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ABSTRACT

Somatic stem cells contribute to normal tissue home-
ostasis, and their epigenomic features play an im-
portant role in regulating tissue identities or devel-
oping disease states. Enhancers are one of the key
players controlling chromatin context-specific gene
expression in a spatial and temporal manner while
maintaining tissue homeostasis, and their dysreg-
ulation leads to tumorigenesis. Here, epigenomic
and transcriptomic analyses reveal that forkhead
box protein D2 (FOXD2) is a hub for the gene reg-
ulatory network exclusive to large intestinal stem
cells, and its overexpression plays a significant role
in colon cancer regression. FOXD2 is positioned at
the closed chromatin and facilitates mixed-lineage
leukemia protein-4 (MLL4/KMT2D) binding to deposit
H3K4 monomethylation. De novo FOXD2-mediated
chromatin interactions rewire the regulation of p53-
responsive genes and induction of apoptosis. Taken
together, our findings illustrate the novel mechanis-
tic details of FOXD2 in suppressing colorectal can-
cer growth and suggest its function as a chromatin-
tuning factor and a potential therapeutic target for
colorectal cancer.
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INTRODUCTION

Evolutionarily conserved forkhead box (FOX) proteins are
transcription factors (TFs) characterized by a common
DNA-binding domain, the so-called winged-helix domain.
The FOX superfamily proteins are also known as pioneer
factors binding to condensed chromatin and play impor-
tant roles in diverse biological processes such as cell growth,
development and differentiation (1-3). Moreover, the var-
ious modes of regulation and function of Fox proteins de-
pend on the types of cells and tissues. In consequence, recent
studies show that the somatic misregulation or mutation of
Fox genes changes cell fate and is associated with cancer
development (4).
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Cancers can be characterized by dysregulation of tissue-
specific gene expression programs and epigenetic alter-
ations, which results in cancer-promoting events without
variations in DNA sequences (5). The epigenetic regula-
tion mediated by the patterns of DNA methylation and his-
tone modifications, for example, specify the transcriptional
machinery to maintain cellular identity and respond to in-
ternal and external stimuli. Histone modifications such as
H3K4mel and H3K27ac are enriched in enhancer regions
that typically serve as TF-binding sites to induce transcrip-
tional activation. Moreover, H3K4mel and H3K27ac can
separate active enhancers from poised enhancers (6). How-
ever, these classifications and features are not generally ap-
plied to explain all types of tissues and states of diseases.

Since tissue-specific transcriptional machinery is essen-
tial to maintain the cellular fate, and the loss of cellular
characteristics leads to cancer development, we investigated
the possibility that TFs necessary for the determination of
tissue fate might play a functional role in preventing cancer
progression in a tissue-specific manner. An intestinal master
TF, caudal type homeobox 2 (CDX2), plays a crucial role
not only in intestinal stem cell (ISC) differentiation but also
in cancer progression or regression (7-9). The involvement
of CDX2 during cancer development demonstrates that dif-
ferentiated cells are innately resistant to malignant transfor-
mation and that cellular reprogramming is required to pro-
mote malignancy. Considering the compartmentalization in
the intestinal epithelium and the high prevalence of large
intestine cancers, it is important to elucidate large intestine-
specific TFs for the determination of tissue fate and tumor
suppression in addition to CDX2 (10).

Accordingly, we analyzed the differential transcription
machinery between small intestinal stem cells (SISCs) and
large intestinal stem cells (LISCs). Then a cell-specific gene
regulatory network (GRN) was established, which showed
multiple tissue-specific TFs important for tissue homeosta-
sis. FOXD2 was identified as a colon-specific TF hub in
our GRN. FOXD?2 is known to be functionally redun-
dant in renal development and kidney hypoplasia, although
its loss is not related to embryonic lethality (11). FOXD2
is also recognized as a functional TF regulating cAMP-
dependent proteins and promoters in T lymphocytes (12).
However, the precise molecular function and epigenetic
mechanism of FOXD?2 in the large intestine for maintain-
ing a tissue identity and during cancer development remain
elusive. Moreover, the TF-mediated enhancer landscape in
colorectal cancer (CRC) is still unexplored. In this study,
we show that colonic stem cell-enriched FOXD?2 transac-
tivates p53-responsive genes and induces apoptosis in hu-
man CRC cells by recruiting the mixed-lineage leukemia
protein-4 (MLL4/KMT2D) gene specifically to reprogram
enhancer and transcriptional machinery.

MATERIALS AND METHODS
Mice

Lgr5-EGFP-Ires-CreERT2"/~ mice were used to study adult
ISCs. All animal experiments were approved by the Animal
Experimentation Committee of the Pohang University of
Science and Technology (POSTECH).

Small and large intestinal crypt isolation

Crypt isolation was performed following previously de-
scribed methods (13). The tissues were chopped into 2-3 cm
pieces. Tissue fragments were suspended with 10 ml of cold
ethylenediaminetetraacetate (EDTA) chelation buffer and
placed on ice for 30 min. After incubation, the tissues were
resuspended vigorously ~10-15 times using a 10 ml pipette.
The supernatant was collected and filtered with a 70 pm cell
strainer to remove large fragments from the tissue. The re-
maining tissues were suspended several times with 10 ml of
cold EDTA chelation buffer. All supernatants enriched with
crypts were centrifuged at 200 g for 5 min and washed with
cold 1x phosphate-buffered saline (PBS) buffer.

Intestinal stem cell preparation and flow cytometry

Small and large intestinal crypts were dissociated with Try-
pLE Express (Thermo Fisher Scientific, #12605028) con-
taining Y-27632 (1 wM; Sigma-Aldrich, #Y0503) at 37°C.
Dissociated cells were then filtered with a 70 pm cell strainer
to remove cell clumps and washed twice with 10 ml of
cold PBS buffer. Then, cells were centrifuged at 720 g for
5 min and the wash step with cold PBS buffer was repeated
twice. After removal of the supernatant, cell pellets were re-
suspended with basal media and filtered in a 20 pwm strainer
(Falcon, #38030). Finally, small and large intestinal Lgr5-
EGFP+/high cells were sorted by flow cytometry (MoFlo,
Beckman Coulter and SONY-SH800S) for further analysis.

Cloning and lentivirus production for the stable cell line

For the overexpression of human FOXD2 transcript,
the full-length coding sequence (CDS) from the Foxd2
(NM_004474) human tagged open reading frame (ORF)
clone (Origene, RC222086) was inserted in the pSin-EF2
vector (Addgene, #116877).

For lentivirus production, HEK293T cells were main-
tained at 70% confluency in 162 cm? culture plate in culture
medium [Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin]. Then, DNA transfection solution
containing 40 pg of total plasmid DNA was prepared by
adding lentiviral packaging vectors (7 wg of pMD2.G; 13
pg of pPCMV.dR 8.74) and 20 pg of lentiviral plasmid en-
coding the gene. Moreover, a polyethylenimine (PEI) trans-
fection solution was prepared by adding 80 p.l of 1 mg/ml
PEI to 920 pl of opti-MEM (Gibco, 31985062) and incu-
bating for 5 min at room temperature. HEK293T cells was
treated with a total of 2 ml of the DNA transfection solu-
tion for 4 h. After 2 days of incubation, the culture medium
was collected by centrifugation for 5 min at 1000 g. The cul-
ture medium was additionally collected a day later for max-
imal production of lentivirus. Finally, the supernatant was
filtered with a 0.45 pm filter.

For establishing stable cell lines, pSin and pSin-FOXD?2
lentivirus was infected into HCT116 cells. A total of 0.2
x 10° cells were split onto 6-well plates a day before the
lentivirus treatment and incubated for 48-72 h for complete
transduction. Then cells were selected and expanded in a
culture medium containing puromycin (5 wg/ml).



Apoptosis and wound healing analysis

The control and FOXD2-expressing HCT116 cancer cells
were washed twice with cold 1x PBS and analyzed with the
FITC Annexin V Apoptosis Detection Kit with PI (BioLe-
gend, 640914) according to the manufacturer’s instructions.
The scratch assay was performed to assess the cell migration
of control and FOXD2-overexpressing (OE) HCT116 cells.
The wound area was measured every 12 h for 2 days follow-
ing the previously described method (14).

Immunofluorescence staining

The samples were cultured in 8-well chamber slides
(MERK, C7182) and fixed with 4% paraformaldehyde. Af-
ter washing three times with cold PBS, the fixed cells were
incubated in 0.4% Triton X-100/1x PBS for 30 min at 25°C,
blocked in 5% bovine serum albumin (BSA)/1x PBS for 1 h
at 25°C and incubated overnight at 4 °C with the following
primary antibodies: Ki67 (1:50, Thermo Fisher Scientific
#14-5698-82), Caspase 3 (1:50, Thermo Fisher Scientific
#PAS5-77887) and Caspase 9 (1:50, Thermo Fisher Scientific
#PA5-16358). The chamber wells were washed five times
with 1 x PBS and incubated with 1:1000 Alexa Flour 488- or
647-conjugated secondary antibodies for 1 h at 25°C. After
washing five times with 1x PBS, Hoechst 33342 (10 j.g/ml
in 1x PBS) was added for 20 min at room temperature.

Immunoprecipitation and western blot

Cells were harvested and lysed with IP buffer [150 mM
NaCl, Tris pH 7.4, 1% Nonidet-P40 (NP-40), 0.1% Na-
deoxycholate] supplemented with 1x protease inhibitor
cocktail and 1 mM phenylmethylsulfonyl fluoride (PMSF).
After incubation on ice for 30 min, the supernatant was
collected by centrifugation at 16 000 g for 30 min at 4°C.
The supernatant was pre-cleared for 1 h with mouse or rab-
bit IgG (Santa Cruz, sc-2025 or sc-2027) on Dynabeads
Protein G (Thermo Fisher Scientific, #10003D). The pre-
cleared cell lysate was incubated with monoclonal anti-
FLAG antibody (F1804, Sigma Aldrich) or polyclonal anti-
KMT2D/MLL4 antibody (Santa Cruz Biotechnology, sc-
293217) using Dynabeads Protein G at 4 °C overnight.

For the western blot, the following primary antibodies
were used; Caspase 3 (1:1000, Thermo Fisher Scientific
#PAS-77887), Caspase 9 (1:1000, Thermo Fisher Scientific
#PAS5-16358), CDKNI1A (1:1000, Thermo Fisher Scien-
tific #MAS5-14949), TP53 (1:500, Thermo Fisher Scientific
#MA1-7629), PRDMI1 (1:1000, Cell Signaling Technology
#9115), anti-Flag (1:1000, Sigma Aldrich #SAB4200071),
polyclonal anti-KMT2D/MLL4 (1:700, Atlas Antibodies
HPAO035977), anti-Flag (1:1000, Sigma Aldrich #F1804)
and anti-FOXD?2 (1:1000, Sigma Aldrich #AV31709). The
protein bands were detected using SuperSignal™ Western
Blot Substrate Bundle, Pico PLUS (Thermo Fisher Scien-
tific, A43840) on Amersham Imager 680 (GE Healthcare
and Life Sciences).

Quantitative reverse transcription—polymerase chain reaction
(RT—qPCR)

The total RNA was extracted using TRIzol™ (Invitro-
gen, 15596026) and cDNA was synthesized by the Supe-
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riorScript IIT cDNA Synthesis kit (Enzynomics, EZ405S)
with oligo(dT). RT-qPCR was performed by using TB
Green(®) Premix Ex Taq™ IT (Takara, RR820A) on the Ari-
aMx Real-Time PCR system (Agilent Technologies). The
primers used for RT-qPCR experiments are listed in Sup-
plementary Table S1 and the gene expression levels were
normalized to the housekeeping gene glyceraldehyde phos-
phate dehydrogenase (GAPDH).

Preparation of patient-derived CRC organoids and overex-
pression of FOXD2

The information on CRC organoids is listed in Supple-
mentary Table S2. Patient-derived CRC organoids were
grown for 1 or 2 weeks depending on the growth rate. The
organoids were dissociated into single cells which were then
treated with FOXD2 lentivirus supplemented with poly-
brene (10 mg/ml) for ~6 h to enhance transduction ef-
ficiency. After culturing CRC organoids, 10 000 cells of
FOXD?2 and control groups were re-imbedded in Matrigel
with full growth medium supplemented with puromycin
(5 wg/ml) for selection.

Xenograft mouse model

Stably FOXD2-OE HCT116 cells (2.0 x 10° cells) were sub-
cutaneously transplanted into the right posterior flank of
the nude mice. A week after injection, the size of the trans-
planted tumor was measured every 2 days and a tumor
growth curve was plotted. For histological examination, the
standard hematoxylin & eosin (H&E) staining protocol was
applied.

Single-cell RNA sequencing (scRNA-seq) and analysis

The libraries for scRNA-seq were prepared using the
Chromium Next GEM Single-cell 3" Reagent Kit v3.1 fol-
lowing the manufacturer’s protocol on a Chromium Con-
troller (10X Genomics). Feature-barcode matrices and clus-
tering were processed using the Cell Ranger pipeline (ver.
4.0.0). Cells with <200 genes and zero unique molecular
index (UMI) counts were ignored. Integrative multimodal
analysis was performed by Seurat 4.0 (15). Uniform mani-
fold approximation and projection (UMAP) was generated
based on the first 20 principal components. FeaturePlot in
Seurat was used for projection of the expression of individ-
ual genes.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described (16,17). In
brief, sonicated or micronuclease (MNase)-treated chro-
matin was pre-cleared in RIPA buffer [20 mM Tris—HCI
pH 8.0, 2 mM EDTA, 50 mM NaCl, 1% NP-40, 0.01%
sodium dodecyl sulfate (SDS) and 0.5% sodium deoxy-
cholate], 1 mM PMSF and 1x protease inhibitor cock-
tail (Roche, 05892970001) with mouse IgG (Santa Cruz,
sc-2025) or rabbit IgG (Santa Cruz, sc-2027) on Protein
G Magnetic Beads (Thermo Fisher Scientific, 88848). The
pre-cleared chromatin was subjected to immunoprecipita-
tion using antibodies against H3K4me3 (Abcam, ab8580),
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H3K4mel (Abcam, ab8895), H3K27ac (Abcam, ab4729),
MLL4/KMT2D (Santa Cruz, sc-293217), Anti-6x His
tag®) [HIS.H8] (Abcam, ab18184) or monoclonal ANTI-
FLAG® M2 (Sigma-Aldrich, F1804) overnight at 4°C
with rotation. The pulled chromatin on beads was reverse-
cross-linked with proteinase K (20 mg/ml) and 10% SDS for
6 h at 65°C. The DNA was purified by phenol/chloroform
extraction and eluted in 20 pl of Tris-EDTA buffer.

Library preparation for sequencing

The mRNA-seq libraries were prepared using the NEBNext
Ultra II Directional RNA Library Prep Kit (NEB, E7760S)
for Illumina with the mRNA Magnetic Isolation Module
(NEB, E7490S).

The library for ChIP-seq was prepared using the
ACCEL-NGS 2S PLUS DNA LIBRARY Kit (Swift Bio-
science, # 28096) or the NEBNext Ultra II DNA Library
Prep Kit for Illumina (NEB, E7645S) following the man-
ufacturer’s instructions. In brief, purified immunoprecipi-
tated DNA was subjected to end-repairing, adaptor ligation
and 12 cycles of PCR amplification. Amplified DNA was
size-selected and quantified using Bioanalyzer (Agilent).

Following the ATAC-seq (Assay for Transposase-
Accessible Chromatin with sequencing) protocol with
minor modifications (18), 50 000 cells were lysed in 50 .l
of lysis buffer (10 mM Tris—HCI pH 7.4, 10 mM NacCl,
3 mM MgCl,, 0.1% NP-40, 0.1% Tween-20 and 0.01%
Triton X-100) and the isolated nuclear pellets were treated
with 50 pl of transposition mix, 25 pl of 2x TD buffer (20
mM Tris—HCI pH 7.6, 10 mM MgCl, and 20% dimethyl-
formamide in sterile water) and 2.5 .l of transposase (100
nM). The transposed DNA was purified by the DNA Clean
& Concentrator-5 Kit (Zymo Research) and then amplified
using the NEBNext High-Fidelity 2x PCR Master Mix for
10 cycles.

Chromatin conformation capture with immunoprecipi-
tation (HiChIP) for H3K4mel, H3K4me3 and H3K27ac
was performed using control and FOXD2-OE HCT116 cell
lines. All HiChIP libraries were generated using the Dove-
tail® HiChIP MNase Kit (Dovetail, #21007) according to
the manufacturer’s instructions.

Computational analysis

All duplicated sequencing data were obtained on the Illu-
mina Hiseq 2500 or NovaSeq 6000 platform. The sequenc-
ing quality was examined by FastQC-0.11.5 (19). Illumina
adapters were trimmed by cutadapt (20).

After filtering the mRNA-seq data, high quality reads
were mapped to the mouse reference genome and transcrip-
tome (GRCm38_ensGene_100) using STAR-2.7.2b aligner
with the suggested parameters (21). For the quantification
of gene and isoform expression, RSEM-1.2.31 was used
with the following parameters: —paired-end —estimate-rspd.
Using gene annotation in Ensembl, the transcripts were
annotated and normalized by counts per million (CPM)
and transcripts per million (TPM) (22). Only the genes
with a total read count >10 were used for further analy-
sis. Differential expression analysis between different con-
ditions was performed using the Bioconductor package

DESeq2-1.30.1, and differentially expressed genes were de-
fined as those with a fold change (FC) >2 (log;FC >1)
and a corrected P-value (Benjamini-Hochberg) <0.01
(23). The enrichment analysis of Gene Ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes
(KEGGQG) pathways was done using Metascape and En-
richr (24,25). The gene set enrichment analysis (GSEA)
was performed using the Molecular Signatures Database
(MSigDB) v7.2 and GSEA-4.1 with the following options:
-metric log2_Ratio_of_Classes -permute gene_set (26,27).

For the data analysis from ATAC-seq and ChIP-seq, all
reads were aligned to hg38/GRCh38 or mm10/GRCm38
using Bowtie2 with parameters for ATAC-seq: -k 4 —
end-to—end’ and ChIP-seq: ‘—end-to-end’ (28). Low-quality
reads (duplicates, unmapped or mate unmapped reads, not
primary alignment, reads failing platform and mapped to
ENCODE blacklist regions version 2) were excluded for
further analysis. Reads mapped onto mitochondrial DNA
were additionally excluded from the ATAC-seq analysis.
ATAC-seq reads were offset by +4 bp for the + strand and
-5 bp for the — strand (29). Model-based analysis of ChIP-
seq 2 (MACS2) was used to call peaks for each sample with
parameters ‘-q 0.01 —nomodel —shift -100 —extsize 200 for
ATAC-seq and ‘-q 0.01°. Differentially accessible regions
and differential histone modification analysis for merged
peaks were performed by edgeR-3.32.1 (30,31). Thresh-
olds for differential accessibility and histone modifications
were >2-fold and >4-fold changes, respectively, with false
discovery rate (FDR) <0.01. Peak annotation and motif
enrichment were performed using Homer and SEA-5.4.0
(32,33). Heatmap and average profiles were generated using
deepTools-3.5.1 (34). For ATAC-seq, footprints were found
to identify transcription regulatory sites, and TF activ-
ity scores were calculated using a framework called HINT
(Hidden Markov Model-based IdeNtification of Transcrip-
tion factor footprints) from the Regulatory Genomics Tool-
box (RGT-0.13.2) (35,36).

To build the LISC-specific and SISC-specific GRNS,
ATAC-seq footprints common in LISC and SISC were ex-
cluded, and TFs with significantly (P-value < 0.05) different
activity scores were selected. Also, footprints on transcrip-
tion start sites (TSSs) around 1 kb regions were considered
to build promoters targeting the TF network. Lastly, only
differentially expressed genes were selected to construct
GRNSs. The networks were visualized using Cytoscape soft-
ware (37).

For HiChIP data analysis, all read pairs were aligned to
hg38/GRCh38 using BWA with parameters for -5SP -T0’
(38). Reads with mapping quality (MAPQ) <40 and du-
plicated pairs were not considered, and reads with ligation
junctions were rescued if the alignment gap was <30 bp us-
ing pairtools-0.3.0. FitHiChIP was used to call loops for
each sample with the options of peak to all background,
FDR < 0.01 and multiple bin sizes (5000, 10 000 and 25 000)
(39). Read pairs with distance >2 Mbp or <100 bp were ex-
cluded from the loop calling. Loops with different bin sizes
were merged using HiCExplorer-3.7.2 (40). The loops an-
choring on two adjacent bins were excluded from further
analysis.

All sequencing metrics were summarized to show
sequencing depth, library complexity, FRiP score for



ChIP-seq, reproducibility of ChIP-seq peaks, HiChIP in-
teractions and RNA-seq, quality of scRNA-seq and re-
producibility of ATAC-seq peaks (Supplementary Table
S3). To understand the landscape of chromatin interac-
tions, we performed biological replicates of HiChIP-seq on
H3K4mel, along with technical replicates on H3K27ac and
H3K4me3. The quality of all sequencing data was con-
firmed by conducting Pearson’s analysis, which involved
calculating the RPM (reads per million) values in the repli-
cates (Supplementary Figure S1).

Survival analysis with The Cancer Genome Atlas (TCGA)
datasets

The clinical information on 449 primary colon adenocarci-
noma (COAD) datasets was downloaded from the National
Cancer Institute Genomic Data Portal (https://portal.gdc.
cancer.gov/). The groups in the upper and lower 20th per-
centile of the average Foxd2 expression levels were consid-
ered. The Kaplan—Meier analysis was used to estimate sur-
vival probability. Survival curve and log-rank test were gen-
erated using R packages such as survival, survminer and

ggplot2.

RESULTS

Gene regulatory network analysis revealed FOXD2 as a core
TF regulating murine LISCs

To determine the transcriptional machinery operating dur-
ing the differentiation of gut epithelium delineating and
compartmentalizing small and large intestines, murine
Lgr5+ SISCs and LISCs were isolated by fluorescence-
activated cell sorting (FACS) analysis and the data from
RNA-seq and ATAC-seq were analyzed (Figure 1A). The
TF-mediated chromatin structural dynamics were exam-
ined by analyzing chromatin accessibility within DNA foot-
prints of TF-binding motifs and differences in gene expres-
sion levels. The GRN for SISCs and LISCs was built, con-
sidering conjectured TF-binding sites and their target genes.
The SISC-specific TFs were from the Kif10, Sp5, Gata4 and
Egr families, where Gata4 is a well-known cofactor of Cdx2
for the regulation of intestinal homeostasis (Supplementary
Figure S2A) (41-43). Cdx2 enriched in both types of ISCs
regulates Hox gene expression essential for lineage specifica-
tion in the intestinal epithelium during early embryogenesis
(10). In particular, the posterior HOX code, Hoxa and Hoxb
families, were enriched in the LISC GRN. Among them,
Foxal is associated with the regulation of the ISC niche-
supporting factor. Foxd2 was identified in the hub of the
LISC GRN and linked with multiple target genes specifi-
cally regulated in the large intestine (Figure 1B, C).

Next, we integrated the scRNA-seq data of LISCs and
SISCs to confirm the specific enrichment of the Foxd?2 tran-
script in LISCs at single-cell resolution (44). Cdx2 was
equally expressed in LISCs and SISCs, but Olfin4 was en-
riched explicitly in SISCs (Figure 1D; Supplementary Fig-
ure S2B, C). Moreover, consistent with bulk RNA-seq anal-
ysis, the Foxd2 transcript was highly enriched in LISCs
(Figure 1E). To further examine whether Foxd? is related
to determining colonic identity, we investigated RNA-seq
data from Foxd?2 knock-out colonic organoids (45). In the
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Foxd2-loss colonic organoids, 256 genes were significantly
down-regulated (FDR < 0.05 and FC < —1.0). GSEA in-
dicated that ablation of Foxd2 led to the loss of the large
intestinal identity (Supplementary Figure S2D). Taken to-
gether, these results suggest that Foxd? is specifically en-
riched in murine colonic stem cells and is an essential factor
in regulating the homeostasis of the colonic epithelium.

FOXD?2 induces cancer cell apoptosis by transactivating pS3-
responsive genes in CRC cells

Somatic stem cell and tissue-specific enriched factors are
frequently misregulated in tumors, which contributes to
cancer inhibition or development (9,46). Given that the loss
of Foxd2 might impair murine colonic identity, we specu-
lated that Foxd2 expression would be related to the inhibi-
tion of colon cancer cell growth. The TCGA data showed
that Foxd?2 expression was significantly down-regulated in
COAD tissue compared with normal tissue (Supplemen-
tary Figure S3A). Considering the gene expression data in
the upper and lower 20th percentiles, a total of 473 COAD
datasets from TCGA showed that the reduced Foxd? ex-
pression was significantly related to the poor survival in
COAD patients (P-value = 0.03049, Figure 2A). To confirm
the poor prognosis of survival at the molecular level, the
full-length Foxd2 gene was overexpressed in HCT116 cells.
Strikingly, ectopic expression of Foxd?2 regressed cancer cell
growth, and significantly inhibited cell migration ability,
with 29.3% for wound confluence of FOXD2-OE cells ver-
sus 77.8% for the control group (Figure 2B-D). FOXD2
overexpression increased early and late apoptotic cell pop-
ulations and showed significantly reduced Gy/G;-phase ra-
tios and elevated S- and G,/M-phase ratios at the same
time. These results illustrate cancer cell apoptosis and cell
cycle arrest (Supplementary Figure S3B, C). Differentially
expressed genes between the control group and FOXD2-
OE cells in RNA-seq analysis were used for the GSEA, and
were significantly related to cell apoptosis and the activated
p53 pathway (Figure 2E). Although the protein level of p53
was not directly regulated by FOXD?2 overexpression, p53-
responsive CDKN1A/p21 was highly transactivated (Sup-
plementary Figure S3D). We also observed the induction
of caspases 3 and 9, and the repression of Ki67 (Supple-
mentary Figure S3E, F). These findings suggested that the
colon-enriched factor FOXD2 activated the p53 pathway
and apoptosis to inhibit colon cancer cell development in
human CRC cells.

FOXD?2 opens chromatin and recruits MLL4/KMT2D to de-
posit H3K4 monomethylation on its target regions

To elucidate the functional role of FOXD2 in human CRC
cells, the FOXD2-binding sites and the epigenetic modi-
fication patterns were examined by ChIP-seq and ATAC-
seq. Upon FOXD?2 overexpression, H3K4mel ChIP-seq
analysis revealed 17 031 altered regions, where H3K4mel
levels in 13 689 regions were substantially increased (de-
noted by GAIN) and 3342 regions were decreased (de-
noted by LOSS). These regions were located mainly at the
intronic and intergenic regions (Figure 3A, B). GO anal-
ysis showed that H3K4mel GAIN regions were signifi-
cantly associated with the regulation of apoptotic process
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and programmed cell death (Supplementary Figure S4A)
(47). Moreover, motif enrichment analysis of H3K4mel
GAIN regions showed that FOXD2, CREB1, CREM and
TP53 were highly ranked TFs. The enrichment of the TP53-
binding motif (g-value = 1.37e¢-9, Supplementary Figure
S4B) was implicated in cancer cell apoptosis, which is con-
sistent with the result in Figure 2E and Supplementary Fig-
ure S3C. Although the global level of H3K27ac, another
enhancer mark, was not significantly altered, the average
signal of H3K27ac in H3K4mel GAIN regions was ele-

vated in FOXD2-OE cells (Figure 3C). These results sup-
port that FOXD2 could change the enhancer landscape in
human CRC cells.

An integrated analysis of H3K4mel GAIN or LOSS re-
gions with changes in chromatin accessibility was carried
out to further assess the epigenomic changes caused by
FOXD?2 overexpression in HCT116 cells. A total of 2299
regions became more accessible in FOXD2-OE cells, and
574 domains were overlapped with H3K4mel regions (Sup-
plementary Figure S4C, D). The changes in the level of
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H3K4mel were moderately correlated with the degree of
chromatin accessibility, suggesting that the deposition of
H3K4mel is related to the openness of chromatin (Figure
3D). Moreover, the FOXD2-binding sites were more over-
lapped with ATAC GAIN/LOSS regions than H3K4mel
GAIN/LOSS regions (Figure 3E; Supplementary Figure
S4E). As a result of the FOXD?2 overexpression in HCT116
cells, GAIN regions in both ATAC and H3K4mel showed
de novo chromatin openness and FOXD?2 occupancy (Fig-
ure 3E, center panel). The level of FOXD?2 binding showed a
higher correlation with chromatin accessibility than the de-
position of H3K4mel (Figure 3E, left and right panel). In
addition, the FOXD2 motif was detected most frequently in
both H3K4mel and ATAC GAIN regions in FOXD2-OE
HCT116 cells (Supplementary Figure S4F). These results
indicate that the deposition of H3K4mel itself does not in-
tensely affect global chromatin openness but changes in the
chromatin structure are tuned when FOXD?2 is co-localized.
GO analysis showed that 574 H3K4mel /ATAC GAIN re-
gions were significantly associated with the regulation of
cell death and the apoptotic process (Figure 3F). The en-
riched TF-binding motifs at both GAIN regions were those
of Jun, KLF4, FOXD2, ZNF460, PRDM1 and CREBI
(Figure 3G).

Since the ectopic expression of FOXD2 in human CRC
cells inhibited cancer cell growth by dynamic deposi-
tion of H3K4mel on de novo open chromatin regions,
we tested whether FOXD2 would recruit a major mam-
malian H3K4 mono- and di-methyltransferase, MLL4, to
deposit H3K4mel in an enhancer- and/or gene-specific

manner (48). Surprisingly, MLL4 peaks were also highly
positioned in de novo H3K4mel/ATAC GAIN regions
and MLL4 physically interacted with FOXD2 [Figure 3E
(center panel), 3H]. Overall, these findings demonstrate
that FOXD2 tunes chromatin structure and deposition of
H3K4mel by recruiting MLL4 to inhibit colon cancer
development.

FOXD2 reprograms enhancer interactions and coordinates
the gene expression profile enriched for cancer cell apoptotic
pathways

To speculate how the chromatin structure modulates the
epigenetic transcription machinery during cancer regres-
sion, the chromatin looping formation based on histone
modifications was measured by the HiChIP method us-
ing anti-H3K4me3, H3K27ac and H3K4mel antibod-
ies. H3K4me3 is localized predominantly on promoters,
whereas H3K27ac and H3K4mel are mostly positioned
at active enhancers. Significant chromatin interactions spe-
cific to FOXD2-OE CRC cells occupied 17.0% (2393
out of 14 067), 24.7% (3353 out of 13 558) and 12.4%
(2323 out of 18 795) of chromatin loops anchored on
the histone modifications of H3K4me3, H3K27ac and
H3K4mel, respectively (Supplementary Figure S5A, B). As
expected, the chromatin loops formed between enhancer—
enhancer, enhancer—promoter or promoter—promoter pairs.
HiChIP loops for H3K4me3 were primarily associated with
promoters (control, 83%; FOXD2, 84%), for H3K27ac
with enhancers (control, 71%; FOXD2, 71%) and for
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H3K4mel with enhancers (control, 76%; FOXD?2, 75%)
(Supplementary Figure S5C). Significantly, the interac-
tion loops only for H3K4mel showed positive correla-
tion with up-regulated genes, H3K4mel enrichment and
chromatin accessibility in FOXD2-OE CRC cells, indicat-
ing that FOXD2-mediated enhancer interactions were re-
organized at the regions where the changes in the levels
of H3K4mel and chromatin accessibility occurred (Fig-
ure 4A—C; Supplementary Figure SSD-F). The HiChIP
loops for H3K4me3 and H3K27ac were generally asso-
ciated with the global deposition of H3K4mel (Supple-
mentary Figure SSE, F). Additionally, chromatin interac-
tions of enhancers and promoters were considerably aug-
mented on open chromatin regions but had little effect on
closed chromatin (Figure 4C; Supplementary Figure S5F).
According to the categorized chromatin regions in Fig-
ure 3E, both H3K4mel/ATAC GAIN regions were highly
correlated with chromatin loop formation of H3K4me3,
H3K4mel and H3K27ac, whereas H3K4mel /ATAC LOSS
regions had a moderate correlation (Figure 4D-F). Trans-
activated genes bearing all HiChIP loops associated with
H3K4mel/ATAC GAIN regions were enriched in the
FOXD2-OE CRC cells; P-value = 0.00097, normalized en-
richment score (NES) = 1.28 (Figure 4G). Also, down-
regulated target genes were correlated with chromatin in-
teractions (Supplementary Figure S5G, H). GO analy-
sis of leading-edge genes showed significantly enriched
biological processes such as positive regulation of pro-
grammed cell death and negative regulation of cell pop-
ulation proliferation, highlighting that enhancer interac-
tions were transformed in a gene-specific manner to in-
duce the apoptotic process in FOXD2-OE CRC cells (lead-
ing edge genes n = 219, Figure 4H; Supplementary Table
S4). As exemplified in Figure 41, new chromatin interac-
tions were formed at enhancer regions near OASL (oligoad-
enylate synthase-like), PRDM1, TNFAIP3 (TNF Alpha
Induced Protein 3) and GADD45A (Growth Arrest and
DNA Damage Inducible Alpha) in accordance with de novo
H3K4mel/ATAC GAIN. Thus, FOXD2-mediated repro-
gramming caused changes in enhancer—promoter interac-
tions at the GAIN regions of H3K4mel/ATAC and trans-
activation of the target genes to suppress human CRC de-
velopment.

FOXD?2 inhibits the growth of patient-derived CRC organoid
and xenografted cancer in vivo

To further evaluate the tumor-suppressing role of FOXD2,
patient-derived CRC organoids from two human surgical
specimens were grown as illustrated in Figure 5A. The
overexpression of FOXD2 substantially repressed CRC
organoid growth, and its size was much smaller than that
of the control group (Figure 5B, C). FOXD2 overexpression
impaired the proliferation of CRC organoids and induced
apoptosis, as confirmed by immunostaining using antibod-
ies against Ki67, and caspases 3 and 9 (Figure 5D). The
expression of PR domain zinc finger protein 1 (PRDMI,
also known as Blimp-1), a tumor suppressor and the p53-
responsive element, was increased as an effect of FOXD?2
overexpression in HCT116 cells and CRC organoids (Sup-
plementary Figure S6A, B) (49,50).
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FOXD2-OE HCT116 cells were transplanted subcuta-
neously into the back of nude mice. A week after injection,
the xenografted tumor group with FOXD2-OE HCT116
cells grew more slowly, and the tumor size was significantly
smaller than in the control group (Figure 5E, F). The re-
duced tumor weights measured after sacrifice substantiated
that FOXD2 suppressed the tumor development (Figure
5G). In addition, the level of PRDMI1 expression was in-
creased and the abundant apoptotic vacuoles in FOXD2-
OE xenografted tumor were observed by H&E staining
analysis (Supplementary Figure S6C, D). These results indi-
cate a novel role for FOXD2 associated with the suppressive
effect of tumor development as a chromatin-tuning factor.

DISCUSSION

The FOX family members function as diverse tissue- and
cell type-specific TFs (51). They are generally known as
important regulators in embryogenesis and maintenance
of cellular and tissue homeostasis (52). Also, they can act
as transcriptional activators and repressors, although it
remains unclear how they function under the epigenetic
mechanisms through DNA methylation, histone modifi-
cations and chromatin structure. In this study, the TF-
mediated chromatin structural dynamics were investigated
by comparing changes in chromatin accessibility within
DNA footprints of TF-binding motifs and differences in
gene expression levels between SISCs and LISCs. Inter-
estingly, Foxd2 was identified as an LISC-specific hub in
the GRN (Figure 1). In addition, the expression level of
FOXD?2 in CRC was negatively correlated with survival
rate by TCGA data analysis (Figure 2). To understand
the molecular role of FOXD2, an integrative analysis of
the epigenome and transcriptome was performed in cellu-
lar and mouse models. FOXD?2 overexpression transformed
the chromatin dynamics, especially the cis-regulatory land-
scape between promoters and enhancers, and induced an
extensive cellular reprogramming to alter the cell cycle and
tumor growth (Figures 3 and 4).

Further investigation on the changes in H3K4mel pat-
terns and chromatin openness suggested that FOXD2
opened the compact chromatin domain and recruited
MLL4, an H3K4 mono-methyltransferase introducing de
novo histone modification on the target regions (Figure
3). The chromatin loops identified by HiChIP analysis
revealed that the regulatory elements such as enhancers
and promoters were typically marked by histone modifi-
cations and formed differential chromatin loops with each
other when FOXD?2 was overexpressed. Overall, FOXD2
reprogrammed enhancer—promoter interactions on de novo
GAIN regions of H3K4mel/ATAC to suppress human
CRC development in a cell type- and gene-specific manner
(Figure 4). The tumor-suppressing role of FOXD2 was val-
idated such that ectopic expression of FOXD?2 in patient-
derived CRC organoids and xenograft mouse models sub-
stantially repressed the growth due to induction of the
apoptotic pathway (Figure 5).

The functional effect of many FOX family proteins can
be either transactivation or inhibition of gene transcription.
However, this study delineates the novel role of FOXD?2
as a chromatin-tuning factor by providing evidence of
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dynamic alterations in epigenomic features during suppres-
sion of CRC development. In addition, we identified 76
LOSS regions of ATAC and H3K4mel bound by FOXD?2,
which implicates that FOXD2 would be marginally associ-
ated with closed chromatin (Supplementary Figure S4C). In
a future study, it would be interesting to test whether these
FOXD2-linked closed chromatin domains are related with
the polycomb repressive complex (PRC) to repress tran-
scription in a chromatin context-dependent manner, in con-
trast to the FOXD2-MLL4 axis. As a chromatin-tuning
factor, FOXD2 would exert a diverse function in a different
chromatin milieu so that cells could respond effectively to
the environmental signals. As shown in this study, FOXD2
seems to be associated with regulatory regions in sequence-
and chromatin feature-specific manners and to play a role in
fine-tuning the gene expression program of a limited set of
genes to suppress CRC growth. Overall, our data support
a model where FOXD?2 binding induces the closed chro-
matin domain to change to the open structure, and MLL4
is recruited to implement H3K4 monomethylation. Eventu-
ally, variations in chromatin interactions transactivate tar-
get genes such as tumor suppressors in colon cancer (Figure
5H). Our FOXD2-associated multi-omics databases could
be used for further analysis to identify another aspect of
chromatin activity in intestinal stem cells and CRC cells.
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