCF binding following 48 h IAA treatment was observed from clones 35 and 42. (B) CTCF Cut&Run tracks shown at the selective
viewpoint of EIF5A locus where minimal reduction of CTCF binding following 48 h IAA treatment was observed from clones 35 and 42. (C) Genomic
distribution of all CTCF binding peaks carrying CTSes were analyzed by ChIPseeker for all peaks (13,287), reduced peaks (6,394), retained peaks (6,740)
and gained peaks (153) collected from clones 27, 35 and 42 with and without IAA treatment for 48 h. (D) Global reduction of CTCF binding affinity
was demonstrated by MA plot for 1XCTSes, 2XCTSes and 3XCTSes. The X-axis indicated mean CTCF binding read density calculated by FPKM from
Cut&Run analysis, while Y-axis indicated log2fold change (+IAA/-IAA) of CTCF binding read density. (E) Statistical analysis of CTCF binding reduction
among 1XCTSes, 2XCTSes and 3XCTSes groups was performed by showing Wilcox P value.
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was generally stronger than 1XCTSes. Upon CTCF loss, the
CTCF-binding affinity against 2XCTSes and 3XCTSes was
more significantly reduced than 1XCTSes as indicated by
the log2fold change (CTCFAID+IAA/-IAA) (Figure 2D and E,
P = 2.2e-16, Wilcox test). However, there is no significant
difference between loss of binding between 2XCTSes and
3XCTSes (Figure 2E, P = 0.51, Wilcox test).

CTCF depletion reduced global TAD insulation and intra-
TAD chromatin loops

To explore global chromatin architecture changes in re-
sponse to CTCF loss, we utilized in situ Hi-C to quantify
the genome-wide DNA contacts based on proximity liga-
tion and next-generation sequencing in the SEM clones 27
and 35 after 48 h IAA treatment achieving ∼20 kb reso-
lution. As a quality control, we detected the translocation
breakpoint of AFF1/MLL fusion gene, which was initially
identified as a driver mutation during leukemogenesis of
SEM cells (Supplementary Figure S3A–B). We found that
high-order chromosome folding at the resolution of com-
partments was normally maintained after 48 h of CTCF
depletion in SEM cells (R2 = 0.9751) (Figure 3A and B),
which was also supported by other cellular models (29).
Next, based on the sequencing depth and resolution of our
Hi-C data, we called 63 and 176 TADs in untreated clone
27 and 35, respectively. However, after CTCF depletion 12
and 9 TADs remained, correspondingly. Reproducibility of
Hi-C data from each biological replicate was consistently
high (Supplementary Figure S3C) enabling compilation of
Hi-C data for analysis. When we combined raw Hi-C data
collected from both clones and re-called TADs, 890 TADs
were discovered in untreated cells and 131 TADs in cells
treated with IAA for 48 h (Figure 3C). Additionally, quan-
tification and comparison of the impact of CTCF loss on
DNA loops within TAD boundaries showed a 97.5% de-
crease in intra-TAD looping following 48 h of IAA treat-
ment (Figure 3D). These data suggest that CTCF is essen-
tial for maintenance of intra-TAD DNA interactions and
delineating TAD boundaries, but dispensable for higher or-
der compartment integrity.

The global transcriptome is minimally altered upon acute de-
pletion of CTCF

To comprehensively evaluate transcription alteration
according to global looping disruption in CTCF-depleted
cells, we conducted RNA-seq on SEM clones 27, 35
and 42. At a stringent cut-off (log2fold change≥1, ad-
just P ≤ 0.05, FPKM≥1), we identified 330 genes that
were differentially expressed between CTCF wild-type
(CTCFAID-IAA) versus depleted cells (CTCFAID+IAA).
Overall, the global transcriptome profiling between
CTCFAID-IAA and CTCFAID+IAA was highly correlated
(Spearman’s r = 0.95), suggesting acute depletion of CTCF
in the miniAID-mClover3 knock-in SEM clones did not
significantly impact global transcription at an early time
point (Figure 4A). As seen by Q-PCR, RNA-seq confirmed
CTCF expression increased following IAA treatment
(Supplementary Figure S5A). Although we observed a
significant disruption to intra-TAD interactions and TAD

boundary maintenance, transcriptional changes to genes
located near abrogated interactions and disrupted TAD
boundaries were mostly unaltered. When we compared our
transcriptome data with 664 genes confirmed by Hi-C to
have altered DNA looping following IAA treatment for 48
h, we only identified 10 genes with overlapping differential
expression and abrogated looping (Figure 4B). These data
suggest that while CTCF is necessary for many intra-TAD
interactions, early loss of CTCF has a limited direct impact
on transcription.

GSEA revealed the significant concordance of CTCF de-
pletion with upregulation of the apoptosis pathway, while
unsupervised hierarchical transcriptome analysis demon-
strated the upregulation of apoptosis associated genes 48
h post IAA treatment (Supplementary Figure S9A and B).
Upregulation of the apoptosis pathway upon CTCF deple-
tion supported our observation that loss of CTCF in SEM
cells resulted in time-dependent cell death. When IAA was
removed from the culture medium, CTCF protein level was
restored and cell viability was rescued (data not shown).

The oncogene MYC was most directly susceptible to CTCF
loss

Notably, RNA-seq identified the oncogene MYC among
the genes significantly downregulated by CTCF loss in
SEM cells (Figure 4A; Supplementary Figure S4A–F).
Global looping analysis additionally confirmed looped
DNA interactions between MYC and its distal enhancers
and TAD boundaries were significantly disrupted follow-
ing IAA treatment (Supplementary Table S3). Q-PCR con-
firmed the notable reduction of MYC upon CTCF loss fol-
lowing 48 h of IAA treatment in SEM (Figure 4C), and im-
munoblotting validated the decrease of MYC and CTCF 24
h post IAA treatment (Figure 4D). Additionally, MYC ex-
pression was completely restored after IAA removal for 48
h (Supplementary Figure S9C). Among the genes located
in the same TAD boundary with MYC, we observed sig-
nificant transcriptional changes for the non-coding RNA
PVT1 (Supplementary Figure S5B), which has been identi-
fied to share and compete for enhancer activity with MYC
(60). Other genes in the MYC TAD including GSDMC,
TMEM75 and FAM84B also appeared differentially reg-
ulated by altered CTCF-dependent higher order structure.
However, the expression level of these genes was low result-
ing in poor reproducibility of transcription variation be-
tween the replicates (Supplementary Figure S5C–F). The
transcription level of other B-ALL associated major onco-
genes including MYB, RUNX1, EBF1, KRAS, NRAS and
MEF2C remained unchanged (Supplementary Figure S6A–
F).

GSEA revealed the unique and significant concordance
of CTCF depletion with downregulation of MYC target
gene signatures (Figure 4E). Although MYC could poten-
tially regulate thousands of target genes, a recent study by
Muhar et al. using nascent mRNA sequencing by SLAM-
seq identified only 100 direct targets downregulated upon
MYC loss (61). When we compared these 100 genes from
SLAM-seq to our RNA-seq dataset, 92 out of 100 genes
showed decreased expression in CTCF depleted cells (Fig-
ure 4F and G; Supplementary Figure S7A–F). To ad-
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Figure 3. CTCF depletion reduced global TAD insulation and intra-TAD chromatin loops. (A) Chromatin compartments evaluated by cis-Eigenvector 1
values were not significantly affected genome wide by CTCF protein depletion following 48 h IAA treatment. (B) A representative snapshot of chromatin
compartment integrity of the entire chromosome 2 was shown in cells from Hi-C data combined from clones 27 and 35 without IAA treatment and
following 48 h of IAA treatment. Red bars indicated compartment (A); blue bars indicated compartment (B). Scale bar indicated 20 MB. (C) Number of
TADs called from clone 27 and 35 were shown in cells with or without 48 h IAA treatment. Reproducibility of Hi-C data from each biological replicate
was high enabling compilation of raw Hi-C data for recalling of TADs (combined). (D) Number of intra-TAD DNA loops called from clone 27 and 35
were shown in cells with or without 48 h IAA treatment. Reproducibility of Hi-C data from each biological replicate was high enabling compilation of raw
Hi-C data for recalling of intra-TAD loops (combined).

dress whether the ‘MYC-signature’ was unique upon CTCF
loss in B-ALL SEM cells, we performed RNA-seq on two
well-characterized immortal HUDEP-2 CTCFAID knock-
in clones (C3 and C16) (Supplementary Figure S8A–D).
In total, 1216 genes were differentially expressed (log2fold
change≥1, adjust P ≤ 0.05) between CTCF wild-type
(CTCFAID-IAA) versus depleted cells (CTCFAID+IAA), with
expression recovered in most genes when IAA was removed
from the culture medium (Supplementary Figure S8E).
However, MYC expression was minimally altered upon
CTCF depletion (Supplementary Figure S8F). Addition-
ally, MYC downstream targets remained unaffected. The
only pathway modestly enriched from GSEA was hedgehog
signaling. Collectively, these data support that MYC and its
downstream targets were primarily affected by acute loss of
CTCF in the B-ALL cell line SEM, and that CTCF affected
transcriptional regulation in a cell type-specific manner.

Schuijers et al. identified a conserved CTCF-binding mo-
tif residing 2.5 kb upstream of the MYC promoter that

provides an enhancer-docking site facilitating its interac-
tion with the downstream MYC promoter (62). They go
on to postulate that hundreds of putative enhancer-docking
sites may be defined by CTCF binding within 2.5 kb of
promoters of actively transcribed genes in HCT-116, K562
and Jurkat human cancer cell lines (63,64). When we an-
alyzed our global looping analysis following CTCF deple-
tion to identify disrupted interactions at putative enhancer-
docking sites in HCT-116, K562 and Jurkat cells, we only
observed abrogated looping in 15, 9 and 8 interactions, re-
spectively. In addition, when we compared the 330 genes we
identified as differentially expressed in response to CTCF
depletion in SEM cells with the genes classified to con-
tain putative enhancer-docking site interactions in HCT-
116, K562 and Jurkat cells, we only identified 21, 15 and
11 overlapped genes, respectively. When we raised the cut-
off of mRNA expression (FPKM≥10), the only shared gene
between all cohorts was MYC (Figure 4H).
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Figure 4. The oncogene MYC was directly susceptible to CTCF loss. (A) RNA-seq data were illustrated as log2 (normalized numbers of FPKM) averaged
from three clones (clone 27, 35 and 42) with or without IAA treatment for 48 h. MYC was highlighted in red. (B) The Venn-diagram illustrated the
overlapped gene number (yellow) between genes confirmed by Hi-C to have disrupted intra-TAD looping after CTCF depletion (gray) and genes identified
as differentially expressed [Ilog2fold change (CTCFAID-IAA/+IAA)I≥1, adjust P ≤ 0.05 and FPKM≥1] following CTCF depletion (green) for 48 h. (C)
Q-PCR of MYC confirmed the reduction of transcription in response to CTCF depletion for 48 h from three biological replicates; clone 27, 35 and 42 (N
= 3). (D) Clones 27 and 35 were treated with IAA for 0.5, 1 and 24 h and collected for immunoblotting using specific antibodies against CTCF and MYC.
GAPDH was used as loading control. (E) GSEA analysis was performed using fold change of all genes collected from RNA-seq and DESeq2 analysis by
comparing CTCFAID-IAA versus CTCFAID+IAA, which revealed the top rank concordance of CTCF depletion with the differential expression of MYC
target genes. (F) The gene expression level of the top 100 downregulated MYC target genes discovered by SLAM-seq (61) in MYCAID knock-in K562 cells
was plotted to illustrate concordant downregulation in SEM CTCFAID cells after IAA treatment for 48 h. Six genes were not shown because of FPKM≤1.
(G) The gene expression level of the top 100 downregulated MYC target genes discovered by SLAM-seq (61) in MYCAID knock-in HCT-116 cells was
plotted to illustrate concordant downregulation in SEM CTCFAID cells after IAA treatment for 48 h. (H) Transcriptionally active genes with putative
CTCF-mediated enhancer-docking in HCT-116 (red circle), K562 (purple circle) and Jurkat cells (orange circle) were identified from a previous study
(62). The Venn-diagram demonstrated the number of overlapped genes between the above studies and genes identified as differentially expressed following
CTCF depletion (green circle) [Ilog2 (fold change CTCFAID-IAA/+IAA)I≥1, adjust P ≤ 0.05 and FPKM≥1].
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CTCF regulated MYC through a long-distance chromatin in-
teraction in SEM cells

MYC overexpression has been detected in 50–60% of hu-
man cancers and plays an essential role in cancer initiation
and maintenance through multiple molecular mechanisms
including gene amplification, aberrant transcription activa-
tion and enhancer hijacking. Previous studies have reported
the MYC promoter is physically recruited to a variety of
proximal and distal enhancers to enforce its high expression
in different human cancer cells (60,62,65–70). The MYC
TAD contains many conserved CTCF-binding sites in hu-
man cancer and normal somatic cell lines (Supplementary
Figure S10). We hypothesized that MYC downregulation
observed in CTCF-depleted cells was a result of a disrupted
CTCF-dependent enhancer–promoter interaction. The Hi-
C data collected from SEM clone 27 and 35 indicated dra-
matic loss of contacts from MYC to distal regions in cells
treated for 48 h with IAA (Figure 5A). To more clearly
identify abrogated interactions, next-generation Capture-
C was performed on clones 27, 35 and the mono-allelic
knock-in clone 36 with or without IAA treatment using
specific DNA probes that hybridize to the MYC promoter.
We detected frequent interactions between the MYC pro-
moter and a distal enhancer cluster residing ∼1.8 Mb down-
stream of the promoter in the absence of IAA treatment in
all three clones. However, the interactions between the dis-
tal enhancer cluster and MYC promoter were notably dis-
rupted in clone 27 and 35 after IAA treatment, and par-
tially maintained in the heterozygous knock-in clone 36
(Figure 5B and C) indicating CTCF was required to facil-
itate this specific enhancer–promoter interaction. The dis-
tal interacting region has been well supported by previ-
ous work to be an enhancer cluster that interacts with the
MYC promoter. ChIA-PET studies in various cell lines have
captured the looped interaction of the MYC promoter to
the distal enhancer cluster (54). Additionally, the distal en-
hancer region exhibits hallmark enhancer features includ-
ing open chromatin status as shown by ATAC-seq (un-
published, GSE129066), and H3K27ac binding as seen by
ChIP-seq (71). The enhancer cluster also demonstrated high
affinity binding for AFF1 (72). CTCF Cut&Run showed
reduced CTCF-binding affinity at the MYC promoter and
the distal enhancer following 48 h IAA treatment in SEM
clones 27 and 35, further supporting MYC expression in
SEM cells is regulated by a CTCF mediated long-distance
chromatin interaction between the distal enhancer and the
MYC promoter (Figure 5B and D).

MYC enhancer–promoter interactions identified in pre-
vious works including the enhancer-docking site located
2.5 kb away from the promoter were not detected in
our Capture-C analysis (60,62,67,69,73–76). Additionally,
Cut&Run assay showed strong CTCF binding at the MYC
promoter and distal enhancer in untreated SEM clones,
with weaker occupancy observed more proximal to the pro-
moter. We conclude that residual expression of MYC after
IAA treatment might be from basal promoter activity or in-
teractions of the MYC promoter with proximal enhancers
beyond the detection resolution of Capture-C.

Long non-coding RNA PVT1 residing ∼58 kb away
from MYC was also downregulated upon CTCF loss in

B-ALL cells. Howard Chang’s group recently showed that
targeted CRISPR interference at the PVT1 promoter en-
hanced breast cancer cell competition and growth in vivo
due to the competition between PVT1 and MYC for en-
gagement with four intragenic enhancers in the PVT1 locus
(60). Since the physical distance between MYC and PVT1 is
small, juxtaposition between MYC and its distal enhancer
might also facilitate the interaction and regulation of this
enhancer to PVT1. However, in our Capture-C data we did
not detect any interactions between the MYC promoter and
PVT1 or other alternative enhancers when CTCF was de-
pleted. Therefore, PVT1 downregulation in CTCF depleted
cells could be caused by loss of TAD integrity.

DISCUSSION

CTCF ChIP-seq data collected from different human can-
cer and normal somatic cells have identified thousands of
CTCF-binding sites (40 000–80 000) across the genome with
most CTCF-binding sites conserved in TAD boundaries.
However, current characterization of chromatin loops dis-
covered by high-resolution Hi-C, Hi-ChIP and ChIA-PET
has to date only identified ∼7000 CTCF-mediated loops
(77–80) suggesting that most -binding sites are not involved
in facilitating DNA interactions, but in other roles such
as direct transcriptional regulation. However, we observed
that acute depletion of CTCF in SEM and HUDEP-2 cells
did not lead to severe genome-wide transcriptional dysregu-
lation. Notably, RNA-seq analysis showed markedly differ-
ent effects on global transcription in SEM and HUDEP-2
cell lines, again highlighting CTCF functions in a cell type-
specific manner to regulate gene expression.

In B-ALL SEM cells, depletion of CTCF significantly
disrupted TAD boundaries and intra-TAD DNA loops but
had minimal effects on global transcription following 48 h
of CTCF depletion. Surprisingly, even some genes located
on or near disrupted TAD boundaries did not show tran-
scriptional changes following CTCF depletion suggesting
dramatic changes to chromatin architecture may not have
an immediate impact on global transcription, and that tran-
scriptional changes secondary to architectural disruption
could be observed under continuous depletion of CTCF.
However, CTCF depletion was lethal in B-ALL cells, lim-
iting the scope of the experiment. Our findings supported
the work by Nora et al. that showed loss of Ctcf by the
AID system in mouse embryonic stem cells did not abro-
gate genomic organization on the larger, compartmental
scale, but did disrupt TAD insulation and looping between
boundaries. While Nora et al. carried out IAA treatment
for 4 days showing a 10-fold increase in differentially ex-
pressed genes over time, we chose to analyze transcriptional
changes at an earlier time point to identify genes directly af-
fected by CTCF loss (29). We suspect continued depletion
of CTCF over time would result in an accumulation of sec-
ondary transcriptional changes in response to dysregulation
of genes impacted by early CTCF loss, as well as transcrip-
tional changes brought about by apoptosis signaling.

The MYC promoter has been reported to loop to a
spectrum of distal and proximal enhancers in different
cancers to initiate and maintain tumorigenesis (62,65–
67,70,75,76,81). In SEM cells, we showed MYC was specif-
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Figure 5. CTCF regulates MYC through a long-distance chromatin interaction. (A) Snapshots of 12.6 Mb of Hi-C data at 10 kb resolution were shown from
CTCFAID SEM clone 27, 35 and Hi-C data combined from clones 27 and 35 without IAA treatment and following 48 h of IAA treatment. DNA interactions
between MYC and the distal enhancers were highlighted by blue arrows in CTCFAID-IAA samples. (B) Next-generation Capture-C was performed on clones
27, 35, and the heterozygous knock-in clone 36 with and without 48 h IAA treatment using specific probes that hybridized to the MYC promoter (shown by
orange box). The interaction profiles are shown at the indicated viewpoint in the hg19 human genome browser. Interactions to the distal enhancer cluster
observed using the MYC probes are indicated by the highlighted purple box. Capture-C data were aligned with ATAC-seq, H3K27ac and AFF1 ChIP-seq
tracks identified in previous studies (GSE129066, GSE76783 and GSE89485) to specify the functional regulatory elements. CTCF Cut&Run tracks were
provided for clones 27 and 35 with or without 48 h IAA treatment. CTCF and PolII ChIA-PET data were obtained from K562 cells from a previous study
(GSE39495). (C) ‘Relative interaction frequency’ was calculated by the quantification of Capture-C interaction reads from the MYC promoter to distal
enhancer 1 (arrow 1 = Loop1) and 2 (arrow 2 = Loop 2). (N = 2). (D) Schematic diagram summary of the CTCF/MYC regulation axis in SEM cells.
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ically looped to an enhancer cluster that also resided on
the right TAD neighborhood boundary. We hypothesize
the transcriptional susceptibility of MYC to CTCF regula-
tion is associated with its unique enhancer location, which
demonstrated disrupted looping with the MYC promoter
upon CTCF loss. Paradoxically, when MYC was defined to
juxtapose both proximal and distal enhancers in myeloid
leukemia K562 and WEHI231 B-cell lymphoma (62), ec-
topic expression of CTCF led to downregulation of MYC,
growth retardation and promotion of differentiation into
the erythroid lineage (25,26) underscoring the complexity
of CTCF’s regulation of MYC across tissue types.

Survival data collected from a mixed C57BL6/129 strain
of Ctcf+/− mice suggested that ∼80% of heterozygous ani-
mals developed multiple tumors compared to 40% in wild-
type littermates at ∼100 weeks old. Although these data in-
dicated Ctcf behaved as a tumor suppressor gene (4), which
was also supported by somatic mutation burden of CTCF
in a recent human pan-cancer study (82), contradictory re-
sults were seen in other models regarding the CTCF/MYC
regulation axis (25,26,62). Results from this study suggest
in B-ALL CTCF could behave indirectly as an oncogenic
driver via its regulation of MYC. However, additional stud-
ies would be necessary to assess CTCF’s role in B-ALL tu-
morigenesis.

In summary, we developed a simplified, highly effi-
cient knock-in protocol, CHASE-knock-in, to integrate
the miniAID-mClover3 cassette to the endogenous hu-
man CTCF locus, which allowed for acute auxin-inducible
degradation of the CTCF protein in human cells. We pro-
vide bona fide evidence that CTCF is an essential factor di-
rectly regulating the distal enhancer–promoter interactions
of MYC, suggesting MYC and its downstream targets are
uniquely affected by acute loss of CTCF in B-ALL SEM
cells. The cell model and results collected from this study
will expedite the investigation of CTCF’s impact on tran-
scriptional regulation in cancers and other biological pro-
cesses.

DATA AVAILABILITY

ChIP-seq data of human normal cell lines and cancer cell
lines were obtained from ENCODE. RNA-seq, Capture-
C and Cut&Run raw data generated from this study
were deposited to GEO under the accession numbers:
GSE120781, GSE121257 and GSE126619. SLAM-seq data
were downloaded from GSE111463. Hi-C raw data are
available at ProteinPaint portal (https://pecan.stjude.org/
proteinpaint) upon request. Enhancer–promoter interac-
tion data of HCT-116, K562 and Jurkat were downloaded
from GSE92881. CTCF and PolII ChIA-PET data were ob-
tained from GSE39495.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

This study was initiated with the encouragement of Dr
Charles J. Sherr and salary support to Judith Hyle and

Shaela Wright was provided through his Howard Hughes
Medical Institute laboratory. We are indebted to thank ev-
eryone in the Core Flow Cytometry, Cytogenetics and Cell
Sorting Shared Resource facility at St. Jude Children’s Re-
search Hospital. We appreciate Dr Ryo Kurita and Dr
Yukio Nakamura for kindly providing HUDEP-2 cells. We
also thank Dr Jun J. Yang, Dr Yong Cheng, Dr Jun Yang
and Dr Yu Liu for providing advice and comments for this
project. The authors declare no competing interests.
Author contributions: C.L. designed this project. J.H., Y.Z.,
S.W., Y.S., J.E., R.F., P.X. and C.L. conducted all experi-
ments. Y.Z., B.S. and L.T. provided all the bioinformatic
analysis. J.H., Y.Z., S.W. and C.L. wrote the manuscript
with input from all co-authors. Project Administration and
Funding Acquisition was from C.L.

FUNDING

American Lebanese Syrian Associated Charities (AL-
SAC); Comprehensive Cancer Center-developmental fund
from National Cancer Institute (NCI-5P30CA021765-37 to
C.L.). Funding for open access charge: ALSAC.
Conflict of interest statement. None declared.

REFERENCES
1. Lobanenkov,V.V., Nicolas,R.H., Adler,V.V., Paterson,H.,

Klenova,E.M., Polotskaja,A.V. and Goodwin,G.H. (1990) A novel
sequence-specific DNA binding protein which interacts with three
regularly spaced direct repeats of the CCCTC-motif in the 5′-flanking
sequence of the chicken c-myc gene. Oncogene, 5, 1743–1753.

2. Klenova,E.M., Nicolas,R.H., Paterson,H.F., Carne,A.F.,
Heath,C.M., Goodwin,G.H., Neiman,P.E. and Lobanenkov,V.V.
(1993) CTCF, a conserved nuclear factor required for optimal
transcriptional activity of the chicken c-myc gene, is an 11-Zn-finger
protein differentially expressed in multiple forms. Mol. Cell Biol., 13,
7612–7624.

3. Moore,J.M., Rabaia,N.A., Smith,L.E., Fagerlie,S., Gurley,K.,
Loukinov,D., Disteche,C.M., Collins,S.J., Kemp,C.J.,
Lobanenkov,V.V. et al. (2012) Loss of maternal CTCF is associated
with peri-implantation lethality of Ctcf null embryos. PLoS One, 7,
e34915.

4. Kemp,C.J., Moore,J.M., Moser,R., Bernard,B., Teater,M.,
Smith,L.E., Rabaia,N.A., Gurley,K.E., Guinney,J., Busch,S.E. et al.
(2014) CTCF haploinsufficiency destabilizes DNA methylation and
predisposes to cancer. Cell Rep, 7, 1020–1029.

5. Aitken,S.J., Ibarra-Soria,X., Kentepozidou,E., Flicek,P., Feig,C.,
Marioni,J.C. and Odom,D.T. (2018) CTCF maintains regulatory
homeostasis of cancer pathways. Genome Biol., 19, 106.

6. Wan,L.-B., Pan,H., Hannenhalli,S., Cheng,Y., Ma,J., Fedoriw,A.,
Lobanenkov,V., Latham,K.E., Schultz,R.M. and Bartolomei,M.S.
(2008) Maternal depletion of CTCF reveals multiple functions during
oocyte and preimplantation embryo development. Development, 135,
2729–2738.

7. Ribeiro de Almeida,C., Stadhouders,R., de Bruijn,M.J.W.,
Bergen,I.M., Thongjuea,S., Lenhard,B., van Ijcken,W., Grosveld,F.,
Galjart,N., Soler,E. et al. (2011) The DNA-binding protein CTCF
limits proximal Vkappa recombination and restricts kappa enhancer
interactions to the immunoglobulin kappa light chain locus.
Immunity, 35, 501–513.

8. Hirayama,T., Tarusawa,E., Yoshimura,Y., Galjart,N. and Yagi,T.
(2012) CTCF is required for neural development and stochastic
expression of clustered Pcdh genes in neurons. Cell Rep., 2, 345–357.

9. Beagan,J.A., Duong,M.T., Titus,K.R., Zhou,L., Cao,Z., Ma,J.,
Lachanski,C.V., Gillis,D.R. and Phillips-Cremins,J.E. (2017) YY1
and CTCF orchestrate a 3D chromatin looping switch during early
neural lineage commitment. Genome Res., 27, 1139–1152.

https://pecan.stjude.org/proteinpaint
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkz462#supplementary-data


6712 Nucleic Acids Research, 2019, Vol. 47, No. 13

10. Jerabek,H. and Heermann,D.W. (2014) How chromatin looping and
nuclear envelope attachment affect genome organization in
eukaryotic cell nuclei. Int. Rev. Cell Mol. Biol., 307, 351–381.

11. Rowley,M.J. and Corces,V.G. (2018) Organizational principles of 3D
genome architecture. Nat. Rev. Genet., 19, 789–800.

12. Wendt,K.S., Yoshida,K., Itoh,T., Bando,M., Koch,B.,
Schirghuber,E., Tsutsumi,S., Nagae,G., Ishihara,K., Mishiro,T. et al.
(2008) Cohesin mediates transcriptional insulation by
CCCTC-binding factor. Nature, 451, 796–801.

13. Wendt,K.S. and Peters,J.-M. (2009) How cohesin and CTCF
cooperate in regulating gene expression. Chromosome Res., 17,
201–214.

14. Bickmore,W.A. and van Steensel,B. (2013) Genome architecture:
domain organization of interphase chromosomes. Cell, 152,
1270–1284.

15. Heinz,S., Texari,L., Hayes,M.G.B., Urbanowski,M., Chang,M.W.,
Givarkes,N., Rialdi,A., White,K.M., Albrecht,R.A., Pache,L. et al.
(2018) Transcription elongation can affect genome 3D structure. Cell,
174, 1522–1536.

16. Nuebler,J., Fudenberg,G., Imakaev,M., Abdennur,N. and
Mirny,L.A. (2018) Chromatin organization by an interplay of loop
extrusion and compartmental segregation. Proc. Natl. Acad. Sci.
U.S.A., 115, E6697–E6706.

17. Rowley,M.J., Nichols,M.H., Lyu,X., Ando-Kuri,M., Rivera,I.S.M.,
Hermetz,K., Wang,P., Ruan,Y. and Corces,V.G. (2017) Evolutionarily
conserved principles predict 3D chromatin organization. Mol. Cell,
67, 837–852.

18. Rao,S.S.P., Huntley,M.H., Durand,N.C., Stamenova,E.K.,
Bochkov,I.D., Robinson,J.T., Sanborn,A.L., Machol,I., Omer,A.D.,
Lander,E.S. et al. (2014) A 3D map of the human genome at kilobase
resolution reveals principles of chromatin looping. Cell, 159,
1665–1680.

19. Ong,C.-T. and Corces,V.G. (2014) CTCF: an architectural protein
bridging genome topology and function. Nat. Rev. Genet., 15,
234–246.

20. Pombo,A. and Dillon,N. (2015) Three-dimensional genome
architecture: players and mechanisms. Nat. Rev. Mol. Cell Biol., 16,
245–257.

21. de Wit,E., Vos,E.S., Holwerda,S.J., Valdes-Quezada,C.,
Verstegen,M.J., Teunissen,H., Splinter,E., Wijchers,P.J., Krijger,P.H.
and de Laat,W. (2015) CTCF Binding polarity determines chromatin
looping. Mol. Cell, 60, 676–684.

22. Guo,Y., Xu,Q., Canzio,D., Shou,J., Li,J., Gorkin,D.U., Jung,I.,
Wu,H., Zhai,Y., Tang,Y. et al. (2015) CRISPR inversion of CTCF
sites alters genome topology and enhancer/promoter function. Cell,
162, 900–910.

23. Katainen,R., Dave,K., Pitkanen,E., Palin,K., Kivioja,T.,
Valimaki,N., Gylfe,A.E., Ristolainen,H., Hanninen,U.A., Cajuso,T.
et al. (2015) CTCF/cohesin-binding sites are frequently mutated in
cancer. Nat. Genet., 47, 818–821.

24. Guo,Y.A., Chang,M.M., Huang,W., Ooi,W.F., Xing,M., Tan,P. and
Skanderup,A.J. (2018) Mutation hotspots at CTCF binding sites
coupled to chromosomal instability in gastrointestinal cancers. Nat.
Commun., 9, 1520.

25. Qi,C.-F., Martensson,A., Mattioli,M., Dalla-Favera,R.,
Lobanenkov,V.V. and Morse,H.C. 3rd. (2003) CTCF functions as a
critical regulator of cell-cycle arrest and death after ligation of the B
cell receptor on immature B cells. Proc. Natl. Acad. Sci. U.S.A., 100,
633–638.

26. Torrano,V., Chernukhin,I., Docquier,F., D’Arcy,V., Leon,J.,
Klenova,E. and Delgado,M.D. (2005) CTCF regulates growth and
erythroid differentiation of human myeloid leukemia cells. J. Biol.
Chem., 280, 28152–28161.

27. Morawska,M. and Ulrich,H.D. (2013) An expanded tool kit for the
auxin-inducible degron system in budding yeast. Yeast, 30, 341–351.

28. Nishimura,K. and Fukagawa,T. (2017) An efficient method to
generate conditional knockout cell lines for essential genes by
combination of auxin-inducible degron tag and CRISPR/Cas9.
Chromosome Res., 25, 253–260.

29. Nora,E.P., Goloborodko,A., Valton,A.-L., Gibcus,J.H.,
Uebersohn,A., Abdennur,N., Dekker,J., Mirny,L.A. and
Bruneau,B.G. (2017) Targeted degradation of CTCF decouples local
insulation of chromosome domains from genomic
compartmentalization. Cell, 169, 930–944.

30. Ishihara,K., Oshimura,M. and Nakao,M. (2006) CTCF-dependent
chromatin insulator is linked to epigenetic remodeling. Mol. Cell, 23,
733–742.

31. Greil,J., Gramatzki,M., Burger,R., Marschalek,R., Peltner,M.,
Trautmann,U., Hansen-Hagge,T.E., Bartram,C.R., Fey,G.H.,
Stehr,K. et al. (1994) The acute lymphoblastic leukaemia cell line
SEM with t(4;11) chromosomal rearrangement is biphenotypic and
responsive to interleukin-7. Br. J. Haematol., 86, 275–283.

32. Kurita,R., Suda,N., Sudo,K., Miharada,K., Hiroyama,T.,
Miyoshi,H., Tani,K. and Nakamura,Y. (2013) Establishment of
immortalized human erythroid progenitor cell lines able to produce
enucleated red blood cells. PLoS One, 8, e59890.

33. Yao,X., Wang,X., Hu,X.D., Liu,Z., Liu,J.L., Zhou,H.B., Shen,X.W.,
Wei,Y., Huang,Z.J., Ying,W.Q. et al. (2017) Homology-mediated end
joining-based targeted integration using CRISPR/Cas9. Cell Res., 27,
801–814.

34. Wutz,G., Varnai,C., Nagasaka,K., Cisneros,D.A., Stocsits,R.R.,
Tang,W., Schoenfelder,S., Jessberger,G., Muhar,M., Hossain,M.J.
et al. (2017) Topologically associating domains and chromatin loops
depend on cohesin and are regulated by CTCF, WAPL, and PDS5
proteins. EMBO J., 36, 3573–3599.

35. Traxler,E.A., Yao,Y., Wang,Y.D., Woodard,K.J., Kurita,R.,
Nakamura,Y., Hughes,J.R., Hardison,R.C., Blobel,G.A., Li,C. et al.
(2016) A genome-editing strategy to treat beta-hemoglobinopathies
that recapitulates a mutation associated with a benign genetic
condition. Nat. Med., 22, 987–990.

36. Cong,L., Ran,F.A., Cox,D., Lin,S., Barretto,R., Habib,N., Hsu,P.D.,
Wu,X., Jiang,W., Marraffini,L.A. et al. (2013) Multiplex genome
engineering using CRISPR/Cas systems. Science, 339, 819–823.

37. Natsume,T., Kiyomitsu,T., Saga,Y. and Kanemaki,M.T. (2016) Rapid
protein depletion in human cells by auxin-inducible degron tagging
with short homology donors. Cell Rep., 15, 210–218.

38. Langmead,B. and Salzberg,S.L. (2012) Fast gapped-read alignment
with Bowtie 2. Nat. Methods, 9, 357–359.

39. Trapnell,C., Williams,B.A., Pertea,G., Mortazavi,A., Kwan,G., van
Baren,M.J., Salzberg,S.L., Wold,B.J. and Pachter,L. (2010) Transcript
assembly and quantification by RNA-Seq reveals unannotated
transcripts and isoform switching during cell differentiation. Nat.
Biotechnol., 28, 511–515.

40. Anders,S., Pyl,P.T. and Huber,W. (2015) HTSeq–a Python framework
to work with high-throughput sequencing data. Bioinformatics, 31,
166–169.

41. Love,M.I., Huber,W. and Anders,S. (2014) Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol., 15, 550.

42. Subramanian,A., Tamayo,P., Mootha,V.K., Mukherjee,S.,
Ebert,B.L., Gillette,M.A., Paulovich,A., Pomeroy,S.L., Golub,T.R.,
Lander,E.S. et al. (2005) Gene set enrichment analysis: a
knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl. Acad. Sci. U.S.A., 102, 15545–15550.

43. Schmittgen,T.D. and Livak,K.J. (2008) Analyzing real-time PCR data
by the comparative C(T) method. Nat. Protoc., 3, 1101–1108.

44. Skene,P.J., Henikoff,J.G. and Henikoff,S. (2018) Targeted in situ
genome-wide profiling with high efficiency for low cell numbers. Nat.
Protoc., 13, 1006–1019.

45. Yan,K.-K., Yardimci,G.G., Yan,C., Noble,W.S. and Gerstein,M.
(2017) HiC-spector: a matrix library for spectral and reproducibility
analysis of Hi-C contact maps. Bioinformatics, 33, 2199–2201.

46. Durand,N.C., Robinson,J.T., Shamim,M.S., Machol,I., Mesirov,J.P.,
Lander,E.S. and Aiden,E.L. (2016) Juicebox provides a visualization
system for HI-C contact maps with unlimited zoom. Cell Syst., 3,
99–101.

47. Davies,J.O.J., Telenius,J.M., McGowan,S.J., Roberts,N.A., Taylor,S.,
Higgs,D.R. and Hughes,J.R. (2016) Multiplexed analysis of
chromosome conformation at vastly improved sensitivity. Nat
Methods, 13, 74–80.

48. Kent,W.J., Zweig,A.S., Barber,G., Hinrichs,A.S. and Karolchik,D.
(2010) BigWig and BigBed: enabling browsing of large distributed
datasets. Bioinformatics, 26, 2204–2207.

49. Li,H. and Durbin,R. (2009) Fast and accurate short read alignment
with Burrows-Wheeler transform. Bioinformatics, 25, 1754–1760.

50. Li,H., Handsaker,B., Wysoker,A., Fennell,T., Ruan,J., Homer,N.,
Marth,G., Abecasis,G., Durbin,R. and Genome Project Data



Nucleic Acids Research, 2019, Vol. 47, No. 13 6713

Processing, S. (2009) The Sequence Alignment/Map format and
SAMtools. Bioinformatics, 25, 2078–2079.

51. Skene,P.J. and Henikoff,S. (2017) An efficient targeted nuclease
strategy for high-resolution mapping of DNA binding sites. Elife, 6,
e59890.

52. Zhang,Y., Liu,T., Meyer,C.A., Eeckhoute,J., Johnson,D.S.,
Bernstein,B.E., Nusbaum,C., Myers,R.M., Brown,M., Li,W. et al.
(2008) Model-based analysis of ChIP-Seq (MACS). Genome Biol., 9,
R137.

53. Yu,G., Wang,L.-G. and He,Q.-Y. (2015) ChIPseeker: an
R/Bioconductor package for ChIP peak annotation, comparison and
visualization. Bioinformatics, 31, 2382–2383.

54. Consortium,E.P., Dunham,I., Kundaje,A., Aldred,S.F., Collins,P.J.,
Davis,C.A., Doyle,F., Epstein,C.B., Frietze,S., Harrow,J. et al. (2012)
An integrated encyclopedia of DNA elements in the human genome.
Nature, 489, 57–74.

55. Wingender,E., Dietze,P., Karas,H. and Knuppel,R. (1996)
TRANSFAC: a database on transcription factors and their DNA
binding sites. Nucleic Acids Res., 24, 238–241.

56. Khan,A., Fornes,O., Stigliani,A., Gheorghe,M.,
Castro-Mondragon,J.A., van der Lee,R., Bessy,A., Cheneby,J.,
Kulkarni,S.R., Tan,G. et al. (2018) JASPAR 2018: update of the
open-access database of transcription factor binding profiles and its
web framework. Nucleic Acids Res., 46, D1284.

57. Bailey,T.L., Boden,M., Buske,F.A., Frith,M., Grant,C.E.,
Clementi,L., Ren,J., Li,W.W. and Noble,W.S. (2009) MEME SUITE:
tools for motif discovery and searching. Nucleic Acids Res., 37,
W202–W208.

58. Vo,B.T., Li,C., Morgan,M.A., Theurillat,I., Finkelstein,D., Wright,S.,
Hyle,J., Smith,S.M.C., Fan,Y., Wang,Y.D. et al. (2017) Inactivation of
Ezh2 upregulates Gfi1 and drives aggressive Myc-Driven group 3
Medulloblastoma. Cell Rep., 18, 2907–2917.

59. Pugacheva,E.M., Rivero-Hinojosa,S., Espinoza,C.A.,
Mendez-Catala,C.F., Kang,S., Suzuki,T., Kosaka-Suzuki,N.,
Robinson,S., Nagarajan,V., Ye,Z. et al. (2015) Comparative analyses
of CTCF and BORIS occupancies uncover two distinct classes of
CTCF binding genomic regions. Genome Biol., 16, 161.

60. Cho,S.W., Xu,J., Sun,R., Mumbach,M.R., Carter,A.C., Chen,Y.G.,
Yost,K.E., Kim,J., He,J., Nevins,S.A. et al. (2018) Promoter of
lncRNA gene PVT1 is a tumor-suppressor DNA boundary element.
Cell, 173, 1398–1412.

61. Muhar,M., Ebert,A., Neumann,T., Umkehrer,C., Jude,J.,
Wieshofer,C., Rescheneder,P., Lipp,J.J., Herzog,V.A., Reichholf,B.
et al. (2018) SLAM-seq defines direct gene-regulatory functions of
the BRD4-MYC axis. Science, 360, 800–805.

62. Schuijers,J., Manteiga,J.C., Weintraub,A.S., Day,D.S., Zamudio,A.V.,
Hnisz,D., Lee,T.I. and Young,R.A. (2018) Transcriptional
dysregulation of MYC reveals common enhancer-docking
mechanism. Cell Rep., 23, 349–360.

63. Hnisz,D., Weintraub,A.S., Day,D.S., Valton,A.-L., Bak,R.O.,
Li,C.H., Goldmann,J., Lajoie,B.R., Fan,Z.P., Sigova,A.A. et al.
(2016) Activation ofproto-oncogenes by disruption of chromosome
neighborhoods. Science, 351, 1454–1458.

64. Heidari,N., Phanstiel,D.H., He,C., Grubert,F., Jahanbani,F.,
Kasowski,M., Zhang,M.Q. and Snyder,M.P. (2014) Genome-wide
map ofregulatory interactions in the human genome. Genome Res.,
24, 1905–1917.

65. Zimmerman,M.W., Liu,Y., He,S., Durbin,A.D., Abraham,B.J.,
Easton,J., Shao,Y., Xu,B., Zhu,S., Zhang,X. et al. (2018) MYC drives
a subset of high-risk pediatric neuroblastomas and is activated
through mechanisms including enhancer hijacking and focal
enhancer amplification. Cancer Discov., 8, 320–335.

66. Bahr,C., von Paleske,L., Uslu,V.V., Remeseiro,S., Takayama,N.,
Ng,S.W., Murison,A., Langenfeld,K., Petretich,M., Scognamiglio,R.

et al. (2018) A Myc enhancer cluster regulates normal and leukaemic
haematopoietic stem cell hierarchies. Nature, 553, 515–520.

67. Jiang,S., Zhou,H., Liang,J., Gerdt,C., Wang,C., Ke,L.,
Schmidt,S.C.S., Narita,Y., Ma,Y., Wang,S. et al. (2017) The
epstein-barr virus regulome in lymphoblastoid cells. Cell Host
Microbe., 22, 561–573.

68. Vojta,A., Dobrinic,P., Tadic,V., Bockor,L., Korac,P., Julg,B.,
Klasic,M. and Zoldos,V. (2016) Repurposing the CRISPR-Cas9
system for targeted DNA methylation. Nucleic Acids Res., 44,
5615–5628.

69. Lancho,O. and Herranz,D. (2018) The MYC Enhancer-ome:
Long-Range transcriptional regulation of MYC in cancer. Trends
Cancer, 4, 810–822.

70. Gabay,M., Li,Y. and Felsher,D.W. (2014) MYC activation is a
hallmark of cancer initiation and maintenance. Cold Spring Harb.
Perspect. Med., 4, 366–373.

71. Abraham,B.J., Hnisz,D., Weintraub,A.S., Kwiatkowski,N., Li,C.H.,
Li,Z., Weichert-Leahey,N., Rahman,S., Liu,Y., Etchin,J. et al. (2017)
Small genomic insertions form enhancers that misregulate oncogenes.
Nat. Commun., 8, 14385.

72. Liang,K., Volk,A.G., Haug,J.S., Marshall,S.A., Woodfin,A.R.,
Bartom,E.T., Gilmore,J.M., Florens,L., Washburn,M.P.,
Sullivan,K.D. et al. (2017) Therapeutic targeting of MLL degradation
pathways in MLL-Rearranged leukemia. Cell, 168, 59–72.

73. Chapuy,B., McKeown,M.R., Lin,C.Y., Monti,S., Roemer,M.G.M.,
Qi,J., Rahl,P.B., Sun,H.H., Yeda,K.T., Doench,J.G. et al. (2013)
Discovery and characterization of super-enhancer-associated
dependencies in diffuse large B cell lymphoma. Cancer Cell, 24,
777–790.

74. Shi,J., Whyte,W.A., Zepeda-Mendoza,C.J., Milazzo,J.P., Shen,C.,
Roe,J.-S., Minder,J.L., Mercan,F., Wang,E., Eckersley-Maslin,M.A.
et al. (2013) Role of SWI/SNF in acute leukemia maintenance and
enhancer-mediated Myc regulation. Genes Dev., 27, 2648–2662.

75. Herranz,D., Ambesi-Impiombato,A., Palomero,T., Schnell,S.A.,
Belver,L., Wendorff,A.A., Xu,L., Castillo-Martin,M.,
Llobet-Navas,D., Cordon-Cardo,C. et al. (2014) A NOTCH1-driven
MYC enhancer promotes T cell development, transformation and
acute lymphoblastic leukemia. Nat. Med., 20, 1130–1137.

76. Zhang,X., Choi,P.S., Francis,J.M., Imielinski,M., Watanabe,H.,
Cherniack,A.D. and Meyerson,M. (2016) Identification of focally
amplified lineage-specific super-enhancers in human epithelial
cancers. Nat. Genet., 48, 176–182.

77. Arzate-Mejia,R.G., Recillas-Targa,F. and Corces,V.G. (2018)
Developing in 3D: the role of CTCF in cell differentiation.
Development, 145, dev137729.

78. Handoko,L., Xu,H., Li,G., Ngan,C.Y., Chew,E., Schnapp,M.,
Lee,C.W.H., Ye,C., Ping,J.L.H., Mulawadi,F. et al. (2011)
CTCF-mediated functional chromatin interactome in pluripotent
cells. Nat. Genet., 43, 630–638.

79. Ji,X., Dadon,D.B., Powell,B.E., Fan,Z.P., Borges-Rivera,D.,
Shachar,S., Weintraub,A.S., Hnisz,D., Pegoraro,G., Lee,T.I. et al.
(2016) 3D Chromosome regulatory landscape of human pluripotent
cells. Cell Stem Cell, 18, 262–275.

80. Teif,V.B., Beshnova,D.A., Vainshtein,Y., Marth,C., Mallm,J.-P.,
Hofer,T. and Rippe,K. (2014) Nucleosome repositioning links DNA
(de)methylation and differential CTCF binding during stem cell
development. Genome Res., 24, 1285–1295.

81. Lawrence,M.S., Stojanov,P., Mermel,C.H., Robinson,J.T.,
Garraway,L.A., Golub,T.R., Meyerson,M., Gabriel,S.B., Lander,E.S.
and Getz,G. (2014) Discovery and saturation analysis of cancer genes
across 21 tumour types. Nature, 505, 495–501.

82. Ma,X., Liu,Y., Liu,Y., Alexandrov,L.B., Edmonson,M.N., Gawad,C.,
Zhou,X., Li,Y., Rusch,M.C., Easton,J. et al. (2018) Pan-cancer
genome and transcriptome analyses of 1,699 paediatric leukaemias
and solid tumours. Nature, 555, 371–376.


