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Summary

Summary

Epigenetic processes ensure propagation of cell identity and gene expression patterns across cell
divisions without affecting the primary DNA sequence. Chemical modifications of histones and
DNA shape chromatin structure and are the most important mechanisms of epigenetic regulation.
This thesis focuses on the interplay of DNA modifications with chromatin proteins and on the
biological regulation and function of the DNA modifiers TET1, TET2, and TET3 in mammalian
cells. Methylation of cytosine is one of the longest known epigenetic marks and is set by DNA
methyltransferases (DNMTs). In 2009, the family of TET proteins was discovered to oxidize
methylcytosine to hydroxymethylcytosine, formylcytosine, and carboxylcytosine. Since then,
unraveling of the cellular function of these newly discovered cytosine variants and understanding
the complex regulatory role of TET proteins has been a major goal in epigenetic research.

In this thesis, we identify and characterize several protein-protein-interaction partners of TET1,
TET2, and TETS3, including OGT, base excision repair proteins and a variety of chromatin
modifiers. We show that TET proteins are associated with multiple DNA glycosylases and that the
concerted action of TET proteins and the base excision repair machinery leads to reactivation of
a previously silenced reporter gene in embryonic stem cells (ESCs). Furthermore, we discover
that all three TET proteins are subjected to dynamic post-translational modifications (PTMs), in
particular phosphorylation and O-GlcNAcylation. The O-GlcNAcylation mark is set by the enzyme
OGT and increase of 0-GlcNAcylation of TETs leads to a decrease in phosphorylation sites and
occupancy. Moreover, we demonstrate that TET1 interacts with proteins involved in histone
modification pathways such as methylation of H3K4 or deacetylation. Taken together, our
findings suggest that TET proteins are dynamically regulated by interacting proteins and PTMs
and strongly support the hypothesis that TETs contribute to the formation of both active and
inactive chromatin states.

To understand the crosstalk between cytosine modifications and chromatin proteins in ESCs and
during differentiation, we apply two complementary proteomics-based approaches. The first
approach identifies direct reader proteins of cytosine variants by incubation of cellular lysates
with differentially modified DNA baits and shows that these readers greatly differ in ESCs and
cells of the neuronal lineage. The second approach allows us to study the impact of cytosine
variants in their natural chromatin context. We characterize the total chromatin composition in
cells that lack major DNA modifiers, DNMTs, TETs, or TDG, and therefore carry an altered DNA
modification landscape. In DNMT-deficient cells, only canonical cytosine is present, whereas TET-
deficient cells are depleted of all oxidative cytosine variants. In contrast, Tdg-knockout cells
display an accumulation of formyl- and carboxylcytosine. We show that these perturbations of

genomic DNA modifications greatly affect chromatin composition in ESCs, in particular that loss
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Summary

of DNMTs results in a depletion of transcription factors like KLF4, OCT4, and NonO, as well as of
repressive chromatin marks, and that knockout (KO) of TDG results in recruitment of a variety of
DNA repair factors to the chromatin of ESCs. Both approaches shed light onto the complex
interplay between DNA modifications and proteinaceous chromatin composition and enhance the
current knowledge on how cytosine variants are interpreted by cellular proteins and contribute

to epigenetic regulation.



Zusammenfassung

Zusammenfassung

Die Weitergabe von Zellidentitat und Genexpressionsmustern wahrend der Zellteilung erfolgt
tiber epigenetische Prozesse, ohne dass die DNA-Sequenz verdndert wird. Chemische
Modifikationen von Histonen und DNA beeinflussen die Chromatinstruktur und sind die
wichtigsten epigenetischen Regulationsmechanismen. Der Fokus dieser Arbeit liegt auf dem
Zusammenspiel von DNA-Modifikationen mit Chromatinproteinen und auf der biologischen
Regulation und Funktion der DNA-modifizierenden Enzyme TET1, TET2, und TET3 in
Saugetierzellen. Cytosinmethylierung ist eines der am langsten bekannten epigenetischen Signale
und wird durch DNA-Methyltransferasen (DNMTs) katalysiert. Die TET-Proteinfamilie, die
Methylcytosin zu Hydroxymethylcytosin, Formylcytosin, und Carboxylcytosin oxidiert, wurde
erst im Jahr 2009 entdeckt. Seitdem ist das Verstindnis der zelluliren Funktion dieser neu
beschriebenen Cytosinvarianten und die komplexe Rolle der TET-Proteine eine zentrale Frage
der Epigenetik.

In dieser Arbeit identifizieren und charakterisieren wir mehrere Protein-Protein-
Interaktionspartner von TET1, TET2, wund TET3, darunter OGT, Proteine der
Basenexzisionsreparatur, und weitere Chromatin-modifizierende Proteine. Wir zeigen, dass TET-
Proteine mit mehreren DNA-Glykosylasen assoziiert sind und dass das koordinierte
Zusammenspiel von TET-Proteinen mit der Basenexzisionsreparaturmaschinerie zur
Reaktivierung eines zuvor stillgelegten Reportergens in embryonalen Stammzellen (ES-Zellen)
fithrt. Wir beschreiben weiterhin, dass alle drei TET-Proteine post-translational modifiziert
werden, genauer gesagt phosphoryliert und 0-GlcNAcyliert. Das Enzym OGT katalysiert diese O-
GlcNAcylierung und ein Anstieg derselben filhrt zu einer Reduktion von
Phosphorylierungsstellen und Phosphorylierungsstarke. Aufierdem zeigen wir, dass TET1 mit
Proteinen interagiert, die eine Rolle bei der Modifikation von Histonen spielen, z.B. Methylierung
von H3K4 oder Deacetylierung. Zusammenfassend legen unsere Daten nahe, dass TET-Proteine
durch Interaktionspartner und post-translationale Modifikationen dynamisch reguliert werden
und stiitzen die Hypothese, dass TETs sowohl zur Bildung von aktiven als auch inaktiven
Chromatinkonformationen beitragen.

Um das Zusammenspiel von Cytosinmodifikationen und Chromatinproteinen in ES-Zellen und
wahrend der Zelldifferenzierung zu verstehen, wenden wir zwei komplementare, Proteomik-
basierte Ansdtze an. Mit dem ersten Ansatz werden direkte "Leseproteine” der Cytosinvarianten
identifiziert, indem verschieden modifizierte DNA mit Zelllysat inkubiert wird. Dieser Ansatz
zeigt, dass in ES-Zellen und neuronalen Zellen unterschiedliche Leseproteine an die DNA-
Modifikationen binden. Der zweite Ansatz ermdglicht es, den Einfluss der Cytosinvarianten in

ihrer natiirlichen Chromatinumgebung zu untersuchen. Dazu charakterisieren wir die
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Zusammenfassung

Chromatinzusammensetzung in Zellen, denen zentrale DNA-modifizierende Enzyme, DNMTs,
TETs oder TDG, fehlen und die deshalb eine verdnderte Zusammensetzung von DNA-
Modifikationen zeigen. Zellen ohne DNMTs haben nur kanonisches Cytosin, wahrend Zellen ohne
TETs keine oxidativen Cytosinvarianten haben. Im Gegensatz dazu zeigen Zellen ohne TDG eine
Anreicherung von Formyl- und Carboxylcytosin. Wir zeigen, dass diese Stoérungen der
genomischen DNA-Modifikationsmuster einen groflen Einfluss auf die Chromatin-
zusammensetzung in ES-Zellen haben und dass der Verlust von DNMTs zu einer Verminderung
sowohl von Transkriptionsfaktoren wie KLF4, OCT4 und NonO, als auch von inaktivierenden
Chromatinkomponenten fiihrt. Des Weiteren werden zahlreiche DNA-Reparaturproteine in
Zellen, denen TDG fehlt, zum Chromatin rekrutiert. Beide Ansitze tragen zum Verstidndnis des
komplexen Zusammenspiels zwischen DNA-Modifikationen und Chromatinzusammensetzung
bei und erweitern das gegenwartige Wissen dartliber, wie Cytosinvarianten durch zelluldre

Proteine interpretiert werden und wie sie zur epigenetischen Regulation beitragen.



Aims of the thesis

Aims of the thesis

DNA modifications, in particular cytosine modifications, are a crucial part of epigenetic regulatory
mechanisms in mammals. There are four described chemical variants of cytosine: methylcytosine,
hydroxymethylcytosine, formylcytosine, and carboxylcytosine. The first mark, methylcytosine, is
set by DNMTs. The latter three are generated by the family of TET dioxygenases through
consecutive oxidation of methylcytosine. The goal of this dissertation is to characterize the
cellular regulation of TET proteins, and the interplay of cytosine modifications with gene
expression and chromatin-associated proteins in mammalian cells. The following aims are
addressed in particular:

First, we wanted to identify reader proteins of the different cytosine modifications and analyze if
and how these readers change over the course of neuronal differentiation. To this end, we used
differentially modified DNA as a bait to pull down binding proteins from cellular lysates of ESCs
and neuronal cells. Selected readers were characterized in vitro to gain insights into their
biological function.

Second, we asked how the oxidized cytosine variants influence gene expression and which
cellular pathways contribute to this transcriptional regulation. We therefore applied a reporter
gene assay and studied the impact of DNA modifications on the expression of the reporter gene
dependent on the availability of different DNA glycosylases.

Third, we aimed to understand regulation of TET proteins by PTMs. Tandem mass spectrometry
was performed to identify and quantify TET protein modification sites. We furthermore
investigated the dynamic interplay between different PTMs and their distribution across the TET
primary sequence.

Fourth, we screened for proteins within the regulatory environment of TET1 by proximity-
dependent labeling. We wanted to identify chromatin modifiers that contribute to TET1 function
and regulation.

Lastly, we aimed to dissect the complex crosstalk between DNA modifications and chromatin-
associated proteins. To this end, we performed chromatin enrichments in Dnmt-triple-KO, Tet-
triple-KO, and Tdg-KO cells and investigated how the altered DNA modification patterns of these

KO cell lines influence proteinaceous chromatin composition.



1. Introduction

1. Introduction

1.1 Epigenetics and DNA modifications

1.1.1 Genome organization and epigenetic regulation

Ever since Oswald Avery discovered that DNA is the molecule that contains the genetic
information of an organism (Avery et al, 1944), sequence, interpretation, organization,
replication, and structure of this genetic information has been of great interest to scientists and
the general public. Today, we know that the human haploid genome consists of 3 billion base pairs
(bp) (Morton, 1991), encoding approximately 20 thousand genes (Ewing and Green, 2000; Venter
et al, 2001; Pertea and Salzberg, 2010). Despite their various shapes and functions, almost all
cells in the human body contain this very same set of genes and they all originate from one single
cell, the fertilized egg (called zygote). As a term that characterizes unfolding of the developmental
program based on the genome of the zygote, the word “epigenetic” was first used by C.H.
Waddington in his book “Introduction to Modern Genetics” to describe a process that is
predetermined in the genome, but relies on properties beyond the genetic code (Waddington,
1939). Nowadays, epigenetics is defined more specifically as “changes in gene expression which
occur in organisms with differentiated cells, and the mitotic inheritance of given patterns of gene
expression [...] not based on changes in DNA sequence” (Holliday, 2014).

Genome organization and epigenetic regulation of gene expression are closely linked. The
smallest structural unit of the genome is the nucleosome (Kornberg, 1974; Olins and Olins, 1974).
It consists of about 147 bp of DNA wrapped around a protein octamer which is formed by two
copies of each of the four core histones, H2A, H2B, H3, and H4 (Luger et al., 1997). The flexible N-
terminal histone tails stick out of the core particle and are subjected to PTMs and protein binding
(Figure 1a). The complex of genomic DNA with proteins such as histones, transcription factors,
repressors, and remodelers is generally referred to as “chromatin” (Arney and Fisher, 2004), a
term introduced by W. Flemming around 1880 to describe the easily stained substance within the
cell nucleus (Olins and Olins, 2003). The packaging of nucleosomes into loose or dense structures
defines eu- and heterochromatin, two states which are associated with transcriptional activation
or silencing, respectively (Arney and Fisher, 2004) (Figure 1b).

Heterochromatin is categorized into two groups: constitutive and facultative heterochromatin.
The first contains permanently inactivated genomic regions such as repetitive sequences and
gene-poor areas. The latter describes chromatin that is silenced in a cell-type dependent manner.
Both the constitutive and the facultative heterochromatin state is preserved during mitotic cell

division (Richards and Elgin, 2002).
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1. Introduction

Epigenetic control of chromatin states is achieved by several interdependent mechanisms,
including PTMs of histones, in particular of histone tails, chemical modification of DNA, chromatin
remodeling, incorporation of histone variants, and non-coding RNA (Figure 1b). These
mechanisms influence chromatin assembly and accessibility and thereby contribute to
transcriptional regulation (Wolffe and Guschin, 2000; Grewal and Moazed, 2003; Arney and
Fisher, 2004; Holliday, 2014).

b
EUCHROMATIN “ﬁ/histone tail modifications

>

nucleosome AVAVAN
remodeling VV\non-coding RNAs

HETEROCHROMATIN histone variants

DNA modifications

Figure 1: Mechanisms of genome organization

a) Structure of the nucleosome (PDB accession number 1A0I, (Luger et al, 1997)). DNA is depicted
as gray surface model, histones are schematically shown with alpha helices as cylinders. H2A and
H2B, as well as H3 and H4, form a heterodimer, respectively. Dark blue: histone H4, cyan: histone
H3, orange: histone H2A, yellow: histone H2B.

b) Schematic illustration of epigenetic mechanisms.

1.1.2 DNA methylation
DNA methylation is one of the most widely studied and best understood epigenetic marks. In
mammals, it occurs predominantly at the carbon 5 atom of cytosine in a CG dinucleotide context
(Smith and Meissner, 2013). In general, methylcytosine (mC) is associated with transcriptional
repression, and the majority is found at repetitive elements or transposons (Goll and Bestor,
2005). Three enzymes, called DNA methyltransferases (DNMTs), are responsible for methylation
of DNA: DNMT1, DNMT3A, and DNMT3B (Bestor et al., 1988; Okano et al, 1998; Rottach et al.,
2009). While the catalytic methyltransferase domain is highly conserved in these three proteins,
DNMT1 additionally harbors a large regulatory N-terminus containing several subdomains
(Figure 2a). Both DNMT3s contain an ADD (ATRX, DNMT3, DNMT3L) domain that consists of two
zinc fingers, packed together by hydrophobic interactions (Argentaro et al, 2007). The PWWP
domain of DNMT3A and DNMT3B likely functions as a protein-protein interaction motif (Stec et
al, 2000) and is required for association with pericentric heterochromatin (Chen et al., 2004).

The enzymatically inactive associated factor DNMT3L plays a central role in germ cell
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1. Introduction

development, establishment of maternal methylation imprints and methylation of
retrotransposons in sperm (Bourc'his et al, 2001; Goll and Bestor, 2005). DNMT1 has a highly
structured N-terminus with a domain required for interaction with the replication clamp PCNA
(proliferating cell nuclear antigen) and a sequence responsible for targeting to replication foci
that contains a UIM (ubiquitin interaction motif) (Qin et al, 2015). A CXXC-type zinc finger is
connected to one of two BAH (bromo-adjacent homology) domains by an autoinhibitory linker
(Song et al, 2011). BAH domains are often found in chromatin proteins and are connected to
transcriptional repression (Callebaut et al., 1999).

The three catalytically active DNMTs all share a common reaction mechanism, requiring S-
Adenosylmethionine (SAM) as a methyl-donor. A covalent bond is formed between the SH-group
of a conserved cysteine and carbon 6 of the base. This nucleophilic attack is assisted by a
glutamate residue of the ENV motif, transiently protonating nitrogen 3. After transfer of the
methyl group, the proton on C5 is bound by an unknown basic residue, allowing re-formation of
the C5-C6 double bond. S-Adenoysl-homocysteine (SAH) is released as a side product of the
reaction (Santi et al,, 1983; Chen et al,, 1991; Bestor, 2000; Goll and Bestor, 2005) (Figure 2b).
However, formation of the covalent bond between the cysteine and the base seems not to be
strictly required for catalytic activity, whereas mutation of glutamate in the ENV motif completely
abolishes methyltransferase activity (Reither et al., 2003).

Within the cell, the different DNMTs have distinct roles. DNMT1 has been termed the
"maintenance” methyltransferase, because it is preferentially active on hemi-methylated DNA,
ensuring inheritance of the methylation mark during DNA replication (Hermann et al., 2004). In
vivo, DNMT1 activity is tightly regulated. The protein associates with the replication machinery
via a targeting sequence at the N-terminus (Leonhardt et al., 1992) and directly interacts with
PCNA (Chuang et al., 1997). This interaction enhances methylation efficiency, but is not essential
for catalytic activity (Schermelleh et al, 2007). DNMT1 furthermore interacts with UHRF1
(Ubiquitin-like PHD and RING finger domain-containing protein 1), a protein with a preference
for hemi-methylated DNA that is required for maintenance methylation (Bostick et al., 2007).
UHRF1 also directly influences DNMT1 stability by ubiquitination, thereby triggering
proteasomal degradation (Du et al, 2010; Qin et al,, 2011).

DNMT3A and DNMT3B are the so-called de novo methyltransferases, which are responsible for
establishing DNA methylation patterns during early embryonic development (Okano et al.,, 1999).
Both enzymes act redundantly in methylation of the bulk genome e.g. at repetitive elements, but
also have distinct roles. DNMT3B, for example, is responsible for methylation of CpG islands and
gene bodies during embryonic implantation (Auclair et al, 2014). DNMT3A has been shown to
have an important role in germ cell development, likely in cooperation with DNMT3L (Chedin et

al, 2002; Kaneda et al., 2004; Goll and Bestor, 2005).
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1. Introduction
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Figure 2: DNA methylation in mammals

a) Schematic depiction of the domain architecture of murine DNMT proteins (Uniprot-IDs P13864,
088508, 088509, Q9CWRS). The catalytically active DNMTs share a C-terminal methyltransferase
domain that carries out the enzymatic reaction.

b) Reaction mechanism of DNMTs. The methyl group of the co-factor SAM (S-Adenosyl-
methionine) is transferred to C5 of cytosine, accompanied by formation of a covalent complex
between the enzyme and the base (Goll and Bestor, 2005).

Most of mammalian DNA methylation occurs at repetitive elements such as pericentromeric
repeats, long interspersed nuclear elements (LINEs) or long terminal repeats (LTRs) (Smith and
Meissner, 2013). Methylation of gene promoters is generally associated with transcriptional
repression, the exact read-out mechanism for the methylation mark still being elusive (Baubec
and Schubeler, 2014). Promoters with high CG content, termed CpG islands (CGIs), are usually not
methylated, highly active, and often associated with housekeeping genes (Meissner et al., 2008;

Deaton and Bird, 2011).

1.1.3 TET proteins and enzymatic DNA oxidation
While DNA methylation has been intensively investigated for several decades, demethylation, i.e.
removal of the methyl group, has long remained a mystery. Generally, there are two different

principles of DNA demethylation. First, passive dilution of the methyl mark through several cycles
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1. Introduction

of DNA replication and second, active removal of the methyl group. Passive demethylation can be
achieved by retention of DNMT1 in the cytoplasm which has been described for pre-implantation
embryos (Cardoso and Leonhardt, 1999). The principles of active demethylation, however, have
been discovered only recently.

In 2009, a family of proteins, the TET proteins, has been described to oxidize mC to
hydroxymethylcytosine (hmC) (Iyer et al., 2009; Tahiliani et al, 2009), which was immediately
proposed to be an intermediate step of active DNA demethylation. Two years later, TET proteins
have been shown to further oxidize hmC to formylcytosine (fC) and carboxylcytosine (caC). The
higher oxidized cytosine variants, fC and caC, can then be removed by the Thymine-DNA
glycosylase (TDG) (He et al., 2011; Maiti and Drohat, 2011). The name “TET proteins” was first
introduced by Lorsbach et al who described and cloned TET1 as a fusion partner of the MLL gene
in acute myeloid leukemia (AML) in a t(10;11)q(22;23) translocation event (TET: ten-eleven-
translocation) (Lorsbach et al., 2003).

In human and mouse, there are three protein family members, TET1, TET2, and TET3, that can
carry out the same enzymatic reactions (Lorsbach et al, 2003; Iyer et al, 2009). All three TET
proteins contain a C-terminal catalytic domain, consisting of two parts separated by a presumably
unstructured insert and preceded by a cysteine-rich region (Iyer et al, 2009) (Figure 3a). TET
proteins belong to the family of Fe(II) and 2-oxoglutarate (2-0G, also a-ketoglutarate) dependent
dioxygenases, which oxidize their target structure while decarboxylating the co-factor 2-0G to
succinate (Loenarz and Schofield, 2009) (Figure 3b).

The crystal structure of human TET2 revealed that the two halves of the dioxygenase domain are
closely packed against the cysteine-rich region to form the catalytic core of the enzyme. In
addition to the indispensable Fe(II), three zinc ions are coordinated by the protein to stabilize
DNA binding and enhance catalytic efficiency. TET2 displays a preference for mCG dinucleotide
sequences and flips mC out of the DNA double strand into its catalytic pocket to carry out the
oxidation reaction. The catalytic pocket provides sufficient space to also allow the subsequent
oxidation steps from hmC to fC and caC (Hu, Li, et al,, 2013).

In addition to the well-understood and conserved catalytic domain, TET proteins harbor two
large amino acid stretches that are of low complexity and presumably unstructured: The N-
terminus and the insert region between the two parts of the catalytic domain (Iyer et al., 2009).
The function of these parts of the proteins is largely unknown. They are not required for catalytic
activity and in case of the N-terminal sequence of TET1, but not TETZ2, seem to decrease catalytic
efficiency (Tahiliani et al.,, 2009; Hu, L, et al,, 2013). Human TET1 and TET3 harbor a CXXC-type
zinc finger at the N-terminus, whereas TET2 has no zinc finger in both human and mouse. From
an evolutionary perspective, TET2 likely carried a zinc finger module that underwent gene

inversion. This zinc finger is now expressed as a separate protein, IDAX or CXXC4, which directly
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1. Introduction

binds TET2 and results in its downregulation via caspase activation (Ko et al., 2013). Murine TET3
is expressed in two isoforms in neuronal stem cells, one expressed from an alternative upstream
start codon that carries a CXXC zinc finger and one expressed from a downstream ATG that has

no zinc finger (lyer et al, 2009; Liu et al., 2013).
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Figure 3: Murine TET proteins

a) Schematic representation of murine TET proteins and their domains (Uniprot-IDs Q3ERK3,
Q4JK59, Q8BG87). The cysteine-rich region and the two halves of the dioxygenase domain are
conserved for all three TET proteins, whereas the N-terminus and the insert region differ in
sequence and size. TET1 contains an N-terminal CXXC-type zinc finger and murine TET3 has two
isoforms, one with and one without zinc finger (Liu et al, 2013).

b) Reaction mechanism of Fe(Il) and 2-OG dependent dioxygenases. The catalytic iron forms a
complex with two histidine and one aspartate residue of the enzyme, with oxygen and the co-factor
2-0G. One oxygen atom is transferred to the base to convert mC to hmC while releasing succinate
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1. Introduction

and carbon dioxide. Similarly, the subsequent oxidation steps to fC and caC are performed (Muller
etal, 2005; Loenarz and Schofield, 2009).

Oxidation of mC by TET proteins has been suggested as a potential mechanism for active DNA
demethylation and indeed, shortly after its initial characterization, TET1 has been shown to
induce demethylation in brain tissue. The then proposed mechanism involves coupling of hmC
formation to deamination by AID/APOBEC family proteins and subsequent removal of the
generated hydroxymethyluracil (hmU) by base excision repair (BER) pathways (Guo et al.,, 2011).
Shortly after, TET proteins have been discovered to also catalyze the oxidation reactions to fC and
caC, which can both be directly excised by TDG and replaced with unmodified C by BER (He et al,,
2011; Maiti and Drohat, 2011). Furthermore, AID/APOBEC deaminases disfavor binding of C with
bulky adducts (Nabel et al., 2012), raising questions about the biological relevance of oxidation-
deamination-coupled DNA demethylation. In 2014, catalytic activity of TET proteins on thymine
was reported, directly generating hmU without a deamination step and thus providing an
explanation for the previously reported genomic hmU levels (Pfaffeneder et al, 2014). The
cellular role of hmU, however, is still elusive.

In summary, the regulation and function of TET proteins is currently intensively investigated.
Many open questions remain about the role of the oxidized base derivatives in the context of DNA

demethylation and beyond.
1.2 Post-translational modifications of proteins

1.2.1 PTM dynamics

Modifications of DNA bases and of the N-terminal histone tails constitute the two major
epigenetic mechanisms. Not only histones, but almost any protein can be chemically modified at
amino acid side chains, a process that is generally referred to as post-translational modification
(PTM). These PTMs have important functions in protein activity, stability, and localization, in
protein-protein interactions, and in a variety of cellular processes such as cell cycle, DNA damage
response and signaling cascades (Karve and Cheema, 2011). The dynamics of PTMs are controlled
by enzymatic addition or removal of the modification by specific “writer” or “eraser” domains,
respectively (Beltrao et al, 2013). Presence or absence of a modification is often coupled to
cellular function through recognition by a “reader” protein that can specifically bind to the
modified amino acid (Seet et al., 2006; Beltrao et al., 2013). More than 400 different types of PTMs
have been described to date (Minguez et al.,, 2012). Table 1 provides an overview about the most
common ones and Figure 4 depicts the chemical structure of selected PTMs.

Modifications such as phosphorylation, acetylation and glycosylation have been detected in
almost every living organism, suggesting a long evolutionary history (Beltrao et al., 2013).

Furthermore, many PTMs are found in combinations or patterns that can be associated with
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1. Introduction

distinct cellular states. Among the best-studied examples are histone tails and the CTD (C-
terminal domain) of RNA polymerase II that are subjected to a large number of different

combinatorial PTMs (Lothrop et al., 2013).

modification amino acid
acetylation lysine
deamination asparagine, glutamine

serine, threonine (O-linked)
asparagine (N-linked)
hydroxylation proline

lysine (mono-, di-, trimethylation)

glycosylation

methylation arginine (monomethylation, symmetric or asymmetric dimethylation)
oxidation cysteine

phosphorylation | serine, threonine, tyrosine

sumoylation lysine

ubiquitination lysine

Table 1: Common protein PTMs

Summary of common protein post-translational modifications. Sumoylation and
ubiquitination are not small chemical modifications, but (poly)peptides, which are
covalently coupled to the target protein (Seo and Lee, 2004; Bedford, 2007).

a _Kme3 Kac
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I\II+—CH N N
3 | CH,4
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Sph SO-GIcNAc
0- o OH
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e P () -
" 0] HN OH
0 =0
CH3

Figure 4: Chemical structures of selected protein PTMs

Depicted are the following amino acid side chain modifications: lysine trimethylation (Kme3),
lysine acetylation (Kac), symmetric and asymmetric arginine methylation (sRme2 and aRme2,
respectively), serine phosphorylation (Sph), and serine O-GlcNAcylation (SO-GIcNAc) (Zhang and
Reinberg, 2001; Bedford, 2007; Patel et al, 2011; Endicott et al, 2012; Harwood and Hanover,
2014).
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1.2.2 Histone modifications
In epigenetics, PTMs of histone tails are of particular interest. The complex patterns of
modifications that can be found at histone tails have also been referred to as the “histone code”,
which is considered to be an expansion of the genetic code (Jenuwein and Allis, 2001).
Acetylation, methylation, phosphorylation, and ubiquitination are the most important PTMs on
histone tails that have been correlated with differential transcriptional states or cell cycle stages
(Bhaumik et al., 2007).
Histone acetylation plays a crucial role in chromatin assembly and transcriptional control.
Histone proteins are strongly acetylated after synthesis and deacetylated following incorporation
into freshly replicated DNA. Since acetylation neutralizes the positive charge of lysine residues
and thereby weakens the histone-DNA-association, histone acetylation is generally more
associated with euchromatin. Enzymes responsible for acetylation and deacetylation are histone
acetyltransferases (HATs) and histone deacetlyases (HDACs), respectively (Shahbazian and
Grunstein, 2007).
Several specific modification site have been studied in great detail over the last years. For
example, trimethylation of histone 3 at lysine 27 (H3K27me3) silences gene expression (Cao and
Zhang, 2004). This mark is set by the polycomb repressive complex 2 (PRC2), a protein complex
that has been described first in the fruit fly Drosophila melanogaster (Schuettengruber et al.,
2007). In human or mouse, PRC2 consists of five components: EZH2 (enhancer of zeste homolog
2), EED, SUZ12 (suppressor of zeste 12 protein homolog), and the histone binding proteins
RBBP4 and RBBP7. The isolated complex possesses methyltransferase activity towards H3K9 and
H3K27, the latter being the primary target. H3K27me3, but not H3K9me3, can in turn be bound
by Polycomb Repressive Complex 1 (PRC1) (Kuzmichev et al., 2002).
PRC1 contains the subunit RING1B and catalyzes ubiquitination of H2AK119 (Bhaumik et al,
2007). KO of the Ring1b gene in mouse is embryonic lethal at the gastrulation stage (Voncken et
al., 2003). However, the ubiquitination activity seems to be dispensable for gene silencing and
embryonic development (Eskeland et al.,, 2010; Illingworth et al., 2015), leaving the importance
and function of H2AK119ub unclear.
Other well studied repressive histone marks are H3K9me3 and H4K20me3. These modifications
are predominantly found at repetitive elements, centromeres, and telomeres, contributing to
stable long-term silencing of constitutive heterochromatin (Martens et al., 2005; Mikkelsen et al.,
2007).
Phosphorylation of histone H3 at serine 10 (H3S10ph) has long been known to induce
chromosome condensation during mitosis and meiosis (Gurley et al., 1978; Nowak and Corces,

2004). H3S10ph during mitosis is regulated by the opposing activities of AURORA-B kinases and
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PP1 phosphatases (Nowak and Corces, 2004; Fu et al, 2007). Furthermore, H3S10ph has been
implicated in the rapid transcriptional changes upon response to external stimuli such as EGF
(epidermal growth factor), FGF2 (fibroblast growth factor 2), TNF-a (tumor necrosis factor o), or
stress signaling (Nowak and Corces, 2004).

Trimethylation of lysine 4 of histone H3 (H3K4me3) is an active histone mark that can be found
at the promoter regions of transcribed genes. This modification is set by trithorax group (trxG)
proteins, more specifically by trxG SET domain factors. In humans, this function is carried out by
MLL complexes. Other trxG proteins are not involved in H3K4 methylation, but are ATP-
dependent chromatin remodelers like the SWI/SNF complex (Schuettengruber et al., 2007).
Interestingly, some gene promoters carry both the activating H3K4me3 and the repressive
H3K27me3 mark. This phenomenon has been described for silent, lineage-specific genes in ESCs
and the respective promoters have been termed “bivalent” (Azuara et al., 2006; Mikkelsen et al.,
2007). In ESCs, active (H3K4me3-marked) and bivalent (H3K4me3/H3K27me3-marked)
promoters usually have a high CG density and low levels of mC, whereas inactive promoters with
intermediate or low CG frequency tend to be methylated (Fouse et al., 2008). Thus, the signature
and combinations of epigenetic marks at promoter regions provide information about the

transcriptional status of the gene.

1.2.3 Protein phosphorylation and 14-3-3 proteins

Among all PTMs, phosphorylation is the most widely studied and best understood. In mouse,
more than half of all proteins are phosphorylated at varying sites (Huttlin et al, 2010).
Phosphorylation can have several implications on protein function, e.g. enzyme activation or
inhibition, recruitment or repulsion of co-factors, or changes in protein folding (Endicott et al.,
2012). Phosphorylation is enzymatically carried out by kinases; currently, the UniProt database
lists 535 proteins with kinase domains in human and mouse each (UniProt, 2015). Kinases
transfer a phosphate group from ATP to the protein substrate, the acceptor residue is either
serine, threonine, or tyrosine. The number of target proteins per kinase varies from one to several
hundred (Ubersax and Ferrell, 2007).

Phosphorylation introduces a bulky negatively charged adduct to the protein, thereby directly
influencing intra- and intermolecular ion pairs and hydrogen bonds (Taverna et al., 2007). On the
one hand, this can induce a conformational change of the target protein, a mechanism often found
in the allosteric activation of kinases. On the other hand, the modification can be recognized by
reader modules of other proteins. Reader domains for phosphorylation are e.g. 14-3-3 domains,
BRCT domains, TPR repeats, Polo boxes, FF domains, SRI domains, and WD40 domains (Seet et
al, 2006). The first two of these domains have also been implicated in recognition of

phosphoserine residues on histones (Taverna et al., 2007).
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There are seven paralogs of 14-3-3 proteins in mammals with the ability to homo- or
heterodimerize (Taverna et al, 2007). They are important components of phosphorylation-
dependent signaling cascades and can mask localization sequences, prevent protein-protein-
interactions, and alter the accessibility of their target proteins. Close to 750 phosphorylated
targets are bound by 14-3-3 proteins, many of which contain disordered sequences (Uhart and
Bustos, 2014). Importantly, three 14-3-3 proteins have been described as interaction partners of
TET2, namely YWHAH (14-3-3 subtype n), YWHAG (subtype y), and YWHAQ (subtype 6) (Deplus
etal, 2013).

1.2.4 O-linked N-Acetylglucosamination (0O-GlcNAcylation) by the

glycosyltransferase OGT
Kinases are among the largest families of enzymes encoded in the human genome. In contrast, O-
GIcNAcylation is regulated by a single pair of proteins with opposing functions. The O-linked N-
Acetylglucosaminetransferase (OGT) attaches the O-GIcNAc moiety to serine or threonine
residues from where it can be removed by O-GlcNAcase (OGA) (Lubas etal., 1997; Gao et al., 2001;
Harwood and Hanover, 2014). In human and mouse, the OGT gene is located on the X chromosome
and is not only essential for embryonic development, but also for stem cell viability (Shafi et al.,
2000). The OGT protein consists of two major parts, an N-terminal series of TPRs
(tetratricopeptide repeats) and the C-terminal catalytic domain (Figure 5a). OGT can be spliced
into three isoforms that vary in the number of TPRs and thereby length of the N-terminus. These
isoforms are the nucleocytoplasmic, the mitochondrial, and the short isoform, containing 12.5,
9.5, and 2.5 TPRs, respectively (Hanover et al., 2003; Harwood and Hanover, 2014).
The substrate for OGT and donor of the O-GIcNAc moiety is UDP-GIcNAc (uridine diphosphate N-
Acetylglucosamine), a product of the hexosamine biosynthetic pathway. This pathway senses the
nutrient availability in the cell and is dependent on the cellular levels of glutamine, glucose, ATP,
UTP, and Acetyl-CoA (Figure 5b) (Harwood and Hanover, 2014). Interestingly, O-GlcNAcylation
is the only currently known type of glycosylation that occurs in the cytoplasm and nucleus of
mammalian cells (Gambetta and Muller, 2015).
OGT has been described as a stable interaction partner of all three TET proteins by several groups
(Chenetal, 2012; Deplus et al.,, 2013; Vella et al., 2013; Ito et al., 2014; Zhang et al., 2014). In case
of TET2, this interaction is mediated by the catalytic domain of TET and TPR 5 and 6 of OGT, but
does not influence TET-dependent hmC generation. However, TET2 recruits OGT to chromatin
and stimulates O-GlcNAcylation of Ser112 of H2B. All three components, OGT, TET2, and
H2BS1120-GlcNAc, accumulate at transcription start sites (TSS) and seem to have an activating
impact on gene expression (Chen et al.,, 2012). Deplus et al have described general stimulation of

O-GlcNAcylation activity by TET2 and TET3, leading to glycosylation of HCF1 (host cell factor 1),

20



1. Introduction

a component of the SET1/COMPASS complex that methylates H3K4 and is associated with
transcriptionally active genes. Interestingly, TET2/0GT genomic binding sites are not enriched
in mC or hmC (Deplus et al,, 2013). Expanding these results, Vella et al have shown co-localization
of TET1 and OGT at TSS, and locus-specific regulation of TET1 activity by OGT. They therefore
suggest a dual role for TET1/0GT in transcriptional activation and repression (Vella et al., 2013).
Finally, OGT-mediated O-GlcNAcylation of TET3 has been demonstrated to lead to nuclear export
of TET3. A similar effect can be observed when cultivating cells under high glucose conditions,

directly linking TET protein regulation to metabolism (Zhang et al., 2014).
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Figure 5: OGT and O-GIcNAcylation

a) Schematic depiction of murine OGT, nucleocytoplasmic isoform with 12.5 TPRs (Uniprot-ID
Q8CGY8). The most C-terminal TPR is truncated in all isoforms. The catalytic domain folds in three
parts: the N-terminal (N), intervening (I), and C-terminal (C) domain. The glycosyl-donor UDP-
GIcNAc is bound by the C-terminal part of the catalytic domain (Lazarus et al, 2011).
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b) The hexosamine biosynthetic pathway. Several metabolites are used to modify glucose leading
to the end product UDP-GlcNAc: ATP (red), glutamine (green), acetyl-CoA (blue), and UTP (orange)
(Harwood and Hanover, 2014).

1.3 Early embryonic development

1.3.1 Early in vivo development of mouse embryos

Epigenetic processes play a pivotal role in the development of the embryo where they govern
differentiation into various mature tissues. The totipotent zygote, which is generated by
fertilization, i.e. fusion of the haploid oocyte with a sperm, has the ability to develop into all
different cell types, both embryonic and extraembryonic. After several uniform cell division
cycles, cell polarity is established at the morula stage, followed by the first cellular differentiation
in the blastocyst, which consists of two cell types: the Inner Cell Mass (ICM) and the
trophectoderm (TE). Cells of the ICM are pluripotent and will give rise to the embryo proper,
whereas TE cells will form the trophoblast and contribute to the placenta. The blastocyst hatches
from its surrounding coat, the zona pellucida, and implants into the uterus while developing into
the epiblast. The epiblast is usually divided into two stages: pre- and post-implantation epiblast,
also referred to as early and late epibast (Reik et al., 2001; Simmons and Cross, 2005; Wang and
Dey, 2006; Palini et al,, 2011).

Development of the zygote to the post-implantation embryo is a process that is accompanied by
several massive changes in the epigenome, especially in DNA methylation (Auclair and Weber,
2012). A wave of global DNA demethylation occurs after fertilization and genomic DNA is
remethylated during implantation, when cells from the ICM of the blastocyst develop into the
epiblast (Smith et al,, 2012) (Figure 6). In the zygote, DNA demethylation occurs in an asymmetric
manner: the paternal pronucleus rapidly loses cytosine methylation before the first cell division
whereas the maternal genome gets gradually and passively demethylated over several rounds of
DNA replication (Auclair and Weber, 2012). The loss of paternal cytosine methylation is
accompanied by accumulation of hmC, generated specifically by TET3 (Gu et al.,, 2011; Igbal et al.,
2011). In contrast, the maternal pronucleus is protected from oxidation by binding of DPPA3
(Developmental pluripotency-associated protein 3, also known as Stella or PGC7) to H3K9me?2,
inhibiting TET3 recruitment (Wossidlo et al, 2011; Nakamura et al, 2012). However, TET3-
mediated oxidation appears to be dispensable for embryonic development and demethylation of
the paternal genome (Inoue et al, 2015; Amouroux et al, 2016) and the importance of this
process is still debated.

Global DNA methylation levels of the embryo reach a minimum at the blastocyst stage (Smith et
al, 2012), at which mC is much more abundant in the ICM than in the TE (Dean et al, 2001).

During epiblast differentiation, the genome is remethylated within a few days (Borgel et al,

22



1. Introduction

2010). Global DNA methylation levels at the late epiblast already closely resemble those of fully
differentiated tissues (Smith et al, 2012). Establishment of these methylation patterns largely
relies on the activity of the de novo methyltransferases DNMT3A and DNMT3B (Okano etal., 1999;
Auclair et al., 2014).

trophoblast

implantation

1
1
A4

4
late
TE epiblast

zygote 2-cell-stage blastocyst egg cylinder

mC level

l I // [

0.5 3.5 7.5
embryonic day p.f.

Figure 6: Early embryonic development

Schematic representation of early embryonic development with an illustration of changes in
genomic DNA methylation levels (orange: maternal genome, blue: paternal genome, gray: diploid
embryonic genome). For the blastocyst and egg cylinder stage, mC levels for ICM and epiblast are
depicted, respectively. ICM: inner cell mass, TE: trophectoderm, p.f.: post fertilization (Wang and
Dey, 2006; Hemberger et al, 2009; Auclair and Weber, 2012; Smith et al,, 2012).

1.3.2 In vitro models of differentiation

Murine ESCs are widely used to study pluripotency and differentiation as cell culture models in
vitro (Nichols and Smith, 2012). ESC lines are derived from the ICM and have initially been
cultured on so-called feeder cells, i.e. inactivated fibroblasts (Evans and Kaufman, 1981). When
re-injected into the blastocyst and transplanted into the animal, ESCs can contribute to all tissues
ofaviable embryo including the germ line, demonstrating their pluripotency (Bradley et al., 1984;
Nichols and Smith, 2012).

Since cultivation of ESCs on feeder cells is labor-intensive and time-consuming, other culture

systems have been developed. Leukemia inhibitory factor (LIF) was discovered a few years after
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the first establishment of ESC lines to inhibit cellular differentiation in the absence of feeder cells
(Smith et al, 1988; Williams et al, 1988; Nichols and Smith, 2012). LIF directly promotes
expression of core pluripotency factors such as 0CT4, SOX2, NANOG, and others via activation of
STAT3 (Nichols and Smith, 2012). A few years ago, an alternative medium was described that
allows cultivation of ESCs not only in feeder-, but also in serum-free conditions. The combination
of two small molecule inhibitors, generally referred to as “2i”, blocks GSK3 (glycogen synthase
kinase-3) and MAPK/ERK (mitogen-activated protein kinase) signaling and leads to ground state
pluripotency of ESCs (Ying et al., 2008). Interestingly, addition of 2i to the ESC culture causes DNA
hypomethylation by downregulation of DNMT3A, DNMT3B, and DNMT3L. When transferring
ESCs from serum/LIF conditions to 2i medium, this demethylation is accompanied by a transient
peak in TET1 and TET2 expression and genomic hmC levels (Ficz et al., 2013). Culturing ESCs
under 2i conditions leads to a so-called "naive" pluripotent state which resembles the ICM of the
blastocyst or the early epiblast, whereas serum/LIF culture induces a more "primed" pluripotent
state that shows similar properties to the late epiblast (Habibi et al., 2013; Leitch et al., 2013).
There are several culture systems that allow differentiation of ESCs to distinct cell types. For
example, withdrawal of 2i/LIF and addition of Activin A and FGF2 to the medium leads to
formation of epiblast-like cells (EpiLCs) resembling post-implantation embryonic cells. Similar to
the in vivo situation, this process is accompanied by downregulation of pluripotency genes such
as NANOG, 0CT4, and KLF4 and upregulation of the de novo DNMTs (Hayashi et al., 2011).
Another example is formation of a homogeneous neuronal cell population, which requires a more
complex protocol, starting with ESCs cultured in serum/LIF conditions. An intermediate step of
cellular aggregation is followed by addition of retinoic acid and culture on poly-DL-
ornithine/laminin-coated surfaces, leading to generation of neuronal progenitor cells (NPCs).
NPCs are characterized by expression of NESTIN and can further develop into mature neurons
(Bibel et al., 2004; Bibel et al, 2007). Since massive changes of chromatin structure and gene
transcription occur during such cellular differentiation processes, in vitro models of

differentiation represent an invaluable tool to study epigenetic regulation and dynamics.
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2. Results

2.1 Dynamic readers for 5-(hydroxy)methylcytosine and its oxidized derivatives

published February 28, 2013, in Cell
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SUMMARY

Tet proteins oxidize 5-methylcytosine (mC) to
generate 5-hydroxymethyl (hmC), 5-formyl (fC), and
5-carboxylcytosine (caC). The exact function of
these oxidative cytosine bases remains elusive. We
applied quantitative mass-spectrometry-based pro-
teomics to identify readers for mC and hmC in mouse
embryonic stem cells (mESC), neuronal progenitor
cells (NPC), and adult mouse brain tissue. Readers
for these modifications are only partially overlapping,
and some readers, such as Rfx proteins, display
strong specificity. Interactions are dynamic during
differentiation, as for example evidenced by the
mESC-specific binding of Klf4 to mC and the
NPC-specific binding of Uhrf2 to hmC, suggesting
specific biological roles for mC and hmC. Oxidized
derivatives of mC recruit distinct transcription regu-
lators as well as a large number of DNA repair
proteins in mouse ES cells, implicating the DNA
damage response as a major player in active DNA
demethylation.

INTRODUCTION

Methylation of cytosine residues at carbon atom 5 of the base
(mC) represents a major mechanism via which cells can silence
genes. Cytosine methylation mostly occurs in a CpG dinucleo-

1146 Cell 152, 1146-1159, February 28, 2013 ©2013 Elsevier Inc.
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tide context. However, CpG islands (CGls), which are character-
ized by a very high CpG density and are often found in promoter
regions of genes, are typically hypomethylated. Methylation of
these CGils results in transcriptional silencing. The molecular
mechanisms underlying the association between DNA methyla-
tion and repression of transcription have proven difficult to
decipher. The classic view is that methylation of DNA results in
the recruitment of methyl-CpG-binding proteins (MBPs) that
possess transcriptionally repressive enzymatic activities (Defos-
sez and Stancheva, 2011). However, in vivo validation for this
model on a genome-wide level is still lacking. In contrast,
recent in vivo data have revealed that CXXC-domain-containing
proteins specifically bind to nonmethylated cytosines. In this
case, hypomethylated CGls serve as a recruitment signal for
CXXC-domain-containing activators that establish a transcrip-
tionally active chromatin state (Thomson et al., 2010).

It was discovered 4 years ago that Tet enzymes convert mC
to 5-hydroxymethylcytosine (hmC) (Kriaucionis and Heintz,
2009; Tahiliani et al., 2009). This modification is particularly
abundant in the brain and in embryonic stem cells but is detect-
able in all tissues tested (Globisch et al., 2010; Szwagierczak
et al., 2010). Tet enzymes can catalyze further oxidation of
hmC to 5-formylcytosine (fC) and 5-carboxylcytosine (caC) (He
et al., 2011; Ito et al., 2011; Pfaffeneder et al., 2011). fC and
caC can subsequently serve as substrates for thymine-DNA
glycosylase (Tdg), which eventually results in the generation of
a nonmethylated cytosine (He et al., 2011; Maiti and Drohat,
2011). Therefore, this Tet-Tdg pathway represents an active
DNA demethylation pathway. It is not clear whether hmC, fC,
and caC have additional DNA-demethylation-independent
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functions, as very few specific binders, or “readers,” for these
oxidized versions of mC have been described thus far.

We applied quantitative mass spectrometry (MS)-based pro-
teomics to identify a large number of readers for mC and its
oxidized derivatives in mouse embryonic stem cells (MESCs).
Furthermore, we also identified readers for mC and hmC in
neuronal progenitor cells (NPCs) and in adult mouse brain. Our

1=}
S

@
S

Relative Abundance

]

Relative Abundance
o
S

I
S

Relativeébundance
S

o
S

Relative Abundance
o
S

[
)
S

0

Relative eﬁ)undance

Fe)

o
S

0

Relative Abundance
o

3 43

mC

Binding to:
AC

A mC
A hmC

913.44

Kif4
AGGDPGVAASNT-
GGGLLYSR

Av Rt 59.45-59.80

913.94

Az A A

Zbtbad 645.82

WLAACSDFFR
Av Rt 78.78-79.76

A mz A A

Uhrf1
ELYGNIR

A mz A A

Wdr76
ADSLLLK

380.23
382.24

382.74
| 38324

mz A

384.74
38073
Il A h]

A A

701.84 Zbtb2

GPLSLCSNAADLGK
702.34

702.84
70334
| .703.84

A A

705.85
. [06.33

mz A

636.85 Kdm2B

LAGLDITDVSLR

637.35

637.85

39.86
638,35 T ?‘40'35 642.35
Ll L 1 1l

A miz A A

Cell 152, 1146-1159, February 28, 2013 ©2013 Elsevier Inc.

2. Results

Figure 1. Identification of mC- and hmC-
Specific Readers in Mouse Embryonic Stem
Cells

(A) Schematic overview of the workflow.

(B) Scatterplot of a SILAC-based mC DNA pull-down
in MESC nuclear extracts.

(C) Validation of the mC-specific binding of Kif4
and nonmethyl-C-specific binding of Cxxc5
and Kdm2b. DNA pull-downs were performed with
recombinant GST-fusion proteins followed by
western blotting. For MBD3_25, an empty lane was
cut out.

(D) Scatterplot of a SILAC-based hmC DNA pull-
down in mESC nuclear extract.

(E) Venn diagram showing overlap of readers for C,
mC, and hmC.

(F-L) Representative mass spectra obtained in
the triple-SILAC DNA pull-down in mESCs. Each
spectrum shows the relative affinity of the indicated
peptides and proteins for nonmethylated (yellow),
methylated (blue), and hydroxymethylated (red)
DNA.

See also Figure S1 and Table S1.

data reveal that each cytosine modifica-
tion recruits a distinct and dynamic set of
proteins. The known biology of these inter-
acting proteins suggests a role for hmGC,
fC, and caC in active DNA demethylation
pathways via base excision repair (BER),
as well as an epigenetic recruitment func-
tion in certain cell types.

RESULTS

Identification of mC and hmC
Readers in mESCs

To identify readers for methylcytosine and
its oxidized derivatives, we made use of
a DNA pull-down approach combined
with quantitative MS. In brief, nuclear
extracts from mESCs grown in “light” or
“heavy” SILAC medium were incubated
with a nonmodified or modified double-
stranded DNA sequence (5-AAG.ATG.
ATG.AXG.AXG.AXG.AXG.ATG.ATG-3/,
with X representing C, mC, or hmGC;
“forward” pull-down; Figure 1A). As a
control, a label-swap, or “reverse,” exper-
iment was performed. Following incuba-
tion and washes, beads were combined
and bound proteins were in-gel digested

with trypsin and analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Raw MS data were analyzed
using MaxQuant (Cox and Mann, 2008). Specific interactors are
distinguishable from background proteins by their H/L ratio.
Proteins binding selectively to the modified DNA have a high
ratio in the forward pull-down and a low ratio in the reverse pull-
down, whereas readers for the nonmodified DNA show opposite
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binding (low forward ratio, high reverse ratio). Background
proteins will have a ~1:1 ratio in both pull-downs (Figure 1A).

As shown in Figure 1B and Table S1 available online, we iden-
tified 19 proteins enriched for mC compared to C in mESC
nuclear extracts (p < 0.05 and ratio >2 in both pull-downs).
Among these are the methyl-CpG-binding proteins MeCP2,
Mbd1, Mbd4, and Uhrf1 (Defossez and Stancheva, 2011). Other
interactors include Rfx1 and Zfhx3, which were previously
identified as mC readers (Bartke et al., 2010; Sengupta et al.,
1999). Interestingly, three KIf proteins were identified as mC
readers: KIf2, -4, and -5. These proteins carry three Kriippel-
like zinc fingers, just like the Kaiso family of mC-binding proteins.
Klf4 is one of the four Yamanaka reprogramming factors and has
not been previously identified as a mC-binding protein in HelLa or
U937 cells (Bartels et al., 2011; Bartke et al., 2010). This may
be due to the low expression of Klf4 in differentiated cells relative
to mESCs. We confirmed the direct binding of the KIf4 Kriippel-
like zinc fingers to mC using recombinant protein and two
different DNA sequences (Figure 1C and S1A). A motif bearing
similarities to a recently published consensus binding site for
Klf4, as determined by ChIP-seq (GGGXGTG) (Chen et al.,
2008), revealed that Kif4 binds this motif with the highest affinity
when “X” is mC (Figure S1A). These results establish Kif4 as
a sequence-specific mC binding protein.

Mining published bisulfite sequencing data of mESCs and
NPCs (Stadler et al., 2012) and overlapping this data with the
KlIf4 ChlP-seq profile in mESCs (Chen et al., 2008) revealed
a substantial number of methylated Klif4-binding sites in this
cell type (Figure S1B), which are mainly intronic and intergenic
(Figure S1C). Out of the 7,321 KIf4-binding sites in MESCs that
were covered in the bisulfite sequencing data set, 1,356 show
high levels of DNA methylation in mESCs (18.5%). Many of these
Klf4-binding sites contain a methylated Klf4-binding motif, such
as GGCGTG (Figures S1D and S1E). Interestingly, many Kif4-
binding sites that are nonmethylated in ES cells become hyper-
methylated in NPC cells (Stadler et al., 2012) (Figures S1B and
S1D). This finding may be highly relevant in the context of Kif4-
mediated cellular reprogramming. During reprogramming, Klf4
may be able to bind these methylated loci in differentiated cells
to initiate stem-cell-specific gene expression patterns. Enrich-
ment analyses for functional domains among the mC interactors
revealed DNA-binding zinc fingers to be significantly enriched
(Benj.Hoch.FDR = 10725, Figure S3A). These zinc fingers
may also interact with the methylated DNA in a sequence-
specific manner.

In addition to the cluster of mC-binding proteins, a large
number of proteins displayed preferential binding to nonmethy-
lated DNA (Figure 1B, upper-left quadrant). Consistent with
previous observations, this cluster of proteins contains a number
of CXXC-domain-containing proteins that are known to prefer-
entially bind to nonmethylated CpGs (Blackledge et al., 2010;
Thomson et al., 2010). Examples include Cxxc5, Kdm2b, and
MII1 (see Figure 1C). We also identified other subunits of the
MIl1 and PRC1.1 (Bcor) complexes, which most likely bind to
the nonmethylated DNA indirectly via MII1 and Kdm2b, respec-
tively. Other interactors include the Ino80 chromatin-remodeling
complex and zinc-finger-containing transcription factors such
as Zbtb2, as well as basic leucine zipper-containing proteins

1148 Cell 152, 1146-1159, February 28, 2013 ©2013 Elsevier Inc.

28

(enriched Benj.Hoch.FDR = 10~5%7; Figure S3A) such as JunD,
Creb1, and Atf7, for which sequence-specific DNA binding is
most likely abolished by DNA methylation.

Readers for hmC showed partial overlap with proteins
observed to interact with mC (Figure 1D, lower-right quadrant,
and Figure 1E), as only three proteins interacted with both modi-
fied baits: MeCP2, Uhrf1, and Thy28. Uhrf1 and MeCP2 are
known to bind both mC and hmC, although MeCP2 clearly
binds with a higher affinity to mC compared to hmC (Frauer
et al., 2011; Hashimoto et al., 2012; Mellén et al., 2012). Thy28
is an uncharacterized protein that is associated with apoptosis
(Toyota et al., 2012) and contains an EVE domain, which is
possibly involved in (ds)RNA binding (Bertonati et al., 2009).
Interestingly, two DNA glycosylases (Mpg and Neil3) and a heli-
case (Recql) were identified as hmC readers in mESCs. These
proteins might be involved in active DNA demethylation path-
ways to convert hmC back to cytosine via base excision repair
mechanisms, as has been suggested previously (Hajkova
et al., 2010; Wossidlo et al., 2010). In addition, a number of previ-
ously uncharacterized proteins, Wdr76 and C3o0rf37, preferen-
tially bound to hmC compared to C. We purified WDR76 as
a GFP fusion protein from Hela cells and found interactions
with OCR, HELLS, and GAN (Figure S1F). The mouse protein
Hells, or Lsh, is a DNA helicase that has previously been impli-
cated in regulating DNA methylation levels in cells (Dennis
et al., 2001). Interestingly, OCR, or Spindlin-1, is a protein that
is known to bind trimethylated H3 lysine 4 (H3K4me3) (Bartke
et al., 2010). A large number of proteins preferentially bound to
the nonmodified DNA, as was observed for the mC pull-down
(Figure S1G). We validated some of these findings using western
blotting for endogenous proteins (Figure ST1H).

To further investigate the relative affinity of proteins for C
versus mC versus hmC in a single experiment, we made use of
a triple pull-down approach (Vermeulen et al., 2010), in which
mESCs are grown in three different SILAC media. “Light,”
“medium,” and “heavy” nuclear extracts derived from these
cells are incubated with C-, mC-, and hmC-containing DNA,
respectively (Table S1). Quantitative MS is used to visualize the
relative abundance of a protein in each of the three different
pull-downs. This experiment confirmed most of the observations
made in Figures 1B and 1D, although for some proteins, the
ratios in the triple pull-down are lower. As shown in Figures 1F
and 1G, Kif4 and Zbtb44 preferentially bind to the methylated
DNA. Other proteins bind to both modified baits, such as Uhrf1
(Figure 1H). Kdm2b preferentially binds to the nonmodified
DNA (Figure 1K). Contrary to a previous report (Yildirim et al.,
2011), we did not observe a specific interaction between
MBD3 and hmC (forward ratio, 0.448; reverse ratio, 1.823). We
validated these observations using recombinant protein (Fig-
ure 1C). At higher concentrations of recombinant MBD3 protein,
we observed a specific interaction with mC (Figure 1C), which is
in agreement with a recent study that revealed that MBD3 has
the highest affinity for mC compared to hmC and C (Hashimoto
et al., 2012).

Taken together, these experiments reveal that mC and hmC
both recruit distinct proteins in mESCs with little overlap.
Furthermore, a large number of proteins preferentially bind to
nonmodified DNA. The number of observed interactions with



hmC is moderate, and some of these suggest that hmC acts as
an intermediate in active DNA demethylation pathways in
mESCs.

fC and caC Recruit a Large Number of Proteins in Mouse
Embryonic Stem Cells, Including DNA Glycosylases and
Transcription Regulators

We also applied our SILAC-based DNA pull-down approach to
identify readers for fC and caC in mESCs. Colloidal blue analysis
revealed that the total amount of protein binding to each bait is
similar (Figure S2A). Ratios of the forward and reverse pull-
downs with hmC, fC, or caC were individually averaged, and
these average ratios were then plotted against each other in
two-dimensional graphs (Figures 2A-2C and Table S1). From
these plots, it is clear that both fC (blue, purple, and green) and
caC (yellow and green) recruit many more proteins than hmC
does (red and purple). Strikingly, there is only limited overlap
between fC and caC binders (green) (Figure 2D). One of the
proteins that binds to fC and caC, but not to hmGC, is Tdg, which
is consistent with its reported substrate specificity (Maiti and
Drohat, 2011). We validated this binding behavior using recombi-
nant protein in electromobility shift assays (EMSA) (Figures 2E
and 2F). We also purified GFP-Tdg from ES cells to identify
Tdg interaction partners (Figure S2B and Table S1). None of
the Tdg interactors were identified as specific readers in the fC
and caC pull-down, indicating that these fC and caC interactions
are Tdg independent. Another fC-specific reader is the p53
protein, which plays an important role in DNA damage response
(Kastan et al., 1991). Interestingly, Dnmt1 specifically interacted
with caC. This interaction was confirmed by EMSA as well as
western blotting using an antibody against endogenous protein
(Figures 2F and S2C). We also identified subunits of the Swi/
Snf chromatin-remodeling complex, such as BAF170, as readers
for caC. Three proteins bind to all oxidized derivatives of mC:
Thy28, C3o0rf37, and Neill. GO term enrichment for biological
processes shows that fC significantly enriches for proteins that
are related to DNA repair (Benj.Hoch.FDR = 10727") (Figure S3A),
whereas caC interactors are not enriched for any biological
process. RNA-binding proteins, mitochondrial proteins, and
other proteins that are less likely to be associated with regulation
of gene expression or DNA repair binding were identified as
binders for fC and caC (Table S3). Some of these may have
a basic affinity for the formyl and carboxyl groups on the DNA
strands, which are more reactive than methyl or hydroxymethyl.
To exclude the possibility that many fC and caC interactors are
binding to damaged or abasic DNA, we validated the homoge-
neity of the DNA strands using HPLC (Figure S2D). Furthermore,
we analyzed the DNA before (blue) and after incubation (red) with
mESC nuclear extract by MALDI-TOF-MS (Figure S2E). Quanti-
fication of the modified residues by LC-MS/MS shows that
there is no significant loss of the modified bases after incubation
with nuclear extract (Figure S2F). Figures 2A-2C also show that
the group of proteins that bind preferentially to nonmodified
cytosine (black, lower-left quadrant) shows a large overlap
between the three pull-downs and contains the PRC1.1, Mil1,
and Ino80 complexes. To compare the relative affinity of proteins
for these three modifications in a single experiment, we per-
formed a triple pull-down. Analyses of the triple pull-down ratios
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for the identified fC and caC readers show similar trends,
although some of the observed ratios are less prominent. As
shown in Figures 2G-2L (and Table S1), the representative
spectra of the indicated peptides of Tdg, Neil3, Mpg, Dnmt1,
MeCP2, and Uhrf1 show relative ratios that are in agreement
with ratios obtained in the independent experiments shown in
Figures 2A-2C.

In summary, our data suggest that oxidized cytosine bases
may induce a DNA damage response and trigger base excision
repair pathways, which may finally result in DNA demethylation.
In addition, each of these modifications recruits transcription
regulators and other proteins that are not likely to be related to
active DNA demethylation.

NPCs Contain a Distinct Set of mC and hmC Readers,
Including Uhrf2, which Has the Highest Affinity for hmC
To investigate whether interactions with mC and hmC are
dynamic during differentiation, we differentiated mESCs to
NPCs. Nuclear extracts were generated from these cells
followed by DNA pull-downs. Because no SILAC-compatible
neurobasal medium is available, these experiments were per-
formed using label-free quantification (LFQ) (Eberl et al., 2013;
Hubner and Mann, 2011). Each DNA pull-down is analyzed sepa-
rately and in triplicate. For all of the identified proteins (Table S1),
we used ANOVA statistics (p = 0.025 and Sp = 2) to compare the
relative enrichment of proteins for each of the three baits. All
significant outliers (192) were hierarchically clustered based on
correlation after normalization by row mean subtraction (Fig-
ure 3A). Protein enrichment is indicated in red, whereas lack of
enrichment is shown in blue. A large number of proteins bind
to C or mC, whereas fewer proteins are specifically enriched in
the pull-downs with hmC. Three smaller groups of proteins
bind specifically to two of the baits (C/hmC, C/mC, or mC/
hmC). As was observed in the DNA pull-downs from mESC
nuclear extracts, CXXC-domain-containing proteins (Kdm2b
and MIl, indicated in black) and their associated factors Bcor/
Ringla/b (blue) and Rbbp5/Ash2l (black) are enriched in the
DNA pull-downs with nonmodified DNA relative to mC- and
hmC-containing DNA. We identified Mbd2 and associated
Mi-2/NuRD complex subunits as mC readers (indicated in
yellow). Other identified MBD proteins include Mbd4, MeCP2,
and Mbd1. Furthermore, a number of winged-helix (WH)-
domain-containing proteins bound specifically to mC, including
Rfx5 and its associated factors Rfxap and Rfxank (orange),
which have previously been identified as methyl CpG interactors
(Bartke et al., 2010).

Strikingly, these proteins bind more strongly to C compared to
hmC. We further substantiated these observations by using re-
combinant protein (Figure 3B). This result indicates that, for
some readers, oxidation of mC not only weakens the interaction,
but also repels the mC interactor. The homeobox domain is
significantly enriched in the cluster of mC-specific readers
(Benj.Hoch.FDR = 10~ "8, Figure S3A), which is consistent with
a previous study (Bartke et al., 2010). In addition, several known
mC readers, such as Kaiso, Uhrf1, and Mbd4, bind both modified
forms of cytosine. A number of DNA glycosylases bind specifi-
cally to hmC (Neil1, Neil3), as well as some helicases (Hells,
Harp, Recql, and its homolog Bloom), which again suggests a
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Figure 2. fC and caC Recruit a Large Number of Nonoverlapping Proteins in Mouse Embryonic Stem Cells
(A-C) Scatterplots of SILAC-based hmC, fC, and caC DNA pull-downs in mESC nuclear extract. The average ratio of all the identified and quantified proteins in
the forward and reverse experiment for each of the three modifications is plotted on the X, Y, and Z axes of a three-dimensional cube. Shown in (A-C) are different
side views of the cube. Colors indicate in which of the three pull-downs a protein was significantly enriched.
(D) Venn diagram showing the number of significantly enriched proteins for each of the baits.

(E) EMSA with GFP-Tdg at increasing protein concentrations (6.25-200 nM) incubated with dsDNA (250 nM of differentially labeled xC- and C-containing
oligonucleotide, each).
(F) Electrophoretic mobility shift assays as shown in (E) performed with GFP-Tdg and GFP-Dnmt1 for all six residue variants (C, mC, hmC, fC, caC, and abasic
site [AB]) in direct comparison to unmodified DNA. The binding preference was determined as the ratio of fluorescence signals of the different DNA substrates in
the shifted bands. Shown are the means of three experiments; error bars represent SD.
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DNA-repair-involved DNA demethylation pathway (GO DNA
repair; Benj.Hoch.FDR = 1073°"; Figure S3A). Although
homeobox proteins are known to bind specifically to mC, a
number of homeobox proteins show preferential binding to
hmC in NPC extracts (examples include Zhx1 and -2). Finally,
Uhrf2 was identified as a specific hmC-binding protein in
NPCs, which we confirmed using recombinant protein (Fig-
ure 3B). Uhrf2 is not expressed in mESCs, and its levels increase
upon differentiation (Pichler et al., 2011). This explains why
Uhrf2 was not identified as an hmC-specific reader in mESC
DNA pull-downs.

Taken together, these experiments reveal that interactions with
mC and hmC are highly dynamic during differentiation. Further-
more, the observations made in NPCs strengthen our hypothesis
that oxidation of mC serves as a trigger for active DNA demethy-
lation. Nevertheless, some hmC-specific readers in NPCs do not
appear to be linked to DNA repair mechanisms, indicating that, in
these cells, hmC may also serve arole as a “classical” epigenetic
mark that recruits transcriptional regulators.

NMR-Based Analysis of the Rfx5 WH Domain Bound

to mC DNA

The specific interaction between the Rfx5 WH domain and mC
DNA was studied in detail using solution nuclear magnetic reso-
nance (NMR) spectroscopy in order to derive binding affinity and
identify the mC-binding site. Addition of a singly methylated
18bp DNA fragment to the Rfx5-WH domain results in large
changes in the 'H-'5N HSQC “fingerprint” spectrum (Figure 3C).
After addition of a slight molar excess of DNA, the spectrum does
not show any further changes, indicating that Rfx5-WH strongly
binds mC DNA and preferentially at only one of the two mC
sites (Figure 3C). The affinity of Rfx5 for mC DNA was derived
from the observed peak displacement for residues in the fast
exchange regime, such as T104 and E102, assuming that the
two mC are independent and equivalent, which resulted in an
apparent dissociation constant Kp gy, of ~3 uM (with 95% prob-
ability limits 10 nM<Kp<16 pM) (Figure 3D and Supplemental
Information). Based on DNA pull-downs done with recombinant
protein, which revealed a quantitative depletion of the WH
domain from the lysate, we anticipate the Kp to be in the nM
range (Figure 3B) To identify the residues that are responsible
for specific mC binding, we used the DNA-bound Rfx1 WH
domain crystal structure (PDB ID 1DP7; sequence identity
35%; Avvakumov et al., 2008; Gajiwala et al., 2000) to construct
a homology model structure of Rfx5-WH and validated it
against the experimental chemical shifts (data not shown). The
homology model contains a hydrophobic pocket that includes
residues with the largest chemical shift changes and is well
aligned with an extended basic surface that is responsible for
DNA binding in Rfx1. This binding pocket, formed by the side
chains of K110, V113, Y114, T132, F135, L139, and Y169, is
appropriately shaped to capture the mC base via a flip-out
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mechanism, as seen in the case of UHRF1 (Figure 3E). Steric
clashes introduced by the presence of an additional hydroxyl
group could cause the observed specificity for mC. Given the
apparent high affinity and DNA-sequence-independent binding
to mC, we propose that the WH domain that is present in Rfx
proteins is a bona fide mCpG-binding domain.

Brain-Specific Readers for mC and hmC Include DIx
Proteins

The adult brain is the organ with the highest levels of hmC
(Globisch et al., 2010). Tet enzymes and hmC have been shown
to play a role in active DNA demethylation of certain genes in this
organ (Guo et al., 2011). To identify readers for C, mC, and hmC
in the adult brain, nuclear extracts were prepared from this
tissue, and these extracts were used for DNA pull-downs. LFQ
was used to determine differential binders (Table S1). In brain
extracts, we identified fewer specific readers compared to
NPCs (108, p = 0.025 and S, = 0; Figure 4), most likely due to
the presence of highly abundant structural proteins derived
from connective tissue and extracellular matrix in these nuclear
extracts. Interestingly, more proteins specifically bind to hmC
compared to mC in brain extracts. This is in contrast to NPCs
and mESCs, in which more interactions with mC relative to
hmC are observed, which may imply a specific role for hmC in
brain tissue.

The nonmodified DNA pull-down enriched for the same factors
as those observed in mESCs and NPCs, including Cxxc5,
Kdm2b, and Bcor (CXXC-domains indicated in black, PRC1
complex in blue, and Ino80 in red). In this case, mC DNA was
bound by the Mbd2/NuRD complex, which contains the brain-
specific ATPase Chd5 (Eberl et al., 2013; Potts et al., 2011) (indi-
cated in yellow). Interestingly, we identified three distal-less
homeobox proteins (DIx1, -5, and -6) as specific mC interactors.
DIx proteins play a role in the development of the brain and are
also expressed in specific regions of the adult brain (Jones
et al.,, 2011; Wang et al., 2011). Wdr76 and Thy28 are hmC
specific, as was also observed in NPCs. Thap11 (or Ronin) is
identified as a brain-specific hmC reader. Interestingly, this
protein is highly expressed in certain regions of the brain,
including Purkinje cells (Dejosez et al., 2008). Finally, we identi-
fied all four subunits of replication factor C (Rfc2-5) and the asso-
ciated factor Rfc1 as hmC-specific readers (indicated in green).

Altogether, these experiments further emphasize the dynamic
nature of the mC and hmC interactomes during development.

Global Absolute Quantification of Protein Levels in
mESCs, NPCs, and Adult Mouse Brain Extracts Reveals
Expression-Level-Dependent and -Independent
Interaction Dynamics

Our screening for mC- and hmC-specific readers in mESCs,
NPCs, and adult mouse brain revealed a large number of
cell-type- or organ-specific interactors (Figure S3B). The most

(G-L) Representative spectra of the indicated peptides obtained in the triple-labeled DNA pull-down in mESCs. Each spectrum shows the relative affinity of
the indicated peptides and proteins for hmC-containing (red), fC-containing (blue), and caC-containing (yellow) DNA. Spectra are shown for Tdg (G), Neil3 (H),

Mpg (1), Dnmt1 (J), MeCP2 (K), and Uhrf1 (L).
See also Figure S2 and Table S1.
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Figure 3. Hierarchical Clustering of NPC-Specific C, mC, and hmC Readers

(A) Correlation-based clustering of the LFQ intensities after log2 transformation and normalization by row mean subtraction. Included in the clustering are proteins
that are significantly binding to at least one of the baits as determined by an ANOVA test. Blue indicates lack of enrichment, whereas enrichment is indicated in
red. Domain and Complex columns indicate the DNA-binding domain(s) that may be responsible for direct binding to the bait and the complexes that readers are
part of, respectively.

(B) Biochemical validation experiments using DNA pull-downs with recombinant DNA-binding domains.

(C) Overlay of Rfx5-WH HSQC spectra with increasing amounts of mC DNA added and color-coded on the indicated scale listing the WH domain:DNA ratio.
Some residues, such as F135 and R118, cannot be unambiguously tracked to their bound states because their chemical shift changes are very large. Peaks
corresponding to their bound state, such as “X,” appear only after addition of a full molar equivalent of DNA.

(D) Selected binding curves and fits for resonances that are in the fast exchange regime throughout the titration. Error bars (SD) for the peak positions are set to 1.2 Hz.
(E) Close-up of the putative mC-binding pocket in the RFX5 WH domain. The methylated cytosine is indicated in green.

See also Table S1.
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Konat The 74 proteins (~31%) that do show
Egbgge a correlation between interaction pattern
Psp1 . . .
= i and protein abundance in the different
Arid5b
Eouetn binding to mC extracts can be divided into six clusters
Rbmad and hmC (Figure 5B). A correlation was defined as
[ | N Neilt . . . .
K7 gaining or losing an interaction accompa-
Z§?§§S° nied by at least a 2-fold change in protein
Fa abundance. An example of a protein that
_h.IAt',fﬁ was identified as a specific (mC) reader
sl . . .
yarrs only in mESCs was KIf4. As shown in Fig-
Bl . o . .
gf;; specific for hmC ure 5B, this protein is highly expressed in
Chd7 . . .
Farp mESCs but is less abundant in NPCs or in
§§$ the adult mouse brain. Another example
c
Elffp: is represented by the DIx5 and DIx6
img . N . .
Hmg2 Complex: proteins, which are highly abundant in
NuRD brain nuclear extract and exclusivel
Fold ch. Domain: PRC1.1 . . Y
old change over row mean — CXXC ==prcie bind to mC in pull-downs from these
MBD Rfc :
_:- = omeobox — L extracts. For about 185 proteins, no
8 -4 -2 0 2 4 8 == Basic Leu Zipper == Ino80 correlation is observed between expres-

obvious explanation for these observed differential interactions
is regulation of reader abundance at the protein level. Alterna-
tively, the interaction between a reader and (modified) DNA
may be affected by posttranslational modifications (PTMs). To
investigate global absolute protein levels in the different nuclear
extracts that were used for the pull-downs, we made use of
a method called intensity-based absolute quantification (iBAQ)
(Schwanhdusser et al., 2011). Approximately 8,000 proteins
were quantified in at least one of the extracts (Table S2).
All proteins with at least a 10-fold change in concentration
were clustered based on their expression pattern (Figure S4B).

sion levels (at least 2-fold change) and

binding behavior. For these proteins, the
cause of differential binding may be explained through PTMs
that affect the interaction between a reader and DNA or a differ-
entially expressed cofactor. A good example of the latter is the
Mi-2/NuRD complex. Although most of its subunits display equal
expression levels in MESCs, NPCs, and brain, mC-specific inter-
actions are not observed in mESCs. This can be explained by
the fact that Mbd2, which is the direct reader of mC within the
NuRD complex, is low in abundance in mESCs and is upregu-
lated during differentiation (Figure 5B). Thereby, it controls the
mC-specific binding of the entire complex. In mESCs, the
majority of the Mi-2/NuRD complex contains Mbd3, which is
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the MBD-containing protein that has lost its high-affinity mC
binding ability. Furthermore, technical reasons for not identifying
an interactor could be the presence of highly abundant structural
proteins in the brain lysate or binding competition among
different readers in the extracts. Altogether, the absolute quanti-
fication of protein abundance in the different nuclear extracts
revealed large differences in protein levels between mESC,
NPCs, and adult mouse brain. This data set serves as a rich
resource on its own but also enables us to explain many of the
differential interactions that we identified using quantitative
MS-based interactomics.

Uhrf2 Stimulates the Sequential Activity of the Tet1
Enzyme

The first protein that was identified as an hmC binder was Uhrf1
(Frauer et al., 2011), a protein that is involved in maintenance of
DNA methylation (Bostick et al., 2007). Our data revealed that
Uhrf1 binds with a similar affinity to mC and hmC, which is
consistent with previously published data (Frauer et al., 2011).
This is in contrast to Uhrf2, which we identified as a high-affinity
hmC-binding protein in NPC cells that shows a lower affinity for
mC. The function of Uhrf2 is not well understood. It is clear,
however, that Uhrf2 cannot rescue the phenotype of Uhrf1
knockout cells, which lose DNA methylation (Pichler et al.,
2011; Zhang et al., 2011). Uhrf1 is highly expressed in mESCs,
whereas Uhrf2 levels increase during differentiation (Table S3
and Pichler et al., 2011). Altogether, this prompted us to investi-
gate whether Uhrf2 expression affects the levels of mC and its
oxidized derivatives. The Tet1-catalytic domain was transfected
into HEK293T cells with and without coexpression of Uhrf2. Total
genomic DNA modification levels were determined using
LC-MS/MS (Figure 6 and Supplementary Information). As shown
in Figure 6D, Uhrf2 overexpression increases the level of hmC.
More striking is the increase of fC and caC levels upon Uhrf2 co-
expression together with the Tet1 catalytic domain. Because fC
and caC serve as substrates for Tdg and BER, the detected
increase in the levels of fC and caC following Uhrf2 expression
may be an underestimation of the actual production of these
bases. It therefore seems that Uhrf2 promotes repetitive oxida-
tion of mC by the Tet proteins. We hypothesize that flipping
the modified cytosine base out of the DNA double helix, as has
been described for Uhrf1 binding to methylated and hydroxyme-
thylated DNA (Arita et al., 2008; Frauer et al., 2011), may enhance
accessibility of the hydroxymethylated base to the Tet enzymes,
thereby promoting further oxidation.

DISCUSSION

In this study, we have used quantitative MS-based proteomics
to identify readers for mC and its oxidized derivatives in mESCs,

2. Results

as well as readers for mC and hmC in NPCs and adult mouse
brain. Readers for individual modifications were found to be
highly dynamic throughout the three cell types and tissues that
we investigated (Figure 7). This is in contrast to interactions
with histone modifications, such as trimethylated lysines on
histone H3. For these modifications, the majority of interactors
are constant between different cell types or developmental
stages (Eberl et al., 2013 and M.V., unpublished data). Readers
for distinct cytosine modifications show limited overlap. This
indicates that, at least from a biochemical perspective, mC,
hmC, fC, and caC behave quite differently. Although little overlap
was observed with regard to proteins that interact with each of
the epigenetic marks, they all repelled a common set of proteins,
such as several CXXC-domain-containing proteins and their
interactors. It remains to be determined which of the conse-
quences of DNA (hydroxy)methylation is functionally most
relevant: recruitment of transcriptionally repressive complexes
or preventing the binding of certain (activating) proteins to
unmodified DNA. A detailed biochemical characterization of
the interactions and their dissociation constants will be impor-
tant to answer this question.

Our experiments revealed a number of DNA glycosylases and
DNA repair proteins that bind to hmC, fC, and caC, whereas
we identified few such proteins binding to mC. The enriched
binding of DNA-repair-associated proteins was most pro-
nounced for fC. From this observation, one can conclude that
the conversion of hmC to fC is a signal that is likely to result in
repair-associated removal of the modified base by proteins
that are rather ubiquitously expressed. It is therefore surprising
that, in different cell types and tissues, rather constant levels of
hmC, fC, and caC are found. The maintenance of such constant
levels of these bases in mMESCs may indicate a high turnover of
DNA methylation, probably involving a constant “correction”
by de novo methylation. Regardless, it will be important to
investigate which mechanisms control Tet enzyme conversion
of mC to hmC and further oxidation to fC and caC. Our data
reveal that coexpression of Uhrf2 with the catalytic domain of
Tet1 results in a (transient) upregulation of hmC, fC, and caC,
indicating that Uhrf2 promotes the sequential oxidation of
mC by Tet1. One of the other factors influencing the catalytic
activity of the Tet enzymes is the concentration of cellular
metabolites. It has been shown that oncometabolites such as
2-hydroxyglutarate can competitively inhibit the activity of
2-oxo-glutarate-dependent enzymes, such as the Tet proteins
(Chowdhury et al., 2011; Xu et al., 2011). Furthermore, mutations
in IDH1 and -2, which generate 2-oxo-glutarate, are
phenocopied by mutations in the TET enzymes and result in
cancer (Figueroa et al., 2010). Mutations in the IDH2 and TET2
genes were also linked to lower genomic hmC levels and
altered gene expression patterns in myeloid cancers (Ko et al.,

Figure 5. Global Absolute Protein Quantification in mESCs, NPCs, and Adult Mouse Brain
(A) Graphs indicating the concentration of all proteins identified in the nuclear extract (all) and the identified readers (significant) in each of the cell types. The gray

area indicates the concentration at which protein quantification is inaccurate.

(B) Readers for which protein expression levels correlate with DNA binding patterns were clustered into six groups based on their expression in the three
different nuclear extracts. The color indicates protein levels (white, low; red, high), whereas binding preference is indicated by C, mC, hmC, or combinations

thereof.
See also Figure S4 and Table S2 and Table S3.
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Figure 6. Stable Isotope-Dilution-Based LC-ESI-MS/MS Quantification of Cytosine Derivatives in HEK293T Cells

(A) Nonquantitative LC-MS/MS chromatogram of digested genomic DNA from HEK293T cells cotransfected with Tet1-catalytic domain-GFP (GFP-Tet1cd)
and an unrelated expression construct (control). Depicted are the overlaid ion chromatograms of the MS/MS transitions for dC and the cytosine derivatives
(black curves). dC, mC, and hmC were measured by a factor of ~10%-10° less sensitive in comparison to caC and fC.

(B) Same as (A) except that Uhrf2-GFP was coexpressed together with GFP-Tet1cd. The MS signal intensities were normalized to the dC content of (A).

(C) Superposition of (A) and (B).

(D) Levels of cytosine derivatives relative to the total cytosine content (dG) as determined by quantitative LC-MS/MS mass spectrometry.

Shown are the means of technical triplicates; error bars reflect SD.

2010; Konstandin et al., 2011). In support of these observations,
which clearly link hmC to cancer, we noticed that many hmC,
fC, and caC readers are implicated in cancer, including
UHRF2, CARF, p53, and HELLS (Lee et al., 2000). Interestingly,
mutations in the Hells helicase, which we identified as an hmC
reader in NPCs, result in a decrease of DNA methylation levels
in cells (Myant et al., 2011). It seems clear that regulating
the levels of mC and its oxidized derivatives is essential for
normal cell homeostasis and that deregulation of the readers,
writers, and erasers of these marks results in a disturbance of
the balance between cell proliferation and differentiation during
development.

EXPERIMENTAL PROCEDURES
Cell Culture
IB10 mESCs were cultured in light (R°K?) or heavy (R'°K®) SILAC medium inthe

presence of 2i compounds. For triple labeling, a third type of medium was used
containing medium-labeled L-lysine (K% and L-arginine (R®). mESCs were
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differentiated to NPCs in N2B27 medium and cultured in NSA medium, con-
sisting of NSA MEM, 1% glutamine, 1x N2 supplement, 10 ng/ml bFGF,
and 10 ng/ml EGF.

DNA Pull-Downs

Nuclear extracts were generated as described previously (Eberl et al., 2013;
Vermeulen et al., 2010). DNA (see Table S4) immobilized on Dynabeads My-
One C1 was incubated with nuclear extract in 50 mM Tris-HCI (pH 8),
150 mM NaCl, 1 mM DTT, 0.25% NP40, and complete protease inhibitors
(Roche, EDTA-free) in the presence of poly-dAdT. After extensive washes
(using incubation buffer without poly-dAdT), bound proteins were in-gel di-
gested using trypsin. After sample preparation, peptides were desalted on
Stage-tips (Rappsilber et al., 2003).

Mass Spectrometry

Peptides were separated using an EASY-nLC (Proxeon) connected online to
an LTQ-Orbitrap Velos mass spectrometer (Thermo) as described (Smits
et al.,, 2013). Raw data were analyzed using MaxQuant version 1.2.2.5 and
searched against protein database ipi.MOUSE.v3.68.fasta. Using Perseus,
data were filtered and scatter plots were made using R. The raw mass spec-
trometry data have been deposited to the ProteomeXchange Consortium



Figure 7. Visualization of Cell-Type-Specific and General mC and
hmC Readers

Venn diagram showing examples of mC (A) and hmC (B) readers that were
identified in mESCs (blue), NPCs (orange), and adult mouse brain (green). See
also Figure S3 and Table S3.

(http://proteomecentral.proteomexchange.org) via the PRIDE partner reposi-
tory (Vizcaino et al., 2013) with the dataset identifier PXD000143.

Recombinant Protein Expression and DNA Pull-Downs

DNA-binding domains were cloned into the GST-containing PRP256NB
vector. The Uhrf2(aa416-626) GST-fusion construct was kindly provided by
Dr. Jiemin Wong. Protein expression was performed in E. coli BL21 codon™
cells. Bacterial lysate was cleared by ultracentrifugation. DNA pull-downs
were performed as described above with the addition of 10 uM ZnCl, to the
incubation buffer.

iBAQ

iBAQ was performed essentially as described in Schwanh&usser et al. (2011).
A more detailed description can be found in the Extended Experimental
Procedures.

2. Results

LC-MS/MS Analysis of Genomic DNA

Cotransfections were performed in HEK293T cells, and genomic DNA was
purified according to Miinzel et al. (2010). Quantification of DNA nucleosides
from genomic DNA is based on a further development of our isotope dilution
method (Pfaffeneder et al., 2011 and data not shown). LC-MS/MS analysis
was performed on an Agilent 6490 triple quadrupole mass spectrometer
coupled to an Agilent 1290 UHPLC system. For general source- and
compound-dependent parameters, see the Extended Experimental Proce-
dures and Tables S5 and S6. The transitions of the nucleosides were analyzed
in the positive-ion-selected reaction monitoring mode (SRM) operating MS1
and MS2 under unit mass resolution conditions.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, four
figures, and six tables and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2013.02.004.
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EXTENDED EXPERIMENTAL PROCEDURES

SILAC Labeling of ES Cells

IB10 murine Embryonic stem cells were cultured feeder-free on gelatin coated dishes in medium consisting of 500 ml SILAC
Dulbecco’s Modified Eagle Medium without arginine, lysine and glutamine (PAA, E15-086), supplemented with 15% MESC serum
substitute (Thermo Scientific), Glutamine, Penicillin/Streptomycin, 1x Non-essential amino acids, sodium pyruvate, 73 pg/ml
L-Lysine (light/K° (Sigma, A6969), medium/K* (Sigma, 616192 or Silantes, 211103912) or heavy/K® (Sigma, 608041 or Silantes,
211603902)) and 29.4 pg/ml arginine (light/R° (Sigma, A6969), medium/R® (Sigma, 643440 or Silantes, 201203902) or heavy/R'®
(Sigma, 608033 or Silantes, 201603902)), LIF (1000 U/ml), B-mercaptoethanol and 2i compounds (CHIR99021 and PD0325901,
3 and 1 pM respectively). Cells were cultured in SILAC medium until labeling efficiency exceeded 95% after which cells were
expanded and harvested to generate nuclear extracts.

NPC Culturing

Neuronal progenitor cells were kindly provided by Dr. N. S. Outchkourov. They were cultured in medium consisting of NSA MEM
(Euromed EVMO0883LD), 1% glutamine, 1x N2 supplement, 10 ng/mL bFGF (RD systems 233-F3) and 10 ng/mL EGF (235-E9) on
gelatin-coated dishes. Cells were detached from culture plates using accutase. Nuclear extracts were made as described below.

Mice Brain Nuclear Extracts
Nuclei from adult mouse brain were purified by centrifugation through a sucrose cushion following homogenization, modified from
(Lavery and Schibler, 1993). Then nuclei were lysed as described below.

Nuclear Extract Preparation

This protocol is based essentially on Dignam et al. (Dignam et al., 1983). Briefly, cells were trypsinized and washed two times with
PBS. Using a hypotonic buffer, the cells were swollen, after which the cells were lysed by dounce homogenizing in the presence of
0.15% NP40 and complete protease inhibitors. After centrifugation, the pellet consisting of nuclei was lysed by 90 min incubation in
2 volumes of nuclear lysis buffer (420 mM NaCl, 20 mM HEPES pH 7.9, 20% v/v glycerol, 2 mM MgCl,, 0.2 mM EDTA, 0.1% NP40,
complete protease inhibitor w/o EDTA (Roche) and 0.5 mM DTT). After centrifugation, the supernatant containing the soluble nuclear
extract was aliquoted and snap frozen until further usage. Protein concentrations of the nuclear extracts were determined using the
Biorad Protein assay.

DNA Synthesis

The synthesis of the oligonucleotides was performed on an ABI 394 DNA/RNA Synthesizer (Applied Biosystems) using typical reagent
concentrations (activator: 0.25 M benzylthiotetrazole in MeCN (10 ppm H,0), detritylation: 3% dichloroacetic acid in CH,Cly,
oxidation: 25 mM |, in MeCN/H,0/2,6-lutidine (11/5/1), capping: Ac,0/2,6-lutidine/MeCN (30 ppm H,0) (20/30/50) and 20% N-meth-
ylmidazole in MeCN (10 ppm H,0). The oligonucleotide syntheses were performed on 200 nmol low-volume polystyrene carriers
using 0.1 M DNA CE-phosphoramidites: A (Bz-dA), C (Bz-dC), G (iBu-dG), T, mC (Bz-mC) obtained from Glen Research or Link
Technologies. hmC, fC and caC phosphoramidites were synthesized according to literature (Minzel et al., 2010b) and incorporated
into DNA using the standard protocol. Benzylthiotetrazole was prepared according to literature (Welz and Muller, 2002). The coupling
times for the modified bases were increased to 3 min to ensure maximum coupling efficiency.

The mC and the unmodified strands were treated with ethanolic ammonia for cleavage of the carrier and removal of the permanent
protecting groups. hmGC, fC and caC containing DNA was cleaved and deprotected using 0.4 M NaOH in MeOH/H,0 4:1 for 18 hr at
room temperature. After addition of 600 ul triethylammonium acetate (1 M) and centrifugation, the supernatant was concentrated to
30% of the original volume in a speedvac. Analysis and purification was performed on a Waters HPLC system (Waters Alliance 2695
with PDA 2996, preparative HPLC: 1525EF with 2482 UV detector) with VP 250/10 Nucleosil 100-7 C 18 columns from Macherey
Nagel using a gradient of 0.1 M triethylamine/acetic acid in water and 80% acetonitrile. The quality of the strands was determined
by MALDI-MS. The forward and reverse oligos were combined and annealed in 10mM Tris pH8; 50 mM NaCl and 1 mM EDTA.
Biotin-14-ATP was used to fill in the TT-overhang using Klenow exo-, followed by purification of the DNA on sephadex-G50 columns.

DNA Pull-Downs

For each DNA pull-down, 10 nug of DNA (see Table S4) was immobilized on 75 pl of Dynabeads MyOne C1 (Invitrogen) by incubating
for 1 hr at room temperature in a total volume of 350 ul of DNA binding buffer (1M NaCl, 10mM Tris-HCI pH8, 1mM EDTA pH 8 and
0.05% NP40. Coupling of the DNA to the beads was always verified by agarose gel electrophoresis. Beads containing immobilized
DNA were then incubated with 400 pg of nuclear extract in a total volume of 600 ul of protein binding buffer (50mM Tris-HCI pH8,
150 mM NaCl, 1mM DTT, 0.25% NP40 and complete protease inhibitors (Roche, EDTA-free)) in the presence of 10 ug poly-dAdT
for 2 hr at 4°C. Baits were then washed three times with 0.5 ml of protein binding buffer after which beads containing different
DNA modifications and different SILAC labels were combined and loaded on 4%-12% NuPage gradient gels (Invitrogen) (for
example, C-beads with light extract were combined with mC beads that were incubated with heavy extract; forward pull-down).
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For the label-free analysis, three separate DNA pull-downs with every bait were performed and each of these was loaded on gel
separately. For Western blot validation using endogenous antibodies, protein amounts were scaled down by a factor of four.

In-Gel Digestion

Samples were analyzed on 4%-12% precast NuPage gels (Invitrogen) and subsequently stained using colloidal blue staining
(Invitrogen). Each lane was cut into 8-12 gel slices and each of these slices was subjected to in-gel trypsin digestion overnight. Tryptic
peptides were desalted on Stage-tips (Rappsilber et al., 2003).

Mass Spectrometry

Peptides were separated on an EASY-nLC (Proxeon) connected online to an LTQ-Orbitrap-Velos mass spectrometer. Spectra were
recorded in CID mode. A gradient of organic solvent (5%-30% acetonitrile) was applied (120 min) and the top 15 most abundant
peptides were fragmented for MS/MS, using an exclusion list of 500 proteins for 45 s.

Data Analysis

Raw data were analyzed using Maxquant version 1.2.2.5 and the integrated Andromeda search engine against protein database
ipi.MOUSE.v3.68. Using Perseus, data was filtered for contaminants, reverse hits, number of peptides (>1) and unique peptides
(>0). Ratios were logarithmitized (log2) and groups (consisting of forward and reverse) were defined. Proteins were filtered to have
at least 2 valid values in one of the groups and missing values were imputed based on a normal distribution (width = 0.2 and shift =
0), after which Significance B was calculated (Benj.Hoch.FDR = 0.05). Scatterplots were made using R. Proteins were defined to be
significant when both forward and reverse significance p < 0.05 and minimal ratios were > 2 in both experiments. The H/L ratios
shown in Figure 2A-C were calculated using the formula (log(forward ratio) — log(reverse ratio))/2.

Label-Free Quantification

LFQ values, based on the summed measured intensities of all tryptic peptides of a single protein, allows for comparing the relative
abundance of a protein in different pull-downs. Changes in the LFQ intensity of a protein between pull-downs with different DNA
modifications indicate preferential binding of that protein to one modification over another. Raw data were analyzed using Maxquant
version 1.2.2.5 and protein database ipi. MOUSE.v3.68.fasta. Settings that were different from SILAC analyses were: multiplicity set
at 1 and the options for ‘label-free quantification’ and ‘match between runs’ were selected Using Perseus, data were filtered for
contaminants, reverse hits, number of peptides (>1) and unique peptides (>0). LFQ intensities were logarithmitized (log2). After
defining each triplicate as a group, proteins were filtered to have at least 3 values in a single group, assuming that when a protein
binds specifically to one modification, it may only be identified in the three pull-downs with that modification. The missing values
were imputed using a normal distribution (with = 0.3, shift = 1.8). Groups were defined and the significant outliers were calculated
using ANOVA (FDR = 0.025, Sq = 2 for NPC and Sg = 0 for brain). Correlation based clustering was done in R for the ANOVA-outliers
only, using LFQ-values which had been normalized by row-mean-subtraction.

Purification of GFP-Fusion Proteins for EMSA

HEK293T cells were transfected with expression constructs encoding for GFP-Tdg or GFP-Dnmt1. 48 hr after transfection, cells were
lysed 30 min on ice in Lysis-Buffer (50 mM NaH,PO,4, 150 mM NaCl, 10 mM Imidazole, 0.5 mM EDTA, 0.5% Tween, 1 g/| DNasel,
2 mM MgCl,, 0.5 mM CaCl,, 1 mM PMSF, 1x Protease-Inhibitor-Mix M (SERVA Electrophoresis GmbH)). The lysate was cleared
by centrifugation (14 000 rpm, 10 min, 4°C) and incubation of the supernatant with equilibrated Ni-NTA beads (QIAGEN) in IP-buffer
(50 mM NaH,PQO,4, 150 mM NaCl, 10 mM Imidazole, 0.5 mM EDTA, 0.05% Tween). After centrifugation (2200 rpm, 2 min) the super-
natant was added to equilibrated GBP-Ni-NTA beads (Chromotek) in IP-buffer and rotated for 2 hr at 4°C. After washing three times
with Washing-Buffer (50 mM NaH,PO,4, 300 mM NaCl, 10 mM Imidazole, 0.1% Tween), the GFP-fusion proteins were eluted with
50 mM NaH,PO4, 150 mM NaCl, 250 mM Imidazole, 0.05% Tween. The elution buffer was exchanged to 20 mM TrisHCI, pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 1 mM DTT for EMSA reactions. The glycosylase activity of the purified Tdg was tested on T/G mismatch
containing DNA (data not shown).

Electrophoretic Mobility Shift Assays of Fluorescent DNA Oligonucleotides with GFP-Fusion Proteins

GFP-Tdg and GFP-Dnmt1 at decreasing concentrations (200 nM, 150 nM, 100 nM, 50 nM, 25 nM 12.5 nM and 6.25 nM) were incu-
bated for 30 min on ice with a 1:1 mixture of two distinctly labeled fluorescent 42mers (see Table S4, MWG-Eurofins, 250 nM each)
containing a central CG site. The ATTO647N-labeled oligonucleotide contains only canonical bases whereas the ATTO550-labeled
DNA bears different cytosine modifications (C, mC, hmC, fC and caC) or an abasic site at the CG position on both strands. Samples
were run on a 6% non-denaturating polyacrylamide gel (pre-run 1 hr with 0.5x TBE) at 4°C. Oligonucleotide- and GFP-fluorescence
was detected by the Typhoon Scanner (GE Healthcare). Quantifications were done with Imaged.

DNA Purification and Analysis after NE Incubation
DNA pull-downs were performed as described above, but all amounts were scaled up 3 times. As a control, all baits were also
incubated in buffer plus poly-dAdT without nuclear extract for 2 hr at 4°C. The beads were washed 3x using 1 ml of incubation buffer
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and 1x using 1M NaCl, 10mM Tris-HCI pH8, 1mM EDTA and 0.05% NP40, to reduce contamination with DNA from the nuclear
extracts. Beads were then resuspended in 200 uL incubation buffer and DNA was purified using phenol/chloroform extraction
from the beads. The DNA-strands were finally dissolved in milliQ, enzymatically hydrolyzed to nucleosides and analyzed in triplicate
(15 pmol each) by MALDI-MS or LC-MS/MS.

GFP Pull-Downs

HelLa wild-type cells and a BAC-GFP transgenic cell line (WDR76) were cultured in SILAC medium for eight cell doublings, after which
cells were expanded and nuclear extracts were made. For each pull-down 20 pl of GFP-trap slurry (50% v/v; Chromotek) was washed
and incubated for 90 min at 4°C with 1 mg of nuclear extract of (WT L, WT H, GFP L and GFP H) in a total volume of 400 pl incubation
buffer (300 mM NaCl, 20 mM HEPES KOH pH 7.9, 20% v/v glycerol, 2 mM MgCl,, 0.2 mM EDTA, 0.1% NP40, complete protease
inhibitor w/o EDTA (Roche) and 0.5 mM DTT) in the presence of 2 pl ethidium bromide (10mg/ml, final concentration 50 pg/ml). Beads
were then washed two times with this incubation buffer, twice with PBS + 0.5% NP40 and two times with PBS only. During the last
wash, beads of light control and heavy GFP pull-down were mixed and vice versa. Bound proteins were then subjected to on-bead
trypsin digestion (Hubner and Mann, 2011) and significant proteins were determined as described for the SILAC DNA pull-downs.
For the GFP-Tdg pull-down, mESC were cultured in normal mESC medium and a transient transfection with the GFP-Tdg plasmid
(15 ng/15cm dish) using PEI (ratio DNA:PEI = 1:3) was performed. GFP-Tdg was purified in a label-free method, thus 3 pull-downs
were performed using GFP-trap beads and as a control the same extract was incubated in triplicate with control blocked agarose
beads (Chromotek). For each pull-down 20 pl of bead slurry (50% v/v) was washed and incubated for 90 min at 4°C with 1 mg of
the nuclear extract in a total volume of 400 pl incubation buffer (150 mM NaCl, 50 mM Tris-HCI pH8, 1mM DTT, 0.25% NP40 and
complete protease inhibitor w/o EDTA (Roche)) to mimic the conditions of the DNA pull-downs as close as possible in the presence
of 50 pg/ml of ethidium bromide. Beads were then washed two times with 0.5 ml of incubation buffer, twice with PBS + 0.5% NP40
and two times with PBS only, after which bound proteins were on-bead digested. The Tdg-GFP purification was analyzed using
a permutation-based t test (FDR = 0.05 & SO = 3) to determine significant interactors.

Recombinant Protein Expression/DNA Pull-Downs

KlIf4(aa396-483), KDM2B(aa606-647), Cxxc5(aa234-293), MBD3(aa1-77) and Rfx5(aa85-173) were cloned into PRP256NB vector,
containing a GST with a C-terminal multiple cloning site. Uhrf2 (aa416-626) GST fusion was kindly provided by Dr. Jiemin Wong.
hMBD2b-GST was provided by Stefanie Bartels.

Protein expression was performed in E. coli BL21-DE3 Codon+ by growing them at 37°C until ODggg of 0.5, after which expression
was induced using TmM IPTG and culturing for 3 additional hours at 25°C. Cells were lysed in 50 mM Tris-HCI pH 8.0/ 20% sucrose/
1 mM EDTA/ 0.5 mM PMSF/ 1 mM DTT/ 1 pg/ml aprotinin using lysozyme and Triton X-100 and repeated freeze-thawing. Bacterial
debris was removed by ultracentrifugation.

DNA pull-downs were performed using 2.5 ng DNA coupled to 16.75 ul MyOne beads and 5 pl of bacterial lysate/ nuclear extract in
250 pl total volume (50mM Tris-HCI pH8, 150 mM NaCl, 1TmM DTT, 0.25% NP40 and complete protease inhibitors (Roche, EDTA-
free)) in the presence of 2.5 ng polydAdT. After 3 times of washing with 0.5 ml of this buffer, beads were boiled in sample buffer.
5% of the input material and 100% of the bound material was loaded on gel for Western blot analyses.

Western Blot

Gels were blotted onto nitrocellulose membranes. Blots were blocked using 5%-skimmed milk in TBST. Used antibodies
are: MouseaMBD3 (IBL, 3A3), GoateMBD2 (Everest Biotech, EB07538), RabbitaRBBP5 (Bethyl, BL766), GoataJun-C (SantaCruz),
RabbitaDNMT1 (Abcam, ab13537), RabbitaCarf (Abcam, ab140519), RabbitaGST (Santa Cruz, SC-138), RabbitaGFP (home
made), DonkeyamouseHRP and DonkeyaRabbitHRP.

NMR-Spectroscopy-Based Interaction Study of Rfx5 and mC DNA
The winged-helix (WH) domain of human Rfx5 (residues 85-173, plus 18 additional residues at the N-terminus) was expressed as
a GST-fusion in BL21-DE3 Codon+ bacterial strains at 25°C in M9 minimal medium with '>NH,CI and/or *C-glucose. The protein
was purified by binding to a Glutathione agarose (GA) column (Sigma) and eluted with 50 mM reduced glutathione (Sigma). After
thrombin digestion, Rfx5-WH was purified over a Sephadex-75 (HiLoad 16/60) column in buffer A (50mM KPi pH 7, 100 mM KCl,
5mM DTT, 0.5 mM PMSF and protease inhibitors). NMR samples used for backbone assignment contained ca. 0.3 mM WH domain
in 90/10% H,0/D,0 in buffer A. NMR spectra (HNCACB, CBCACONH, HNCA, and HNCO) were recorded at 298K on a 600 or
750 MHz Bruker Avance |l spectrometer, processed using the NMRPipe package (Delaglio et al., 1995), and analyzed using CcpNmr
Analysis (Vranken et al., 2005). Backbone assignments were obtained for 90 out of 106 residues in the Rfx5-WH construct.
Interaction study with mC DNA was done using an 18bp DNA fragment (see Table S4; (Biolegio)) carrying a single mC on each
strand. Annealed DNA oligos were lyophilized and dissolved in buffer A to a stock concentration of 620 uM. The Rfx5-WH domain
(103 uM) was titrated with mC DNA, and after each addition (11 points in total) the H-">N HSQC spectrum of Rfx5-WH as recorded
(298K / 600 MHz Bruker Avance ll). Since the DNA sequence used is not palindromic, the two mC may be inequivalent in their
capability to bind Rfx5. At high DNA:Rfx ratios, several peaks appear split in two in a roughly 1:1 ratio, suggesting that although
the Rfx5-WH domain senses the distinct DNA sequence context of the two mC sites, it recognizes both with similar affinities

Cell 152, 1146-1159, February 28, 2013 ©2013 Elsevier Inc. S3

42



2. Results

(data not shown). Although a few residues showed non-linear titration profiles, most peak displacements were linear. For further
analysis, the binding sites were treated as being independent, resulting an apparent dissociation constant for the Rfx5-WH — mC
interaction.

Titration data were fitted using using MatLAB scripts (MATLAB version 7.13.0, The MathWorks Inc., 2011) using the fast-exchange
assumption for residues with observed chemical shift perturbations between 10 and 30 Hz (fast-exchange regime; 15 residues) in
a global fit. The error bars for the observed peak position was set to 1.2 Hz. The overall reduced chi-square for the fit was 2.17.
The error in the fitted Kp was estimated using 1000 MonteCarlo simulations resulting in an average of 3.2 + 0.9 uM. The range of
acceptable fits was examined using F-statistics from a grid search, resulting in 95% probability limits of 10 nM < Kp < 16 pM.

A homology model of Rfx5-WH domain was constructed on the basis of the DNA-bound crystal structure of the Rfx1 winged helix
domain (PDB-id: 1DP7; 35% sequence identity) using the SwissModel server (Schwede et al., 2003). The model was validated
against the predicted backbone dihedral angles from the observed backbone chemical shifts using TALOS+ (Shen et al., 2009).
The model of mC bound to the putative binding pocket was constructed in PyMol by superimposing the mC DNA from the
UHRF1-mDNA crystal structure (PDB-id 3CLZ) onto the Rfx1-bound DNA, such that the binding pocket and mC are aligned. To
achieve a proper fit, the mC base was set to a syn-conformation. The side chains orientations of K110 and Y161 were adjusted
manually to minimize clashes.

In Silico Analysis of KIf4 ChiP-Seq Profile and Bisulfite Sequencing Data in mESCs Cells and NPCs

KIf4 binding data (ChlP-seq) was taken from (Chen et al., 2008) (GSM288354), and DNA methylation data (whole-genome bisulfite
sequencing) was taken from (Stadler et al., 2012) (GSE30202). Annotated Klf4 peak centers (MESC) were extended with 50 bp on
both sides to obtain 100-bp KIf4 binding regions. The mean CpG methylation of each 100-bp region was calculated for mESCs
and NPCs and plotted as a scatterplot (Suppl. Figure S1B). For each quadrant of this scatterplot, the genomic distribution of
the 100-bp Kif4 binding regions was calculated and plotted as a pie chart (Suppl. Figure S1C). Promoters were defined as -/+ 1
kb upstream and downstream from transcription start sites of the RefSeq mm9 annotation. The DNA sequences of the 100-bp
Klf4 binding regions were used to search for the GGCGTG motif, and the CpG methylation within these motifs was calculated.
The obtained distribution was plotted as a histogram (Suppl. Figure S1D). Analyses were done using Python, Perl and R.

iBAQ

iBAQ was performed essentially as described in (Schwanh&usser et al., 2011). 3.3 pg of UPS2 standard (Sigma) was added to 10 pg
of nuclear extract, which was digested using the FASP protocol (Wisniewski et al., 2009). In addition, 100 pg of NE was digested using
FASP after which the peptides were separated into 8 fractions using SAX. Each of these samples was measured during a 4 hr gradient
of LC-MSMS. A linear fit was made for the known amounts of the UPS2 standard and the measured iBAQ intensities in the 10 pg
sample. Using this curve, iBAQ values of all other identified proteins in the 10 pg sample were converted to amounts. A linear fit
was again made using these amounts and the iBAQ values in the eight SAX fractions, which were used to extrapolate absolute protein
amounts of all identified proteins in these samples.

Cell Culture and Transfection Experiments

The mammalian GFP-Tet1cd expression vector was generated by PCR amplification of mouse (E14) cDNA encoding the catalytic
domain of Tet1 (@amino acids 1365 to 2057) and N-terminal GFP fusion. HEK293T cells were grown at 37°C and 5% CO, in Dulbecco’s
Modified Eagle Medium (DMEM, Invitrogen 41966-029) supplemented with 10% fetal bovine serum and 1% Penicillin-Streptomycin.
Cells were passaged at 80% confluency. All transfections were performed using the jetPRIME system (PEQLAB Biotechnologie
GmbH) according to the manufacturer’s instructions. HEK293T cells were seeded 24 hr prior to transfection at a density of 3x10°
cells per 75 cm?-flask and incubated in 10 ml of medium at 37°C and 5% CO, for 24 hr. Cotransfection of GFP-Tet1cd plasmid
(6 ng) either with mouse Uhrf2-GFP plasmid DNA (6 ng) (Pichler et al., 2011) or 6 pg of pCMV6-Cdk5Rap1-v2 (Origene
RG216600) as an unrelated control was carried out in a 75 cm? flask containing 10 ml of fresh medium. The transfection solution
(500 pl of jetPRIME buffer, 12 ug of plasmid DNA and 24 ul of jetPRIME reagent) was added to the medium and the cells were incu-
bated at 37°C and 5% CO, for 48 hr. After removal of the medium the cells were washed once with PBS and then lysed for DNA
extraction according to (MUlnzel et al., 2010). The DNA was enzymatically digested to the nucleosides and subsequently analyzed
by LC-ESI-MS/MS.

LC-MS/MS Analysis of Genomic DNA and Synthetic DNA
The following LC-MS/MS method for the quantification of DNA-nucleosides is based on a further development of our precise and
sensitive isotope dilution method ((Pfaffeneder et al., 2011) and manuscript in preparation). In the following we shortly summarize
the parameters of the method. Genomic or synthetic DNA was enzymatically digested to the nucleoside level. A specific amount
of internal standards with a stable isotope label were spiked to the digestion mixture for precise quantification. The following labeled
nucleosides were used as internal standards: ['°N,]-dC, [Da]-mC, [D»,'*N,]-hmC, ['®N,]-fC, ['°N,]-caC and [D5]-dT. In case of
genomic DNA the dC- or dG-content was determined by LC-UV-Detection.

LC-MS/MS analysis was performed on an Agilent 6490 triple quadrupol mass spectrometer coupled to an Agilent 1290 UHPLC
system. The general source-dependent parameters were as follows: Gas Temp 50°C, Gas Flow 15 L/min, Nebulizer 30 psi, Sheath
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Gas Heater 300°C, Sheath Gas Flow 11 L/min, Capillary Voltage 2500 V and Nozzle Voltage 500 V. For compound-dependent param-
eters used for genomic DNA see Table S5, for compound-dependent parameters used for synthetic DNA see Table S6. The transi-
tions of the nucleosides were analyzed in the positive ion selected reaction monitoring mode (SRM) operating MS1 and MS2 under
unit mass resolution conditions.

For the analysis a C8 column from Agilent was used (1.8 um, 2.1 mm x 150 mm). The compounds were separated by a gradient
using water and acetonitril with 0.0075% formic acid. The column temperature was maintained at 30°C. The flow rate was
400 pl min~", and the injection volume amounted to 29 pL. The effluent up to 1.5 min (total run time of 12 min) was diverted to waste
by a Valco valve in order to protect the mass spectrometer.

Validation of Quantification Method for Genomic DNA Modifications

In accordance with the FDA guidance for bioanalytical method validation, linearity, precision, and accuracy (i.e., recovery determined
from spiked matrix samples) of the established method were investigated. Validation for the established LC-MS/MS quantification
method was based on five different series (i.e., calibration functions and quality control samples) accomplished on different days.
Calibration standards were analyzed at least in triplicates. Quality control samples to evaluate accuracy, intra- and inter-batch
(seeintra- and inter-assay) precision were determined using a biological sample with internal standards. Furthermore, each validation
experiment was complemented by matrix blanks (analyzed in triplicates) to ensure selectivity and specificity of the method.
Additionally, acceptable accuracy (80%-120%) as well as precision (<20% RSD) was required. Linear regression was applied
to obtain calibration curves. Therefore, the peak area ratio (y) of the unlabeled nucleoside to the internal standard versus the con-
centration ratio of the unlabeled nucleoside to the internal standard (x) was plotted. Calibration functions were calculated without
weighting. Long-term stability of aqueous solutions of the labeled and unlabeled nucleosides at a storage temperature of —20°C
was investigated over two months including several freeze and thaw cycles by analyzing the MS/MS-responses with each batch.
Short-term stability at room temperature was studied in overnight experiments. In this process, the results of quantification by
LC-ESI-MS/MS directly after preparing the samples were compared with those obtained from samples kept overnight at room
temperature.
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Figure S1. Genome-wide Localization of KIf4 Partially Correlates with DNA Methylation, Related to Figure 1

(A) DNA pull-downs with recombinant GST-fusion proteins of DNA binding domains and Western blotting analysis.

(B) DNA methylation of Kif4 sites in ES cells and NPCs. Whole-genome bisulfite sequencing was used to determine DNA methylation within a window of +/— 50 bp
around KIf4 peak centers. Darker coloring indicates high density of datapoints.

(C) Pie charts showing the genomic distribution of KIf4 sites as presented in the different quadrants of (B).

(D) Distribution of DNA methylation specifically within the GGCGTG sequence present underneath Kif4 sites.

(E) Example of DNA methylation profiles and Kif4 binding (ChlP-seq), showing binding of KIf4 to both methylated and unmethylated sites. Yellow squares indicate
the presence of the GGCGTG sequence underneath Kilf4 sites.

(F) SILAC-based GFP-purification from Hela cells stably expressing WDR76-GFP. Significant interactors are indicated in black (high forward WDR76-GFP/
control ratio, low reverse control/WDR76-GFP ratio).

(G) Venn diagram showing the overlap of C-specific readers in the mC and hmC DNA pull-downs from mESC nuclear extracts.

(H) Validation of C and mC specific binders by DNA pull-downs in HeLa nuclear extract and Western blotting for the endogenous proteins.
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Figure S2. Identification of TDG Interactors, Western Blot Verification of fC and caC Interactors, and Validation of Bait DNA Quality, Related
to Figure 2

(A) The indicated immobilized DNA baits were incubated with mouse nuclear extract. Following washes, bound proteins were analyzed by colloidal blue staining.
Note that the elution profile of all these baits looks similar, indicating that specific interactors are masked by a large number of high abundant background binders.
(B) Volcano plot of a label-free GFP-Tdg pull-down in mESC nuclear extract. Significant interactors of GFP-Tdg are identified by permutation-based t test
(FDR = 0.05 & SO = 3). The LFQ intensity of the GFP pull-down over the control is plotted against the -Log10 (p-value). The red line indicates the permutation-

based FDR. Also see Table SI.
(C) Western blot validation of the fC-specific binding of Carf and caC-specific binding of Dnmt1 in mESC nuclear extract. A single empty lane was removed from

the blot.

(D) HPL-Chromatograms of the purified FW and RV DNA obtained from solid phase DNA synthesis showing the purity of the employed strands.

(E) The mass spectra of the DNA before (blue) and after (red) NE incubation as determined by MALDI MS showing the expected m/z before and after NE
incubation. Major alterations of the DNA like degradation or strand breaks can be excluded.

(F) Synthetic DNA-strands which were used for DNA pull-downs were compared without (w/0) and with nuclear extract (NE) treatment (2 hr, 4°C) to proof the
stability of the indicated modifications. The quantification of the nucleoside content was carried out by LC-MS/MS. For this, the DNA was digested to the
nucleoside level and spiked with a specific amount of the following internal standards for precise quantification: ['*N,]-dC, [Da,"®N,]-hmC, ['°®NJ-fC, ['°N,]-caC
and [Dg]-dT. The absolute amount (pmol) of each nucleoside was calculated by calibration curves (not shown). Depicted are ratios of the modified nucleoside
(pmol) to deoxy-thymidine (dT; pmol), which were obtained from three independent measurements. The relative standard deviation was between 0.3%-6.2%. No

or only marginal loss of the modified nucleosides was observed.

Cell 152, 1146-1159, February 28, 2013 ©2013 Elsevier Inc. S7

46



2. Results

mESC NPC Brain
GO biological process -log(Benj.Hoch.FDR) GO biological process -log(Benj.Hoch.FDR) GO biological process -log(Benj.Hoch.FDR)
RNA biosynthetic process 761 ¢ regulation of nitrogen compound metabolic process 5.04 ¢ transcription, DNA-dependent 532
cellular biosynthetic process 665 regulation of biosynthetic process 5.03 RNA biosynihetic process a3
biosynthetic process 6.48 regulation of nucleobase-containing compound metabolic process 5.01 feg“f""” a 4 iosyn f ic Pg’ﬁisg s
DNA recombination 514 regulation of RNA metabolic process 5.01 reguation of transcription, DRVA-del
3 {ranscription. DNA-dependen: 20 regulation of macromolecule biosynthetic process. 502
DNA metabolic process 5.06 : regulation of nucleobase-containing compound metabolic process 5.00
nucleobase-containing compound metabolic process 4.49 regulation of colular biosyrthetic process i regulation of nitrogen compound metabolic process 499
transcription, DNA-dependent 4.48 losynthetic process regulation of cellular macromolecule biosynthetic process 4.99
regulation of macromolecule biosynthetic process 490
nucleic acid metabolic process 442 . regulation of gene expression 4.95
regulation of cellular macromolecule biosynthetic process 4.88
cellular macromolecule biosynthetic process 430 regulation of cellular biosynthetic process 49
- regulation of transcription, DNA-dependent 485 regulation of RNA metabolic process 404
macromolecule biosynthetic process 429 regulation of gene expression 481 regulation of primary metabolic process 470
cellular nitrogen compound metabolic process 428 cell differentiation 260 regulation of macromolecule metabolic process 4865
nitrogen compound metabolic process 421 positive regulation of transcription from RNA polymerase l promoter 251 regulation of metabolic process 433
regulation of macromolecule biosynthetic process 385 cellular response to metal ion 249 DNA recombination 418
regulation of cellular macromolecule biosynthetic process 385 regulation receptor protein kinase signaling pathway  2.48 reguiaion of calular metabolc process 415
transcription initiation, DNA-dependent 382 cellular response to inorganic substance 247 cellular macromolecule biosynthetic process
regulation of transcription, DNA-dependent 380 positive regulation of biosynthetic process 246 biosynthetic process 359
regulation of cellular biosynthetic process 377 cellular response to chemical stimulus, 245 response to DNA damage stimulus 275
cellular response to calcium ion 245 cellular response to stimulus 261
regulation of biosynthetic process 375 Coliar resbonse o straes. 258
DNA repair 3 regulation of transcription from RNA polymerase Il promoter 248 equiation afranscrption from RNA polymerase I promoter 258
regulation of gene expression 369 gj,"‘”arzv;v:&’;;’;mal process g g? DNA repair 247
regulation of nucleobase-containing compound metabolic process  3.53 positie regulation of RNA metabolic process s anatomical structure morphogenesis 246
regulation of nitrogen compound metabolic process 353 adipose fissue development 233 cellular response to calcium ion 215
regulation of RNA metabolic process 333 positive regulation of metabolic process 226 o oty etion 22
regulation of primary metabolic process 332 positive regulation of nucleobase-containing compound metabolic process 221 Tesponst to baicium on 503
regulation of macromolecule metabolic process 331 positive regulation of cellular biosynthetic process 216 Gollular response to metal ion 201
response to DNA damage stimulus 326 positive regulation of nitrogen compound metabolic process 214 callular response to inorganic substance 200
regulation of cellular metabolic process 312 positive regulation of transcription, DNA-dependent 1.99 response to metal ion 171
regulation of metabolic process 305 positive regulation of macromolecule metabolic process 1.98 DNA metabolic proce 170
I 7 ositive regulation of gene expression 1.92
RNAmoabae rocess 272 fesponse 0 cacum on Te8| | MmO BNA oo™ % B
cellular macromolecule metabolic process 258 positive regulation of macromolecule biosynthetic process 1.85 base-6xcision repair 178
respONSE (0 S1r6%S 287 regulation of developmental process 1.83
. y response to inorganic substance 1.79 )
macromolecule metabolic process gg; anatomical structure development 178 Cellular C -log(Benj.Hoch.FDR)
eye morphogenesis - regulation of cell differentiation 174
cellular metabolic process 204 Tosponse to metal ion 17 histone methyltransferase complex
primary metabolic process 186 < Pposilive regulafion of macromolecule biosyninelic process 225] | hmc Brd4-Ric complex 6.11
metabolic process 172 mC Pogitive regulation of celllar biosynthetic process 2% DNA replication factor C complex 393
'nC_transcription, DNA-dependent 284 positive regulation of biosynthetic process 217
RNA biosynthetic process 281 positive regulation of RNA metabolic process 214 Domains -log(Benj.Hoch.FDR)
regulation of cellular biosynthetic process 176 regulation of transcription from RNA polymerase Il promoter 214 =T )
macromolecule biosynthetic process 1.76 positive regulation of gene expression 21 c bab 8%
one-carbon metabolic process 174 posiive eguaton of callar metabolc process 210
regulation of biosynthetic process 173 orsal spinal cord developmen mC__MBD 270
reguaion of macromoleculs biosyifeli process 1 osive regulalon of nudeobesk-conaing compounrelabolic process 50| [mo Rep e 581
?53513332 Z: g;&f:’;;ﬁﬁ::’rfcr::s‘a“"‘ process };f positive regulation of cellular process 195 AAA 241
B I li
e i mataboin poacer pss positive regulation of nitrogen compound metabolic process 19| g MESC Brain
positive requlation of biological process 1.86 691 . h
regulation of macromolecule metabolic process 1.70 o DNA metabolc process 797 ( (190 (10
fc  DNArepair 27 DNA repair 391 hmG c e c hmC
response to DNA damage stimulus 2.60 response to DNA damage stimulus 361 5 m c
DNA metabolic process 259 base-excision repair 332 r 37 65
cellular response to stress 1.79 cellular response to stress 296 3 o z 31 4 -
16 15 23 v
Cellular Compartment -log(Benj.Hoch.FDR) " A
e = Cellular Compartment -log(Benj.Hoch.FDR) 57 16
ﬁ“mz:ﬂ e:“‘” complex By T histone methyltransferase complex 202 mC mC ne
MLt wmg‘ex 608 intracellular membrane-bounded organelle 1.86
'r:z';;f”'::s‘ﬁ:::z’:r:‘;:fmp'” 42 C readers mC readers hmC readers
T e e o Domains -tog(Benj Hoch.FOR) (3proteins)  (26ptons) (65 protons)
part 173 T bzp_1 1242 ! NPC  Brain NPC rain
o 2/-CXXC 7.9 12 g
omains MBT 197 21 3 35
C BRLZ Jun 1.77 13 12 64 - 83 37 i
bZIP_1 mC __RFX_DNA_binding 198 1" 96 21
mC  ZnF_C2H2 245 MBD 1.81 G 3
MBD 224 Homeobox 180 Brain mESC mESC

Figure S3. Modification and Cell-Type-Specific GO Term Enrichment Analysis, Related to Figures 1, 2, 3, and 4

(A) Shows GO term enrichment and enriched domains for the different baits (C, mC, hmC, fC and caC) in mESC, NPCs and adult mouse brain.

(B) Venn diagrams showing the overlap between C, mC and hmC readers within each cell type and the overlap between C, mC and hmC readers between mESCs,
NPCs and adult mouse brain.
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Figure S4. iBAQ Analyses of mESC, NPC, and Adult Mouse Brain Nuclear Extracts, Related to Figure 5
(A) Standard and linear regression curves for the iBAQ of protein abundance in the different nuclear extracts that were used for the DNA pull-downs.
(B) Correlation based clustering of proteins that show at least a 10-fold change in protein levels. Yellow is low abundance, red is high.

(C) GO term enrichment for mESC (indicated in blue in fig S4B), NPC (indicated in red in fig S4B) and adult mouse brain (indicated in green in fig S4) specific
proteins.
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ABSTRACT

The discovery of hydroxymethyl-, formyl- and
carboxylcytosine, generated through oxidation of
methylcytosine by TET dioxygenases, raised the
question how these modifications contribute to epi-
genetic regulation. As they are subjected to complex
regulation in vivo, we dissected links to gene ex-
pression with in vitro modified reporter constructs.
We used an Oct4 promoter-driven reporter gene and
demonstrated that in vitro methylation causes gene
silencing while subsequent oxidation with purified
catalytic domain of TET1 leads to gene reactiva-
tion. To identify proteins involved in this pathway
we screened for TET interacting factors and identi-
fied TDG, PARP1, XRCC1 and LIG3 that are involved
in base-excision repair. Knockout and rescue ex-
periments demonstrated that gene reactivation de-
pended on the glycosylase TDG, but not MBD4, while
NEIL1, 2 and 3 could partially rescue the loss of TDG.
These results clearly show that oxidation of methyl-
cytosine by TET dioxygenases and subsequent re-
moval by TDG or NEIL glycosylases and the BER
pathway results in reactivation of epigenetically si-
lenced genes.

INTRODUCTION

DNA methylation at the C5-position of cytosine plays an
essential role in a variety of fundamental processes, such
as early embryonic development, X-chromosome inactiva-
tion, genome stability and imprinting (1,2). In vertebrates,
this epigenetic modification is set by the three DNA methyl-
transferases DNMT1, DNMT3A and DNMT3B and the
regulatory subunit DNMT3L (3-5).

Recently, it was discovered that the TET family of Fe(II)-
and 2-oxoglutarate-dependent dioxygenases can succes-
sively convert 5-methylcytosine to 5-hydroxymethylcytosine
(hmC), 5-formylcytosine (fC) and 5-carboxylcytosine (caC)
in vitro and in vivo (6-8). Three different TET proteins

(TETI1, TET2 and TET3), each showing tissue-specific dif-
ferential expression (9), have been identified in mouse and
human (10). Functional studies indicate that they are in-
volved in a variety of cellular processes including epigenetic
reprogramming, differentiation, myelopoiesis and imprint-
ing (11-13). Mutations of TET2 correlating with lower hmC
levels and altered gene expression patterns have been linked
to various hematopoietic malignancies (14,15).

The discovery of TET proteins and their catalytic prod-
ucts hmC, fC and caC has raised the question about the
functions of these oxidized cytosine variants. They might
serve as independent epigenetic signals and have been
shown to recruit a distinct and dynamic set of ‘reader’ pro-
teins in embryonic stem cells (ESCs) and differentiated cells
(16). It also has been described that cytosine oxidation af-
fects the efficiency of transcription by RNA polymerase 11
(17). However, the low abundance of fC and caC suggests
that these cytosine variants are quickly processed in vivo
and have been proposed to be intermediates in active DNA
demethylation (18,19).

Whereas the mechanism of setting the methylation mark
is well understood, the process of its removal has long been
elusive. DNA demethylation may either occur by a passive
process via the inhibition of DNMT1 maintenance methy-
lation after replication (20-22) or by an active enzymatic
reaction. In principle, there are three possibilities: first, the
direct removal of the methyl group, second, the excision of
either the methylated cytosine or third, of the entire nu-
cleotide. It is currently proposed that the additional oxi-
dized cytosine derivatives hmC, fC and caC are intermedi-
ates in active DNA demethylation, thereby contributing to
epigenetic plasticity and transcriptional regulation (23,24).

Several biochemical studies revealed that thymine DNA
glycosylase (TDG) can specifically bind to and excise fC
and caC, resulting in abasic sites, which might be subse-
quently processed by the base-excision repair (BER) ma-
chinery (18,25). In general, the BER pathway repairs dam-
aged DNA sites through recognition and excision of base le-
sions by substrate-specific glycosylases. The generated aba-
sic site is subsequently cleaved by the AP endonuclease 1
(APEX1), leading to a single-strand break, which is recog-
nized by PARP1 through its N-terminal zinc fingers. PARP1
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then recruits XRCC1, LIG3 and DNA polymerase beta
to complete the BER reactions (26-28). TDG depletion in
mice causes embryonic lethality, and TDG deficient ESCs
display prominent alterations of CpG modifications at a
large number of gene regulatory regions (29,30).

Another discussed alternative for DNA demethylation is
based on the initial deamination of hmC to hydroxymethy-
luracil (hmU) by members of the AID/APOBEC cytidine
deaminase family (23). In the following step, hmU might
be excised either by TDG, methyl-CpG-binding domain
protein 4 (MBDA4) or the single-strand-specific monofunc-
tional uracil-DNA glycosylase 1 (SMUGT1) (31-33). How-
ever, there is evidence that AID/APOBEC members are
less active on modified cytosines in vitro or in vivo, chal-
lenging the prominence of the proposed deamination-linked
demethylation pathway in living cells (34). Furthermore, a
direct decarboxylation of caC to unmodified cytosine has
been detected in ESC lysates, but no specific decarboxylase
has been identified so far (35).

In addition to TDG, two members of the NEIL family of
glycosylases (NEIL1 and NEIL3) have recently been iden-
tified as potential binders for oxidized cytosine derivatives
(16). However, their function in TET-dependent demethy-
lation has not been investigated to date.

To unravel the effects of TET-mediated cytosine oxida-
tion on gene expression, we generated in vitro modified
pOct4-reporter plasmids and monitored their in vivo expres-
sion in ESCs. Whereas methylation of the reporter DNA
leads to silencing of gene expression, subsequent oxidation
results in gene reactivation. We show that TET proteins in-
teract with BER factors in vivo and propose that the ob-
served oxidation-dependent gene reactivation requires the
BER machinery. We demonstrate that initiation of this
pathway is mainly dependent on TDG activity, but not
on MBDA4. Our results also indicate that the glycosylases
NEIL1, NEIL2 and NEIL3 can contribute to an alterna-
tive BER pathway for DNA demethylation and cause gene
reactivation.

MATERIALS AND METHODS
Cell culture and transfection

Human embryonic kidney 293T (HEK293T) and baby
hamster kidney (BHK) cells containing a stably integrated
lac operator array (36) were cultured in Dulbecco’s modi-
fied Eagle’s medium (Sigma) supplemented with 10% Fetal
Calf Serum (FCS) (Biochrom) and 50 wg/pnl gentamycine
(PAA). HEK293T and BHK cells were transiently trans-
fected using polyethylenimine pH 7.0 (Sigma) according to
the manufacturer’s instructions.

Mouse wild-type (wt) E14 as well as Tdg-/- and Mbd4-/-
ESCs (29,37) were cultured on gelatin coated flasks or op-
tical 96-well plates (Greiner) using 1000 U/ml LIF, 1pM
PDO032591 and 3 pM CHIR99021 (Axon Medchem, (38)).
ESCs were transfected with Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions.

In vitro methylation and oxidation of plasmid DNA

In vitro methylation of pOct4-GFP plasmid DNA was per-
formed using M.SssI methyltransferase (New England Bi-
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olabs) according to the manufacturer’s instructions. The
methylation status of the plasmid was tested by Hpall and
Mspl (Fermentas) digestion.

For the in vitro oxidation, GFP-TETICD or GFP-
TET1CD™" (H1652Y, D1654A) was purified from mam-
malian cells. In detail, HEK293T cells were transfected with
an expression construct for GFP-TET1ICD/TET1CD™
and immunoprecipitation was carried out using GBP-Ni-
NTA beads. Proteins were eluted using imidazole. The
in vitro methylated plasmid was diluted in TET reaction
buffer (50 mM HEPES pH 8.0, 75 pM Fe(Il), 2 mM
Sodium-Ascorbate, 1 mM Di-Sodium-Ketoglutarate (39))
and added to the purified GFP-TET1CD.

Digestion of hydroxymethylated plasmid with PvuRts11

A total of 200 ng oxidized plasmid DNA and 100 ng of
reference DNA fragments containing exclusively unmodi-
fied C, mC or hmC were digested with PvuRts11 (150 mM
NaCl, 20 mM Tris pH 8.0, 5 mM MgCl,, 1 mM DTT) at
22°C for 20 min (40). The reaction was inactivated at 65°C
for 10 min and digestion of the samples was analyzed by
agarose-gelelectrophoresis.

Co-immunoprecipitation (Co-IP) using the GFP-Trap

Note that 36 h after transfection, whole cell lysates of
HEK?293T cells were prepared using RIPA-lysis buffer (50
mM Tris pH 7.0, 150 mM NacCl, 0.1% sodium dodecyl sul-
phate (SDS), 0,5% sodium deoxycholate, 5 mM ethylene-
diaminetetraacetic acid (EDTA), 2.5 mM MgCl,, 0.5 mM
CaCl,, 2 mM PMSF, 1x Mammalian Protease Inhibitor
Cocktail and 1 pg/pnl DNasel). After centrifugation, 10%
of the supernatant was collected as input fraction and the
remaining supernatant was diluted in IP-buffer (10 mM
Tris/Cl pH 7.5, 150 mM NaCl and 0.5 mM EDTA) to 800
wnl. Green Fluorescent Protein (GFP)-Trap beads (Chro-
motek, (41)) pre-equlibrated with IP-buffer were added to
the supernatant dilution and rotated for 1.5 h at 4°C. The
GFP-beads were centrifuged and 10% of the supernatant
was collected as flowthrough fraction. For western blot-
ting, input, flowthrough and bead fractions were boiled
with Laemmli buffer at 95°C for 10 min, loaded on an SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a nitrocellulose membrane (Biorad). Immunode-
tection was performed using mouse monoclonal anti-GFP
(Roche, 11814460001) or rat monoclonal anti-RFP anti-
bodies (42) and Alexa488/Alexa594 coupled secondary an-
tibodies (Jackson ImmunoResearch).

For mass spectrometry analysis, protein samples were de-
natured with GdnHCI, precipitated with acetone and di-
gested with trypsin. Peptide mixtures were analyzed us-
ing electrospray tandem mass spectrometry in collaboration
with the Core Facility of the Max-Planck-Institute for Bio-
chemistry, Martinsried. Experiments were performed with
an LTQ Orbitrap mass spectrometer (Thermo Scientific).
Spectra were analyzed with MaxQuant (43).

Fluorescent-three-hybrid assay (F3H)

Transgenic BHK cells containing stably integrated lac-
operator repeats (36) were grown to 60-70% confluence
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on coverslips. The cells were transiently cotransfected
with expression constructs encoding for Lacl-GBP, murine
RFP/mCherry- and GFP-fusion proteins (44). As controls
the catalytically inactive mutants GFP-TETHI652Y&DI654A
GFP_TET2H1304Y&D1306A and GFP_TET3H950Y&D952A were
used. Note that 24 h after transfection cells were fixed with
4% formaldehyde in phosphate buffered saline (PBS), per-
meabilized with 0.5% Triton X-100/PBST, counterstained
with 4°,6-diamidino-2-phenylindole (DAPI) and mounted
in Vectashield (Vector Laboratories). Imaging was per-
formed using a Leica TCS SP5 confocal laser scanning mi-
croscope with a 63x/1.4 NA Plan-Apochromat oil immer-
sion objective.

The Operetta automated imaging system (PerkinElmer)
was used for F3H quantification (Harmony 3.6 software).
After imaging, nuclei were detected based on DAPI signal.
The lacO-spot was defined in the GFP channel and screened
for enrichment at the RFP channel (intensity spot >1.2x
mean intensity nucleus; see also Supplementary Figure S4).

High-throughput pOct4-reporter gene expression analysis

Wild type, Tdg-/- and Mbd4-/- ESCs were transiently trans-
fected with unmodified, M.Sssl methylated or in vitro oxi-
dized pOct4-GFP plasmid DNA on coated optical 96-well
plates (PerkinElmer). Note that 24 h after transfection, the
cells were fixed with 4% formaldehyde/PBS, permeabilized
with 0.5% Triton X-100/PBST and counterstained with
DAPL

Images were acquired using the Operetta automated
imaging system with an 40x high NA objective and
expression was quantified using Harmony 3.6 software
(PerkinElmer). A total of 16 fields per well were imaged,
cells were counted and segmented into nuclei and cytoplasm
on the basis of DAPI and reporter mCherry/GFP signal.
Prism software (GraphPad) was used for statistical analy-
sis.

Generation of stable transgenic cell lines

Tdg-/- ESCs stably expressing GFP-fusions of wt TDG,
TDGNBIA TDGNISD and TDGMZH were generated by
transfecting the respective plasmids in the presence of the
selection marker blasticidine followed by repeated sort-
ing for GFP cxpression with the fluorescence-activated cell
sorting (FACS) Ariall (Becton-Dickinson) system. Single
cell sorting was used to generate clonal transgenic cell lines.
GFP-expression of the single cell clones was analyzed using
the Operetta system or western blotting.

Activity of GFP-TDG in vitro

GFP-TDG and the different mutants were expressed
in HEK293T cells and immunoprecipitated as described
above. Equal amounts of GFP-tagged protein immobilized
on GFP-Trap beads were incubated with 0.4 pM of DNA
substrate in TDG reaction buffer (20 mM TrisHCI, pH
8.0 or pH 6.5, 100 mM NaCl, 1 mM MgCl,, 0.2 mM
EDTA, 1 mM DTT, 0.0 mM ZnCly). In detail, these
DNA substrates were fluorescently (ATTOS550) labeled 42
bp oligonucleotides (GGA TGA TGA CTC TTC TGG
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TCC GGA TGG TAG TTA AGT GTT GAG) (Eurofins
MWG Operon) with a central modified CpG site: either
hmCpG, fCpG or caCpG or harboring a GoT mismatch at
this site. Incubation was performed in the presence of pu-
rified GFP-APEXI1 for 2 h at room temperature. Follow-
ing heat-inactivation of TDG (2 min, 95°C), fresh GFP-
APEX1 was added and further incubated for 4 h at room
temperature. An oligonucleotide containing a deoxyabasic
site (‘dSpacer’, Eurofins MWG Operon) served as a pos-
itive control for APEXI1 activity. DNA was analyzed on
a denaturing 17% polyacrylamide gel with the Typhoon
TRIO (GE Healthcare Life Sciences). Quantification was
performed with Imagel.

Genomic DNA extraction and slot blot analysis

Genomic DNA from ESCs was extracted using the Blood &
Cell Culture Midi Kit (Qiagen) according to the manufac-
turer’s instruction. Anti-oxidant BHT (200 wM, Sigma) and
deaminase inhibitor THU (200 wM, Sigma) were added to
the lysis buffer and elution buffer. The Bio-Rad slot blot sys-
tem was used according to the manufacturer’s instruction.
Nitrocellulose membranes (Amersham) were crosslinked,
blocked with 5% milk and immunostaining was performed
using a mouse monoclonal antibody against mC (Eurogen-
tec, 33D3) or rabbit polyclonal antibodies against hmC, fC
and caC (Active motif: 39791, 61233, 61224). Alexa488-
coupled secondary antibodies were used for detection and
the membranes were scanned with the Typhoon TRIO (GE
Healthcare Life Sciences). Quantification was performed
with Imagel.

Re-isolation of transfected plasmids

Note that 36 h after transfection, nuclei were extracted from
the ESCs using the Blood & Cell Culture Midi Kit (Qia-
gen) according to the manufacturer’s instructions. Plasmid
DNA was re-isolated using the Qiaprep Plasmid Midi Kit
(Qiagen). A total of 200 ng of re-isolated plasmid DNA was
digested with 0.5 wl Hpall (Fermentas).

RESULTS

In vitro oxidation of Oct4 reporter plasmid DNA causes gene
activation

Since the discovery of hmC, fC and caC, two major roles
for these cytosine modifications have been proposed: first,
as intermediates in active DNA demethylation, and second,
as independent epigenetic marks. The latter has been inves-
tigated by identifying reader proteins for hmC, fC and caC
in different murine tissues. These new DNA modifications
recruit a dynamic set of readers including DNA repair fac-
tors and chromatin remodelers (16). TET-dependent cyto-
sine oxidation has been shown to occur at a large number
of gene regulatory elements and repetitive loci (30).

Here, we focus on the effects of hmC, fC and caC on
gene expression. We transfected ESCs with Oct4 promoter-
driven GFP and mCherry reporter plasmids (pOct4-GFP
or pOct4-mCherry) in different modification states and an-
alyzed expression of the reporter by quantitative imag-
ing. To generate the different cytosine modifications in
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vitro, the unmodified pOct4-reporter construct (CpG) was
initially treated with the DNA-methyltransferase M.Sssl,
thereby creating fully methylated CpG sites ("CpQG), and
subsequently incubated with the purified catalytic domain
of TET1 (TET1CD) to create oxidized cytosine residues
(*CpG; Figure 1a). Specific restriction enzymes were used
to monitor the methylation and oxidation state of the plas-
mid DNA. The in vitro methylation of the reporter con-
struct was confirmed by the mC-sensitive restriction en-
donuclease Hpall and the mC-insensitive enzyme Mspl.
Both Mspl and Hpall fully cleave the unmethylated pOct4-
reporter plasmid at CCGG sites, whereas the restriction pat-
tern of the M.SssI-methylated reporter only appeared with
Mspl digestion (Figure 1b).

To follow the oxidation of mC to hmC by TETI1CD, the
reporter DNA was treated with the hmC-specific endonu-
clease PvuRts1I (40) (Supplementary Figure Sla). Treat-
ment with TET1CD resulted in a gradual increase of hmC
levels after 15, 45 and 90 min of incubation, visible as pro-
gressing fragmentation (Figure 1b). While using a catalyti-
cally inactive TET1CD mutant (TET1CD™") as a control,
no hmC levels were detected (“**CpG), indicating specific
enzymatic mC oxidation by TET1CD (Supplementary Fig-
ure S1b).

Consistent with the restriction digest results, methylation
and oxidation of the reporter plasmid could also be shown
by slot blot analysis (Figure 1c). Incubation of methy-
lated plasmid DNA with TET1CD resulted in an increase
of not only hmC but also of fC and caC, demonstrating
that purified TET1CD did carry out the three oxidation
steps in vitro (Figure 1c and d). The mC signal decreased
over time as hmC, fC and caC appeared in the presence
of active TET1CD, while remaining constantly high with
TET1CD™" (Supplementary Figure S1d).

Transfection of ESCs with the TET1CD-treated plasmid
DNA allows to directly monitor the effect of the oxidized
cytosines on gene expression, independent from in vivo TET
activity. Reporter gene expression from either unmodified,
in vitro methylated or oxidized pOct4-mCherry was visual-
ized using confocal imaging or automated image acquisi-
tion for quantification. Transfection of ESCs with unmod-
ified pOct4-mCherry resulted in a strong nuclear and cy-
toplasmic expression of the reporter, whereas expression
drastically decreased when using the methylated construct.
Interestingly, prominent reporter expression could be ob-
served upon transfection of the oxidized plasmid DNA, but
not with the ®**CpG reporter DNA (Figure le). This sug-
gests that reactivation of gene expression requires oxidation
of methylcytosine by TET proteins.

TET proteins interact with the BER machinery

Currently, three pathways for TET-mediated active DNA
demethylation are discussed: TDG-dependent BER,
deamination-dependent BER and direct decarboxylation
of caC (18,23,35). Since the proteins responsible for gene
reactivation in our assay might be physical interaction
partners of the TET proteins, we performed an initial
unbiased screen for interactors. We expressed GFP-TET1
in HEK293T cells, performed immunoprecipitation and
analyzed the co-precipitated proteins by mass spectrome-
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try. Prominently, we found PARPI1, XRCCI1 and LIG3, a
subset of proteins involved in the BER pathway (Supple-
mentary Figure S2a). These results point toward the two
BER-dependent demethylation mechanisms.

To further investigate the interplay between TET pro-
teins and BER, we systematically performed Co-IP and a
recently established F3H assay of all three TET proteins
with the following BER factors: TDG, MBD4, SMUGI,
NEIL1, NEIL2, NEIL3, PARP1, LIG3 and XRCCI.
F3H allows to directly visualize protein—protein interac-
tions in living cells (44). We therefore co-expressed full-
length GFP-TET fusion proteins together with potential
mCherry/RFP-tagged interactors (Supplementary Figure
S3a) and LacI-GBP in BHK cells containing a stably inte-
grated lac-operator array (45). The GFP-tagged bait is en-
riched at the lac-operator array via LacI-GBP and is visible
as a single spot inside the nucleus. If the mCherry/RFP-
tagged prey protein interacts with the bait, it colocalizes at
the same spot (Figure 2a).

Consistent with the mass spectrometry results, inter-
actions of TET1, TET2 and TET3 were observed with
PARPI1, LIG3 and XRCCI1 both in Co-IP and F3H. Inter-
estingly, several glycosylases also showed a clear interaction
in both assays, among them TDG, MBD4, NEIL1, NEIL2
and NEIL3, but not SMUGT1 (Figure 2b and ¢; Supplemen-
tary Figures S2b and S3b, ¢). Automated high-throughput
image analysis was used to quantify the F3H results (Sup-
plementary Figure S4). The interaction of all three TET
proteins with TDG was the most robust and detectable in
more than 80% of all analyzed cells. For the other factors,
numbers vary between 40% and 75% (Figure 2d).

To exclude that the recruitment to the lacO-spot is de-
pendent on the locally enriched cytosine oxidation products
generated by TET proteins, we repeated the F3H quantifi-
cation with catalytically inactive TET mutants (Figure 2e).
The percentage of cells showing an interaction did hardly
differ compared to the assay with active TET proteins. The
only exception is XRCCI1 where only half as many cells dis-
played a colocalization at the spot, suggesting a potential
cooperative effect.

Taken together, these results suggest that TET proteins
physically interact with the BER machinery and are there-
fore able to recruit these factors to the site of cytosine oxi-
dation for immediate removal of the modified base in vivo.

TDG but not MBD4 mediates oxidation-dependent gene re-
activation in ESCs

Since DNA glycosylases catalyze the first step of the BER
pathway and are therefore the initiators of TET-dependent
cytosine demethylation, we investigated their role in gene
reactivation with the reporter gene assay. Besides TDG,
also MBD4 has been implicated in DNA demethylation via
excision of hmU, the deamination product of hmC (46).
To investigate the role of these two glycosylases, we trans-
fected Tdg-/- and Mbd4-/- ESCs (29,37) with either un-
modified, in vitro methylated or oxidized pOct4-mCherry
plasmid DNA. In contrast to wt E14 ESCs, Tdg-/- ESCs
showed no reporter gene expression from the oxidized plas-
mid. However, Mbd4 knockouts were able to fully reacti-
vate gene expression from the oxidized reporter construct.
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Figure 1. In vitro oxidation of mC causes gene reactivation in ESCs. (a) Schematic representation of in vitro reporter DNA modification: Unmethylated
pOcté-reporter DNA was methylated using the CpG methyltransferase M.Sssl. Incubation with purified TET1CD results in oxidation of mC sites to hmC,
fC and caC. (b) M.Sssl treatment of pOct4-mCherry results in full methylation as shown after restriction with the methylation sensitive enzyme Hpall.
Mspl cuts irrespective of the methylation state. The hmC-specific restriction endonuclease PvuRts11 detects increasing hmC levels during incubation of
methylated pOct4-mCherry with TETICD. (¢) Cytosine modification states of untreated, methylated and TETICD oxidized pOct4-mCherry plasmid
DNA were detected by slot blot. A 2-fold serial dilution of the plasmid DNA was loaded and detected using antibodies against mC, hmC, fC and caC.
A gradual increase of hmC, fC and caC signals was obtained with longer incubation time with TETICD while the mC signal decreases accordingly. (d)
Quantification of the slot blot signals of pOct4-mCherry after treatment with TET1CD shows increasing oxidation of mC to hmC, fC and caC. The sum
of all CpG modification signals was set to 100%. Error bars indicate standard deviation (n = 3). (e) ESCs were transfected with pOct4-mCherry plasmids
containing either unmodified (CpG), methylated (mCpG), TET1CD-oxidized (**CpG) or TET1CD™"-treated (***CpG) cytosines. Confocal imaging and
quantification show reporter gene silencing upon methylation and reactivation upon oxidation. Cells were fixed with formaldehyde and counterstained
with DAPI. Scale bar: 5 wm. (Right: n = 200 000; error bars indicate standard deviation).
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Figure 2. All three TET proteins interact with a variety of BER factors. (a) Scheme depicting the F3H assay for in vivo visualization of protein interactions:

BHK cells containing a stably integrated lac-operator array were transfected with plasmids expressing a lac-repressor-GBP fusion protein,

GFP-BAIT

and mCherry/RFP-PREY. The Lac-repressor binds to the lac-operator array and recruits the GFP-BAIT through GBP. Proteins interacting with the
BAIT are consequently enriched at the lac-operator array. (b) Co-IP with subsequent SDS-PAGE and western blotting shows interaction of the three TET
proteins with TDG, PARP1, MBD4 but not SMUG1. GFP-tagged TET proteins and the respective mCherry-fusions were expressed in HEK293T cells
and immunoprecipitated with the GFP-Trap (I: Input; F: Flowthrough; B: Bound). (¢) F3H was used to confirm TET1 interactions with different factors
involved in BER. GFP-TETT1 is enriched at the lac-operator array and mCherry-tagged interacting factors are recruited to the same spot (solid triangle).
SMUGT shows no co-localization at the lacO-spot (empty triangle). Scale bar: 5 wm. (d) Quantification of the F3H assay of all three TET proteins with
the indicated BER factors. Bars represent percentage of cells that show colocalization at the lacO-spot (n>200). (e) As in (d) but with catalytically inactive

TET mutants.
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The rescue experiment with wt GFP-TDG re-established
the ability of Tdg-/- to express mCherry from the *CpG
plasmid, whereas the transient rescue of Mbd4-/- cells with
GFP-MBDA4 led to no significant differences with regard to
reporter gene expression (Figure 3a).

High-throughput image analysis of 200 000 cells revealed
that the signal from the oxidized plasmid in wt E14 ESCs is
about 80% of the signal from unmodified reporter DNA. In
Tdg-/- cells, the ®*CpG signal drops almost to the level of
the fully methylated reporter. Thus, the **CpG construct re-
mains silent in 7dg-/- ESCs. The stable rescue with wt GFP-
TDG led to a recovery of mCherry expression to about 70%
of the signal from the unmodified reporter. Knockout of
Mbd4 and also the corresponding rescue did not alter ex-
pression levels compared to wt E14 ESCs (Figure 3b), indi-
cating that oxidation-dependent gene reactivation requires
TDG but not MBD4 expression.

To gain insight into the mechanism by which TDG medi-
ates gene activation, we recovered the transfected reporter
plasmid DNA from wt E14 ESCs, Tdg-/- and Mbd4-/-
ESCs. We analyzed the modification status by digestion
with Hpall, which specifically cuts unmodified cytosines in
a CCGG context (Supplementary Figure S1c). We observed
a reappearance of the Hpall restriction pattern on the
*CpG plasmids isolated from wt E14 and Mbd4-/- ESCs
indicating that TET-dependent demethylation occurred in
vivo. Hpall only displayed minor activity on “*CpG re-
porter DNA re-isolated from 7dg-/- cells (Figure 3c). This
provides strong evidence that the substitution of oxidized
cytosine by unmodified cytosine is the major mechanism for
the observed gene reactivation and that this substitution de-
pends on TDG.

TDG activity is required for reporter gene reactivation

To investigate whether the glycosylase activity of TDG is re-
sponsible for the observed gene reactivation, we generated
Tdg-/- rescue cell lines, which stably express GFP-fusions
of either wt, catalytically inactive (N151A), DNA binding
deficient (M280H) or caC-specific (N168D) TDG (31,47) at
equal levels (Supplementary Figure S5a). The murine caC-
specific mutant corresponds to a published human TDG
mutant (48). Expression of the oxidized mCherry-reporter
plasmid in the stable rescue with wt GFP-TDG increased
almost to the levels of wt E14 ESCs in line with the results
from the transient rescues. In contrast, the catalytically in-
active mutant (N151A) or DNA binding deficient (M280H)
TDG was not able to recover reporter expression. Cells sta-
bly expressing the caC-specific TDG (N168D) were only ca-
pable of partially restoring reporter expression (Figure 4a
and b; Supplementary Figure S5b). This demonstrates that
base excision by active TDG is essential for gene reactiva-
tion.

To further characterize the activity of wt TDG as well
as the TDG mutants, we established an in vitro assay based
on a defined DNA substrate with a single modification site.
Base excision by TDG generates an abasic site, which can
specifically be converted into a single-strand break by puri-
fied APEX1 and can be detected on a denaturing gel. Thus,
this assay mimics the first two steps of the BER reactions
and is also applicable on fluorescently labeled DNA sub-
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strates, in contrast to the previously described ‘nicking as-
say’, in which alkaline treatment and subsequent boiling is
used to create single-strand breaks (49,50).

TDG has long been known to repair GoT mismatches
(51) and was recently found to excise fC and caC (18,25).
We could show that wt TDG is more active on fC and
caC than on GoT mismatches, its eponymous substrate. No
activity was detected on hmC-containing DNA. Although
the caC-specific TDG mutant (N168D) was able to par-
tially reactivate reporter gene expression in vivo, we could
only detect basal activity on the caC substrate in vitro (Fig-
ure 4¢, Supplementary Figure S5d). Since the activity of
TDG in vitro is pH-dependent (48), we repeated the as-
say at pH = 6.5. Under these conditions, the preference of
the caC-specific TDG mutant (N168D) toward caC could
be confirmed (Supplementary Figure S5d). Taken together,
these data suggest that the excision of fC and caC by TDG
is essential for TET-mediated demethylation and causes re-
activation of gene expression.

NEIL1, NEIL2 and NEILS3 glycosylases can partially com-
pensate for loss of TDG

Besides TDG, we identified the family of NEIL glycosylases
as interactors of TET proteins (Figure 2c). Interestingly,
NEILI and NEIL3 have also been described as binders of
hmC, fC or caC cytosines in ESCs in a proteome wide screen
(16). However, their function in this context has not been in-
vestigated so far.

To elucidate whether the NEIL glycosylase family con-
tributes to gene reactivation, we measured the expression
of the modified reporter plasmids in 7dg-/- cells transiently
overexpressing NEIL1, NEIL2 or NEIL3 at similar lev-
els (Figure 5a). Interestingly, we observed a significant in-
crease of pOct4-GFP expression in Tdg-/- ESCs rescued
with mCherry-NEIL1, NEIL2 or NEIL3 in comparison to
Tdg-/- ESCs. However, lower expression levels as in rescues
with wt TDG were detected. RFP-MBD4 was not able to
rescue the Tdg-/- phenotype (Figure 5b).

Additionally, we isolated genomic DNA from wt E14 and
Tdg-/- ESCs as well as from the transient rescues with wt
TDG and NEIL1, 2 and 3. Slot blot analyses were carried
out for relative hmC, fC and caC quantifications. Genomic
hmC was present at comparable levels in all tested cell lines
and was not affected by Tdg knockout or NEIL overexpres-
sion. Since TDG is able to recognize and excise fC and caC,
accumulation of these oxidized bases was observed in Tdg-
/- ESCs, consistent with previous reports (30,52). Rescues
of Tdg-/- cells with transiently expressed wt TDG, NEIL1,
NEIL2 or NEIL3 resulted in decreased genomic fC, and
for wt TDG and NEILI, also in decreased caC levels (Fig-
ure 5¢). These findings support the role of the glycosylases
TDG, NEIL1, NEIL2 and NEIL3 in active DNA demethy-
lation and subsequent reactivation of gene expression via
excision of fC and caC followed by BER (Figure 6).

DISCUSSION

In this study, we investigated the effects of the oxidized
cytosine variants hmC, fC and caC on gene expression.
By carrying out the enzymatic oxidation of a methylated
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Figure 3. Oxidation of ™CpG plasmid DNA leads to TDG-dependent gene reactivation. (a) Tdg-/- ESCs were transfected with pOct4-mCherry plas-
mids containing either unmodified, methylated or oxidized CpGs. Confocal images show a defect of “*CpG gene reactivation in 7dg-/- ESCs but not in
Mbd4-/- ESCs. Transient rescue of Tdg-/- ESCs with GFP-TDG re-establishes ®*CpG reporter gene expression. Cells were fixed with formaldehyde and
counterstained with DAPI. Scale bar: 5 pm. (b) High-throughput image acquisition and quantification of pOct4-mCherry expression shows that oxidation
of ™MCpG sites in the pOctd-reporter results in reactivation of mCherry-expression in wt E14 ESCs and Mbd4-/- ESCs, but not in Tdg-/- ESCs. Expression
of GFP-TDG rescues the phenotype (student’s ¢-test, **P < 0.025, n = 200 000; error bars indicate standard deviation). (¢) Analytical digest with Hpall
of differentially modified reporter plasmid DNA before and after transfection confirms substitution of ®*CpG with CpG in wt E14 and Mbd4-/- ESCs.
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Figure 4. TDG activity is essential for gene reactivation. (a) Confocal images depicting expression levels of oxidized pOct4-mCherry expression in 7dg-/-
ESCs stably rescued with GFP-TDGN!>IA GFP-TDGM280H and GFP-TDGN!98P in comparison to wt E14 ESCs. Scale bar: 5 wm. (b) High-throughput
image acquisition and quantification of pOct4-mCherry expression in wt E14, Tdg-/- and Tdg-/- ESCs stably expressing wt, catalytically inactive, DNA
binding deficient and caC-specific TDG mutants. Methylation of the pOct4-mCherry reporter leads to a 5-fold lower expression compared to unmodified
plasmid. Oxidation of ™CpG sites in the pOct4-reporter results in reactivation of mCherry-expression in wt ESCs but not in 7dg-/- ESCs. This re-increase
was also obtained in 7dg-/- ESCs rescued with wt or caC-specific TDG, while the latter was not as efficient (student’s #-test, **P < 0.025, n = 200 000;
error bars indicate standard deviation). (¢) TDG activity was monitored using an in vitro assay based on the ability of APEXI1 to create a single strand
break out of an abasic site, detectable as distinct band on the gel (empty triangle). Full length DNA is indicated by a solid triangle. The DNA substrates
contain one defined modification site as indicated in the figure. Wt TDG is highly active on fC or caC and to a much lesser extent on a GoT mismatch.

pOctd-reporter construct in vitro, we separated the gener-
ation of modified cytosines from their further processing
in vivo. This allowed us to directly investigate the cellu-
lar factors responsible for gene reactivation independent of
endogenous TET activity and regulation. In wt ESCs, we
observed strong reporter expression from oxidized but not
from methylated plasmids, suggesting oxidation-dependent
gene reactivation.

To investigate which pathway is responsible for the ob-
served gene reactivation, we searched for potential TET in-
teraction partners. So far, it has been shown that MBD3
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colocalizes with TET1 regulating hmC-marked gene ex-
pression (53) and that TET1, TET2 and TET3 interact
with OGT controlling protein stability, localization and his-
tone modification (54-57). Also, several chromatin-binding
factors, such as HDAC1, EZH2 and MeCP2, have been
described to associate with TET1 (58). However, none
of these factors is likely to be involved in the process
of DNA demethylation. Therefore, we performed a mass
spectrometry-based pull-down approach in which several
BER factors co-precipitated with TET1. To confirm these
results, we used Co-IP and a recently described F3H as-
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Figure 5. The NEIL glycosylase family can partially compensate for TDG. (a) Quantification of mCherry intensities with high-throughput imaging shows
that transient 7dg-/- rescue ESCs express mCherry-tagged TDG, NEIL1/2/3 and MBD4 glycosylases at comparable levels (n = 100 000; error bars
indicate standard deviation). (b) The ability of the NEIL family of glycosylases to substitute TDG in vivo was monitored by expression of differentially
modified pOct4-GFP. With ectopic expression of mCherry-NEIL1, NEIL2 and NEIL3, reporter gene signal was significantly higher than in Tdg-/- cells,
although not reaching the levels of the wt mCherry-TDG rescue. MBD4 overexpression could not compensate for loss of TDG (student’s ¢-test, *P < 0.05,
**P<0.025, n = 200 000; error bars indicate standard deviation). (¢) Slot blot analysis of genomic DNA isolated from wt E14, Tdg-/- and the indicated
rescues shows constant levels of hmC and accumulation of fC and caC in Tdg-/- cells. Overexpression of wt TDG or NEILI, 2 or 3 leads to a decrease in
genomic fC amounts but does not reach wt E14 levels. Expression of wt TDG or NEILI also reduces caC accumulation.

say to test interaction of all three TETs with different BER
factors in vitro and in vivo. We were able to detect inter-
actions of TET proteins with the DNA glycosylases TDG,
MBD4 as well as NEIL1, NEIL2 and NEIL3, which excise
damaged or oxidized DNA bases (18,25,32,59,60). Further-
more, interactions of all three TET proteins were observed
with PARP1, which detects single-strand breaks and mod-
ifies repair factors by PolyADP-ribosylation (61). Finally,
we showed TET interactions with LIG3 and XRCC1, which
are recruited by PARP1 to the site of DNA damage and lig-
ate the DNA strand after the insertion of cytosine (62—64).
The observed interactions were largely independent of TET
activity, indicating direct protein—protein interactions.

Our findings suggest that both TET-dependent oxidation
of mC and subsequent excision of oxidized cytosines by the

BER machinery take place in one large protein complex in
a spatially and temporally coordinated manner. This close
association enables highly efficient replacement of oxidized
cytosines. In accordance with these results, fC and caC, in
contrast to hmC, are detected at very low genomic levels and
are proposed to be immediately removed after generation
(18,19).

Initial hypotheses proposed that hmC might be deami-
nated to hmU by AID/APOBEC deaminases prior to base
excision by DNA glycosylases. Suggested candidates were
TDG and MBD4, which both have been shown to recog-
nize GoT and GohmU mismatches (23,65) and have been
identified as TET protein interactors in this study. TDG has
also been described to be active on fC and caC (18,25). In
contrast to wt ESCs, no gene reactivation on the oxidized
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Figure 6. Two alternative pathways for TET-mediated active demethyla-
tion. TDG is the major glycosylase that removes fC or caC, generated by
TET proteins. Alternatively, the NEIL glycosylases can excise oxidized cy-
tosines, but less efficiently. Both pathways are completed by the BER ma-
chinery.

reporter plasmid was observed in Tdg-/- cells. Knockout of
Mbd4, however, had no effect on reporter gene expression,
although MBD4 interacts with TET1, TET2 and TET3.
Apparently, this association does not contribute to gene ac-
tivation and may be involved in a different regulatory mech-
anism.

Our data suggest that conversion of hmC to hmU and
subsequent excision by MBD4 does not play a major role
in ESCs and are in line with previous studies showing that
AID is unable to operate on double-stranded DNA and
no detectable deamination of hmC by AID/APOBEC in
vitro or in vivo could be observed (34,66). However, we can-
not rule out that AID/APOBEC is involved in the TDG-
dependent demethylation pathway or that this pathway con-
tributes to TET3-dependent active demethylation in zy-
gotes (67). Restriction enzyme-based analysis of the oxi-
dized plasmid DNA recovered from wt E14 ESCs provided
evidence that conversion of oxidized cytosine to unmodi-
fied cytosine led to gene activation. Again, this effect was
dependent on TDG but not on MBDA4.

Additional in vivo experiments with different TDG mu-
tants showed that TDG activity and not the recruitment of
unknown factors through TDG is essential for the recov-
ery of gene expression. The specificity of TDG toward fC
and caC, but not hmC, was confirmed using a newly estab-
lished assay based on the ability of APEX1 to recognize
glycosylase-generated abasic sites and convert them into
single-strand breaks. The results also revealed that TDG ac-
tivity is much higher on fC or caC than on a GoT mismatch,
arguing that oxidized cytosines are the major substrate for
TDG and that deamination is not necessary for gene reac-
tivation.

Besides TDG and MBD4, we also investigated the role of
the NEIL glycosylase family in TET-mediated demethyla-
tion. NEIL1, NEIL2 and NEIL3 have been shown to excise
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several lesions resulting from DNA oxidations, such as 5-
hydroxyuracil or thymine glycol (59,68). NEIL glycosylases
are bifunctional, i.e. are also able to convert abasic sites into
single-strand breaks (69). Neil3-/- mice have been reported
to be viable as well as fertile, and the expression of NEIL3
is elevated in hematopoietic tissues, suggesting a function in
the immune system or hematopoiesis (70).

Since the NEIL glycosylases have been described as po-
tential binders of oxidized cytosines (16), we tried to com-
pensate for the loss of TDG in Tdg-/- cells with each of
the three NEIL proteins. Indeed, we could detect a signifi-
cant reactivation of reporter gene expression, although not
reaching the levels of the rescue with wt TDG. We conclude
that the NEIL glycosylases can also initiate BER after TET-
mediated cytosine oxidation. This hypothesis was further
confirmed by the fact that the accumulation of genomic
fC and caC in Tdg-/- ESCs was far less prominent when
NEIL1, 2 or 3 was overexpressed. These data clearly show
that the NEIL proteins are not only capable of reactivating
the oxidized reporter gene, but also of excising formylated
and carboxylated cytosine in its chromatin context. Thus,
the NEIL glycosylases may constitute an alternative path-
way for active demethylation and reactivation of epigeneti-
cally silenced genes (Figure 6).

In summary, we show that the TET proteins interact with
a set of factors involved in catalyzing the multiple steps of
BER. Furthermore, we demonstrate that TDG is the main
glycosylase in TET-mediated reactivation of the epigeneti-
cally silenced Oct4 promoter via the BER pathway. It would
be of interest whether the activity of the TET-BER machin-
ery differs on other promoter types, such as CpG island con-
taining promoters. Our results also indicate that the NEIL
family of glycosylases can functionally replace TDG. It re-
mains to be elucidated to which extent the NEIL glycosy-
lases contribute to TET-mediated demethylation and gene
reactivation and how the usage of different glycosylases is
regulated in vivo.
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TET-mediated oxidation of methylcytosine causes TDG or NEIL glycosylase dependent
gene reactivation
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Supplementary Figure S1:
a) PvuRts1l specifically cuts hmC-containing DNA. PCR fragments were generated using dATP,

dTTP and dGTP with either dCTP, dmCTP or dhmCTP.

b) Incubation of methylated pOct4-GFP with TET1CD™" does not result in any PvuRts1l digestion
showing that no DNA oxidation takes place.

c) Hpall specifically cuts unmodified cytosine in a CCGG context. Substrate: 42 bp oligo, containing
one defined modification site.

d) Cytosine modifications of untreated, M.Sssl-methylated and TET1CD™'“incubated pOct4-
mCherry plasmid DNA are detected by slot blot. A 2fold serial dilution of the plasmid DNA was loaded
and detected using antibodies against mC, hmC, fC and caC. The mC levels remain high for all
samples, except for untreated DNA. Almost no detectable increase in hmC, fC and caC can be

observed.
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2. Results

a) Mass spectrometry: IP GFP-TET1
Protein | unlgue | Sequence PEP
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Supplementary Figure S2:

a) PARP1, XRCC1 and LIG3 have been identified as interactors of TET1 by mass spectrometry.
Numbers represent the average of three biological replicates. PEP: Posterior error probability.

b) Co-immunoprecipitation with subsequent SDS-PAGE and Western Blotting shows interaction of
all three TET proteins with the NEIL1, NEIL2 and NEIL3 glycosylases as well as XRCC1 and LIG3.
GFP-tagged TET proteins and the respective mCherry-fusions were expressed in HEK293T cells and
immunoprecipitated using the GFP-Trap (I: Input, F: Flowthrough, B: Bound).
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Supplementary Figure S3
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Supplementary Figure S3:

a) Schematic representation of the GFP-BAIT and mCherry-PREY constructs used to analyze TET-
BER interactions in F3H and Co-IP.

b, c) F3H assay shows in vivo interactions of TET2 and TET3 with various glycosylases and BER
factors. Positive and negative interactions are marked with a solid or empty triangle, respectively.
Scale bar: 5 ym
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Supplementary Figure S4

no interaction interaction

Nucleus
detection

v
GFP-Bait
detection

v
lacO-spot
detection

A 4

RFP-BAIT
detection

v

RFP-Spot
detection

v

compare RFP intensity on spot
to mean nuclear RFP intensity

M—*‘"’\

Supplementary Figure S4:
Schematic depiction of the workflow used for automated image acquisition and quantification of the
F3H assay.
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Supplementary Figure S5
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Supplementary Figure S5:

a) Stable Tdg-/- rescue ESCs express GFP-TDG and mutants at comparable levels as shown by
Western blot analysis (upper left), high-throughput imaging (lower left) and confocal microscopy (right)
(n=100,000; error bars indicate standard deviation). Scale bar: 5 ym

wt
M280H N151

N168D
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b) Rescue of Tdg-/- ESCs with wt GFP-TDG re-establishes the capability to express the reporter
gene from the ““CpG plasmid. Scale bar: 5 ym

c) Schematic representation of the APEX1-based TDG activity assay: if TDG is active the formed
abasic site is converted into a single strand break by APEX1, resulting in two DNA fragments on a
denaturing gel.

d) Quantification of the in vitro base-excision activity of purified TDG on defined DNA substrates
(left). Equal amounts of GFP-TDG and the mutants were incubated with a 42 bp DNA oligonucleotide
harboring a central modified CpG site. At pH=6.5, the caC-specific TDG mutant (N168D) displays a
preference for caC and, to a lesser extent, towards fC (right). To confirm equivalent protein levels,
protein signal was immunodetected by Western blot using a mouse-anti-GFP antibody (Roche)
(bottom).
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2.3 Phosphorylation of TET proteins is regulated via O-GlcNAcylation by the
O-linked N-Acetylglucosamine transferase (OGT)
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Phosphorylation of TET Proteins Is Regulated via
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Background: TET proteins oxidize 5-methylcytosine and contribute to active DNA demethylation.

Results: O-Linked GlcNAc transferase modifies TET proteins with GIcNAc and thereby reduces TET phosphorylation.
Conclusion: TET proteins are subjected to a dynamic interplay of post-translational modifications at low-complexity regions.
Significance: This first map of TET phosphorylation and O-GlcNAcylation sites at amino acid resolution provides a valuable

resource for future studies of TET regulation.

TET proteins oxidize 5-methylcytosine to 5-hydroxymethyl-
cytosine, 5-formylcytosine, and 5-carboxylcytosine and thus
provide a possible means for active DNA demethylation in
mammals. Although their catalytic mechanism is well charac-
terized and the catalytic dioxygenase domain is highly con-
served, the function of the regulatory regions (the N terminus
and the low-complexity insert between the two parts of the
dioxygenase domains) is only poorly understood. Here, we dem-
onstrate that TET proteins are subject to a variety of post-trans-
lational modifications that mostly occur at these regulatory
regions. We mapped TET modification sites at amino acid res-
olution and show for the first time that TET1, TET2, and TET3
are highly phosphorylated. The O-linked GlcNAc transferase,
which we identified as a strong interactor with all three TET
proteins, catalyzes the addition of a GIcNAc group to serine and
threonine residues of TET proteins and thereby decreases both
the number of phosphorylation sites and site occupancy. Inter-
estingly, the different TET proteins display unique post-trans-
lational modification patterns, and some modifications occur in
distinct combinations. In summary, our results provide a novel
potential mechanism for TET protein regulation based on a
dynamic interplay of phosphorylation and O-GlcNAcylation at
the N terminus and the low-complexity insert region. Our data
suggest strong cross-talk between the modification sites that
could allow rapid adaption of TET protein localization, activity,
or targeting due to changing environmental conditions as well
as in response to external stimuli.

* This work was supported in part by Deutsche Forschungsgemeinschaft (DFG)
Collaborative Research Center Grants SFB 646/B10 and SFB 1064/A17.
Author’s Choice—Final version full access.

1 This article contains supplemental Data S1, S2, and S3 and supplemental
Table S4.

" Supported by the International Max Planck Research School for Molecular
and Cellular Life Sciences (IMPRS-LS).

2To whom correspondence may be addressed. E-mail: a.rottach@Imu.de.

3 Member of the Nanosystems Initiative Munich (NIM). To whom correspond-
ence may be addressed: Dept. of Biology II, Ludwig-Maximilians University
Munich, GroBhadernerstr. 2, 81925 Planegg-Martinsried, Germany. Tel.:
49-89-2180-74229; Fax: 49-89-2180-74236; E-mail: h.leonhardt@Imu.de.

SASBMB

FEBRUARY 20, 2015+VOLUME 290-NUMBER 8

A major epigenetic mechanism of gene regulation in higher
eukaryotes is methylation of DNA at C5 of cytosines (1, 2).
Recently, the family of TET (ten-eleven translocation) proteins
has been shown to successively oxidize 5-methylcytosine to
5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcy-
tosine (3—6), providing novel insights into the dynamics of
DNA modifications. TET proteins are also active on genomic
thymine residues, leading to the generation of 5-hydroxyuracil
(7). In Gnathostomata, there are three TET proteins, TET1, TET2,
and TET3 (8), which show distinct expression patterns and func-
tions in different tissues or during development (9—13). TET1 and
TET2 are highly expressed in mouse embryonic stem cells
(mESCs)* and are associated with oxidation of transcription start
sites and gene bodies, respectively (14). TET3 is up-regulated in
the oocyte and oxidizes the silenced paternal pronuclear DNA (10,
15). High levels of TET proteins and genomic 5-hydroxymethyl-
cytosine are described for neuronal tissues (11, 16—18). In several
patients with myeloid malignancies, mutations of TET2 correlate
with decreased 5-hydroxymethylcytosine levels and altered gene
expression patterns (19-22).

The activity of TET proteins directly depends on two cofac-
tors: Fe(II) and 2-oxoglutarate (3, 8). Interestingly, gain-of-
function mutations of the enzymes responsible for 2-oxo-
glutarate synthesis, IDH1 and IDH2, have been associated with
tumorigenesis, in particular glioblastomata and acute myeloid
leukemia (20, 23, 24). These mutations lead to the synthesis of
2-hydroxyglutarate, a potent inhibitor of 2-oxoglutarate-de-
pendent dioxygenases such as TET proteins (24, 25). Because
IDH1 and IDH2 are enzymes of the Krebs cycle, these findings
represent a direct link of TET protein activity to metabolism,
especially because low 5-hydroxymethylcytosine levels are
found in acute myeloid leukemia patients not only with TET2
loss-of-function mutations but also with IDH2 gain-of-func-
tion mutations (20). Besides 2-hydroxyglutarate, ascorbate has
also been shown to influence cytosine oxidation by TET pro-

“The abbreviations used are: mESC, mouse embryonic stem cell; OGT,
O-linked GIcNAc transferase; PTM, post-translational modification.
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teins (26 —28). In summary, TET protein activity appears to be
modulated by several small molecules, either inhibitory such as
2-hydroxyglutarate or stimulating such as ascorbate.

TET proteins are influenced not only by certain metabolites but
also by interacting proteins. TET1 forms complexes with hetero-
chromatin-associated proteins such as HDAC1, HDAC2, SIN3A,
and EZH2 (29). All three TET proteins interact with a variety of
factors of the base-excision repair pathway, including PARP1,
LIG3, and XRCC1, and also with several DNA glycosylases,
including thymine-DNA glycosylase, NEIL1, and MDB4 (30).
Another known interactor of TET proteins is the glycosyltrans-
ferase OGT (31-36), which represents an additional interesting
connection with metabolism. OGT catalyzes the addition of a
GIcNAc group to serine or threonine residues of target proteins
(37). Its activity is dependent on the availability of a variety of
metabolic molecules such as glucose, ATP, glutamine, and
acetyl-CoA (38). The association of OGT with TET proteins
has been reported to influence histone modifications and gene
expression (31, 36), TET 1 protein stability (33) and activity (34),
and TET3 subcellular localization (35).

TET protein activity is widely studied in the context of devel-
opment, tumorigenesis, and metabolic conditions. However,
only very little is known about the structure and function of the
non-catalytic domains of TET proteins. In this study, we show
that TET proteins are subject to a large number of post-trans-
lational modifications (PTMs), predominantly occurring at the
two low-complexity regions, which display only little sequence
conservation: the N terminus and the insert region that sepa-
rates the two parts of the catalytic dioxygenase domain and is
predicted to be unstructured (8). We demonstrate that TET
proteins are phosphorylated and that this phosphorylation can
be suppressed via O-GlcNAcylation by the glycosyltransferase
OGT. Detailed mapping of modification sites to the protein
sequence shows that mostly the N terminus and insert region of
TET proteins are subjected to PTMs and that their regulation
depends on a dynamic interplay of different PTMs.

EXPERIMENTAL PROCEDURES

Antibody Generation—A His-tagged protein fragment from
the insert region of each TET protein (see Fig. 1la) was
expressed in Escherichia coli BL21(DE3) cells (Novagen, Darm-
stadt, Germany) and purified with the TALON Superflow metal
affinity resin system (Clontech, Saint Germain, France) under
native conditions as described previously (39). Amino acids
1682—-1914 for TET1, amino acids 1332—-1779 for TET2, and
amino acids 976 —1521 for TET3 were used as antigens. Approxi-
mately 100 ug of each antigen was injected both intraperitoneally
and subcutaneously into Lou/C rats using CPG2006 (TIB
MOLBIOL, Berlin, Germany) as adjuvant. After 8 weeks, the
immune response was boosted intraperitoneally and subcutane-
ously 3 days before fusion. Fusion of the myeloma cell line
P3X63-Ag8.653 with rat immune spleen cells was performed
using PEG 1500 (Roche Diagnostics Deutschland GmbH,
Mannheim, Germany). After fusion, the cells were cultured in
96-well plates using RPMI 1640 medium with 20% fetal calf
serum, penicillin/streptomycin, pyruvate, and nonessential
amino acids (PAA, Linz, Austria) supplemented with ami-
nopterin (Sigma). Hybridoma supernatants were tested in a
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solid-phase immunoassay. Microtiter plates were coated over-
night with His-tagged TET antigens at a concentration of 3-5
pg/mlin 0.1 M sodium carbonate buffer (pH 9.6). After blocking
with nonfat milk (Frema Reform, granoVita, Heimertingen,
Germany), hybridoma supernatants were added. Bound rat
monoclonal antibodies were detected with a mixture of bioti-
nylated mouse monoclonal antibodies against rat IgG heavy
chains, avoiding anti-IgM monoclonal antibodies (anti-IgG1,
anti-IgG2a, and anti-IgG2b (American Type Culture Collec-
tion, Manassas, VA) and anti-IgG2c (Ascenion GmbH,
Munich, Germany)). The biotinylated monoclonal antibodies
were visualized with peroxidase-labeled avidin (Alexis, San
Diego, CA) and o-phenylenediamine as chromogen in the per-
oxidase reaction. Anti-TET1 (clones 5D6, 5D8, 2H9, and 4H7;
rat IgG2a), anti-TET2 (clone 9F7; rat IgG2a), and anti-TET3
(clones 11B6 and 23BY; rat IgG2a) antibodies were stably sub-
cloned and further characterized (see Fig. 1b).

mESC Culture, Co-immunoprecipitation, and MS/MS Analysis—
mESCs (J1) were cultured as described previously (9). Endoge-
nous TET1 and TET2 proteins were pulled out via monoclonal
antibodies (clones 5D6, 5D8, and 9F7) coupled to protein
G-Sepharose beads as described (39). After co-immunoprecipi-
tation, protein samples were digested on beads with trypsin
according to standard protocols. Peptide mixtures were ana-
lyzed by electrospray MS/MS spectrometry. Experiments were
performed with an LTQ Orbitrap XL mass spectrometer
(Thermo Scientific, Waltham, MA). Spectra were analyzed
with Mascot software (Matrix Science, Boston, MA).

Expression Constructs—Expression constructs for GFP-TET1,
GFP-TET2, GFP-TET3, GFP, and Cherry were described previ-
ously (40—42). To generate the Cherry-OGT construct, the cod-
ing sequence was amplified using cDNA from E14 mESCs as
template and subcloned into the pCAG-Cherry-IB vector.
Expression constructs for Cherry-OGT(H508A) (hereafter
referred to as OGT™") were generated by overlap extension
PCR. All constructs were verified by DNA sequencing (Eurofins
Genomics, Ebersberg, Germany).

HEK293T Culture, Co-immunoprecipitation, and Western
Blot Analysis—Co-immunoprecipitation followed by Western
blotting with GFP- and Cherry-tagged proteins expressed in
HEK293T cells was performed as described previously (30).
O-GlcNAc was detected with a mouse monoclonal antibody
(RL2, Abcam, Cambridge, United Kingdom) and an Alexa
647N-conjugated secondary antibody (Sigma).

Sample Preparation for Mass Spectrometric Analysis—All
experiments were performed in biological triplicates. GFP-
tagged TET proteins and/or Cherry-tagged OGT and OGT™"*
were expressed in HEK293T cells. Cell lysis with radioimmune
precipitation assay buffer and immunoprecipitation with the
GFP-Trap (ChromoTek GmbH, Martinsried, Germany) were
performed as described previously (30). After immunoprecipi-
tation, samples on beads were rinsed two times with wash
buffer (20 mm Tris-HCI (pH 7.5), 300 mm NaCl, and 0.5 mm
EDTA) and two times with immunoprecipitation buffer (20 mm
Tris-HCI (pH 7.5), 150 mMm NaCl, and 0.5 mm EDTA).

100 wl of denaturation buffer (6 M guanidine hydrochloride,
10 mM tris(2-carboxyethyl)phosphine, and 40 mm chloroacet-
amide in 100 M Tris (pH 8.5)) was added to the beads and heated
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at 70 °C for 5 min. The samples were then subjected to sonica-
tion in a Diagenode Bioruptor Plus system (UCD-300-TO) at
maximum power settings for 10 cycles consisting of a 30-s pulse
and 30-s pause. Following sonication, the samples were diluted
1:10 with digestion buffer (25 mwm Tris (pH 8.5) containing 10%
acetonitrile) and mixed by vortexing prior to enzyme digestion.
Each sample was digested with 1 ug of endoproteinase Lys-C
(Wako Chemicals, Neuss, Germany) for 4 h with subsequent
digestion using 1 pug of trypsin (Promega, Madison, W1) under
gentle rotation at 37 °C. After digestion, the samples were
placed in a SpeedVac concentrator for 10 min to remove ace-
tonitrile from the sample before StageTip purification using
SDB-XC material (43). Peptides were then eluted from the
StageTip and placed in the SpeedVac concentrator to reduce
the sample volume to ~6 ul, and 5 ul of the sample was injected
onto the column for MS/MS analysis.

LC-MS/MS and Data Analysis—Samples were loaded onto a
column (15-cm length and 75-um inner diameter; New Objec-
tive, Woburn, MA) packed with 3-um ReproSil C,4 beads (Dr.
Maisch GmbH, Ammerbuch-Entringen, Germany) using an
EASY-nLC autosampler (Thermo Scientific) coupled via a
nanoelectrospray source to the LTQ Orbitrap XL mass spec-
trometer. Each sample was analyzed using a 2-h reversed-phase
gradient and a top 5 method for data-dependent acquisition.
Full scans were acquired in the Orbitrap mass spectrometer
after accumulating up to 1 X 10 charges, and MS/MS with the
five most abundant precursors was performed using low-en-
ergy ion-trap collision-induced dissociation. MS/MS spectra
were recorded using the ion trap by radial ejection.

All raw files were analyzed using the MaxQuant computa-
tional proteomics platform (version 1.4.1.6) (44). Peak lists
were searched with an initial mass deviation of 7 ppm and frag-
ment ion deviation of 0.5 Thomson. Carbamidomethylation
was used as a fixed modification. Oxidation of methionine;
phosphorylation of serine, threonine, and tyrosine; O-
GlcNAcylation of serine and threonine; ubiquitination (digly-
cine motif) of lysine; and acetylation of the protein N terminus
were used as variable modifications. All unmodified and oxi-
dized methionine- and N-acetylation-containing peptides were
used for protein quantification. The MaxQuant software quan-
tifies the different versions of modified peptides in a label-free
fashion. Briefly, the occupancy reflects the extracted signal
differences between modified and unmodified peptides and
also includes the protein ratios between samples. The differ-
ent forms of modified peptides, e.g. peptides with single, dou-
ble, and triple O-GlcNAc sites, are individually quantified and
listed separately in the output (supplemental Table S4). Details on
label-free quantification of modification sites are provided else-
where (45).

MaxQuant output data were further analyzed with Perseus
software (version 1.5.0.15) (44). Only modifications that were
detected in at least two of three biological replicates in at least
one experimental setup were included in the analysis. PTMs
that were detected in non-unique peptides were also excluded.
Significance was tested using a Student’s two-tailed paired ¢
test.
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RESULTS

Characterization of Anti-TET Antibodies—The three TET
proteins share a common domain architecture: the C-terminal
catalytic dioxygenase domain is split into two parts separated
by a low-complexity insert region and is preceded by an exten-
sion enriched in cysteines (8). All three TET proteins have a
large N-terminal region that is mostly uncharacterized so far,
except for a CXXC-type zinc finger at the N terminus of TET1
and TET3 (8, 40, 47). Murine TET3 exists in two isoforms: one
with the zinc finger and one without (41). The cysteine-rich
region and the split dioxygenase domain are conserved among
the three murine TET proteins, whereas the N terminus and
insert region display only little sequence similarity (Fig. 1a).
The three-dimensional structure of mammalian TET proteins
remains unresolved, with the exception of the cysteine-rich and
dioxygenase domains of TET2 (48), leaving the structure and func-
tion of the N terminus and low-complexity insert unknown.

We generated antibodies against murine TET1, TET2, and
TETS3 using protein fragments derived from the insert region of
the catalytic domains as antigens. The rat monoclonal antibod-
ies were tested for their applicability in Western blotting,
immunoprecipitation, and immunofluorescence (Fig. 1b). Fig.
1 (c—e) shows exemplary data from the antibody characteriza-
tion process of selected clones. For antibody testing, GFP-
tagged TET proteins were expressed in HEK293T cells and
detected in the cell lysate by Western blotting using anti-TET
antibodies and an anti-GFP antibody as a positive control (Fig.
1c and data not shown). For immunoprecipitation, antibodies
were coupled to protein G beads, incubated with the cell lysates,
and analyzed by anti-GFP Western blotting for efficient pull-
down of the respective TET protein (Fig. 1d and data not
shown). mESCs were used to test the suitability of the obtained
antibodies for immunofluorescence. Antibodies preselected for
specificity in Western blot analyses that showed a clear nuclear
staining were judged as applicable in immunofluorescence (Fig.
le and data not shown).

TET Proteins Interact with and Are O-GlcNAcylated by
OGT—As a first step toward understanding the regulation of
TET proteins, we screened for interaction partners in mESCs.
Because TET1 and TET2 are constitutively expressed in
mESCs, clones 5D6 (anti-TET1), 5D8 (anti-TET1), and 9F7
(anti-TET2) were used to pull down endogenous TET1 and
TET2. Subsequent LC-MS/MS analysis revealed that both
TET1 and TET?2 interacted with the glycosyltransferase OGT.
In accordance with this result, co-immunoprecipitation
analysis of GFP-tagged TET1, TET2, and TET3 expressed in
HEK293T cells shows high enrichment of OGT in the pulldown
(Fig. 2a).

Having observed the interaction between TET proteins and
OGT, we examined whether TET proteins are modified by
OGT and screened for O-GlcNAcylation, the modification that
is transferred to the OH group of serine or threonine residues of
target proteins by OGT (38, 49). To this end, we specifically
enriched GFP-tagged TET proteins coexpressed with either
OGT or its catalytically inactive point mutant OGT™"* with
GFP-Trap and probed the subsequent Western blot with an
anti-GlcNAc antibody. All three TET proteins were found to
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FIGURE 1. Generation of anti-TET monoclonal antibodies. a, schematic representation of the domain architecture of the three murine TET proteins. The
catalytic dioxygenase domain (D) is split in two parts, separated by a presumably unstructured low-complexity insert (8), and is N-terminally preceded by a
cysteine-rich region (Cys). The Fe(ll)-binding residues are marked with green asterisks. The N terminus (NT) of TET1 contains a CXXC-type zinc finger (ZF). TET3
exists in two isoforms, one with a zinc finger and one without (41). The mean percent identity of the single domains of TET1, TET2, and TET3 is represented by
different shades of gray and was calculated with Clustal 2.1 (59). aa, amino acids. b, overview of the generated anti-TET monoclonal antibodies (mAbs) and their
possible applications. IP,immunoprecipitation; WB, Western blotting; IF, immunofluorescence; x, antibody not suited for the indicated application. ¢, example
of Western blot analysis of two anti-TET antibodies with an anti-GFP antibody as a positive control. The antibodies detected only their target protein, but not
the other two TET proteins. The WT protein from mESC whole cell lysates was also detected specifically (black arrowhead). d, example of an immunoprecipi-
tation experiment with the indicated anti-TET3 antibodies. Clone 23B9 efficiently precipitated TET3 compared with clone 11B6. Western blot analysis was
performed with an anti-GFP antibody./, input; FT, flow-through; B, bound). e,immunofluorescence staining of mESCs with anti-TET1 antibodies (clones 5D8 and
4H7) and DAPIl as a DNA counterstain. Whereas clone 5D8 showed a clear nuclear pattern, clone 4H7 displayed only a weak and diffuse signal. Confocalimaging
was performed with a Leica TCS SP5 confocal laser scanning microscope with a X63/1.4 numerical aperture Plan-Apochromat oil immersion objective. Scale
bar =5 um.

be increasingly O-GlcNAcylated upon the coexpression of
catalytically active OGT (Fig. 2b).

O-GlcNAcylation Reduces Phosphorylation of TET Proteins—
To identify OGT-dependent O-GlcNAcylation sites on TET pro-
teins, we performed mass spectrometric analysis of semipurified
proteins. We therefore expressed GFP-tagged TET1, TET2, and
TET3 in HEK293T cells with either OGT or OGT™" or without
interactor. After pulldown with GFP-Trap and stringent washing
steps, the samples were analyzed by LC-MS/MS. An overall
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sequence coverage of ~50% was achieved for TET1, ~60% for
TET2, and ~65% for TET3 (supplemental Data S1 and Table
S4). For data analysis, only sites were considered that were
detected in at least two of three biological replicates. Fig. 3a
shows an exemplary MS/MS spectrum of an O-GlcNAcylated
TET1 peptide. Without coexpression of interactor, only a few
residues on TET proteins were found to be O-GlcNAcylated at
low site occupancy. Coexpression of OGT led to a strong
increase in both the number of O-GlcNAcylation sites and site

SASBMB



2. Results

Phosphorylation and O-GIcNAcylation of TET Proteins

a o-GFP
0-TET1 o-TET1 o-TET2 neg. GFP- GFP- GFP-
aad | 508 5D8  9F7 _ cirl HEKZ%T'TEH TET2 TET3 OTF
TETA 3 5 0 0 TET1 90 5 4 4
TET2 0 0 2 0 TET2 3 % 18 2
TET3 0 0 0 0 TET3 2 4 6 1
oGT 3 7 1 0 oGT 38 43 5 6
b IP: a-GFP
GFPTET1 GFP-TET1  GFP-TET2  GFP-TET2  GFP-TET3  GFP-TET3
Ch-OGT Ch-OGTmut  Ch-OGT  Ch-OGTmdt  Ch-OGT  Ch-OGTmut
I B | B | B | B | B | B
MW [kDa] ]
— e -
-GFP
« 250— b . S ﬁ _

=25
a-GleNAe| —
| - T

FIGURE 2. TET proteins interact with OGT and are O-GlcNAcylated. g, num-
ber of unique peptides detected in immunoprecipitation experiments fol-
lowed by LC-MS/MS. Left, immunoprecipitation of endogenous TET1 or TET2
with the indicated antibodies. Protein G beads without antibody were
used as a negative control (neg. ctrl). Right, immunoprecipitation of GFP-
tagged TET1, TET2, or TET3 expressed in HEK293T cells. Pulldown of GFP
served as a negative control. b, Western blot analysis of TET1, TET2, and
TET3 specifically enriched with GFP-Trap. Upon coexpression of active
OGT, the O-GIcNAcylation signal increased for TET1 and TET3 (black arrow-
heads) compared with coexpression of catalytically inactive OGT™"", For TET2,
protein levels in the OGT™ " samples were higher (white arrowhead), whereas
the O-GIcNAc signal remained constant, suggesting a higher proportion of
O-GlcNAcylated TET2 in the OGT sample. Interaction between TET proteins
and OGT was independent of OGT activity. Anti-RED antibody (60) detected
the coexpressed Cherry (Ch)-tagged OGT. IP,immunoprecipitation; /, input; B,
bound.

occupancy for TET2 and TET3. The difference in the number
of O-GlIcNACc sites was either due to de novo modification by
OGT or because the site occupancy without OGT coexpression
was below the detection limit. For TET1, however, the
O-GlcNACc pattern was relatively heterogeneous, and only a few
O-GlcNAc sites could be detected. This heterogeneity is also
illustrated by the fact that residues 1327 and 327, which were
O-GlcNAcylated in the TET1 samples, were modified only in
one of three replicates in the TET1/OGT samples. Although
Cherry-OGT™"" is supposed to be catalytically inactive, coex-
pression led to a small increase in O-GIlcNAcylation and repre-
sented a distinct state from basal levels (Fig. 4 and Tables 1-3).

Because O-GlcNAcylation occurs at serine or threonine res-
idues of the target protein, we also screened for another PTM
that can occur at these amino acids, namely phosphorylation.
Interestingly, high phosphorylation of TET1, TET2, and, to a
lesser extent, TET3 was observed. Phosphorylation of all TET
proteins decreased significantly upon coexpression of OGT
regarding both site occupancy and the number of detected
phosphorylation sites (Fig. 4 and Tables 1-3). An example of a
MS/MS spectrum of a phosphorylated TET1 peptide is shown
in Fig. 3b. The MS/MS spectra of all modified TET peptides are
provided in supplemental Data S2 and S3.

PTMs Occur Mostly at the N terminus and in the Low-com-
plexity Insert of TET Proteins—To date, the domains of TET
proteins are largely uncharacterized, except for the conserved
catalytic dioxygenase domain and the CXXC-type zinc finger at
the N terminus of TET1 (8, 40, 48). Mapping the detected
O-GIcNAc and phosphorylation sites to the TET protein
sequence revealed that mostly the N terminus and low-com-
plexity insert, which separates the two parts of the dioxy-
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genase domain, were subjected to PTMs (Fig. 5). Remark-
ably, O-GlcNAcylation and phosphorylation rarely occurred
at the exact same residue, although O-GIcNAcylation sup-
pressed phosphorylation. Furthermore, the three TET pro-
teins had different modification patterns: whereas TET1 was mod-
ified mostly at the N terminus and the very C-terminal part and
was hardly glycosylated, TET2 and TET3 showed strong
O-GlcNAcylation in the low-complexity insert region. The first
350 amino acids of TET3 remained free of PTMs. The observed
pattern is not due to differences in sequence coverage, as the
detected peptides are homogenously distributed over the whole
protein sequence (supplemental Data S1).

Interestingly, some of the modifications were detected on the
same peptides, indicating that they occurred together at the
same molecule. For example, TET2 Ser-23 phosphorylation
could be found with Ser-15 phosphorylation, and Ser-376 phos-
phorylation occurred only when Ser-374 was O-GlcNAcylated,
but not when it was phosphorylated (Table 2). For TET3, a
variety of PTM combinations could be observed for residues
360-368 and 1071-1077. Phosphorylation at Ser-362, for
example, existed either alone or in combination with Ser-360
O-GlcNAcylation and Ser-368 phosphorylation. Phosphoryla-
tion of Ser-362 also co-occurred with O-GlcNAcylation of Ser-
361. If Ser-362 was O-GlcNAcylated, however, no further mod-
ifications on this peptide were observed (Fig. 4 and Table 3).
Apparently, some residues such as TET3 Ser-362 serve as
O-GlcNAcylation/phosphorylation switches that can either
promote or suppress neighboring PTMs. These data indicate a
strong cross-talk between O-GlcNAcylation and phosphoryla-
tion at different residues. On the other hand, modifications on
TET1 appeared more isolated, and no peptide bearing more
than one modification was detected (Table 1). In summary, we
detected many interdependent modification sites on TET pro-
teins, suggesting that TET1, TET2, and TET3 are dynamically
regulated by PTMs.

DISCUSSION

Because oxidation of 5-methylcytosine to 5-hydroxymethyl-
cytosine, 5-formylcytosine, and 5-carboxylcytosine by TET
proteins represents a potential mechanism for active DNA
demethylation in higher vertebrates (3-5), these proteins are
intensively investigated. Here, we provide evidence that all
three TET proteins are subject to O-GlcNAcylation through
OGT. This finding is in accordance with previous studies show-
ing that TET1 and TET?2 interact with OGT in embryonic stem
cells and are O-GlcNAcylated (33, 34). TET3 has also been
described to associate with OGT (32, 35) and to alter its subcel-
lular localization dependent on glucose metabolism and
O-GlcNAcylation (35). Not only does OGT directly modify
TET proteins, but the interaction also promotes histone mod-
ifications such as H3K4me3 and H2BS112GlcNAc (31, 36).
TET1 has been shown to associate with the repressive SIN3A
complex (50), and TET2 and TET3 have been shown to associ-
ate with the SET1/COMPASS complex (31).

We have shown that, by default, TET proteins are phosphory-
lated. Basal O-GlcNAc levels are low but increase upon OGT
expression. Simultaneously, the phosphorylation levels decrease.
This finding identifies regulation of the phosphorylation signal as a
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FIGURE 3.Exemplary MS/MS spectra of modified TET1 peptides. a, MS/MS
O-GlcNAcylation is characterized by a neutral loss of 203.8 Da as indicated. y i

spectrum of a TET1 peptide modified with O-GIcNAc (o-) at the threonine residue.
ons are depicted in red, and b ions are depicted in blue. Labeling of neutral losses

of H,0 or NH; (orange peaks) has been removed for clarity. Fully annotated spectra are provided in supplemental Data S2 and S3. b, MS/MS spectrum of the
same TET1 peptide phosphorylated (-ph) at the serine residue. Phosphorylated ions show a neutral loss of 97.98 Da as indicated. yions are depicted in red, b ions
are depicted in blue. Labeling of neutral losses of H,O or NH; (orange peaks) has been removed for clarity. Fully annotated spectra are provided in supplemental

Data S2 and S3.

novel function for TET O-GlcNAcylation. Interestingly, the
underlying mechanism of this observation seems not to be direct
competition for the serine or threonine residue that is to be mod-
ified, but rather proximal site competition as neighboring residues
are interdependent (51). O-GlcNAcylation and phosphorylation
of TET proteins occur at distinct amino acids, and several mod-
ifications of the same type often appear in close proximity in
“modification islands,” e.g. O-GlcNAcylation at Ser-1252/Ser-
1256/Ser-1263 of TET3 or phosphorylation at Ser-15/Ser-23/
Ser-39 of TET2. Itis important to note that only a few and more
isolated O-GlcNAcylation sites are detected on TET1 com-
pared with TET2 and TET3 and that glycosylation of TET1 is
less conserved within biological replicates. We also did not
observe O-GlcNAcylation of TET1 at Thr-535, which has been
described previously as a major TET1 glycosylation site (33, 52).
O-GlcNAcylation of TET1 seems to be very dynamic. This
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hypothesis is also supported by the fact that Myers et al. (52)
detected TET1 Thr-535 O-GlcNAcylation in only one of three
replicates, similar to our observation of heterogeneous TET1
glycosylation patterns.

To distinguish between mere interaction of TET proteins
with OGT and catalytic activity of OGT on TET proteins, we
used a catalytically inactive point mutant of OGT as a control.
Interestingly, O-GlcNAcylation of TET proteins was slightly
increased by OGT™". This might be due to residual activity of
the mutant (53) or, more likely, to recruitment of endogenous
active OGT via trimerization of the tetratricopeptide repeat
domain (54). Nevertheless, this supposed heterotrimer seems
to target the same residues, as 91% of all detected O-GlcNAc
sites in the OGT™"* samples were also modified in the OGT
samples. Regarding phosphorylation, coexpression of OGT™"*
also represents an intermediate state between the basal state,
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FIGURE 4. TET phosphorylation is reduced upon O0-GlcNAcylation. Box plots depict the distribution of O-GIcNAc and phosphorylation occupancy in the
three conditions: expression of TET protein only, coexpression of OGT™*", and coexpression of OGT. Missing values have been substituted with an occupancy
of 0.005, with 0.001 being the lowest measured occupancy. Mean occupancies of single sites are provided in Tables 1-3.*,p < 0.05 (Student’s t test); **,p < 0.01;

*** p < 0.001; ns, not significant.

i.e. only TET expression, and coexpression of active OGT. 74%
of all detected phosphorylation sites in the basal state also
appeared during coexpression of OGT™Y, arguing against
steric hindrance of the kinase by the inactive enzyme as a mech-
anism for reduced phosphorylation.

In this study, we investigated TET protein PTMs dependent
on OGT levels. The observed effect that O-GlcNAcylation of
TET proteins reduces phosphorylation is of particular interest
because protein O-GlcNAc levels are influenced by a variety of
factors, such as different subcellular localization of OGT and
nutrient availability, and seem to be tightly regulated (38). For
example, O-GlcNAcylation of TET3 can be enhanced when
cells are cultured in high-glucose medium, leading to nuclear
export of TET3 (35). Furthermore, not only OGT activity but
also OGT expression levels are tightly controlled in living cells.
During chondrocyte differentiation, for example, OGT is up-
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regulated upon insulin stimulation (55). Moreover, the Ogt
geneislocated on the X chromosome and is subjected to dosage
compensation through X chromosome inactivation (56). OGT-
dependent dephosphorylation represents a novel mechanism
by which TET proteins could be regulated in response to chang-
ing environmental conditions or during differentiation.

Interestingly, some residues remain stably phosphorylated
even at high OGT levels. For TET2, they appear in close prox-
imity to each other and just N-terminal of the cysteine-rich
region. This persistence of phosphorylation suggests an
important OGT-independent regulatory role of these resi-
dues that is of interest for future studies. Nevertheless, the
majority of phosphorylation sites are reduced in occupancy
upon O-GlcNAcylation. We thus observe two different types
of phosphorylation: dependent on and independent of
O-GlcNAcylation.
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TABLE 1

Detected modified peptides of TET1

(ph), phosphorylated; (0), O-GlcNAcylated; (0x), oxidized. Localization probability was calculated with MaxQuant software (44). Residue numbering refers to the murine
protein sequences specified in supplemental Data S1. The arithmetic mean =+ S.D. of the occupancy is depicted for each data set. ND, not detected.

Modified Localization Mean Mean Mean
amino acid probability Modified sequence TET1 TET1 + OGT™" TET1 + OGT
160 1.00 H...ATVS(ph)PGTENGEQNR 0.15 = ND 0.98 = ND 0.34 * 0.08
177 1.00 CLVEGES(ph)QEITQSCPVFEER 0.63 = 0.01 0.32 = 0.15 0.48 = ND
253 0.85 NT(0)SNQLADLSSQVESIK ND 0.07 £ 0.01 0.37 = ND
270 0.84 LS(0)DPSPNPTGSDHNGFPDSSFR ND 0.08 = 0.02 0.67 = 0.06
320 1.00 FILAGS(ph)QPDVFDTKPQEK 0.60 + 0.16 0.44 =+ 0.03 0.30 = 0.20
327 1.00 FILAGSQPDVFDT (0)KPQEK* 0.32 =047 0.36 = 0.15 0.55 = ND
556 0.81 A ...STSS(ph)PPCNSTPPMVER 0.23 £ 0.10 ND ND
561 0.89 A ... STSSPPCNS(ph)TPPM(ox)VER 0.20 = 0.09 0.88 = ND ND
734 0.98 QQTNPS(ph)PTFAQTIR 0.44 + ND 0.46 = 0.33 0.32 = ND
736 0.96 QQTNPSPT(ph)FAQTIR 0.67 + 0.06 ND ND
794 0.77 DAM(0x)SVTTS(0)GGECDHLK ND 0.48 = ND 1.00 = 0.00
854 1.00 DGS(ph)PVQPSLLSLMK 0.73 £0.13 0.54 *+ 0.07 0.25 + 0.34
892 0.70 L...SESSS(ph)PSKPEK 0.51 =048 0.27 £ 0.03 0.79 = ND
950 1.00 S(ph)PDSFATNQALIK” 0.68 = 0.26 0.72 = 0.20 0.49 *0.11
969 0.74 SQGYPSS(ph)PT ... 0.61 = 0.03 ND ND
1327 0.66 REAQT(0)SSN ... K~ 0.01 = 0.00 ND 0.79 = ND
1964 0.89 ELHATTSLRS(ph)PK 0.33 =0.21 0.17 = ND 047 +£0.33
2016 1.00 PADRECPDVS(ph)PEANLSHQIPSR 0.68 = 0.21 0.37 £ 0.18 0.81 = ND
2016 0.56 PADRECPDVS(0)PEANLSHQIPSR ND 0.26 = 0.10 0.55 041
2042 0.99 DNVVTVS(ph)PYSLTHVAGPYNR 0.73 = 0.12 ND 0.38 = ND
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FIGURE 5. N termini and insert regions of TET proteins are densely modified. Shown are a schematic and scaled mapping of all TET phosphorylation and
O-GlcNAcylation sites in the protein sequence. Modifications are found mostly in the N terminus and insert region and rarely occur at the same residue. Residue
numbering refers to the murine protein sequences specified in supplemental Data S1. Green asterisks indicate catalytic Fe(ll)-binding residues. Basal O-GIcNAc
sites occur without any coexpression of OGT or OGT™; persistent phosphorylation sites show high occupancy despite an increase in O-GlcNAcylation. An
example of the PTM cross-talk on TET proteins is shown for TET3 Ser-360/Ser-361/Ser-362/Ser-368. White arrowheads, two co-occurring modifications; black
arrowheads, three co-occurring modifications; blunt arrows, mutual exclusivity.
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TABLE 2

Detected modified peptides of TET2

(ph), phosphorylated; (0), O-GlcNAcylated; (ox), oxidized. Multiple modifications occurirng on one peptide are shown in boldface. Localization probability was calculated
with the MaxQuant software (44). Residue numbering refers to the murine protein sequences specified in supplemental Data S1. The arithmetic mean = S.D. of the
occupancy is depicted for each data set. ND, not detected.

Modified Localization Mean Mean Mean
amino acid probability Modified sequence TET2 TET2 + OGT™* TET2 + OGT
15 1.00 TTHAEGTRLS(ph)PFLIAPPS ... K 0.57 = 0.06 0.20 = 0.01 0.01 = 0.00
23 1.00 T...LS(ph)PFLIAPPS(ph)PIS... K 0.66 = 0.09 0.32 = 0.17 0.32 = 0.04
39 0.98 LQNGS(ph)PLAERPHPEVNGDTK 0.45 £ 0.10 ND ND
95 0.98 RT(0)VS(0)EPSLSGLHPNK ND 0.06 + 0.00 0.26 + 0.17
97 1.00 TVS(ph)EPSLSGLHPNK 0.53 = 0.26 0.49 = 0.30 0.29 = 0.02
97 0.97 RT(0)VS(0)EPSLSGLHPNK ND 0.01 = ND 0.29 * 0.06
165 1.00 S... TSTTQESSGADAFPT(0)R ND 0.74 * 0.06 0.98 £ 0.02
317 0.98 SALDIGPS(0)RAENK ND ND 0.48 = 0.03
374 0.82 DS(ph)ISPTTVTPPSQSLLAPR ND ND 0.34 = 0.49
374 0.99 DS(0)IS(ph)PTTVTPPSQSLLAPR ND 0.19 = 0.22 049 + 037
376 0.99 DS(0)IS(ph)PTTVTPPSQSLLAPR 1.00 = ND 0.44 = 0.38 0.30 = 0.20
464 1.00 T ... LPEQHQNDCGS(ph)PS(ph)PEK 0.79 = 0.03 ND ND
466 1.00 T ... LPEQHQNDCGS(ph)PS(ph)PEK 0.79 £ 0.03 ND ND
514 0.89 QT (0)QGSVQAAPGWIELK ND 0.09 + 0.03 0.59 £0.23
545 0.94 DIS(0)LHSVLHSQT ... M(0x)SSK ND 0.46 = 0.10 0.78 = 0.02
552 0.87 DIS(0)LHSVLHS(0)QT . .. MSSK ND 0.13 = ND 0.76 + 0.20
561 0.95 DIS ... VNQMS(0)S(0)K ND 0.07 = 0.00 0.79 £0.17
562 0.97 DIS. .. VNQMS(0)S(0)K* 0.01 = 0.01 0.42 *+ 0.06 0.80 + 0.17
565 0.98 QS(0) TGNVNM(ox)PGGEQR ND ND 0.41 *+ 0.04
603 1.00 AQMYQVQVNQGPS(ph)PG... K 041 *0.17 0.06 = ND 0.14 £ 0.05
625 0.96 ALYQECIPRT(0)DPSS ... R* 0.05 = 0.01 0.73 £ 0.13 0.98 + 0.02
746 0.98 VEESFCVGNQYS(0)K ND 0.23 = 0.16 0.83 = 0.06
778 0.92 ILT(0)PNSSNLQILPSNDTHPACER 0.09 £ ND 0.31 = 0.01 0.64 £ 0.05
807 1.00 EQALHPVGS(0)K ND 0.01 = ND 0.58 £ 0.12
889 1.00 ALPVPEQGGSQTQT (ph)PPQK” 0.57 = 0.23 0.78 =+ 0.30 0.57 + 0.05
944 1.00 YPLS(ph)PPQENMSSR” 043 = 0.14 0.46 = 0.22 0.67 = 0.11
951 0.97 PSSYRYPLSPPQENMS(ph)SR” 0.24 = ND 0.32 = ND 0.51 £ 0.68
1437 0.63 QM(0x)T(0)AQPQLS ... R ND ND 0.67 + 0.06
1443 0.98 QMTAQPQLS(0)GPVIR ND 0.05 + 0.05 0.52 + 0.42
1613 0.87 D...PPIHT(0)LHQQTFGDSPSK ND ND 0.09 £ 0.10
1622 0.74 Y ... TLHQQTFGDS(ph)PSK 045 *+ 0.15 0.07 *= 0.04 0.76 = ND
1640 0.76 DAFT(0)TNSTLKPN ... K* 0.05 = 0.01 0.50 = 0.20 0.84 = 0.03
1672 1.00 M(ox)DSHFM(0x)GAAS(0)R ND ND 0.93 £ 0.01
1749 1.00 TASAQELLYSLTGSS(ph)QEK 0.31 £0.02 0.07 * 0.05 0.27 £ 0.02

“ Basal O-GlcNAc sites.
? Persistent phosphorylation sites.

TABLE 3

Detected modified peptides of TET3

(ph), phosphorylated; (0), O-GlcNAcylated; (ox), oxidized. Multiple modifications occurring on one peptide are shown in boldface. Localization probability was calculated
with MaxQuant software (44). Residue numbering refers to the murine protein sequences specified in supplemental Data S1. The arithmetic mean = S.D. of the occupancy
is depicted for each data set. ND, not detected.

Modified Localization Mean Mean Mean
amino acid probability Modified sequence TET3 TET3 + OGT™* TET3 + OGT
360 0.93 VEAPS(0)SS(ph)PAPVPS(ph)PISQR ND 0.10 * 0.07 0.91 * 0.09
361 0.79 VEAPSS(0)S(ph)PAPVPSPISQR* 0.02 = 0.01 0.52 + 0.13 ND
362 1.00 VEAPSSS(ph)PAPVPSPISQR 0.03 = 0.03 0.38 = 0.03 0.01 = ND
362 0.67 VEAPSSS(0)PAPVPSPISQR ND 0.96 + 0.02 ND
368 1.00 VEAPS(0)SS(ph)PAPVPS(ph)PISQR 0.34 = ND 0.55 = 0.40 0.28 = ND
478 1.00 S(ph)RDM(0x)QPLFLPVR 0.46 +0.13 0.38 + 0.13 0.66 = ND
557 0.83 S(ph)PSPM(0x)VALQSGST ... R 0.23 £ ND 0.22 * 0.27 ND
557 0.76 S(0)PSPM(0x)VALQSGST ... R ND ND 0.44 + 0.30
1008 0.83 VS(0)SGAIQVLTAFPR ND 0.91 = 0.01 0.36 = 0.51
1071 0.97 QEALELAGVT(0)T(0)DPGLSLK ND ND 0.96 * 0.01
1072 0.89 QEALELAGVT(0)T(0)DPGLSLK ND ND 0.96 = 0.01
1077 0.99 QEALELAGVTT(0)DPGLS(0)LK ND 0.50 = 0.40 0.53 = 0.31
1105 0.89 YS(0)GNAVVESYSVLGS ... R ND 0.40 £ 0.07 0.73 £0.11
1252 0.94 VPQLHPAS(0)RDPSPFAQSSSCYNR ND 042 = ND 0.95 = 0.03
1256 0.62 VPQLHPASRDPS(0)PFAQSSSCYNR” 0.04 = 0.01 ND 0.98 = 0.01
1263 0.84 VPQLHPASRDPSPFAQSSS(0) CYNR ND 0.48 = ND 0.98 + 0.03
1282 0.88 QEPIDPLTQAES(0)IPR ND 0.30 * 0.06 0.91 * 0.09
1293 1.00 T(0)PLPEAS . ..SGGPSMSPK”* 0.01 = 0.00 0.53 = 0.06 0.99 = 0.01
1318 1.00 TPLPEAS ... SGGPSM(0x)S(ph)PK 0.43 = 0.07 0.00 = ND ND
1351 0.61 LNSFGAS(ph)CLTPSHFPES ... R 0.45 * 0.39 ND ND
1404 0.76 FGNGTSALTGPSLT (0)EK” 0.02 = 0.02 ND 0.74 = 0.15
1412 1.00 PWGM(0x)GT(0)GDFNPALK ND 0.06 = 0.00 0.65 = 0.14
1651 0.72 Q...SAVT(0)VSSYAYTK ND ND 0.18 = 0.05
1653 0.71 Q...SAVTVS(0)SYAYTK ND 043 +0.19 0.73 + 0.05
1654 0.77 Q...SAVTVS(0)S(0)YAYTK ND ND 0.24 *+ 0.05
1658 0.99 G ... TDSAVTVSSYAYT(0)K* 0.14 + 0.03 0.12 + 0.05 0.75 * 0.14

“ Basal O-GlcNAc sites.
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The hypothesis of interdependence of PTMs on TET proteins is
further strengthened by the fact that some modifications are
detected on the same peptides in stable combinations, whereas
others occur as stand-alone modifications. Certain residues
appear to be O-GlcNAcylation/phosphorylation switches that
influence the PTM pattern on the neighboring amino acids.
The observed cross-talk of modifications enables a variety of
potential regulatory mechanisms that could fine-tune TET
activity dependent on different environmental conditions such
as nutrient availability.

To date, the domain architecture and three-dimensional
structure of TET proteins are only poorly understood. The cat-
alytic domain is highly conserved and homologous to other
types of Fe(Il)- and 2-oxoglutarate-dependent dioxygenases
that act on nucleic acids (8, 57). Recently, the crystal structure
of the catalytic region of TET2 has provided insights into the
reaction mechanism (48). However, the large N terminus and
low-complexity insert, which is characteristic for TET proteins,
remain poorly understood in terms of both structure and func-
tion. So far, no homologous domains have been described,
except for the CXXC-type zinc finger at the N terminus, and the
insert region is predicted to be largely unstructured (8). In this
study, we have shown that these two regions are subject to
many dynamic PTMs. For TET1 and TET3, a few modification
sites are also found at the very C terminus of the proteins, but
the N terminus and insert region are the major targets of
O-GlcNAcylation and phosphorylation. In general, the lower
the conservation of one region, the more modification sites are
detected. The selective modification of these regions might
contribute to the regulation of TET protein activity, stability, or
targeting. TET1, TET2, and TET3 have been described to co-
localize with OGT at transcription start sites and influence
gene expression (31, 34). The different modifications described
in this study might alter binding of TET interaction partners
and thus provide a possible explanation for the observed dual
role in transcription activation and repression (58).

In summary, we have provided the first systematic mapping
of O-GlcNAcylation and phosphorylation sites on TET pro-
teins at amino acid resolution. The distribution of these PTMs
and the described cross-talk provide new perspectives on the reg-
ulatory role of the so far poorly characterized non-catalytic
domains: the N terminus and low-complexity insert region. The
observed O-GlcNAcylation and phosphorylation are linked to
metabolic conditions and thus provide a possible mechanism of
TET protein regulation in response to external stimuli.
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Supplemental data S1: TET protein sequences
Annotated amino acid sequence of the murine TET constructs used for PTM mapping experiments.
Uniprot entries: Q3URK3 (TET1), Q4JK59 (TET2), Q8BG87 (TET3)
green: catalytic residues (Fell binding)
Phosphorylation
Pl O-GlcNAcylation
blue: alternative splicing (variation compared to Uniprot sequence)
grey: sequences not covered by MS (no information about PTMs available)

Supplemental data S2 (separate pdf): MS/MS spectra of O-GlcNAcylated TET peptides
Supplemental data S3 (separate pdf): MS/MS spectra of phosphorylated TET peptides
Spectra have been annotated and exported with the MaxQuant Viewer.

Supplemental table S4 (Excel file)

MaxQuant output tables of all detected TET peptides: unmodified (first sheet), O-GlcNAcylated (second
sheet), and phosphorylated (third sheet). Summary statistics of the occupancies discussed in the main text
are provided in the fourth sheet. Numbering of modified residues (column "positions within proteins")
refers to Uniprot TET protein sequence and might differ from the positions used in the rest of the paper
which refer to the used splicing variants cloned from murine tissues as specified in the experimental
procedures. The summary statistics sheet provides both types of residue numbering .
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S1: TET PROTEIN SEQUENCES

TETH

MSRSRPAKPSKSVKTKLOKKKDIQOMKTKTSKQAVRHGASAKAVNPGKPKQO
LIKRRDGKKETEDKTPTPAPSFLTRAGAARMNRDRNOQVLEQNPDSLTCNG
FTMALRRTSLSWRLSQRPVVTPKPKKVPPSKKQOQCTHNIQDEPGVKHSEND
SVPSQHATVSPGTENGEQNRCLVEGESQEITQSCPVFEERIEDTQSCISA
SGNLEAEISWPLEGTHCEELLSHQTSDNECTSPQECAPLPQRSTSEVTSQ
KNISNQLADLSSQVESIKLIDPSPNPTGSDHNGFPDSSFRIVPELDLKTC
MPLDESVYPTALIRFILAGSQPDVFDIKPQEKTLITTPEQVGSHPNQVLD
ATSVLGOAFSTLPLOWGE SGANLVOVEALGKGSDSPEDLGAITMLNQQET
VAMDMDRNATPDLPIFLPKPPNTVATYSSPLLGPEPHSSTSCGLEVOGAT
PILTLDSGHTPOQLPPNPESSSVPLVIAANGTRAEKQFGTSLEPAVPQGET
VAAENEVQHAPLDLTQOGSQAAPSKLEGEISRVSITGSADVKATAMSMPVT
QASTSSPPCNSTPPMVERRKRKACGVCEPCQQKANCGECTYCKNRKNSHOQ
ICKKRKCEVLKKKPEATSQAQVTKENKRPOREKKPKVLKTDENNKPVNGP
KSESMDCSRRGHGEEEQRLDLITHPLENVRKNAGGMTGIEVEKWAPNKKS
HLAEGQVKGSCDANLTGVENPQPSEDDKQOTNPSPTFAQTIRNGMKNVHC
LPTDTHLPLNKLNHEEFSKALGNNSSKLLTDPSNCKDAMSVTTIGGECDH
LKGPRNTLLEFOKPGLNCRSGAEPTIFNNHPNTHSAGSRPHPPEKVPNKEP
KDGSPVQOPSLLSLMKDRRLTLEQVVAIEALTQLSEAPSESSSPSKPEKDE
EAHOKTASLLNSCKAILHSVRKDLODPNVQGKGLHHDTVVENGONRTFEKS
PDSFATNQALIKSQGYPSSPTAEKKGAAGGRAPFDGFENSHPLPIESHNL
ENCSQVLSCDONLSSHDPSCQODAPYSQIEEDVAAQLTOQLASTINHINAEV
RNAESTPESLVAKNTKOKHSOQEKRMVHQKPPSSTOTKPSVPSAKPKKAQK
KARATPHANKRKKKPPARSSQENDOKKQEQLAIEYSKMHDIWMS SKEQREFE
GOSSPRSFPVLLRNIPVENQILKPVTQSKTPSOQHNELFPPINQIKETRNP
ELAKEKVKVEPSDSLPTCQFKTESGGQTFAEPADNSQOGQOPMVSVNQEAHP
LPOSPPSNQCANIMAGAAQTQFHLGAQENLVHQIPPPTLPGTSPDTLLPD
PASILRKGKVLHFDGITVVTEKREAQISSNGPLGPTTDSAQSEFKESIMD
LLSKPAKNLTAGLKEQEAAPCDCDGGTQKEKGPYYTHLGAGPSVAAVREL
METREFGOKGKAIRIEKIVEFTGKEGKSSQGCPVAKWVIRRSGPEEKLICLV
RERVDHHCSTAVIVVLILLWEGIPRLMADRLYKELTENLRSYSGHPTDRR
CTLNKKRTCTCQGIDPKTCGASESEFGCSWSMYENGCKEGRSENPRKERLA
PNYPLHNYYKRITGMSSEGSDVKTGWIIPDRKTLISREEKOQLEKNLOELA
TVLAPLYKOMAPVAYONQVEYEEVAGDCRLGNEEGRPEFSGVTCCMDECAH
SHKDIHNMHNGSTVVCTLIRADGRDTNCPEDEQLHVLPLYRLADTDEFGS
VEGMKAKIKSGAIQVNGPTRKRRLRFTEPVPRCGKRAKMKONHNKSGTAG
LRRERISASPRKCAPGSHNTKSEFSSASSTSHLVKDESTDEFCPLQASSAETS
TCTYSKTASGGFAETSSILHCTMPSGAHSGANAAAGECTGTVQPAEVAAH
PHOSLPTADSPVHAEPLTSPSEQLTSNOSNOQOLPLLSNSQKLASCQVEDE
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RHPEADEPQHPEDDNLPQLDEFWSDSEEIYADPSFGGVATIAPTHGSVLIE
CARKELHATTSLRSPKRGVPFRVSLVEFYQHKSLNKPNHGEFDINKIKCKCK
KVTKKKPADRECPDVIPEANL SHOIPSRVASTLTRDNVVIVSPYSLTHVA
GPYNRWV* 2058

TET2

MEQDRTTHAEGTRLSPFLIAPPSPISHTEPLAVKLONG-PLAERPHPEVN
GDTKWQSSQSCYGISHMKGSQSSHESPHEDRGY SRCLONGGIKREVEEPS
LSGLHPNKILKLDQKAKGESNIFEESQERNHGKSSRQPNVSGLSDNGEPY
TSTTQESSGADAFPRNYNGVEIQVLNEQEGEKGRSVTLLKNKIVLMPNG
ATVSAHSEENTRGELLEKTQCYPDCVSIAVOSTASHVNTPSSOAATELSH
EIPQPSLTSAQINESQTSSLQLPPEPAAMVTKACDADNASKPATVPGTCP
FOKAEHQOKSALDIGPERAENKTIQGSMELFAEEYYPSSDRNLQASHGSS
EQYSKQKETNGAYFRQSSKFPKDEI SPTTVTPPSQSLLAPRLVLQPPLEG
KGALNDVALEEHHDYPNRSNRTLLREGKIDHQPKTSSSQSLNPSVHTPNP
PLMLPEQHQNDCGSPSPEKSRKMSEYLMYYLPNHGHSGGLQEHSQYLMGH
REQE IPKDANGKQI%GSVQAAPGWIELKAPNLHEALHQTKRKD TBLHSVL
HEOTGPVNOMEBBK OB T GNVNMPGGF QRLPYLOKTAQPEQKAQMYQVQVNQ
GPSPGMGDQHLQFQKALYQECIPREDPSSEAHPQAPSVPQYHFQQRVNPS
SDKHLSQQATETQRLSGFLQHTPQTQASQTPASONSNFPQICOO0Q0000
QLORKNKEQMPQTF SHLQGSNDKOREGSCFGOIKVEESFCVGNQYBKSSN
FQTHNNTQGGLEQVONTINKNEPYSKILEPNSSNLQILPSNDTHPACEREQ
ALHPVGEKTSNLONMQYFPNNVTPNODVHRCFQEQAQKPQQASSLOGLKD
RSQGESPAPPAEAAQORYLVHNEAKALPVPEQGGSQTQTPPQKDTOKHAA
LRWLLLOKQEQQQTQQSQPGHNQMLRPTKTEPVSKPSSYRYPL SPPQENM

SRIKQETSSPSRDNGQPKSTIETMEQHLKOFOLKSLCDYKALTLKSQKH
VKVPTDIQAAESENHARAAEPQATKSTDCSVLDDVSESDTPGEQSQNGKC
EGCNPDKDEAPYYTHLGAGPDVAATRTLMEERYGEKGKATRIEKVIYTGK
EGKSSQGCPTAKWVYRRSSEEEKLLCLVRVRPNHTCETAVMVTATMLWDG
IPKLLASELYSELTDILGKCGICTNRRCSQNETKKKOSPPRNCCCQGENP
ETCGASFSFGCSWSMYYNGCKFARSKKPRKFRLHGAEPKEEERLGSHLON
LATVIAPIYKKLAPDAYNNQVEFEHQAPDCCLGLKEGRPFSGVTACLDES
AHSHRDQQNMPNGSTVVVTLNREDNREVGAKPEDEQFHVLPMY I TAPEDE
FGSTEGQEKKIRMGSTEVLQSFRRRRVIRIGELPKSCKKKAEPKKAKTKK
AARKHSSLENCSSRTEKGKSSSHTKLMENASHMKQMBAQOPQLEGPVIRQP
PTLORHLOQGQRPQQPQPPQPQPOTTPQPQPOPQHIMPGNSQSVGSHCSG
STSVYTRQPTPHSPYPSSAHTSDIYGDTNHVNEFYPTSSHASGSYLNPSNY
MNPYLGLLNQNNQYAPFPYNGSVPVDNGSPFLGSYSPQAQSRDLHRYPNQ
DHLTNONLPPIHELHQQTFGDSPSKYLSYGNONMORDAFTNS TLKPNVH
HLATFSPYPTPKMDSHFMGAABRSPYSHPHTDYKTSEHHLPSHTIYSYTA
AASGSSSSHAFHNKENDNTANGLSRVLPGFNHDRTASAQELLYSLTGSQ
EKQPEVSGQDAAAVQETIEYWSDSEHNFQDPCIGGVATAPTHGSILIECAK
CEVHATTKVNDPDRNHPTRISLVLYRHKNLFLPKHCLALWEAKMAEKARK
EEECGKNGSDHVSQKNHGKQEKREP TGPOEPSYLRFIQSLAENTGSVTTD
STVTTSPYAFTQVTGPYNTFV*
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TET3
MDSGPVYHGDSRQLSTSGAPVNGAREPAGPGLLGAAGPWRVDQKPDWEAA
SGPTHAARLEDAHDLVAFSAVAEAVSSYGALSTRLYETFNREMSREAGSN
GRGPRPESCSEGSEDLDTLQTALALARHGMKPPNCTCDGPECPDFLEWLE
GKIKSMAMEGGQGRPRLPGALPPSEAGLPAPSTRPPLLSSEVPQVPPLEG
LPLSQSALSIAKEKNISLOTATATEALTQLSSALPQPSHSTSQASCPLPE
ALSPSAPFRSPQSYLRAPSWPVVPPEEHPSFAPDSPAFPPATPRPEFSEA
WGTDTPPATPRNSWPVPRPSPDPMAELEQLLGSASDY IQSVFKRPEALPT
KPKVKVEAPEBEPAPVP SPISQREAPLLSSEPDTHQKAQTALQQOHLHHKR
NLFLEQAQDASFPTSTEPQAPGWWAPPGSPAPRPPDKPPKEKKKKPPTPA
GGPVGAEKTTPGIKTSVRKPTQIKKSRSRDMQPLFLPVRQIVLEGLKPQA
SEGQAPLPAQLSVPPPASQGAASQSCATPLTPEPSLALFAPSPSGDSLLP
PTOEMREPSPMVALQSGSTGGPLPPADDKLEELTRQFEAEFGDSFGLPGP
PSVPIQEPENQSTCLPAPESPFATRSPKKIKIESSGAVTVLSTTCFHSEE
GGQEATPTKAENPLTPTLSGFLESPLKYLDTPTKSLLDTPAKKAQSEFPT
CDCVEQIVEKDEGPYYTHLGSGPTVASIRELMEDRYGEKGKAIRIEKVIY
TGKEGKSSRGCPIAKWVIRRHTLEEKLLCLVRHRAGHHCQONAVIVILILA
WEGIPRSLGDTLYQELTDTLRKYGNPTSRRCGLNDDRTCACQGKDPNTCG
ASFSFGCSWSMYFNGCKYARSKTPRKFRLTGDNPKEEEVLRNSFQDLATE
VAPLYKRLAPQAYQNQVTNEDVATIDCRLGLKEGRPFSGVTACMDFCAHAH
KDQHNLYNGCTVVCTLTKEDNRCVGQTPEDEQLHVLPLYKMASTDEFGSE
ENQNAKVESGAIQVLTAFPREVRRLPEPAKSCRORQLEARKAAAEKKKLQ
KEKLSTPEKIKQEALELAGVMBDPGLELKGGLSQOSLKPSLKVEPQNHF S
SFKYBGNAVVESYSVLGSCRPSDPYSMSSVYSYHSRYAQPGLASVNGFHS
KYTLPSFGYYGFPSSNPVFPSQFLGPSAWGHGGSGGSFEKKPDLHALHNS
LNPAYGGAEFAELPGQAVATDNHHPTPHHQQPAYPGPKEYLLPKVPQLHP
ABRDPEPFAQSSECYNRSTKQEPIDPLTQAEHTPRDSAKMSREPTL.PEASQ
NGGPSHLWGQYSGGPSMSPKRTNSVGGNWGVFPPGESPTIVPDKLNSFGA
CLTPSHFPESQWGLFTGEGQQSAPHAGARLRGKPWSPCKFGNGTSALTG
PSLEEKPWGMGHGDFNPALKGGPGF QDKLWNPVKVEEGRIP T PGANPLDK
AWQAFGMPLSSNEKLEGALKSEEKLWDPF SLEEGTAEEPPSKGVVKEEKS
GPTVEEDEEELWSDSEHNFLDENIGGVAVAPAHCSILIECARRELHATTP
LKKPNRCHPTRISLVEYQHKNLNQPNHGLALWEAKMKQLAERARQRQEEA
ARLGLGQOEAKLYGKKRKWGGAMVAEPQHKEKKGATPTRQALAMPTDSAV
BvB8vAvBxvTGPYSRWI* 1669
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ABSTRACT

Any profound comprehension of gene function re-
quires detailed information about the subcellu-
lar localization, molecular interactions and spatio-
temporal dynamics of gene products. We developed
a multifunctional integrase (MIN) tag for rapid and
versatile genome engineering that serves not only
as a genetic entry site for the Bxb1 integrase but
also as a novel epitope tag for standardized detection
and precipitation. For the systematic study of epi-
genetic factors, including Dnmt1, Dnmt3a, Dnmt3b,
Tet1, Tet2, Tet3 and Uhrf1, we generated MIN-tagged
embryonic stem cell lines and created a toolbox of
prefabricated modules that can be integrated via
Bxb1-mediated recombination. We used these func-
tional modules to study protein interactions and their
spatio-temporal dynamics as well as gene expres-
sion and specific mutations during cellular differenti-
ation and in response to external stimuli. Our genome
engineering strategy provides a versatile open plat-
form for efficient generation of multiple isogenic cell
lines to study gene function under physiological con-
ditions.

INTRODUCTION

In the last decades targeted gene disruption has been a
widely used approach to gain first insights into gene func-
tion. However, gene disruption studies are often hampered
by high functional redundancy in mammalian systems and
yield little information about the subcellular localization,

interactions and spatio-temporal dynamics of gene prod-
ucts. In order to gain comprehensive understanding of
gene function these studies need to be complemented by
more complex genetic manipulations such as fluorophore
knockin, specific domain deletions or introduction of point
mutations. Additionally, a systematic analysis of gene func-
tion requires application of biochemical as well as imag-
ing techniques, which usually rely on the generation of
gene specific antibodies, a technically demanding and time-
consuming process.

Recently, RNA guided endonucleases (RGENSs) derived
from the prokaryotic Type II CRISPR/Cas (clustered
regularly interspaced short palindromic repeats/CRISPR-
associated) system have emerged as promising tools for the
manipulation and modification of genetic sequences (1-4).

The specificity of RGENSs is mediated by small guide
RNAs (gRNAs) that bind to 20 bp within the target se-
quence and recruit the Cas9 nuclease to introduce a dou-
ble strand break. Although this two-component system
has greatly facilitated the generation of gene disruptions in
bacteria, plants and mammals, concerns have been raised
about considerable off-target effects (5-7). Furthermore,
the low frequency of homologous recombination in mam-
mals makes insertion of exogenous components such as flu-
orophore tags difficult and time-consuming.

In addition to RGENSs, phage-derived serine integrases
have received considerable attention as novel tools for
genome engineering. Recently, Bxbl was shown to have the
highest accuracy and efficiency in a screen of fifteen candi-
date serine integrases tested in mammalian cells (8). Serine
integrases are unidirectional, site-specific recombinases that
promote the conservative recombination between phage at-
tachment sites (aztP) and bacterial attachment sites (attB)

*To whom correspondence should be addressed. Tel: +49 89 2180 74233; Fax: +49 89 2180 74236; Email: bultmann@bio.lmu.de
Correspondence may also be addressed to Heinrich Leonhardt. Tel: +49 89 2180 74232; Fax: +49 89 2180 74236; Email: h.leonhardt@lmu.de;
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(9) with much higher recombination efficiencies (up to 80%)
than the commonly used bidirectional tyrosine integrases,
Cre or Flp (9-12).

In this study, we aim to combine the advantages of both
RGENS and unidirectional integrases into one fast, widely
applicable and flexible method. We developed a novel strat-
egy for genome engineering based on a CRISPR/Cas as-
sisted in-frame insertion of an attP site, which we refer to
as the multifunctional integrase (MIN) tag. At the genetic
level, the MIN-tag serves as an attachment site for the serine
integrase Bxb1 that can be used to introduce a broad range
of prefabricated functional cassettes into the genomic locus
with high specificity and efficiency. At the protein level, the
MIN-tag functions as a novel epitope tag that can be de-
tected with a highly specific monoclonal antibody and used
for immunoprecipitation as well as immunofluorescence ex-
periments. To demonstrate the versatility of the strategy, we
generated MIN-tagged murine embryonic stem cell (mESC)
lines for a variety of major epigenetic factors, including
Dnmtl, Dnmt3a, Dnmt3b, Tetl, Tet2, Tet3 and Uhrfl. We
created a toolbox of vectors for Bxbl-mediated recombina-
tion to generate isogenic cell lines harboring knockout cas-
settes, fluorescent protein fusions, enzymatic tags and spe-
cific mutations; all derived from a single entry cell line en-
suring maximal biological comparability. We demonstrate
the power of this strategy using proximity-dependent pro-
tein labeling to identify novel interactors of TET1 in mESCs
as well as to systematically study the subcellular localiza-
tion, binding kinetics and protein expression dynamics of
the de novo methyltransferase DNMT3B during epiblast
differentiation.

MATERIALS AND METHODS
Western blotting and immunoprecipitation

Western blot analysis was performed using the follow-
ing primary antibodies: anti-DNMT1, anti-DNMT3a (Im-
genex, 64B1446); anti-DNMT3b (Abcam, 52A1018); anti-
UHRF1 (13); anti-TET1, anti-TET2 and anti-TET3 (14);
anti-GFP antibody (Roche, 11814460001); anti-B-Actin
(Sigma, A5441); anti-SNF2H (Abcam, ab22012). Blots
were probed with anti-rat (Jackson ImmunoResearch,
112-035-068), anti-mouse (Sigma, A9044) and anti-rabbit
(Biorad, 170-6515) secondary antibodies conjugated to
horseradish peroxidase (HRP) and visualized using an ECL
detection kit (Pierce). An anti-mouse antibody conjugated
to Alexa 488 (Life Technologies, A21202) was used for fluo-
rescence detection of western blots using the Typhoon 9400
(GE Healthcare) imaging system.

For immunoprecipitation, ~1 x 10% Dpmt]4F/aP,
Dnmt3b“P/4P or wt cells were harvested in ice cold phos-
phate buffered saline (PBS), washed twice and subsequently
homogenized in 200 wl lysis buffer (20 mM Tris/HCl pH
7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSEF, 0.5%
NP40). After centrifugation (10 min, 14 000 g, 4°C) the
supernatant was adjusted with dilution buffer (20 mM
Tris/HCI pH 7.5, 150 mM NacCl, 0.5 mM EDTA, 1 mM
PMSF) to a final volume of 300 pl. A total of 50 wl were
mixed with sodium dodecyl sulphate (SDS)-containing
sample buffer (referred to as input (I)). For pull-downs,
100 pl (4 wg) of either 5A10 DNMTI1 antibody (15) or

2. Results

the newly generated MIN-tag antibody 1E1 was added to
the cell lysates and incubated 2 h at 4°C. For pull-down
of immunocomplexes, 40 wl of protein G agarose beads
(GE Healthcare, Freiburg, Germany) equilibrated in dilu-
tion buffer were added and incubation continued for 2 h.
After centrifugation (2 min, 5000 x g, 4°C) 50 pl of the su-
pernatant was collected (referred to as flow-through (FT))
while the remaining supernatant was removed. The beads
were washed twice with 1 ml dilution buffer containing 300
mM NaCl. After the last washing step, the beads were re-
suspended in 50 wl Laemmli buffer and boiled for 10 min
at 95°C. For immunoblot analysis, 3% of the input and
the flow-through as well as 30% of the bound (B) frac-
tion were separated on a 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and sub-
jected to western blot analysis.

Immunofluorescence staining and microscopy

Immunostaining was performed as described previously
(16). Briefly, cells cultured on coverslips were fixed with
4% paraformaldehyde for 10 min, washed with PBST (PBS,
0.02% Tween20) and permeabilized with PBS supplemented
with 0.5% Triton X-100. Both primary and secondary an-
tibody were diluted in blocking solution (PBST, 2% BSA,
0.5% fish skin gelatin). Coverslips with cells were incubated
with primary and secondary antibody solutions in dark hu-
mid chambers for 1 h at RT; washings after primary and
secondary antibodies were done with PBST. Following sec-
ondary antibody incubations, cells were post-fixed with 4%
paraformaldehyde for 10 min. For DNA counterstaining,
coverslips were incubated in a solution of DAPI (2 wg/ml)
in PBS. Coverslips were mounted in antifade medium (Vec-
tashield, Vector Laboratories) and sealed with colorless nail
polish.

For immunolabeling, the following primary anti-
bodies were used: anti-DNMT1 (15); anti-DNMT3A
(Imgenex, 64B1446); anti-DNMT3B (Abcam, 52A1018);
anti-UHRF1 (13); anti-TET1, anti-TET2 (14); GFP-
Booster ATTO488 (Chromotek). The secondary antibod-
ies were anti-rabbit conjugated to DyLight fluorophore 594
(Jackson ImmunoResearch, 711-505-152), anti-mouse con-
jugated to Alexa 488 (Life Technologies, A21202), anti-rat
conjugated to Alexa 488 (Life Technologies, A21208) or
Alexa 594 (Life Technologies, A21209).

Single optical sections or stacks of optical sections were
collected using a Leica TCS SP5 confocal microscope
equipped with Plan Apo 63x /1.4 NA oil immersion objec-
tive and lasers with excitation lines 405, 488, 561 and 633
nm.

Live cell imaging experiments were performed on an
UltraVIEW VoX spinning disc microscope assembled to
an Axio Observer D1 inverted stand (Zeiss) and using a
63x/1.4 NA Plan-Apochromat oil immersion objective.
The microscope was equipped with a heated environmen-
tal chamber set to 37°C and 5% CO,. Fluorophores were
excited with 488 nm or 561 nm solid-state diode laser lines.
Confocal image series were typically recorded with 14-bit
image depth, a frame size of 1024 x 1024 pixels and a pixel
size of 110 nm. z-stacks of 12 pwm with a step size of 1 pm
were recorded every 30 min for about 24 h or for the live
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cell series of Dnmt3b*P/4P every hour for 60 h. To avoid
photodamage of the cells, the AOTF of the laser was set to
low transmission values of 6-10%. Binning was set to 2.

Super-resolution microscopy

Super-resolution images were obtained with a DeltaVision
OMX V3 3D-SIM microscope (Applied Precision Imaging,
GE Healthcare), equipped with a 60x/1.42 NA PlanApo
oil objective and sCMOS cameras (Olympus). A z-step
size of 125 nm was used during acquisition. SI raw data
were reconstructed and deconvolved with the SoftWorX 4.0
software package (Applied Precision). FIJI and Photoshop
CS5.1 (Adobe) were used for image processing and assem-
bly.

Antigen preparation, immunization, generation of hybrido-
mas and ELISA screening

For the translated attP peptide, the MIN antigen (attP
peptide) was designed with the following sequence
SGQPPRSQWCTVQT-Cys. Peptides were synthesized,
HPLC purified and coupled to OVA (Peps4LifeSciences-
Anette Jacob; Heidelberg). Lou/c rats were immunized
subcutaneously and intraperitoneally with a mixture of
50 g peptide-OVA, 5 nmol CPG oligonucleotide (Tib
Molbiol, Berlin), 500 wl PBS and 500 pl incomplete
Freund’s adjuvant. A boost without adjuvant was given
6 weeks after primary injection. Fusion of the myeloma
cell line P3 x 63-Ag8.653 with the rat immune spleen
cells was performed using polyethylene glycol 1500 (PEG
1500, Roche, Mannheim, Germany). After fusion, the
cells were plated in 96 well plates using RPMI11640 with
20% fetal calf serum, penicillin/streptomycin, pyruvate,
non-essential amino acids (Gibco) supplemented by
hypoxanthine-aminopterin-thymidine, (HAT) (Sigma, St
Louis, MO, USA). Hybridoma supernatants were tested
in a solid-phase immunoassay. Microliter plates were
coated with avidin (3 pg/ml, Sigma) over night. After
blocking with 2% FCS in PBS, plates were incubated with
biotinylated MIN peptide at a concentration of 0.2 pwg/ml
in blocking buffer. After washing the plates, the hybridoma
supernatants were added. Bound rat mAbs were detected
with a cocktail of HRP-labeled mouse mAbs against the
rat IgG heavy chains, thus avoiding IgM mAbs (a-IgGl,
a-IgG2a, a-1gG2b (ATCC, Manassas, VA, USA), a-1gG2c
(Ascenion, Munich, Germany). HRP substrate conversion
was visualized with ready to use TMB (1-Step™ Ultra
TMB-ELISA, Thermo). MIN-tag clone 1E1 (rat 1gGl)
was stably subcloned and further characterized.

A set of 25 rat derived hybridoma supernatants were
tested for specificity against an integrated attP peptide in
the Dnmtl locus using both western blot analysis and high
content microscopy. Western blots were prepared as men-
tioned previously. Each supernatant was used in a 1:10 dilu-
tion. Blots were probed with an anti-rat secondary antibody
conjugated to HRP.

Cells were prepared for immunofluorescence as described
above, with the exception that cells were fixed on a 96-well
Cell Carrier® plate (Greiner). Cells in individual wells were
incubated with the various hybridoma supernatants (1:100)
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for 1 h. As a secondary antibody, anti-rat conjugated to
Alexa 488 (Life Technologies, A21208) was used. Nuclei
were counterstained using DAPI. Images of stained cells
were acquired automatically with an Operetta high-content
imaging system using a 40x air objective (PerkinElmer).
DAPI and ATTO488 coupled antibodies were excited and
their emissions recorded using standard filter sets. Exposure
times were 10 and 400 ms for DAPI and ATTOA488, respec-
tively. All monoclonal antibodies described in this study are
available upon request.

The MIN antibody are available via http://human.bio.
Imu.de/_webtools/MINtool/AB_info.html.

DNA methylation analysis

For the analysis of DNA methylation levels, genomic DNA
was isolated using the QIAamp DNA Mini Kit (QIAGEN).
Bisulfite treatment was performed using the EZ DNA
Methylation-Gold™ Kit (Zymo Research Corporation)
according to the manufacturer’s protocol. Subsequently,
the major satellite repeats sequence was amplified using
the primers described in (17). The biotinylated polymerase
chain reaction (PCR) products of the second PCR were an-
alyzed by pyrosequencing (Varionostic GmbH, Ulm, Ger-
many).

Targeting donor and plasmid construction

Plasmid sequences can be found in Supplementary Table
S6. Targeting donor constructs were either synthesized as
ssDNA oligonucleotides (Integrated DNA Technologies)
or produced by amplifying 300 to 200 bp long homology
arms with the respective external and internal primer sets
(Supplementary Table S2). These PCR products of the
5" and 3 homology arms were pooled and an overlap
extension PCR with the external primers was performed
to yield the final targeting fragments. The gRNA vector
was synthesized at Eurofins MWG Operon based on
the sequences described (3). The subcloning of targeting
sequences was performed by circular amplification. The
surrogate reporter (pSR) was generated by inserting in vitro
annealed DNA oligos via AsiSI and Nrul into pCAG-mCh
(18). eGFP was amplified using the primers eGFP-F and
eGFP-R and sequentially cloned into pCAG-mCh-Nrul
linker to generate the pSR construct. Reporters were
generated by subcloning in vitro annealed DNA oligos
containing CRISPR target sites into Kpnl and Nhel
digested pSR. The attB-GFP-knockin construct was
generated from R6K-NFLAP (19) by ligation free cloning
(20) rearranging the backbone sequences into the artificial
intron and introducing the attB site 5’ of the GFP open
reading frame (ORF), removing its start codon. The
attB-GFP-Poly(A) and attB-mCh-Poly(A) constructs were
created by amplifying the GFP ORF including the stop
codon and SV40 Poly(A) signal from pCAG-eGFP-IB and
inserted into the attB-LAP-tag backbone by ligation free
cloning. The attB-mCh-Poly(A)-mPGK-PuroR construct
was generated by subcloning the mPGK-PuroR sequence
from pPthc-Oct3/4 (21) and ligating it into the EcoRV
site of the attB-mCh-Poly(A) construct. The attB-GFP-
Poly(A)-mPGK-NeoR was produced by first exchanging
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the PuroR in pPthc-Oct3/4 with NeoR from pEGFP-C1
(22) using HindIII. The combined mPGK-NeoR was
then subcloned into the attB-GFP-Poly(A) vector via the
same EcoRV site mentioned previously. The attB-GFP-
DnmtlcDNA-Poly(A), attB-GFP-Tet1cDNA-Poly(A)
and attB-GFP-Dnmt3blcDNA-Poly(A) constructs were
generated by inserting the appropriate cDNAs from
constructs reported previously (17,23-24) via AsiSI/Notl
sites into the attB-GFP-Poly(A) and attB-mCh-Poly(A)
vectors respectively. The attB-GFP-Dnmt3b6-Poly(A),
attB-GFP-Tet1-d1-1363-Poly(A), attB-GFP-Tetl-d833-
1053-Poly(A), attB-GFP-Tet1-d833-1363-Poly(A) vectors
were produced via circular amplification with overlap
extension primers using the above mentioned attB-GFP-
Dnmtl/Dnmt3bl/TetlcDNA-Poly(A)  constructs  as
templates.

The attB-GFP-Dnmt3b6-Poly(A)-mPGK-NeoR and
attB-mCh-Dnmt3bl-Poly(A)-mPGK-PuroR integration
constructs were created by inserting the Dnmt3b6 and
Dnmt3bl sequences (from attB-GFP-Dnmt3b6-Poly(A)
and attB-GFP-Dnmt3b1-Poly(A)) using AsiSI/Notl sites
into attB-GFP-Poly(A)-mPGK-NeoR and attB-mCh-
Poly(A)-mPGK-PuroR vectors, respectively.

All constructs described in this study are available via Ad-
dgene or via http://human.bio.lmu.de/_webtools/MINtool/.

Cell culture

J1 ESCs were maintained on gelatin-coated dishes in
Dulbecco’s modified Eagle’s medium supplemented with
16% fetal bovine serum (FBS, Biochrom), 0.1 mM B-
mercaptoethanol (Invitrogen), 2 mM L-glutamine, 1x
MEM Non-essential amino acids, 100 U/ml penicillin,
100 pg/ml streptomycin (PAA Laboratories GmbH), 1000
U/ml recombinant mouse LIF (Millipore) and 2i (Il
wM PD032591 and 3 pM CHIR99021 (Axon Medchem,
Netherlands), referred to as ESC medium. Differentiation
of naive pluripotent stem cells to epiblast-like cells was
performed according to the protocol of (25). Briefly, J1
ESCs were maintained in the ground state in Geltrex (Life
Technologies) coated flasks and cultured in N2B27 (50%
neurobasal medium (Life Technologies), 50% DMEM/F12
(Life Technologies), 2 mM L-glutamine (Life Technolo-
gies), 0.1 mM B-mercaptoethanol, N2 supplement (Life
Technologies), B27 serum-free supplement (Life Technolo-
gies) containing 2i and 1000 U/ml LIF 100 U/ml Penicillin-
streptomycin) for at least three passages before differentia-
tion. To differentiate naive ESCs into epiblast-like cells, cells
were replated in N2B27 differentiation medium containing
10 ng/ml Fgf2 (R&D), 20 ng/ml Activin A (R6D) and 0.1 x
Knockout Serum Replacement (KSR)(Life Technologies).
Time point 0 h in differentiation time-course experiments
corresponds to the time N2B27 differentiation medium was
added to cells.

Generation of MIN-tagged and Bxb1-mediated knockin cell
lines

To produce MIN-tagged cell lines, 5 x 10° cells were disso-
ciated and seeded in 0.2% gelatin (Sigma-Aldrich) coated
p35 plates. After 3 h, cells were transfected with 2 pg of
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the MIN-tag donor/homology ssDNA oligo or PCR prod-
uct, 0.5 pg gRNA construct, 0.5 pg surrogate reporter
construct and 1 pg Cas9 using Lipofectamine 3000 (In-
vitrogen) according to the manufacturer’s instructions. For
Bxbl-mediated recombination of attB constructs, 5 x 10°
cells were transfected with 1 g pCAG-NLS-HA-Bxb1 ex-
pression plasmid ((26) addgene 51271), 1 g of the respec-
tive attB construct and 0.5 pg Bxbl surrogate reporter.
For both MIN-Tagging and Bxbl-mediated recombina-
tion, cells were dissociated, resuspended in ESC medium
48 h post transfection and then analyzed and sorted with
a FACS Aria II (Becton Dickinson). For MIN-tagging, en-
richment of cells with RGEN activity was accomplished
by single-cell sorting GFP and mCherry positive cells into
96-well plates (Falcon) containing 150 .l of ESC medium.
For Bxbl-mediated recombination, cells with Bxbl1 activity
were enriched for by single-cell sorting GFP positive cells
into 96-well plates. Alternatively for Bxbl-mediated inte-
gration using antibiotic selection, cells were replated into
p150 plates with ESC medium containing G418 (0.5 mg/ml,
AppliChem) and puromycin (1 pg/ml, AppliChem) 48 h
post transfection.

Identification of MIN-tagged and Bxbl-mediated knockin
cell lines with restriction fragment analysis and PCR screen-
ing

After ~7 days (until colonies were readily visible), plates
from single-cell sortings were screened for colony growth.
Surviving colonies were dissociated and individually re-
plated onto two 96-well plates. Genomic DNA was isolated
from one plate after 2-3 days, while the second plate re-
mained in culture. To identify MIN-tagged clones, the re-
gion surrounding the ATG (or stop codon in the case of
C-terminal tagging) was PCR amplified using the appro-
priate external and screening primers (Supplementary Ta-
ble S2). For restriction fragment analysis, 10 wl of these
PCR products were digested with either Hincll or Sacll
and then analyzed on 1.5% agarose gels. PCRs of positive
clones were confirmed by Sanger sequencing. To screen for
Bxb1-mediated recombiation, we employed a three-primer
PCR strategy using the respective external primers flank-
ing the MIN-tagged locus and an attL-specific primer (Sup-
plementary Figure S3A, Table S2). For Bxbl-mediated in-
tegrations using antibiotic selection, mESC colonies were
picked, dissociated using trypsin and plated into individual
wells on 96-well plates ~7 days after starting antibiotic se-
lection. Genomic DNA isolation and screening PCRs were
performed as described above. Clones harboring the desired
MIN-tag insertion or Bxbl-mediated integration were ex-
panded, frozen and stored in liquid nitrogen.

All cell lines are available at http://human.bio.Imu.de/
_webtools/MINtool/cell lines.html.

Genomic DNA isolation for PCR

Cells were lysed in multi-well plates by the addition of 50 pl
lysis buffer (10mM Tris/HCl pH 7.4, 10mM EDTA, 10mM
NaCl, 50p.g/ml Proteinase K, 1.7 wuM SDS) per well. The
Plates were subsequently incubated at —80°C for 15 min,
followed by 3 h at 56°C. Heat inactivation of Proteinase K
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was performed by incubation at 85°C for 20 min. The re-
sulting crude DNA lysates were directly subjected to PCR.

BiolD

BioID experiments were performed after (27) using ex-
tracted crude nuclei (adapted from (28)) as input material.
In brief, cells were cultured for 48 h with or without ad-
dition of 50 wM biotin. Cell pellets (~4 x107 cells) were
washed once in bufter A (10 mM HEPES/KOH pH 7.9, 10
mM KCI, 1.5 mM MgCl,) and resuspended in buffer A con-
taining 0.15% NP-40 and 1x protease inhibitor (SERVA).
Samples were homogenized using a pellet pestle. After cen-
trifugation, crude nuclei pellets were washed once with PBS.
Crude nuclei were resuspended in BiolD-lysis buffer (0.2%
SDS, 50 mM Tris/HCl pH 7.4, 500 mM NaCl, | mM
DTT, 1x protease inhibitor), supplemented with 2% Triton
X-100 and subjected to sonication twice using a Branson
Sonifier 450 (15% amplitude, 0.3 s pulse, 0.6 s pause, total
time 30 s). Samples were diluted 1:1 with 50 mM Tris/HCl
pH 7.4 after the first sonication step. Pulldown of biotiny-
lated proteins was performed overnight at 4°C with rotation
using M-280 Streptavidin Dynabeads (Life Technologies)
for subsequent mass spectrometry or Streptactin-Superflow
agarose beads (IBA) for SDS-PAGE analysis, respectively.
Beads were washed with wash buffer 1 (2% SDS), wash
buffer 2 (0.1% desoxycholic acid, 1% Triton X-100, 1 mM
EDTA, 500 mM NaCl, 50 mM HEPES/KOH pH 7.5) and
wash buffer 3 (0.5% desoxycholic acid, 0.5% NP-40, 1 mM
EDTA, 500 mM NacCl, 10 mM Tris/HCI pH 7.4) followed
by two washing steps with 50 mM Tris/HCI pH 7.4. For
SDS-PAGE analysis, proteins were silverstained after (29).

Digest of proteins and sample preparation for LC-MS/MS

On-beads digest of proteins was performed as described in
(28). All steps were carried out at room temperature. Beads
were resuspended in 2 M Urea in Tris/HCl pH 7.5, reduced
with 10 mM DTT for 20 min and subsequently alkylated
with 50 mM chloroacetamide for 20 min. A total of 0.25 g
Pierce Trypsin Protease (Thermo Scientific) was added for 2
h. Beads were collected by centrifugation and the resulting
peptide supernatant was further incubated overnight with
addition of 0.1 pg trypsin. Peptides were desalted using
StageTips (30).

LC-MS/MS and data analysis

Peptides were reconstituted in 20 wl mobile phase A (2% v/v
acetonitrile, 0.1% v/v formic acid) and analyzed by tandem
mass spectrometry using a EASY-nLC 1000 nano-HPLC
system connected to a LTQ Orbitrap Elite mass spectrom-
eter (Thermo Fisher Scientific). About 24 pl of the pep-
tide mixture were separated onto a PepMap RSLC column
(75 pm ID, 150 mm length, C18 stationary phase with 2
pm particle size and 100 A pore size, Thermo Fisher Sci-
entific) and introduced into the mass spectrometer at a flow
rate of 300 nl/min running a gradient from 5 to 35% mo-
bile phase B (98% v/v acetonitrile, 0.1% v/v formic acid).
Ion source and transmission parameters of the mass spec-
trometer were set to spray voltage = 2 kV, capillary tem-
perature = 275°C. The mass spectrometer was operated in
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data-dependent mode, selecting up to 10 precursors from a
MS]1 scan (resolution = 60 000) in the range of m/z 250—
1800 for collision-induced dissociation (CID). Singly (+1)
charged precursor ions and precursors of unknown charge
states were rejected. CID was performed for 10 ms using
35% normalized collision energy and the activation q of
0.25. Dynamic exclusion was activated with a repeat count
of one, exclusion duration of 30 s, list size of 500 and the
mass window of 10 ppm. Ion target values were 1 000 000
(or maximum 10 ms fill time) for full scans and 10 000 (or
maximum 100 ms fill time) for MS/MS scans, respectively.
Raw data were analyzed using MaxQuant Version 1.5.2.8
(31) using the MaxLFQ label free quantification algorithm
(32) and the match-between-runs functionality. UniprotK B
MOUSE.fasta was used as a reference database (33). A
maximum of two missed cleavages and a false discovery rate
of 1% were set as parameters. Oxidation of methionine and
biotinylation were searched as variable modifications and
carbamidomethylation of cysteine residues as fixed modifi-
cation. For statistical analysis, the Perseus software version
1.5.1.6 was used (31). Significance was tested using a two
sided Student’s z-test and a permutation based FDR cal-
culation. GO enrichment analysis was performed with the
Gene Ontology enRIchment anaLysis and visuaLiz Ation tool
(GOrilla, (34)). A P-value < 0.01 was considered signifi-
cant.

FRAP

Live cell imaging and FRAP experiments were typically
performed on an UltraVIEW VoX spinning disc mi-
croscope with integrated FRAP PhotoKinesis accessory
(PerkinElmer) assembled to an Axio Observer D1 inverted
stand (Zeiss) and using a 63 x /1.4 NA Plan-Apochromat oil
immersion objective. The microscope was equipped with a
heated environmental chamber set to 37°C. Fluorophores
were excited with 488 nm (exposure time: 400 ms, laser
power: 15%) or 561 nm (exposure time: 450 ms, laser power:
30%) solid-state diode laser lines. Confocal image series
were typically recorded with 14-bit image depth, a frame
size of 256 x 256 pixels and a pixel size of 110 nm. For pho-
tobleaching experiments, the bleach regions, typically with
a diameter of 2 wm, were manually chosen to cover the chro-
mocenters. Photobleaching was performed using one itera-
tion with the acousto-optical tunable filter (AOTF) of the
488 nm laser line set to 100% transmission. Typically, 10
pre-bleach images were acquired at a rate of 1 s per time-
point and 60 post-bleach frames were recorded at a rate
of 10 s per timepoint. Data correction, normalization and
quantitative evaluations were performed by automated pro-
cessing with ImageJ (http://rsb.info.nih.gov/ij/) using a set
of newly developed macros followed by calculations in Ex-
cel.

RESULTS

A fast and efficient strategy to generate MIN-tagged genomic
loci

Our novel genome engineering strategy relies on the
CRISPR /Cas-assisted insertion of the MIN-tag sequence
into the open reading frame of a target gene either directly
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downstream of the start codon or upstream of the stop
codon (Figure 1A and Supplementary Figure S2H). Nei-
ther regulatory regions nor gene structure are altered, lead-
ing to preservation of the endogenous expression pattern
and post-transcriptional processing of the gene of interest.

Since epigenetic processes undergo dramatic changes
during early embryonic development and are tightly regu-
lated, we tested the efficacy and versatility of our method
by targeting the DNA modifying enzymes Dnmtl, Dnmt3a,
Dnmi3b, Tetl, Tet2 and Tet3 as well as the chromatin bind-
ing protein Uhrfl in mESCs (Figure 1D). We generated
targeting donors containing the 48 bp MIN-tag sequence
flanked by short homology arms (200-300 bp for PCR-
based donors or 76 bp for single stranded DNA oligos).
We next designed specific gRNAs to target sequences lo-
cated either in close proximity to or overlapping the start
or stop codon of the respective genes. As scarless inte-
gration of the MIN-tag requires a resistance free selec-
tion strategy we used a surrogate reporter assay to enrich
for cells that express an active Cas9:gRNA complex by
fluorescence-activated cell sorting (FACS) (Figure 1B and
C). In this reporter assay, the target sequence is inserted be-
tween the ORF of mCherry (mCh) and GFP thereby dis-
rupting the reading frame of the fusion. GFP is expressed
only when the target sequence is cleaved by a specific and ac-
tive Cas9:gRNA complex, which causes small, frameshift-
ing insertions or deletions by non-homologous end joining
(NHEJ) restoring the reading frame of the fluorescent pro-
tein (35). For each targeting, we co-transfected mESCs with
a mixture of surrogate reporter construct, gRNA vector,
Cas9 expression plasmid and the specific targeting MIN-
tag donor fragment. After single cell sorting of GFP posi-
tive cells and expansion of the resulting colonies, we isolated
genomic DNA by a fast and simplified in-well lysis proto-
col to screen for positive clones by PCR and analytical re-
striction digest. This allows the identification of hetero- and
homozygous insertions already at this stage (Supplemen-
tary Figure S1D). Combined, all targeting yielded positive
clones with an average efficiency of 3% for homozygous and
1% for heterozygous insertions (Supplementary Table S1).
All targeted genes were expressed normally and subcellular
localization as well as enzymatic activity was not disrupted
in comparison to wild-type (wt) cells (Supplementary Fig-
ures S1 and S2). In addition, the possibility of C-terminal
tagging (see Uhrf1 (C); Figure 1D and Supplementary Fig-
ure S2H) allows the MIN-tag to be used in cases where N-
terminal targeting disturbs protein function.

Taken together, these results demonstrate that the MIN-
tag can efficiently be integrated at precise genomic locations
using a CRISPR /Cas assisted, fluorescence based selection
strategy.

Generation of a highly specific monoclonal antibody recog-
nizing the MIN epitope

Insertion of the MIN-tag into the ORF of target genes
leads to expression of a small peptide that does not occur
in the mammalian proteome (Figure 2A). This unique fea-
ture allowed us to generate a highly specific monoclonal an-
tibody against MIN-tagged proteins. Immunofluorescence
(IF) stainings of a mixed Dnmt1¢*/#P and wt culture dis-

2. Results

tinguished single MIN-tagged cells and colonies from wt
cells, demonstrating the high specificity of the anti-MIN an-
tibody (Figure 2B). Pull-down experiments in Dnmat]*P/aitP
cell extracts showed a quantitative enrichment of DNMT1
in the bound fraction (Figure 2C). Furthermore, pull-down
of DNMT?3B using the anti-MIN antibody efficiently co-
precipitated SNF2H, a known interactor of DNMT3B, in
protein extracts of Dnmt3b“!'F/4P cells, but not in wt con-
trol extracts (Figure 2D) (36).

Collectively, these data show that the MIN-tag can be uti-
lized as a universal epitope tag for IF and immunoprecip-
itation (IP), thus allowing the investigation of localization
and molecular interactions of MIN-tagged proteins.

Functionalization of MIN-tagged genes by Bxbl-mediated
recombination

To demonstrate the versatility of the MIN-tag as a Bxbl
integration site, we constructed a toolbox of functional
cassettes, which we recombined into the MIN-tagged lo-
cus of the maintenance DNA methyltransferase Dnmtl
(Dnmt12WP/31P) Rirst, we generated a knockout vector car-
rying the attB site directly in front of the ORF of GFP
followed by a stop codon and a polyadenylation signal
(attB-GFP-Poly(A), Figure 3A) that we transfected to-
gether with a codon-optimized Bxbl expression construct
in the Dnmt14P/4P cell line. Successful recombination
events were identified by GFP expression and single cells
sorted by FACS (Figure 3B). We designed a multiplex PCR
strategy that takes advantage of the unique attL site gener-
ated by successful recombination to facilitate identification
of positive clones and their zygosity (Figure 3D and Supple-
mentary Figure S3A). PCR screening of sorted clones re-
vealed that the attB-GFP-Poly(A) construct had been suc-
cessfully integrated into both alleles in 13 (56.5%) clones
(Supplementary Table S3). Of those, we examined three
clonal cell lines all of which exhibited no residual expres-
sion of DNMT1 by western blot analysis and IF (Figure
3F; Supplementary Figure S3B and C). For functional char-
acterization, we analyzed DNA methylation levels at major
satellite repeats, one of the main substrates for DNA methy-
lation activity of DNMT1 during replication (37,38). Due
to the loss of the maintenance DNA methyltransferase in
the Dnmt1%0/K0 clones, a severe hypomethylation was ob-
served at this sequence (Figure 3E). Taken together, our
attB-GFP-Poly(A) vector proved to be a valuable tool to
generate genetically-defined gene knockouts in MIN-tagged
cell lines.

Second, we designed a GFP knockin construct that can
be used to generate in-frame GFP fusions of MIN-tagged
genes. To avoid disruption of the gene locus and preserve the
endogenous splicing sites, we placed the bacterial backbone
sequences into an artificial intron splitting the GFP ORF
into two exons (19) (Figure 3A). After recombination and
FACS sorting for GFP expressing cells, the GFP knockin
construct integrated in both alleles of the Dnmt! locus in 13
clones (41.9%), without altering physiological DNMT1 ex-
pression levels (Figure 3G, Supplementary Figure S3D and
Table S3). Live cell imaging of Dnmt1FP/9FF cells revealed
a normal localization of GFP-DNMT 1 throughout the cell
cycle (15,24)(Supplementary Figure S3E), demonstrating
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Figure 1. Generation of MIN-tagged cell lines. (A) Schematic overview of MIN-tag insertion into the DnmtI locus via CRISPR /Cas assisted gene editing.
The MIN-tag donor harbors the arzP site and homology to the genomic sequence 5’ and 3’ of the start codon. Integration is facilitated by double strand
breaks created by Cas9 directed to the target sequence by a specific gRNA. Restriction enzyme recognition sites used for screening in this study are indicated
above the attP sequence. (B) Schematic overview of the surrogate reporter used to enrich for cells expressing a functional Cas9 complex. The respective Cas9
target sequence (tSeq) is placed downstream of mRFP followed by a stop codon and an out-of-frame GFP ORF. This surrogate reporter is transfected
into the cells together with a vector expressing Cas9 and a U6 driven gRNA expression cassette. (C) Cells that express a functional Cas9 complex can
then be identified by expression of GFP and enriched via FACS. (D) Screening PCRs followed by restriction digest with HinclI or Sacll of all generated
MIN-tagged cell lines. (N) and (C) refer to N- and C-terminal tagging, respectively.

that DNMT]1 regulation was not impaired. Albeit only at
low frequencies, Bxbl has been shown to damage recom-
bination sites (8). Therefore, we sought to confirm that the
Bxbl-mediated recombination of the GFP cassette at the
MIN-tagged locus occurred without error via site-specific
recombination. We sequenced the region flanking the atzL
site in the Dnmt19FP/GFP cell line (Supplementary Figure
S4) and determined that the GFP cassette was accurately
integrated in a scarless fashion. In summary, this attB-GFP
vector is suited to express GFP fusion proteins from the en-
dogenous promoter preserving physiological regulation and
splicing of the target gene.

Finally, we investigated whether the MIN-tag can be used
to generate cell lines expressing mutants of the target gene
for functional screenings or disease modeling. We cloned
the cDNA of Dnmtl into the attB-GFP-Poly(A) construct
in-frame with GFP and performed recombination as de-
scribed above. We identified 10 (66.6%) clones in which in-
tegration had occurred, of which 9 (60%) were homozygous
for the Dnmtl cDNA knockin (Supplementary Table S3).
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Expression analysis by western blot and live cell imaging
revealed that the endogenous DNMT1 protein was com-
pletely replaced by the Dnmtl mini gene product and exhib-
ited normal localization (Figure 3H, Supplementary Figure
S3F).

All in all, we show that MIN-tagged entry cell lines can
be efficiently functionalized with a flexible toolbox of attB-
vectors to generate gene knockouts, N-terminal fusion con-
structs such as GFP and cDNA knockins. In total, we
generated 15 derivatives of our MIN-tagged cell lines so
far. The efficiency of Bxbl-mediated recombination ranged
from 33 to 67%, with an average of 50% (Supplementary
Table S3, Figure S5). This demonstrates the efficacy of our
system as well as the simplicity with which MIN-tagged cell
lines can be modified and functionalized by prefabricated
cassettes. The error-prone step of CRISPR /Cas-mediated
insertion of the MIN-tag is necessary only once to generate
an entry cell line, which can then be specifically manipulated
with a variety of recombination vectors, allowing maximum
biological comparability.
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Figure 2. Application of the anti-MIN monoclonal antibody. (A) DNA sequence of the arzP site and corresponding translated MIN peptide sequence
(orange). (B) Fluorescence micrographs of wt mESCs, Dnmtlattp/attp cells and of a mixed culture (1:10) of wt and DnmtlattP/attP cells stained with
the anti-MIN antibody. DAPI is used as DNA counterstain. Scale bars represent 5 pm. (C) IP experiments performed with anti-MIN and anti-DNMT]1
antibody in DnmtlattP/attP cell extracts (input (I), flow through (FT), bound (B)). (D) Co-IP of DNMT3B in wt and Dnmt3battP/attP cells using the
anti-MIN antibody. DNMT3B co-precipitated SNF2H in Dnmt3battP/attP cells as determined by western blot.

Using the MIN-tag strategy to study endogenous protein reg-
ulation

As elucidating the function of uncharacterized protein do-
mains requires systematic analysis, we generated a series
of deletion constructs covering the N-terminus of TET1,
which we aimed to recombine into our Tet1¢/F/4!'F cell line
(Figure 4A). However, we were unable to identify positive
recombination events by FACS due to low expression of
this target gene. To circumvent this problem, we developed
a surrogate reporter system for Bxbl mediated recombina-
tion that can be used to enrich for positive recombination
events (Figure 3C). The Bxbl surrogate reporter construct
consists of a constitutive promoter followed by an attP site
and a Poly(A) sequence. Upon transfection, Bxbl mediates
the recombination of a fluorophore (e.g. GFP) containing
attB plasmid with the Bxbl surrogate reporter, which re-
sults in the expression of GFP. This allows enrichment of
positive recombination events, even when the MIN-tagged
gene is not expressed or only at low levels.

Using the Bxb1 surrogate reporter for enrichment and the
above described PCR strategy for screening, we were able to
generate four 7et] knockin cell lines expressing N-terminal
deletion constructs from the endogenous promoter. West-
ern blot analysis revealed complete replacement of wt TET1
expression by the knockin constructs (Figure 4B). These cell
lines can be used for future systematic studies of the regu-
latory function of the TET1 N-terminus that is largely un-
known so far.

Taking advantage of the MIN-tag strategy to express fu-
sion constructs at endogenous levels, we expanded our tool-
box to include a BirA* cassette which we knocked into the
Tet1 locus (Supplementary Figure S5G). In contrast to clas-
sical IP approaches, proximity-dependent protein labeling
by the promiscuous biotin ligase, BirA* (BiolD) (27), al-
lows the characterization of the full microenvironment of a
protein of interest independent of physical protein—protein
interactions. This technique enabled us to pull down pro-
teins within close proximity (~10 nm radius, (39)) of TET1
that were subsequently identified by LC-MS/MS (Figure
4C). We found nine proteins to be significantly enriched (40)
upon addition of exogenous biotin to the culture medium of
our Tet]Br4*/Bird* mESC line, including SIN3A, a known
interactor of TET1 (41) (Figure 4D and E). Interestingly,
these proteins are associated with chromatin modification
and organization (Figure 4F). This marks the first time that
the BioID method has been used in mESCs and in a non-
overexpression context with the BirA* ligase fused to the
endogenous protein.

Using the MIN-tag strategy to study dynamic cellular pro-
cesses

During early embryonic development, the epigenome un-
dergoes massive rearrangements that are precisely regu-
lated. Knockout of the major epigenetic factors is often
embryonic lethal (38,42) and over-expression studies fre-
quently fail to reflect the tight regulation of these proteins.
Therefore, more flexible and delicate genetic manipulations
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Figure 3. Bxbl-mediated insertion of functional cassettes into the Dnmt1 locus. (A) Schematic outline of the strategy and vectors used to create knockout,
GFP knockin and cDNA knockin functionalizations of the Dnmt14'F/4P ce]l line. cDNAs can be cloned into the attB-GFP-Stop-Poly(A) vector using the
8-cutters AsiSI and Notl. (B) FACS plot depicting the gating and sorting of mESCs to enrich for cells positive for integration of the knockout cassette (2.05%
of parent population) based on GFP expression. (C) The Bxbl surrogate reporter consists of a constitutive CMV promoter followed by an az¢P site. If Bxb1
and attB donor plasmid containing GFP is present in the cell, recombination of the donor into the reporter leads to expression of GFP. The Bxbl surrogate
reporter can be used to enrich for successful recombination events by FACS. (D) Gel electrophoresis of the multiplex PCR for wt, Dnmt19P/4P (attP/attP),
Dnmt15X0/K0 (KO /KO), Dnmit1PNA/<PNA (cDNA /cDNA) and Dnmt19FF/CFP (GFP/GFP) as well as 1:1 mixtures with Dnmt19P/4P genomic DNA, to
control for amplification biases. Blue arrows indicate expected sizes of the non-recombined (attP) and recombined allele (attL). (E) DNA methylation
levels at the major satellite repeats of DnmzI50/K0 cells compared to wt and Dumtl14F/4P cells, (F) Western blot analysis of DNMT1 expression levels
in wt, Dnmt19"F/9P and Dumt1KO/KO cells generated by Bxbl-mediated insertion of a knockout cassette. (G) Western blot analysis of DNMT1 and GFP
expression in Dnmt1*P/4P and homozygous GFP-knockin cells (Dnmtl9FP/GFP) generated by Bxbl-mediated insertion. (H) Western blot analysis of
DNMT]1 and GFP expression in Dnmt19P/4P and Dpmt]<PNA/¢PNA cells expressing a GFP-Dnmt1 minigene from the endogenous promoter.
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Figure 4. Study of TET1 regulation. (A) Schematic representation of the Tez/ cDNA constructs used for Bxbl-mediated recombination into Tet]4"F/4/P

cells. (B) Western blot analysis of TET1 expression in Tet14"P/4P cell line and its derivatives expressing GFP-TET121-1363 (A1-1363), GFP-TET14833-1053
(1A833-1053) and GFP-TET14833-1363 (A833-1363). Note that fusion to GFP increases the MW of TET constructs by 29 kDa. (C) Schematic represen-
tation of the BioID approach as described by Roux eral. (27). (D) SDS-PAGE analysis of a BioID pulldown experiment using the Tet]BirA*/BirA* ] Jine,
Cells were cultured either without (control) or with 50 wM biotin (+biotin). C: Cytoplasm, I: Crude nuclei input, FT: Flowthrough, B: Bound, W1-W3:
Wash. (E) Volcano plot of proteins identified in the streptavidin pulldown of the TET1-BioID experiment, quantified with the MaxQuant Label-Free-
Quantification algorithm (32). The x-axis reflects the difference in protein abundance in the BioID pull-down compared to the negative control while the
y-axis shows the logarithmized P-value of a student’s 7-test. Significantly enriched proteins are highlighted in pink (FDR = 0.01, SO = 3, indicated by black
line (40)). Experiments were performed in duplicates. (F) GO term enrichment of proteins identified as significant in BioID.
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are needed to study the function of epigenetic factors in vivo.
Here, we focus on the de novo DNA methyltransferase 3B
(DNMT3B), one of the key factors during epiblast differen-
tiation. While it has been shown that DNMT3B, in concert
with DNMT3A and DNMT?3L, is responsible for the global
wave of de novo DNA methylation occurring during epiblast
differentiation (42-44), little is known about its localization
and protein kinetics during this developmental time period.

To address this question in a systematic fashion,
we generated a homozygous GFP knockin cell line
(Dnmt3bCFP/GFP) from the Dnmt3b*F/4P cell line by Bxbl-
mediated recombination (Figure SA and 6A). This allowed
us to follow expression of DNMT3B under native regu-
latory conditions and to monitor its localization during
the two-day transition from naive pluripotent ESCs to
Epiblast-like cells (EpiLCs, (25)) using live cell imaging with
high temporal resolution (1 image per hour).

At the naive pluripotent state, we observed very low ex-
pression levels of DNMT3B. Upon addition of differen-
tiation medium, protein expression was strongly and uni-
formly upregulated reaching its maximum at 48-52 h (Fig-
ure 5B, Supplementary video 1). Overall, these findings
were consistent with Dnmt3b mRNA levels in wt and
Dnmit3b®P/aP cells (Figure 5C). Interestingly, we observed
a highly dynamic subnuclear distribution of DNMT3B dur-
ing differentiation that can be classified into three patterns
(Figure 5B). (i) In the first 14 h of differentiation, DNMT3B
is expressed at low levels and no clear enrichment is visi-
ble. (ii) Between 1440 h after initiation of differentiation,
DNMT3B expression is upregulated and accumulates at
constitutive heterochromatin of chromocenters (CCs). (iii)
After 40 h of differentiation, DNMT3B is highly expressed
and localization to CCs is diminished. The above-described
patterns were not related to specific cell cycle stages, in-
dicating a differentiation stage dependent localization of
DNMT3B (Supplementary Figure S6A).

To investigate the specific chromatin distribution of
DNMT3B during differentiation in more detail, we per-
formed super-resolution 3D structured illumination mi-
croscopy (3D-SIM) with the anti-MIN antibody for protein
visualization. DAPI and trimethylated lysine 4 of histone 3
(H3K4me3) were used as markers of heterochromatin and
euchromatin (45), respectively. In agreement with the live
cell imaging experiments, DNMT?3B localizes at CCs, clus-
ters of subcentromeric regions, at the 30 h time point and
shows a broader distribution at 60 h after differentiation
(Figure 5D). Interestingly, the higher resolution of 3D-SIM
revealed an accumulation of the signal in facultative hete-
rochromatin at perinuclear and perinucleolar regions at the
60 h time point (Figure SD; right panel).

DNMT3B has been shown to be responsible for the
methylation of major satellite DNA, a main constituent
of CCs (42,46-47). As DNMT3B is enriched at CCs be-
tween 14-40 h of differentiation, we investigated whether
DNMTS3B is actively methylating these sequences during
this period. Therefore, we performed fluorescence recov-
ery after photobleaching (FRAP) of GFP-DNMT3B lo-
calized at CCs. Using our Dnmt3b%FF/GFP cell line, we per-
formed FRAP experiments at 35 h of differentiation. Using
circular regions of interest (ROIs) that encompassed indi-
vidual CCs, we monitored signal recovery for 10 min after

98

Nucleic Acids Research, 2015 11

bleaching. We found that the signal exhibited a slow recov-
ery rate (t;» = 42 s) and did not recover completely. As
DNA methylation has been shown to have a slow turnover
rate (48,49), this suggested the immobile fraction (~20%) of
DNMTS3B could be catalytically active at CCs (Figure 6B
and D, Supplementary Table S4). To test this hypothesis,
we performed FRAP experiments on cells treated with the
DNA methyltransferase inhibitor 5-aza-2’-deoxycytidine
(5-azadC), which irreversibly traps DNMTs at their site of
action (50). We found that 5-azadC treated CCs exhibited a
large immobile fraction (~80%) suggesting that DNMT3B
is actively methylating CCs at this time point. However,
we were surprised to find that ~20% of DNMT3B enzyme
still remained mobile (Figure 6C). Considering the long 5-
azadC treatment time of 12 h this suggested that a fraction
of the enzyme never engaged in catalytic reactions. As our
GFP cassette preserves endogenous splicing patterns, the
GFP-DNMT3B fusions used in this study represent a mix-
ture of different protein isoforms. This prompted us to in-
vestigate the contribution of Dnmt3b splicing isoforms to
the observed FRAP kinetics.

For Dnmt3b, nine splicing isoforms, all originating from
the same translational start site, have been described
(51). Besides the catalytically active isoform DNMT3BI,
DNMT3B6 has been shown to be highly expressed in ESCs.
This isoform is produced by alternative splicing, skipping
exons 23 and 24, resulting in a protein that lacks several
highly conserved motifs within the catalytic domain and has
therefore been suggested to be inactive (52).

To dissect the contributions of DNMT3BI and
DNMT3B6 to the observed FRAP kinetics of
Dnmit3bCFP/GFP cells, we generated a cell line express-
ing fluorescent fusions of each isoform. For this, we
produced cDNA knockin constructs in which DNMT3B1
was fused to a red fluorescent protein mCherry (mCh) and
DNMT3B6 was fused to GFP. To facilitate the generation
of knockin cell lines expressing each isoform from one allele
we equipped the Dnmit3bl and Dnmt3b6 constructs with a
Neomycin and Puromycin resistance cassette, respectively.
We successfully established a cell line that simultaneously
expressed mCh-DNMT3B1 and GFP-DNMT3B6, both
under the control of the endogenous Dnmt3b promoter
(Figure 6A, Supplementary Figure S6B), allowing us to
directly compare the FRAP kinetics of DNMT3BI1 and
DNMT3B6 within the same cell. In the absence of 5-azadC,
GFP-DNMT3B6 exhibited a fast (1, = 5 s) and complete
recovery while mCh-DNMT3BI recovered slower (1, =
95 s) (Figure 6B, Supplementary Table S4).

Intriguingly, FRAP kinetics of DNMT3B6 were not in-
fluenced by the presence of 5-azadC, supporting that it
is catalytically inactive. In contrast, DNMT3B1 was com-
pletely immobilized by addition of 5-azadC exhibiting vir-
tually no recovery after photobleaching (Figure 6C and E).

Taken together, our MIN-tag strategy enabled us to show
that DNMT3B exhibits a dynamic localization to distinct
chromatin regions during epiblast differentiation. Super-
resolution micrographs of cells stained with anti-MIN an-
tibodies at different time points of epiblast differentiation
hint towards progression of de novo DNA methylation in
a hierarchical fashion starting at constitutive (CCs) and
progressing towards facultative (perinuclear/perinucleolar)
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Figure 5. Spatio-temporal dynamics of DNMT3B during epiblast differentiation. (A) Gel electrophoresis of the multiplex screening PCR for wt,
Dnmt3b“PIaP and Dpmi3b9FF/GFP  Blue arrows indicate expected sizes of the non-recombined (attP) and recombined allele (attL). (B) Evaluation of
GFP signals during live cell imaging of Dnm3b%P/CFF cells. The graph depicts mean gray values of nuclear GFP signals. Error bars represent standard
deviations (1 > 81). Lower panels show Z-projections of Dnmt3b%/CFP cells representative of the indicated time frame. Scale bar represents 10 wm. (C)
Quantitative real-time PCR of Dnmt3b mRNA levels in wt and Dnmt3b®F/4!F cells during epiblast differentiation. (D) 3D-SIM nuclear mid-sections
of anti-MIN (green) and anti-H3K4me3 (red) antibody distributions 30 and 60 h after induction of EpiLC differentiation combined with DAPI coun-
terstaining (gray) in Dnmt3b@P/@P cells. Lower panels represent 7x magnifications of selected boxed regions. Scale bars represent 3 wm and 500 nm in

insets.
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Figure 6. Protein dynamics of DNMT3B and its isoforms during epiblast differentiation. (A) Schematic representation of the Dnmt3b genomic loci in
the Dnmt3b9FP/GFP and the Dnmt3bh™Ch-3b1/GFP-3b6 el lines. (B) Quantitative evaluation of FRAP experiments (average of 11-14 cells) comparing GFP-
DNMT3B with GFP-DNMT3B6 and mCh-DNMT3BI in Dnmt3bSFP/GFP and the Dnmt3b"Ch-3b1/GFP-366 cell lines differentiated for 35 h. Error bars
represent standard error of the mean. (C) Quantitative evaluation of FRAP experiments (average of 10-12 cells) as in (B) with cells treated with 5-azadC
12 h before imaging. (D and E) Representative images of FRAP experiments performed in (B) and (C), respectively. White circles indicate the bleach ROI
with a diameter of 2 pm.
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heterochromatin. Finally, FRAP experiments revealed that
the two isoforms DNMT3B1 and DNMT3B6 exhibit dra-
matically different DNA binding kinetics.

DISCUSSION

Recent advances in genome engineering technology, based
on TALEN and CRISPR/Cas systems, have greatly facili-
tated the process of manipulating genetic information. Plat-
forms have been established that allow genome-wide gene
disruption screenings for factors involved in any biologi-
cal process (20,53-54). While these methods provide valu-
able information about the genes and pathways involved,
in-depth analysis of target genes is needed to understand
their function. This, in turn, requires the implementation of
various genetic, cell biological and biochemical techniques.
To gain meaningful insights into gene function, these tech-
niques have to be applied under physiological conditions
requiring extensive and complex genetic manipulations. Al-
though modern genome engineering tools have made such
manipulations possible, a more efficient and universal ap-
proach would be highly desirable to implement the above-
mentioned techniques in a systematic manner.

The MIN-tag strategy offers a new means of rapid, ef-
ficient, yet flexible genetic manipulation of target loci. We
show that CRISPR/Cas assisted insertion of the MIN-tag
can be performed efficiently with short homology donors.
Several studies have shown that CRISPR/Cas mediated
gene targeting is associated with a significant risk of off-
target cleavage, which can result in indel (insertions or
deletions) formation due to NHEJ (5-7,55-56). The MIN-
tag strategy requires a single nuclease assisted gene edit-
ing event, thereby keeping the likelihood of off-target ef-
fects at a minimum. Further modifications are then per-
formed using Bxbl-mediated recombination. In contrast to
the phiC31 integrase, Bxbl has been shown to be highly
specific with virtually no unwanted genomic insertions at
pseudo artP sites (8-9,57-58). Once a MIN-tagged cell line
is established, in-frame fusion of the MIN-tag to the target
gene also results in the expression of a novel epitope tag.
We show that this epitope tag can be detected by a highly
specific antibody, which can be used to screen for posi-
tive clones, perform co-immunoprecipitation (co-IP) exper-
iments, as well as conventional and super resolution mi-
Croscopy.

Using Bxb1 and the MIN-tag toolbox, a MIN-tagged en-
try cell line can be used to generate multiple isogenic deriva-
tives within 2-3 weeks (Figure 7), without the risk of in-
troducing off-target effects. Our collection of vectors for
Bxbl mediated recombination currently contains over 80
different plasmids (Supplementary Table S5). These prefab-
ricated functional cassettes constitute an expandable tool-
box for the simple and flexible genetic alteration of any
tagged loci, without the need of locus-specific homology.

Using our stop cassette, we show that the MIN-tag strat-
egy can be used to reliably achieve genetically defined gene
disruption of MIN-tagged genes. Harboring a Poly(A) sig-
nal, insertion of this cassette efficiently eliminates target
gene expression with the added advantage of precluding un-
wanted downstream initiation. As fluorescent protein re-
porters are commonly used to study spatio-temporal dy-
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namics and protein kinetics in living cells, we generated a
GFP knockin construct (attB-GFP) for Bxb1-mediated in-
tegration. GFP knockin cell lines made with this construct
retain not only their endogenous expression levels but also
their endogenous splicing pattern. Similarly, a BirA* cas-
sette can be introduced at any MIN-tagged locus to allow
for proximity-dependent labeling of the microenvironment
of a given protein.

Understanding protein function often necessitates the
systematic alteration of individual domains through muta-
tions as well as deletions. Equipped with a fluorescent pro-
tein and strategic cloning sites, our cDNA knockin cassette
is especially tailored for simple and expedient insertion of
user-defined cDNAs. PCR-based approaches can be used
to easily alter the coding sequence and quickly produce a
library of gene specific cDNA mutants. These can then be
inserted into target loci by Bxbl-mediated recombination,
completely replacing expression of the wt gene while retain-
ing endogenous control. While this strategy does not di-
rectly introduce the mutations into the gene locus, it offers a
means of inserting and testing multiple mutant constructs in
a short time frame without the need to design and perform
additional nuclease-assisted targetings. This feature can be
used to gain insights into the functional implications of the
rapidly growing number of mutations found in cancer and
disease. Likewise, the generation of large deletion mutants is
easily accomplished facilitating the investigation of protein
domain function and interaction mapping. This eliminates
the need for excising large genomic regions or cloning long
site-specific homology donors.

Obviously, the above mentioned plasmids by no means
represent the extent of all possible functional cassettes. For
example, MIN-tag toolbox modules allowing inducible pro-
tein stabilization or localization (59,60) as well as enzymatic
labeling of DNA binding sites (DamID (61)) would greatly
assist the elucidation of protein function and protein-
chromatin interactions, respectively.

Employing our strategy in mESCs, we inserted the MIN-
tag into the genes coding for all mammalian DNA mod-
ifying enzymes and a cofactor (Dnmtl, Dnmt3a, Dnmt3b,
Tetl, Tet2, Tet3 and Uhrfl). These MIN-tagged cell lines
as well as their functional derivatives (Supplementary Ta-
ble S3) constitute a valuable resource to investigate the
role of these proteins during fundamental processes such as
pluripotency, cellular reprogramming, embryonic develop-
ment and disease.

One gold standard method to study protein—protein in-
teractions is co-IP. However, chromatin- or membrane-
bound proteins are often barely soluble and consequently
difficult to investigate by this approach. Making use of our
BirA* cassette, we investigated factors in the microenviron-
ment of TET1, a dioxygenase that oxidizes DNA at methy-
lated cytosines (62). Besides the known interactor SIN3A,
we identify eight other proteins in proximity to TET1 that
are involved in chromatin modification and organization,
including the closely related TET2. This is in accordance
with the findings by Costa et al. (63) that TET1 and TET2
have partially overlapping target sites. In conclusion, inte-
gration of the BirA* cassette into the endogenous locus is
a perfectly suited method to study dynamic protein—protein
interactions.
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Figure 7. The MIN-tag strategy. (A) Schematic outline of the genome engineering strategy. Small homology donors are used to insert serine integrase
(attP) sites in-frame after the ATG codon of target genes via CRISPR /Cas assisted HR. The atzP site is translated as a novel epitope tag suitable for IF
and IP with the specific monoclonal antibody. The arzP site is also recognized by the serine integrase Bxb1 and used for specific and directional integration
of attB-carrying functional cassettes into the tagged gene locus. All derivatives are subjected to their endogenous gene regulation ensuring that subsequent
studies are performed at physiological expression levels. (B) Timeline for generation of MIN-tagged genes and subsequent modification by Bxb1-mediated
recombination. MIN-tagged cell lines can be generated within 2-3 weeks. These cell lines can then be modified within another 2-3 weeks to generate

multiple isogenic cell lines with different functional modifications.

We also applied the MIN-tag strategy to study the de
novo DNA methyltransferase DNMT3B during the transi-
tion from naive pluripotent ESCs to primed EpiLCs, a pe-
riod of dramatic epigenetic change. While distinct patterns
have been described for ESCs and somatic cells (46,64), the
subnuclear distribution of DNMT3B during differentiation
remains largely unknown. We discovered that DNMT3B
exhibits a highly dynamic subnuclear distribution during
epiblast differentiation. Our observations suggest that the
global wave of de novo DNA methylation during epiblast
differentiation follows a distinct spatio-temporal order, ini-
tiating at constitutive pericentromeric heterochromatin fol-
lowed by transition to facultative heterochromatin.

Exploiting the unique possibilities of our MIN-tag
strategy, we furthermore generated a cell line simultane-
ously expressing differentially tagged splicing isoforms of
DNMT3B from different alleles. This approach revealed
that the major catalytically active isoform DNMT3BI1 was
completely immobilized at chromocenters after 5-azadC
treatment, while the FRAP kinetics of DNMT3B6 were not
affected. This, to our knowledge, is the first time that FRAP
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has been performed on different isoforms of a protein at en-
dogenous expression levels in the same cell.

While this study was performed using mouse ESCs, our
strategy can be applied to any cell type as long as no Bxbl
attP site is present in the respective genomes. The human
genome is free of this entry site and introduction of the
MIN-tag into cell lines such as human induced pluripo-
tent stem cells should greatly facilitate the generation of
clinically relevant disease models. Moreover, MIN-tagged
mESCs could be used in blastocyst injections to gener-
ate MIN-tagged mice. Different tissues and cells could not
only be used for Bxbl-mediated genetic manipulation in
vitro, free of the limitation posed by inefficient endogenous
homologous recombination, but also to study tissue spe-
cific protein regulation with the MIN-tag antibody. Fur-
thermore, widely used cell biological model systems such as
HeLa and U20S cells as well as model organisms such as
Caenorhabditis elegans or Drosophila could benefit from the
versatility and efficiency of our approach.

In summary, with our combined genome engineering ap-
proach, a plethora of functional derivatives can be gener-
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ated from one entry line with high efficiency. To simplify
the distribution of MIN-tagged cell lines and the MIN-tag
toolbox as well as to assist with the design of targeting
strategies, we have developed a web-tool that is accessible
at http://human.bio.lmu.de/_webtools/MINtool/. As entry
lines can be shared and the genetic toolbox easily expanded
with new functional modules, the MIN-tag strategy repre-
sents a dynamic flexible open platform and facilitates sys-
tematic functional studies with direct biological compara-
bility.
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2. Results

Supplemental Figure and Video Legends

Supplemental Figure S1. Characterization of MIN-tagged DNA methyltransferase
cell lines.

(A) Western blot analysis of DNMT1 expression levels in the homozygous Dnmt12%/*
and wild type J1 cells. Beta-actin is used as a loading control. (B) Immunofluorescence

18"/ cells. Scale bar represent 5 ym. (C) DNA

1 attP/attP

stainings of Dnmt1 in wt and Dnmt
methylation analysis of the major satellite repeats in Dnmt and wild type cells.
(D) Example of the screening PCRs, with and without Hincll treatment, of clones found
to be heterozygous and homozygous for the MIN-tag at the Dnmt1 locus. Monoallelic
and biallelic insertions of the MIN-tag can be distinguished by complete and incomplete
digests, respectively. (E) Western blot analysis of DNMT3A expression levels in a
heterozygous (#2) and homozygous (#1, #3-4) Dnmt3a®""#" cell lines compared to wild
type cells. Beta-actin is used as a loading control. (F) DNA methylation analysis of major

satellite repeats in Dnmt3a™""#""

compared to wt cells. (G) Immunofluorescence
stainings of DNMT3A together with the replication marker EdU in wt cells and the the
homozygous Dnmt3a®"#"" clone #1. Scale bar represents 10 pm. (H)
Immunofluorescence stainings of DNMT3B in Dnmt3b®"2" and wt cells after 35 hours
of EpiLC differentiation. Scale bar represents 5 ym. Error bar represent standard

deviation (n=2).

Supplemental Figure S2. Characterization of MIN-tagged Tet1, Tet2 and Uhrf1 cell
lines and C-terminal MIN-tag integration.

(A-C) Western blot analysis of TET1, TET2, and UHRF1 expression levels in the
homozygous Tet1?"#1F Tet2#"F and N-terminal Uhrf12"™2" cell lines, respectively,
compared to the wt J1 control. B-Actin (ACTB) was used as loading control. (D)
Immunofluorescence stainings of TET1 in wt and Tet!®™" cells. (E)
Immunofluorescence stainings of 5-hydroxymethylcytosine (5-hmC) in wt and Tet712"741"

cells. (F) Immunofluorescence stainings of TET2 in wt and TetZ™" cells. (G)
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18tF/2tP calls. DAPI is used for

Immunofluorescence stainings of UHRF1 in wt and Uhrf
DNA counterstaining; scale bars represent 15 pm. (H) Schematic overview of
CRISPR/Cas-assisted C-terminal integration of the MIN-tag. MIN-tag donors contain the
attP site (depicted in orange) flanked by sequences (200-300 for PCR fragments or 76 for
ssDNA oligos) homologous to 5’ and 3’ of the target gene stop codon (depicted in red).
Restriction enzyme sites available for restriction fragment analysis based screening are

shown above the attP sequence.

Supplemental Figure S3. Evaluating functionality of Bxb1 mediated

1attP/attP Ce| IS-

recombination in Dnmt
(A) Schematic outline of the multiplex PCR strategy to identify positive recombination
events and their zygosity. (B) Immunofluorescence stainings of DNMT1 and GFP in wt

1KO/KO

cells and three Dnmt clones. Diffuse GFP indicates a successful integration of the

KO cassette into the locus. (C) Western blot analysis of DNMT1 expression levels in

three Dnmt1<9/K©

clonal cell lines generated by Bxb1-mediated insertion of a knock-out
cassette, compared to wt and Dnmt12"3"" cells. (D) Western blot analysis of DNMT1
and GFP expression in Dnmt12"#"" cells and two homozygous GFP-knock in cell lines
(Dnmt16FPGFP 4#1.-2) generated by Bxb1 mediated insertion. (E-F) Live cell imaging of
Dnmt16FFCFPand  Dnmt1°PNACPNA cells transiently expressing RFP-labeled PCNA, a

DNA replication marker, during cell-cycle progression. Scale bars represent 5 um

Supplemental Figure S4. Alignments of the expected sequence flanking the attL
site after recombination

Alignments of the expected sequence flanking the attL site after recombination of the
attB-GFP Kl at the Dnmt1, Dnmt3b, Tet1, and Tet2 locus (A-D) with the sequencing

results from the Dnmt1°77CFP Dnmt3p®FeFP Tet19FFGFP and Tet28FPGFF cell lines.
Supplemental Figure S5. Demonstration of Bxb1 mediated recombination in

multiple MIN-tagged genes.

(A-D) Gel electrophoresis of the multiplex PCR (using the attL primer and locus specific
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external primers, see also Table S1) performed on cell lines generated by Bxb1-
mediated integration of various MIN-tag toolbox components (Table S5) into the loci of:
(A) Tet1, (B) Tet2, (C) Dnmt3b, and (D) Uhrf1. Equal mixtures of genomic DNA from
non-recombined cell lines and recombined cell lines are used to control for possible
amplification biases arising from the use of different locus specific external primers. (E)
PCR to confirm insertion of the BirA* cassette into the Tet1 genomic locus. |: multiplex
PCR, II: wt specific PCR, IllI: attL (recombination) specific PCR

Supplemental Figure S6. Cell cycle analysis of DNMT3b localization during
differentiation.

(A) Immunofluorescence stainings of MIN-tagged DNMT3B and Histone 3 Serine 10
phosphorylation (H3S10P), a marker of G2/M phase (Ref Hendzel:1997wo) during
differentiation of naive pluripotent Dnmt3b2"21*

were fixed directly after (0 h)35 h, or 60 hafter induction of differentiation. The H3S10P

stem cells into epiblast-like cells. Cells

mark was used to determine if cells were in G2 or G1 phase in order to assess whether
changes in DNMT3B localization during differentiation are cell-cycle dependent. Scale

meh-Sb 1/GFP-3b6 cells

bar represents 5 ym. (B) Fluorescence microscopy images of Dnmt3
fixed after 35 h of differentiation. Both DNMT3B isoforms (GFP-DNMT3B1in green and
mCh-DNMT3B6 in red) localize at chromocenters (visible as bright DAPI spots). Scale
bar represents 5 ym

pGFP/GFP

Supplemental Video 1. Live cell imaging of Dnmi3 cells during

differentiation.

b PGP cells from the

Long-term (60 h), live cell imaging tracking the transition of Dnmt3
naive pluripotency ground state into the primed, epiblast-like state. Images were
acquired once per hour and entailing at least 10 ym z-stacks. The left panel depicts the
projection of GFP signal, while the right panel shows that projection superimposed onto

the acquired brightfield images.
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Supplemental Tables (S1-S5)

Table S1: CRISPR/Cas9-mediated MIN-tag insertion efficiencies

Gene Position MIN-tag Donor Heterozygotes Homozygotes TOTAL
: 2/67
Dnmtl | N-terminal PCR Product 1/67 (1.5%) 1/67 (1.5%) (2.9%)
9%
. 3/86
Dnmt3a | N-terminal PCR Product 0/86 (0%) 3/86 (3.5%) (3.5%)
. 0
: . 1/65
Dnmt3b | N-terminal ssDNA oligo 0/65(0%) 1/65(1.5%) (1.5%)
5%
Uhrf1 N-terminal PCR Product 0/6 (0%) 1/6(16.7%) 1/6
' (16.7%)
. . 4/36
Uhrf1 C-terminal ssDNA oligo 2/36 (5.5%) 2/36 (5.6 %)
(11.1%)
. 1/70
Tetl N-terminal PCR Product 0/70(0%) 1/70 (1.4%)
(1.4%)
: 3/24
Tet2 N-terminal PCR Product 1/24 (4.2%) 2/24 (8.3%)
(12.5%)
. 2/38
Tet3 N-terminal PCR Product 0/38 (0%) 2/38 (5.3%) (5.3%)
. 0
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Table S2: Oligonucleotide sequences used for CRISPR/Cas assisted targeting

2. Results

and screening

Name Sequence
Dnmtl
gRNA_F TGTTCGCGCTGGCATCTTGCGTTTTAGAGCTAGAAATAGCAAG
gRNA_R GCAAGATGCCAGCGCGAACACGGTGTTTCGTCCTTTCCAC

surrogate_F
surrogate_R

CTAGCTGTTCGCGCTGGCATCTTGCAGGGGATTCC
CCGGAGGAATCCCCTGCAAGATGCCAGCGCGAACAG

internal_R CACTATAGCCAGGAGGTGTGGG
internal_F TGTACCGTACACCACTGAGACCGCGGTGGTTGACCAGACAAACCCATCTTGCAGGTTGCA
GACGACAG

external R GTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACAAACCCCAGCGCGAACAGCTCC
B AGC

external_F GCGCGACAGGAAGCACAGCC

screening_F GTCGCAGCACGGACGAG

Uhrfl (N)

gRNA_F CATCGGCATCATGTGGATCCGTTTTAGAGCTAGAAATAGCAAG

gRNA_R GGATCCACATGATGCCGATGCGGTGTTTCGTCCTTTCCAC

surrogate_F
surrogate_R

CTAGCCATCGGCATCATGTGGATCCAGGGGATTCCT
GGCCAGGAATCCCCTGGATCCACATGATGCCGATGG

mtaﬂaLR CATCGGCATCATGTGGATCCGTTTTAGAGCTAGAAATAGCAAG

internal_F GGATCCACATGATGCCGATGCGGTGTTTCGTCCTTTCCAC

external R | ACCACCGCGGTCTCAGTGGTGTACGGTACAAACCTGGATCCAGGTTCGAACTATG
external_F CTATTGCTTGGTGGCTTTGAG

screening F | GGCAATTCACATTCAAGTGTCCC

UhrfL (C)

gRNA_F TGCCTGGGTCTCAGCATCACGTTTTAGAGCTAGAAATAGCAAG

gRNA_R GTGATGCTGAGACCCAGGCACGGTGTTTCGTCCTTTCCAC

surrogate_F
surrogate_R

CTAGCTGCCTGGGTCTCAGCATCACCGGGGATTCCT
CCGGAGGAATCCCCGGTGATGCTGAGACCCAGGCAG
CAGCTCCCCAACCCGGGTGAACCAGCCCTTGCAGACCATTCTCAACCAGCTCTTCCCTGG
CTATGGCAGCGGCCGGGGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACA

ssDNA oligo AACCTGATGCTGAGACCCAGGCAGAGGGCTCATGGTTCCAACTTCATAGTGTGTTTAGCT
TGAAGGTGTTGTCCTTCACG

external_R TTTCTAGGCAGCTGGTGTGG

external_F TGTACGTGAGAGGACGGAGT

screening_F TGTTGCCAGGAGCTACCAAG

Dnmt3a

gRNA_F GGGCCGCTGGAGGGCATTGCGTTTTAGAGCTAGAAATAGCAAG

gRNA_R GCAATGCCCTCCAGCGGCCCCGGTGTTTCGTCCTTTCCAC

surrogate_F
surrogate_R

CTAGCGGGCCGCTGGAGGGCATTGCTGGGGATTCCT
CCGGAGGAATCCCCAGCAATGCCCTCCAGCGGCCCG

internal_R CTTCTCTTCCCCACAGGCAG

internal_F ACCACTGAGACCGCGGTGGTTGACCAGACAAACCCATTGCTGGGCAGTAGGCG
external_R ACCACCGCGGTCTCAGTGGTGTACGGTACAAACCCCCTCCAGCGGCCCCG
external_F GTTCCCAGCCAAGCACCTAT

screening_F ATGGTCCTGCAACCAGAGTG

Dnmt3b

gRNA_F TTCCCCACAGGAAACAATGAGTTTTAGAGCTAGAAATAGCAAG

gRNA_R TCATTGTTTCCTGTGGGGAACGGTGTTTCGTCCTTTCCAC
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surrogate_F
surrogate_R

ssDNA oligo

external_R
external_F
screening_F

CTAGCTTCCCCACAGGAAACAATGAAGGGGATTCCT
CCGGAGGAATCCCCTTCATTGTTTCCTGTGGGGAAG
GAACTGGTGGTGTAAACCTTGCAGTGTGCCCTGTCTGCCTCTTACATATCCTGATCTTTC
CCCACAGGAAACAATGGGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACA
AACCAAGGGAGACAGCAGACATCTGAATGAAGAAGAGGGTGCCAGCGGGTATGAGGAGTG
CATTATCGTTAATGGGAACT
ACCACCGCGGTCTCAGTGGTGTACGGTACAAACCGGAGACAGCAGACATCTGAATG
ATCTGTCATGGAACCTGCCG

GAGCTGGCCAATTGCAGAAC

Tetl

gRNA_F
gRNA_R
surrogate_F
surrogate_R
internal_R
internal_F
external_R
external_F
screening__F

AGACATGGCTGCAGAGTAAGCGGTGTTTCGTCCTTTCCAC
CTTACTCTGCAGCCATGTCTAGCTTTCTTGTACAAAGTTGGCAT
CTAGCCTTACTCTGCAGCCATGTCTCGGGGATCCCT
CCGGAGGGATCCCCGAGACATGGCTGCAGAGTAAGG

ACTCAGTCTCCCAAATGCTGG
ACCACTGAGACCGCGGTGGTTGACCAGACAAACCAGACATGGCTGCAGAGTAAGTAAAG
ACCACCGCGGTCTCAGTGGTGTACGGTACAAACCCGGTCCCGCCCCGCAAAG
TCGGGGTTTTGTCTTCCGTT

GGGCAATGTTGTGACTCATGC

Tet2

gRNA_F
gRNA_R
surrogate_F
surrogate_R
internal_R
internal_F
external_R
external_F
screening__F

CGAAGCAAGCCTGATGGAACGTTTTAGAGCTAGAAATAGCAAG
GTTCCATCAGGCTTGCTTCGCGGTGTTTCGTCCTTTCCAC
CTAGCCGAAGCAAGCCTGATGGAACAGGGGATTCCT
CCGGAGGAATCCCCTGTTCCATCAGGCTTGCTTCGG
ACCACTGAGACCGCGGTGGTTGACCAGACAAACCCATCAGGCTTGCTTCGGGG
ACCACCGCGGTCTCAGTGGTGTACGGTACAAACCGAACAGGACAGAACCACCCAT
TGGTTCACTGACTGTGCGTT

CCAGGATCACACAGGAAGCA

GGATGGAGCCCAGAGAGAGA

Tet3

gRNA_F
gRNA_R
surrogate_F
surrogate_R

GTTCCAGGTCAGATGGACTCGTTTTAGAGCTAGAAATAGCAAG
GAGTCCATCTGACCTGGAACCGGTGTTTCGTCCTTTCCAC
CTAGCGTTCCAGGTCAGATGGACTCAGGGGATTCCT
CCGGAGGAATCCCCTGAGTCCATCTGACCTGGAACG

internal_R ACCACTGAGACCGCGGTGGTTGACCAGACAAACCCATCTGACCTGGAACAGGTC
internal_F ACCACCGCGGTCTCAGTGGTGTACGGTACAAACCGACTCAGGGCCAGTGTACC
external_R CAGTCGGGCTTCTGGTCTAC

external_F GATCTGAGCTCTCACAGGGC

screening_F AGTAGACAGGGCCTTGGGAT

attL_F CCGGCTTGTCGACGACG
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Table S3: Bxb1-mediated recombination efficiencies

2. Results

Gene Integration Construct Heterozygotes Homozygotes TOTAL
13/31
o 0,
Dnmtl | attB-GFP N/A 13/31 (41.9%) (41.9%)
Dnmt3b | attB-GFP 0/3 (0%) 1/3 (33.3%) 1/3(33.3%)
Tetl attB-GFP 14/45 (31.1%) 13/45(28.9%) 27/45 (60%)
Tet2 attB-GFP 28/81 (34.6%) 15/81(18.5%) 43/81 (53%)
15/2
Dnmtl | attB-GFP-STOP-Poly(A) 2/23 (8.7%) 13/23 (56.5%) 5/23
(65.2%)
19/32
Uhrfl attB-GFP-STOP-Poly(A) 5/32 (15.6%) 14/32 (43.8%)
(59.4%)
10/15
Dnmt1 | attB-GFP-cDNA-STOP-Poly(A) 1/15 (6.6%) 9/15 (60%)
(66.6%)
54/84
Dnmt3b | attB-GFP-cDNA-STOP-Poly(A) 28/84 (33.3%) 26/84 (31%) (64.3%)
. 0
19/58
Tetl attB-GFP-cDNA-STOP-Poly(A) 12/58 (20.7%) 7/58 (12.1%) (32.8%)
.8%
Dnmt3b attB-GFP/mCh-cDNA-STOP-Poly(A) 29/102 64/102 93/102
PuroR/neoR (28.4%) (62.7%) (91.2%)

Table S4: Evaluation of FRAP protein kinetics

GFP-DNMT3B mCh-DNMT3B1 GFP-DNMT3B6
Mobile fraction [A] 87 81 100
Diffusion coef. [um2/s] 4.2E-03 1.2E-03 4.1E-02
Half-time recovery [s] 42.2 94.8 5.1
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Table S5: The MIN-tag toolbox

Fluorescent

Name protein Application
Universal constructs
attB-GFP GFP GFP Kl
attB-mCh mCherry mCherry Kl
attB-GFP-T2A-BirA* GFP Protein interaction
attB-GFP-Poly(A) GFP KO
attB-mCh-Poly(A) mCherry KO
attB-GFP-Poly(A)-NeoR GFP KO /w selection
attB-GFP-Poly(A)-PuroR GFP KO /w selection
attB-mCh-Poly(A)-NeoR mCherry KO /w selection
attB-mCh-Poly(A)-PuroR mCherry KO /w selection
Gene specific cDNA Kl constructs
attB-GFP-Dnmt1-Poly(A) GFP cDNAKI
attB-GFP-Dnmt3b1-Poly(A) GFP cDNA KI
attB-GFP-Dnmt3b6-Poly(A) GFP cDNA KI
attB_eGFP_Dnmt3b_C656A Poly(A) GFP cDNA KI
attB_eGFP_Dnmt3b_D809G_Poly(A) GFP cDNAKI
attB_eGFP_Dnmt3b_dX_Poly(A) GFP cDNA KI
attB_eGFP_Dnmt3b_G655S_Poly(A) GFP cDNAKI
attB_eGFP_Dnmt3b_L656T_Poly(A) GFP cDNAKI
attB_eGFP_Dnmt3b_V718G_Poly(A) GFP cDNA KI
attB_eGFP_Dnmt3b_V810M_Poly(A) GFP cDNAKI
attB_eGFP_Dnmt3b6_Poly(A) GFP cDNAKI
attB_eGFP_Dnmt3b1_dPWWP_Poly(A) GFP cDNAKI
attB_eGFP_Dnmt3b1_dPHD_Poly(A) GFP cDNAKI
attB_mCh_Dnmt3b_C656A_Poly(A) mCherry cDNA KI
attB_ mCh _Dnmt3b_D809G_Poly(A) mCherry cDNAKI
attB_ mCh _Dnmt3b_dX_Poly(A) mCherry cDNA KI
attB_ mCh _Dnmt3b_G655S_Poly(A) mCherry cDNAKI
attB_ mCh _Dnmt3b_L656T Poly(A) mCherry cDNA KI
attB_ mCh _Dnmt3b_V718G_Poly(A) mCherry cDNA KI
attB_ mCh _Dnmt3b_V810M_Poly(A) mCherry cDNA KI
attB_ mCh _Dnmt3b6_Poly(A) mCherry cDNA KI
attB-GFP-Dnmt3b1-Poly(A) -NeoR GFP cDNA KI /w selection
attB-GFP-Dnmt3b6-Poly(A) -NeoR GFP cDNA Kl /w selection
attB_eGFP_Dnmt3b_C656A Poly(A)-NeoR GFP cDNA KI /w selection
attB_eGFP_Dnmt3b_D809G_Poly(A)-NeoR GFP cDNA KI /w selection
attB_eGFP_Dnmt3b_dX_Poly(A)-NeoR GFP cDNA KI /w selection
attB_eGFP_Dnmt3b_G655S_Poly(A)-NeoR GFP cDNA KI /w selection
attB_eGFP_Dnmt3b_L656T Poly(A)-NeoR GFP cDNA KI /w selection
attB_eGFP_Dnmt3b_V718G_Poly(A)-NeoR GFP cDNA Kl /w selection
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attB_eGFP_Dnmt3b_V810M_Poly(A)-NeoR GFP cDNA KI /w selection
attB_eGFP_Dnmt3b6_Poly(A)-NeoR GFP cDNA KI /w selection
attB- mCh -Dnmt3b1-Poly(A) -NeoR mCherry cDNA KI /w selection
attB- mCh -Dnmt3b6-Poly(A) -NeoR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_C656A Poly(A)-NeoR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_D809G_Poly(A)-NeoR mCherry cDNA Kl /w selection
attB_ mCh _Dnmt3b_dX_Poly(A)-NeoR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_G655S_Poly(A)-NeoR mCherry cDNA Kl /w selection
attB_ mCh _Dnmt3b_L656T_Poly(A)-NeoR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_V718G_Poly(A)-NeoR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_V810M_Poly(A)-NeoR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b6_Poly(A)-PuroR mCherry cDNA Kl /w selection
attB- mCh -Dnmt3b1-Poly(A)-PuroR mCherry cDNA KI /w selection
attB- mCh -Dnmt3b6-Poly(A)-PuroR mCherry cDNA Kl /w selection
attB_ mCh _Dnmt3b_C656A_Poly(A)-PuroR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_D809G_Poly(A)-PuroR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_dX_Poly(A)- PuroR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_G655S_Poly(A)-PuroR mCherry cDNA Kl /w selection
attB_ mCh _Dnmt3b_L656T Poly(A)-PuroR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b_V718G_Poly(A)-PuroR mCherry cDNA Kl /w selection
attB_ mCh _Dnmt3b_V810M_Poly(A)-PuroR mCherry cDNA KI /w selection
attB_ mCh _Dnmt3b6_Poly(A)-PuroR mCherry cDNA KI /w selection
attB-GFP-Tet1-Poly(A) GFP cDNAKI
attB-GFP-Tet1d1-389-Poly(A) GFP cDNA KI
attB-GFP-Tet1d390-565-Poly(A) GFP cDNAKI
attB-GFP-Tet1d566-833-Poly(A) GFP cDNA KI
attB-GFP-Tet1d834-1053-Poly(A) GFP cDNA KI
attB-GFP-Tet1d1054-1363-Poly(A) GFP cDNAKI
attB-GFP-Tet1d1-833-Poly(A) GFP cDNA KI
attB-GFP-Tet1d834-1363-Poly(A) GFP cDNA KI
attB-GFP-Tet2-Poly(A) GFP cDNAKI
attB-GFP-Tet2d1-225-Poly(A) GFP cDNA KI
attB-GFP-Tet2d226-398-Poly(A) GFP cDNA KI
attB-GFP-Tet2d399-650-Poly(A) GFP cDNAKI
attB-GFP-Tet2d651-848-Poly(A) GFP cDNA KI
attB-GFP-Tet2d849-1038-Poly(A) GFP cDNA KI
attB-GFP-Tet2d1-650-Poly(A) GFP cDNAKI
attB-GFP-Tet2d651-1038-Poly(A) GFP cDNA KI
attB-GFP-Uhrf1-Poly(A) GFP cDNA KI
attB-GFP-Uhrf1dSRA-Poly(A) GFP cDNAKI
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Supplemental Table Legends

Table S1: CRISPR/Cas9-mediated MIN-tag insertion efficiencies

For MIN-tag Insertion, J1 mESCs transfected with the appropriate MIN-tag donor
oligonucleotides or PCR products along with the Cas9, gRNA, and CRISPR surrogate
reporter vector were single cell sorted after enriching for cells with CRISPR/Cas activity.
The number of clones with either a monoallelic or biallelic insertion of the MIN-Tag is

shown in relation to the number of clones screened.

Table S2: Oligonucleotide sequences used for CRISPR/Cas assisted targeting

and screening

DNA oligonucleotides used for the generation of target specific gRNA expression

vectors, surrogate reporters, and homology donors for MIN-tag integration.

Table S3: Bxb1-mediated recombination efficiencies

For Bxb1-mediated recombination, J1 mESCs transfected with NLS-Bxb1, the Bxb1
surrogate reporter, and the respective attB-site containing integration construct were
single-cell sorted after enrichment for cells with Bxb1 activity. The number of clones with
either a monoallelic or biallelic integration of the listed construct is shown in relation to

the total number of clones screened.

Table S4: Evaluation of FRAP protein kinetics
Evaluation of FRAP kinetics (w/o 5-azadC treatment) performed in Dnmt3bGFP/GFP
and Dnmt3bmCh-3b1/GFP-3b6 cells

Table S5: The MIN-tag toolbox

Vectors generated for Bxb1 mediated recombination into MIN-tagged cell lines. KO:

knockout, Kl: knockin
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2.5 The impact of DNA modifications on chromatin composition in embryonic stem

cells and epiblast-like cells
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Abstract

DNA modifications play a crucial role in epigenetic regulation in mammals und dynamically
change during early embryonic development. However, the interplay between DNA modifications
and chromatin proteins is complex and still barely understood. Here, we differentiate embryonic
stem cells (ESCs) to epiblast-like cells (EpiLCs), a cell culture model that recapitulates peri-
implantation development, and investigate the total chromatin composition by proteomics. We
furthermore analyse knockout (KO) cell lines that lack the major DNA modifying enzymes, DNMTs,
TETSs, and TDG, and describe how loss of these enzymes influences the chromatin proteome. We
identify several proteins that are characteristic for chromatin of ESCs, e.g. KLF4, TET2, and
TFCP2L1, and for EpiLC chromatin, e.g. DNMT3A, DNMT3B, and SALLZ2. Finally, we show that
transcription factors like KLF4, OCT4, or NonO are depleted from chromatin in ESCs deficient for
DNMTs, and that proteins of various DNA repair pathways accumulate at the chromatin of Tdg-

KO cells.
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Introduction

Epigenetic mechanisms constitute an additional layer of information beyond the DNA sequence,
regulating genome architecture und gene expression. Besides modifications of histone tails, one
of the best studied epigenetic marks in mammals is cytosine methylation, a process catalysed by
DNA methyltransferases (DNMTs)!l. Oxidative derivatives of methylcytosine (mC) —
hydroxymethylcytosine (hmC), formylcytosine (fC) and carboxylcytosine (caC) — have been
described for decades?, but only recently were discovered to be generated through a catalytic step
by TET dioxygenases3-5. During early embryonic development, levels of these DNA modifications
undergo dramatic changes, from an initial rapid loss of mC in the paternal pronucleus directly
after fertilization to a stark global increase of genomic methylation during implantationé. The
demethylation of the paternal pronucleus is accompanied by TET3-mediated formation of hm(C?,
however, the importance of this step is still debated8. The gain of cytosine methylation during
implantation, when cells of the inner cell mass (ICM) develop into the epiblast, depends on the
activity of the de novo methyltransferases DNMT3A and DNMT3B?.

In addition to DNMT3A and DNMT3B, major enzymes involved in DNA methylation and
demethylation include the maintenance DNA methyltransferase DNMT1, the three TET
dioxygenases TET1, TET2, and TET3, and the G-T-mismatch glycosylase TDG, which excises fC and
caC with high affinity3 4. In general, DNA methylation is associated with transcriptional repression,
and affects repetitive elements, imprinting control regions, and the inactive X chromosome!.
Oxidation of mC by TET proteins and subsequent excision of fC and caC by TDG has been proposed
as a mechanism for active DNA demethylation. In line with this hypothesis, fC and caC accumulate
at gene regulatory elements in embryonic stem cells (ESCs) deficient for Tdg, suggesting a
dynamic turnover of cytosine modifications at these sites!?. However, the oxidized cytosine
derivatives might also function as independent epigenetic marks. E.g.,, hmC has been mapped to
gene bodies of transcriptionally active genes and promoter elements of silenced genes!! and
seems to be a stable DNA base generated in a cell cycle-dependent manner!2 13, Similarly, a
fraction of genomic fC has a low turnover rate, indicating an epigenetic role beyond
demethylation!4.

Cellular interpretation of epigenetic marks is widely thought to be achieved through so-called
reader proteins that bind to the mark and ultimately lead to changes in the transcriptional state.
For mC, a well-described family of reader proteins has been known since the 1990s, the MBD
(methyl CpG binding domain) proteins!>-17. More recently, proteins that specifically bind to C, mC,
hm, fC, or caC have been identified by a pull-down approach in ESCs, neuronal progenitor cells,
and brain tissue!8. However, chromatin proteins often bind to several epigenetic marks such as
histone and DNA modifications in a cooperative manner, and the complex interplay between DNA
modifications and proteinaceous chromatin components remains barely understood.
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Here, we aimed to estimate the impact of genomic cytosine modifications on chromatin
composition by analysing the chromatin-associated proteins in KO cell lines lacking the major
enzymes involved in the DNA methylation and demethylation pathways. To identify and quantify
the proteinaceous chromatin components dependent on the presence of DNA modifications, we
performed chromatin enrichment and subsequent LC-MS/MS analysis on wild type (wt) ESCs,
Dnmt-triple-KO (Dnmt-TKO), Tet-triple-KO (Tet-TKO), and Tdg-KO cell lines. Furthermore, we
employed a cell culture model that recapitulates development from the ICM to the epiblast by
differentiating naive pluripotent ESCs to primed epiblast-like cells (EpiLCs)!? to investigate
changes in chromatin composition at this crucial developmental step. Our dataset serves as a
valuable resource to understand the interplay between DNA modifications and chromatin

proteins both in ESCs and EpiLCs.
Results

Chromatin composition in ESCs and EpiLCs

Genomic DNA is marked by a variety of DNA modifications, mostly targeting cytosine. Loss of the
enzymes of the DNA modification pathways has strong effects on the DNA modification landscape.
First, KO of all catalytically active DNMTs leads to DNA completely devoid of all cytosine
modifications20. Second, loss of the three TET enzymes results in accumulation of mC and
elimination of the oxidized mC-derivatives hm(, fC, and caC2!. Finally, KO of the DNA glycosylase
TDG22 causes an increase of genomic fC and caC levels10.23 (Fig. 1a,b). To investigate the influence
of DNA modifications on chromatin composition, we performed chromatin enrichment for
proteomics (ChEP)24 in Dnmt-TKO, Tet-TKO, and Tdg-KO ESCs and in their corresponding wt cell
lines J1, v6.5, and E14. Additionally, we analysed the chromatin of these cell lines after 64 h of
EpiLC differentiation.

Morphologically, all six ESC lines can undergo EpiLC differentiation for 64 h (Supplementary
Fig. 1). Per cell line and differentiation state, ChEP experiments were performed in quadruplicates,
resulting in a total of 48 analysed samples. Principle component analysis (PCA) of the samples
reveals a clear separation of the ESC and EpiLC state. In ESCs, the three wt cell lines cluster closely
together, indicating a rather similar chromatin composition. The three different KO cell lines form
distinct groups separate from the wt and from each other. Chromatin composition in the EpiL.C
state is more similar among cell lines. Performing a separate PCA for ESCs and EpiL.Cs shows
clustering of the experimental replicates, but not of the three wt samples in EpiLCs, suggesting a

larger heterogeneity between cell lines than in ESCs (Fig. 1c).
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Figure 1: Distinct chromatin composition of ESCs, EpiLCs, and KO cell lines for DNA-modifying
enzymes

a) Schematic representation of the DNA methylation and demethylation pathway. KO of the
participating enzymes results in altered DNA modification patterns and different chromatin
composition as illustrated.

b) Quantification of mC, hmC, fC, and caC by automated high-throughput imaging. Fluorescence
intensity reflects the nuclear signal of the respective antibody staining. Note that accumulation of
fC and caC in Tdg-KO cells is much more pronounced in the ESC state compared to the EpiLC state.
Examples of images used for quantification are provided in Supplementary Figure 2. Control:
secondary antibody only

c) PCA of all 48 ChEP samples based on log2 LFQ (label-free quantification) intensities of 3159
proteins total. circles: ESCs, diamonds: EpiLCs, colours indicate different cell lines, individual data
points represent experimental replicates. Boxes: separate PCA of ESC and EpiLC datasets. 2 outliers
can be identified among the replicates: Tdg-KO ESC replicate 4, and Dnmt-TKO EpiLC replicate 2
(marked by asterisks).

After stringent data filtering (for details, see Methods section), 2279 proteins were identified and

quantified by ChEP and LC-MS/MS in wt cell lines. Comparison of the chromatin-associated

proteins in the EpiLC and the ESC state leads to the identification of 188 significantly different

proteins, with 121 specific for ESCs and 67 specific for EpiLCs (Fig. 2). Providing a proof-of-

concept for the applied approach, known pluripotency factors like ESRRB or KLF4 are highly
abundant in the ESC ChEP, whereas DNMT3A and DNMT3B, the two de novo methyltransferases

which are upregulated during EpiLC development!?, are prominently present in the EpiLC

samples. Interestingly, TET2 is specific for ESCs (A log2 LFQ = -3.52, p-value = 7 x 10-8), whereas
TET1 levels do not change during EpiLC differentiation (A log2 LFQ = 0.08, p-value = 0.68). A full

list of all significantly different proteins is provided as Supplementary Table 1.
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2. Results

Figure 2: Differences in chromatin proteins between wt ESCs and wt EpiLCs

Volcano plot of wt ESC chromatin versus wt EpiLC chromatin. The three different wt strains in
quadruplicates were treated as replicates, resulting in n = 12 for each sample set. Each dot
represents one identified protein. Lines indicate the FDR threshold with randomization-based FDR
< 0.01 and SO = 2; p-value on the y-axis is based on a student's t-test. A positive A log2 LFQ intensity
signifies higher abundance of the protein in the EpiLC dataset whereas a negative value means
higher abundance in the ESC samples. For reasons of clarity, not all data points are specifically
labelled; for a full list see Supplementary Table 1.

Chromatin proteins of ESCs correlating with presence of DNA modifications

For analysis of modification-dependent chromatin composition, profile correlations were applied
across samples separately for ESCs and EpiLCs. For ESCs, three different profile clusters were
analysed: First, proteins that are depleted in the chromatin of Dnmt-TKOs (called "Dnmt-TKO
low"), second, proteins under-represented in Tet-TKO chromatin ("Tet-TKO low"), and third,
proteins highly abundant in chromatin of Tdg-KOs ("Tdg-KO high"). For this purpose, reference
profiles have been created based on the first quartile, the third quartile, and the median of the
dataset (Fig. 3a). Correlations were calculated selecting 25 neighbours and proteins with a profile
FDR < 0.02 have been defined as significant members of the cluster. GO-terms enriched in either
of the three profile clusters are depicted in Figure 3b, raw LFQ profiles with highlighted examples
are shown in Supplementary Figure 3. The three analysed clusters consist of 135 proteins
significant for "Dnmt-TKO low", 183 proteins for "Tet-TKO low", and 234 proteins for "Tdg-KO
high".

The first cluster, "Dnmt-TKO low", contains proteins that are underrepresented in chromatin in
the absence of functional DNA methyltransferases. Consequently, we find enrichment of GO-terms
associated with transcription, interestingly both with positive and negative regulation of gene
expression (FDR =2 x 103 and FDR =5 x 104, respectively). As expected, all three DNMTs belong
to this group, along with well-described heterochromatin proteins like SUZ12, HDAC1, HDAC2,
CBX3, and CBX5. Additionally, we detect proteins of the telomeric region (FDR = 3 x 10-¢), in
agreement with a high DNA methylation density at telomere-proximal areas?s. Finally, proteins
associated with the GO-term “DNA packaging complex” (FDR = 4 x 10-3) include H2A.y (macro-
H2A.1 and macro-H2A.2), and several isoforms of the linker histone H1 (H1.1, H1.2, H1.3, H1.5),
highlighting the interplay between cytosine modifications and nucleosome organization.

The second cluster, "Tet-TKO low", represents proteins that do not bind to chromatin in the
absence of TET dioxygenases. For this cluster, barely any specific GO-terms were enriched, except
for “nucleus” and “nucleic acid metabolic process”. TET1 and TET2 are detected in this group,
confirming the robustness of the profile cluster correlations. Also, OGT is lowly abundant in Tet-

TKO chromatin, since it is recruited by TET proteinsze.
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Figure 3
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Figure 3: DNA modification-dependent chromatin composition in ESCs

a) Reference profiles used for profile correlation analysis.

b) Selected GO-term enrichments for proteins lowly abundant in Dnmt-TKOs and Tet-TKOs and for
proteins highly abundant in Tdg-KOs as determined by profile correlation analysis. General GO-
terms like "nucleus” or "DNA binding" have been removed in the Dnmt-TKO and Tdg-KO plots for
reasons of clarity. The plots depict the -log10 FDR (Benjamini-Hochberg method) of the GO-term
enrichment analysis on the x-axis and the number of proteins in the cluster that are associated with
the corresponding GO-term on the y-axis. Selected proteins of the GO-groups are shown; candidates
that belong to multiple GO-groups within one profile cluster are depicted only once. Supplementary
Table 2 provides a comprehensive list of all proteins identified by profile correlation analysis, along
with the associated FDR and the distance to the reference profile.

In the third cluster, "Tdg-KO high", we identify proteins that bind to chromatin in the presence of
high levels of fC and caC. Confirming previous results!8, “DNA repair’ is one of the most
significantly enriched GO-terms (FDR =1 x 10-10). Additionally, positive regulators of transcription
and proteins associated with cell cycle progression are detected.

Interestingly, there is no overlap between proteins of the cluster "Dnmt-TKO low" and "Tet-TKO
low". Contrarily, clusters "Tdg-KO high" and "Dnmt-TKO low" share 63 proteins and "Tdg-KO high"
and "Tet-TKO low" share 26 proteins. E.g., the base excision repair proteins XRCC1 and LIG3 are
lowly abundant in Dnmt-TKO chromatin, but highly present in Tdg-KO chromatin, suggesting a

strong binding preference towards fC and/or caC.

DNA modification-dependent chromatin in EpiLCs

As with the analysis of ESC chromatin, profile correlation analysis was performed across all EpiL.C
ChEP samples with the clusters "Dnmt-TKO low", "Tet-TKO low", and "Tdg-KO high". In contrast
to the ESC samples, the number of identified proteins per cluster was low, namely 21, 39, and 13
proteins, respectively. All significantly correlating proteins are shown as a heat map in Figure 4a.
Comparison of the three analysed clusters in ESCs and EpiL.Cs shows that only a small fraction of
proteins overlap (Fig. 4b). For Dnmt-TKO chromatin, all three DNMTs are lowly abundant as
expected. Besides, CFDP1 is the only protein that loses its chromatin association both in Dnmt-
TKO ESCs and Dnmt-TKO EpiLCs. CFDP1 is a poorly characterized protein that has been previously
identified as a component of mitotic chromosomes in chicken and its yeast homologue Swc5 is a
component of the SWR1 remodelling complex?27. 28,

For the cluster "Tet-TKO low", 14 common proteins are diminished from chromatin in ESCs and
EpiLCs. Among those are TET1 and OGT, and nuclear transporters like Importin-8 and Exportin-T.
TET2 is only specifically absent from ESC chromatin in Tet-TKOs since its levels generally strongly

decrease during EpiL.C development (Fig. 2).
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Figure 4
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Figure 4: Differential chromatin proteins in EpiLCs dependent on cytosine modifications

a) Heat map of protein clusters in EpiLCs, which were identified by profile correlation analysis as
depicted in Figure 3a. Log2 LFQ values have been normalized by Z-scoring prior to heat map
generation; within clusters, proteins are sorted by ascending FDR (FDR cut-off 0.02).

b) Venn diagram of proteins of the clusters "Dnmt-TKO low", "Tet-TKO low", and "Tdg-KO high" in
ESCs and EpiL.Cs. In the Dnmt-TKO cluster, 4 proteins are shared between the two cell states, in the
Tet-TKO cluster 14 overlapping proteins are found, and in the Tdg-KO cluster, 4 proteins appear
both in ESCs and EpiLCs.

Four proteins accumulate at chromatin in Tdg-KO cells both at the ESC and the EpiLC state: The
repair protein FANCI, the negative regulator of chromatid cohesion WAPAL, the RNA degradation
factor DIS3 and the uncharacterized protein CXORF23 homolog. Interestingly, PARP1 appears in
the "Tdg-KO high" cluster in ESCs, whereas PARP2 occurs in EpiLCs.

Discussion

Although massive global genomic DNA methylation occurs during development from the ICM to
the epiblast, Dnmt-KO cells can undergo this differentiation step®. In vivo, Dnmt-KO embryos
develop normally until embryonic day 9.5 and die shortly after29.30. Consistent with these findings,
we observe no morphological defects or increased cell death when differentiating Dnmt-TKO ESCs
to EpiLCs. Consequently, we were able to compare the proteinaceous chromatin composition in
ESCs and EpiLCs in three different wt cell lines (J1, v6.5, E14), Dnmt-TKOs, Tet-TKOs, and Tdg-
KOs.

First, we examined the differences of wt ESC and EpiL.C chromatin. Besides the well-described
pluripotency factors KLF4, NROB1, and ESRRB, we identify the transcriptional repressor TFCP2L1
as a prominent determinant of ESC chromatin. In accordance with this result, TFCP2L1 has been
previously shown to be downregulated upon early primitive ectoderm differentiation3?, a process
that is induced by culturing ESCs in conditioned medium, leading to a cellular morphology similar
to EpiLCs32. Also, microarray data of EpiLC differentiation suggest a strong downregulation of
TFCP2L1 expression as early as day 1 after induction!. Thus, the high abundance of TFCP2L1 in
ESC chromatin is likely due to transcriptional downregulation during EpiL.C development.
Surprisingly, Epoxide hydrolase 2 (EPHX2, also sEH) is another protein strongly binding to ESC
chromatin. This protein is supposed to mainly localize to the cytoplasm and to peroxisomes33.
However, stainings of mouse brain endothelial cells show a weaker, but detectable nuclear signal
in male cells34, suggesting that in certain cell types, EPHX2 might also be present in the nucleus.
Similarly, ECHCDZ2, a very poorly characterized proteins, is highly present in ESC chromatin.
Although a mitochondrial localization would be expected according to database annotations3s,
human ECHDC2 has been described to interact with DNA topoisomerase 3-alpha3¢, indicating a

potential nuclear function. Since unspecific cross-linking in ChEP cannot be completely excluded,
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future experiments will have to show whether these two proteins have a specific role in ESC
chromatin.

Another striking candidate significantly enriched in ESC chromatin as opposed to EpiLC
chromatin is IFITM3 (also known as FRAGILIS). IFITM3 is reported to be expressed early in
primordial germ cell (PGC) progenitors3’. Thorough analysis of the mouse embryo at the
gastrulation stage, however, revealed differential cellular localization patterns in different tissues:
large cytoplasmic spots e.g. in epithelial cells and PGCs, cell surface localization e.g. in PGCs, and
strong cytoplasmic and nuclear localization in visceral endoderm38. Having now found IFITM3
enriched in the chromatin of ESCs, this raises the interesting possibility that the protein is
sequestered away from the nucleus during EpiL.C differentiation.

Microarray data suggest a transcriptional downregulation upon development to EpiL.Cs for most
of the proteins characteristic for ESC chromatin, except for TET2 and IFITM3 where coverage is
rather low?9. Recently, an ESC-specific enhancer of TetZ has been described that is silenced in
EpiLCs3°. Consistently, we have now described TET2 as a prominent determinant of chromatin of
pluripotent ESCs that is depleted upon differentiation to EpiLCs.

As expected, chromatin of wt EpiLCs is predominantly characterized by a strong enrichment of
DNMT3A and DNMT3B. Another protein highly enriched in EpiLC chromatin is the transcription
factor SALL2 that binds to the consensus sequence GGG(C/T)GGG#*0. SALL2 has been shown to
translocate into the nucleus upon treatment with nerve growth factor (NGF)4! and might be
responding to Activin A or FGF2, the two factors used to induce EpiLC differentiation, in a similar
way.

Furthermore, the testis-specific linker histone variant H1t (HIST1H1T) is strongly present in
EpiLC chromatin. Since PGCs are derived from epiblast cells, this finding suggests an early priming
of EpiL.Cs towards the germ cell fate. The cell lines used in this study are all of male origin, and
consequently, only the testis-specific histone variant H1t, but not the oocyte-specific variant H1 00,
is detected in the ChEP dataset. The other more ubiquitous H1 isoforms H1.1 to H1.5 are not
significantly enriched in EpiL.C chromatin, but nevertheless show a certain drift towards EpiL.Cs
(Fig. 2). This is in accordance with the fact that naive pluripotent cells like ESCs have a more open
and accessible genome organization??, and H1 is mostly found at higher order chromatin
structures?3 established during differentiation.

The protein Cingulin (CGN), also highly present in EpiLC chromatin, is annotated as a tight
junction protein3s. However, stainings in the human cell lines IGROV 1 and Caco 2 show a nuclear
localization in addition to localization at cellular borders#t. Consistently, Cingulin has been
suggested to also function as a transcription factor, regulating expression of tight junction
proteins like Occludin or Claudins#5. Since tight junction proteins have been discussed to influence
gene expression and thereby integrate extracellular signals#6, our finding that Cingulin specifically

binds EpiLC chromatin further strengthens this point of view. Considering the drastic
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morphological changes that ESCs undergo upon EpiLC differentiation, it is tempting to speculate
that changes in cell adhesion trigger transcriptional changes and vice versa, possibly mediated by
Cingulin.

After characterising wt ESC and EpiLC chromatin, we looked at proteins that change their
abundance on the genome when major DNA modifiers like DNMTs, TETs, or TDG are depleted. In
principle, there are three ways to explain these changes in abundance: (1) the detected proteins
interact with the DNA modifier and are either recruited or repelled by its presence; (2) the
proteins intrinsically prefer or disfavour to bind a certain cytosine variant generated by the DNA
modifier; and (3) the expression level of the protein is altered due to epigenetic changes induced
by KO of Dnmt1/3a/3b, Tet1/2/3, or Tdg.

One of the proteins most significantly depleted from chromatin in Dnmt-TKO ESCs is the
transcription and splicing regulator NonO, which has been shown to bind to intracisternal-A
particles (IAP) proximal enhancer elements*’. Since IAP sequences are heavily demethylated upon
loss of all three DNMTs?29, this finding suggests that NonO requires DNA methylation in order to
bind to its target.

Additionally, we find the two Yamanaka factors8 KLF4 and POU5F1 (better known as OCT4)
depleted from chromatin in Dnmt-TKO ESCs. In line with this observation, KLF4 has recently been
described to preferentially bind to its consensus sequence, GGGCGTG, when the C is methylated!s.
Collectively, these results suggest that OCT4 and KLF4 need a minimum mC density in order to
bind to chromatin efficiently. Interestingly, a third Yamanaka factor, SOX2, is found in the "Tet-
TKO low" cluster, implying either a preference for hm(, fC, or caC, or a repulsion by DNA
hypermethylation. Taken together, our data provide the first evidence that the DNA modification
status may be critical for maintaining the presence of KLF4, 0CT4, and SOX2 on chromatin.
Interestingly, CXXC1 is also specifically diminished from Tet-TKO chromatin in ESCs. CXXC1
localizes to unmethylated CpG motifs, and its KO leads to global DNA hypomethylation as well as
differentiation defects in very early embryonic development around the implantation stage*9. 50.
Since CXXC1 binding to chromatin mostly depends on protein-protein interactions and not on
direct DNA binding affinity5!, our data suggest that CXXC1 and TET proteins might have a
cooperative role in chromatin regulation. Furthermore, OGT, which co-localizes with TET1 at CpG-
rich unmethylated transcription start sites52, has recently been found to interact with CXXC153.
Since both OGT and CXXC1 dissociate from chromatin in Tet-TKO ESCs, we suggest a functional
link between TET1, OGT, and CXXC1 in transcriptionally active CpG-dense genomic regions.
Chromatin of Tdg-KO ESCs is most significantly characterized by a high abundance of DNA repair
factors. Besides proteins involved in base excision repair (PARP1, LIG3, APEX1, XRCC1),
previously reported to play a role in removal of fC and caC3 423, we also find central components
of the mismatch repair (MSH2, MSH6, HMGB1) and non-homologous end-joining pathways

(PRKDC, XRCC5, XRCC6). In addition to repair factors, proteins with connections to cell cycle and
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DNA replication are highly enriched. These aspects might be linked, since G-caC base pairing has
been shown to trigger mismatch repair and affect cell proliferation5. Interestingly, we specifically
identify the components of the MutSa heterodimer (MSH2, MSH6) associated with Tdg-KO
chromatin, a complex that recognizes mostly base-base mismatches55 56. Mismatch repair is
coupled to DNA replicationss, and consequently, we find proteins such as PCNA and LIG1 enriched.
Furthermore, proteins involved in replication initiation like ORCs or MCMs are detected, as well
as the catalytic subunit of DNA polymerase alpha (POLA1).

Intriguingly, several components of sister chromatid cohesion complexes (PDS5B, WAPAL, STAG
and SMC proteins) strongly associate with Tdg-KO chromatin. Again, this might be due to an
increased need for DNA repair, since cohesion complexes are especially important in double
strand break repairs’.

In contrast to chromatin in ESCs, we find only few proteins with differential abundances in EpiLCs
deficient for DNA modifiers. This might be largely due to statistical effects since the EpiL.C dataset
is more heterogeneous also among wt cell lines and thus, there is more background fluctuation of
protein abundances. Nevertheless, the correlation analysis seems to be robust, because the
knocked-out proteins are detected in the "Dnmt-TKO low" or "Tet-TKO low" clusters serving as a
proof-of-principle. Additionally, DNMT3L, a known interactor and important co-factor of the de
novo methyltransferasesss, is specifically depleted from Dnmt-TKO chromatin in EpiLCs.
Interestingly, the protein HELLS (also known as LSH) shows significantly lower levels in EpiL.C
chromatin in the absence of DNMTs. KO of Hells leads to severe global DNA hypomethylation>,
and the protein has been suggested as a recruiting factor for DNMT1 and DNMT3B¢0. Qur data
imply that HELLS requires either the presence of DNMT proteins or mC to efficiently bind to the
genome. Consistent with this observation, HELLS has been shown to depend on intact
heterochromatin organization for chromatin binding, and to lose its association with pericentric
heterochromatin upon treatment with histone deacetylase inhibitorsél. KO of DNMTs could have
a similar effect by perturbing proper chromatin condensation and thus leading to mislocalization
of HELLS.

In Tet-TKO EpiLCs, VprBP and SIN3A show low chromatin abundance, two proteins previously
shown to interact with TET proteins®2 63, Furthermore, SALL1, a transcription factor involved in
regulation of pluripotency via association with NANOG#4, is also depleted from chromatin.
Similarly, TET1 interacts with NANOG and binds loci regulating pluripotency and differentiation®s.
Our finding suggests an interplay between TET1 and SALL1 in EpiLCs, possibly regulating exit
from ground state pluripotency. The chromatin of EpiLCs deficient for Tdg shows very little
changes. This might be explained by the fact that accumulation of fC and caC is far less pronounced
in Tdg-KO EpiLCs when compared to Tdg-KO ESCs (Fig. 1b), supporting an essential role for the
TET-TDG demethylation pathway in pluripotency.

134



2. Results

In summary, we provide a comprehensive analysis of chromatin proteins in ESCs and EpiLCs.
Furthermore, we investigated the chromatin composition if major DNA modifying enzymes like
DNMTs, TETs, or TDG are depleted. Our data not only serve as a resource to understand the
interplay between DNA modifications and proteinaceous chromatin, but also contribute to

comprehend the transition from naive pluripotent ESCs to the primed cells of the epiblast.
Methods

Cell culture
ESCs were cultured and differentiated as described previouslyss. Transition of ESCs to EpiL.Cs was
induced based on the protocol by Hayashi et al'°. Briefly, cells were keptin N2B27/2i/LIF medium
under serum-free and feeder-free conditions for a minimum of 7 days prior to induction of EpiL.C
differentiation. 12 ng/ml Fgf2 (Peprotech), 20 ng/ml Activin A (Peprotech) and 1 % Knockout
Serum Replacement (Life Technologies) in N2B27 were used to start EpiLC differentiation at a
seeding density of 4.6 x 10% cells/cm? EpiLCs were harvested 64 h after induction of
differentiation. Per replicate, one T175 flask of EpiL.Cs and 2 T175 flasks of ESCs (approximately
50 x 106 cells) were trypsinised, pelleted at 500 g for 2 min, washed with PBS (Sigma) and

immediately used for ChEP (Chromatin Enrichment for Proteomics).

Microscopy
Phase contrast images were acquired with an EVOS FL Cell Imaging System (Life Technologies)
using a UPLAN 4x objective (NA 0.13). For high-throughput imaging, cells were grown in 96-well
microplates (pClear, Greiner Bio-One), washed with PBS and fixed with 4 % formaldehyde in PBS
for 10 min at room temperature (RT). The fixative was gradually exchanged to PBST (0.02 %
Tween/PBS) and cells were washed twice with PBST. Cells were permeabilised (0.5 % Triton-
X100/PBST) for 10 min at RT, washed twice with PBST, and then treated with denaturation
solution (2 N HCI) for 45 min at RT. After washing with PBST, cells were incubated with
renaturation solution (150 mM Tris-HCI, pH 8.5) for 30 min at RT and washed twice with PBST.
Cells were blocked (2% BSA/PBST) for 45 min at RT and incubated with primary antibodies
(mouse-anti-mC, Diagenode 33D3; rabbit-anti-hmC, active-motif 39769; rabbit-anti-fC, active-
motif 61223; rabbit-anti-caC, active-motif 61225) for 1 h at 37 °C. After washing three times with
PBST, cells were incubated with secondary antibodies (goat-anti-mouse or goat-anti-rabbit
coupled to Alexa594, Thermo Fisher) for 1 h at 37 °C. Cells were washed three times with PBST,
counterstained with 200 ng/ml DAPI, and covered with PBS. Images were acquired with the
Operetta high-content image analysis system (PerkinElmer, 40x high NA objective) followed by
analysis with the Harmony software (PerkinElmer). DAPI was used for the detection of single

nuclei and cytosine modifications were quantified in the selected nuclei based on the antibody
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signal intensity. Per cell line and modification, 1500 to 7500 nuclei were used for quantification.

Boxplots and statistical analysis were carried out with GraphPad Prism 6.

Chromatin enrichment for proteomics (ChEP)
Chromatin enrichment was based on the protocol by Kustatscher et al24 67, Cell pellets were cross-
linked with 200 pl 1 % formaldehyde (Polysciences) for 10 min at 37 °C and the reaction was
subsequently quenched with 0.25 M glycine for 5 min at RT. After washing with 500 pl PBS
(Sigma) and centrifugation (500 g, 5 min), cells were lysed in 200 pl ice-cold lysis buffer (25 mM
TrisHCI, pH=7.4, 0.1 % Triton, 85 mM KCl, protease inhibitor mix (Roche)). Nuclei were pelleted
at 2300 g for 5 min at 4 °C, resuspended in 100 pl lysis buffer (containing 200 pg/ml RNase A
(Applichem)) and incubated for 15 min at RT. After centrifugation (2300 g, 10 min, 4 °C), nuclei
were resuspended in 100 pl SDS buffer (50 mM TrisHCl, pH=7.4, 10 mM EDTA, 4 % SDS, protease
inhibitor mix (Roche)), incubated for 10 min at RT, and 300 pl of urea buffer (10 mM TrisHC],
pH=7.4,1 mM EDTA, 8 M urea) were added. Chromatin was precipitated at 21,000 g for 30 min at
15 °C and once more resuspended in 100 pl SDS buffer, mixed with 300 ul urea buffer, and pelleted
at 21,000 g for 30 min at 15 °C. The resulting chromatin fraction (gel-like pellet) was covered with
100 pl storage buffer (10 mM TrisHCI, pH=7.4, 1 mM EDTA, 25 mM NaCl, 10 % glycerol, protease
inhibitor mix (Roche)) and sonicated with a Bioruptor (Diagenode) set to "High" for 15 min (30 s
pulse, 60 s pause). Insoluble chromatin was precipitated at 21,000 g for 30 min at 4 °C, the
supernatant was quantified, incubated with 50 pl PSB-TCEP (Macherey-Nagel) for 30 min at 95 °C,
and stored at -20 °C. Prior to processing for mass spectrometry, samples were incubated for

30 min at 95 °C and run over a 10 % SDS gel (Biorad) at 50 V for approximately 30 min.

In-gel digestion
Each lane was treated as two fractions, one containing the thick lower molecular weight band and
the other containing all other proteins. The gel pieces were cut approximately into 1 mm x 1 mm
size and subjected to standard in-gel digestion. Afterwards, the peptides were extracted and
concentrated on a SDB-XC StageTip¢8. The StageTips were washed twice with 0.1 % formic acid
before eluting. Eluted samples were dried completely in a SpeedVac concentrator and
resuspended in 6 pl of 0.1 % formic acid of which 5 pl were loaded onto the column with the

autosampler.

LC-MS/MS analysis
The purified peptides were loaded onto a 15 cm long , 75 pm inner diameter reversed phase
column (New Objective), packed with 1.9 um C18 particles (Dr. Maisch GmbH) using the
autosampler Thermo Easy nL.C 1000. The column was maintained at a constant temperature of 45
°C in order to improve the peptide retention time reproducibility and the resolution of the
separation. Peptides were separated over a 2 h gradient and directly sprayed into the orifice of a
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Q Exactive HF mass spectrometer (Thermo Scientific). The mass spectrometry data were
generated using data dependent acquisition methods. Survey scans were recorded at a resolution
of 120,000 (at m/z = 200) and up to top 10 most intense precursors were subjected to MS/MS
events with a precursor intensity threshold of 105 charges and all MS/MS scans were recorded at
a resolution of 15,000 (m/z = 200) . In order to minimize repeat sequencing, dynamic exclusion
was set for 30 s, only 2+, 3+, 4+, and 5+ charged precursors were selected for fragmentation. All

data were recorded in profile mode.

Proteomics data analysis and statistics

MaxQuant®® version 1.5.2.8 was used to analyse Thermo Scientific raw files, determine peptide
sequences, assign peptides to protein groups (using the reviewed ("Swiss-Prot") UniprotKB
mouse proteome as reference) and quantify protein groups with the label-free quantification
(LFQ) algorithm?0. The "match-between-runs" option was applied, allowing for a maximum of 3
missed cleavages and treating protein N-terminal acetylation and methionine oxidation as
variable modifications. Carbamidomethylation of cysteine was set as fixed modification. For
histone proteins (Uniprot-IDs P43275, P43276, P15864, P43277, P43274, P22752, P70696,
P10853, P10854, P68433, P84228, P62806), the following variable modifications were used:
lysine acetylation, lysine/arginine dimethylation, lysine ubiquitination (K-GlyGly motif),
hydroxyproline, lysine/arginine monomethylation, OHexNAc, serine/threonine/tyrosine
phosphorylation, and lysine trimethylation.

Downstream data analysis and statistics was performed with the MaxQuant-associated Perseus
software version 1.5.0.15. The complete dataset consisting of 5729 protein groups was filtered
prior to analysis in the following way: After removal of common contaminants like keratins, the
minimal number of unique peptides per protein group was set to 2, requiring that protein group
to be quantifiable in at least 3 out of 4 replicates in at least one set of replicates. Missing values
were imputed by a normal distribution of lower values with a downshift of 1.8 and a width of 0.3
relative to the standard deviation of the sample. Two-way ANOVA with a cut-off of p < 0.05 (-log p
> 1.3) for either of the two variables or an interaction thereof was used to further filter the data.
For the ANOVA, the following variables were defined depending on the analysis: For evaluation of
the whole dataset (Fig. 1c), variable (1) was set as ESC or EpiLC state, and variable (2) as wt, Dnmt-
TKO, Tet-TKO, or Tdg-KO cell line. For analysis of wt chromatin (Fig. 2), variable (1) was set as
ESC or EpiLC state, and variable (2) as J1, v6.5, or E14. For separate analysis of ESC and EpiL.C
chromatin (Fig. 3 and 4), variable (1) was set as KO, J1, v6.5, or E14 cell line, and variable (2) as
wt, Dnmt-TKO, Tet-TKO, or Tdg-KO cell line. Profile correlations were performed with Perseus
1.5.0.15, calculating profile FDRs based on the selection of 25 neighbours. Reference profiles were
constructed based on the 1st quartile border (log2 LFQ intensity = 26.62 for ESCs, 27.28 for
EpiLCs) for "low" values, 3rd quartile border (log2 LFQ intensity = 29.80 for ESCs, 30.27 for
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EpiLCs) for "high" values, with all other values set to the median (log2 LFQ intensity = 28.16 for

ESCs, 28.74 for EpiLCs). GO-term enrichment analysis was performed with the online tool

GOrilla7t.
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Supplementary Figures
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Supplementary Figure 1: Morphology of ESCs and EpiLCs
Phase contrast images of all six cell lines in the ESC state and after 40 h of EpiLC differentiation.
scale bar: 100 pm
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Supplementary Figure 2
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Supplementary Figure 2: Inmunofluorescence of cytosine modifications

Examples of images acquired with the Operetta high-content image analysis system that were used
for quantification of cytosine modifications. Constant acquisition settings were applied across all
samples. Scale bar: 10 pm
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Supplementary Figure 3
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Supplementary Figure 3: LFQ profiles in ESCs and EpiLCs

a) Log2 LFQ intensity profile plot across all ChEP samples in ESCs. Profiles for DNMTs and TETs are
highlighted in green and red, respectively. The median and the border for the first and third quartile
are indicated in blue.

b) Profile plot of all proteins identified in EpiLCs. For visualization purposes, log2 LFQ intensities
have been Z-scored before plotting. The borders for the first and third quartile are indicated in blue.
Examples of proteins of the clusters “Dnmt-TKO low”, “Tet-TKO low”, and “Tdg-KO high” are
highlighted in green, red, and light blue, respectively.
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Supplementary Tables

Supplementary Table 1: Significantly different proteins in EpiLCs versus ESCs identified by ChEP
Perseus export of wt EpiL.C versus wt ESC volcano plot. Proteins with negative A log2 LFQ are significantly
enriched in the ESC sample, proteins with positive A log2 LFQ in the EpiLC sample.

Alog2 5.66 -1.97 Mlec
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Lmna
Amt
Zfp292
Stk38
Fbxo15
Lactb2
Adpgk
Slc25a17
Sh3bp1
Synj2bp
Anxa6
Ndufa9
Gpx1
Ulk1
Smyd3
Gtf2h4
Assl
Ttc39b
Uap1ll
Dst
Asns
Acadm
Pigs
Trim35
Kdm4b
Eif4g2
Acaca
Mvk
Znf326
Utf1
Ubr7
Sumo3
Mafg
Pnpo
Pdcd4
Arhgef2
Gclm
Adk
Cbx1
Chd9
Smclb
Hmgcs1
Zic3
Casp3
Tjpl
Crip2

3.41
4.93
1.79
4.46
7.71
3.32
3.42
3.64
3.36
6.27
5.03
2.86
3.73
1.85
291
2.57
5.48
3.37
6.71
4.18
3.90
5.94
1.17
2.07
5.30
1.14
5.76
5.50
2.68
2.52
3.83
11.10
7.13
6.60
7.11
2.22
8.93
2.96
9.89
3.16
7.63
5.49
7.75
5.60
9.36
11.43

1.67
1.71
1.71
1.72
1.73
1.73
1.73
1.75
1.75
1.76
1.76
1.81
1.81
1.82
1.83
1.83
1.83
1.86
1.87
1.89
1.94
2.06
2.13
2.15
2.21
2.23
2.26
2.31
2.35
2.42
2.45
2.62
2.80
2.81
2.90
291
2.94
3.04
3.10
3.27
3.46
3.66
3.95
4.26
4.55
5.35

Kifla
Pfkm
Hmgn2
Fads2
Milt4
Prmt3
Cyp51al
Nxn
Crmp1l
Nr2f6
Znf532
Akap9
Rlim
Mapre2
Col18al
Pdlim7
Pou3f1
Fam208b
Prdx6
Esrpl
Flnc
Dnmt31
Sumo?2
Uhrf1
Suv39h1
Hist2h2ab
Prph
Ptbp2
Pycr2
Ubr2
0tx2;0tx1
Shroom?2
Myh10
Plcg2
Vrtn
Unc45a
Grhl2

2. Results

Hist3h2ba;Hist3h2bb

Ina
Hmgal
Acsl4
Hist1h1t
Cgn
Sall2
Dnmt3b
Dnmt3a
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2. Results

Supplementary Table 2: Proteins significantly correlating with "Dnmt-TKO low", "Tet-TKO low", or
"Tdg-KO high" profiles in ESCs

Perseus export of profile correlations; only proteins with a profile FDR < 0.02 (highlighted by grey
background) for at least one of the profiles are shown.

“Dnmt-TKO “Tet-TKO “Tdg-KO “Dnmt- “Tet-TKO “Tdg-KO
Gene name low” low” high” TKO low” low” high”
distance distance distance FDR FDR FDR
1810009A15Rik 0.83 1.14 0.29 0.8482 1.0000 0.0003
2700029M09Rik 0.20 0.93 0.29 0.0074 0.8756 0.0003
3110082117Rik 0.20 1.07 0.41 0.0074 1.0000 0.0041
A830080D01Rik 0.20 0.80 0.17 0.0074 0.4987 0.0000
Aatf 0.78 0.36 1.15 0.6366 0.0057 1.0000
Acinl 0.46 0.83 0.45 0.0327 0.5692 0.0094
Acly 1.20 1.22 0.47 1.0000 1.0000 0.0150
Actl6a 0.38 0.99 0.31 0.0138 1.0000 0.0003
Adnp2 0.55 0.99 0.27 0.0822 1.0000 0.0002
Adprh 0.32 1.48 1.28 0.0103 1.0000 1.0000
Aen 1.29 0.23 0.79 1.0000 0.0005 0.5954
Aff1l 1.17 0.28 0.66 1.0000 0.0011 0.1973
Ahdc1 1.26 0.09 0.73 1.0000 0.0000 0.3849
Ak1 1.36 0.34 0.70 1.0000 0.0038 0.3033
Alyref 0.40 0.86 0.44 0.0156 0.6613 0.0075
Anln 0.93 0.39 0.42 1.0000 0.0096 0.0049
Anp32a 0.36 1.20 0.39 0.0125 1.0000 0.0021
Anp32e 0.39 0.87 0.32 0.0144 0.6944 0.0003
Apex1 0.65 1.09 0.39 0.2381 1.0000 0.0023
Api5 0.52 0.81 0.46 0.0630 0.5309 0.0107
Arid5b 1.33 0.36 0.61 1.0000 0.0051 0.1096
Armc6 1.61 0.40 1.33 1.0000 0.0105 1.0000
Asns 0.39 1.42 1.11 0.0152 1.0000 1.0000
Atad2 0.59 0.80 0.24 0.1295 0.5053 0.0000
Atad5 0.77 0.40 0.30 0.5834 0.0121 0.0003
Atf7ip 0.84 0.23 0.81 0.8628 0.0006 0.6637
Atm 1.05 0.64 0.28 1.0000 0.1756 0.0003
Atox1 0.82 0.70 0.24 0.8112 0.2816 0.0000
Atp2a2 0.70 1.46 0.44 0.3644 1.0000 0.0072
Atr 1.14 0.33 0.46 1.0000 0.0029 0.0108
Aurka 1.56 0.32 1.19 1.0000 0.0021 1.0000
Aurkb 0.84 0.21 0.55 0.8644 0.0000 0.0512
BC055324 0.76 0.87 0.42 0.5693 0.6980 0.0050
Bop1l 1.32 0.31 1.35 1.0000 0.0020 1.0000
Brcal 0.52 0.76 0.37 0.0622 0.3933 0.0013
Brd2 0.39 0.72 0.46 0.0144 0.3124 0.0114
Brd3 0.41 0.70 0.28 0.0162 0.2902 0.0003
Bud13 0.95 0.35 1.22 1.0000 0.0038 1.0000
Bzw2 1.40 0.23 0.74 1.0000 0.0006 0.3920
Cactin 1.11 0.22 1.03 1.0000 0.0005 1.0000
Cand1 0.82 0.80 0.18 0.8053 0.5045 0.0000
Cbfa2t2 0.82 0.55 0.39 0.8218 0.0739 0.0023
Cbx3 0.40 1.05 0.39 0.0160 1.0000 0.0023
Cbx5 0.25 1.16 0.54 0.0077 1.0000 0.0425
Ccarl 0.33 0.73 0.48 0.0102 0.3334 0.0162
Ccar2 1.40 0.10 0.93 1.0000 0.0000 1.0000
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Ccnk
Cdc27
Cdc42
Cdc5l
Cdca8
Cdk12
Cdyl2
Cebpz
Cenpv
Cfdp1
Chafla
Champ1
Chd1
Chd2
Chd4
Chd8
Chek1
Ckap2
Ckap5
Clic4
Clk4
Cndp2
Cnn3
Coasy
Coil
Cpsf2
Crip2
Csell
Csnk2a2
Ctcl
Cul4b
Cwc22
Cxxcl
Dazapl
Dcun1d5
Ddb1
Ddx1
Ddx10
Ddx21
Ddx46
Ddx47
Ddx5
Ddx50
Dek
Dgcr8
Dhx36
Dhx8
Dis3
Dmap1
Dnajc8
Dnajc9
Dnmt1
Dnmt3a
Dnmt3b

0.47
1.18
1.01
0.53
1.09
0.79
0.11
0.24
0.30
0.33
0.37
0.25
0.86
0.67
0.53
1.65
1.12
1.06
1.16
0.42
0.71
0.38
0.29
0.74
0.98
0.41
0.94
0.31
1.34
0.85
0.84
0.30
1.37
0.23
1.57
0.79
0.67
1.10
0.62
0.54
0.36
0.42
0.62
0.45
1.56
1.34
1.11
1.09
1.06
0.32
0.74
0.14
0.20
0.13

0.74
0.30
1.32
0.70
0.27
0.42
1.10
0.84
1.19
0.94
1.01
0.99
0.96
0.84
0.58
0.38
0.99
0.27
0.50
1.37
0.41
1.74
1.48
0.52
0.23
0.57
0.75
0.73
0.39
0.29
0.71
0.97
0.25
141
0.37
1.44
0.83
0.30
0.34
0.73
0.72
0.67
0.29
0.97
0.24
0.18
0.26
0.51
0.22
0.96
0.68
1.00
1.21
1.20

0.28
0.73
0.44
0.30
0.51
0.26
0.90
0.93
0.66
0.47
0.40
0.39
0.25
0.26
0.48
1.01
0.42
1.05
0.48
0.68
0.52
0.97
0.85
0.33
0.68
0.76
0.19
0.44
1.49
1.00
0.26
0.53
1.16
0.93
0.94
0.45
0.29
1.33
0.71
0.30
0.60
1.08
0.76
0.34
1.05
0.83
0.84
0.42
0.57
0.45
0.22
0.53
0.73
0.87

0.0384
1.0000
1.0000
0.0714
1.0000
0.6848
0.0117
0.0082
0.0095
0.0100
0.0133
0.0076
0.9123
0.2968
0.0699
1.0000
1.0000
1.0000
1.0000
0.0198
0.4092
0.0133
0.0085
0.4924
1.0000
0.0177
1.0000
0.0098
1.0000
0.8946
0.8475
0.0091
1.0000
0.0074
1.0000
0.6599
0.2809
1.0000
0.1930
0.0787
0.0126
0.0177
0.1727
0.0308
1.0000
1.0000
1.0000
1.0000
1.0000
0.0099
0.5106
0.0100
0.0079
0.0100

0.3599
0.0015
1.0000
0.2812
0.0010
0.0142
1.0000
0.5958
1.0000
0.8882
1.0000
0.9990
0.9320
0.5993
0.0981
0.0084
1.0000
0.0009
0.0448
1.0000
0.0126
1.0000
1.0000
0.0507
0.0005
0.0883
0.3734
0.3340
0.0094
0.0011
0.3022
0.9529
0.0008
1.0000
0.0073
1.0000
0.5918
0.0014
0.0033
0.3268
0.3254
0.2247
0.0013
0.9677
0.0006
0.0000
0.0009
0.0499
0.0000
0.9531
0.2470
1.0000
1.0000
1.0000

2. Results

0.0003
0.3763
0.0086
0.0004
0.0270
0.0002
1.0000
1.0000
0.2028
0.0132
0.0023
0.0020
0.0000
0.0001
0.0153
1.0000
0.0054
1.0000
0.0156
0.2469
0.0341
1.0000
0.8027
0.0004
0.2388
0.4917
0.0000
0.0074
1.0000
1.0000
0.0000
0.0380
1.0000
1.0000
1.0000
0.0088
0.0003
1.0000
0.3290
0.0004
0.1047
1.0000
0.4848
0.0006
1.0000
0.7166
0.7725
0.0050
0.0683
0.0099
0.0000
0.0343
0.3886
0.9044
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2. Results

Dpf2
Ect2

Eed
Eiflax
Eif4a3
Eml2
Engase
Ercc4
Esco2
Esfl
Esrrb
Fabp3
Fabp5
Faml1lla
Fam169a
Fam192a
Fam208a
Fam50a
Fam98b
Fanca
Fancd2
Fanci

Fbl
Fignl1l
Fip1l1
Fizl
Fkbp5
Foxk2
Ftsj3

Fus
Gapdh
Gatad1
Gatad2b
Glel
Glrx3
Glyrl
Gmps
Gnl3
Gnl31
Grwd1
Gtf2e2
Gtf2f2
Gtf3cl
Gtf3c2
H2afy
H2afy2
Hatl
Hdac1l
Hdac2
Hdgf
Hira
Histlhla
Histlh1b
Histlhlc
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1.11
1.14
0.48
0.64
0.22
0.37
0.87
0.20
0.75
0.54
0.54
0.36
1.31
0.70
0.68
0.97
0.21
0.30
0.80
0.41
0.55
0.53
0.30
1.05
0.26
0.39
0.72
1.18
0.50
0.19
0.55
0.76
0.99
1.16
0.51
0.26
1.05
0.48
0.62
1.66
0.45
0.36
1.05
0.94
0.25
0.12
1.35
0.30
0.35
0.41
0.46
0.23
0.31
0.26

0.25
0.32
0.90
1.02
1.22
1.30
0.18
1.19
0.75
0.74
0.67
1.55
0.44
0.89
0.60
0.31
0.87
0.83
0.81
0.49
0.74
0.59
1.12
0.28
0.89
0.84
1.23
0.23
0.44
1.09
1.27
0.21
0.30
0.40
0.98
0.96
0.89
1.02
0.55
0.44
1.09
0.95
0.27
0.27
1.02
1.17
0.36
1.27
0.79
1.01
0.57
1.09
0.95
1.08

0.55
0.49
0.33
0.16
0.91
1.20
0.63
0.94
0.29
0.33
0.24
0.72
1.45
0.27
0.22
0.87
0.59
0.48
0.26
0.75
0.41
0.24
1.20
0.88
0.99
0.44
0.41
0.87
1.03
0.55
0.39
0.53
0.70
1.45
0.35
0.52
0.21
0.45
0.43
1.36
0.40
0.41
0.96
1.07
0.45
0.88
1.22
0.68
0.48
0.27
0.48
0.45
0.39
0.42

1.0000
1.0000
0.0391
0.2070
0.0072
0.0132
0.9637
0.0069
0.5351
0.0786
0.0772
0.0126
1.0000
0.3649
0.3205
1.0000
0.0069
0.0091
0.7398
0.0170
0.0813
0.0732
0.0093
1.0000
0.0078
0.0151
0.4281
1.0000
0.0472
0.0081
0.0816
0.5584
1.0000
1.0000
0.0558
0.0076
1.0000
0.0388
0.1768
1.0000
0.0289
0.0125
1.0000
1.0000
0.0075
0.0100
1.0000
0.0092
0.0127
0.0163
0.0342
0.0085
0.0093
0.0075

0.0007
0.0024
0.7603
1.0000
1.0000
1.0000
0.0000
1.0000
0.3662
0.3460
0.2370
1.0000
0.0197
0.7459
0.1220
0.0016
0.6969
0.5808
0.5372
0.0368
0.3658
0.1041
1.0000
0.0009
0.7336
0.6130
1.0000
0.0006
0.0198
1.0000
1.0000
0.0000
0.0015
0.0121
0.9667
0.9355
0.7596
1.0000
0.0759
0.0199
1.0000
0.9187
0.0010
0.0009
1.0000
1.0000
0.0056
1.0000
0.4738
1.0000
0.0916
1.0000
0.9227
1.0000

0.0515
0.0179
0.0004
0.0000
1.0000
1.0000
0.1347
1.0000
0.0003
0.0005
0.0000
0.3624
1.0000
0.0003
0.0000
0.8803
0.0826
0.0171
0.0003
0.4496
0.0041
0.0000
1.0000
0.9290
1.0000
0.0078
0.0037
0.8575
1.0000
0.0522
0.0021
0.0341
0.2950
1.0000
0.0008
0.0333
0.0000
0.0101
0.0057
1.0000
0.0034
0.0037
1.0000
1.0000
0.0088
0.9266
1.0000
0.2422
0.0162
0.0002
0.0172
0.0098
0.0020
0.0053



2. Results

Hist1lh1d 0.28 1.07 0.44 0.0086 1.0000 0.0081
Histlhle 0.44 0.95 0.30 0.0236 0.9141 0.0003
Histlh2ab/h/f/k 1.37 0.27 1.32 1.0000 0.0009 1.0000
Hist1h2bb 0.41 0.91 0.48 0.0167 0.7967 0.0168
Hist2h2aal;Hist2h2

ac 0.86 0.40 1.12 0.9582 0.0107 1.0000
Hist2h2ab 0.88 0.81 0.46 1.0000 0.5379 0.0124
Hmces 1.23 0.43 0.43 1.0000 0.0187 0.0060
Hmgb1 0.45 1.09 0.37 0.0291 1.0000 0.0012
Hmgn?2 0.94 0.79 0.10 1.0000 0.4891 0.0000
HnrnpaO 0.20 1.27 0.83 0.0073 1.0000 0.7246
Hnrnpa3 0.18 1.40 0.93 0.0100 1.0000 1.0000
Hnrnpab 0.21 1.13 0.44 0.0068 1.0000 0.0076
Hnrnpd 0.57 1.03 0.31 0.1069 1.0000 0.0003
Hnrnph?2 1.49 0.33 1.15 1.0000 0.0025 1.0000
Hnrnpl 0.08 1.17 0.79 0.0100 1.0000 0.5867
Hnrnpm 0.26 1.06 1.17 0.0074 1.0000 1.0000
Hp1lbp3 0.57 0.60 0.27 0.1075 0.1153 0.0002
Hspa4 0.59 1.27 0.22 0.1392 1.0000 0.0000
Huwel 1.71 0.42 0.95 1.0000 0.0143 1.0000
Icel 0.99 0.33 0.99 1.0000 0.0030 1.0000
Ik 0.24 0.90 0.46 0.0082 0.7792 0.0111
Impact 1.34 0.15 1.05 1.0000 0.0000 1.0000
Incenp 0.87 0.51 0.36 0.9715 0.0464 0.0012
Ing4 091 0.24 1.03 1.0000 0.0005 1.0000
Ints1 1.06 0.19 0.96 1.0000 0.0000 1.0000
Ints2 1.04 0.41 1.46 1.0000 0.0135 1.0000
Ints5 1.23 0.41 1.51 1.0000 0.0135 1.0000
Ints9 1.01 0.22 0.79 1.0000 0.0005 0.5773
Ipo8 1.60 0.43 0.85 1.0000 0.0184 0.7865
Irf2bp2 0.97 0.29 0.46 1.0000 0.0012 0.0112
Iws1 0.39 1.01 0.28 0.0145 1.0000 0.0002
Kansl1 0.94 0.23 0.85 1.0000 0.0005 0.7859
Kansl3 1.07 0.24 0.69 1.0000 0.0006 0.2556
Kat6b 0.48 0.65 0.47 0.0381 0.1955 0.0142
Kat7 0.53 0.64 0.47 0.0719 0.1702 0.0141
Kdm1b 0.34 1.00 0.54 0.0112 1.0000 0.0459
Kiaal429 0.67 0.49 0.33 0.2759 0.0379 0.0005
Kif15 1.26 0.29 1.27 1.0000 0.0014 1.0000
Kif18b 0.94 0.17 0.67 1.0000 0.0000 0.2210
Kif20b 1.05 0.32 0.38 1.0000 0.0024 0.0018
Kif22 0.77 0.30 0.34 0.5941 0.0014 0.0005
Kifc1 1.28 0.41 1.51 1.0000 0.0122 1.0000
Klf4 0.40 0.52 0.91 0.0158 0.0536 1.0000
Kmt2a 1.21 0.17 0.73 1.0000 0.0000 0.3646
Ligl 0.96 0.77 0.19 1.0000 0.4234 0.0000
Lig3 0.40 0.98 0.42 0.0154 0.9687 0.0053
Lmnb1 0.09 1.18 0.93 0.0125 1.0000 1.0000
Lmnb2 0.32 0.62 0.85 0.0102 0.1417 0.7843
Lrrc40 1.39 0.22 1.03 1.0000 0.0000 1.0000
LRWD1 0.59 0.50 0.31 0.1366 0.0388 0.0003
Ltadh 1.25 0.72 0.31 1.0000 0.3164 0.0003
Mcm3ap 0.66 0.39 0.47 0.2752 0.0091 0.0130
Mcm4 0.23 0.99 0.38 0.0073 1.0000 0.0020
Mcm5 0.31 0.85 0.48 0.0095 0.6261 0.0162
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2. Results

Mdc1
Mecp2
Med1
Med24
Mettl16
Mfap1l
Mga
Mina
Mms221
Mpg
Mrella
Msh2
Msh6
Mtal
Mtf2
Mybbp1la
Mybl2
Myef2
Ncapg2
Ncbp3
Ncl
Ncor2
Ndel
Nelfa
Nelfcd
Nfatc2ip
Nlel
Nmrall
Noc2l
Nol10
Nol11
Nol8
Nom1
Nono
Nop9
Npm1
Nrde2
Nsun2
Ntmt1
Nup133
Nup188
Nup43
Nup50
Nup93
Nup98
Ogt
Orcl
Orc2
Orc3
Orc4
Orc5
Papd4
Papola
Papolg
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0.78
0.58
1.15
141
1.24
0.22
0.72
1.66
1.41
0.93
0.78
0.36
0.45
1.02
0.27
0.39
0.53
1.26
0.53
0.37
0.34
1.39
1.34
0.56
0.52
0.53
1.35
1.59
0.35
0.34
0.95
1.01
1.27
0.21
1.25
0.24
1.08
1.46
1.55
0.89
0.89
0.92
0.36
0.39
0.76
0.94
0.70
0.26
0.41
0.53
0.48
1.17
1.65
0.84

0.29
0.61
0.62
0.16
0.09
0.92
0.81
0.19
0.72
0.34
0.37
0.98
0.99
0.24
1.28
0.49
1.04
0.42
0.76
0.69
1.15
0.12
0.22
0.86
0.86
0.93
0.26
0.25
0.77
0.65
0.18
0.37
0.33
1.22
0.23
1.18
0.23
0.48
0.41
0.27
0.33
0.37
0.73
0.74
0.30
0.11
0.33
0.87
0.59
0.54
0.62
0.21
0.38
0.62

0.81
0.28
0.37
0.90
0.69
0.58
0.31
0.95
0.41
0.83
0.68
0.23
0.33
0.41
0.62
0.77
0.34
1.26
0.36
1.61
0.32
1.00
1.17
0.24
0.30
0.30
0.69
1.09
1.07
0.69
0.79
141
1.32
1.02
0.85
0.48
0.80
0.39
1.12
1.00
1.20
1.09
0.36
1.30
1.00
0.80
0.46
0.36
0.31
0.37
0.31
0.90
0.65
0.41

0.6284
0.1152
1.0000
1.0000
1.0000
0.0071
0.4176
1.0000
1.0000
1.0000
0.6280
0.0124
0.0290
1.0000
0.0084
0.0145
0.0695
1.0000
0.0720
0.0130
0.0119
1.0000
1.0000
0.1066
0.0653
0.0708
1.0000
1.0000
0.0117
0.0104
1.0000
1.0000
1.0000
0.0070
1.0000
0.0079
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0125
0.0152
0.5747
1.0000
0.3652
0.0073
0.0164
0.0702
0.0382
1.0000
1.0000
0.8781

0.0014
0.1405
0.1493
0.0000
0.0000
0.8338
0.5314
0.0000
0.3147
0.0032
0.0068
0.9681
1.0000
0.0005
1.0000
0.0346
1.0000
0.0142
0.3937
0.2683
1.0000
0.0000
0.0000
0.6588
0.6577
0.8726
0.0008
0.0008
0.4185
0.1868
0.0000
0.0068
0.0027
1.0000
0.0004
1.0000
0.0005
0.0310
0.0141
0.0009
0.0029
0.0068
0.3332
0.3628
0.0014
0.0000
0.0027
0.6972
0.1112
0.0678
0.1412
0.0000
0.0086
0.1414

0.6328
0.0002
0.0014
1.0000
0.2779
0.0795
0.0003
1.0000
0.0037
0.7104
0.2399
0.0000
0.0005
0.0037
0.1347
0.5113
0.0006
1.0000
0.0010
1.0000
0.0003
1.0000
1.0000
0.0000
0.0004
0.0004
0.2645
1.0000
1.0000
0.2657
0.5873
1.0000
1.0000
1.0000
0.8144
0.0167
0.5950
0.0023
1.0000
1.0000
1.0000
1.0000
0.0011
1.0000
1.0000
0.6227
0.0124
0.0010
0.0003
0.0014
0.0003
0.9953
0.1754
0.0040



Parn
Parpl
Paxbp1
Pbrm1
Pcid2
Pcna
Pcnp
Pcytla
Pdcd11
Pds5a
Pds5b
Pebp1l
Pfas
Pgkl
Phcl
Phf20
Phf23
Phip
Pias2
Pkn2
Plk1
Plrgl
Pogz
Polal
Poldip3
Polrle
Polr2b
Potl
Pou5f1
Ppid
Ppig
Ppmlg
Ppp2rlb
Ppp2r5c
Ppwd1
Prkdc
Prpf31
Prpf38b
Prpf40a
Prpf4b
Prpf6
Prpf8
Psip1
Psmc3ip
Psmd5
Pspcl
Psrcl
Ptbp1
Ptbp2
Ptma
Puf60
Pus1
Qrich1
Racgap1

0.40
0.49
0.77
0.33
0.38
0.67
0.65
1.63
0.63
0.37
0.43
0.95
1.53
0.71
1.33
1.04
0.63
0.68
0.61
1.71
0.88
0.89
0.36
0.72
1.10
1.07
1.25
0.80
0.40
0.58
0.40
0.48
0.93
1.11
0.85
1.14
0.67
0.52
0.57
0.73
0.30
0.68
0.33
0.42
1.65
1.22
1.60
0.31
1.15
0.85
0.62
0.78
0.76
0.61

0.96
1.08
0.48
0.99
0.59
1.19
1.14
0.35
0.32
0.79
0.82
0.31
0.62
0.97
0.25
0.20
0.39
0.57
0.74
0.38
0.41
0.29
0.76
0.96
0.27
0.14
0.50
0.44
0.73
0.90
0.68
0.88
0.42
0.36
0.30
0.23
0.35
0.69
0.58
0.45
0.78
0.34
1.04
0.57
0.41
0.12
0.32
0.89
0.63
1.33
0.83
0.83
0.66
0.94

0.49
0.31
0.42
0.34
0.56
0.22
0.40
1.32
0.95
0.45
0.23
0.53
0.38
0.28
0.89
0.90
0.51
0.27
0.34
0.77
0.45
0.89
0.59
0.34
0.83
0.86
0.34
0.68
0.64
0.41
0.31
0.30
0.27
0.68
0.50
0.43
0.61
0.45
0.45
0.29
0.60
0.49
0.37
0.62
0.64
0.74
1.40
0.45
0.27
0.23
0.33
0.37
0.23
0.35

0.0156
0.0469
0.6202
0.0099
0.0145
0.2818
0.2432
1.0000
0.2008
0.0131
0.0203
1.0000
1.0000
0.3965
1.0000
1.0000
0.2003
0.3135
0.1676
1.0000
1.0000
1.0000
0.0122
0.4224
1.0000
1.0000
1.0000
0.7084
0.0158
0.1143
0.0156
0.0413
1.0000
1.0000
0.8797
1.0000
0.2972
0.0628
0.1071
0.4518
0.0092
0.3108
0.0103
0.0194
1.0000
1.0000
1.0000
0.0095
1.0000
0.8941
0.1703
0.6349
0.5525
0.1566

0.9533
1.0000
0.0298
1.0000
0.1042
1.0000
1.0000
0.0049
0.0021
0.4921
0.5384
0.0016
0.1473
0.9621
0.0007
0.0000
0.0089
0.0873
0.3459
0.0088
0.0132
0.0011
0.3941
0.9529
0.0009
0.0000
0.0384
0.0199
0.3332
0.7874
0.2512
0.7169
0.0158
0.0066
0.0016
0.0005
0.0038
0.2528
0.0946
0.0212
0.4508
0.0030
1.0000
0.0893
0.0135
0.0000
0.0021
0.7495
0.1666
1.0000
0.5740
0.5742
0.1987
0.8902
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0.0205
0.0004
0.0042
0.0005
0.0608
0.0000
0.0030
1.0000
1.0000
0.0104
0.0000
0.0345
0.0018
0.0002
0.9915
0.9943
0.0269
0.0002
0.0007
0.5422
0.0095
0.9490
0.0819
0.0006
0.7142
0.8502
0.0006
0.2472
0.1759
0.0036
0.0003
0.0004
0.0002
0.2424
0.0209
0.0072
0.1091
0.0088
0.0088
0.0003
0.1008
0.0206
0.0017
0.1331
0.1703
0.4135
1.0000
0.0088
0.0002
0.0000
0.0005
0.0013
0.0000
0.0009
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Rbbp7
Rbbp8
Rbm12b2
Rbm19
Rbm27
Rbm39
Rbmxl1
Rccl
Rcll
Rfc2
Rfc5
Rif1
Rnf169
Rnh1
Rnps1
Rpal
RpaZ2
Rprd2
Rps6ka3
Rpusd?2
Rsl1d1
Rtcb
Ruvbl1
Rxrb
Sael
Sall4
Sap130
Sap30bp
Scafl
Sde2
Senpl
Senp3
Set
Setd6
Sf3b1
Sgol2
Shprh
Sin3a
Sirt6
Skiv212
Smarca5
Smarcadl
Smarcd1
Smcla
Smc2
Smc3
Smc5
Smek1
Smpd4
Snrnp200
Sox2
Spag7
Srbd1
Srrm1
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0.37
0.98
0.41
1.10
0.97
0.65
0.34
0.54
1.07
0.18
0.88
0.22
0.59
0.52
0.59
0.32
0.28
1.32
1.37
1.68
0.16
0.78
0.51
1.64
0.49
0.57
0.99
0.48
1.27
0.87
0.99
0.25
0.57
0.94
0.40
0.84
1.03
0.42
0.90
0.55
0.15
0.49
1.33
0.32
0.80
0.48
0.38
1.59
0.83
0.53
1.29
0.73
0.78
0.39

1.14
0.27
0.69
0.32
0.36
0.38
1.23
0.65
0.42
1.05
0.26
0.86
0.44
1.27
0.77
1.09
1.23
0.32
0.74
0.40
1.17
0.87
0.83
0.38
1.31
0.64
0.25
0.99
0.39
0.50
0.35
0.78
1.18
0.31
0.58
0.58
0.35
0.53
0.37
0.95
1.06
0.76
0.28
1.08
0.63
0.59
1.22
0.42
0.33
0.39
0.32
0.74
0.28
0.94

0.54
0.74
0.52
1.13
0.51
0.65
1.12
0.26
1.44
0.54
0.62
0.45
0.41
0.35
0.26
0.35
0.69
0.75
0.32
0.92
0.70
0.23
0.47
1.10
0.37
0.30
1.10
0.35
1.30
0.24
1.15
0.96
0.31
1.10
0.71
0.31
0.55
0.42
0.35
0.36
0.58
0.28
0.82
0.44
0.21
0.35
0.47
0.71
1.05
0.46
0.58
0.34
0.59
0.25

0.0131
1.0000
0.0169
1.0000
1.0000
0.2494
0.0103
0.0765
1.0000
0.0095
1.0000
0.0068
0.1384
0.0653
0.1360
0.0103
0.0084
1.0000
1.0000
1.0000
0.0106
0.6303
0.0556
1.0000
0.0472
0.1071
1.0000
0.0398
1.0000
0.9600
1.0000
0.0080
0.1132
1.0000
0.0159
0.8503
1.0000
0.0198
1.0000
0.0810
0.0093
0.0422
1.0000
0.0101
0.6880
0.0381
0.0131
1.0000
0.8342
0.0721
1.0000
0.4821
0.6200
0.0153

1.0000
0.0009
0.2549
0.0022
0.0056
0.0084
1.0000
0.1869
0.0174
1.0000
0.0008
0.6607
0.0187
1.0000
0.4366
1.0000
1.0000
0.0020
0.3507
0.0111
1.0000
0.7006
0.5696
0.0080
1.0000
0.1744
0.0008
1.0000
0.0104
0.0407
0.0048
0.4393
1.0000
0.0016
0.0969
0.0955
0.0039
0.0602
0.0068
0.9053
1.0000
0.3896
0.0009
1.0000
0.1552
0.1051
1.0000
0.0143
0.0027
0.0096
0.0022
0.3462
0.0010
0.8902

0.0418
0.3979
0.0311
1.0000
0.0261
0.1750
1.0000
0.0003
1.0000
0.0452
0.1271
0.0094
0.0041
0.0006
0.0002
0.0006
0.2622
0.4445
0.0003
1.0000
0.2806
0.0000
0.0142
1.0000
0.0013
0.0002
1.0000
0.0008
1.0000
0.0000
1.0000
1.0000
0.0003
1.0000
0.3115
0.0003
0.0476
0.0043
0.0008
0.0010
0.0809
0.0003
0.7034
0.0072
0.0000
0.0008
0.0131
0.3156
1.0000
0.0106
0.0764
0.0005
0.0826
0.0000



Ssb
Ssrpl
Stagl
Stag2
Stag3
Stat3
Stip1
Stx8
Sumo?2
Sumo3
Supt16h
Supt5h
Suv420h2
Suz12
Sympk
Tafl
Taf6
Tcea3
Tcf20
Tdp1l
Tdp2
Terf2
Terf2ip
Tetl
Tet2
Tfcp2l1
Thocl
Thoc2
Thyn1l
Tkt
Tle3
Tmem209
Tmpo
Tomm34
Topl
Top2a
Top2b
Tp53
Tpr
Tpx2
Tra2b
Traip
Trappcll
Trim24
Trim28
Trim33
Trrap
Tsrl
Ttc27
Ttk
Tuba4a
U2afl
U2af2
Uba2

0.40
0.37
0.32
1.02
0.78
0.76
0.52
1.64
0.63
0.96
0.32
0.81
0.73
0.24
0.40
1.02
0.95
1.32
1.35
0.76
0.72
0.25
0.65
1.05
0.60
0.28
0.37
0.38
0.36
0.85
1.01
0.61
0.29
1.36
0.41
0.58
0.92
0.94
0.45
0.62
0.37
1.11
1.17
0.19
0.24
0.42
1.00
0.83
1.59
1.58
1.14
0.70
0.45
0.85

1.01
0.72
0.93
0.39
0.44
0.27
1.42
0.34
1.28
0.89
0.90
1.04
0.25
1.00
0.59
0.29
0.23
0.19
0.20
1.19
0.69
0.82
0.73
0.15
0.43
1.31
0.90
0.82
1.17
1.56
0.23
0.40
0.97
0.38
1.16
0.65
0.76
0.31
0.73
0.46
0.82
0.11
0.32
1.05
0.86
0.94
0.24
0.25
0.41
0.34
0.43
0.40
0.66
1.18

0.30
0.33
0.53
0.34
0.48
0.53
0.43
1.04
0.43
0.17
0.29
0.46
0.72
0.50
0.57
0.49
0.50
0.63
0.82
0.35
0.35
0.48
0.19
0.62
0.83
0.73
0.26
0.27
0.44
0.39
0.83
1.02
0.74
0.47
0.20
0.28
0.06
0.89
0.36
0.31
1.08
0.72
0.88
0.40
0.43
0.40
0.83
0.57
1.26
0.64
1.31
0.79
0.34
0.31

0.0158
0.0131
0.0099
1.0000
0.6226
0.5776
0.0619
1.0000
0.2057
1.0000
0.0101
0.7506
0.4694
0.0085
0.0157
1.0000
1.0000
1.0000
1.0000
0.5781
0.4181
0.0076
0.2276
1.0000
0.1448
0.0084
0.0131
0.0134
0.0122
0.9090
1.0000
0.1588
0.0092
1.0000
0.0166
0.1193
1.0000
1.0000
0.0280
0.1742
0.0132
1.0000
1.0000
0.0086
0.0079
0.0197
1.0000
0.8372
1.0000
1.0000
1.0000
0.3813
0.0287
0.9023

1.0000
0.3241
0.8750
0.0106
0.0198
0.0009
1.0000
0.0032
1.0000
0.7328
0.7874
1.0000
0.0007
1.0000
0.1084
0.0013
0.0005
0.0000
0.0000
1.0000
0.2682
0.5480
0.3409
0.0000
0.0183
1.0000
0.7862
0.5589
1.0000
1.0000
0.0005
0.0121
0.9643
0.0078
1.0000
0.1903
0.3932
0.0016
0.3422
0.0266
0.5564
0.0000
0.0020
1.0000
0.6565
0.9007
0.0006
0.0007
0.0126
0.0038
0.0184
0.0106
0.2056
1.0000
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0.0003
0.0005
0.0395
0.0006
0.0153
0.0350
0.0055
1.0000
0.0055
0.0000
0.0003
0.0112
0.3512
0.0220
0.0693
0.0178
0.0249
0.1520
0.7024
0.0008
0.0008
0.0179
0.0000
0.1319
0.7146
0.3653
0.0001
0.0003
0.0081
0.0023
0.7095
1.0000
0.4046
0.0146
0.0000
0.0002
0.0000
0.9746
0.0011
0.0003
1.0000
0.3439
0.9462
0.0030
0.0064
0.0030
0.7431
0.0670
1.0000
0.1663
1.0000
0.5744
0.0006
0.0003
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Ubr5
Ubr7
Ubtf
Ubxn7
Upp1l
Usp28
Usp39
Usp5
Usp7
Utpl4a
Utp20
Vim
Vrk1
Vwa9
Wapal
Wdhd1
Wdr33
Wdr5
Wdr55
Xpol
Xpo5
Xpot
Xrccl
Xrcc5
Xrcc6
Ywhaq
Ywhaz
Zfp292
Zfp809
Zmiz2
Zmym?2
Znf106
Znf280c
Znf512
Znf516
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1.57
1.00
0.30
0.62
1.23
0.84
0.64
1.03
0.65
0.96
0.93
1.50
0.40
0.46
0.69
0.81
1.32
0.29
1.52
0.40
0.38
1.23
0.27
0.45
0.86
0.78
0.46
0.56
1.24
1.29
0.98
0.51
1.12
0.25
0.32

0.29
0.98
1.10
0.82
0.22
0.41
0.43
0.65
0.81
0.13
0.10
0.43
0.93
0.79
0.94
0.48
0.40
0.98
0.25
0.72
0.52
0.27
0.86
1.05
0.57
1.29
1.40
0.91
0.39
0.25
0.37
0.37
0.34
0.95
0.90

1.07
0.31
0.33
0.34
0.68
0.38
0.45
0.46
0.32
0.59
0.79
1.03
0.30
0.39
0.47
0.46
1.48
0.36
1.07
0.53
0.67
0.96
0.38
0.39
0.19
0.32
0.44
0.26
0.58
1.04
0.27
0.50
0.33
0.33
1.09

1.0000
1.0000
0.0093
0.1737
1.0000
0.8677
0.2157
1.0000
0.2426
1.0000
1.0000
1.0000
0.0153
0.0310
0.3358
0.7699
1.0000
0.0088
1.0000
0.0155
0.0141
1.0000
0.0084
0.0280
0.9549
0.6545
0.0310
0.0943
1.0000
1.0000
1.0000
0.0560
1.0000
0.0078
0.0102

0.0011
0.9717
1.0000
0.5439
0.0005
0.0135
0.0183
0.1901
0.5305
0.0000
0.0000
0.0177
0.8667
0.4774
0.9016
0.0305
0.0110
0.9687
0.0008
0.3191
0.0545
0.0009
0.6544
1.0000
0.0926
1.0000
1.0000
0.8070
0.0092
0.0008
0.0066
0.0068
0.0032
0.9038
0.7769

1.0000
0.0003
0.0005
0.0006
0.2423
0.0019
0.0088
0.0117
0.0003
0.0878
0.5704
1.0000
0.0004
0.0023
0.0149
0.0104
1.0000
0.0012
1.0000
0.0379
0.2321
1.0000
0.0018
0.0022
0.0000
0.0004
0.0072
0.0003
0.0745
1.0000
0.0002
0.0220
0.0004
0.0003
1.0000
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3. Discussion

3.1 Regulation of TET proteins by interaction partners and PTMs

3.1.1 TET proteins, base excision repair, and DNA demethylation
The cellular function of proteins not only depends on their catalytic activity and structure, but is
often regulated by protein-protein-interactions, the availability of co-factors, PTMs, and
intracellular localization. This thesis aims to characterize the regulation of TET proteins by
identification and analysis of interacting proteins as well as phosphorylation and 0-GlcNAcylation
sites.
In a first screen for protein-protein interactions of TET1, three members of the BER pathway co-
precipitated with TET1: PARP1, LIG3, and XRCC1 (Muller et al, 2014). This prompted us to
evaluate other members of the BER machinery for their interaction potential with TET proteins.
BER is a multi-step process, which consists of the following parts: excision of the damaged or
mispaired base by a glycosylase, incision, end processing, gap filling and ligation (Krokan and
Bjoras, 2013). In addition to LIG3, PARP1, and XRCC1, we identified five DNA glycosylases, namely
TDG, MBD4, NEIL1, NEIL2, and NEIL3, as interaction partners of all three TETs (Figure 7). With
the exception of XRCC1, all detected interactions are completely independent of TET catalytic
activity. For XRCC1, we observe a cooperative effect between direct protein-protein interaction
and possible recruitment by the generated oxidized cytosine variants (Muller et al., 2014).
With a reporter gene approach, we here describe reactivation of gene expression in ESCs when
plasmids harboring mC are oxidized by TET proteins. To unravel the impact of different DNA
glycosylases on this observed gene reactivation, which is due to DNA demethylation, we
performed the reporter gene assay with KO and rescue cell lines for different DNA glycosylases
(Muller et al., 2014). Two glycosylases in particular have been suggested to play a role in DNA
demethylation: TDG and MBD4. Both enzymes do not excise hmC, but are catalytically active on
TeG, UeG, and hmUeG mismatches which are generated by deamination of mC-G, C-G, and hmC-G
base pairs, respectively (Hashimoto et al.,, 2012). Additionally, TDG can remove fC and caC (He et
al, 2011; Maiti and Drohat, 2011).
According to our data, KO of Mbd4 has no effect on reactivation of gene expression upon TET
oxidation in ESCs, whereas Tdg-KO cells largely lose their ability to express the reporter gene.
Furthermore, we show that the three NEIL glycosylases can partially rescue the loss of TDG in
ESCs (Table 2) and that reactivation of reporter gene expression depends on the catalytic function
and DNA binding ability of TDG (Muller et al., 2014).
Taken together, our results lead to two key hypotheses. First, TET proteins and the BER pathway

are functionally and physically linked and cooperatively cause active DNA demethylation by three
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steps: oxidation of mC by TETs, excision of fC and caC by TDG, and insertion of unmodified C by

BER. Second, in the absence of TDG, NEIL glycosylases can excise fC and probably also caC,

providing an alternative pathway for DNA demethylation.
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Figure 7: BER pathway and its interaction with TET proteins

Schematic overview of the BER pathway. There are 11 known mammalian DNA glycosylases with
different specificities towards certain types of base lesions. Proteins identified in this study as
interaction partners of TET1, TET2, and TET3 are depicted in green (Krokan and Bjoras, 2013;

Muller et al., 2014).

The first hypothesis is strongly supported by a recent study (Weber et al., 2016), which not only

confirms the interaction between TET1 and TDG, but also reconstitutes the entire TET-BER

pathway in vitro. Weber et al furthermore show that the catalytic domain of TET1 has a
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stimulatory effect on TDG’s base excision activity and that the BER machinery processes
symmetrically modified DNA in a coordinated manner to avoid formation of double strand

breaks (DSBs).

glycosylase | impaired gene reactivation | Tdg-KO rescue
TDG yes yes

MBD4 no no

NEIL1 not tested partial

NEIL2 not tested partial

NEIL3 not tested partial

Table 2. Effect of DNA glycosylases on active DNA demethylation

The five glycosylases interacting with TET proteins were screened for their impact on reactivation
of areporter gene in ESCs, when the plasmid carrying the reporter is previously oxidized by TETs.
The second column indicates whether ESCs deficient for the respective glycosylase lose their
ability to reactivate the reporter; the third column states whether expression of the glycosylase
can compensate for loss of Tdg (Muller et al., 2014).

In this thesis, TDG was also independently identified as a prominent reader protein for fC and caC
(Spruijt et al, 2013), in agreement with its excision activity on these bases. Furthermore, the
glycosylases MPG and NEIL3 were described as binders of hmC in ESCs, whereas NEIL1 displayed
affinity for all three oxidized cytosine variants: hm(, fC, and caC (Spruijt et al., 2013). Recently,
the role of NEIL glycosylases in fC and caC processing was studied in more detail by Schomacher
et al. They describe that double knockdown (KD) of NEIL1 and NEIL2 strongly reduces fC and caC
excision efficiency in HeLa cell extracts, comparable to KD of TDG. However, neither NEIL1 nor
NEIL2 display fC or caC excision activity in vitro. The data by Schomacher et al alternatively
suggest a stimulatory effect of NEIL1 and NEIL2 on TDG activity. They propose a model where
NEIL1 or NEIL2 displace TDG from the abasic site and act as AP (apurinic/apyrimidinic) lyases
(Schomacher et al., 2016). NEIL proteins are bifunctional glycosylases that not only possess base
excision but also abasic site removal activity (Krokan and Bjoras, 2013). Schomacher et al
therefore state that the AP lyase activity rather than the glycosylase activity of NEILs is crucial for
fC and caC processing. They additionally show a central role for NEIL2, TDG, and TET3 in neural
crest formation in Xenopus laevis development, suggesting a cooperation between these three
enzymes (Schomacher et al.,, 2016).

Our data, however, hint towards a direct role of all three NEIL proteins on excision of fC and/or
caC in ESCs in the absence of TDG (Muller et al., 2014). NEIL glycosylase activity on fC and caC
might therefore depend on cellular co-factors that have not been identified to date and might also

differ between species and developmental stages.

3.1.2 Phosphorylation and 0-GlcNAcylation of TET proteins
In addition to proteins of the BER pathway, the O-GlcNAc transferase OGT co-precipitates with
TET1, TET2, and TET3 expressed in HEK293T cells, as well as with endogenous TET1 and TET2
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in ESCs. We here describe that OGT causes 0-GlcNAcylation of all three TET proteins and thereby
reduces TET phosphorylation. Interestingly, this reduction is not due to competition of OGT and
a yet unknown Kkinase for the same serine or threonine residue, since the majority of O-
GIcNAcylation and phosphorylation sites are detected at distinct amino acids (Bauer et al., 2015).
Crosstalk between 0-GlcNAcylation and phosphorylation has been described for several years; in
fact, every protein of the approximately 1000 targets of OGT can also be phosphorylated. Three
principle modes of this crosstalk are observed: first, same site competition, second, proximal site

competition, and third, proximal site occupation (Figure 8) (Butkinaree et al., 2010).

same site proximal site proximal site
competition competition occupation

Figure 8: O-GIcNAcylation-phosphorylation crosstalk

Schematic depiction of the three modes of crosstalk between O-GlcNAcylation and
phosphorylation. Same site competition: presence of one PTM on the residue inhibits addition of
the other modification. Proximal site competition: presence of O-GlcNAcylation or phosphorylation
inhibits modification of a proximal residue. Proximal site occupation: both types of modification
co-reside on neighboring residues. It needs to be emphasized that 0-GlcNAcylation dynamics are
regulated by a single pair of enzymes, OGT and OGA, whereas there are more than 500 protein
kinases and phosphatases (Butkinaree et al., 2010).

Generally, competition between the two types of modification appears to be the more common
form of crosstalk. For example, activation of protein kinase A or C results in decreased global O-
GIcNAc levels, whereas inhibition of these kinases leads to broad upregulation of 0-GlcNAcylation
(Griffith and Schmitz, 1999). Furthermore, increase of O-GlcNAcylation results in mostly
decreased phosphorylation, especially when there is an active turnover of phosphate groups
(Wang et al, 2008). However, the inverse relationship between phosphorylation and O-
GlcNAcylation is not black or white. Inhibition of GSK3, for example, results in twice as many
proteins with decreased rather than increased O-GlcNAc levels (Wang et al, 2007). For TET
proteins, we observe two types of phosphorylation: sites that show reduced phosphorylation
occupancy upon increased O-GlcNAcylation and sites with constantly high phosphorylation
occupancy, called “persistent phosphorylation” (Bauer et al., 2015). This finding emphasizes the
complex interplay between the two different PTMs and highlights the tight regulation of TET

protein function.
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The fact that TET proteins are O-GlcNAcylated by OGT (Ito et al, 2014; Zhang et al., 2014; Bauer
et al, 2015) immediately suggests that they can dynamically respond to the availability of
nutrients and metabolites such as glucose, glutamine, acetyl-CoA, UTP, and ATP, since OGT
activity depends on the hexosamine biosynthetic pathway. Indeed, Zhang et al have shown that
TET3 is exported from the nucleus when cells are cultured in high glucose medium (Zhang et al,,
2014).

The interplay between metabolism and epigenetics has interested scientists for decades since it
represents an obvious means for a cell to respond to changing environmental conditions. The
most direct effect of metabolism on epigenetics is by sensitivity towards cellular levels of co-
factors and substrates for epigenetic modifiers. Table 3 provides an overview about the most
important metabolites and vitamins consumed by epigenetic enzymes. ATP is not listed since
intracellular ATP levels are usually not rate-limiting for kinase activity, however, histone

phosphorylation can be indirectly influenced by ATP:AMP ratios (Lu and Thompson, 2012).

metabolite/vitamin | role pathway/role dependent enzymes
SAM e donor one-carbon DNA and histone
methionine precursor
pathway methyltransferases
folate precursor
co- TET proteins and most histone
2-0G substrate TCA cycle lysing demethylases (Fe(II) and
ascorbate co-factor | reduction of Fe(IV) | 2-OG dependent dioxygenases)
glycolysis, -
acetyl-CoA donor oxidation of fatty histone acetyltransferases
acids
NAD+ salvage
athway,
NAD+ co-factor gxidati\ye sirtuin family of histone
phosphorylation deacetylases
tryptophan precursor de novo synthesis of
NAD+

Table 3: Metabolites and vitamins that directly contribute to epigenetic regulation
TCA: tricarboxylic acid, NAD+: nicotinamide adenine dinucleotide, NADH: reduced NAD+
(Kanehisa and Goto, 2000; Lu and Thompson, 2012; Janke et al., 2015).

Ascorbate (or vitamin C) is important for reduction of Fe(IV) to Fe(Il) and therefore for the
activity of Fe(II) and 2-0G dependent dioxygenases such as TET proteins (Janke et al., 2015).
Consequently, several groups have studied the influence of ascorbate on TET enzymatic activity
(Blaschke et al., 2013; Chen et al., 2013; Dickson et al.,, 2013; Yin et al., 2013). Blaschke et al report
that addition of ascorbate to the medium of ESCs causes an increase in hmC levels and
demethylation of mostly germ line genes, ultimately leading to a gene expression pattern that
more closely resembles the ICM than culture without ascorbate (Blaschke et al, 2013).
Mechanistically, ascorbate seems to bind to the catalytic domain of TET proteins and directly

enhances generation of all three mC oxidation products (Yin et al., 2013).
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Another direct link between TET activity and metabolism is represented by the oncometabolite
2-hydroxyglutarate (2-HG). 2-HG accumulates in glioblastoma and acute myeloid leukemia (AML)
cells that carry a point mutation in the IDHI1 (isocitrate dehydrogenase) or IDHZ gene. This
mutation leads to a gain-of-function of the respective IDH enzyme (Parsons et al., 2008; Dang et
al, 2009; Mardis et al., 2009; Yan et al, 2009). While wt IDH catalyzes the NADP+ dependent
oxidative decarboxylation of isocitrate to 2-0G, the oncogenic mutants further reduce 2-0G to 2-
HG and, in contrast to wt IDH, can also carry out the reverse reaction from 2-0G to isocitrate.
Thus, in addition to 2-HG accumulation, normal cellular levels of 2-OG and the NADP+/NADPH
pool are also perturbed (Dang et al,, 2010). Interestingly, 2-HG acts as a competitive inhibitor of
Fe(II) and 2-0G dependent dioxygenases such as TET proteins (Xu et al, 2011). In a study with
30 patients with secondary AML, low levels of genomic hmC coincided with either a TETZ
mutation or an IDHZ gain-of-function mutation in about 50 % of the cases (Konstandin et al,
2011). This finding implies that both direct perturbation of TET protein sequence and inhibition
of TETs by 2-HG represent alternative paths to lower hmC levels in secondary AML. However,
other yet undiscovered mechanisms also seem to play an important role in regulating TET activity
since in 50 % of the cases, low hmC levels could not be explained by the known mutations of TET
and IDH enzymes.

PTMs of chromatin proteins add an additional layer of complexity to the interplay between
metabolic and epigenetic pathways beyond the direct effects of co-factors. We here describe for
the first time that TET proteins are not only O-GlcNAcylated but also phosphorylated (Bauer et
al, 2015). The biological function of the detected modification sites remains to be elucidated. O-
GIcNAcylation apparently does not affect TET2 or TET3 enzymatic activity (Chen et al, 2012;
Deplus etal, 2013), however, Vella et al report decreased hmC levels at certain genomic loci upon
OGT depletion in ESCs (Vella et al, 2013). Regarding our finding that TET O-GlcNAcylation
reduces phosphorylation, which suggests a dynamic regulatory switch, and taking into
consideration that TET activity is influenced by metabolism, nutrients, and vitamins as outlined
above, cell culture conditions might be an important variable in studying TET protein regulation
and also might explain discrepancies between different studies.

For example, standard cell culture media contain 25 mM glucose, a concentration comparable to
the blood glucose level of leptin-deficient obese mice (Schwartz et al, 1996) and therefore
considerably higher than physiological glucose concentrations. Furthermore, perturbation of
GSK3 signaling, a target of the “2i” inhibitors in ESC culture, has been shown to affect protein O-
GlcNAcylation (Wang et al., 2007). Finally, ascorbate, which is not a common medium additive, is
likely to be crucial for proper TET function (Blaschke et al.,, 2013). All these factors combined

might influence PTM patterns as well as enzymatic activity of TET proteins in cell culture and
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therefore perturb the picture of TET cellular function. Potential metabolic and nutritional

regulators of TET proteins are summarized in Figure 9.

glucose /@
X770
ooH \OH GSK3

ascorbate 2-HG

Figure 9: Environmental conditions likely to affect TET protein regulation

Ascorbate and 2-HG directly stimulate and inhibit TET activity, respectively (Xu et al, 2011;
Blaschke et al., 2013). Protein O-GlcNAcylation by OGT depends on glucose levels and counteracts
the phosphorylation activity of a yet unknown kinase (Butkinaree et al, 2010; Harwood and
Hanover, 2014; Bauer et al.,, 2015). The 2i cocktail in ESC medium might also affect OGT activity via
GSK3 inhibition (Wang et al.,, 2007; Ying et al., 2008).

The dynamic PTMs of TET proteins might also influence protein-protein interactions.
Interestingly, several 14-3-3 type proteins, known for their ability to bind phosphorylated
peptides, have been identified as interaction partners of TET2 (Deplus et al., 2013). Considering
the fact that we detect phosphorylation of TETs mostly at the low complexity regions
(Figure 10a), the N-terminus and the insert, and that 14-3-3 proteins show high preference for
intrinsically disordered proteins (Bustos and Iglesias, 2006; Uhart and Bustos, 2014), this
suggests that 14-3-3 proteins are a dynamic reader module of TET proteins, that associate with

the phosphorylated, disordered parts of the proteins and thus influence TET regulation.
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Figure 10: TET protein disorder and interaction with 14-3-3 proteins

a) PTMs of TET proteins as determined in (Bauer et al, 2015) with prediction of protein disorder.
The disorder probability for each residue is depicted by grayscale intensity; predictions were
performed with PrDOS (Ishida and Kinoshita, 2007).

b) TET proteins interact with 14-3-3 proteins. IP of GFP-TETs from HEK293T cells was followed
by LC-MS/MS and results were analyzed with MaxQuant and Perseus (Cox and Mann, 2008) as
described in (Bauer et al, 2015). The heatmap shows Z-scored log2 LFQ intensities (Cox et al,
2014) for TET1, TETZ2, TET3, and the 14-3-3 proteins detected in the pull-down (unpublished
results). On the left, protein names are shown based on the official gene names; the corresponding
14-3-3 nomenclature is depicted on the right. 14-3-3 subtypes that are also described by (Deplus
etal, 2013) as interaction partners of TET2 are written in green.
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Consistent with the findings by Deplus et al, we identify 14-3-3 proteins specifically interacting
with TET2. We detect six out of seven 14-3-3 subtypes in the TET protein IPs, where only subtype
B additionally interacts with TET3 (Figure 10b). It remains to be determined why TET2 is
specifically bound by 14-3-3 proteins, since both phosphorylation pattern and disorder
probability are very similar among TET1, TET2, and TET3, and would suggest equal affinity of 14-
3-3 proteins towards all three TETSs. In the case of TET proteins, low structural complexity and
high phosphorylation levels seem to be necessary but not sufficient for interaction with 14-3-3.
Also, none of the TET proteins contains one of the classic binding motifs of 14-3-3 proteins,
RSXpSX3P or RXX!X2pSX3P (with X! optimally being an aromatic, X2 a basic,and X3an L, E, A, or M
residue) (Muslin et al, 1996; Yaffe et al, 1997). However, many 14-3-3 binding partners have
been described which do not harbor the ideal interaction motifs (Bridges and Moorhead, 2004).
Considering the proposed functions of 14-3-3 proteins (Bridges and Moorhead, 2004; Bustos and
Iglesias, 2006), their interaction with TET2 could result in one or more of the following outcomes:
first, binding of 14-3-3 might lead to a disorder-to-order transition at specific regions of TET2,
second, important structural features of TET2 might be masked by 14-3-3 proteins, or third, 14-
3-3 proteins might serve as interaction scaffolds due to their homo- and heterodimerization

capability, and thus mediate interaction of TET2 with other proteins.

3.1.3 TET1 and chromatin modifiers

The first screens for TET protein interaction partners presented in this thesis were performed
with GFP-tagged TETSs expressed under the control of exogenous promoters. Interacting proteins
were identified by IP and subsequent LC-MS/MS analysis (Muller et al., 2014; Bauer et al., 2015).
When studying endogenous TET1 and TET2 in ESCs, this classic pull-down approach proved to
be difficult due to low expression levels and protein instability in solution. For this reason, we
applied the BiolD method (Roux et al., 2012), where a promiscuous biotin ligase is inserted into
the native Tet1 locus directly after the start codon (Mulholland et al.,, 2015). Expression of the
resulting fusion protein BirA*-TET1 under the control of the endogenous Tet1 promoter leads to
biotin-labeling of proteins within a 10 to 20 nm radius (Kim et al, 2014) of TET1. Although not
providing information about direct interaction partners, the BiolD method is a useful tool to
understand the functional protein environment of TET proteins.

Application of the BiolD method led to identification of nine proteins within proximity of TET1 in
ESCs, most of them linked to chromatin modifications (Mulholland et al, 2015). Among those is
SIN3A, a protein previously identified as a direct interaction partner of TET1, but not TET2
(Williams et al, 2011; Deplus et al, 2013). SIN3A acts as the central scaffold of the Sin3 co-
repressor complex, coupling HDACs to transcriptional repressors (McDonel et al., 2009). TET1

and SIN3A co-localize at TSS in ESCs, suggesting a role for TET1 in gene repression (Williams et
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al, 2011). Another protein identified by TET1-BiolD that is associated with transcriptional
silencing is ZNF281, which is capable of recruiting the NuRD complex (Fidalgo et al., 2012).

We furthermore detect HCFC1 (host cell factor 1) in proximity of TET1, a protein that also has
also been suggested previously to interact with TET proteins (Cartron et al., 2013; Deplus et al.,
2013). Deplus et al describe that HCFC1 is O-GlcNAcylated in a TET2/3 and OGT dependent
manner and that this modification is important for association of OGT with the SET1/COMPASS
H3K4 methyltransferase complex. This finding links the combined activity of TET proteins and
OGT to transcriptional activation. In light of the fact that TET1 is also associated with
transcriptional repressors such as SIN3A, our findings confirm the suggested dual role of TET1 in
both transcriptional activation and repression in ESCs (Wu et al, 2011). Vella et al have
previously suggested complex formation between OGT, TET1, TET2, HCFC1, and SIN3A with OGT
as the major component that mediates O-GlcNAcylation of the other complex members (Vella et
al, 2013). Interestingly, O-GlcNAcylation of HCFC1 not only depends on OGT, but also on GSK3
activity where inhibition of the kinase leads to a reduction of O-GlcNAcylation (Wang et al., 2007).
According to Wang et al, HCFC1 is exported from the nucleus upon this reduction, therefore
displaying the opposite behavior when compared to TET3 (Zhang et al.,, 2014). In addition to
HCFC1, we identify TOX4 by BiolD, which also links TET proteins to the SET1 complex. TOX4 is a
member of the PTW/PP1 phosphatase complex that interacts with the SET1 complex via WDR82
(Lee etal, 2010).

EP400 (also referred to as mDomino) is also associated with TET1 in ESCs and links TET proteins
to transcriptional activation since it is a component of the NuA4 histone acetyltransferase
complex and additionally harbors chromatin remodeling activity (Doyon and Cote, 2004). Two
histone methyltransferases, KMT2B and NSD1, are also detected by BiolD in the proximity of
TET1. KMT2B (also MLL2) is the catalytic member of the COMPASS complex that mediates
H3K4me3 formation at bivalent promoters in ESCs (Hu, Garruss, et al., 2013). NSD1, on the other
hand, specifically methylates H3K36 and H4K20 (Rayasam et al, 2003) and contains both
activation and repression domains (Huang et al., 1998).

Additionally, the BiolD method identifies TET2 to be associated with TET1 (Mulholland et al,
2015). At first sight, this is surprising since TET1 and TET2 have been assigned distinct roles in
ESCs, with TET1 predominantly localizing to TSS and TET2 to gene bodies and enhancers
(Williams et al., 2011; Hon et al., 2014; Huang et al,, 2014). However, a substantial number of
TET1 and TETZ2 target genes overlap, and both TET1 and TET2 have been shown to interact with
NANOG and contribute to regulation of pluripotency (Costa et al., 2013; Huang et al., 2014).

In summary, the majority of proteins that we identify as TET1-associated factors by BiolD are

involved in chromatin modification, namely histone acetylation, methylation, and deacetylation,
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as well as methylcytosine oxidation. The only exception is SALL4, a central transcription factor
which is required for ESC maintenance and development of ICM-derived cell lineages (Elling et
al, 2006). Our findings suggest a concerted action of several epigenetic complexes and pathways

with TET1 in ESCs, possibly contributing to stem cell identity via SALLA4.
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Figure 11: Regulation of TET proteins by PTMs and interacting proteins

Overview of the methods that were applied in this thesis to analyze the pathways contributing to
TET protein function (Muller et al, 2014; Bauer et al, 2015; Mulholland et al, 2015). It is
noteworthy that both F3H and BiolD are in vivo methods, which provide an intact chromatin

environment, whereas co-IP based approaches depend on in vitro stability of proteins and protein
complexes.
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All in all, we have characterized the regulation of TET proteins by interacting proteins and PTMs
with a variety of different methods (Figure 11). We have applied LC-MS/MS-based screening
approaches for de novo detection of functional interaction partners like BER proteins, OGT, 14-3-
3 proteins, and chromatin modifiers and for identification and quantification of PTMs. We have
confirmed and expanded these results by classic co-IP (co-immunoprecipitation) followed by
Western blot detection and by the F3H (fluorescent-3-hybrid) assay, a method for analysis of
protein-protein-interactions in vivo (Herce et al,, 2013). The obtained results are in agreement
with the previous and current literature on TET proteins and on the identified interaction
partners and contribute to the understanding of the fine-tuned regulation of TET proteins. We
here describe three potential key functions of TET proteins: first, initiation of active DNA
demethylation by association with DNA repair factors, second, dynamic response to a changing
cellular environment via their connection to OGT, and third, regulation of both repressive and

activating chromatin states.

3.2 Interplay between cytosine modifications and chromatin proteins

The structural and functional association of genomic DNA with proteins defines chromatin states
and is therefore essential for epigenetic regulation. In this thesis, we aim to understand the
interplay between cytosine modifications, in particular the oxidative derivatives generated by
TET proteins, and chromatin proteins during differentiation by two different approaches. The
first approach is a bait-based pull-down method, where differentially modified DNA
oligonucleotides are incubated with nuclear lysates of ESCs, NPCs, and adult murine brain tissue.
Reader proteins bound to the DNA baits are identified and quantified by LC-MS/MS, either based
on SILAC (stable isotope labeling by amino acids in cell culture) or LFQ (label-free quantification)
(Spruijt et al., 2013) (Figure 12a). The second approach makes use of a protocol for chromatin
enrichment for proteomics (ChEP) (Kustatscher et al., 2014) and compares the proteinaceous
chromatin composition of ESCs that lack the major DNA modifiers (Dnmt-triple-knockout (TKO),
Tet-TKO, and Tdg-KO) and therefore have an impaired DNA modification landscape. Furthermore,
these ESC lines are differentiated to EpiL.Cs to compare epigenetic changes at this crucial

developmental transition (Figure 12b).
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Figure 12: Approaches to elucidate the interplay between DNA modifications and chromatin
proteins

a) DNA pull-down approach as described in (Spruijt et al, 2013). The DNA bait carries four
consecutive modifications of the same type ina 5’ - AAG ATG ATG ACG ACG ACG ACG ATG ATG -3’
sequence context with C being either C, mC, hmC, fC, or caC.

b) ChEP-based approach with isolated chromatin fractions from KO cell lines deficient for the
major DNA modifiers, DNMTs, TETs, and TDG.

The two different experimental approaches have distinct advantages and disadvantages. In the
DNA pull-down approach, defined substrates are provided as baits, leading to unambiguous
results. By this method, direct readers of modified cytosines can be identified. However,

unpackaged short DNA fragments resemble the natural target of chromatin proteins only poorly
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and might lead to false-negative results due to a lack of nucleosome structure and/or histone
modifications. Additionally, proteins that strongly associate with genomic DNA are often hard to
solubilize and might be underrepresented in the nuclear extracts. On the one hand, the ChEP
approach overcomes these problems by considering the total chromatin fraction in different DNA
modification backgrounds. On the other hand, the obtained results are more ambiguous since
there are multiple explanations for the presence or absence of a protein in the respective
chromatin fraction (Figure 13). For example, not only the abundance of the cytosine modification,
but also of the corresponding DNA modifier is perturbed in the used KO cell lines, making it
impossible to distinguish between proteins that are recruited by the modification or the modifier,
respectively. Additionally, interfering with the total genomic DNA modification landscape by KO
of Dnmts, Tets, or Tdg might epigenetically change gene expression and therefore protein levels
and chromatin abundance. Our currently ongoing RNA-sequencing experiments of wt ESCs,
EpiLCs, and the KO cell lines will help to understand the contribution of epigenetically induced

perturbations of gene expression on chromatin composition.

wt KO

° er
NS 2

W%M

Wuu

Figure 13: Explanations for differential chromatin composition in cells deficient for DNA
modifiers

Schematic illustration of the possible mechanisms that contribute to differential chromatin
abundance of proteins in the ChEP-based approach. The situation in wt and KO cells is shown on
the left and right, respectively.

a) The chromatin proteins are directly recruited or repelled by the DNA-modifying enzyme, either
DNMTs, TETs, or TDG.

b) The DNA modifications (yellow circles) promote or inhibit binding of proteins to chromatin.

c) The DNA modifications influence gene transcription and thus, overall protein abundance.
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Combination of the DNA pull-down results and the ChEP-based data provides valuable
information about the interplay between DNA modifications and chromatin proteins. For
example, proteins of the MBD (methyl CpG binding domain) family have been the first described
specific binders of mC and are a classic example of readers of methylated DNA (Hendrich and
Bird, 1998). There are five family members in mammals, MECP2, MBD1, MBD2, MBD3, and MBD4
(Fatemi and Wade, 2006), which all show higher affinity for mC than C with the exception of
MBD3 (Fraga et al, 2003) (Figure 14a). We here specifically pull down the MBD proteins MBD1
and MBD4 by mC-containing DNA and MECP2 by both mC and hmC in ESCs (Spruijt et al., 2013).
In contrast, we do not detect significantly different MBD levels in chromatin of Dnmt-TKO ESCs
compared to wt. This is surprising since local genomic enrichment of MBD1, 2, 4, and MECP2 has
been show to correlate with mCpG density, which seems to be the major determinant of MBD
localization (Baubec et al., 2013). However, MECP2 does not lose its association with constitutive
heterochromatin in Dnmt-TKO ESCs (Baubec et al, 2013), suggesting additional factors that
determine its chromatin affinity and might contribute to MECP2’s persistent binding to the
chromatin fraction of Dnmt-TKOs. Unfortunately, MBD1 and MBD4 are not covered by our ChEP-
based dataset, allowing no conclusion about their overall chromatin abundance in the Dnmt-TKO
background.

Interestingly, we find MECP2 enriched in chromatin of Tdg-KO ESCs, along with other
heterochromatin proteins like H1 isoforms, TRIM28 (also known as KAP1), SIN3A, CBX3, and
HP1BP3. A recent study on the effects of cytosine modifications on DNA flexibility attributes
increased mechanical stability to nucleosomes containing fC (Ngo et al., 2016). Since enrichment
of fC is rather strong in Tdg-KO ESCs, this enhanced stability might contribute to recruitment of
heterochromatin factors. Additionally, loss of TDG leads to aberrant DNA methylation at CGIs and
an increase of repressive histone marks such as H3K9me3 and H3K27me3 at certain promoters
in MEFs (mouse embryonic fibroblasts) (Cortazar et al, 2011), supporting our finding of
accumulation of heterochromatin-associated proteins. However, Cortazar et al conclude that TDG
induces epigenetic aberrations mostly in differentiated and not in pluripotent cells, which is in
contrast our results. It is noteworthy that the chromatin fractions analyzed in this study were
obtained from ESCs cultured under naive pluripotent conditions in the presence of 2i, whereas
the data of Cortazar et al were generated under serum/LIF conditions, which more resemble the
epiblast than the ICM state (Cortazar et al., 2011). These alternative culture conditions might lead
to epigenetic changes, especially considering the large effects of the presence or absence of 2i on
the DNA modification landscape (Ficz et al., 2013).

While the DNA pull-down and the ChEP-based approach yield different results concerning MBD
proteins, both methods lead to identification of KLF4 as a protein whose affinity for DNA depends
on DNA methylation (Spruijt et al, 2013). Additionally, chromatin enrichment of Dnmt-TKOs
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shows a depletion of 0CT4, which is another of the four Yamanaka reprogramming factors KLF4,
0CT4, SOX2, and C-MYC (Takahashi and Yamanaka, 2006). It seems plausible that the proteins
required for reprogramming of differentiated to pluripotent cells display a preference for mC. The
promoters of core pluripotency genes like Nanog are methylated in differentiated tissues and
need to be reactivated during reprogramming (Meissner, 2010). Binding of KLF4 or OCT4 to these
methylated areas might induce gene reactivation and thereby trigger the reprogramming
process.

Both chromatin of Tdg-KO cells and fC pull-down strongly enrich for proteins associated with the
GO terms “DNA repair” and “Response to DNA damage stimulus” (Spruijt et al., 2013). Abundance
of fC seems to recruit a variety of different repair pathways in ESCs, including BER, nucleotide
excision repair, mismatch repair, and DSB repair. Additionally, the methylpurine DNA glycosylase
(MPG) was identified as a specific reader for hmC in ESCs (Spruijt et al., 2013) and is consistently
depleted from Tet-TKO chromatin. In contrast, other studies report MPG as a reader for fC
although without excision activity (Iurlaro et al, 2013). These discrepancies highlight the
complexity of the interplay between DNA modifications and their associated proteins. Several
factors are likely to influence differential binding of a certain protein to modified DNA and shall
be discussed below.

First, the sequence context of the DNA might play a role, especially with regards to transcription
factors. In this study, we used a random 27 bp DNA sequence with four cytosine modification sites
in an ACG context (Spruijt et al., 2013). lurlaro et al generated modified DNA baits by PCR, using
approximately 250 bp sequences of the Fgf15 and the Pax6 gene promoters, the first harboring a
CGI. They e.g. detect an equally strong preference of UHRF1 for mC with both DNA baits, but
binding of UHRF1 to hmC-containing DNA is less pronounced with the Fgfl15 DNA compared to
Pax6 DNA (lurlaro et al., 2013). With our DNA bait, UHRF1 displays equal affinity for both mC and
hmC as has been shown by in vitro data before (Frauer et al,, 2011). Interestingly, the UHRF1
paralog UHRF2 (Figure 14b) has been detected as a reader protein for hmC specifically in NPCs.
The cellular functions of UHRF2 are largely unknown, however, our data suggest an impact on
TET oxidation activity (Spruijt et al., 2013).

Second, the chromatin context, e.g. nucleosome occupancy and histone modifications, will
influence binding. In the chromatin fractions of our ChEP-based study, UHRF1 abundances are
comparable across all samples, suggesting that chromatinization of DNA counteracts the
recruiting effects of DNA modifications. Consistently, intranuclear dynamics of UHRF1 are not
affected by loss of DNA methylation and its DNA binding SRA domain is not sufficient to recruit
UHRF1 to constitutive heterochromatin (Rottach et al, 2010). Interestingly, an allosteric
regulatory mechanism for UHRF1 was described recently. Via its PHD (plant homeodomain),

UHRF1 binds to unmodified H3 tails, but in the presence of phosphatidylinositol-5-phosphate, a
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conformational switch induces binding of H3K9me3 via the TTD (tandem tudor domain) (Gelato
etal, 2014) (Figure 14b).

Third, density or spacing of the DNA modifications could also influence protein binding. For
example, Baubec et al identify methylation density as the major determinant for genomic
localization of MBD proteins, suggesting that both abundance and methylation status of CpG sites
are important for MBD targeting to DNA (Baubec et al,, 2013).

Finally, it cannot be excluded that there are combinatorial effects of different cytosine

modifications, although this aspect has not been investigated to date.
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Figure 14: Examples of DNA modification readers

a) Scaled domain model of MBD proteins (UniProt-IDs Q9Z2D6, Q9Z2E2, Q9Z2E1, Q9Z2D8,
Q9Z2D7). MBD: methyl CpG binding domain, TRD: transcriptional repression domain, CC: coiled-
coil (Fatemi and Wade, 2006; Baubec et al., 2013).

b) Schematic depiction of UHRF1 and UHRF2 (UniProt-IDs Q8VDF2, Q7TMI3). Ubi-like: ubiquitin-
like domain, PHD: plant homeodomain, SRA: SET and RING associated, RING: E3 ubiquitin ligase
domain.

While the crosstalk between DNA modifications and reader proteins is already complex in ESCs,
italso dynamically changes during differentiation. The overlap of readers for mC and hmC in ESCs,
NPCs, and brain is rather low (Spruijt et al, 2013), suggesting that cytosine modifications play
distinct roles in different cell types. In line with this observation, the chromatin fractions of the

used KO cell lines greatly differ between ESCs and EpiL.Cs, implicating that differentiation state is

171



3. Discussion

a strong determinant of chromatin composition and that changes in the DNA modification
landscape have different impacts in different cell types.

When comparing NPC and EpiLC differentiation, there is a striking difference in the behavior of
chromatin proteins. The number of identified specific reader proteins for C, mC or hmC is lower
in ESCs than in NPCs (69 versus 190 enriched interactors, respectively) (Spruijt et al., 2013).
Comparing the ChEP fractions of ESCs to EpiLCs, however, this relation is reversed and a higher
number of proteins show significantly different chromatin association upon DNA modification
depletion in ESCs than in EpiLCs. On the one hand, it cannot be excluded that these differences
are due to intrinsic methodological variations between the DNA pull-down and the ChEP-based
approach. On the other hand, it is surprising that loss of DNA methylation in the Dnmt-TKO
background has so little effect in EpiL.Cs (134 chromatin proteins with differential abundance in
ESCs and 20 differential proteins in EpiLCs), considering the strong upregulation of genomic
cytosine methylation at this stage (Borgel et al.,, 2010). In combination, these data suggest that
DNA modifications have distinct roles and relevance in different cell types and developmental
stages, where the EpiLC state is less affected by DNA modification patterns. This leads to the
conclusion that cytosine modifications strongly influence chromatin composition in naive
pluripotent cells and more terminally differentiated cell types like NPCs, a finding also supported
by gene expression and histone modification data in Tdg-KO cells (Cortazar et al, 2011). It is
important to note that cells resembling the "primed" epiblast state are considered metastable
(Hayashi et al., 2008; Hackett et al., 2013) and therefore display greater heterogeneity. This might
provide an explanation why EpiLCs or ESCs in serum/LIF are less susceptible to perturbations of

the epigenetic environment.

In summary, we aimed to dissect the contribution of DNA modifications to epigenetic states by
identification of direct readers for the five cytosine specimen C, mC, hmC, fC, and caC, and by
analysis of the chromatin composition in cell lines deficient for important DNA modifiers like
DNMTs, TETSs, or TDG. Some proteins like MECP2 or UHRF1 display a strong intrinsic preference
for certain DNA modifications, but are not affected by loss of these modification in an intact
chromatin context, suggesting additional recruiting mechanisms. Other proteins like KLF4 or
DNA repair proteins depend on the DNA modification status, regardless if the DNA substrate is
chromatinized or not. We furthermore show that cytosine modification readers change during
differentiation of ESCs towards the neuronal lineage and that chromatin in ground state
pluripotency is more sensitive to changes in the DNA modification landscape than in the EpiLC

state.
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Abbreviations
2-HG 2-hydroxyglutarate
2i 2 inhibitors (PD0325901 and CHIR99021)
2-0G 2-oxoglutarate
ADD ATRX/DNMT3/DNMT3L
AML acute myeloid leukemia
AMP adenosine monophosphate
ATP adenosine triphosphate
BAH bromo-adjacent homology
BER base excision repair
bp base pairs
caC carboxylcytosine
CC coiled-coil
CGIs CpG islands
ChEP chromatin enrichment for proteomics
co-IP co-immunoprecipitation
CTD C-terminal domain
DNA deoxyribonucleic acid
DNMT DNA methyltransferase
DPPA3 Developmental pluripotency-associated protein 3
DSB double strand break
EGF epidermal growth factor
EMSA electrophoretic mobility shift assay
EpiLC epiblast-like cell
ESC embryonic stem cell
EZH2 enhancer of zeste homolog 2
F3H fluorescent-3-hybrid
fC formylcytosine
FDR false-discovery-rate
FGF2 fibroblast growth factor 2
GFP green fluorescent protein
GO gene ontology
GSK3 Glycogen synthase kinase-3
HAT histone acetyltransferase
HCFC1 host cell factor 1
HDAC histone deacetylase
HeLa Henrietta Lacks (human epitheloid cervix carcinoma cell line)
hmC hydroxymethylcytosine
hmU hydroxymethyluracil
IAP intracisternal-A particles
ICM inner cell mass
IDH isocitrate dehydrogenase
[P Immunoprecipitation
KD knockdown
KO knockout
LC-MS/MS | liquid chromatography tandem mass spectrometry
LFQ label-free quantification
LIF Leukemia inhibitory factor
LINE long interspersed nuclear elements
LTR long terminal repeat
MAPK mitogen-activated protein kinase
MBD methyl CpG binding domain
mC methylcytosine
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MEF
MLL
MPG
NA
NAD(P)+
NAD(P)H
NEIL
NGF
0GA
0-GlcNAc
OGT
p.f.
PCA
PCNA
PGC
PHD
PRC
PTM
PWWP
RNA
RT
SAH
SAM
SET
SILAC
SRA
SUZ12
TCA
TDG
TE
TET
TKO
TNF-«a
TPR
TRD
TSS
TTD
UDP-
GIcNAc
UHRF
UIM
wt
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mouse embryonic fibroblast

Mixed lineage leukemia

methylpurine DNA glycosylas

numeric aperture

nicotinamide adenine dinucleotide (phosphate)
reduced NAD(P)+

Nei-like protein (or Endonuclease 8-like protein)
nerve growth factor

0-GlcNAcase

O-linked N-Acetylglucosamine

0-GlcNAc transferase

post fertilization

principal component analysis
proliferating cell nuclear antigen
primordial germ cell

plant homeodomain

polycomb repressive complex
post-translational modification
proline-tryptophan-tryptophan-proline
ribonucleic acid

room temperature
S-Adenoysl-homocysteine
S-Adenosylmethionine
Su(var)3-9/Enhancer-of-zeste/Trithorax

stable isotope labeling by amino acids in cell culture

SET and RING associated
suppressor of zeste 12 protein homolog
tricarboxylic acid

Thymine-DNA glycosylase
trophectoderm
ten-eleven-translocation

triple knockout

tumor necrosis factor o
tetratricopeptide repeat
transcriptional repression domain
transcription start sites

tandem tudor domain

uridine diphosphate N-Acetylglucosamine

Ubiquitin-like PHD and RING finger domain-containing protein

ubiquitin interaction motif
wild type
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