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Abstract 

The intestinal epithelium is a highly regenerative tissue organized along the crypt–villus axis, where spatially compartmentalized gene expres- 
sion governs stem cell renewal, proliferation, and differentiation. Super-enhancers (SEs) are large clusters of regulatory elements densely bound 
by transcription factors (TFs) and cofactors that drive high-level expression of genes controlling cell identity and fate, yet their roles in intesti- 
nal epithelial identity and differentiation remain unclear. Here, we generate a spatiotemporal map of SEs in the small intestine, identifying 
compartment-specific SEs that define crypt and villus programs. Using mouse genetic models, we identify CDX2, HNF4, and SMAD4 as core 
TFs orchestrating SE-driven transcriptional networks essential for epithelial differentiation. CDX2 is required for SE integrity, and its loss causes 
widespread SE collapse and silencing of intestinal identity genes. We further demonstrate SE remodeling during colorectal cancer, in which 
HNF4 and SMAD4 function as SE-associated tumor suppressors that restrain oncogenic enhancer programs. Together, our findings establish 
SEs as central regulators of intestinal architecture, epithelial fidelity, and tumor progression. 
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Introduction 

Gene expression in multicellular organisms is tightly con-
trolled by intricate networks of transcriptional regulatory ele-
ments, ensuring that each cell maintains its identity and func-
tions appropriately. Among these elements, super-enhancers
(SEs) have emerged as central regulatory hubs that drive high-
level transcription of key genes crucial for defining and main-
taining cell identity [ 1 ]. SEs are extensive genomic regions
densely occupied by transcription factors (TFs), cofactors, the
mediator complex, RNA polymerase II (RNA Pol II), and ac-
tive histone marks such as H3K27ac. Compared to typical en-
hancers (TEs), SEs exhibit superior transcriptional activation
potency, orchestrating gene expression programs essential for
cell fate specification and functional integrity [ 2 , 3 ]. 

In mammals, SEs serve as core components of transcrip-
tional regulatory circuits, where master TFs engage in autoreg-
ulatory and feedforward loops to coordinate developmen-
tal and homeostatic processes [ 4 ]. Dysregulation of SEs has
been increasingly implicated in various pathophysiological
processes, including cancer, immune dysfunction, and drug re-
sistance [ 5 ]. In tumors, aberrant formation of oncogenic SEs—
through chromosomal rearrangements, focal amplifications,
or abnormal expression of TF—can drive constitutive expres-
sion of oncogenes, sustaining malignant phenotypes and dis-
ease progression [ 6 ]. These insights have led to growing inter-
est in targeting SEs and their associated transcriptional ma-
chinery as a promising therapeutic avenue [ 7 , 8 ]. 

Technological advancements such as chromatin immuno-
precipitation sequencing (ChIP-seq) have enabled genome-
wide profiling of enhancer and SE landscapes with high resolu-
tion. Complementary approaches—ranging from 3C-seq [ 9 ],
4C-seq [ 10 , 11 ], Hi-C [ 12 , 13 ], and Capture Hi-C [ 14 ] to chro-
matin accessibility assays like DNase-seq [ 15 ] and ATAC-seq
[ 16 ]—have further enhanced our ability to study these regu-
latory elements in detail. Despite these advances, the regula-
tory landscape of SEs in the intestinal epithelium—a highly re-
generative tissue organized along a crypt–villus axis—remains
poorly defined. It remains unclear how SEs contribute to in-
testinal architecture, epithelial identity, and disease suscepti-
bility. 

In this study, we present the first comprehensive anal-
ysis of SEs in the small intestine. Using integrated multi-
omics approaches [ChIP-seq, RNA-sequencing (RNA-seq)],
we mapped the SE landscape and identified caudal type home-
obox 2 (CDX2), hepatocyte nuclear factor 4 (HNF4), and
SMAD family member 4 (SMAD4) as core TFs that modu-
late SE activity to maintain intestinal identity or function. We
show that HNF4 loss activates latent oncogenic enhancers.
The SEs emerging upon the loss of HNF4 or SMAD4 also
shows stronger H3K27ac signal in late-stage colorectal tu-
mors. These findings not only fill a critical knowledge gap
in intestinal enhancer biology but also provide a molecular
framework for understanding disorders of epithelial differ-
entiation and developing SE-targeted therapies for intestinal
cancers. 

Materials and methods 

Mice 

To investigate gene function within the intestinal epithelium,
conditional compound-mutant mice and relevant controls
were generated by integrating the following alleles: the Villin-
CreERT2 transgene [ 17 ] for tamoxifen-inducible, epithelium- 
specific recombination, Cdx2f/f (ref. [ 18 ]), Hnf4 αf/f (ref. [ 19 ]),
Hnf4 γ Crispr/Crispr (ref. [ 20 ]), and Smad4f/f (ref. [ 21 ]). Experi- 
mental mice (aged 8–12 weeks) received intraperitoneal in- 
jections of tamoxifen (Sigma T5648) to induce recombina- 
tion. For histologic analysis of wild-type (WT) and Cdx2KO ,
mice received four consecutive daily injections of tamoxifen 

(50 mg kg−1 d−1 ). Tissues were collected at day 8 after tamox- 
ifen treatment. For RNA-seq analysis of WT and Hnf4 αγ DKO 

samples, epithelial cells of duodenum were collected after 
two or three consecutive days of tamoxifen treatment (50 

mg kg−1 d−1 ). ChIP-seq of H3K27ac ( Hnf4 αγ DKO versus WT 

and Smad4KO versus WT) assays utilized tissue harvested af- 
ter three consecutive days of tamoxifen treatment (50 mg 
kg−1 d−1 ) [ 20 ]. The ApcMin/ + mice [ 22 ] (Jackson Laboratory,
Bar Harbor, ME) were euthanized at disease onset for tumor 
and tissue collection. All mouse procedures were conducted in 

compliance with institutional guidelines and approved by the 
Animal Care Committee. 

Isolation of intestinal epithelium, crypts, and villi 

Fresh intestinal tissue was flushed with cold phosphate 
buffered saline (PBS), opened longitudinally, and divided into 

1-cm segments. Fragments underwent sequential incubation 

in 3 mM ethylenediaminetetraacetic acid (EDTA)/PBS at 4◦C 

with rotation: 5, 10, and 25–40 min, with EDTA refreshed 

between incubations. Epithelium was dissociated by vigor- 
ously shaken. The supernatant containing whole epithelium 

was collected or filtered through a 70-μm cell strainer: villi 
were retained on the strainer while crypts passed through.
Cells were pelleted by centrifugation (170 g, 4◦C, 3 min) and 

washed with cold PBS. The epithelial, crypt, or villus pellets 
were collected for RNA extraction or ChIP-seq as described 

in later sections. 

ChIP-seq 

One percent formaldehyde cross-linking (4◦C, 10 min; RT,
35–50 min) was used for HNF4A/G ChIP, while cross-linking 
with 2 mM disuccinimidyl glutarate (DSG, 45 min, RT) fol- 
lowed by formaldehyde (20 min, RT) was employed for 
SMAD4 ChIP. Cells were lysed [1% sodium dodecyl sulfate 
(SDS), 10 mM EDTA, 50 mM Tris, and protease inhibitors],
sonicated to 200–500 bp fragments, and incubated overnight 
at 4◦C with antibody-coupled Dynabeads (HNF4A: Santa 
Cruz sc-6556 X; HNF4G: Santa Cruz sc-6558 X; SMAD4: 
Cell Signaling 46535) in binding buffer (final concentration of 
SDS: 0.125% for HNF4 ChIP-seq, 0.167% for SMAD4 ChIP- 
seq). After standard washes and reverse cross-linking, purified 

DNA was quantified with enrichment validation. ChIP-seq li- 
braries were prepared from 5 ng DNA (Rubicon ThruPLEX 

Kit) and sequenced on Illumina platforms [ 20 ]. 
For micrococcal nuclease (MNase)-chromatin immunopre- 

cipitation followed by sequencing (ChIP-seq), the villus or 
crypt cells were suspended in digestion buffer containing 50 

mM Tris–HCl (pH 7.6), 1 mM CaCl2 , 0.2% Triton X-100, 5 

mM sodium butyrate, and complete protease inhibitor cock- 
tail. Chromatin was digested with 0.2 U micrococcal nuclease 
(MNase) for 8 min at 37 ◦C. Immunoprecipitation was per- 
formed using antibodies against H3K27ac (Abcam, ab4729) 
or H3K4me2 (Millipore, 07-030). Library preparation and 

high-throughput sequencing followed established protocols 
[ 18 , 23 ]. 



Intestinal SEs during homeostasis and oncogenesis 3

 

S  

w  

1  

p  

U  

a  

7  

m  

d  

t  

a  

p

H

F  

l  

a  

o  

i  

w  

t  

(  

1  

1  

D  

l  

K  

Z  

w  

w  

(

R

E  

p  

c  

R  

d  

p  

K  

r  

e  

D  

m  

m  

(  

w  

a  

i  

o  

n  

e  

m  

o  

h  

t

C

R  

c  

t  

(  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For MNase-ChIP in TF deficient models ( Hnf4 αγ DKO and
mad4KO ) and their controls, isolated intestinal epithelial cells
ere suspended in digestion buffer (50 mM Tris–HCl, pH 7.6,
 mM CaCl2 , 0.2% Triton X-100, 5 mM sodium butyrate, and
rotease inhibitors). Chromatin was fragmented using 0.67
 ml−1 MNase (Sigma, N3755) for 5 min at 37 ◦C. The re-
ction was quenched with 5 mM EDTA in 10 mM Tris, pH
.6, and samples were dialyzed in RIPA chromatin buffer (10
M Tris, pH 7.6, 1 mM EDTA, 0.1% SDS, 0.1% sodium
eoxycholate, 1% Triton X-100). Overnight immunoprecipi-
ation at 4◦C employed an anti-H3K27ac antibody (Abcam,
b4729). Subsequent steps followed standard sonicated ChIP
rotocols, including adjustment to 0.13% SDS [ 20 ]. 

istology and staining 

reshly harvested tissues, including small intestine, cerebel-
um, cortex, heart, kidney, liver, olfactory bulb, spleen, testis,
nd thymus, were fixed in 4% paraformaldehyde at 4◦C
vernight, washed with PBS, and dehydrated through ascend-
ng alcohols before paraffin embedding. The 5-μm sections
ere processed for immunohistochemistry using primary an-

ibodies against: HNF4A (Abcam ab41898, 1:2000), HNF4G
Santa Cruz sc-6558 X, 1:2 000), EpCAM (ABclonal A25344,
:1000), Cyclin D1 (CST 55506S, 1:600), Keratin 20 (CST
3063T, 1:2500), and SMAD4 (Santa Cruz sc-7966, 1:500).
etection was performed using species-appropriate biotiny-

ated secondary antibodies with the Vectastain ABC HRP
it (Vector Labs), followed by DAB development (ZSGB-BIO
LI-9018) and hematoxylin counterstaining. Mounted slides
ere imaged on a Nikon Eclipse E800 microscope equipped
ith a Retiga 1300 CCD (charge-coupled device) camera

QImaging) and QCapture acquisition software [ 20 ]. 

NA-seq data analysis 

pithelial cells were isolated from the mouse duodenum and
rocessed for RNA extraction using TRIzol (Invitrogen) ac-
ording to the manufacturer’s instructions. Illumina’s TruSeq
NA Library Prep kit v.2 was used for RNA-seq. All RNA-seq
atasets were reprocessed using a standardized computational
ipeline. Transcript-level quantification was performed with
allisto [ 24 ] (v0.44.0), employing the pseudoalignment algo-

ithm for efficient and accurate abundance estimation. Differ-
ntial expression analysis was subsequently conducted using
ESeq2 [ 25 ] (v1.36.0) within the R/Bioconductor environ-
ent. Transcript abundance was normalized using the Frag-
ents Per Kilobase of transcript per Million mapped reads

FPKM) metric. Gene set enrichment analysis (GSEA) [ 26 ]
as employed to examine the concordance patterns of SE-

ssociated genes across the different sample groups, assess-
ng whether these functionally related gene sets showed co-
rdinated expression changes. Visualization and clustering of
ormalized expression levels for genes of interest were ex-
cuted using Morpheus ( https://software.broadinstitute.org/
orpheus ) and pheatmap (v1.0.13) ( https://CRAN.R-project.
rg/package=pheatmap .). This included the generation of
eatmaps and the application of clustering algorithms to iden-
ify coherent expression patterns within the dataset. 

hIP-seq data analysis 

aw sequencing reads (FASTQ format) underwent quality
ontrol using FastQC (v0.12.1). Reads were then aligned
o mouse (mm9) reference genome using Bowtie2 [ 27 ]
v2.5.1) with default parameters, generating BAM format
alignment files. BigWig coverage files were created from
BAM files via deepTools [ 28 ] (v3.5.4) bamCoverage with
RPKM normalization, read extension to fragment length,
and exclusion of duplicate reads. Genomic interval opera-
tions (merge/intersect/subtract) were performed using BED-
Tools [ 29 ] (v2.31.1). Chromatin state dynamics were profiled
with Haystack [ 30 ] (v0.5.5) using quantile-normalized Big-
Wigs. Peak calling was executed with MACS2 [ 31 ] (v2.2.6)
to generate BED-format peak files. Finally, normalized BigWig
tracks were visualized in the Integrative Genomics Viewer [ 32 ]
(IGV v2.17.1). 

ChIP-seq peaks for (i) H3K27ac of the small intestine and
nine other mouse tissues were called using MACS2 with a P -
value cutoff of .05; (ii) H3K27ac and H3K4me2 of intesti-
nal crypts and villi were called with a q -value cutoff of 0.05;
(iii) CDX2 of intestine were called with a P -value cutoff of
.01; (iv) H3K27ac and RNA Pol II in WT and Cdx2KO in-
testines were called with a P -value cutoff of .01; (v) HNF4
and SMAD4 of intestines were called with a P -value cutoff of
.05; (vi) H3K27ac and RNA Pol II in WT and Hnf4 αγ DKO in-
testines were called with a P -value cutoff of .01; (vii) H3K27ac
in WT and Smad4KO intestines were called with a q -value
cutoff of 0.01; (viii) H3K27ac in Ctrl and azoxymethane
(AOM)–dextran sulfate sodium (DSS) model intestines were
called with a P -value cutoff of .01. 

Identifying super-enhancers 

SEs were identified from ChIP-seq data using the rank or-
dering of SEs (ROSE) [ 4 ] algorithm. The analysis was per-
formed with a stitching distance of 12.5 kb (-s 12 500) and
a transcription start site (TSS) exclusion zone size of 2.5 kb
(-t 2500). Enhancer elements within 12.5 kb of each other
were first stitched into contiguous domains. All enhancers
were then rank-ordered based on H3K27ac signal intensity.
The classification threshold between SEs and TEs was deter-
mined from a stitching plot, where the point of transition was
defined as the position on the rank-ordered plot where the tan-
gent slope equals 1. Regions above this threshold were clas-
sified as SEs, and those below as TEs. Downstream analyses
were performed using DeepTools [ 28 ]. Principal component
analysis (PCA) of identified SEs was conducted with the plot-
PCA function. Sample correlations were analyzed and visu-
alized using plotCorrelation. Signal matrices were generated
with computeMatrix, and aggregate signal profiles across SE
regions were created with plotProfile. 

scRNA-seq data analysis 

Single-cell RNA sequencing (scRNA-seq) data from tumor
and adjacent normal tissues of CRC patients were pro-
cessed using Scanpy [ 33 ] (v1.10.2) in Python (v3.12.5). The
processed single-cell data (.csv file from GSE200997) were
loaded, and the expression levels of genes were examined
within the epithelial cell population. 

Statistical analysis 

RNA-seq data are expressed as mean ± SEM; statistical sig-
nificance was determined by DESeq2, with thresholds defined
as P < .05 ( ∗), P < .01 ( ∗∗), and P < .001 ( ∗∗∗). For com-
parative box plots visualizing log(FPKM + 1) values between
two groups, statistical significance was assessed using the two-
sided Mann–Whitney U-test. The Kolmogorov–Smirnov test
was employed for GSEA. Bioinformatics statistical evalua-
tions utilized embedded algorithms within respective analyti-

https://software.broadinstitute.org/morpheus
https://CRAN.R-project.org/package=pheatmap
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cal packages (GSEA, DAVID [ 34 ]). All analyses maintained a
95% confidence interval, with P < .05 considered statistically
significant. 

Results 

Super-enhancers in intestinal tissue exhibit marked 

tissue specificity 

To systematically decipher tissue-specific gene regulatory net-
works, we mapped the enhancer landscape across ten tissues—
small intestine, cerebellum, cortex, heart, kidney, liver, olfac-
tory bulb (OlfactBulb), spleen, testis, and thymus—by inte-
grating H3K27ac ChIP-seq and RNA-seq data curated from
published datasets [ 35 ]. SEs were identified using the stan-
dardized ROSE algorithm [ 4 ]. Briefly, H3K27ac peaks called
by MACS2 and located within 12.5 kb of each other were
stitched together to form enhancer clusters. SEs were defined
as clusters above the inflection point (slope = 1) in the rank-
ordered plot of H3K27ac signal density, distinguishing them
from TEs (Fig. 1 a) [ 36 ]. 

Cross-tissue comparison revealed that both SEs and TEs
display strict tissue specificity. SEs derived from a given or-
gan, small intestine, showed robust H3K27ac enrichment,
with markedly diminished signals across the nine other tis-
sues ( Supplementary Fig. S1 a and Supplementary Table S1 ).
TEs exhibited a similar distribution but with much lower sig-
nals ( Supplementary Fig. S1 b). These patterns suggest that en-
hancers are intrinsically tissue-specific, driving distinct tran-
scriptional programs. SEs exhibit stronger H3K27ac enrich-
ment and more restricted tissue-specific activity than TEs, un-
derscoring their pivotal role in defining tissue identity. PCA
of the SE landscapes across nine tissues further illustrated this
specificity. Neural tissues (cerebellum, cortex, and olfactory
bulb) clustered tightly, indicating a conserved SE program.
Meanwhile, intestinal SEs were highly distinct from these neu-
ronal tissues (Fig. 1 b and c), but it is not evident that there
are substantial differences between intestine and several other
tissues (e.g. kidney). This divergence suggests that intestinal
epithelium is governed by a unique SE-driven regulatory ar-
chitecture. 

Gene Ontology analysis showed that small intestine-specific
SE-associated genes were involved in key epithelial processes,
such as cell migration and brush border (Fig. 1 d). RNA-seq
analysis confirmed that their expression was enriched in the
intestine (Fig. 1 e), aligning with their functions and supporting
a tight link between SE activation, gene regulation, and tissue
identity. 

ChIP-seq profiling (Fig. 1 f) revealed classic SE features,
including broad, high-intensity H3K27ac peaks at the gene
locus of epithelial cell adhesion molecule (EpCAM), an ep-
ithelial marker. Both transcript (Fig. 1 g) and protein levels
(Fig. 1 h) of EpCAM were markedly higher in the intestine
than in other tissues. HNF4A, a key TF critical for intestinal,
liver, and kidney function [ 20 , 37–39 ], also exhibited SE activ-
ity ( Supplementary Fig. S1 c) and showed elevated expression
across all three tissues ( Supplementary Fig. S1 d and e). 

Spatiotemporally restricted super-enhancers 

orchestrate axial patterning along the crypt-villus 

axis 

To identify epigenetic drivers of intestinal epithelial dif-
ferentiation, we mapped enhancer landscapes of crypts
(stem/progenitor zone) and villi (terminally differentiated
compartment) using H3K27ac and H3K4me2 ChIP-seq 

(Fig. 2 a). ROSE analysis identified 445 crypt-specific and 895 

villus-specific SEs (Fig. 2 b and Supplementary Table S2 ), indi- 
cating a spatially partitioned regulatory program. The activity 
of SEs exhibits a highly localized pattern. Venn analysis re- 
vealed distinct SE sites: 122 crypt-specific, 572 villus-specific,
and 323 shared sites (Fig. 2 c). Crypt SEs showed significantly 
higher H3K27ac signals in crypts than villi (Fig. 2 d), while vil- 
lus SEs were enriched in villi (Fig. 2 e). This bidirectional gra- 
dient highlights the capacity of SEs to mediate precise spatial 
regulation at the sub-tissue scale. RNA-seq confirmed func- 
tional compartmentalization—crypt SE genes were highly ex- 
pressed in crypts, while villus SE genes were enriched in villi 
(Fig. 2 f). Functional enrichment linked crypt SE genes to pro- 
liferation and cell cycle (Fig. 2 g), while villus SE genes were 
associated with differentiation and metabolism (Fig. 2 h). 

Cyclin D1 ( Ccnd1 ), a crypt-specific SE associated with 

proliferation, showed crypt-restricted H3K27ac enrichment 
(Fig. 2 i), elevated RNA expression (Fig. 2 j), and protein local- 
ization to the crypts (Fig. 2 k). Conversely, keratin 20 ( Krt20 ),
a differentiation marker, displayed villus-specific SE activity 
(Fig. 2 l), elevated transcript expression (Fig. 2 m), and apical 
localization in terminally differentiated enterocytes (Fig. 2 n).
These findings suggest that spatially confined SEs act as epige- 
netic switches along the crypt–villus axis, coordinating prolif- 
eration and differentiation, and establishing regional identity 
through precise transcriptional regulation. 

Building on the compartment-specific roles of H3K27ac- 
marked SEs (Fig. 2 ), we extended our profiling to H3K4me2,
a mark of transcriptionally permissive chromatin, to assess 
broader sub-tissue epigenetic regulation in the intestinal ep- 
ithelium. H3K4me2 ChIP-seq identified 1 122 crypt and 1 084 

villus SEs ( Supplementary Fig. S2 a and b; Supplementary 
Table S2 ). H3K4me2-marked SEs exhibit spatial restriction—
crypt SEs were enriched in crypts, and villus SEs were abun- 
dant in villi ( Supplementary Fig. S2 c). Functional enrichment 
analysis revealed that crypt SE-associated genes are linked to 

stem/progenitor programs (e.g. Notch signaling, chromatin 

remodeling), while villus SE-associated genes are enriched 

in differentiation pathways (e.g. absorption, metabolism) 
( Supplementary Fig. S2 d and e). Importantly, SE-regulated 

genes showed higher overall expression than TE-associated 

genes in both crypts and villi ( Supplementary Fig. S2 f). In- 
tegration with RNA-seq further confirmed that SE-associated 

genes maintained consistent compartment-specific expression 

across histone marks ( Supplementary Fig. S2 g and h). 
We utilized H3K4me2 mapping in conjunction with 

H3K27ac to enhance the confidence in SE identification. This 
dual approach provided a more stringent definition of active 
enhancer clusters and offered insight into their maturation 

state, as H3K4me2 marks primed chromatin landscapes that 
may persist beyond transient H3K27ac fluctuations. Most 
H3K27ac SE genes were co-marked by H3K4me2 within the 
same tissue ( Supplementary Fig. S2 i–n), indicating conver- 
gent epigenetic regulation. Dual-marked SE genes further sup- 
ported compartment-specific regulation. Myb (crypt-specific,
co-marked by H3K27ac and H3K4me2) exhibited SE acti- 
vation and crypt-specific expression ( Supplementary Fig. S2 j 
and k). Conversely, solute carrier family 2 member 2 ( Slc2a2,
villus-specific, co-marked) displayed villus-restricted SE activ- 
ity and expression ( Supplementary Fig. S2 m and n). While 
most SEs were co-marked by both histone modifications, we 
also found a subset of SEs marked exclusively by H3K4me2.

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
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Figure 1. SE landscape defines tissue-specific epigenetic architecture of the intestine. ( a ) Workflow for SE identification using the ROSE algorithm. ( b ) 
PCA of SE landscapes across 10 tissues (H3K27ac ChIP-seq). ( c ) Hierarchical clustering and correlation matrix of SE profiles. ( d ) Functional annotation of 
small intestine-specific SE-associated genes by DAVID. ( e ) Heatmap of intestinal-specific SE-linked genes. (f–h) Representative examples of small 
intestinal SE-associated genes. ( f ) The epithelial marker Epcam exhibits SE activity in the small intestine, with IGV tracks showing the characteristic SE 
architecture of broad, clustered H3K27ac peaks. Consistent with SE activity, Epcam shows intestine-enriched expression, as evidenced by RNA-seq ( g ) 
and IHC staining ( n = 3 biologically independent mice) ( h ). SE loci and SE-associated genes with intestinal functional annotations are provided in 
Supplementary Table S1 . H3K27ac ChIP-seq (GSE49847): MACS2 P < .05. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
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Figure 2. H3K27ac-marked compartment-specific SEs orchestrate crypt-villus axis functions. ( a ) Schematic of murine intestinal crypt-villus axis isolation. 
Crypts (stem/progenitor-enriched proliferative zone) and villi (terminally differentiated absorptive compartment) were separated for epigenomic profiling. 
( b ) H3K27ac-marked SEs identified by the ROSE algorithm: 445 crypt-enriched versus 895 villus-enriched SEs. ( c ) Venn diagram of H3K27ac-marked SE 
sites of crypts and villi. ( d ) Crypt-specific SEs show significantly higher H3K27ac enrichment in crypts (blue) compared with villi (red). ( e ) Villus-specific 
SEs display preferential H3K27ac enrichment in villus (red) relative to crypt (blue), confirming compartment-specific activity. ( f ) RNA-seq analysis of 
SE-linked genes shows compartment-specific expression: crypt-associated SE genes (top) and villus-associated SE genes (bottom). The middle line 
represents the median (Mann–Whitney U test, ∗P < .05, ∗∗∗P < .001, n = 6 biological replicates per group). Functional enrichment of H3K27ac-marked 
crypt-specific ( g ) and villus-specific SE genes ( h ). Example of crypt-specific SE gene: ( i ) H3K27ac ChIP-seq profile showing crypt-specific SE enrichment 
at the Ccnd1 locus; ( j ) RNA-seq confirming significantly higher Ccnd1 expression in crypts than villi; ( k ) IHC demonstrating CCND1 protein localized to 
proliferative crypt cells ( n = 3 biologically independent mice). Example of villus-specific SE gene: ( l ) H3K27ac ChIP-seq profile showing villus-specific SE 
enrichment at the Krt20 locus; ( m ) RNA-seq confirming villus-restricted Krt20 expression; ( n ) IHC showing KRT20 protein localized to villi ( n = 3 
biologically independent mice). All RNA-seq (crypt versus villus; GSE133949) data are presented as mean ± SEM ( n = 6 biological replicates), DESeq2 P 
< .001 ( ∗∗∗). H3K27ac ChIP-seq (crypt versus villus; GSE310534 and GSE148691): MACS2, q < 0.05. SE loci and SE-associated genes with functional 
annotations of crypts and villi are provided in Supplementary Table S2 . 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
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or example, colorectal cancer associated 2 ( Colca2 ), a gene
as been implicated in an increased risk of colorectal can-
er (CRC) [ 40 , 41 ], showed crypt-restricted H3K4me2 en-
ichment ( Supplementary Fig. S2 o and p). Conversely, carci-
oembryonic antigen related cell adhesion molecule 20 ( Cea-
am20 ), a gene is associated with the progression of coli-
is [ 42 ], showed villus-restricted SE activity and expression
 Supplementary Fig. S2 q and r). 

Together, these findings highlight SEs as key epigenetic
egulators of intestinal compartmentalization, orchestrating
rypt–villus patterning, stem cell maintenance, and differenti-
tion. Several SE-associated genes are linked to colorectal tu-
origenesis, underscoring SEs’ dual role in tissue homeostasis

nd disease. 

DX2 coordinates super-enhancer architecture in 

he intestine 

uilding on the paradigm that SEs govern cell identity [ 4 ,
 ], we hypothesized that intestinal master TFs hierarchically
egulate epithelial differentiation via SE engagement. Integra-
ive epigenomic profiling identified that CDX2 functions as
he dominant SE regulator. In WT murine intestines, CDX2
hIP-seq signals showed striking overlap with H3K27ac at
Es (Fig. 3 a–c and Supplementary Table S3 ). ROSE identi-
ed 2497 H3K27ac-marked SEs and 1850 CDX2-bound SEs,
ith 1367 shared SE sites ( Supplementary Fig. S3 a, the left
anel). Gene Ontology analysis showed strong functional con-
ordance: 80% of top CDX2-SE and H3K27ac-SE genes con-
erged on intestinal-specific pathways, including differentia-
ion, metabolism, brush border assembly, and apical mem-
rane organization (Fig. 3 b and Supplementary Fig. S3 a, the
ight panel). For example, SEs display nearly identical peak
rofiles of CDX2 ChIP-seq and H3K27ac ChIP-seq at gene

oci of Claudin-7 ( Cldn7, a core tight junction component)
nd Epcam (Fig. 3 c). 

CDX2 is highly expressed in the small intestine (Fig. 3 d). To
est whether CDX2 is required for SEs, we analyzed the intesti-
al epithelium-specific knockout mice, Cdx2KO . H3K27ac
hIP-seq and ROSE analysis revealed a dramatic loss of SEs:

rom 2497 in WT to only 263 in Cdx2KO —a ∼90% reduc-
ion (Fig. 3 e and f, the left panel). In contrast, the num-
ers of TEs remained unchanged (WT: 25 993; KO: 25 854;
ig. 3 f, the right panel). Loss of CDX2 resulted in the col-

apse of the majority of SEs (Fig. 3 g and h; Supplementary
ig. S3 b). Combined epigenomic and transcriptomic analysis
onfirmed that CDX2 loss leads to global SE depletion and
ranscriptional downregulation of SE-associated genes (Fig. 3 i
nd Supplementary Fig. S3 c). Notably, most downregulated
enes were related to cell differentiation ( Supplementary Fig.
3 c). Consistently, villus-specific SEs exhibited reduced signals
pon CDX2 loss ( Supplementary Fig. S3 d). 
For example, in WT intestines, Krt20 —a villus differ-

ntiation marker—exhibited classic SE features with broad
3K27ac enrichment, and CDX2 bound to this gene locus

Fig. 3 j). The SE architecture at the Krt20 locus was lost
n Cdx2 knockout ( Cdx2KO ) epithelium, alongside reduced
3K27ac signals (Fig. 3 j). This was accompanied by corre-

ponding decreases in mRNA (Fig. 3 k) and protein expres-
ion (Fig. 3 l), supporting the model that CDX2 activates dif-
erentiation genes by establishing SEs. Hnf4g (another CDX2-
ound gene), which encodes a nuclear receptor involved in ep-
thelial differentiation, also showed reduced SE architecture
and H3K27ac signals upon CDX2 loss (Fig. 3 m) and showed
downregulation of mRNA and protein levels (Fig. 3 n and o). 

RNA Pol II not only transcribes coding genes but also en-
gages active enhancers, including SEs, to produce enhancer
RNAs and support transcriptional activity [ 6 , 43 , 44 ]. To fur-
ther study CDX2’s regulatory role, we analyzed RNA Pol II
ChIP-seq in WT and Cdx2KO intestines ( Supplementary Fig.
S3 e–l). ROSE analysis identified 558 RNA Pol II-enriched SEs
in WT, whereas only 38 were found in Cdx2KO —a reduc-
tion of ∼93% ( Supplementary Figs S3 e and f, the left panel).
In contrast, TE numbers remained stable (WT: 11 414; KO:
10 959; Supplementary Fig. S3 f, the right panel). In Cdx2KO ,
Pol II signal density was reduced at SEs ( Supplementary Fig.
S3 g), and these SE-associated genes were also downregulated
( Supplementary Fig. S3 h). For example, CDX2 binds to dipep-
tidyl peptidase-4 ( Dpp4 ) and cubilin ( Cubn ) in the intestine.
SE loss and concomitant downregulation of mRNA expres-
sion were observed in the Cdx2KO ( Supplementary Fig. S3 i–l).

Altogether, these findings suggest that CDX2 is re-
quired for SE maintenance, driving high-level expres-
sion of epithelial identity genes and maintaining intestinal
homeostasis. 

HNF4 depletion reshapes the super-enhancer 
landscape and activates oncogenic programs 

We further explored how other key intestinal TFs regulate the
epithelium through SEs. HNF4 ChIP-seq and ROSE analysis
identified 300 SEs anchored by the nuclear receptor HNF4
(HNF4α/γ) ( Supplementary Fig. S4 a and Supplementary
Table S4 ). These HNF4-bound SEs were linked to both epithe-
lial homeostasis (e.g. brush border, mineral absorption) and
pathways in cancer (Fig. 4 a). 

Based on these findings and HNF4’s known tumor-
suppressive role [ 45–48 ], we proposed a model in which
HNF4 occupies SE regions near oncogenes to maintain tran-
scriptional silencing. To test this, we employed Hnf4 α/ γ
double-knockout ( Hnf4 αγ DKO ) mice. H3K27ac ChIP-seq re-
vealed similar total SE numbers in WT and Hnf4 αγ DKO (1465
versus 1596; Fig. 4 b and c; Supplementary Table S4 ), sug-
gesting that HNF4 loss does not globally reduce SEs. Venn
analysis revealed 615 SE sites unique to WT, 746 unique
to Hnf4 αγ DKO , and 850 shared between the two conditions
(Fig. 4 d). In Hnf4 αγ DKO , H3K27ac signals were downregu-
lated at the 615 SE sites unique to WT and upregulated at
the 746 SE sites unique to Hnf4 αγ DKO (Fig. 4 e). Genes as-
sociated with WT-specific SE genes were related to intestinal
functions, while genes associated with Hnf4 αγ DKO -specific
genes were enriched in cancer pathways (Fig. 4 f). Knock-
out of HNF4 led to downregulation of most HNF4-bound,
H3K27ac-marked SE genes involved in intestinal differenti-
ation ( Supplementary Fig. S4 b), suggesting that HNF4 also
functions as a transcriptional activator in the context of SEs.
For instance, the solute carrier family 19 member 1 ( Slc19a1 )
locus lost its H3K27ac-marked SE upon HNF4 loss (Fig.
4 g), resulting in transcript downregulation (Fig. 4 h). In con-
trast, the locus encoding MDS1 and EVI1 complex locus
( Mecom ), an oncogenic TF implicated in colorectal cancer
[ 49–52 ], acquired a SE (Fig. 4 i) and was robustly upregu-
lated in Hnf4 αγ DKO intestines (Fig. 4 j). We found similar
findings when we analyzed RNA Pol II ChIP-seq and iden-
tified SEs in WT and Hnf4 αγ DKO ( Supplementary Fig. S4 c–f).
Hnf4 αγ DKO -specific SEs were again enriched for oncogenic

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
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Figure 3. CDX2 governs the intestinal SE landscape to regulate epithelial transcription. ( a ) ROSE algorithm identifies 2497 H3K27ac-marked SEs (left) 
and 1850 CDX2-bound SEs (right) in the intestinal villus cells. ( b ) SE-associated genes identified by H3K27ac and CDX2 ChIP-seq show highly consistent 
functional enrichment through DAVID. ( c ) Representative examples of SEs co-occupied by H3K27ac and CDX2 ChIP-seq signals. ( d ) Tissue-specific 
expression analysis confirms CDX2 enrichment in small intestine (The Human Protein Atlas). ( e ) H3K27ac-marked SEs in Cdx2KO . ( f ) Number of 
H3K27ac-marked SEs (WT: 2 497; Cdx2KO : 263) and TEs (WT: 25 993; Cdx2KO : 25 854). ( g ) Venn diagram of H3K27ac-marked SE sites of WT and Cdx2KO . 
( h ) H3K27ac ChIP-seq shows selective attenuation at SE regions in Cdx2KO (left), while TE regions remain unaffected (right). ( i ) Transcriptome analysis of 
SE- and TE-associated genes in WT and Cdx2KO . The middle line represents the median (Mann–Whitney U test, ∗P < .05, ∗∗∗P < .001, n = 4 biological 
replicates per group). CDX2-dependent SE regulation: complete SE loss at the Krt20 locus ( j ) with corresponding transcriptional ( k ) and protein ( l ) 
downregulation; partial retention of H3K27ac-marked SE at the Hnf4g locus ( m ) is insufficient to sustain messenger RNA (mRNA) ( n ) or protein ( o ) 
levels. CDX2 and H3K27ac ChIP-seq ( Cdx2KO versus WT ; MACS2, P < .01; GSE98724): n = 2 biological replicates; RNA-seq ( Cdx2KO versus WT ; 
GSE98724 and GSE115541): n = 4 biological replicates, DESeq2 P < .05 ( ∗), P < .001 ( ∗∗∗). IHC staining: n = 2 biologically independent mice. SE loci and 
SE-associated genes with functional annotations of WT and Cdx2KO are provided in Supplementary Table S3 . 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
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Figure 4. HNF4 loss, but not SMAD4 loss, remodels the SE landscape and activates oncogenic programs. ( a ) Functional enrichment of HNF4-bound SE 
genes in intestinal epithelial cells reveals dual roles in homeostasis and oncogenesis. ( b ) ROSE-defined H3K27ac SEs in WT and Hnf4 αγ DKO intestines. 
( c ) Numbers of SE identified by H3K27ac ChIP-seq (WT: 1 465, Hnf4 αγ DKO : 1 596). ( d ) Venn diagram of H3K27ac-marked SE sites of WT and Hnf4 αγ DKO . 
( e ) H3K27ac signals at SEs unique of intestinal epithelial cells in WT and Hnf4 αγ DKO . ( f ) Functional annotation of genotype-specific SE genes in WT 
and Hnf4 αγ DKO , showing enrichment of cancer-related pathways after HNF4 loss. ( g ) IGV tracks of Slc19a1 locus showing H3K27ac-defined SE in WT. 
( h ) Downregulation of Slc19a1 in Hnf4 αγ DKO , DEseq2 P < .001 ( ∗∗∗). ( i ) IGV shows enhanced SE signal at the Mecom locus in DKO mice. ( j ) Mecom was 
significantly upregulated in Hnf4 αγ DKO , DESeq2 P < .001 ( ∗∗∗). ( k ) ROSE-defined H3K27ac SEs in WT and Smad4KO intestines. ( l ) Numbers of 
H3K27ac-marked SEs in WT and Smad4KO (WT: 805, Smad4KO : 773). ( m ) Venn diagram of H3K27ac-marked SE sites of intestinal epithelial cells in WT 
and Smad4KO . ( n ) Functional analysis of SE genes in WT and Smad4KO . ( o ) Examples of conserved SE architecture and H3K27ac signal at the gene loci 
of intestinal epithelium in WT and Smad4KO . HNF4 ChIP-seq: GSE310534, GSE34566, and GSE112946 (MACS2 P < .05); SMAD4 ChIP-seq (MACS2 P < 

.05; GSE310534 and GSE112946): n = 2 biological replicates; H3K27ac ChIP-seq ( Hnf4 αγ DKO versus WT; MACS2, P < .01; GSE310534 and GSE112946): 
n = 2 biological replicates; H3K27ac ChIP-seq ( Smad4KO versus WT; MACS2, q < 0.01; GSE310534); RNA-seq ( Hnf4 αγ DKO versus WT; GSE309833 and 
GSE112946): n = 3 biological replicates. Complete lists of SE loci and SE-associated genes with functional annotations are provided in 
Supplementary Table S4 ( Hnf4 αγ DKO versus WT) and Supplementary Table S5 ( Smad4KO versus WT). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
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pathways ( Supplementary Fig. S4 f). These data suggest that
HNF4 loss permits oncogene SE activation. 

Our previous work demonstrates a reinforcing
HNF4–SMAD4 feed-forward module stabilizes en-
terocyte identity [ 20 ]. We then further mapped the
landscape of SMAD4-bound SEs and found 353 SEs
( Supplementary Fig. S4 g and Supplementary Table S5 ).
These SMAD4-bound SEs were linked to both homeostasis
(e.g. cell differentiation) and stress responses (e.g. glu-
cose starvation, TNF signaling; Supplementary Fig. S4 h).
However, SMAD4 knockout did not markedly affect SE
number (Fig. 4 k and l, WT: 805 versus Smad4KO : 773),
genomic distribution (Fig. 4 m), the functional output of
SE-associated genes (Fig. 4 n and o), and H3K27ac signal
intensity ( Supplementary Fig. S4 i), suggesting that SMAD4
exerts a weaker influence on SE regulation compared with
CDX2 or HNF4. In summary, we propose that HNF4 and
SMAD4 regulate intestinal SEs through distinct mechanisms:
HNF4 maintains SE-mediated repression of oncogenes, and
its loss promotes oncogenic SE reprogramming. By contrast,
SMAD4 largely preserves global SE architecture, though its
knockout is accompanied by a modest downregulation of
cell differentiation and upregulation of cancer-associated
pathways (Fig. 4 n and o). 

Dynamic super-enhancer reprogramming reveals 

oncogenic mechanisms in colorectal 
carcinogenesis 

Building on the connection between cancer and TF (Fig. 4 ),
we examined their regulatory functions using the AOM/DSS
model. The AOM/DSS model is a chemically induced murine
model of colitis-associated colorectal cancer [ 53–55 ]. In this
dataset, a single intraperitoneal injection of AOM was fol-
lowed by a single 7-day cycle of 2.5% DSS in drinking water
to trigger tumor progression. H3K27ac ChIP-seq and RNA-
seq profiling [ 56 , 57 ] were then performed on the distal colon
of control mice and experimental mice at 4, 7, and 10 weeks
post–AOM–DSS induction (Fig. 5 a). We found a dynamic re-
modeling of SEs: SE numbers dropped early (Control: 1025;
4-weeks: 723), recovered at 7-weeks (1023), and expanded
by 10-weeks (1788) (Fig. 5 b, Supplementary Fig. S5 a, and
Supplementary Table S6 ). PCA and correlation matrices of
these SEs showed a clear difference during tumor progres-
sion (Fig. 5 c and Supplementary Fig. S5 b), reflecting progres-
sive SE landscape reprogramming. To investigate the dynamic
changes of SEs during cancer progression, we compared SE
landscapes between control and samples collected at 4, 7, and
10 weeks in the AOM/DSS model. This analysis identified
1101 tumor-specific SEs that were present exclusively in the
models but absent in the controls. Notably, the activity of
these tumor-specific SEs progressively increased throughout
tumor development, reaching its peak at the late stage (Fig.
5 d). 

Integrated analysis of these SE landscapes with RNA-seq
data identified four distinct gene clusters with stage-specific
functions during tumorigenesis (Fig. 5 e and f). Cluster 1, spe-
cific to control colon tissues, was enriched in genes regulat-
ing epithelial structure, and these genes were suppressed in
tumors. Cluster 2, predominant at the 4-week stage, was en-
riched in genes involved in apoptosis, chromatin remodeling,
and cell migration—key processes initiating early transforma-
tion. Cluster 3, present across all stages of tumorigenesis, com-
prised genes associated with cancer, metabolism and mito- 
chondrial function. Cluster 4 emerged at late stages, featuring 
genes related to cytoskeletal organization and cell adhesion.
GSEA confirmed sustained activation of SE-associated genes 
across tumor stages ( Supplementary Fig. S5 c). 

We next assessed how TF loss affects this trajectory. At SE 

loci unique to either Hnf4 αγ DKO or Smad4KO compared with 

their respective controls, the 10-week AOM–DSS model ex- 
hibited a marked increase in H3K27ac signal intensity rel- 
ative to controls (Fig. 5 g). Coincidentally, decreased pro- 
tein levels of HNF4A and SMAD4 were observed in the 
tumors of ApcMin/ + mice, a spontaneous colorectal cancer 
model (Fig. 5 h), suggesting TF silencing during tumor pro- 
gression. This observation was also recapitulated in human 

colorectal cancer, where scRNA-seq analysis showed down- 
regulation of HNF4A and HNF4G in tumor epithelial cells 
compared to matched normal tissues (Fig. 5 i). Mecom , the 
cancer-associated gene, exhibited enhanced SE signal upon 

HNF4 knockout (Fig. 4 i). We also observed SE formation 

at the gene locus of Mecom in Smad4KO (Fig. 5 j) and in 

late-stage (7 and 10 weeks) tumors (Fig. 5 k), with transcrip- 
tional upregulation at these timepoints (Fig. 5 l). Conversely,
C-X-C chemokine receptor 4 ( Cxcr4 , promoting EMT via 
PI3K/AKT) [ 58–60 ] exhibited SE activation at an earlier stage 
(4 weeks) of AOM–DSS model and showed a corresponding 
transcriptional induction ( Supplementary Fig. S5 d and e), im- 
plicating Cxcr4 in earlier stages of tumor initiation. 

Altogether, this study delineates a biphasic model of SE- 
driven tumorigenesis in colorectal cancer. Early SEs, such as 
at the Cxcr4 locus, may act as initiators of malignant trans- 
formation, while late-stage SEs, such as Mecom , may sus- 
tain tumor progression. HNF4 and SMAD4 function as crit- 
ical transcriptional gatekeepers, constraining oncogenic tran- 
sitions. These findings support strategies aimed at targeting 
early SE hubs to prevent tumor initiation, as well as restor- 
ing TF activity (homeostasis) or inhibiting late-stage SEs to 

suppress disease progression. Moreover, integrating dynamic 
SE profiling with TF loss signatures could facilitate precision 

staging and personalized treatment in colorectal cancer. 

Discussion 

This study systematically defines the central regulatory role 
of SEs in organizing intestinal tissue architecture, establishing 
a foundational framework for understanding epithelial pat- 
terning, identity, and disease. By mapping spatiotemporally 
restricted SE landscapes across the crypt-villus axis, we un- 
cover precise regional enhancer activation that mirrors func- 
tional epithelial compartmentalization. Compartment-specific 
SEs govern gene expression programs essential for stem- 
ness/proliferation (crypts) and differentiation (villi), position- 
ing SEs as key epigenetic hubs orchestrating intestinal identity 
and spatial organization. 

Our findings underscore a hierarchical SE–TF framework 

in the intestinal epithelium. CDX2 acts as a master regula- 
tor, maintaining SE integrity and epithelial identity; its loss 
disrupts SE networks and impairs differentiation. HNF4 is a 
key intestinal TF that governs epithelial differentiation [ 20 ,
23 ], and its loss in gastrointestinal cancers has been asso- 
ciated with dedifferentiation and oncogenic reprogramming 
[ 45–48 ]. In contrast, SMAD4 serves as a central tumor sup- 
pressor within the TGF-β signaling pathway, where its fre- 
quent inactivation in colorectal cancers promotes invasion 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
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Figure 5. Dynamic remodeling of SE landscapes in colorectal tumorigenesis. ( a ) Schematic of experimental design using the distal colon fragments of a 
colorectal tumorigenesis model (Control, 4, 7, and 10 weeks of the AOM–DSS model). ( b ) Temporal dynamics of SE numbers: Control (1025), 4-week 
(723), 7-week (1023), 10-week (1788). ( c ) PCA of SE landscapes revealing stage-specific epigenetic clustering of colorectal tumorigenesis. ( d ) SitePro 
analysis reveals a time-dependent gain in signal intensity of H3K27ac from 4 to 10 weeks for 1101 tumor-specific SEs, which are absent in controls but 
emerge during cancer progression. ( e ) Heatmap of SE-associated gene expression across different time points of distal colon in the AOM–DSS model. 
( f ) Functional annotations of identified SE-associated gene clusters. ( g ) H3K27ac signals of epithelial cells (AOM–DSS versus control) at unique SE 
regions of Hnf4 αγ DKO or Smad4KO . ( h ) Reduced protein levels of HNF4A and SMAD4 in Apcmin/ + intestinal tumors, as evidenced by IHC ( n = 3 
biologically independent mice). ( i ) Dot plot of scRNA-seq (GSE200997) shows expression levels of HNF4 in epithelial cells from CRC patients. ( j ) 
Representative IGV tracks of SMAD4 ChIP-seq and H3K27ac ChIP-seq signals at the Mecom locus. ( k ) H3K27ac ChIP-seq profiles reveal SEs at 
the Mecom locus after 7 and 10 weeks of AOM–DSS treatment. ( l ) Mecom is upregulated during the progression of AOM–DSS tumors. All RNA-seq 
data are presented as mean ± SEM ( n = 3 biological replicates), DEseq2 P < .001 ( ∗∗∗), ns: not significant. H3K27ac ChIP-seq (MACS2 P < .01) and 
RNA-seq (AOM–DSS model, GSE178214): n = 3 biological replicates. All SE loci and SE-associated genes with functional annotations of the AOM–DSS 
model are provided in Supplementary Table S6 . 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag634#supplementary-data
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and metastasis [ 61–63 ]. We demonstrate stage-specific SE re-
programming in colorectal cancer, particularly upon these TFs
loss. Collectively, these findings highlight the critical role of
SEs in coordinating epithelial identity, homeostasis, and ma-
lignancy. 

While this study establishes a foundational framework for
understanding SE regulation in intestinal identity and tumor
progression, several key questions remain. Notably, the acqui-
sition of cancer-associated SEs was observed only upon HNF4
loss. In contrast, CDX2 loss led to a sharp reduction in SE
numbers, which may underlie its association with poor prog-
nosis in colon cancer [ 64 , 65 ]. SMAD4 loss had limited effect
on SE maintenance but is also linked to worse clinical out-
comes [ 66 ], suggesting that SMAD4 may influence tumor pro-
gression through mechanisms beyond SE remodeling. Future
studies are needed to identify additional SE regulatory factors
that may cooperate with or function independently of CDX2,
HNF4, and SMAD4 in orchestrating intestinal homeostasis
and oncogenesis. Moreover, the role of SEs in governing stem
cell fate decisions, lineage plasticity, and epithelial regenera-
tion after injury remains largely unexplored. 

A critical next step will be to elucidate how SE land-
scapes respond to dynamic microenvironmental cues. Build-
ing on our findings that SE architecture is both spatially
constrained and progressively deregulated upon TF loss, we
propose that SEs exhibit context-dependent plasticity in re-
sponse to niche-derived signals. Dissecting the mechanisms
of microenvironment-responsive SE remodeling—particularly
under conditions such as hypoxia, inflammation, and expo-
sure to microbial metabolites—will be essential for under-
standing how extrinsic stimuli shape epigenomic identity and
drive malignant transformation. 
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