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Introduction

Genetics is the study of heredity, in which the genes that are encoded in our DNA represent
the basic units of inheritance. Epigenetics (from the Greek ἐπί, meaning ‘above’) is the
study of heritable changes in the genetic material that occur ‘above’ our genes, thus without
changing the actual DNA sequence. These so-called epigenetic modifications exist in a
number of types, a few of which will be discussed here.

DNA methylation
Most closely positioned to the DNA molecules themselves, DNA methylation is the coupling of
a methyl group (CH3) to deoxyribonucleosides (Figure 1.1A). In both vertebrates and plants
the most frequently methylated base is cytosine; but while vertebrate methylation usually
occurs at cytosines followed by a guanine on the same strand, plant DNA methylation takes
place at cytosines in different sequence contexts as well1.
DNA methylation is involved in a number of important processes such as X chromosome
inactivation, genomic imprinting, silencing of transposable elements, and regulation of
transcription2–5. As such, aberrant DNA methylation has been associated with a number of
diseases, most notably cancer6. Although investigating DNA methylation in a clinical setting
used to be infeasible due to limited availability of material, recent technological advances
have expanded our limits and made it possible to study this epigenetic mark even at the
single-cell level. We give an overview of the methods that have been developed for singlecell DNA methylation profiling as well as their biological applications in chapter 2.
Although the exact mechanisms through which DNA methylation influences gene
expression remain to be elucidated, proteins that bind to DNA depending on its methylation
status are thought to play a role in methylation-mediated gene expression. We use a
combination of proteomics and genomics approaches to identify and characterise a novel
reader of unmethylated DNA in mouse embryonic stem cells (chapter 3), and sequence
context-specific readers of methylated cytosine in the plant species Arabidopsis thaliana
(chapter 4).
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Figure 1.1 | A schematic representation of different levels of epigenetic regulation. (A) DNA methylation.
(B) Histone modifications. (C) Nucleosome remodelling.
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Histone modifications
Somewhat further away from the DNA strand, post-translational modifications can be
deposited on histone proteins (Figure 1.1B). To enable the tight packaging of DNA into
the cell nucleus, 147 base pairs (bp) of DNA are wrapped around an octamer of histones
(two of each histone H2A, H2B, H3, and H4). Both histone core domains and histone tails
contain a large number of amino acid residues that can be modified in several ways, with the
most important and frequent modifications being methylation and acetylation7. In histone
methylation, a methyl group is covalently coupled to either a lysine (K) or an arginine (R)
residue, which can occur as mono-, di-, or trimethyl on lysines, or as mono- or dimethyl
on arginines. In histone acetylation, an acetyl group (COCH3) is deposited on a lysine
residue. Other modifications that are known to take place on histones are phosphorylation,
ubiquitination and sumoylation, which are the attachment of a phosphate group, a ubiquitin
protein or a sumo protein to a histone protein, respectively. Furthermore, in ADP ribosylation
one or more ADP-ribose moieties are added to a glutamic acid residue (E), and deimination
is the conversion of an arginine into the amino acid citrulline. Lastly, in proline isomerisation
the conformation of the amino acid proline (P), which can either be cis or trans, is changed.
All these changes have their own specific effects on gene expression and may also influence
other processes. A short overview of these modifications, the residues on which they occur
and the functions that they regulate is given in Table 1.1.
Table 1.1 | An overview of different classes of histone modifications (adapted from 7).
Chromatin modifications

Residues modified

Functions regulated

Methylation (lysines)

K-me1, K-me2, K-me3

Transcription, repair

Methylation (arginines)

R-me1, R-me2
(symmetric or asymmetric)

Transcription

Acetylation

K-ac

Transcription, repair, replication,
condensation

Phosphorylation

S-ph, T-ph

Transcription, repair, condensation

Ubiquitination

K-ub

Transcription, repair

Sumoylation

K-su

Transcription

ADP ribosylation

E-ar

Transcription

Deimination

R > Cit

Transcription

Proline isomerisation

P-cis > P-trans

Transcription

Nucleosome remodelling
The complex of DNA and histones together is called the nucleosome. Apart from the abovementioned modifications on histone proteins, also the positioning of nucleosomes on the
DNA represents an epigenetic mechanism that regulates gene expression (Figure 1.1C).
DNA that is associated with nucleosomes is generally lowly transcribed, since its close
12
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proximity to the histone proteins does not only reduce its accessibility, but also causes
the DNA strand to be distorted8. Nucleosome remodellers are proteins that can change
the position of nucleosomes, thereby locally controlling the accessibility of DNA and hence
influencing gene expression. Although gene regulation by nucleosome remodellers has been
widely studied, the precise underlying mechanisms remain an active area of investigation.
To contribute to our understanding of this topic, we study the genome-wide DNA binding
of the nucleosome remodelling and deacetylase complex (NuRD) during mouse embryonic
stem cell differentiation in chapter 5. In addition, in chapter 6 we discuss some experimental
evidence suggesting that the biological function of NuRD as well as other histone deacetylase
complexes is less straightforward than previously thought, and by what means we can shed
more light on this issue.
Lastly, we finish with a general discussion in which we place the contents of this thesis in a
broader perspective and outline directions for future research.
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Abstract
DNA methylation is an epigenetic modification that plays an important role in gene expression
regulation, development, and disease. Recent technological innovations have spurred
the development of methods that enable us to study the occurrence and biology of this
mark at the single-cell level. Apart from answering fundamental biological questions about
heterogeneous systems or rare cell types, low-input methods also bring clinical applications
within reach. Ultimately, integrating these data with other single-cell data sets will allow
deciphering multiple layers of gene expression regulation within each individual cell. Here,
we review the approaches that have been developed to facilitate single-cell DNA methylation
profiling, their biological applications, and how these will further our understanding of the
biology of DNA methylation.

Highlights
•	Recent technological innovations have made it possible to study DNA methylation at
the single-cell level.
•	Many different strategies have been developed, accommodating a wide variety of
research questions.
•	Combining single-cell DNA methylation analysis with other omics approaches, different
levels of information can be integrated from each individual cell.
•	Maps of DNA methylation in early embryonic development have been drawn using
these new techniques.
•	The development of low-input methods holds promise for clinical applications.
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DNA methylation as an epigenetic modification
Epigenetic modifications are changes in the genetic material that cause a heritable phenotype
without changing the DNA sequence itself. DNA methylation is an important epigenetic mark
that comprises the coupling of a methyl group (CH3) to deoxyribonucleosides. Although
methylation can take place at multiple positions on any of the bases, 5-methylcytosine
(5meC; see Glossary) is the most abundant methylated DNA base in vertebrates9. Methylation
of cytosines generally occurs in the context of a CpG dinucleotide, a self-complementary
DNA sequence in which a cytosine is followed by a guanine on the same strand. The
tendency of methylated cytosine to mutate into thymine causes the frequency of CpGs in
the genome to be much lower than expected by chance; instead, CG dinucleotides typically
cluster together in CpG-dense regions called CpG islands (CGIs)10. CGIs are generally
associated with promoters, and methylation of CGI promoters can regulate transcription
of associated genes in cis11. Methylation of DNA has been shown to be involved in various
cellular processes, including X chromosome inactivation, genomic imprinting, and silencing
of transposable elements2–4. Being such an important modification, it should not come as a
surprise that aberrant DNA methylation has been implicated in a number of diseases, most
notably cancer12.
As such, DNA methylation has been the subject of many investigations, giving rise to
an ever-increasing toolbox to study this epigenetic mark. Some of the latest additions to this
toolbox are methods that make it possible to study DNA methylation at the single-cell level.
Similar to recent developments in other areas of single-cell epigenomics, these tools present
exciting new opportunities as they allow profiling of DNA methylation in individual cells and
in unprecedented detail13,14. An important question that can now be addressed is whether
our current models on the biology of DNA methylation, which are predominantly built on
bulk methylation analyses of heterogeneous populations, hold true when scrutinised on the
single-cell level. Another elusive issue is how concomitant methylation dynamics on different
genomic loci converge to determine the biology of that cell, or how DNA methylation is
mechanistically linked to the regulation of gene expression. While any kind of heterogeneous
population or tissue hence profits from single-cell techniques, systems that benefit the
most are those that suffer from limited availability of material and could therefore not be
studied in detail before. Examples of such systems include early mammalian development
and patient-derived samples; single-cell DNA methylation profiling thus opens the door to
exciting new fields of research, in both fundamental and clinical contexts.

The traditional DNA methylation profiling toolbox
A large variety of traditional tools exist to study DNA methylation, based on a multitude
of techniques such as chromatography, mass spectrometry, ELISA, restriction digestion,
immunoprecipitation, and bisulphite conversion15,16. Continuous technical progress also
means continuous development of new techniques, such as those based on single-molecule
17
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imaging17 or nanopore technology18. Although every method has its own advantages and
disadvantages, the toolbox as a whole is well suited to address a wide range of research
questions.
While some methods are predominantly used in a particular biological or technical
context, others have become more mainstream. For instance, over the past decades
bisulphite sequencing has turned into the gold standard for the genome-wide analysis of
DNA methylation. Upon treatment of DNA with sodium bisulphite, unmethylated cytosines
are deaminated into uracil, while methylated cytosines remain unaltered. When after PCR
amplification the bisulphite-converted DNA is analysed by Sanger sequencing, unmethylated
cytosines are read as thymine, whereas methylated cytosines are read as cytosine19.
This technique hence produces a readout at single base-pair resolution, which becomes
particularly powerful when combined with deep sequencing to cover the entire genome20,21.
Although whole-genome bisulphite sequencing (WGBS) can provide 1X coverage for
approximately 95% of CpGs in the genome22, reaching this coverage requires very deep
sequencing indeed, making it a costly affair23. Therefore, more cost-effective methods such
as reduced representation bisulphite sequencing (RRBS) have been developed (Box 2.1).
RRBS utilises restriction enzyme digestion and size fractionation to reduce the complexity of
the DNA, thereby generating a small but reproducible sequencing library24. The methylationinsensitive restriction enzyme MspI, which cuts at CCGG sites, can be used to enrich for CpG
dense regions, which are then preferentially sequenced25. While RRBS thus is an excellent
and cheaper choice when studying CGIs, coverage drops to around 10% of total CpGs. In
particular, regions of low CpG density such as enhancers are usually poorly covered in RRBS,
necessitating the use of expensive WGBS to study the prominent methylation dynamics
occurring at these sites26.

Bisulphite-based single-cell methods
Even though bisulphite sequencing quickly became established as the method of choice for
bulk DNA methylation analysis, single-cell adaptations faced the major hurdle of bisulphiteinduced DNA degradation, which initially prohibited the development of low-input methods.
In 2013, the first single-cell RRBS (scRRBS; Table 2.1) protocol was established through the
integration of all experimental steps up to and including the bisulphite conversion into a singletube reaction, followed by two rounds of PCR amplification and deep sequencing

. Despite

27,28

representing an important breakthrough by, for the first time, enabling DNA methylation
analysis on the level of single cells, this method also has some limitations. Apart from the
persisting matter of DNA degradation caused by bisulphite conversion, which is only party
circumnavigated by the experimental set up, scRRBS provides relatively poor coverage for
imprinting loci, and suffers from a restricted overlap in coverage between individual cells27,28.
Another concern is the PCR-induced amplification bias that is a consequence of this strategy,
which was later tackled in quantitative RRBS (Q-RRBS) through the introduction of unique
18
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Box 2.1 | A quick comparison between WGBS and RRBS.

High-throughput bisulphite sequencing to study genome-wide DNA methylation comes in
two flavours: WBGS and RRBS (Figure 2.I). While both techniques are based on bisulphite
conversion of the DNA to distinguish unmethylated from methylated cytosines, they
differ slightly in the way that the samples are prepared for analysis by deep sequencing.
In WGBS, sonication is usually the method of choice to shear the DNA into random
fragments. These fragments are then blunted and an adenosine nucleotide is added to
the 3’ end in processes called end repair and A-tailing, respectively. The overhanging
adenosine serves as a binding site for sequencing adapters, which are ligated onto the
DNA fragments. After this, fragments of the right size for sequencing are selected and
subjected to bisulphite conversion, in which unmethylated cytosines are converted into
uracil, while methylated cytosines remain unchanged. Bisulphite-converted fragments are
amplified by PCR and sequenced, where at least 500 million reads are needed to provide
enough coverage of the whole genome. For RRBS, the main adaptation to this protocol is
that enzymatic cleavage is used to create DNA fragments that are CG-rich at the ends.
This means that RRBS libraries can be sequenced less deep to obtain a relatively high
coverage of CG dense regions. In summary, WGBS provides genome-wide coverage at
a high cost, while RRBS provides less but targeted coverage at a reduced cost. Both
methods are complementary, and which method is most suitable for a particular purpose
is ultimately dictated by the research question.
Whole Genome Bisulphite Sequencing
Sonication
A

A

End repair &
A-tailing
CGG
C
CGG
C

C
GGC
CGG C
C GGC
C
GGC

CGG
AGCC
CGG
AGCC

T
A

A
A
A

me

A
T

T
A

A
T

Adapter ligation
& size selection
CCGA
GGC
CGG CCGA
AGCC GGC
CCGA
GGC

TCGG
AGCC
TCGG
AGCC

me

C >C
C >U

A

Bisulphite
conversion
CCGA
GGCT
CCGA
GGCT

PCR
amplification
me

me

C >C
C >U

6

500 · 10
reads
Deep
sequencing

6

10 · 10
reads

MspI
digestion

Reduced Representation Bisulphite Sequencing
Figure 2.I | A schematic comparison of whole-genome bisulphite sequencing (upper part) and
reduced representation bisulphite sequencing (lower part).
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molecular identifiers (UMIs)29. Lastly, coverage dropped to 40% of the CpG sites that can be
detected by bulk RRBS – or 4% of the entire genome27,28.
Coverage rate was improved to approximately 18% of all CpGs through coupling of
post-bisulphite adaptor tagging (PBAT), where bisulphite conversion precedes adaptor
ligation30, to PCR amplification of the resulting tagged fragments followed by deep
sequencing in single-cell bisulphite sequencing (scBS-seq)31. However, this method also
does not facilitate full genome-wide coverage, leaving allele- or strand-specific methylation
differences untraceable. In addition, the use of several rounds of primer binding means
that methylation calls should be weighted by cell rather than read count, and that strandspecific information is lost32. An alternative method for single-cell WGBS (scWGBS) also
took advantage of post-bisulphite adaptor ligation, but this time without the requirement
for the preamplification step which is part of scBS-seq33. While this provides benefits such
as the preservation of strandedness and reduced amplification bias, it comes at the expense
of lower library complexity. This makes scWGBS particularly suitable for high-throughput
analysis at low sequencing coverage, since deeper sequencing results in a higher rate of PCR
duplicates33. Alternatively, a whole-genome shotgun bisulphite sequencing protocol termed
single-cell PBAT (scPBAT) has been proposed34. Instead of using PCR to amplify the input
material, scPBAT is based on a PBAT method where multiplexing increases the yield of the
library35. This avoids the risk of amplification bias, but limits the use of this method to the
analysis of repetitive regions, which are naturally more abundant in the genome34.
With the rudiments of bisulphite sequencing-based single-cell methylation analysis
thus having been explored, adaptations continue to be introduced. An example is the
recently published single-nucleus methylcytosine sequencing (snmC-seq), which follows a
now commercially available protocol that optimises recovery during library preparation from
bisulphite-converted, single-stranded DNA36. This method makes use of random priming
and extension, after which the samples are tailed and ligated to the second adapter in a
single step36. Yet the question remains to what extent improved recovery of bisulphiteconverted DNA compensates for the loss of information during the bisulphite conversion
itself. Additionally, recent advances facilitate single-cell DNA methylation analysis in a highthroughput manner. For instance, single-cell combinatorial indexing for methylation analysis
(sci-MET) uses a combinatorial indexing strategy to discriminate single cells after WGBS37.
Key to this approach is to make the transposomes unresponsive to bisulphite treatment
by loading them with oligonucleotides that are depleted of cytosines37. Further innovations
are the introduction of multiplexing for single-cell RRBS38 and the implementation of
RRBS on a microfluidics device in microfluidic diffusion-based RRBS (MID-RRBS)39.
These developments denote important steps towards low-input, high-throughput methylation
profiling but also leave room for improvement; for example, MID-RRBS does not yet allow
library preparation on the microfluidics device39. Finally, a different class of advancements
are improved computational methods that increase the amount of information that can
20

1 – 5 x 105
3.8 x 106

Up to ±75% cumulative coverage of CGIs
For detection of 5fC and 5caC
Combined with analysis of chromatin state, nucleosome
positioning, CNVs, and ploidy

RE based

Bisulphite based

Bisulphite based

Bisulphite based

Bisulphite based

Bisulphite based

Fluorescent reporter system

Multiomics

Multiomics

Multiomics

Glucosylation based

Multiomics

Bisulphite based

RE based

Bisulphite based with M.SssI
treatment

Multiomics

Multiomics

Bisulphite based

Multiomics

Bisulphite based

Bisulphite based

scRRBS

scBS-seq

Q-RRBS

scWGBS

SLBS

RGM

scM&T-seq

scTrio-seq

scMT-seq

scAba-seq

scGEM

scPBAT

scCGI-seq

scMAB-seq

scCOOL-seq

scNOMe-seq

snmC-seq

scNMT-seq

sci-MET

MID-RRBS

1 x 106

Not applicable

Implementation of scRRBS on a microfluidics device

Uses combinatorial indexing for discrimination of single cells

Combined with RNA-seq and chromatin accessibility

Uses single nuclei; optimises recovery during library preparation

Combined with analysis of chromatin accessibility

Amplification-free

3.5 – 23.1 x 104

Not specified

Not specified; estimated 1 - 1.5 x 106

Not specified; 4.7%-5.7% coverage of the
entire genome

1.3 x 106

Not specified

Not specified

Not applicable

SCRAM combined with qRT-PCR and genotyping by next-generation
sequencing

39

37

55

36

54

53

52

51

34

50

49

2 – 4.4 x 10 unique 5hmC sites

For detection of 5hmC

47

46

45

41

33

29

48

5

0.8 – 1.5 x 106

2.5 x 10
6

Not applicable

Not applicable

0.5 – 2.5 x 106

0.5-1 x 106

31

27,28

43,44

42

Refs

0.5 x 106

Combined with RNA-seq

Combined with RNA-seq and CNV analysis

Combined with RNA-seq

Allows for visualisation of DNA methylation

Locus specific

Coverage based on sequencing depth; cumulative coverage >90%

Introduction of UMIs for scRRBS

First protocol where adaptor ligation precedes bisulphite treatment;
3.7 x 106
recently updated32

First genome-wide method for single-cell DNA methylation analysis

Readout by qRT-PCR

Not applicable

Average CpG coverage

SCRAM

Readout by gel electrophoresis

Restriction enzyme (RE) based

RSMA

Comments

Basis

Method

Table 2.1 | Single-cell DNA methylation profiling methods, sorted by the year that the study was published.
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be recovered from low-depth sequencing33,40. By contrast, genome-wide or even CGI-wide
coverage is superfluous for studies focussing only on particular loci, in which case single-cell
locus-specific bisulphite-sequencing (SLBS) provides a fine alternative41.

Bisulphite-free single-cell methods
Even so, bisulphite treatment remains relentlessly harsh and conversion rates can vary, causing
inconsistency across samples and fuelling the search for bisulphite-free single-cell methods.
An early study utilised restriction digestion by methylation-sensitive restriction enzymes
(MSREs) coupled to PCR amplification in a single reaction mixture on a microreaction slide
for high-throughput DNA methylation analysis of single cells42. Although relatively affordable
and easy to implement, this restriction enzyme-based single-cell methylation assay (RSMA)
suffered from some drawbacks, most prominently its non-quantitative nature which in
diploid genomes prohibits the distinction between fully methylated sequences and samples
in which only one allele is methylated42. A similar approach was obtained by combining
methylation-sensitive restriction digestion with multiplexed quantitative real-time PCR (qRTPCR), carried out in a microfluidics device to enable high throughput43,44. Although more
quantitative by nature, this single-cell restriction analysis of methylation (SCRAM) is still
not sensitive enough to distinguish between heterozygously and homozygously methylated
alleles in diploid cells44. More recently, genome-wide CGI methylation sequencing for single
cells (scCGI-seq) extended the use of MSREs from a limited number of loci to CGIs at
the genome scale through the introduction of multiple displacement amplification, in which
CGI-containing sequences are selectively amplified and subjected to deep sequencing51.
While this approach increases the coverage overlap between single cells, fewer CpGs across
the genome are covered in total compared with bisulphite-based methods, especially in
CpG poor regions51. In general, the major disadvantages of MSRE-based DNA methylation
analysis methods are their dependency on naturally occurring MRSEs and their reduced
resolution. Whereas bisulphite-based methods often provide single-nucleotide resolution,
employers of MSRE-based approaches must be satisfied with resolution based on fragment
size. Of course, it ultimately depends on the research question whether the circumvention
of bisulphite conversion outweighs this loss of resolution.
An altogether different means of assessing DNA methylation at the single-cell level was
achieved through development of the reporter of genomic methylation (RGM) method45. In
contrast to both bisulphite- and MSRE-based methods, which concentrate on DNA profiling of
static states, RGM aims to trace dynamic changes in endogenous methylation states through
a fluorescence-based DNA methylation reporter system. This tactic allows for visualisation
of methylation dynamics even at single-cell resolution but is inherently locus specific
and relatively laborious, compromising its suitability for high-throughput applications.
Nevertheless, this nicely illustrates that many different techniques can be adapted to study
DNA methylation at the single-cell level (Figure 2.1).
22
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scPBAT

sci-MET
snmC-seq

scWGBS

No pre-amplification

scBS-seq
PBAT

SLBS

MID-RRBS
Q-RRBS

2

RSMA
SCRAM

scCGI-seq

Locus-specific

WGBS

Genome-wide

RRBS
Locus-specific

scRRBS

Bisulphite-based

RGM

MSRE-based

Genome-wide

Bisulphite-free

Figure 2.1 | The family of single-cell DNA methylation analysis methods. Schematic representation of
the wide variety of single-cell DNA methylation profiling techniques. Every branch point of the tree depicts
different alternatives of a particular property.

Biological applications
While

many

single-cell

DNA

methylation

papers

focussed

primarily

on

technical

improvements, new biological insights have also been obtained. Most studies up to now have
investigated either early embryonic development or tumour tissues. Here, we categorise
these observations based on their biological context and briefly discuss them.
Early mammalian development
To begin with, single-cell DNA methylation analyses in preimplantation embryos or their in
vitro model system embryonic stem cells (ESCs) provided confirmation of some previously
established findings. For example, scRRBS showed that demethylation after fertilisation
23
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happens more quickly in the paternal pronucleus than in the maternal one27,56. In addition,
the role of maternal TRIM28 in DNA methylation was confirmed on the single-cell scale
using SCRAM43,57. Similarly, single-cell analyses found global methylation of metaphase II
oocytes31,58 and hypomethylation in mouse ESCs (mESCs) grown in the presence of two
inhibitors (2i) compared with serum31,33,59. Although not completely novel, these findings do
validate the methods and tell us that the results hold true on the single-cell level and thus
are not merely an effect of averaging over a population, which is valuable information in
itself.
Moreover, truly novel findings were reported through the use of single-cell DNA
methylation analysis. Findings include characterisations of DNA methylation by scWGBS
in mESCs upon different kinds of induced differentiation33 or in human oocytes during
maturation60, and a comparison between the first polar body and the metaphase II oocyte
within the same female mouse gamete, which showed that their methylomes are highly
similar27. On a somewhat bigger scale, scRRBS was used to map DNA methylation in human
early embryos61. While most data were obtained from experiments on whole embryos, this
study also included analyses on single female and male pronuclei at different time points
after intracytoplasmic sperm injection (ICSI), as well as a couple of single metaphase II
oocytes and single sperm cells. This revealed that although suffering from large cell-tocell variation, also in humans demethylation of the paternal pronucleus occurs faster than
that of the maternal pronucleus61. A recent paper used scBS to study the heterogeneity
of DNA methylation between individual cells of human preimplantation embryos in more
detail, whilst also addressing issues of aneuploidy and parental-specific DNA methylation62.
In addition, a better chart of DNA methylation in murine germ cells was obtained through
identification of repetitive elements that stay methylated during germ cell development34,
and of mESC DNA through the identification of motifs that are associated with methylation
variability40. In summary, these studies signify important steps towards reconstructing how
DNA methylation shapes early embryonic development.
Towards clinical purposes
Another favourite model system for single-cell DNA methylation studies comprises
cancer cell lines or tissues and wildtype controls (Table 2.2), not only because of their
heterogeneity but also for their potential clinical relevance. Indeed, rather than making
significant contributions to our understanding of cancer biology, these studies explored and
expanded the use of single-cell DNA methylation analysis in a clinical setting. For example,
a number of healthy somatic tissues have been studied by single-cell DNA methylation
analysis, such as mouse hepatocytes41,63 and mouse and human neurons36,41. scWGBS and
snmC-seq revealed heterogeneity and identified subpopulations in the mouse liver and the
human brain, respectively36,63, adding to our fundamental knowledge about these tissues. In
addition, SLBS was successfully used to detect random changes in the methylation status of
24
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single CpG sites in mouse hepatocytes and neurons, suggesting that this method could also
be exploited in the context of human tumours41.
Furthermore, RSMA was used to examine DNA methylation status at regions that are
known to be differentially methylated in cancer, thereby demonstrating its suitability for
diagnostic purposes42. To learn more about cancer methylation patterns and their response
to drugs, DNA methylome dynamics were measured on the single-cell level in K562 cells
upon treatment with a commonly used epigenetic drug, as well as in HL60 cells upon induced
differentiation33. K562 cells, together with GM12878 cells, were also subjected to scCGI-seq
to investigate the methylation state of CpG dense regions on a genome-wide scale51. This
analysis showed that CGIs and promoters are hypermethylated in K562 cells as compared
with GM12878 cells while repeat regions are hypomethylated, in agreement with our
current comprehension of cancer methylation patterns51. These studies hence added to our
knowledge about the haematopoietic system in general, and leukaemia and its treatment in
particular.
Table 2.2 | Wildtype or cancer cell lines or tissues used for single-cell DNA methylation analysis.
Cell line or tissue

Species

Origin

Comments

Refs

Hepatocytes

Mouse

Liver

Demonstrates possible diagnostic
purpose for SLBS

41,63

Identification of new neuronal
subtypes

36

Demonstrates possible diagnostic
purpose for SLBS

41

Demonstrates possible diagnostic
purpose for RSMA

42

Human
Neurons

Brain
Mouse

SW480

K562

HL60
Hepatocellular carcinoma
HepG2
GM12878
Ovarian serous papillary
carcinoma

Human

Human

Human

Human

Colorectal adenocarcinoma

Chronic myeloid leukaemia

Acute myeloid leukaemia
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Although cancer cell lines make for a convenient model system, the question remains to
what extent they accurately recapitulate primary tumours. Especially for clinical purposes, it
is hence important to be able to study patient material obtained from in vivo tumours. The
first steps towards this goal have already been made: for example, hepatocellular carcinoma
was investigated using single-cell triple-omics sequencing (scTrio-seq), which resulted in
the identification of two subpopulations within the patient-derived sample47. One of these
populations, constituting the minority of the tumour tissue, was found to be more invasive
and more likely to evade the immune system47. This indicates that DNA methylation analysis,
in conjunction with other data from the same single cells, has potential to identify the most
dangerous cells in a tumour, assisting the development of targeted cancer treatment. Lastly,
single cells were obtained by laser capture microdissection from patient-derived formalinfixed and paraffin-embedded (FFPE) tissue, thereby unlocking an important resource for
future single-cell studies64. Together, these data convincingly illustrate the potential of
single-cell methylome studies for clinical purposes.

DNA demethylation and multiomics approaches
All in all, numerous approaches, both bisulphite-based and bisulphite-free, exist for the
analysis of DNA methylation on the single-cell level, accommodating a wide variety of
research questions. Yet DNA methylation is a dynamic modification, and additional methods
are needed to monitor these dynamics and integrate them with other data sets to obtain
an accurate overview of the DNA methylation network and its biological consequences.
One main disadvantage shared by the aforementioned methods is the incapability of
distinguishing between 5meC and its oxidised derivatives 5-hydroxymethylcytosine (5hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5-caC)65,66. Recently, advances have been
made to discriminate between the different forms of modified cytosine on the single-cell
level in methods such as single-cell hydroxymethylation sequencing (scAba-seq) and singlecell methylase-assisted bisulphite sequencing (scMAB-seq)49,52, thereby allowing mapping
of active DNA demethylation. Even though these studies primarily showed that single-cell
mapping of the oxidised derivatives of 5meC can be used for lineage reconstruction49,52,
these methods will allow for a deeper understanding of the dynamics of DNA methylation.
In addition, methods that integrate single-cell DNA methylation analysis with other
single-cell omics approaches have been reported (Figure 2.2). Single-cell methylome
and transcriptome sequencing (scM&T-seq and scMT-seq) combines genome-wide DNA
methylation analysis with RNA sequencing46,48, while single-cell nucleosome occupancy
and methylome-sequencing (scNOMe-seq) combines analysis of endogenous methylation
at CpGs with chromatin accessibility54. Techniques that also analyse both the methylome
and transcriptome but go even one step further are scTrio-seq, which furthermore takes
into account copy-number variations (CNVs)47, single-cell nucleosome, methylation and
transcription sequencing (scNMT-seq), which instead looks at chromatin accessibility55,
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and single-cell analysis of genotype, expression and methylation (scGEM), which combines
SCRAM with single-cell qRT-PCR to measure the transcriptome and next-generation
sequencing for single-cell genotyping50. Moreover, single-cell Chromatin Overall Omic-scale
Landscape Sequencing (scCOOL-seq) analyses in the same single cell chromatin state,
nucleosome positioning, CNVs, and ploidy in addition to DNA methylation53.
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Figure 2.2 | Multiomics techniques for dissecting different layers of information from the same single cell
in addition to the methylome. Graphical representation of the different layers of omics that are addressed
by each method on top of the methylome.

Putting DNA methylation in a broader cellular context through the use of other single-cell
techniques, coupling genome-wide methylomes and transcriptomes showed that although
the extent to which these are connected differs from cell to cell, heterogeneous expression of
key pluripotency factors in mESCs is in general accompanied by heterogeneous methylation
of distal regulatory elements46. When DNA methylation and other chromatin-related analyses
are combined within the same single cells from mouse preimplantation embryos through
scCOOL-seq, this produces a detailed overview of the relationship between DNA methylation
and chromatin dynamics and how they together shape early mouse development53. These
advancements reflect the enormous technological progress that has been made over the
past years and help us piece together the complete picture of the biology of DNA methylation
on a single-cell level.
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Concluding remarks and future perspectives
These are exciting times for the field of DNA methylation: recent technological advances
have generated unprecedented possibilities for studying this epigenetic modification at the
single-cell level. Despite the great progress that has been made, there always remains room
for improvement (see Outstanding Questions).
Single-cell DNA methylation technologies can be categorised in several ways (Figure
2.3). Rather than there being one supreme method, the protocols are complementary and
can be suited to investigate a wide variety of research questions. Firstly, a broad distinction
can be made between bisulphite-based and bisulphite-free methods (Figure 2.3A). With
bisulphite sequencing being the traditional method of choice for investigating DNA methylation
in bulk, an obvious approach to developing single-cell DNA methylation techniques was
through adaptation of both WGBS and RRBS for use in single cells. Continuous efforts are
made to adapt and optimise these techniques, as data robustness and CpG coverage rate as
well as cost and handling time could still be improved further. Meanwhile, the harsh nature
of bisulphite treatment stimulates the search for alternative, bisulphite-free methods. Most
of these alternative methods are based on MSREs and are recently being adapted for use on
a genome-wide scale. Secondly, we can distinguish genome-wide and locus-specific methods
(Figure 2.3B). While genome-wide techniques mostly rely on deep sequencing, locus-specific
methods can employ a different range of techniques as a read-out. This means that locusspecific methods are generally easier to implement and more accessible for any laboratory,
especially as long as sequencing remains a relatively costly and time-consuming process.
Lastly, a classification that since recently can be made concerns single-omics and multiomics
methods (Figure 2.3C). Single-omics methods are usually more straightforward and easier to
interpret, but more powerful approaches arise when combining several single-cell techniques,
thereby connecting DNA methylation analysis with different layers of information from the
same single cell. A couple of such multiomics methods have already been described46–48,50,53–55,
and it is likely that these are just the tip of the iceberg of what is possible. The development
of such methods also emphasises the need for bioinformatics tools for data integration (such
as67); indeed, caution must be taken when comparing multiple layers of information, since
these are distinct biological pathways whose dynamics operate on different time scales. In
addition, easy-to-use software and an improved level of proper bioinformatics training in
general will make these techniques better accessible to the community and will aid correct
processing and interpretation of the data, which is vital to decipher the biology that they
contain.
Although most single-cell DNA methylation research has been technology driven rather
than biology oriented, a modest start has been made in unlocking the potential for biological
applications that these techniques contain (Figure 2.3D-F). So far, these findings mostly
agree with our previous models of DNA methylation, but it will be interesting to see if,
where, and how any discrepancies will arise. Apart from such observational studies, future
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efforts should also be directed to elucidate the mechanisms through which DNA methylation
regulates gene expression. Multiomics investigations provide the first correlative data to
answer this question but as yet fall short when it comes to proving causation. Perhaps the
adaptation for use in single cells of other techniques such as clustered regularly interspaced
short palindromic repeats-nuclease-dead Cas9 (CRISPR-dCas9)-based (epi)genome editing
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or high-resolution imaging will offer a solution, possibly in combination with more advanced
integrative mathematical modelling. Lastly, developments should be directed towards clinical
purposes. Some promising results have been obtained pointing to potential diagnostic
applications, but more work should be done to optimise and standardise these methods.
Ultimately, the detailed view that single-cell DNA methylation profiling brings benefits both
fundamental and applied research and brings us closer to a fundamental understanding of
any complex biological system.

Outstanding Questions
•	How can we develop easy-to-use single-cell DNA methylation techniques that provide
robust data at high sequence coverage while minimising cost and handling time?
•	How can we use single-cell DNA methylation data to develop fast and reliable
applications that can be used for clinical diagnostics?
•	How do we ensure that the data can be understood and verified by a wide audience, to
avoid misinterpretation?
•	How do the different methods that exist now directly compare with each other, when
performed in parallel on exactly the same sample?
•	Does our current understanding of DNA methylation hold true when examined on the
single-cell level?
•	How many different –omics techniques can we combine to obtain different levels of
information from the same single cell simultaneously?
•	When integrating DNA methylation with other –omics data, how are these different
layers of information related?
•	How can we integrate multiomics data with biochemical evidence to elucidate how DNA
methylation is mechanistically linked to regulation of gene expression?

Glossary
5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC):
oxidised derivatives of 5meC. During active DNA demethylation, ten-eleven translocation
(TET) methylcytosine dioxygenases catalyse the oxidation of 5meC into first 5hmC, then 5fC
and 5caC, which can be converted into unmethylated cytosine.
5-methylcytosine (5meC): cytosine base with a methyl group (CH3) covalently coupled to the
5’ position of its pyrimidine ring. The most abundant methylated DNA base in vertebrates.
Copy-number variation (CNV): structural variation in the genome in which specific regions of
DNA are duplicated, with the number of repeats varying per individual.
CpG island (CGI): genomic region with a high frequency of CpG dinucleotides. Although not
an official definition, CGIs are generally described to harbour a ratio of observed to expected
CpGs that is at least 0.6.
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Embryonic stem cells (ESCs): pluripotent cells derived from the inner cell mass of a
blastocyst-stage embryo. ESCs can differentiate into all different cell types of an organism
and can be kept in culture indefinitely, making them a convenient in vitro model for early
embryonic development.
ELISA: biochemical assay in which an enzyme-linked reaction is used to quantify the
antibody-based detection of a substance in a sample.
Formalin fixed and paraffin embedded (FFPE): a common method for clinical sample
preservation. Tissue is fixed in its current state through treatment with formalin, and then
embedded into paraffin for storage and downstream applications.
Intracytoplasmic sperm injection (ICSI): direct injection of a single sperm cell into the
cytoplasm of a mature oocyte.
Methylation-sensitive restriction enzyme (MSRE): bacterial DNA-cutting enzyme that
recognises a specific DNA sequence dependent on its methylation status.
PCR: molecular biology technique to amplify DNA through repeated cycles of DNA synthesis
by a thermostable DNA polymerase enzyme.
Quantitative real-time PCR (qRT-PCR): variation on conventional PCR in which fluorescent
dyes are used to quantify DNA in real time.
Reduced representation bisulphite sequencing (RRBS):

targeted genome-wide analysis

of DNA methylation through deep sequencing after bisulphite conversion, in which only a
reduced, representative sample of the whole genome is sequenced.
Unique molecular identifiers (UMIs): short oligonucleotide barcodes that are added to a PCR,
so that after amplification each copy can be traced back to a single parent molecule.
Whole-genome bisulphite sequencing (WGBS): genome-wide analysis of DNA methylation
though deep sequencing after bisulphite conversion.
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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 binding 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 differentiation. We propose
that ZBTB2 is a novel DNA methylation-sensitive transcription factor that regulates cellular
differentiation.

34

ZBTB2 reads unmethylated DNA

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 important 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 5’
position of the pyrimidine ring of cytosine, resulting in methylcytosine (meC). This reaction
is catalysed 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 DNMT3B68. 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 dioxygenases plays a key role.
These proteins catalyse the oxidation of meC into hydroxymethylcytosine (hmC)69, which
can then be further processed in a variety of ways to yield unmethylated DNA70. 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 cytosines71. 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
promoters72. While most CpG sites in the adult vertebrate genome are methylated, the
majority of CpG islands remain unmethylated71. Methylation of CpG island promoters can
regulate transcription of associated genes in cis. Traditionally, DNA methylation of promoters
has been linked to gene silencing, although recent research has nuanced this view5.
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 methylationmediated gene expression. Quantitative mass spectrometry-based proteomics has emerged
as a powerful tool to identify such readers73, 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 modifications74,75, nucleosome repositioning76, and the abolishment of sequencespecific binding as a consequence of methylation77.
One putative reader of unmethylated DNA is the zinc finger and BTB domain containing
protein 2 (ZBTB2)73,78. 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
regulation79. Interestingly, the three zinc finger domains of ZBTB2 are clearly distinct from
the evolutionarily conserved methyl-CpG-binding zinc fingers of KAISO and KAISO-like
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proteins80 (Figures EV1A and B), suggesting that their sensitivity to DNA methylation may
be different.
In this study, we used a combination of genomics and proteomics approaches to
characterise the genomic localisation and biological 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 dynamics 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 indicate
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 promoter81. Through ChIPseq analysis with an antibody against GFP, we identified ±4000 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) (Figure 3.1A). 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)
(Figure 3.1B). Motif enrichment analysis showed that a recently reported ZBTB2-binding
motif82 was not found to be enriched in our ZBTB2 peaks in ESCs compared to all CGIs
(Figure 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 dinucleotides 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 (Figure EV1D). However, not all
TSSs or even CGIs are bound by ZBTB2, suggesting that CpG dinucleotides are important
but not sufficient for ZBTB2 recruitment (Figures 3.1C and EV1E). In order to identify other
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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 promoters83,84 (Figures 3.1C and EV1E), our data thus demonstrate
that ZBTB2 preferentially binds to active CpG island promoters in ESCs in vivo.
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ZBTB2-binding dynamics anticorrelate with differential DNA methylation in vivo
Since most CGIs are hypomethylated71, our finding that ZBTB2 binding is enriched at CGIs in
vivo is in line with ZBTB2 being a reader of unmethylated DNA. To examine whether ZBTB2
occupancy 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 GSK3β to the culture
medium (2i)87. Secondly, we differentiated ZBTB2-GFP BAC ESCs into neural progenitor cells
(NPCs), thereby changing the DNA methylation landscape in a cell-type specific manner88.
ChIP-seq analyses on these cell lines revealed that genome-wide ZBTB2 binding increases
after addition of 2i, and decreases upon differentiation into NPCs (Figure 3.2A). Importantly,
ZBTB2 protein levels remain within the same range for all these conditions (Figures EV2A
and B), even if mRNA levels seem to be more variable upon addition of 2i (Figure EV2C),
indicating that these binding dynamics are not solely caused by changes in abundance.
To investigate the extent to which the observed dynamics in ZBTB2 binding are related to
changes in DNA methylation, we used publicly available methylation profiles from ESCs
grown in serum/LIF or in complete 2i conditions89 or ESCs and NPCs88 as a proxy for genomewide 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 annotation, and then compared the difference in DNA methylation as predicted
by the methylation profiles to the fold change in ZBTB2 binding as determined by ChIPseq (Figures EV2D and E). These analyses suggest that on average, sites where the most
dynamics in ZBTB2 binding occur also show the largest change in DNA methylation. To
validate these findings, we selected a couple of loci containing a CGI and performed ChIPqPCR and methylated DNA immunoprecipitation (MeDIP)-qPCR to measure ZBTB2 and DNA
methylation levels, respectively (Figures 3.2B and C and Figures 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, suggesting that ZBTB2 binding dynamics in vivo are sensitive to
differential DNA methylation.
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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 DNaseI hypersensitivity data suggest that this genomic
region is accessible in both cell types in vivo (Figures 3.3A 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
experiments revealed that in vitro, ZBTB2 is able to bind to the unmethylated sequence
independent of the origin of the protein extract, suggesting that the inherent ability of ZBTB2
to bind to unmethylated DNA is unaltered in NPCs (Figures 3.3B and C and Figure 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 (Figures 3.3D
and E). We validated these protein-protein interactions in ESCs by reciprocal pull-downs and
Western blot analysis (Figures EV3C, D and 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 DNA90, giving rise to the possibility that recruitment of ZBTB2 to DNA is mediated
by one or both of its interaction partners. 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 probes73. 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 (Figure 3.3F). A similar
result was obtained when the genomic region indicated in Figure 3.3A was used (Figure
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 (Figure 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
difference in mRNA levels (Figure 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 3.3 | ZBTB2 reads unmethylated DNA directly and independently of its interaction partners. (A)
UCSC genome browser view of ZBTB2 binding, bisulphite sequencing data91, and DNaseI hypersensitivity
tracks92 in ESCs and NPCs. The region that was used for DNA pull-downs is located within the dashed
lines. (B) and (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. (D) and (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, unbound fraction is 5% of the remaining supernatant.

ZBTB2 binding and expression and DNA methylation are intertwined
While the previous results suggest that DNA methylation can influence 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
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is true for global hmC levels (Figure 3.4A). To gain insight into the underlying mechanism
of this effect, we looked in our RNA-seq data comparing 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 (Figure 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 expression levels can be restored towards wild-type levels
in a transient overexpression of ZBTB2 in the Zbtb2 KO line (Figure 3.4B). In addition, we
found that the changes in expression levels of TET1 are reflected in its occupancy at CpG
islands (Figure EV4B), suggesting an active role for ZBTB2 in regulating 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.
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Figure 3.4 | 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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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 methylation 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
(Data set 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 (Figure 3.5A). 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 (Figure 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 analysis 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 (Figure 3.5B). 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 (Figure
EV5B), suggesting that the pluripotency 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 (Figures 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 culturing them in the absence of LIF and assessed their
pluripotency by alkaline phosphatase staining and qRT-PCR. We found that after five days
in medium without LIF, Zbtb2 KO ESCs display a less differentiated morphology compared
to wild-type cells that were treated equally (Figure 3.5C). 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 (Figure 3.5D). 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.
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Figure 3.5 | ZBTB2 acts as a gene activator
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Concluding remarks
On the basis of our findings, we propose a model of ZBTB2 binding dynamics (Figure 3.5E)
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 associated
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 promoters 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 Nr5a293,94. 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 co-activator or co-repressor complexes
containing histone acetyltransferase or deacetyltransferase activity, respectively, leading to
gene activation or gene repression95–97. In addition, ZBTB2 has been reported to interact
with numerous other proteins, such as OCT4 and PTIP98,99. However, we could not confirm
any of these interactions in our GFP-ZBTB2 interaction proteomics data, suggesting that
these interactions are either quite transient, substoichiometric 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
interaction96. Comprehensive 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), PenicillinStreptomycin (Gibco), β-mercaptoethanol and home-made leukaemia inhibitory factor
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(LIF)). For 2i conditions, the medium was supplemented with 3 μM PD0325901 and 1 μM
CHIR99021.
ZBTB2-GFP ESCs were generated by transfection of a GFP-tagged Zbtb2 BAC
construct81 into IB10 ESCs using Lipofectamine LTX and PLUS reagents (Invitrogen). Cells
were subjected to G418 selection 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 β-mercaptoethanol). 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, Perprotech) 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
. The resulting plasmid was verified by sequencing and transfected into IB10 ESCs. After
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two days, the cells were subjected to puromycin selection for 48h, 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 crosslinking was quenched with 0.125 M glycine. Cells were washed with PBS and then harvested
by scraping in buffer B (0.25% Trixton X-100, 10 mM EDTA, 0.5 mM EGTA, 20 mM Hepes).
Cell suspensions were centrifuged for 5 min at 400g 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 400g at 4°C, cells were resuspended in incubation buffer
(0.15% SDS, 1% Trixton 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 sonicated with a Bioruptor Pico sonicator (Diagenode) at 4°C
using cycles of 30 seconds on, 30 seconds off, until the average size was approximately 200300 bp. Sonicated material was centrifuged for 5 min at 21,000g 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
(Invitrogen) 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% Trixton X-100, 150 mM NaCl, 1 mM
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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, 1mM
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
μg proteinase K and 200 mM NaCl for 4h at 65°C in a thermoshaker at 1000 rpm. Decrosslinked 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 manufacturer’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-amplification 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, then deep sequenced on an Illumina HiSeq2000 Sequencing System. Reads
were mapped onto the reference mouse genome mm9 (NCBI build 37), using the BurrowsWheeler 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 downscaled 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 package101. Genomic localisation was analysed with the GREAT tool102, and genomic
distribution was assessed using an in-house Python script. Motif enrichment analysis and
de novo motif predictions were performed using the GimmeMotifs package103. 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 tool104.
Methylated DNA immunoprecipitation
Per reaction, 1 μg 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 μg
antibody against meC (Appendix Table S1) and a 1:1 mixture of Protein A and G Dynabeads
(Invitrogen) were added to the DNA, after which the mixture was rotated for at least 4h 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
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were resuspended in elution buffer (1% SDS, 0.1 M NaHCO3, 200 mM NaCl) and incubated
for 10 min at 1000 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

. Briefly, cells were harvested
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with trypsin, washed twice with PBS and spun down for 5 min at 400g 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 centrifuged for 5 min at 400g 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 3200g at 4°C. The nuclear pellet was washed with PBS, centrifuged
for 5 min at 3200g 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 1h at 4°C and subsequently centrifuged for
45 min at 20,800g 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 1000 U benzonase (Millipore) per 100 μl pellet.
Pellets were incubated in a thermoshaker at 37°C at 1000 rpm until dissolved, and then
centrifuged for 5 min at 14,000g 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 μl 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 μg per pull-down)
were diluted to a total volume of 600 μl with DBB and rotated with the beads for 30 min at
4°C. Coupling of DNA to the beads was verified by agarose gel electrophoresis. 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, 1mM DTT and CPI). Nuclear extract (150 μg) and competitors
(5 µg poly-dIdC (Sigma, P4929), 5 µg poly-dAdT (Sigma, P0883) and 5 µg tRNA (Sigma,
R5636)) were diluted to a total volume of 600 μl 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 30G syringe. Beads were then resuspended in 50 μl elution buffer
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(EB: 2M urea, 100 mM ammonium bicarbonate, 10 mM DTT) and incubated for 20 min in
a thermoshaker at 1400 rpm at room temperature. After addition of 50 mM iodoacetamide
(IAA), beads were incubated for 10 min at 1400 rpm at room temperature in the dark.
Proteins were then on-bead digested into tryptic peptides by addition of 0.25 μg trypsin
and subsequent incubation for 2h at 1400 rpm at room temperature. The supernatant
was transferred to new tubes and further digested overnight at room temperature with an
additional 0.1 μg of trypsin. Tryptic peptides were purified on C18-StageTips106, followed by
on-StageTip dimethyl labelling. StageTips were loaded with 300 μl labelling buffer (2% of
either CH2O (light) or CD2O (medium) in 10mM NaH2PO4, 35mM Na2HPO4, 0.6M 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
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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 μl of GFP-trap
or non-GFP-trap 50% bead slurry (Chromotek) 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 μg – 1 mg) and ethidium bromide
(50 μg/ml) were diluted to a total volume of 400 μl 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 30G syringe. Beads were
then resuspended in 50 μl elution buffer (EB: 2M 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-StageTips.
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 LTQOrbitrap 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 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 second cycle with dynamic exclusion set at 60 sec. For samples
measured on the Q-Exactive, the top ten most intense precursor ions were selected for
fragmentation. Peptides were searched against the UniProt mouse proteome with MaxQuant
v1.5.1.0107, 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 Data set EV1.
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Reciprocal pull-downs
For endogenous pull-downs, 30 μl 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 μl
per pull-down) were diluted to a total volume of 150 μl with PBS + 0.05% NP40 and rotated
with the beads for 1.5h at 4°C, after which beads were washed thrice with PBS + 0.05%
NP40. Nuclear extract (50 μl) and ethidium bromide (66.7 μg/ml) were diluted to a total
volume of 150 μl with PBS with 0.25% NP40 and CPI, and rotated with the beads for 2.5h
at 4°C. Beads were washed thrice with PBS + 0.25% NP40 and CPI, then boiled in Laemmli
buffer. These samples, together with a 5% input sample, were run on an SDS-PAGE gel and
analysed by Western blot. Antibodies can be found in Appendix Table S1.
For FLAG pull-downs, 20 μl 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) glycerol, 2 mM MgCl2, 0.2 mM EDTA, 0.25% NP40, 0.5 mM DTT, CPI). Nuclear
extract (450 μg) and ethidium bromide (100 μg/ml) were diluted to a total volume of 200
μl 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), then boiled in Laemmli buffer. These samples,
together with a 5% input sample, were run on an SDS-PAGE gel 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 overnight at 16°C
by addition of 0.1 mM IPTG (Promega, V3951) and 100 μM 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 μg/ml DNaseI (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 14,800 rpm at 4°C. Supernatant was
collected and supplemented with 1 μM ZnCl2. To purify GST-ZBTB2 from the supernatant,
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 1h 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 μg per
pull-down, sequences as described in Spruijt et al. 2013) or genomic DNA probes (1 μg per
pull-down) essentially as described above, except that PIB was supplemented with 10 μM
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%
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input sample and 5% unbound fraction samples, were run on an SDS-PAGE gel and analysed
by Western blot. Antibodies 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 Alignment Program108.
Differential gene expression was analysed with the Cufflinks v2.2.1 package109.
Alkaline phosphatase staining
Wild-type and Zbtb2 KO ESCs were seeded into a 48-wells plate at a density of 100 cells/
well. Cells were grown for five days in ESC medium, either without LIF or supplemented
with 2i drugs (3 μM PD0325901 and 1 μM 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 Supermix (Bio-Rad) on a CFX96 Touch Real-Time PCR Detection System (BioRad). 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 described110. Briefly, genomic DNA was isolated
from five independent samples of approximately two million cells per sample and degraded
into individual nucleosides using a DNA Degrase Plus Kit (Zymo Research), according to
the manufacturer’s protocol. Individual nucleosides 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 quantification.
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Cloning and transient transfections
Full-length ZBTB2 protein was cloned from mouse complement DNA into the pMSCV PIG
vector111. This construct was transiently transfected into Zbtb2 KO ESCs using Lipofectamine
LTX and PLUS reagents, or Lipofectamine 3000 (Invitrogen). Cells were harvested after two
or three 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 one day.
Statistical methods
Unless specified otherwise, statistical tests were performed by conducting an unpaired twotailed 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. Significant proteins were those that were called outliers in both the
forward and reverse experiment. For GFP pull-downs, specific interactors were determined
through an adapted two-tailed t-test in Perseus, using a permutation-based false discovery
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 repository112 with the data set identifier PXD007099.
High-throughput sequencing data have been deposited in the GEO database repository with
the data set identifier GSE101802.
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Supplementary information (available online)
Appendix
Lists of antibodies, public data sets, PCR primers, qRT-PCR primers, and ChIP-qPCR and
MeDIP-qPCR primers used in this study.
Data set EV1
Filtered MaxQuant protein group files used to generate the volcano plots and scatterplots in
this study.
Data set EV2
Region-gene associations of peaks called in ZBTB2-GFP ChIP-seq in ESCs.
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Expanded View Figure 2 | Extended data with Figure 3.2. (A) and (B) Western blot analyses of
endogenous and GFP-tagged ZBTB2 levels in ZBTB2-GFP BAC ESCs in serum/LIF or serum/LIF + 2i
conditions (A) or ZBTB2-GFP BAC ESCs or NPCs (B). Histone H3 was used as a loading control. NE =
nuclear extract (nuclear soluble fraction), NP = nuclear pellet (chromatin-bound fraction). (C) qRT-PCR
analysis of Zbtb2 levels in ZBTB2-GFP BAC ESCs cultured without or with 2i. Data are depicted as mean
± SEM of three biological replicates (* p = 0.02, Welch t-test). (D) and (E) Comparison of ZBTB2
binding dynamics and differential DNA methylation88,89 at the union of ZBTB2 peaks that were called in
our three ChIP-seq experiments, presented as the average values for each genomic category. ZBTB2
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Expanded View Figure 4 | Extended data with Figure 3.4. (A) RNA-seq analysis of gene expression
levels in in Zbtb2 KO ESCs, relative to wild-type ESCs. Data are depicted as mean of two biological
replicates. (B) ChIP-qPCR analysis of TET1 binding at selected CpG islands 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 for all pairwise comparisons, Welch t-test).
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Abstract
Methylation of cytosine bases (mC) is an epigenetic mark that can provide an additional
layer of information to regulate transcription. In plants, mC is mostly associated with
transcriptional repression of transposable elements and is established, maintained, and
removed by a variety of writer and eraser factors, depending on local DNA sequence context
(CG, CHG, and CHH, where H = A, C, or T). mC can be interpreted by reader proteins, some
of which are known to be involved in feedback loops with other epigenetic modifications
such as histone methylation. While some plant mC readers have been documented, a
comprehensive survey of the proteins that can bind mC in plants is required to identify
the range of factors that can interpret this DNA modification and its integration within the
epigenome. To screen for potential mC readers in the plant species Arabidopsis thaliana, we
performed a DNA affinity pull-down assay combined with quantitative mass spectrometry,
using short methylated DNA probes for each DNA context. We identified 37 nuclear
proteins that show a significant enrichment in methylated probes in at least one sequence
context, including eleven previously characterised mC readers such as the VIM proteins,
SUVH2/4/9 and MBD5/6. Approximately half of the identified candidates had not previously
been reported as potential mC binding proteins. To further explore the function of these
candidates, we performed genome-wide analyses of the transcriptome and the methylome
of mutant plants to assess their potential effect on gene regulation and on the epigenome,
but failed to detect substantial consequences. This work constitutes the first comprehensive
assay to identify potential mC readers in plants, and an initial step toward understanding
their molecular functions.
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Introduction
DNA methylation is the presence of a methyl group (-CH3) covalently bound to the fifth
carbon atom of a cytosine base. In plants, mC can occur in all cytosine sequence contexts:
mCG, mCHG, and mCHH, where H represents A, C, or T. Whereas mC in each sequence
context is mostly found in repeats and transposable elements (TEs), it has been shown that
expressed genes can harbour mCG as well20,21,113. One strategy towards understanding the
role of DNA methylation within the epigenome is to investigate the information that mC
transmits at the molecular level through the study of the proteins that can bind specifically
to methylated cytosines, which are referred to as mC readers. Three main families of mC
readers have been identified in Arabidopsis thaliana through sequence homology with known
animal mC readers: methyl-CpG-binding domain (MBD) proteins, suppression of variegation
3-9 homologs (SUVH), and variant in methylation (VIM) proteins.
The first protein that was discovered to bind preferentially to methylated doublestranded DNA in mammals was methyl-CpG-binding protein 2 (MeCP2)114, whose specificity
of binding to mCG was reduced to an 85 amino acid long Methyl-CpG-Binding Domain
(MBD)115. By sequence similarity with the human MBD, thirteen proteins named MBD1 to
MBD13 have been found in Arabidopsis116,117. Although numerous studies on their in vitro
binding abilities have been conducted, mechanistic insights into in vivo binding specificities
of Arabidopsis MBDs and the molecular effect of this binding on neighbouring DNA sequences
remain mostly unknown. Previous studies indicate that MBD6 and MBD7 can bind to mCG,
MBD5 can bind mCG and mCHH, and all three proteins are linked to chromatin remodelling
and/or transcription regulation through interactions with alpha-crystallin domain (ACD)
proteins. MBD8, MBD9 and MBD11 are involved in developmental processes, but are unlikely
to bind specifically to mC. It is still unclear whether MBD1, MBD2 and MBD4 can bind
specifically to DNA methylation, and what their molecular functions are.
Apart from the MBD, other domains that can confer the ability to specifically bind
to mC have been identified, such as the SET and RING associated (SRA) domain118. As
the name implies, SRA domains are associated with other domains involved in epigenetic
regulation; the Su(var)3-9, Enhancer-of-zeste and Trithorax (SET) domain which is linked to
histone methylation, and the Really Interesting New Gene (RING) domain which is linked to
ubiquitination. Members of both SET-SRA and RING-SRA families, called SUVHs and VIMs,
respectively, have the ability to bind to mC in specific contexts118–120 and are involved in
the maintenance of mC in a context-specific manner. Suppression of variegation (Su(var))
is a group of genes identified in Drosophila that suppress position-effect variegation, the
silencing of a locus due to its juxtaposition with heterochromatin121. By sequence homology
with the SET domain of Su(var), fourteen proteins were identified in Arabidopsis122. Ten
of these proteins contained both an SRA and a SET domain, called SU(VAR) HOMOLOGS
(SUVH)122. The SUVH family of mC readers is specific to plants, and well characterised
members of the family are involved in plant-specific DNA methylation pathways such as
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mCHG maintenance (SUVH4, SUVH5 and SUVH6) and de novo DNA methylation deposition
through the RNA-directed DNA methylation (RdDM) pathway (SUVH2 and SUVH9). However,
information on both the binding and the activity of SUVH1, SUVH3, SUVH7 and SUVH8 is
lacking.
Variant in methylation (VIM) proteins of Arabidopsis, also called ORTHRUS (ORTH),
contain an SRA domain, a plant homeodomain (PHD) and two RING domains119. VIMs are close
homologs of the animal Ubiquitin-like, containing PHD and RING finger domains 1 (UHRF1),
which plays a role in maintenance of DNA methylation by binding to hemimethylated DNA123.
In Arabidopsis, the VIM family contains five members, but only three are expressed during
the vegetative phase124. VIMs can bind to mCG and mCHG but also prefer hemi-mCG118,119,125.
VIM proteins act redundantly to maintain mCG methylation and heterochromatin silencing,
by recruiting METHYLTRANSFERASE 1 (MET1) to hemi-mCG sites124,126,127. VIM proteins
have functional ubiquitin E3 ligase activity through their RING domains128, and can bind to
histones H2B, H3, H4 and HTR12/CENH3119. This suggests that they have similar histone
modifications activities as UHRF1129,130, but further research is needed to investigate this
hypothesis.
Here, we performed DNA affinity pull-downs followed by mass spectrometry using
unmethylated and methylated DNA probes for each sequence context to identify sequence
context-specific readers of mC in Arabidopsis. Apart from identifying previously characterised
mC readers, this assay also yielded novel potential mC binding proteins. We then conducted
genome-wide transcriptome and methylome analyses of mutant plants to assess the
potential effect of these proteins on gene regulation and on the epigenome. However, RNAseq of most mC reader candidate mutants provided little reliable information regarding their
biological function, and neither global nor local effects on DNA methylation levels could be
detected. Nevertheless, this work contributes to our understanding of the function of DNA
methylation and its interpretation in plants.

Results
Identification of mC readers in Arabidopsis thaliana
DNA methylation in Arabidopsis thaliana can occur in three contexts: mCG, mCHG, and
mCHH, where H represents A, T or C. Each context is regulated partially independently,
suggesting that some proteins must have context-specific affinities for mC. To identify such
specific reader proteins, we performed affinity pull-downs using DNA probes representative
of each sequence context. We searched for a 5 bp motif containing a single cytosine in
each context, which was repeated four times and flanked with sequences similar to those
used previously in DNA pull-down assays73 to create DNA probes of 33 bp. The motif was
selected by a weighted combination of the number of times that the motif can be found in
the Arabidopsis genome, the genomic feature in which it is located (such as introns, exons
or transposable elements), and the average methylation level of the cytosines at these loci
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Figure 4.1 | DNA probes used in the affinity pull-downs of Arabidopsis mC readers. (A) Distribution
and number of matches of all the 5 bp motifs in Arabidopsis Col-0. The colour is representative of the
annotated feature, the transparency is representative of the methylation level. For each feature, the motif
with the highest methylation level is the darkest, the motif with the lowest methylation is the clearest.
The chosen motifs are boxed and labelled in red. (B) Final design of the methylated probes used in this
study. Black lollipops mark the methylated cytosines. The 5 bp motifs are highlighted in red. For each
sequence context, the completely unmethylated counterpart has been used as controls for enrichment
analysis. Each strand was ordered as single oligonucleotides, one strand of each probe being biotinylated
to enable immobilisation of the probes onto streptavidin-coated magnetic beads.

in wildtype plants. To maximise the biological significance of the chosen motifs, priority
was given to motifs localised in annotated (i.e. not intergenic) sequences. Furthermore, in
order to limit the number of potential competing binding sites the 5 bp motif was restricted
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to adenines and thymines except for the central cytosine. For example, to find a suitable
motif for the CG context, all eight A/T-C-G-A/T-A/T combinations (and their eight A/T-A/TC-G-A/T complements) were mapped to the TAIR10 Col-0 reference genome, corresponding
genomic features extracted from the corresponding TAIR10 annotation, and methylation
levels computed from whole-genome bisulphite sequencing of wildtype (WT) Col-0 roots.
For example, in the CG context, the motifs TCGAT and its reverse complement ATCGA were
chosen as they had the best distribution and highest methylation levels, even though other
motifs are present more often in Arabidopsis genome (Figure 4.1).
Nuclear proteins were extracted from Arabidopsis suspension cell cultures of the
Landsberg erecta ecotype (Figure 4.2A). Enrichment of nuclear proteins was confirmed by
Western blotting, comparing the nuclear extract to whole leaf protein extract from WT Col0 plants (Figure 4.2B). Loading similar amounts of proteins, no or faint bands were visible
for chloroplastic, mitochondrial, cytoplastic, and vacuolar proteins in the nuclear extract,
whereas histone H3 was much more abundant than in whole cell extracts.

Arabidopsis thaliana
Landsberg erecta
cell culture

protoplasting

nuclei islation

protein extraction

A

4x

B

Antibody:

4x

60x

AOX1
W
N

UGPase
W N

V-ATPase
W N

Histone H3
W
N

mitochondria

cytoplasm

vacuole

nucleus

Rubisco
W N

Organelle: chloroplast

DAPI staining

W: whole leaf protein extract
N: nuclear protein extract
Figure 4.2 | Extraction of nuclear proteins from Arabidopsis cell cultures. (A) Protocol workflow:
cells and protoplasts were visualised under bright light, nuclei were stained with DAPI and visualised
by fluorescence microscopy. (B) Western blots using antibodies against organelle-specific proteins,
confirming nuclear enrichment.
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The isolated nuclear proteins were then allowed to bind to the unmethylated or methylated
DNA probes of a particular sequence context, which were coupled to magnetic beads.
Following incubation and washes to eliminate unspecific binders, proteins were on-bead
digested into tryptic peptides and analysed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Three technical replicates were performed in parallel, for each
probe in each methylation state. Only proteins identified in all three replicates for at least
one context in any methylation state (unmethylated or methylated), were included in the
subsequent analysis. By comparing methylated and unmethylated samples in each context by
Student’s t-tests, candidate mC readers were identified as the proteins statistically enriched
for binding to methylated probes, whereas proteins that are repelled by methylation in a
specific context were enriched for binding to unmethylated probes (Figure 4.3). In total, 37
proteins were enriched in at least one methylated context and 32 were enriched in at least
one unmethylated context. Different parameters were used for each context to limit false
positives in the list of potential candidates and to maximise the biological relevance of the
identified proteins (FDR and s0, see Materials and Methods). Despite stricter FDR cut-offs,
more proteins were enriched in the mCG and mCHG contexts than in the mCHH context (26,
18 and 8, respectively). However, fewer differences in the number of identified proteins were
found in the unmethylated context (6, 13 and 13 proteins in CG, CHG and CHH context,
respectively).
Comparing all sequence contexts together (Figure 4.4), little redundancy was found
among proteins enriched in unmethylated probes in each sequence context, as only ARP was
found enriched in two sequence contexts (CG and CHH). In comparison, eleven proteins were
found enriched in at least two methylated contexts. Curiously, one protein was identified as
enriched in both mCG and (unmethylated) CHG. However, the peptides identified could
belong to two proteins, ENHYDROUS/INDETERMINATE DOMAIN 1 (ENY/IDD1, At5g66730)
or JACKDAW (JKD, At5g03150). Whether one of these two proteins is responsible for this
apparent double specificity, or one is enriched in mCG while the other is enriched in CHG, is
not known. There were two other instances of ambiguity regarding the protein from which a
peptide was predicted to originate. VIM2/ORTH5 could instead be VIM4/ORTH4 (At1g66040),
but VIM4 is likely to be a pseudogene124. Peptides mapped to HTB9 (At3g45980) could
also belong to HTB11 (At3g46030) or to HTB1 (At1g07790). However, all these proteins
correspond to a histone 2B variant, which can bind to DNA for nucleosome assembly.
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Figure 4.3 | Volcano plots showing the proteins statistically enriched in methylated probes (left) and in
unmethylated probes (right) in (A) CG, (B) CHG, or (C) CHH context.
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Not including the potential sequence-specific transcription factors identified by DNA affinity
purification131, all eleven proteins previously characterised as mC readers in Arabidopsis were
identified here: three MBDs (MBD5, MBD6 and MBD7), five SUVHs (SUVH2, SUVH4, SUVH5,
SUVH6 and SUVH9) and the three VIMS. Ten of these proteins were found to be enriched in
all three replicate methylated probe pull-down assays. Only MBD7 was an exception; it was
filtered out during the statistical analysis as it was not identified in one of the three technical
replicates. Identifying essentially all of the known mC readers confirms the validity of this
pull-down assay.
Selection and confirmation of gene disruption in mutant lines
To further characterise the identified mC reader candidates, we focussed our attention on
the proteins whose role in epigenetic regulation has not been extensively studied, and on
proteins that are more likely to bind mC directly. Known mC readers – VIM1, VIM2, VIM3,
SUVH2, SUVH4, SUVH5, SUVH6 and SUVH9 – were therefore not considered. Proteins
unlikely to be involved in mC binding were also not pursued, such as common mass
spectrometry contaminants (RPL35A, HTB2, and HTB9), as well as HTA7, ZIP4, and ENGB2. Also, protein chaperones IDL2, IDL3, and AT2G01710, as well as RNA-binding proteins
AT5G15810, AT4G09040, and AT1G25260 were not followed up. To facilitate downstream
experiments and the analysis of molecular phenotypes from leaf or seedling tissues, mC
reader candidate coding genes with an expression pattern limited to specific cell types were
also not included in this analysis, despite their potential for mC binding. This filtering applied
to BMI1C, exclusively expressed in pollen grains132,133, and SUVH8 and ENY which are only
expressed in developing seeds133. The final set of candidates selected was composed of
fourteen proteins: SUVH1 and 3, MBD1, 2, 4, 5 and 6, HDG11 and 12, RLT1, JKD and the
uncharacterised proteins AT5G25475, AT3G43590, and AT1G31150.
In order to assess the potential involvement in epigenetic regulation of these mC reader
candidates in vivo, loss-of-function mutants of the corresponding proteins were studied. For
most candidates, we could rely on the large collections of T-DNA insertion lines already
available134. These lines have been created by plant transformation with a large T-DNA
only coding for the resistance to an antibiotic and insertion of which within a gene body
would disrupt the normal expression of the gene. This random insertion process has been
followed by the identification of the T-DNA insertion point in the transformed plants. Several
collections of mutants have been produced by different labs, expanding the number of genes
disrupted in at least one of these lines135–138. To increase the chances of selecting T-DNA lines
with disrupted expression of the mC reader candidates, the T-DNA insertion must occur
within the body of the gene, not in regulatory regions, and preferably in an exon. When
several lines met these criteria, the insertion that occurred as close to the transcription start
site as possible was preferred. Also, only lines with a single annotated insertion point were
selected. Finally, to facilitate analysis of sequencing data we relied exclusively on lines that
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are in a Col-0 background. For most candidates, at least one T-DNA line met the mentioned
criteria and up to three lines per candidate were ordered from the Arabidopsis Biological
Resource Center (ABRC). Plants homozygous for the T-DNA insertion were genotyped by
PCR and one line per candidate was selected for sequencing experiments. Three plants of
each homozygous knockout line were grown in parallel and one leaf from each plant was
used for sequencing analyses. RNA-seq and MethylC-seq further confirmed the disruption
of the target genes (Figure 4.5). For RLT1, SUVH1, MBD1, MBD2, MBD6, and AT3G43590,
the number of reads mapping to the gene clearly dropped after the T-DNA insertion point.
This downregulation was accompanied in these samples by hypermethylation of the genomic
DNA surrounding the insertion point, likely due to the transgene being targeted by epigenetic
silencing mechanisms such as the RdDM pathway. SUVH3, AT5G25475, AT1G31150, and
HDG12 also showed gene downregulation but no effect on the methylation status of the
gene. All these genes were significantly downregulated in the respective mutant, with the
exceptions of HDG12 and RLT1. HDG11 and JKD were found lowly expressed in the WT
samples, and the presence of T-DNA insertions could not be confirmed by this sequencing
experiment. Overall, these experiments confirmed the disruption of the candidate genes of
interest previously estimated by genotyping PCR (data not shown).
No T-DNA line meeting the criteria listed above were available for MBD4 and MBD5,
hence mutations were induced by CRISPR/Cas9. Double mutants were also generated with
CRISPR/Cas9. Transformants were selected by their resistance to hygromycin present on
the CRISPR cassette, and the presence of mutations in the targeted genes was assessed by
Sanger sequencing. Several gRNAs were tested for each target and they showed varying
efficiency. Notably, about one third of the gRNAs tested did not induce any mutations in the
plants tested (with 10-50 T1 plants analysed per gRNA). T1 plants with mutations on both
alleles of both targeted genes, albeit not necessarily the same indel event in each allele,
were selected and grown to the next generation. In all cases, the indels were frame shifting
mutations that impacted the sequence of the translated proteins and induced a premature
stop, often within a few amino acids of the mutations. T2 plants that had segregated out the
CRISPR/Cas9 T-DNA but retained their double homozygosity at the targets were confirmed
by PCR and Sanger sequencing, respectively. RNA-seq further supported the presence of
frame shifting mutations and, in most cases, a significant downregulation of the gene (data
not shown).
Transcriptional profiles of mC reader candidate mutants
For various technical reasons, the sequencing analysis of the candidate mC readers was
performed in three batches: batches 1 and 2 were performed on leaf tissue, whereas batch
3 was performed on seedlings. The expression profiles were first analysed on the ensemble
of mutants from all batches, in the hope of increasing the reliability of the differentially
expressed genes (DEGs). However, this analysis resulted in too large a difference between
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samples originating from leaves and seedlings for relevant DEGs identification. To overcome
the limitation of including only a single WT biological replicate in batch 1, the next approach
was to analyse samples from each tissue independently.
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Figure 4.5 | Genome browser screenshots of each disrupted gene in the corresponding T-DNA line. The
mC tracks show DNA methylation level at single base-pair resolution, often showing increased levels
around the T-DNA insertion point (marked by red arrows). The “rep” tracks represent the RNA-seq
coverage of each biological replicate. The colour of the reads corresponds to the strand it originated from:
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was normalised according to the sequencing depth of the library.
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Still, a significant batch effect was present between the two groups of libraries made from
leaf, which was already visible in the combined analysis. This difference emphasised that the
identification of DEGs was due to the difference between batches instead of DEGs caused
by the mutations in the mC reader candidates genes. Therefore, each batch was analysed
individually and the analysis resulted in a better clustering of biological replicates in samples
originating from leaves. As expected by the difference in the magnitude of variability
between leaf and seedlings samples, the number of DEGs identified in samples from batch 1
and batch 2 are approximately one order of magnitude higher than in seedlings (Table 4.1).

Table 4.1 | Number of differentially expressed genes in each mutant compared to WT.
Mutant

Batch

Tissue

Upregulated

Downregulated

Total

mbd1

2

leaf

1966

1281

3247

hdg12

1

leaf

1488

650

2138

at5g25475

2

leaf

1207

448

1655

at1g31150

1

leaf

778

495

1273

suvh3

2

leaf

404

210

614

jkd

1

leaf

283

153

436

hdg11

1

leaf

240

154

394

suvh1

1

leaf

184

109

293

rlt1

1

leaf

101

52

153

at3g43590

1

leaf

116

50

166

mbd6

2

leaf

120

9

129

hdg11 hdg12

3

seedlings

35

58

93

mbd5 mbd6

3

seedlings

32

30

62

mbd5

3

seedlings

2

7

9

mbd1 mbd2

3

seedlings

3

5

8

mbd2

3

seedlings

5

1

6

mbd1 mbd4

3

seedlings

0

2

2

4

Notably, mbd1 shows over 3000 DEGs, which could indicate a genome-wide effect on
transcription. However, the double mutants mbd1 mbd2 and mbd1 mbd4 have fewer than
ten DEGs each. These conflicting results could be due to an antagonistic effect between
MBD1 and both MBD2 and MBD4. The absence of a dramatic change in gene expression in
the mbd2 single mutant in seedlings might instead suggest a tissue-specific role for MBD1,
potentially being more important in fully-grown leaves than in developing seedlings, despite
being expressed in both tissues. These differences could also be due to the identification
of genes that are not differentially expressed due to the disruption of the MBD1 gene,
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but to technical noise instead. Differential expression analyses between each mutant and
the WT also showed that all mutants from leaf tissue had approximately twice as many
upregulated genes compared to downregulated genes. Such a pattern would support a role
in transcriptional silencing of these mutants. This observation was most evident in mbd6,
with 120 up- and only 9 downregulated genes, and similar patterns were present in the
suvh1 mutant. This observation conflicted with the previously identified role of SUVH1 in
promoting expression of genes with hypermethylated promoters139, although they could also
result from a pleiotropic effect of the genes directly regulated by SUVH1.
To investigate the potential overlapping functions of the candidates, the sets of DEGs in
each mutant compared to WT were intersected (Figure 4.6). Approximately half of the DEGs
identified in at least one candidate of batch 1 were also found to be differentially expressed
in a candidate of batch 2, and about a third of the DEGs in batch 3 candidates were also
differentially expressed in batch 1 and/or batch 2 (Figure 4.6A). This relatively high level of
commonality was not present when comparing hdg11 and hdg12 single mutants in leaf to
the hdg11 hdg12 double mutant in seedlings (Figure 4.6D). These results might thus suggest
a cell type specific role for these candidates. However, they could also indicate the presence
of DEGs which are not caused by the mutations. Indeed, out of the 248 genes differentially
expressed in both hdg11 and hdg12, only 17 are shared between these mutants and no
others. Similarly, little overlap is present between mbd5 and mbd5 mbd6 double mutant,
or between mbd2 and mbd1 mbd2, partly due to the low number of DEGs identified in each
sample. The quasi-totality of genes differentially expressed in multiple mutants varies in the
same way compared to WT, being upregulated (or downregulated) in all samples (Figure
4.6B and C). This observation would suggest that these mutants are similarly different from
the WT.
The transcriptional profiles of the candidates have highlighted a broad impact of
the mutations of the sample when studied in leaf, in contrast with smaller variations in
seedlings, which could indicate a cell-type specific role for these proteins, or their potential
involvement during specific developmental stages. These observations might suggest a high
functional redundancy among these genes, and pleiotropic effects of the mutations studied,
however, these observations might be indicative of biases in the experiments. Study of the
DNA methylation levels in the mutants might highlight differences that could relate to these
different transcriptional profiles.
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Figure 4.6 | Differentially expressed genes (DEGs) shared between samples. (A) Venn diagram
representing the number of DEGs shared by the samples in each batch. (B) UpSet plot representing
the number of DEGs shared between samples originating from leaf (batches 1 and 2). Only the groups
containing more than 20 genes were included. (C) UpSet plot representing the number of DEGs shared
between samples originating from seedlings (batch 3). In (B) and (C), red and blue colours mark genes
that are up- and down-regulated, respectively, in all the mutants of the intersection, whereas genes in
black are up-regulated in at least one mutant and down-regulated in at least one other mutant. (D) Venn
diagram of the DEGs in hdg11 and hdg12 single and double mutants.
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DNA methylation profiles in mC reader mutants
Methylation levels at single base-pair resolution were generated for the candidate mC reader
mutants by MethylC-seq21. To assess for a genome-wide impact on methylation patterns in
the candidate mC reader mutants, average methylation levels were computed over genes
and transposable elements and compared to WT, as well as known mC reader mutants
with important hypo-methylation phenotypes. Genes and transposable elements (TEs) were
analysed independently, and TEs were further split into long (> 2kb) and short (< 2kb)
TEs due to the different mechanisms that mediate their methylation, notably in the CHH
context140,141. Furthermore, k-means clustering within each collection of loci was performed
to potentially identify sets of commonly regulated targets. No obvious changes in methylation
levels were identified due to the candidate mC reader disruption on a global scale, especially
when compared to vim1 vim2 vim3 and suvh4 suvh5 suvh6 triple mutants126 and the suvh2
suvh9 double mutant142, which exhibited global hypomethylation in the contexts they
regulate (data not shown).
As no apparent differences were observed in global changes of DNA methylation upon
loss of mC reader proteins, we next sought to determine whether loss of these proteins
may have a more localised effect upon DNA methylation patterns. Differentially methylated
regions (DMRs) were identified that showed at least 10% change in mC levels and contained
at least three cytosines in any sequence context, with no restriction on coverage of the
cytosines or the size of the DMR, using the HOME algorithm143. Each sample exhibited 10002000 DMRs compared to the relevant WT, yet most DMRs showed less than a 20% change
in DNA methylation level WT and the mutant (Figure 4.7A). The DMRs from all samples were
then intersected to identify regions of differential methylation common to several mutants,
with the hypothesis that if such shared differentially methylated regions exist between
different mutants, they may highlight a functional redundancy between these candidates
(Figure 4.7B). More than 90% of DMRs were exclusive to one sample, and few were present
in both single and double mutants when available (i.e. for mbd1, mbd2, mbd5, mbd6, hdg11
and hdg12). This might suggest that the mutants have distinct functions on the regulation
of the methylome. However, when visualised in a genome browser, these DMRs appear to be
mostly due to slight, random variation in DNA methylation patterns and sequencing depth,
rather than from the disruption of the candidate genes. They might correspond to stochastic
DMRs commonly identified among Arabidopsis lines144,145. Overall, it thus appears that the
lack of these mC reader candidates does not impact the DNA methylation levels on both a
global and local scale. However, the possibility that changes are present but are too subtle
to be revealed by these experiments remains, notably if these mC reader candidates have
cell-type specific functions.
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Figure 4.7 | Differentially methylated regions (DMRs) analysis in mC reader candidate mutants. (A)
Distribution of the DMRs according to the average difference in percentage of methylation at each DMR
(ΔmC: mutant - WT) between the sample and the WT control from the same tissue. The numbers of hyper
and hypo-DMRs identified in each mutant are noted between the violin plots. (B) Number of shared DMRs
(1 bp overlap) among all samples. The number of DMRs with a ΔmC > 20% are highlighted in red for each
intersection set. The 40 intersections with the most DMRs are shown here.

Discussion
In this study, we used DNA affinity pull-downs followed by mass spectrometry to identify
sequence context-specific readers of mC in the plant species Arabidopsis thaliana. To date,
eleven proteins have been identified in Arabidopsis that are reported to specifically bind
to methylated DNA, often with context specificity. Ten of these were found enriched in all
replicates of the pull-down assays in at least one methylated context, while MBD7 was also
identified in two out of three replicates, thus confirming that this assay is highly effective for
isolating mC readers. The DNA sequence contexts they were found enriched in are mostly
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in accordance with their previously characterised binding affinities, further validating the
experimental approach.
This study is the first mass spectrometry-based screen for mC readers in plants and
has extended the list of known mC reader proteins in Arabidopsis, adding several new
candidates. Among these potential mC readers, some are expected not to be able to directly
bind to methylated DNA but rather co-purified with actual mC readers. Performing an
EMSA with each protein identified could be useful to test their individual ability to bind mC.
However, these experiments would only confirm their in vitro binding capability, and their
functions in planta would remain unknown.
To further characterise the potential mC readers, we performed RNA-seq and MethylCseq on mutant lines defective in a candidate mC reader. Overall, the transcriptome analysis
of most mC reader candidate mutants provided little reliable information regarding the
potential role of these candidates in epigenetic mechanisms. Furthermore, the absence of
genome-wide effect on DNA methylation levels, as well as more localised changes in mC
patterns, would indicate a limited impact of the disruption of the candidate genes upon DNA
methylation. These conclusions are applicable to single T-DNA mutants as well as double
mutants generated with CRISPR/Cas9. This limited impact cannot be attributed to an error
in genotyping since the gene disruptions identified by PCR were confirmed by the RNAseq experiments. This limited impact could however be explained by several hypotheses
such as complex functional redundancies, cell type specific roles of these proteins, or their
involvement in developmental or environmental responses.
The wide variety of existing epigenetics processes, notably the deposition and removal
of histone post-translational modifications, impairs the efficient screen for potential molecular
phenotypes in the mC reader candidate mutants. Refining the search would benefit from
knowing where the mC reader candidates bind to the genome, and from the identification
of protein interactors. On the one hand, the identification of candidates binding sites would
notably help in the selection of loci to focus on and might highlight changes that were
overlooked by genome-wide analyses. Also, the preference for specific chromatin patterns,
which can be inferred from available datasets, could orientate toward a molecular function.
On the other hand, knowing which proteins can interact with these mC reader candidates
would evidently deepen our knowledge on the pathways in which these proteins are
involved. Experiments to address both points, chromatin immunoprecipitation-sequencing
and mass spectrometry-based interaction proteomics, respectively, are therefore necessary
to elucidate the biological function of the identified mC reader candidates in Arabidopsis.
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Materials and Methods
Nuclear protein extraction from Arabidopsis cell culture
Arabidopsis Landsberg erecta (Ler) ecotype cell suspensions derived from root callus were
cultured in growth media (1x Linsmaier and Skoog basal salts with minimum organics, 3%
(w/v) sucrose, 0.5 mg/L naphthalene acetic acid and 0.05 mg/L kinetin, adjusted to pH 5.7
with KOH) at 25°C under constant darkness and 130 rpm orbital shaking. Cultures were
maintained by inoculating 20 mL of 7-day-old cells into 100 mL of fresh media in 250-mL
Erlenmeyer flasks. Cultured cells were pelleted for 10 min at 500 rpm and protoplasted
by enzymatic digestion in Enzyme Buffer (0.4 M mannitol, 3% sucrose, 8 mM CaCl2, 1%
cellulase and 0.5% macerozyme) for 4 hours. The protoplast solution was then filtered
through 70 μM nylon mesh and centrifuged for 10 min at 26xg after addition of 1 volume
Mannitol/W5 Buffer (0.4 M mannitol and 0.2x W5 where 1x W5 is 5 mM glucose, 154 mM
NaCl, 125 mM CaCl2, 5 mM KCl and 1.5 mM MES, pH adjusted to 5.6 with 0.1 M KOH). Pelleted
protoplasts were washed twice with Mannitol/Mg Buffer (0.4 M mannitol, 0.1% MES and 15
mM MgCl2, pH adjusted to 5.6 with 0.1 M KOH), resuspending the protoplasts by gentle
rocking and centrifuging for 10 min at 26xg. Pelleted protoplasts were resuspended in Nuclei
Isolation Buffer (NIB: 20% glycerol, 10 mM Tris-HCl pH7.5, 10 mM MgCl2, 10 mM KCl, 0.5%
Triton X-100, 10 mM β-mercaptoethanol and 1x EDTA-free complete protease inhibitors),
filtered through two sheets of miracloth and pelleted at 1500xg for 20 min. Pellets were
resuspended in NIB and centrifuged at 800xg for 15 min. Nuclei were resuspended in Nuclei
Resuspension Buffer (50% glycerol, 50 mM Hepes-KOH pH 7.6, 100 mM NaCl, 5 mM MgCl2,
10 mM KCl, 1 mM DTT and 1x EDTA-free complete protease inhibitors) for visualisation
under fluorescence microscope by DAPI staining, or nuclear proteins were extracted by
resuspending the nuclei in Nuclei Extraction Buffer (20 mM Tris-HCl (pH 7.9), 420 mM KCl
and 1.5 mM MgCl2, 0.5 mM DTT and 1x EDTA-free complete protease inhibitors), filtering
the extract through a 12-gauge needle and centrifuging to pellet the membrane and debris.
Protein concentration in the supernatant was measured with the Bio-Rad Protein Assay,
establishing a linear regression with a range of bovine serum albumin standards.
Western Blots
Nuclear proteins isolated according to the above protocol were compared to either whole-cell
protein extracted from 6-week old Col-0 leaf tissue by a chloroform:methanol method adapted
from

, or to whole protoplasts from Ler cell-cultures isolated as described above. 10 μg of

146

denatured proteins were run on a Mini-PROTEAN TGX precast gel (Bio-Rad) and transferred
onto nitrocellulose membrane with Trans-Blot Turbo Transfer system (Bio-Rad, settings:
2.5 A, 25 V, 7 min). After washes with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4
and 1.8 mM KH2PO4) and PBST (1x PBS and 0.1% Tween-20), the membrane was blocked
in PBST solution with 4% (w/v) milk from dehydrated powder. The blocked membrane was
incubated overnight with the primary antibodies, washed with PBST and PBS, and incubated
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for 1.5h with secondary antibodies. Antibodies raised against abundant organellar-specific
proteins were used as a proxy to assess for nuclear enrichment. Nuclei were represented by
anti-H3 antibodies (AS05086, Agrisera), chloroplasts by anti-Rubisco antibodies (AS07259,
Agrisera), mitochondria by anti-AOX1 antibodies (AS04054, Agrisera), vacuole by V-ATPase
antibodies (AS05086, Agrisera) and the cytoplasm by anti-UGPase antibodies (AS05086,
Agrisera). Secondary antibodies consisted of goat anti-rabbit IgG (G21234, Thermo Fisher
Scientific) coupled to horseradish peroxidase (HRP). Chemiluminescence was produced by
adding Clarity Western ECL blotting substrate (Bio-Rad) and imaged with ImageQuant RT
ECL imager (GE Healthcare).
DNA affinity pull-down assay
DNA probes were synthesised as single-stranded oligonucleotides by IDT, to be paired as
follows: CG1 (5’-Biotin-GATGATGTmCGATTmCGATTmCGATTmCGATATGATG-3’) and CG2
(5’-CATCATATmCGAATmCGAATmCGAATmCGACATCATC-3’)
CG

probe;

CG3

constitute

the

methylated

(5’-Biotin-GATGATGTCGATTCGATTCGATTCGATATGATG-3’)

and

CG4

(5’-CATCATATCGAATCGAATCGAATCGACATCATC-3’) the unmethylated CG control probe.
CHG1

(5’-Biotin-GATGATGTmCTGATmCTGATmCTGATmCTGAATGATG-3’)

(5’-CATCATTmCAGATmCAGATmCAGATmCAGACATCATC-3’)

constitute

the

and

CHG2

methylated

CHG probe; CHG3 (5’-Biotin-GATGATGTCTGATCTGATCTGATCTGAATGATG-3’) and CHG4
(5’-CATCATTCAGATCAGATCAGATCAGACATCATC-3’) the unmethylated CHG control probe;
CHH1

(5’-Biotin-GATGATGTmCAATTmCAATTmCAATTmCAATATGAT

G-3’)

and

CHH2

(5’-CATCATATTGAATTGAATTGAATTGACATCATC-3’) constitute the CHH methylated probe and
CHH3 (5’-Biotin-GATGATGTCAATTCAATTCAATTCAATATGATG-3’) and CHH2 the unmethylated
control probe. DNA affinity pull-down assays were then performed following an adapted
version of

. Oligos were paired by incubating 20 μg of each oligo in NEB2 buffer at 95°C
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for 5 min and gradually cooled-down overnight. 10 μL of streptavidin sepharose highperformance beads (GE Healthcare) were used to immobilise the DNA probes, verifying
that the probes were indeed immobilised on the beads by agarose gel electrophoresis.
Three technical replicates were performed for each probe. For each replicate, 450 μg of
nuclear protein extract was incubated with the DNA probes, in presence of 10 μg of dAdT as
competitor DNA, rotating for 90 min. Beads were washed twice with PBS buffer and proteins
bound to the probes were digested with trypsin. Tryptic peptides were eluted in Peptide
Elution Buffer (100 mM Tris-HCl pH=7.5, 2 M urea, and 10 mM DTT) and loaded on C18
Stage-Tips pre-activated by methanol, washed once with Buffer B (0.1% formic acid, 80%
acetonitrile) and washed twice with Buffer A (0.1% formic acid). Samples were then washed
once with Buffer A.
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LC-MS/MS measurements and data analysis
Peptides were eluted from Stage-Tips in Buffer B, after which the acetonitrile was evaporated
using a vacuum concentrator. The samples were brought to 12 μl with buffer A, of which 5
μl were loaded onto a 30 cm column packed with 1.8 μm Reprosil-Pur C18-AQ (Dr Maisch
GmbH). A 114 min gradient of acetonitrile (7%-32%), followed by washes at 50% then
90% acetonitrile, was employed to elute the peptides from the column, using an Easy-nLC
1000 system (Thermo Fisher Scientific). Eluted peptides were sprayed directly into an LTQOrbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific). Scans were collected
in data-dependent top-speed mode of a 3-second cycle with dynamic exclusion set at 60 sec,
for 140 min of total data collection. Measured peptides were searched against the UniProt
Arabidopsis thaliana proteome (version 2014-09-03) with MaxQuant version 1.5.1.0107.
Default settings were used, with additional options for ‘match between runs’, ‘label free
quantification (LFQ)’ and ‘intensity based absolute quantification (iBAQ)’ enabled. Data were
analysed with Perseus version 1.4.0.0 and in-house R scripts. Reverse and contaminant hits
were removed, and the LFQ columns were transformed into log2 scale. Resulting data were
filtered for proteins with three valid values in at least one of the samples, after which missing
values were imputed by semi-random, low values (width = 0.3, shift = 1.8). To generate
volcano plots between two samples, statistical outliers were determined using a two-tailed
t-test with a permutation-based false discovery rate (FDR). Different FDR and s0 (similar
to a minimal fold-change) cut-offs have been used to limit the number of proteins enriched
in each context. To generate a hierarchical clustering, an ANOVA was executed with all the
samples, also with a permutation-based FDR. Insignificant proteins were discarded, then
the median of each row was subtracted to get deviations from the median. R was used to
generate the plots.
Plant growth and T-DNA genotyping
All plants were Arabidopsis thaliana accession Col-0 and grown on soil at 22°C in 16h light/8h
dark cycles. WT plants were transformed by Agrobacterium-mediated T-DNA insertion using
the floral dipping procedure147. Seedlings were grown on ½ Murashige and Skoog (½ MS)
media supplemented with 1% sucrose.
Genomic DNA for genotyping was extracted from leaf tissue through a protocol adapted
from

. Genotyping was performed via PCR amplification of the inserted T-DNA sequence.

148

Homozygous plants only were selected for subsequent experiments.
CRISPR/Cas9 mutagenesis
gRNAs were designed for each target using CRISPRdirect149 and further analysed with
E-CRISPR150. The cassettes containing two gRNAs for each mutant pair were ordered as
gBlocks (IDT) and were inserted into pHEE2E backbone, provided by Dr Qi-Jun Chen151, by
restriction-ligation using BsaI (NEB).
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Plants transformed with the CRISPR cassette were selected by resistance to hygromycin.
Genomic DNA was extracted from leaf tissue through a protocol adapted from 148. Homozygous
plants were determined by the presence of a single trace including a mutation after Sanger
sequencing. When applicable, mutations at the targets were also assessed by restriction
digest. Only T2 plants that were selected for the absence of the CRISPR cassette by PCR,
but that remained homozygous for the desired mutations were selected for subsequent
experiments.
RNA sequencing and data analysis
RNA-seq library preparation and sequencing was performed in three batches. Three biological
replicates were performed in parallel for all genotypes, except only 1 WT replicate was
included in batch 1. One replicate consists of a 6-week old rosette leaf from an independent
plant (batches 1 and 2) or of a whole population of 2-week old seedlings (batch 3). Total RNA
was extracted with RNeasy Plant Mini Kit (Qiagen) and treated with RQ1 DNase (Promega).
Libraries were then generated with TruSeq Stranded Total RNA Library Prep Kit (Illumina),
after depletion of ribosomal RNAs with Ribo-Zero rRNA Removal Kit Plant (Illumina). RNAseq libraries were sequenced on a HiSeq 1500 (Illumina) using single-end 100 bp format,
according to the manufacturer’s instructions.
Raw sequencing data were then de-multiplexed with bcl2fastq software (Illumina).
FASTQ files were mapped to the TAIR10 genome using STAR with default parameters152.
BAM files were loaded on AnnoJ21 for the visualisation of gene disruption by the T-DNA,
and into the Integrative Genomics Viewer153 to confirm the presence of indels in CRISPR
mutants. Statistical analyses were performed on the RNA-seq count tables generated by
STAR with edgeR154, by treating each batch individually for the identification of differentially
expressed genes (DEGs). Each mutant was compared to the WT by an exact test, and genes
with an FDR<0.05 after correction with the Benjamini-Hochberg procedure were retained.
Intersections among DEGs were computed in R and plotted with UpSetR package155.
Whole genome bisulphite sequencing (MethylC-seq) and data analysis
MethylC-seq libraries were prepared in three batches. Batch 1 and 2: genomic DNA was
extracted from 6-week old rosette leaf and libraries were made as described in Chapter II.
A Col-0 WT sample was included in batch 1 but not in batch 2 because of the low variability
in methylation patterns of WT plants. Batch 3: Genomic DNA was extracted from 2-week old
seedlings with DNeasy Plant Mini Kit (Qiagen) and further purified with Isolate II Gel and
PCR Clean-up Kit (Bioline). Libraries were then generated from fragmented DNA (Covaris,
250 bp) with NxSeq AmpFREE Low DNA Library Kits (Lucigen). MethylC-seq libraries were
sequenced on HiSeq 1500 platform (Illumina) using single-end 100 bp format, according to
the manufacturer’s instructions.
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Raw sequencing data were then base-called and de-multiplexed with bcl2fastq software
(Illumina). FASTQ files were mapped to the TAIR10 genome (previously processed to a
3-letter genome reference) with BS-Seeker 2156. Processing by BS-Seeker 2 includes the
removal of sequencing adapters. Methylation was called with BS-Seeker 2. DNA methylation
heatmaps over genes and transposable elements were generated with the deepTools suite157,
by generating BIGWIG files for each sample and computing matrix with BED containing
TAIR10 genic regions. Differentially methylated regions (DMRs) were identified by HOME
(histogram of methylation), developed by Akanksha Srivastava (Srivastava, Karpievitch,
Lister, unpublished), available on GitHub (https://github.com/Akanksha2511/HOME).
Briefly, this algorithm was created using the linear Support Vector Machine and identifies
DMRs from histograms representative of the methylation differences between sample and
control, taking the coverage at each base into account and not limiting to specific window
size. DMRs were identified in all cytosine contexts, requiring a change in methylation levels
of at least 0.1 over the whole region and an average coverage for all cytosines greater than
three for both mutant and control. DMRs from all samples were combined, their intersection
computed with the bedtools suite158 and plotted on R with the UpSetR package. Violin plots
were generated with base R graphics. For visualising the methylation levels around the
T-DNA insertion point, FASTQ files were processed and uploaded on AnnoJ browser.

Author contributions
J.C., O.B., M.V., and R.L. designed the study. J.C. performed most experiments, analysed
data, and wrote the manuscript. I.D.K. measured the mass spectrometry experiments and
analysed the data, and adapted the manuscript for use in this thesis. J.P. measured the
sequencing experiments.

83

4

5

NuRD-interacting protein ZFP296
regulates genome-wide NuRD localisation
and differentiation of mouse embryonic
stem cells

Susan L. Kloet1,3*, Ino D. Karemaker2*, Lisa van Voorthuijsen2,
Rik G. H. Lindeboom2, Marijke P. Baltissen2, Raghu R. Edupuganti1,
Deepani W. Poramba-Liyanage1, Pascal W.T.C. Jansen2,
and Michiel Vermeulen2
Department of Molecular Biology, Faculty of Science,
Radboud Institute for Molecular Life Sciences,
Radboud University Nijmegen, Nijmegen, The Netherlands
2
Department of Molecular Biology, Faculty of Science,
Radboud Institute for Molecular Life Sciences, Oncode Institute,
Radboud University Nijmegen, Nijmegen, The Netherlands
3
Present address: Leiden Genome Technology Center,
Department of Human Genetics,
Leiden University Medical Center, Leiden, The Netherlands
1

* These authors contributed equally

Nature Communications
2018

Chapter 5

Abstract
The Nucleosome Remodelling and Deacetylase (NuRD) complex plays an important role in
gene expression regulation, stem cell self-renewal, and lineage commitment. However, little
is known about the dynamics of NuRD during cellular differentiation. Here, we study these
dynamics using genome-wide profiling and quantitative interaction proteomics in mouse
embryonic stem cells (ESCs) and neural progenitor cells (NPCs). We find that the genomic
targets of NuRD are highly dynamic during differentiation, with most binding occurring at
cell-type specific promoters and enhancers. We identify ZFP296 as an ESC-specific NuRD
interactor that also interacts with the SIN3A complex. ChIP-sequencing in Zfp296 knockout
(KO) ESCs reveals decreased NuRD binding both genome-wide and at ZFP296 binding sites,
although this has little effect on the transcriptome. Nevertheless, Zfp296 KO ESCs exhibit
delayed induction of lineage-specific markers upon differentiation to embryoid bodies. In
summary, we identify an ESC-specific NuRD interacting protein which regulates genomewide NuRD binding and cellular differentiation.
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Introduction
The Nucleosome Remodelling and Deacetylase (NuRD) complex is an evolutionarily conserved
chromatin-associated protein complex which regulates gene expression and also plays a
role in the DNA damage response159–161. The complex contains two enzymatic functions:
histone deacetylase activity, catalysed by HDAC1 and HDAC2, and ATP-dependent chromatin
remodelling activity, catalysed by CHD3, CHD4, or CHD5. Other core subunits of the complex
include DOC-1 (also known as CDK2AP1), GATAD2A and -B, RBBP4 and -7, MTA1, -2, and
-3, and MBD2 and -3. Some of these paralogous subunits define mutually exclusive NuRD
subcomplexes with distinct biological functions162,163. In addition, NuRD has been shown to
interact with a large number of proteins such as FOG1, SALL4, JUN, and Ikaros, some of
which serve to recruit NuRD to specific target sites in the genome164–167.
Due to the presence of the HDAC1/2 subunits, NuRD can be categorised as part of the
HDAC1/2 complex family, other members of which are the SIN3 and CoREST complexes168.
Although HDAC1/2 complexes have traditionally been classified as transcriptional corepressor complexes, recent genome-wide analyses revealed that NuRD is mainly associated
with promoters and enhancers of genes that are actively being transcribed. The exact role of
NuRD in regulating gene expression is still not completely understood, but one hypothesis is
that NuRD mainly serves to fine-tune expression levels of target genes rather than enabling
stable gene repression169–171.
Apart from its functions in gene expression and the DNA damage response, the NuRD
complex also regulates cell fate and lineage commitment during early development, and has
been reported to be part of the embryonic stem cell pluripotency network98,172,173. As such,
numerous studies have investigated the composition and genome-wide profile of the NuRD
complex in embryonic stem cells (ESCs). Yet less is known about the dynamics of the NuRD
complex, both at the genomic and proteomic level, during ESC differentiation.
Here, we perform an integrative proteomic and genomic characterisation of the MBD3/
NuRD complex in undifferentiated mouse ESCs as well as neural progenitor cells (NPCs),
which we obtain through in vitro differentiation of ESCs174. Our data reveal that the genomewide binding of MBD3/NuRD is highly dynamic during differentiation, with most ESC-specific
binding occurring at promoters and enhancers. MBD3/NuRD affinity purifications followed by
mass spectrometry in ESCs and NPCs identify zinc finger protein 296 (ZFP296) as a prominent,
stem cell-specific NuRD interactor. Reciprocal ZFP296 purifications confirm this interaction
and reveal that ZFP296 is a shared interactor of the NuRD and SIN3A complexes in ESCs.
Knockout (KO) of Zfp296 in ESCs leads to a decrease in NuRD binding, both genome-wide as
well as at ZFP296 target genes. Additionally, the expression of several lineage commitment
genes is perturbed in the absence of ZFP296 in ESCs, and we observe that Zfp296 KO
ESCs display delayed differentiation upon withdrawal of Leukaemia Inhibitory Factor (LIF).
In summary, we identify ZFP296 as a stem cell-specific NuRD interacting protein which
regulates genome-wide NuRD localisation and differentiation of ESCs.
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Results
NuRD binding is highly dynamic during differentiation
To investigate the genome-wide DNA binding dynamics of the NuRD complex during
mouse ESC differentiation, we performed chromatin immunoprecipitation followed by deep
sequencing (ChIP-seq) using antibodies against two endogenous NuRD subunits, MBD3 and
CHD4, in both ESCs and NPCs. In ESCs, 1585 binding sites for MBD3 were identified in two
biological replicates; the large majority of MBD3 sites (1354) also colocalised with CHD4
peaks, indicating that these are genuine NuRD binding sites (Figure 5.1A). ChIP-seq analysis
of CHD4 identified a large number of peaks (7262) that did not overlap with MBD3, which
is in agreement with recent data and suggests that these could be sites where CHD4 acts
independently of NuRD171,175. A similar distribution of MBD3 and CHD4 sites was obtained in
NPCs (Figure 5.1A). Comparing binding sites in ESCs and NPCs revealed a surprisingly limited
overlap, suggesting that many NuRD binding sites (>95%) are cell-type specific (Figures
5.1A-C; Supplementary Figure 5.1A). NuRD binding sites that are shared between the two
cell types are enriched for transcription start sites (TSS) and are marked with H3K4me3
and H3K27ac in both ESCs and NPCs, suggesting that these occur at the promoters of
constitutively active genes (Figures 5.1D and E). Interestingly, the H3K27ac signal here
shows a single peak rather than a double peak, which is in agreement with recent data on
H3K27ac levels at NuRD-bound loci, where a single or double H3K27ac peak is characteristic
of promoters or active enhancers, respectively171. In contrast, cell-type specific NuRD
binding sites mostly (72% for NPC and 82% for ESC) map to intergenic and intronic regions
(Figure 5.1D). ESC-specific NuRD sites are marked with H3K27ac, H3K4me1, H3K4me3,
and p300176, indicating that dynamic NuRD binding likely occurs at active promoters and
enhancers176,177 (Figure 5.1E). Remarkably, NPC-specific NuRD sites are not marked with any
of the histone marks that we examined, but do seem to be highly methylated in both cell
types (Figure 5.1E; Supplementary Figure 5.1B). The SOX2 and POU5F1/OCT4 DNA binding
motifs are enriched under ESC-specific NuRD binding sites (Supplementary Figure 5.1C) and
genes nearby ESC enriched peaks are involved in regulating development (Supplementary
Figure 5.1D, Supplementary Data 5.1). These findings support previous studies that revealed
a role for NuRD in regulation of the pluripotency network98,172,173. NPC-specific NuRD binding
sites are strongly enriched for the FOS/JUN DNA binding motif (Supplementary Figure 5.1C).
This observation is in agreement with a recent study, which showed that the transactivation
domain of c-JUN can recruit the NuRD complex to AP-1 target genes166. Consistent with our
findings that shared NuRD binding sites occur at the TSSs of constitutively active genes,
we found that genes nearby shared NuRD peaks were enriched for GO terms related to
housekeeping functions (Supplementary Figure 5.1D). In summary, these experiments
revealed that NuRD binding is highly dynamic during cellular differentiation and that these
dynamic NuRD sites map to promoters and putative enhancers in ESCs.
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Figure 5.1 | Dynamic NuRD binding sites map to active promoters and enhancers in ESCs. (A) Venn
diagrams summarising NuRD ChIP-seq results in embryonic stem cells (ESC) and neural progenitor cells
(NPC). (B) UCSC genome browser screenshots of example loci where NuRD binding is shared between
ESC and NPC (left), enriched in ESC (middle), or enriched in NPC (right). (C) Heat map showing the ChIPseq read density for MBD3 and CHD4 in ESC and NPC, centred on the union of MBD3 peaks from ESC and
NPC. (D) Genomic distribution of NuRD ChIP-seq peaks from each class as shown in (B) and (C). TSS
peaks were +5kb/-1kb from a transcription start site. (E) Band plots of four different histone marks and
p300 (in ESCs, publicly available data176) ChIP-seq at MBD3 binding sites for each class of NuRD binding.
See also Supplementary Figure 5.1.
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ZFP296 is an ESC-specific NuRD interactor
Next, we set out to identify cell-type specific NuRD subunits or interactors, which could
potentially affect NuRD binding to target genes in a cell-type specific manner, thereby
explaining the observed dynamic binding. To this end, we created an MBD3-GFP expressing
ESC line using bacterial artificial chromosome (BAC) TransGeneOmics81, and also differentiated
this line in vitro to NPCs. Importantly, expression levels of the MBD3-GFP transgene in
these cell lines are similar to or lower than the expression level of the endogenous MBD3
protein (Supplementary Figure 5.2A). Nuclear extracts from MBD3-GFP expressing ESCs and
NPCs were subjected to GFP affinity enrichment in triplicate using GFP nanobodies. Affinity
enriched proteins were then on-bead digested and analysed by nLC-MS/MS. As shown
in Figures 5.2A and B and Supplementary Figure 5.2B, we identified a large number of
overlapping MBD3-interacting proteins in ESCs and NPCs. We then calculated the intensitybased absolute quantification (iBAQ) values of the most predominant and statistically
significant MBD3-interacting proteins in both cell types, which can be used to estimate
the relative abundance (stoichiometry) in affinity purifications178 (Supplementary Data 5.2).
This analysis revealed several ESC-enriched MBD3 interactors (Figure 5.2C; Supplementary
Figure 5.2C) including the SALL family of proteins, which have been described previously
as stem cell-specific NuRD interactors179,180. The SALL proteins are in fact core components
of the NuRD complex in ESCs (Figure 5.2C; Supplementary Figures 5.2C and D) as their
relative abundance is nearly 1:1 with MBD3. The most ESC-enriched MBD3 interactor is
ZFP296 (Figure 5.2C; Supplementary Figures 5.2B and C), a relatively uncharacterised
protein that carries six putative DNA binding zinc fingers and has been proposed to act as
a transcription factor181. Interestingly, ZFP296 is a known marker protein for pluripotency
and has been shown to stimulate iPSC reprogramming driven by OCT4, SOX2, KLF4 and
c-MYC (OSKM)181. Purification of MBD3-GFP from the nuclear pellet fraction obtained after
nuclear extraction revealed that the SALL4 and ZFP296 interaction with NuRD was reduced
in tightly chromatin-bound NuRD compared to lightly chromatin-bound or unbound NuRD
(Supplementary Figures 5.2E and F). The iBAQ value of ZFP296 relative to HDAC1/2 in the
MBD3-GFP pulldown is ~0.4 (Supplementary Figure 5.2C), suggesting that ZFP296 is a
prominent NuRD interactor in the soluble nuclear fraction. To verify the detected interaction
between NuRD and ZFP296, we generated an ESC line expressing ZFP296 with a GFP tag.
Nuclear extracts from this cell line were subjected to GFP affinity purifications followed
by nLC-MS/MS (Figure 5.2D) or immunoblotting (Supplementary Figure 5.2G). These
experiments confirmed that ZFP296 interacts with the NuRD complex in ESCs. Additionally,
subunits of the SIN3A complex were identified as statistically significant ZFP296 interactors,
indicating that ZFP296 interacts with both the NuRD and SIN3A complexes in ESCs (Figure
5.2D; Supplementary Figure 5.2H). Taken together, these experiments revealed that certain
NuRD-interacting proteins display cell-type specific interaction dynamics.
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Figure 5.2 | ZFP296 is an ESC-specific NuRD interactor. (A, B) Volcano plots from label-free GFP
pulldowns on MBD3-GFP ESC (A) and MBD3-GFP NPC (B) nuclear extracts. Statistically enriched proteins
in the MBD3-GFP pulldowns are identified by a permutation-based FDR-corrected t-test. The label-free
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ZFP296 colocalises with NuRD and SIN3A in ESCs
To investigate the putative function of ZFP296 as a NuRD- and SIN3A-interacting protein,
we performed ChIP-seq on the GFP-tagged ZFP296 ESC line using a GFP antibody. 3102
GFP-ZFP296 peaks were identified, and many of these overlap with NuRD subunits MBD3
and CHD4, and SIN3A subunit SIN3A (21%, 42%, and 18% of significantly called peaks,
respectively) (Figures 5.3A and B). Strikingly, the most enriched DNA sequence motif under
ZFP296 peaks is TTAGGG, which is the telomere repeat motif (Figure 5.3C). Additionally, the
SOX2 and POU5F1/OCT4 DNA binding motifs are also enriched at GFP-ZFP296 binding sites
(Figure 5.3C). Furthermore, ZFP296 target genes (Supplementary Data 5.1) are enriched
for Gene Ontology (GO) terms related to embryonic development (Figure 5.3D). Lastly,
we found that ZFP296 binding sites in the mouse ESC genome are marked with H3K27ac,
H3K4me1, H3K4me3, and p300176 (Figure 5.3E). All these findings are in agreement with
the NuRD ChIP-seq results (Figure 5.1E and Supplementary Figures 5.1C and D). ZFP296
binding sites map to a mix of transcription start sites (26%), intergenic (39%) and intronic
regions (30%), which is slightly enriched for transcription start sites when compared to the
genomic distribution of a random subset of the same size and average length (Figure 5.3F).
These results indicate that, similar to the core NuRD subunits, most GFP-ZFP296 binding
occurs at active promoters and enhancers in ESCs.
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Figure 5.3 | ZFP296 colocalises with NuRD and SIN3A in ESCs. (A) Venn diagrams summarising the
overlap between GFP-ZFP296 peaks and NuRD or SIN3A ChIP-seq results in ESCs. (B) Heat map showing
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the ChIP-seq read density for GFP-ZFP296, MBD3, CHD4, and SIN3A, centred on GFP-ZFP296 ChIP-seq
peaks. (C) Top three most significant motifs enriched under GFP-ZFP296 ChIP-seq peaks. (D) GO term
enrichment analysis of Biological Processes for genes within 100kb of a GFP-ZFP296 peak (nearest gene
only). (E) Band plot of four different histone marks and p300 (publicly available data176) at GFP-ZFP296
binding sites. (F) Genomic distribution of GFP-ZFP296 ChIP-seq peaks in ESC compared to a set of
random regions (n = 3102) of the same average length. TSS peaks were +5kb/-1kb from a transcription
start site. * p < 0.05, as assessed by Chi-squared test.

Knockout of Zfp296 decreases NuRD binding genome-wide
Since ZFP296 is both a putative DNA binding protein and has a stem cell-specific expression
pattern, we hypothesised that ZFP296 may be recruiting the NuRD complex to the ESCspecific loci identified in Figure 5.1. To address this hypothesis, we generated several Zfp296
knockout (KO) ESC clones using CRISPR/Cas9 and validated them by mass spectrometry
(Figure 5.4A and Supplementary Figures 5.3A and B). Next, we performed ChIP-seq for
MBD3 and CHD4 in two of these Zfp296 KO cell lines while using a spike-in method to
allow for relative quantification of the detected ChIP signal in wildtype versus KO cells182.
Deletion of ZFP296 from mouse ESCs resulted in a decrease in NuRD binding particularly at
ESC-specific NuRD binding sites (Figures 5.4B-D and Supplementary Figures 5.3C and D),
suggesting that ZFP296 could contribute to the recruitment of NuRD to these loci in a stem
cell-specific manner. Indeed, loss of MBD3 at ESC-enriched MBD3 binding sites in Zfp296
KO ESCs is more pronounced when there is colocalisation with ZFP296, supporting such a
recruiting function (Figure 5.4E and Supplementary Figure 5.3E) Furthermore, a modest
but reproducible average decrease in NuRD binding could also be observed when looking
at all ZFP296 binding sites in ESCs (Figure 5.4F and Supplementary Figures 5.3F and G).
Importantly, these changes are unlikely to be caused by changes in protein abundance, as
NuRD complex subunits are not significantly altered in Zfp296 KO versus WT ESCs (Figure
5.4A and Supplementary Figures 5.3A and B). Since we have shown that ZFP296, apart
from NuRD, also interacts and colocalises with SIN3A, we performed spike-in ChIP-seq
for SIN3A in Zfp296 KO and WT ESCs as well. However, SIN3A levels at ZFP296 sites
were not significantly altered in both Zfp296 knockout cell lines compared to WT levels
(Supplementary Figure 5.3H). While the variance between the two knockout lines may be
caused by a difference in ZFP296 depletion (Fig. 5.4A and Supplementary Fig. 5.3A), these
findings might also suggest that the possible recruitment function of ZFP296 could be more
specific for NuRD. Lastly, we also used spike-in ChIP-seq to study H3K27ac levels at ZFP296
sites in Zfp296 KO versus WT ESCs, since H3K27ac is a known substrate for the NuRD
complex183, which showed that H3K27ac levels decreased in the one but increased in the
other Zfp296 KO cell line compared to WT ESCs (Supplementary Fig. 5.3H). Although also
here the difference in ZFP296 depletion may explain some of the variance between the two
lines, these findings may be in line with recent data showing H3K27ac levels only change
93

5

Chapter 5

very transiently after NuRD binding171. Together, these results indicate that ZFP296 may
contribute to ESC-specific NuRD binding.
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Figure 5.4 | ZFP296 knockout decreases NuRD binding genome-wide. (A) Volcano plot from label-free
whole proteome mass spectrometry analysis of WT and Zfp296 KO clone 27 ESCs, graphed as in Figure
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of ZFP296 at the same locus. The diagonal line indicates no change between the two conditions. A linear
model on these data performs significantly better when taking into account ZFP296 levels as a predictive
variable (p < 0.001, as assessed by ANOVA). (f) Boxplots of average MBD3 and CHD4 ChIP-seq signal
in WT and Zfp296 KO clone 27 ESCs at all GFP-ZFP296 peaks. Box: median (central line), first and third
quartile (box limits); whiskers: 1.5 × interquartile range. **** p < 0.0001, as assessed by Kruskal-Wallis
test. See also Supplementary Figure 5.3.

Zfp296 KO cells exhibit delayed differentiation
To investigate the global effects of the observed decrease in NuRD binding genome-wide in
Zfp296 KO versus wild-type ESCs, we performed RNA sequencing and quantitative whole
proteome analyses (Figures 5.5A and B). Despite the observed genome-wide changes in
NuRD binding, only mild effects on the global transcriptome and proteome were observed. In
total, 255 genes (out of 11151 detected, 2.3%) were significantly regulated at the transcript
level and 134 proteins (out of 4780 detected, 2.8%) were differentially expressed between
Zfp296 KO and wildtype ESCs (Supplementary Data 5.3). Of the genes whose transcript
expression significantly changed, 17% were bound by MBD3, and 23% were bound by
ZFP296 in wild-type cells, suggesting that these changes are both direct and indirect effects
of the knockout. We observed a roughly equal proportion of genes up- and downregulated
in KO versus wildtype cells. Although we only observed mild changes in gene expression, a
few interesting genes were significantly downregulated in Zfp296 KO cells at the transcript
and protein level. We verified two of these, Dazl and Lefty2, using qRT-PCR analysis (Figure
5.5C). Based on the downregulation of these genes, which are important for early lineage
commitment, we hypothesised that Zfp296 KO cells may display impaired differentiation
capacity. To investigate this, we differentiated Zfp296 KO and empty vector (EV) ESCs into
embryoid bodies. We followed a 4-day time course after Leukaemia Inhibitory Factor (LIF)
withdrawal from the culture medium and observed a significant delay in the upregulation
of several lineage identity genes across all three germ layers (Figure 5.5D). Pluripotencyassociated genes were efficiently downregulated in both cell lines. Thus, Zfp296 KO cells are
pluripotent but are impaired in their ability to switch on lineage specification genes.

Discussion
Here, we have identified the zinc finger protein ZFP296 as an embryonic stem cell-specific
interactor of the NuRD complex, which additionally interacts with the SIN3A complex as well.
This shared interaction may be explained by the fact that NuRD and SIN3A are both members
of the HDAC1/2 complexes family and as such contain shared subunits (apart from HDAC1/2
also RBBP4/7). However, these subunits are also shared with for example the CoREST complex,
which we did not identify to be co-purified with ZFP296 in ZFP296-GFP affinity purifications.
It would therefore be interesting to perform direct interaction assays such as cross-linking
immunoprecipitation-MS184 to study which proteins ZFP296 uses to associate with its interaction
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partners, and on which factors these interactions are dependent. The putative DNA binding ability
of ZFP296 suggested a possible function in recruitment of NuRD and/or SIN3A to specific target
genes, and indeed ChIP-sequencing experiments showed decreased genome-wide binding of
NuRD, but not SIN3A, upon knockout of Zfp296. The molecular mechanisms underlying this
intriguing observation remain to be elucidated, but could be due to the relative abundance of
ZFP296 compared to core NuRD and SIN3A subunits. Future studies focusing on SIN3A complex
composition and stoichiometry in ESCs could provide further insights into this.
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Figure 5.5 | Zfp296 knockout does not affect steady-state gene expression but impairs ESC differentiation.
(A) Hierarchical clustering of differentially expressed genes (padj < 0.05) in Zfp296 KO clone 2 ESCs
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compared to wildtype (WT) ESCs. (B) Hierarchical clustering of differentially expressed proteins in Zfp296
KO clone 2 ESCs compared to WT ESCs. (C) qRT-PCR validation of differentially expressed transcripts in
WT and Zfp296 KO clone 2 ESCs. n=2 RNA isolations, error bars = s.d. of technical triplicates from one
experiment. (D) qRT-PCR analysis of expression levels of pluripotency and differentiation markers during
an embryoid body (LIF withdrawal) time course using WT and Zfp296 KO clone 2 ESCs. n=4 time courses,
error bars = s.d. of technical triplicates from one experiment.

Motif enrichment analysis revealed a SOX2 and POU5F1/OCT4 binding motif being enriched
under NuRD peaks in ESCs, consistent with a previously reported link between the NuRD
complex and the pluripotency network172,185. Although several studies have reported direct
protein-protein interactions between NuRD and pluripotency factors such as POU5F1/OCT4
and SOX298,173 we do not observe these or other pluripotency factors as direct interactors of
the NuRD complex in MBD3-GFP ESC affinity purifications. Furthermore, we failed to detect
NuRD subunits in POU5F1/OCT4 affinity purifications (data not shown). Thus, even though
the NuRD complex binds to genomic loci that are enriched for POU5F1/OCT4 and SOX2 DNA
binding motifs in mouse ESCs, the molecular mechanisms responsible for NuRD recruitment
to these loci remain to be elucidated.
We and others163,179,180,185,186 have identified a large number of putative DNA binding
substoichiometric NuRD interactors. The N-terminus of ZFP296 carries a motif, RRK, which
is conserved in several of these NuRD-interacting zinc finger proteins, such as FOG1
and ZNF827. Interestingly, ZNF827 was recently shown to recruit NuRD to telomeres187,
suggesting that perhaps more RKK-carrying zinc finger proteins regulate NuRD binding at
repetitive regions. Indeed, we identified the telomere repeat to be significantly enriched
under ZFP296 binding sites in ESCs, although we found no evidence that ZFP296 plays a role
in recruiting NuRD to repeats (data not shown). However, a recent report linked ZFP296 to
regulation of H3K9me3 at major satellite repeats in early mouse embryos188, indicating that
the interplay between NuRD-interacting zinc finger proteins and repeat regions remains an
area of active interest. Biochemical experiments using recombinant proteins may shed more
light on the DNA-binding properties of NuRD-interacting proteins such as ZFP296.
Recent work from the Schoeler lab revealed that ZFP296 stimulates OSKM mediated
iPSC formation181. In our hands, Zfp296 knockout ESCs remain pluripotent but are
delayed in their ability to differentiate upon LIF withdrawal from the culture medium. This
is in agreement with a recent study that showed that ZFP296 is important for germ cell
specification189. Additional investigations regarding NuRD and its role in regulating iPSC
formation and pluripotency have reported conflicting observations. Work from the Silva and
Hendrich labs revealed that NuRD is required for iPSC formation in a context-dependent
manner and that increased NuRD abundance can enhance reprogramming efficiency190. In
contrast, the Hanna lab showed highly efficient and deterministic iPSC formation in the
absence of MBD3191, as well as other NuRD subunits192. Further work is required to explore
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these contrasting results, but it will be interesting to investigate whether ZFP296 also plays
a role in NuRD- or SIN3A-regulated iPSC reprogramming.
Materials and Methods
Cell culture and embryoid body differentiation
R1 mouse embryonic stem cells (ESCs) were obtained from the ATCC and cultured on
gelatine-coated plates in DMEM (Gibco) supplemented with 15% HyClone Fetal Bovine
Serum (GE Healthcare Life Sciences), GlutaMAX (Gibco), non-essential amino acids (Lonza),
sodium pyruvate (Gibco), penicillin–streptomycin (Gibco), β-mercaptoethanol, home-made
leukaemia inhibitory factor (LIF), 3 μM PD0325901, and 1 μM CHIR99021. NPCs were
differentiated and propagated following the protocol from Conti et al174. Briefly, ESCs were
differentiated into NPCs using DMEM/F12 (Gibco), supplemented with Neurobasal medium
(Gibco), N2 and B27 supplements (Gibco), and β-mercaptoethanol. NPCs were maintained
in NSA (Euromed) supplemented with GlutaMAX (Gibco), N2 supplement (Gibco), 10 ng/ml
bFGF (100-18C, Perprotech), and 10 ng/ml EGF (236-EG, R&D Systems). All cell lines have
been tested for mycoplasma contamination.
BACs were tagged according to the protocol from Poser et al81. GFP-tagged BAC lines
were prepped on NucleoBond BAC 100 columns (Macherey-Nagel) and transfected into
ESCs using Lipofectamine LTX Plus (Invitrogen), followed by G418 selection for 10-12 days.
Individual colonies were picked, expanded, and screened for GFP expression.
GFP-ZFP296 ESCs were generated by transfection of a GFP-tagged ZFP296 construct into
KH2 ESCs193. Full-length ZFP296 protein was cloned from mouse complement DNA into the
pcDNA3.1 vector (Invitrogen).
The CRISPR/Cas9 system was used to generate a Zfp296 knockout (KO) cell line.
A guide RNA targeting the first exon of Zfp296 (CCTCGCCGCGTAGATCCCGATAC or
CCATATCGGATGTGAAGCGTCAA) was cloned into pSpCas9(BB)-2A-Puro (PX459; Addgene
48139). The resulting plasmid was verified by sequencing and transfected into R1 ESCs.
After two days, the cells were subjected to puromycin selection for 48 hours, then monoclonal
cell lines were generated and analysed by sequencing.
Wildtype and Zfp296 KO ESCs were differentiated into embryoid bodies by plating 2 x
10 cells/mL of media onto non-adherent plates in the absence of LIF. Medium was changed
5

daily during the differentiation to embryoid bodies.
Chromatin preparation
Attached ESCs and NPCs were cross-linked with 1% formaldehyde for 10 min at room
temperature with gentle shaking. Cross-linking was quenched with the addition of 1/10
volume 1.25 M glycine. Cells were washed with PBS, then harvested by scraping in Buffer B
(20 mM Hepes, 0.25% Triton X-100, 10 mM EDTA, and 0.5 mM EGTA). Cells were pelleted
by spinning at 600xg for 5 min at 4°C. Cell pellet was resuspended in Buffer C (150 mM
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NaCl, 50 mM Hepes, 1 mM EDTA, and 0.5 mM EGTA) and rotated for 10 min at 4°C. Cells
were pelleted by spinning at 600xg for 5 min at 4°C. The cell pellet was resuspended in 1x
incubation buffer (0.15% SDS, 1% Triton X-100, 150 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
and 20 mM Hepes) at 15 million cells/mL. Cells were sheared in a Bioruptor Pico sonicator
(Diagenode) at 4°C using 5 or 7 cycles of 30 sec ON, 30 sec OFF for ESCs and NPCs,
respectively. Sonicated material was spun at 18000xg for 10 min at 4°C, then aliquoted and
stored at -80°C.
Chromatin immunoprecipitation
0.5 - 10 million cells were used as input for library prep, and 5 million cells were used as
input for ChIP-qPCR experiments. Chromatin was incubated overnight together with 1 μg
antibody at 4°C in 1x incubation buffer (0.15% SDS, 1% Triton X-100, 150 mM NaCl, 1
mM EDTA, 0.5 mM EGTA, and 20 mM Hepes) supplemented with protease inhibitors and
0.1% BSA. For ChIPs with spike-in, 25 μg of sample chromatin and 50 or 20 ng of spikein chromatin (Active Motif) were used for histone modification or transcription factor ChIP,
respectively. This chromatin mix was incubated overnight as above, with 2 μg spike-in
antibody (Active Motif) and 1 or 3 μg of the antibody of interest for histone or transcription
factor ChIP, respectively. A 50/50 mix of Protein A and G Dynabeads (Invitrogen) was added
the following day followed by a 90-minute incubation. The beads were washed 2x with Wash
Buffer 1 (0.1% SDS, 0.1% sodium deoxycholate, 1% Triton, 150 mM NaCl, 1 mM EDTA, 0.5
mM EGTA, and 20 mM Hepes), 1x with Wash Buffer 2 (Wash Buffer 1 with 500 mM NaCl), 1x
with Wash Buffer 3 (250 mM LiCl, 0.5% sodium deoxycholate, 0.5% NP-40, 1 mM EDTA, 0.5
mM EGTA, and 20 mM Hepes), and 2x with Wash Buffer 4 (1 mM EDTA, 0.5 mM EGTA, and
20 mM Hepes). After washing, beads were rotated for 20 min at room temperature in Elution
Buffer (1% SDS, 0.1 M NaHCO3). The supernatant was decrosslinked with 200 mM NaCl and
100 μg/mL Proteinase K for 4 hours at 65°C. Decrosslinked DNA was purified using MinElute
PCR Purification columns (Qiagen). DNA amount was quantitated using Qubit fluorometric
quantitation (ThermoFisher Scientific). qPCR analysis of ChIP DNA was performed using iQ
SYBR Green Supermix (Bio-Rad) on a CFX96 Real-Time System C1000 Thermal Cycler (BioRad). Primers used for qPCR analysis are listed in Supplementary Table 5.1.
Illumina high-throughput sequencing and data analysis
ChIP-seq libraries were prepared using the Kapa Hyper Prep Kit for Illumina sequencing (Kapa
Biosystems) according to the manufacturer’s protocol with the following modifications. 5 ng
ChIP DNA was used as input, with NEXTflex adapters (Bioo Scientific) and 10 cycles of PCR
amplification. Post-amplification clean-up was performed with QIAquick MinElute columns
(Qiagen) and size selection was done with an E-gel (300 bp fragments) (ThermoFisher
Scientific). Size-selected samples were analysed for purity using a High Sensitivity DNA Chip
on a Bioanalyzer 2100 system (Agilent). Samples were sequenced on an Illumina HiSeq2000
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or NextSeq500. The 43 or 75bp tags were mapped to the reference mouse genome mm9
(NCBI build 37) or Drosophila genome dm3 (for spike-in) using the Burrows-Wheeler
Alignment tool (BWA) allowing one mismatch194. Only uniquely mapped reads were used
for data analysis and visualisation. Mapped reads were filtered for quality and duplicates
were removed. Peak-calling was performed with the MACS 2.0 tool against a reference
input sample from the same cell line195. Heat maps and band plots were performed using
the Python package fluff101. ChIP-seq datasets used for generating heat maps and average
profiles were normalised for the spike-in, or else for RPKM. Motif analysis was performed
using MEME ChIP196 and Gimme Motifs103. GREAT102 was used for GO term analysis, and
P-values were computed using a hypergeometric distribution with FDR correction. R was
used to generate most of the graphs.
Nuclear extracts and nuclear pellet solubilisation
Nuclear extracts were prepared essentially according to Dignam et al105. Briefly, cells were
harvested with trypsin, washed twice with PBS, and centrifuged at 400xg for 5 min at
4°C. Cells were swelled for 10 min at 4°C in five volumes of Buffer A (10 mM Hepes/KOH,
pH 7.9, 1.5 mM MgCl2, 10 mM KCl), and then pelleted at 400xg for 5 min at 4°C. Cells were
resuspended in two volumes of Buffer A plus protease inhibitors and 0.15% NP-40 and
transferred to a Dounce homogenizer. After 30–40 strokes with a Type B pestle, the lysates
were spun at 3200xg for 15 min at 4°C. The nuclear pellet was washed once with PBS, and
spun at 3200xg for 5 min at 4°C. The nuclear pellet was resuspended in 2 volumes Buffer C
(420 mm NaCl, 20 mm Hepes/KOH, pH 7.9, 20% v/v glycerol, 2 mm MgCl2, 0.2 mm EDTA)
with 0.1% NP-40, protease inhibitors, and 0.5 mm dithiothreitol (DTT). The suspension was
incubated with rotation for 1 h at 4°C, and then spun at 18000xg for 15 min at 4°C. The
supernatant was aliquoted and stored at -80°C until further use.
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% NP-40, 5 mM MgCl2,
10% glycerol) plus benzonase (Millipore) at 1000U/100ul nuclear pellet. Samples were
incubated at 37°C with shaking until solubilised, then spun at 14000xg for 5 min at 4°C. The
supernatant was aliquoted and stored at -80°C until further use.
Label-free pulldowns
Label-free GFP pulldowns were performed in triplicate as previously described197 with the
following modifications. For GFP pulldowns, 2 mg of nuclear extract was incubated with 7.5
μl GFP-Trap beads (Chromotek) and 50 μg/mL ethidium bromide in Buffer C (300 mm NaCl,
20 mm Hepes/KOH, pH 7.9, 20% v/v glycerol, 2 mm MgCl2, 0.2 mm EDTA) with 0.1% NP-40,
protease inhibitors, and 0.5 mm DTT in a total volume of 400 μl. After incubation, 6 washes
were performed: 2 with Buffer C and 0.5% NP-40, 2 with PBS and 0.5% NP-40, and 2
with PBS. Affinity purified proteins were subject to on-bead trypsin digestion as previously
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described178. In short, beads were resuspended in 50 μl elution buffer (2 M urea, 50 mM
Tris pH 7.5, 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 μg 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 μg of trypsin. Tryptic peptides
were acidified and desalted using StageTips198 prior to mass spectrometry analyses.
Label-free quantification (LFQ) LC-MS/MS analysis
Tryptic peptides were separated with an Easy-nLC 1000 (Thermo Scientific). Buffer A was
0.1% formic acid and Buffer B was 80% acetonitrile and 0.1% formic acid. MBD3-GFP ESC
and NPC nuclear extract LFQ samples were separated using a 120-min gradient from 7%
until 32% Buffer B followed by step-wise increases up to 95% Buffer B. Mass spectra were
recorded on a LTQ-Orbitrap Velos mass spectrometer or on a LTQ-Orbitrap Q-Exactive mass
spectrometer (Thermo Fisher Scientific), selecting the 10-15 most intense precursor ions
of every full scan for fragmentation. The tryptic peptides from GFP-ZFP296 ESC nuclear
extracts, Zfp296 KO ESC nuclear extracts, and ESC nuclear pellet pulldowns were measured
by developing a gradient from 9-32% Buffer B for 114 minutes before washes at 50% then
95% Buffer B, for 140 minutes of total data collection time. Mass spectra were recorded on
an LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific). Scans were
collected in data-dependent top speed mode with dynamic exclusion set at 60 seconds.
Label-free and dimethyl-labelled proteomes
For label-free nuclear proteomes, 100 μg of nuclear extracts were digested using filter-aided
sample preparation (FASP)199 using a 30 kDa cut-off filter and trypsin digest in 50 mM ABC
buffer. For dimethyl-labelled whole proteomes, 100 μg of whole cell lysates were digested
using FASP using a 30 kDa cut-off filter and trypsin digest in TEAB buffer. For labelling,
each sample was differentially labelled after FASP by incorporation of stable isotopes on
the peptide level using light and medium dimethyl labelling as described200. Differentially
dimethyl-labelled samples were mixed and fractionated by strong anion exchange (SAX)201.
We collected the flow through (FT) and pH11, pH8, pH5, and pH2 elutions. The peptides
were subjected to Stage-Tip desalting198 prior to mass spectrometry analysis. Peptides were
applied to online nanoLC-MS/MS using a 214 min gradient of acetonitrile (7% to 30%)
followed by washes at 60% then 95% acetonitrile. Data were collected on a Fusion Tribrid
mass spectrometer for 240 min of total data acquisition time.
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Mass spectrometry data analysis
Thermo RAW files from were analysed with MaxQuant version 1.5.1.0 or 1.6.0.1. using
default settings and searching against the UniProt mouse proteome, release 2015_12 or
2017_06107. Additional options for Match between runs, LFQ, and iBAQ were selected where
appropriate. Stoichiometry calculations and volcano plots were produced essentially as
described178 using Perseus202 version 1.4.0.8 and in-house R scripts. Statistical cut-offs were
chosen such that no proteins were present as outliers on the control, non-GFP side of the
volcano plot.
RNA-seq sample prep and analysis
RNA was isolated in duplicate from cells using an RNeasy Mini Kit (Qiagen). Ribosomal RNA
was depleted by treatment with the 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 for ChIP-seq, but including 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 using hisat2203. Count tables were generated using
HTSeq204. Differential gene expression was analysed with the DESeq2 R package205.
Quantitative reverse transcriptase PCR
RNA was isolated using the RNeasy Mini Kit (Qiagen) and 1 μg of RNA was used for cDNA
synthesis with the iScript cDNA Synthesis Kit (Bio-Rad). qRT-PCR was performed using iQ
SYBR Green Supermix (Bio-Rad) on a CFX96 Real-Time System C1000 Thermal Cycler (BioRad). Primers used for qRT-PCR analysis are listed in Supplementary Table 5.2. Gapdh and
β-actin were used as the reference genes.
Coimmunoprecipitation and immunoblotting
For endogenous immunoprecipitation, 250 μg of nuclear extract in a total volume of 200 μl
buffer C (300 mM NaCl, 20 mM Hepes KOH pH 7.9, 20% (v/v) glycerol, 2 mM MgCl2, 0.2 mM
EDTA, 0.5% NP40, 0.5 mM DTT, complete protease inhibitors) was incubated overnight with
anti-MBD3 (IBL, JP10281, 2 μg per IP), followed by incubation with 20 μl of a 1:1 mixture
of Protein A and G Dynabeads (Thermo Fisher) at 4˚C for 90 minutes. For GFP co-IPs, 7.5
μl of GFP-trap agarose beads (Chromotek) were incubated with 250μg of nuclear extracts in
a total volume of 200μl buffer C for 90 minutes at 4˚C. The beads were then washed three
times with 1 mL buffer C and finally boiled in Laemmli buffer.
Nuclear extracts or input samples (25 μg nuclear extract boiled in Laemmli buffer)
or immunoprecipitated proteins were fractionated by SDS-PAGE and transferred to a
nitrocellulose membrane using a transfer apparatus according to the manufacturer’s
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protocol (Bio-Rad). After 1 h blocking with 5% milk in TBST (10 mM Tris, pH 8.0, 150 mM
NaCl, 0.5% Tween 20) at room temperature, the membrane was incubated overnight at 4˚C
using anti-MBD3 (IBL, JP10281, 1:1000 dilution), anti-SALL4 (Abcam, ab29112, 1:5000
dilution), or anti-GFP (Roche, 11814460001, 1:2000 dilution). The membrane was washed
3 times with TBST followed by incubation with a 1:3000 dilution of horseradish peroxidaseconjugated anti-mouse or anti-rabbit antibodies (Dako; catalogue number p0260 and
p0399, respectively) in 5% milk in TBST at room temperature. Following secondary antibody
staining, the membrane was washed 3 times in TBST, followed by development using the
ECL Western Blotting Substrate (Promega) and imaging on a ImageQuant LAS4000 (GE
Healthcare).
Data availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository206 with the dataset identifier PXD010512. Highthroughput sequencing data have been deposited in the GEO database repository with the
dataset identifier GSE117289. All figures have associated raw data. All other relevant data
are available from the corresponding author upon reasonable request.
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Supplementary Figure 5.1 | Supplement to Figure 5.1. (A) ChIP-qPCR validation on MBD3 in ESCs
and NPCs for ESC-enriched (top), NPC-enriched (bottom left), or shared (bottom right) NuRD binding
sites. n=2 ChIPs, error bars = s.d. of technical triplicates from one experiment. (B) The average level
of DNA methylation (0 = unmethylated, 1 = fully methylated) in ESCs and NPCs (from publicly available
data91) for shared, ESC-enriched, or NPC-enriched MBD3 ChIP-seq peaks. Box: median (central line), first
and third quartile (box limits); whiskers: 1.5 × interquartile range. (C) Most significant motif enriched
under ESC-enriched (top) or NPC-enriched (bottom) MBD3 ChIP-seq peaks. (D) Gene ontology (GO)
term enrichment analysis of Biological Processes of genes within 100 kb for ESC-enriched (top), shared
(middle), or NPC-enriched (bottom) NuRD ChIP-seq peaks (nearest gene only).
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Supplementary Figure 5.2 | Supplement to Figure 5.2. (A) Immunoblot of endogenous and GFPtagged MBD3 expression levels in ESCs and NPCs stably expressing the MBD3-GFP BAC. (B) Volcano
plot in which the MBD3-GFP enriched proteins from the label free GFP pulldowns in Figures 5.2A and B
are plotted against each other, as in Figure 5.2A. In addition, proteins that were identified as significant
outliers in Figures 5.2A or B are colour-coded in blue or yellow, respectively, and those that were
significant in both are in black. (C) Stoichiometry of MBD3-GFP interactors in ESCs and NPCs. The iBAQ
value of each protein group is divided by the iBAQ value of the core NuRD subunit HDAC1/2, then graphed
with HDAC1/2 set to 1. Data are shown as mean ± s.d. (n = 3 pulldowns). (D) Co-immunoprecipitations
(Co-IP) using antibodies against MBD3 or IgG (control) on ESC and NPC nuclear extracts, followed by
immunoblotting against MBD3 (top) or SALL4 (bottom). (E) Relative abundance (stoichiometry) of
MBD3-GFP interactors in nuclear extract (NE) compared to nuclear pellet (NP) fraction. The iBAQ value of
each protein group is divided by the iBAQ value of the core NuRD subunit MBD3, then graphed with MBD3
set to 1. Data are shown as mean ± s.d. (n = 3 pulldowns). (F) Volcano plot of MBD3-GFP interactors in
the ESC nuclear pellet (NP) fraction. Data are graphed as in Figure 5.2A. (G) Co-IP of GFP-ZFP296 and
the indicated NuRD subunits on GFP-ZFP296 ESC nuclear extracts. (H) Stoichiometry of GFP-ZFP296
interactors in ESCs. The iBAQ value of each protein group is divided by the iBAQ value of ZFP296, then
graphed with ZFP296 set to 1. Data are shown as mean ± s.d. (n = 3 pulldowns).
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Nuclear proteome analysis Zfp296 KO cl7
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Supplementary Figure 5.3 | Supplement to Figure 5.4. (A) Volcano plot from label-free whole proteome
mass spectrometry analysis of WT and Zfp296 KO clone 7 ESCs, graphed as in Figure 5.2A. The CRISPR
KO target Zfp296 is colour-coded in green, NuRD core subunits are colour-coded in red. (B) Volcano
plot of MBD3-GFP interactors from label-free GFP pulldowns on nuclear extracts from Zfp296 KO clone 2
ESCs with or without MBD3-GFP BAC. Data are plotted as in Figure 5.2A. The CRISPR KO target Zfp296
is colour-coded in green, NuRD core subunits are colour-coded in red. (C) Band plots of MBD3 and CHD4
ChIP-seq in WT and Zfp296 KO clone 7 ESCs at MBD3 binding sites for each class of NuRD binding. (D)
Fold change in ChIP-seq read counts (Zfp296 KO clone 7/WT) of MBD3 and CHD4 at MBD3 binding sites
for each class of NuRD binding. Box: median (central line), first and third quartile (box limits); whiskers:
1.5 × interquartile range. **** p < 0.0001, as assessed by ANOVA. (E) Scatterplot of MBD3 ChIP-seq
read counts at ESC-enriched MBD3 binding sites in WT and Zfp296 KO clone 7 ESCs, coloured for the
amount of ZFP296 at the same locus. The diagonal line indicates no change between the two conditions.
A linear model on these data performs significantly better when taking into account ZFP296 levels as
a predictive variable (p < 0.001, as assessed by ANOVA). (F) Boxplots of average MBD3 and CHD4
ChIP-seq signal in WT and Zfp296 KO clone 7 ESCs at all GFP-ZFP296 peaks. Box: median (central line),
first and third quartile (box limits); whiskers: 1.5 × interquartile range. **** p < 0.0001, as assessed
by Kruskal-Wallis test. (G) UCSC genome browser screenshots of example ZFP296-target loci where a
modest decrease in NuRD binding upon Zfp296 KO can be appreciated. (H) Boxplots of average SIN3A
and H3K27ac ChIP-seq signal in WT and Zfp296 KO clone 27 and clone 7 ESCs at all GFP-ZFP296 peaks.
Box: median (central line), first and third quartile (box limits); whiskers: 1.5 × interquartile range. ****
p < 0.0001, ** p < 0.01, ns = not significant, as assessed by Kruskal-Wallis test.
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Supplementary Figure 5.4 | Uncropped Western blots. (A) Uncropped Western blot corresponding to
Supplementary Figure 5.2A. (B) Uncropped Western blots corresponding to Supplementary Figure 5.2D.
(C) Uncropped Western blots corresponding to Supplementary Figure 5.2G.
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Chapter 6

Abstract
A multitude of post-translational modifications take place on histones, one of the best studied
being acetylation on lysine residues, which is generally associated with gene activation.
During the last decades, several so-called co-repressor protein complexes that carry out the
reverse process, histone deacetylation, have been identified and characterised, such as the
Sin3, N-CoR/SMRT and NuRD complexes. Although a repressive role for these complexes in
regulating gene expression is well established, accumulating evidence also points to a role
in gene activation. Here, we argue that integration of various state-of-the-art technologies,
addressing different aspects of transcriptional regulation, is essential to unravel this apparent
biological versatility of ‘co-repressor’ complexes.
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Introduction
To facilitate the packaging of DNA into the cell nucleus, four types of histone proteins (H2A,
H2B, H3, and H4) together form an octamer around which 147 base pairs of DNA is wrapped.
This complex of histones and DNA is called the nucleosome. Both the core domains and
the N-termini of histones, the so-called histone tails, contain a large number of amino
acid residues that can be post-translationally modified. Because of their proximity to DNA,
these modifications can influence gene expression. An important and frequent modification
that occurs on histone tails is acetylation, in which an acetyl group (COCH3) is covalently
coupled to a lysine residue (K). Already in the 1960s, histone acetylation was proposed
to be associated with gene activation207, an assumption that has been supported by many
findings since (e.g.208). The acetyl group can neutralise the positive charge of the histone,
thus disrupting higher-order chromatin structure by weakening the interaction between
the histone octamer and DNA209. In general, this leads to enhanced gene transcription in
cis. In addition, acetylated histones are recognised by bromodomain-containing activator
proteins210. Many proteins have been identified that have the ability to acetylate histones;
these enzymes are called histone acetyltransferases (HATs, reviewed in209). Most protein
complexes containing HATs are thus known transcriptional activators. In contrast, histone
deacetylases (HDACs) remove acetyl groups from histones and these proteins are therefore
thought to have a repressive effect on gene expression. Indeed, several complexes
containing HDACs were described to induce transcriptional repression, such as the Sin3A/B,
N-CoR/SMRT and NuRD complexes211–217. Although a repressive role for these complexes
in regulating gene expression is well established, accumulating evidence has revealed
that co-repressor complexes also localise to actively transcribed genes and are sometimes
required for their activation. In this perspective, we discuss some examples where the
Sin3A/B, N-CoR/SMRT and NuRD complexes are associated with gene activation (for a more
comprehensive review, refer to 169). We also discuss recent technological advances that need
to be further developed and integrated to decipher the molecular mechanisms behind the
apparent biological versatility of ‘co-repressor’ complexes.

When co-repressors activate
Early on it was shown that upon inhibition or depletion of HDACs, an approximately equal
number of genes are up- and downregulated218–221. While these observations may be
attributed to indirect effects, subsequent studies proved otherwise222. Pioneering mechanistic
studies in yeast clearly showed that the Sin3/Rpd3 complex is required for activation of
some of its target genes upon osmostress and heat shock in a histone deacetylationdependent manner223,224. The development of new genomics technology also brought about
new perspectives on the function of histone acetylation and deacetylation, both in yeast
(ChIP-on-chip) and mammals (ChIP-sequencing). The first global localisation study for
Rpd3, interestingly, showed enrichment both near repressed and active genes225. Similarly,
115

6

Chapter 6

in mammals, the genome-wide localisation of several HATs and HDACs showed that binding
of HATs as well as HDACs positively correlates with gene expression, RNA Polymerase II
binding and acetylation levels226. The authors proposed that at active genes, the function of
HDACs may be to remove acetyl groups during transcription, so that chromatin is ‘reset’ for
the next round of transcription226. This suggests that the role of HDACs may not be solely
repressive, but can in fact also support active gene expression.
Indeed, targeted studies focussing on individual HDAC-containing complexes provided
further support for these initial observations. The mammalian orthologues of Sin3, Sin3A
and B, were shown to be enriched in the proximity of genes that are activated as myoblasts
differentiate into myotubes227. A subset of these genes is downregulated upon Sin3A/B
depletion, further implying the activating effect of Sin3 proteins on these genes. It is
noteworthy that Sin3A/B target genes that are repressed during myoblast differentiation
are also enriched for the transcription factor E2F4. Relevant to this observation, in a more
recent report by the same group, Sin3A was reported to be enriched at promoters of active
genes with high levels of H3K4me3, along with the H3K4me3 interactor ING1228. Another
set of genes that are Sin3A targets were also enriched for E2F4. Upon perturbation of the
H3K4me3/me1 ratio at the promoter proximal regions, decreased binding of both ING1 and
Sin3A was observed in the former set of genes, whereas Sin3A/E2F4 targets were insensitive
to the H3K4me3/me1 ratio. These observations classify Sin3 targets depending on different
co-factors and/or the chromatin marks that are present in cis. Thus, recruitment of Sin3 to
chromatin by different co-factors possibly results in different transcriptional outputs.
For the nuclear receptor co-repressors, it was first observed in 2000 that N-CoR
was required for transcriptional activation mediated by the retinoic acid receptor-specific
ligand (LG550). This ligand failed to activate target genes in N-CoR-/- MEFS and exogenous
expression of N-CoR restored activation229. Similarly, the closely related SMRT co-repressor
was observed to mediate full oestrogen-dependent ER-alpha transcriptional activation, albeit
in a cell type-specific manner230. In addition, a recent ChIP-sequencing study revealed that
N-CoR and SMRT colocalise with known activators at Vitamin D3-activated gene enhancers.
The genome-wide binding profile of N-CoR showed high correlation with the Vitamin D
receptor binding upon Vitamin D3 stimulation, suggesting an activating role for N-CoR231.
While most of the evidence for an activating role of N-CoR and SMRT is based on correlation,
it is clear that gene regulation mediated by these co-repressors is more complex than
originally described (reviewed in

).

232

For the NuRD complex, a number of studies have suggested a correlation with active
transcription. For example, when the genome-wide localisation of the NuRD subunit MBD3
was studied in MCF-7, MDA-231 and mES cells, it was found that MBD3 preferentially
localises to the active part of the genome, i.e. active enhancer regions, active promoters
and gene bodies of actively transcribed genes233,234. Together with the finding that the
NuRD subunit Mi-2β localises mainly to transcriptionally active genes235, this suggests an
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activating role for the NuRD complex at these loci. Also in the haematopoietic system, an
activating role for the NuRD complex was described. FOG-1, which itself is a co-factor for
the haematopoietic factor GATA-1 and is required for regulation of most GATA-1 dependent
genes, is known to bind to the NuRD complex and recruit it to FOG-1 target genes164. While
the NuRD complex is present at target genes of GATA-1 and FOG-1 that are repressed, it
is also recruited to some other GATA-1 and FOG-1 targets where it mediates activation.
Indeed, it was shown that NuRD occupancy at these genes remained high or even increased
upon FOG-1-dependent activation. Additionally, a construct containing a FOG-1-dependent
reporter gene could no longer be activated by FOG-1 when the NuRD subunits MTA1-3 were
knocked down, indicating that NuRD is directly required for transcriptional activation164.
By studying mice homozygous for a mutated form of FOG-1 that is unable to interact with
the NuRD complex, an activating role for NuRD was suggested for some FOG-1/GATA-1
target genes also in vivo164. Together, these findings show that the NuRD complex is directly
involved in activation of gene expression in multiple instances, indicating that this may be a
more general role than previously thought.

Data interpretation and future directions
When studying transcriptional regulation by multi-subunit protein complexes, there are
many factors that need to be considered that are generally overlooked in genome-wide
sequencing based approaches. Below we describe these factors, and discuss several methods
and technologies that we think are required, in an integrative manner, to solve the molecular
mechanisms underlying the apparent biological versatility of ‘co-repressor’ complexes (see
Figure 6.1).
First of all, most genome-wide profiling studies such as ChIP-sequencing require
large amounts of cells. Heterogeneity within a certain cell population that is used for the
experiment may compromise correct interpretation of the data. In large heterogeneous cell
populations, opposing individual signals may be averaged out and therefore escape notice.
Also, signals present in a minority of cells may be lost due to overruling signals from the
majority. Finally, proteins that appear to co-occupy certain genes in a ChIP-sequencing
experiment, may actually bind to the same genes but in a mutually exclusive manner. It is
thus important to realise that population effects can strongly affect data output and result in
false, generalising conclusions concerning individual cells.
Asynchronous cell populations cause another layer of heterogeneity. Cells that are
in different phases of the cell cycle differ in the genes they express and the epigenetic
marks that are present on their chromatin. Thus, pooling asynchronous cells possibly masks
some cell cycle specific patterns. A 2003 study using synchronised cell populations showed
alternating enrichment of factors driving waves of expression236. This led to the model of
cyclical regulation of transcription, which was a remarkable leap from the analogy that
visualises transcriptional control as an on/off switch232. DNA methylation has also been
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shown to vary cyclically and thereby regulate gene expression237,238. These experiments in
synchronised cells thus revealed that cyclical variation may be a more general phenomenon
in the regulation of gene expression and that conclusions drawn from the analysis of
asynchronous cell populations may not represent all regulatory patterns equally well.
An additional point that needs to be emphasised is that correlation does not necessarily
mean causation. When two proteins or epigenetic marks are found to colocalise at a specific
locus, this could indeed mean that the presence of one led to recruitment of the other,
or that both interacted already before binding at the locus together. However, proteins or
marks could also be attracted to the same site independently of each other, for example
through binding other proteins. Other scenarios are also imaginable, such as one protein
or mark actually causing repulsion of the other, but that this event had not yet taken place
at the time of analysis. When examining correlation studies we therefore need to take
these different possibilities into account, and appreciate the different conclusions they
may propose. Information on the duration of the binding of factors may vastly add to the
interpretation of correlation studies. It was first shown in 2000 that regulatory factors are
not statically bound at the their target regulatory sites upon stimulation, but are rather
in a state of constant exchange239. Additionally, in the 2003 study mentioned above, the
dynamics and co-occurrence of factors on the oestrogen-responsive pS2 gene promoter
were identified over a series of time course experiments236. Knowing the dynamics of factor
binding at target sites provides a more detailed picture of the in vivo situation and allows us
to decipher the cause within the correlation.
Essential to keep in mind is the structural heterogeneity of the Sin3A/B, N-CoR/SMRT
and NuRD complexes. Each complex consists of multiple core subunits, many of which have
orthologues, resulting in a large number of possible complex compositions232,240–242. Evidence
is emerging that similar but distinct core subunits have different biological functions, implying
that the exact subunit composition influences the activity of the complex159,227,243. In addition,
various substoichiometric, often cell-type specific interactors have been identified242. These
proteins also have the ability to alter the behaviour of the complex, for example by directing
the complex to specific targets. Identifying the exact composition of the complexes in
different contexts should also shed light on their functional heterogeneity. An additional
variation on complex composition concerns different post-translational modifications (PTMs)
of the subunits. For example, for the NuRD complex, progressive acetylation of HDAC1 was
shown to block its catalytic activity during erythropoiesis244–246. The complex is hypothesised
to switch function from repression to activation as the HDAC subunits lose their catalytic
activity and the only chromatin modifying activity the complex can perform is remodelling.
This example shows that PTMs contribute to the functional switch by modulating the
catalytic activities of the complexes. In addition, PTMs could affect complex composition by
influencing interactions with other subunits or interactors. Yet another layer of complication
regarding the study of multisubunit complexes concerns potential complex-independent
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functions of the subunits. Therefore it may be inaccurate to extrapolate from data obtained
by studying only one subunit to the whole complex.
Another area of transcriptional regulation that needs to be considered is at the stage
of RNA Polymerase II (Pol II) elongation. For a long time, general transcription factors
recruiting Pol II machinery was considered sufficient to generate transcriptional output,
which is an assumption that mostly holds true for transcriptional control in Saccharomyces
cerevisiae. Notably, chromatin modifying complexes do interact with the elongating Pol II,
affecting its processivity in S. cerevisiae; however this usually takes place on the gene
bodies and increasingly toward the 3’ end of genes247. In metazoans, on the other hand,
there had been indications of extra levels of regulation between the recruitment of Pol II
and the initiation of productive transcription at the 5’ ends of genes. With the genome-wide
maps of Pol II localisation, the extent of paused versus elongating Pol II could be observed
more globally83,248. Further work elucidated the presence of positive and negative elongation
factors that strictly regulate transcriptional elongation by Pol II. So far, a link between
Pol II stalling/elongation and various chromatin complexes has been shown for the NuRD
and Sin3B complexes via specific interactors, IKAROS and PHF12 respectively249,250. NuRD
positively regulates elongation via its remodelling activity whereas the presence of Sin3B/
HDAC1 is suggested to block elongation due to histone deacetylation. More examples of this
type of regulation undertaken by these chromatin complexes are expected to emerge and
possibly clarify the context-dependency of their activating or repressing function.
Novel technology to investigate nuclear organisation in three dimensions has revealed
many new insights regarding regulation of transcription. Especially the generation of ‘C
technologies’ consisting of chemical crosslinking of DNA followed by deep sequencing
provided a genome-wide picture of chromosomal architecture251,252. There is a strong
correlation between the position of a gene within the nucleus (peripheral or central) and its
activity (silent or active respectively)252, but the exact cause and effect relationship between
the two aspects is not yet known. There are a few examples demonstrating enhanced
transcription upon induced chromatin looping253,254, but more data on different loci is required
to fully address the causality question. However, classifications have emerged that qualify
certain looping events such as permissive looping versus instructive looping251. As such, it
is now conceivable that the cause and effect relationship between looping and transcription
is not unilateral and can change context- or locus-dependently. A recent report showed that
decondensation of chromatin was sufficient for a locus to move from the nuclear periphery
to a more central nuclear position, suggesting that the change in chromatin compaction
is driving the change in location within the nucleus, and hence, the 3D organisation255.
This study is exemplary in integrating multiple levels of regulation: chromatin compaction
regulating the potential for transcription and, at the same time, affecting the position of
the locus in question. For the purposes of understanding the function of the chromatin
complexes (Sin3A/B, N-CoR/SMRT and NuRD), the next step would be to look at their global
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3D distribution within the nucleus and see whether they affect the genome architecture in
any way.
At the population level, an established approach that has given many insights as
mentioned above is ChIP re-ChIP236. Whereas ChIP assays are designed to identify the
DNA targets of a certain protein of interest, re-ChIP or sequential ChIP allows for the
identification of proteins that are concomitantly binding to the same DNA sequence.
Although this technically challenging method has been shown to yield qualitatively good
data (e.g.236,238), it is restricted in the sense that it is a targeted approach, where proteins
of interest are known in advance. Further advances may therefore mainly lie in unbiased
single-cell and even single-locus approaches. Indeed, gene expression has been revealed
as an essentially stochastic process, resulting in cell-to-cell variations in mRNA and protein
levels256. Single-cell biology, although a relatively young field, has already yielded many
promising methods that have provided insights into the variability of cell populations, and
many researchers are working on even more advanced techniques to look into single-cell
dynamics257,258. The stochasticity of transcription observed in single-cell studies provides a
very intriguing viewpoint, suggesting that there may be far more levels of regulation in play
that lead to the deterministic pattern of expression observed at the population level259,260. In
addition, effort has been put into developing methods facilitating unbiased identification of
proteins and histone marks at a single genomic locus, although these approaches are still
constrained to using populations of cells to obtain enough material261–264. Both single-cell
and single-locus approaches have the potential to offer more details about the behaviour of
the Sin3A/B, N-CoR/SMRT and NuRD complexes. This detailed insight seems indispensable
for elucidating the apparent versatility of the complexes and for thoroughly explaining the
different contexts of their function.
In an ideal world, we would be able to look at the exact complex composition on a
single locus in a single cell, identify all other proteins present on the locus and their binding
dynamics, know the 3D location of the locus within the nucleus, know the state of Pol II and
the transcriptional output. By putting all this information together, we can study all aspects
of transcriptional control at the single-cell level as well as the population level, pinpoint
the contribution of stochastic versus deterministic processes, and refine the concepts of
activation and repression by ‘co-repressor’ complexes.
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Figure 6.1 | Brief overview of discussed methods. Panel (A) depicts the apparent versatility of the
co-repressor complexes. In the panels below, different methods of addressing this question are shown.
The read-out of these methods is influenced by the context characterised by differential interactors, the
interaction with a paused or elongating Pol II and nuclear localisation. (B) The action of the co-repressor
complexes depends on association with different interactors which could be specific to cell type, to the
phase of the cell cycle or to a subset of targets. Due to the heterogeneity of the cell population (e.g.
different phases of the cell cycle and/or slight differences in developmental stage) the opposite outcomes

121

Chapter 6

mediated by differential interactors are not observed, i.e. the majority of the population of cells masks
the opposite effect observed in the minority of cells. (C) The co-repressor complexes could be involved
in regulating transcription elongation. In the presence of a specific interactor, the co-repressor complexes
facilitate the release of paused RNA Polymerase II, resulting in transcriptional elongation, while in
the absence of such an interactor the target gene is not transcribed. Serine 2 phosphorylation (S2-P)
represents elongating RNA Polymerase II (Pol II), Serine 5 phosphorylation (S5-P) represents the stalled
Pol II. (D) The observed activity of the co-repressor complexes can also depend on nuclear localisation.
When a target gene bound by a complex is located at the nuclear periphery it is silenced, while the same
gene bound by the same complex could be activated when located more centrally in the nucleus. This
instance of regulation could be explained by the repressive versus permissive chromatin context within
the nucleus. (E) In summary, the caveats of the currently used methods prevent us from predicting the
outcome of the action of the ‘co-repressor’ complexes as the activating and repressing functions are
dependent on as yet ill-defined contexts. Technology integration could resolve the differential action of
co-repressors and help in defining the contextual differences that cause the different outcomes in the
first place.

Techniques
Chromatin immunoprecipitation is an immunoprecipitation technique that is used to
study protein–DNA interactions in the context of the chromatin. The basic steps include
crosslinking proteins and chromatin, after which the DNA is cut into small fragments. An
antibody for a specific protein is then used to immunoprecipitate this protein together with
the associated DNA. Finally, the crosslinks are reversed, the DNA is purified and can be
subjected to a number of techniques. In ChIP-seq, the DNA is sequenced by massively
parallel DNA sequencing. Alternatively, the DNA can be hybridised to a DNA microarray
(ChIP-on-chip), another method to identify the fragments that were enriched by ChIP. In
ChIP-reChIP, immediately after the first immunoprecipitation the sample is subjected to a
second round of immunoprecipitation with a different antibody. This approach is used to
study the colocalisation of proteins.
C technologies are a collection of technologies that use chromatin conformation
capture to study the 3D organisation of DNA inside the nucleus. Usually the protocol includes
crosslinking followed by restriction digestion and intramolecular ligation. After the crosslinks
are reversed, there are several methods to analyse the sample, typically containing an
amplification and quantitation step.
RNA-sequencing is a method used to study the transcriptome of cells. Generally, RNA is
isolated from cells and reverse-transcribed into cDNA, which is then subjected to sequencing.
This provides information on the transcription status of genes at a particular time. Recently,
the development of single-cell RNA-sequencing made it possible to study the transcriptome
of individual cells.
Single-cell technologies cover a plethora of techniques, including methods to visualise
transcription (e.g. RNA-FISH), histone modifications (e.g. ISH-PLA), individual protein
localisation (e.g. FRAP), or protein-DNA interactions at the single-cell level. Single-locus
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proteomics aims to identify all the proteins associated with a single locus, however, this
technique is not yet applicable to single cells.
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Sequencing of the entire human genome in 2001 represented a major breakthrough in
genetics, as it provided us with a human-readable version of our genetic information265. Since
then, many genetic features such as protein-coding genes and regulatory elements, but also
disease-causing variants and genetic aberrations, have been deciphered. Yet it remains
incompletely understood how this genetic code is interpreted in a cellular context, and
how different cells of an organism can share the exact same genome while displaying such
diverse phenotypes. The research described in this thesis aimed to contribute to answering
these questions by investigating how epigenetic mechanisms can influence gene expression.
Part of the effects of epigenetic modifications on gene transcription can be explained
by just looking at their biochemical properties. For example, in histone acetylation the
acetyl group neutralises the positive charge of the histone, thereby disrupting its interaction
with the negatively charged DNA209. Increased accessibility of DNA generally leads to
enhanced gene transcription at the modified site; an effect that can also be established
through nucleosome remodelling. While simple biochemistry thus offers some insights into
epigenetic gene regulation, it falls short of being comprehensive. Indeed, it provides no
explanation for the observation that histone deacetylase (HDAC) protein complexes are
sometimes associated with gene activation rather than with gene repression169 (chapter 6).
The fact that two opposite effects can be caused by the same histone modification hence
convincingly argues that other factors than only biochemical properties by themselves must
be taken into account to elucidate the mechanisms underlying these epigenetic marks.
One such factor could be the context in which an epigenetic modification occurs.
Perhaps other modifications situated nearby can cause a counteracting or a synergistic
effect, in which the combined result of these modifications is very distinct from the outcomes
separately. The recent development of techniques that can investigate epigenetics at the
single-cell level will greatly help us to get a clearer picture of this13 (chapter 2). With singlecell methods we are no longer limited to taking an average of a population, thus enabling
us to map exactly which modifications co-occur on which loci, and what the consequences
of this are for the cell concerned. As such techniques move from being pioneering to being
more mainstream, we will be able to test if our current models on the nature of epigenetic
marks will still hold true, or whether these are too simplified a representation of the actual
biology.
It is furthermore important to realise that epigenetic modifications are not static but
are part of a dynamic network that is driven by proteins that can deposit or remove these
marks – so-called writers or erasers, respectively. The NuRD complex (chapter 5) harbours
HDAC subunits and is thus an example of an eraser protein complex. It is still an active area
of research how dynamics in NuRD binding are regulated in different cell types, at different
stages during the cell cycle, and in response to various external stimuli. Although we
identified an embryonic stem cell-specific NuRD interacting protein with a putative function
in regulating NuRD binding, this finding only shifts the question to how these recruiters
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themselves are regulated. Additionally, it is very well possible that other features such as
DNA conformation, such as recently shown for Polycomb Repressive Complex 2266, or phase
separation, where condensation of interacting proteins is mediated through low-complexity
disordered regions in these proteins267, play a role in dynamic NuRD recruitment. These are
intriguing possibilities, and the current advances in computational approaches will help us to
study the conformational properties of DNA as well as the biochemical properties of protein
domains in a high-throughput manner to uncover such influences on epigenetic networks.
Apart from the writers and erasers of epigenetic modifications there are also proteins
that are specifically attracted to or repelled by these marks, which we call the readers.
Based on their affinity for (un)modified DNA or histones, we assume that these proteins
play a role in interpreting the modifications and translating them into a biological effect.
Although many such readers have already been identified in a number of model organisms,
future research should aim to extend our knowledge to additional species. On the one hand,
comparing these findings in the context of evolution will then presumably help to shed more
light on their precise function in different organisms. On the other hand, assigning biological
functions to such readers in novel species is not entirely trivial (as exemplified in chapter 4)
and drawing from the evolutionary context may in turn help to uncover these functions.
We also encountered the difficulties of elucidating the biological function of reader
proteins while studying ZBTB2, a novel reader for unmethylated DNA, in mouse embryonic
stem cells (chapter 3). Only by integrating multiple layers of information (proteomics, ChIPseq, RNA-seq) could we start to understand the function and binding mechanism of this
protein, yet also here open questions remain. For instance, how does ZBTB2 regulate TET
expression and binding in order to influence global DNA methylation levels? One possibility
is that ZBTB2 and TET are binding to genomic loci in a mutually exclusive manner, which
could be studied in vivo by optimising the technically challenging ChIP-reChIP method, or
in vitro using recombinant proteins, although the large TET proteins are tough to produce.
Also, what are the functions of ZBTB25 and ZNF639, and under what circumstances do
these proteins form or do not form a complex with ZBTB2? Lastly, although we could not
discern any mechanism other than DNA methylation that could influence ZBTB2 binding,
methylation dynamics at CpG islands – where most ZBTB2 binding occurs – are very limited;
hence the question arises how sensitive ZBTB2 binding is to these changes in methylation.
An appropriate way to investigate this would be to induce increasing levels of methylation
at a known ZBTB2 target site in vivo and see at what point this would be sufficient to evict
ZBTB2 binding. Recently developed epigenome editing tools could play an important role
in facilitating such experiments of studying epigenetic mechanisms in an in vivo setting268,
with which we can transition from passive observations in a cellular context to performing
active experiments. These tools are often based on the fusion of a catalytically dead Cas9
protein (dCas9) to the catalytic domain of a writer or eraser protein, so that targeted writing
or erasing of epigenetic modifications at specific loci in vivo can be obtained by designing
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the right sgRNAs. While some exciting and promising results have been obtained using
these tools, their major drawback so far seems to be their size; dCas9 is a relatively large
protein that becomes even bigger after fusion with another catalytic domain, hence binding
of this fusion protein results in steric hindrance of endogenous proteins competing for the
same binding site. If these systems can be fine-tuned to be smaller, have more transient
binding kinetics, or both, this would enable us to more biologically correctly mimic epigenetic
modifications and study their function. By modulating the epigenetic landscape in vivo in
a precisely controlled manner, we will be able to draw important conclusions about the
consequences of these changes in the context of the cell.
In general, over the past years there have been some major technical advancements in
the field of epigenetics, and these undoubtedly represent just a fraction of its potential.
Progress has been both qualitative and quantitative, as exemplified in the development of
single-cell techniques, which have been made possible through innovative ideas on the one
side and increasingly sensitive equipment on the other. An important advantage of singlecell methods is that they require only small amounts of input material, which brings clinical
applications – where availability of material is often a limiting factor – within reach. Indeed,
various recent examples have illustrated the utility of DNA methylation profiling for the
deconvolution of cancer types or lineages269–272. Methylation profiles obtained from patient
biopsies could thus yield important information that will aid not only diagnosis, but also the
development of personalised treatment plans.
While investigating single cells hence will yield valuable insights, we should not lose
sight of the bigger picture. Ultimately, cells do not operate on their own, and in a cell
population the sum of its parts is likely to be different from the whole. In this regard it is also
important to emphasise the necessity of integrative modelling, which could provide the link
between the properties of single entities and the biological outcome on the population level.
Moreover, the quality of data obtained through single-cell experiments could and should
be optimised further by improving both methods and instruments to increase robustness,
resolution, and reproducibility. Also, some techniques are not as readily downscalable as
others, and for example interaction proteomics still needs inventive measures before it could
be studied on the single-cell level.
Nevertheless, a major disadvantage of most single-cell as well as conventional
techniques is that they do not facilitate studying dynamics: once cells are processed for
analysis, it is impossible to examine those same cells again in a different state, thus only
allowing capturing a static state. Ideally, it would be possible to look inside a cell to actually
see what happens upon a certain epigenetic event such as differential DNA methylation
at a certain locus, the deposition of a histone mark, or the remodelling of nucleosomes.
Perhaps imaging techniques like super-resolution microscopy could be of use here, but it
would necessitate clever adaptations to manage the very small size of the cellular players.
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Additionally, the analysis of such techniques will require more and improved computational
biology, something that is generally true for all future epigenetic research. Indeed, we
have come to realise that cells are simply too complex systems to just look at one layer
of information at a time and hope that this will explain everything that we observe. It
will therefore be essential to perform integrative modelling, combining data from different
layers of information from the same cell or cell population, in an effort to rebuild epigenetic
cellular networks in silico. Such networks can then be expanded to also include information
from different tissues in an organism and data from different species, after which machine
learning should be employed to bring this information to a higher level and fill gaps in our
knowledge through founded predictions.
The biological questions that can be addressed with these improved possibilities
are nearly endless, underscoring the importance of asking the right questions. Now that
many epigenetic writers, erasers and readers have been identified, it will be important to
systematically study their binding sites and interaction partners, as well as their biological
function through knockout screens, to build up our basic knowledge. A next step would
be to identify how these proteins themselves are regulated; by transcription, translation,
post-translational modifications, localisation, or by other mechanisms. In turn, it should
be investigated how readers regulate downstream targets; are these effects direct (e.g.
by changing the local DNA conformation), indirect (e.g. by recruiting other proteins), or a
combination of both. More open questions remain as well, for perhaps there are additional
epigenetic mechanisms that we do not yet know about. However, it is difficult to foresee
precisely what direction research will take, as often each answer gives rise to many new
questions. Moreover, occasionally new technologies will lead to unforeseen but revolutionary
breakthroughs, of which the discovery of CRISPR for genome engineering is the most recent
example273,274. This illustrates that research should not only be driven by the search for
direct applications by targeted questions, but that curiosity-driven fundamental research is
ultimately the driving force behind modern epigenetics.
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Summary
Genetics is the study of heredity, or how traits are inherited from parents to offspring. Our
genetic information is encoded in deoxyribonucleic acid (DNA), in which genes represent the
basic units. Every cell in a multicellular organism contains a copy of the complete set of DNA,
which together is also called the genome. Yet while all these cells share exactly the same
genome, they display a wide variety of phenotypes, meaning that they employ a different
interpretation of the genetic code. The study of this interpretation of the genetic material
is called epigenetics, literally meaning ‘above the genetics’. Epigenetics thus studies those
changes in the interpretation of the genome that cause a heritable phenotype but are not
the result of changes in the DNA sequence itself. These so-called epigenetic modifications
exist in a number of forms, a few of which were discussed in this thesis.
DNA methylation is the coupling of a methyl group to DNA bases, which most commonly
occurs in the context of a cytosine followed by a guanine on the same strand (CpG). DNA
methylation has been mainly associated with the silencing of nearby genes and plays an
important role in various cellular processes as well as diseases. A more versatile group of
epigenetic modifications is histone modifications. To facilitate the tight packaging of DNA
into the cell nucleus, the DNA strand is wrapped around an octamer of histone proteins; this
complex of DNA and histones together is called the nucleosome. Histones contain a large
number of amino acid residues that can be modified in several ways, mostly by coupling of
a chemical group. Depending on the chemical group and its localisation, the effects on gene
expression can be either repressive or activating. Apart from these modifications on histone
proteins, also the positioning of nucleosomes on the DNA strand represents an epigenetic
mechanism that regulates gene expression: DNA that is associated with nucleosomes is
generally lowly transcribed due to its reduced accessibility.
In this thesis, we investigated the mechanisms through which epigenetic modifications
influence gene expression. We started by giving a general introduction of the topic and
an outline of the thesis in chapter 1. In chapter 2, we presented an overview of recently
developed methods for profiling DNA methylation at the level of single cells. Many different
kinds of techniques exist that are based on different properties, and each with their own
advantages and disadvantages. Proteins that bind to DNA depending on its methylation
status are thought to play an important role in methylation-mediated regulation of gene
expression. We characterised a novel reader protein of unmethylated DNA in mouse
embryonic stem cells (ESCs) – ZBTB2 – in chapter 3. We found that ZBTB2 preferentially
binds to unmethylated promoters with a high density of CpGs, and that ZBTB2 is important
for the exit from pluripotency. In chapter 4, we identified and characterised novel readers
of sequence context-specific DNA methylation in the plant species Arabidopsis thaliana.
Although the biological functions of many of these proteins remain unclear, these findings
contribute to our understanding of the function and interpretation of DNA methylation in
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plants. We then looked into the dynamics during ESC differentiation of a protein complex that
can perform nucleosome remodelling as well as histone deacetylation (the NuRD complex) in
chapter 5. We found that NuRD binding is highly dynamic during the differentiation of ESCs
into neural progenitor cells and identified ZFP296 as an ESC-specific NuRD interacting protein
that is important for early lineage differentiation. In chapter 6, we discussed the observation
that so-called ‘co-repressor complexes’ such as NuRD are sometimes also involved in gene
activation rather than repression, and how future research should be directed to unravel
this apparent discrepancy. Lastly, in chapter 7, we finished with a brief discussion, where we
placed the contents of this thesis in a broader context and discussed some general future
directions.
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Samenvatting
Genetica of erfelijkheidsleer bestudeert hoe eigenschappen worden doorgegeven van ouders
op nakomelingen. Onze erfelijke informatie is gecodeerd in desoxyribonucleïnezuur (DNA),
waarin genen de basiseenheden vormen. Iedere cel van een meercellig organisme bevat een
kopie van de complete verzameling DNA, die samen ook wel het genoom wordt genoemd.
Hoewel al deze cellen exact hetzelfde genoom delen, verschillen ze in hun fenotype, wat
betekent dat ze de genetische code op een andere manier interpreteren. Het bestuderen
van de interpretatie van het genetische materiaal wordt epigenetica genoemd, wat letterlijk
‘boven de genetica’ betekent. Epigenetica bestudeert dus de veranderingen in de interpretatie
van het genoom die een erfelijk fenotype veroorzaken, maar die niet het gevolg zijn van
veranderingen in de DNA-sequentie zelf. Deze zogenoemde epigenetische modificaties
bestaan in een aantal vormen, waarvan enkele in dit proefschrift zijn besproken.
DNA-methylatie is de koppeling van een methylgroep aan DNA-basen, wat meestal
gebeurt in de context van een cytosine gevolgd door een guanine op dezelfde streng (CpG).
DNA-methylatie wordt voornamelijk in verband gebracht met de repressie van nabijgelegen
genen en speelt een belangrijke rol in verschillende cellulaire processen, evenals in ziektes.
Een meer veelzijdige groep van epigenetische modificaties is histonmodificaties. Om de
strakke verpakking van DNA in de celkern te faciliteren wordt de DNA-streng rond een
octameer van histoneiwitten gewikkeld; dit complex van DNA en histonen samen wordt
het nucleosoom genoemd. Histonen bevatten een groot aantal aminozuurresiduen die op
verschillende manieren kunnen worden gemodificeerd, meestal door de koppeling van een
chemische groep. Afhankelijk van de chemische groep en de lokalisatie ervan kunnen de
effecten op genexpressie zowel repressief als activerend zijn. Afgezien van deze modificaties
op histoneiwitten is ook de positionering van nucleosomen op de DNA-streng een epigenetisch
mechanisme dat genexpressie reguleert: DNA in nucleosomen is over het algemeen minder
toegankelijk en wordt daardoor lager tot expressie gebracht.
In dit proefschrift hebben we onderzocht wat de mechanismen zijn waardoor
epigenetische modificaties genexpressie beïnvloeden. We begonnen met een algemene
introductie van het onderwerp en een korte omschrijving van het proefschrift in hoofdstuk
1. In hoofdstuk 2 hebben we een overzicht gepresenteerd van recent ontwikkelde
methoden voor het bestuderen van DNA-methylatie in afzonderlijke cellen. Er bestaan veel
verschillende soorten technieken die gebaseerd zijn op verschillende beginselen en die elk
hun eigen voor- en nadelen hebben. Eiwitten waarvan de binding aan DNA afhankelijk is van
de methylatiestatus worden verondersteld een belangrijke rol te spelen bij de methylatiegemedieerde regulatie van genexpressie. In hoofdstuk 3 hebben we een nieuw ‘lezer’ eiwit
van ongemethyleerd DNA in embryonale muizenstamcellen gekarakteriseerd (ZBTB2).
We vonden dat ZBTB2 voornamelijk bindt aan ongemethyleerde promotors met een hoge
dichtheid aan CpGs en dat ZBTB2 belangrijk is voor het verlaten van een pluripotente status.
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In hoofdstuk 4 hebben we nieuwe sequentie context-specifieke lezers voor gemethyleerd
DNA geïdentificeerd en gekarakteriseerd in de plantensoort Arabidopsis thaliana. Hoewel de
biologische functies voor veel van deze eiwitten onduidelijk blijven, dragen deze bevindingen
bij aan ons begrip van de functie en interpretatie van DNA-methylatie in planten. Vervolgens
hebben we in hoofdstuk 5 gekeken naar de dynamiek tijdens stamcel-differentiatie van een
eiwitcomplex dat zowel nucleosoomremodellering als histondeacetylatie uitvoert (het NuRDcomplex). We stelden vast dat NuRD-binding zeer dynamisch is tijdens de differentiatie van
stamcellen naar neurale voorlopercellen en identificeerden ZFP296 als een stamcel-specifiek
NuRD-interacterend eiwit dat belangrijk is voor vroege cellulaire differentiatie. In hoofdstuk
6 bespraken we de observatie dat zogenaamde ‘co-repressorcomplexen’ zoals NuRD soms
ook betrokken zijn bij genactivatie in plaats van repressie, en welk toekomstig onderzoek
moet worden verricht om deze paradox te ontrafelen. Tot slot eindigden we in hoofdstuk 7
met een korte discussie, waarbij we de inhoud van dit proefschrift in een bredere context
plaatsten en enkele algemene suggesties voor toekomstig onderzoek bespraken.
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