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ZBTB2 reads unmethylated CpG island promoters
and regulates embryonic stem cell differentiation
Ino D Karemaker & Michiel Vermeulen*

Abstract

Proteins that bind to DNA depending on its methylation status play
an important role in methylation-mediated regulation of gene
expression. Using a variety of genomics and proteomics approaches,
we identify zinc finger and BTB domain-containing protein 2
(ZBTB2) as a reader of unmethylated DNA in mouse embryonic stem
cells. ZBTB2 preferentially binds to CpG island promoters, where it
acts as a transcriptional activator. The binding of ZBTB2 to its
targets is direct and independent of two other zinc finger proteins,
ZBTB25 and ZNF639, which we show to interact with ZBTB2. Our
data suggest an anticorrelation between ZBTB2 DNA binding and
DNA methylation, indicating that ZBTB2-binding dynamics in vivo
are sensitive to differential DNA methylation. ZBTB2 is intricately
interwoven with DNA methylation, as we find not only that its bind-
ing to DNA is methylation sensitive, but also that ZBTB2 regulates
the turnover of methylated DNA. In ZBTB2 knockout cells, several
pluripotency factors are upregulated, inducing a delay in differentia-
tion. We propose that ZBTB2 is a novel DNA methylation-sensitive
transcription factor that regulates cellular differentiation.
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Introduction

Epigenetic modifications are alterations in the interpretation of the

genetic information which cause a heritable phenotype without

changing the actual DNA sequence. DNA methylation is an impor-

tant epigenetic modification that takes place at the level of the DNA

nucleosides themselves. In vertebrates, it comprises the coupling of

a methyl group (CH3) to the 50 position of the pyrimidine ring of

cytosine, resulting in methylcytosine (meC). This reaction is catal-

ysed by DNA methyltransferases (DNMTs): DNMT1 is important for

maintenance methylation, whereas DNMT3A and DNMT3B are

involved in de novo DNA methylation. DNMT3L lacks inherent DNA

methylation activity, but is an important regulatory factor that forms

heterodimers with DNMT3A and DNMT3B [1]. Impaired activity of

the DNMTs leads to loss of meC over several cell divisions, a

process called passive DNA demethylation. Alternatively, DNA

demethylation can take place through active mechanisms, in which

the family of ten-eleven translocation (TET) methylcytosine dioxy-

genases plays a key role. These proteins catalyse the oxidation of

meC into hydroxymethylcytosine (hmC) [2], which can then be

further processed in a variety of ways to yield unmethylated DNA

[3]. DNMTs and TETs are thus central components of the dynamic

DNA methylation network.

Although DNA methylation can occur in other contexts, it

usually takes place on cytosines that are followed by a guanine,

constituting a self-complementary CpG dinucleotide. The frequency

of CpGs in the genome is much lower than expected by chance,

largely due to the mutability of methylated cytosines [4]. In

contrast, there are short regions with high CpG context, known as

CpG islands, which are estimated to occur in around 60% of mouse

gene promoters [5]. While most CpG sites in the adult vertebrate

genome are methylated, the majority of CpG islands remain

unmethylated [4]. Methylation of CpG island promoters can regulate

transcription of associated genes in cis. Traditionally, DNA methyla-

tion of promoters has been linked to gene silencing, although recent

research has nuanced this view [6].

Proteins that bind to DNA depending on its methylation status,

so-called readers of unmethylated or methylated DNA, are thought

to play an important role in DNA methylation-mediated gene

expression. Quantitative mass spectrometry-based proteomics has

emerged as a powerful tool to identify such readers [7], giving rise

to the challenge of elucidating the biological mechanisms through

which these proteins regulate gene expression. These mechanisms

include, but are probably not limited to, recruitment of writers or

erasers of histone modifications [8,9], nucleosome repositioning

[10] and the abolishment of sequence-specific binding as a conse-

quence of methylation [11].

One putative reader of unmethylated DNA is the zinc finger and

BTB domain-containing protein 2 (ZBTB2) [7,12]. ZBTB2 is a

protein family member of KAISO and KAISO-like proteins, which

have previously been shown to bind to methylated DNA and play a

role in gene regulation [13]. Interestingly, the three zinc finger

domains of ZBTB2 are clearly distinct from the evolutionarily

conserved methyl-CpG-binding zinc fingers of KAISO and
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KAISO-like proteins [14] (Fig EV1A and B), suggesting that their

sensitivity to DNA methylation may be different.

In this study, we used a combination of genomics and proteo-

mics approaches to characterise the genomic localisation and biolog-

ical function of the zinc finger protein ZBTB2 in mouse embryonic

stem cells (ESCs). We found that ZBTB2 preferentially binds to

active CpG island promoters in vivo, supporting its role as a reader

of unmethylated DNA. DNA methylation seems to at least partially

regulate ZBTB2-binding in vivo, as we found ZBTB2-binding dynam-

ics to anticorrelate with differential DNA methylation levels. These

observations are supported by in vitro assays, which show direct

recruitment of ZBTB2 to unmethylated DNA. In turn, ZBTB2 affects

DNA methylation through regulation of the TET enzymes, thereby

also influencing its own recruitment to DNA. Lastly, our data indi-

cate that ZBTB2 acts mostly as a gene activator and regulates genes

that are important for the exit from pluripotency. We hence propose

that ZBTB2 is a DNA methylation-sensitive transcription factor that

is involved in cellular differentiation and that influences its own

recruitment by tuning the DNA methylation machinery.

Results and Discussion

ZBTB2 binds at active CpG island promoters in mouse embryonic
stem cells in vivo

To determine the genome-wide in vivo DNA binding sites of the

putative unmethylated DNA reader ZBTB2, we performed chromatin

immunoprecipitation followed by deep sequencing (ChIP-seq). To

this end, we generated a mouse ESC line with a stably integrated

bacterial artificial chromosome (BAC) transgene encoding the Zbtb2

gene fused to a C-terminal green fluorescent protein (GFP) tag under

the control of its endogenous promoter [15]. Through ChIP-seq anal-

ysis with an antibody against GFP, we identified � 4,000 ZBTB2-

binding sites in ESCs. Genomic localisation of these peaks revealed

that the majority of the ZBTB2-binding sites (81%) is located within

5 kb of a transcription start site (TSS) (Fig 1A). A more detailed

analysis of the genomic distribution of these peaks confirmed the

preferential binding of ZBTB2 to TSSs and, in addition, showed that

most of these TSSs contain a CpG island (CGI) (Fig 1B). Motif

enrichment analysis showed that a recently reported ZBTB2-binding

motif [16] was not found to be enriched in our ZBTB2 peaks in ESCs

compared to all CGIs (Fig EV1C), suggesting that in vitro and in vivo

binding sites may differ. In addition, de novo motif searches in our

ChIP-seq data set did not identify any clear consensus motif for

binding of ZBTB2, but did indicate that one or multiple CpG dinu-

cleotides are usually present. To substantiate this finding, we

compared the number of CpG dinucleotides at ZBTB2-binding sites

to a set of random promoters of the same average length and found

that ZBTB2 peaks indeed contain significantly more CpGs

(Fig EV1D). However, not all TSSs or even CGIs are bound by

ZBTB2, suggesting that CpG dinucleotides are important but not suf-

ficient for ZBTB2 recruitment (Figs 1C and EV1E). In order to iden-

tify other factors that determine ZBTB2 binding, we examined

whether ZBTB2 peaks are enriched for particular histone marks.

This analysis revealed that ZBTB2 primarily interacts with TSSs and

CGIs that are marked by H3K4me3 and H3K27ac. Since these

histone marks are associated with active promoters [17,18] (Figs 1C

and EV1E), our data thus demonstrate that ZBTB2 preferentially

binds to active CpG island promoters in ESCs in vivo.

ZBTB2-binding dynamics anticorrelate with differential DNA
methylation in vivo

Since most CGIs are hypomethylated [4], our finding that ZBTB2

binding is enriched at CGIs in vivo is in line with ZBTB2 being a
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Figure 1. Genomic localisation of ZBTB2 in mouse embryonic stem cells
in vivo.

A Histogram depicting the genomic localisation relative to a TSS of the called
ZBTB2 ChIP-seq peaks in ESCs.

B Genomic distribution of the called ZBTB2 ChIP-seq peaks in ESCs.
C Heat map showing the ChIP-seq read density (normalised on RPKM) for

ZBTB2, H3K4me3 [43] and H3K27ac [44] in ESCs, centred on all mouse TSSs.
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reader of unmethylated DNA. To examine whether ZBTB2 occu-

pancy is influenced by DNA methylation in vivo, we altered global

DNA methylation levels in two ways. Firstly, we induced global

DNA hypomethylation in ZBTB2-GFP BAC ESCs by adding two

small-molecule kinase inhibitors targeting MEK and GSK3b to the

culture medium (2i) [19]. Secondly, we differentiated ZBTB2-GFP

BAC ESCs into neural progenitor cells (NPCs), thereby changing the

DNA methylation landscape in a cell-type-specific manner [20].

ChIP-seq analyses on these cell lines revealed that genome-wide

ZBTB2 binding increases after addition of 2i and decreases upon

differentiation into NPCs (Fig 2A). Importantly, ZBTB2 protein

levels remain within the same range for all these conditions

(Fig EV2A and B), even if mRNA levels seem to be more variable

upon addition of 2i (Fig EV2C), indicating that these binding

dynamics are not solely caused by changes in abundance. To inves-

tigate the extent to which the observed dynamics in ZBTB2 binding

are related to changes in DNA methylation, we used publicly avail-

able methylation profiles from ESCs grown in serum/LIF or in

complete 2i conditions [21] or ESCs and NPCs [20] as a proxy for

genome-wide DNA methylation levels in our cell lines. We took the

union of all ZBTB2 peaks that were called in either one of our ChIP-

seq experiments, grouped them according to their genomic annota-

tion, and then compared the difference in DNA methylation as

predicted by the methylation profiles to the fold change in ZBTB2

binding as determined by ChIP-seq (Fig EV2D and E). These analy-

ses suggest that on average, sites where the most dynamics in

ZBTB2 binding occur also show the largest change in DNA methyla-

tion. To validate these findings, we selected a couple of loci contain-

ing a CGI and performed ChIP–qPCR and methylated DNA

immunoprecipitation (MeDIP)–qPCR to measure ZBTB2 and DNA

methylation levels, respectively (Figs 2B and C, and EV2F and G).

Also in our cell lines, we observed an anticorrelation between ZBTB2

binding on the one hand and DNA methylation on the other, suggest-

ing that ZBTB2-binding dynamics in vivo are sensitive to differential

DNA methylation.

ZBTB2 recruits a zinc finger module to unmethylated DNA

We next performed in vitro binding assays to further elucidate the

mechanisms behind ZBTB2 binding to DNA. For this purpose, we

selected a locus containing a CGI on the mouse genome where we

saw a strong anticorrelation between ZBTB2 occupancy and DNA

methylation in ESCs compared to NPCs, while DNase I hypersensi-

tivity data suggest that this genomic region is accessible in both cell

types in vivo (Figs 3A and EV3A). To test whether the DNA binding

properties of ZBTB2 change upon differentiation into a different cell

type, we performed DNA pull-downs with this genomic sequence

containing either unmethylated or methylated CpGs, and using

nuclear protein extracts from either ESCs or NPCs. These experi-

ments revealed that in vitro, ZBTB2 is able to bind to the unmethy-

lated sequence independent of the origin of the protein extract,

suggesting that the inherent ability of ZBTB2 to bind to unmethy-

lated DNA is unaltered in NPCs (Figs 3B and C and EV3B). We next

investigated the possibility that ZBTB2 interacts with different

proteins in ESCs and NPCs, which could also affect its recruitment

to DNA. Therefore, we prepared nuclear protein extracts from

ZBTB2-GFP BAC ESCs and NPCs and performed GFP pull-downs to

identify ZBTB2 interaction partners. These experiments

demonstrated that ZBTB2 interacts with two other zinc finger

proteins, ZBTB25 and ZNF639, in both cell types (Fig 3D and E).

We validated these protein–protein interactions in ESCs by
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Figure 2. Comparison of ZBTB2 occupancy and differential DNA
methylation in vivo.

A Heat map showing the ChIP-seq read density (normalised on RPKM) for
ZBTB2 in ZBTB2-GFP BAC ESCs cultured in serum/LIF conditions (middle)
or serum/LIF + 2i conditions (left), and in ZBTB2-GFP BAC NPCs (right),
centred on the union of the ZBTB2 peaks in these three conditions.

B, C Comparisons of ZBTB2 occupancy (assessed by ChIP–qPCR) and DNA
methylation levels (measured by MeDIP–qPCR) at three loci (see Fig EV2F
and G), between ZBTB2-GFP BAC ESCs in serum/LIF and serum/LIF + 2i
conditions (B) or between ZBTB2-GFP BAC ESC and NPCs (C). Data are
depicted as mean � SEM of three biological replicates (P = as
determined by Welch t-test).
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reciprocal pull-downs and Western blot analysis (Fig EV3C–E).

While the interaction partners of ZBTB2 thus do not change during

differentiation, zinc finger proteins are known to have the capacity

to bind to DNA [22], giving rise to the possibility that recruitment of

ZBTB2 to DNA is mediated by one or both of its interaction part-

ners. We subsequently examined whether ZBTB2 would retain its

DNA binding capability in the absence of ZBTB25 and ZNF639. For

this purpose, we produced recombinant GST-fused ZBTB2 protein in

Escherichia coli and used this for DNA pull-downs with generic

unmethylated and methylated DNA probes [7]. Analysis by Western

blot revealed that recombinant ZBTB2 binds to the unmethylated

probe with high affinity, while almost no binding can be observed

to the methylated probe (Fig 3F). A similar result was obtained

when the genomic region indicated in Fig 3A was used

(Fig EV3F). This confirms our findings that ZBTB2 preferentially

binds to unmethylated DNA and shows that this binding is direct

and independent of its interaction with ZBTB25 or ZNF639. In

contrast, when we repeated the DNA pull-down with the genomic

region that we described above using nuclear protein extract from

Zbtb2 knockout (KO) ESCs, we found that ZBTB25 and ZNF639

are no longer able to bind to this region (Fig EV3G). Although we

cannot exclude the possibility that protein levels of ZBTB25 and

ZNF639 are affected upon knockout of ZBTB2, RNA-seq analysis

comparing wild-type and Zbtb2 KO ESCs shows no significant dif-

ference in mRNA levels (Fig EV3H). Thus, we conclude that

ZBTB2 forms a module with ZBTB25 and ZNF639 and that the

capacity of this module to bind to unmethylated DNA is dependent

on ZBTB2.
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Figure 3. ZBTB2 reads unmethylated DNA directly and independently of its interaction partners.

A UCSC genome browser view of ZBTB2 binding, bisulphite sequencing data [45] and DNase I hypersensitivity tracks [46] in ESCs and NPCs. The region that was used
for DNA pull-downs is located within the dashed lines.

B, C Scatterplots of DNA pull-downs with the genomic region indicated in (A), using nuclear protein extract from wild-type ESCs (B) or NPCs (C). Proteins binding
specifically to the unmethylated or methylated sequence are depicted in the lower left or upper right quadrant, respectively. Significant outliers were determined
through box plot statistics. In (C), ZBTB2 and ZNF639 were just below the statistical cut-offs and have been indicated in dark red. All pull-downs were performed in
duplicate and included a label-swap. Box: median (central line), first and third quartile (box limits); whiskers: 1.5 × interquartile range.

D, E Volcano plots of label-free GFP pull-downs using nuclear extracts from ZBTB2-GFP BAC ESCs (D) or NPCs (E). Label-free quantification (LFQ) intensity of the
experiment relative to the control [fold change (FC)] is plotted on the x-axis; FDR-corrected t-test values are plotted on the y-axis. Grey lines indicate statistical
cut-offs. All pull-downs were performed in triplicate.

F Western blot analysis of DNA pull-downs using generic unmethylated or methylated DNA probes with unpurified (upper panel) or GST-purified (lower
panel) recombinant GST-ZBTB2. Bound fraction consists of proteins that bound to the DNA probes, and unbound fraction is 5% of the remaining
supernatant.

Source data are available online for this figure.
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ZBTB2 binding and expression and DNA methylation
are intertwined

While the previous results suggest that DNA methylation can influ-

ence ZBTB2 binding, we wondered whether ZBTB2 levels can

conversely also affect DNA methylation levels. To investigate this,

we measured global levels of meC and hmC in wild-type ESCs,

Zbtb2 KO ESCs and ZBTB2-GFP BAC ESCs. We found that global

meC levels are lower in Zbtb2 KO ESCs and higher in ZBTB2-GFP

BAC ESCs compared to wild-type ESCs, while the reverse is true

for global hmC levels (Fig 4A). To gain insight into the underlying

mechanism of this effect, we looked in our RNA-seq data compar-

ing wild-type and Zbtb2 KO ESCs whether the expression of any

known regulators of DNA methylation or demethylation is changed

in Zbtb2 KO ESCs compared to wild-type cells. Indeed, we found

the DNA methyltransferases Dnmt3A, Dnmt3B and Dnmt3L, as

well as the demethylases Tet1 and Tet2, to be differentially

expressed in Zbtb2 KO ESCs (Fig EV4A). Together, this suggests

that the DNA methylation network is enhanced in Zbtb2 KO ESCs,

resulting in a higher turnover of methylated DNA. We validated

these results by qRT–PCR in wild-type and Zbtb2 KO ESCs and

also showed that the expression levels can be restored towards

wild-type levels in a transient overexpression of ZBTB2 in the

Zbtb2 KO line (Fig 4B). In addition, we found that the changes in

expression levels of TET1 are reflected in its occupancy at CpG

islands (Fig EV4B), suggesting an active role for ZBTB2 in regulat-

ing meC and hmC levels at CGIs. Given our previous findings that

ZBTB2 binding is sensitive to DNA methylation, this is particularly

interesting, as it suggests that ZBTB2 is involved in a feedback

loop to regulate its own recruitment to DNA. We thus speculate

that ZBTB2 binding to unmethylated CGI promoters is regulated

by a complex interplay between DNA methylation levels and the

expression of DNA methylases and demethylases, in which ZBTB2

itself plays a key role.

ZBTB2 is a gene activator and regulates the exit
from pluripotency

To explore the biological significance of ZBTB2 occupancy at

unmethylated CGI promoters in ESCs, we more deeply analysed our

RNA-seq data of wild-type and Zbtb2 KO ESCs. Since DNA methyla-

tion has generally been associated with gene silencing, we expected

that ZBTB2 would act as a gene activator rather than a repressor.

Supporting this notion, we found that in Zbtb2 KO ESCs, � 850

genes are differentially regulated compared to wild-type ESCs, with

the majority becoming downregulated. To investigate whether these

differentially expressed genes are direct ZBTB2 target genes, we

integrated our RNA-seq and ChIP-seq data sets (Dataset EV2). This

resulted in the identification of � 300 genes that are bound by

ZBTB2 in wild-type ESCs and whose expression is significantly

changed in Zbtb2 KO ESCs, suggesting that ZBTB2 directly regulates

the expression of these genes (Fig 5A). The majority of these

directly regulated genes are downregulated in Zbtb2 KO compared

to wild-type ESCs. Furthermore, when comparing the ratio of

expressed to silence genes in the subset of ZBTB2-bound genes to

the whole transcriptome, as determined by RNA-seq in wild-type

ESCs, we found that this ratio is significantly higher for ZBTB2-

bound genes (Fig EV5A). Altogether, these results propose a role for

ZBTB2 as a gene activator, consistent with our understanding of

DNA methylation as a repressive epigenetic mark.

Next, we performed gene ontology (GO) term enrichment analy-

sis on genes that are directly regulated by ZBTB2 and found that

one of the processes that these genes are primarily associated with

is embryonic development (Fig 5B). In line with this, our RNA-seq

data revealed that a number of pluripotency factors (such as ESRRB,

KLF4 and NANOG) are significantly upregulated in Zbtb2 KO ESCs

compared to wild-type cells (Fig EV5B), suggesting that the pluripo-

tency network in Zbtb2 KO cells is perturbed. We validated this by

Western blot and qRT–PCR in wild-type and Zbtb2 KO ESCs and

also showed that a transient overexpression of ZBTB2 in the Zbtb2

KO line causes expression levels to decrease towards wild-type

levels (Fig EV5C and D). To investigate whether a higher expression

of these pluripotency factors induces delayed differentiation in

Zbtb2 KO ESCs, we induced differentiation in these cells by cultur-

ing them in the absence of LIF and assessed their pluripotency by

alkaline phosphatase staining and qRT–PCR. We found that after

5 days in medium without LIF, Zbtb2 KO ESCs display a less dif-

ferentiated morphology compared to wild-type cells that were
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Figure 4. Effect of ZBTB2 on genome-wide DNA methylation levels.

A Global meC and hmC levels in wild-type, Zbtb2 knockout and ZBTB2-GFP
BAC ESCs. Data are depicted as mean � SEM of five biological replicates
(*P = 0.01857, **P = 0.003181, ***P = 0.0007674, n.s. = not significant,
Welch t-test).

B qRT–PCR analysis of gene expression levels in wild-type, Zbtb2 knockout
(KO) and Zbtb2 KO ESCs transiently transfected with ZBTB2 [Zbtb2 rescue
(RC)]. Data are depicted as mean � SEM of three biological replicates
(*P < 0.05 compared to WT, Welch t-test).
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treated equally (Fig 5C). Furthermore, qRT–PCR analysis at day five

after LIF withdrawal showed that several pluripotency factors

remain more highly expressed in Zbtb2 KO ESCs compared to wild-

type cells, while the opposite was observed for differentiation

makers (Fig 5D). Taken together, these observations suggest that

Zbtb2 KO ESCs differentiate more slowly and hence imply that

ZBTB2 is involved in the regulation of genes that are important for

ESC differentiation.

Concluding remarks

On the basis of our findings, we propose a model of ZBTB2-binding

dynamics (Fig 5E) in which ZBTB2, together with ZBTB25 and

ZNF639, binds to unmethylated CpG island promoters in ESCs,

which is mostly positively correlated with expression of the associ-

ated genes. ZBTB2 influences its own binding by regulating the TET

enzymes, which catalyse the first step of DNA demethylation by

converting meC into hmC. ZBTB2 itself does not bind at the promot-

ers of the TETs, indicating that this regulation is probably indirect.

In differentiated cells, increased methylation levels lead to a

decreased binding of the zinc finger module.

While this model recapitulates the findings we presented in this

study, further research is needed to gain a more complete picture of

the biological mechanisms that regulate ZBTB2 binding in the

genome and its function. Although we have demonstrated that

ZBTB2 binding is sensitive to DNA methylation, DNA methylation

dynamics at dynamic ZBTB2-binding sites are not always very

pronounced, suggesting that there may be mechanisms other than

DNA methylation that can regulate ZBTB2 binding to genomic loci.

Furthermore, it remains to be resolved why ESCs show a delay in

differentiation upon Zbtbt2 knockout. The genes that are directly

regulated by ZBTB2 include some well-known pluripotency factors,

such as Klf4, Tbx3, Tfcp2l1 and Nr5a2 [23,24]. However, these

genes are all among the subset of genes whose expression goes up

rather than down in the Zbtb2 KO, raising the question through

which exact mechanisms ZBTB2 regulates gene expression.

Previous studies have identified interactions between ZBTB2 and
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Figure 5. ZBTB2 acts as a gene activator and stimulates cellular
differentiation.

A Venn diagram comparing genes that are bound by ZBTB2 in ESCs (as
identified by ChIP-seq, green) and genes whose expression changes
significantly in Zbtb2 KO ESCs (as identified by RNA-seq, orange).

B Top five hits of GO terms enrichment analysis of genes that were identified
in (A) to be directly regulated by ZBTB2.

C Alkaline phosphatase staining of wild-type and Zbtb2 KO ESCs after
culturing for 5 days in the absence of LIF to induce differentiation. Cells
that were cultured for 5 days in the presence of 2i served as a reference for
completely undifferentiated cells. Pictures are representative of eight
biological replicates. Scale bars: 100 lm.

D qRT–PCR analysis of pluripotency and differentiation markers in wild-type
and Zbtb2 KO ESCs after culturing for 5 days in the absence of LIF. Data are
depicted as mean � SEM of three biological replicates (*P < 0.05, Welch
t-test).

E Proposed model of ZBTB2-binding dynamics. In ESCs, ZBTB2 recruits a zinc
finger module to unmethylated CpG island promoters, thereby regulating
genes that are important for differentiation. ZBTB2 influences its own
binding by regulating TET enzymes and consequently the rate of DNA
demethylation. Upon differentiation, binding of the zinc finger module is
reduced by increased DNA methylation levels.
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co-activator or co-repressor complexes containing histone acetyl-

transferase or deacetyltransferase activity, respectively, leading to

gene activation or gene repression [25–27]. In addition, ZBTB2 has

been reported to interact with numerous other proteins, such as

OCT4 and PTIP [28,29]. However, we could not confirm any of

these interactions in our GFP-ZBTB2 interaction proteomics data,

suggesting that these interactions are either quite transient, substoi-

chiometric or cell-type specific. Another putative mechanism of

ZBTB2-regulated gene expression is through inhibition of binding of

other transcription factors. Indeed, ZBTB2 has been suggested to

compete with Sp1 for binding to G/C box motifs and to prevent p53

binding through a direct protein–protein interaction [26]. Compre-

hensive and integrative analysis of various genomics data sets will

enable us to investigate to what extent these observations are

representative of a general phenomenon.

Materials and Methods

Cell culture and generation of cell lines

IB10 mouse ESCs were cultured on gelatine-coated plates in ESC

medium [DMEM (Gibco) supplemented with 15% HyClone Fetal

Bovine Serum (GE Healthcare Life Sciences), GlutaMAX (Gibco),

non-essential amino acids (Lonza), sodium pyruvate (Gibco), peni-

cillin–streptomycin (Gibco), b-mercaptoethanol and home-made

leukaemia inhibitory factor (LIF)]. For 2i conditions, the medium

was supplemented with 3 lM PD0325901 and 1 lM CHIR99021.

ZBTB2-GFP ESCs were generated by transfection of a GFP-tagged

Zbtb2 BAC construct [15] into IB10 ESCs using Lipofectamine LTX

and PLUS reagents (Invitrogen). Cells were subjected to G418 selec-

tion for more than 10 days, after which monoclonal cell lines were

generated and assessed by Western blot.

ZBTB2-GFP ESCs were differentiated into NPCs using N2B27

medium (DMEM/F12 (Gibco), supplemented with Neurobasal

medium (Gibco), N2 and B27 supplements (Gibco) and b-mercapto-

ethanol. ZBTB2-GFP NPCs and wild-type NPCs were maintained in

NPC medium [NSA (Euromed) supplemented with GlutaMAX

(Gibco), N2 supplement (Gibco), 10 ng/ml bFGF (100-18C, Perpro-

tech) and 10 ng/ml EGF (236-EG, R&D Systems)].

The CRISPR/Cas9 system was used to generate a Zbtb2 knockout

(KO) cell line in ESCs. A guide RNA targeting the second exon of

Zbtb2 (CACCGCTGCAGTAGAATAAGTCCA) was cloned into

pSpCas9(BB)-2A-Puro (PX459; Addgene 48139), essentially as

described [30]. The resulting plasmid was verified by sequencing

and transfected into IB10 ESCs. After 2 days, the cells were

subjected to puromycin selection for 48 h, and then, monoclonal

cell lines were generated and analysed by sequencing.

Chromatin preparation

Attached cells were cross-linked with 1% formaldehyde in buffer A

(148 mM NaCl, 1.48 mM EDTA, 0.74 mM EGTA, 74 mM Hepes) for

10 min at room temperature, after which cross-linking was

quenched with 0.125 M glycine. Cells were washed with PBS and

then harvested by scraping in buffer B (0.25% Triton X-100, 10 mM

EDTA, 0.5 mM EGTA, 20 mM Hepes). Cell suspensions were centri-

fuged for 5 min at 400 g at 4°C, then resuspended in buffer C

(150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 50 mM Hepes) and

rotated for 10 min at 4°C. After centrifugation for 5 min at 400 g at

4°C, cells were resuspended in incubation buffer (0.15% SDS, 1%

Triton X-100, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 20 mM

Hepes) with EDTA-free complete protease inhibitors (CPI) (Roche)

at a concentration of 15 million cells/ml. Cell suspension was soni-

cated with a Bioruptor Pico sonicator (Diagenode) at 4°C using

cycles of 30 s on and 30 s off, until the average size was approxi-

mately 200–300 bp. Sonicated material was centrifuged for 5 min at

21,000 g at 4°C; supernatant was collected, aliquoted, snap-frozen

in liquid nitrogen and stored at �80°C.

Chromatin immunoprecipitation

Chromatin was incubated overnight with antibodies

(Appendix Table S1) at 4°C in incubation buffer (as above) with CPI

and 0.1% BSA. A 1:1 mixture of Protein A and G Dynabeads (Invit-

rogen) was washed twice with incubation buffer plus 0.1% BSA,

then added to the chromatin mixture and rotated for 90 min at 4°C.

Beads were washed twice with wash buffer 1 (0.1% SDS, 0.1%

sodium deoxycholate, 1% Triton X-100, 150 mM NaCl, 1 mM

EDTA, 0.5 mM EGTA, 20 mM Hepes), once with wash buffer 2

(wash buffer 1 with 500 mM NaCl), once with wash buffer 3

(250 mM LiCl, 0.5% sodium deoxycholate, 0.5% NP40, 1 mM

EDTA, 0.5 mM EGTA, 20 mM Hepes) and twice with wash buffer 4

(1 mM EDTA, 0.5 mM EGTA, 20 mM Hepes). After washing, beads

were rotated for 20 min at room temperature in elution buffer (1%

SDS, 0.1 M NaHCO3). Eluted chromatin was decross-linked with

25 lg proteinase K and 200 mM NaCl for 4 h at 65°C in a ther-

moshaker at 1,000 rpm. Decross-linked DNA was purified with a

MinElute PCR Purification Kit (Qiagen) and analysed by either deep

sequencing or quantitative PCR.

Deep sequencing and data analysis

Libraries were prepared for Illumina sequencing with a Kapa Hyper

Prep Kit (Kapa Biosystems), essentially according to the manufac-

turer’s instructions. Briefly, 5 ng of DNA was subjected to end

repair and A-tailing, after which 28 nM NEXTflex DNA barcodes

(Bioo Scientific) were ligated. Post-ligation clean-up was performed

with Agencourt AMPure XP reagent (Beckman Coulter), and

libraries were amplified using ten cycles of PCR amplification. A

MinElute PCR Purification Kit (Qiagen) was used for post-amplifica-

tion clean-up, and size selection for 300-bp fragments was done

with an E-Gel Precast Agarose Electrophoresis System (Thermo).

Samples were analysed for purity with a high-sensitivity DNA ChIP

run on an Agilent 2100 Bioanalyzer and then deep sequenced on an

Illumina HiSeq2000 Sequencing System. Reads were mapped onto

the reference mouse genome mm9 (NCBI build 37), using the

Burrows-Wheeler Alignment tool. Mapped reads were filtered on

sequence quality, and PCR duplicates were removed. Peak calling

was performed using the MACS 2.0 tool against a merge of the 5%

input and GFP ChIP in wild-type cells, which was randomly down-

scaled to match the number of reads of the GFP ChIP in the BAC

line. External files (Appendix Table S2) were downloaded and

processed as described above. Heat maps were generated using the

Fluff package [preprint: 31]. Genomic localisation was analysed

with the GREAT tool [32], and genomic distribution was assessed
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using an in-house Python script. Motif enrichment analysis and de

novo motif predictions were performed using the GimmeMotifs

package [33]. A control set of random promoters with the same size

as the average ZBTB2 peak was generated by extracting sequences

starting from mm9 TSSs (downloaded from the UCSC genome

browser). Gene ontology terms analysis was performed using the

DAVID tool [34].

Methylated DNA immunoprecipitation

Per reaction, 1 lg of decross-linked DNA was incubated with 5 mM

NaOH in incubation buffer (as above) for 3 min at 95°C and then

quickly chilled on ice. 0.1% BSA, 1 lg antibody against meC

(Appendix Table S1) and a 1:1 mixture of Protein A and G Dyna-

beads (Invitrogen) were added to the DNA, after which the mixture

was rotated for at least 4 h at 4°C. Beads were washed twice with

ChIP wash buffer 1, once with ChIP wash buffer 2, once with ChIP

wash buffer 3 and twice with ChIP wash buffer 4 (as above). After

washing, beads were resuspended in elution buffer (1% SDS, 0.1 M

NaHCO3, 200 mM NaCl) and incubated for 10 min at 1,000 rpm at

65°C. Eluted DNA was purified with a MinElute PCR Purification Kit

(Qiagen) and analysed by quantitative PCR.

Nuclear extract preparation

Nuclear extractions were performed essentially as described [35].

Briefly, cells were harvested with trypsin, washed twice with PBS

and spun down for 5 min at 400 g at 4°C. Cells were resuspended in

five volumes of buffer A (10 mM Hepes KOH pH 7.9, 1.5 mM

MgCl2, 10 mM KCl), incubated for 10 min on ice and then centri-

fuged for 5 min at 400 g at 4°C. Cells were resuspended in two

volumes of buffer A with CPI and 0.15% NP40 and transferred to a

Dounce homogeniser. After lysis with 40 strokes of a type B pestle,

the suspension was centrifuged for 15 min at 3,200 g at 4°C. The

nuclear pellet was washed with PBS, centrifuged for 5 min at

3,200 g at 4°C and then resuspended in two volumes of buffer C

(420 mM NaCl, 20 mM Hepes KOH pH 7.9, 20% (v/v) glycerol,

2 mM MgCl2, 0.2 mM EDTA, 0.1% NP40, CPI, 0.5 mM DTT). This

suspension was rotated for 1 h at 4°C and subsequently centrifuged

for 45 min at 20,800 g at 4°C. The supernatant was collected,

aliquoted, snap-frozen in liquid nitrogen and stored at �80°C. The

nuclear pellets remaining after nuclear extraction were solubilised

by resuspension in four volumes of RIPA buffer (150 mM NaCl,

50 mM Tris pH 8.0, 1% NP40, 5 mM MgCl2, 10% glycerol) plus

1,000 U benzonase (Millipore) per 100 ll pellet. Pellets were incu-

bated in a thermoshaker at 37°C at 1,000 rpm until dissolved and

then centrifuged for 5 min at 14,000 g at 4°C. The supernatant was

collected, aliquoted, snap-frozen in liquid nitrogen and stored at

�80°C.

DNA pull-downs

For DNA pull-downs with nuclear extract, biotinylated DNA probes

were synthesised by a nested PCR approach using mouse genomic

DNA as a template. Primers can be found in Appendix Table S3.

Methylated probes were generated by incubation with M. SssI

(Zymo Research), according to the manufacturer’s protocol. Per

pull-down, 20 ll of Streptavidin Sepharose High Performance 50%

bead slurry (GE Healthcare Life Sciences) was used. Beads were

washed once with PBS containing 0.1% NP40 and once with DNA

binding buffer (DBB: 1 M NaCl, 10 mM Tris pH 8.0, 1 mM EDTA,

0.05% NP40). Probes (1 lg per pull-down) were diluted to a total

volume of 600 ll with DBB and rotated with the beads for 30 min at

4°C. Coupling of DNA to the beads was verified by agarose gel elec-

trophoresis. Beads were washed once with DBB and twice with

protein incubation buffer [PIB: 150 mM NaCl, 50 mM Tris pH 8.0,

0.25% NP40, 1 mM DTT and CPI). Nuclear extract (150 lg) and

competitors (5 lg poly-dIdC (Sigma, P4929), 5 lg poly-dAdT

(Sigma, P0883) and 5 lg tRNA (Sigma, R5636)] were diluted to a

total volume of 600 ll with PIB and rotated with the beads for

90 min at 4°C. After beads were washed thrice with PIB and twice

with PBS, all supernatant was removed using a 30-G syringe. Beads

were then resuspended in 50 ll elution buffer (EB: 2 M urea,

100 mM ammonium bicarbonate, 10 mM DTT) and incubated for

20 min in a thermoshaker at 1,400 rpm at room temperature. After

addition of 50 mM iodoacetamide (IAA), beads were incubated for

10 min at 1,400 rpm at room temperature in the dark. Proteins were

then on-bead digested into tryptic peptides by addition of 0.25 lg

trypsin and subsequent incubation for 2 h at 1,400 rpm at room

temperature. The supernatant was transferred to new tubes and

further digested overnight at room temperature with an additional

0.1 lg of trypsin. Tryptic peptides were purified on C18-StageTips

[36], followed by on-StageTip dimethyl labelling. StageTips were

loaded with 300 ll labelling buffer (2% of either CH2O (light) or

CD2O (medium) in 10 mM NaH2PO4, 35 mM Na2HPO4, 0.6 M

NaBH3CN) and centrifuged. Each pull-down was performed in

duplicate, in which label-swapping was performed between the

replicates to eliminate labelling bias. Finally, StageTips were

washed once with buffer A (0.1% formic acid) and stored at 4°C.

GFP pull-downs

Label-free GFP pull-downs were performed in triplicate. Per pull-

down, 15 ll of GFP-trap or non-GFP-trap 50% bead slurry (Chro-

motek) was used. Beads were washed thrice with buffer C (300 mM

NaCl, 20 mM Hepes KOH pH 7.9, 20% (v/v) glycerol, 2 mM MgCl2,

0.2 mM EDTA, 1% NP40, 0.5 mM DTT, CPI). Nuclear extract

(450 lg–1 mg) and ethidium bromide (50 lg/ml) were diluted to a

total volume of 400 ll with buffer C and rotated with the beads for

90 min at 4°C. After beads were washed twice with buffer C, twice

with PBS plus 1% NP40 and twice with PBS, all supernatant was

removed using a 30-G syringe. Beads were then resuspended in

50 ll elution buffer (EB: 2 M urea, 100 mM Tris pH 8.5, 10 mM

DTT). On-bead digestion was performed as described above. Tryptic

peptides were acidified with 0.5% TFA and purified on C18-Stage-

Tips.

LC-MS/MS measurements and data analysis

Tryptic peptides were eluted from StageTips. For dimethyl-labelled

samples, the respective light- and medium-labelled samples were

combined into a forward and a reverse reaction. Peptides were then

separated on an Easy-nLC 1000 (Thermo) connected online to an

LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo) or an

LTQ-Orbitrap Q-Exactive mass spectrometer (Thermo), using a

gradient of acetonitrile (7–32% or 5–30%, respectively), followed
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by washes at 50% then 90% acetonitrile, for 140 min or 120 min of

total data collection. For samples measured on the Fusion, scans

were collected in data-dependent top-speed mode of a 3-s cycle with

dynamic exclusion set at 60 s. For samples measured on the Q-Exac-

tive, the top ten most intense precursor ions were selected for frag-

mentation. Peptides were searched against the UniProt mouse

proteome with MaxQuant v1.5.1.0 [37], using default settings, the

appropriate dimethyl labels, and re-quantify and/or match between

runs enabled. Data were analysed with Perseus version 1.4.0.0 and

in-house R scripts. Raw data used to generate the plots can be found

in Dataset EV1.

Reciprocal pull-downs

For endogenous pull-downs, 30 ll of a 1:1 mixture of Protein A and

G Dynabeads was used per pull-down. Beads were washed thrice

with PBS containing 0.05% NP40. Antibodies (2 ll per pull-down)

were diluted to a total volume of 150 ll with PBS + 0.05% NP40

and rotated with the beads for 1.5 h at 4°C, after which beads were

washed thrice with PBS + 0.05% NP40. Nuclear extract (50 ll) and

ethidium bromide (66.7 lg/ml) were diluted to a total volume of

150 ll with PBS with 0.25% NP40 and CPI and rotated with the

beads for 2.5 h at 4°C. Beads were washed thrice with PBS + 0.25%

NP40 and CPI and then boiled in Laemmli buffer. These samples,

together with a 5% input sample, were run on an SDS–PAGE and

analysed by Western blot. Antibodies can be found in

Appendix Table S1.

For FLAG pull-downs, 20 ll of anti-FLAG M2 affinity gel (Sigma,

A2220) was used per pull-down. Beads were washed thrice with

buffer C (300 mM NaCl, 20 mM Hepes KOH pH 7.9, 20% (v/v) glyc-

erol, 2 mM MgCl2, 0.2 mM EDTA, 0.25% NP40, 0.5 mM DTT, CPI).

Nuclear extract (450 lg) and ethidium bromide (100 lg/ml) were

diluted to a total volume of 200 ll with buffer C and rotated with

the beads for 90 min at 4°C. Beads were washed twice with buffer C

(as before, with 0.5% NP40) and then boiled in Laemmli buffer.

These samples, together with a 5% input sample, were run on SDS–

PAGE and analysed by Western blot. Antibodies can be found in

Appendix Table S1.

Recombinant protein expression, DNA pull-downs and
Western blot

Full-length ZBTB2 protein was cloned from mouse complement

DNA into the pGEX-5X-1 vector (GE Healthcare Life Sciences).

Transformed Bl21 E. coli bacteria were grown at 37°C in a shaker

until OD600 reached 0.6–0.8. Protein expression was induced over-

night at 16°C by addition of 0.1 mM IPTG (Promega, V3951) and

100 lM ZnCl2. Bacterial cells were lysed by rotation for 30 min at

4°C in bacterial lysis buffer (50 mM Tris pH 7.5, 100 mM NaCl,

1 mM EDTA, 0.05% NP40, 1 mM DTT, 1 mM PMSF, 0.5 mg/ml

lysozyme and CPI) and repeated freeze–thawing. After the addition

of 0.5% NP40, 5 mM MgCl2 and 25 lg/ml DNase I (Sigma,

04716728001), lysates were rotated for 45 min at 4°C and passed

through a needle thrice. The suspension was then centrifuged for

30 min at 21,100 g at 4°C. Supernatant was collected and supple-

mented with 1 lM ZnCl2. To purify GST-ZBTB2 from the super-

natant, Pierce Glutathione Agarose (Thermo) was washed with

equilibration/wash buffer (EWB: 50 mM Tris pH 8.0, 150 mM NaCl)

and then rotated with bacterial lysate for 1 h at 4°C. After washing

twice with EWB, GST-tagged proteins were eluted with elution

buffer [EWB with 10 mM reduced glutathione (Sigma, G-4251)].

DNA pull-downs with the purified bacterial lysate were performed

with generic unmethylated and methylated DNA probes (10 lg per

pull-down, sequences as described in [7]) or genomic DNA probes

(1 lg per pull-down) essentially as described above, except that PIB

was supplemented with 10 lM ZnCl2 and that only poly-dAdT was

used as a competitor. After incubation, the beads were washed

twice with PIB and boiled in Laemmli buffer. These samples,

together with a 5% input sample and 5% unbound fraction samples,

were run on an SDS–PAGE and analysed by Western blot. Antibod-

ies can be found in Appendix Table S1.

RNA sequencing and data analysis

RNA was isolated in duplicate from cells using an RNeasy Mini Kit

(Qiagen). Ribosomal RNA was depleted by treatment with a

Ribo-Zero rRNA Removal Kit (Illumina) and fragmented into

approximately 200-bp fragments in fragmentation buffer (200 mM

Tris–acetate, 500 mM KCH3COO, 150 mM Mg(CH3COO)2, pH 8.2).

Strand-specific libraries of cDNA were prepared using SuperScript

III Reverse Transcriptase (Invitrogen) and a Kapa Hyper Prep Kit, as

described above, but with an additional incubation with USER

enzyme (NEB) before library amplification to digest the second

cDNA strand. Reads were mapped onto the reference mouse

genome mm9 (NCBI build 37) using the Genomic Short-read Align-

ment Program [38]. Differential gene expression was analysed with

the Cufflinks v2.2.1 package [39].

Alkaline phosphatase staining

Wild-type and Zbtb2 KO ESCs were seeded into a 48-well plate at a

density of 100 cells/well. Cells were grown for 5 days in ESC

medium, either without LIF or supplemented with 2i drugs (3 lM

PD0325901 and 1 lM CHIR99021). At day five, the cells were fixed

with 4% paraformaldehyde, and alkaline phosphatase staining was

performed using an Alkaline Phosphatase Detection Kit (Millipore),

according to the manufacturer’s instructions.

Quantitative PCR

RNA was isolated from cells using an RNeasy Mini Kit (Qiagen) and

converted into cDNA with an iScript cDNA Synthesis Kit (Bio-Rad).

qRT–PCR or ChIP–qPCR was performed using iQ SYBR Green Super-

mix (Bio-Rad) on a CFX96 Touch Real-Time PCR Detection System

(Bio-Rad). Primers can be found in Appendix Tables S4 and S5. For

qRT–PCR, 18S was used as a reference gene. For ChIP–qPCR, data

were normalised to H3 ChIP or to total DNA after ChIP as a measure

of ChIP efficiency.

Analysis of genome-wide meC and hmC levels

5mC and 5hmC levels were measured as described [40]. Briefly,

genomic DNA was isolated from five independent samples of

approximately 2 million cells per sample and degraded into individ-

ual nucleosides using a DNA Degrase Plus Kit (Zymo Research),

according to the manufacturer’s protocol. Individual nucleosides
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were separated using high-performance liquid chromatography

(HPLC) on an Acquity UPLC (Waters) and measured by tandem

mass spectrometry on a Micromass Quattro Premier XE (Waters).

Area-based linear regression curves were derived from calibration

standards containing internal standard solutions and used for quan-

tification.

Cloning and transient transfections

Full-length ZBTB2 protein was cloned from mouse complement

DNA into the pMSCV PIG vector [41]. This construct was transiently

transfected into Zbtb2 KO ESCs using Lipofectamine LTX and PLUS

reagents, or Lipofectamine 3000 (Invitrogen). Cells were harvested

after 2 or 3 days.

A FLAG-tagged ZNF639 plasmid was purchased from OriGene

(MR207772) and transiently transfected into wild-type IB10 ESCs

using polyethylenimine (Polysciences). Cells were harvested after

1 day.

Statistical methods

Unless specified otherwise, statistical tests were performed by

conducting an unpaired two-tailed Welch two-sample t-test in R,

where P < 0.05 was considered to be significant.

For dimethyl-labelled DNA pull-downs, outliers were identified

in the forward and reverse reactions independently, using box plot

statistics with a threshold of 1.5 times the interquartile range. Signif-

icant proteins were those that were called outliers in both the

forward experiment and the reverse experiment. For GFP pull-

downs, specific interactors were determined through an adapted

two-tailed t-test in Perseus, using a permutation-based false discov-

ery rate with 250 randomisations. Volcano plots were generated in

which statistical cut-offs were chosen such that no proteins were

present on the control side of the graph.

Data availability

The mass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE partner repository [42]

with the data set identifier PXD007099. High-throughput sequencing

data have been deposited in the GEO database repository with the

data set identifier GSE101802.

Expanded View for this article is available online.
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