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Wnit signaling plays a pivotal role during development and homeostasis. Upon pathway activation, CTNNBI (also known as
beta-catenin) drives the expression of target genes from regulatory regions bound by TCF/LEF transcription factors. Gene
regulation, however, entails the interplay between sequence information and 3D genome structure, yet the impact of Wnt
signaling on genome structure has been poorly explored. Here, we investigate how Wnt signaling influences CTCF and cohe-
sin, key regulators of 3D genome organization. We identify a series of novel CTCF binding sites that emerge upon Wnt stim-
ulation: CTCF Redistributions Under Wnt (RUW). RUW sites are characterized by CTCF, cohesin, and TCF/LEF occupancy,
and are dependent on beta-catenin. Beta-catenin and CTCF colocalize upon pathway activation, and disruption of selected
binding sites perturbs target gene regulation. Moreover, Wnt signaling reorganizes the 3D genome as evidenced by genome-
wide alterations in CTCF-bound loops. This work reveals a previously unexplored role for CTCF in the regulation of Wnt

signaling.
[Supplemental material is available for this article.]

The human body is composed of trillions of cells, most containing
an identical genome sequence. The remarkable ability of cells to
differentiate into hundreds of specialized cell types is attributed
to numerous factors, of which transcriptional regulation is the pri-
mary determinant (Jovanovic et al. 2015). Transcriptional regula-
tion, therefore, dictates cell identity, function, and behavior.
This complex process depends on the coordinated actions of sig-
naling molecules, receptors, secondary messengers, and transcrip-
tion factors that work in tandem to form intricate signaling
pathways. Yet, these pathways only represent a fraction of the
diverse processes that govern cellular behavior. Technological ad-
vances have revealed the role of epigenetic modifications and
three-dimensional (3D) chromatin structure in transcriptional reg-
ulation, adding another layer of complexity to our understanding
of cellular behavior (Jerkovi¢ and Cavalli 2021).

Wnt signaling encompasses three highly conserved signaling
pathways that are activated by WNT ligands. Canonical Wnt signal-
ing, referred to as the CTNNB1 (also known as beta-catenin)-depen-
dent pathway, plays a crucial role in cell communication,
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modulating various cellular responses like proliferation, migration,
and differentiation (Nusse and Clevers 2017; Wiese et al. 2018).
During development, Wnt/beta-catenin signaling directs early cell
fate determination and gastrulation, later driving processes like
axis patterning and organogenesis (Grainger and Willert 2018). In
adults, Wnt signaling maintains tissue homeostasis by regulating
adult stem cells (Reya and Clevers 2005; Barker et al. 2007).
Germline mutations that aberrantly activate the Wnt/beta-catenin
pathway can lead to developmental disorders, whereas somatic
mutations can contribute to the development of cancer (Rim et
al. 2022). Colorectal cancer is a well-known example of a Wnt/
beta-catenin-driven cancer, with over 80% of cases exhibiting loss
of function in the tumor suppressor gene APC (Rubinfeld et al.
1993). At the molecular level, the Wnt/beta-catenin signaling path-
way is inactive in the absence of WNT ligands. The beta-catenin de-
struction complex, which incorporates APC and the kinase GSK3,
phosphorylates beta-catenin, causing its ubiquitination and subse-
quent degradation. This results in low levels of free beta-catenin.
Upon binding of WNT ligands to cell surface receptors, the destruc-
tion complex is recruited to the cell membrane, inactivating it. Beta-
catenin then builds up in the cytosol and translocates to the nucle-
us, where it binds to the TCF/LEF family of four transcription factors
and acts as a transcriptional co-activator (Mosimann et al. 2009).
Although numerous Wnt/beta-catenin target genes are well-
known and seemingly ubiquitous, accumulating evidence is

© 2025 Nordin et al. This article, published in Genome Research, is available
under a Creative Commons License (Attribution 4.0 International), as described
at http://creativecommons.org/licenses/by/4.0/.

35:1701-1716 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/25; www.genome.org

Genome Research 1701

www.genome.org


mailto:claudio.cantu@liu.se
mailto:anna.nordin@liu.se
mailto:silvia.remeseiro@umu.se
https://www.genome.org/cgi/doi/10.1101/gr.279684.124
https://www.genome.org/cgi/doi/10.1101/gr.279684.124
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Nordin et al.

indicating that the nuclear response of Wnt signaling is largely tis-
sue-specific (Soderholm and Cantu 2021). The underlying mecha-
nisms responsible for this specificity are not well understood,
representing a crucial area of research for enhancing our compre-
hension of cell biology and developing therapeutic interventions
for Wnt/beta-catenin-driven diseases.

The architecture of the genome plays a crucial role in gene
regulation. How DNA is packed into chromatin determines the ac-
cessibility of DNA for transcriptional regulators, and how genes are
organized in 3D domains further affects interaction between tran-
scriptional complexes, thus influencing the rate of gene expres-
sion (Boltsis et al. 2021). During interphase, each chromosome
occupies its own territory, and chromatin is further segregated
into two main compartments (A and B), which correlate with tran-
scriptional activity (Rowley and Corces 2018). Additionally, at a
lower scale, chromatin is organized into topologically associating
domains (TADs) which emerge from multiple nested loops by
loop extrusion mechanisms (Dixon et al. 2012; Nora et al. 2012;
Fudenberg et al. 2016). TADs are, therefore, three-dimensional
structures that organize the genome into functional and physical
units by bringing together genes and regulatory elements that in-
teract primarily with each other (Dixon et al. 2012; Nora et al.
2012). TADs are thought to form through loop extrusion: as cohe-
sin moves along the chromatin fiber, it traps a loop of chromatin
within its ringlike structure until a pair of CCCTC binding factor
(CTCF) molecules is reached, which dimerize to anchor and stabi-
lize the loop (Ohlsson et al. 2001; Fudenberg et al. 2016; Davidson
et al. 2023). Although TADs are large in size, similar processes also
occur at a smaller and more transient scale during chromatin loop
formation, often between enhancers and promoters or between
regulatory elements (Guo et al. 2015). The binding profiles of
CTCF have been extensively studied in various organisms and
cell types, and despite differences among species, many CTCF
binding sites are highly conserved, indicating their important
functional roles (Phillips and Corces 2009; Arzate-Mejia et al.
2018). Whereas enhancer—promoter looping can occur through
other mechanisms, studies have shown that CTCF along with
cohesin can either block or facilitate such interactions, with
long-range interactions being more dependent on CTCF than
short-range interactions (Andrey et al. 2017). Even small changes
in CTCF binding patterns can affect local gene regulation during
stem cell differentiation (Su et al. 2021), epithelial-to-mesenchy-
mal transition (Essafi et al. 2011), and cancer (Hyle et al. 2019;
Chachoua et al. 2022). Studies have shown that high levels of
Whnt activation can lead to de novo enhancer-promoter chromatin
loops during differentiation (Guo et al. 2021) and that CTCF ex-
pression is correlated with that of key Wnt pathway genes in gas-
tric cancer (Liu et al. 2021), but the specific role of CTCF in Wnt
signaling, in particular concerning CTCF's ability to regulate the
3D genome, is not well understood. Here, we aimed to explore
the potential role of CTCF in the execution of the Wnt signaling
transcriptional program.

Results

CUT&RUN reveals changes in CTCF and cohesin occupancy
upon Wnt signaling activation

In our previous efforts to chart the genome-wide binding profile of
beta-catenin, we noticed enrichment for CTCF binding motifs
within the beta-catenin peak regions (Doumpas et al. 2019). This
finding drove us to hypothesize that Wnt signaling could use

CTCF-mediated chromatin organization to regulate target genes.
To investigate this, we performed CUT&RUN in HEK293T cells
to map CTCF genome-wide binding under Wnt-OFF (i.e., chemical
inhibition of PORCN by LGK-974 [LGK]) or Wnt-ON (i.e., inhibi-
tion of GSK3 by the small molecule CHIR99021 [CHIR]) condi-
tions, alongside cohesin occupancy by CUT&RUN against the
cohesin subunit RAD21 after mild fixation (n=3 per condition)
(Fig. 1A). HEK293T cells display low levels of endogenous Wnt sig-
naling, and therefore the LGK condition resembles closely the
DMSO control (Supplemental Fig. S1A), but we chose to use LGK
to ensure consistency. We identified a total of 50,503 CTCF peaks
(MACS2 Q<0.05) (Zhang et al. 2008), corroborating existing liter-
ature which has shown that CTCF binds 40,000-60,000 sites per
genome (Arzate-Mejia et al. 2018), and 39,555 RAD21 peaks, of
which 27,615 (70%) overlapped with CTCF (Fig. 1B). The
MEME-ChIP Suite (Bailey et al. 2015) identified the top enriched
motif in both sets as matching the full CTCF motif, found in
68% of CTCF peaks (E 9.5 x 107°74%) and in 57% of RAD21 peaks
(E 1.1x1074%3% (FIMO P<1x107°) (Fig 1B; Grant et al. 2011).
Quality control metrics for CUT&RUN data sets are included in
Supplemental Figure S1B-F.

Out of the 50,503 CTCF peaks, 34,415 (68%) were present in
both Wnt-OFF and Wnt-ON conditions, whereas we identified
7378 and 8710 unique peaks for Wnt-OFF and Wnt-ON, respec-
tively (Fig. 1C, top). For RAD21, 17,387 peaks (44%) were common
between the two conditions, and 9462 and 12,706 unique to Wnt-
OFF and Wnt-ON (Fig. 1C, bottom). Using PePr (Zhang et al. 2014),
we found a subset of the peaks for CTCF and RAD21 for which the
differential enrichment fulfills FC>2 and P<0.01 (hereafter re-
ferred to as differential peaks) (Fig. 1D). For CTCF, 1100 enriched
regions were identified as specific to Wnt-OFF and 4618 regions
specific to Wnt-ON conditions (Fig. 1D, top), whereas 1730
Wnt-OFF and 4072 Wnt-ON differential peaks for RAD21 were
detected (Fig. 1D, bottom). Overlapping the differential peaks for
CTCF and cohesin in each condition, we found that there were
73 Wnt-OFF peaks and 252 Wnt-ON peaks which are differentially
bound by both CTCF and cohesin (Fig. 1D). Known motif enrich-
ment analysis using HOMER (Heinz et al. 2010) revealed that
CTCF was the top ranked motif in all peak subsets (Fig. 1E). The
LEF1 motif was enriched in the Wnt-ON subsets, both for CTCF
and RAD21 (Fig. 1E), but never in the Wnt-OFF sets, indicating a
role for Wnt signaling in these gained bindings, especially in the
subset 252 Wnt-ON peaks differential in both CTCF and cohesin
(Fig. 1E).

Beta-catenin-dependent CTCF Redistributions Under Wnt (RUW)

Our chosen method of Wnt signaling induction via stimulation
with CHIR99021 is known to activate the pathway via inhibition
of GSK3 and thus stabilization of beta-catenin. Because GSK3 inhi-
bition also stabilizes other proteins (Taelman et al. 2010; See et al.
2022), we decided to perform CTCF and RAD21 CUT&RUN also
in HEK293T cells lacking beta-catenin (Abeta-catenin, from
Doumpas et al. 2019) to discriminate beta-catenin-dependent
and -independent events (Fig. 2A). We focused on our previously
identified differential sets of peaks and tested whether they
changed upon Wnt activation in the absence of beta-catenin. In
Abeta-catenin cells, signal intensity within these regions does
not change upon Wnt activation, indicating that changed occu-
pancy of these sites in WT cells is driven by beta-catenin (Fig.
2B). This was especially visible when looking at the 252 sites differ-
entially bound by both CTCF and RAD21 (Fig. 2C). We decided to
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Figure 1. CUT&RUN of CTCF and RAD21 binding in Wnt-OFF versus Wnt-ON. (A) Schematic depicting the experimental strategy. LGK was used to in-
duce Wnt-OFF, and CHIR99021 was used to activate Wnt-ON. Three independent biological replicates were performed per condition. (B) Left: Venn dia-
gram showing overlap of CTCF and RAD21 peaks. Right: The top MEME-ChIP motif identified matched CTCF in both CTCF and RAD21 data sets. (C) Left:
Venn diagrams showing overlap of Wnt-OFF (blue) and Wnt-ON (pink) peaks for CTCF (top) and RAD21 (bottom). Right: Signal intensity plots of peak sub-
sets. (D) PePr identified differential peaks in Wnt-OFF and Wnt-ON for CTCF and RAD21 and their overlap between CTCF and RAD21 for each condition
(right). (E) Known HOMER motif analysis results for all peak subsets, showing significance and percentage of peaks for CTCF and LEF1 motifs. Only Wnt-ON

only subsets display LEF1 enrichment.

focus on these events and termed these 252 sites as CTCF
Redistributions Under Wnt (Supplemental Table 1). When nor-
malized and visualized via the Integrative Genome Viewer (IGV)
(Robinson et al. 2023), nearby CTCF and RAD21 sites are compara-
ble between cell lines and conditions whereas the RUWs show dif-
ferences in signal (Fig. 2C,D). Next, we used MEME-ChIP to
identify de novo motifs within the RUW sites. RUW sites were
most enriched for a motif matching CTCF (E 5.1 x 10716, in 53%
of peaks) which was centrally enriched (E 6.1x 107'%), followed
by TCF/LEF (E 9.7 x 10733, in 59% of peaks), which was enriched
slightly misaligned with respect to the peak center (E 1.3 x1072)
(Fig. 2E). Twenty-five RUW peaks (10%) contained both signifi-
cant CTCF and TCF/LEF motifs (FIMO P<1x107°). The finding
that TCF/LEF motifs lay adjacent to those of CTCEF, in a close but
not overlapping manner, indicated that both factors could simul-
taneously occupy the same region and strengthened the evidence
of these CTCF RUWSs being Wnt-driven occurrences.

RUW sites overlap with characterized Wnt responsive regions

We set out to explore the characteristics of Wnt-driven, beta-cate-
nin-dependent RUWs. To this aim, we first annotated them based
on their genomic positions. The majority of RUWs were located in
introns, followed by intergenic and promoter regions (Supplemen-
tal Fig. S2A). Next, we explored RUW regions based on their chro-
matin characteristics by measuring how they were marked by the
histone modifications H3K4me3, H3K4mel, and H3K27ac with
CUT&RUN LoV-U (Fig. 3A; Supplemental Fig. S2C). As expected,
H3K4me3 signal was mostly found in promoter RUWs, which in-

creased in signal upon Wnt induction, indicating that these pro-
moters become more active. H3K4mel enrichment within RUWs
was generally low, although the signal within promoters seemed
to decrease upon Wnt signaling activation. As H3K4me1 is typical-
ly depleted from active promoters, we considered it consistent
with the increase in H3K4me3 (Sharifi-Zarchi et al. 2017). Many
RUWSs were decorated with H3K27ac, a marker of active enhancers
(Adam et al. 2018): these increased upon Wnt/beta-catenin induc-
tion (Fig. 3A; Supplemental Fig. S2C). We recently did a time
course study where we mapped chromatin accessibility via
ATAC-seq upon Wnt signaling (Pagella et al. 2023). We cross-refer-
enced the RUW sites with this chromatin accessibility data and saw
that, whereas most promoters were already accessible and did not
change their signal profiles drastically after 24 h of Wnt induction,
intron and intergenic RUWs showed gained chromatin accessibil-
ity (Fig. 3A, Supplemental Fig. S2B,C). In combination, these data
suggested that the RUW sites possess functional activity.

CTCF and beta-catenin come into physical proximity
upon Whnt activation

A comparison of beta-catenin and LEF1 data (Zambanini et al.
2022) and CTCF genome-wide binding profiles revealed—as the
motifs indicated—that RUW sites could also be bound by compo-
nents of the Wnt/beta-catenin nuclear complex: >25% of them
were called as beta-catenin peaks and >50% as LEF1 peaks (Fig.
3A, right). The strongest signal for beta-catenin and LEF1 was
seen in intron and intergenic RUWs (Fig. 3A, right). An important
conclusion from this analysis is that RUW putative enhancers
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Figure 2. Definition of Redistributions Under Wnt (RUW). (A) Schematic depicting the experimental strategy. (B) Signal intensity plots of CTCF and
RAD21 Abeta-catenin data sets over peak subsets differential in the WT cells. Abeta-catenin cells do not show the same signal differences. (C) Peak average
profiles showing CTCF and RAD21 signal within sites differentially occupied in Wnt-ON by both CTCF and RAD21 (Redistributions Under Wnt). (D)
Visualization of genomic loci containing RUWs (CXADR locus). (E) De novo enriched motifs within RUWs matching CTCF (top) and TCF/LEF (bottom)

and their centrality enrichment within the peaks (right).

(intron or intergenic sites) show greater changes in CTCF and
RAD21 occupancy in comparison to promoter RUWs. Upon Wnt
activation, they increase accessibility of chromatin, acquire active
marks like H3K27ac, and show binding of LEF1 and beta-catenin.
These RUW sites included the notable Wnt targets AXIN2 and
DKK1 as well as previously unreported direct targets such as
DSG4 (Fig. 3B). The overlapping genomic signal between CTCF
and beta-catenin/LEF1 suggested a physical interplay between
the Wnt transcriptional complex and CTCF. However, whereas
CUT&RUN identifies regions bound by these different factors, it
does not distinguish if they ever co-occupy the same locus simul-
taneously. To test this, we performed proximity ligation assay
(PLA), which uses microscopy to detect a signal emerging when
two proteins of interest are in close physical proximity (within
40 nm) (Hegazy et al. 2020). Indeed, beta-catenin and CTCF
were detected by PLA as proximal on chromatin and only upon
Wnt signaling induction (P<0.0001, mean 2.3 foci per nucleus)
(Fig. 3C,D; Supplemental Fig. S2D). We performed co-immunopre-
cipitation to test if we could identify direct binding between LEF1

and CTCF but were unable to detect enrichment over the IgG con-
trol (Supplemental Fig. S2E).

RUW-associated genes include differentially expressed
classical Wnt target genes

To further investigate the potential impact of RUWs, we used
GREAT (McLean et al. 2010) to assign the RUW peaks to 431 near-
by genes (Supplemental Fig. S2F; Supplemental Table 2). STRING
(Szklarczyk et al. 2021) mapping revealed a significant degree of in-
teraction within the network (PPI 3.88 x 10~°) and Wnt pathway
regulators were overrepresented (FDR 0.0092), making up the cen-
ter of the cluster (Supplemental Fig. S2F). Gene Ontology analysis
also revealed enrichment for Wnt pathway regulation (Supple-
mental Fig. S2G). To explore the potential effect of RUWs
on gene expression, we overlapped the RUW genes with expres-
sion data in Wnt-ON versus Wnt-OFF (DEG, Log,FC>0.5, adj.
P <0.05) (Doumpas et al. 2019). Of the 431 RUW genes, 42 were
DEGs (9.7%) consisting of both up- and downregulated genes

1704 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Whnt signaling and the 3D genome

A Signal Profiles Within RUW Regions
WntOFF ~ WntON  WntOFF WntON  WntOFF WntON WntOFF WntON WntOFF WntON Wnt OFF  Wnt ON Wnt ON Wnt ON
CTCF CTCF RAD21 RAD21 H3K4me3 H3K4me3 H3K4me1l H3K4me1 H3K27ac H3K27ac ATAC-seq ATAC-seq LEF1 beta-catenin
) ° 20 ] | ° 2 4
01001
: JML VM “"W
< ] |
* MJ\W\M M oy M.Mw
1
0 0 0 B, 1 0 0
40 0 20
° 0 .
C 100
5 |
9 q p|
£ A.A_jLA..\ e ’*"’/\M .,./k,‘
£ A ot Wb
0 0 1 o s netifiinnected o .\,J\a\ ot
40 i 20 4
20
< 10
<}
E Aw//\'w \,/\_
e 1
0 ._bﬁA__. o wv’kw-— el | . ,\../\___ N
+- 2kb +/- 2kb +/- 2kb +/-2kb +-2kb  +-2kb = +-2kb  +-2kb  +-2kb  +-2Kkb +/- 2kb +- 2kb +/- 2kb +-2kb
B Visualization of RUWSs in Wnt Responsive Regions
Chr17:65,477,775-65,598,759 Chr10:52,199,054-52,319,128 Chr18:31,310,335-31,430,403
pr— 120 kb — 120 kb 120 kb
[0- 390] [0-291) [0-232)
Wnt OFF CTCF
[0-64] 0-72) [0-38)
Wnt OFF RAD21
[0-108] [0-310] [0-108]
Wnt OFF ATAC-seq
[0-390] [0-291] [0-232)
Wnt ON CTCF
[0-64] [0-72] [0-38)
Wnt ON RAD21
0- 108 [0-310] [0-108)
Wnt ON ATAC-seq i L N 1 1
Wnt ON beta-catenin " l o-1 B [-15]
" R
0- 120 0-71 0-60
Wnt ON LEF1
o o — t -l At ——
AXIN2 PRKG1 DKK1 DSG1 DSG4
C CTCF and beta-catenin Proximity Ligation Assay
Wnt ON WT Wnt OFF WT Wnt ON Abeta-cat Wnt ON WT

LEF1 + beta-catenin

CTCF + beta-catenin

CTCF + beta-catenin

CTCF + beta-catenin

D Proximity Ligation Assay Quantification E Gene Expression WT Wnt ON vs. Wnt OFF
ok RUW
p < 0.0001 AXIN2 UW Gene
» Upregulated
| 150 » Downregulated
10 . Not Significant
Q
» 2
2 g
5} Q .
=3 =
[= o
2 y
— D
8 S DKK1
e 7
L]
0 ;
0 :
Wnt ON WT Wnt OFF WT Wnt ON Abeta-cat Wnt ON WT -5 0 Log, FC 5 10
LEF1 + beta-catenin CTCF + beta-catenin CTCF + beta-catenin CTCF + beta-catenin 092

Figure 3. Characterization of RUW regions. (A) Signal intensity plots of CTCF, RAD21, H3K4me3, H3K4me1, H3K27ac, ATAC-seq, LEF1 CUT&RUN, and
beta-catenin CUT&RUN within subsets of RUW peaks. (B) IGV tracks of RUW sites that show Tn5 accessible chromatin only in Wnt-ON, and beta-catenin,
and LEF1 binding. (C) Representative microscopy images from the proximity ligation assay, showing LEF1 + beta-catenin in Wnt-ON, and CTCF and beta-
catenin in Wnt-OFF, Wnt-ON Abeta-catenin, and Wnt-ON WT. Scale bars 10 uM. (D) Quantification of proximity ligation assay (PLA) signal, in foci per
nucleus. Wnt-ON WT had significantly more interactions than Wnt-OFF or Wnt-ON Abeta-catenin. Counted nuclei=354. (E) Volcano plot of differentially
expressed genes (Log,FC>0.5, adj. P<0.05) in Wnt-ON versus Wnt-OFF.

Genome Research 1705

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Nordin et al.

(20 up, 22 down) (Supplemental Fig. S2H). This includes many of
the targets with the highest Log,FC, such as AXIN2, DKK1, and
MSX2 (Fig. 3E). CTCF itself was not differentially expressed, and
thus its expression does not explain the RUWs. To test whether
the expression of RUW-associated genes was dependent on beta-
catenin and/or TCF/LEF, we analyzed the DEGs upon Wnt induc-
tion in Abeta-catenin and A4TCF cells (Doumpas et al. 2019).
Whereas most of the upregulated targets were dependent on
both beta-catenin and TCF/LEF, the downregulated targets seemed
to be mostly independent (Supplemental Fig. S2H), suggesting
that GSK3-inhibition-dependent downregulation might occur
via different mechanisms.

Whnt signaling activation leads to large-scale CTCF-mediated
genomic reorganization

CTCF and cohesin are known regulators of 3D genome organiza-
tion, contributing to the formation and maintenance of TADs
(Guo et al. 2015). Given that our CUT&RUN data revealed distinct
losses and gains of CTCF and cohesin binding following Wnt ac-
tivation, we wondered whether Wnt perturbation could induce
3D architectural alterations in the genome. Hence, we conducted
HiChlIP against CTCF for Wnt-OFF and ON conditions (n = 2) (Fig.
4A; Supplemental Fig. S3A-C). To visualize the effect of Wnt acti-
vation on 3D genome organization, we displayed CTCF HiChIP
data both as loops in the genome browser (Fig. 4B) and as interac-
tion matrices (Supplemental Fig. S3A). Quality control metrics for
HiChlIP data sets are included in Supplemental Tables 5 and 6 and
APA plots in Supplemental Figure S3C,D. To call significant loops,
we first processed the sequencing data with HiC-Pro (Servant et al.
20195), merged the data for each condition, and called peak-to-
peak loops (i.e., CTCF CUT&RUN peaks at both loop anchors) us-
ing FitHiChIP (FDR <0.01) (Bhattacharyya et al. 2019). Overlap of
peak-to-peak loops revealed 7275 loops specific to Wnt-OFF and
6434 specific to Wnt-ON (hereafter referred to as Wnt-ON/OFF-
only loops), whereas 2023 loops are shared between both condi-
tions and represent 21.7% of Wnt-OFF and 23.9% of Wnt-ON
loops (Fig. 4C; Supplemental Table 5; Supplemental Fig. S4G).
Additionally, we performed, in parallel, a replicate analysis, such
that we called consensus loops as those present in both replicates
for each condition (Supplemental Fig. S4A,G; Supplemental Table
6), showing that our conclusions remain the same independent of
the analytical method employed. Altogether, our HiChIP results,
therefore, show that, upon Wnt activation, the genome undergoes
a prominent topological rewiring.

Genomic annotations of loops show that most CTCF peak-to-
peak loops involve promoter—enhancer interactions (P-E loops;
~42%), whereas a smaller proportion are promoter—promoter
(P-P, ~30%) and enhancer-enhancer (E-E, ~8%) loops (Fig. 4D;
Supplemental Fig. S4B). Whereas promoter-promoter loops were
more frequent within the set of shared loops than the Wnt-ON/
OFF-only loops, the opposite is observed for promoter—enhancer
loops, which were more enriched in the sets of Wnt-ON/OFF-
only loops (P-adj<0.05) (Fig. 4D; Supplemental Fig. S4B). Loop
length analysis suggests that Wnt activation or inhibition results
in the reorganization of long-range chromatin interactions:
shared loops are significantly shorter in length compared to
unique loops (P-adj<0.001) (Fig. 4E; Supplemental Fig. S4C).
These observed changes in chromatin interactions are consistent
with the previously reported large-scale changes in 3D genomic
structure upon modulation of GSK3 activity, which was shown
to decrease the insulation of TADs and increase long-range inter-

TAD interactions (Park et al. 2023). Given the central role of ca-
nonical Wnt signaling in development, the enrichment of P-E
loops might reflect its influence on developmental processes, like-
ly through the formation of rather instructive P-E topologies
(Pollex et al. 2024).

A de novo motif search within the anchors of differential
and shared loops revealed CTCF and CTCEFL as the top two signifi-
cantly enriched motifs (Q-value <0.05) (Fig. 4F; Supplemental Fig.
S4D). The TCF7L2 motif was only enriched in the Wnt-ON-
only loop anchors but not in the Wnt-OFF-only or shared loops
(Q-value <0.05) (Fig. 4F; Supplemental Fig. S4D). Analyzing the
orientation of CTCF motifs within loop anchors, we found >85%
of loops with CTCF motifs in convergent orientation (Fig. 4G; Sup-
plemental Fig. S4E), as expected based on previous reports (Rao
etal. 2014). Pathway analysis of genes whose promoters are located
at the anchors of the differential loops revealed significant enrich-
ment for terms related to Wnt signaling (P-adjust <0.05) (Fig. 4H;
Supplemental Fig. S4F). To assess the impact of Wnt-induced topo-
logical reorganization on gene expression, we examined whether
the expression of genes adjacent to loop anchors is affected. For
this purpose, we intersected genes located at the anchors of differ-
ential loops with a set of genes that become differentially ex-
pressed upon Wnt activation (Doumpas et al. 2019). Nearly half
of the differentially expressed genes (DEGs; FDR<0.01)—47%,
944 genes—are located at the anchors of differential loops (Fig.
4I). More specifically, the promoter regions of 245 DEGs (12%)
were located at the anchors of Wnt-ON-only loops, whereas addi-
tional 320 DEGs (16%) were linked to loop anchors specific to the
Wnt-OFF condition (Fig. 4]). In contrast, only 56 DEGs (3%) were
exclusively associated with unchanged loops, shared by both con-
ditions (Fig. 4]). This substantial overlap between differential loops
and differential gene expression further supports the idea that Wnt
signaling drives topological reorganization that contributes to
changes in gene expression.

Next, we set out to determine whether RUWs were associat-
ed with changes in the CTCF-mediated loops. Overall, RUW
peaks were mapped to 141 Wnt-OFF-only loops and 119 Wnt-
ON-only loops, whereas an additional 97 loops were shared
between both conditions (Supplemental Table 3). Moreover, ex-
amining the anchors, and upon closer inspection of the intersec-
tion between all loop sets and RUW peaks, we found that 131
RUW peaks—representing 52% of all RUWs—coincide with
CTCF loop anchors (Fig. 5A). Among these, 41 RUW peaks
were found exclusively at Wnt-ON-only anchors and 28 peaks
specifically overlapped with Wnt-OFF-only anchors and were an-
notated as gained and lost anchors, respectively, upon Wnt acti-
vation (Fig. 5A). Additionally, 57 anchors overlapping with RUW
peaks form different sets of loops, thus representing a dynamic
fraction of loops, whereas only five regions were categorized as
stable, as they correspond to RUW peaks within shared anchors
(Fig. SA). Notably, gained RUW loops were less enriched for pro-
moter—promoter interactions than lost or dynamic loops and, in-
stead, predominantly involved promoter—enhancer interactions,
suggesting a rewiring of the enhancer landscape upon Wnt activa-
tion (Fig. 5B). Among these gained loops were those found within
the AXIN2 and DKK1 loci (Fig. 5C), revealing that RUW sites are
involved in new loop formation between enhancers and promot-
ers of classical Wnt target genes. Examination of the interaction
matrices (Wnt-ON, Wnt-OFF, Log, Wnt-ON/Wnt-OFF) revealed
further alterations in chromatin interactions at the loci of
these RUW genes, extending beyond the loops at the promoters
(Fig. 5D).

1706 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Wnt signaling and the 3D genome

A HiChIP experimental strategy B HiChlIP data - Browser Overview
Wnt OFF Loop Comparison D 3.0 1. 40221 0223 B T

Chr11 (q12.2-q13.4) [ [IMEY | [ o1 EETSP) 112
n

| he3s

5 Mb}
| 620000000 63,000,000 64,000,000 65,000,000 66,000,000/ 67,000,000 68,000,000 69,000,000 70,000,000 71,000,000]
+LGK CTCF Wnt OFF S S - e
. n
HiChIP

/V
HEK293T +CHIR @

Genes map vy o) -\m.mjnlmuw.mw U ALY P e e
| i I W

C Loop Overlap D Loop Annotations E Loop Length
Wit OFE Wnt ON i Propgrtion i pac::;id::é:f' Pad:szpzaed”::z ‘pancgffcéd?:z?
3 g 3 1.5E6
Anwnton [

7275 2023 6434 =

| A wnt oF- 5
~1.0E6

s

" Shared = g

FitHiChIP Wnt ON only i ] 2
Peak-to-peak Wnt OFF only [+ goses

FDR <0.01 =

EEm } 2 8
PP PE EE Other

K< N @
\N‘\\o(g\ N ‘\“\;& o PP PE EE
F Motif Enrichment in Loop Anchors G CTCF Motif Orientation H Wnt Reactome Terms
Motif Name p-value 08 Gene Ratio
) 7] Wnt OFF Wnt ligand biogenesis |« o ® 0005
Wnt OFF only  Shared Wnt ON only Wit ON @ o010
e n
~-Acl=~c A TA T len  CTCF 11097 1x10790 1 x 1050 . WNT in cancer @ oo
e s padjust
2 £ 04 signaling by WNT (@@ | [ o
a .4 4 Ignallini
l | CTCFL 1x10%%2  1x10%  1x10%8  § onaing > [ Be
Casiser & Degradation of beta-catenin | | 0.03
. by the destruction complex 0.02
TCF7L2 N 001
AC : TCA v ne ns 0.01 < °(d°°\:§>‘zd B 0.00
0.0 \o(’ \o§\ &
-_— QO
S o ca el W
(\\l'?"o\\le‘ e e
(¢S <K
| DEGs at loop Anchors J Overlap RNA-seq and differential loops

T r- ' r g F F-F-TT l 2
il —ﬁﬁ;‘ e Jﬁﬁ' "ir‘i' a310 g FTN| -!Fvﬂ i 3o Al L) 'ﬂﬁh Annotation § 8000 & o
[ T T T T TR T T T Wnt OFF onl @ 2000 P
- y @5 &
Wnt ON 1 N ‘ H| ‘ ‘ I Wnt ON only 2 1000 e g /\I Wy £
B Double Annotation - o Ry | “HEm I |
Wnt ON 2 ‘ Shared DEGs . | [REED
Wnt ON 3 ‘ | “ll ‘ ” ‘ Scale Wnt OFF Only { I (] I -0
n B2 Wnt ON Only I o - I ss::
Al w | H ; Shared o Il 172

o<1 1] R Y A
I !_2 T
wo IR L1 1
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Figure 5. Wnt activation induces changes in CTCF loops around Wnt target genes. (A) Venn diagram showing overlap of RUW peaks with CTCF HiChlIP
loop anchors. (B) Annotations of RUW loops as P-P, P-E or E-E loops, where P and E denotes promoter and enhancer, respectively. (C) Visualization of Wnt-
ON-only CTCF loops associated to RUW peaks at the AXIN2 and DKKT loci. Wnt-ON-only loops are coloured in pink, Wnt-OFF-only loops in blue, and shared
loops in black. Wnt-ON-only loops at the AXIN2 and DKK1 promoters are highlighted within black boxes. (D) CTCF HiChlP interaction matrixes for Wnt-OFF
and Wnt-ON (20 kb resolution with ICE normalization, max pixel value 6) alongside corresponding CTCF CUT&RUN tracks. Some differential interactions
are highlighted with circles for Wnt-ON-only and squares for Wnt-OFF-only interactions, whereas triangles are shared interactions. The differential matrix
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Perturbation of CTCF binding sites within RUW:s affects
Wnt target gene upregulation

To test whether CTCF RUWs are functionally implicated in gene
expression, we sought to disrupt their CTCF binding motifs. We se-
lected the RUWSs annotated to AXIN2 and DKK1, as they are two of
the most differentially expressed genes in our analysis and quasi-
universal Wnt/beta-catenin targets. The AXIN2 RUW was located
within the characterized enhancer region for the gene (Ramakrish-
nan et al. 2021), whereas the DKK1 RUW was located in a putative
enhancer region. We identified the exact position of the CTCF and
TCF/LEF binding site(s) within these RUW regions and designed
CRISPR sgRNAs which would lead Cas9 to disrupt only the core
of the CTCF binding motif (Fig. 6A). We transfected cells with
Cas9 and either the targeting or a scrambled sgRNA control, and
then stimulated to obtain Wnt-OFF and ON conditions (Fig. 6B,
left). We first measured gene expression in populations (n = 6 inde-
pendent wells per condition) and could see that the sgRNA target-
ing the AXIN2 RUW led to a significant decrease in upregulation of
AXIN2 upon Wnt activation (P=0.0028) but not DKKI nor NKD1
(Fig. 6B, top panel). Similarly, the sgRNA against the DKK1 RUW
decreased upregulation of only DKK1 (P=0.02) (Fig. 6B, bottom
panel). We confirmed disruption of CTCF binding sites in the pop-
ulations by NGS sequencing. Detected mutations included indels
and sequence alterations which invariably affected CTCF but not
TCEF/LEF consensus sequences (Fig. 6C). We further validated our
results by deriving clones from our mutated populations, isolating
two clones each for the AXIN2 and DKK1 enhancer regions which
contain disrupted CTCF binding sites but intact TCF/LEF binding
sites, confirmed via Sanger sequencing followed by ICE deconvo-
lution (Synthego Performance Analysis, ICE Analysis 2019 v3.0;
https://github.com/synthego-open/ice) (Fig. 6D; Conant et al.
2022) . We confirmed that, indeed, RUW disruption alters the ex-
pression of the corresponding gene in these clones (Fig. 6E,F).
These results indicate that CTCF binding to RUW regions contrib-
utes to the upregulation of each associated Wnt target gene.

Discussion

Enormous efforts have been dedicated to unraveling the complex-
ity of the response to Wnt/beta-catenin signaling activation and
deciphering the mechanisms that drive its remarkable tissue-spe-
cificity (Soderholm and Cantu 2021). This included the identifica-
tion of the different components of the Wnt/beta-catenin
transcriptional complex (Hecht et al. 2000; Essers et al. 2005;
Fiedleretal. 2015; van Tienen et al. 2017) and recently, the varying
patterns of beta-catenin genome-wide binding in a time- and con-
text-specific manner (Nakamura et al. 2016; Mukherjee et al. 2020,
2022; Pagella et al. 2023; Ramakrishnan et al. 2023). However, the
impact of Wnt/beta-catenin activation on the 3D genome organi-
zation, and its potential role in modulating the Wnt-dependent
transcriptional output, is still poorly understood. Our establish-
ment of CTCF genome-wide binding patterns across Wnt pathway
stimulation and the discovery of the 3D genomic interactions that
involve CTCF binding sites lead us to a model where, upon Wnt
activation, CTCF is detected at newly accessible Wnt responsive
cis-regulatory elements. Here, CTCF binds in tandem with beta-
catenin and TCF/LEF to increase cohesin stalling and induce the
formation of chromatin loops that contribute to the upregulation
of a subset of Wnt target genes (Fig. 7). This, to our knowledge, rep-
resents a previously unknown mechanism of Wnt target gene
regulation.

Although the process by which CTCF is recruited to these
sites remains to be solved, our data obtained in Abeta-catenin cells,
where CTCF does not bind RUW sites upon GSK3 inhibition, indi-
cates that the physical presence of beta-catenin is necessary for
CTCFredistributions. This would imply that beta-catenin, possibly
together with other components of the Wnt transcriptional com-
plex, would access chromatin and recruit CTCF and not vice versa.
Although a full time-course of CTCF and cohesin binding upon
Wnt activation would be needed to determine the overall time dy-
namics of RUWs, beta-catenin binding to these sites early (90 min
or 4 h) (Pagella et al. 2023) supports the model in which beta-
catenin reaches these sites before CTCF. It has previously been
reported in the literature that CTCF can bind to or interact with
beta-catenin (Chachoua et al. 2022), TCF7 (Shan et al. 2022),
and the member of the ChiLS complex LDB1 (Lee et al. 2017),
all of which could thus be considered as potential partners in re-
cruiting CTCF to the chromatin. Additionally, it was recently re-
ported that CTCF binding can be context-specific and dependent
on the activity of other transcription factors that bind upstream
of the CTCF motif and stabilize CTCF binding (Do et al. 2025);
we consider this in line with the findings presented in this study.

Recent characterization of the AXIN2 enhancer—which also
corresponds to one of our identified RUWs—has been performed
(Ramakrishnan et al. 2021). This study included the introduction
of mutations throughout the whole enhancer sequence followed
by testing the activity of the mutated variants in a luciferase-de-
pendent Wnt transcriptional reporter. The core of the CTCF bind-
ing site that we have identified is located between 288 and 292 bp
into the enhancer region characterized by the Cadigan group (see
Fig. 5A in Ramakrishnan et al. 2021): mutating this region in their
study showed no change in the ability of the enhancer to activate
the reporter. Consistently, the in vitro luciferase reporter, al-
though it successfully detected enhancer activity, took the en-
hancer out of its 3D context of the genome such that one would
expect not to find a notable contribution of the 3D chromatin
structure to transcriptional activation. Our results would, there-
fore, imply that only in its native context does this enhancer—
and presumably all the others in correspondence to the identified
RUWs—need the CTCF binding site to sustain full regulatory activ-
ity. This lends credibility to the idea that CTCF, at least in the con-
text of Wnt target gene regulation, is acting as a mediator of
genome organization and not as a classical transcription factor
(Arzate-Mejia et al. 2018). Furthermore, the observation that ap-
proximately half of the RUW peaks overlap with CTCF-HiChIP
loop anchors suggests that Wnt signaling contributes to 3D ge-
nome reorganization, potentially through CTCF recruitment.

It has previously been reported that CTCF-mediated chroma-
tin loops are instructive in the formation and maintenance of lig-
uid-liquid phase separated condensates (Lee et al. 2022) and also
that beta-catenin becomes a component of these nuclear conden-
sates upon Wnt activation at enhancers of its target genes
(Zamudio et al. 2019). This raises the possibility that the RUW-
mediated chromatin loops could play a role in the formation of
phase-separated transcriptional condensates at Wnt target genes,
which might be responsible for driving transcription, a theory to
be explored in future research.

In this study, we focused on RUWs that align with the AXIN2
and DKK1 genomic loci, as they likely represent the most reliable
ubiquitous Wnt target genes (https://web.stanford.edu/group/
nusselab/cgi-bin/wnt/target_genes_components). Other targets
were not ideal for this scope. As Wnt target genes appear to depend
on context (Nakamura et al. 2016; Mukherjee et al. 2020) and time
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Figure 6. CRISPR-Cas9 disruption of CTCF RUW binding sites. (A) CRISPR-Cas9 strategy to mutate RUW CTCF binding sites near AXIN2 and DKK1.
sgRNAs were designed to disrupt the CTCF motif. (B) Gene expression measurement by qPCR showing that RUW disruption significantly and only affects
the upregulation of the corresponding gene for AXIN2 (P=0.0028) and DKKT (P=0.02) compared to a scrambled control. Error bars show mean + SD
among independently transfected populations. (C) BAM coverage of RUW sites from sequenced populations with confirmed disruptions in CTCF sites (al-
teration in PAM sequence+5 bp upstream). Base pairs with >2% of nonmatching alleles are colored by the representation of each nucleotide. (D)
Characterization of derived clones, including Sanger sequencing traces and results from ICE deconvolution of alleles, showing two clones for both
AXIN2 and DKK1 RUWSs which have disrupted CTCF binding sites but intact TCF/LEF core motifs. (E) gPCR gene expression results of the AXIN2 RUW clones,
which show reduced ability to upregulate AXIN2. One clone also shows decreased upregulation of DKK1, whereas NKDT expression is unaffected. (F) gPCR
gene expression results of the DKKT RUW clones, which show reduced ability to upregulate DKK1. Both clones also show reduced upregulation of AXIN2,
whereas NKD1 is unaffected. In £ and F, error bars show mean + SD among technical replicates. Biological replicates (clones) are shown with separate bars.

Statistical testing was done with two-tailed t-tests.
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Figure 7. Redistributions Under Wnt model. Left: When Wnt is OFF, the chromatin is not accessible at
enhancers of Wnt target genes, and transcription is low. CTCF binding is constitutive at a region near the
promoter of the gene. Right: When Wnt is activated, the enhancer region becomes accessible, and TCF/
LEF and beta-catenin bind. CTCF binds the RUW site and, with cohesin, mediates enhancer-promoter

looping, which boosts target gene expression.

(Pagella et al. 2023), only by exploring other systems and models
of Wnt activation can we uncover whether distinct sets of RUWs
exist, thereby deciphering whether involvement of CTCF consti-
tutes a mechanism for Wnt signaling to exert its tissue-specific re-
sponses. Alternatively, as many RUW genes encode for Wnt
pathway negative feedback regulators, it is also possible that
CTCF will emerge as a general, and perhaps ubiquitous, facilitator
of the negative feedback regulation of the pathway itself.
Consistent with our findings, it has been recently reported that
CTCF binding near the promoter of genes is correlated with their
tissue-specific expression and connection to distal regulatory ele-
ments, and Wnt signaling appeared as an enriched GO term for
these CTCF-dependent gene sets in multiple tissues (Kubo et al.
2021). Additionally, a new CTCF-AID2 degradation system fol-
lowed by nascent transcriptional profiling (SLAM seq) identified
Wnt signaling as one of the few pathways perturbed after acute
degradation of CTCF, implicating CTCF in its regulation (Hyle
et al. 2023).

The number of high-confidence beta-catenin-dependent
RUWSs we focused on was relatively small when compared to the
initial ~8700 CTCF CUT&RUN peaks present only in the Wnt-
ON condition, as well as the number of differential cohesin peaks
and CTCF HiChlIP loops. As the Wnt-ON condition was achieved
by CHIR administration, some of these events could be indepen-
dent of beta-catenin. However, the enrichment of TCF/LEF motifs
within the original Wnt-ON-only sets for CTCF and RAD21, as well
as within the HiChIP loop anchors, implicates Wnt/beta-catenin
in their regulation. The proposition that WNT ligands might act
in vivo as selective inhibitors of GSK3 and that stabilization of
beta-catenin is only one of the several consequences triggered
(Acebron et al. 2014; Huang et al. 2015; Koch et al. 2015) would
imply that broad CTCF-mediated 3D genome organization chang-
es will be observed in many other in vitro and in vivo setups. Our
study, therefore, underscores the need to investigate the role of
CTCF and of the 3D genome organization that follows the re-
sponse to Wnt activation across all cellular contexts in which
this pathway plays a key role.

Methods

Cell culture

HEK293T human embryonic kidney cells and Abeta-catenin cells
(generated in Doumpas et al. 2019) were cultured in a 37°C incu-
bator in 5% CO2 and 89% humidity. The culture medium used
was high-glucose Dulbecco’s Modified Eagle Medium (Gibco,
Cat. #41965039) supplemented with 10% bovine calf serum
(Sigma-Aldrich, Cat. #1233C) and 1x penicillin-streptomycin
(Gibco, Cat. #15140148). Cells were stimulated with 10 uM
CHIR99021 (Sigma-Aldrich, Cat. #SML1046) (Wnt-ON) or 1 nM

> Wnt ON

1 GeN®

LGK (Selleck Chemicals, Cat. #S7143)
Open (Wnt-OFF), or DMSO (Merck, Cat.

Enhancer
Py #317275) for 24 h.

AL Dets. n
3 Qlen;
cones™ 8. "

CUT&RUN

CUT&RUN for CTCF was performed as
described in Skene et al. (2018), with mi-
nor modifications as described here.
Three independent rounds of experi-
ments were performed for the three bio-
logical replicates of each cell line and
condition, using 250,000 cells per repli-
cate. Antibodies used included anti-CTCF (abcam, ab70303) and
anti-HA (Merck, 05-902R) at 1:100 dilutions. For each sample 40
pL of ConA beads were used, and the digitonin concentration
was 0.025% throughout the protocol. After fragment release,
DNA was purified with phenol:chloroform:isoamyl alcohol fol-
lowed by ethanol precipitation.

CUT&RUN LoV-U for H3K4me3, H3K4mel, H3K27ac, and
RAD21 was performed according to Zambanini et al. (2022) with
minor modifications as described here. Experiments were per-
formed in duplicate for each condition—for RAD21 in triplicate
with a mix of both antibodies. Cells for RAD21 samples were fixed
with 0.1% formaldehyde in PBS for 10 min, and then quenched
with glycine. Starting material used was 250,000 cells per sample
and bound to 10 pL magnetic ConA agarose beads. Antibodies
used included anti-H3K4me3 (antibodies online, ABIN6971977),
anti-H3K4mel (antibodies online, ABIN3023251), anti-H3K27ac
(antibodies online, ABIN2668475), anti-RAD21 (antibodies-
online, ABIN2856242), and anti-RAD21 (antibodies-online,
ABIN6731038) at 1:100 dilutions. DNA purification of H3K27ac
and RAD21 samples was done with phenol:chloroform:isoamyl al-
cohol followed by ethanol precipitation.

Library preparation was performed according to Zambanini
et al. (2022) using the KAPA Hyperprep lit (KAPA Biosystems,
Cat. #KK8504) with the following modifications: for CTCF sam-
ples, 15 cycles of amplification were performed, whereas LoV-U
samples received 13 cycles as previously described. For CTCF sam-
ples, size selection was performed postamplification using 2% E-
Gel Size Select II Gels (Thermo Fisher Scientific, Cat #G661012), re-
trieving fragments from 150 to 240 bp (representing 30-120 bp
without the adapter sequences). Samples were sequenced with
36-bp paired-end reads on the NextSeq 550 (Illumina) using the
Ilumina NextSeq 500/550 High Output kit v2.5 (75 cycles)
(Illumina, Cat. #20024906).

CUT&RUN data analysis

Reads were trimmed with bbmap bbduk (version 38.18) (Bushnell
et al. 2017) to remove adapter sequences, known artifacts, [AT];g,
[TA];s, and poly(G) and poly(C) repeats. Alignment to the hg38 ge-
nome was performed using Bowtie (version 1.0.0) (Langmead et al.
2009) with the options -v 3 -m 1 -X 120 for CTCF and RAD21 and
with -X 350 for the histone modification LoV-U samples.
SAMtools (version 1.11) (Li et al. 2009) was used for BAM file cre-
ation, mate fixing, and deduplication. Bedgraphs were created
with BEDTools (version 2.23.0) (Quinlan and Hall 2010) genome-
cov on paired-end mode. Peaks were called using MACS2 (Zhang
et al. 2008) on a merge of three biological replicates against the
negative control, using the options —keep-dup all and -f BAMPE
on narrowPeak mode with a Q-value threshold of <0.05.
Differential peaks were identified using PePr (Zhang et al. 2014),
using three biological replicates and their negative controls per
condition with the settings P<0.01, and then filtered for a
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FC > 2. Peak sets were subsequently filtered to remove peaks falling
within the CUT&RUN suspect list regions (Nordin et al. 2023).
Peak overlaps were performed using BEDTools.

For graphs and visualization purposes, replicate BAM files
were merged with SAMtools into a single file. deepTools (version
3.5.1-0) (Ramirez et al. 2016) was used to convert BAM files to nor-
malized bigWig files (bamCoverage using -RPGC and -e options),
signal intensity plots, and profiles (computeMatrix followed by
plotHeatmap). Genome region annotation was done with
HOMER (version 4.11) (Heinz et al. 2010) on default settings.
Motif analyses were performed with HOMER or the MEME-ChIP
Suite (Bailey et al. 2015): Centrimo was run on nonlocal mode.
Peak-gene annotation was performed using GREAT (version
4.0.4) (McLean et al. 2010) on default settings. STRING
(Szklarczyk et al. 2021) with disconnected nodes removed and SR
Plot (https://www.bioinformatics.com.cn/srplot) were used for
data visualization.

Published data integration

RNA-seq data were downloaded from Doumpas et al. (2019) and
processed in R (version 4.2.2) (R Core Team 2024) for data visuali-
zation. ATAC-seq data were downloaded from Pagella et al. (2023).
CUT&RUN data of LEF1 and beta-catenin were downloaded from
Zambanini et al. (2022); peaks were called with SEACR (Meers
et al. 2019) with a threshold of 0.05 for comparison with RUWs.

RNA extraction and gPCR

RNA extraction, cDNA conversion, and qPCR were performed ac-
cording to standard methods; details are in Supplemental
Methods. Relative quantification was performed using the method
developed by Pfaffl (2001). Statistical testing was done with two-
tailed t-tests using GraphPad Prism. All primer and sgRNAs are list-
ed in Supplemental Table 4.

Protein extraction, immunoprecipitation, and western blot

Protein extraction, immunoprecipitation, and western blotting
were performed on nuclear lysates according to standard methods;
details are in Supplemental Methods. LEF1 was overexpressed us-
ing a LEF1-FLAG expression cassette (described in Moparthi et al.
2019) and pulled down using anti-FLAG (Sigma-Aldrich, F1804)
and mouse IgG isotype control (Invitrogen, 100400C). Western
blotting was performed using anti-beta-catenin (antibodies on-
line, ABIN2855042), or anti-CTCF (abcam, ab70303).

Proximity ligation assay

Proximity ligation was performed using the Duolink PLA assay kit
(Merck, Cat. #DU092102) according to the manufacturer’s guide-
lines. Antigens were detected using mouse anti-beta-catenin (BD
Labs, 610154), rabbit anti-CTCF (abcam, ab70303), and rabbit
anti-LEF1 (antibodies online, ABIN1680678) antibodies at 1:200
dilutions. NucBlue (Invitrogen, Cat. #R37606) was used to coun-
terstain for nuclei. The assay was performed in duplicate. Images
were acquired using the Zeiss LSM 700 confocal microscope, imag-
ing nuclei and PLA foci on separate channels. Acquisition settings
were optimized on the positive control and remained the same for
all samples. Images were taken with 40x magnification, taking z-
stacks of 10 slices of 1 um.

Image processing was performed in Image] (Schroeder et al.
2021) and Fiji (Schindelin et al. 2012). For visualization, z-stack
images were combined into a maximum projection, orange was
converted to magenta, and scale bars were added. For quantifica-
tion, channels were split and converted to 16 bit. Thresholding

was applied equally to all images. Analyze particles (>1 pm) was
used to count nuclei, whereas PLA foci were counted using find
maxima (>100), then foci per nucleus were counted using the
ROI measure function. Between 67 and 111 nuclei were counted
per condition, for a total of 355 nuclei. Statistical testing was
done with two-tailed t-tests using GraphPad Prism (version 9.3.0).

CTCF HiChIP

HiChIP was performed in duplicate in both LGK (Wnt-OFF) and
CHIR99021 (Wnt-ON)-treated cell lines using the Arima-HiC" kit
(Arima, Cat. #A101020) and according to the guidelines in the
Arima-HiChIP user guide for mammalian cells. HEK293T cells
were cultured as described above and stimulated for 24 h for
Wnt-ON and Wnt-OFF, and ~5 x 10° cells per line were used to ob-
tain at least 15 pg of input DNA for HiChlIP. Cells were fixed in 1%
fresh methanol-free formaldehyde for 15 min at room temperature
while rotating, and glycine was used to quench the crosslinking re-
action (final concentration 125 mM glycine) for 5 min. After two
washes with cold PBS, crosslinked cells were harvested in PBS by
scraping, pelleted, and stored at —80°C until further usage. In the
subsequent steps, crosslinked chromatin was digested with restric-
tion enzymes, end-filled with biotinylated nucleotides, and ligat-
ed. Proximally ligated chromatin was then sheared on a Covaris
E220 instrument, with the following shearing parameters: shear-
ing time 5 min, PIP 105, duty factor 5, and 200 cycles per burst,
to achieve a fragment size range of 200 bp to 800 bp. Chromatin
immunoprecipitation was performed with an antibody against
CTCF (AbFlex CTCF, Active Motif, Cat. # 91285, Lot 31321002),
using 0.5 mg of antibody per mg of sheared chromatin. After biotin
enrichment and adapter ligation, immunoprecipitated DNA was
subjected to PCR amplification (18 cycles) using the Accel-NGS
2S Plus DNA Library kit (Swift Biosciences, #21024) and indexing
kit (Swift Biosciences , #26696), according to the Arima-HiChIP
Library Prep user guide. Quality controls for chromatin digestion,
ligation, and shearing were conducted through gel electrophoresis
on a 1.5% agarose gel, and library profiles were assessed through a
Bioanalyzer High Sensitivity DNA Analysis (Agilent, #5067-4626).
The HiChIP libraries were sequenced on a NovaSeq 6000
Sequencing System (Illumina) aiming for ~400million 150PE
reads per library.

HiChIP analysis

HiChlIP analysis was performed as described before (Giambartolo-
mei et al. 2021; Murphy et al. 2024) using HiC-Pro (Servant et al.
2015) and FitHiChIP (Bhattacharyya et al. 2019). FASTQ files
were quality-checked with FastQC (https://www.bioinformatics
.babraham.ac.uk/projects/fastqc/, 0.11.8). Adapters and low-qual-
ity reads (Phred < 33) were removed using cutadapt (v 4.0) (Martin
2011). Mapping to the human genome (GRCh38/hg38) and re-
trieval of valid interacting fragments was performed using the
HiC-Pro software v3.1.0 and setting ligation sites as GATCGATC,
GANTGATC, GANTANTC, and GATCANTC, and removing dupli-
cates. HiChIP interaction matrices were generated from valid pairs
using HiC-Pro’s utility script hicproZ2juicebox.sh, and visualized
with Juicer_tools (v1.22.01) (Durand et al. 2016) and Juicebox
(v 1.11.08), as well as HiCPlotter (Akdemir and Chin 2015) for
the differential matrices per chromosome or per RUW gene locus
by flagging HiCPlotter's compare parameter (-c). Statistically sig-
nificant loops (FDR<0.01) were identified using FitHiChIP
(v11.0) with a 10-kb bin size and the CTCF CUT&RUN peaks.
The parameters set included intypel for peak-to-peak interactions
(i.e., “peak2peak:intypel”, requiring CTCF peaks at both loop an-
chors) and loop length ranging from minimum 10 kb to maximum
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3 Mb (Supplemental Tables 5, 6). Significant loops (FDR<0.01)
were called either by combining valid pairs across replicates for
each condition (Figs. 4, 5; Supplemental Table 5) or called on indi-
vidual replicates prior to obtaining the consensus loops for each
condition (Supplemental Fig. S4; Supplemental Table 6). Loop
overlap analysis was performed following the approaches by Hu
et al. (2023) and Buka et al. (2025), such that two loops were con-
sidered overlapping only if both anchors of one loop overlapped
by at least 1 bp with the corresponding anchors of the other
loop, and using a 10-kb slack extension. All region overlaps were
performed using the GenomicRanges R package (v1.58.0). Loops
specific to the Wnt-ON or Wnt-OFF conditions were labeled as
Wnt-ON-only loops or Wnt-OFF-only loops, respectively, and
loops which remain invariable across the two conditions were
named shared loops. RUW peaks were mapped to differential
loop anchors using the findOverlapsOfPeaks function from the
GenomicRanges package (v1.58.0). Aggregate Peak Analysis (APA)
was performed using GENOVA (v 1.0.1) to assess the enrichment
and quality of chromatin interaction data, both on loops called
at 20-kb resolution and on differential loops.

CTCF motif orientation was assessed within a 1-kb window
centered on each loop anchor using ENCODE-annotated CTCF
motifs from hg38, obtained via the Juicer resource (https://
bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/
genomewide_ctcf_motif_fimo). Loops were classified as conver-
gent when the left anchor contained a CTCF motif on the forward
(“+") strand and the right anchor contained a motif on the reverse
(“~") strand, whereas divergent loops had the opposite configura-
tion. Loops with CTCF motifs on the same strand were labeled tan-
dem forward (both “+”) or tandem reverse (both “~”). The number
of loops in each orientation category was quantified using R
(v4.4.3) and visualized with ggplot2 (v3.5.1). De novo motif analy-
sis on loop anchors was performed using HOMER (v4.11.9) across
all loops (Wnt-OFF, Wnt-ON) and differential loops (Wnt-OFF
only, Wnt-ON only, and shared).

Annotation of all significant and differential loops was done
using the Genomiclnteractions package in R (1.26.0), and loops
were classified as promoter—promoter, promoter-enhancer, en-
hancer-enhancer or others, setting the criteria for promoter
regions <2 kb TSS. Differences in loop length (bp) between differ-
ential (Wnt-OFF only, Wnt-ON, and shared loops were assessed us-
ing a t-test with Benjamini-Hochberg correction with ggpubr
(0.6.0). Enrichment analysis for the Wnt signaling pathway was
performed using the Reactome database (v3.7). Statistical signifi-
cance was assessed using Fisher’s exact test, and P-values were ad-
justed for multiple testing using the Benjamini-Hochberg FDR
correction in R. Genes annotated to the anchors of differential
loops were intersected with differentially expressed genes (FDR <
0.01) identified upon Wnt activation (Doumpas et al. 2019), and
overlaps were visualized using the UpSet function from the R pack-
age ComplexHeatmap (v2.22.0). Regularized log-transformed (rlog)
expression values of differentially expressed genes associated with
loop anchors were visualized as a heatmap using the pheatmap
package (v1.0.12).

CRISPR-Cas? RUW disruption

For bulk populations, sgRNAs in Supplemental Table 4 were cloned
into the pX330spCas9-HF1 plasmid. pX330-SpCas9-HF1 was a gift
from Yuichiro Miyaoka (Addgene, plasmid #108301; http://n2t
.net/addgene:108301; RRID:Addgene_108301). For clone genera-
tion, sgRNAs were cloned into the LentiCRISPRv2 vector.
lentiCRISPR v2 was a gift from Feng Zhang (Addgene, plasmid
# 52961; http://n2t.net/addgene:52961; RRID:Addgene_52961).

Transfection and lentivirus production details are included in
Supplemental Methods.

Validation of RUW disruptions

For bulk populations, primers were designed as to allow for se-
quencing of the putative Cas9 cut site within the RUW regions
with 36-bp reads. Primer sequences are listed in Supplemental
Table 4. RUW regions were amplified from genomic DNA of trans-
fected populations via PCR with the high-fidelity QS polymerase
(New England Biolabs, Cat. #M0491S), with an annealing temper-
ature of 62° and performing 35 cycles. Correct product size and a
single product were confirmed with an agarose gel, then the
DNA was purified with bead cleanup to remove primers and con-
taminants. Amplicons were prepared for sequencing as described
above for CUT&RUN samples, with the exception that size selec-
tion was performed only to remove adapter dimers. Samples
were sequenced to ~1.5 million raw reads. The Cas9 potential
cut site was determined to be within the PAM site plus 5 bp up-
stream (8 bp total). Reads were trimmed as described above to re-
move artifacts and then further trimmed to identify amplicons
containing WT sequences (containing the WT 8-bp cut site as de-
scribed above). The full WT cut site was found in 71% of AXIN2
RUW amplicons and 80% of DKK1 RUW amplicons. The remain-
ing sequences were aligned to the genome, and visualization of
the types of mutations and/or indels was done by viewing the
BAM coverage in IGV, highlighting bp with >2% alleles with mu-
tations for the figure, confirming that these occur primarily within
the cut site (within the CTCF motif) and do not extend further into
other regions of the amplicon (such as the TCF/LEF motif of
AXIN2).

For clonal populations, genotyping was done by amplifica-
tion of the RUW site with PCR with the high fidelity QS polymer-
ase (New England Biolabs, Cat. #M0491S) using the primers in
Supplemental Table 4 and PCR-purified, followed by Sanger se-
quencing and ICE deconvolution (Synthego Performance
Analysis, ICE Analysis 2019 v3.0; https://github.com/synthego-
open/ice) (Conant et al. 2022).

Data access

All raw and processed sequencing data generated in this study
have been submitted to ArrayExpress (https://www.ebi.ac.uk/
biostudies/arrayexpress) under accession number E-MTAB-13727.

Competing interest statement

The authors declare no competing interests.

Acknowledgments

We thank Stefan Koch and Giulia Pizzolato for the help and the
reagents used to conduct the PLA assay. This work was supported
by Grants to C.Ca. from Cancerfonden (CAN 2018/542 and
21 1572 Pj), the Swedish Research Council, Vetenskapsradet
(2021-03075 and 2023-01898), Additional Ventures (USA)
(SVRF2021-1048003), Linkdping University, and the Knut och Al-
ice Wallenbergs Stiftelse; and Grants to S.R. from the Swedish Re-
search Council Vetenskapsradet (2024-02736), Cancerfonden (21
1720 and 24 3666 Pj) and the Knut och Alice Wallenbergs Stiftelse.
This project was fostered by collaborative grants to S.R. and C.Ca.
from the National Molecular Medicine Fellows Program (NMMP,
now PALS, for Program for Academic Leaders in Life Science).
S.R. and C.Ca. are Fellows of the Wallenberg Centres for Molecular
Medicine (WCMM) and receive generous financial support from

Genome Research 1713

www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
https://bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/genomewide_ctcf_motif_fimo
https://bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/genomewide_ctcf_motif_fimo
https://bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/genomewide_ctcf_motif_fimo
https://bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/genomewide_ctcf_motif_fimo
https://bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/genomewide_ctcf_motif_fimo
https://bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/genomewide_ctcf_motif_fimo
https://bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/genomewide_ctcf_motif_fimo
https://bcm.app.box.com/v/juicerawsmirror/under/opt/juicer/references/genomewide_ctcf_motif_fimo
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://n2t.net/addgene:108301
http://n2t.net/addgene:108301
http://n2t.net/addgene:108301
http://n2t.net/addgene:108301
http://n2t.net/addgene:108301
http://n2t.net/addgene:52961
http://n2t.net/addgene:52961
http://n2t.net/addgene:52961
http://n2t.net/addgene:52961
http://n2t.net/addgene:52961
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279684.124/-/DC1
https://github.com/synthego-open/ice
https://github.com/synthego-open/ice
https://github.com/synthego-open/ice
https://github.com/synthego-open/ice
https://github.com/synthego-open/ice
https://www.ebi.ac.uk/biostudies/arrayexpress
https://www.ebi.ac.uk/biostudies/arrayexpress
https://www.ebi.ac.uk/biostudies/arrayexpress
https://www.ebi.ac.uk/biostudies/arrayexpress
https://www.ebi.ac.uk/biostudies/arrayexpress
https://www.ebi.ac.uk/biostudies/arrayexpress
https://www.ebi.ac.uk/biostudies/arrayexpress
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Nordin et al.

the Knut and Alice Wallenberg Foundation. The computations
and data handling were enabled by resources provided by the Na-
tional Supercomputer Centre (NSC), funded by Linkoping Univer-
sity and by resources in projects 2023-22-55, naiss2023-23-21,
naiss2024-22-38, and naiss2024-23-17 provided by the National
Academic Infrastructure for Supercomputing in Sweden (NAISS)
at UPPMAX, funded by the Swedish Research Council through
grant agreement no. 2022-06725. We also thank Peter Miinger at
the National Supercomputer Centre for assistance concerning
technical and implementational aspects in making the codes run
on the Sigma resource.

Author contributions: ANN., M.J., and C.Ca. conceived the pro-
ject. AN, M]J., C.C, and O.D. performed the experiments. A.N.
performed the formal analyses, prepared the figures, and drafted
the first version of the article. C.C. conducted and analyzed
HiChlIP. G.Z., P.P., and S.R. provided critical scientific and method-
ological input. S.R. supervised the HiChIP experiments and pro-
vided financial support for the study. C.Ca. supervised the
research team and provided financial support for the study. All au-
thors reviewed and commented on the final manuscript.

References

Acebron SP, Karaulanov E, Berger BS, Huang Y-L, Niehrs C. 2014. Mitotic
Wnt signaling promotes protein stabilization and regulates cell size.
Mol Cell 54: 663-674. doi:10.1016/j.molcel.2014.04.014

AdamRC, Yang H, Ge Y, Lien WH, Wang P, Zhao Y, Polak L, Levorse J, Baksh
SC, Zheng D, et al. 2018. Temporal layering of signaling effectors drives
chromatin remodeling during hair follicle stem cell lineage progression.
Cell Stem Cell 22: 398-413.e7. d0i:10.1016/j.stem.2017.12.004

Akdemir KC, Chin L. 2015. HiCPlotter integrates genomic data with inter-
action matrices. Genome Biol 16: 198. d0i:10.1186/s13059-015-0767-1

Andrey G, Schopflin R, Jerkovi¢ I, Heinrich V, Ibrahim DM, Paliou C,
Hochradel M, Timmermann B, Haas S, Vingron M, et al. 2017.
Characterization of hundreds of regulatory landscapes in developing
limbs reveals two regimes of chromatin folding. Genome Res 27: 223—
233. doi:10.1101/gr.213066.116

Arzate-Mejia RG, Recillas-Targa F, Corces VG. 2018. Developing in 3D: the
role of CTCF in cell differentiation. Development (Cambridge) 145:
dev137729. doi:10.1242/dev.137729

Bailey TL, Johnson J, Grant CE, Noble WS. 2015. The MEME Suite. Nucleic
Acids Res 43: W39-W49. doi:10.1093/nar/gkv416

Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M,
Haegebarth A, Korving ], Begthel H, Peters PJ, et al. 2007.
Identification of stem cells in small intestine and colon by marker
gene Lgr5. Nature 449: 1003-1007. doi:10.1038/nature06196

Bhattacharyya S, Chandra V, Vijayanand P, Ay F. 2019. Identification of sig-
nificant chromatin contacts from HiChIP data by FitHiChIP. Nat
Commun 10: 4221. doi:10.1038/s41467-019-11950-y

Boltsis I, Grosveld F, Giraud G, Kolovos P. 2021. Chromatin conformation
in development and disease. Front Cell Dev Biol 9: 723859. doi:10
.3389/fcell.2021.723859

Buka K, Parteka-Tojek Z, Agarwal A, Denkiewicz M, Korsak S, Chilinski M,
Banecki KH, Plewczynski D. 2025. Improved cohesin HiChIP protocol
and bioinformatic analysis for robust detection of chromatin loops
and stripes. Commun Biol 8: 437. doi:10.1038/s42003-025-07847-w

Bushnell B, Rood J, Singer E. 2017. BBMerge — accurate paired shotgun read
merging via overlap. PLoS One 12: e0185056. doi:10.1371/journal.pone
.0185056

Chachoua I, Tzelepis I, Dai H, Lim JP, Lewandowska-Ronnegren A,
Casagrande FB, Wu S, Vestlund ], Mallet de Lima CD, Bhartiya D,
et al. 2022. Canonical WNT signaling-dependent gating of MYC re-
quires a noncanonical CTCF function at a distal binding site. Nat
Commun 13: 204. doi:10.1038/s41467-021-27868-3

Conant D, Hsiau T, Rossi N, Oki J, Maures T, Waite K, Yang], Joshi S, Kelso R,
Holden K, et al. 2022. Inference of CRISPR Edits from Sanger trace data.
CRISPR ] 5: 123-130. doi:10.1089/crispr.2021.0113

Davidson IF, Barth R, Zaczek M, van der Torre J, Tang W, Nagasaka K,
Janissen R, Kerssemakers J, Wutz G, Dekker C, et al. 2023. CTCF is a
DNA-tension-dependent barrier to cohesin-mediated loop extrusion.
Nature 616: 822-827. doi:10.1038/541586-023-05961-5

Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, Hu M, Liu JS, Ren B. 2012.
Topological domains in mammalian genomes identified by analysis
of chromatin interactions. Nature 485: 376-380. doi:10.1038/
nature11082

Do C, Jiang G, Cova G, Katsifis CC, Narducci DN, Sakellaropoulos T, Vidal R,
Lhoumaud P, Tsirigos A, Regis FFD, et al. 2025. Binding domain muta-
tions provide insight into CTCF’s relationship with chromatin and its
contribution to gene regulation. Cell Genom 5: 100813. do0i:10.1016/
j-xgen.2025.100813

Doumpas N, Lampart F, Robinson MD, Lentini A, Nestor CE, Cantu C,
Basler K. 2019. TCF/LEF dependent and independent transcriptional
regulation of Wnt/B-catenin target genes. EMBO ] 38: €98873. doi:10
.15252/embj.201798873

Durand NC, Shamim MS, Machol I, Rao SSP, Huntley MH, Lander ES, Aiden
EL. 2016. Juicer provides a one-click system for analyzing loop-resolu-
tion Hi-C experiments. Cell Syst 3: 95-98. doi:10.1016/j.cels.2016.07
.002

Essafi A, Webb A, Berry RL, Slight J, Burn SF, Spraggon L, Velecela V,
Martinez-Estrada OM, Wiltshire JH, Roberts SGE, et al. 2011. AWt1-con-
trolled chromatin switching mechanism underpins tissue-specific wnt4
activation and repression. Dev Cell 21: 559-574. doi:10.1016/j.devcel
.2011.07.014

Essers MAG, de Vires-Smiths LMM, Barke N, Polderman PE, Burgering BMT,
Kirswagen HC. 2005. Functional interaction between beta-catenin and
FOXO in oxidative stress signaling. Science 308: 1181-1184. doi:10
.1126/science.1109083

Fiedler M, Graeb M, Mieszczanek J, Rutherford TJ, Johnson CM, Bienz M.
2015. An ancient Pygo-dependent Wnt enhanceosome integrated by
Chip/LDB-SSDP. eLife 4: €09073. doi:10.7554/eLife.09073

Fudenberg G, Imakaev M, Lu C, Goloborodko A, Abdennur N, Mirny LA.
2016. Formation of chromosomal domains by loop extrusion. Cell Rep
15: 2038-2049. doi:10.1016/j.celrep.2016.04.085

Giambartolomei C, Seo JH, Schwarz T, Freund MK, Johnson RD, Spisak S,
Baca SC, Gusev A, Mancuso N, Pasaniuc B, et al. 2021. H3k27ac
HiChIP in prostate cell lines identifies risk genes for prostate cancer sus-
ceptibility. Am ] Hum Genet 108: 2284-2300. doi:10.1016/j.ajhg.2021
.11.007

Grainger S, Willert K. 2018. Mechanisms of Wnt signaling and control.
Wiley Interdiscip Rev Syst Biol Med 10: e1422. doi:10.1002/wsbm.1422

Grant CE, Bailey TL, Noble WS. 2011. FIMO: scanning for occurrences of a
given motif. Bioinformatics 27: 1017-1018. doi:10.1093/bioinformatics/
btr064

Guo 'Y, Xu Q, Canzio D, Shou J, LiJ, Gorkin DU, 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. doi:10.1016/j
.cell.2015.07.038

Guo Q, Kim A, Li B, Ransick A, Bugacov H, Chen X, Lindstrom N, Brown A,
Oxburgh L, Ren B, et al. 2021. A beta-catenin-driven switch in TCF/LEF
transcription factor binding to DNA target sites promotes commitment
of mammalian nephron progenitor cells. eLife 10: e64444. doi:10.7554/
eLife.64444

Hecht A, Vleminckx K, STemmler MP, van Roy F, Kemler R. 2000. The p300/
CBP acetyltransferases function as transcriptional coactivators of beta-
catenin in vertebrates. EMBO ] 19: 1839-1850. d0i:10.1093/emboj/19
.8.1839

Hegazy M, Cohen-Barak E, Koetsier JL, Najor NA, Arvanitis C, Sprecher E,
Green KJ, Godsel LM. 2020. Proximity ligation assay for detecting pro-
tein-protein interactions and protein modifications in cells and tissues
in situ. Curr Protoc Cell Biol 89: e115. doi:10.1002/cpcb.115

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre
C, Singh H, Glass CK. 2010. Simple combinations of lineage-determin-
ing transcription factors prime cis-regulatory elements required for mac-
rophage and B cell identities. Mol Cell 38: 576-589. do0i:10.1016/j
.molcel.2010.05.004

Hu Y, Salgado Figueroa D, Zhang Z, Veselits M, Bhattacharyya S, Kashiwagi
M, Clark MR, Morgan BA, Ay F, Georgopoulos K. 2023. Lineage-specific
3D genome organization is assembled at multiple scales by IKAROS. Cell
186: 5269-5289.e22. doi:10.1016/j.cell.2023.10.023

Huang YL, Anvarian Z, Doderlein G, Acebron SP, Niehrs C. 2015. Maternal
Wnt/STOP signaling promotes cell division during early Xenopus em-
bryogenesis. Proc Natl Acad Sci 112: 5732-5737. doi:10.1073/pnas
1423533112

Hyle], Zhang Y, Wright S, Xu B, Shao Y, Easton J, Tian L, Feng R, Xu P, Li C.
2019. Acute depletion of CTCF directly affects MYC regulation through
loss of enhancer-promoter looping. Nucleic Acids Res 47: 6699-6713.
doi:10.1093/nar/gkz462

Hyle J, Djekidel MN, Williams J, Wright S, Shao Y, Xu B, Li C. 2023. Auxin-
inducible degron 2 system deciphers functions of CTCF domains in
transcriptional regulation. Genome Biol 24: 14. doi:10.1186/s13059-
022-02843-3

Jerkovic I, Cavalli G. 2021. Understanding 3D genome organization by mul-
tidisciplinary methods. Nat Rev Mol Cell Biol 22: 511-528. doi:10.1038/
$41580-021-00362-w

Jovanovic M, Rooney MS, Mertins P, Przybylski D, Chevrier N, Satija R,
Rodriguez EH, Hacohen N, Regev A. 2015. Dynamic profiling of the

1714 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Whnt signaling and the 3D genome

protein life cycle in response to pathogens. Scierce 347: 1259038. doi:10
.1126/science.1259038

Koch S, Acebron SP, Herbst J, Hatiboglu G, Niehrs C. 2015. Post-transcrip-
tional Wnt signaling governs epididymal sperm maturation. Cell 163:
1225-1236. doi:10.1016/j.cell.2015.10.029

Kubo N, Ishii H, Xiong X, Bianco S, Meitinger F, Hu R, Hocker JD, Conte M,
Gorkin D, Yu M, et al. 2021. Promoter-proximal CTCF binding pro-
motes distal enhancer-dependent gene activation. Nat Struct Mol Biol
28: 152-161. doi:10.1038/s41594-020-00539-5

Langmead B, Trapnell C, Pop M, Salzberg SL. 2009. Ultrafast and memory-
efficient alignment of short DNA sequences to the human genome.
Genome Biol 10: R25. doi:10.1186/gb-2009-10-3-125

Lee], Krivega I, Dale RK, Dean A. 2017. The LDB1 complex co-opts CTCF for
erythroid lineage-specific long-range enhancer interactions. Cell Rep 19:
2490-2502. doi:10.1016/j.celrep.2017.05.072

Lee R, Kang M-K, Kim Y-J, Yang B, Shim H, Kim S, Kim K, Yang CM, Min B-G,
Jung W-J, et al. 2022. CTCF-mediated chromatin looping provides a to-
pological framework for the formation of phase-separated transcription-
al condensates. Nucleic Acids Res 50: 207-226. doi:10.1093/nar/
gkab1242

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, 1000 Genome Project Data Processing
Subgroup. 2009. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25: 2078-2079. doi:10.1093/bioinformatics/btp352

Liu C, Deng L, Lin J, Zhang J, Huang S, Zhao J, Jin P, Xu P, Ni P, Xu D, et al.
2021. Zinc finger protein CTCF regulates extracellular matrix (ECM)-re-
lated gene expression associated with the Wnt signaling pathway in gas-
tric cancer. Front Oncol 10: 625633. doi:10.3389/fonc.2020.625633

Martin M. 2011. Cutadapt removes adapter sequences from high-through-
put sequencing reads. EMBnet ] 17: 10. doi:10.14806/ej.17.1.200

McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT, Lowe CB, Wenger AM,
Bejerano G. 2010. GREAT improves functional interpretation of cis-reg-
ulatory regions. Nat Biotechnol 28: 495-501. doi:10.1038/nbt.1630

Meers MP, Tenenbaum D, Henikoff S. 2019. Peak calling by Sparse
Enrichment Analysis for CUT&RUN chromatin profiling. Epigenetics
Chromatin 12: 42. doi:10.1186/s13072-019-0287-4

Moparthi L, Pizzolato G, Koch S. 2019. Wnt activator FOXB2 drives the neu-
roendocrine differentiation of prostate cancer. Proc Natl Acad Sci 116:
22189-22195. doi:10.1073/pnas.1906484116

Mosimann C, Hausmann G, Basler K. 2009. Beta-catenin hits chromatin:
regulation of Wnt target gene activation. Nat Rev Mol Cell Biol 10:
276-286. doi:10.1038/nrm2654

Mukherjee S, Chaturvedi P, Rankin SA, Fish MB, Wlizla M, Paraiso KD,
MacDonald M, Chen X, Weirauch MT, Blitz IL, et al. 2020. Sox17 and
beta-catenin co-occupy Wnt-responsive enhancers to govern the endo-
dermal gene regulatory network. eLife 9: €58029. doi:10.7554/eLife
.58029

Mukherjee S, Luedeke DM, Mccoy L, Iwafuchi M, Zorn AM. 2022. SOX tran-
scription factors direct TCF-independent WNT/B-catenin responsive
transcription to govern cell fate in human pluripotent stem cells. Cell
Rep 40: 111247. doi:10.1016/j.celrep.2022.111247

Murphy D, Salataj E, Di Giammartino DC, Rodriguez-Hernaez J, Kloetgen A,
Garg V, Char E, Uyehara CM, Ee LS, Lee U]J, et al. 2024. 3D enhancer—
promoter networks provide predictive features for gene expression
and coregulation in early embryonic lineages. Nat Struct Mol Biol 31:
125-140. doi:10.1038/s41594-023-01130-4

Nakamura Y, De Paiva Alves E, Veenstra GJC, Hoppler S. 2016. Tissue-and
stage-specific Wnt target gene expression is controlled subsequent to
beta-catenin recruitment to cis-regulatory modules. Development
(Cambridge) 143: 1914-1925. doi:10.1242/dev.131664

Nora EP, Lajoie BR, Schulz EG, Giorgetti L, Okamoto I, Servant N, Piolot T,
Van Berkum NL, Meisig J, Sedat ], et al. 2012. Spatial partitioning of the
regulatory landscape of the X-inactivation centre. Nature 485: 381-385.
doi:10.1038/nature11049

Nordin A, Zambanini G, Pagella P, Cantu C. 2023. The CUT&RUN suspect
list of problematic regions of the genome. Genome Biol 24: 185. doi:10
.1186/s13059-023-03027-3

Nusse R, Clevers H. 2017. Wnt/beta-catenin signaling, disease, and emerg-
ing therapeutic modalities. Cell 169: 985-999. d0i:10.1016/j.cell.2017
.05.016

Ohlsson R, Renkawitz R, Lobanenkov V. 2001. CTCF is a uniquely versatile
transcription regulator linked to epigenetics and disease. Trends Genet
17: 520-527. doi:10.1016/50168-9525(01)02366-6

Pagella P, Soderholm S, Nordin A, Zambanini G, Ghezzi V, Jauregi-Miguel A,
Cantu C. 2023. The time-resolved genomic impact of Wnt/beta-catenin
signaling. Cell Syst 14: 563-581.e7. doi:10.1016/j.cels.2023.06.004

Park DS, Nguyen SC, Isenhart R, Shah PP, Kim W, Barnett RJ, Chandra A,
Luppino JM, Harke J, Wai M, et al. 2023. High-throughput Oligopaint
screen identifies druggable 3D genome regulators. Nature 620: 209—
217. doi:10.1038/541586-023-06340-w

Pfaffl MW. 2001. A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res 29: E45. doi:10.1093/nar/29.9.e45

Phillips JE, Corces VG. 2009. CTCF: master weaver of the genome. Cell 137:
1194-1211. doi:10.1016/j.cell.2009.06.001

Pollex T, Rabinowitz A, Gambetta MC, Marco-Ferreres R, Viales RR,
Jankowski A, Schaub C, Furlong EEM. 2024. Enhancer—-promoter inter-
actions become more instructive in the transition from cell-fate specifi-
cation to tissue differentiation. Nat Genet 56: 686-696. doi:10.1038/
541588-024-01678-x

Quinlan AR, Hall IM. 2010. BEDTools: a flexible suite of utilities for compar-
ing genomic features. Bioinformatics 26: 841-842. doi:10.1093/bioinfor
matics/btq033

Ramakrishnan AB, Chen L, Burby PE, Cadigan KM. 2021. Wnt target en-
hancer regulation by a CDX/TCF transcription factor collective and a
novel DNA motif. Nucleic Acids Res 49: 8625-8641. doi:10.1093/nar/
gkab657

Ramakrishnan A-B, Burby PE, Adiga K, Cadigan KM. 2023. SOX9 and TCF
transcription factors associate to mediate Wnt/beta-catenin target
gene activation in colorectal cancer. ] Biol Chem 299: 102735. doi:10
.1016/j.jbc.2022.102735

Ramirez F, Ryan DP, Griining B, Bhardwaj V, Kilpert F, Richter AS, Heyne S,
Ditindar F, Manke T. 2016. deepTools2: a next generation web server for
deep-sequencing data analysis. Nucleic Acids Res 44: W160-W165.
doi:10.1093/nar/gkw257

Rao SSP, Huntley MH, Durand NC, Stamenova EK, Bochkov ID, Robinson
JT, Sanborn AL, Machol I, Omer AD, Lander ES, et al. 2014. A 3D map
of the human genome at kilobase resolution reveals principles of chro-
matin looping. Cell 159: 1665-1680. doi:10.1016/j.cell.2014.11.021

R Core Team. 2024. R: a language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna. https://www.R-project
.org/.

Reya T, Clevers H. 2005. Wnt signalling in stem cells and cancer. Nature
434: 843-850. doi:10.1038/nature03319

Rim EY, Clevers H, Nusse R. 2022. The Wnt pathway: from signaling mech-
anisms to synthetic modulators. Annu Rev Biochem 91: 571-598. doi:10
.1146/annurev-biochem-040320-103615

Robinson JT, Thorvaldsdottir H, Turner D, Mesirov JP. 2023. igv.js: an
embeddable JavaScript implementation of the Integrative Genomics
Viewer (IGV). Bioinformatics 39: 23-24. doi:10.1093/bioinformatics/
btac830

Rowley MJ, Corces VG. 2018. Organizational principles of 3D genome archi-
tecture. Nat Rev Genet 19: 789-800. doi:10.1038/s41576-018-0060-8

Rubinfeld B, Souza B, Albert I, Miiller O, Chamberlain SH, Masiarz FR,
Munemitsu S, Polakis P. 1993. Association of the APC gene product
with beta-catenin. Science 262: 1731-1734. doi:10.1126/science
8259518

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B, et al. 2012. Fiji: an open-
source platform for biological-image analysis. Nat Methods 9: 676-682.
doi:10.1038/nmeth.2019

Schroeder AB, Dobson ETA, Rueden CT, Tomancak P, Jug F, Eliceiri KW.
2021. The Image]J ecosystem: open-source software for image visualiza-
tion, processing, and analysis. Protein Sci 30: 234-249. doi:10.1002/pro
.3993

See YX, Chen K, Fullwood M]J. 2022. MYC overexpression leads to increased
chromatin interactions at super-enhancers and MYC binding sites.
Genome Res 32: 629-642. doi:10.1101/gr.276313.121

Servant N, Varoquaux N, Lajoie BR, Viara E, Chen C-J, Vert J-P, Heard E,
Dekker J, Barillot E. 2015. HiC-Pro: an optimized and flexible pipeline
for Hi-C data processing. Genome Biol 16: 259. doi:10.1186/s13059-
015-0831-x

Shan Q, Zhu S, Chen X, Liu J, Yuan §, Li X, Peng W, Xue HH. 2022. Tcf1-
CTCF cooperativity shapes genomic architecture to promote CD8+ T
cell homeostasis. Nat Immunol 23: 1222-1235. doi:10.1038/s41590-
022-01263-6

Sharifi-Zarchi A, Gerovska D, Adachi K, Totonchi M, Pezeshk H, Taft RJ,
Scholer HR, Chitsaz H, Sadeghi M, Baharvand H, et al. 2017. DNA meth-
ylation regulates discrimination of enhancers from promoters through a
H3K4me1l-H3K4me3 seesaw mechanism. BMC Genomics 18: 964. doi:10
.1186/s12864-017-4353-7

Skene PJ, Henikoff JG, Henikoff S. 2018. Targeted in situ genome-wide pro-
filing with high efficiency for low cell numbers. Nat Protoc 13: 1006—
1019. doi:10.1038/nprot.2018.015

Soderholm S, Cantu C. 2021. The WNT/B-catenin dependent transcription:
a tissue-specific business. WIREs Mech Dis 13: e1511. doi:10.1002/wsbm
1511

Su G, Wang W, Chen J, Liu M, Zheng J, Guo D, Bi ], Zhao Z, Shi ], Zhang L,
et al. 2021. CTCF-binding element regulates ESC differentiation via or-
chestrating long-range chromatin interaction between enhancers and
HoxA. ] Biol Chem 296: 100413. doi:10.1016/j.jbc.2021.100413

Genome Research 1715

www.genome.org


https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 16, 2026 . Published by Cold Spring Harbor Laboratory Press

Nordin et al.

Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, Doncheva
NT, Legeay M, Fang T, Bork P, et al. 2021. The STRING database in 2021:
customizable protein-protein networks, and functional characterization
of user-uploaded gene/measurement sets. Nucleic Acids Res 49: D605—
D612. doi:10.1093/nar/gkaal074

Taelman VF, Dobrowolski R, Plouhinec JL, Fuentealba LC, Vorwald PP,
Gumper I, Sabatini DD, De Robertis EM. 2010. Wnt signaling requires
sequestration of glycogen synthase kinase 3 inside multivesicular endo-
somes. Cell 143: 1136-1148. doi:10.1016/j.cell.2010.11.034

van Tienen LM, Mieszczanek J, Fiedler M, Rutherford TJ, Bienz M, Labhart T,
Desplan C, Hursh D, Jones T, Bejsovec A, et al. 2017. Constitutive scaf-
folding of multiple Wnt enhanceosome components by Legless/BCL9.
eLife 6: €20882. doi:10.7554/eLife.20882

Wiese KE, Nusse R, van Amerongen R. 2018. Wnt signalling: conquering
complexity. Development (Cambridge) 145: dev165902. doi:10.1242/
dev.165902

Zambanini G, Nordin A, Jonasson M, Pagella P, Cantu C. 2022. A new
CUT&RUN low volume-urea (LoV-U) protocol optimized for transcrip-
tional co-factors uncovers Wnt/beta-catenin tissue-specific genomic tar-

gets. Development (Cambridge) 149: dev201124. doi:10.1242/dev
.201124

Zamudio AV, Dall’Agnese A, Henninger JE, Manteiga JC, Afeyan LK,
Hannett NM, Coffey EL, Li CH, Oksuz O, Sabari BR, et al
2019. Mediator condensates localize signaling factors to key cell
identity genes. Mol Cell 76: 753-766.e6. d0i:10.1016/j.molcel.2019.08
016

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE,
Nusbaum C, Myers RM, Brown M, Li W, et al. 2008. Model-based
Analysis of ChIP-Seq (MACS). Genome Biol 9: R137. doi:10.1186/gb-
2008-9-9-r137

ZhangY, Lin Y-H, Johnson TD, Rozek LS, Sartor MA. 2014. PePr: a peak-call-
ing prioritization pipeline to identify consistent or differential peaks
from replicated ChIP-seq data. Bioinformatics 30: 2568-2575. doi:10
.1093/bioinformatics/btu372

Received June 14, 2024; accepted in revised form June 17, 2025.

1716 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

