Published online 8 July 2022

Nucleic Acids Research, 2022, Vol. 50, No. 14 7873-7888
https:Ildoi.orgl10.1093narlgkac585

DBC1 is a key positive regulator of enhancer
epigenomic writers KMT2D and p300

Hwa Jin Kim'-2, Sue Jin Moon'2, Sanghoon Hong?, Hong-Hee Won “2-3 and

Jeong Hoon Kim “1:2”

'Department of Health Sciences and Technology, Samsung Advanced Institute for Health Sciences and Technology,
Sungkyunkwan University, Seoul, 06351, South Korea, ?Research Institute for Future Medicine, Samsung Medical
Center, Seoul, 06351, South Korea and 3Department of Digital Health, Samsung Advanced Institute for Health
Sciences and Technology, Sungkyunkwan University, Seoul, 06351, South Korea

Received May 12, 2022; Revised June 14, 2022; Editorial Decision June 20, 2022; Accepted June 24, 2022

ABSTRACT

Histone modification is a key epigenetic mechanism
for regulation of chromatin dynamics and gene ex-
pression. Deleted in breast cancer 1 (DBC1) has been
shown to act as a negative regulator of epigenetic
modifiers and as a co-activator for nuclear recep-
tors and other transcription factors. However, little
is known about the role of DBC1 in the regulation
of histone modifications and chromatin landscapes.
Here, we analyzed genome-wide profiles of active en-
hancer and promoter marks in colorectal cancer cells
and report DBC1 as a critical positive regulator of hi-
stone epigenetic writers KMT2D (H3K4 methyltrans-
ferase) and p300 (histone acetyltransferase). DBC1
is required for establishing the landscape of active
enhancers, for genome-wide chromatin binding and
enhancer recruitment of KMT2D and p300, and for
gene activation involved in colorectal cancer pro-
gression. DBC1 interacts directly with KMT2D and
p300, and enhances KMT2D-mediated histone H3K4
methylation (H3K4me1/2/3) and p300-mediated H3
acetylation. Importantly, DBC1 contributes to super-
enhancer formation and function by facilitating the
recruitment of KMT2D and p300 and by enhancing
their functional interaction and cooperative cross-
talk. Our results highlight the critical role of DBC1
as a key positive regulator of KMT2D and p300, and
provide insights into regulatory mechanisms under-
lying the interplay between the enhancer epigenomic
writers in enhancer activation.

INTRODUCTION

Histone modifications play fundamental roles in the epi-
genetic regulation of gene expression and chromatin dy-

namics (1). Recent epigenomic analyses of histone mod-
ifications have provided insights into the chromatin sig-
natures of active enhancers (AEs) and active promot-
ers (APs) in mammalian genomes. While APs are en-
riched for tri-methylated H3K4 (H3K4me3) and acetylated
H3K9 and H3K14 (H3K9/Kl14ac), AEs can be identi-
fied by mono-methylated H3K4 (H3K4mel) and acetylated
H3K27 (H3K27ac) (1-3). In addition, enhancers can be
classified into typical enhancers and super-enhancers (SEs)
(4,5). SEs are large clusters of AEs densely occupied by tran-
scription factors (TFs), co-activators and AE marks such
as H3K27ac, and drive expression of genes that play criti-
cal roles in regulating normal and pathological cell physiol-
ogy (6,7). The development and progression of cancer are
driven not only by genetic alterations but also by epigenetic
dysregulation of gene expression (1,8,9). Accumulating evi-
dence has shown that cancer cells frequently acquire cancer-
specific SEs to drive high levels of oncogene expression and
resistance to chemotherapy (4-8). For example, a large frac-
tion of SEs acquired by colorectal cancer (CRC) cells are
associated with oncogenes, and the acquired SEs are en-
riched in binding motifs for TCF4/TCF7L2, the terminal
TF of the oncogenic Wnt/B-catenin signaling pathway in
CRC cells (8,10).

Previous biochemical and chromatin immunoprecipita-
tion (ChIP) sequencing (ChIP-seq) studies have shown that
the histone methyltransferase (HMT) KMT2D/MLL4 and
the histone acetyltransferase (HAT) p300 are the key epi-
genetic writers for AE signatures (11-14). KMT2D exists
in multiprotein complexes containing a set of core com-
ponents, ASH2L, RBBP5, WDRS5 and DPY30, shared
by other members of the KMT2 family. As a major
H3K4mel/2 HMT, KMT2D is enriched in AEs includ-
ing SEs marked by high levels of H3K27ac and required
for p300 binding and p300-mediated H3K27ac deposition
at AEs (12-14). Although previous studies have reported
cooperative functional interaction of KMT2D and p300
in enhancer-associated histone modifications and enhancer
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activation (12-15), the key regulators and underlying reg-
ulatory mechanisms for the cooperativity of KMT2D and
p300 remain unclear.

Deleted in breast cancer 1 (DBCI; also known as
CCAR?2) has been identified as a co-activator of several
TFs, including p53, estrogen receptor a (ERa), androgen
receptor (AR), AR-V7, PEA3, TCF4/LEF1-B-catenin and
PROX1, and as a negative regulator of epigenetic modi-
fiers such as the deacetylases SIRT1 and HDAC3, HMT
SUV39H1 and ubiquitin E3 ligases MDM2 and CHIP (16—
26). For example, we have shown that DBCI acts as a co-
activator for ERa and PEA3 in breast cancer cells and for
AR and AR-V7 in prostate cancer cells (17,19,20). Mech-
anistically, DBC1 binds to and inhibits SIRT1-mediated
deacetylation of ERa and PEA3, and suppresses CHIP-
mediated AR and AR-V7 ubiquitination and degradation,
thereby enhancing their transcriptional activities and re-
cruitment to target enhancers and promoting cancer pro-
gression. In addition, we have shown that DBC1 also func-
tions as a co-activator of B-catenin, by protecting 3-catenin
from SIRT1-mediated deacetylation, as well as Wnt/(3-
catenin-inducible TFs PROX1 and MACCI, suggesting
DBCI as a critical regulator in Wnt/B-catenin—PROX1-
MACCI signaling-driven CRC progression (21,22). How-
ever, despite increasing knowledge on the role of DBCI as
a regulator of epigenetic modifiers, little is known about
whether DBCI can impact histone modifications and chro-
matin dynamics through regulating the activity of epige-
netic modifiers. In this study, we report that DBC1 functions
as a key regulator of enhancer epigenomic writers, KMT2D
and p300, and of the cross-talk between KM T2D-mediated
H3K4 methylation and p300-mediated H3 acetylation in
CRC cells.

MATERIALS AND METHODS
Cell culture and transient transfection

SW480 wild type (WT), SW480 DBCI knock-out (D1KO)
and 293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). SW480 D1KO cells were described
previously (21). HCT116 WT and HCT116 D1KO cells
were cultured in RPMI 1640 media supplemented with
10% FBS. All cell lines were purchased from the Ameri-
can Type Culture Collection (ATCC), routinely tested for
mycoplasma contamination by PCR, and authenticated by
short tandem repeat profiling. For transient transfection,
cells were transfected with expression vectors using jetPEI
(Polyplus).

Plasmids

The following plasmids were described previously:
pSG5.HA-DBC1, pGEX-4T-1-DBC1, HA-p300 (17);
p3xFLAG.CMV10-DBCI1 (19); pCI.FLAG-p300, pGEX-
p300-NTD, pGEX-p300-KIX, pGEX-p300-CH3, pGEX-
p300-Q (27); and pHR.CMV.puro.Sin8-shNS, pLKO.1-
shB-catenin#3, pAcKRS-3, pCDF PylIT-1 (20,21). cDNAs
encoding histone H3.1 from GST-hH3 (a kind gift
from Woojin An, University of Southern California),
H3.3 from pCMV-SPORT6-hH3.3 (Open Biosystems,

#MHS6278-202759238), full-length human KMT2D from
pCMV-HA-KMT2D (a kind gift from Laura Pasqualucci,
Columbia University) and TurboID from FLAG-TurboID
(Addgene #124646) were cloned into p3xFLAG.CMV10
(Sigma-Aldrich). H3K27R and H3K4R mutants were
generated with the QuikChange site-directed mutagenesis
kit (Agilent Technologies). cDNA encoding hH3 was
cloned into pCDF PylT-1. pCDF PyIT-1-H3 constructs
carrying an amber mutation at K4, K9 or K27 were
generated with the QuikChange site-directed mutagen-
esis kit. PCR-amplified cDNA fragments of KMT2D,
p300 and DBC1 were cloned into the indicated vectors
(with amino acid numbers): pSG5.HA-KMT2D [1-420,
366-939, 933-1248, 1201-1838, 1837-2229, 2214-2690,
2582-3216, 3216-3689, 3690-4008, 4000-4512, 4506-5040,
5011-5537, 5175-5537 or 5326-5537 (SET)]; pGEX-4T-1-
KMT2D 5326-5537 (SET); p3xFLAG.CMV10-KMT2D
5326-5537 (SET); p3xFLAG.CMV10-TurbolD-KMT2D
5326-5537 (SET); pSG5.HA-p300 1048-1673 (Br-HAT);
pGEX-4T-1-p300 [1048-1673 (Br-HAT), 1048-1290 (Br-
PHD) or 1195-1673 (HAT)]; pSG5.HA-DBCI1 [1-270
(NTD), 271-680 (M), 271-923 (AN) or 1-680 (AC)]; and
pGEX-4T-1-DBC1 (NTD or AN). PCR-amplified CBP
1095-1711 (Br-HAT) from pcDNA3b.FLAG.CBPHA
(Addgene #32908) was cloned into pGEX-4T-1. pLKO.1-
shKMT2D-puro, a lentiviral vector expressing short
hairpin RNAs (shRNAs) against KMT2D, was purchased
from Sigma-Aldrich (TRCNO0000013139). The LEFI1
shRNA expression lentiviral vector (pLKO.l1-shLEF1)
was generated by inserting shRNA oligonucleotides
(Supplementary Table S3) into pLKO.1 (Sigma-Aldrich).
LentiCRISPRv2.1-dCas9 vector was constructed by insert-
ing a synthetic sequence containing multiple cloning sites
(BamHI-Hpal-Ascl-XholI-BglII) into the BamHI site of
LentiCRISPRv2-dCas9 (Addgene, #112233). To generate
a lentiviral vector expressing dCas9-DBCI1 fusion protein
and a single guide RNA (sgRNA) targeting the PROX1
SE  (LentiCRISPRv2.1-dCas9-DBC1-sgPROX1#1.SE),
sgRNA#1 oligonucleotides and PCR-amplified DBCI1
cDNA were cloned into BsmBI and Hpal-Xhol sites
of LentiCRISPRv2.1-dCas9, respectively. To create an
sgRNA expression vector (pU6-sgRNA), pSpCas9(BB)-
2A-GFP (PX458) (Addgene, #48138) was digested with
Kpnl/EcoRI to remove the Cas9—green fluorescent pro-
tein (GFP) cassette, filled-in and blunt-end ligated. Two
individual sgRNA oligonucleotides (sgPROX1#4 and #5)
targeting the PROX1 SE were cloned into the Bbsl site of
pSpU6-sgRNA. sgRNA sequences used are indicated in
Supplementary Table S3. For lentiviral infection, lentiviral
particles were produced as previously described (28).

Antibodies, peptides and site-specifically acetylated H3 pro-
teins

The following antibodies were used in this study:
anti-H3K4me3, 39159 (Active Motif); anti-H3K4mel,
ab8895 (Abcam); anti-H3K27ac, ab4729 (Abcam); anti-
H3K9/Kl14ac, SC-8655R (Santa Cruz Biotechnology);
anti-H3K4ac, 39381 (Active Motif) and 07-539 (Millipore);
anti-H3K9ac, 07-352 (Millipore); anti-H3K18ac, A7257
(ABclonal); anti-H3K4me2, 07-030 (Millipore); anti-



H3K27me2/me3, 39535 (Active Motif); anti-H3, ab1791
(Abcam); anti-GST, B-14 (Santa Cruz Biotechnology);
anti-DBCI1, A300-434A (Bethyl Laboratories) and A7126
(ABclonal); anti-KMT2D/MLL4, HPA035977 (Atlas An-
tibodies) and ABE1867 (Millipore); anti-p300, A300-358A
(Bethyl Laboratories) and C-20 (Santa Cruz Biotech-
nology); anti-ASH2L, A4892 (ABclonal); anti-RBBPS,
A6965 (ABclonal); anti-WDRS5, A3259 (ABclonal); anti-
UTX, A302-374A (Bethyl Laboratories); anti-LEF1,
GTX129186 (GeneTex); anti-PROX1, 07-537 (Millipore);
anti-B-catenin, E-5 (Santa Cruz Biotechnology) and 160154
(BD Biosciences); anti-acetylated lysine, 9441 (Cell signal-
ing Technology); anti-HA, 3F10 (Roche); anti-HA-agarose,
A2095 (Sigma-Aldrich); anti-FLAG, M2 (Sigma-Aldrich);
anti-FLAG M2-agarose (Sigma-Aldrich); anti-S-Tag
A190-135A (Bethyl Laboratories); anti-GAPDH, LF-
PA0018 (AbFrontier); streptavidin—-HRP, 21130 (Thermo
Scientific). The following biotin-conjugated synthetic
peptides were used for the antibody specificity test: unmod-
ified H3 (1-21), 12-403 (Millipore); H3K9/K14ac (1-21),
12-402 (Millipore); H3K4ac (1-21), AS-65207 (AnaSpec);
H3K4me3 (1-21), AS-64357 (AnaSpec); H3K27ac (15—
34), 12-0042 (EpiCypher). Site-specifically acetylated H3
proteins (H3K4ac, H3K27ac and H3K9ac) were generated
and purified by a strategy described previously (20,21).

CRISPR/Cas9-mediated knockout of DBC1

PRGEN-Cas9-CMYV, three guide RNA expression plas-
mids (pRGEN-human-DBC1-U6-SG #1, #2 and #3) tar-
geting exon 3 of the DBCI1 gene and a surrogate reporter
PRGS2 were purchased from ToolGen and transfected into
HCT116 and 293T cells. Transfected cells were sorted using
a FACS Aria IIT (BD Biosciences), and single clones were
isolated by limiting dilution and expansion. Clones were
screened for DBC1 expression by immunoblot and subse-
quently validated by DNA sequencing of PCR products
spanning exon 3 of the DBC1 gene.

ChIP and ChIP-seq

ChIP assays were performed as described previously with
some modifications (21,28). For modified histone ChIP as-
says, SW480 cells were fixed with 1% formaldehyde for
10 min and quenched by 0.125 M glycine for 5 min.
Cross-linked cells were washed twice with cold phospahte-
buffered saline (PBS) and incubated with buffers containing
complete EDTA-free protease inhibitor cocktail (Roche):
hypotonic buffer (10 mM HEPES-KOH, pH 7.8, 10 mM
KCl, 1.5 mM MgCl,) for 20 min and nuclear lysis buffer
(50 mM Tris—HCI, pH 8.0, 10 mM EDTA, 1% SDS) for 10
min. Chromatin fractions were sonicated using a Biorup-
tor (Cosmobio) for 15 min (30 s on/30 s off, high power) to
generate DNA fragments of ~100-300 bp. Sheared chro-
matin was diluted 10-fold with ChIP dilution buffer (20
mM Tris-HCI, pH 8.0, 167 mM NaCl, 1.2 mM EDTA,
0.01% SDS, 1.1% Triton X-100), incubated with 1-5 pg of
the indicated antibodies and recovered with Protein A/G
Plus-Agarose (Santa Cruz Biotechnology). After washing
with TSE I (20 mM Tris—=HCI, pH 8.0, 150 mM NacCl,
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2 mM EDTA, 0.1% SDS, 1% Triton X-100), TSE II (20
mM Tris—HCI, pH 8.0, 500 mM NaCl, 2 mM EDTA, 0.1%
SDS, 1% Triton X-100), TSE 11 (10 mM Tris—HCI, pH 8.0,
0.25 M LiCl, 1 mM EDTA, 1% deoxycholate, 1% NP-40)
and TE buffers, bound ChIP complexes were eluted with
ChIP elution buffer (0.1 M NaHCOs;, 1% SDS), reverse
cross-linked by incubation with RNase A and 0.3 M NaCl
at 65°C overnight, and treated with proteinase K at 45°C
for 1 h. ChIP DNAs were purified using a PCR Purifica-
tion Kit (Qiagen), and eluted DNAs were used for con-
ventional ChIP-qPCR or ChIP-seq library preparation. A
SimpleChIP Enzymatic Chromatin IP kit (Cell signaling
Technology) was used for ChIP of KMT2D, p300, DBCI,
LEF1 and B-catenin. ChIP-qPCR was performed in trip-
licate using TB Green Fast qPCR mix (Takara) and the
7900HT FAST Real-Time PCR system (Applied Biosys-
tems). ChIP signals were normalized with inputs, and data
were shown as fold change (FC) relative to control IgG
signal. ChIP-seq libraries were prepared using the TruSeq
ChIP Library Preparation Kit (Illumina) and subjected to
next-generation sequencing on a HiSeq 2500 or NovaSeq
6000 (Illumina) to yield 70-100 million 101 bp paired-end
reads per sample. The primers used in ChIP-qPCR are listed
in Supplementary Table S4.

ChIP-seq data analysis and identification of SEs

ChIP-seq reads were processed to filter out reads with low
quality using Trimmomatic v0.38 and then aligned to the
human reference genome (assembly hgl9) using Bowtie
v1.1.2. Duplicate reads were removed using Picard v1.88.
ChIP peaks were called using MACS2 v2.1.1.20160309 with
sequences from chromatin extracts of SW480 WT or D1KO
as background input control. Peaks yielded with MACS2
[fold enrichment > 4 and false discovery rate (FDR) < 0.01,
histone modifications in SW480; FDR < 0.05, HCT116;
FDR < 0.05, KMT2D and p300; FDR < 0.0001 and scale-
to-large option, DBC1] were selected for further analysis.
ChIP-seq tracks were visualized using Bigwig files of ChIP-
seq data and the Integrative Genomic Viewer (http://www.
broadinstitute.org/igv/). Differential peaks were analyzed
using merged peaks with the cut-off of P < 0.05 and FC
> 1.5. MAnorm was used for quantitative comparison of
ChIP-seq peaks. Heatmaps of aligned reads, and average
signal plots were generated using deepTools v3.3.2 on the
Galaxy server (https://usegalaxy.eu/) (29). Pearson correla-
tion between ChIP-seq profiles of different histone mod-
ifications was calculated using deepTools. Genes associ-
ated with ChIP-seq peaks were annotated using ChIPseecker
v1.28.3. Pathway enrichment analysis of annotated genes
was performed via Metascape (https://metascape.org/gp/
index.html). ChIPpeakAnno v3.26 was used to determine
peak overlaps. Motif enrichment analysis was performed
using MEME-ChIP (MEME suite v5.30). SEs were iden-
tified using the Rank Ordering of SE (ROSE) algorithm
with default parameters using H3K27ac or H3K4ac ChIP-
seq signal-based ranking (7). The TCF4/TCF7L2 ChIP-
seq datasets (wgEncodeEH002022, wgEncodeEH000629A
and wgEncodeEH002071) were downloaded from GEO
(GSE31477).
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Immunoprecipitation of mononucleosomes

Mononucleosome preparation and immunoprecipitation
were performed essentially as described (30). The 293T (3 x
107) cells were suspended in 2 ml of buffer I [15 mM Tris—
HCI, pH 7.5, 300 mM sucrose, 15 mM NaCl, 60 mM KCl,
5 mM MgCl,, 0.1 mM EDTA, 10 mM sodium butyrate, 1
mM dithiothreitol (DTT)]. The cell suspension was mixed
with buffer I (buffer I containing 0.5% NP-40) by gentle
vortexing and incubated for 10 min on ice. Cell lysates were
loaded on 8 ml of a 40% sucrose cushion (buffer II1I: buffer I
containing 1.2 M sucrose) and centrifuged at 10 000 rpm for
20 min at 4°C. The pellet of nuclei was resuspended in 1 ml
of MNase digestion buffer (50 mM Tris—HCI, pH 7.5, 320
mM sucrose, 4 mM MgCl,, 1 mM CaCl,, 10 mM sodium
butyrate) with 50 U of MNase/ml (Takara) and incubated
at 37°C for 20 min. The digestion was stopped by adding 10
mM EDTA and incubating on ice for 15 min, centrifuged at
10 000 rpm for 10 min and the supernatant (S1) was saved.
The concentration of nucleosomal DNA was determined
using a NanoDrop (Thermo Scientific), and the size of nu-
cleosomal DNA was monitored on an agarose gel after in-
cubation with RNase A and 1% SDS at 37°C for 1 h. The
isolated mononucleosomes were diluted 10-fold with FLAG
lysis buffer (50 mM Tris—HCI, pH 8.0, 137 mM NaCl, 1
mM EDTA, 1% Triton X-100, 0.2% Sarkosyl, 10% glyc-
erol), immunoprecipitated with anti-H3K4ac antibody and
analyzed by immunoblot.

RNA-seq analysis

RNA-seq analysis was performed as previously described
(31). Total RNAs were purified using an RNeasy Plus
Kit (Qiagen). RNA-seq libraries were prepared using a
SMARTer Stranded Total RNA-seq Kit (Clontech) and
sequenced as 101 bp paired-end reads on a HiSeq 2500
or NovaSeq 6000 (Illumina). RNA-seq reads were pro-
cessed using Trimmomatic and aligned to the human ref-
erence genome (hgl9). Gene expression levels were quan-
tified as fragments per kilobase of transcript per million
mapped reads (FPKM). Differentially expressed genes were
determined with the cut-off of FDR < 0.05 and fold
change > 1.5. Volcano, scatter and violin plot analyses were
performed using R software package.

Gene set enrichment analysis (GSEA)

GSEA was performed as previously described using the
GSEA software package with the gene sets in the Molecu-
lar Signatures Database (MSigDB) and target gene sets for
Wnt/B-catenin (21), PROX1 (32), MACCI (22,33), mutant
p53 (34) and DBCI (1098 differentially expressed genes be-
tween SW480 WT and D1KO; 840 differentially expressed
genes between HCT116 WT and D1KO).

Real-time quantitative reverse transcription-PCR (qRT-
PCR)

Total RNA was purified using TRIzol (Invitrogen), and
gRT-PCR was performed with the One-step PrimeScript
RT-PCR Kit (Takara). Data were normalized to glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) mRNA levels.

The primers used in qRT-PCR are listed in Supplementary
Table S5.

Protein—protein interaction assay

For co-immunoprecipitation (ColIP) assays, cells were lysed
with FLAG lysis buffer and immunoprecipitated with spe-
cific antibodies or control normal IgG and Protein A/G
Plus-Agarose. Glutathione S-transferase (GST) pull-down
assays were performed using recombinant GST proteins
bound to glutathione—-agarose beads and in vitro translated
proteins in NETN buffer (20 mM Tris—HCI, pH 7.6, 150
mM NaCl, | mM EDTA, 0.01% NP-40). Bound proteins
were analyzed by SDS-PAGE or Tris-Acetate-PAGE (for
KMT2D detection) and immunoblot.

In vitro HMT and HAT assay

HA-KMT2D and FLAG-DBCI proteins were immunopu-
rified from 293T cells transfected with pCM V-HA-KMT2D
or p3xFLAG.CMV10-DBCI by lysis in FLAG lysis buffer
followed by immunoprecipitation with anti-HA-agarose or
anti-FLAG M2-agarose, washing with FLAG-lysis buffer
and elution in Tris-buffered saline (TBS; 50 mM Tris—-HCI,
pH 7.4, 150 mM NaCl) containing 10% glycerol and HA
peptide or 3x FLAG peptide (Sigma-Aldrich). Immunopu-
rified proteins were quantified by immunoblot using anti-
HA or anti-FLAG. HA-KMT2D protein was incubated
with recombinant nucleosomes (BPS Bioscience) in the
presence or absence of FLAG-DBC1 in HMT buffer (50
mM Tris-HCI pH 8.5, 50 mM NaCl, 1 mM DTT, 5%
glycerol) supplemented with 30 wM S-adenosylmethionine
(SAM, Sigma-Aldrich) at 30°C for 4 h. For HAT assays,
bacterially expressed and purified GST-p300-Br-HAT or
GST-CBP-Br-HAT protein was incubated with recombi-
nant nucleosomes with or without GST-DBCI1 in HAT
buffer [SO0 mM Tris-HCI pH 8.0, 50 mM KCI, 0.1 mM
EDTA, 1 mM DTT, | mM phenylmethylsulfonyl fluoride
(PMSF), 10 mM sodium butyrate, 5% glycerol] with 30
pM acetyl-CoA (Sigma-Aldrich) at 30°C for 10-180 min.
For HAT and HMT assays using immunopurified DBCI,
the reaction mixture was incubated for 12 h. For HAT-
HMT combined in vitro assays, GST-p300-Br-HAT and
HA-KMT2D or FLAG-KMT2D SET proteins were incu-
bated with or without GST-DBC1 in HMT buffer supple-
mented with 30 wM acetyl-CoA and 30 puM SAM at 30°C
for 1-4 h. For the inhibition of HAT or HMT activity, 10
M SGC-CBP30 (Selleckchem) or OICR-9429 (Tocris), re-
spectively, was added to the reaction. Reactions were sub-
jected to Bis-Tris PAGE or 4-20% gradient SDS-PAGE and
analyzed by immunoblot.

Proximity biotinylation assay

Proximity biotinylation assays were performed follow-
ing previously described protocols (35). Briefly, SW480
WT and DI1KO cells were transfected with 3x FLAG-
tagged TurbolD-KMT2D SET or 3xFLAG-tagged Tur-
bolD, treated with or without 50 wM biotin for 14 h and
lysed with FLAG lysis buffer. Biotinylated endogenous pro-
teins were pulled down using streptavidin—agarose (Thermo
Scientific) and analyzed by immunoblot.



RESULTS

Genome-wide landscape of active enhancer and promoter
marks and their association with gene expression in CRC cells

To investigate the epigenomic profiles of AE and AP marks
in CRC cells, we performed ChIP-seq in SW480 cells, one
of the most commonly used human CRC cell line mod-
els. We also included H3K4ac, which was found associ-
ated with APs in yeast but has not been well studied in
cancer cells (36), and investigated its role in regulation of
gene expression. We first confirmed the specificity of anti-
bodies used in ChIP-seq experiments by immunoblot, dot
blot and immunoprecipitation assays using nuclear extracts,
synthetic H3 peptides with different modifications and site-
specifically acetylated recombinant H3 proteins (Supple-
mentary Figure S1). We next identified genomic regions
marked by H3K4me3, H3K4mel, H3K4ac, H3K27ac and
H3K9/K14ac, and analyzed the genome-wide distribution
and Pearson correlation of active histone marks (see Sup-
plementary Table SI and Supplementary Figures S2A-
C and S3A, B for detailed results). We identified 25442
genomic regions co-marked by H3K4mel and H3K27ac,
which demarcate AEs (Supplementary Figure S2D, E), and
also found 14255 APs which are marked by both H3K4me3
and H3K9/K14ac (Supplementary Figure S2F). Interest-
ingly, the majority of AEs and APs were co-marked by
H3K4ac (Supplementary Figure S3C, D), suggesting that,
like H3K27ac (Supplementary Figure S2G), H3K4ac is
preferentially associated with APs and AEs.

To investigate the correlation between histone modifica-
tions and gene expression levels, we performed RNA-seq
analysis in SW480 cells, divided gene expression levels into
quartiles according to their FPKM and performed the in-
tegrated analysis of ChIP-seq and gene expression data.
As expected, AP and AE marks including H3K4ac were
present preferentially in highly expressed genes, and their
levels were highly correlated with gene expression levels (see
Supplementary Figures S2H, I and S3E, F for detailed re-
sults), confirming their roles in gene activation.

To investigate whether H3K4ac co-occurs with spe-
cific active marks on the same nucleosome, we immuno-
precipitated mononucleosomes purified from 293T cells
with the H3K4ac antibody and probed with specific his-
tone modification antibodies (Supplementary Figure S3G).
H3K4ac-containing mononucleosomes were greatly en-
riched for H3K27ac and H3K9ac. Interestingly, H3K4mel
and H3K4me3 were also highly enriched in H3K4ac-
containing mononucleosomes, indicating that H3K4ac can
co-occur with H3K4mel/3 on the same nucleosome. In
addition, similar to H3K27ac, H3K4ac was highly en-
riched and efficiently acetylated by p300 on H3.3, an
H3 variant associated with active chromatin, compared
with the canonical H3, H3.1 (Supplementary Figure S3H).
Because H3K27ac is the most highly enriched active
mark in H3K4ac-associated chromatin regions and nucle-
osomes (Supplementary Figure S3A, G), we tested whether
H3K4ac cross-talks with H3K27ac. p300-Br-HAT acety-
lated H3 robustly on H3K27 and H3K4, and their acety-
lation was blocked by K-to-R mutation (K27R and K4R)
(Supplementary Figure S3I, J). Intriguingly, K27R mu-
tation led to a considerable reduction in H3K4ac levels,
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while K4R mutation did not affect H3K27ac levels. In
addition, in vitro HAT assays using unmodified or site-
specifically acetylated (at H3K27) H3 showed that H3K4ac
was increased when H3K27 was acetylated (Supplemen-
tary Figure S3K), indicating that H3K27ac occurs prior to
and facilitates H3K4ac. Together, these results suggest that
H3K4ac is globally associated with features and marks of
active chromatin and preferentially localized to APs and
AEs.

DBC1 is required for establishing the active chromatin land-
scape

Although DBCI1 has been reported to act as a critical
regulator of epigenetic modifiers and TFs, it remains un-
clear if DBCI1 has a direct role in chromatin regulation.
To investigate the role of DBCI in the regulation of hi-
stone modifications and gene expression, we performed
ChIP-seq for active histone marks in SW480 D1KO cells.
Knock-out of DBCI1 did not significantly affect global
levels of H3 and its modifications (Supplementary Fig-
ure S4A). However, DBCI loss resulted in genome-wide
dysregulation of enhancer and promoter marks (Figure
1A-E). Differential peak analysis identified ~2-5 times
more regions with decreased (loss) than with increased
(gain) levels of H3K4me3, H3K4mel, H3K4ac, H3K27ac
and H3K9/K14ac in D1KO cells compared with SW480
WT cells (Figure 1F and Supplementary Figure S4B). To
confirm these results in another independent colon can-
cer cell line, we generated a DBC1 knock-out HCT116
cell line (Supplementary Figure S5) and repeated ChIP-
seq experiments in HCT116 cells (Supplementary Figure
S6A, B). The enhancer and promoter marks (H3K27ac
and H3K4me3) were also dysregulated upon DBCI loss
in HCT116 cells (Supplementary Figure S6C-F). These re-
sults suggest a critical role for DBCI in regulating acety-
lation and methylation marks on H3. Interestingly, when
we overlaid H3K4ac signals with DBCl-regulated active
marks, we confirmed co-occupancy of H3K4ac with en-
hancer and promoter marks and found a concordant de-
crease and increase in H3K4ac signal at lost and gained re-
gions, respectively, of enhancer and promoter marks (Fig-
ure 1A-E), again indicating the association of H3K4ac
with gene activation. Importantly, DBCI loss impaired >
40% of AEs (Figure 1G, H) and also resulted in signifi-
cant alterations in levels of AE-associated H3K4me3 (24%),
H3K4ac (35%) and H3K9/K14ac (42%) (Supplementary
Figure S4C), suggesting that DBCI is required for estab-
lishing the AE landscape and for epigenetic regulation of
histone modifications in CRC cells.

DBCl1-regulated histone modifications are associated with
transcriptional programs involved in CRC progression

To identify DBCl-regulated gene expression programs in
CRC cells, we performed RNA-seq analyses using SW480
WT and DI1KO cells. A total of 1098 genes were differ-
entially expressed in SW480 D1KO compared with WT
cells, with 645 down-regulated and 453 up-regulated genes
(Figure 2A). Consistent with our previous microarray-
based study (21,22), GSEA showed significant down-
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Figure 1. DBCI regulates the epigenetic landscape of active histone modifications. (A—E) Heatmap representations of ChIP-seq signals of H3K4me3 (A),
H3K4mel (B), H3K4ac (C), H3K27ac (D) and H3K9/K14ac (E) in SW480 WT versus D1KO cells. Signals within 3 kb around the center of ChIP-seq
peaks of each histone modification (loss and gain regions) are ordered by decreasing ChIP-seq signal in WT cells. Right: plots of average ChIP-seq signal of
H3K4ac at lost and gained regions of each histone modification. (F) Scatter plots showing changes in ChIP-seq signals for H3K4me3, H3K4mel, H3K4ac,
H3K27ac and H3K9/K14ac in SW480 WT versus DI1KO cells (blue, lost in WT cells; red, gained in D1KO cells). Cut-off: log2FC > 0.58 and P < 0.05
by MAnorm. (G) Heatmap of H3K4mel and H3K27ac at AEs in SW480 WT versus D1KO cells. Right: plots of average H3K4ac ChIP-seq signal at lost
and gained AEs. (H) Venn diagram showing overlap between AEs in SW480 WT and D1KO cells.

regulation of the expression of Wnt/B-catenin, PROXI
and MACCI target genes in DBC1 KO cells (Figure 2B).
In addition, further GSEA using Hallmark gene sets re-
vealed that loss of DBCI leads to down-regulation of
gene expression programs involved in CRC progression and
metastasis [e.g. epithelial-mesenchymal transition (EMT),
1L2/STATS, Wnt/B-catenin, angiogenesis, mutant p53 tar-
gets and glycolysis] (Figure 2C). These results were con-
firmed by RNA-seq analysis in HCT116 WT and D1KO
cells (Supplementary Figure STA-C), suggesting a critical
role for DBCI1 in gene activation involved in CRC pro-
gression. To identify direct targets of DBCI1, we performed
ChIP-seq for DBC1 in SW480 cells (Supplementary Fig-
ure S13A). We identified a total of 10097 DBC1 ChIP-seq
peak regions, which were annotated to 6858 genes (Supple-
mentary Table S2). Integration of ChIP-seq and RNA-seq
data revealed that of the 1098 DBCl1-regulated genes, 447
genes (40.7%) were direct targets (267/645 DBCI1 knock-
out down-regulated genes and 180/453 DBCI1 knock-out
up-regulated genes) with DBC1-occupied sites (Figure 2D,

E), suggesting that DBCI can regulate global gene expres-
sion directly and indirectly.

To investigate the correlation between DBC1-regulated
histone modifications and gene transcription, we performed
the integrated analysis of our ChIP-seq and RNA-seq data.
The levels of H3K4me3, H3K4mel, H3K4ac, H3K27ac
and H3K9/K14ac were coordinately decreased and in-
creased in the down-regulated and up-regulated gene sets,
respectively, by DBC1 knock-out in SW480 cells, and direc-
tions of changes in active marks and gene expression caused
by DBCI loss were positively correlated with Pearson cor-
relation coefficients from 0.59 to 0.76 (P < 2.2E-16) (Figure
2F). We also obtained comparable results in HCT116 cells
for H3K27ac and H3K4me3 (Supplementary Figure S7D).
In addition, lost and gained enhancers in D1KO cells were
associated with down-regulated and up-regulated genes, re-
spectively (Figure 2G). Together, these results suggest that
DBC1 is required for the establishment of active epigenetic
modifications and transcriptional activation of genes in-
volved in CRC progression.
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Figure 2. DBCl-mediated active histone modifications are required for transcriptional activation of genes involved in cancer progression. (A) RNA-seq
analysis of differential gene expression in SW480 cells upon DBC1 knock-out. Pie and volcano plots show that 1098 genes are differentially expressed in
SW480 WT versus DIKO cells. Cut-off: log2FC > 0.58 and FDR < 0.05. (B) GSEA showing negative enrichment of Wnt/f-catenin, PROX1 and MACC1
target gene signatures in SW480 D1KO cells compared with WT cells. NES, normalized enrichment score. (C) GSEA of top enriched Hallmark gene sets
in SW480 WT versus D1KO cells. (D) Venn diagram showing the overlap of DBCl-associated genes (ChIP-seq) and DBCl-regulated genes (RNA-seq).
A total of 447 genes in the overlap are identified as DBCI direct target genes. (E) Heatmaps showing the pattern of DBCI1 direct target gene expression.
Of the DBCI1 direct targets, 267 and 180 genes were down-regulated and up-regulated, respectively, in SW480 D1KO cells compared with WT cells. (F)
Scatter plots of Pearson correlation between log2FC in gene expression and active histone marks in SW480 cells upon DBC1 knock-out. (G) Violin plots
with boxplots inside showing log2FCs in gene expression that are regulated by lost and gained enhancers in SW480 cells upon DBC1 knock-out.

DBC1 plays a critical role in regulating the SE landscape and
SE-associated gene expression

Cancer-specific SEs have been identified as key drivers of
dysregulated gene expression in several types of cancers
including CRC (4,5). In addition, super-enhancer RNAs
(seRNAs) transcribed from SEs have also been reported
to contribute to tumorigenesis by promoting oncogene ex-
pression, cancer cell proliferation and EMT (37). To deter-
mine the SE landscape and SE-associated genes in CRC
cells and investigate a potential role for DBCI in regu-
lating SEs, we used the ROSE algorithm based on the
H3K27ac (a hallmark of SEs) ChIP-seq datasets. When
ranked by the H3K27ac ChIP-seq signal enrichment, 845

and 601 SEs were identified with 771 and 547 potential
target genes in SW480 WT and D1KO cells, respectively
(Figure 3A). Pathway enrichment analysis using Hallmark
gene sets revealed that SE-associated genes in SW480 WT
are enriched in pathways involved in CRC progression
such as Wnt/B-catenin, TNFa, TGFB, EMT and KRAS
signaling (Supplementary Figure S§A). Notably, a major-
ity of SEs (76%, 643/845) were located in transcription
start site (TSS)-proximal enhancer regions (Supplemen-
tary Figure S8B), and TSS-proximal SEs were highly en-
riched for H3K4ac and H3K4me3 (Supplementary Fig-
ure S8C). Because H3K27ac facilitates H3K4ac, we next
asked whether H3K4ac can also identify SEs. Using the
ROSE algorithm based on the H3K4ac ChIP-seq signal,
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Figure 3. DBCI is required for SE-associated gene expression in CRC cells. (A) Identification of SEs based on H3K27ac ChIP-seq signals in SW480 WT
and D1KO cells using the ROSE algorithm. (B) Venn diagram showing the intersection of SEs identified in SW480 WT and D1KO cells. (C) MEME-ChIP
motif analysis reveals the top enriched motifs within lost SEs in SW480 D1KO cells. (D) Bar plot showing enriched Hallmark pathways for 321 lost SE-
associated genes in SW480 D1KO cells. (E) GSEA of gene expression in human CRC versus normal colon tissues (GSE50760) using the lost SE-associated
gene set. (F) GSEA showing negative and positive enrichment of lost and gained SE-associated gene sets, respectively, in SW480 D1KO compared with
WT cells. (G, H) qRT-PCR analyses of mRNA (G) and seRNA (H) expression of lost and gained SE-associated genes in SW480 WT and D1KO cells.
Data are expressed as fold change relative to the WT and are means + SD (n = 3). (I) Snapshots of ChIP-seq tracks for H3K27ac, H3K4me3, H3K4ac,
H3K9/K14ac, H3K4mel and TCF7L2 at SEs of PROX1, ASB4 and NTSR1 genes in SW480 WT and D1KO cells.

we identified 627 SEs in SW480 WT cells, 93.3% of which
were overlapped with H3K27ac-enriched SEs (Supplemen-
tary Figure S9A, B). Pathway analysis of genes associ-
ated with H3K4ac-enriched SEs showed similar results to
those obtained with H3K27ac SE-associated genes (Sup-
plementary Figure S9C), suggesting together that H3K4ac
can identify SEs in CRC cells. Importantly, 40% (334/845)
and 41% (259/627) of H3K27ac SEs and H3K4ac SEs,
respectively, in SW480 WT cells were lost in D1KO cells

(Figure 3B and Supplementary Figure S9D), suggesting a
critical role for DBCI in regulating the SE landscape in
CRC cells. Similar results of SE analysis were observed in
HCT116 WT and D1KO cells (Supplementary Figure S10).
The enriched TF motifs at the lost SEs in D1KO cells in-
clude those bound by TCF4/LEF1, NFkB, RUNX and
KLF4/5 (Figure 3C), suggesting that DBC1 loss may down-
regulate transcriptional programs regulated by these CRC-
related TFs. Indeed, lost SE-associated genes were enriched



in pathways associated with CRC progression, including
Wnt/B-catenin/ TCF4 and TNFa/NFkB signaling (Figure
3D), and also in genes highly expressed in CRC tissues
compared with normal colon tissues (Figure 3E and Sup-
plementary Figure S8D). Further GSEA showed a signifi-
cant decrease in the expression of genes associated with lost
SEs and an increase in the expression of genes associated
with gained SEs in D1KO cells (Figure 3F and Supplemen-
tary Figure S9E). These results were confirmed by qRT-
PCR, which showed that mRNA levels of lost and gained
SE target genes were decreased and increased, respectively,
in D1KO cells (Figure 3G), concomitant with a decrease
and increase in their seRNA levels (Figure 3H). By ana-
lyzing publicly available ENCODE ChIP-seq datasets, we
found that TCF4/TCF7L2 densely occupies the SE regions
of PROX1, ASB4, NTSR1, FSCNI1, INHBB and MYTI
genes, which were overlapped with H3K27ac peaks (Fig-
ure 31 and Supplementary Figure SS8E). Interestingly, in
addition to H3K27ac and H3K4ac SE marks, H3K4me3,
H3K4mel and H3K9/K14ac were also associated with the
SE regions, and DBCI loss markedly reduced their levels
at TCF4-occupied SE regions (Figure 3I and Supplemen-
tary Figure S8E). These results suggest that DBC1 plays a
pivotal role in SE activation and SE-associated gene expres-
sion through not only facilitating SE formation and seRNA
expression but also maintaining active histone marks at SE
regions.

DBCI1 interacts with and positively regulates histone-
modifying activities of p300 and KMT2D

To investigate the mechanism by which DBCI1 regulates
histone modifications, we performed HAT and HMT as-
says using recombinant nucleosomes and FLAG-tagged
DBC1 immunoprecipitated from SW480 cells transfected
with FLAG-DBCI1. DBC1 immunoprecipitates had high
levels of HAT and HMT activities, which acetylate H3K27
and H3K4 and methylate H3K4 (H3K4mel/2/3) (Figure
4A, B), suggesting that DBCI is physically associated with
HAT and HMT activities in CRC cells. Indeed, FLAG-
DBC1 immunoprecipitates contained p300 and KMT2D,
which are major epigenomic writers for enhancer marks
(Figure 4C), and endogenous ColP experiments in SW480
cells confirmed the association of DBCI1 with p300 and
KMT2D (Figure 4D). GST pull-down assays mapped the
DBCI1 interaction domain of KMT2D and p300 to the cat-
alytic SET and HAT domains, respectively (Figure 4E and
Supplementary Figure SI1A-C) and showed that the N-
terminal domain (NTD) of DBCI is necessary and suffi-
cient for binding to KMT2D SET and p300 HAT domains
(Supplementary Figure S11D, E).

Because DBCI directly interacts with catalytic domains
of KMT2D and p300, we next investigated whether DBCI
can regulate their histone-modifying activities. 293T cells
were transfected with plasmids expressing FLAG-H3, HA-
p300-Br-HAT and FLAG-DBCI1, and acetylated levels
of H3K27 and H3K4 were determined by immunoblots.
DBCI1 overexpression strongly increased p300-mediated
H3K4ac and H3K27ac (Figure 4F). In vitro time-course
HAT assays confirmed enhancement of both p300 and
CBP HAT activity by DBCI (Supplementary Figure S12A,
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B), indicating that DBCI can enhance the HAT activ-
ity of both p300 and CBP, and further showed that,
consistent with the conclusion in Supplementary Fig-
ure S3I-K, H3K27ac precedes H3K4ac. In addition, we
also found in in vitro HMT assays using immunopuri-
fied HA-KMT2D and FLAG-DBCI that DBC1 enhances
KMT2D-mediated H3K4mel/2/3 (Figure 4G). Consistent
with protein—protein interaction data (Supplementary Fig-
ure S11D, E), the NTD of DBCI is functionally required
and sufficient to promote the catalytic activities of KMT2D
and p300 (Supplementary Figure S12C, D).

We next investigated the mechanisms by which DBCI
promotes the catalytic activity of KMT2D and p300. Given
that major components of the KMT2D complex, ASH2L,
RBBPS, WDRS and UTX, are co-immunoprecipitated with
DBCI1 (Figure 4C) and that the core components are re-
quired for efficient HMT activity of KMT2D (12,38), we as-
sessed the effect of DBCI expression on KMT2D complex
formation. Overexpression of DBCI increased the associa-
tion of KMT2D with its core components in ColP exper-
iments (Figure 4H). In contrast, DBCI1 loss impaired the
association of KMT2D with its endogenous core compo-
nents (Figure 41 and Supplementary S12E), suggesting that
DBCI1 acts as a positive regulator of KMT2D by enhanc-
ing the HMT activity through facilitating KMT2D com-
plex formation. Autoacetylation of the p300 HAT domain
has been shown to increase its catalytic activity (39). We
therefore performed in vitro and in vivo acetylation assays to
determine the effect of DBC1 on p300 autoacetylation lev-
els and found that DBCI1 enhanced the autoacetylation of
the p300 HAT domain (Figure 4] and Supplementary Fig-
ure S12F). Moreover, DBC1 loss reduced acetylation lev-
els of endogenous p300 (Figure 4K), suggesting that DBC1
positively regulates p300 HAT activity through enhancing
p300 autoacetylation. The NTD of DBCI1, which directly
binds both KMT2D SET and p300 HAT domains, showed
similar effects on KMT2D complex formation (Supplemen-
tary Figure S12G) and p300 autoacetylation (Supplemen-
tary Figure S12H), demonstrating that the DBC1 NTD is
sufficient for promoting KMT2D complex assembly and
p300 autoacetylation.

DBC1 is required for efficient chromatin binding of KMT2D
and p300 and targeted to SEs by TCF4/LEF1

Given the physical and functional association of DBC1 with
KMT?2D and p300, we next performed ChIP-seq for DBCI,
KMT2D and p300 in SW480 WT and D1KO cells to in-
vestigate whether DBC1 could co-localize with KMT2D
and p300 on chromatin and regulate chromatin binding of
KMT2D and p300. We identified 10097, 30642 and 29078
regions bound by DBC1, KMT2D and p300, respectively,
in SW480 WT cells (Supplementary Table S2), and the ma-
jority of DBC1, KMT2D and p300 binding occurred at pro-
moter and intergenic regions (Supplementary Figure S13B).
Integration of ChIP-seq data for DBC1, KMT2D and p300
found 5786 (DBC1"KMT2D"), 5666 (DBC1*p300*) and
5384 (DBC1TKMT2D*p300") DBCI-binding genomic re-
gions co-occupied by KMT2D or/and p300 (Figure 5A, B).
Further genomic analysis in conjunction with our SE data
identified 1304 DBC1-KMT2D-p300 co-occupied regions
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Figure 4. DBCI binds to and enhances the histone-modifying activities of p300 and KMT2D. (A, B) In vitro HAT (A) and HMT (B) assays using recom-
binant nucleosomes and immunopurified FLAG-DBCI from SW480 cells. HAT and HMT reactions were analyzed by immunoblot using the indicated
antibodies. (C) Association of ectopically expressed FLAG-DBC1 with the endogenous p300 and KMT2D complex in SW480 cells. Immunoprecipitation
(IP) and immunoblotting were performed using the indicated antibodies. (D) Endogenous ColIP between DBC1 and KMT2D or p300 in SW480 WT
and D1KO cells. Immunoprecipitation and immunoblotting were performed using the indicated antibodies. (E) Schematic representation of the KMT2D
fragments used in GST pull-down assays and their binding abilities to GST-DBCI (see also Supplementary Figure S11A). PHD, plant homeotic domain;
HMG, high mobility group; FYR, FY-rich domain. (F) 293T cells were transfected with FLAG-H3 along with HA-p300-Br-HAT and/or FLAG-DBCl,
and cell lysates were analyzed by immunoblot with the indicated antibodies. (G) In vitro HMT assays using recombinant nucleosomes with immunopu-
rified HA-KMT2D from 293T cells transfected with HA-KMT2D and FLAG-DBCI1 as indicated. HMT reactions were analyzed by immunoblot using
the indicated antibodies. (H) 293T cells were transfected as indicated, and FLAG-KMT2D immunoprecipitates were analyzed by immunoblot with the
indicated antibodies. (I) Endogenous ColP of the indicated core components, DBC1 and p300 with KMT2D in 293T WT and D1KO cells. Immunopre-
cipitation and immunoblotting were performed using the indicated antibodies. (J) In vitro autoacetylation assays of p300-Br-HAT with or without DBC1
as indicated. Acetylation (Ac) levels of p300-Br-HAT were determined by immunoblot using pan-acetyl-lysine (AcK) antibody. (K) Endogenous p300 was
immunoprecipitated from SW480 WT and D1KO cells with p300 antibodies, and p300 acetylation levels and ColPed DBC1 and KMT2D were detected
by immunoblot using the indicated antibodies.

(646 SEs, 605 genes) in SEs (Figure 5C). ChIP-seq analyses
also revealed that loss of DBC1 resulted in a global redistri-
bution of KMT2D and p300 (Figure 5D), with no measur-
able effect on their expression levels (Supplementary Figure
S13C). Of the KMT2D- and p300-binding regions detected
in SW480 WT cells, 8902 KMT2D and 11398 p300 bind-
ing sites (29% and 39%, respectively) were lost in DIKO
cells, whereas 1499 KMT2D- and 1526 p300-binding sites
were gained (Figure 5D and Supplementary Figure S13D).

In addition, 16.1% and 20.8% of KMT2D and p300 ChIP-
seq peaks on DBC1*KMT2D™" and DBCI1*p300* regions,
respectively, were lost in D1KO cells (Figure 5B). Similarly,
DBCI loss decreased the occupancy of KMT2D and p300
on DBCl-regulated AEs and SEs (Figure SE). These results
suggest a critical role for DBC1 in genome-wide chromatin
binding and enhancer recruitment of KMT2D and p300.
Consistent with motif analysis results of the lost
SEs in D1KO cells (Figure 3C), the TCF4/LEF1 mo-
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Figure 5. DBCl1 is required for efficient chromatin binding and enhancer recruitment of KMT2D and p300 and is targeted to SEs by TCF4/LEF1. (A)
Venn diagram showing overlap between ChIP-seq peaks for DBC1, KMT2D and p300 on the human genome. (B) Venn diagram showing the genome-
wide overlap of DBCI1 peaks with KMT2D (upper left) and p300 (upper right). Heatmaps of lost and gained KMT2D and p300 ChIP-seq peaks on
DBCI*KMT2D" (lower left) and DBC1*p300* (lower right) regions in SW480 WT versus D1KO cells. (C) Venn diagram showing overlap between ChIP-
seq peaks for DBC1, KMT2D and p300 at SEs. (D) Heatmaps of lost and gained KMT2D and p300 ChIP-seq signals in SW480 WT versus D1KO cells
(see also Supplementary Figure S13D). (E) Violin plots showing changes in KMT2D and p300 occupancy levels on DBCI1-regulated AEs (left) and SEs
(right) in SW480 WT versus D1KO cells. P < 1071, (F) MEME-ChIP motif analysis reveals the top enriched motifs on DBC1TKMT2D*p300" SEs in
SW480 cells. (G) GSEA showing that DBC1*KMT2D*p300* SE target genes are enriched among genes down-regulated by D1KO in SW480 cells. (H, I)
ChIP-qPCR assays. Sheared chromatin from SW480 cells infected with lentiviruses expressing a control (NS) or LEF1 shRNA was immunoprecipitated
with the indicated antibodies. qPCR analyses were performed using primers specific for SEs of the PROX1, ASB4 and NTSR1 genes. ChIP signals were
normalized with inputs and shown as fold change relative to control IgG signal and are means £+ SD (n = 3) (H). *P < 0.05, **P < 0.01. Protein levels
were monitored by immunoblot using the indicated antibodies (I).

tif was identified as one of the most significantly en-
riched motifs on DBC1*KMT2D*p300* SEs (Figure 5F).
DBC1*KMT2D*p300" SE target genes were highly en-
riched in the Wnt/B-catenin pathway (Supplementary Fig-
ure SI13E), and GSEA revealed a significant reduction in
their expression in D1KO cells (Figure 5G). These findings
raise the possibility that the Wnt-regulated TF TCF4/LEF1
may modulate the recruitment of DBCI, together with
KMT2D and p300, to SEs and that their recruitment me-
diated by TCF4/LEF1 may be coupled in SE activation.
To validate motif analysis and to investigate the role of
TCF4/LEF1 in targeting DBC1, KMT2D and p300 to

DBCI1*KMT2D*p300* SEs, we performed ChIP-qPCR
assays in SW480 cells. Knockdown of LEF1 decreased oc-
cupancy not only of LEF1 but also of DBC1, KMT2D
and p300 on LEF1-targeted SEs (Figure SH), while having
no effect on their expression levels (Figure 5I), indicating
that DBCI, together with KMT2D and p300, is targeted
to SEs by the Wnt-regulated TF TCF4/LEF1, which is
known to occupy the majority of CRC-driven SEs (10). We
have previously shown that DBC1 does not interact directly
with LEF1 but can function as a secondary co-activator
for LEF1 through its association with B-catenin, which di-
rectly binds to and acts as a primary co-activator for LEF1
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by recruiting additional co-activators (21,22). These find-
ings suggest that DBC1 is recruited to LEF1-binding sites
in chromatin through the interaction with B-catenin. Con-
sistent with this notion, depletion of B-catenin decreased
occupancy of DBC1, KMT2D and p300 on the SE of the
PROXI1 gene, without affecting their cellular levels (Sup-
plementary Figure S13F, G). Altogether, these results sug-
gest that TCF4/LEF1 and B-catenin are required for re-
cruitment of DBC1, KMT2D and p300 to the SEs and that
DBCI plays a critical role in coregulator complex formation
on TCF4/LEF1-targeted SEs.

DBC1 facilitates SE-associated histone modifications by me-
diating cooperative functional interactions between p300 and
KMT2D

We next examined the possible cross-talk between H3K4
methylation and H3 acetylation by performing ChIP-qPCR
assays in SW480 cells depleted of KMT2D or treated
with SGC-CBP30, a selective p300/CBP bromodomain in-
hibitor. Depletion of KMT2D or treatment with SGC-
CBP30 had no effect on cellular levels of p300 or KMT2D,
respectively (Figure 6A). However, KMT2D depletion re-
sulted in a great reduction not only in H3K4mel/3 levels
but also in H3K27ac and H3K4ac levels on SEs of PROX1,
ASB4, FSCN1 and NTSR1 genes (Figure 6B). Similarly,
inhibition of p300 with SGC-CBP30 led to a significant
decrease in both H3 acetylation and H3K4 methylation
(Figure 6B), indicating a bidirectional cross-talk between
KMT2D-mediated H3K4 methylation and p300-mediated
H3 acetylation on the SEs.

We next investigated the role of DBCI in the cross-talk
between p300 and KMT2D. In HMT assays, KMT2D-
mediated H3K4mel/2/3 were synergistically increased with
the addition of p300-Br-HAT /acetyl-CoA and further en-
hanced by DBCI (Figure 6C and Supplementary Figure
S14A, C). Similarly, HAT assays showed that KMT2D-
SET dramatically enhanced p300-mediated H3K27ac and
H3K4ac in an HMT activity-dependent manner, and their
acetylation levels were further increased by DBCI (Figure
6D and Supplementary Figure S14B, C). In support of these
results, p300 and KMT2D associated with each other in re-
ciprocal ColP experiments (Supplementary Figure S14D,
E), and overexpression and knock-out of DBCI strongly
increased and decreased their interaction, respectively, in
exogenous ColP (Figure 6E) and reciprocal endogenous
ColP experiments (Figure 41, K). Moreover, GST pull-
down assays further showed that the KMT2D SET domain
binds directly to the p300 Br-HAT domain and that DBC1
increases their interaction (Figure 6F). To further con-
firm DBC1-dependent KM T2D-p300 interactions, we per-
formed a proximity biotinylation assay, a method for label-
ing proteins in a proximity-dependent manner (35), using
an engineered biotin ligase TurbolD fused to the KMT2D
SET domain. In this approach, endogenous proteins within
a nanometer range of the bait protein (TurbolD-KMT2D-
SET) are covalently modified with biotin (Supplementary
Figure S14F). As shown in Figure 6G, endogenous p300
and DBC1 were in close proximity to the KMT2D SET do-
main in SW480 cells, and DBCI loss markedly diminished
the close proximity interaction between KMT2D-SET and

p300. Together, these results suggest that DBC1 promotes
the functional cooperation between KMT2D and p300 by
facilitating their association.

To directly prove that DBC1 can activate SE-associated
gene transcription by regulating levels of SE marks, we uti-
lized the CRISPR /dCas9-based genome locus-specific tar-
geting system. We co-expressed dCas9-DBC1 fusion pro-
tein with multiple sgRNAs targeting the PROX1 SE in
SW480 D1KO cells (Figure 6H). Targeting of dCas9—DBCl1
to the PROX1 SE recovered H3K27ac and H3K4ac levels
(Figure 61) and also significantly rescued PROX1 seRNA
and protein levels in D1KO cells (Figure 6J, K), indicating
direct involvement of DBCI in the regulation of SE activ-
ity. Together, these results suggest that DBC1 contributes to
SE-associated histone modifications by facilitating the re-
cruitment and cooperative functions of p300 and KMT2D.

DISCUSSION

One of the hallmarks of cancer development and progres-
sion is epigenetic dysregulation of histone modifications,
which results in aberrant gene expression, genome instabil-
ity and de novo acquisition of cancer-specific SEs (1,4,5).
Thus, the investigation of cancer-related histone marks,
cancer-specific SEs, epigenetic modifiers and their regula-
tors, and defining their mechanisms of action are essen-
tial for a better understanding of cancer progression and
development of therapeutic strategies. H3K4ac was found
to be enriched at actively transcribed gene promoters in
yeast and human cancer cells and globally increased at
gene promoters involved in EMT and metastasis during
cancer progression (36,40). Here, we further showed that
H3K4ac can identify SEs in CRC cells and is preferen-
tially enriched at APs and AEs as well as on histone variant
H3.3. The majority of H3K4ac co-localizes with H3K27ac,
and H3K27ac directly facilitates H3K4ac, but not vice
versa, indicating a sequential order of acetylation on H3
in activating promoter and enhancer activities. Addition-
ally, H3K4ac/H3K4me3-co-marked genes are highly ex-
pressed in CRC cells and enriched in cancer signaling path-
ways, suggesting a cooperative function of H3K4ac and
H3K4me3 in gene activation involved in cancer progres-
sion.

Accumulating evidence has indicated that DBCI1 func-
tions as a co-regulator for several TFs including p53 and nu-
clear receptors by negatively regulating repressive epigenetic
modifiers such as SIRT1, HDAC3, SUV39H1, MDM2
and CHIP (16,17,19-21,23-26). However, there is a sig-
nificant gap in our knowledge of DBCI1 function in the
regulation of histone modifications and chromatin struc-
ture. In this study, we extend the current understanding
of DBCl-mediated transcriptional activation and epige-
netic regulation by identifying DBCI as a key positive reg-
ulator of epigenomic writers KMT2D and p300. Loss of
DBCI caused genome-wide dysregulation of active chro-
matin marks, a global reduction in chromatin binding
of KMT2D and p300, and down-regulation of cancer-
associated gene expression programs. DBCI directly inter-
acts with KMT2D and p300, and enhances their histone-
modifying enzyme activities, thereby contributing to estab-
lishment of active epigenomic landscapes including AEs
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Figure 6. DBCI1 facilitates SE-associated histone modifications by coordinating the interplay of p300 and KMT2D. (A) Protein levels in SW480 cells
depleted of KMT2D or treated with SGC-CBP30 were monitored by immunoblot using the indicated antibodies. (B) ChIP-qPCR assays. Sheared chromatin
from SW480 cells infected with lentiviruses expressing either a control (NS) or KMT2D shRNA or SW480 WT cells treated with 5 uM SGC-CBP30 for 1 h
was immunoprecipitated with the indicated histone modification antibodies. qPCR analyses were performed using primers specific for SEs of the PROX1,
ASB4, FSCN1 and NTSR1 genes. ChIP signals were normalized with inputs and shown as fold change relative to control IgG signal, and are means +
SD (n = 3). *P < 0.05, **P < 0.01. (C, D) In vitro HMT assays using recombinant nucleosomes, immunopurified HA-KMT2D, GST-p300-Br-HAT
and GST-DBCI1 as indicated (C) and in vitro HAT assays using recombinant nucleosomes, immunopurified FLAG-KMT2D SET, GST-p300-Br-HAT
and GST-DBCI as indicated (D). The reactions were analyzed by immunoblot using the indicated antibodies. (E) 293T cells were transfected with the
indicated constructs, and HA-p300 immunoprecipitates were analyzed by immunoblots with the indicated antibodies. (F) In vitro translated HA-KMT2D
SET, HA-DBCI1 or both were incubated with GST-p300-Br-HAT bound to beads as indicated. Bound proteins were analyzed by immunoblot with anti-
HA antibody. (G) Proximity biotinylation assays. SW480 WT and D1KO cells transfected with 3x FLAG-TurboID-KMT2D SET or 3x FLAG-TurboID
were treated with biotin as indicated. Biotinylated endogenous proteins were pulled down using streptavidin beads and analyzed by immunoblot with the
indicated antibodies. (H) The PROX1 locus is schematically depicted with locations of H3K27ac peaks in SW480 WT and D1KO, sgRNAs (arrow) and
ChIP-PCR primers (arrowhead). (I) SW480 D1KO cells were infected with lentiviruses encoding the dCas9—DBC1 fusion protein and sgRNAs targeting
the PROX1 SE. ChIP-qPCR assays using SW480 WT, D1KO and D1KO/dCas9-DBCI cells were performed with the indicated antibodies. **P < 0.01. (J)
Relative levels of DBC1 mRNA and PROX1 seRNA in SW480 WT, D1KO and D1KO/dCas9-DBCI1 cells were determined by qRT-PCR. **P < 0.001. (K)
Protein levels of PROX1 and DBC1 in SW480 WT, D1KO and D1KO/dCas9-DBCI cells were monitored by immunoblot using the indicated antibodies.
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Figure 7. A proposed model in which DBCI plays a critical role in regulating the AE and SE landscapes. DBC1 is targeted to SEs by the Wnt-regulated
transcription factor TCF4/LEF1 and B-catenin. DBCI facilitates the recruitment of and interaction between KMT2D and p300 by directly binding to
their catalytic domains (SET and HAT) and promotes independent and cooperative effects of KMT2D and p300 on H3K4 methylation and H3 acetylation
by facilitating KMT2D complex formation and enhancing p300 autoacetylation.

and SEs in CRC cells (Figure 7). Moreover, DBCI can pro-
mote the association of KMT2D with its core components
and autoacetylation of p300, which are required for their
high catalytic activities (Figure 7). These observations could
be explained by two non-exclusive mechanisms: DBC1 can
either (i) facilitate the rate and/or processivity of KMT2D
HMT and p300 HAT activities by promoting KMT2D
complex assembly and p300 autoacetylation through direct
binding to their catalytic domains or (ii) act by inhibiting
repressive epigenetic modifiers (e.g. SIRT1, H3K4 demethy-
lases, H3K9 methyltransferases, etc.). While our results
clearly support the first mechanism, it has been reported
that DBC1 binds to the catalytic domain of SUV39HI1
and inhibits its ability to deposit the repressive methyla-
tion mark (H3K9me3) (24). Thus, it is possible that both
mechanisms operate simultaneously in cells. In addition,
consistent with previous reports that KMT2D is a ma-
jor H3K4mel/2 methyltransferase (13,14,41), our in vitro
HMT assays showed that KMT2D has a very weak ability
to trimethylate H3K4 compared with its ability to mono-
and di-methylate H3K4. Importantly, DBC1 enhanced
overall HMT activity of KMT2D for H3K4mel/2/3, sup-
porting our proposed mechanism that DBC1 can pro-
mote the processivity and rate of KMT2D-mediated H3K4
methylation.

SEs consist of a large cluster of enhancers typically
marked by high levels of H3K27ac, TFs, MED1, BRD4
and enhancer epigenomic writers p300 and KMT2D (4-
7). Cancer cells frequently acquire cancer-specific SEs
to drive overexpression of oncogenes, which accelerate
cancer progression (4,5,37). We found that DBCI is re-
quired for SE formation, recruitment of KMT2D and p300
to SEs, maintenance of active marks on SEs, and SE-
associated gene expression in CRC cells. Notably, 72%
of DBCI1 peaks (1304/1804) in SEs are co-occupied by
KMT2D and p300, and DBCI loss decreased the occu-
pancy of KMT2D and p300 on DBCl1-regulated SEs, sug-
gesting that recruitment of the epigenetic writers and DBC1
might be coupled in SE activation. Furthermore, consis-
tent with our previous findings that DBCI1 acts as a co-
activator for TCF4/LEF1-B-catenin-mediated transcrip-
tion (21,22) and in agreement with a previous report that

CRC-associated SEs are enriched for TCF4/LEF1-binding
motifs (8,10), our motif analysis revealed TCF4/LEF1
as the top enriched motif in DBCl-regulated SEs and
DBC1*KMT2D*p300" SEs in CRC cells. In addition,
LEF1 is indeed required for the recruitment of DBCI,
KMT2D and p300 to DBCI*KMT2D*p300" SEs. These
findings, together with our previous and current observa-
tions that DBC1 enhances TCF4/LEFI1-B-catenin com-
plex formation on Wnt-regulated enhancers by increasing
B-catenin acetylation (21,22) and facilitates recruitment of
KMT2D and p300 to SEs and seRNA expression, sug-
gest that DBCI functions as a pivotal regulator of Wnt/B-
catenin signaling through not only regulating acetylation of
the non-histone protein $-catenin but also increasing active
histone modifications (H3K4 methylation and H3 acetyla-
tion) on SEs to establish a favorable epigenetic environment
for SE activation.

SET1/KMT?2 family HMTs exist in multisubunit com-
plexes containing ASH2L, RBBP5, WDRS5 and DPY30,
and are often found with other epigenetic modifiers such
as HATs and demethylases (12,42,43), and this may be the
mechanistic basis of complicated cross-talk between epige-
netic marks. Here, we demonstrated physical and functional
links between KMT2D and p300 and between their corre-
sponding histone modifications. Previous reports demon-
strated that KMT2D is required for the recruitment of p300
and its HAT activity for H3K27 on enhancers activated
during adipogenesis and embryonic stem cell differentia-
tion (12-15). p300 was also shown to be required for H3K4
methylation mediated by SET1 and KMT2D complexes
(12,44). Furthermore, UTX, a KMT2D-associated H3K27
demethylase, has been shown to facilitate the establishment
of the AE landscape in a demethylase activity-independent
manner through promoting recruitment and cooperative
functional interactions of KMT2D and p300 (12). In line
with these previous findings, we found that KMT2D is
required not only for H3K4 methylation but also for
H3K27ac and H3K4ac on SEs in CRC cells and synergis-
tically increases p300-mediated H3K27ac and H3K4ac in
an HMT activity-dependent manner. In addition, we fur-
ther showed that p300 also increases KMT2D-mediated
H3K4mel/2/3 and that its HAT activity is required for



H3K4 methylation on SEs, indicating a strong functional
cooperativity between p300 and KMT2D in establishing
the SE landscape. Notably, DBC1 enhances cooperative ef-
fects of KMT2D and p300 on H3K4 methylation and H3
acetylation. Here we showed several lines of mechanistic ev-
idence of how DBCI, as a key regulator of enhancer epige-
nomic writers, facilitates cooperativity between KMT2D
and p300 (Figure 7): DBCI1 not only enhances the respec-
tive histone-modifying activities of KMT2D and p300 by
facilitating the KMT2D complex assembly and autoacety-
lation of p300 but also promotes cooperative effects of
KMT2D and p300 on H3 acetylation and H3K4 methy-
lation by bringing KMT2D and p300 into close proxim-
ity; DBCI1 binds a large portion of genomic sites, includ-
ing SEs, enriched with KMT2D and p300; DBCI loss im-
pairs genome-wide chromatin binding and SE recruitment
of KMT2D and p300, consequently decreasing active hi-
stone marks and SE-associated gene expression; targeting
DBCI to the SE of PROXI1 recovers PROX1 expression
and SE marks (H3K27ac and H3K4ac) on the SE in D1KO
cells. Our results firmly establish DBC1 as a key regulator
of KMT2D and p300 and provide additional new insights
into regulatory mechanisms underlying the functional co-
operativity between the enhancer epigenomic writers. Given
that DBCI1 is associated with the UTX-KMT2D complex
(Figure 4C), it will be interesting to investigate whether this
function of DBC1 occurs in cooperation with UTX and to
assess a role for DBCI in the UTX-KMT2D-p300 tran-
scriptional regulatory network.

Cancer is a complex disease driven by both genetic and
epigenetic changes. A great effort has been made to un-
derstand the role of histone modifications in cancer, and
emerging evidence suggests that epigenetic alterations in hi-
stone modifications and chromatin states drive cancer pro-
gression by activating oncogenes and silencing tumor sup-
pressor genes (9). Understanding mechanisms underlying
epigenetic alterations in cancer will thus provide useful in-
formation to develop novel strategies for epigenetic cancer
therapy. Because DBCI expression is deregulated in vari-
ous cancers including CRC and is associated with clinical
outcomes (20-22,45), our findings may rationalize target-
ing DBC1 as a promising therapeutic strategy against epi-
genetically deregulated cancers. In conclusion, our findings
highlight the critical role of DBCI in the interplay between
epigenetic modifiers in establishing active chromatin states
in CRC cells and suggest that DBC1 is a potential target for
epigenetic cancer therapy.
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