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Abstract

CTCF (CCCTC-binding factor) is crucial for organizing mammalian genomes into domains and structural loops, yet its role in enhancer–promoter
interactions remains unclear. Here, we demonstrate that 3D enhancer architecture undergoes marked reorganization upon CTCF depletion
in activated CD4+ T cells. Despite this, active transcription, particularly driven by STAT5-bound super-enhancers, maintains enhancer loops
independently of CTCF. Interestingly, robust enhancer–promoter interactions are associated with the release of RNA polymerase II (RNAPII)
pausing and require CTCF-dependent 3D genome organization to shape immune-related gene expression patterns in CD4+ T cells. Notably,
CTCF depletion reprograms the transcriptional response of CD4+ T cells to JAK inhibitors by rewiring the STAT5 enhancer network rather than
altering the upstream JAK/STAT signaling cascade. This study emphasizes the role of 3D enhancer architecture orchestrated by CTCF and active
transcription in directing precise cell identity gene expression through RNAPII pause-release in CD4+ T cells.
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he mammalian genome is hierarchically organized within
he nucleus, encompassing various levels such as chromosome
erritories, compartments, and further partitions into topo-
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logically associating domains (TADs) and chromatin loops
[1]. The formation of TADs and chromatin loops is thought
to be mediated by CTCF (CCCTC-binding factor) and co-
hesin through a loop extrusion mechanism, in which the
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cohesin ring complex slides along the chromatin fiber, ex-
truding a loop until it is blocked by CTCF or other proteins
[1]. Most studies have proposed that CTCF binding at the
boundaries of TADs creates physically and functionally iso-
lated units in the genome, regulating gene expression by con-
straining enhancer–promoter interactions within each TAD
[2]. Nonetheless, important questions remain about the pre-
cise role of CTCF in organizing chromatin loops and forming
enhancer networks within TADs, which are essential for co-
ordinated gene transcription [3, 4].

Interleukin-2 (IL-2) functions as the primary growth fac-
tor for T lymphocytes and orchestrates the immune response
following exposure to antigens [5]. The binding of IL-2 with
high affinity (Kd ≈ 10−11 M) to the trimeric IL-2 receptor
(comprising IL-2Rα, IL-2Rβ, and γc) couples with JAK ty-
rosine kinases and activates the STAT5 transcription factors
[5]. Subsequent binding of STAT5 to enhancers triggers criti-
cal transcriptional changes that lead to a spectrum of physio-
logical outcomes, including the differentiation and homeosta-
sis of both pro- and anti-inflammatory T cells [5, 6].

In conditional knockout (KO) mice, CTCF in T cells reg-
ulates the cell cycle progression of αβ T cells in the thymus
and Th2 cytokine gene expression [7, 8]. Moreover, CTCF
plays a critical role in shaping the genomic architecture nec-
essary for maintaining CD8+ T cell homeostasis, mediating
effector differentiation, and driving early T-cell lineage com-
mitment, while also limiting the formation of memory CD8+

T cells [9–12]. However, how CTCF contributes to integrat-
ing external signals such as IL-2 with T-cell-specific gene ex-
pression, particularly through 3D enhancer networks, remains
poorly understood. To address this, we employed multiple
techniques, including H3K27ac HiChIP, in situ Hi-C, chro-
matin immunoprecipitation (ChIP-seq), assay for transposase-
accessible chromatin (ATAC-seq), RNA (RNA-seq), and pre-
cision nuclear run-on (PRO-seq) sequencing to systematically
investigate how CTCF depletion affects enhancer loop forma-
tion and transcription in activated CD4+ T cells.

Materials and methods

Mice and cells

Mice carrying a conditional Ctcf allele (CTCFfl/fl) were crossed
with Rosa26-CreER (CreER) mice to generate a tamoxifen-
inducible Ctcf conditional KO strain (CreER; CTCFfl/fl), as
described in our previous study [13]. Age- and sex-matched
CreER littermate mice were used as wild-type (WT) controls
throughout the study. All mouse experimental procedures
were approved by the Department of Laboratory Animal Re-
sources Committee of Yonsei University College of Medicine.
CD4+ T cells were isolated from mouse spleen by positive se-
lection with the MagniSort™ Mouse CD4 Positive Selection
Kit (Thermo Fisher Scientific, 8802-6841-74). Post-sort purity
> 85% was assessed using flow cytometry. CD4+ T cells were
maintained in RPMI medium supplemented with 10% heat-
inactivated fetal bovine serum (Hyclone, SH30071.03), 100
U/ml penicillin/streptomycin (Hyclone, SV30010), and 50 μM
2-mercaptoethanol (Gibco, 21985-023). CD4+ T cells were
stimulated with coated αCD3 (2 μg/ml, Biolegend, 100 331)
and αCD28 (1 μg/ml, Biolegend, 102 116) in the presence of
IL-2 (100 U/ml, Roche, Ro-23-6019) for 6 days. Cells were
cultured for 6 days with IL-2 replenishment every 2 days to
maintain activation and support survival. Unless otherwise
noted, these cells are referred to as ‘activated CD4+ T cells’
throughout the manuscript. To remove the Ctcf allele in vitro,
4-OH-tamoxifen (4-OHT; Sigma-Aldrich, H7904) dissolved
in 100% ethanol was added on the first day of culture (final
0.5 μM).

RNA extraction and quantitative real-time
polymerase chain reaction

CD4+ T cells were subjected to RNA extraction using
a Hybrid-R Total RNA kit (GeneAll Biotechnology, 305-
101) according to the manufacturer’s instructions. RNA was
reverse-transcribed using the PrimeScript™ RT Master Mix
(Takara Bio, RR036A). The resulting cDNAs were subjected
to quantitative real-time polymerase chain reaction (RT-
qPCR) using the QuantStudio 3 Real-time PCR System (Ap-
plied Biosystems), and the synthesis of double-stranded DNA
was monitored during various PCR cycles using the Quanti-
Nova SYBR Green PCR Kit (Qiagen, 208 052). The qPCR
program was as follows: step 1, 95◦C for 2 min; step 2, 95◦C
for 5 s; step 3, 60◦C for 10 s; step 4, return to step 2 and
repeat 40 times. At the end of the cycling program, a melt-
ing program (from 60 to 95◦C with a 0.1◦C increment ev-
ery 1 s) was run to test the specificity of each qPCR. For
each sample, duplicate test reactions were analyzed for the
expression of the gene of interest, and the results were nor-
malized to Rpl7 mRNA levels. The primer sequences are listed
in Supplementary Table S1. Three to four biological replicates
were used for each experiment.

Western blotting

CD4+ T cells were lysed using T-PER™ Tissue Protein Extrac-
tion Reagent (Thermo Fisher Scientific, 78 510) with a pro-
tease and phosphate inhibitor cocktail (Thermo Fisher Scien-
tific, 78 440). Proteins were separated using 8% sodium do-
decyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
and transferred to polyvinylidene fluoride membranes. After
blocking with 5% skim milk, the membrane was incubated
with primary antibodies against α-tubulin (sc32293) from
Santa Cruz and CTCF (2899), p-STAT5 (9351), and STAT5
(94 205) from Cell Signaling Technology, followed by incu-
bation with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies, i.e. HPR-linked anti-rabbit IgG (7074) and
HPR-linked anti-mouse IgG (7076) from Cell Signaling Tech-
nology. The target proteins were visualized using Pierce™ ECL
Plus Western Blotting Substrate (Thermo Fisher Scientific,
32 132) and Image Quant LAS 4000 (GE Healthcare). Three
biological replicates were used for each experiment.

Flow cytometry

The fluorochrome-conjugated anti-mouse CD4 (GK1.5) anti-
body was obtained from eBioscience. Cell death and apop-
tosis were analyzed using the Annexin V Apoptosis Detec-
tion Kit (eBioscience, 88-8007-74) according to the manu-
facturer’s protocol. Cell proliferation was determined using a
CellTrace™ CFSE Cell Proliferation Kit (Invitrogen, C34554).
Stained cells or samples were analyzed by flow cytometry
with a FACSVerse system (BD Biosciences) and a FACS LSR
Fortessa flow cytometer (BD Biosciences). All flow cytome-
try data were analyzed using the FlowJo software version 10
(Treestar). Three biological replicates were used for each ex-
periment.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
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NA-seq

trand-specific libraries were generated using the NEBNext®
ltra™ RNA Library Prep Kit for Illumina® (New England
iolabs, E7760) according to the manufacturer’s protocol.
arcoded libraries were pooled and sequenced on an Illumina
iSeq platform, generating 100 bp paired-end reads. Three
iological replicates were used for each experiment.

hIP-seq

hIP-seq was performed as previously described [13]. Briefly,
hromatin samples prepared using the appropriate num-
er of fixed cells (5 × 105 for histone modifications and
× 107 for transcription factors) were sonicated and sub-

equently immunoprecipitated with each antibody recog-
izing CTCF (Cell Signaling Technology, 2899), SMC1A
Bethyl Laboratories, A300-055A), STAT5 (Cell Signaling
echnology, 94 205), Phospho-Rpb1 CTD Ser5 (Cell Sig-
aling Technology, 13 523), H3K27ac (Abcam, ab4729),
3K4me1 (Abcam, ab8895), H3K4me3 (Abcam, ab8580),
r H3K27me3 (Abcam, ab6002). Antibody–chromatin com-
lexes were captured with Protein A and G Dynabeads
Invitrogen, 100.02D/100.04D) and washed with low-salt
ash buffer, high-salt wash buffer, and LiCl wash buffer.
hromatin–antibody complexes immobilized on the magnetic
eads were subjected to tagmentation. The eluted DNA was
urified using SPRI Ampure XP beads (Beckman Coulter,
63881) and amplified for 8–12 cycles using Nextera PCR
rimers. Libraries were purified using dual (0.65–0.9×) SPRI
mpure XP beads and paired-end sequenced (100 bp) on an

llumina HiSeq2500 platform. Two biological replicates were
sed for each experiment.

TAC-seq

TAC-seq libraries were prepared as described previously
14]. Briefly, 50 000 cells were pelleted, resuspended in lysis
uffer (10 mM Tris, pH 7.4, 10 mM NaCl, 3 mM MgCl2,
.1% NP-40, 0.1% Tween-20, and 0.01% digitonin) for 10
in on ice and washed with lysis buffer without NP-40 and
igitonin. The tagmentation reaction was performed using the
extera DNA Library Prep Kit (Illumina, FC-121-1030), and

he transposed DNA was purified using the MinElute PCR
urification Kit (Qiagen, 28 006). Following PCR amplifica-
ion using Nextera PCR primers, the libraries were purified
sing dual (0.5–1.8×) AMPure XP Reagent (Beckman Coul-
er, A63881) and sequenced on an Illumina HiSeq platform,
enerating 100 bp paired-end reads. Four biological replicates
ere used for each experiment.

RO-seq

RO-seq experiments were performed as described previ-
usly [15] with minor modifications. Briefly, 2 × 106 nu-
lei were subjected to nuclear run-on at 37◦C for 3 min
n the presence of 25 μM Biotin-11-CTP (PerkinElmer,
EL542001EA), 0.25 μM CTP, and 125 μM ATP/GTP/UTP

Roche, 11 277 057 001). Total RNA was extracted using TRI-
ol™ LS Reagent (Invitrogen, 10 296 028) and further frag-
ented with 0.2 N NaOH on ice for 10 min, and biotiny-

ated nascent RNAs were purified using Dynabeads™ M-270
treptavidin (Invitrogen, 65 305). Following adaptor ligation,
DNA synthesis, and PCR amplification, the libraries were
urified using dual (0.5–1.8×) AMPure XP Reagent (Beck-
man Coulter, A63881) and sequenced on an Illumina HiSeq
platform, generating 100 bp paired-end reads. Two biological
replicates were used for each experiment.

In situ Hi-C

In situ Hi-C was performed as previously described [13].
Briefly, 2 × 106 CD4+ T cells were cross-linked with 1%
formaldehyde (Sigma, F8775) for 10 min and subsequently
quenched with 0.125 M glycine (Duchefa Biochemie, G0709).
Chromatin was digested using the MboI restriction enzyme
(New England Biolabs, R0147), followed by biotin incorpora-
tion using Biotin-14-dATP (Jena Bioscience, NU-835-BIO14-
S). After de-cross-linking, the ligated DNA was purified and
sheared to 200–300 bp. DNA was purified using a MinElute
PCR Purification Kit (Qiagen, 28 006) and quantified using
a Qubit dsDNA HS Assay Kit (Invitrogen, Q32854). Subse-
quently, 150 ng of DNA was used for capture using Dyn-
abeads MyOne Streptavidin C1 (Invitrogen, 65 001), and an
appropriate amount of Tn5 enzyme (Illumina, FC-121-1030)
was added to the captured DNA to generate the sequencing li-
brary. Each library was paired-end sequenced (100 bp) an Illu-
mina NovaSeq6000 platform. Two biological replicates were
used for each experiment.

HiChIP

The HiChIP assay was performed as previously described
[13]. Briefly, 2 × 106 CD4+ T cells were cross-linked with
1% formaldehyde (Sigma, F8775) for 10 min and subse-
quently quenched with 0.125 M glycine (Duchefa Biochemie,
G0709). Chromatin was digested using the MboI restriction
enzyme (New England Biolabs, R0147), followed by biotin in-
corporation with Biotin-14-dATP (Jena Bioscience, NU-835-
BIO14-S) in an end-repair step, ligation, and sonication. The
sheared chromatin was incubated with antibodies recogniz-
ing H3K27ac (ab4729; Abcam) at 4◦C overnight. Chromatin–
antibody complexes were captured using Protein A and G
magnetic beads (Invitrogen, 100.02D/100.04D) and subse-
quently washed with low-salt wash buffer, high-salt wash
buffer, and LiCl wash buffer before being eluted. DNA was pu-
rified using a MinElute PCR Purification Kit (Qiagen, 28 006)
and quantified using a Qubit dsDNA HS Assay Kit (Invitro-
gen, Q32854). Subsequently, 50–150 ng of DNA was used for
capture with Dynabeads™ MyOne™ Streptavidin C1 (Invit-
rogen, 65 001), and an appropriate amount of Tn5 enzyme
(Illumina, FC-121-1030) was added to the captured DNA to
generate a sequencing library. Each library was paired-end
sequenced (100 bp) on an Illumina NovaSeq6000 platform.
Two biological replicates were used for each experiment.

RNA-seq data processing

Paired-end sequencing reads were trimmed using Trim Galore
(version 0.6.4) with the command-line settings “trim_galore
–paired”. The trimmed reads were aligned to the mouse
mm10 genome assembly using STAR [16] (version 2.6.0a)
with the parameters –chimSegmentMin 20 –twopassMode
Basic –quantMode TranscriptomeSAM. Gene expression lev-
els were quantified using RSEM [17] (version 1.3.1), with the
following parameters: –paired-end –estimated-rspd. Differen-
tially expressed protein-coding genes were determined using
the DEseq2 R package [18] (version 1.34.0) with an adjusted
P-value threshold of 0.05 and a fold change (FC) threshold
of 2. For the biological process Gene Ontology (GO) enrich-
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ment analysis of the differentially expressed gene symbols,
the enrichGO function from the ClusterProfiler [19] R pack-
age (version 3.14.3) was utilized, with a q-value threshold of
0.05. Strand-specific reads were selected using SAMtools [20]
(version 1.9), and normalized using the bamCoverage func-
tion from deepTools [21] (version 3.3.0) with the parameter
“–normalizeUsing CPM” to generate strand-specific RNA-seq
genome track signals.

ChIP-seq data processing

Paired-end sequencing reads were trimmed using Trim Ga-
lore with the same parameters as in the RNA-seq analysis
and subsequently aligned to the mouse mm10 genome as-
sembly using bwa [22] (version 0.7.12) with default param-
eter settings. Low-quality reads were removed using SAM-
tools with the parameters -1 30 –F 1804 –f 2, and dupli-
cate reads were marked using Picard tools (version 2.18.23)
with default parameters. Mitochondrial reads and duplicate
reads were further removed using SAMtools with the same
parameters as previously described. Uniquely mapped reads
were normalized using the bamCoverage function from deep-
Tools with command-line option “–normalizeUsing CPM”
to generate ChIP-seq genome tracks. ChIP-seq heatmap sig-
nals were calculated with the computeMatrix function from
deepTools with the command-line options “reference-point
–referencePoint center –missingDataAsZero” and additional
range information to display normalized read counts near
the peak center. Peaks were identified for each sample and
biological replicate using MACS2 [23] (version 2.1.2) with
command line options “macs2 callpeak -g mm -f BAMPE –
nomodel” and input reference data, and additional command
line options “-q 0.001′′ for H3K27ac ChIP-seq and “–broad”
for H3K4me1 and H3K4me3 ChIP-seq. For the H3K27ac
ChIP-seq analysis, raw sequencing reads of the replicates
were merged and reprocessed as combined results for fur-
ther analysis. The DESeq2 R package was used to identify
differential peaks of ChIP-seq data using read counts from
each sample, with customized size factors calculated based on
the proportion of uniquely mapped reads between samples,
an adjusted P-value threshold of 0.05, and an FC threshold
of 2.

ATAC-seq data processing

Paired-end sequencing reads were trimmed using Trim Galore,
with the same parameters as those used in the RNA-seq anal-
ysis. Trimmed reads were mapped to the mouse mm10 ref-
erence genome using bowtie2 [24] (version 2.3.2) with the
following parameters: –end-to-end –very-sensitive –maxins
2000. Reads with low mapping quality, duplicated reads, and
mitochondrial reads were marked and filtered using SAMtools
and Picard tools, as in the ChIP-seq analysis. Nucleosome-
free regions were selected, and Tn5 transposase-induced adap-
tor insertion sites were shifted using the alignmentSieve func-
tion from deepTools with the command line-options “–
maxFragmentLength 100 –ATACshift.” Nucleosome-free re-
gion reads were normalized using deepTools, as in the ChIP-
seq analysis, to generate ATAC-seq genome tracks. ATAC-seq
peak calling was performed using MACS2 with the same pa-
rameters as in the ChIP-seq analysis, without using input ref-
erence data. The DESeq2 R package was used to identify dif-
ferentially accessible regions in the ATAC-seq data using the
read counts of each sample and customized size factors calcu-
lated based on the proportion of nucleosome-free region reads
between samples, an adjusted P-value threshold of 0.05, and
an FC threshold of 2.

PRO-seq data processing

Paired-end sequencing reads were trimmed using Trim Galore,
with the same parameters as those used in the RNA-seq anal-
ysis. Trimmed reads were mapped to the mouse mm10 ref-
erence genome using bwa mem, as in the ChIP-seq analysis.
Reads with low mapping quality, duplicated reads, and mi-
tochondrial reads were marked and filtered using SAMtools
and Picard tools, as in the ChIP-seq and ATAC-seq analyses.
Uniquely mapped reads were normalized using deepTools as
in ChIP-seq. Strand-specific reads were selected using SAM-
tools and normalized using deepTools, as in RNA-seq, to gen-
erate strand-specific PRO-seq genome track signals. De novo
transcript identification was performed using HOMER func-
tion findPeaks [25] with the “-style groseq” option for each
single and merged samples.

Identification of enhancer RNAs

Enhancer RNAs were identified from PRO-seq data by de-
tecting bidirectional de novo transcripts that exhibited over-
laps with Pol2S5P ChIP-seq peaks, H3K27ac ChIP-seq peaks,
and ATAC-seq peaks, while ensuring they did not overlap
with ± 2.5 kb from the transcription start site (TSS) of all
genes or the gene body of any protein-coding genes.

In situ Hi-C data analysis

The paired-end read files were processed using HiC-Pro [26]
(version 2.11.4). Default settings were used to align reads
to the mouse mm10 genome, remove duplicate reads, assign
reads to DpnII restriction fragments, filter for valid interac-
tions, and generate binned interaction matrices. After confirm-
ing good reproducibility between biological replicates using a
hic-spector [27], the replicate data were merged for reprocess-
ing as combined results (Supplementary Table S2). The vali-
dated contact pairs were transformed to Juicer .hic files using
the hicpro2juicebox function from HiC-Pro with the default
parameter settings. To segregate the A and B compartments,
eigenvectors for each chromosome of each sample were gener-
ated from the Hi-C data using the Juicer tool function eigen-
vector (version 1.22.01), with KR (Knight–Ruiz) normaliza-
tion at 100 kb resolution [28]. The Juicer .hic files were con-
verted to .cool files using hic2cool with default parameter op-
tions. The compartmentalization strength for KR-normalized
Hi-C data at 100 kb resolution was calculated using cooltools
[29] (version 0.3.2) and defined as the ratio of (A – A + B
– B)/(A – B + B – A) interactions. The insulation score was
calculated using an algorithm that aggregated the number of
interactions that occurred across chromosome bins and divid-
ing it by the mean number of interactions for the whole chro-
mosome, followed by logarithmization [30]. TAD boundaries
were identified using an insulation square analysis algorithm
through a matrix2insulation.pl function with parameters -b
500 000 -ids 200 000 -im mean -bmoe 3 -nt 0.1. Intra-TAD
DNA interactions, represented as TAD strengths, were calcu-
lated using FAN-C [31] (version 0.9.14) with the command-
line options “fanc aggregate –tads –expected-norm –log.”

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
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iChIP data analysis

aired-end read files of the separated and merged samples
ere processed using HiC-Pro [26], following the same steps
s in in situ Hi-C analysis (Supplementary Table S3). H3K27ac
iChIP loops were called using FitHiChIP [32] (version 9.0)
ith 10 kb bin sizes, bias correction by coverage, false discov-

ry rate < 10−5, a minimum genomic distance of 20 kb, and
maximum genomic distance of 2 Mb. For identification of

oops with differential strength of chromatin interaction, all
3K27ac HiChIP loops with q < 10−5 in at least one of the

wo conditions were compared by applying DESeq2 (version
.24.0) for the contact counts of each replicate. Gained and
ost H3K27ac HiChIP loops were selected using P < 0.05 and
og2[FC] > 1 and log2[FC] < −1, respectively. The cut-off for
he super-loops was set to the elbow of the curve, and a tan-
ent line at the cut-off is shown in the graph. The loops below
he elbow point of the curve were defined as typical-loops.
uper-loops and typical-loops were equally divided into S1,
2, T1, and T2 subgroups based on loop strength.

ggregated peak analysis

o aggregate genome-wide interaction density near selected
oops, the merged HiC and HiChIP matrix dataset was pro-
essed using the Juicer tools function apa (version 1.19.02)
ith command line options “-r 10 000 -k KR -n 30 -w 10.”
enome-wide normalized aggregated peak analysis (APA) re-

ults were used to plot and calculate the peak to lower left
P2LL) values.

efinition of regulatory elements for annotating
iChIP loop anchors

romoters were defined as ± 2.5 kb from the TSS of
ach protein-coding gene. Enhancers were defined as regions
ith an H3K27ac peak as determined by ChIP-seq. Super-

nhancers (SEs) were defined by applying the ROSE algorithm
o the H3K27ac peaks with a default stitching size of 12.5 kb
33]. The presence of one or more promoters was considered
s a promoter of the HiChIP anchor. The absence of any pro-
oter or enhancer was considered as a non-HiChIP anchor.

otif enrichment locus overlap analysis

he enrichment of transcription factor motifs within ATAC-
eq peaks that overlapped with anchors from each group of
iChIP loops was obtained by BEDTools [34] (version 2.29.2)

nd analyzed using the “findMotifsGenome.pl” function from
OMER, employing total ATAC-seq peak regions as a back-

round position. For locus overlap analysis (LOLA), ATAC-
eq peaks within the region of interest were analyzed using
OLAweb [35] (version 1.4.0) with total ATAC-seq peak re-
ions as background regions and background universe, and
ompared against the LOLACore region databases for mm10
o identify the enrichment of experimentally derived transcrip-
ion factor binding locations.

D clique analysis

D clique analysis was performed following a previously
eported procedure [13]. Briefly, a unidirectional graph of
nhancer-centric chromatin interactions was constructed from
3K27ac HiChIP data, where each edge was a significant
3K27ac HiChIP loop, and each vertex was a loop an-

hor. “3D Cliques” were defined by spectral clustering of
the H3K27ac-mediated chromatin interaction using the clus-
ter_louvain function in the igraph R package with default pa-
rameters.

Genome editing by ribonucleoprotein
electroporation in CD4+ T cells

CD4+ T cells were stimulated with coated αCD3 (2 μg/ml, Bi-
olegend, 100 331) and αCD28 (1 μg/ml, Biolegend, 102 116)
in the presence of IL-2 (100 U/ml, Roche, Ro-23-6019) for 2
days before transfection. CRISPR/Cas9 [clustered regularly in-
terspaced palindromic repeats (CRISPR)/CRISPR-associated
protein 9] ribonucleoprotein (RNP) complexes containing
Alt-R CRISPR/Cas9 guide RNAs (Integrated DNA Technolo-
gies, Inc.; Supplementary Table S4) and TrueCut™ Cas9 Pro-
tein v2 (Invitrogen, A36496) were delivered into CD4+ T
cells using the 4D nucleofector™ platform (Lonza), as de-
scribed previously [36]. RNPs were formed by adding pu-
rified Cas9 protein to single guide RNAs (sgRNAs) in 1 ×
phosphate-buffered saline (PBS). Complexes were allowed to
form for 10 min at room temperature before electropora-
tion. RNP complexes (5 μl) and 1.5 × 106 CD4+ T cells (20
μl) were mixed and electroporated according to the manu-
facturer’s specifications using protocol CM137 (P4 primary
Cell 4D-Nucleofector™). Electroporated CD4+ T cells were
recovered in pre-warmed T-cell media and cultured in the
presence of IL-2 (100 U/ml, Roche, Ro-23-6019) for 2 days.
To assess genome editing efficiency and confirm STAT5 mo-
tif disruption at the targeted enhancer regions (Dexi and
Igfbp4 loci), edited genomic regions were PCR-amplified us-
ing locus-specific primers (Supplementary Table S1). Indel for-
mation was measured by T7 endonuclease I assay (New Eng-
land Biolabs, M0302S), and mutations were further validated
by Sanger sequencing of PCR products cloned into the TA
cloning vector (Takara, 6028), as shown in Supplementary
Figs S10 and S11.

Quantification and statistical analysis

The statistical significance of the differences between measure-
ments was determined by the one-sided Wilcoxon rank-sum
test (Mann–Whitney U-test) using R, unless otherwise stated.
The statistical details of the experiments can be found in the
figure legends.

Data visualization

All HiC and HiChIP matrix data were plotted with the HiC-
Explorer [37] (version 3.7.2). All ChIP-seq and PRO-seq heat
maps, saddle plots, and aggregate plots were generated using
the seaborn (version 0.10.1) and matplotlib (version 3.2.1)
Python packages. The RNA-seq, ChIP-seq, ATAC-seq, and
PRO-seq genome tracks were generated using pyGenome-
Tracks [38] (version 3.7).

Results

Enhancer loop formation is facilitated by CTCF and
active transcription

To decipher the role of CTCF in enhancer loop formation
and transcriptional regulation in activated CD4+ T cells,4-
OHT was added to CD4+ T-cell cultures on the first day
of activation to remove loxP-flanked Ctcf alleles in Ctcf
conditional KO cells (CreER;CTCFfl/fl), but not in WT cells

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
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(CreER;CTCFwt/wt; Fig. 1A). Depletion of endogenous CTCF
in CD4+ T cells was confirmed at the mRNA and protein lev-
els (Supplementary Fig. S1A, B), and CTCF-deficient CD4+ T
cells demonstrated slightly increased apoptosis, but relatively
similar proliferation, using flow cytometry (Supplementary
Fig. S1C, D). Furthermore, the genome-wide occupancy of
CTCF and SMC1, measured using ChIP-seq, was consider-
ably reduced by CTCF depletion (Supplementary Fig. S1E–
H), and RNA-seq analysis revealed 1 074 deregulated genes
(FDR < 0.05, FC > 2.0), of which 660 and 414 were up-
regulated and down-regulated, respectively, by CTCF deple-
tion (Supplementary Fig. S1I). Consistent with previous re-
ports using other cell models [13, 39, 40], in situ Hi-C analysis
demonstrated that CTCF depletion largely maintained com-
partment organization but disrupted TAD insulation in CD4+

T cells (Supplementary Fig. S2).
We then generated high-resolution contact maps of ac-

tive enhancers using H3K27ac HiChIP and observed a sub-
stantial decrease in the number of HiChIP loops due to
CTCF depletion (75 845 in WT and 42 839 in KO; Fig. 1B;
Supplementary Fig. S3 for representative contact maps and
loop classification strategy). Moreover, most of the HiChIP
loops in WT cells were enriched in CTCF, at least in one
of the loop anchors (Fig. 1C, D), and half of the loop an-
chors in WT cells showed CTCF occupancy (Fig. 1E), sug-
gesting an important role for CTCF in the maintenance of
enhancer loop formation. HiChIP loops from WT and KO
CD4+ T cells were ranked based on loop strength (−log10Q),
and super-loops and typical-loops were defined as those above
and below the elbow of the loop strength ranking, respec-
tively. Both the super-loops and typical-loops were further
evenly divided based on their loop strengths (Fig. 1F). Addi-
tional analyses revealed that super-loops tend to span shorter
genomic distances than typical-loops, and genes associated
with super-loops engage in a greater number of promoter-
associated loops in both WT and CTCF-deficient CD4+ T
cells (Supplementary Fig. S4). The higher loop strength of
the super-loops compared with that of typical-loops was ver-
ified by examining in situ Hi-C and HiChIP contact counts
(Fig. 1G, H).

We examined HiChIP loops, categorized by loop strength,
to assess the epigenetic chromatin state and transcriptional
activity at their anchors in both WT and CTCF-deficient
(KO) CD4+ T cells (Fig. 1I). Super-loops in the WT cells
displayed increased CTCF occupancy, providing further in-
sight into the role of CTCF in loop formation. Notably, both
WT and KO CD4+ T cells exhibited enhanced occupancy
of SMC1A, a cohesin subunit that stabilizes chromatin in-
teractions at the anchors of super-loops. Additionally, the
anchors of the super-loops in both WT and KO CD4+ T
cells showed reduced enrichment of the repressive histone
mark H3K27me3, but higher levels of enrichment for ac-
tive promoter/enhancer histone marks (H3K27ac, H3K4me1,
and H3K4me3), open chromatin regions (ATAC-seq), and
active transcription events (PRO-seq and Pol2S5P ChIP-seq;
Fig. 1I). When we grouped HiChIP loop anchors from WT
CD4+ T cells based on CTCF occupancy at their anchors,
a positive correlation was consistently observed between
stronger loop formation and epigenetic chromatin states re-
lated to active transcription, particularly when CTCF occu-
pancy was absent (Fig. 1J). These findings collectively suggest
that CTCF contributes to maintaining enhancer-centric chro-
matin interactions and that strong transcriptional activity can
promote robust enhancer loop formation in the absence of
CTCF.

STAT5-bound super-enhancers drive robust
enhancer loop formation

We analyzed ATAC-seq peaks at the anchors of enhancer
loops to investigate transcription factor binding related to en-
hancer loop formation. In WT cells, the CTCF motif showed
the most enrichment at all loop anchors, regardless of loop
strength, highlighting its crucial role in enhancer loop forma-
tion (Fig. 2A). By contrast, in CTCF-deficient CD4+ T cells,
we observed enrichment of transcription factors related to
immune cells, such as NF-κB and ETV4, at the anchors of
typical-loops (Fig. 2A). Notably, the STAT5 motif exhibited
the highest level of enrichment at the anchors of stronger
super-loops (S2) in the KO cells (Fig. 2A). Enrichment of the
STAT5 motif was also observed at the S2 loop anchors in WT
cells that lacked CTCF occupancy (Supplementary Fig. S5A).
The STAT5 signaling pathway appeared to remain active
following CTCF depletion, as evidenced by similar levels
of STAT5 phosphorylation and genome-wide STAT5 occu-
pancy in KO CD4+ T cells (Fig. 2B, C). Notably, both WT
and KO CD4+ T cells showed a more prominent increase
in STAT5 ChIP-seq signals at the loop anchors as the loop
strength increased, which was particularly significant in KO
cells (Fig. 2D) and WT loop anchors lacking CTCF occupancy
(Supplementary Fig. S5B). We also noticed a considerable pro-
portion of loop anchors overlapping with STAT5 ChIP-seq
peaks as loop strength increased, especially when CTCF was
absent (Fig. 2E; Supplementary Fig. S5C).

Given that recent reports have suggested that STAT5 binds
to SEs and regulates genes highly induced by IL-2 in mouse T
cells [41], we identified SEs using H3K27ac ChIP-seq peaks
in WT and KO CD4+ T cells (Fig. 2F; Supplementary Fig.
S5D). LOLA of the ATAC-seq peaks within the SEs revealed
that sites bound by STAT5 were highly represented in both
WT and KO CD4+ T cells (Supplementary Fig. S5E, F), with
nearly all SEs displaying STAT5 occupancy (Fig. 2F). Notably,
CTCF depletion had minimal effects on H3K27ac enrichment
in the SEs (Fig. 2G). Interestingly, we identified an increased
overlap of loop anchors with SEs as loop strength increased,
with this effect being more pronounced in KO cells than in WT
cells (Fig. 2H). These findings collectively illustrate the robust
association between STAT5-bound SEs and the formation of
strong enhancer loops, particularly in the absence of CTCF.
This association was exemplified at the IL4Ra and Cish loci
(Fig. 2I; Supplementary Fig. S5H).

Robust enhancer–promoter interactions are
associated with the release of RNA polymerase II
pausing

SEs are known for their role in maintaining the high transcrip-
tional output of key cell identity genes [33]. To investigate how
SEs activate target genes in CD4+ T cells and the extent to
which long-range chromatin interactions play a role in this
process, we performed an analysis using H3K27ac HiChIP,
which enabled us to identify protein-coding genes that may
be regulated by SEs through the formation of enhancer loops
(Supplementary Fig. S6A). Genes targeted by SEs exhibited el-
evated RNA expression levels (Fig. 3A) and a preference for
pathways associated with immune cell identity and function
in both WT and KO CD4+ T cells (Supplementary Fig. S6B).

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
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Figure 1. Enhancer loop formation is facilitated by both CTCF and active transcription. (A) Schematic depicting the experimental approach employed in
this study. (B) Distribution of regulatory elements at the anchors of the high-confidence H3K27ac HiChIP loops. (C) Three types of H3K27ac HiChIP
loops classified based on CTCF occupancy at loop anchors. (D) Number of HiChIP loops from WT CD4+ T cells, categorized as described in (C). (E)
Number of HiChIP loop anchors from WT CD4+ T cells, classified as described in (C). (F) The HiChIP loops from WT (top) and KO (bottom) CD4+ T cells
were ranked based on their loop strength (−log10Q). Super-loops and typical-loops were defined as those above and below the elbow of the loop
strength ranking, respectively. Both super-loops and typical-loops were further divided evenly based on their loop strength. (G and H) APA of each group
of HiChIP loops from WT (top) and KO (bottom) CD4+ T cells was performed by examining in situ Hi-C (G) and HiChIP (H) contact counts. (I) HiChIP loop
anchors from WT (left) and KO (right) CD4+ T cells were examined for enrichment of ChIP-seq, PRO-seq, and ATAC-seq signals. (J) HiChIP loop anchors
from WT CD4+ T cells, either with (left) or without (right) CTCF occupancy, were examined for enrichment of ChIP-seq, PRO-seq, and ATAC-seq signals.
The number of anchors in each group of HiChIP loops was labeled in (I) and (J).
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Figure 2. STAT5-bound SEs contribute to the formation of enhancer loops. (A) Transcription factor motif identification at ATAC-seq peaks in each group of
loop anchors from WT (left) and KO (right) CD4+ T cells. (B) Western blotting performed with the indicated antibodies. The data are representative of
three independent experiments with similar results. (C) Scatter plots of STAT5 ChIP-seq signals from WT and KO CD4+ T cells. (D) STAT5 ChIP-seq
signals in each group of loop anchors from WT (left) and KO (right) CD4+ T cells. (E) STAT5 occupancy in each group of loop anchors from WT (left) and
KO (right) CD4+ T cells.(F) STAT5 occupancy in SEs. (G) ChIP-seq density plots centered around SEs. (H) Overlap of SEs or typical-enhancers with each
group of loop anchors from WT (left) and KO (right) CD4+ T cells. (I) Snapshots displaying virtual 4C (V4C) plots, signal tracks for ChIP-seq, PRO-seq, and
ATAC-seq (from top to bottom) at the Il4ra locus. The TSS of the Il4ra gene is indicated as the viewpoint of V4C.
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Figure 3. The strength of enhancer–promoter interactions positively correlates with the release of RNA polymerase II (RNAPII) pausing. (A)
Protein-coding genes, classified by connection to SEs, were examined for RNA expression (top) and pausing index (bottom). (B) Protein-coding genes,
classified by loop types associated with gene promoters, were examined for RNA expression (top) and pausing index (bottom). (C) Heatmaps showing
sense-strand PRO-seq reads around TSSs (−1 kb to +3 kb), ranked by decreasing promoter PRO-seq signal. (D) Snapshot of signal tracks for PRO-seq
and Pol2S5P ChIP-seq in the representative gene regions. (E) Proportion of genes with their promoters connected to SEs (top), enhancer RNAs (eRNAs;
middle), and promoters of other genes (bottom) within each gene group. (F) Correlation analysis between PRO-seq signals at promoters connected by
promoter–promoter loops within each gene group. (G) Scatter plots showing the correlations between pausing indices and H3K4me3 levels at the
promoter regions of each gene group.
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Recent studies have suggested that SEs promote high-level
gene expression by facilitating the rapid release of transcrip-
tional pausing [42]. Our analysis of the pausing index, based
on PRO-seq signals, demonstrated that genes associated with
SEs exhibited decreased levels of transcriptional pausing com-
pared with those not associated with SEs (Fig. 3A). Further-
more, when we categorized the protein-coding genes based on
their pausing index and conducted GO analysis, we observed
that the genes with the lowest levels of transcriptional paus-
ing (Supplementary Fig. S6C) were predominantly associated
with immune-related pathways. These results support the no-
tion that SEs play a pivotal role in sustaining the high expres-
sion of cell identity genes in CD4+ T cells by promoting the
rapid release of transcriptional pausing.

Given the strong link between SEs and robust enhancer
loops (Fig. 2H; Supplementary Fig. S5G), we examined
whether enhancer loop strength correlated with transcrip-
tional pausing in their target genes. Genes associated with
stronger enhancer loops exhibited higher RNA expression
and fewer transcriptional pauses (Fig. 3B, C). The rapid re-
lease of transcriptional pauses in genes linked to super-loops
was further confirmed by analyzing the pausing index based
on Pol2S5P ChIP-seq signals (Fig. 3D; Supplementary Fig.
S6D, E). Enhancer RNAs (eRNAs) are short, bidirectionally
transcribed non-coding RNAs produced at active enhancers,
and have been implicated in promoting RNA polymerase II
(RNAPII) pause-release [43] (Supplementary Fig. S7). Genes
linked to super-loops showed a higher proportion of eRNAs
and SEs in the enhancer loop anchors (Fig. 3E). Notably, most
protein-coding genes with enhancer loops were connected to
other genes via promoter–promoter chromatin interactions
(Fig. 3E). Furthermore, both genes connected by promoter–
promoter chromatin interactions exhibited a simultaneous in-
crease in nascent RNA expression as the loop strength in-
creased (Fig. 3F). Therefore, active transcription events oc-
curring at distal enhancers, whether involved in the expres-
sion of eRNAs or protein-coding genes, are associated with
the rapid release of transcriptional pausing through strong en-
hancer loop formation.

H3K4me3, which is associated with TSSs, regulates
RNAPII promoter-proximal pausing, and acute loss of
H3K4me3 leads to an increase in RNAPII pausing [44]. All
protein-coding genes exhibited a negative correlation between
H3K4me3 signals in the promoter regions and the pausing in-
dex in both the WT and KO cells (Fig. 3G). Notably, this neg-
ative correlation was most pronounced when the genes were
connected by strong enhancer loops (S2), whereas it was not
observed when they were connected by weaker loops (T1) or
not connected (Fig. 3G). These findings collectively emphasize
the importance of enhancer loop strength in modulating the
release of RNAPII pausing for the expression of cell identity
genes in CD4+ T cells.

Robust enhancer–promoter interactions require
CTCF to shape immune-related gene expression
patterns in CD4+ T cells

We analyzed the extent to which CTCF depletion affected
enhancer loop formation, thereby controlling gene expres-
sion. Differential loop analyses using H3K27ac HiChIP re-
vealed genome-wide changes in the enhancer loop strength
following CTCF depletion, with 10 233 gained loops and
8870 lost loops (Fig. 4A). Our LOLA of the ATAC-seq peaks
within the loop anchors revealed a high representation of
sites bound by STAT5 in the gained loop anchors (Fig. 4B),
which is consistent with the observation that STAT5-bound
enhancers contribute to enhancer loop formation in a CTCF-
independent manner. However, CTCF sites were highly rep-
resented in the lost loop anchors (Fig. 4C), and 93% of
the lost loops showed CTCF occupancy in at least one of
the loop anchors (Fig. 4D), validating the significant role of
CTCF in the maintenance of enhancer loop formation. In
contrast, WT loops lacking CTCF binding at both anchors
were largely retained following CTCF depletion, suggesting
that CTCF-independent enhancer–promoter interactions re-
main stable and may be regulated by alternative architec-
tural or transcriptional mechanisms (Supplementary Fig. S8).
Most of the lost loops were located within the boundaries
of WT TADs, whereas 27% of the loops gained in CTCF-
deficient CD4+ T cells extended beyond these WT boundaries
(Fig. 4E). This observation is consistent with CTCF depletion
weakening the insulation capacity at the WT TAD boundaries
(Fig. 4F; Supplementary Fig. S2G). Furthermore, the most sub-
stantial changes in insulation scores between loop anchors
[max (� Insulation score)], which reach their peak at WT
TAD boundaries (Supplementary Fig. S9A, B), were more pro-
nounced in the gained loops compared with the lost or con-
stant loops (Fig. 4G). Additionally, the number of CTCF peaks
between loop anchors, typically highest at the TAD bound-
aries (Supplementary Fig. S9C), was higher in the gained loops
than in the lost or constant loops (Fig. 4H). These findings un-
derscore the role of CTCF as an insulator in both the sub-TAD
and TAD scales. Representative genomic loci illustrated the
dual function of CTCF in the 3D enhancer network, i.e. main-
taining enhancer loop strength at loop anchors and preventing
aberrant chromatin interactions through insulation capacity
when positioned between them (Supplementary Fig. S9A).

CTCF depletion had a more pronounced impact on the
super-loops than on the typical-loops. In WT cells, > 40%
of the super-loops displayed reduced chromatin interactions,
whereas in KO cells, approximately one-third of the super-
loops were newly formed due to enhanced loop strength (Fig.
4I). Furthermore, CTCF depletion had a significant impact
on the set of genes connected by super-loops; approximately
half of the genes associated with super-loops in WT cells lost
their connections (disrupted genes), whereas approximately
half of the genes linked with super-loops in KO cells formed
new connections following CTCF depletion (acquired genes;
Fig. 4J). Genes that maintain their connections with super-
loops, even in the absence of CTCF (preserved genes), may
be facilitated by the strong transcriptional activity at their
loop anchors. Genes connected by super-loops in the WT
cells (preserved and disrupted) were primarily associated with
immune-related pathways (Fig. 4K). By contrast, genes lack-
ing super-loop connections in the WT cells (acquired and un-
linked genes) exhibited a clear preference for pathways re-
lated to housekeeping functions, including RNA metabolism
(Fig. 4K). This finding suggests that strong enhancer loops
are crucial for the expression of cell identity genes, and that
CTCF is crucial for the precise alignment of SEs with cell
identity genes, thereby preventing aberrant chromatin inter-
actions with non-cell identity genes in CD4+ T cells. Im-
portantly, genes that lost their super-loop connections due
to CTCF depletion exhibited a noticeable reduction in RNA
expression and an accompanying increase in transcriptional
pausing, whereas genes that gained super-loop connections in
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Figure 4. The strength of the enhancer loop contributes to shaping immune-related gene expression patterns. (A) MA plot showing significant changes
in H3K27ac HiChIP loop strength upon CTCF depletion. The number of loops exhibiting > 2.0-fold increases in WT (blue) or KO (red) CD4+ T cells with a
P-value < 0.05 is indicated. (B and C) Relative LOLA enrichment of transcription factors from ATAC-seq peaks at the anchors from gained (B) or lost (C)
loops. (D) Proportion of anchors of lost loops classified based on CTCF occupancy. (E) The number of lost or gained loops, due to CTCF depletion, was
categorized as either across WT boundaries or within WT boundaries. (F) Genome-wide averaged insulation plotted versus distance around the
insulation center at the WT TAD boundary. (G) Cumulative proportion of the maximum difference in insulation score observed between loop anchors
within each loop type. (H) Cumulative proportion of the number of CTCF peaks between loop anchors within each loop type. (I) Proportion of lost (left) or
gained (right) loops within each loop type. (J–M) Protein-coding genes, classified by changes in super-loop connection to their promoters (J), were
examined for enrichment of biological process GO terms (K), RNA expression (L), and pausing index (M).
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CTCF-deficient cells displayed heightened RNA expression
and a decrease in transcriptional pausing (Fig. 4L, M). The in-
tricate interplay between enhancer loop strength and the reg-
ulation of transcriptional pausing highlights the pivotal role
of the CTCF-dependent 3D chromatin architecture in shap-
ing immune-related gene expression patterns in CD4+ T cells.

CTCF depletion alters the transcriptional response
to JAK inhibition by rewiring the STAT5 enhancer
network

IL-2 is a well-established critical regulator of immune re-
sponses in CD4+ T cells, and IL-2-activated STAT5 facilitates
chromatin looping at SEs to preferentially regulate highly in-
ducible immune-related genes [41]. Given that the depletion
of CTCF can lead to improper pairing of SEs with their tar-
get genes, our subsequent investigation focused on determin-
ing the pivotal role of the CTCF-dependent 3D chromatin
structure in regulating STAT5-mediated gene expression in
CD4+ T cells. The JAK/STAT signaling pathway plays a piv-
otal role in various cellular processes and modulates the ex-
pression of critical mediators associated with cancer and au-
toimmune diseases [45]. Tofacitinib, the first JAK inhibitor
approved for treating rheumatoid arthritis, is recognized for
its ability to block the γc cytokine receptor signaling path-
way through JAK1 and JAK3 in T cells [46]. We examined
whether changes in the 3D chromatin structure induced by
CTCF depletion could impact the transcriptional response to
JAK inhibitors in activated CD4+ T cells. Combined analy-
sis of STAT5 ChIP-seq and H3K27ac HiChIP demonstrated
that almost all gained loops and approximately half of the lost
loops exhibited STAT5 occupancy, at least in one of the loop
anchors (Fig. 5A), indicating that CTCF depletion significantly
rewired the STAT5 enhancer network and its regulation of
target genes. Phosphorylation of STAT5 induced by IL-2 was
similar between WT and KO cells, but significantly decreased
following tofacitinib treatment (Fig. 5B). This treatment re-
sulted in unique genome-wide gene expression patterns that
depended on the presence of CTCF (Fig. 5C). To investigate
how CTCF depletion altered the transcriptional response to
tofacitinib, we identified direct STAT5 target genes display-
ing reduced RNA expression following tofacitinib treatment
through an integrated analysis of STAT5 ChIP-seq, H3K27ac
HiChIP, and RNA-seq (Fig. 5D). The majority of tofacitinib-
sensitive STAT5 target genes demonstrated chromatin inter-
actions between their promoters and STAT5-bound distal en-
hancers (Fig. 5D); therefore, we explored two potential regula-
tory mechanisms by which CTCF depletion affected gene ex-
pression through the rewired enhancer network. First, the ab-
sence of insulator CTCF led to the formation of chromatin in-
teractions connecting STAT5-bound distal enhancers to target
genes, thereby enhancing their expression (Fig. 5E). Second,
depletion of CTCF disrupted chromatin interactions between
STAT5-bound distal enhancers and target genes, consequently
reducing their expression (Fig. 5E). To explore this further, we
assessed the changes in the RNA expression of STAT5 target
genes following CTCF depletion (Fig. 5F) and their correla-
tion with alterations in chromatin interactions with STAT5-
bound distal enhancers (Fig. 5F). Following CTCF depletion,
67 STAT5 target genes were up-regulated, with 51 exhibiting
STAT5 loop gains (Fig. 5F), whereas 69 STAT5 target genes
were down-regulated, with 15 exhibiting STAT5 loop losses
(Fig. 5F; Supplementary Table S5). Following CTCF deple-
tion, modifications in transcriptional pausing were observed
concomitant with shifts in the RNA expression of STAT5 tar-
get genes. However, this correlation was primarily evident
when changes in loop strength occurred between the STAT5-
bound distal enhancers and promoters (Fig. 5G). These re-
sults demonstrate that CTCF depletion reprograms the tran-
scriptional response of CD4+ T cells to JAK inhibition by
rewiring the STAT5 enhancer network rather than by altering
the JAK/STAT signaling pathways.

Genome editing validates that the rewired STAT5
enhancer loops alter transcriptional responses to
JAK inhibition following CTCF depletion

We used the CRISPR/Cas9 system for genome editing to val-
idate whether the altered transcriptional response to tofaci-
tinib in CTCF-deficient CD4+ T cells was due to the rewiring
of the STAT5 enhancer network.

Dexi, which is implicated in the pathogenesis of type 1 dia-
betes mellitus and autoimmune diseases [47], exhibited a sig-
nificant increase in chromatin interactions with STAT5-bound
SEs following CTCF depletion (Fig. 6A). This interaction re-
sulted in the formation of a super-loop connecting the STAT5-
bound SE to the Dexi promoter (Fig. 6B), leading to a notable
decrease in transcriptional pausing, an increase in Dexi ex-
pression, and an enhanced transcriptional response to tofaci-
tinib (Fig. 6C–E). Notably, these effects were not observed to
the same extent in Socs1 and Usp7 (Fig. 6C–E), underscoring
the specificity of the regulatory mechanism. We then intro-
duced mutations into the STAT5-binding GAS motifs located
in the Socs1 SE, which showed the most significant changes in
chromatin interactions after CTCF depletion, as revealed by
V4C (Fig. 6A). Following targeting them with CRISPR/Cas9
in both WT and KO CD4+ T cells, we confirmed the dele-
tion of this element, �STAT5BS, through DNA sequenc-
ing (data not shown). In WT cells, deletion of the STAT5-
binding GAS motifs did not result in significant changes in
the expression of the three genes (Fig. 6F). However, in KO
cells, the expression of Dexi was significantly reduced by the
deletion of the STAT5-binding GAS motifs, whereas Usp7
and Socs1 remained unaffected (Fig. 6F). These findings con-
firm that the reconfiguration of the STAT5 enhancer to the
Dexi promoter is the primary factor contributing to increased
gene expression and tofacitinib sensitivity following CTCF
depletion.

Furthermore, our investigation was extended to Igfbp4, a
key modulator of insulin-like growth factor 1 (IGF1) signal-
ing that is preferentially expressed in murine Th17, Treg, and
ILC3 cells [48]. V4C and 3D clique analysis revealed that
CTCF depletion selectively disrupted the super-loop connect-
ing the STAT5-bound SE to the Igfbp4 promoter (Fig. 7A, B),
resulting in an increased pausing index and decreased Igfbp4
RNA expression (Fig. 7C, D). This selective disruption of the
super-loop could explain the heightened sensitivity to tofac-
itinib in Igfbp4 compared with Top2a and Ccr7 (Fig. 7E).
Our genome editing experiments confirmed the direct role
of STAT5 located at a distal SE (denoted as �STAT5BS) in
controlling Igfbp4 expression (Fig. 7A, F). Collectively, these
findings confirm the pivotal role of the intricate regulatory
network orchestrated by 3D genome organization in shaping
transcriptional responses to JAK inhibition.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1404#supplementary-data
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Figure 5. CTCF depletion alters transcriptional response to JAK inhibition by rewiring the STAT5 enhancer network. (A) Proportion of anchors of gained
or lost loops, classified based on STAT5 occupancy. (B) Western blotting performed with the indicated antibodies. The data are representative of three
independent experiments with similar results. (C) Principal component analysis (PCA) of RNA-seq data. (D) Integrated analysis of H3K27ac HiChIP, STAT5
ChIP-seq, and RNA-seq to identify tofacitinib-sensitive STAT5 target genes (top), with the number of genes classified based on the overlap of STAT5
peaks with promoters, distal enhancers, or both (bottom). (E) Schematic illustrating the role of CTCF in either blocking (top) or facilitating (bottom)
chromatin interactions between promoters and distal STAT5-binding enhancers. (F) RNA-seq MA plot showing the differential expression of STAT5 target
genes upon CTCF depletion (left top); the number of genes exhibiting > 2.0-fold increases in WT (blue) or KO (red) cells with an FDR < 0.05 is indicated.
HiChIP MA plot depicting the changes in STAT5-mediated chromatin interactions upon CTCF depletion (left bottom); the number of loops exhibiting >

2.0-fold increases in WT (blue) or KO (red) cells with an FDR < 0.05 is indicated. Up-regulated genes with a gained STAT5 loop (top right) or
down-regulated genes with a lost STAT5 loop (bottom right) upon CTCF depletion were examined for changes in RNA-seq signals by tofacitinib
treatment. (G) STAT5 target genes, whether up-regulated (top) or down-regulated (bottom), were classified based on the presence of gained (top) or lost
(bottom) STAT5 loops and subsequently analyzed for alterations in the pausing index.
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Figure 6. The acquisition of STAT5 enhancer loops following CTCF depletion affects the transcriptional response of the Dexi gene to tofacitinib. (A)
Snapshot displaying the Hi-C contact map, insulation score, ChIP-seq signal tracks for STAT5, CTCF, and H3K27ac, and V4C plots (from top to bottom).
Vertical bars highlight the location of viewpoints of V4C analysis. The blue color represents WT and the red color represents KO. (B) 3D cliques for Dexi
loci where each node represented a promoter or an enhancer and each edge represented a significant chromatin interaction of H3K27ac HiChIP loop
with −log10Q ≥ 5. The color and thickness of each edge indicate the loop type. The color of each node indicates the overlap with STAT5 ChIP-seq peaks.
The anchors at gained or lost super-loops are also indicated. (C) Snapshot displaying signal tracks for PRO-seq and ChIP-seq for Pol2S5P and H3K4me3
(from top to bottom). (D) Changes in pausing indices for the indicated genes upon CTCF depletion. (E) Changes in RNA-seq signals for the indicated
genes upon CTCF depletion and tofacitinib treatment. (F) RT-qPCR analysis for the indicated genes upon CRISPR-mediated mutation of STAT5-binding
sites. Four biological replicates with two technical replicates were used for each condition.
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Figure 7. The disruption of STAT5 enhancer loops following CTCF depletion affects the transcriptional response of the Igfbp4 gene to tofacitinib. (A)
Snapshot displaying the Hi-C contact map, insulation score, ChIP-seq signal tracks for STAT5, CTCF, and H3K27ac, and V4C plots (from top to bottom).
Vertical bars highlight the location of viewpoints of V4C analysis. The blue color represents WT and the red color represents KO. (B) 3D cliques for Igfbp4
loci where each node represented a promoter or an enhancer and each edge represented a significant chromatin interaction of H3K27ac HiChIP loop
with −log10Q ≥ 5. The color and thickness of each edge indicate the loop type. The color of each node indicates the overlap with STAT5 ChIP-seq peaks.
The anchors at lost super-loops are also indicated. (C) Snapshot displaying signal tracks for PRO-seq and ChIP-seq for Pol2S5P and H3K4me3 (from top
to bottom). (D) Changes in pausing indices for the indicated genes upon CTCF depletion. (E) Changes in RNA-seq signals for the indicated genes upon
CTCF depletion and tofacitinib treatment. (F) RT-qPCR analysis for the indicated genes upon CRISPR-mediated mutation of STAT5-binding sites. Four
biological replicates with two technical replicates were used for each condition.
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Figure 8. 3D enhancer architecture coordinated by CTCF is associated with modulation of RNAPII pausing and immune-related gene expression in
activated CD4+ T cells. In these cells, super-loops can form through active transcription, either independently of CTCF or dependent on it, establishing
robust chromatin interactions between STAT5-bound SEs and immune-related genes. These interactions are associated with the release of RNAPII
pausing and elevated RNA expression. (A) CTCF depletion does not affect the formation of CTCF-independent super-loops, RNAPII pausing, or the
expression of their target genes. (B) In contrast, CTCF depletion is associated with the disruption of CTCF-dependent super-loops, incomplete RNAPII
pause release, and reduced target gene expression. (C) As an insulator, CTCF prevents chromatin interactions between STAT5-bound SEs and
non-immune-related genes. Upon CTCF loss, these SEs may gain access to non-immune-related genes, which is associated with RNAPII pause-release
and increased transcription.
Discussion

Our study demonstrated that CTCF contributes to establish-
ing enhancer loop structures at the sub-TAD scale, supported
by marked reorganization of enhancer–promoter chromatin
interactions upon depletion of CTCF. However, a notable pro-
portion of enhancer loops persisted in CD4+ T cells lacking
CTCF, indicating that alternative barrier proteins for loop ex-
trusion may exist. Additionally, we demonstrate that active
transcription, specifically driven by STAT5-bound SEs in acti-
vated CD4+ T cells, play a role in shaping enhancer–promoter
interactions in a CTCF-independent manner. Considering that
many transcription factors and components of the basal tran-
scription machinery contain intrinsically disordered domains,
we posit that liquid–liquid phase transitions facilitate the ac-
cumulation of RNAPII and other complexes required for gene
expression, thereby bridging enhancers to their target promot-
ers over long distances. Further investigations are needed to
determine whether the transcription process itself or the re-
sulting transcript contributes to the stabilization of enhancer
loop formation, either by impeding the extrusion of chromatin
loops driven by the cohesin ring complex or through the as-
sembly of phase-separated transcription condensates.

The pivotal role of enhancers in augmenting transcription
rates at target gene promoters is achieved by elevating the lo-
cal concentration of the transcriptional machinery, facilitating
the assembly of the pre-initiation complex, and initiating tran-
scription [49]. However, overcoming RNAPII pausing could
represent another common mechanism for enhancer-mediated
fine-tuning of transcription, supported by the widespread
presence of promoter-proximally paused RNAPII in many
transcribed genes [50, 51]. Furthermore, BRD4 and the su-
per elongation complex recruited to enhancers activate pos-
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tive transcription elongation factor b (P-TEFb) [52, 53],
hich phosphorylates negative elongation factor (NELF),
RB sensitivity-inducing factor (DSIF), and Ser2 residues
f the RNAPII C-terminal domain (CTD), thereby releas-
ng paused RNAPII into productive transcription elongation
52]. Additionally, the release of paused RNAPII is regulated
y enhancer activation via the generation of eRNAs, which
nteract with and assist in evicting NELF from promoters
43]. Our study demonstrates that enhancers regulate tran-
cription elongation not only through their activity but also
ia the strength of chromatin interactions with promoters.
pecifically, robust enhancer loops, which arise alongside ac-
ive transcription—with or without CTCF—correlate with re-
uced RNAPII pausing and increased expression of cell iden-
ity genes in CD4+ T cells (Fig. 8). CTCF depletion does
ot affect the formation of CTCF-independent super-loops
Fig. 8A). However, alterations in enhancer–promoter interac-
ions following CTCF depletion led to changes in gene expres-
ion by influencing RNAPII pausing, while causing minimal
hanges in enhancer activity (Fig. 8B, C). Interestingly, pro-
oters, which can also function as transcriptional enhancers

54], activate nearby promoters by releasing paused RNAPII
t target genes in a loop strength-dependent manner. Further-
ore, a clear correlation between H3K4me3 and transcrip-

ional pause release was evident only for genes connected by
trong enhancer loops, and not for those connected by weaker
oops or not connected at all. Overall, our study emphasizes
he diverse roles of enhancers in transcriptional regulation and
einforces the idea that enhancers play a direct role in the elon-
ation process.

While our findings reveal robust correlations between
nhancer–promoter loop strength and transcriptional activ-
ty, several technical and functional factors should be carefully
onsidered. Because HiChIP is a bulk assay, the measured loop
trength reflects the cumulative interaction frequency across
he cell population. As such, the detected loops may represent
ontacts that occur in a subset of cells rather than universally.
hile single-cell 3D genome technologies could in principle

ddress this heterogeneity, current methods remain limited in
esolution and coverage, particularly for primary T cells. De-
pite this, the strong correlation between loop strength and
ranscriptional output in our data supports the regulatory rel-
vance of the identified interactions.

Although our study clearly demonstrates that CTCF loss
erturbs enhancer–promoter communication and transcrip-
ional programs in activated CD4+ T cells, the downstream
unctional consequences on T-cell effector phenotypes—such
s cytokine secretion, activation marker expression, and pro-
iferation under immunological stress—remain to be fully in-
estigated. Furthermore, while this study focuses primarily on
hromatin-level and transcriptional changes, future work is
eeded to determine how STAT5 target gene dysregulation
ffects immune responses in vivo. Such investigations will be
ssential for understanding how CTCF-dependent genome or-
anization fine-tunes the transcriptional outputs necessary for
roper T-cell function and therapeutic modulation.
Aberrant 3D chromatin interactions, which allow cancer

ells to exploit otherwise inaccessible SEs and promote their
ncogenic behavior, present therapeutic opportunities for clin-
cal treatment [55, 56]. CTCF depletion in CD4+ T cells dur-
ng IL-2 activation rewires the 3D enhancer network, signif-
cantly altering STAT5-mediated gene expression and tran-
criptional response to a JAK inhibitor, while causing mini-
mal changes in JAK/STAT signaling and SE activities. Despite
the relatively stable expression of CTCF, its binding to specific
genomic loci is influenced by various factors, including DNA
methylation and H3K9me3 [57, 58]. Therefore, in drug de-
velopment and predicting drug sensitivity, the redistribution
of CTCF binding must be considered, as it can alter 3D chro-
matin structures and affect gene expression.

In summary, the concerted roles of CTCF and active tran-
scription are pivotal for the activation of CD4+ T cells, fa-
cilitating the establishment of robust chromatin interactions
between STAT5-bound SEs and immune-related genes. This
dynamic interplay is associated with strong RNA expression
and reduced RNAPII pausing. Furthermore, the significance of
a 3D enhancer network emerges as a crucial factor, offering a
novel and promising strategy for enhancing disease therapy.
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