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Summary

Epigenetic regulation of gene expression is achieved through different mechanisms such
as DNA methylation and histone modifications. Zinc finger proteins, among the most
abundant proteins in eukaryotes, play a pivotal role in setting these epigenetic marks. In
this study, we investigated the roles of the zinc finger proteins DNMT1, UHRF1 and TET3
in epigenetic gene regulation.

DNA methylation has long been regarded as a stable mark mediating gene repression,
but the discovery of TET enzymes that oxidize methylcytosine has kindled the idea that
DNA modifications are more diverse. To date, little is known about how TET proteins are
targeted to specific genomic loci. In this work, we identified and characterized an
alternative mouse TET3 isoform (TET3%XXC) harboring a CXXC type zinc finger domain
and also found associations between TET enzymes and the zinc finger protein CXXC4.
Relative transcript levels suggest that distinct ratios of TET3°**C and the TET3-CXXC4
complex may be present in different adult tissues. We propose that variable associations
with CXXC modules may contribute to context specific functions of TET proteins.

DNMT1 is a DNA methyltransferase which harbors a CXXC type zinc finger and is
responsible for maintaining DNA methylation patterns after DNA replication. Its interaction
partner UHRF1 is essential for the propagation of DNA methylation by recruiting DNMT1
to the hemimethylated DNA substrate. However, the targeting mechanism of DNMT1 by
UHRF1 is still not fully understood. In this study, we describe that UHRF1 ubiquitinates
histone H3 depending on the PHD and RING zinc finger motifs, which provides a docking
site for DNMT1 binding and thereby maintains DNA methylation. Therefore, DNMT1 not
only copies existing DNA methylation patterns but rather integrates multiple signals from
different epigenetic pathways.

To gain further insights into the cellular targets of the E3 ligase UHRF1, we developed a
ubiquitination substrate assay and identified UHRF1-dependent targets related to different
regulatory pathways. We show that UHRF1 ubiquitinates the heterochromatin protein
CBX1 for proteasomal degradation, a process which is counteracted by USP7-mediated
deubiquitination. This dynamic modification of CBX1 likely contributes to heterochromatin
formation, thus providing a novel mechanism for epigenetic regulation.

In summary, zinc finger proteins fundamentally contribute to multiple layers of epigenetic

regulation, and function as essential factors in epigenetic networks.
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1 Introduction

1.1 Epigenetic regulation

All cells of a multicellular organism are genetically homogeneous, but they show
structural and functional heterogeneity due to the differential expression of genes
(Jaenisch and Bird 2003). Gene expression patterns are set and maintained over
numerous subsequent cell generations, and epigenetic regulation contributes to the
establishment of cell-type specific gene expression leading to a broad range of functional
and morphological diversity.

The term “epigenetics” was introduced by Waddington as a portmanteau of “epigenesis”
and “genetics” in 1940s (Waddington 1942, 2012). In the original sense of its definition,
epigenetics referred to “the branch of biology which studies the causal interactions
between genes and their products, which brings the phenotype into being” (Waddington
1968). Over the years, with the observation of numerous biological phenomena related to
epigenetics and the rapid growth of genetics research, epigenetics has evolved to a
defined field of study. Nowadays, epigenetics is generally accepted as the study of
changes in gene expression or cellular phenotype which occur without changes in the
underlying DNA sequence (Goldberg, Allis et al. 2007). Notably, epigenetics contributes
both the heritable changes in gene activity and also stable, long-term alterations in the
transcriptional potential of a cell that are not necessarily heritable (Dupont, Armant et al.
2009).

Epigenetic mechanisms are thought to regulate gene expression by altering chromatin
condensation and accessibility. Epigenetic modulators establish transcriptionally active or
silent chromatin states at different layers, including DNA and histone modifications, non-
coding RNA, nucleosome positioning as well as histone variants, building well-controlled
transcriptional regulation networks (Fig. 1). Among these epigenetic marks, DNA

methylation and histone modifications are the most extensively characterized.

1.1.1 DNA methylation

There are many ways controlling gene expression in eukaryotes, and DNA methylation is

the most commonly studied chromatin mark that regulates gene activity in the
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1 Introduction

mammalian genome. In vertebrates, DNA methylation refers to the addition of a methyl
group to the carbon 5 position of cytosine residues to form 5 methylcytosine (5mC). DNA
methylation level differs strongly between species, for example, cytosine methylation is
about 34% in Arabidopsis, 2.3% in Escherichia coli (E. coli), 0.03% in Drosophila, and
virtually none (< 0.0002%) in yeast species (Cokus, Feng et al. 2008, Capuano, Mulleder et
al. 2014). DNA methylation levels of mammals are intermediate. In mammalian somatic
cells, 5mC accounts for about 4% of cytosines and approximately 70%-80% of CpG
dinucleotides throughout the genome are methylated (Ehrlich, Gama-Sosa et al. 1982).
While cytosine methylation occurs almost exclusively at symmetric CpG dinucleotides in
somatic tissues, non-CpG methylation is quite prevalent in embryonic stem cells (ESCs)
accounting for 15%-20% of total cytosine methylation but its function is still unclear
(Ramsahoye, Biniszkiewicz et al. 2000, Bird 2002, Lister, Pelizzola et al. 2009). The
unmethylated CpG dinucleotides are mostly found at gene promoters in dense clusters
termed “CpG islands”, maintaining transcription of active genes (Suzuki and Bird 2008,
Cedar and Bergman 2009, Law and Jacobsen 2010).

Methylation of cytosines may repress gene expression by directly preventing the binding
of transcription factors to their recognition targets (Becker, Ruppert et al. 1987, Bednarik,
Duckett et al. 1991, Prendergast and Ziff 1991, Di Fiore, Palena et al. 1999). Many
transcription factors show reduced binding preference to methylated target promoter
sequences compared to unmethylated ones (Zhang and Pradhan 2014). For instance, YY1
is a ubiquitously distributed transcription factor which is involved in repressing and
activating a diverse number of promoters. YY1 binding site in peg3 gene locus is a
conserved sequence element located in the first intron, which is involved in transcription
and imprinting control. This binding site contains one CpG site and the methylation of this
site is sufficient to abolish the binding activity of YY1 in vitro (Kim, Kollhoff et al. 2003).
Another mechanism involving DNA methylation in gene silencing is by the recruitment of
binding proteins that preferentially recognize methylated DNA, which either block gene
activation directly or indirectly via further recruitment of repressive protein complexes
(Boyes and Bird 1991, Jones, Veenstra et al. 1998, Nan, Ng et al. 1998, Newell-Price, Clark

et al. 2000). One such family are the methyl-CpG binding domain proteins (MBDs) that
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mainly bind methylated CpG dinucleotides either acting as insulator for transcription
factor binding or recruiting histone deacetylases, lysine methyltransferases or chromatin
remodeling complexes which induce the formation of silent chromatin (Bakker, Lin et al.
2002, Fujita, Watanabe et al. 2003).

The biological functions of DNA methylation are fundamentally different in prokaryotes
and eukaryotes. In bacteria, DNA methylation is closely involved in restriction
modification system and acts as primitive immune system, allowing hosts to protect
themselves from infection by foreign DNAs (Colot and Rossignol 1999, Bird 2002, Chen
and Li 2004). Unlike bacteria, high DNA methylation in plants leads to the transcriptional
silencing of transposable elements and other repetitive DNA sequences to maintain
genome stability (Zhang, Yazaki et al. 2006, He, Chen et al. 2011).

In mammals, DNA methylation is a relative stable epigenetic mark and is critical for a
variety of biological processes including early embryogenesis (Li, Bestor et al. 1992,
Watanabe, Suetake et al. 2002, Haaf 2006), cell differentiation (Latham, Gilbert et al.
2008), gene and transposon silencing (Chen, Pettersson et al. 1998), genomic imprinting
(Reik and Walter 2001, lIderaabdullah, Vigneau et al. 2008), and X chromosome
inactivation (Heard and Disteche 2006, Senner and Brockdorff 2009). Furthermore, DNA
methylation is also involved in regulating neuronal development and tumorigenesis

(Feinberg, Ohlsson et al. 2006, Dulac 2010).

1.1.2 Histone modifications

Besides DNA methylation, histones modifications have also been implicated in the
epigenetic gene regulation. In eukaryotic cells, there are two forms of chromatin that
reflect the level of transcription activity of the cell: euchromatin and heterochromatin.
Euchromatin is open chromatin with less density so that the DNA is accessible to the
transcription machinery and can be actively transcribed. Conversely, heterochromatin is
packaged into a highly condensed form which is not accessible to gene regulatory
molecules and thus is silenced. The basic unit of chromatin are nucleosomes, each

consisting of 146 base pairs of DNA wrapped in almost two turns around a histone
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octamer made up of two H2A-H2B dimers and a H3-H4 tetramer (Davey, Sargent et al.
2002). Adjacent nucleosomes are connected by linker DNA and linker histones (Thoma et
al. 1979; Luger et al. 1997). These core histones are relatively similar in structure and are
highly conserved through evolution. Each of the histone proteins consists of a structured
core and a unstructured tail domain (Biswas, Voltz et al. 2011). Histone tails are the
common sites of posttranslational modifications (PTMs), including methylation and
acetylation of lysines and arginines, phosphorylation of serines and threonines,
ubiquitinylation and SUMOylation of lysines.

In comparison to DNA methylation, posttranslational modifications on histone tails are
highly dynamic, which play a key role in the regulation of chromatin accessibility in
eukaryotes (Cosgrove, Boeke et al. 2004, Kouzarides 2007, Biswas, Voltz et al. 2011).
Some PTMs may directly influence the mobility and stability of nucleosome, therefore
affect chromatin structure. For instance, acetylation on lysine residues neutralizes the
positive charge of histones and reduces electrostatic attraction between histones and
negatively charged DNA, therefore loosening the chromatin structure (Workman and
Kingston 1998). Acetylation of H3 at K56 has been found to directly affect histone-DNA
contacts (Masumoto, Hawke et al. 2005, Ozdemir, Spicuglia et al. 2005, Xu, Zhang et al.
2005). K56Q mutation designed to mimic H3K56 acetylation has been observed to alter
nucleosome mobility and the wrapping of DNA around nucleosomes, which support the
hypothesis that modifications can directly alter chromatin structure and dynamics
(Masumoto, Hawke et al. 2005, Ferreira, Somers et al. 2007). Moreover, another
mechanism by which PTMs of histones regulate gene expression is as a signal platform to
recruit effector modules to local chromatin, so that functional outcome of PTMs is mostly
determined by its readers (Ferreira, Somers et al. 2007, Yun, Wu et al. 2011). For example,
heterochromatin protein 1 (HP1) is a family of heterochromatic adaptor molecules and is
implicated in gene silencing (Wallrath 1998, Jones, Cowell et al. 2000). The
chromodomain of HP1 specifically interacts with methylated H3 at lysine 9 (H3K9) and
targets HP1 to heterochromatic regions, which leads to the repression of gene
transcription (Lachner, O'Carroll et al. 2001, Nakayama, Rice et al. 2001). Thus, in the best

characterized modifications of H3 and H4, generally acetylation modifications are
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associated with transcriptional activation (Allfrey, Faulkner et al. 1964), while methylation
of lysine residues present two opposite transcriptional activity: activation or repression,
depending on which amino acids or to what extent the residue is modified (Norton, Imai
et al. 1989).

Besides DNA methylation and histone modifications, noncoding RNAs are also reported as
another layer of epigenetic regulation. Some noncoding RNAs have been demonstrated to
interact with chromatin to modulate large-scale gene expression programs (Vance and
Ponting 2014). In addition, nucleosome positioning and histone variants are also
emerging as regulators of epigenetic gene expression. Nucleosomes are a barrier to
transcription and the precise position of nucleosome, particularly around the
transcription start sites, influences the initiation of transcription, thereby regulating gene
expression (Schones, Cui et al. 2008, Cairns 2009). Histone variants differ in sequence and
expression timing from the canonical counterparts and have been shown to have distinct
functions, ranging from DNA repair and centromere determination to the regulation of
gene expression (Wiedemann, Mildner et al. 2010). In summary, the cooperation and
interplay between these different epigenetic layers compose a strict and dynamic
epigenetic regulation system (Fig. 1), carrying out indispensible function in multiple

biological processes.
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Figure 1. Schematic representation of fundamental mechanisms of epigenetic gene regulation. DNA
methylation, histone modifications, nucleosome positioning and histone variants as well as non-coding
RNAs are different epigenetic layers composing a strict and dynamic regulatory system (modified from
Horsager. 2014 and episona website).

1.2 Zinc finger proteins (ZFPs) and zinc finger motifs

As mentioned above, changes in DNA methylation and histone modifications can alter the
chromatin binding properties of transcription factors. To sense the DNA and histone
modifications, a common feature of transcription regulators is the presence of epigenetic
code binding motifs that direct the binding of these regulators to their targeting sites.
Zinc finger motifs are the most abundant DNA binding modules in eukaryotic cells and are
defined as small protein structures characterized by the coordination of zinc ions
contributing to its structural stability. The first zinc binding domain was identified in the
structure studies of transcription factor IIIA (TFIIIA) which is required for 55 RNA
transcription in Xenopus oocytes (Miller, McLachlan et al. 1985). TFIlIA contains nine
repeated zinc finger domains, each of which is stabilized by a zinc ion coordinated by a
pair of cysteines and a pair of histidines (Klug 2010). The discovery of zinc finger domains

identified a novel protein fold for nucleic acids recognition (Klug 2010). Since then, more
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and more ZFPs have been found, which are predicted to account for at least 3% of all
genes of the human genome (Bateman, Birney et al. 2002, Klug 2010). Multiple
superfamilies of ZFPs are also identified in different kinds of living organisms including
yeast, Drosophila, Xenopus, mouse and human. Due to their DNA binding properties,
most ZFPs are transcriptional regulators involved in a broad range of functions in various
cellular processes including cell proliferation, differentiation and survival. In addition to
their well-known role in mediating DNA binding, zinc fingers are also molecular scaffolds
for the recognition of RNA and proteins.

As research continues, more zinc finger motifs have been characterized, each with a
unique three dimensional structure. It is desirable to classify these motifs in a proper way,
which would help to better understand and predict the function of ZFPs by assigning it to
a particular group. Normally, proteins are classified according to the structure similarity,
but the classification of small protein structure becomes exceedingly difficult with
conventional methods or existing databases due to the short length of the protein chain.
A lot of attempts have been made to classify these zinc finger motifs. Recently, a more
systematic method has been used to classify zinc fingers. All available zinc finger motifs
were classified into eight groups based on the protein backbone similarity around the zinc
ligands (Krishna, Majumdar et al. 2003). Among these eight folded groups, C2H2 type,
CXXC type, treble clef fingers such as PHD and RING type motifs are the most prevalent

zinc finger motifs in epigenetic regulatory systems.

1.2.1 C2H2 type zinc fingers

The C2H2 type zinc finger is the best characterized class of zinc finger motifs and probably
represents the largest family of regulatory proteins in mammals. It is present in many
mammalian transcription factors and other DNA-binding proteins, and participates in a
variety of cellular activities such as development, differentiation and tumor suppression.

The C2H2 finger family is often defined by the consensus sequence C-X;-4-C-X12-H-X3-H, in
which C and H represent the zinc ligands and the number of X shows the intervals

between the zinc binding residues (Fig. 2A) (Narayan, Kriwacki et al. 1997). Two zinc
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ligands come from a zinc knuckle at the end of the B-hairpin and the other two ligands are
contributed by the C-terminal end of the a-helix (luchi 2001, Krishna, Majumdar et al.
2003). Zinc knuckle is a unique turn with the consensus sequence CPXCG (Wang, Jones et
al. 1998, Grishin 2001). The primary role of C2H2 type fingers is to bind DNA recruiting
chromatin effectors for regulation of gene expression (luchi 2001). Early growth response
protein 1 (EGR1), also known as ZIF268 or NGFI-A, is one of the most well-studied triple
C2H2 ZFPs. EGR1 is a transcription factor working together with its partners to activate or
repress gene expression by binding to the DNA at enhancers or repressors (Gashler,
Swaminathan et al. 1993). Its DNA binding domain contains three zinc fingers and each
finger recognizes approximately three nucleotides by binding to the major groove of
target DNA (Fig. 2B) (Pavletich and Pabo 1991, Elrod-Erickson, Rould et al. 1996). This
recognition pattern also laid the foundation for designing engineered ZFPs both for

research and therapeutic applications.

Figure 2. Structure of C2H2 type zinc fingers with DNA complex. (A) Schematic outline of the C2H2 type
zinc finger domain. All C2H2 fingers show conserved structural feature, in which C represents cysteine and
H represents histidine. The number of X shows the intervals between the zinc binding residues. Each zZn?*
ion (light brown) coordinates two histidines (light blue) and two cysteines (light blue). The color scheme is
the same for Figure 2A, 3B, 4A and 5A. (B) Crystal structure of three zinc finger domains of EGR1 in complex
with DNA. Three zinc fingers wrap around the DNA with a helices fitting into the major groove of DNA (PDB:
1ZAA). In all cases, the complex is shown in cartoon (helix in red, loop in green, sheet in yellow and double
strand DNA in gray), zinc binding residues are shown in sticks and zinc ions are shown in gray spheres. All
ribbon diagrams for zinc finger motifs in this study were visualized with Pymol software based on the
corresponding PDB structure data.
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Although the most famous role of C2H2 zinc finger is to bind DNA, there are several
studies suggesting a role in recognition of RNA or in mediating protein-protein
interactions (Brayer and Segal 2008). The zinc finger protein dsRBP-ZFa was the first C2H2
zinc finger protein described showing binding activity to double stranded RNA (dsRNA)
and RNA-DNA hybrids in a sequence independent manner (Sun, Liu et al. 1996, Finerty
and Bass 1997, Yang, May et al. 1999). Moreover, C2H2 zinc fingers also mediate protein-
protein interactions via forming homo- or hetero-dimers (luchi 2001). For example, the
last two C-terminal fingers of the DNA-binding protein IKAROS (IKZF1) bind each other

and form a homo-dimer which in turn strengthens the DNA binding (Sun, Liu et al. 1996).

1.2.2 CXXC type zinc fingers

A CXXC type zinc finger was first identified in the transcriptional activator CpG-binding
protein (CGBP) that exhibits specific binding preference for unmethylated CpG motifs,
which was later renamed as CXXC1 (Voo, Carlone et al. 2000). Afterwards, CXXC domains
were found in a variety of proteins with functions related to different chromatin
remodelers such as methyl-CpG binding domain protein 1 (MBD1), mixed lineage
leukemia protein 1 (MLL1), lysine-specific demethylase 2 (KDM2), DNA
methyltransferase 1 (DNMT1) and ten-eleven translocation methylcytosine dioxygenase 1
(TET1) (Frauer, Rottach et al. 2011). However, the classification of CXXC domain is still
uncertain. Some researchers regarded it as a fully new type zinc finger; while others
classified CXXC to the category group “zinc binding loops” (Cross, Meehan et al. 1997,
Fujita, Takebayashi et al. 1999, Krishna, Majumdar et al. 2003).

CXXC domain is relatively small, normally no more than 50 amino acids and is
characterized by two cysteine-rich clusters and coordinates two zinc ions. The two
cysteine-rich clusters are composed of C-X-X-C-X-X-C-X 4/5-C-G-X-C-X-X-C and C-X-X-R-X-C
motifs (Fig. 3A and 3B) (Long, Blackledge et al. 2013). Each of the three zinc ligands are
contributed from the cysteine cluster located in the N-terminal short helical segment,
while each of the fourth one is from the C-terminal cysteine cluster that relatively far

apart in the primary amino acids sequences (Allen, Grummitt et al. 2006, Song, Rechkoblit
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et al. 2011). CXXC domains interrogate both the major and minor grooves of the DNA. A
DNA binding loop segment from the CXXC domain penetrates into the major groove,
while the region flanking the CXXC reaches around to the opposite DNA face and interacts
with the minor groove (Fig. 3C) (Song, Rechkoblit et al. 2011, Long, Blackledge et al.
2013).

The general structure of CXXC domains is quite similar except the linker between the two
cysteine-rich clusters; therefore, CXXC domains are further subdivided into three types
based on the sequence similarity of the linker (Long, Blackledge et al. 2013). The
sequence variation between these three subtypes is listed in Figure 3A. The DNA binding
properties of the three types of CXXC domain exhibit divergence due to the different
primary sequence of the linker regions. DNMT1, MLL1, MLL2, KDM2A, KDM2B and CFP1
are type | CXXC that mainly recognize unmethylated cytosine in a CpG context (Ohki,
Shimotake et al. 2001, Allen, Grummitt et al. 2006, Cierpicki, Risner et al. 2010, Song,
Rechkoblit et al. 2011, Xu, Bian et al. 2011). The type Ill CXXC in TET1 protein shows a
more flexible DNA binding mode that permits recognition of CpG sequences regardless of
modification states (Zhang, Zhang et al. 2010, Xu, Wu et al. 2011). Interestingly, not all
CXXCs exhibit DNA-binding properties. MBD1 family contains more than ten isoforms and
the main difference between the isoforms is the presence of two or three CXXCs.
However, CXXC1 (MBD1-1) and CXXC2 (MBD1-2), both of which belong to type Il CXXC, do
not have DNA binding capacity, only CXXC3 (MBD1-3) shows DNA binding activity to
unmethylated DNA and leads to repression of unmethylated reporter genes, which
suggests an important role of the linker in the recognition of target sites (Nakao, Matsui

et al. 2001, Jorgensen, Ben-Porath et al. 2004).
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A

Linker

MLLA RCGQCPGCQVPEDCGICTNCLDKPKFGGRNIKKQCCKMRKCQ
MLL2 |RCGHCRGCLRVQDCGSCVNCLDKPKFGGPNTKKQCCVYRKCD
DNMT1 |[RCGVCEVCQQ-PECGKCKACKDMVKFGGTGRSKQACLKRRCP
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Figure 3. Sequence alignment and domain structure of CXXC type zinc fingers. (A) Alignment of CXXC
domains of different proteins. CXXC domains can be divided into three subtypes depending on the similarity
of their linker regions including KFGG (yellow) motif and KQ or RQ motifs (green). Eight cysteines are fully
conserved across all of the CXXC domains and highlighted in pink. Accession numbers (for GenBank unless
otherwise stated): MLL1, NP_001074518; MLL2, 008550 (SwissProt); DNMT1, NP_034196; CGBP,
NP_083144; FBXL19, NP_766336; KDM2A, NP_001001984; KDM2B, NP_001003953; MBD1, NP_038622;
CXXC4, NP_001004367; CXXC5, NP_598448; CXXC10, AGB05430 (modified from Frauer et al. 2011b and
Long et al. 2013). (B) Schematic diagram of CXXC finger domain. Eight cysteines are distributed in two
clusters (cysteine 1-6 and 7-8) which coordinate two zinc ions. KFGG and KQ or RQ linker regions are
highlighted in yellow and green (modified from Long et al. 2013). (C) Crystal structure of DNMT1 CXXC
domain in complex with DNA. DNA binding loop of CXXC domain interrogates the CpG site via the major
groove, and the N- and C-terminal parts of CXXC domain interact with the minor groove of DNA (PDB: 3PTA).

1.2.3 Treble clef type zinc fingers

The name of treble clef motif comes from the projection of the domain Cq trace on one of
the planes resembles the treble clef sigh (Grishin 2001). As one of the most versatile

modules, the treble clef finger is present in a variety of protein families with diverse
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functional properties (Grishin 2001). The treble clef motif is quite small in size with a core
of 25 residues which consists of a zinc knuckle followed by a loop, a B-hairpin and an a-
helix (Grishin 2001). Generally, the ligands for zinc binding site are cysteines provided by a
CXXC pair of zinc knuckle and the first turn of an a-helix. However, histidine also works as
zinc binding ligand, contributed by the C-terminal subsite (Grishin 2001, Krishna,
Majumdar et al. 2003). The two halves of zinc binding sites exhibit distinct patterns of
sequence conservation. N-terminal zinc binding subsite is characterized by the classical
zinc knuckle CPXCG, and glycine normally precedes the second cysteine. As for the C-
terminal subsite, the second cysteine is followed by a small residue, and usually a pair of
uncharged residues is present before the first cysteine. There was no sequence similarity
observed after the C-terminal subsite (Grishin 2001). Thus, in comparison with other zinc
finger families, the lack of structure and sequence similarity between the two zinc half-
binding sites has been regarded as one distinguishing feature of treble clef motifs. Besides,
another feature of treble clef fingers is its ability to accommodate a variety of metal ion
sites mainly placed between the B-hairpin and a-helix (Grishin 2001). Since the treble clef
finger is very short, additional secondary structure elements are easily incorporated into
treble clef domains, which further increased its variability. Thus, treble clef fingers are
regarded as one of the most functionally diverse zinc binding motifs and has been divided
into ten subgroups (Murzin, Brenner et al. 1995, Lo Conte, Ailey et al. 2000, Krishna,
Majumdar et al. 2003). Really Interesting New Gene (RING) type fingers and Plant Homeo
Domain (PHD) type fingers are two subtypes of treble cleft fingers, which are widely

present in many epigenetic modifiers.

1.2.3.1 RING type fingers

Typically, RING type fingers harbor a C3HC4 amino acid motif and have been defined by
the consensus sequence C-X3-C-Xg-39-C-X1-3-H-X3.3-C-X3-C-X4.45 -C-X2-C which is shown in
Figure 4A (Borden and Freemont 1996). In comparison with C2H2 fingers, RING type
fingers are featured by the presence of the second zinc binding site and the third B-strand
that forms hydrogen bonds with the principal B-hairpin (Grishin 2001). While the RING

type finger is conserved in evolution, a small number of RING finger variants are classified
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as RING-H2 (C3H2C3) family which has a histidine residue in the C4 position (Borden and
Freemont 1996).

The well-known role of RING type fingers is in the ubiquitin-proteasome pathway tagging
their targets for degradation by their E3 ubiquitin ligase activity. For example, the P53-
induced protein with a RING-H2 domain (PIRH2) was found to regulate the turnover and
function of a group of key factors involved in cell proliferation, differentiation and cell
death (Jung, Qian et al. 2012, Halaby, Hakem et al. 2013). It harbors a highly conserved
C3H2C3 type RING domain which ubiquitinates P53, CHK2 and P73, thus acts as a DNA
damage response regulator (Leng, Lin et al. 2003, Corcoran, Montalbano et al. 2009, Jung,
Qian et al. 2011, Bohgaki, Hakem et al. 2013). The structure diagram of RING finger

domain of PIRH2 is shown in Figure 4B.
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Figure 4. Structure of C3HC4 type RING fingers. (A) Schematic outline of C3HC4 type RING finger domains.
RING fingers show a “cross-brace” motif. Each Zn?* is ligated by either four cysteines or three cysteines and
a histidine (modified from Borden et al. 1996). (B) Crystal structure of RING domain of PIRH2. The four
binding ligands of Zn?* a are provided by an N-terminal zinc knuckle and the loop between B sheet and a-
helix, whereas the ligands for Zn?* b are contributed by B-hairpin and a C-terminal zinc knuckle (PDB: 2ECM).

In addition to its important role in ubiquitination, RING fingers are also involved in
macromolecular assembly (Borden and Freemont 1996, Saurin, Borden et al. 1996). The
RING finger of the PML protein forms multiprotein complexes, also known as PML nuclear
bodies, and mutations in its RING finger designed to abrogate zinc binding property lead

to the disruption of nuclear bodies formation (Borden, Boddy et al. 1995). KRAB-
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associated protein 1 (KAP1) is known as heterochromatin spreading regulator via its
ability to influence epigenetic patterns and chromatin compaction. The RING finger within
the RING-B box-coiled-coil (RBCC) domain of KAP1 is required for interaction with the
KRAB domain of KOX-1, and mutations in RING domain abolished the association between
these two domains (Peng, Begg et al. 2000, Peng, Begg et al. 2000). More and more new
findings have pointed out novel functions of RING fingers in cell differentiation, cell cycle
control and apoptosis (Borden 2000), suggesting possible additional functions in different

cellular processes.

1.2.3.2 PHD type zinc fingers

The first PHD finger domain was discovered as a novel DNA binding motif in the
homeodomain protein HAT3 in Arabidopsis thaliana (Schindler, Beckmann et al. 1993). It
spans approximately 50-80 amino acids and consists of two strands of antiparallel
sheets and a C-terminal a-helix, which coordinates two zinc ions (Kwan, Gell et al. 2003, Li,
llin et al. 2006). Its structure is characterized as C4HC3 motif and the consensus sequence
is C-X2-C-Xg-21-C-X2-4-C-X4-5-H-X5-C-X12-26-C-X2-C (Fig. 5A), which is similar to that of the
RING finger motif (Borden and Freemont 1996, Sanchez and Zhou 2011). Compared with
RING type fingers, PHD fingers show greater conservation of sequence and spacing as well
as additional conserved positions between individual metal ligands (Aasland, Gibson et al.
1995, Borden and Freemont 1996).

Although the PHD finger was described first with DNA binding property, proteins
containing PHD finger play crucial roles in epigenetic regulation as chromatin modulator,
mostly in the recognition of histone modifications. According to different ligand
recognition properties, two major groups of PHD fingers are characterized. The first group
of PHD fingers mediates the recognition of trimethylammonium group of lysine by a full
or half “aromatic cage” which is formed by 2-4 aromatic and hydrophobic residues. The
PHD finger of the bromodomain PHD finger transcription factor (BPTF) belongs to this
class and its aromatic cage for binding trimethylated lysine 4 of histone H3 (H3K4me3) is
composed of one tryptophan residue (W32) and three tyrosine residues (Y10, Y17 and
Y23) (Fig. 5B and 5C) (Li, llin et al. 2006).
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Another group of PHD fingers reads unmodified H3K4 (H3K4me0) by a combination of
acidic and hydrophobic residues (Sanchez and Zhou 2011). These fingers are contained in
many epigenetic modifiers such as autoimmune regulator (AIRE), tripartite motif-
containing protein 24 (TRIM24), and DNA methyltransferase 3-like protein (DNMT3L)
(Ooi, Qiu et al. 2007, Org, Chignola et al. 2008, Chakravarty, Zeng et al. 2009, Chignola,
Gaetani et al. 2009, Tsai, Wang et al. 2010). Recently, several more PHD finger subsets
were identified as readers of different modifications of histone tails. The PHD finger of
ubiquitin-like PHD and RING finger domain-containing protein 1 (UHRF1) was found to
recognize histone H3 unmodified arginine 2 (H3R2), which was required by UHRF1 to
repress its direct target gene expression (Rajakumara, Wang et al. 2011), while the
second PHD finger of chromodomain-helicase-DNA-binding protein 4 (CHD4) was
reported to read methylated H3K9 (Musselman, Mansfield et al. 2009, Mansfield,
Musselman et al. 2011). These different binding properties make PHD fingers versatile

readers that exert complex and sophisticated functions in the epigenetic regulatory

system.

Figure 5. Structure of PHD fingers and the recognition sites with H3K4me3 containing peptide. (A)
Schematic outline of PHD finger domains. PHD fingers show a C4HC3 structure motif of which each zinc
atom is coordinated by either four cysteines or three cysteines and a histidine. (B) Crystal structure of the
PHD finger domain of BPTF. An N-terminal loop and a short helical segment contribute two zinc ligands each
for Zn?* a, and the zinc knuckle and a-helix a each donates two zinc ligands for Zn?>* b (PDB: 2F6J). (C) The
binding pocket in BPTF PHD finger recognizing H3K4me3. The binding pocket is composed of one
tryptophan residue (W) and three tyrosine residues (Y) which are shown in green sticks and dots.
Trimethylated lysine residue is indicated in sticks (PDB: 2F6)).
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1.3 ZFPs act as modifiers in the epigenetic regulatory system

In human cells, the functional definition of genome goes far beyond its linear DNA
sequence of 6 billion base pairs largely because of the well-controlled epigenetic
regulation (Jakovcevski and Akbarian 2012). Deeply involved in the regulation of gene
expression, many ZFPs are found to be epigenetic writers, readers and erasers (Fig. 6). For
example, DNA methyltransferase 1 (DNMT1), the principal DNA methylation writer in
mammalian cells, contains a CXXC type finger domain which is involved in maintaining the
fidelity of its enzymatic activity (Song, Rechkoblit et al. 2011, Song, Teplova et al. 2012).
After setting up of DNA methylation patterns, the readers MBDs recognize the marks to
activate or repress gene expression. Among these epigenetic regulators, some carry
distinct types of zinc finger domains and play multiple functions in epigenetic regulation
networks. UHRF1 for instance, harboring chromatin binding domains and a RING type
finger domain, acts as both DNA methylation reader and histone ubiquitination writer,
connecting different epigenetic regulation layers (Hu, Li et al. 2011, Rajakumara, Wang et
al. 2011, Wang, Shen et al. 2011, Xie, Jakoncic et al. 2012, Nishiyama, Yamaguchi et al.
2013). While the epigenetic modifications are highly dynamic, DNA methylation was
believed to be the most stable epigenetic mark in the past decades. However, the CXXC
type zinc finger protein TET1, recently emerged as a novel factor dynamically regulating
DNA methylation. Thus, ZFPs fundamentally contribute to each layer and step of
epigenetic regulation, and function as essential factors in the whole epigenetic

information stream.

1.3.1 Writers of DNA modifications

DNA methylation is the most prevalent and extensively studied DNA modification in
mammalian genomes. Three DNA methyltransferases, DNMT1, DNMT3A and DNMT3B,
are responsible for the establishment and maintenance of DNA methylation patterns in
mammals. DNA methylation patterns are set up during early embryonic development
through a highly orchestrated process that involves genome-wide DNA methylation and

demethylation. During early embryonic development, DNMT3A and DNMT3B are believed
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to be DNA methylation writers and responsible for establishing de novo DNA methylation
patterns (Okano, Bell et al. 1999, Kaneda, Okano et al. 2004, Zhang and Pradhan 2014).
The third member of the DNMT3 family is DNMT3-like (DNMT3L) which is unable to
catalyze the methyl group transfer due to the mutation of key catalytic residues, but still
functions as a regulator of DNMT3A and DNMT3B (Chedin, Lieber et al. 2002, Suetake,
Shinozaki et al. 2004). Another methyltransferase, DNMT2, has been reported as a tRNA
methyltransferase rather than a DNA methyltransferase and has been renamed as tRNA
aspartic acid methyltransferase 1 (TRDMT1) (Goll, Kirpekar et al. 2006, He, Chen et al.
2011).

DNMT1 is the principal DNA methyltransferase in mammals and is responsible for
maintenance of methylation patterns after DNA replication (Reik, Dean et al. 2001, Li
2002, Jaenisch and Bird 2003). DNMT1 is a large protein comprising an N-terminal
regulatory region (NTR) and C-terminal catalytic domain. Its NTR comprises two thirds of
the molecule and contains several functional domains: a proliferating cell nuclear antigen
(PCNA) binding domain (PBD), a heterochromatin targeting sequence (TS), a CXXC domain
and two bromo-adjacent homology domains (BAH1/BAH2). NTR is connected to the C-
terminal catalytic domain by seven glycine-lysine repeats (KG); (Goll and Bestor 2005,
Spada, Rothbauer et al. 2006, Rottach, Frauer et al. 2010, Qin, Leonhardt et al. 2011, Qin,
Leonhardt et al. 2011). The PBD domain mediates the interaction of DNMT1 with PCNA at
replication sites leading to the association of DNMT1 with the replication machinery
(Leonhardt, Page et al. 1992, Chuang, lan et al. 1997). The TS domain was reported to
mediate association with heterochromatin and also dimerization of DNMT1 (Leonhardt,
Page et al. 1992, Fellinger, Rothbauer et al. 2009). A recent crystal structure of DNMT1
showed that the TS domain is deeply inserted into the DNA-binding pocket of DNMT1 and
masks the catalytic center completely together with the linker between the TS and CXXC
domains, serving as an autoinhibitory mechanism of DNMT1 (Syeda, Fagan et al. 2011,
Takeshita, Suetake et al. 2011). The CXXC domain was found to specifically bind to
unmethylated CpG dinucleotides and keep unmethylated duplex CpG containing DNA
away from the catalytic center by positioning the CXXC-BAH1 linker between DNA and

active site of DNMT1, thus preventing its de novo methylation activity (Song, Rechkoblit
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et al. 2011). The enzymatic activity of the C-terminal catalytic domain is under strict
control of the N-terminal regulatory domain, which ensures that DNMT1 preferentially
methylates hemimethylated DNA.

The activity of DNMT1 is not only regulated by its own N-terminal regulatory domain, but
also regulated by a variety of interacting partners ranging from histone
methyltransferases and deacetylases, and from DNA binding proteins to chromatin
remodelers. PCNA was the first interacting partner that was shown to interact with
DNMT1 and target DNMT1 to DNA replication sites in S phase during DNA replication
(Leonhardt, Page et al. 1992, Chuang, lan et al. 1997). Thus, direct interaction with PCNA
ensures that the methylation patterns are faithfully preserved in newly synthesized DNA.
However, compared with highly processive DNA replication, purified recombinant DNMT1
showed rather low catalytic activity (Jackson and Pombo 1998, Pradhan, Bacolla et al.
1999). Furthermore, a truncated DNMT1 protein lacking the PBD domain displayed
reduced postreplicative DNA methylation maintenance activity in vivo (Schermelleh,
Haemmer et al. 2007, Spada, Haemmer et al. 2007). These data indicate that the
association with PCNA might be able to enhance the DNA methylation efficiency of
DNMT1 in vivo. Besides PCNA, UHRF1 has recently emerged as an essential co-factor of
DNMT1 for DNA methylation maintenance. Its genetic ablation in ESCs leads to genomic
hypomethylation similar to dnmt1”/- ESCs (Bostick, Kim et al. 2007, Sharif, Muto et al.
2007). The mechanism how UHRF1 regulates the enzymatic activity of DNMT1 still
remains to be elucidated, which is also a subject of this work and will be discussed in
detail in later chapters. Furthermore, DNMT1 has also been reported to interact with HP1
protein, histone deacetylases HDAC1/2, histone lysine methyltransferases G9A and
SUV39H1 (Fuks, Burgers et al. 2000, Robertson, Ait-Si-Ali et al. 2000, Rountree, Bachman
et al. 2000, Tachibana, Sugimoto et al. 2002, Peters, Kubicek et al. 2003, Kim, Esteve et al.
2009, Qin, Leonhardt et al. 2011). In addition to interacting partners, the activity of
DNMT1 is also regulated by posttranslational modifications such as phosphorylation,
methylation, acetylation and ubiquitination. Phosphorylation of DNMT1 at serine 515 was
shown to be important for the interaction between regulatory and catalytic domain

(Esteve, Chang et al. 2011). In addition, phosphorylation of serine 143 by AKT1 kinase was
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reported to play a role in the maintenance of DNMT1 stability (Esteve, Chang et al. 2011).
All these regulatory mechanisms together form a strict complex network controlling the

stability and activity of DNMT1.

MBD containing proteins

(SETDBD CSETDB@ @AECPZ) (MBD1> (BAZZA)
(MBDZ) (MBDS) (MBD5) (BAZZB)
cori:Ar;i:;?raoi?eins

J

methyl-CpG
binding zinc fingers

KAISO ) (zBTB38 readerg
z87B4) (ZFP57 @
g modifications

¢ n
TET1
DNMT3 DNMT3B TET3

Figure 6. Overview of proteins as DNA modifiers. DNA modification writers and erasers are shown in blue
and green respectively, and readers of DNA methylation are in pink and are divided into three groups: MBD
containing proteins, methyl-CpG binding zinc fingers and SRA domain containing proteins. Notice, rather
than directly erase DNA modifications, TET family proteins oxidize methyl group and may thus initiate DNA
demethylation processes.

1.3.2 Readers of DNA modifications

DNA modification readers are also called effector proteins which recognize different
modification states on DNA. Readers showing specific affinity for the most prevalent
modification of DNA methylation are collectively named as methyl-CpG binding proteins
(MBP) and play a pivotal role in the interpretation of DNA methylation (Filion, Zhenilo et
al. 2006). There are three branches of the MBP family: MBD containing proteins, methyl-
CpG binding zinc fingers and SRA domain containing proteins (Fig. 6) (Parry and Clarke
2011).

1.3.2.1 MBD containing proteins
The methyl-CpG binding domain (MBD) is present in a family of proteins conserved
throughout the eukaryotic lineage (Hashimoto, Vertino et al. 2010). The MBD is about 85
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amino acids in length, and in most cases, MBD confers the ability to bind methylated
CpGs (Nan, Meehan et al. 1993). Currently there are 11 members of this group containing
the MBD, but they do not all directly interact with methylated DNA (Parry and Clarke
2011). According to the presence of other domains, this family can be further divided into
three groups: histone methyltransferases (HMT-MBD), histone acetyltransferases (HAT-
MBD) and MECP2-MBD proteins.

SETDB1 and SETDB2 are two members of HMT-MBD group, both carrying MBD domain
and SET domain. Compared to their functions as specific histone methyltransferase for
H3K9, the DNA binding affinity of HT-MBD group is still unclear. The HAT-MBD group
comprising of two proteins, BAZ2A and BAZ2B, differ at specific residues in the MBD
domain from other members and cannot recognize methylated DNA (Parry and Clarke
2011). The main identified role of these two proteins is in the epigenetic silencing of
ribosomal DNA within the nucleolus (Strohner, Nemeth et al. 2001, Santoro, Li et al. 2002,
Zhou, Santoro et al. 2002, Strohner, Nemeth et al. 2004).

The MECP2-MBD group is the most extensively studied group of MBD containing proteins
and has at least seven members including MECP2 and MBD1-6. MECP2 preferentially
binds to methylated CpG sites by its MBD and recruits corepressor complexes, such as the
SIN3A complex and the nuclear receptor corepressor (N-CoR) to silence gene expression
(Lewis, Meehan et al. 1992, Nan, Meehan et al. 1993). As the largest member of this
family, MBD1 has more than ten isoforms and confers different DNA binding preference
according to the presence of the additional unmethylated DNA binding motif CXXC3. The
biological significance of the dual DNA binding affinity of MBD1 is still unknown, but
according to the research regarding the role of MBD1 in gene transcription repression, an
intact MBD domain, rather than CXXC3 is indispensable for targeting MBD1 to pericentric
heterochromatin and repressing gene expression, while CXXC3 is required for targeting
MBD1 to unmethylated CpG-rich regions and acts as a repressor of unmethylated CpG
island promoters (Jorgensen, Ben-Porath et al. 2004). Similar to MBD1, other members of
this family also play roles in regulation of gene expression via association with distinct
repression complexes, while they show different binding ability to DNA substrates (Feng

and Zhang 2001, Hendrich, Guy et al. 2001, Feng, Cao et al. 2002, Saito and Ishikawa 2002,

21



1 Introduction

Le Guezennec, Vermeulen et al. 2006, Parry and Clarke 2011). Notably, the C-terminal
catalytic domain of MBD4 is homologous to bacterial DNA damage-specific glycosylases
that mediate repair of hypermutable CpG by removing thymine or uracil from
mismatched CpG sites (Hendrich, Hardeland et al. 1999). MECP2 additionally shows
binding affinity to 5 hydroxymethylcytosine (5hmC) enriched within active genes and
accessible chromatin in the brain (Mellen, Ayata et al. 2012). These new findings
suggested that MBD containing proteins may also function as an important factor in the
DNA demethylation pathway (Millar, Guy et al. 2002, Wong, Yang et al. 2002, Sjolund,
Senejani et al. 2013).

1.3.2.2 Methyl-CpG binding zinc fingers

KAISO, ZFP57, ZBTB4 and ZBTB38 are the four members identified belonging to the group
of methyl-CpG binding zinc fingers. KAISO is capable of binding a pair of methylated CpG
dinucleotides in the consensus sequence 5'-C"GC™G-3' with its C-terminal C2H2 type zinc
fingers (Prokhortchouk, Hendrich et al. 2001). These zinc finger motifs also target KAISO
to unmethylated DNA with the consensus sequence 5'-CTGCNA-3', named as KAISO
binding sequence (KBS), but it is still unclear whether KBS binding and methyl-CpG
binding are related or separate activities of KAISO (Daniel, Spring et al. 2002). The specific
DNA binding by KAISO can recruit N-CoR complex to methylated and unmethylated
promoters to silence gene transcription (Yoon, Chan et al. 2003).

Similar to KAISO, transcription factor ZFP57 also shows binding affinity to its substrates in
TGCC™GC-dependent manner, which is mediated by its second and third C2H2 zinc fingers
(Quenneville, Verde et al. 2011, Liu, Toh et al. 2012). This selective DNA binding property
contributes to the maintenance of both maternal and paternal imprints (Loh, Zhang et al.
2007, Li, Ito et al. 2008). ZBTB4 and ZBTB38 have been reported to recognize DNA
sequences containing one single methylated CpG site in vitro and in vivo (Filion, Zhenilo et

al. 2006). The biological roles of these two proteins are still unclear.
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1.3.2.3 SRA domain containing proteins

There are two members in this family, UHRF1 and ubiquitin-like PHD and RING finger
domain-containing protein 2 (UHRF2); both proteins contain five distinctic functional
domains (Fig. 7): a ubiquitin-like domain (Ubl), a tandem tudor domain (TTD), a PHD, a
SET and RING associated (SRA) domain and a RING domain.

UHRF1 acts as a DNMT1-interacting partner which is essential for targeting DNMT1 to
replication foci and maintains DNA methylation patterns during DNA replication (Bostick,
Kim et al. 2007, Sharif, Muto et al. 2007). Generally, Ubl domains involve in ubiquitin-
mediated intra-cellular proteolysis (Mori, lkeda et al. 2012), however, it has not been
structurally clarified how the Ubl domain in UHRF1 functions. The TTD domain has been
shown to specifically bind H3K9me2/3 and is involved in associating UHRF1 to pericentric
heterochromatin (Nady, Lemak et al. 2011, Xie, Jakoncic et al. 2012). The binding
properties of the PHD to histone H3 tail remain unclear. Several studies demonstrated
that PHD finger specifically recognizes unmodified histone H3 arginine 2 (H3R2) and the
interaction is inhibited by methylation of H3R2, which links UHRF1 to the regulation of
euchromatic gene expression (Rajakumara, Wang et al. 2011, Wang, Shen et al. 2011).
When the PHD works together with the TTD, they were shown to bind H3K9me2/3 and
overall binding activity was largely enhanced by the PHD (Xie, Jakoncic et al. 2012, Cheng,
Yang et al. 2013). UHRF1 also harbors an SRA domain which recognizes hemi-methylated
CpG site via a base flipping mechanism and targets DNMT1 to DNA substrates (Sharif,
Muto et al. 2007, Arita, Ariyoshi et al. 2008, Avvakumov, Walker et al. 2008, Delagoutte,
Lallous et al. 2008, Hashimoto, Horton et al. 2008, Qjan, Li et al. 2008). This SRA domain
mediated DNA binding is required for recruiting DNMT1 to its hemimethylated DNA
substrates. In addition, UHRF1 contains a RING domain possessing E3 ubiquitin ligase
activity and was shown to ubiquitinate DNMT1 and regulate its stability with other
deubiquitinases (Du, Song et al. 2010, Felle, Joppien et al. 2011, Qin, Leonhardt et al.
2011). UHRF1 does also target histones for ubiquitination in vitro and in vivo, with a
preference for histone H3. Recently, it was reported that UHRF1l-dependent H3K23
ubiquitination acts as a platform for the recruitment of DNMT1 to DNA replication sites

(Citterio, Papait et al. 2004, Nishiyama, Yamaguchi et al. 2013). Taken together, TTD, SRA,
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PHD and RING domain work in concert and contribute differently to the targeting of
DNMT1 to replication sites thus make UHRF1 act as an essential cofactor for DNA
methylation maintenance.

As an epigenetic code reader, UHRF2 also shows the binding affinity to H3K9me2/3 and
hemimethylated DNA similar to its paralog UHRF1. The interplay between TTD and PHD
domains induces the preference for hemimethylated DNA and enhances its binding
activity to methylated histone tail (Pichler, Wolf et al. 2011). However, the increased
binding affinity for chromatin is unable to recruit DNMT1 to DNA replication foci for
supporting maintenance DNA methylation (Pichler et al. 2011; Zhang et al. 2011),
suggesting different functions for UHRF2 and UHRF1. In searching of potential functions in
epigenetic regulation, UHRF2 was identified as a specific reader of 5hmC with a
quantitative mass spectrometric assay in neuronal progenitors (Spruijt, Gnerlich et al.
2013). In vitro DNA binding assay and X-ray crystallography analysis of UHRF2-SRA in
complex with 5hmC containing DNA further demonstrated that SRA specifically
recognizes 5hmC, which shed new light on the biological functions of UHRF2 in active
DNA demethylation pathway (Zhou, Xiong et al. 2014).

Similar to UHRF1, UHRF2 also possesses ubiquitin ligase activity and ubiquitinates cyclins
D1 and E1 inducing G1 arrest when overexpression (Mori, lkeda et al. 2011). The
ubiquitination of nuclear polyglutamine aggregates by UHRF2 is able to rescue cells from
polyglutamine induced cytotoxicity (Iwata, Nagashima et al. 2009). UHRF2 also acts as a
small ubiquitin like modifier (SUMO) E3 ligase independent of its RING domain. UHRF2
effectively enhances zinc finger protein 131 (ZNF131) SUMOylation but does not enhance
ZNF131 ubiquitination suggesting that UHRF2 has independent functional domains and
different regulatory mechanisms for its ubiquitination and SUMOylation activity (Oh and

Chung 2013).
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Figure 7. Domain organization of human UHRF1 and UHRF2. They both contain five functional domains: a
Ubl domain, a TTD, a PHD, a SRA domain and a RING domain. In addition, UHRF2 harbors a stretch (red) in
the TTD domain which is not present in UHRF1.

1.3.3 Erasers of DNA modifications

Two waves of genome-wide loss of 5mC during pre-implantation embryos and developing
primordial germ cells (PGCs) suggest that DNA methylation is a stable but reversible
epigenetic mark (Mayer, Niveleau et al. 2000, Oswald, Engemann et al. 2000, Hajkova,
Erhardt et al. 2002, Saitou, Kagiwada et al. 2012). Thus, the identification of potential
enzymes catalyzing DNA demethylation has been of interest for researchers over the past
two decades. Though a direct DNA demethylase is not discovered yet, mounting evidence
supported that the DNA repair machinery is deeply involved in restoration of unmodified
cytosine, including thymine-DNA glycosylase (TDG), activation induced cytidine
deaminase (AID) and apolipoprotein B mRNA editing enzyme catalytic polypepetide
(APOBEC) mediated base excision repair (BER). Consistently, the oxidation products,
5hmC, 5 formylcytosine (5fC) and 5 carboxycytosine (5caC), converted from 5mC by TET
family proteins were reported and regarded as intermediates in DNA demethylation
pathways. Therefore, DNA demethylation is mainly achieved through a cyclic enzymatic
cascade consisting of methylation of cytosine, iterative oxidation of 5mC to 5hmC, 5fC
and 5caC by TETs and final replacement by unmodified cytosine via either replication
dependent dilution or DNA glycosylase initiated BER (Fig. 8) (Wu and Zhang 2014).

TET family proteins were first discovered by systematic bioinformatic analysis of
thymidine hydroxylase base J-binding protein 1 (JBP1) in Trypanosoma brucei (Yu, Genest
et al. 2007, Cliffe, Kieft et al. 2009, Tahiliani, Koh et al. 2009). TET1 was initially found as a
fusion partner of histone H3K4 methyltransferase MLL1 in certain acute myeloid and

lymphocytic leukemia (Ono, Taki et al. 2002, Lorsbach, Moore et al. 2003). Alignment
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analysis of protein databases identified the other two proteins with significant homology
to TET1, which are named as TET2 and TET3 (Lorsbach, Moore et al. 2003). All three TET
proteins possess enzymatic activity capable of hydrolyzing 5mC to 5hmC and further
progressively oxidizing to 5fC and 5caC, and the enzymatic activity is carried out by the
conserved C-terminal catalytic domain consisting of a cysteine-rich domain and a double-
stranded B-helix (DSBH) domain which is a typical Fe?* and 2-oxoglutarate (20G)-
dependent oxygenase domain. In addition to their catalytic domains, a type Ill CXXC is
identified at the TET1 N-terminus but not in TET2 or TET3. It has been shown that TET1
CXXC domain binds to CpG sequences regardless of the modification states (Zhang, Zhang
et al. 2010, Xu, Wu et al. 2011). Thus, the TET1 CXXC and their potential interacting
partners may mediate the recognition of DNA substrates to initiate site-specific DNA

demethylation.

TDG and BER
_________________ .
Enzymatic dehydroxymethylation? !
1
NH, NH, OH NH, 0 NH, 0 NH,
HaC |
SN DNMTs SN TETs SN TETs SN TETs | HO SN
WA= * Lo/ > Lo— > Loo— > LA
N (0] N (0] N (0] N (0] N (0]
A AR A A AR
Cytosine 5mC 5hmC 5fC 5caC
' |
A I AID or APOBEC |
I v !
| OH O :
|
! TDG or SMUG1 and BER NH |
- e - - - | A |
I “l‘ 0 I
| |
| NN |
: 5hmuU !
|

Figure 8. Overview of mechanisms of TET-mediated DNA demethylation. Cytosine is methylated by
DNMTs to 5mC and sequentially oxidized by TETs to 5hmC, 5fC and 5caC. 5fC and 5caC can be excised by
TDG and replaced by cytosine via BER. This pathway has been supported by multiple studies and is
highlighted in pink and solid line. Other proposed mechanisms including dehydroxymethylation of 5hmC,
decarboxylation of 5caC and deamination of 5hmC to 5hmU by AID or APOBEC, with subsequent removal by
TDG or SMUG1 and finally replacement by cytosine via BER, are still hypothetical and therefore highlighted
in green and dashed line (modified from Pastor et al. 2013).
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Following the oxidation of 5mC by TET proteins, there are two ways to achieve the DNA
demethylation. One is the DNA replication dependent manner through regulation of DNA
methyltransferase association with its DNA substrates. Since UHRF1 is a crucial cofactor
of DNMT1 and was identified as a reader of 5mC, its binding affinity to DNA containing
5hmC is of interest. While there are conflicting results about the binding preference of
UHRF1 to hemi 5hmC ("CG: CG) and hemi 5mC (™CG: CG) substrates (Frauer, Hoffmann et
al. 2011, Hashimoto, Liu et al. 2012, Mellen, Ayata et al. 2012), DNMT1 is significantly less
efficient in methylating "CG: CG (by a factor of 60) than ™CG: CG. Thus, the oxidized 5mC
might block the binding sites of UHRF1 and affect maintenance methylation that leads to
subsequent replication dependent passive dilution of 5mC (Pastor, Aravind et al. 2013).
Notably, this mode is distinct from simple passive dilution of 5mC, as it may be effective
even in the presence of a functional methylation maintenance machinery (Wu and Zhang
2014).

In addition to the passive DNA demethylation mechanism, several replication
independent active demethylation mechanisms have been proposed. These mechanisms
include dehydroxymethylation by DNMT enzymes (Liutkeviciute, Lukinavicius et al. 2009,
Chen, Wang et al. 2012), enzymatic decarboxylation of 5caC (Schiesser, Hackner et al.
2012) and DNA glycosylase mediated excision of different oxidized 5mC bases (Guo, Su et
al. 2011, He, Li et al. 2011, Maiti and Drohat 2011). Among these proposed active
demethylation pathways, TDG-mediated excision of 5fC/5caC has received experimental
support (He, Li et al. 2011, Maiti and Drohat 2011, Zhang, Lu et al. 2012). TDG is a
member of the uracil DNA glycosylase (UDG) superfamily and is known to remove the
pyrimidine base from T:G or U:G mismatches to initiate BER (Stivers and Jiang 2003).
Especially after the discovery of additional oxidized cytosine derivatives, many studies
have been carried out to revisit the role of TDG in DNA demethylation (Wu and Zhang
2014). In fact, TDG exhibits robust in vitro excision activity to 5fC:G and 5caC:G mismatch
in duplex DNA (He, Li et al. 2011, Maiti and Drohat 2011). Structural analysis of TDG with
5caC complex further demonstrated that TDG has a high binding affinity to 5caC:G

compared with its conventional substrate T:G mismatch (Zhang, Lu et al. 2012).
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Consistently, TDG depletion in mouse ESCs caused 2-10 folds increase in levels of 5fC and
5caC which mainly accumulate at a large number of gene regulatory elements, supporting
that TDG plays a role in active DNA demethylation pathways (Shen, Wu et al. 2013, Song,
Szulwach et al. 2013). Cleavage of the glycosidic bound of 5fC and 5caC by TDG produces
abasic sites that are further repaired by BER to restore unmethylated cytosine. Besides
TDG, NEIL glycosylases have also been reported to contribute to DNA demethylation via
excision of 5fC and 5caC and cause gene reactivation (Mueller, Bauer et al. 2014).

The second DNA repair based DNA demethylation mechanism involves AID and APOBEC.
As the first step, 5hmC is deaminated to 5-hydroxyuracil (5hmU) by AID or APOBEC, then
removed by single strand selective monofunctional uracil DNA glycosylase 1 (SMUG1) or
TDG, finally replaced by cytosine via BER. However, some studies argue that AID primarily
acts on single stranded DNA and recombinant AID and APOBEC has no detectable activity
for 5hmC (Bransteitter, Pham et al. 2003, Nabel, Jia et al. 2012, Rangam, Schmitz et al.

2012). Therefore, further studies are needed to verify the feasibility of this mechanism.

1.3.4 Histone modifiers

In comparison to DNA methylation, histone modifications are more diverse and have
more profound effects on chromatin structure. Distinct modifiers binding to targeting
sites on histone tails establish or erase distinct posttranslational modifications such as
acetylation, methylation, ubiquitination and phosphorylation. Notably, ZFPs play an
important role in the dynamic regulation of histone modification states.

Many ZFPs act as histone modification writers to establish distinct histone marks which
can be recognized by other chromatin modifiers to further set proper epigenetic codes.
Many RING type zinc finger containing ZFPs have been reported as lysine ubiquitination
writers working in such way. For example, polycomb group protein (PcG) RING2 is a
member of human PRC1-like complex, which is necessary for maintaining the
transcriptionally repressive state of its target genes throughout development. RING2
contains an N-terminal RING domain that mediates the monoubiquitination of histone

H2A at lysine 119 (Wang, Wang et al. 2004). H2Aub creates a binding site for PRC2
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complex and promotes H3K27 trimethylation on H2Aub nucleosomes, which forms a
positive feedback loop establishing H3K27me3 chromatin regions (Kalb, Latwiel et al.
2014).

Besides, some ZFPs contain several types of zinc finger modules, and this multivalent
recognition has emerged as a prevalent way for recognizing distinct chromatin states. As
mentioned before, PHD type fingers are commonly found to read histone modifications
especially methylation and acetylation at lysine residues (Li, Ilin et al. 2006, Shi, Hong et al.
2006, Taverna, llin et al. 2006, Wysocka, Swigut et al. 2006, Matthews, Kuo et al. 2007,
Nakamura, Umehara et al. 2007, Lange, Kaynak et al. 2008, Zeng, Zhang et al. 2010).
While the primary role of CXXC type zinc fingers is to recongnize specific DNA
modification. These two types of zinc fingers could work together to read the composite
marks at specific genomic loci. For example, KDM2A responsible for histone H3K36
demethylation contains both PHD and CXXC fingers that are required for chromatin
association. In comparison to PHD fingers, the CXXC domain shows strong evidence for
targeting KDM2A to unmethylated CpG islands (Blackledge, Zhou et al. 2010), and this
chromatin recruitment of KDM2A triggers site-specific H3K36 demethylation to regulate
gene expression.

In summary, the inter- and intra-molecular interactions mediated by zinc finger motifs set
up dynamic interplays between different histone posttranslational modifications, and also
link the two major epigenetic pathways - DNA methylation and histone modifications,

building a well-controlled epigenetic regulation network.
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1.4 Applications of ZFPs

The DNA recognition mode of zinc finger motifs is quite unlike other DNA binding proteins,
in which one amino acid may mediate the recognition of more than one nucleotide base.
As for zinc finger recognition, it principally is a one-to-one recognition between individual
amino acid from a zinc finger motif to an individual DNA base, especially for C2H2 type
zinc fingers three amino acids at the a-helix bind three successive bases on one stand of
DNA (Miller, MclLachlan et al. 1985, Pavletich and Pabo 1991, Wolfe, Nekludova et al.
2000, Klug 2010). Furthermore, fingers recognize their target as independent module,
different fingers could be fused together to specifically recognize longer DNA sequences
(Klug 2010). Therefore, zinc finger motifs are ideal natural tools for de novo design of

proteins recognizing any given DNA sequences (Klug 2010).

1.4.1 Genome modification with engineered zinc finger nucleases

Genome editing is commonly used to insert, replace, mutate or remove a gene from a
genome in order to understand the function of corresponding gene product in
development and disease. This technology facilitates the genetic modifications by the
creation of a double-strand break (DSB) in the DNA sequence of interest and followed by
the generation of desired modifications during subsequent DNA break repair (Urnov,
Rebar et al. 2010). DSB induced in genome editing is frequently generated by using
endonuclease. An appropriate endonuclease possesses two basic qualities: specific
recognition of target DNA and cleavage activity at the targeted loci. To achieve this goal,
zinc finger nucleases (ZFNs) are designed and generated by fusing assembled zinc finger
DNA binding motifs to a nuclease domain (Kim, Cha et al. 1996, Bibikova 2001). The
assembled DNA binding domain contains a varying number of C2H2 type zinc fingers,
each recognizing three bases of DNA (Miller, McLachlan et al. 1985, Wolfe, Nekludova et
al. 2000); and the nuclease domain is the catalytic domain of the Fokl restriction enzyme
indicated in Figure 9. Fokl is a bipartite restriction endonuclease and functions as a dimer
meaning it requires two adjacent and independent binding events, thus ensuring the high

fidelity of the cleavage specificity (Vanamee, Santagata et al. 2001). Additionally,
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development of Fokl variants which only cleave as a heterodimer further improved the
specificity of targeted editing (Miller 2007, Szczepek 2007). With these improvements,
ZFNs-mediated gene editing has been applied in various organisms and used to introduce
different modifications into endogenous loci: gene disruption, gene correction and gene
addition (Fig. 9). While ZFNs have been widely used in genome modification, a major
limitation of this approach is that they prefer GNN triplets in comparison of AT-rich target
sequences (Bibikova, Golic et al. 2002, Lloyd, Plaisier et al. 2005, Morton, Davis et al.
2006). Interestingly, a second designed nuclease based on transcription activator-like
effectors (TALEs) was reported in the past several years (Boch, Scholze et al. 2009,
Moscou and Bogdanove 2009). The combination of ZFNs with TALE-based nucleases
(TALENs) can greatly increase specificity and improve efficiency in genome editing
(Beumer, Trautman et al. 2013, Yan, Smith et al. 2013).
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Figure 9. Structure and design of ZFNs binding to target DNA and potential outcomes of DSBs generated
by a pair of ZFNs. Each ZFN contains a nuclease domain of Fokl and an array of C2H2 type zinc finger motifs
engineered to specifically recognize a sequence of interest. ZFNs treatment frequently results in DSB, and
cells will repair DSBs via HDR or NHEJ pathways dependent on the presence of homologous donor DNA.
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These pathways can be used for defined genome editing including gene disruption, gene correction and
gene addition (modified from Urnov et al. 2010 and Sangamo BioSciences).

1.4.2 Manipulating gene expression with engineered zinc finger transcription factors

Engineered zinc finger transcription factors (ZFP-TFs) are designed transcription factors
that imitate natural gene regulators. By attaching gene activation or repression domain to
the engineered ZFP, one can generate ZFP-TFs that are capable of manipulating gene
expression. This novel technology has found increasing applications in research and
medicine.

In 1994, a three-finger peptide was created to recognize a unique nine base pair DNA
region of transforming oncogene p190 bcr-abl cDNA and caused the repression of
oncogenic expression. This application led to future studies of potential applications in
gene regulation for research purpose and therapeutic correction (Choo, Sanchez-Garcia et
al. 1994). From then on, researchers have been working on regulating gene expression
with different combinations of regulatory domains and ZFPs. Kruppel-associated box
(KRAB) is one of the most powerful transcriptional repression domain and is commonly
used to inhibit gene expression. Transcriptional repression mediated by KRAB domain
requires interaction with many heterochromatin associating proteins such as KAP1, HP1
and chromatin remodeling complex NuRD (Fig. 10A) (Kim, Chen et al. 1996, Lechner, Begg
et al. 2000, Peng, Begg et al. 2000, Schultz, Friedman et al. 2001, Schultz, Ayyanathan et al.
2002, Sripathy, Stevens et al. 2006). The Choo group successfully applied KRAB fused ZFP
to inhibit human immunodeficiency virus (HIV) expression (Reynolds, Ullman et al. 2003).
A subsequent study applied a similar method to investigate the effect of designed ZFP-TF
in regulating the replicative cycle of herpes simplex virus (HSV) (Papworth, Moore et al.
2003).

Similar to repression of gene expression by fusing assembled ZFPs to KRAB domain, gene
transcription activation domains can be used to activate gene expression. VP16 is the
most popular transcription activator which is widely fused to host transcription factors to
amplify their activity (Hirai, Tani et al. 2010). The transcription activation domain (TAD) of
VP16 interacts with basal transcription factors such as TFIIA, TFIIB, TFIID and TFIIH as well
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as histone acetyltransferase P300 and PCAF, thereby leads to chromatin decondensation
and activates gene transcription (Fig. 10B) (Lin, Ha et al. 1991, Xiao, Pearson et al. 1994,
Zhu, Joliot et al. 1994, Kobayashi, Boyer et al. 1995, Tumbar, Sudlow et al. 1999, Kundu,
Palhan et al. 2000). The Wolffe group fused designed ZFP targeting vascular endothelial
growth factor A (VEGF-A) to VP16-TAD and observed the upregulated expression of VEGF-
A both at mRNA and protein level (Liu, Rebar et al. 2001). Later experiments successfully
applied ZFP-TF to activate the expression of VEGF-A in a mouse model which evoked a
potentially therapeutic biophysiologic effect (Rebar, Huang et al. 2002). Recently,
engineered ZFN-TFs have been designed to activate endogenous gene expression. The
Kreader group fused p65, a strong activating subunit of nuclear factor kappa B complex,
to over 300 designed ZFPs targeting different promoter regions and they identified
several ZFP-p65s that are able to activate OCT4, SOX2, KLF4 and c-MYC which are the key
factors for induced pluripotent stem cell reprogramming (Ji, Fischer et al. 2014). However,
they also identified several inactive ZFP-p65s binding as efficient as the most active one,
suggesting that efficient binding might be not sufficient for activation of gene expression.
These results inspired researchers to reconsider the design principles of ZFP-TFs.

While assembled ZFPs are powerful tool in manipulating gene expression, combining it
with certain inducible system, including organic molecules or blue light dependent
systems (Beerli, Schopfer et al. 2000, Blackledge, Zhou et al. 2010), can make this tool
more adjustable, reversible, and repeatable. Thus, improved engineered ZFPs are still

widely used as a powerful tool in biological research.
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Figure 10. Schematic representation of ZFP-TFs mediated gene regulation. (A) Engineered ZFP fused to a
KRAB domain leads to gene transcription repression. The KRAB domain interacts with and recruits
heterochromatin co-regulators such as heterochromatin associates and chromatin remodeling complexes
and results in gene silencing. (B) Engineered ZFPs fused to a Vpl1l6-TAD domain leads to transcription
activation. VP16 interacts with numerous proteins involved in gene activation including basal transcription
factors and chromatin decondensation proteins.

1.4.3 Therapeutic applications of engineered ZFPs

Based on research findings with engineered ZFPs, the first therapeutic application of ZFN
technology is on the treatment of HIV/AIDS. It was shown that a genetic 32-bp deletion of
Ccr5, a major HIV-1 co-receptor, confers resistance to HIV-1 infection (Samson, Libert et al.
1996, Novembre, Galvani et al. 2005). The researchers engineered ZFNs to disrupt the
Ccr5 in human CD34* hematopoietic stem/progenitor cells (HSPCs) and produced both
mono- and bi-allelically disrupted cells at a mean frequency of 17% of total alleles in a
population. Mice transplanted with Ccr57- HSPCs had significantly lower HIV-1 level and
preserved the transplanted human cells throughout their tissues. This study showed that

the transient ZFN treatment can efficiently disrupt Ccr5 of HSPCs and vyield cells that
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remain competent and support hematopoiesis (Perez, Wang et al. 2008, Holt, Wang et al.
2010). Successful application of assembled ZFPs was also shown in the treatment of
glioblastoma multiforme (GBM), a progressive and usually fatal brain tumor. In addition,
the Sangamo company is also working on ZFP therapeutics in neuroregenerative
programs in spinal cord injury, traumatic brain injury and stroke.

With the powerful function in controlling gene expression, certain ZFP-TFs are under
evaluation for the therapeutic treatment for some human diseases. In 2008, Sangamo
company initiated phase Il clinical trial of treatment for amyotrophic lateral sclerosis (ALS)
characterized by muscle spasticity, rapidly progressive weakness due to muscle atrophy,
and difficulty in speaking, swallowing and breathing. Manipulating the expression of
vascular endothelial growth factor A (VEGF-A) with engineered ZFP-TF changes motor
nerve function and muscle composition in both human cell line and animal model (Liu,
Figley et al. 2010, Pawson, Duran-Jimenez et al. 2010). In addition, Sangamo company is
also working on ZFP-TFs therapeutics in Parkinson’s disease (PD) which is a chronic,
progressive neurological disorder with increasing incidence in the aging population.
Activation of the endogenous glial cell line-derived neurotrophic factor (GDNF) expression
with assembled ZFP-TF promotes the survival of dopaminergic neurons. These assembled
ZFPs provide a unique approach to modify genetic information and show their
competitive advantages over chemical drugs. As research going on and technology
progressing, ZFPs-based techniques will have wider applications both in scientific research

and clinical fields.
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1.5 Aims of this work

TET family enzymes have been extensively studied since the initial discovery of their
enzymatic activity in 2009. Plenty of evidence suggests that TET proteins play roles in
diverse biological processes, including epigenetic control of gene transcription, cell
differentiation, embryonic development and tumorgenesis, but how TET proteins are
targeted to specific genomic loci is still poorly defined. Interestingly, in human and mouse
the Tet2 and Tet3 genes are adjacent to Cxxc4 and Cxxc10-1, respectively. The CXXC
domains encoded by these loci, together with those in TET1 and CXXC5, identify a distinct
homology group within the CXXC domain family. Based on these observations, one of the
main objectives of this thesis was to study the connections between TET proteins and zinc
finger modules by characterizing their binding properties as well as by analyzing their
regulatory roles in the function of TET proteins.

UHRF1 is an important epigenetic regulator which is required for maintenance of DNA
methylation through recruiting DNMT1 to DNA replication forks. We were interested in
the mechanism of UHRF1 targeting DNMT1 to DNA substrates. In particular, we aimed to
elucidate the functional role of the PHD and RING domains of UHRF1 in controlling the
maintenance of DNA methylation. Besides, UHRF1 is also suggested to be involved in
dynamic changes of chromatin. We tried to analyze the functional link between UHRF1
and chromatin dynamics by identifying and analyzing the cellular targets of its ubiquitin
E3 ligase activity. It is likely that the dynamic modification of chromatin-associated
proteins by UHRF1 contributes to heterochromatin dynamics, thus providing a novel link

to epigenetic regulation.
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2.1 Materials

2.1.1 Technical devices

Devices Type Supplier
Agarose gel system Mupid-Ex Advance co
Bacterial incubator UL 40 Memmert GmbH

Bacterial shaker

Cell culture microscope
Centrifuge

Clean bench

CO2 incubator
Epiflourescence microscope
FACS Aria ll

Fixed angle rotor

Fixed angle rotor

Freezer (-20°C)

Freezer (-80°C)

Fridge

Gel documentation system
High content imaging system
Laser scanning

confocal microscope
PCR maschine

Photometer

Certomat H+R
EVOS xI

Avanti J30I
Herasafe KS, Class Il
Binder CB150
Axiophot 2

Sorp

fixed angle 1720
JA-14

Comfort
MDF-594
Premium

UV System

Operetta

SP5

Mastercycler

NanoVue

B.Braun

AMG

Beckman Coulter GmbH
Fisher Scientific GmbH
BINDER Inc.

Carl Zeiss Microlmaging GmbH
Becton Dickinson

Hettich Zentrifugen
Beckman Coulter GmbH
neolab Migge Laborbedarf
SANYO GmbH

Liebherr

INTAS

PerkinElmer

Leica microsystems

Eppendorf AG

GE Healthcare
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Pipettor

Pipettor

Power Supply unit
Real-time PCR System
Roller mixer

SDS PAGE system

Shaker

Sonifier

Spinning disc confocal
microscope

Table centrifuge
Table top centrifuge
Table top centrifuge
Microplate reader

Thermo shaker

Vortex mixer

Water bath

Waving platform shaker

Western blot scanning system

Eppendorf Research
PIPETBOY

Bio-Rad PowerPac 300
7500 Fast

RM5

Mini-Protean Tetra
DOS-10L

Branson Digital
Sonifier 450D

Ultraview VOX

Mikro 22R
Centrifuge 5454
Rotina 38R
Infinite M1000

Thermomixer comfort

Neolab 7-2020

Type 1013

Polymax 1040

Typhoon Trio Variable
Mode Imager

Eppendorf AG

INTEGRA Biosciences GmbH
Bio-Rad Laboratories GmbH
Applied Biosystems

CAT

Bio-Rad Laboratories GmbH
Neolab Migge Laborbedarf

G. Heinemann Ultraschall- und
Labortechnick

PerkinElmer

Hettich Zentrifugen
Eppendorf AG
Hettich Zentrifugen
TECAN

Eppendorf AG

Neolab Migge laborbedarf
GmbH

GFL

Heidolph Instruments
GmbH&Co

GE Healthcare
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2.1.2 Consumables

Consumables

Manufacturer

CryoTube™

Erlenmeyer flask (1 L)

FACS tube (5 ml Polystrene Round-Bottom Tube

with Cell-Strainer Cap)

Falcon™ Tubes (15 ml, 50 ml)

Fine forceps

Immersol™ 518F (immersion oil)
Laboratory bottle (1 L)

Laboratory vacuum manifold Vac-Man®
Latex exam gloves ,Satin PLUS*
Microscope coverslips (@ 20 mm)

Nail polish (transparent)

Nitrile laboratory gloves
Parafilm®M sealing film

Pipette tips (10 pl / 200 pl / 1000 pl)
pipettes (single channel)

PureYield™ Binding and Clearing Columns
Reaction tubes (1,5 ml, 2 ml)

Serological pipettes

Soft wipes (KIMTECH Science)

Whatman® filter paper

Cell culture plates & flasks Falcon

Laboratory bottle (100 ml, 250 ml, 500 ml, 1 L)

Pipette tips with filter (10 pl, 200 pl, 100 pl)

Nunc GmbH & Co. KG

SCHOTT

Becton Dickinson

Becton Dickinson
Neolab

Carl Zeiss

SCHOTT

Promega
Kimberly-Clark
Menzel GmbH + Co KG
Lacura Beauty

SLG Sud-Laborbedarf

neolab Migge Laborbedarf-
Vertriebs

Brand Tech Scientific
Eppendorf

Promega

Eppendorf

Carl Roth GmbH + Co. KG
Kimberly-Clark
Whatman

Becton Dickinson
SCHOTT

SLG Suid Laborbedarf
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2.1.3 Reagents and kits

Reagents and kits

Supplier

4’,6-Diamidino-2-phenylindol (DAPI)

2i = PD (PD 0325901) + CHIR (CT 99021 - CHIR 99021)

5-Aza-2’'-deoxycytidine
5-hydroxymethyl-dCTP
5-methyl-dCTP

Accutase

Agar

Agarose

Ammonium peroxodisulfate (APS)
Ampicilline

Arginine/lysine isotopes

B27 (50x)

Betaine

Blasticidin

Bromphenol blue sodium salt
BSA

Chloroform

Cycloheximide

Dimethylsulfoxide (DMSO)
Disodiumhydrogenphosphate (Na;HPO,)
Dithiothreitol (DTT)

DMEM, high glucose with L-glutamine
DMEM/F12

Dnase |

dNTPs

Roche Diagnostics

Axon Medchem
Sigma-Aldrich

Bioline

Jena Bioscience

PAA Laboratories
AppliChem
Sigma-Aldrich

Carl Roth GmbH + Co. KG
AppliChem

Silantes

Invitrogen GmbH
Sigma-Aldrich

Invitrogen GmbH
AppliChem
Sigma-Aldrich

Roth GmbH
Sigma-Aldrich
AppliChem

Carl Roth GmbH + Co. KG
Carl Roth GmbH + Co. KG
PAA Laboratories GmbH
Invitrogen GmbH
AppliChem

Peqglab
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Dodecylsulfate-sodium-salt

Dulbecco’s PBS (1x), without Ca?* and Mg?*
ECL Plus reagent

EDTA-dihydrate

EGF

Ethanol (98%)

Ethanol, absolute

Ethanol, technical grade

Ethidium bromide

EZ DNA Methylation-Gold Kit™
FastDigest® restriction enzymes + Buffer
Fetal bovine serum (FBS)

Fetal bovine serum “Gold“

FGF2

Formaldehyde

Gelatine

Gentamicin (50 mg/ml)

GFP-Trap®

GlutaMax | (200 mM)

Glycerol

Glycin

HEPES

High-Capacity cDNA Reverse Transcription Kit
HisTrap FF

HotStarTaq®Plus DNA Polymerase Kit
Hydrochloric acid (HCl)

Imidazol

SERVA GmbH
Sigma-Aldrich
Thermo Scientific
AppliChem
Peprotech
AppliChem
AppliChem
AppliChem
AppliChem

Zymo

Fermentas

PAA Laboratories
PAA Laboratories
Peprotech
Sigma-Aldrich
Sigma-Aldrich
PAA Laboratories
ChromoTek

Invitrogen

Carl Roth GmbH + Co. KG

Carl Roth GmbH + Co. KG

PAA Laboratories
Applied Biosystems
GE Healthcare

QIAGEN

Carl Roth GmbH + Co. KG

AppliChem
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Isopropanol (2-Propanol)

Isopropyl B-d-thiogalactopyranoside (IPTG)

Kanamycin

LB-Medium (Luria/Miller)
L-Glutamine

LIF (ESGRO)

Lipofectamine 2000
L-Mimosine

Lysozyme

Magnesium chloride (MgCl3)
MEM Non-essential Amnio Acid Solution
MG-132

Milk powder

N2 (100x)

N-Ethylmaleimide

Neurobasal medium

Nonyl phenoxypolyethoxylethanol (NP-40)

NucleoSpin Triprep Kit

NucleoSpin® Gel and PCR Clean up
OptiMEM

PageRuler™ Prestained Protein Ladder
PBS (phosphate buffer saline)
Penincillin/Strepomycin

pET28a vector

Phusion® High Fidelity Polymerase + Kit
PMSF (Phenylmethylsulfonylflouride)

Polyacrylamid

Carl Roth GmbH + Co. KG
AppliChem

SERVA

Carl Roth GmbH + Co. KG
PAA Laboratories
Millipore

Invitrogen

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

PAA Laboratories

Santa Cruz Biotechnology
Carl Roth GmbH + Co. KG
Invitrogen

Sigma-Aldrich

Invitrogen

Sigma-Aldrich
Macherey-Nagel
Macherey-Nagel
Invitrogen

Fermentas

PAA Laboratories

PAA Laboratories
Novagen

New England Biolabs
SERVA

Carl Roth GmbH + Co. KG
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Polyethylenimine (PEI)

Potassium chloride

Potassium dihydrogen phosphate (KH2POa4)
Power SYBR Green PCR Master Mix
Propidium lodide

Protease Inhibitor

Protein assay kit

Pure Yield™ Plasmid MidiPrep System
Puromycin

QlAamp DNA Mini Kit

Hot Start Polymerase

Restriction enzymes, NEBuffer

RNAse A

RNase-free DNase |

RNeasy kit

Rotiphorese Gel 30 (Acrylamide)

Smart Ladder, Smart Ladder Small Fragment
SOC Medium

Sodium chloride (NaCl)

Sodium hydroxide (NaOH)

Sodium sulfate (Na;S04)
B-Mercaptoethanol

StrataClone™ PCR Cloning Kit
StrataCone™ SoloPack® Competent Cells
Streptomycin

Superdex 75 preparative gel filtration column

T4 DNA Ligase

Sigma-Aldrich

Carl Roth GmbH + Co. KG
Merck

Applied Biosystems
Sigma-Aldrich

SERVA

Pierce

Promega

Invitrogen GmbH
QIAGEN

QIAGEN

New England Biolabs
AppliChem

Roche Diagnostics
QIAGEN

Carl Roth GmbH + Co. KG
Eurogentec

New England Biolabs
Carl Roth GmbH + Co. KG
Carl Roth GmbH + Co. KG
Sigma-Aldrich

Invitrogen

Agilent Technologies
Agilent Technologies
PAA Laboratories

GE Healthcare

New England Biolabs
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TagMan probes

TEMED

Tetramethylammonium-chloride (TMAC)
Trichloroacetic acid (TCA)

Tris

Triton X-100

Trypsin 2.5%

Trypsin/EDTA 1x

Tween 20

Vectashield Mounting Medium

Zero Blunt® PCR Cloning Kit

Applied Biosystems
Merck

Sigma-Aldrich
Sigma-Aldrich

Carl Roth GmbH + Co. KG
Carl Roth GmbH + Co. KG
Invitrogen

PAA Laboratories

Carl Roth GmbH + Co. KG
Alexis

Invitrogen

2.1.4 Celllines

Cell lines Description Type Source
J1wt wild type mESCs (Lei, Oh et al. 1996)

dnmt1 c allele homozygous .
dnmti”/- )1 mESCs (Lei, Oh et al. 1996)

null, J1 background
E14 wt wild type mESCs (Sharif, Muto et al. 2007)

homozygote uhrfl null, E14
uhrfl” E14 ve f mESCs (Sharif, Muto et al. 2007)

background

. . neural
ENC1 differentiated from mESCs .
progenitor cell
) (Blau, Pavlath et al.
C2C12 mouse myoblasts somatic cell
1985)
human embryonic kidney 293 .
. - . (DuBridge, Tang et al.

HEK293T cell line containing SV40 large  somatic cell 1987)

T-antigen
BHK (lacO)  hamster kidney cell line, lac somatic cell (Tsukamoto, Hashiguchi
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operator array integrated et al. 2000)

2.1.5 Plasmid constructs

Plasmid Bacterial L
Constructs Promoter . Description
number resistance
Enhanced green fluorescent
GFP 592 CMV kanamycin  protein eukaryotic expression

vector

N-terminal RFP tagged full
RFP-DNMT1 1118 CAG ampicillin ~ length  DNMT1 eukaryotic

expression vector

N-terminal GFP tagged full
GFP-DNMT1 1626 CAG ampicillin ~ length  DNMT1 eukaryotic

expression vector

Eukaryotic expression vector,

1312 CAG ampicillin ~ N-terminal GFP tagged DNMT1
with TS domain deletion

GFP-DNMT1
A458-500

N-terminal Cherry tagged full
Ch-USP7 2612 CAG ampicillin  length usp7 eukaryotic
expression vector
Eukaryotic expression vector,
N-terminal  Cherry  tagged

Ch-USp7¢224s 2613 CAG ampicillin . . .
catalytically inactive full length
uUspP7
L . HA tagged ubiquitin eukaryotic
HA-ubiquitin 1634 CMV ampicillin

expression vector

C-terminal GFP tagged full
UHRF1-GFP 1976 CAG ampicillin  length UHRF1 eukaryotic

expression vector

N-terminal Cherry tagged full
Ch-UHRF1 1756 CAG ampicillin  length UHRF1  eukaryotic

expression vector

Bacterial Lac repressor (Lacl)
Lacl-GBP 1398 CMmv kanamycin fused to GFP binding protein

(GBP), used for F3H assay.

N-terminal GFP tagged full

GFP-TET1 2271 CAG ampicillin .
length TET1 eukaryotic
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CXXCT®™ -GFP

GFP-Tudor

GFP-PHD

GFP-SRA

GFP-CBX1

GFP-CBX3

GFP-CBX5

GFP-Ubl

GFP-RING

GPF-CBX1 delc

PET-28a-TET3CXX¢

GFP-CBX1 K180R

2641

1936

1937

1938

2143

3029

3215

3061

3063

3025

3224

3216

CAG

CAG

CAG

CAG

CAG

CAG

CAG

CAG

CAG

CAG

17

CAG

ampicillin

ampicillin

ampicillin

ampicillin

ampicillin

ampicillin

ampicillin

ampicillin

ampicillin

ampicillin

kanamycin

ampicillin

expression vector

N-terminal GFP tagged CXXC
domain of TET1, eukaryotic
expression vector

N-terminal GFP tagged Tudor
domain of UHRF1, eukaryotic
expression vector

N-terminal GFP tagged PHD
domain of UHRF1, eukaryotic
expression vector

N-terminal GFP tagged SRA
domain of UHRF1, eukaryotic
expression vector

N-terminal GFP tagged full
length CBX1, eukaryotic
expression vector

N-terminal GFP tagged full
length CBX3, eukaryotic
expression vector

N-terminal GFP tagged full
length CBX5, eukaryotic
expression vector

N-terminal GFP tagged Ubl
domain of UHRF1, eukaryotic
expression vector

N-terminal GFP tagged RING
domain of UHRF1, eukaryotic
expression vector

N-terminal GFP tagged CBX1
with deletion of C-terminal 6
amino acids, eukaryotic
expression vector

N-terminal 6xHis tagged
antigen for generating
antibody  against  TET39XXC
prokaryotic expression vector
N-terminal GFP tagged CBX1
K180R mutant, eukaryotic
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expression vector

N-terminal GFP tagged CBX1

GFP-CBX1 K181R 3217 CAG ampicillin -~ K181R  mutant, eukaryotic
expression vector

N-terminal GFP tagged CBX1

GFP-CBX1 K184R 3218 CAG ampicillin K184R mutant, eukaryotic
expression vector

N-terminal GFP tagged full

GFP-H3 wt 3225 CAG ampicillin  length histone H3.1 eukaryotic
expression vector

N-terminal GFP tagged histone

GFP-H3 R2A 3219 CAG ampicillin -~ H3.1 R2A mutant eukaryotic
expression vector

N-terminal GFP tagged histone

GFP-H3 K18A 3220 CAG ampicillin -~ H3.1 K18A mutant eukaryotic
expression vector

N-terminal GFP tagged histone

GFP-H3 K23A 3221 CAG ampicillin -~ H3.1 K23A mutant eukaryotic
expression vector

N-terminal GFP tagged histone

GFP-H3 . H3.1 K18A-K23A double
3222 CAG ampicillin ] )
K18A- K23A mutant eukaryotic expression
vector

N-terminal  Cherry tagged

Ch-UHRF1 o UHRF1 V429D-V431E double
3223 CAG ampicillin ) )
V429D-V431E mutant, eukaryotic expression
vector

. Fluorescent protein  Cherry
Cherry 1625 CAG ampicillin i i
eukaryotic expression vector
N-terminal GFP tagged full
GFP-CXXC4 2311 CAG ampicillin  length CXXC4 eukaryotic
expression vector
N-terminal GFP tagged full
GFP-CXXC5 2713 CAG ampicillin  length CXXC5 eukaryotic
expression vector
C-terminal GFP tagged full
CXXC4-GFP 2253 CAG ampicillin  length CXXC4 eukaryotic

expression vector
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C-terminal GFP tagged full

CXXC5-GFP 2246 CAG ampicillin  length CXXC5 eukaryotic
expression vector

N-terminal Cherry tagged full

Ch-CXXC4 2312 CAG ampicillin  length CXXC4 eukaryotic
expression vector

N-terminal GFP tagged full

GFPTET3™CL 2088 CAG  ampicilin nor |13 isoform containing

CXXC  domain, eukaryotic
expression vector

C-terminal GFP tagged CXXC

CXXCTET3-GFP 2714 CAG ampicillin -~ domain of TET3, eukaryotic
expression vector

N-terminal GFP tagged full

GFP-TET3 2273 CAG ampicillin  length TET3, eukaryotic
expression vector

2.1.6 Primer sequences

2.1.6.1 Primer sequences for generating constructs (primers were produced by Eurofins

Genomics).
Name Sequence
CXXC "™ forward 5’-GGC GAT CGC ATG TCT ACG CCG CCA ATG-3¥’
CXXC TE™ reverse 5’-CGC GGC CGC CTG GCT TCT TTT TGA GCA-3’
CXXC4 forward 5’-ATG CAC CAC CGG AAC GAC TCC CAG CG-3’
CXXC4 reverse 5’-TTA AAA GAA CCA TCG GAA CGC TTC AGC-3’
CXXC5 forward 5'-AAG CGA TCG CAT GTC GAG CCT CGG CGG TGG-3’
CXXC5 reverse 5-GCG CGG CCG CTC ACT GAA ACC ACC GGA AGG-3'
CXXC T3 forward 5'-ATG CGA TCG CAT GCT GCG AGG GGG TGG AGA T-3'
CXXC TE3 reverse 5'-ATG CGG CCG CCCGCT TTT TTC TTC AGC ACC TC-3'
TET3“*L forward 5'-GGG CGA TCG CAT GAG CCA GTT TCA GGT GCC CTT GG-3'
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TET3“*CL reverse
CBX1 K180R forward
CBX1 K180R reverse
CBX1 K181R forward
CBX1 K181R reverse
CBX1 K184R forward
CBX1 K184R reverse
H3 WT forward

H3 WT reverse

H3 K9A forward

H3 K9A reverse

H3 K18A forward

H3 K18A reverse

H3 K23A forward

H3 K23A reverse

H3 R2A forward

H3 R2A reverse

UHRF1 V429D-V431E
forward

UHRF1 V429D-V431E
reverse

CBXS5 forward
CBX5 reverse
CBX1 forward
CBX1 reverse
CBX3 forward
CBX3 reverse

CBX1 delc forward

5'-GCG GCC GCC TAG ATC CAG CGG CTG TAG GGG CC-3'
5-GGG CGA TCG CAT GGG GAA AAA-3’

5’-CTG CGG CCG CCT AAT TCT TGT CGT CTT TAC-3’
5-GGG CGA TCG CAT GGG GAA AAA-3

5’-TTG CGG CCG CCT AAT TCT TGT CGT CTC G-3’
5’-GGG CGA TCG CAT GGG GAA AAA-3’

5’-CTG CGG CCG CCT AAT TCC GGT-3’

5’-ATG GGC GAT CGC ATG GCT CGT ACG AAG CAA-3’
5’-AAC TGC GGC CGC TTA TGC CCT TTC CCC ACG GA-3’
5’-CAA ACA GCT CGC GCG TCT ACC GGC GGC-3’
5’-GCC GCC GGT AGA CGC GCG AGC TGT TTG-3’
5’-AAA GCT CCG CGC GCG CAG CTT GCT ACT-3’
5-AGT AGC AAG CTG CGC GCG CGG AGC TTT-3’
5’-CAG CTT GCT ACT GCA GCA GCC CGT AAG-3’

5’-CTT ACG GGC TGC TGC AGT AGC AAG CTG-3’
5’-GAT CGC ATG GCT GCT ACG AAG CAA ACA-3’

5-TGT TTG CTT CGT AGC AGC CAT GCG ATC-3’

5’-CCT GGT GAC CCT GAG GGC ACC ATG TGG CG-3’

5’-GGT GCC CTC AGG GTC ACC AGG GAT GGG C-3’

5-TGG GCG ATC GCA TGG GAA AGA AGA CCA AGA-3’
5’-ACT GCG GCC GCT TAG CTCTTCGCG CTT TCT TTT-3’
5’-CCG CGA TCG CAT GGG GAA AAA GCA AAA CAA GAA-3¥
5’-CCG CGG CCG CCT AAT TCT TGT CGT CTT TTT TGT C-3’
5’-GGG CGA TCG CAT GGC CTC CAATA-3’

5’-CTG CGG CCG CTT ATT GTG CTT C-3’

5’-GGG CGA TCG CAT GGG GAA AAA-3’

50



2 Materials and Methods

CBX1 delc reverse 5’-CTG CGG CCG CTT AGT CAT CAT CC-3’

2.1.6.2 Primer sequences for relative quantification using gPCR (primers were produced

by Metabion).

Name

Sequence

gapdh forward*
gapdh reverse*
tet1 forward*

tetl reverse*

tet2 forward*

tet2 reverse*
Total tet3 forward*
Total tet3 reverse*
cxxc4 forward
cxxc4 reverse
cxxc5 forward
cxxc5 reverse
cxxc10 forward
cxxcl10 reverse
tet39¢[ forward
tet39*C[ reverse
tet3 forward

tet3 reverse

5'-CAT GGC CTT CCG TGT TCC TA-3’
5'-CTT CAC CAC CTT CTT GAT GTC ATC-3'

5'-CCA GGA AGA GGC GACTAC GTT-3'

5-TTAGTG TTG TGT GAA CCT GATTTATTG T-3’

5’-ACT TCT CTG CTC ATT CCC ACA GA-3'
5-TTA GCT CCG ACT TCT CGATTG TC-3'
5'-GAG CAC GCC AGA GAA GAT CAA-3’
5'-CAG GCT TTG CTG GGA CAA TC-3'
5'-ACC TGG CAC TTC GCT AGA GAG A-3’
5-TTG CCCTTC ATT CCC AAATG-3’
5'-CAG CAG TTG TAG GAA CCG AAA GA-3'
5'-TCC CGA CGG AAG CAT CAC-3’
5'-GTG GAG ATG GGC GGA AGA A-3’
5'-GAT CTG GTG TGT GCG ACG AT-3'
5'-ATC GTC GCA CACACC AGA TC-3'
5'-TCC TTC ACG AGC ATT TAT TTC CA-3'
5-GCG GCC GAT GCA GTA GTG-3'

5'-ATC AAC TGG GCT GAG CTC TGA-3'

* (Szwagierczak, Bultmann et al. 2010)
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2.1.6.3 Primer sequences for 5’ RACE, conventional RT-PCR and generation of probes for

northern blotting (primers were produced by Eurofins Genomics).

Name Sequence

GSP1 5'-AGG TCC ATC AAC TGG GCT-3'

(dT)17-adaptor 5-GAC TCG AGT CGA CAT CGA (T)17-3’

adaptor primer 5'-GAC TCG AGT CGA CAT CG-3’

GSP2 5-AGC ACCTCA CACTTG CG-3'

GSP3 5'-GCA GCT GGT ACA AGA CC-3'.

Primer a 5'- GCG ATC GCA TGA GCC AGT TTC AGG -3’

Primer c 5'- AAG CGG CCG CCA GTC GGG CTT CTG GTC TAC -3’
Primer b 5'- ATG GCT GGG AGT GAG AC -3’

Primer d 5'- ATC GCA GGT GCA GTT GGG TG -3’

cxxc10 probe forward 5'-CAC ACC CAT TGG CTC ACCT-3'
cxxc10 probe reverse 5-GGG TCT CAC TCC CAG CCA-3’
tet3 probe forward 5'-GCT CTC AAC TAC CTG CTT CC-3'

tet3 probe reverse 5'-CAT TGA GGC CAC ATC TCC G-3'

2.1.6.4 Sequences of oligonucleotides used for preparation of double stranded DNA
substrates (oligonucleotides were produced by Metabion).

M: 5-methylcytosine X: 5-hydroxymethylcytosine

Name Sequence

CGup 5’-CTCAACAACTAACTACCATCCGGACCAGAAGAGTCATCATGG-3’

um647N 5’-ATTO647N-CCATGATGACTCTTCTGGTCCGGATGGTAGTTAGTTGTTGAG-3’
MGup 5’-CTCAACAACTAACTACCATCMGGACCAGAAGAGTCATCATGG-3’

mC700 5'-ATTO700-CCATGATGACTCTTCTGGTCMGGATGGTAGTTAGTTGTTGAG-3'

hmCGup 5'-CTCAACAACTAACTACCATCXGGACCAGAAGAGTCATCATGG-3!
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hmC550
um550
um700
um590
noCGup

noCG647N

5'-ATTO550-CCATGATGACTCTTCTGGTCXGGATGGTAGTTAGTTGTTGAG-3'
5’-ATTO550-CCATGATGACTCTTCTGGTCCGGATGGTAGTTAGTTGTTGAG-3’
5-ATTO700-CCATGATGACTCTTCTGGTCCGGATGGTAGTTAGTTGTTGAG-3’
5’-ATTO590-CCATGATGACTCTTCTGGTCCGGATGGTAGTTAGTTGTTGAG-3’
5’-CTCAACAACTAACTACCATCTGGACCAGAAGAGTCATCATGG-3’

5’- ATTO647N-CCATGATGACTCTTCTGGTCTGGATGGTAGTTAGTTGTTGAG-3’
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2.2 Methods

2.2.1 Expression constructs

Throughout this study enhanced GFP, monomeric red fluorescent protein (RFP) and
monomeric Cherry fusion constructs were used and are referred to as GFP, RFP and
Cherry (Ch) fusions, respectively, for brevity. The generation of expression constructs for
GFP, RFP-DNMT1, GFP-DNMT1, GFP-DNMT1 A458-500, Ch-USP7, Ch-USP7¢%%S, HA-
ubiquitin, UHRF1-GFP, Ch-UHRF1, Lacl-GBP, GFP-TET1, GFP-CXXC™™, GFP-Tudor, GFP-PHD,
GFP-SRA, GFP-CBX1 have been described previously (Schermelleh, Spada et al. 2005,
Fellinger, Rothbauer et al. 2009, Meilinger, Fellinger et al. 2009, Frauer, Rottach et al.
2011, Qin, Leonhardt et al. 2011, Song, Rechkoblit et al. 2011, Pichler, Jack et al. 2012,
Yang, Liu et al. 2013) (Table 2.1.5). To generate GFP-CBX3 and GFP-CBX5 constructs, the
CBX3 and CBX5 coding sequences were amplified using cDNA from mouse E14 ESCs and
subcloned into pCAG-GFP-IB vectors. The GFP-UHRF1 single domain constructs for Ubl
and RING domain and GFP-CBX1 delc construct were generated by PCR using the
corresponding wt full length construct as template. The coding sequence for the antigenic
peptide for generating TET39*C antibody was amplified by PCR using the corresponding
wt full length construct as template and inserted into pET-28 a (+) vector. GFP-CBX1
K180R, K181R, K184R, GFP-H3 R2A, K18R, K23R, K18R-K23R, and Ch-UHRF1 V429D-V431E
were obtained by overlap extension PCR on the corresponding wt construct. The coding
sequence of the Uba domain of RAD23A (amino acids 158 to 212) was amplified using
cDNA from mouse E14 ESCs. To generate the GFP-2Uba and Ch-2Uba constructs, a
duplicate Uba coding sequence was subcloned into both the pCAG-GFP-IB and the pCAG-
Cherry-IB vector. Coding sequences for CXXC4, CXXC5, TET3XCL, CXXC™® " and TET3 were
amplified using cDNA from mouse NSCs and subcloned into pCAG-GFP-IB vectors to
generate N-terminal GFP fusions. Sequences coding for CXXCT™, CXXCTE™, CXXC4 and
CXXC5 were inserted into pCAG-Tev-GFP (derived from pCAG-GFP-IB) to generate C-
terminal GFP fusions. CXXC4 coding sequences was also inserted into pCAG-Cherry-IB to

generate N-terminal Cherry fusions. All constructs were verified by DNA sequencing.
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2.2.2 Antibodies

The generation of anti-multi-red antibody has been previously described (Rottach,
Kremmer et al. 2008). The anti-HA antibody 12CA5 was raised in mouse and used to
detect ubiquitinated proteins. The anti-TET3**C polyclonal antibody was generated in
collaboration with the BioGenes GmbH. Endogenous UHRF1 was visualized by a rabbit
anti-UHRF1 antibody (Citterio, Papait et al. 2004). For detection of GFP fusion proteins by
western blot, a mouse anti-GFP (Roche) or a rat anti-GFP (ChromoTek) antibody was used.
RFP or Ch fusion proteins were detected by the rat anti-red antibody 5F8 (Rottach,
Kremmer et al. 2008). HA-ubiquitin was detected by the mouse monoclonal anti-HA
antibody 12CA5. Equal loading of cell lysates was followed by a mouse anti-B-actin
antibody (Sigma-Aldrich). For detection of histone H3, the rabbit anti-H3 antibody (Abcam)
was used. Depending on the expected intensity of the signals, secondary antibodies either
conjugated to horseradish peroxidase (anti-rabbit (Biorad), anti-rat and anti-mouse
(Dianova)) or conjugated to fluorescent dyes (anti-mouse and anti-rat Alexa Fluor 647N,
anti-mouse Alexa Fluor 594 as well as anti-rat and anti-mouse Alexa Fluor 488 (Invitrogen))
were applied. For detection of HRP-conjugated antibodies, an ECL Plus reagent (Thermo

Scientific) was used.

2.2.3 Cell culture and transfection

Human embryonic kidney (HEK) 293T cells and baby hamster kidney (BHK) cells were
cultured in DMEM supplemented with 10% fetal calf serum and 50 pg/ml gentamycine.
ESCs including wt J1, dnmt17,, E14 and uhrfl”- were cultured without feeder cells in
gelatinized flasks as described (Schermelleh, Spada et al. 2005). Culture medium was
supplemented with 1000 U/ml recombinant leukemia inhibitory factor LIF (Millipore). The
NSC line ENC1 used throughout this study was derived from E14 ESCs as described (Conti,
Pollard et al. 2005) and was maintained in Knockout-DMEM/F12 containing 2 mM
GlutaMAX-I 100 U/ml penicillin, 100 pg/ml streptomycin, and supplemented with 1% N2
and 20 ng/ml each FGF-2 and EGF. The dnmt17- ESCs used in this study are homozygous
for the c allele (Lei, Oh et al. 1996). Mouse E14 wt and uhrf17- cells (Sharif, Muto et al.
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2007) have been reported before (Meilinger, Fellinger et al. 2009). Mouse ESCs were
transfected with Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s instructions. HEK293T cells and BHK cells were transfected using

polyethylenimine as transfection reagent according to the manufacturer’s instructions.

2.2.4 Generation of stable cell lines and DNA methylation analyses

48 h after expression of GFP tagged constructs in dnmt17- ESCs and uhrfl”- ESCs, GFP
positive mESCs were separated using a fluorescence activated cell sorting (FACS) Aria I
instrument (Becton Dickinson). Stably expressing cells were expanded in selection
medium containing 10 pg/ml blasticidin (GFP-DNMT1 wt and GFP-DNMT1 A458-500) or
500 ng/ml puromycin (UHRF1-GFP wt, H346G and H730A) and GFP positive cells were
FACS sorted a second time. Furthermore, the UHRF1-GFP wt, H346G and H730A cell lines
were single cell sorted. Single clones of GFP-DNMT1 A458-500 and corresponding wt (Qin,
Leonhardt et al. 2011) were picked manually. For all cell lines, clones with low expression
levels were chosen for further analyses. The expression level and the accuracy of the

expressed GFP fusion constructs were checked by western blot analyses.

2.2.5 Cell inhibitor treatment

For the in vivo ubiquitination assay, transfected HEK293T cells were incubated with
medium supplemented with 2 mM N-ethylmaleimide (NEM) for 30 min before harvesting.
For cycloheximide treatment, transfected cells were incubated in medium containing 10

ug/ml cycloheximide and harvested at the indicated time points.

2.2.6 Coimmunoprecipitation (Co-IP) and western blot

For co-immunoprecipitation assays, GFP fusion pulldowns using the GFP-Trap
(ChromoTek) were performed as described (Rothbauer, Zolghadr et al. 2008). The GFP
and RFP, or Ch fusion constructs were co-expressed in HEK293T cells and protein extracts

were equalized to the same GFP concentration prior to co-immunoprecipitation with the
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GFP-Trap (ChromoTek). Bound fractions were firstly detected by fluorescence intensity
measurements and secondly by western blot analyses.

For detection of ubiquitinated proteins, cells were lysed in buffer containing 150 mM KCl,
50 mM Tris-HCl (pH 7.4), 5 mM MgCl,, 1% Triton X-100, 5% Glycerol, 2 mM
phenylmethylsulphonyl fluoride and 2 mM 2-mercaptoethanol and 5 mM NEM. After
brief sonication, cell lysates were cleared by centrifugation at 4°C for 10 min.
Supernatants were incubated with the GFP-Trap beads for 2 h at 4°C under gentle
rotation. The beads were then washed three times with lysis buffer and resuspended in
SDS-PAGE sample buffer. The anti-HA mouse monoclonal antibody 12CA5 was used for

detection of ubiquitinated proteins.

2.2.7 Western blot quantification

Western blots developed with the ECL western blotting substrate were scanned and
digital images were analyzed using Image J. The density was measured on the digital

negative and background density was subtracted.

2.2.8 Immunofluorescence staining

Cells were grown on coverslips overnight, fixed with 3.7% formaldehyde in PBS for 10 min
and washed with PBS for three times, followed by permeabilization in PBS containing 0.5%
Triton X-100 for 5 min and block with PBS containing 3% BSA for 1 h. Cells were then
incubated with primary antibody for 1 h and Alexa Fluor labeled secondary antibody for 1
h at RT. The antibodies were diluted in PBS containing 0.01% Tween-20 and 3% BSA. Cells
were counterstained with DAPI and mounted in Vectashield (Vector Laboratories). Images

were acquired with a TCS SP5 confocal microscope (Leica microsystems).

2.2.9 Protein production and purification

Protein production and purification were performed according to the handbook for high-
level expression and purification of 6x His-tagged proteins (QIAGEN). Briefly, BL21(DE3) E.

coli cells (New England Biolabs) carrying the expression construct were grown at 37°C
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until ODeoonm™~0.8 followed by expression induction with 1mM Isopropyl-B-D-
thiogalactopyranosid (IPTG) at 37°C for 4 hours. After harvesting, bacterial cells were
resuspended in 10 ml lysis buffer (300 mM NaCl, 50 mM NayHPO4, pH 8.0, 10 mM
imidazole, 1 mM B-mercaptoethanol) and treated with with DNasel (1 mg/ml), PMSF (2
mM) and lysozyme (10 mg/ml) for 1 h, followed by sonication. After clearing lysates by
centrifugation and filtration, soluble extracts were loaded on a pre-equilibrated 1 ml
HiTrap-column (GE Healthcare). Elution was performed with Ni-NTA elution buffer
containing linear gradient ranging from 20 mM to 250 mM imidazol. Different elution
fractions were further analyzed by SDS-PAGE assay. Fractions containing antigen peptide
were pooled and further purified by gel filtration on a Superdex 75 column (GE

Healthcare).

2.2.10 RNA isolation and Real-time PCR

Total RNA was isolated from cells and tissues using the nucleospin triprep kit from
Macherey-Nagel. 500 ng of total RNA was reverse transcribed with a high-capacity cDNA
reverse transcription kit (Applied Biosystems) according to the manufacturer’s
instructions. Real-time PCR was conducted using power SYBR green PCR master mix
(Applied Biosystems) on a 7500 fast real-time PCR system (Applied Biosystems). PCR
efficiency and primer pair specificity was examined using a standard curve of serially
diluted cDNA and melting curve, respectively. After normalizing to the transcript level of
glyceraldehyde phosphate dehydrogenase (gapdh), data were analyzed based on 224¢T
method (Livak and Schmittgen 2001).

2.2.11 Northern blot

Northern blotting was performed according to the DIG application manual for filter
hybridization (Roche). Probes were generated and labeled by PCR using DIG-dUTP. Ten
micrograms each of total RNA from ESCs and NSCs were separated on formaldehyde-
agarose gels, transferred to Hybond-N* nylon membranes (GE healthcare) and

immobilized by UV crosslinking. Blots were pre-hybridized with DIG Easy hyb (Roche) at
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50°C for 30 min followed by overnight hybridization at 50°C. Probes were applied at a
final concentration of 100 ng/ml in DIG Easy hyb. After washing, the blots were incubated
with blocking solution (Roche) for 30 min, followed by incubation with alkaline
phosphatase conjugated anti-digoxygenin antibody (Roche) for 30 min at room
temperature. The membrane was washed twice, equilibrated with detection buffer (0.1
M Tris-HCI, 0.1 M NaCl, pH 9.5) and chemiluminescence with CDP-Star substrate (Roche)

was used to detect the bound antibody.

2.2.12 5’ RACE

5 RACE was performed according to Nature Methods (2005). 100 ng of total RNA from
ENC1 NSCs were reverse transcribed as described above, but using the gene-specific
primer 1 (GSP1). To remove excess primer, the reaction was purified with a silica mini-
column (Nucleospin Gel and PCR Clean-up; Macherey-Nagel). After tailing with terminal
deoxynucleotide transferase and dATP the tailed cDNA was subjected to nested PCR
reactions with Phusion High-Fidelity DNA Polymerase (New England Biolabs). In the first
reaction the upstream primers were (dT)i17-adaptor primer and adaptor primer, while the
downstream primer was gene-specific primer 2 (GSP2). Cycling parameters were as
follows: one cycle of 98°C for 30 s, 94°C for 5 min, 50°C for 5 min, and 72°C for 40 min,
followed by 30 cycles of 94°C for 40s, 54°C for 1 min, and 72°C for 3 min, with a final
cycle of 94°C for 40s, 54°C for 1 min, and 72°C for 15 min. In the second reaction the
upstream primer was adaptor primer and the downstream primer was gene-specific
primer 3 (GSP3). Cycling parameters were as follows: 98°C for 30 s, (98°C for 15 s, 55°C for
20 s, and 72°C for 30 s) 30 cycles, 72°C for 10 min. PCR products were purified by gel
electrophoresis followed by silica column purification, cloned into pCR-Blunt with Zero

Blunt PCR Cloning Kit (Invitrogen) and analyzed by DNA sequencing.

2.2.13 F3H assay

F3H assay was performed as described (Dambacher, Deng et al. 2012, Eskat, Deng et al.

2012, Herce, Deng et al. 2013). Briefly, BHK cells containing a /lac operator repeats array
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were seeded on coverslips in 6-well plates for microscopy. Cells were co-transfected with
fluorescent fusion protein expression vectors and a Lacl-GBP fusion construct using
polyethylenimine and fixed about 16 h after transfection with 3.7% formaldehyde in PBS
for 10 min, washed with PBST (PBS with 0.02% Tween), stained with 200 ng/ml DAPI and
mounted in Vectashield medium. The F3H sample was analyzed with a TCS SP5 confocal
fluorescence microscope. DAPI, EGFP and mCherry/RFP were excited by 405 nm diode
laser, 488 nm argon laser and 561 nm diode-pumped solid-state laser, respectively.

Images were recorded and further analyzed using imageJ.

2.2.14 Determination of global genomic 5hmC levels

Global 5hmC levels in genomic DNA from transiently transfected HEK293T cells were
determined by the in vitro glucosylation assay as described previously (Szwagierczak,
Bultmann et al. 2010, Frauer, Rottach et al. 2011) with minor modifications. Briefly, 50 ml
reactions containing 150 mM NacCl, 20 mM Tris, pH 8.0, 25 mM CaCl;, 1 mM DTT, 3.5 mM
UDP-[3H]glucose (20 Ci/mmol; Hartmann Analytic GmbH), 500 ng of sheared genomic
DNA and 40 nM recombinant T4 B-glucosyltransferase were incubated for 20 min at room
temperature and terminated by heating at 65°C for 10 min. DNA fragments were purified
by silica column chromatography (Nucleospin, Macherey-Nagel) and radioactivity was
determined by liquid scintillation. Radioactive counts were converted to percentages of
5hmC over total C using curves from PCR generated standards containing variable
5hmC/C ratios as previously described (Szwagierczak, Bultmann et al. 2010). The values
for all GFP-TET constructs were corrected for differences in expression levels using GFP
fluorescence measurements. This correction was not applied to control samples
transfected with GFP as the latter is expressed at least at ten times higher levels than
GFP-TET constructs, which would lead to artificially enhanced differences between basal

5hmC levels and those resulting by overexpression of TET constructs.
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2.2.15 Invitro DNA binding assay

In vitro DNA binding assay was performed as described previously (Frauer and Leonhardt
2009, Frauer, Hoffmann et al. 2011, Frauer, Rottach et al. 2011). Briefly, three double
stranded DNA oligonucleotides labeled with different ATTO fluorophores and with
identical sequence, but either unmodified, symmetrically methylated or symmetrically
hydroxymethylated cytosine at a single, central CpG site were used as substrates. GFP
fusion constructs were expressed in HEK293T cells by transient transfection and
immunopurified from cell lysates using the GFP-trap (ChromoTek). GFP-trap beads were
washed three times before incubating with DNA substrates at a final concentration of 160
nM each. After removal of unbound substrates, amounts of protein (GFP fluorescence)

and bound DNA were measured with Infinite M1000 plate reader (Tecan).

2.2.16 Statistical analysis

Results were expressed as mean values * the standard deviation (SDEV) or as mean values
+ the standard error of the mean (SEM) from the number of biological replicates indicated

in the corresponding figure legend.
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3.1 Intrinsic and extrinsic connections of TET3 dioxygenase with CXXC

modules

3.1.1 Identification and expression pattern of mouse tet3 transcripts encoding a CXXC

domain

In higher eukaryotes methylation of genomic cytosine to 5mC prominently contributes to
epigenetic indexing of transcriptional activity. 5mC has long been regarded as a stable
mark mediating permanent repression, but recently it has been shown that 5mC can be
progressively oxidized to 5hmC, 5fC and 5caC by a three member family of TET proteins
(Tahiliani, Koh et al. 2009, Ito, D'Alessio et al. 2010, He, Li et al. 2011, Ito, Shen et al. 2011),
which has kindled the idea that they might represent intermediates in DNA
demethylation pathways. Very few interactions involving TET proteins have so far been
reported and even fewer known domains are identified in these proteins despite their
relatively large size. As a consequence, little is known about how TET proteins are
targeted to specific genomic loci in distinct cell types and developmental stages.

The N-terminal region of TET1 contains a CXXC domain (Tahiliani, Koh et al. 2009). In
contrast, none of the human and mouse annotated genomic or transcript sequences for
tet2 and tet3 include a sequence encoding such a domain. However, in both human and
mouse genomes the tet2 and tet3 genes are adjacent to loci encoding cxxc domains,
cxxc4 and cxxc10-1, respectively (Fig. 11A) (Katoh and Katoh 2004, Frauer, Rottach et al.
2011). The cxxc4 and tet2 loci are 700 and 800 kb apart in the human and mouse
genomes, respectively. These loci are transcribed in opposite orientations and encode
distinct proteins, suggesting that they evolved through splitting of a tet1-like ancestral
gene and intergenic inversion. The cxxc10-1 ORF was identified in silico about 13 kb
upstream of the annotated transcriptional start site of tet3 and has the same orientation
as the tet3 ORF. Previously, we showed that the CXXC domains of TET1, CXXC10-1, CXXC4
and CXXC5 constitute a homology group distinct from CXXC domains present in several
other factors with functions related to DNA or chromatin modification (Frauer, Rottach et

al. 2011). The proximity and co-orientation of the cxxc10-1 and tet3 ORFs in human and
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mouse genomes suggest that alternative tet3 transcripts may include the cxxc10-1 ORF.
This is also suggested by GenBank entries of tet3 orthologues encompassing an N-
terminal cxxc domain from other vertebrate species, including a Xenopus tet3 transcript
and a TET3 protein homolog predicted from the genomic sequence of the naked mole rat
(Heterocephalus glaber). Alignment of the CXXC domains from these TET3 homologues
with the CXXC domains of mouse CXXC10-1, TET1, CXXC4 and CXXC5 shows that they all
belong to the same homology subgroup that we identified previously (Fig. 11B). In
addition, the Hydra genome encodes a single tet homolog and its predicted protein
product contains an N-terminal CXXC domain with key features of this subgroup (Fig. 11B).
These observations support the idea of a common ancestral tet gene encoding a CXXC

domain and that in addition to tet1, this arrangement is preserved also in vertebrate tet3.
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Figure 11. Genomic arrangement of mouse tet genes and adjacent cxxc loci and homology of cxxc
domains from mouse cxxc4, cxxc5 and tet homologues in various animal species. (A) Schematic
representation of mouse tetl, tet2/cxxc4 and tet3/cxxc10 loci. Exons are depicted as blue rectangles.
Annotated transcriptional start sites and transcription orientation are indicated with half arrows. (B)
Alignment of CXXC domains from mouse CXXC4, CXXC5 and TET homologues in various animal species (Mm,
Mus Musculus; Hg, Heterocephalus glaber; Xt, Xenopus tropicalis; Hm, Hydra mangipallata). The alighment
was generated with Unipro UGENE (Okonechnikov, Golosova et al. 2012). Numbers on the right side
indicate the position of the last amino acid in the corresponding protein. The KTXXXI motif, previously
identified as determinant for the interaction of CXXC4 with DVL (London, Lee et al. 2004), is boxed. The
scale at the bottom indicates the upper limit of percent identity represented by each color. GenBank
accession numbers: MmCXXC10, JX946278; XtTET3, NP_001090656.1; HgTET3, EHB01729.1; MmTET1,
NP_081660.1; MmCXXC4, NP_001004367; MmCXXC5, NP_598448; HmTET, XP_002161163.1. Data were
published in Liu et al. 2013.

Thus, we set out to verify whether tet3 transcripts including the cxxc10-1 ORF are
expressed in the mouse. To this aim we performed conventional PCR on total cDNA
template from a neural stem cell (NSC) line derived by in vitro differentiation of E14 ESCs.
We used primer pairs spanning from the cxxc10-1 ORF to the tet3 ORF in exon 3 according

to the annotated tet3 sequence. Cloning and sequencing of products identified two
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alternative transcripts where the exon containing the cxxc10-1 ORF is spliced to the first
position of either exon 2 or exon 3 of the annotated tet3 gene (Fig. 12A and 12B). These
splicing events set the cxxc10-1 ORF in frame with the annotated tet3 coding sequence
through its exon 2 and/or exon 3 sequences representing part of the 5'UTR in the
annotated tet3 transcript. Rapid amplification of cDNA 5’ ends (RACE) identified a 5'UTR
sequence upstream of the cxxc10-1 ORF including an additional exon upstream of the one
encoding the cxxc10-1 ORF (Fig. 12A). To verify the expression and size of alternative tet3
transcripts we first performed northern blotting of RNA from the same NSC line and
parental ESCs (Fig. 12C). In NSCs a cDNA probe comprising exons 3-6 of the annotated
tet3 transcript detected two bands with estimated sizes of 10.9 and 11.6 kb, roughly
corresponding to the sizes of the annotated tet3 transcript and those encoding the
cxxcl10-1 ORF, respectively, assuming the same splicing events downstream of the
annotated exon 3 (Fig. 12A). A probe spanning the cxxc10-1 ORF detected only the 11.6
kb band. Each of these probes detected the same respective bands in RNA from ESCs, but
their intensity was much weaker than for NSCs (not visible in Fig. 12C) despite the same
amount of RNA was loaded. We found no evidence for independent expression of the
cxxc10-1 sequence in these samples, as no other distinct band was detected in the blots
(Fig. 12D). As final evidence for the expression of the tet3 transcript including the cxxc10-
1 ORF and the annotated exon 2 (hereafter referred to as tet3“**L) we amplified its entire
coding sequence as a single fragment (5412 bp encoding a polypeptide of 1803 aa) using
cDNA from NSCs as template and confirmed its primary structure by sequencing (NCBI
accession number JX946278). These results show that the use of an alternative promoter
and alternative splicing lead to the expression of tet3 transcripts containing the cxxc10-1
ORF (altogether referred to as tet3“**¢) and that these transcripts share the same splicing
organization with the previously annotated tet3 transcript (hereafter referred to as tet3)

downstream of its exons 2 (tet3“*CL) or 3 (tet3“**S; Fig. 12A).
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Figure 12. Identification of mouse tet3 transcript variants encoding a cxxc domain. (A) Drawing illustrating
the generation of alternative transcripts from the tet3/cxxc10-1 locus. The positions of primers used in B
are indicated. The lower part shows a schematic representation of alternative tet3 transcripts. The positions
of the probes used for northern blotting in C are indicated. (B) Amplification of fragments from NSCs cDNA
identifying tet3 transcripts that include the cxxc10-1 ORF. (C) Northern blot detection of alternative tet3
transcripts in ESCs and NSCs. (D) Northern blot analysis indicates no independent expression of the cxxc10-1
sequence in these samples, as no distinct band was detected except alternative tet3 transcripts. Data were
published in Liu et al. 2013.
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To characterize the expression patterns of tet3 and tet3“*C transcripts we performed real
time PCR (qPCR) on cDNAs from stem cell lines and various adult mouse tissues (Fig. 13A).
We set primer pairs for selective amplification of the tet3“*¢ transcript including exon 2
of the tet3 transcript, the cxxc10-1 ORF and exons 1-3 of tet3. The levels of tet3 and
tet3“XC transcripts varied widely across the samples and were very low in ESCs,
confirming our northern blot data. Notably, the ratio of tet3 to tet3“*¢ transcripts was

higher in brain regions relative to other tissues.
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Figure 13. Transcript levels of tet1-3, cxxc4 and cxxc5 transcripts in mouse adult tissues, NSCs and ESCs.
Transcript levels were determined by qPCR analysis of total cDNA. (A) Amplified fragments identify the tet3
MRNA refseq NM_183138 (tet3), the alternative tet3 transcript containing the cxxc10-1 ORF and exon 2 of
JX946278 (tet3¥*L) and all transcripts including the cxxc10-1 ORF. The transcript levels of tet3 and tet3**¢L
varied widely across the samples and both were very low in ESCs, confirming our northern blot data. (B)
Relative expression of cxxc4 and cxxc5 transcripts on mRNA level. Cxxc4 transcript was detected mainly in
the brain, while cxxc5 was ubiquitously expressed across the samples. (C) Relative transcripts level of tet1-3.
Tet transcripts show different expression levels across the samples. Low levels of tet1 and high levels of tet3
were detected in most differentiated tissues, while the opposite pattern was characterized in
undifferentiated ESCs. Cumulative levels of all tet3 transcripts were determined using a primer set spanning
common sequences downstream exon 3 of the annotated tet3 gene. Data relative to kidney, liver,
cerebellum and cortex samples are from three biological replicates (two 6 week old 129Sv mice and a 30
week old C57BL/6 mouse). Data relative to spleen, heart, lung and hippocampus are from two biological
replicates (a 6 week old 129/Sv mouse and a 30 week old C57BL/6 mouse). Data relative to NSCs and ESCs
are from three independent cultures each. Shown are mean values and standard errors of the mean (SEM).
Expression levels are all relative to cxxc4 in heart (set to 1), so that values in these histograms are
comparable. Data were published in Liu et al. 2013.

3.1.2 CXXC4 interacts with TET3 in vivo and is expressed in the adult brain

The evolutionary association of TET proteins with a distinct group of CXXC domains in cis
raises the question as to whether they associate with this type of CXXC module also in
trans. Therefore we probed the interaction of each of the three TET proteins with CXXC4
and CXXC5 using a mammalian fluorescent three hybrid assay (F3H). In this assay baits
fused to GFP are anchored to a lac operator (lacO) array integrated in the genome of BHK
cells and challenged with preys fused to a red fluorescent protein (Zolghadr, Mortusewicz
et al. 2008, Meilinger, Fellinger et al. 2009, Dambacher, Deng et al. 2012, Herce, Deng et
al. 2013). The colocalization of prey and bait at the /ac operator array reflects their
interaction (Fig. 14). CXXC4 showed interactions with all three TETs, but with a much
stronger association with TET3 in comparison to TET1 and TET2 (Fig. 15). However, we
could not detect coimmunoprecipitation of TET3 and CXXC4 fluorescent fusion constructs
overexpressed in HEK293T cells. CXXC4 and 5 have been shown to antagonize canonical
Wnt signaling by binding to cytoplasmic Disheveled (DVL) (Hino, Kishida et al. 2001,
Michiue, Fukui et al. 2004, Andersson, Sodersten et al. 2009). However, expression of
fluorescent fusions revealed a prevalently nuclear localization of CXXC4 in BHK cells,
C2C12 myoblasts and ESCs (Liu, Wang et al. 2013). In this regard we noted that the KKKRK
sequence (Fig. 11B) at the N-terminus of the CXXC domain in both CXXC4 and 5 is a
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perfect match to the minimal prototypic nuclear localization sequence of the SV40 large T
antigen (Jans, Xiao et al. 2000, Itoh, Brott et al. 2005), and that CXXC5 was also found to
be predominantly nuclear in various cell types (Andersson, Sodersten et al. 2009, Pendino,

Nguyen et al. 2009).
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Figure 14. Schematic representation of the mammalian F3H assay. BHK cells containing /acO array on their
genome are transfected with GBP-Lacl fusion together with GFP-tagged bait and RFP-tagged prey. The Lac
repressor (Lacl) binds to its operator sequences and brings the GFP binding protein (GBP) to the /acO array.
GFP-tagged bait proteins are recruited to the /acO loci by the GBP which is a single chain variable fragment
antibody against GFP (Rothbauer, Zolghadr et al. 2006), thus giving out a green spot under microscope. If
the RFP-tagged prey protein interacts with the bait, it would colocalize with the bait at /acO array, thus
visualized as a yellow spot. While if there is no interaction between the bait and prey, the RFP-prey will
disperse over the cell and only a green spot is observed (modified from Liu et al. 2013).

Next we determined the levels of cxxc4 and cxxc5 transcripts in adult mouse tissues and
stem cell lines (Fig. 13B). Interestingly, among adult tissues cxxc4 was expressed mainly in
the brain, where tet3 transcripts that do not encode the cxxc domain were more
abundant relative to tet3“*C transcripts. In contrast, cxxc5 mRNA was detected
ubiquitously and apart from ESCs its levels were substantially higher than those of cxxc4.
No obvious correlation could be found between the levels of cxxc5 transcripts and those

of any of the tet transcripts analyzed (Fig. 13C).
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GFP-TET1

GFP-TET2

Figure 15. TETs and CXXC4 interact in vivo. Cells containing a lacO array were transfected with plasmids
encoding a GBP-Lacl fusion protein, GFP-TETs and Ch-CXXC4 proteins. These constructs were described in
Table 2.1.5. The Lac repressor (Lacl) binds to the /ac operator array and recruits GFP-TETs through the GFP
binding protein (GBP), which is visualized as a green spot. If Ch-CXXC4 protein intereacts with GFP-TETs, Ch-
CXXC4 will consequently enrich at the lacO array and be visualized as yellow spots. Ch-CXXC4 shows a
strong interaction (filled arrow) with GFP-TET3, a much weaker interaction (dashed arrow) with GFP-TET1
and GFP-TET2, and no unspecific binding with GFP (empty arrow). Scale bar: 5um.

3.1.3 The CXXC domains of TET1, TET3“*X¢, CXXC4 and CXXC5 bind CpG containing
DNA substrates

The high similarity shared by the CXXC domains of TET1, TET3“*C and the TET3 interactor
CXXC4 prompted us to compare their DNA binding properties. CXXC4-GFP, CXXC5-GFP,
GFP-TET1, CXXC™™-GFP as well as full length TET1, TET3 and TET3“*L constructs with an
N-terminal GFP tag were characterized with western blot assay (Fig. 16) and subjected to

DNA binding assays (Fig. 17).
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Figure 16. Western blot analysis of GFP fusion proteins for DNA binding assays. GFP-CXXCPNMT!  CXXCTE™-
GFP, CXXCTE™-GFP, CXXC4-GFP, CXXC5-GFP, GFP-TET1, GFP-TET3 and GFP-TET3“*‘L were blotted with anti-
GFP antibody. These constructs were described in Table 2.1.5. Data were published in Liu et al. 2013.

CXXCTET3-GFP corresponds to the isolated CXXC domain of the CXXC10-1 ORF with GFP
fused to its C-terminus and is therefore analogous to CXXC'™™-GFP. Although we could
not detect interactions between TET proteins and CXXC5, we investigated the DNA
binding potential of the latter as its CXXC domain is also highly homologous to that of
TET1. CXXC domains belonging to a distinct homology class, including the CXXC domain of
DNMT1 (CXXCPNMTL) “were shown to preferentially bind CpG-containing sequences (Lee,
Voo et al. 2001, Birke, Schreiner et al. 2002, Jorgensen, Ben-Porath et al. 2004, Pradhan,
Esteve et al. 2008, Blackledge, Zhou et al. 2010, Frauer, Rottach et al. 2011). Therefore,
we first determined the binding preference of our constructs with respect to DNA
substrates differing only for the presence or absence of a single central CpG site and
compared it to that of the CXXC domain of DNMT1. CXXC4, CXXC5 and all TET constructs
showed higher DNA binding activity as well as similar and substantial preference for the
substrate containing a CpG site as compared to GFP-CXXCPNM™ (Fig, 17A). We then
determined the binding preference with respect to substrates containing a single central
CpG site with defined cytosine modifications as shown for CXXC™™ constructs. CXXC4-GFP,
CXXC5-GFP and CXXC'®™3-GFP displayed similar binding properties, with decreasing
preference for substrates with the unmodified, symmetrically methylated and
symmetrically hydroxymethylated CpG site. In contrast, CXXC™ ™-GFP did not discriminate
between substrates with unmodified and symmetrically methylated CpG. In the case of
full length TET1, TET3 and TET3Y*CL constructs, incubation with a 4-fold molar excess of

DNA substrates is expected to minimize potential competition among multiple DNA
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binding sites. GFP-TET1 displayed the same substrate preference as the isolated CXXC
domain of TET1 (CXXC'™™-GFP), albeit with an 8-fold increase in binding activity,
indicating that sequences outside the CXXC domain contribute to the affinity for DNA
without altering the substrate preference. In contrast, both GFP-TET3 and GFP-TET39*CL
showed a relative increase in binding activity toward the substrate with the methylated
CpG site as compared to CXXC™™-GFP (Fig. 17B). Thus, in TET3Y*CL features outside the

CXXC domain override the binding preference of the latter.
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Figure 17. In vitro DNA binding properties of CXXC4 and 5, isolated CXXC domains and full length
constructs of TET1 and TET3%XC, (A) All proteins were expressed as GFP fusion constructs in HEK293T cells
and affinity purified using a GFP-trap. Fluorescently labeled DNA substrates containing one or no CG site
were incubated in direct competition. Shown are mean values of bound substrate/protein ratios and SEM
from n independent replicate experiments: GFP and CXXC™®™-GFP, n=5; GFP-TET1, CXXC4-GFP, CXXC5-GFP
and GFP-CXXCPNMT1 n=4; GFP-TET3, GFP-TET3“*L and CXXC™™-GFP, n=3. (B) All constructs are GFP
fusions. Fluorescently labeled DNA substrates with the same sequence and a single CpG site either
unmethylated, symmetrically methylated or symmetrically hydroxymethylated were incubated in direct
competition. Shown are mean values of bound substrate/protein ratios and SEM from n independent
replicate experiments: TET1, n = 10; TET3, CXXC™™3, n = 6; TET3Y¥CL, n = 7; CXXC™™, CXXC4 and GFP, n = 3;
CXXCS5, n = 2. Data were published in Liu et al. 2013.
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3.1.4 TET3YXC oxidizes genomic 5mC in vivo and shows slightly lower mobility than

the TET3 isoform lacking the CXXC domain

We then compared the activity of TET1 and TET3 isoforms with or without CXXC domain
by determining global levels of genomic 5hmC in HEK293T cells transiently transfected
with GFP-tagged constructs (Fig. 18A). A similar increase of 5hmC levels was observed in
cells transfected with GFP-TET1, GFP-TET3 and GFP-TET3“XCL, the latter slightly showing
higher conversion of 5mC to 5hmC.

As further characterization of TET3 isoforms we compared nuclear localization and
mobility of GFP-TET3 and GFP-TET3%X‘L in C2C12 myoblasts (Figure 18B and C). Both
constructs were diffusely distributed throughout the nucleus with exclusion of nucleoli
and large clusters of pericentric heterochromatin (chromocenters; Fig. 18B). After
photobleaching half of the nucleus the fluorescence of GFP-TET3“*L recovered more
slowly and reached a plateau at a lower level than that of GFP-TET3 (Fig. 18C). These
differences were small, but reproducible.

Thus, the presence of the CXXC domain in TET3 does not affect and perhaps promotes
conversion of 5mC to 5hmC, while it reduces its mobility and slightly increases the
immobile fraction, suggesting that the CXXC domain contributes to additional nuclear

interactions.
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Figure 18. Enzymatic activity, localization and mobility of TET3%**¢ in somatic cells. (A) TET3*¢ oxidizes
genomic 5mC in vivo. GFP or GFP-TET fusions were transiently overexpressed in HEK293T cells and
genomic 5hmC levels were determined using an in vitro glucosylation assay with T4 B-glucosyltransferase
and UDP-[3H] glucose. Shown are mean percentages and SEM of 5hmC over total C from 2 (GFP-TET1) or 3
(all others) independent transfections. (B) Optical sections of fixed C2C12 cotransfected with GFP-TET3*CL
and Ch-TET3 constructs as indicated. Arrowheads indicate the position of large chromocenters from which
GFP-TET3YCL and Ch-TET3 signals are excluded. Scale bar: 5um. (C) FRAP curves of GFP-TET3 and GFP-
TET39L in transiently transfected C2C12 myoblasts. Images were taken every 150 ms in the first 60's, and
then at intervals of 1 s for the next 120 s. Shown are mean values and SEM from 12 (GFP-TET3) and 10 cells
(GFP-TET3%*L). Live cell imaging and FRAP analysis was performed as described (Schermelleh et al., 2007,
Nucl Acids Res 35: 4301) with the following minor modifications. The images were Gauss-filtered (2 pixel
radius) and data sets showing lateral movement were corrected by image registration using the StackReg
plug-in of Image), starting with a time frame where approximately half recovery was reached. Experiments
for A and C were performed by Mengxi Wang and were published in Liu et al. 2013.

3.1.5 Detection of TET39X¢ at the protein level

To detect TET3XC at the protein level, we raised polyclonal antibodies against TET39*¢,
Since TET39*¢ shares the same exons downstream of the CXXC10-1 sequences with the
annotated TET3, a peptide within CXXC10-1 region was selected as antigen (Fig. 19A).
After expression and purification, His-tagged peptide was sent to Biogenes company for
generating polyclonal antibodies against TET3“*¢, From immunizations we obtained
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specific rabbit polyclonal antibodies that recognize GFP-TET3“*¢ but not GFP-TET3 in
immunofluorescence staining and western blot (Fig. 19B and 19C). Notebly, the TET39*¢
polyclonal antibodies are able to detect endogenous TET39*C in somatic cells (Fig. 19C).
These results indicate that the TET3“X¢ polyclonal antibodies are well suited to further

investigate the function of TET39%C,
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Figure 19. Characterization of TET3*¢ polyclonal antiserum. (A) Antigen selected for immunization. TET3
and TET3*¢ were showed as schematic outline, and CXXC motif of TET3“*C was chosen as antigen. (B)
TET3XC polyclonal antiserum recognized GFP-TET3*¢ but not GFP-TET3 in immunofluorescence staining.
Optical sections of fixed BHK cells containing a lacO array cotransfected with plasmids encoding a GBP-Lacl
fusion protein and GFP-TET fusions as indicated. The Lac repressor binds to the /ac operator array and
recruits GFP-TETs through the GBP, which is visualized as a green spot. TET3%*C polyclonal antiserum will
enrich at the lacO array if it recognizes GFP-TETs, which will be visualized as yellow spot after the detection
with Alexa Fluor 594 labeled anti-rabbit secondary antibody. TET3“X¢ polyclonal antiserum recognized GFP-
TET39XC specifically (filled arrow), and did not recognize GFP-TET3 or GFP alone (empty arrow). GFP was
used to control unspecific binding and DAPI was used to show the nucleus. Scale bar: 5um. (C) TET39X¢
polyclonal antiserum recognized GFP-TET3%*¢ and endogenous TET3%*¢ in western blot assay. Cell lysates
from HEK293T cells expressing GFP-TET3 or GFP-TET3“*¢ were detected with TET3“*C polyclonal antiserum.
The same blot probed with an anti-GFP antibody was used as a loading control.
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3.2 DNMT1 ubiquitin interacting motif UIM is required for maintenance of

DNA methylation by binding to UHRF1-dependent H3 ubiquitination

The multi-functional protein UHRF1 is a key factor for regulation of maintenance DNA
methylation by recruiting DNMT1 to its substrates. The association of UHRF1 with
chromatin is mediated by its chromatin binding domains, the hemimethylated CpG
binding SRA domain, the trimethylated H3K9 binding TTD domain and the unmethylated
H3R2 binding PHD domain (Arita, Ariyoshi et al. 2008, Avvakumov, Walker et al. 2008,
Hashimoto, Horton et al. 2008, Qjan, Li et al. 2008, Nady, Lemak et al. 2011, Xie, Jakoncic
et al. 2012, Liu, Gao et al. 2013, Rothbart, Dickson et al. 2013). Cooperative binding of the
TTD domain of UHRF1 to di- and trimethylated histone H3K9 and of the SRA domain to
hemimethylated DNA was described as a prerequisite for targeting DNMT1 to its
substrate and for subsequent DNA methylation (Liu, Gao et al. 2013). Given the
regulatory impact of these two domains, we were interested in how the PHD and RING
domain of UHRF1 may functionally contribute to maintenance DNA methylation by
DNMT1. Data from Dr. Weihua Qin and Patricia Wolf showed that the H3 ubiquitination in
dependence on the PHD-mediated histone-binding and the RING-mediated ubiquitin E3
ligase activity of UHRF1 serves as an indirect targeting mechanism of DNMT1 to

chromatin.

3.2.1 UHRF1 ubiquitinates histone H3 on K18 and K23 residues in mammalian cells

Using Xenopus extracts immunodepleted for DNMT1, H3 was shown to be ubiquitinated
at K23 residue (Nishiyama, Yamaguchi et al. 2013). To map ubiquitination sites on histone
H3 tails in mammalian cells, we performed immunoprecipitations followed by mass
spectrometry. In contrast to the latest publication, the K18 residue of histone H3 was
identified as the ubiquitination site (data not shown; manuscript sumitted). In consistence
with the study on Xenopus extracts, comparison of ubiquitination levels showed that both,

single K18 and K23 mutations to alanine (A) decreased the ubiquitination, suggesting that
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both residues are potential UHRF1 ubiquitination targets (Fig. 20). Notably, the decrease
in H3 ubiquitination was most prominent for the double mutant GFP-H3 K18A-K23A.
Furthermore, we could confirm that the R2 residue of H3 plays a role in H3 ubiquitination

by UHRF1 as the mutant GFP-H3 R2A resulted in reduced ubiquitination levels (Fig. 20).
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Figure 20. UHRF1 ubiquitinates histone H3 at K18 and K23 residues in dependence on R2. Mapping and
quantification of UHRF1 ubiquitination target sites in H3 N-terminal tails and dependence of the
ubiquitination on R2. GFP-H3 constructs carrying R2A, K18A, K23A and K18A-K23A mutations were
transiently co-expressed in HEK293T cells with HA-ubiquitin and after immunoprecipitation with the GFP-
Trap, ubiquitinated GFP-H3 was detected by western blot with an anti-HA antibody. Equal loading of GFP-
H3 (~45 kDa) is shown by the anti-GFP blot below. Quantifications were done with Imagel. Shown are mean
values of four to five independent experiments, error bars indicate SEM.

3.2.2 The DNMT1 UIM mediated binding to ubiquitinated H3 is required for

methylation activity in vivo

To unravel how H3 ubiquitination may contribute to maintenance DNA methylation, we
screened DNMT1 for potential binding motifs. Intriguingly, we found that the N-terminal

regulatory domain of DNMT1 contains an ubiquitin interacting motif (UIM). This motif is
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located in a region spanning from amino acid 380 to 399 of mouse DNMT1 and shows
striking similarity to UIMs of known ubiquitin interacting proteins (Fig. 21A). We were
interested in investigating whether UIM of DNMT1 plays a role in DNA methylation
maintenance. Therefore, we generated GFP-DNMT1 mutants lacking the UIM (GFP-
DNMT1 A356-404). We first tested the interaction between DNMT1 UIM mutant and
UHRF1 and the result indicated that GFP-DNMT1 A356-404 is still able to interact with Ch-
UHRF1 (Fig. 21B). Notably, in comparison to GFP-DNMT1 wt, the interaction between
DNMT1 and UHRF1 is dramatically increased when lacking the UIM domain, which could
be because the deletion of UIM somehow released the autoinhibitory role of TS domain,
therefore leading to the enhanced association between DNMT1 and UHRF1. However,
further comparison on the ubiquitin binding properties between GFP-DNMT1 wt and GFP-
DNMT1 A356-404 as well as functional complementation assay in dnmt17- ESC lines
clearly revealed the GFP-DNMT1 A356-404 showed a defect in the association with
ubiquitinated histone H3 and was not able to reestablish DNA methylation patterns (data
not shown; manuscript sumitted), which indicated a key role of the UIM in DNMT1
targeting via ubiquitinated histone H3 binding and for maintenance DNA methylation in

mammalian cells.
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Figure 21. The TS domain of DNMT1 harbors an ubiquitin interacting motif which is not required for the
interaction between UHRF1 and DNMT1. (A) Schematic outline of the ubiquitin interacting motif UIM in
the TS domain of DNMTL1. A peptide sequence of DNMT1 encompassing amino acid 380 to 399 was aligned
with peptide sequences of proteins previously known to carry UIMs. The UIM consensus sequence is shown
below, ‘©’ denotes hydrophobic residue and ‘e’ denotes negatively charged residues. UniProtKB accession
numbers: DNMT1, P13864; EPS15 (epidermal growth factor receptor substrate 15), P42567; EP15R
(epidermal growth factor receptor substrate 15-like 1), Q60902; STAM2 (signal transducing adapter
molecule 2), 088811; PSMD4 (26S proteasome non-ATPase regulatory subunit 4), 035226; ATX3 (ataxin-3),
Q9CVD2; DNJB2 (DnaJ homolog subfamily B member 2), Q9QYI5; UBP37 (ubiquitin carboxyl-terminal
hydrolase 37), Q8CORO0. (B) Co-immunoprecipitation assay of GFP-DNMT1 and Ch-UHRF1 in vitro. GFP-
DNMT1 wt or A 356-404 were co-expressed with Ch-UHRF1 and after co-immunoprecipitation using the
GFP-Trap, the bound fractions were detected by western blot with specific antibodies against GFP and RFP.
GFP was used as negative control.
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3.3 UHRF1 and USP7 control stability of heterochromatin protein CBX1 by

polyubiquitination

3.3.1 UHRF1 associates and colocalizes with all three CBXs

UHRF1 is an essential factor of DNA methylation, which recruits and modifies DNMT1, but
little is known about other cellular targets of its RING type ubiquitin E3 ligase activity. To
identify novel ubiquitination substrates, we fused two Uba domains with GFP for
detection and precipitation with a nanobody based GFP-Trap. To test the precipitation
efficiency, we transiently expressed HA-tagged ubiquitin together with GFP-2Uba in
HEK293T cells and analyzed the coprecipitated ubiquitinated proteins with an HA
antibody. The comparison with the GFP control showed that GFP-2Uba was highly
efficient in the specific precipitation of ubiquitinated proteins (Dr. Weihua Qin, personal
communication).

We next combined this GFP-2Uba pull down approach with quantitative mass
spectrometry (MS) and identified many UHRF1-dependent ubiquitination targets which
relate to cell cycle, development, RNA processing and heterochromatin formation
pathways. In this study we focused on the heterochromatin proteins CBX1 and CBX3 as
they represent possible new links to UHRF1 and epigenetic regulation.

To independently confirm the MS results, we tested the physical interactions between
UHRF1 and CBX proteins. Since CBX5 shares high sequence and structure similarity with
CBX1 and CBX3, it was also included in the test. We transiently co-expressed UHRF1-GFP
with RFP-CBXs or RFP in HEK293T cells and immunoprecipitated protein complexes with
the RFP-trap, and UHRF1 coimmunoprecipitated with all three CBXs (Fig. 22A). In addition,
with immunofuorescence we also detected the colocalization at heterochromatin region

in the cells between all CBXs and UHRF1 (Fig. 22B).
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Figure 22. UHRF1 associates and colocalizes with all three CBXs. (A) UHRF1 interacts with all three CBX
proteins. RFP-CBX proteins were immunoprecipitated from cells coexpressing UHRF1-GFP with the RFP-Trap
and subjected to western blot analysis with an anti-GFP antibody. (B) Confocal images show colocalization
of all three CBX proteins and UHRF1 at heterochromatin region. Wild type mESCs were transiently
cotransfected with constructs coding for RFP-CBX proteins and UHRF1-GFP and were prepared for confocal
laser scanning microscopy. Nuclear staining was performed with DAPI. Scale bar: 5 um.

3.3.2 UHRF1 is the E3 ligase for ubiquitination of CBX1

Though UHRF1 shows association and colocalization with all three CBX proteins, only GFP-
CBX1 and GFP-CBX3 showed strong ubiquitination in vivo with a F3H assay, and no
ubiquitination was detected for GFP-CBX5 (data not shown). Therefore, we focused on
CBX1 and CBX3 in the following investigations.

The interaction and colocalization data raise the possibility that UHRF1 is the ubiquitin E3
ligase for CBX1 and CBX3 modification. To investigate the ubiquitination of CBX1 and
CBX3 in vivo, we coexpressed GFP-CBX1 or GFP-CBX3 with combinations of HA-ubiquitin
and Ch-UHRF1 in HEK293T cells. Expression of UHRF1 showed a clear increase in
ubiquitinated GFP-CBX1 (Fig. 23A). Using the same assay we could not detect
ubiquitination of CBX3 by UHRF1 (Fig. 23B). These experiments demonstrated that UHRF1

acts as a ubiquitin E3 ligase for the modification of CBX1.
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Figure 23. UHRF1 specifically ubiquitinates CBX1. (A) Ubiquitination of CBX1 by UHRF1. GFP-Trap
immunoprecipitations from HEK293T cells expressing indicated combinations of HA-ubiquitin, GFP-CBX1
and Ch-UHRF1 were detected with an anti-HA antibody. (B) UHRF1 cannot ubiquitinate CBX3 in vivo. GFP-
CBX3 was coexpressed in HEK293T cells with combinations of HA-ubiquitin and Ch-UHRF1. GFP-Trap
pulldowns were probed with an anti-HA antibody. The blot probed with an anti-GFP antibody was used as a
loading control. Quantifications were done with Imagel. Shown are mean values of three independent
experiments, error bars indicate SEM. Statistical difference between values was estimated by t test;
statistical differences are marked by asterisks (*<0.05) or not significant (n.s.).

To identify potential ubiquitination sites we aligned the three CBX protein sequences and
found three lysine residues at the C-terminus of CBX1 not present in CBX3 or CBX5 (Fig.
24A). To investigate whether the C-terminal lysine residues are the ubiquitination sites,
we tested the ubiquitination levels of GFP-CBX1 carrying single lysine to alanine

mutations (K180R, K181R or K184R) or the deletion of the last six amino acids including all
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three lysine residues (GFP-CBX1%/C) (Fig. 24B). While single lysine mutations had little to

no effect, GFP-CBX19'C caused a clear reduction in CBX1 ubiquitination (Fig. 25A and 25B).

mCBX1  —==——————- MGKKQNKKKVEEVLEEEEEEYVVEKVLDRRVVKGKVEYLLKWKGFSDEDN 50
mCBX3 MASNKTTLQKMGKKQNGK-SKKVEEAEPEEFVVEKVLDRRVVNGKVEYFLKWKGFTDADN 59
mCBX5 ~ ——-=—————-—- MGKKTKRT-ADSSSSEDEEEYVVEKVLDRRMVKGQVEYLLKWKGFSEEHN 49
mCBX1 TWEPEENLDCPDLIAEFLQSQKTAHETDK--—--— SEGGKRKADSDSEDKGEESKPKKKK 104
mCBX3 TWEPEENLDCPELIEDFLNSQKAGKEKD——-—————— GTKRKSLSDSES--DDSKSKKKR 108
mCBX5 TWEPEKNLDCPELISEFMKKYKKMKEGENNKPREKSEGNKRKS-SFSNS—=ADDIKSKKKR 107
mCBX1 EES-EKPRGFARGLEPERI IGATDSSGELMFLMKWKNSDEADLVPAKEANVKCPQVVISE 163
mCBX3 DAA-DKPRGFARGLDPERIIGATDSSGELMFLMKWKDSDEADLVLAKEANMKCPQIVIAF 167
mCBX5 EQSNDIARGFERGLEPEKIIGATDSCGDLMFLMKWKDTDEADLVLAKEANVKCPQIVIAF 167
mCBX1 YEERLTWHSYPSEDDDKKDDKN-- 185
mCBX3 YEERLTWHSCP-EDEAQ-———-———— 183
mCBX5 YEERLTWHAYPEDAENKEKESAKS 191
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Figure 24. Alignment of mouse heterochromatin protein CBXs and schematic structure of CBX1 and its
mutants. (A) Alignment of mouse heterochromatin proteins CBX1, CBX3 and CBX5. The lysine residues
specific for CBX1 are highlighed in yellow. Accession number: CBX1 NP_031648.1; CBX3 AAI10377; CBX5
AAHO04707. (B) Schematic structure of CBX1 and its mutants. Single lysine to alanine mutations (K180R,
K181R or K184R) or the deletion of the last six amino acids including all three lysine residues (GFP-CBX1%¢)
were generated to test whether these mutations affect the ubiquitination of GFP-CBX1.
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Figure 25. Characterization of CBX1 substitution mutants to narrow down ubiquitination sites in CBX1 by
in vivo ubiquitination assay. (A) GFP-CBX1 and its mutants were coexpressed with HA-ubiquitin in HEK293T
cells and immunoprecipitated using the GFP-Trap. Immunoprecipitations were analyzed with an anti-HA
antibody. The GFP-CBX1%/C had a clear effect on the ubiquitination of CBX1, whereas single lysine
substitutions (K180R, K181R or K184R) had little to no effect with ubiquitination levels similar to the wild
type protein. (B) Immunoprecipitations comparing GFP-CBX1 wt and C-terminal deletion mutant (GFP-
CBX19I%) further indicated that CBX1 ubiquitination occurs at its C-terminus.

3.3.3 Association between UHRF1 and CBX1 is independent of PxVxV motif

To map the domains that mediate the interaction with CBX1, we generated several
expression vectors encoding the five distinct UHRF1 domains for Co-IP and found a weak
interaction of the SRA domain with CBX1 (Fig. 26A and 26B). Most CBX1-interacting
proteins contain a consensus peptide pentamer PxVx[M/L/V] that is also present in the
SRA domain (Fig. 27A, Thiru et al.,, 2004; Huang et al., 2006). To test whether the
interaction between CBX1 and UHRF1 is PxVxV-dependent, we mutated the conserved
valine residues to aspartic and glutamic acid residues (Fig. 27B). Co-IP experiments
showed the interaction was not affected by disruption of PxVx[M/L/V] motif, suggesting
that the association between UHRF1 and CBX1 is independent of this motif (Fig. 27C).
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Figure 26. Mapping the domains of UHRF1 responsible for interaction with CBX1. (A) Schematic structure
of UHRF1 and its domains fused to GFP used for co-immunoprecipitation. (B) Co-immunoprecipitation to
map the interaction between UHRF1 and CBX1. UHRF1 and its domains were coexpressed with RFP-CBX1 in
HEK293T cells. Immunoprecipitations performed with GFP-Trap were analyzed using indicated antibodies
Fig. 26B was from Dr. Weihua Qin.
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Figure 27. Association between UHRF1 and CBX1 is independent of PxVx[M/L/V] motif. (A) Alignment of
HP1/CBX binding motif in different proteins (Thiru, Nietlispach et al. 2004, Huang, Myers et al. 2006). Yellow
shaded amino acids are highly conserved. Accession numbers: CAF1 NP_038761; TIF1 alpha NP_056989;
TIF1 beta NP_035718; IDN3 NP_056199; TAF4A NP_001074561; UHRF1 NP_001104548. (B) Schematic
structure of UHRF1 and its substitution mutant in the PxVx[M/L/V] motif. (C) The interaction between CBX1
and UHRF1 is independent of the PxVx[M/L/V] motif. GFP-CBX1 was coexpressed in HEK293T cell with Ch-
UHRF1 or Ch-UHRF1 mutant and immunoprecipitated with the GFP-Trap. Immunoprecipitations were
subjected to western blot analysis and probed with indicated antibodies.
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3.3.4 USP7 stabilizes CBX1 by deubiquitination

We and other groups previously showed that USP7 physically interacts with both DNMT1
and UHRF1 and controls their ubiquitination status (Du, Song et al. 2010, Qin, Leonhardt
et al. 2011, Ma, Chen et al. 2012). Interestingly, Co-IP experiments revealed interactions
of USP7 with all three of CBX proteins (Fig. 28A). To determine whether USP7 affects the
ubiquitination level of CBX1, HEK293T cells were cotransfected with GFP-CBX1 in
combination with HA-ubiquitin and Ch-USP7 expression constructs. Western blot analyses
showed that GFP-CBX1 polyubiquitination was reduced to undetectable levels by
coexpression of Ch-USP7, but not the catalytically inactive point mutant Ch-USP7%??%S (Fig.
28B).
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Figure 28. USP7 stabilizes CBX1 by deubiquitination. (A) USP7 interacts with all three CBX proteins. RFP-
CBX proteins were immunoprecipitated with RFP-Trap from HEK293T cells coexpressing GFP-USP7 followed
by western blot analysis with the indicated antibody. (B) Deubiquitination of CBX1 by USP7. GFP-Trap
pulldowns from HEK293T cells expressing indicated combinations of HA-ubiquitin, GFP-CBX1, Ch-USP7 and
Ch-USP7¢2%% were analyzed by western blot analysis with an anti-HA antibody. These data were from Dr.
Weihua Qin.
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4.1 Regulation of TET enzymes via CXXC domains in cis and in trans

Since the first description of their enzymatic activity of oxidizing 5mC to 5hmC in 2009,
TET family proteins have become a focus of substantial interest. In the past five years, TET
enzymes have been extensively studied from several aspects including identification of
interacting partners, crystal structural analyses, loss of function studies in ESCs and
mouse, genome-wide profile determination of binding sites as well as the oxidized bases
5hmC, 5fC and 5caC. Growing evidence suggests that TET proteins play an important role
in gene expression and cell differentiation, but how TET proteins regulate their target

genes remains to be elucidated.

4.1.1 Regulation of TET proteins via CXXC domains in cis

TET proteins are relatively large size protein, but very few domains have so far been
reported. The only well characterized module is a C-terminal catalytic domain, composed
of a cysteine-rich and a DSBH domain, which oxidizes 5mC in a 2-OG and Fe?*-dependent
manner and is present in all three TET family members (Tahiliani, Koh et al. 2009). The
DSBH domain has a central DSBH core which forms the catalytic cavity for binding the
DNA substrate and catalyzing the base modification (Hu, Li et al. 2013). The cysteine-rich
domain locating next to DSBH domain, though it does not form an independent structural
unit, has an essential role for the enzymatic activity of TET proteins by stabilizing the DNA
above the DSBH core (lyer, Tahiliani et al. 2009, Tahiliani, Koh et al. 2009, Hu, Li et al.
2013).

While the C-terminal part of TET proteins is relatively well characterized, little is known
about the N-terminal regulatory domain. The only domain identified is the N-terminal
CXXC domain in TET1, in contrast, none of human and mouse TET2 and TET3 containing
such domains. As CXXC domains generally serve as selective DNA binding domain, it raises
the possibility that CXXC-mediated DNA binding might target TET1 to its DNA substrates.
With in vitro DNA binding assays, we and others showed the slight binding preference of
CXXC to unmethylated DNA (Xu, Wu et al. 2011, Liu, Wang et al. 2013). These results are

also consistent with previous report that CXXC™™ has strong binding property to CpG-rich
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DNA sequences and are consistent with genome-wide occupancy analyses of TET1
proteins preferentially localize to unmodified CpG-rich promoters and genic regions in
mouse ESCs (Fig. 29A) (Williams, Christensen et al. 2011, Wu and Zhang 2011). Although
the CXXC domain of TET1 shows binding affinity to unmethylated DNA, it is not required
for oxidation activity in vivo (Tahiliani, Koh et al. 2009, Zhang, Zhang et al. 2010),
suggesting that there might be other elements in the regulatory domain involved in
targeting TET1 to its DNA substrates.

In a search of functional domains, none of the known DNA binding motifs was identified
in the regulatory domain of annotated TET2 and TET3. Interestingly, we here showed a
novel isoform of TET3 with a CXXC motif in the N-terminal domain (TET3“*¢), Consistent
with our study, TET3XC protein was also identified in Xenopus and human cell lines (Xu,
Xu et al. 2012). Similar to other CXXC domains, TET3 CXXC motif is also able to bind
unmethylated DNA in in vitro DNA binding assays (Fig. 29C). We showed that TET3“XXC
reduces mobility in nuclei and shows higher conversion of 5mC to 5hmC in comparison to
TET3 without CXXC zinc finger domain, suggesting that CXXC-mediated DNA binding might
facilitate TET3 enzymatic activity which is consistent with a recent report that TET3
carrying a deletion of the CXXC domain resulted in a globally reduced 5hmC level in the
genome of Xenopus embryos (Xu, Xu et al. 2012). With gPCR analyses, the transcript level
of TET3“XXC significantly increased upon differentiation from ESCs to neural stem cells
(NSCs), suggesting that TET3“*C might be functionally important for neuronal
differentiation. Indeed, several studies have reported a role of TET3 in mouse brain
development. In embryonic cortex, an increase of TET2/TET3“*C expression level is
observed when neural progenitor cells differentiate into neurons, and knockdown of
TET2/TET3 results in neuronal differentiation defects (Hahn, Qiu et al. 2013). TET3
knockout mice are viable through development and die on postnatal day one, but it is still
unknown whether the perinatal lethality is linked to neurological development defects or
not (Gu, Guo et al. 2011). A recent paper reported that TET3-mediated accumulation of
5hmC in adult cortex is associated with rapid behavioral adaptation (Li, Wei et al. 2014).
Deletion of TET3%*C in Xenopus causes defects in early eye and neural development, and

importantly, both CXXC domain and catalytic domain are essential for its role in gene
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regulation and embryonic development (Xu, Xu et al. 2012). According to these data, both
mouse and Xenopus TET3XC gre likely to play a role in the development of the neuronal
system. However, current functional studies on TET3 did not distinguish these two
isoforms especially for knockdown or knockout assays, therefore cannot tell whether
these effects are due to one or more specific isoforms. Further work focusing on specific
gene deletion of different TET3 isoforms should provide insight into the functional

similarity and differences of TET3%*X¢ and TET3 during development.
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Figure 29. Schematic representation of CXXC domains in genomic targeting of TET proteins. (A) TET1
contains an N-terminal CXXC domain targeting TET1 protein to CpG-rich region where TET1 catalyzes 5mC
oxidation. It is unclear whether CXXC4 is involved in regulating TET1 function. (B) CXXC4 might be involved
in the genome targeting of both TET2 and TET3 without CXXC domain. CXXC4 preferentially binds chromatin
regions containing unmethylated CpG dinucleotides, and then recruits TET2 to these specific DNA regions to
oxidize 5mC. Concomitantly, DNA-bound CXXC4 activates caspases which cleave both TET2 and CXXC4
resulting in subsequent TET2 degradation (modified from Ko et al. 2013). Moreover, CXXC4 also interacts
with TET3. Based on the high expression level of CXXC4 and TET3 in brain tissues we proposed that CXXC4
might constitute another targeting mechanism of TET3 in brain cells. But it is unknown whether CXXC4 also
activates caspases to degrade TET3. (C) TET3“C can be targeted to CpG-rich regions by its CXXC domain
where it exerts its enzymatic activity.

4.1.2 Regulation of TET proteins via CXXC domains in trans

In contrast to TET1 and TET39*C, TET2 does not contain any known DNA binding motif,
suggesting the existence of an alternative way to target TET2 to its DNA substrates.
Supporting this idea, another research suggested that the CXXC domain of TET2 was
separated from the catalytic domain during vertebrate evolution, and the separated
region now encodes CXXC4 (Ko, An et al. 2013). CXXC4 physically interacts with and
targets TET2 for destruction via caspase-dependent mechanisms (Fig. 29B), which
depends on the DNA binding affinity of the CXXC4 CXXC domain (Ko, An et al. 2013).
Interestingly, with genomic analyses we showed that tet2 and tet3 genes are adjacent to
cxxc4 and cxxcl10 respectively in human and mouse (Katoh and Katoh 2004, Frauer,
Rottach et al. 2011), which suggests CXXC4 and CXXC10 might play a role in the
recruitment of TET proteins to chromatin. Indeed, besides the association of TETs with a
distinct group of CXXC domains in cis, we observed interactions between TET proteins and
CXXC4, supporting the idea that CXXC4 might function as potential targeting partners. We
observed that TET3 shows the strongest association with CXXC4 jn vivo in comparison
with TET1 and TET2 using a mammalian F3H assay, however, we failed to detect
coimmunoprecipitation of any mouse TET proteins with CXXC4 fluorescent fusion
constructs overexpressed in HEK293T cells, which may be due to the lack or limiting
endogenous levels of bridging factors or posttranslational modifications in these cells.

CXXC4 was shown to regulate TET2 enzymatic activity by controlling its abundance (Ko,

93



4 Discussion

An et al. 2013), but it is unclear whether CXXC4 also plays a role in regulating TET3
stability in vivo (Fig. 31B). Furthermore, we noted that the ratio of TET3 to TET3%XC
transcripts was much higher in brain regions relative to other tissues where CXXC4
transcripts were more abundant, which suggests that CXXC4 might contribute to context
specific functions of TET3 in distinct cell types and developmental stages (Fig. 29B).
Further investigations are needed to assess how CXXC4 regulates TET3 function in vivo.
Taken together, our work and other recent studies proved that there are general
connections between CXXC type zinc finger modules and TET proteins, either containing
their own zinc finger domain (TET1 and TET3) or regulated by a closely related
independent zinc finger protein (TET2 and TET3). To address the role of CXXC in
recruitment of TET proteins, loss-of-function experiments have to be performed in the
future.

Association with distinct CXXC domains may also modulate TET protein function by
additional mechanisms. CXXC4 was shown to antagonize Wnt signaling by competing with
Axin for binding to DVL, thus leading to destabilization of B-catenin (Hino, Kishida et al.
2001, Michiue, Fukui et al. 2004). B-catenin stabilization by DVL occurs in the cytoplasm,
and nuclear DVL has been shown to interact with the C-JUN/TCF/B-catenin transcriptional
complex and to be required for activation of Wnt signaling pathway (Fig. 30A). (Torres
and Nelson 2000, Itoh, Brott et al. 2005, Gan, Wang et al. 2008). As CXXC4 is
predominantly nuclear it would be interesting to investigate whether CXXC4 and TET
proteins are involved in nuclear TCF/B-catenin transcriptional complexes and affect
transcription of their target genes. A KTXXXI motif within the CXXC domain of CXXC4 was
previously shown to be minimally required for the interaction with DVL (London, Lee et al.
2004), though poorly conserved in the CXXC domain of vertebrate TET3*C isoforms, it is
present in TET3 protein rather than TET1 and TET2. TET3 and CXXC4 might compete with
the C-JUN to interact with DVL, thus inhibit B-catenin-dependent gene transcription (Fig.
30B). Differential expression of TET3 isoforms and interaction with CXXC4 may therefore

modulate the recruitment of TET3 to TCF/B-catenin complexes.
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Figure 30. A model for involvement of CXXC4 and TET3 in the transcriptional complex in the canonical
Whnt signaling pathway. (A) In the canonical Wnt signaling pathway, nuclear DVL interacts with C-JUN to
form a complex with B-catenin/TCF/LEF on the promoter of Wnt target genes and regulates gene
transcription such as MYC and Cyclin D1. (B) TET3 might interact with DVL directly or be recruited by CXXC4
to DVL to inhibit its association with C-JUN, thus inhibit the B-catenin/ TCF/LEF transcriptional activity.

In addition to zinc finger proteins, TET proteins have been found to interact with many
differentiation-related factors such as NANOG, PPARy and PRDM14 (Costa, Ding et al.
2013, Fujiki, Shinoda et al. 2013, Okashita, Kumaki et al. 2014), and chromatin-associated
proteins involved in transcription activation including OGT and SET/COMPASS complex or
transcription repression such as SIN3A and NURD complexes (Williams, Christensen et al.
2011, Chen, Chen et al. 2013, Deplus, Delatte et al. 2013, Shi, Kim et al. 2013, Vella, Scelfo
et al. 2013, Zhang, Liu et al. 2014). Further research is necessary to untangle the intricate
networks of TET proteins with the chromatin environment and fully understand the
biological functions of TET proteins as well as their oxidized bases. These studies might

also facilitate the development of therapeutic drugs for TETs related diseases.
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4.2 Functions of UHRF1 in targeting DNMT1 to hemimethylated DNA

substrates

Spatial and temporal control of DNA methylation in the genome is essential for normal
development and is associated with a number of key cellular processes including genomic
imprinting, X-chromosome inactivation, suppression of repetitive elements, and
carcinogenesis. As maintenance DNA methyltransferase, DNMT1 is ubiquitously
expressed in proliferation cells and shows an aberrant expression in certain tumors
(Leonhardt, Page et al. 1992, Robert, Morin et al. 2003). Thus, to understand the
mechanism of DNMT1 catalyzed maintenance DNA methylation has been of interest for
researchers in the past two decades. The hemimethylated DNA is the prefered substrate
of DNMT1 and is produced through semi-conservative DNA replication. Though DNMT1
colocalizes with DNA replication foci during S phase in living cells, it shows low
preferential binding to hemimethylated DNA substrates in vitro, suggesting that
additional cofactors must be required for recruitment of DNMT1 to hemimethylated CpG
sites. The multi-domain protein UHRF1 was identified as an essential factor for the
regulation of maintenance DNA methylation by targeting DNMT1 to its substrates. UHRF1
contains several chromatin binding domains, including a TTD and a PHD domain that bind
H3K9me2/3, and a SRA domain that binds hemimethylated DNA (Arita, Ariyoshi et al.
2008, Avvakumov, Walker et al. 2008, Hashimoto, Horton et al. 2008, Qian, Li et al. 2008,
Nady, Lemak et al. 2011, Xie, Jakoncic et al. 2012, Liu, Gao et al. 2013, Rothbart, Dickson
et al. 2013). These chromatin binding domains of UHRF1 together with the Ubl and RING
domain are essential for properly recruiting DNMT1 to chromatin for maintenance DNA

methylation.

4.2.1 Direct targeting mechanism mediated by the SRA domain

In comparison to de novo DNA methyltransferases DNMT3A and 3B, DNMT1 contains a
relatively large regulatory N-terminal domain that is essential for its methylation activity.
Each N-terminal functional domain in DNMT1 was tested in order to determine the

essential domain for recruiting DNMT1 to its DNA substrates. Although PBD domain
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mediated PCNA association recruits DNMT1 to DNA replication foci, this interaction is not
required for maintenance DNA methylation (Spada, Haemmer et al. 2007). The CXXC zinc
finger shows binding preference for unmethylated DNA substrates, but is also not
required for DNMT1 activity (Frauer, Rottach et al. 2011). However, based on crystal
structure of DNMT1, DNMT1 CXXC domain seems to have an autoinhibition role in DNA
methylation maintenance, in which the CXXC domain specifically binds to unmethylated
CpG dinucleotides and occludes it from the active sites of DNMT1 to prevent de novo
methylation activity (Song, Rechkoblit et al. 2011, Song, Teplova et al. 2012). In contrast
to the PBD and CXXC domains, we found here that the TS domain is the only functional
domain essential for directly targeting DNMT1 to hemimethyalted DNA substrates and is
required for maintenance DNA methylation. The DNMT1 TS domain also shows binding
ability to trimethylated H3K9, which is one possibility to explain its function in
recruitment of DNMT1 to DNA substrates (data not shown; manuscript sumitted).
Consistently, TS domain deletion mutants show a faster kinetics and a weaker association
with chromocenters in S phase when transiently expressed in mouse fibroblasts,
suggesting that the TS domain is involved in DNMT1 targeting (Schneider, Fuchs et al.
2013).. We propose that TS domain mediated chromatin association might be one
prerequisite for DNMT1 recruitment and maintenance DNA methylation activity.

Similar to DNMT1, cofactor UHRF1 also shows significant binding preference for
hemimethylated DNA substrates that is mediated by its SRA domain (Sharif, Muto et al.
2007, Arita, Ariyoshi et al. 2008, Avvakumov, Walker et al. 2008, Delagoutte, Lallous et al.
2008, Hashimoto, Horton et al. 2008, Qian, Li et al. 2008). It is possible that
hemimethylated DNA binding by UHRF1 allows DNMT1 to specifically methylate the
unmodified cytosine base on the opposite strand (Hashimoto, Horton et al. 2009,
Hashimoto, Vertino et al. 2010). This model is quite tempting since hemimethylated CpG
is the substrate of DNMT1, but it is unlikely that DNMT1 catalytic domain and UHRF1 SRA
domain are able to bind simultaneously to the same site due to the steric clashes
between these two proteins (Arita, Ariyoshi et al. 2008, Song, Teplova et al. 2012).
Somehow the SRA domain of UHRF1 must be released from the reaction site to allow

DNMT1 access to its substrate (Hashimoto, Vertino et al. 2010). This suggests that UHRF1
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might first bind to hemimethylated sites which are then bound by DNMT1, after that
UHRF1 is displaced and DNA methylation occurs (Hashimoto, Vertino et al. 2010).
Consistent with previous publications, we also showed that the SRA domain mediates the
association with DNMT1 and pointed out that the interaction between DNMT1 and
UHRF1 is essential for maintenance DNA methylation (data not shown; manuscript
sumitted). Thus, TS domain and SRA domain were characterized as essential elements for

directly targeting DNMT1 to its substrates.

4.2.2 Indirect targeting mechanism coordinated by RING and PHD domains

The physical interaction between DNMT1 and UHRF1 is essential but not sufficient for
maintenance of DNA methylation, suggesting that there might be an intermediate
connecting UHRF1 and DNMT1 at replication sites (Song, Rechkoblit et al. 2011, Arita,
Isogai et al. 2012, Nishiyama, Yamaguchi et al. 2013). A recent paper showed that UHRF1
mutants deficient in either SRA domain mediated hemimethylated CpG binding or TTD-
PHD mediated H3K9me2/3 binding, were still able to target DNMT1 to replication sites for
DNA methylation (Liu, Gao et al. 2013). Different from this finding, we and others found
that point mutations in the PHD domain abolished the function of UHRF1 in maintenance
DNA methylation (Rothbart, Dickson et al. 2013). These distinct results might be due to
the different mutations in the PHD domain of UHRF1 tested. Besides the PHD domain, our
data also show that the RING domain mutant still interacts with DNMT1 and does not
affect the localization of UHRF1, but DNMT1 does not colocalize with these two UHRF1
mutants and shows a dispersed distribution in the nucleus (data not shown; manuscript
sumitted). Also, these two mutants are unable to fully rescue the DNA methylation level
in uhrf17- ESCs. Therefore, though RING and PHD domains do not affect interaction with
DNMT1 directly, they are indispensable for targeting DNMT1 for maintenance DNA
methylation.

Considering that the RING domain of UHRF1 has been reported to preferentially
ubiquitinate histone H3 and DNMT1 (Citterio, Papait et al. 2004, Karagianni, Amazit et al.
2008, Du, Song et al. 2010, Qin, Leonhardt et al. 2011), we made use of mass
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spectrometry to identify UHRF1-dependent ubiquitination targets and found that histone
H3 is the substrate of UHRF1 in core histones. In addition, we further mapped the
ubiquitination sites of histone H3 by UHRF1 with mass spectrometry and mutational
analyses. Our data demonstrated that UHRF1 ubiquitinates histone H3 both on the K18
and K23 sites which is in consistence with a recent report showing that K23 residue of
histone H3 is an ubiquitination target site of UHRF1 in Xenopus eggs (Nishiyama,
Yamaguchi et al. 2013). Besides K23, we showed that K18 is the major ubiquitination
target in mammalian cells. Considering that histone H3 is highly conserved throughout
evolution, these different mapping results might result from the different materials used
in the experiments. Ubiquitinated histone H3 was proposed to provide a docking site for
DNMT1 binding and thereby maintain DNA methylation (Nishiyama, Yamaguchi et al.
2013). Remarkably, we found, to our knowledge for the first time, that DNMT1 contains a
ubiquitin interacting motif (UIM) in the N-terminal part of the TS domain. This UIM is
responsible for recruitment of DNMT1 to chromatin as UIM mutants showed a defect in
the association with ubiquitinated histone H3 and H2A. Also UIM mutants of DNMT1
were unable to restore DNA methylation pattern in dnmtl”" ESCs. Although the
ubiquitination of H2A is one of the most abundant modifications in core histones, its
functions in recruitment of DNMT1 to chromatin are still unknown. An interesting
question to be answered is whether other essential factors are involved in targeting
DNMT1 to chromatin in addition to UHRF1. We proposed that UHRF1 mediates
ubiquitination of H3 at K18 and K23 residues providing the binding sites for the UIM of
DNMT1, which is essential for propagation of DNA methylation after replication.

The PHD domain is one of the elements in UHRF1 for recruiting DNMT1 to its DNA
substrates because of its binding affinity for unmethylated H3R2. Interestingly, we also
observed that the ubiquitination level of histone H3 could not be rebuilt in uhrf17- ESCs
stably expressing UHRF1 PHD mutant (data not shown; manuscript sumitted). This finding
suggests that the PHD domain mediated chromatin association of UHRF1 might be a
prerequisite for ubiquitination of histone H3. Thus, all functional domains in UHRF1
contribute to recruit DNMT1 to its substrates via either direct binding to chromatin or

setting up docking sites for DNA methyltransferase. Although we do not have strong
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supporting evidence, the functional domains of UHRF1 might coordinately work together
to precisely regulate maintenance DNA methylation. To sum up, we proposed a direct and
an indirect mechanism of DNMT1 targeting by UHRF1. In addition to SRA domain
mediated recognition of hemimethylated DNA by UHRF1, TTD and PHD mediated histone
binding serves as the first step in both mechanisms to ensure the proper recruitment of
UHRF1 to appropriate genomic loci. Then the second step of the direct targeting
mechanism is the TS domain of DNMT1 interacting with the SRA domain of UHRF1. In the
second step of the indirect targeting mechanism, UHRF1 ubiquitinates histone H3 at K18
and K23 residues and thus provides a platform for the binding of DNMT1. In the third step,
the UIM in the TS domain mediates binding of DNMT1 to ubiquitinated H3.

4.2.3 Chromatin association of DNMT1 is regulated by dynamic posttranslational

modifications

As component of the DNMT1-UHRF1 complex, the ubiquitin specific protease USP7 was
reported to function in stabilizing DNMT1 and UHRF1 via deubiquitination (Du, Song et al.
2010, Felle, Joppien et al. 2011, Qin, Leonhardt et al. 2011, Ma, Chen et al. 2012). This
raises the possibility that USP7 might also control the ubiquitination status of histone H3
as an antagonist of UHRF1, thus dynamically regulating the association of DNMT1 with
chromatin. To answer this question, the ubiquitination of histone H3 and DNA
methylation levels should be checked in USP7 depleted cells. In addition to the potential
function in regulation of H3 ubiquitination status, USP7 is able to enhance DNMT1 activity
in vitro (Du, Song et al. 2010, Felle, Joppien et al. 2011, Qin, Leonhardt et al. 2011), which
might be due to the interaction between the Ubl domain of USP7 and the TS domain of
DNMT1 (Felle, Joppien et al. 2011, Qin, Leonhardt et al. 2011). Crystal structural analyses
revealed that the TS domain likely acts as an autoinhibitory region for DNMT1
methyltransferase activity (Fig. 31A, 31B and 31C). Thus UIM-mediated binding to
ubiquitinated H3 or Ubl domains might release the TS domain from the DNA binding
pocket and thereby contribute to the activation of its methyltransferase activity. All these

data indicate that USP7 likely plays a role in controlling chromatin structure. USP7 and
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UHRF1 might work together to modulate the ubiquitination status of histone H3 as well
as DNMT1 and dynamically regulate the stability and association of DNMT1 with
chromatin (Fig. 31A).

In addition to ubiquitination, K18 and K23 residues on histone H3 were previously
reported to be mostly modified by acetylation (Kurdistani, Tavazoie et al. 2004, Wang,
Zang et al. 2008). Lysine acetylation is generally associated with gene activation by
weakening electrostatic interactions between histone tails and DNA, thus providing a
more open chromatin structure. H3K18ac has been reported mainly locating in the region
surrounding transcription start sites and positively correlates with gene expression (Wang,
Zang et al. 2008). It is very likely that acetylation at these sites prevents further
ubiquitination of H3K18 through a direct competition, thereby prevents the binding and
silencing effect of DNMT1 (Fig. 31A). Besides the direct competition between these two
lysine modifications, more complicated and indirect processes might also connect these
two signaling pathways. For example, treatment with HDAC inhibitors not only causes
accumulation of acetylated histones, but also induces global and gene-specific DNA
demethylation (Ou, Torrisani et al. 2007), which occurs even when DNA replication is
blocked. More importantly, DNMT1 was also reported to be decreased both at mRNA and
protein level after HDAC inhibitors treatment, suggesting that acetylation has different
profound effects on maintenance DNA methylation (Arzenani, Zade et al. 2011). Taken
together, UHRF1-mediated histone ubiquitination might work together with histone
acetylation to regulate chromatin structure and thereby affect gene expression. It would
be interesting to further investigate the site-specific and global acetylation level in cell

lines stably expressing RING and PHD mutations of UHRF1.
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Figure 31. Potential regulatory factors in targeting DNMT to DNA substrates. (A) Histone acetylation on
K18 and K23 residues and USP7-mediated deubiquitination might work together with UHRF1 to modulate
the ubiquitination status of histone H3 and thereby dynamically regulate association of DNMT1 with
chromatin. In addition, the binding to ubiquitinated H3 might lead to conformational change of TS domain
and release the inhibitory effect on methyltransferase activity of DNMT1. (B) Cartoon model of mouse
DNMT1 (amino acids 291-1620). The TS domain (magenta) plugs into the DNA binding pocket of the
catalytic domain (cyan) (PDB: 3AV4). (C) Superposition of DNMT1 structure showing the sterical clash
between the TS domain and DNA substrate. The structure from Takeshita et al. starts with the TS domain
(pink; TS domain in surface representation) (Takeshita, Suetake et al. 2011), whereas the shorter structure
from Song et al. starts with the CXXC domain (Song, Rechkoblit et al. 2011) and is solved in complex with
unmethylated DNA (DNA in blue and remaining structure in green; PDB: 3PT6).
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4.3 Potential roles of UHRF2 in epigenetics

UHRF2, the second member of the UHRF family proteins, is highly similar to UHRF1 both
in sequence and structure. UHRF2 also interacts with DNMT1, DNMT3A/3B and G9A, and
binds to H3K9me2/me3 through its TTD domain (Pichler, Wolf et al. 2011, Zhang, Gao et
al. 2011). However, UHRF2 is unable to target DNMT1 to replication foci possibly due to a
wider binding pocket of the SRA domain which shows optimal binding for fully
hydroxymethylated DNA (Zhou, Xiong et al. 2014), thus providing a mechanistic
explanation for UHRF2 inability to rescue DNA methylation defects in uhrfl”/- ESCs.
Surprisingly, the recruitment of DNMT1 to DNA replication foci by UHRF1 still occurs with
SRA domain mutant that lacks hemi-methylated CpG binding (Liu, Gao et al. 2013), which
suggests that this is unlikely to be the only reason for UHRF2 incompetence for DNMT1
targeting. We here showed that RING domain mediated histone H3 ubiquitination is
indispensable for recruitment of DNMT1 to appropriate genomic loci. Although the RING
domain in UHRF family is highly similar, it is possible that E3 ligase activity on H3 might be
also limited to UHRF1, which would be another explanation for the failure of UHRF2 to
target DNMT1 to replication foci. The comparison of ubiquitin targets between UHRF1
and UHRF2 should shed new light on the distinct functions of UHRF2 in epigenetics.

Recently, UHRF2 was reported as a specific reader of 5hmC (Spruijt, Gnerlich et al. 2013,
Zhou, Xiong et al. 2014), providing new insights into its biological functions in DNA
demethylation. The direct binding of UHRF2 to 5hmC might protect it from further
oxidization by TET enzymes (Fig. 32A). Compared with the 5hmC level, 5fC and 5caC are
present in mammalian cells at much lower levels, only 20 5fC and 3 5caC are found in
every 10° cytosines (He, Li et al. 2011, Ito, Shen et al. 2011, Pfaffeneder, Hackner et al.
2011). How TET enzymes select 5hmC for further processing is still unclear, but it is
possible that most 5hmC are blocked by specific 5hmC readers and TET proteins can only

work on the bare and accessible 5ShmC bases.
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Figure 32. Diverse roles of UHRF2 in regulating TETs functions. (A) UHRF2 binding to 5hmC might prevent
further oxidation. TETs can only oxidize unprotected 5hmC to 5fC and 5caC, which would be recognized and
removed by TDG, and finally restore cytosine by BER. (B) SRA domain mediated UHRF2 binding to 5hmC
might target TETs to oxidize adjacent 5mC, or TTD and PHD mediated H3K9me3 binding might work
together with the SRA domain to recruit TETs to oxidize specific regions of chromatin. 5hmC strongly
inhibits the binding of MBD1/2, DNMT1, UHRF1, HDACs and H3K9MT to chromatin, therefore is thought to
activate gene expression. (C) UHRF2 harbors a RING domain which might ubiquitinate TETs leading to
degradation (polyubiquitination) or further regulating their cellular location or enzymatic activity

(monoubiquitination).

Since UHRF2 tightly associates with chromatin via its multiple domains, it might target
TET proteins to chromatin to regulate gene expression (Fig. 32B). In support of this idea, it
was shown that overexpression of UHRF2 together with TET1 catalytic domain increases
the levels of 5hmC, 5fC and 5caC (Spruijt, Gnerlich et al. 2013), suggesting that UHRF2

might promote repetitive oxidation of 5mC. UHRF2 might recruit TET proteins to these
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regions to oxidize 5mC, which will block the binding of UHRF1, DNMT1, HDACs, H3K9
methyltransferases (H3K9MT) and MBD proteins to chromatin, thus induce
transcriptional activation.

In addition to function as a targeting partner, UHRF2 might also regulate the function of
TETs as a protein modifier. TET proteins all have a large N-terminal regulatory domain
which might be subjected to many posttranslational modifications. All three TET proteins
can be O-GIcNAcylated by OGT which regulates TET protein function either by controlling
protein abundance or subcellular localization (Chen, Chen et al. 2013, Shi, Kim et al. 2013,
Vella, Scelfo et al. 2013, Zhang, Liu et al. 2014). UHRF2 contains a RING domain which has
auto-ubiquitination activity (Mori, Li et al. 2004), and ubiquitinates different cyclins and
PEST proteolytic signal-containing nuclear protein (PCNP), thus plays an essential role in
cell cycle regulation (Mori, Li et al. 2004, Mori, Ikeda et al. 2011). It is tempting to propose
that after setting up 5hmC pattern, TET proteins might also be ubiquitinated by UHRF2
which tags TETs for proteasomal degradation or altering their cellular location, activity or
protein interactions (Fig. 32C). Interestingly, ubiquitin E3 ligase UHRF2 was reported as a
SUMO E3 ligase (Oh and Chung 2013), so further studies should investigate whether TETs
could be SUMOylated by UHRF2.

To verify these hypotheses, localization of UHRF2, TETs, TDG and different oxidized
cytosine derivatives could be studied during the cell cycle to have first hints whether
these proteins interact with each other or not, then global- and site-specific 5hmC
changes in UHRF2 depleted cells could be investigated to determine whether UHRF2
negatively or positively affects enzymatic TET activity. Besides, ChlIP assay is also needed
to determine UHRF2 associated specific genomic regions which might indicate its

biological functions.
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4.4 Regulatory role of UHRF1 in chromatin dynamics

In addition to its role in controlling the maintenance of DNA methylation, UHRF1 is also
involved in the control of large-scale reorganization and aggregation of chromocenters
(Papait, Pistore et al. 2007, Papait, Pistore et al. 2008). Depletion of UHRF1 led to a
reduced number and increased size of chromocenters, whereas ectopic expression of
UHRF1 led to decondensation of chromocenters (Papait, Pistore et al. 2008), which
suggests that UHRF1 contributes to dynamic changes of chromatin. To gain insights into
the E3 ligase activity of UHRF1 in chromatin organization, we established a novel
approach to detect ubiquitination in vitro and in living cells. Applying this method, we

successfully identified UHRF1-dependent targets related to different regulatory pathways.

4.4.1 A novel approach to detect ubiquitination in vitro and in living cells

Ubiquitination is a key posttranslational modification of protein, which is essential for
regulation of protein homeostasis and plays a central role in numerous processes like
DNA damage repair, signal transduction pathways and innate immune responses
(Haglund and Dikic 2005, Ravid and Hochstrasser 2008, Bianchi and Meier 2009). To
better understand the biological significance of ubiquitin chains, it is essential to develop
novel approach to detect the polymeric ubiquitin signal in vitro as well as in endogenous
settings. Immunoprecipitation of target proteins followed by anti-ubiquitin
immunoblotting are normally used (Peng, Schwartz et al. 2003, Choo and Zhang 2009,
Udeshi, Mertins et al. 2013), and specific antibodies against target protein are needed in
most of reported methods. We developed a novel approach to detect ubiquitination
which circumvents the requirement of specific antibodies against proteins of interest. We
fused two ubiquitin association domains (Uba) with GFP (GFP-2Uba) for detection and
precipitation of ubiquitinated proteins with a nanobody based GFP-Trap, and the
following detection could be done with anti-ubiquitin immunoblotting. This approach is
highly efficient for precipitation of ubiquitinated proteins from crude cell extracts. Thus,
with the bait GFP-Uba, E3 ligase dependent substrates and site-specific ubiquitination

could be identified in combination with mass spectrometry.

106



4 Discussion

Though techniques for detection of ubiquitinated protein have been relatively well
developed, visualizing endogenous ubiquitination events in cells remains problematic.
Recent technical advances in Uba based biosensor, linkage-specific polyubiquitin and
ubiquitination-induced fluorescence complementation (UiFC) assay are able to monitor
different types of ubiquitin chain in living cells (Sims, Scavone et al. 2012, van Wijk, Fiskin
et al. 2012, Chen, Zhong et al. 2013), however, these methods focused on the
ubiquitination at the whole cell level rather than specific ubiquitination of target protein.
In our study, based on F3H assay (Herce, Deng et al. 2013), our approach is able to
visualize specific ubiquitinated protein in cells. GFP fusion proteins are anchored at a lac
operator (lacO) array inserted in the genome and visible as a spot of enriched green
fluorescence in the nucleus. Cherry tagged 2xUba fusion protein will accumulate at the
lacO spot if the immobilized GFP fusion proteins are ubiquitinated (Dr. Weihua Qin,
personal communication). With combination, we broaden the application of F3H from
only studying protein-protein interactions to functional screening in living cells. This
method can also be applied to study ubiquitination dynamics using a combination with

fluorescence recovery after photobleaching (FRAP) experiments in living cells.

4.4.2 Chromatin structure and heterochromatin protein HP1

With this novel approach, heterochromatin protein CBX1 and CBX3 were identified as
UHRF1 ubiquitination targets, suggesting a role of UHRF1 in the regulation of chromatin
structure as HP1 plays important roles in heterochromatin formation.

In mammals, there are three homologues of HP1, termed HP1la, HP1B and HP1y, also
known as CBX5, CBX1 and CBX3, respectively. Despite the high similarities in amino acid
sequence and structural organization, HP1 homologues also display differences with
respect to heterochromatin formation as well as gene regulation (Nielsen, Sanchez et al.
2002, Black, Allen et al. 2010, Black, Manning et al. 2013, Ryu, Lee et al. 2014). Several
reports indicated that different PTMs might be associated with distinct functional
properties of the HP1 family proteins. For example, phosphorylation of CBX3 was shown

to correlate with mitosis and inhibits transcriptional repression (Minc, Allory et al. 1999,
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Koike, Maita et al. 2000), while phosphorylation of threonine 51 of CBX1 led to a loss of
H3K9me binding (Ayoub, Jeyasekharan et al. 2008). SUMOylation of CBX5 promotes initial
targeting of CBX5 to pericentric heterochromatin (Maison, Bailly et al. 2011, Maison,
Romeo et al. 2012). Our results show that in contrast to CBX3 and CBX5, only CBX1 is
strongly ubiquitinated by UHRF1 in vitro and in vivo, raising the possibility that
ubiquitination by UHRF1 may endow CBX1 distinct functions. Different from the functions
of ubiquitination in signaling pathways, the ubiquitination of CBX1 by UHRF1 controls its
abundance, suggesting that UHRF1 might function in heterochromatin formation.
However, the question is still open whether the ubiquitination of CBX1 also functions as
docking sites for protein interactions.

USP7 physically interacts with both DNMT1 and UHRF1 and controls their ubiquitination
status (Du, Song et al. 2010, Felle, Joppien et al. 2011, Qin, Leonhardt et al. 2011, Ma,
Chen et al. 2012). In this study, we showed that USP7 also associates with all three CBX
proteins and controls CBX1 stability by deubiquitination. As UHRF1 is most abundant in S
phase (Ma, Chen et al. 2012), accordingly CBX1 level also decreased in S phase (Dr.
Weihua Qin, personal communication), suggesting that CBX1 might be subjected to cell
cycle dependent ubiquitination regulation by UHRF1. Studies on composition changes of
UHRF1-USP7 complexes during the cell cycle will help to better understand how the

chromatin structure is dynamically regulated via controlling CBX1 abundance.
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2-0G
5caC
5fC
5hmC
5hmuU
5mC
5'RACE
AID
AIRE
ALS
APOBEC
APS
BAH
BER
BPTF
BSA
CBX
CCR5
CFP1
CGBP
Ch
CHD4
Chip
Co-IP
CpG
DAPI
DMSO
DNA
DNasel
DNMT1
DNMT3L
DSB
DSBH
dsRNA
DVL
EGF

2-oxoglutarate

5-carboxycytosine

5-formylcytosine
5-hydroxymethylcytosine
5-hydroxyuracil

5-methylcytosine

Rapid amplification of cDNA 5’ ends
Activation induced cytidine deaminase
Autoimmune regulator

Amyotrophic lateral sclerosis
Apolipoprotein B mRNA editing enzyme catalytic polypepetide
Ammonium peroxodisulfate
Bromo-adjacent homology domains
Base excision repair

Bromodomain PHD finger transcription factor
Bovine serum albumin

Chromobox homolog

C-C chemokine receptor type 5

CXXC finger protein 1

CpG-binding protein

Red fluorescent protein Cherry
Chromodomain helicase DNA binding protein 4
Chromatin immunoprecipitation
Co-immunoprecipitation

Cytosine and guanine dinucleotides
4’,6-diamidino-2-phenylindol
Dimethylsulfoxide

Deoxyribonucleic acid
Deoxyribonuclease |

DNA methyltransferase 1

DNA methyltransferase 3-like protein
Double-strand break

Double-stranded B-helix

Double stranded RNA

Disheveled

Epidermal growth factor
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EGFP
EGR1
ESCs

F3H
FACS

FBS
FRAP
Gapdh
GBM
GBP
GDNF
GFP
H3K18ac
H3K27me3
H3K4meO
H3K4me3
H3K56
H3K9
H3K9me3
H3KOMT
H3R2
HAT3
HDACs
HEK293T
His

HIV
HMT-MBD
HP1
hPRCI1L
HSPCs
HSV
IKZF1
IPTG
JBP1
KAP1
KBS
KDM2
KG repeats
KRAB

Enhanced green fluorescent protein

Early growth response protein 1
Embryonic stem cells

Fluorescent three hybrid assay
Fluorescence activated cell sorting

Fetal bovine serum

Fluorescence recovery after photobleaching
Glyceraldehyde phosphate dehydrogenase
Glioblastoma multiforme

GFP binding protein

Glial cell line-derived neurotrophic factor
Green fluorescent protein

Histone H3 acetyl lysine 18

Trimethylated lysine 27 of histone H3
Unmodified lysine 4 of histone H3
Trimethylated lysine 4 of histone H3
Lysine 56 of histone H3

H3 at lysine 9

Trimethylated lysine 9 of histone H3

H3K9 methyltransferase

Unmodified arginine 2 of histone H3
Histone acetyltransferase 3

Histone deacetylases

Human embryonic kidney 293T

Histidine

Human immunodeficiency virus

Histone methyltransferase
Heterochromatin protein 1

Human polycomb repressive complex 1-like
Hematopoietic stem/progenitor cells
Herpes simplex virus

DNA-binding protein lkaros family zinc finger protein 1
Isopropyl-B-D-thiogalactopyranoside

Base J-binding protein 1

KRAB-associated protein 1

KAISO binding sequence

Lysine-specific demethylase 2
Glycine-lysine repeats

Kruppel-associated box
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lacl
lacO
LIF
MBD
MBDs
MBP
MeCP2
MLL1
N-CoR
NEM
NSCs
NTR
NuRD
ORF
PAGE
PBD
PBS
PCAF
PcG
PCNA
PCNP
PCR
PD
PDB
PEI
PGC
PHD
Pl
PIRH2
PML
PMSF
Pol Il
PTMs
gPCR
RADG6
RAG2
RBCC
RFP
RING

Lac repressor protein

Lac operator

Leukemia inhibitory factor
Methyl-CpG-binding domain

Methyl-CpG binding domain proteins
Methyl-CpG binding protein

Methyl CpG binding protein 2

Mixed lineage leukemia protein 1

Nuclear receptor corepressor
N-ethylmaleimide

Neural stem cells

N-terminal regulatory region

Nucleosome remodeling and deacetylase complex
Open reading frame

Polyacrylamide gel electrophoresis
Proliferating cell nuclear antigen (PCNA) binding domain
Phosphate buffered saline
P300/CBP-associated factor
Polycomb-group protein

Proliferating cell nuclear antigen

PEST proteolytic signal-containing nuclear protein
Polymerase chain reaction

Parkinson’s disease

Protein data bank

Polyethylenimine

Primordial germ cells

Plant homeo domain

Propidium iodide

P53-induced protein with a RING-H2 domain
Promyelocytic leukemia body
Phenylmethylsulfonylflouride

DNA polymerase |l

Posttranslational modifications

Real-time PCR

Radiation sensitivity protein 6

V(D)J recombination-activating protein 2
RING-B box-coiled-coil

Red fluorescent protein

Really interesting new gene
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RNA
SDS
SEM
SETDB1
Ski
SMUG1
SRA
SUMO
TAD
TALENS
TALEs
TCA
TCF
TDG
TET1
TFIA
TFIA
TMAC
TRDMT1
TRIM24
TS

TTD
Uba
UBL
UDG
UHRF1
UHRF2
UiFC
UM
USP7
VEGF-A
VP16
wt

YY1
CXXC
ZFNs
ZFPs
ZFP-TFs
Zn

Ribonucleic acid

Sodium dodecyl sulfate

Standard error of the mean

SET domain bifurcated 1 protein

Sloan-Kettering institute

Single-strand selective monofunctional uracil DNA glycosylase
SET and RING associated domain

Small ubiquitin like modifier

Transcription activation domain

TALE-based nucleases

Transcription activator-like effectors

Trichloroacetic acid

T-cell factor (in Wnt pathway)

Thymine-DNA glycosylase

Ten-eleven translocation methylcytosine dioxygenase 1
Transcription factor TFIIA

Transcription factor IlIA

Tetramethylammonium chloride

tRNA aspartic acid methyltransferase 1

Tripartite motif-containing protein 24

Heterochromatin targeting sequence

Tandem tudor domain

Ubiquitin association domain

Ubiquitin-like domain

Uracil DNA glycosylase

Ubiquitin-like PHD and RING finger domain-containing protein 1
Ubiquitin-like PHD and RING finger domain-containing protein 2
Ubiquitination-induced fluorescence complementation assay
Ubiquitin interacting motif

Ubiquitin-specific processing protease 7

Vascular endothelial growth factor A

Herpes simplex virus protein vmw65

Wild type

Yin yang 1 protein

CXXC type zinc finger

Zinc finger nucleases

Zinc finger proteins

Zinc finger transcription factors

Zinc
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