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ABSTRACT

The interplay between transcription factors and epi-
genetic writers like the DNA methyltransferases (DN-
MTs), and the role of this interplay in gene ex-
pression, is being increasingly appreciated. ZBTB24,
a poorly characterized zinc-finger protein, or the
de novo methyltransferase DNMT3B, when mutated,
cause Immunodeficiency, Centromere Instability, and
Facial anomalies (ICF) syndrome, suggesting an un-
derlying mechanistic link. Chromatin immunopre-
cipitation coupled with loss-of-function approaches
in model systems revealed common loci bound by
ZBTB24 and DNMT3B, where they function to regu-
late gene body methylation. Genes coordinately reg-
ulated by ZBTB24 and DNMT3B are enriched for
molecular mechanisms essential for cellular home-
ostasis, highlighting the importance of the ZBTB24-
DNMT3B interplay in maintaining epigenetic patterns
required for normal cellular function. We identify a
ZBTB24 DNA binding motif, which is contained within
the promoters of most of its transcriptional targets,
including CDCA7, AXIN2, and OSTC. Direct binding
of ZBTB24 at the promoters of these genes targets
them for transcriptional activation. ZBTB24 binding
at the promoters of RNF169 and CAMKMT, however,
targets them for transcriptional repression. The in-
volvement of ZBTB24 targets in diverse cellular pro-
grams, including the VDR/RXR and interferon reg-
ulatory pathways, suggest that ZBTB24’s role as a
transcriptional regulator is not restricted to immune
cells.

INTRODUCTION

DNA methylation (5mC), an epigenetic modification oc-
curring at the 5-position of cytosine catalyzed by mem-
bers of the DNA methyltransferase (DNMT) family, plays
a pivotal role in regulating molecular processes and cellu-
lar functions, largely through its influence on gene regu-
lation. The DNMT family is comprised of three catalyti-
cally active enzymes-DNMT1, DNMT3A, DNMT3B, and
the catalytically inactive DNMT3L. DNMT1, the main-
tenance methyltransferase, preferentially recognizes hemi-
methylated DNA and is recruited to the replication fork by
UHRF1, where it functions to propagate 5mC patterns dur-
ing cell division (1). The de novo DNA methyltransferases,
DNMT3A and DNMT3B, through their ability to write
new 5mC patterns using DNMT3L as a co-factor, influ-
ence embryonic development and drive cellular differenti-
ation (2,3).

Although the DNMTs share some degree of structural
homology and overlapping functional targets, the three ac-
tive enzymes also exhibit significant non-redundancy in
terms of their preferred genomic target sites, as highlighted
by several selective overexpression and loss-of-function
studies (4–7). This specificity for targeting at preferred sites
is achieved by a combination of non-overlapping interac-
tions with sequence-specific DNA binding factors, and in-
teractions with specific histone tail post-translational mod-
ifications. For example, DNMT3B is recruited by the tran-
scription factor E2F6 to mediate silencing of the germ-line
genes, Slc25a31, Syce1, Tex11 and Ddx4 (8). DNMT3B co-
ordinates with components of the polycomb complex to
mediate promoter hypermethylation and thereby repression
of their common target loci (9). DNMT3B is also selec-
tively recruited to gene bodies of actively transcribed genes
via interactions with histone H3 lysine 36 trimethylation
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(H3K36me3), where it functions to methylate exons and di-
rect alternative splicing, and methylate alternative start sites
to suppress spurious initiation of transcription (5,10). Ge-
netic ablation of Dnmt3b in mouse models, or naturally oc-
curring human DNMT3B mutations, give rise to aberrantly
spliced transcripts, supporting a crucial role for DNMT3B
in regulating RNA splicing (11,12). In humans, mutations
in DNMT3B that typically result in a hypomorphic enzyme,
cause the Immunodeficiency, Centromeric instability and
Facial anomalies (ICF) syndrome (13).

ICF syndrome is characterized by complete absence or
reduced immunoglobulin levels in the presence of normal
B-cell counts, centromeric instability on chromosomes 1,
9 and 16 resulting from loss of heterochromatic repeat DNA
methylation and heterochromatin, and varying degrees of
neurologic defects and facial anomalies (14,15). ICF syn-
drome is largely regarded as an epigenetic disorder due to
the association of DNMT3B with the syndrome. As an in-
creasing number of ICF cases have been characterized, mu-
tations in additional poorly characterized genes have been
identified as causative to the syndrome. While patients with
mutations in DNMT3B are sub-classified as ICF1 (∼50% of
ICF cases), mutations in the ZBTB24 gene result in ICF2
(∼30% of cases) (16). Patients with mutations in the myc-
interacting CXXC-zinc finger (CDCA7) gene, and an ATP-
dependent chromatin remodeling enzyme HELLS, result in
ICF3 and ICF4, respectively. An additional class, ICFX,
comprises cases wherein the underlying mutation remains
unidentified (16).

While the function of ZBTB24 remains largely elusive,
it is a member of the BTB-POZ family of zinc-finger pro-
teins, currently composed of 49 structurally homologous
members mostly implicated in B-cell and T-cell function,
primarily through transcriptional repression. All ZBTB
family members possess an N-terminal BTB (Broad com-
plex, Tramtrack, and Bric-a`-brac) domain, which mediates
homo- or hetero-dimerization and interactions with other
transcriptional co-regulators, (e.g. N-CoR, SMRT, HDACs,
SIN3), a variable number of (C2H2)-type zinc fingers that
enable sequence-specific DNA binding, and in some cases
an AT-hook domain that mediates non-specific interactions
with A-T-rich DNA via the minor groove (17). ZBTB24
is closely related to ZBTB17 (MIZ1, Myc-interacting zinc
finger), which activates transcription through interactions
with co-activators like p300, or represses expression via in-
teraction with MYC (18–20). Furthermore, MIZ1 forms a
ternary complex with DNMT3A and MYC to bring about
promoter methylation and repression of MIZ1-specific tar-
gets (21), providing one example by which ZBTB family
members influence DNA methylation mechanisms. Three
ZBTB family members, ZBTB38, ZBTB33, and ZBTB4
bind both unmethylated and methylated DNA, and func-
tion as readers of DNA methylation (22). ZBTB24 activates
CDCA7 transcription by direct promoter binding (23), but
few other targets are known. Additionally, ZBTB24 indi-
rectly repress IRF4 and BLIMP-1, effectively functioning
to regulate B-cell proliferation (24). Mechanisms by which
ZBTB24 modulates epigenetic marks at its target loci to in-
fluence transcription, however, have not been explored.

In the present study, we sought to define ZBTB24’s role
in transcriptional regulation and determine whether it in-

terfaces in some way with DNMT3B-mediated epigenetic
mechanisms. The similarity between the defining pheno-
types across ICF subclasses, and the predicted ability of
ZBTB24 to bind DNA in a sequence-specific manner, sug-
gested a number of possible mechanisms by which it could
interface with 5mC and/or DNMT3B, including acting as
a DNMT3B recruitment factor, a 5mC reader, or regulating
some of the same pathways as DNMT3B. Using chromatin
immunoprecipitation coupled with deep sequencing (ChIP-
seq), we mapped genomic sites bound by these two factors
and integrated binding patterns with effects on transcrip-
tion and genome-wide 5mC patterns arising from indepen-
dent loss of function of the two factors. Integrative analysis
of ChIP-seq, RNA-seq, and 5mC, along with other defin-
ing chromatin features, allowed us to define independently
and coordinately regulated genomic loci and show that co-
binding by ZBTB24 and DNMT3B at actively transcribing
ICF-relevant genes regulates gene body 5mC levels.

MATERIALS AND METHODS

Molecular cloning and vector information

ZBTB24 isoform 1 (full-length), ZBTB24 isoform 2 (short
isoform lacking seven zinc fingers), and DNMT3B1 (24)
were cloned into pLVX3-CMV-Puro using EcoRI and
XhoI sites. ZBTB24 was also cloned into pCMV-Tag2B,
pcDNA4-HisMaxC, and pM using the same restriction
sites. The region of ZBTB24 encoding amino acids cor-
responding to the eight C2H2 zinc finger domain (amino
acids 294–512) was PCR amplified and cloned into pGEX-
5X-1 using the EcoRI and XhoI sites.

Cell culture

HCT116 parental cells (from the American Type Culture
Collection) and the DNMT3B knockout isogenic line (25)
were cultured in McCoy’s 5A medium supplemented with
10% FBS and 2 mM L-glutamine. HEK293T cells were cul-
tured in DMEM supplemented with 10% FBS. The B-cell
lines Reh, 697 and U266 were cultured in RPMI supple-
mented with 20% FBS.

Lentiviral production and generation of stable lines

Lentiviral production and transduction were performed as
described in (26). Detailed procedures are described in the
Supplemental Experimental Procedures.

Western blotting

Western blot analysis was performed using a LiCor system
according to the manufacturer’s protocols. Information on
exact conditions and antibodies is listed in the Supplemen-
tary Experimental Procedures.

Immunofluorescence assay (IFA) and imaging

For IFA, HCT116 cells were seeded on poly-L-lysine coated
coverslips, fixed with 4% paraformaldehyde (Electron Mi-
croscopy Sciences, 15710) and permeabilized with 0.25%
Triton-X-100. Blocking was performed with 5% bovine
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serum albumin for 1 hour in a humidified chamber at 37◦C,
followed by incubation with primary antibody (FLAG-M2,
1:1000) for 90 min, followed by secondary, TRITC-anti-
mouse (1:2000) for 60 min with washes with 0.5% PBST
in between. Nuclei were counterstained with Hoechst stain.
Images were acquired using the 405 and 561 nm lasers on
a confocal microscope (Zeiss LSM 780) using the 63× oil
immersion objective at the Mayo Clinic imaging facility. Im-
ages were processed using the Zenlite software and are rep-
resented in grayscale.

Immunoprecipitations

Co-transfected cells were trypsinized, washed with ice cold
PBS, and lysed in 1× RIPA supplemented with protease
inhibitors. Protein content was estimated and 500–800 �g
of protein was diluted with 1× PBS and used for each im-
munoprecipitation reaction. FLAG-IP was performed us-
ing washed pre-conjugated anti-FLAG-M2 beads (Sigma),
for 4 h at 4◦C. Xpress antibody IP was performed by adding
washed protein G sepharose beads along with 1 �g anti-
Xpress antibody, also for 4 h at 4◦C. Washes were performed
using 1× PBS and immune complexes were eluted in 1×
Laemmli buffer.

Chromatin immunoprecipitation (ChIP), sequencing, peak
calling, and downstream analysis

For ChIP, 20 million cells were fixed with 1% formalde-
hyde, washed with ice cold 1XTBS and lysed in lysis
buffer (10 mM Tris–HCl, pH 7.5, 10 mM NaCl, 0.5%
IGEPAL). Cells were then subjected to MNase digestion
(NEB, M0247S) in digestion buffer (20 mM Tris–HCl, pH
7.5, 15 mM NaCl, 60 mM KCl, 1 mM CaCl2), follow-
ing which the chromatin was sonicated using a Diagenode
Twin sonicator. An aliquot of input chromatin was quan-
tified with a Qubit 3.0 fluorimeter. Anti-FLAG M2 con-
jugated magnetic beads (Sigma) were added to immuno-
precipitate FLAG-only and FLAG-fusion bound regions.
After overnight pull-down, beads were washed with ChIP
buffer, high salt, low salt, Tris–LiCl and Tris–EDTA buffers
followed by elution and reverse cross-linking. DNA was
treated with RNAse and extracted with proteinase K fol-
lowed by purification with the Qiagen MinElute kit. Puri-
fied DNA was size selected and sequencing libraries were
prepared. Paired-end sequencing was run on the Illumina
HiSeq2000 platform at the Mayo Clinic Medical Genome
Facility.

Sequencing reads were mapped to the hg19 genome us-
ing Burrows-Wheeler alignment (BWA) (27), then peaks
were called using the -callpeak function in MACS2 (28).
Corresponding inputs served as controls. Peaks occurring
in the FLAG-only background were filtered out from the
FLAG-ZBTB24 and FLAG-DNMT3B ChIP-seq datasets.
Common overlapping peaks were identified using the BED-
tool suite’s closest function, and peaks were merged using
the merge function to give the final dataset for each fac-
tor. Peaks were annotated using the annotatePeaks func-
tion in HOMER (Hypergeometric Optimization of Motif
EnRichment) and recognition motifs were identified using
the MEME-suite (29) and the findMotifsGenome function

in HOMER. ChIP-seq data representation was performed
using modified scripts from deepTools (30).

RNA extraction and expression analysis by qRT-PCR and
RNA-seq

RNA was extracted using the Trizol method followed by
DNAse treatment. Two micrograms of RNA was subjected
to cDNA synthesis using the Superscript II kit. QRT-PCR
was performed using BioRad’s SsoSyBrGreen. Primer se-
quences are listed in Supplementary Table S6. Stranded
RNA-seq was performed at the University of Minnesota
Genomics Center. Libraries were prepared using the True-
Seq kit and paired-end sequencing was performed on a
HiSeq2500. Resulting reads were processed using the New
Tuxedo Suite (31) and CuffDiff was used to detect differen-
tial expression.

Genomic DNA extraction, IlluminaMethylation BeadChip
EPIC (850k) array, and downstream DNA methylation
analysis

Genomic DNA was extracted by proteinase K digestion fol-
lowed by phenol:chloroform extraction. DNA concentra-
tion was estimated using PicoGreen and 500 ng was bisul-
fite treated and analyzed on the IlluminaMethylation Bead-
Chip EPIC array (850K). Downstream processing was per-
formed using the R bioconductor package ‘minfi’. Probes
with a detection P-value <0.05 were removed from further
analysis. Methylation changes post-ZBTB24 knockdown
were estimated by comparing beta values in the shZBTB24
samples to the shNT control samples, and a change of
|��| >0.08 was considered to be significantly differen-
tially methylated. Differential methylation in the HCT116
DNMT3BKO system was determined by comparison with
the HCT116 parental cells, and a threshold of |��| >0.2
was used to define significantly differentially methylated
probes. Probes were annotated using defined annotations
provided by Illumina. Data representation was performed
using packages in R.

Recombinant GST protein production and purification

The ZBTB24 zinc finger region-GST construct was trans-
formed into BL21(DE3) competent cells. A single colony
was cultured overnight at 37◦C in 5 ml of LB-ampicillin (100
�g/ml). 500 �l of the pre-culture was then added to 500 ml
of LB-ampicillin broth supplemented with 1 mM ZnCl2 and
cultured at 37◦C, 200 rpm. Once the OD600 reached 0.6–
0.8 absorbance units, IPTG was added to a final concentra-
tion of 0.1 mM and induction was continued for 4 hours.
Bacterial cells were pelleted at 8000 rpm and washed with
ice cold PBS-20% glycerol. The pellet was resuspended in
30 ml sonication buffer (20 mM Tris–HCl pH 7.5, 100 mM
NaCl, 0.1% deoxycholic acid, 100 mM ZnCl2, 1 mM DTT,
protease inhibitors), and sonicated on ice using a Branson
soniocator at 50% power and an output of 45 for 5 cycles
(10 s on/ 1 min off). Bacterial debris was pelleted at 10 000
rpm for 10 min, and the supernatant was incubated with
300 �l of pre-washed gluththione-sepharose resin for 6 h
at 4◦C. Bound protein was washed with wash buffer (200
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mM Tris–HCl pH 7.5, 100 mM NaCl, 0.1% deoxycholic
acid, 100 mM ZnCl2, 1 mM DTT). Protein was eluted with
freshly prepared elution buffer (50 mM Tris pH 8.0, 10 mM
reduced glutathione). Integrity of the purified protein was
monitored by SDS-PAGE gel and staining with Commassie
Brilliant Blue.

Electrophoretic mobility shift assay (EMSA)

EMSA conditions were adapted from (32) and EMSA was
performed using double-stranded DNA oligonucleotides
labelled with IR700 (top strand only) designed based on
promoter sequences containing the ZBTB24 motif and
bound by ZBTB24. Purified recombinant protein was in-
cubated with labelled oligonucleotides in binding buffer (8
mM HEPES pH 7.9, 80 �M EDTA, 50 mM KCl, 8% glyc-
erol, 40 �g/mL BSA, 10 �M ZnCl2, 10 �g/ml poly(dI-dC),
and 0.2 mM DTT) for 30 min in the dark, at room temper-
ature. Samples were then resolved on a 5% non-denaturing
PAGE gel in 1× TBE run at a constant voltage of 100 V
for 1.5 h. In-gel detection was performed using the LiCor
system using the manufacturer’s protocol. For qualitative
competition assays, unlabeled double stranded probes were
used in increasing concentrations in identical conditions as
described above.

Luciferase assay

HEK293T cells were co-transfected with the indicated
ZBTB24 constructs and pG5-luc or pZBTB24 Motif-luc.
Forty-eight hours after transfection, cells were lysed using
the Promega-Dual-Luciferase Reporter Assay System Kit
(E1960) and luciferase activity was measured using a ‘Flu-
ostar Omega’ plate reader, using the manufacturers’ recom-
mended protocol. A more detailed description is provided
under the Supplemental Experimental Procedures.

ENCODE datasets

Raw bam files corresponding to HCT116-specific chro-
matin marks mapped by ChIP-seq were downloaded from
the ENCODE data base. Samples used in our analysis are
listed in Supplementary Table S2.

RESULTS

ZBTB24 is a ubiquitously expressed nuclear protein

Since one of the defining features of ICF syndrome is an
immunological defect, we postulated that ZBTB24 is se-
lectively expressed in immune cells, along with DNMT3B,
CDCA7, and HELLS. Quantitative RT-PCR analysis
across a panel of normal human tissues and cancer cell-
lines of diverse cellular origin, however, show that ZBTB24
is ubiquitously expressed (Supplementary Figure S1A–C),
an observation supported by previous findings from De-
Greef et al. (33). The other three ICF factors are also ubiq-
uitously expressed (Supplementary Figure S1A–C). RNA-
seq counts from a diverse group of cell lines and tissues
also show that ZBTB24 expression is not restricted to cells
or tissues of immune origin (Supplementary Figure S1D–
E). This led us to further question whether ZBTB24 par-
ticipated more broadly in molecular mechanisms central to

cellular or organismal homeostasis. To decipher ZBTB24-
regulated mechanisms and identify its targets throughout
the genome, we turned to the well characterized colorectal
cancer cell line HCT116 as our model system to character-
ize ZBTB24, and determine whether a functional interplay
exists between DNMT3B and ZBTB24.

Due to the lack of a suitable ChIP-seq-compatible
ZBTB24 antibody, we created stable cell lines ectopically
expressing FLAG-tagged ZBTB24. FLAG-ZBTB24 was in-
troduced into cells via lentiviral-mediated transduction, af-
ter which cells were subjected to puromycin selection and
single-cell colonies isolated by limiting dilution. Colonies
were screened by western blot and immunofluorescence,
and three independent clones were selected for further
study. Western blotting of the three clones shows expres-
sion of FLAG-ZBTB24 at levels similar to endogenous
ZBTB24 (Figure 1A and Supplementary Figure S2A–B).
FLAG-ZBTB24 in all three clones localizes exclusively to
the nucleus, which is demarcated by Hoechst staining, and
forms punctate foci (Figure 1B and Supplementary Figure
S2C) typical of transcription factors and other nuclear fac-
tors (34). To identify ZBTB24 transcriptional targets, we
mapped its binding sites across the HCT116 genome by
ChIP-seq.

ZBTB24 is enriched at active promoters and enhancers

The three clones expressing FLAG-ZBTB24 were indepen-
dently subjected to ChIP using anti-FLAG-M2 beads, fol-
lowed by next-generation sequencing. Inputs for each of
the clones were also sequenced, and served as normal-
ization controls during peak calling. We also generated
and isolated two single cell HCT116 clones expressing the
FLAG-tag only, and along with their corresponding in-
puts, subjected them to ChIP-seq to identify genomic loci
bound non-specifically by the FLAG-tag only. These peaks
were deemed noise or FLAG-only background, and re-
moved from peaks identified in FLAG-ZBTB24 express-
ing clones. As shown in Figure 1C, the three HCT116
FLAG-ZBTB24 clones show a high degree of correlation
for ZBTB24 binding. Through comparative analysis be-
tween the three clones, we selected peaks that overlapped
between at least two of the three clones, and merged the re-
sulting peaks to give a final list of 6173 genomic loci bound
by ZBTB24 (Supplementary Table S1). Supplementary Ta-
ble S2 lists details from the sequencing and mapping and
Supplementary Table S3 lists the number of peaks called by
MACS2 for each of the clones subjected to ChIP-seq, and
the total number of peaks before and after noise (FLAG
background) correction.

To identify genomic features bound by ZBTB24, ChIP-
seq peaks were annotated to the hg19 genome using
HOMER. As indicated in Figure 1D–E, ZBTB24 is en-
riched upstream of the transcription start site (TSS) of
genes, specifically at promoters with high CpG content
(full list of promoters provided in Supplementary Table
S4). ZBTB24 is also enriched in regions encoding certain
classes of non-coding RNA genes. To define the histone
marks that co-localize with ZBTB24 binding, we used the
HCT116-specific histone modifications from the ENCODE
database (Figure 1F and Supplementary Table S5) and cen-
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Figure 1. Genome-wide binding properties of ZBTB24. (A) Western blot of a representative single cell clone of HCT116 ectopically expressing FLAG-
ZBTB24 (FL-ZB). The migration of endogenous (‘Endo’) and ectopic ZBTB24 (‘FLAG’) is noted. The antibody recognizes a non-specific band (denoted
by *) just below the band corresponding to endogenous ZBTB24. (B) Representative immunofluorescence microscopy image showing that FLAG-ZBTB24
localizes to the nucleus, defined by Hoechst staining, and forms punctate foci typical of transcription factors. Scale bar corresponds to 10 microns. The
same HCT116 cell clone is used in parts A and B. (C) Three independent single-cell clones (ZBTB24–5, −7 and −11) expressing FLAG-ZBTB24 were used
to perform ChIP with anti-FLAG-M2 beads, followed by deep sequencing. Scatterplots show genome-wide correlation of ZBTB24 binding between the
independent clones, calculated based on log2-transformed read counts across the entire genome divided into windows of 1kb (number of bins = 1,048,575).
The Pearson correlation for each pairwise comparison is shown. (D) Enrichment of FLAG-ZBTB24 peaks across different genomic features depicted as
log2-fold enrichment. Peaks overlapping between the three independent FLAG-ZBTB24 clones were merged and annotated to the hg19 genome, and
enrichment at specific genomic features was calculated using HOMER. (E) Average ZBTB24 binding profile across Refseq genes sub-classified based on
their CpG content (HCP-high, ICP-intermediate, LCP-low, left panel), and at CpG islands (based on their location relative to genes, right panel), is shown
as the log2-fold enrichment over input. (F) Heatmap of histone marks specific to HCT116 (obtained from the ENCODE database) centered on ZBTB24
peaks subjected to k-means clustering, divides the 6173 ZBTB24 peaks into five clusters, each co-localizing with a distinct set of histone marks. The average
expression and methylation levels of loci within individual clusters are shown as box-plots at the right. The five bars within the boxplots correspond to
the heatmap clusters and are depicted as unique, matching colors. Methylation and expression levels were profiled in HCT116 parental cells using the
IlluminaMethylation BeadChip EPIC (850k) array and RNA-seq, respectively. (G) ChromHMM modeling to define links between ZBTB24-bound loci
and genome/epigenome features. The genome is divided into ten states of distinct activity or property based on co-localization of histone marks and the
enrichment of ZBTB24 binding within each of these states (depicted as fold enrichment). Enrichment of different classes of enhancer, intergenic, and
repetitive elements is illustrated as accompanying bar charts at the right.
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tered them on ZBTB24 peaks. K-means clustering groups
ZBTB24 target loci into distinct chromatin environments,
as shown in the heatmap in Figure 1F (and Supplemen-
tary Figure S2D). The relative expression and DNA methy-
lation levels associated with each category is illustrated at
the right. DNA methylation and expression levels were pro-
filed in HCT116 parental cells using the IlluminaMethyla-
tion BeadChip EPIC (850k) array and RNA-seq, respec-
tively. In Figure 1F, clusters 1 and 2 co-localize with marks
of active transcription (based on presence of the active pro-
moter mark, H3K4me3, and the active gene body marks,
H3K79me2 and H3K36me3 (35,36)), whereas cluster 3 co-
localizes with features characteristic of enhancers (based
on presence of the enhancer specific marks––H3K4me1,
H3K4me2 and H3K27ac, along with the absence of his-
tone marks characteristic of transcribing gene bodies (35)).
These three clusters are associated with low levels of DNA
methylation and high expression. To define additional chro-
matin features underlying ZBTB24-bound loci, we used
ChromHMM (36) to divide the genome into ten states
with functionally distinct activities. The fold enrichment
of ZBTB24 within each of these states was determined.
As shown in Figure 1G, ZBTB24 is enriched at states 1,
2 and 3, corresponding to promoters of actively transcribed
genes and enhancers. Further classification of promoters
into distinct groups based on activity, CpG content, and
expression status shows that ZBTB24 preferentially binds
H3K4me3-marked promoters of highly transcribed genes
with high CpG content (Figure 2A, Supplementary Figure
S3A). We also categorized enhancer elements based on their
genomic location into promoter-associated, intra- and in-
tergenic, and into active, poised, or repressed based on es-
tablished definitions (35). As shown in the top- and bottom-
most group of panels in Figure 2B and Supplementary Fig-
ure S3B, ZBTB24 is enriched at promoter-associated and in-
tergenic enhancers that are either active or primed, and rel-
atively depleted from enhancers associated with gene bod-
ies. Promoters of the CDCA7 and OSTC genes, for ex-
ample, are highly enriched for ZBTB24 binding (Supple-
mentary Table S4), as reported previously (23). Addition-
ally, ZBTB24 is enriched at the CDC40 gene, one of its re-
ported transcriptional targets (that was not examined for di-
rect ZBTB24 binding previously (23)). Our study also iden-
tifies the promoters of ARID5B, a transcriptional cofac-
tor of SOX9 that drives chondrogenesis (37) and polymor-
phisms in which are associated with risk for lymphoblastic
leukemia (38–40), HOXB7, an established master regulator
of proliferation and osteogenesis (41), RNF169, an E3 ubiq-
uitin ligase negatively regulating the ubiquitin-mediated
DNA double-strand break response involving 53BP1 (42),
CAMKMT, a lysine methyltransferase regulating calmod-
ulin and calcium-mediated cell signaling (43), and AXIN2, a
mediator of the TGF� pathway involved in directing diverse
developmental programs (44), as ZBTB24 targets. A com-
plete list of ZBTB24 target promoters is provided in Sup-
plementary Table S4. Ingenuity Pathway Analysis (IPA) for
genes with ZBTB24 bound at their promoter shows enrich-
ment for functions in diverse cellular pathways, like amino
acid metabolism, oxidative stress response, telomere func-
tion, apoptosis, and differentiation (Supplementary Figure

S3C), suggesting ZBTB24 functions are not restricted to im-
mune cell-related processes.

A subset of ZBTB24 peaks co-localize with repressive chro-
matin domains

While the majority of ZBTB24 peaks co-localize with ac-
tive histone marks, a subset co-localize with repressive
H3K27me3- and H3K9me3-containing regions, as depicted
by the heatmaps in Figure 1F and Supplementary Figure
S2D. This observation suggests that ZBTB24 plays a role in
organizing and maintaining repressive chromatin domains,
which is consistent with another defining phenotype of ICF
syndrome patients, loss of H3K9me3-rich pericentromeric
heterochromatin organization. The ChromHMM model in
Figure 1G also reveals that ZBTB24 is not only enriched at
promoters of actively transcribed genes and at poised en-
hancers, but also co-localizes with CTCF and RAD21 (of
the cohesin complex), two factors contributing to the orga-
nization and maintenance of boundaries at topologically as-
sociated domains (TADs) (45). This association with CTCF
and RAD21 is also depicted in the heatmaps in Figure 1F
and Supplementary Figure S2D, albeit at a lower intensity
compared to its enrichment at promoters.

ZBTB24 recognizes the DNA sequence motif AGGTCCTG-
GCAG within its target regions

De novo motif discovery by HOMER using all ZBTB24
ChIP-seq peaks identified the sequence AGGTCCTG-
GCAG as the primary recognition motif (P-value 1e-867),
occurring in 30.78% of ZBTB24 peaks, and with 72% of
the ZBTB24-bound promoters containing this motif (Fig-
ure 2C). The ZBTB24 recognition motif occurs in many
genomic features, but is most abundant in promoters and
intragenic regions like exons (Figure 2D). However, use of
ChromHMM reveals that ZBTB24 binding is enriched at
its motif only within promoters associated with active his-
tone marks; no enrichment is observed at its motif when as-
sociated with repressive histone modifications (Figure 2E),
suggesting these marks serve as pre-requisites for ZBTB24
binding at its recognition motif. The putative ZBTB24 bind-
ing motif shares similarity to motifs recognized by fac-
tors belonging to the nuclear receptor class, specifically ES-
SRA (estrogen-related receptor alpha, data not shown),
suggesting ZBTB24 functions as an intermediate in path-
ways regulated by nuclear receptors. Although the majority
of ZBTB24 peaks contain the AGGTCCTGGCAG motif
(with variation in nucleotide composition within the motif
indicated by the underlined positions, Figure 2C and Sup-
plementary Figure S3D), a small fraction of ZBTB24 target
sites contain motifs for known DNA binding factors (Sup-
plementary Figure S3D), including REST and GATA6,
which are central to developmental processes (46–49). Fig-
ure 2F–G illustrate representative ZBTB24 peaks and motif
positions, along with co-localization of select histone modi-
fications, at the promoters of the CDCA7 and CDC40 genes.

To independently confirm the ZBTB24 ChIP-seq binding
data and gain additional support that ZBTB24 indeed binds
the AGGTCCTGGCAG motif, we used ChIP coupled to
quantitative PCR (qPCR) to measure ZBTB24 binding at
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Figure 2. ZBTB24 is preferentially enriched at active promoters and enhancers. (A) Average ZBTB24 binding profile at promoters genome-wide, classified
based on co-localization with H3K4me3, H3K27me3, and activity status (active, repressed-‘Rep’, and bivalent-‘Biv’ domains), CpG content, and expression
level (high, medium, low). (B) ZBTB24 binding profile at enhancers classified as active, poised, and primed, based on co-localization with H3K4me1,
H3K27ac, and H3K27me3, and further sub-classified into promoter (prom), intergenic (inter), and gene body (body), based on the genomic feature they
are associated with. (C) Putative ZBTB24 DNA recognition motif identified using HOMER based on ChIP-seq. The pie chart shows the distribution of
ZBTB24 peaks within and outside promoters, and the adjacent bar charts show number of peaks within each category containing the indicated motif. (D)
Genome-wide occurrence of the ZBTB24 DNA binding motif from part C irrespective of ZBTB24 binding defined by ChIP-seq. (E) Enrichment of the
predicted ZBTB24 recognition motif across different states defined in the ChromHMM model from Figure 1G. ZBTB24 is bound at the predicted motif
in states marked by active, but not repressive histone marks. Representative browser views of the CDCA7 locus (F) and the WASF1/CDC40 locus (G) with
ZBTB24 binding in their promoter regions, as well as tracks for other relevant epigenetic marks.



Nucleic Acids Research, 2018, Vol. 46, No. 19 10041

10 promoter-ZBTB24 target loci (identified by ChIP-seq
and containing the top ZBTB24 binding motif discussed
above; a subset of those loci are listed in Supplementary
Figure S4A and represent the most ZBTB24-enriched pro-
moter loci defined by ChIP-seq) using primers flanking the
motif-containing region (Supplementary Figure S4B–C).
These 10 loci show robust enrichment of ZBTB24 by ChIP-
qPCR relative to HCT116 cells expressing the empty FLAG
control and relative to the GAPDH promoter that does
not contain ZBTB24 peaks or the motif (Supplementary
Figure S4C). Promoters of BEND7, APOL1, and MYO6
served as additional negative controls for ZBTB24 binding
(Supplementary Figure S4B). These three promoters con-
tain the ZBTB24 motif but were not recovered as ZBTB24
binding targets in ChIP-seq. Additionally, the LIN37 and
RDM1 promoters, which were recovered as binding tar-
gets in ChIP-seq (but do not contain the high-scoring DNA
motif) serve as additional positive controls. As is evident
from the ChIP-qPCR in Supplementary Figure S4C, these
latter two loci are associated with lower ZBTB24 enrich-
ment as compared to those containing the motif, but show
binding above background nonetheless. Since the ICF syn-
drome is associated with a defect in B-cell function, we
examined ZBTB24 binding at its motif-containing regions
within these promoters in B-cells. ChIP for endogenous
ZBTB24 was performed using three B-cell lines and in
parental HCT116 cells without ectopic FLAG-ZBTB24 ex-
pression, followed by qPCR at the same regions tested in
Supplementary Figure S4B. In general, ZBTB24 targets
identified by FLAG-ChIP-seq in HCT116 cells are also pos-
itive for endogenous ZBTB24 binding across the three B
cell lines and parental HCT116 cells (Supplementary Fig-
ure S4C–D). Overall this data shows that ZBTB24 binding
targets identified by FLAG ChIP-seq are conserved across
cell types, suggestive of a functional role of ZBTB24 not re-
stricted to immune cells.

We further validated the ZBTB24 motif using elec-
trophoretic mobility shift assays (EMSA). The yield and
purity of full-length ZBTB24 was poor as a GST-fusion
protein in Escherichia coli (not shown), therefore we ex-
pressed and purified a region of the protein corresponding
to its eight zinc-fingers (a.a 294–512). Supplementary Fig-
ure S4E shows the purity of the recombinant ZBTB24 zinc
finger domain. Using promoter regions from three ZBTB24
target genes, CAMKMT, OSTC and CDCA7, we designed
IR700 labelled oligonucleotides containing the motif. The
GAPDH promoter, and a region of the CDCA7 promoter
distant from the ZBTB24 motif region, served as nega-
tive controls. As shown in Figure 3A and the top two
panels of Supplementary Figure S4F, incubation with in-
creasing amounts of the purified GST-ZBTB24 zinc fin-
ger domain shifted the free probe, indicating binding by
the recombinant protein. No shift was observed with the
GAPDH and CDCA7 promoter sequences not contain-
ing the ZBTB24 motif (Supplementary Figure S4F, bottom
two panels). We also performed competition assays with
unlabeled wild-type and mutant probes corresponding to
the oligonucleotides designed using the CAMKMT pro-
moter (Figure 3B). Increasing concentration of the unla-
belled wild-type, but not the mutant probes effectively re-
duced binding of the ZBTB24 zinc finger domain to the la-

beled oligonucleotides (Figure 3C) demonstrating that the
zinc-finger region recognizes the motif overrepresented in
our ZBTB24 ChIP-seq peaks.

To examine the ability of the identified ZBTB24 bind-
ing motif to modulate expression in a ZBTB24-dependent
manner, we cloned it upstream of the luciferase gene (as
five copies in tandem) and tested the ability of ectopi-
cally expressed ZBTB24 to modulate luciferase activity in
HEK293T cells. The ZBTB24 DNA motif-containing lu-
ciferase vector was co-transfected with increasing amounts
of a control empty expression plasmid (used to normal-
ize for transfection efficiency and plasmid DNA content),
or increasing amounts of a full-length wild-type form of
ZBTB24 (ZB-L, Supplementary Figure S4G) containing
all eight zinc fingers. A naturally occurring splice variant
of ZBTB24 (ZB-S, Genbank KJ892863.1, Supplementary
Figure S4G), which lacks all but one of the zinc fingers, is
used as a reference since it is predicted to lack DNA bind-
ing activity. As shown in Supplementary Figure S4H, full-
length ZBTB24 robustly induces reporter gene activity, but
the shorter isoform lacking seven fingers shows reduced ac-
tivation, indicating that ZBTB24 is capable of binding the
AGGTCCTGGCAG motif to activate transcription, and
that the zinc fingers are critical for this activity.

ZBTB24 activates and represses transcription

To determine the effect of ZBTB24 binding on its target loci
in cells, we employed a loss-of-function approach and stud-
ied the downstream effect of shRNA-mediated ZBTB24 de-
pletion on gene expression in HCT116 cells using RNA-seq.
ZBTB24 is effectively depleted in HCT116 cells at the RNA
level and even more so at the protein level (Figure 4A). Cells
transduced with a non-targeting shRNA (shNT), served as
control. Both shNT and shZBTB24 transfected cells were
subjected to RNA-seq in triplicate. Genes showing a 1.5-
fold or greater change at P-value <0.05 were considered
to be differentially regulated upon knockdown of ZBTB24.
Comparable numbers of genes are up- and down-regulated
after ZBTB24 knockdown, as summarized in the volcano
plot in Figure 4B, suggesting ZBTB24 functions as both a
transcriptional activator and a repressor, depending on con-
text. To identify direct versus indirect ZBTB24 transcrip-
tional targets, we mapped ZBTB24 binding within promot-
ers or gene bodies of the differentially regulated genes (Fig-
ure 4C–D). One hundred forty six of the 1091 up-regulated
genes (hypergeometric probability P-value 1.51e–44) and
162 out of the 852 down-regulated genes (hypergeomet-
ric probability P-value 1.41e–44) are bound by ZBTB24
(Figure 4C). In addition, while a large fraction of dereg-
ulated genes contain the predicted ZBTB24 binding motif
(1160 out of the 1943 deregulated genes), only a fraction of
these show ZBTB24 binding by ChIP-seq, suggesting the
involvement of additional factors mediating the function of
ZBTB24 or limitations in the ability of ChIP-seq to capture
all ZBTB24-bound regions (Figure 4C–D). In addition to
regulating genes undergoing active transcription, ZBTB24
also targets silenced regions (states 8 and 9, Figure 4D), and
regions coordinated by CTCF and RAD21 (state 10, Figure
4D).
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Figure 3. The C2H2 zinc finger region of ZBTB24 recognizes the consensus DNA motif AGGTCCTGGCAG. (A) Electrophoretic mobility shift assay
(EMSA) performed with recombinant GST-tagged zinc-finger region of ZBTB24 (a.a 294–512) on the consensus DNA motif present within the CAMKMT
promoter. Native PAGE gel showing electrophoretic mobility shift of labelled probe upon incubation with increasing amounts of the recombinant protein,
indicative of binding. Lane 1 represents the negative control with no recombinant protein added. Lanes 2, 3, 4 and 5 had 4, 8, 16 and 20 �g of recombinant
protein added, respectively. (B) Position of the ZBTB24 ChIP-seq peak (bottom), EMSA oligonucleotide (red arrowhead) within the CAMKMT promoter,
and the sequence of the oligonucleotide (top), both wt and mutant forms, used in the competition assays. The consensus motif is underlined and colors of
the bases are adapted from the sequence logo in Figure 2C. Mutations at bases within the motif are indicated in black. (C) Competition EMSA performed
with varying concentrations of unlabelled wt (second panel) or mutant oligonucleotides (third and fourth panels-mut1/2) in the presence of a fixed amount
of wt labelled probe and recombinant protein (4 �g). Competition with unlabelled probe corresponding to the GAPDH promoter serves as a control in
the competition assays. Lanes 1, 2, 3 and 4 correspond to addition of unlabelled probe at concentrations of 4×, 10×, 20× and 200× of the labelled probe,
respectively. Negative and positive controls for the EMSA itself, were labeled probe with or without recombinant ZBTB24 added respectively, and without
addition of unlabeled competitor probe (first panel).

We then examined whether genes showing differential ex-
pression upon ZBTB24 depletion showed an inversely regu-
lated pattern of expression in the single-cell clones express-
ing FLAG-ZBTB24 ectopically (i.e. up-regulation with
ZBTB24 knockdown and down-regulation by ZBTB24 ec-
topic expression or vice versa). Expression patterns of
the FLAG-ZBTB24 clones used in ChIP-seq were pro-
filed by RNA-seq, the FLAG-empty clones served as
controls. Expression of 350 genes is commonly altered
in the ZBTB24 knockdown and the FLAG-ZBTB24 ec-
topic expression system. Out of these, 144 genes are up-
regulated upon ZBTB24 knockdown and down-regulated
in the FLAG-ZBTB24 expression system, suggesting these
loci are targeted for repression by ZBTB24. On the other
hand, 87 genes are down-regulated upon ZBTB24 knock-
down and up-regulated in the FLAG-ZBTB24-expressing
cells, suggesting ZBTB24 acts as a transcriptional acti-
vator at these loci (Figure 4E). Genes differentially reg-
ulated in the ZBTB24 knockdown system are enriched
for functions related to protein ubiquitination, adipoge-
nesis, interferon signaling, and regulation of cell growth
and cell death (Figure 4F). Of particular interest is the
involvement of ZBTB24 transcriptional targets in path-
ways regulated by the vitamin D and retinoid X receptors
(VDR/RXR), and the interferon regulatory transcription
factor (IRF) family. IPA analysis predicts that the transcrip-

tion factors IRF3/IRF5/IRF7, which share overlapping
and distinct functions in regulating the type I interferon re-
sponse (50,51), are targeted for activation in the absence of
ZBTB24, while TRIM24, a cofactor coordinating with hor-
mone receptors to drive proliferation (52) and negatively
regulating the interferon response (53), is predicted to be in-
hibited (Figure 4G). These findings therefore highlight a po-
tential role for ZBTB24 in regulating the immune response
and cell proliferation induced by the action of nuclear hor-
mone receptors. We tested the transcriptional changes in-
duced by ZBTB24 depletion at eight loci directly bound by
ZBTB24 at their promoters (Figure 4H and Supplementary
Figure S5A, top panel). In addition to CDCA7, a reported
target of ZBTB24 (Supplementary Figure S5A), AXIN2,
a negative regulator of beta-catenin (44), and OSTC, en-
coding a subunit of the mammalian oligosaccharyltrans-
ferase complex (54), are transcriptionally downregulated
upon ZBTB24 depletion, suggesting ZBTB24 binding at the
promoters of these genes targets them for transcriptional
activation (Figure 4H, top). ZBTB24 long-form, contain-
ing all eight zinc-fingers, but not the short-form lacking
all but one finger, efficiently rescues knockdown-induced
downregulation at these three loci (Figure 4H and Supple-
mentary Figure S5A, bottom panels). This suggests that the
C-terminal zinc finger containing region of ZBTB24 is es-
sential for transcriptional activation of its target loci. On the
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Figure 4. Transcriptional consequences of ZBTB24 binding at its target loci. (A) Western blot and qRT-PCR showing the extent of shRNA-mediated acute
knockdown of ZBTB24 expression in HCT116 cells. (B) Volcano plot of differentially expressed genes upon ZBTB24 knockdown. Genes showing a 0.5
log2-fold change over the non-targeting shRNA control (shNT) at P-value <0.05 were considered differentially regulated ZBTB24 targets. (C) Fraction
of genes transcriptionally regulated and bound by ZBTB24 (by ChIP-seq, upper pie charts) and the fraction of genes containing the predicted ZBTB24
recognition motif (lower pie charts). One hundred forty six out of the total 1091 genes upregulated upon ZBTB24 knockdown contain ZBTB24 peaks (P
value = 1.51e–44), whereas 602 genes contain the ZBTB24 predicted motif (P value = 3.56e–181). In comparison, 162 out of the 852 downregulated genes
contain a ZBTB24 peak (P-value = 1.41e–71) and 558 genes contain the ZBTB24 recognition motif (P value = 2.17e–143). (D) Co-enrichment of genes
containing the ZBTB24 recognition motif, directly bound by ZBTB24, and up- or down-regulated upon ZBTB24 shRNA knockdown, at each state defined
by ChromHMM. ZBTB24 transcriptionally regulates actively transcribed, as well as silenced regions of the genome. (E) Inverse correlation between genes
differentially expressed upon both ZBTB24 knockdown and ectopic expression of FLAG-ZBTB24 in HCT116 cells. The color scale (counts) depicts number
of genes showing the same degree of correlation. (F) Molecular pathways regulated by ZBTB24 transcriptional targets. (G) Upstream regulators of ZBTB24
transcriptional targets identified by Ingenuity Pathway Analysis. (H) Transcriptional changes at select ZBTB24 promoter-bound loci upon knockdown of
ZBTB24 (top panel), and the ability of ectopically expressed Xpress-tagged ZBTB24 isoforms to rescue the transcriptional change induced by ZBTB24
shRNA-mediated depletion (bottom panel), assayed by qRT-PCR. Transcript levels are an average of triplicate measures, normalized to transcript levels
of the housekeeping gene RPL30, and represented as a fold-change over a control non-targeting shRNA (shNT) or empty Xpress-only control vector
transfection in the knockdown and rescue experiments, respectively. Student’s t-test is used for statistical comparison and P < 0.05 is considered significant
and represented with as asterisk; P > 0.05 is represented as ns (not significant).
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other hand, RNF169, CAMKMT (Figure 4H), and to some
extent ZNF451 (Supplementary Figure S5A), are activated
upon ZBTB24 depletion, demonstrating that they are tar-
geted for transcriptional repression by ZBTB24 promoter
binding. Re-expression of both isoforms of ZBTB24 results
in reduced transcript levels of these three loci, suggesting the
N-terminal region of ZBTB24 is essential for its repressive
function. All genes tested in the rescue studies contained
the ZBTB24 recognition motif. The ability of both ZBTB24
isoforms to rescue transcriptional activation of CAMKMT
and RNF169 induced by ZBTB24 depletion, suggests that
ZBTB24 may be recruited to these promoters via interme-
diary factors independent of its zinc fingers. ARID5B and
CDC40, two of the loci directly bound by ZBTB24 at their
promoters, did not show a clear and opposite transcrip-
tional change upon ZBTB24 depletion and re-expression
of the two ZBTB24 isoforms, indicating that they are less
sensitive to ZBTB24 binding or that other factors compen-
sate in HCT116 cells. Given the interplay between ZBTB24
and CDCA7 shown here and (23), two known ICF genes,
we more closely examined whether DNMT3B itself could
be a transcriptional target of ZBTB24. As shown in Sup-
plementary Figure S5B, although the DNMT3B promoter
contains the active histone mark H3K4me3 in HCT116
cells, it is devoid of a ZBTB24 peak and does not con-
tain the high scoring ZBTB24 DNA binding motif within
its promoter (Supplementary Figure S5B). Additionally,
ZBTB24 depletion (Supplementary Figure S5C, top panel)
does not impact DNMT3B expression (Supplementary Fig-
ure S5C, bottom panel), suggesting ZBTB24 does not con-
trol DNMT3B expression, at least at the transcriptional
level.

We independently examined the transcriptional activity
of ZBTB24 by fusing it to the GAL4 DNA binding do-
main (GAL4-DBD) and co-transfecting it with a luciferase
reporter gene driven by five GAL4 DNA binding sites (Sup-
plementary Figure S5D). In this system, GAL4-ZBTB24
robustly induces luciferase activity showing that, at least in
this context, it inherently acts as a transcriptional activa-
tor. Truncation of the zinc-fingers and the C-terminal re-
gion of ZBTB24 in the short isoform, fails to induce re-
porter activity, suggesting that the C-terminus contributes
to the transcriptional activation potential of ZBTB24 since,
in this system, it is being recruited to the reporter via the
GAL4-DBD rather than its own zinc fingers (Supplemen-
tary Figures S4H and S5D).

Loss of ZBTB24 results in genome-wide DNA hypomethyla-
tion, preferentially within gene bodies

Since the BTB-POZ family members ZBTB4, ZBTB33,
and ZBTB38 bind to or ‘read’ DNA methylation (55–57),
and ICF2 patients with ZBTB24 mutations display de-
fects in DNA methylation (16), we examined the involve-
ment of ZBTB24 in regulating DNA methylation. We as-
sayed for 5mC changes in HCT116 cells resulting from
ZBTB24 depletion, using the Illumina Infinium Methyla-
tionEpic BeadChip Array (or ‘850k’ array, interrogating
approximately 850,000 CpGs across all human genes and
some intragenic regulatory regions). DNA methylation pat-
terns in both control (shNT) and ZBTB24 shRNA knock-

down (shZB) cells were profiled in three and two biologi-
cal replicates, respectively. To detect changes post-ZBTB24
depletion, 5mC levels (detected as beta values-�) at each
CpG in each of the knockdown samples were normalized
to the levels in shNT control cells (5mC levels at each probe
in the control cells were averaged before normalization).
The resulting delta beta value (��) represents the degree
to which 5mC levels are affected by acute ZBTB24 knock-
down. Significant differentially methylated sites are defined
as CpGs showing a �� greater than 0.08 (hypermethy-
lated) or <0.08 (hypomethylated). A normalized genomic
distribution of the resulting 32,827 differentially methy-
lated CpGs (Figure 5A) shows there is an overall trend to-
ward genome-wide hypomethylation in ZBTB24-depleted
HCT116 cells. A heatmap of beta values corresponding to
differentially methylated CpG sites in the three controls and
the two knockdown samples, segregated by their associ-
ated genomic feature, shows clear clustering of control and
ZBTB24 knockdown conditions (Figure 5B). As shown in
the bar chart (Figure 5A), the majority of hypomethyla-
tion events are localized to gene bodies (which are typi-
cally highly methylated (10,11)), suggesting that the absence
of ZBTB24 reduces fidelity and/or recruitment of DNA
methyltransferases to these loci. Using DNA immunopre-
cipitation (DIP) with an antibody specific to 5mC, coupled
with qPCR, we confirmed hypomethylation resulting from
ZBTB24 depletion at gene bodies, as compared to the 5mC
levels in the control cells. (Supplementary Figure S5E). The
efficiency of the pulldown of this previously validated an-
tibody (6,58,59) was monitored by using spike-in controls,
and is shown in Supplementary Figure S5F.

We next examined relationships between DNA methyla-
tion and expression. Since 5mC at promoters and gene bod-
ies has distinct effects on transcription, we segregated genes
showing differential methylation after ZBTB24 knock-
down by feature, and compared their expression levels
(determined by RNA-seq). Figure 5C shows overlap of
methylation and expression changes and Figure 5D shows
the correlation between promoter and gene-body hyper-
/hypomethylation, and gene expression with ZBTB24 de-
pletion. The greatest number of promoter-associated 5mC
changes are indeed linked to elevated expression of the as-
sociated gene (Figure 5D, upper left quadrant). The general
trend toward genomic hypomethylation is also observed in
gene bodies, where it correlates comparably with expression
changes in both directions, possibly indicating more com-
plex interactions are occurring within bodies, such as in-
tragenic enhancer modulation or changes in DNA hydrox-
ymethylation (which is not detected independent of 5mC
with this technique).

To integrate ZBTB24 binding patterns (from ChIP-seq)
with effects on DNA methylation and transcription me-
diated by ZBTB24 shRNA depletion, we made use of
ChromHMM. The top-most panel in Figure 5E shows
changes in 5mC occurring within each state with ZBTB24
depletion. Changes are depicted as box-plots of �� values
of significantly differentially methylated CpG sites associ-
ated with each state. Similarly, changes in expression re-
sulting from ZBTB24 depletion are presented in the mid-
dle panel. The bottom-most ChromHMM panel shows the
histone marks co-localizing at each chromatin state and
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Figure 5. Changes in DNA methylation resulting from ZBTB24 depletion. (A) Distribution of DNA methylation changes occurring across genomic features
after shRNA-mediated ZBTB24 depletion in HCT116 cells assayed by the Infinium MethylationEpic BeadChip 850k array. Differentially methylated
CpGs are defined as sites showing a change (��) of >|0.08| compared to shNT cells. (B) Heatmap of differentially methylated CpG sites segregated
based on their associated genomic feature, shows distinct clustering of the control (shNT) and ZBTB24 knockdown (shZB) replicates. (C) Proportion
of genes associated with changes in DNA methylation post-ZBTB24 depletion, also showing changes in expression, represented as stacked bar charts.
Genes sustaining changes in DNA methylation and upregulation upon ZBTB24 depletion are depicted in blue, whereas genes undergoing changes in DNA
methylation and downregulation are depicted in red. (D) Hexbin plots illustrating the association between genes undergoing changes in DNA methylation
(�� cut-off = 0.08) at their promoters (top panel) or bodies (bottom panel), and their corresponding change in expression (log2-fold change cut-off =
|0.5|) upon ZBTB24 knockdown. Number of genes in each quadrant is indicated. (E) Changes in DNA methylation and expression resulting from ZBTB24
depletion within each chromatin state defined by ChromHMM. The top-most panel shows differential methylation (�� cut-off = 0.08) in HCT116 cells
upon ZBTB24 knockdown. The middle panel shows differential expression (log2-fold change cut-off = 0.5) upon ZBTB24 depletion. Colors of each bar
correspond to the chromatin states in the bottom panel labeled below.
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ZBTB24 binding by ChIP-seq within each state. State 1,
which corresponds to actively transcribed regions, is en-
riched for ZBTB24 binding and associated with low 5mC
and high transcription. Upon ZBTB24 knockdown, loci
within this state gain DNA methylation (red bar in up-
per boxplot in Figure 5E) and expression (red bar, mid-
dle panel), and may therefore represent direct ZBTB24 ge-
nomic targets. Since this state includes both promoter ele-
ments and 5′-ends of gene bodies (refer to Figure 1G for
entire model), the correlation between methylation and ex-
pression may be most representative of changes occurring
at gene bodies. States 5 and 6, which represent the 5′-end
of actively transcribed genes (defined by the presence of
H3K79me2 (60,61)) and the 3′-end of gene bodies (defined
by presence of H3K36me3/absence of H3K79me2 (60,61)),
respectively, are also associated with reduced 5mC and in-
creased transcription. Intragenic DNA methylation, as re-
ported previously, serves to represses spurious initiation of
transcription from alternative intragenic promoters (11).
Thus, our observation of intragenic hypomethylation and
increased transcription in states 5 and 6 could represent in-
creased spurious transcriptional events occurring in the ab-
sence of ZBTB24. Heterochromatic and silenced regions of
the genome, represented in states 7 and 9, are associated
with high levels of 5mC, which are reduced upon ZBTB24
knockdown, suggesting it plays a role in general mainte-
nance of the epigenome at these loci.

ZBTB24 and DNMT3B co-localize at different features of
the same gene and function to maintain intragenic DNA
methylation

Motivated by the observed genomic hypomethylation upon
ZBTB24 depletion, and by the similarity between the phe-
notypes of ICF1 and ICF2 patients in terms of the 5mC
defect, we examined whether ZBTB24 coordinated with
DNMT3B in maintaining DNA methylation at its target
loci. We first questioned whether the two factors shared ge-
nomic targets. Although we have previously used ChIP-seq
to map DNMT3B largely to actively transcribed gene bod-
ies (5), DNMT3B localization is not available in HCT116
cells. We therefore mapped DNMT3B binding in HCT116
cells using the same system used to map ZBTB24 (Supple-
mentary Figure S6A–C). Consistent with previous findings
(5,10), stable FLAG-DNMT3B1 expressing HCT116 cells
showed that DNMT3B is preferentially enriched at gene
bodies and is highly co-localized with H3K36me3 (Figure
6A–B, Supplementary Figure S6D–F), a marker of tran-
scriptional elongation (62,63). Due to the preference for
ZBTB24 to bind near the TSS, and for DNMT3B to bind
within gene bodies, it was not surprising that there were few
regions where the two factors co-localized. While ZBTB24
and DNMT3B did not co-bind the same feature, we did
observe an association of binding of the two factors. As
shown in Figure 6C, ZBTB24 is enriched at a subset of
DNMT3B peaks representing exons near to the 5′-ends of
genes, suggesting co-binding by both factors at the gene
level (Figure 6D). A total of 653 genes show ZBTB24 and
DNMT3B co-binding at their promoters and gene bod-
ies, respectively (Figure 6D-E), and functions of their as-

sociated gene products are enriched for cellular mainte-
nance, DNA repair, and telomere function (Figure 6F).
To identify the functional implication of gene level co-
binding, we compared RNA-seq and 850k 5mC data de-
rived from the shRNA depletion studies for ZBTB24 ef-
fects, and an isogenic DNMT3B knockout (KO) version
of HCT116 cells (25) for DNMT3B effects. The impact of
DNMT3B knockout on global DNA methylation and ex-
pression, relative to parental HCT116 cells, is summarized
in Supplementary Figure S6G–H. Co-bound genes are as-
sociated with a modest overall activation of transcription
with ZBTB24 depletion, and an average decrease in ex-
pression with DNMT3B depletion (from the DNMT3BKO
system, Figure 6G). These genes are associated with an
average loss of 5mC at both promoters and gene bodies
upon ZBTB24 depletion, whereas they show an average
gain in 5mC with DNMT3B loss (Figure 6H). The mod-
est gain in 5mC in DNMT3BKO HCT116 cells is consis-
tent with a previous report from our laboratory performed
using siRNA knockdown of DNMT3B in NCCIT cells,
and is likely due to elevated DNMT1 recruitment at sites
previously occupied by DNMT3B (6). The 653 co-bound
genes are divided equally into groups based on functional
directionality for both expression and methylation (data
not shown). This suggests the involvement of additional
co-repressor or co-activator complexes involved in mediat-
ing the transcriptional outcome of ZBTB24-DNMT3B in-
teraction at co-bound genes. The common outcome of an
absence of ZBTB24 or DNMT3B, however, is deregulated
DNA methylation within the bodies of co-bound genes,
which show the highest degree of correlation (Pearson’s cor-
relation coefficient of 0.55 between body 5mC (shZB) and
body 5mC (3BKO), Figure 6I), irrespective of the down-
stream consequence on transcription. This implicates the
combined activities of ZBTB24 and DNMT3B as being
essential for mediating proper DNA methylation within
the bodies of co-bound genes. Co-immunoprecipitation re-
actions in HEK293T cells demonstrate that ZBTB24 and
DNMT3B (but not DNMT1/DNMT3A, Supplementary
Figure S6I) interact, suggesting that regulation of the co-
bound genes results from interaction between the factors or
that ZBTB24 participates in loading DNMT3B onto select
gene bodies. We tested the latter idea by performing ChIP
with FLAG antibody, coupled with qPCR after deplet-
ing endogenous ZBTB24 in one of the FLAG-DNMT3B
expression lines used previously in ChIP-seq. The west-
ern blot in Supplementary Figure S6J shows effective de-
pletion of ZBTB24 in the FLAG-DNMT3B-expressing
HCT116 clone. As compared to control cells, shRNA me-
diated ZBTB24 depletion results in a modest reduction of
DNMT3B occupancy within gene bodies of a subset of the
commonly bound genes (Supplementary Figure S6K). We
also created HCT116 DNMT3BKO lines stably express-
ing FLAG-ZBTB24 or FLAG-only (Supplementary Figure
S6L). As shown in Supplementary Figure S6M, ZBTB24
remains bound at its target promoters even in the absence
of DNMT3B. This data suggests that ZBTB24 participates
in recruitement of DNMT3B to gene bodies of their com-
monly bound loci.
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Figure 6. ZBTB24 coordinates with DNMT3B to regulate gene body methylation. (A) Average DNMT3B and H3K36me3 binding profile across Refseq
genes shown as the log2-fold enrichment over input in HCT116 cells. (B) Enrichment of FLAG-DNMT3B merged peaks across different genomic features
of the hg19 genome calculated by HOMER and represented as log2-fold enrichment. (C) Average ZBTB24 binding profile plotted 5 kb upstream (+5.0)
and downstream (-5.0) of FLAG-DNMT3B ChIP-seq peaks, depicted as a heatmap (top panel) and tag-density plot (bottom panel). ‘Start’ and ‘End’
mark the coordinates of DNMT3B-peaks. H3K4me3 defines active promoters, H3K79me2+H3K36me3 indicates promoter adjacent exons, and presence
of H3K36me3-only labels gene bodies. (D) Schematic representation of co-binding by ZBTB24 and DNMT3B at a subset of loci in the genome. (E)
Quantification of co-bound genes and (F) functional pathways regulated by co-bound genes, determined by IPA. (G) Changes in expression and (H) DNA
methylation at ZBTB24-DNMT3B co-bound loci with loss of function of either factor. (I) Correlation plot relating changes in expression and changes
in methylation (segregated by genomic feature) in the HCT116 DNMT3BKO and ZBTB24 knockdown systems. 5mC changes occurring upon loss-of-
function of either factor, within gene bodies, shows the highest correlation (0.55, indicated with red box) suggesting a coordinated role of ZBTB24 and
DNMT3B in maintaining gene body DNA methylation.
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DISCUSSION

In this study, we investigated the biological role and tar-
geting of ZBTB24, a poorly characterized member of the
ZBTB protein family, in a well characterized cell model sys-
tem for which abundant epigenetic data is available. We map
ZBTB24 binding sites in the HCT116 genome and observe
its preferential enrichment at active chromatin. We also
identify a high confidence DNA recognition motif, which
is classified with motifs recognized by the nuclear recep-
tor class family of transcriptional regulators. Using a loss
of function approach, we identify ZBTB24 direct and indi-
rect transcriptional targets in HCT116 cells, which highlight
ZBTB24’s capacity to function as a transcriptional activa-
tor or a repressor. ZBTB24 transcriptionally regulates genes
related to a diverse group of molecular processes required
for maintenance of cellular homeostasis. We also investi-
gated the role of ZBTB24 in modulating DNA methylation
and demonstrate genome-wide hypomethylation resulting
from ZBTB24 acute depletion. A subset of the ZBTB24-
bound genes are co-bound by DNMT3B, implying a coor-
dinated mechanism between the two factors in regulating
DNA methylation at specific loci across the genome. This
rationale is supported by our observation that ZBTB24 and
DNMT3B interact, and that loss of either factor results
in deregulated DNA methylation within the bodies of co-
bound loci. Furthermore, depletion of ZBTB24 results in
reduced DNMT3B occupancy within the bodies of genes
cobound by the two factors, suggesting ZBTB24 partici-
pates in the recruitement of DNMT3B.

Previously, very little was known about the function of
ZBTB24. Since immunodeficiency is one of the major phe-
notypes of ICF syndrome patients, ZBTB24 was presumed
to function as a regulator of B-cell function. ShRNA de-
pletion of ZBTB24 in Burkitt’s B-lymphoma Raji cells in-
deed resulted in cell cycle defects, specifically at the G0/G1
to S phase transition, resulting from activation of IRF2
and BLIMP-1, known inhibitors of B-cell proliferation
(24). From studies performed in ES cells derived from
a Zbtb24 BTB-domain deleted mouse model, Wu et al.
showed that Cdca7 is a transcriptional target of Zbtb24 and
is activated by direct binding at the Cdca7 promoter (23).
Since ZBTB24 is ubiquitously expressed across cell-types
as shown here, we reasoned that its functions are unlikely
to be restricted to cells of the immune lineage, and thus the
use of HCT116 cells would identify ZBTB24’s broader role
in cellular homeostasis and transcription, and importantly
allow us to tap into the wealth of epigenetic information
available on HCT116 cells from public databases. ChIP-seq
enabled us to identify genes involved in metabolism, chro-
matin maintenance, and development, in addition to im-
mune function, as targets for ZBTB24 promoter binding.
ZBTB24 is bound at the promoters of several crucial regu-
lators of differentiation. HOXB7 for example, coordinates
with ER� to drive transcription of ER targets like HER2,
MYC and FOS (64) and is a master regulator of prolifera-
tion and osteogenesis (41). The classification of the ZBTB24
recognition motif as similar to that of the nuclear recep-
tor class, along with involvement of ZBTB24 transcrip-
tional targets in the VDR/RXR pathway, implies a role for
ZBTB24 in transcriptional regulation via nuclear receptor

signaling. Members of the nuclear receptor class include
hormone receptors and factors that dimerize with retinoic
acid receptors to drive pathways crucial for diverse develop-
mental processes (65). In addition to binding at promoter
elements, ZBTB24 is also enriched at active and primed en-
hancers, and at TAD boundaries organized and maintained
by CTCF and cohesin. TADs are chromatin microenviron-
ments within which factors interact to bring non-linear ge-
nomic regions into close proximity, and serve to regulate
intra-TAD activity. It is possible that ZBTB24 is enriched
within specific TADS to facilitate interactions between its
target genes, or possibly within different regions of a sin-
gle transcription unit (alone or with DNMT3B), ideas that
can be tested in future studies of these factors. Gene pro-
moters robustly bound by ZBTB24 in HCT116 were also
enriched for binding in B-cells, suggesting again that the
ZBTB24 binding landscape is not restricted to a particular
cell-type. However, this needs to be investigated further at a
large-scale genomic level across diverse cell-types.

Three of the BTB-family members function as estab-
lished readers of DNA methylation and coordinate with hi-
stone modifying enzymes to bring about changes in tran-
scription. In this study, our data do not support a role for
ZBTB24 as a 5mC reader, although we did observe genome-
wide loss of DNA methylation resulting from ZBTB24 de-
pletion. Our finding that ZBTB24 co-immunoprecipitates
with DNMT3B led us to ask whether ZBTB24 coordinates
with DNMT3B in some way to maintain DNA methylation.
We indeed observed co-binding of ZBTB24 and DNMT3B
at a subset of genes involved in general cellular mainte-
nance; loss of function of either of the factors deregu-
lated gene body methylation suggestive of a coordinated
role between the two factors. The mechanism by which the
two proteins coordinate to achieve this function remains
unknown, however, we hypothesize that promoter-bound
ZBTB24 recruits DNMT3B to gene bodies of their target
loci and thus acts as a loading factor. This hypothesis is
supported by our observation of reduced DNMT3B occu-
pancy resulting from ZBTB24 depletion, within bodies of
genes bound by ZBTB24 and DNMT3B (Supplementary
Figure S6L). DNA sequences can form loops bringing pro-
moters, enhancers, and downstream exons in close proxim-
ity in three-dimensional space (66). CTCF, in addition to
mediating long-range chromosomal interactions, also me-
diates promoter-exon interactions that direct splicing (67).
Defects in splicing have been reported in ICF1 patients with
DNMT3B mutations and in Dnmt3b-/- mES cells. There-
fore, an alternative mechanism that ZBTB24 and DNMT3B
may coordinate their activities is through regulation of in-
teractions within transcription units to modulate expres-
sion, intra-domain communication, or alternative mRNA
splicing.

In summary, our investigation resulted in the identifi-
cation of genomic targets of ZBTB24 and highlights its
preference for binding within an active chromatin land-
scape. ZBTB24 acts as an activator or repressor of tran-
scription, a function that likely depends on additional co-
factors and/or the local chromatin environment. The sim-
ilarity of the ZBTB24 recognition motif to the nuclear re-
ceptor subclass, and the functional pathways affected upon
loss of ZBTB24 function, imply a role for ZBTB24 in reg-
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ulating VDR/RXR pathways centered on growth, differen-
tiation, and the interferon response. Finally, we show that
ZBTB24 interfaces with DNMT3B at a large set of genes
and may recruit DNMT3B to coordinately maintain DNA
methylation within gene bodies. Functional outcomes of
this interaction will require further investigation but could
include chromatin domain organization or regulation of co-
transcriptional splicing. One caveat of our study is that the
HCT116 cell line exhibits the CpG island methylator phe-
notype (CIMP) (68), and it is therefore possible that the
ZBTB24-DNMT3B regulated 5mC dynamics may be in-
fluenced by this property. Velasco et al. reported that pa-
tients classified as ICF2,3,and 4, but not ICF1 patients,
show methylation defects within the CpG poor heterochro-
matic compartment (69). Although, our findings do not re-
capitulate this observation, it is likely that the 850K array
platform is not ideal for assessing this type of repetitive
heterochromatic region originally observed to be targeted
for hypomethylation in ICF syndrome (70–72). Extending
studies like this into immune cells or ICF2 patient cells
will likely be required to firmly identify loci contributing to
the immunodeficiency phenotype, something made difficult
by the rarity of ICF syndrome patients. Finally, this study
adds to the growing link between ZBTB family members
and DNA methylation, suggesting that other members of
the ZBTB family have similar functions in reading and/or
maintaining DNA methylation marks.
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