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ABSTRACT

DNA methylation on CpGs regulates transcription in mammals, both by decreasing the binding of
methylation-repelled factors and by increasing the binding of methylation-attracted factors.
Among the latter, zinc finger proteins have the potential to bind methylated CpGs in a sequence-
specific context. The protein ZBTB38 is unique in that it has two independent sets of zinc fingers,
which recognize two different methylated consensus sequences in vitro. Here, we identify the
binding sites of ZBTB38 in a human cell line, and show that they contain the two methylated
consensus sequences identified in vitro. In addition, we show that the distribution of ZBTB38 sites
is highly unusual: while 10% of the ZBTB38 sites are also bound by CTCF, the other 90% of sites
reside in closed chromatin and are not bound by any of the other factors mapped in our model
cell line. Finally, a third of ZBTB38 sites are found upstream of long and active CpG islands. Our
work therefore validates ZBTB38 as a methyl-DNA binder in vivo and identifies its unique
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distribution in the genome.

Introduction

DNA methylation plays a central role in the control of
gene expression and cell fate in mammals [1-3].
Methylation of CpGs can profoundly alter the binding
specificity and affinity of transcription factors (TFs) to
their cognate binding sites in promoter and cis-
regulatory regions of genes, altering in consequence
chromatin organization and gene expression at target
loci [1,4-6]. The consequences of DNA methylation
on TF binding are actually quite variable depending
on the presence of CpG in cognate binding sites, the
density of CpGs, and the relative level of methylation
of these CpGs [7-9]. For instance, methyl-DNA bind-
ing proteins MeCP2, MBD1, MBD2, and MBD4 bind
within chromatin domains rich in methylated CpG
dinucleotides, independently of the surrounding
DNA sequence, and they contribute to gene silencing
[10]. In contrast, many transcription factors are
repealed by CpG methylation in their cognate binding
site, while others have stronger or similar affinity for
CpG-methylated consensus sequences than for the
same unmethylated sequences [11-18]. For instance,

zinc finger (ZNF) protein ZFP57 contributes to the
silencing of a limited number of genes in mice
embryonic stem cells, known as imprinted genes,
owing to its strong affinity for a defined consensus
sequence containing a central methylated CpG pre-
sent at certain imprinted regions [19]. The transcrip-
tion factors EGR-1, KLF4, ZBTB4, and KAISO/
ZBTB33 recognize DNA sequences that contain
a central methyl-CpG in a defined nucleotide context
in vitro, and can either activate or repress gene expres-
sion in vivo [20-24]. Yet, in many cases, in vitro data
remain conflicting with in vivo data and/or do not
tully predict the binding specificity of a TF in vivo. For
instance, the targets of KAISO/ZBTB33 in the gen-
ome seem to be mostly unmethylated in ENCODE
cell lines [23,25-27]. Similarly, less than 5% of EGR-1
and KLF4 binding sites in human cells actually con-
tain fully methylated CpG sites [20,21,28]. The char-
acterization of TFs that bind to methylated DNA,
their mode of interaction with the methyl-CpGs,
and the cellular and molecular consequences of such
interactions are still far from being fully understood.
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ZBTB38 is a ZNF transcription factor considered
a methyl-CpG binding protein due to its ability to bind
with high-affinity methylated sequences in vitro
[24,29-31]. Two clusters of ZNFs exhibit methyl-
CpG binding activity in the protein. A central KAISO-
like ZNFs cluster was first described for its ability to
bind methyl-CpG sequences [24,29]. A second
C-terminal ZNFs cluster recognizes a SELEX-
enriched ATmeCGGmeCG sequence (also called
mCZ38BS) in vitro and in cells [30-32]. Several studies
have revealed that ZBTB38 (Cibz/Zbtb38 in the
mouse) regulates cell proliferation, growth, and differ-
entiation [24,29,30,33-41]. The function of ZBTB38 in
cell growth is complex as its depletion (or genetic
inactivation) can either promote, reduce, or not affect
cell proliferation according to cell types, which echoes
its potential function as an oncogene or tumour sup-
pressor in cancers [32,33,35,36,38,42-45]. Further
highlighting the pleiotropic, context-specific, and tis-
sue-specific effects of ZBTB38, many single-nucleotide
polymorphisms (SNPs) either within or in close proxi-
mity to ZBTB38 have been associated with adult
height and many diseases including idiopathic short
stature, atopic dermatitis, macular degeneration,
osteoporosis, prion disease, and prostate cancer
[42,46-56].

To shed light on the functions of ZBTB38 and its
relationship with DNA methylation, we investigated
the genome-wide distribution of ZBTB38 binding
sites in the human genome. We demonstrate that
ZBTB38 binds a large number of regions in the gen-
ome in a DNA methylation- and sequence-dependent
manner, including a transcriptional program involved
in the response to doxorubicin.

Results

Unbiased genome-wide identification of ZBTB38
binding sites in the human genome

To elucidate the regulatory functions of ZBTB38
in human cells and its relationship to DNA methy-
lation, we utilized a previously published stable
HeLa-S3 cell line stably expressing HA-Flag-
ZBTB38 protein [34]; the expression level of the
tagged protein is only about 20% of that of endo-
genous ZBTB38, to guard against overexpression
artefacts. We then performed chromatin immuno-
precipitation followed by deep sequencing with
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antibodies directed against the tags (Figure la-c).
We sequenced two independent ChIP-seq repli-
cates (and their matching input DNAs) and
observed a strong correlation between average tag
density across the genome between the two ChIPs
and significant enrichment in ChIP signal vs Input
(Figure la-c and S1A-C). Using the CisGenome
software with stringent criteria (see online
‘Material and Methods’), we identified 3032
regions unambiguously bound by ZBTB38. We
confirmed ZBTB38 binding at several of these
regions by ChIP-qPCR on independent biological
replicates (Figure S1D) [30].

ZBTB38 binding is enriched at a subset of
repetitive sequences, CpG island shores, and
enhancers

To further understand the function of ZBTB38 in gene
expression regulation, we functionally annotated the
3032 regions bound by ZBTB38. Correlation with
chromatin domains, defined using integration of
ChIP-seq, FAIRE-seq, and DNAse-seq experiments
from six different cell types [57], indicates that
ZBTB38 binding is enriched at enhancers, promoters,
and regions close to active transcription states, as is
typical for TFs (Figure 1d). These regulatory regions
are defined by co-binding of many TFs [58]. We
observed that ZBTB38 binding is enriched in TF bind-
ing active regions (BAR) of the genome that are often
proximal and distal regulatory modules (PRM and
DRM) and high-occupancy transcription-related fac-
tor (HOT) regions, which are the regions with the
highest co-occurrence of transcription factors in the
genome (Figure SIE). These data indicate that
ZBTB38 binds regions involved in gene expression
control.

A close look at promoters associated with
ZBTB38 binding shows that most of them
(89.4%) are CpG-rich islands according to annota-
tion in the UCSC genome browser (Figure le).
This prompted us to investigate the relationship
with CpG islands (CGI) size, CGI-shores (the
regions +2 kb from CGI), and CGI-shelves
(regions between 2 and 4 kb from CGI) [59-61].
We found that most ZBTB38 binding sites are
located in CGI-shores and prevalent at large CGI
(Figure 1f-g).
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Figure 1. Genomic landscape of ZBTB38 binding sites determined by ChIP-sequencing in human cells. (a) Genomic tracks
display ZBTB38 ChlIP-sequencing data (replicates 1 and 2) and input data (replicates 1 and 2) on a representative 5-Mb region of
chromosome 11. (b) Average tag intensity of ZBTB38 ChlIP-sequencing and matched Input samples at 3032 called ZBTB38 binding
sites. (c) Heatmap representing binding intensities of ZBTB38 ChIP-sequencing and input samples at ZBTB38 binding sites. (d)



We also observed that ZBTB38 binding sites are
enriched for certain repetitive DNA sequences
(Figure S1F). At the genome scale, more than one-
third of ZBTB38 binding sites encompass an Alu
DNA repeat (Figure S1F). We thus re-analysed
ZBTB38 ChIP-seq reads on a reconstituted
pseudo-genome, where ChIP-seq reads abundance
is calculated on each family of DNA repeats based
on RepeatMasker database. Using this approach,
the enrichment of ZBTB38 ChIP-tags at Alu
sequences was indistinguishable from the back-
ground (i.e., input DNA), indicating that ZBTB38
binds only a subset of Alu sequences in the gen-
ome (Figure S1G).

The analysis of ZBTB38 binding sites distribu-
tion shows an enrichment upstream of TSS and at
putative enhancers, suggesting that ZBTB38 might
contribute to transduce regulatory information to
the promoter.

ZBTB38 target genes are highly expressed and
important for metabolic processes

We investigated the relationship between ZBTB38
binding and gene expression. We observed that
ZBTB38-associated TSS present very high levels
of polymerase II Serine 5 phosphorylation com-
pared to other TSS (Figure 2a). Consistent with
this observation, at these ZBTB38-associated pro-
moters, we also observed higher levels of transcrip-
tion, defined by CAGE experiment (Figure 2b);
higher levels of histone marks associated with
open chromatin and gene activation such as his-
tone H3 lysine 27 acetylation, H3 lysine 4 di/tri-
methylation, H3 lysine 79 dimethylation, and H3
lysine 9 acetylation (Figure 2c) and higher levels of
DNAse I accessibility (Figure 2d). The data indi-
cate that TSS targeted by ZBTB38 are transcribed
at higher levels compared to the bulk genome.

A Gene Ontology analysis shows that ZBTB38
target genes belong to general biological functions
including mRNA metabolism, metabolic processes,
and cell homoeostasis, and are enriched for genes
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coding mitochondrion constituents (Table SI).
A functional annotation of ZBTB38 target genes
using the MSigDB database indicates an associa-
tion with group of genes deregulated in cancers
and with cancer gene set signatures, including
CML and AML (Figure 2e and Table S1). This
observation is consistent with previous findings
reporting a function of ZBTB38 in AML and
CML [35]. Finally, a significant proportion of
ZBTB38 targets are either up- or down-regulated
upon exposure to doxorubicin, a compound caus-
ing DNA damage and reactive oxygen species
(ROS) accumulation in cells (Figure 2f and Table
S1). We thus investigated the susceptibility of can-
cer cells transfected with siRNA against ZBTB38 to
doxorubicin. In HeLa, U20S, and HCT116 cells,
depletion of ZBTB38 using three different vali-
dated siRNAs enhances the toxicity of doxorubicin
(Figure S2).

These data indicate that ZBTB38 primarily
associates with active promoters and cis-
regulatory elements of transcription of genes
important in cancer and for doxorubicin response.

ZBTB38 binding profile is dissimilar to most
chromatin remodellers and transcription factors

To better understand the binding specificity of
ZBTB38, we compared ZBTB38 binding sites with
the >60 factors for which ChIP-seq datasets were
available in HeLa-S3 cells from the ENCODE portal
[62]. We found very little overlap between ZBTB38
and other transcription factors (Figure 3a). CTCEF,
SMC3, and RAD21 were in the top 3 factors over-
lapping with ZBTB38, and the overlaps were of 8.65%,
6.59%, and 6.39% of ZBTB38 sites, respectively
(Figure 3a). These factors play a concerted role at
insulators and chromosome contact points [63,64].
Accordingly, we observed that ZBTB38 co-bound
s with the three other factors at a few hundred sites
in the genome (Figure S3A and S3B). The shared sites
are mostly intronic and intergenic regions (Figure
S3C). For the remaining ~94% of its sites, ZBTB38

Genomic distribution of ZBTB38 binding regions across the 10 chromatin states defined by a Hidden Markov Model using multiple
histone modifications and genomic features. The asterisk indicates a P-value <1073, (e) Venn diagram showing the overlap between
ZBTB38 binding regions, transcription start sites (TSS), and CpG islands. (f) Venn diagram showing the overlay between ZBTB38
binding sites and CGlI, CGl-shores, and CGl-shelves. (g) Box plot representing the relative size of CpG islands associated with ZBTB38

binding. P-value was calculated by Mann-Whitney/U-test.
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Figure 2. ZBTB38 binds upstream of CpG island of actively transcribed genes. (a) Average binding intensity of ZBTB38 ChIP-
sequencing, phospho-Serine 5 Polymerase Il (S5P) ChIP-sequencing, and input samples at TSS bound by ZBTB38 (left panel) and all
TSS (right panel). (b) Average signal reads of CAGE at TSS bound by ZBTB38 (left panel) and all TSS (right panel). (c) Average intensity
of histone-sequencing and input samples at TSS bound by ZBTB38 (left panel) and all TSS (right panel). (d) Average intensity of
DNAsel-sequencing samples at TSS bound by ZBTB38 (left panel) and all TSS (right panel). (e) Association of ZBTB38 bound genes
with transcriptomic studies present the Molecular Signatures Database. CML up-regulated are genes up-regulated in CD34+ cells
isolated from bone marrow of CML (chronic myelogenous leukaemia) patients, compared to those from normal donors; HCC up-
regulated are genes up-regulated in hepatocellular carcinoma (HCC) compared to normal liver samples; colon carcinoma up-
regulated are genes up-regulated genes in colon carcinoma tumours compared to the matched normal mucosa samples; AML
(rearranged MLL) up-regulated are genes up-regulated in paediatric AML (acute myeloid leukaemia) with rearranged MLL compared
to all AML cases with the intact gene; Housekeeping are Housekeeping genes identified as expressed across 19 normal tissues; NPC
down-regulated are genes down-regulated in nasopharyngeal carcinoma (NPC) compared to the normal tissue; MBD Knock-down
up-regulated are genes up-regulated in Hela cells after simultaneous knockdown of all three MBD (methyl-CpG binding domain)
proteins MeCP2, MBD1 and MBD2 by RNAi. (f) Association of ZBTB38-bound genes with transcriptomic signatures of chemical
alterations listed in the Molecular Signatures Database.
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chromatin binding factors in Hela-S3 cells (ENCODE data). (b) De novo DNA motifs discovery in ZBTB38 binding regions using
HOMER tools identify two sequence motifs: M1 (P-value of 1.0 x 107*3) and M2 (P-value of 1.0 x 107'®8). The logo and enrichment



2128 (&) C. MARCHAL ET AL.

distribution is distinct from the previously character-
ized transcription factor and chromatin remodeller
profiles. This could indicate either that ZBTB38
associates with a large number of different partners
at different sites and/or that ZBTB38 binds a new class
of cis-regulatory elements with yet to be characterized
transcription factor and chromatin remodelling part-
ners. Consistent with a function of ZBTB38 in various
transcription factor networks, we previously observed
that ZBTB38 co-purifies with different TFs in vivo (for
which ChIP-seq data in HeLa-S3 are not available)
[34,44]. This observation suggests a mode of interac-
tion with the chromatin different from many other
studied TFs in HeLa-S3 cells.

ZBTB38 binds two different DNA consensus
sequences containing a methylated CpG motif

We further analysed enriched DNA motifs at ZTB38
binding sites (Figure 3b). We identified several known
DNA motifs including the CTCF consensus binding
site (P-value of 1.0 x 10°®) (Table S2). However, the
vast majority of ZBTB38 sites overlap with two
uncharacterized motifs that we called motif ‘M1’
(P-value of 1 x 10™*?) and ‘M2 (P-value of
1 x 107"%). We identified 1564 ZBTB38 binding
regions containing M1, 2011 regions containing M2,
1097 (one-third) containing M1 + M2, and 547
regions without motif in the list of 3032 ZBTB38
binding regions (Figure 3c). When we examined the
binding intensity, we observed that ZBTB38 binds
both M1 and M2 with very similar affinity (based on
the average tag-enrichment values) and that the pre-
sence of the two motifs slightly increases the affinity of
ZBTB38 onto the DNA (Figure 3d). A similar obser-
vation is made if we compute DNA binding score
from the CisGenome analysis (data not shown). We
finally found that the genomic distributions of
ZBTB38 regions containing M1, M2, or both were
quite similar with the striking exception of SINE

elements (and especially Alu repeats) that are over-
represented in M1 + M2 containing binding sites
(Figure 3e).

Both M1 and M2 contain a conserved CpG site. We
thus directly assessed the methylation level of the CpG
dinucleotide contained in M1 and M2 using a high-
throughput bisulphite sequencing map [65]. In HeLa-
S3 cells, very little, if any, oxidized version of DNA
methylation (i.e., 5hmC, 5fC, and 5caC) exists, so
bisulphite conversion is almost directly indicative of
the methylation status [66]. The average methylation
level of the CpG in M1 and in M2 is 80% at ZBTB38
binding sites compared to 50-60% at the genome-
wide level (Figures 3 F and g). We experimentally
confirmed the methylation at ZBTB38 targets by
digesting ZBTB38 immunoprecipitated DNAs with
a methylation-sensitive restriction enzyme, Mlul,
that recognizes a sequence similar to the M2 motif
(Figure 3h). We selected four genomic sites containing
a M2 motif with perfect match to the Mlul restriction
site for analysis: two regions in promoter of EXO1 and
ZNF684 that are not identified in the ChIP-
sequencing analysis and two regions, Alu and
ENOGI (i.e., intronic sequence), that are bound by
ZBTB38 in our ChIP analysis. We observed that in
ZBTB38-immunoprecipitated DNAs, the two
ZBTB38 target sites, Alu and ENOGI, are resistant
to Mlul digestion and PCR amplified in contrast to the
promoters of EXO1 and ZNF684 that are not PCR
amplified (Figure 3h). DNAs immunoprecipitated by
ZBTB38 are therefore methylated on the central CpG
site of the M2 motif, indicating that ZBTB38 binds
with high-affinity regions of the chromatin containing
a methylated CpG site in cells.

ZBTB38 binds with high affinity to the
methylated version of the M2 motif in vitro

We used the resemblance between the M2 motif
and the Mlul restriction site to further investigate

statistics for M1 and M2 are presented. (c) Venn diagram indicating the proportion of ZBTB38 binding regions containing M1, M2,
M1 + M2, or none of these motifs. (d) Average tag intensity of ZBTB38 ChIP-sequencing and Input samples in ZBTB38-bound regions
containing M1, M2, M1 + M2, or none. (e) Genomic distribution of ZBTB38 binding regions containing M1, M2, M1 + M2, or none
determined using HOMER tools. (f) Methylation level of the M1 motif at ZBTB38 binding regions (left panel) and at whole genome
(right panel). (g) Methylation level of the M2 motif at ZBTB38 binding regions (left panel) and at whole genome (right panel). (h)
Input DNAs, ZBTB38 ChlPed DNAs, and control IgG-bound DNAs were digested with BamHI and Mlul prior to analysis on a 2%
agarose gel stained with ethidium bromide. A control 72 base pair fragment without Mlul and BamHI site was used as a control ChIP

specificity.



the consequences of changes in ZBTB38 expres-
sion on the methylation level at the M2 motif.
Indeed, correlative analysis suggest a possible
function for ZBTB38 in the regulation of DNA
methylation at specific sites [67]. We analysed
two loci, ENOGI1 and Alu, with perfect match to
the Mlul consensus. We purified the genomic
DNA from cells treated with siRNA against
ZBTB38, performed an overnight digestion with
Mlul, and performed a PCR amplification of
Mlul/M2 containing regions. Using such an
approach, we observed that the M2 motif was
methylated at ENOG1 and Alu sites (Mlul-
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ZBTB38-ZNFs
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resistant) in the control cells as well as in cells
treated with siRNA against ZBTB38 for 48 hours
(Figure 4a). In the same samples, EXO1 and
ZNF684 promoters were not amplified in the
PCR reaction and thus unmethylated, as expected
(Figure 4a). Similarly, we observed that the level of
methylation of M2 at ZBTB38 targets was similar
in HeLa-S3 cells expressing HA-Flag-ZBTB38 (and
used for the ChIP-sequencing) and isogenic par-
ental cells (Figure 4b). Our analysis indicate that
the level of CpG methylation at the M2 motif is
not influenced by the depletion of ZBTB38 in
HeLa-S3 cells.
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Figure 4. ZBTB38 binds the methylated M2 motif in vitro and it does not regulate its methylation in vivo. (a) Analysis of M2
motif methylation at two ZBTB38 binding sites and two control regions using the DNA methylation-sensitive Mlul restriction enzyme.
Genomic DNAs prepared from Hela S3 cells transfected with siRNAs against ZBTB38 or control siRNAs were digested overnight by
BamHI or BamHI+MIul and analysed by PCR ampilification. (b) Analysis of M2 motif methylation at two ZBTB38 binding sites and two
control regions using the DNA methylation-sensitive Mlul restriction enzyme in HelLa-S3 cells expressing the HA-Flag-ZBTB38 protein
and parental cells. (c) In vitro binding assays. GST-fusions of ZBTB38 central zinc fingers and mutated zinc fingers (H491R) or GST
alone were incubated with equimolar mix of methylated, unmethylated, and mutated DNA probe containing the M2 motif. Left
panel: relative quantification of methyl, unmethyl, and mutated level of DNAs recovered on the beads. Right panel: migration on
agarose gel stained with ethidium bromide of total DNAs recovered on the beads prior enzymatic digestion.
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We speculated that ZBTB38 might actually directly
interact with the methylated CpG sequence.
Consistent with this hypothesis, the M1 motif resem-
bles the mCZ38BS site bound by ZBTB38 C-terminus
ZNFs in vitro and in ChIP experiments, and mutation
of either ZBTB38 ZNFs or the meCpG in the motif
reduces the interaction [30]. To test whether ZBTB38
directly interacts with the methylated M2 CpG
sequence, we performed an in vitro binding assay
and used the central set of three zinc fingers [24].
A GST-fusion protein of these zinc fingers of
ZBTB38 (GST-ZBTB38-ZF) was produced in bacteria,
and purified and incubated with oligo-nucleotides
containing the M2 sequence from the FISI promoter
(a validated in vivo target; Figure S1D) either methy-
lated, unmethylated, or with the key cytosine mutated
into thymidine. In addition to the M2 sequence, each
oligonucleotide contained a specific restriction sites
allowing by enzymatic digestion the discrimination
between M2-CpG-modifications and on both extre-
mities similar sequences for PCR amplification
(Figure 4c; see Materials and Methods). After incuba-
tion, digestion with Mlul, and quantitative PCR
amplification, the level of methyl-, mutated-, and
unmethylated-oligonucleotides retained by GST-
ZBTB38-ZF was calculated. We observed that DNAs
containing the M2 motif are better retained by
ZBTB38 zinc fingers than by GST alone or by
a mutated version of the zinc fingers (H491R, inacti-
vating the C2H2 motif) that binds DNA poorly
(Figure 4c). By qPCR, we could also demonstrate
that ZBTB38-ZF binds more strongly the methylated
M2-containing sequences than the mutated (fourfold
increase) or unmethylated (threefold increase) M2-
containing sequences (Figure 4c). These results indi-
cate that the three central zinc fingers of ZBTB38 bind
the M2 motif in vitro and that they bind the methy-
lated form with higher affinity than the unmethylated
or mutated forms. These results strongly suggest that
in vivo ZBTB38 directly recognizes the methylated M2
sequence.

Large-scale analysis of Zinc Finger proteins did
not identify other ZNF with high affinity to
methylated sequences in vivo

We re-analysed ChIP-sequencing datasets for other
ZNF factors to see whether other ZNF factors would
show a similar trend as ZBTB38. We used

a previously described methodology that counts the
level of CpG methylation in a binding site to assess
the relationship between CpG methylation and ZNF
binding profiles [13]. In the case of ZBTB38, this
method indicates that the large majority (92.8%) of
ZBTB38 sites have at least one CpG fully methylated
(Table S3 and here after).

We first focused our analysis on KAISO/
ZBTB33, a protein closely related to ZBTB38
[29]. We found that KAISO binding sites identi-
fied in HCT116 cells are for the large majority
devoid of CpG methylation as previously observed
(Table S3) [26]. We also observed that very few
sites are common between KAISO (in HCT116)
and ZBTB38 (in HeLa-S3) (n = 16). This indicates
that despite very high amino-acid sequence simi-
larity in their respective DNA-binding domains,
KAISO/ZBTB33 and ZBTB38 have different DNA-
binding properties in vivo, probably due to their
divergence in their C-terminus ZNFs.

We then studied other ChIP-sequencing datasets of
ZNF factors in HeLa-S3 cells and in 293 T cells
[62,68,69]. For most ZNF factors, there is
a preference to bind DNA sequences with unmethy-
lated CpG sites (Table S3). Among the few exceptions,
we noticed ZFP57 that is already known for its ability
to bind methylated-CpG sites in vivo [19]. Additional
ZNFs factors, including KRAB-containing zinc finger
proteins ZNF284, ZNF287, ZNF445, and ZNF570,
show high scores towards CpG-methylated sites in
our analysis; still their scores are lower than ZBTB38
and ZFP57 scores (Table S3). This analysis provided
further evidence that the genomic distribution and
relationship towards DNA methylation shown by
ZBTB38 are rare within the ZNF family.

We also observed that a limited number of TFs
and ZNF factors exhibit preferential binding in
CGlI-shores compared to CpG islands (Table S4).
Among them are the histone acetyltransferase
P300 (or EP300), the transcription factor JUN,
and the RNA polymerase III C1 subunit POLR3A
(S4 Table). These different factors have been pre-
viously involved in the formation of DNA loops
and in the bending of the DNA to favour promo-
ter-enhancer communications [62,70,71].

These analyses further support that ZBTB38
interaction with DNA in vivo is distinct from
other ZNF TFs, and that it suggests an involve-
ment in promoter-enhancer communications.



The M2 motif resembles an E2F4 consensus
sequence but ZBTB38 targets are not cell cycle
regulated

The M2 motif resembles the binding site of tran-
scription factor E2F4, a transcriptional regulator of
cell cycle genes in mammals, and the Mlul cell
cycle box, found within the promoters of G1/S
activated genes in yeast [72-74] (Figure 5a). We
thus analysed the relationship between ZBTB38
and E2F4 ChIP-sequencing data in HeLa-S3 cells.
We found no enrichment of E2F4 ChIP-
sequencing tags at ZBTB38 sites containing M2
(Figure 5b). Conversely, we found no enrichment
of ZBTB38 ChIP-sequencing tags at E2F4 binding
sites containing M2 (Figure 5b). Since E2F4 bind-
ing to DNA is blocked by DNA methylation
[12,75], we thought that methylation of the central
CpG could discriminate E2F4 and ZBTB38 bind-
ing. We observed that most ZBTB38 but not E2F4
peaks have at least one fully methylated cytosine
(Figure 5c). Furthermore, the average methylation
level of M2 is 80% when bound by ZBTB38, while
it is close to 0% when bound by E2F4 (Figure 5d).
Because CpG methylation is often associated with
chromatin compaction, we assessed the DNA
nuclease I accessibility at ZBTB38 and E2F4
regions associated with M2. We observed that
E2F4-bound regions are positive for DNAsel sig-
nals, while on the contrary, ZBTB38-bound
regions are indistinguishable from the rest of the
genome (Figure 5e).

We next investigated whether ZBTB38 binding
and M2 methylation show any overlap with genes
that are transcriptionally regulated during the cell
cycle. We overlapped the lists of ZBTB38 and
E2F4 target genes with experimentally validated
cell cycle regulated genes in HeLa cells [76]. We
observed a minimal overlap between cell cycle
regulated genes and ZBTB38 targets (figure 5f).
On the contrary, E2F4 target genes are enriched
for cell cycle genes in Gene Ontology analyses,
which we could confirm by showing that, at least,
one-third of cell-cycle regulated genes are bound
by E2F4 in HeLa cells (figure 5f). In addition, if we
restrict our analysis to G1/S activated genes, we
observed that only 2.8% of ZBTB38 targets are
activated at the G1/S transition compared to
16.3% of E2F4 target genes (Figure 5g). We thus
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conclude that methylation of the M2 motif (and
ZBTB38 binding) is correlated with the mode of
expression of genes during the cell cycle. We then
intersected the lists of ZBTB38 and E2F4 targets
with a curated list of housekeeping and tissue-
specific genes [77]. We found that the proportions
of housekeeping and tissue-specific genes asso-
ciated with E2F4 and ZBTB38 binding at promoter
are roughly similar (Figures 5h and 5i). This indi-
cates that ZBTB38 binding and the methylation of
M2 do not discriminate universally expressed
genes and tissue-specific genes. On the contrary,
ZBTB38 and E2F4 targets are different regarding
how and when they are expressed during the cell
cycle: ZBTB38 targets are mostly expressed
throughout the cell cycle, while E2F4 targets are
induced at the G1/S transition.

Discussion

ZBTB38 binds a consensus methylated DNA
sequence in vitro and in vivo

CpG methylation controls, both positively and
negatively, the affinity and the selectivity of hun-
dreds of transcription factors for specific DNA
sequences [8,13]. Herein, we characterize the bind-
ing profile of the human transcription factor
ZBTB38 and demonstrate that two-thirds of
ZBTB38 sites are dictated by the presence of
a methyl-CpG site in a consensus sequence.
However, in contrast to ZFP57, which binds
a limited number of loci to maintain the mono-
allelic expression of imprinted loci, ZBTB38 binds
thousands of genomic sites in human cancer cells,
and those are mostly located in the vicinity of
active sites of transcription.

We identified two consensus motifs, M1 and
M2, that often coincide at these ZBTB38 target
sites. The M1 motif is very similar to a motif
bound by the C-terminal ZNFs of ZBTB38
in vitro and in ChIP experiments [30]. M2 is
similar to an E2F binding site and an Mlul restric-
tion site. We provide evidence that the central zinc
fingers of ZBTB38 recognize the M2 motif in vitro,
with stronger affinity for the methylated form. We
note that, even though ZBTB38 (XENON in rat)
was initially found to bind a TpG-containing
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Figure 5. The M2 motif resembles an E2F4 binding consensus site but ZBTB38 targets are not cell cycle regulated. (a)
Resemblance between the ZBTB38 M2 consensus and the E2F4 consensus sites derived from ChIP-sequencing analysis. (b) Average



motif, we did not recover this motif in our ana-
lyses [78].

The recognition of two motifs is not unprece-
dented in the family of ZNF factors [79-81].
However, ZBTB38 does appear unique in the fact
that it uses two different sets of ZF, located in the
central part and in the C-terminal part of the
protein, to selectively read out two distinct methy-
lated DNA motifs. The presence of two methyl-
CpG binding modules in ZBTB38 could easily
explain the presence of the two motifs at most
sites. It is also possible that protein—protein inter-
actions with partners or homodimerization cap-
abilities of ZBTB38 mediate binding specificities
and recruitment onto the chromatin. Partners of
ZBTB38 may dictate DNA binding preference. In
vitro, E2F6 and E2F3 can bind specific methylated
E2F-like sequences [12,16]. Importantly, E2F6
lacks the sequences involved in gene transactiva-
tion and in retinoblastoma (Rb) protein binding,
and hence its transcriptional activity is not cell-
cycle regulated [82]. The methylation of the E2F/
M2 motif might thus direct the co-recruitment of
E2F family members that are not sensitive to Rb
and cell-cycle regulation and that may cooperate
with ZBTB38 to control expression at highly
expressed loci. In Figure 3a, it is noteworthy to
observe that E2F6 is the E2F factors that best
overlap with ZBTB38, although it colocalizes with
only 2% of ZBTB38 sites in the genome.

In vivo data show that the CpG sites are methy-
lated at ZBTB38 binding sites (containing M1 and/
or M2), and in vitro data show that ZBTB38 binds
preferentially the methylated form over an
unmethylated form of M2 (this study) and
binds to the methylated form of M1 [30,31]. Yet,
we could not manipulate DNA methylation using
DNMT inhibitors to further document the role of
CpG methylation in vivo. We observed that such
inhibitors cause the degradation of ZBTB38 in
a proteasome-dependent manner [35].

EPIGENETICS (&) 2133

ZBTB38 and DNA methylation controls gene
expression during the cell cycle

We demonstrated that ZBTB38 binding sites were
enriched upstream of constitutively expressed genes,
with general functions, including metabolism of
RNAs, proteins, and DNAs. At these ZBTB38 sites,
the DNA is either organized as nucleosomes or
enriched for stably bound nuclear factors which may
explain the low concordance of ZBTB38 binding with
other transcription factors and the lack of E2F4 bind-
ing in these regions. We thus speculate that the methy-
lation of the M2 motif, as well as its relative location to
the transcription start site, may contribute to the dis-
crimination between active expression at ZBTB38-
associated genes and cell-cycle-regulated expression
at E2F4 targets (Figure 6). This is reminiscent of
a previous study showing that an ultrastable methy-
lated CpG site in CGI-shores is associated with genes
exhibiting housekeeping functions [83] or the role of
methyl-CpG site to engage in promoter—enhancer
communications [28] In addition, in mice, CGI-
shores associated with unmethylated CGI and highly
transcribed genes actually present high level of DNA
methyltransferase 3a, Dnmt3a, activity [84]. It is thus
likely that the methylation of the M2 motif and
ZBTB38 binding defines a new promoter-proximal
cis-regulatory module to protect genes from cell-
cycle regulation by the Rb/E2F factors. Intriguingly,
findings in plants have shown that methyl-DNA bind-
ing factors convey positive signal to promoters and
that KLF4 activates transcription by binding to
a methyl-CpG sites [16,28,85].

Studies have shown various effect of ZBTB38
depletion on gene expression in different human
cell lines. ZBTB38 knock-down barely alters gene
expression in a human lymphoblastoid cell line
[86]. Only two genes, GDF15 and MMP7, were
up-regulated upon ZBTB38 depletion and none
were down-regulated at 48 hours [86]. This is
likely due to a redundancy with other methyl-

tag intensity of ZBTB38 ChIP-sequencing, E2F4 ChIP-sequencing, and input samples at ZBTB38 (left panel) and E2F4 (right panel)
binding regions defined by the M2 motif. (c) Proportion of ZBTB38 and E2F4 peaks containing one or more unmethylathylated CpG
(0%) or one or more fully methylated CpG (100%). (d) Profile of CpG methylation at the M2 motif in ZBTB38 (left panel) and E2F4
(right panel) binding regions. (e) Average intensity of DNAsel-sequencing reads at ZBTB38-bound (left panel) and E2F4-bound (right
panel) regions. (f) Overlay between cyclically expressed genes in HelLa-S3 and targets of ZBTB38 and E2F4. The number of E2F4 and
ZBTB38 targets present on the array and the actual number of genes intersecting with the list genes cyclically expressed are
indicated as cyclic gene/total gene over the corresponding bars. (g) Overlay between genes activated at the G1/S transition in Hela-
S3 cells and targets of ZBTB38 and E2F4. (h) Overlay between housekeeping genes and targets of ZBTB38 and E2F4. (i) Overlay

between tissue-specific genes and targets of ZBTB38 and E2F4.



2134 (&) C. MARCHAL ET AL.

ZBTB38

E2F4 ,

. . M2
Cyclic expression

M2CGl G1/S activation

e

High expression
CGl No cell cycle regulation

N

| Knock-down ZBTB38 |

‘ Azacytidine ‘

-~

MQtein
, Hi;h expression

M2 CGl

Q Hi;h expression

M2 Cal

Figure 6. Model of gene expression regulation by ZBTB38 and M2 motif methylation. We find that ZBTB38 binds many
genomic sites that are methylated, contain an M2 motif, and are located outside of CpG islands. E2F4, in contrast, binds sites
containing an unmethylated M2 motif, proximal to genes that are cell-cycle regulated.

CpG binding proteins or alternative mechanisms
of gene expression regulation at play in the
absence of ZBTB38 (Figure 6). In contrast, in
a neuroblastoma cell line and in a prostate cancer
cell line, ZBTB38 depletion causes a more pro-
nounced change in gene expression, although it
is not known whether these genes are direct or
indirect targets of ZBTB38 [36,44]. In a Zbtb38
mice knock-out model, the changes in gene
expression pattern were also very modest, with
27 genes misregulated in B-cells lacking ZBTB38
[87]. Our Gene Ontology functional analysis indi-
cates that several targets of ZBTB38 are also regu-
lated by MBD family members in HeLa cells,
notably MeCP2. Intriguingly, MeCP2 binds DNA
sequences containing a methylated E2F site
in vitro and it exhibits transcription activating
activity by promoting long-range interaction at
active genes [88,89]. These observations provide
further support that ZBTB38, and multiple
methyl-CpG factors, might co-regulate ZBTB38
target genes expression by conveying information
towards the promoter. It is not uncommon that
paralog recognizes similar DNA binding targets,
with more pronounced differences in specific
chromatin and genomic context or the use of
multiple ZNF domains [90-92]. As such, ZBTB38
colocalizes at a subset of sites with CTCF and
Cohesin complex factors that are known for mod-
ulating gene expression at a distance. Our work
also indicates that ZBTB38 binds the M2 motif in
its unmethylated version in vitro. This may have
important biological and pathological conse-
quences. We reported that ZBTB38 is an unstable

protein with an estimated half-life of 4 hours in
HeLa cells [33]. Hence, the depletion of E3 ligase
RBBP6 causes an accumulation of ZBTB38 protein
and consequently defects in DNA replication. We,
and others, provided evidence that ZBTB38 accu-
mulation causes the repression of the cell-cycle
gene MCM10, a well-characterized E2F target
with both M1 and M2 containing sequences
[30,33]. It is thus tempting to speculate that fluc-
tuation of ZBTB38 protein abundance in different
cell growth conditions or subsequently to abnor-
mal DNA methylation changes will fine tune cell-
cycle gene expression through the low affinity of
ZBTB38 for the wunmethylated E2F-motif.
Alternatively, ZBTB38 binding at methylated and
unmethylated sites may differentially alter DNA
bending or chromatin organization [92]. Multiple
genetic variants in the ZBTB38 locus are associated
with human stature, an increased risk of prostate
cancer, myopia, and prion disease, and some of
these features and pathologies are associated with
increased expression of ZBTB38 mRNA in tissues
[46,47,53,93,94]. Whether these phenotypes rely
on the control of cell cycle-gene expression is an
attractive possibility that will deserve further
investigation. A limitation of our work is that it
was carried out in a single cancer cell line.
Additional analyses in other cancer backgrounds,
as well as in normal cells, will help shed light on
the functions of ZBTB38 in physiological and
pathological contexts. In addition, while our data
are compatible with ZBTB38 repressing some of its
target genes, they do not rule out the possibility
that ZBTB38 activates other targets.



Other zinc finger proteins sense DNA methylation
and bind in CGI shores

Initially described as a mark of transcriptional
silencing memory, CpG methylation is emerging
as a more complex mark. Herein, we identified
a methylated E2F motif associated with several
genes highly expressed and with metabolic func-
tions that do not undergo cell cycle regulation.
The CGIs associated with the promoter of these
genes tend to be larger than regular CGI. In addi-
tion, these promoters exhibit intermediate levels of
tissue specificity which typically require complex
gene regulation mechanisms.

Our reanalysis of datasets of ZNF ChIP-
sequencing produced by different labs identified
a small number of other ZNFs that present bind-
ing features similar to ZBTB38. Among these,
human ZFP57 shows a bias to methylated CpG
sequences compared to unmethylated sequences
consistent with previous work in mice [19]. More
intriguingly, ZNF284 and ZNF287 bind CGI-shore
with higher frequency than CGI in 293 T cells and
show preference for methylated CpG sequences.
Applying similar search criteria as ZBTB38, we
thus identify two additional candidate factors that
may help convey information from proximal pro-
moter regions. Study of these factors may help
better comprehend the role of DNA methylation
and the different layers of proteins involved in
CpG methylation function.

Materials and methods
Cell lines

The HeLa S3 (XLP) cells stably expressing HA-Flag-
ZBTB38, and its control Flag-HA cell line, were
previously published. The HelLa-S3-HA-Flag-
ZBTB38 cell line expressed the HA-Flag-ZBTB38
protein at lower level than the endogenous protein
[34]. Cell lines were maintained in DMEM
(GlutaMAX, Glucose 4.5 g/L, and pyruvate) supple-
mented with 10% foetal bovine serum and penicillin/
streptomycin. U20S and HCT-116 cells were main-
tained in DMEM (GlutaMAX, Glucose 4.5 g/L, and
pyruvate) and McCoy’s 5A Medium, respectively,
supplemented with 10% foetal bovine serum and
penicillin/streptomycin. Cells were mycoplasma-
free, and their status was checked regularly with the
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VenorGeM kit according to the manufacturer’s pro-
tocol (Minerva Biolabs, Germany).

Chromatin immunoprecipitation

Cell were harvested, washed twice in PBS, and
fixed in PBS - 1% formaldehyde for 10 minutes
at room temperature. Formaldehyde was neutra-
lized by adding glycine at 125 mM final concen-
tration for 2 minutes. Fixed cells were extensively
washed in cold PBS.

Nuclei were isolated by resuspending cells into
cell lysis buffer (Hepes pH 7.8 25 mM, MgCl,
1.5 mM, KCI 10 mM, DTT 1 mM, NP-40 0.1%)
and incubated for 10 minutes on ice, followed by
centrifugation (5 minutes, 2000 rpm) and super-
natant removal. Nuclei were resuspended in
nuclear lysis buffer (Hepes pH 7.9 50 mM, NaCl
140 mM, EDTA 1 mM, Triton X100 1%, Sodium
deoxycholate 0.1%, SDS 0.5%) and sonicated on
the Bioruptor system (Diagenode, Belgium) in
cold water to obtain a homogeneous population
of 150-300 base pairs DNA fragments. Following
centrifugation (10 min, 13,000 rpm), the super-
natant was used for immunoprecipitation.

Immunoprecipitation was performed by prepar-
ing antibodies-beads complexes prior to mixing
with the chromatin. Protein-A/G beads (Thermo
Fisher Scientific, 88802) were incubated at 4°C for
4 hours with 2.5 pg antibodies against HA
(Abcam, ab9110) plus 2.5 pg of antibodies against
Flag (Sigma-Aldrich, F1804) or 2.5 pg of mouse
IgG plus 2.5 ug of rabbit IgG (Thermo Fisher
Scientific, 31903 and 10500C). Antibody-beads
complexes were then incubated overnight with
60-80 pg of chromatin in IP buffer (Hepes pH
7.9 50 mM, NaCl 140 mM, EDTA 1 mM, Triton
X100 1%).

Immunoprecipitates were washed three times
with IP buffer: once with wash buffer (Tris pH
8.0 20 mM, LiCl 250 mM, EDTA 1 mM, NP-40
0.5%, Na-deoxycholate 0.5%) and twice with elu-
tion buffer (Tris pH 8.0 20 mM, EDTA 1 mM).
Then, immunoprecipated chromatin was eluted by
incubating beads with extraction buffer supple-
mented with 1% SDS at 65°C.

Chromatin was then reverse cross-linked by
adding NaCl (200 mM) and Ribonuclease
A (0.3 pg/uL) (Sigma-Aldrich, R4642) and
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incubating overnight at 65°C. The proteins were
digested by adding Proteinase K (0.2 pg/pL)
(Sigma-Aldrich, 3115844001) and incubating for
4 hours at 37°C. Finally, DNA was purified by
phenol-chloroform extraction and salt
precipitation.

Validation of ChIP-sequencing results by qPCR

We validated the ChIP data by real-time qPCR on
anumber of target sites on different biological samples
that were not the one sequenced. The primers used are
as follows: control negative region 5-TGA CAG GTT
ACT GCCTCT AGT TGA-3’and 5-AAG GAA CCA
GGC TAT GAC TAA GAA-3’; DNMIL (ZBTB38
site) 5-AGG AAG TCA CAC ACT TGC TCA CG-
3’ and 5-ACT ACA GGC ACC CAC CAC TA-3;
FISI (ZBTB38 site) 5-ATG GGG AGC TTA GCA
GTG AG-3’ and 5-GCA AGG TAA TGC TCT GCC
CT-3’; DNMIL downstream 5-TTG AGC TGG GAG
TTC GAG AC-3’ and 5-CCC AGC TCT TCC CCT
GTA A-3; DNMIL upstream 5-TCG CAG ACC
AAG GAA ATG T-3’ and 5-GGA GCG GTT TCC
CCA TCA TT-3’; RBX1 (ZBTB38 site) 5-CTG CAG
ATG GGT CGG TTT CA-3’ and 5-CCA CTC CGC
ATT CCT CAG TT-3"; PRRC2C (ZBTB38 site) 5-
TAG TGG GGA GGG AGG TGT TC-3’ and 5-
GGT CTG AAC GAT CTIT CCC CG-3; PHYH
(ZBTB38 site) 5-TCG AAA GCA GCC TGG GTA
AC-3"and 5-TAC ACC GTT CTC CTG CCT CA-3;
CTSD (ZBTB38 site) 5-GGT CGA GGT GGG CAG
ATT AC-3’ and 5-CCA CCT CAG CCT CTC CAG
TA-3’; PDPR (ZBTB38 site) 5-TGA AAG CCA GAG
GTG AGG TT-3" and 5-AAT TTT GTC ACT CCG
GCT GG-3’; VHL (ZBTB38 site) 5-AGC GTG ATG
ATT GGG TGT TC-3’ and 5-CTT GGC CTC TCA
AAG TGC AG-3; YTHDCI (ZBTB38 site) 5-GCT
CTG TCG CTA GGT TGG AG-3’ and 5-AGT CCC
AGC TAC TCA GGA GG-3’; Intergenic region 1
(ZBTB38 site) 5-CGT TTG TGT CTT TCC GCC
AG-3" and 5-AGC GGG TAG TGT TAG GGG AA-
3’; Intergenic region 2 (ZBTB38 site) 5-CAC TAG
CTC CTG GAT CTG TGC-3"and 5-GCA CACTCA
CTC AGC GTT CT-3’ Intergenic region 3 (ZBTB38
site) 5-GCC CCA GAT AAT GAA GAC GC-3’ and
5-CAC CAA CGT TCT TCC TTG CA-3’; Intergenic
region 4 (ZBTB38 site) 5-ATT AGA CGG GTG TGT
GGC AT-3" and 5-CTT GGC TCA CTA CAA CAT
CCG-3’; Intergenic region 5 (ZBTB38 site) 5-CCA

AGG GAC GGC TAG ATG AT-3" and 5-TGG
TTA AAC GCG CAT AGG TG-3’; Intergenic region
6 (ZBTB38 site) 5-CGC TGA ACT GCT CTG TTG
TT-3" and 5-GGG AGG GGA CAT CAG AGA AG-
3’; Intergenic region 7 (ZBTB38 site) 5-GCC AGG
CAC CTT TTC TTC TT-3’ and 5-GGA ACA CAC
CCA AAG CAG TT-3’; Intergenic region 8 (ZBTB38
site) 5-CTT CTG CTT GAG GTT CGT TGA-3’ and
5-ACG CCT GAA ACT TGT GCA AT-3".

Libraries preparation and deep sequencing

Two validated ChIP samples and two input sam-
ples (matching the ChIP samples) were analysed
by deep sequencing. The libraries were prepared
by the sequencing platform of the ‘Centre National
de Génotypage’ (CEA, Evry, France) according to
the manufacturer’s recommendation using the
NextFlex™ ChIP-sequencing kit (Bioo Scientific,
5143-01) and adaptors NextFlex™ ChIP-seq bar-
codes (Bioo Scientific, 514120). Twenty nano-
grams of ChIP and Input DNA was used as
starting material, DNA extremities were repaired,
and the resulting DNA PCR was amplified (11-12
cycles). DNA materials were then size-selected and
purified using Agencourt AMPure XP magnetic
beads (Beckman Coulter, A63881) prior to analysis
on a Illumina HiSeq 2000.

Quality control and analysis of the
ChIP-sequencing data

We retrieved the ChIP-sequencing and Input-
sequencing data in fasta format from the sequen-
cing platform. Sequencing quality was assessed
with fastqc tool (www.bioinformatics.babraham.
ac.uk).

Mapping was performed using bowtie 1.1.2 [95]
on the human reference genome (hgl19), allowing
two mismatches per read and not keeping reads
with multiple alignments. Duplicated reads were
removed with SAMtools tool [96]. The number of
mapped reads considered for further analysis for
the four samples ranged from 5.38 to 34.90 mil-
lions reads.

Reproducibility assessment was performed by
comparison of reads mapped on a 500 base pair
sliding window along chromosome 11 for the two
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HA-Flag ChIP replicates and by calculating the
Pearson correlation coefficient.

A joint peak-calling analysis of the two ChIP
replicates and the corresponding inputs was per-
formed with CisGenome tool [97], with a stringent
cut-off at 5 and a maximal P-value set-up at 10™*
(except for Figure S1A for which default cut-off
has been used and multiple P-values were tested).
Coverage files (BedGraph format) were generated
using the HOMER suite and visualized using the
Integrated Genomics Viewer [98,99]. Histograms
of average tag density were generated using the
HOMER suite, and heatmaps were generated
using SeqMINER [100].

Genomic annotation of ZBTB38 binding regions
and Gene Ontology analysis

Annotation of ZBTB38-bound regions was per-
formed using the HOMER suite based on the
default HOMER annotation database. The coordi-
nates of transcription start sites (TSS) and tRNA
loci from reference genome hgl9 were obtained
from HOMER database. Gene Ontology analysis
of ZBTB38 target genes was performed using the
PANTHER classification system and the molecular
signatures database [101,102].

Bound DNA repeats identification

DNA repeats coordinates were downloaded from
RepeatMasker on UCSC website [103]. Genome
coordinates of DNA repeats bound by ZBTB38
have been identified using a homemade code avail-
able at GitHub (https://github.com/ClaireMarchal).
Percentage of repeats has been estimated by calculat-
ing the ratio of total length of DNA repeats bound by
ZBTB38 on the total length of chromatin bound by
ZBTB38. Venn diagrams have been generated by
HOMER suite.

A pseudogenome has been generated with human
DNA repeats sequences from RepeatMasker. Reads
from fastq have been mapped on this pseudogen-
ome, using bowtie 1.1.2 allowing two mismatches
and without keeping reads mapped at more than
one site, as previously performed [104]. Duplicated
reads have been removed using SAMtools, and total
reads mapped on each DNA repeats have been cal-
culated using SAMtools. The total number of reads
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mapped on each repeat has been normalized on the
number of reads sequenced for each samples.

Transfection of siRNA molecules and doxorubicin
treatment

Control scrambled siRNAs and siRNAs directed
against ZBTB38 were purchased from Thermo
Fisher Scientific and were validated in previous
studies [33-35]. siRNAs were transfected using
the Neon® transfection system using the Kkit
MAK10096 and the following optimized para-
meters given from the constructors for HeLa-S3,
U20S, and HCT-116 cells (Thermo Fisher
Scientific). Cells were then seeded in six-well
plate and treated for 6 hours with doxorubicin
(Sigma-Aldrich, D1515) at final concentration of
up to 1 puM and cell death measured by trypan blue
scoring 18 hours later.

ChIP-sequencing datasets used in the study

ChIP-sequencing data analysed in this study were
previously published, publicly available though GSE
accession numbers, and in the case of ENCODE data
the embargo release date has passed. All the
ENCODE datasets were directly retrieved from the
dedicated website (either as Fasta or BED format).
Histone marks datasets generated by Broad Institute
and RNA-sequencing datasets generated by Caltech
Institute were downloaded from the UCSC website.
ChromHMM and DNA binding domain datasets
were downloaded from the UCSC website and
from metatracks.encodenets.gersteinlab.org, respec-
tively [57,58].

Other accession numbers for publicly available
datasets are the following: phospho-Serine 5
Polymerase II (GSE71848) [105], CAGE experiment
(GSM849330) [106], BRF1 and Polymerase III
(GSE20309) [107], HSF1 (GSE43579) [108], DNasel
sensitivity [62], MNase sensitivity (SRR029442) [109],
and Zinc Finger transcription factors profiling in
HEK?293 cells (GSE58341 and GSE78099) [68,69]. Of
note, in the case of GSE58341 and GSE78099 solely,
ZNF factors with more than 100 binding sites in the
peak calling analysis were further considered.

Intersection between datasets peaks coordinates
was considered positive, and highlighted as co-
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bound, when distance from centres of respective
peaks is <100 bp.

De novo DNA motif discovery and analysis

Discovery and analysis of DNA motifs at ZBTB38-
bound regions were performed using HOMER
tool. We performed the analysis on DNA segments
of 400 base pair centred on the centre of the
ZBTB38 peak. We conducted a de novo motif
discovery analysis and identified DNA motifs
enriched at ZBTB38 sites compared to the rest of
the genome by HOMER tool. We then compared
the list of motifs with known motifs contained in
the HOMER database of DNA motifs and
obtained two lists: motif with known associated
transcription factor and new motifs. Coordinates
of peaks centred on motif have been generated
using HOMER tool. Coordinates of genomic
sequences with the motifs have been generated
using FIMO tool [110].

Methylation level correlation

Methyl-cytosine position on the whole genome
was obtained from Bis-sequencing BedGraph:
GSM949621 for Hela cells [65], GSM1465024 for
HCT116 cells [26], and GSE58341 for HEK293
[68]. The average methylation at a given position
in peaks centred on motif has been calculated with
HOMER tool. The percentage of peaks with at
least one cytosine at a given methylation status
was obtained by merging the peaks with the list
of cytosine coordinates of the given status.

Mlul digestion test

Genomic DNAs from cells treated with siRNA
molecules or constitutively expressing HA-Flag-
ZBTB38 were prepared by adding SDS and protei-
nase K (Roche; 03115844001) directly to cell pel-
lets overnight at 56°C prior to phenol/chloroform
extraction and ethanol precipitation. Similar
amount of genomic DNA (1 pg) from the different
conditions was further digested overnight with
BamHI (R3136S, New England BioLabs) and
Mlul (R3198S, New England BioLabs). Resulting
digested DNA was PCR amplified using the One
Taq Hot Start Quick-Load 2X master mix

according to the manufacturer’s recommendation
(New England Biolabs; M0481L) and run on
a MasterCycler Nexus machine (Eppendorf). PCR
was analysed on a 2% agarose gel and visualized
using ethidium bromide.

DNAs from ChIP samples were analysed using
a similar strategy. Following the ChIP protocol, pur-
ified DNAs were subjected to overnight Mlul and
BamHI digestion prior to PCR analysis.

The primer pairs used for these analyses are as
follows: ZBTB38_Alu 5-TCA GGA GTT CAC AAC
CAG CC-3" and 5-TGG AGT GCA GTG GTG TGA
TC-3’; ZBTB38_ENOGI (exonl) 5-GCG AGT CGT
ACGTGCTGT-3 and 5-GGT AGT CGG CGT TGG
TGG-3’; ZNF684 (promoter) 5-GAG CTC CAC
TGG CCT TAT GG-3’ and 5-GCG GCG CTG ATT
TGA AGA TT-3; EXO1 (promoter) 5-CCT ATG
AGT TGG AAG CCG CA-3’ and 5-TGA CCT TTC
AAT TTG CGC GG-3’; Control (72 base pair ampli-
con; with no BamHI and Mlul restriction site) 5-CCC
CCA TGA TTC ATT ACC TC-3 and 5-CCC ACC
CAA ATC TCA TCT TG-3’.

GST-fusion purification and interaction with
methylated DNA in vitro

GST and GST-fusion proteins were produced in E. coli
cells. After centrifugation, cells were resuspended in
lysis buffer (Hepes pH 7.5 25 mM, KCl 20 mM, EDTA
2.5 mM, DTT 1 mM, and Triton X-100 1%) and
completed with PMSF and protease inhibitors
(Roche mini-tablet EDTA-free). Cells resuspended in
lysis buffer were sonicated in a Bioruptor (Diagenode)
for a round of three times for 30 seconds. Lysates were
kept on ice and 1/10e NaCl 5 M was added for 15 min-
utes of incubation. Lysates were centrifuged for
15 minutes at 4°C at 12,000 rpm. Supernatant contain-
ing GST-fusion proteins was incubated with glu-
tathione-sepharose beads (Thermo Fisher Scientific;
16100) for an hour at 4°C on a wheel. After extensive
washing of the beads with Tris HCI pH 8.0 20 mM, the
presence of GST-fusion was monitored by western
blot and protein levels were quantified.

On the next day, sepharose beads with GST, GST-
ZBTB38-ZF, or GST-ZBTB38-ZF(H491R) were incu-
bated with oligonucleotides as previously described
[111]. Briefly, a mix containing equimolar levels of
methylated, mutated, and unmethylated oligonucleo-
tides was freshly prepared. An aliquot from this mix



was saved as the input, and the remaining mix was
incubated with the proteins on the beads in the follow-
ing binding buffer (Hepes pH 7.9 20 mM; KCI 50 mM,
MgCl, 2 mM, EDTA 0.5 mM, Glycerol 10%, BSA
0.1 mg/ml, and DTT 2 mM). The mix was incubated
for 5 minutes on the wheel at 4°C and washed 10
times for 5 minutes with the binding buffer solution.
Bound DNAs were then digested by either EcoRI
(New England Biolabs; R0101S), BamHI-HF (New
England Biolabs; R3136S), or Kpnl (Thermo Fisher
Scientific; ER0521) in appropriate buffers. Digested
DNAs and Input DNAs were then amplified by
gPCR, and the relative amount of methylated,
mutated, and unmethylated DNAs bound to each
protein was determined using the Ct methodology.
The list of oligonucleotides is provided below. For
each sequences, we indicated the location of the
restriction site in bold; the cytosine, either mutated
or methylated (5med), into brackets; and in italics the
common sequences for PCR amplification. The
sequences are as follows: Fis1_BamH1_meC (sense)
5-TCC CAG ATC CCG TCA GTC TAG GAT
CCA GCC CAA CAA CIT GGG AGG CCG
[5MedC]GG [5MedC]GG GAA GAT CGC TGG
AGG CCA GGA GTT CAA GAC CAG CCT GAG
CAA CAT ACC CCT ACC TGA CTC TCC TCA-3;
Fis1_BamH1_meC (antisense) 5-TGA GGA GAG
TCA GGT AGG GGT ATG TTG CTC AGG CTG
GTC TTG AAC TCC TGG CCT CCA GCG ATC
TTC C[5MedC]G C[5MedC]G CGG CCT CCC AAG
TTG TTG GGC TGG ATC CTA GAC TGA CGG
GAT CTG GGA-3’; Fisl_EcoR1_C (sense) 5-TCC
CAG ATC CCG TCA GTC TA G AAT TC A GCC
CAA CAA CTT GGG AGG CCG [C]GG [C]GG
GAA GAT CGC TGG AGG CCA GGA GTIT CAA
GAC CAG CCT GAG CAA CAT ACC CCT ACC
TGA CTC TCC TCA-3% Fisl_EcoR1_C (sense) 5-
TGA GGA GAG TCA GGT AGG GGT ATG TTG
CTC AGG CTG GTC TTG AAC TCC TGG CCT
CCA GCG ATC TTC C[C]G C|[C]G CGG CCT CCC
AAG TTG TTG GGC TGA ATT CTA GAC TGA
CGG GAT CTG GGA-3’ Fisl_Kpnl_T (sense) 5-
TCC CAG ATC CCG TCA GIC TAG GTA
CCA GCC CAA CAA CTT GGG AGG CCG [T]GG
[T]GG GAA GAT CGC TGG AGG CCA GGA GTT
CAA GAC CAG CCT GAG CAA CAT ACC CCT
ACCTGA CTC TCC TCA-3’and Fis1_Kpnl_T (anti-
sense) 5-TGA GGA GAG TCA GGT AGG GGT ATG
TTG CTC AGG CTG GTC TTG AAC TCC TGG
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CCT CCA GCG ATC TTC CC[A] CC[A] CGG CCT
CCC AAG TTG TTG GGC TGG TAC CTA GAC
TGA CGG GAT CTG GGA-3..

Cell Cycle genes and housekeeping gene
annotation

Periodically expressed genes in HeLa-S3 cells were
retrieved from the web portal: http://genome-www.
stanford.edu/human-cellcycle/hela/data.shtml [76].
This study reports 1134 cell-cycle-regulated genes
using a home-made microarray covering around
13,000 genes. We manually re-annotated and
curated the list of genes to fit with human genome
hgl9 annotation. We then intersected these lists of
genes with ZBTB38 and E2F4 target genes (defined
by ZBTB38 and E2F4 binding at the TSS). The sig-
nificance of the concordance was then determined
using a hypergeometric test. A similar analysis was
conducted using a curated list of housekeeping and
tissue-specific genes based on the analysis of 1737
microarrays studies in 26 tissues [77].

Graphics generation

Boxplots and corresponding statistical analysis
have been generated using R (R Core Team,
2015). Scatter plots and Pearson correlation coeffi-
cients have been generated using R.

Accession codes

ZBTB38 ChIP-sequencing and Input samples have
been submitted to the Gene Expression Omnibus
repository (GSE108618).
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