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SUMMARY/ZUSAMMENFASSUNG

1
1.1

Summary/Zusammenfassung
Summary

Almost all cells of a metazoan organism share the same genetic information but can differ
highly in their function and phenotype. The transition from the same genotype to different
phenotypes is mostly achieved by epigenetic mechanisms, including DNA base modifications. The most prominent and best studied DNA modification is 5-methylcytosine (5mC),
which was implicated in transcriptional repression. The levels of 5mC are maintained on
the newly synthesized DNA strand, to ensure its faithful inheritance during mitotic cell
division. Oxidation of the 5mC by Tet dioxygenases, to 5-hydroxymethylcytosine (5hmC)
and even further, can drastically change the epigenetic information transported by this
modification and hence modulate gene expression and the overall phenotype of a cell.
However, the exact regulation of Tet proteins and the putative cell cycle dependent inheritance of their oxidative products still is under investigation. In the present work, I therefore
characterized the subnuclear distribution of different Tet proteins throughout the cell cycle
and especially during S-phase and potential implications for cellular homoeostasis. I identified the recruitment of the short isoform of Tet1 (Tet1s), which is found to be overexpressed
in different cancers, to sites of ongoing DNA replication in pericentric heterochromatin,
which is rich in 5mC. I furthermore found that Tet1s localization during S-phase and also
its catalytic activity is highly dependent on a conserved lysine residue. Moreover, I could
show that Tet1 physically interacts with the E3 ubiquitin-ligase Uhrf1 and that the observed
localization of Tet1s to sites of ongoing DNA replication in pericentric heterochromatin
requires the presence of Uhrf1. Finally, I found that a breast cancer cell line that was
shown to overexpress Tet1s, exhibits significantly changed 5mC and 5hmC levels, globally
as well as in situ, in comparison to non-transformed breast epithelial cells.
In summary, my findings contribute to the understanding of how the epigenetic information
of every cell can be diversified by the regulation of Tet protein localization and their catalytic
activity.

1

1

1.2

SUMMARY/ZUSAMMENFASSUNG

Zusammenfassung

Nahezu alle Zellen eines metazoen Organismus besitzen die gleiche genetische Information, können sich jedoch in ihrer Funktion und ihrem Phänotyp stark unterscheiden. Der
Übergang vom gleichen Genotyp zu verschiedenen Phänotypen wird hauptsächlich durch
epigenetische Mechanismen, einschließlich verschiedener DNA-Basenmodifikationen erreicht. Die bekannteste und am besten untersuchte DNA-Modifikation ist 5-Methylcytosin
(5mC), das an der Transkriptionsrepression beteiligt ist. Das 5mC-Muster wird während
der S-Phase auf den neu synthetisierten DNA-Strang kopiert, um sicherzustellen, dass
es während der mitotischen Zellteilung korrekt vererbt wid. Die Oxidation der 5mCMethylgruppe durch Tet-Dioxygenasen zu 5-Hydroxymethylcytosin (5hmC) und darüber
hinaus, kann die durch diese Modifikation transportierten epigenetischen Informationen
drastisch verändern und somit die Genexpression und den Gesamtmetabolismus einer
Zelle modulieren. Die genaue Regulation von Tet-Proteinen und die Zellzyklus-abhängige
Aufrechterhaltung ihrer oxidativen Produkte wirft jedoch noch viele Fragen auf.
In der vorliegenden Arbeit habe ich daher die subnukleäre Verteilung verschiedener
Tet-Proteine während des Zellzyklus und insbesondere während der S-Phase, sowie
potenzielle Implikationen für die zelluläre Homöostase charakterisiert. Ich identifizierte
die Rekrutierung der kurzen Isoform von Tet1 (Tet1s), die in verschiedenen Krebsarten
überexprimiert wird, während der laufenden DNA-Replikation in perizentrischem Heterochromatin. Weiterhin fand ich, dass die Lokalisierung von Tet1 während der S-Phase
und auch seine gerichtete katalytische Aktivität stark von einem konservierten Lysinrest
abhängen. Außerdem konnte ich zeigen, dass Tet1 physisch mit der E3-Ubiquitin-Ligase
Uhrf1 interagiert und dass die beobachtete Lokalisierung von Tet1s während der laufenden
DNA-Replikation in perizentrischem Heterochromatin, die Anwesenheit von Uhrf1 erfordert.
Schließlich konnte ich zeigen, dass eine Brustkrebszelllinie, die Tet1s überexprimiert,
signifikant veränderte Level von 5mC und 5hmC sowohl global als auch textit in situ, im
Vergleich zu nicht transformierten Brust-Epithelzellen, aufweist.
Zusammenfassend tragen meine Erkenntnisse zum generellen Verständnis bei, wie die
epigenetischen Information jeder Zelle durch die Regulation der Tet-Proteinlokalisierung
und ihrer katalytischen Aktivität diversifiziert werden kann.
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2.1
2.1.1

Introduction
Information content of DNA and the impact of epigenetics
DNA – A linguistic perspective

Being presented with a naked stretch of eukaryotic, genomic DNA is similar to being presented with a piece of text that lacks all basic syntactic features like the simple separation
of words by spaces. To simplify this analogy, transcriptional activity outside of genic regions
is neglected and only a short genic stretch of DNA is observed in close detail.
A first layer of syntax is the correct order of cis-acting regulatory elements within any given
genic region, like the promoter or the TATA-box and the open reading frame, associated
with these elements. The distinction of the different, specialized components of this region
is mainly achieved by defined sequence features. Consequently, all constituents of a genic
region harbour conserved consensus sequences that clearly define them as promoter and
transcription start sites or flank intronic and exonic regions, respectively.
If the regulatory elements and the promoter are bound by the transcription initiation complex and a RNA polymerase starts transcribing, a semantic meaning arises from this
stretch of DNA. This eventually results in a protein product or a non-coding RNA and is
comparable to reading out loud a text without paying attention to the actual combined
meaning of words as long as basic grammatical rules are followed. If not only grammatical
rules but also the meaningful combination of words is considered, pragmatic information is
transported to the listener. (Figure 1)
In metazoans, almost all cells of an organism are genetically identical but still give rise
to different cell types and consequently various, specialized tissues. Hence, a pragmatic
mode of regulation for the information content of DNA is needed to control the precise,
contextual correct activation of transcription in individual cells.
This pragmatic layer of DNA information interpretation is mainly achieved by epigenetic
mechanisms and chromatin modifications, which finetune the interplay of syntactic and
semantic DNA information content.
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Figure 1: Illustration of the linguistic view of a genic DNA region. A non-structured DNA sequence that
stretches across a genic region can be subdivided into regulatory elements and an open reading frame,
according to the respective sequence features and is thereby given a logical syntax (on the righthand side).
This is similar to the descriptive list on the lefthand side, whose syntax arises from the addition of spaces
and bullet points. The combined interpretation of the regulatory elements and the open reading frame results
in the transcription of this piece of DNA and is thereby given a semantic relevance in the form of (pre)mRNA
and its product. The levels of a newly translated protein or a resulting non-coding RNA can differ highly
between different cells, even within the same tissue. This heterogeneity shapes the individual phenotype of
every cell and gives the initial DNA sequence a pragmatic meaning.
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2.1.2

Revising Waddington

The term epigenetics was originally introduced by Conrad Hal Waddington to describe how
phenotypical differences arise from genetic mutations. He used it, to bring together the
fields of genetics and organismic development, then called epigenesis (Waddington, 1942).
This definition would start to change with a discovery, made shortly after Waddington discussed his ideas on epigenetics and already five years before the initial description of the
DNA double-helix structure (Watson and Crick, 1953). In 1948, Rollin Hotchkiss described
a fifth peak on a paper chromatogram from thymus deoxyribonucleic acids, in addition to
the four canonical DNA bases. He termed this novel mammalian DNA base "epicytosine",
unknowingly anticipating the modern definition of epigenetics and additional layer of information that epigenetic chromatin modifications add to the genetic information of every
eukaryotic cell (Hotchkiss, 1948). A sixth DNA base, named 5-hydroxymethylcytosine
(5hmC), was identified in different vertebrate tissues like frog and mouse brain already
in 1972 (Penn et al., 1972). However, epicytosine or 5-methylcytosine (5mC), how it was
later known, remained the only non-canonical mammalian DNA base that was studied to a
larger extent for a long time.
5mC helped explaining how different cellular phenotypes can arise from the same nucleotide sequence. Consistently, it has meanwhile been established that the complex
interplay of DNA modifications, different histone variants and their modifications as well
as non-coding RNAs and nucleosomal arrangements and the thereby modulated binding
of transcription factors serves as a hereditary transgenerational mechanism to regulate a
plethora of cellular processes in higher eukaryotic organisms (Figure 2). The combinatorial
effect of different epigenetic modifications furthermore defines the two main chromatin
types, euchromatin and heterochromatin. Euchromatin is comparatively less condensed,
gene-rich and characterized by high transcriptional activity. Heterochromatin, on the other
hand, is generally considered to be transcriptionally inactive and can be further subdivided into two different classes, constitutive and facultative heterochromatin. The latter
can become transcriptionally active in response to certain cellular signals. Constitutive
heterochromatin, in contrast, is mainly composed of repetitive DNA sequences and stays
transcriptionally inert in normal somatic cells (Joffe, Leonhardt, and Solovei, 2010).
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Figure 2: Overview over the different epigenetic mechanisms that regulate DNA metabolism. The
epigenetic make-up of higher eukaryotic cells comprises many different chromatin modifications. Amongst
them are covalent DNA- and histone modifications, but also various histone variants as well different noncoding RNAs and also nucleosomal arrangements. Mammalian DNA modifications comprise predominantly
cytosine methylation and different oxidised forms thereof. Many post-translational histone tail modifications,
like ubiquitination (Ub), SUMOylation (SUMO) and acetylation (Ac) are found exclusively on lysine residues.
Methylation of histones (Me), however, is found on lysines and also on arginines and histone phosphorylation
(P) is observed on threonines and serines. Besides the histone modifications, different histone variants
that can vary between celltypes and even within the cell cycle, have been described to modulate important
cellular processes. Non-coding RNAs act in diverse function to fine-tune transcriptional activity, for example
by coating, to be silenced, DNA. These processes concomitantly affect nucleosome remodelling and thereby
affect chromatin structure and consequently DNA metabolism.

2.1.3

Epigenetic mechanisms & chromatin modifications

Chromatin topology is highly dynamic and undergoes constant changes that correlate with
its transcriptional activity, which in turn is highly dependent on epigenetic mechanisms
and chromatin modifications (Hübner and Spector, 2010). The basic unit of chromatin
organization is an approximately 146 base pair long stretch of DNA wrapped around a
histone octamer, which consists of two copies of each of the core histones H2A, H2B,
H3 and H4 that together form the so-called nucleosome (Luger et al., 1997; Luger and
Richmond, 1998). The drum-shaped nucleosome particles are further compacted via
the binding of the linker histone H1, which sits between neighbouring nucleosomes and
stabilizes the DNA that is wrapped around them (Hergeth and Schneider, 2015). The
amino-terminal histone tails, which protrude from the core, are essential for the biological
function of the nucleosome, as many post-translational modifications (PTMs) are deposited
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here (Kouzarides, 2007). The most abundant histone modifications comprise lysine and
arginine methylation, lysine acetylation, phosphorylation of serines or threonines, as well
as ubiquitination and SUMOylation of lysines within the histone tails. Of the different
groups of post-translational histone modifications, all of them have been implicated in
transcriptional regulation, while some were shown to also regulate DNA repair or DNA
replication.
Histone tail modifications can modulate chromatin structure, for example, by neutralizing the
positive charge of lysine via the addition of acetyl groups, thereby opening up the chromatin.
Histone hyperacetylation is therefore a characteristic feature of transcriptionally active
euchromatic domains and mostly absent in heterochromatin. Methylation of histones,
on the other hand, is found in transcriptionally active as well as silenced chromatin
regions. While trimethylation of lysines 9, 20 and 27 in histone H3 (H3K9/20/27me3) is
associated with heterochromatin, trimethylation of lysines 4, 36 and 79 (H3K4/36/79me3)
is predominantly found in euchromatic domains (Karlic et al., 2010). Each single histone
tail modification can serve as a recruitment platform for further chromatin factors and hence
downstream epigenetic processes (Bannister and Kouzarides, 2011). Although, conserved
nucleosome modification patterns have been described in the context of promoters and
different upstream regulatory elements (Wang et al., 2008), the exact modification pattern
of neighbouring nucleosomes can be highly diverse and is not mutually exclusive, resulting
in the so-called histone code (Strahl and Allis, 2000; Jenuwein and Allis, 2001).
Besides their modification status, variants of the four core histones play an important
role in various cellular processes and can be highly dynamic throughout the cell cycle
(Boyarchuk, Montes de Oca, and Almouzni, 2011). Histone H2A and its variant H2A.Z, for
example, are deposited in pericentric heterochromatin in discrete waves throughout the
cell cycle and thereby contribute to the faithful progression of S-phase and G1, respectively
(Boyarchuk et al., 2014). Different histone variants and their modifications also serve
as recognition sites as well as substrates for chromatin remodelling complexes like the
SWI/SNF (SWItch/Sucrose Non-Fermentable) or the Mi-2/NuRD (Nucleosome Remodeling
Deacetylase) complexes. These chromatin remodelling complexes consist of multiple
different proteins, amongst them ATPases, which modulate nucleosomal repositioning,
but also a plethora of epigenetic reader and writer proteins (Clapier et al., 2017). The
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Mi-2/NuRD-complex, for example, comprises histone deacetylases HDAC1 and HDAC2
as well as methyl-CpG binding domain protein (Mbd) family members Mbd2 and Mbd3
(Wade et al., 1999), which together enable it to read chromatin signatures and finetune
transcriptional activity. Besides this, the NuRD complex was also shown to bind the cell
cycle independent histone variant H3.3, which is enriched in actively transcribed chromatin,
thereby promoting gene activity (Kraushaar et al., 2018) and to associate with the Tet1
dioxygenase (Shi et al., 2013). While being crucial regulators of chromatin structure and
function, many chromatin remodelling complexes were found to be themselves regulated
by non-coding RNAs (ncRNAs) that often arise from non-protein coding DNA sequences
and are therefore not translated (Palazzo and Lee, 2015). Accordingly, it could be shown
that the SWI/SNF member Brg1/BAF can be removed from its chromatin binding sites
by the long-ncRNA Mhrt to prevent nucleosome remodelling (Han et al., 2014). Other
ncRNAs, like PARTICLE or HOTAIR, have furthermore been implicated in regulating
post-translational histone modifications, like lysine methylation, by acting as scaffolds
for the assembly of distinct protein complexes for subsequent H3K27 methylation and
H3K4 demethylation (Tsai et al., 2010; O’Leary et al., 2017). Finally, similar to acting as a
scaffold for histone modifying enzymes, ncRNAs like PARTICLE were shown to modulate
the activity of the maintenance DNA methyltransferase Dnmt1 and thereby affect global
DNA methylation levels (O’Leary et al., 2017).

2.2

DNA methylation and the Dnmt protein family

Methylation of the fifth carbon atom of cytosine is found in the DNA of many prokaryotic
and with only a few exceptions eukaryotic organisms. It represents one of the most
abundant and most conserved epigenetic modifications and regulates gene expression
by silencing promoter regions and facilitating the compaction of chromatin (Lande-Diner
et al., 2007; Smith and Meissner, 2013). Mammalian DNA methylation occurs predominantly in the context of symmetric CpG dinucleotides and in the human genome between
60-80% of the about 28 million CpG sites, hence around 5% of all cytosines are methylated (Smith and Meissner, 2013). However, up to 200 base-pair long stretches of these
dinucleotides, so-called CpG-islands (CGI), are often found in the context of promoters
and transcription start sites (TSS), where they are sparsely methylated (Bird, 1986; Smith
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and Meissner, 2013). The remaining fraction of long CpG stretches in the genome is
usually hypermethylated in healthy, somatic cells and plays an important role in processes
like X chromosome inactivation and genomic imprinting but also in cancerogenesis and
neurodegeneration, where aberrant DNA methylation patterns are frequently observed
(Bird, 2002; Klutstein et al., 2016; Sanchez-Mut et al., 2016). Consequently, repetitive
and transposable elements within the human genome, like retroviruses or LINE1 and Alu
elements are normally highly methylated to prevent their reactivation or in general their
transcription (Jones, 2012). Moreover, DNA methylation contributes to the integrity of
heterochromatin by serving as a binding platform for various proteins that can recognize
and bind 5mC, like the members of the Mbd (methyl-CpG binding domain)-protein family
(Ludwig, Zhang, and Cardoso, 2016). By modulating chromatin structure, 5mC has a
direct effect on DNA transcription fidelity and can thereby affect alternative splicing. Consistently, DNA methylation and accompanying nucleosome occupancy in exons results
in decreased binding of the architectural protein CTCF (CCCTC-binding factor), which
in turn leads to exclusion of weak upstream exons (Shukla et al., 2011; Marina et al., 2015).
DNA cytosine methylation is catalysed by members of the DNA (cytosine-5)-methyltransferase
(Dnmt) protein family that all share a highly conserved C-terminal catalytic domain. Despite this homology, of the six protein family members, only Dnmt1, Dnmt3A, Dnmt3B
and Dnmt3C were shown to catalytically act on DNA (Jurkowska, Jurkowski, and Jeltsch,
2011; Barau et al., 2016) (Figure 3A). While the Dnmt3-like protein Dnmt3L serves as a
catalytically inactive regulatory factor (Chedin, Lieber, and Hsieh, 2002), Dnmt2 or Trdmt1
targets RNA and methylates different tRNAs, thereby protecting them from ribonuclease
cleavage (Goll et al., 2006; Schaefer et al., 2010).
All catalytically active Dnmts belong to the class I of methyltransferases and act on nonmethylated cytosines in DNA or RNA by flipping its substrate out of the sugar-phosphate
backbone (Song et al., 2012) (Figure 3B). This enables them, to transfer a methyl group
from the methyl donor molecule S-adenosyl-L-methionine (SAM) to the cytosine residue,
creating 5mC and S-adenosyl-L-homocysteine (SAH) (Jurkowska, Jurkowski, and Jeltsch,
2011) (Figure 3C).
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Figure 3: The Dnmt Methyltransferase protein family. (A) Domain organizations of human Dnmt1, Dnmt2,
Dnmt3A, Dnmt3B, Dnmt3C and Dnmt3L including the DMAP (DMAP1 interacting site), PBD (PCNA binding
domain), TS (Replication Foci Targeting Sequence), CxxC (CxxC Zinc-finger domain), BAH (Bromeo-adjacent
homology), MT (methyltransferase domain). (B) Crystal structure of mouse DNMT1 (731-1602) bound to
hemimethylated CpG DNA in complex with 5-methylcytosine (red), flipped out of the double helix and a 12
bp long stretch of double stranded DNA (golden and silver) at a resolution of 2.6 Å (PDB: 4DA4) (Song
et al., 2012). Zinc atom is displayed as grey sphere. The structural model was prepared with Cn3D (Wang
et al., 2000). (C) Illustration of the methylation reaction of Dnmt family proteins. The catalytic center of Dnmt
proteins covalently bind cytosine and the methylgroup is transferred from the cofactor S-adenosyl-methionine
to the C5 carbon atom of cytosine, leaving 5mC and demethylated S-adenosyl-homocysteine.
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2.2.1

Dnmt3 de novo DNA methyltransferases

DNA cytosine methylation is initially established during embryogenesis and gametogenesis
by the de novo DNA methyltransferases Dnmt3A and Dnmt3B, which both show a strong
affinity for unmethylated DNA (Jurkowska, Jurkowski, and Jeltsch, 2011). In accordance
with this, these two de novo DNA methyltransferases are highly expressed in embryonic
stem cells and germ cells, but are down-regulated upon differentiation and in general
in somatic tissues. However, Dnmt3A and Dnmt3B are not redundant in their biological
function and relevance. While depletion of Dnmt3A results in embryonic lethality, Dnmt3B
deficient mice die a couple of weeks after birth (Okano et al., 1999; Ueda, 2006).
A third protein that resembles Dnmt3A and Dnmt3B structurally but is catalytically inert,
Dnmt3L, was found to stimulate the catalytic activity of Dnmt3A and Dnmt3B (Chedin,
Lieber, and Hsieh, 2002), for example by interacting with non-modified lysine 4 in the
histone H3 tail (H3K4) and subsequently recruiting Dnmt3a for de novo methylation (Ooi
et al., 2007). The modification status of H3K4 furthermore regulates an autoinhibitory
conformational change of Dnmt3A, which is further regulated by its interplay with the
essential 5mC binding protein MeCP2 (Rajavelu et al., 2018). In rodents, a third catalytically
active de novo DNA methyltransferase, Dnmt3C, was described recently and shown to
protect genome integrity of male germ cells by targeting the promoters of transposable
elements and thereby silencing them (Barau et al., 2016).
2.2.2

Dnmt1 maintenance methyltransferase

After DNA methylation patterns have been established by Dnmt3A and Dnmt3B they need
to be maintained during the cell cycle to conserve the thereby transported epigenetic
information. The mitotic inheritance of DNA methylation patterns is facilitated by the
maintenance DNA methyltransferase Dnmt1. Its activity during DNA replication in Sphase prevents the enrichment of hemimethylated CpG sites and eventual loss of DNA
methylation, due to the semi-conservative nature of DNA replication. In contrast to the
comparatively short N-terminal domain of Dnmt3A and Dnmt3B, Dnmt1 harbours a long
N-terminus with a multitude of additional regulatory domains. The importance of the
N-terminal domains of Dnmt1 is underlined by the impaired catalytic activity of its Cterminal catalytic domain alone (Margot et al., 2000). Furthermore its high preference
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for hemimethylated DNA (Song et al., 2011) and the localization to sites of ongoing DNA
replication (Leonhardt et al., 1992) is important for the role of Dnmt1 in DNA methylation
maintenance during mitotic cell division. While Dnmt1 shows only a diffuse nuclear
localization pattern during G1 and most parts of G2, a clear colocalization with the DNA
replication machinery is observed throughout S-phase and in the transition from S-phase
to G2 (Easwaran et al., 2004). Furthermore, in contrast to Dnmt3A or Dnmt3B, Dnmt1 was
shown to be recruited to DNA damage sites and hence plays a crucial role in maintaining
epigenetic information not only during DNA replication, but also on newly synthesized DNA
after successful repair (Mortusewicz et al., 2005).
The catalytic activity of Dnmt1 is regulated by the concerted action of interacting proteins
and the thereby modulated regulation of autoinhibitory conformational changes. Structural
data and mutagenesis studies hint to a blocking of the catalytic pocket by the N-terminal
CxxC- and TS-domains (Song et al., 2011). Moreover, protein stability and therefore
catalytic activity are regulated by ubiquitination and deubiquitination via Uhrf1 and Usp7,
respectively. Besides regulating Dnmt1 protein stability, Uhrf1 plays a crucial role for Dnmt1
mediated DNA methylation maintenance, by stimulating its catalytic activity through direct
protein-protein interactions and by binding and modifying the chromatin that surrounds
hemimodified CpG sites (Bashtrykov et al., 2013; Qin et al., 2015).

2.3

The Uhrf protein family

Uhrf1 is the founding member of the Uhrf protein family and essential for the correct
function of Dnmt1 during DNA methylation maintenance by multiple, different interactions
with Dnmt1, methylated cytosine as well as histones in the vicinity of hemimethylated DNA
(Arita et al., 2008; Avvakumov et al., 2008; Hashimoto et al., 2008; Qin et al., 2015). Uhrf1
was first discovered by two independent studies that set out to identify proteins that are
recruited during S-phase or harbour a CCAAT-box binding motif, respectively (Fujimori
et al., 1998; Hopfner et al., 2000). The human proteins Uhrf1 or ICBP90 (inverted CCAAT
Box-binding Protein of 90 kDa) and the later identified Uhrf2 or NIRF (Np95/ICBP90 Ring
Finger) show high sequence homology to their respective mouse orthologs Np95 (Nuclear
protein of 95 kDa; mUhrf1) and Np97 (Nuclear protein of 97 kDa; mUhrf2), as they all
share the same functional domains. At the very N-terminus resides the UBL (Ubiquitin-like)
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Figure 4: Uhrf1 and Uhrf2 are multidomain proteins with modules for DNA and histone interactions.
(A) Domain organizations of human Uhrf1 and Uhrf2, including the ubiquitin-like (UBL) domain, histone
modifications binding tandem tudor domain (TTD) and plant homeodomain (PHD), as well as the DNA
interacting SET and RING associated (SRA) domain and the really interesting new gene (RING) domain,
which harbours an E3-ligase activity. (B) crystal structure of the human Uhrf1 UBL domain at 2 Å (PDB:
2FAZ) (C) Crystal structure of the human Uhrf1 TTD domain in complex with trimethylated lysine 9 (red) of
the histone H3 tail peptide at a resolution of 2.96 Å (PDB: 4GY5_A) (Cheng et al., 2013) (D) Crystal structure
of the human Uhrf1 PHD domain in complex with trimethylated lysine 4 (red) of the histone H3 tail petide
(black) at a resolution of 1.9501 Å (PDB: 3SOW_A) (Rajakumara et al., 2011). (E) Crystal structure of the
SRA domain of human Uhrf1 in complex with 5-methylcytosine (red), flipped out of the double helix and
a 12 bp long stretch of double stranded DNA (golden and silver) at a resolution of 2.2 Å (PDB: 3CLZ_A)
(Avvakumov et al., 2008) (F) Crystal structure of the RING domain of human Uhrf1 at a resolution of 1.74 Å
(PDB: 3FL2_A); Zinc atoms are displayed as light spheres, alpha helices are displayed as barrel shaped
arrows, beta sheets are displayed as flattened arrows. All structural models were prepared with Cn3D (Wang
et al., 2000).

domain followed by the histone binding tandem tudor domain (TTD) and plant homeodomain (PHD), the DNA-interacting SRA (SET and RING Associated) domain and the

13

2

INTRODUCTION

E3-ligase activity mediating RING (Really Interesting New Gene) domain (Figure 4A).
The UBL domain shows 35% sequence homology with ubiquitin, as well as the typical
ubiquitin alpha/beta fold and was proposed to interact with the proteasome and target
ubiquitinated proteins for degradation. Recently, the UBL domain was shown to stimulate
the activity of the C-terminal, E3-ligase activity mediating, RING domain (Foster et al.,
2018). In line with these findings, it was demonstrated that hUhrf2 rescues primary neurons
from cytotoxic polyglutamine aggregates by targeting them for proteasomal degradation
(Iwata et al., 2009).
As previously mentioned, the regulation of Dnmt1 activity, is one of the most important
biological functions of Uhrf1. Consistently, it was shown that the UBL domain of Uhrf1
directly interacts with the TS domain of Dnmt1, not only by targeting it for methylation
maintenance but also by allosterically stimulating its catalytic activity (Li et al., 2018).
Furthermore, it was shown that overexpression of Uhrf1 enhances ubiquitination levels
of Dnmt1 in vivo (Qin, Leonhardt, and Spada, 2011) and also of histone H3, with a high
preference over the other histones (Citterio, Papait, and Nicassio, 2004; Karagianni et al.,
2008). This dual ubiquitination was meanwhile linked to the regulation of Dnmt1 in DNA
methylation maintenance during DNA replication (Qin et al., 2015). In addition, Uhrf proteins were shown to be involved in cell cycle control by ubiquitinating PCNP in vivo and in
vitro (Mori et al., 2004).
The PHD domain is thought to be involved in gene activation and silencing via binding to
different histone modifications. Consequently it has been shown that H3K4me3, a hallmark
of transcriptionally active chromatin, is recognized and bound by the PHD domain with high
specificity and can even be distinguished from the dimethylated variant of H3K4 (Wysocka
et al., 2006; Li et al., 2006; Pena et al., 2009). It was furthermore shown that the PHD
domain can bind H3R2me2, a characteristic modification of active promoters (Rajakumara
et al., 2011; Yuan et al., 2012). In this regard, the TTD domain was found to recognize
the methylation state of H3K9 and H3R2 and facilitate binding to this residues together
with the PHD domain (Arita et al., 2012; Cheng et al., 2013). The TTD domain was
furthermore shown to bind H3K9me3 but not histone H3 tail acetylations (Rottach et al.,
2010). Recently, the TTD of Uhrf1 was found to recognize a H3K9me3-mimic peptide in
ligase1, which targets it for methylation maintenance during DNA replication of pericentric
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heterochromatin (Ferry et al., 2017). The SRA (SET and RING associated) domain has
in mammals only been described in Uhrf1 and Uhrf2. In plants, however, it is found in a
variety of histone methyltransferases involved in epigenetic silencing (Baumbusch et al.,
2001). The SRA domain was shown to bind 5mC and also 5hmC (Frauer et al., 2011b;
Unoki, Nishidate, and Nakamura, 2004). It is able to flip methylated cytosine out of the
DNA helix at hemimethylated sites and shows a up to 10 fold higher affinity for hemimethylated DNA compared to fully methylated DNA (Sharif et al., 2007; Bostick et al., 2007;
Hashimoto et al., 2008). Furthermore, the SRA domain of Uhrf1 was shown to stimulate
the methylation activity of Dnmt1, most likely by allosterically removing the TS domain
from the catalytic pocket and thereby allowing for DNA-binding and consequently, catalytic
activity (Berkyurek et al., 2014).
Albeit the highly similar domain structures of Uhrf1 and Uhrf2, their respective expression
patterns and biological functions are far from redundant (Bronner et al., 2007). While Uhrf1
was found do bind to 5mC and 5hmC with similar affinities (Frauer et al., 2011b), Uhrf2
was implicated in only recognizing and binding to 5hmC (Spruijt et al., 2013a). Although,
Uhrf1 and also Uhrf2 were found to interact with Dnmt1, Dnmt3A and Dnmt3B and also
the protein methyltransferase G9a in general, a S-phase dependent Dnmt1 interaction was
only shown for Uhrf1 (Zhang et al., 2011). Accordingly, one of the most important functions
of Uhrf1 in cellular homeostasis, the targeting of Dnmt1 for methylation maintenance, can
not be rescued by Uhrf2 in an Uhrf1 depleted background (Pichler et al., 2011). This was
explained with conformational constraints of Uhrf2 that arise from a different chromatin
modification readout, compared to Uhrf1, and subsequent failure to ubiquitinate lysines in
the histone H3 tail (Vaughan et al., 2018). In stark contrast to the important role of Uhrf1
in DNA methylation maintenance, it was found that cancer-associated overexpression
of Uhrf1 and also Uhrf2 is correlated with ubiquitination and subsequent proteasomal
degradation of Dnmt3A and consequently global DNA hypomethylation (Jia et al., 2016).

2.4

5mC oxidation and the Tet protein family

The already in 1972 described sixth mammalian DNA base 5-hydroxymethylcytosine was
rediscovered in 2009, when it was found to be abundant in mouse brain and there especially
in Purkinje neurons and granule cells (Kriaucionis and Heintz, 2009). A simultaneously
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published study investigated homologous proteins of the trypanosomal thymine dioxygenases JBP1 and JBP2 (J-binding protein 1/2). Here, three mammalian JBP paralogs,
Tet1, Tet2 and Tet3 were identified and Tet1 was shown to convert 5mC to 5hmC in an
Fe(II)- and 2-oxoglutarate (2OG) dependent manner (Tahiliani et al., 2009). The name
Tet1 (Ten-eleven-translocation) was derived from its role as a t(10;11)(q22;q23) chromosomal translocation partner of the histone methyltransferase MLL/KMT2A (Mixed lineage
leukemia/lysine methyltransferase 2A) in acute myeloid leukemia. This translocation results
in a fusion protein that harbours the N-terminus of MLL and a C-terminal part of Tet1 (Ono,
Taki, and Taketani, 2002; Lorsbach et al., 2003).
The picture of Tet catalytic activity was completed by studies that found 5hmC to be further oxidised to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) in a Tet-dependent
manner (Ito et al., 2011; Pfaffeneder et al., 2011). The oxidised forms of 5mC can serve
as substrates for different proteins that are involved in base excision repair (BER), like
Tdg or the Neil glycosylases (Maiti and Drohat, 2011; Müller et al., 2014). Hence, it was
initially assumed that 5hmC, 5fC and 5caC are primarily intermediates in a base excision
repair mediated 5mC removal and accompanied loss of DNA methylation. In this line, the
finding that Tet proteins can also oxidise thymine to 5-hydroxymethyluracil (5hmU) was in
part attributed to mismatch induced DNA repair and an accompanied increase in 5mC
removal (Pfaffeneder et al., 2014) (Figure 5C). However, 5hmC and 5fC have meanwhile
been identified to be stable DNA base modifications, whose levels fluctuate throughout
the cell cycle and peak in late S-phase and G2, similar to the dynamics that are observed
for 5mC in normal proliferating cells (Bachman et al., 2014; Bachman et al., 2015). In
addition, 5caC was assigned an important signalling function in adult neurons where it
regulates neurodegeneration (Jin et al., 2016). Besides their signalling functions, the 5mC
oxidation products have been implicated in altering the mechanical properties of the DNA
double-helix. While 5mC stiffens the DNA strand, its oxidised forms, especially 5hmC and
5fC, can markedly increase DNA flexibility (Ngo et al., 2016).
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Figure 5: The Tet dioxygenase protein family. (A) Domain organizations of the long isoforms of human
Tet1, Tet2 and Tet3. Shown are the N-terminal zinc-finger domain (CxxC), the cystein-rich domain (CRD)
and the double stranded beta-helix (DSBH) which is interrupted by a low complexity insert and harbours
the Fe(II)- and 2-oxoglutarate binding sites. (B) Crystal structure of human Tet2 bound to a 12 base pair
long stretch of methylated DNA at a resolution of 2.03 Å (PDB 4NM6) (Hu et al., 2013). The CRD is shown
as faint red tube worms and the DSBH as faint yellow tube worms. The bound DNA is depicted as blue
and brown stick representation helix with the methylated cytosine flipped out of the double helix shown in
green. Zinc and iron atoms are shown as grey and red spheres, respectively. The 2-oxoglutarate analog,
N-oxalylglycine is shown in stick representation. The structural model was visualized with Cn3D (Wang et al.,
2000). (C) Overview of the different cytosine modifications and the involved proteins. Cytosine is initially
methylated by DNA methyltransferases (Dnmt) and is then oxidised by Tet proteins to 5hmC, 5fC and 5caC
in an iterative manner, 2-OG and Fe(II)-dependent manner. 5mC or 5hmC can be deaminated by Apobec
(apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like)deaminases and 5hmC additionally by
Aid (Activation-induced deaminase), creating thymidine (T) or 5-hydroxymethyluracil (5hmU), respectively.
5fC and 5caC as well as 5hmU and mismatched T are recognized and excised by different glycosylases
involved in the base excision repair (BER) pathway, like Mbd4 (Methyl-CpG binding domain protein 4), Neil
glycosylases, Smug1 (Single-strand selective monofunctional uracil DNA glycosylase) or Tdg (Thymine DNA
glycosylase), eventually creating non-modified cytosine. The oxidised forms of 5mC can however transport
epigenetic information and are not necessarily removed immediately.
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The Tet dioxygenase family

All three members of the Tet protein family share high sequence similarities in their Cterminal catalytic domain, which is sufficient for their respective catalytic activity. This
catalytic domain comprises the cysteine-rich domain (CRD) and the split double-stranded
beta helix domain (DSBH) which harbours the Fe(II) and 2-oxoglutarate cofactor binding
sites and is interrupted by a low-complexity insert (Figure 5A). Structural studies have
shown that the CRD and the DSBH form a compact catalytic core, in which a conserved
sequence motif within the CRD stabilizes the substrate-containing DNA double helix, while
5mC or its oxidised derivatives are flipped out of the DNA double helix (Hu et al., 2013)
(Figure 5B). Besides this, two recent studies identified monoubiquitination of a conserved
lysine residue within the CRD of all three Tet proteins by the CRL4(VprBP) E3-ligase
complex to modulate their catalytic activity and chromatin association (Yu et al., 2013;
Nakagawa et al., 2015).
A structural feature that separates the three Tet proteins from one another is their Nterminal CxxC domain. Although the zinc-finger domains of Tet1 and Tet3 as well as
the Tet2 associated IDAX/CXXC4, belong to the same subgroup of CxxC-domains (Xu
et al., 2018), they differ highly in their respective binding affinities and substrates. Tet2
lost its zinc-finger during evolution in a chromosomal inversion and it is now encoded by
the genomically adjacent IDAX/CXXC4, which negatively regulates Tet2 expression and
modulates its catalytic activity (Ko et al., 2013). Tet1 and Tet3, in contrast, both kept their
respective zinc-finger domains and the CxxC domain of Tet3 was shown to preferentially
bind 5caC whereby it regulates the expression of lysosomal proteins in postmitotic neurons
(Jin et al., 2016). However, Tet1 CxxC domain was found to mostly bind non-modified DNA
(Frauer et al., 2011a), which was implicated in the prevention of DNA methylation spreading
into unmethylated, euchromatic regions (Jin et al., 2014). Besides this, the Tet1 CxxC
was furthermore implicated in transcriptional fine tuning by facilitating Tet1 association
with transcriptional start sites within CpG rich promoters and genic sequences. In line
with these findings that assign Tet1 a role in transcriptional regulation, it was also found
to interact with the Sin3a co-repressor complex and the polycomb repressive complex 2
(PRC2) in embryonic stem cells (Williams et al., 2011; Neri et al., 2013).
While three different isoforms of Tet2 and also Tet3 have been characterized to date
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(Langemeijer et al., 2009; Jin et al., 2016), a N-terminally truncated Tet1 isoform, which
also lacks the CxxC domain, was described just recently and attributed a role in mouse
development, but also in cancerogenesis (Zhang et al., 2016b; Good et al., 2017).
Despite their high similarities in catalytic activity, major differences between the three
Tet protein family members are observed in their respective expression levels throughout
different tissues and developmental stages and hence their physiological roles. While Tet3
is predominantly expressed during early embryogenesis but also in post-mitotic neurons,
Tet1 and Tet2 are found to be more ubiquitously expressed across different tissues from
embryonic stem cells to somatic cells (Santiago et al., 2014).
Although Tet proteins were found to be degraded in an ubiquitination-independent pathway
via calpain proteases (Wang and Zhang, 2014), it was recently discovered that the cellular
presence of viral protein R (Vpr) after HIV infection modulates the ubiquitination pattern
of a conserved lysine residue within the CRD of Tet2. While the monoubiquitination of
said lysine positively stimulates the chromatin association of Tet2 and also the activity of
Tet1 and Tet3 (Nakagawa et al., 2015), Vpr presence results in a polyubiquitination of said
lysine and consequently proteasomal degradation (Lv et al., 2018). This leads to increased
HIV-1 replication through de-repression of interleukin 6 that is targetd by HDAC1/2 via Tet2
recruitment in non-infected cells.
Additionally, the activity of Tet proteins is not restricted to DNA. While already the first
study to describe 5hmC in mammalian DNA hinted to its occurrence in RNA from crude
rat tissue preparations (Penn et al., 1972), further evidence for this was found recently.
Accordingly, mammalian Tet proteins were shown to act not only on DNA but also to oxidise
5mC in RNA and it was demonstrated that ectopic overexpression of either of the three
Tet proteins leads to a 5hmC increase in RNA (Fu et al., 2014). It was furthermore found
that ascorbic acid, which is known to enhance Tet activity, can increase the levels of 5hmC
and also 5fC not only in DNA but also in RNA (Zhang et al., 2016a). In line with these
findings, recent studies identified a Tet homologue in Drosophila melanogaster, called dTet,
whose knockout resulted in impaired brain development and late pupal lethality (Delatte
et al., 2016; Wang et al., 2018). Despite the almost complete absence of 5mC or 5hmC in
Drosophila DNA (Capuano et al., 2014), a 5hmC enrichment in polyadenylated mRNA and
accompanied positive effect on translation was demonstrated (Delatte et al., 2016).
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Cytosine modifications in development and diseases

The loss of de novo DNA methyltransferases Dnmt3A and Dnmt3B or the maintenance
methyltransferase Dnmt1 and the accompanying embryonic and early postnatal lethality in
mice highlights the importance of cytosine methylation for normal development in mammals
(Li, Bestor, and Jaenisch, 1992; Okano et al., 1999; Ueda, 2006). However, not only DNA
methylation but also its removal in the right context is crucial during mammalian development. Before the discovery of the Tet proteins and their catalytic activity, loss of DNA
methylation was considered a purely passive process, resulting from prevention of DNA
methylation maintenance by Dnmt1. Consistently, decreasing Dnmt1 levels or disruption
of its interaction with PCNA and Uhrf1 were shown to result in hypomethylation and even
death of corresponding mouse models (Gaudet et al., 2003; Hervouet et al., 2010). Loss
of methylation in the maternal pronucleus was initially attributed to replication depended
dilution effects, since Dnmt1 is retained in the cytoplasm during early embryogenesis
(Cardoso and Leonhardt, 1999). Meanwhile it could be shown that retention of Dnmt1 and
accompanied replication dependent dilution effects, but also Tet3 mediated 5mC oxidation
concomitantly contribute to the loss of DNA methylation in the maternal, but also the
paternal pronucleus (Shen et al., 2014).
After the removal of 5mC during fertilization, DNA methylation marks have to be set
again by Dnmt3A and Dnmt3B to ensure faithful embryonic development. While Dnmt3A
was shown to play an important role in setting parental imprints (Okano et al., 1999),
Dnmt3B was linked to the correct methylation pattern of pericentric DNA regions and
hence chromosome structure (Kaneda et al., 2004). Accordingly, mutations of Dnmt3B,
whose loss results in embryonic death, were linked to the ICF (Immunodeficiency, Centromere instability, Facial abnormalities) syndrome. This disease is, on a molecular level,
characterized by hypomethylation of the normally highly methylated pericentric repeats in
human chromosomes 1, 9 and 16 (Xu et al., 1999).
Similar to the lethality observed in embryos lacking Dnmt3B, failure to maintain the DNA
methylome by Dnmt1 also results in non-viable embryos (Li, Bestor, and Jaenisch, 1992).
Mutations in the TS domain of Dnmt1, repeatedly found in the autosomal neurodegenera-
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tive disease HSN1E (hereditary sensory and autonomic neuropathy with dementia and
hearing loss type 1E) abrogate the interaction with its facilitating factor Uhrf1 and thereby
DNA methylation maintenance (Smets et al., 2017). Furthermore, mutations or aberrant
expression patterns of Uhrf1 are often associated with cancer phenotypes and a constant
overexpression of Uhrf1 is described in many malignant neoplasms. Even though, Uhrf1
plays an important role in DNA methylation maintenance and the accompanied silencing
of repetitive and retrotransposable elements (Bostick et al., 2007), a recurring loss of DNA
methylation in LINE1 is observed in cancer cells that overexpress Uhrf1 (Nakamura et al.,
2016; Hong et al., 2018). The overexpression of Uhrf1 and also its homolog Uhrf2 in
cancer cells and the accompanied decrease of DNA methylation levels was attributed to
the E3-ligase targeting and subsequent proteasomal degradation of Dnmt3A (Jia et al.,
2016). Similar to cancer cells, a loss of DNA methylation and accompanied reactivation
of retroviral elements is observed in neural stem cells upon loss of Uhrf1 which results in
impaired neonatal neurodegeneration (Ramesh et al., 2016).
Despite their different roles during earliest embryonic development and gametogenesis,
where mostly Tet3 plays a role, all three Tet family members are expressed throughout
neurogenesis and in the adult brain, where the highest 5hmC levels are detected in comparison to other tissues. 5hmC is in general the most abundant 5mC oxidation product
with an abundance of around 0.5% of all cytosines in cells of the central nervous system
and around 0.05% of all cytosines in different internal organs (Globisch et al., 2010). 5fC
and 5caC, on the other hand, are found with up to 100-fold lower levels than 5hmC and
often fall below the detection limit (Bachman et al., 2015).
Tet3 is highly expressed in preimplantation embryos but rapidly downregulated with progressing embryonic development (Gu et al., 2011). In contrast to Tet1 and Tet2, whose
individual or combined loss has no direct effects on embryonic development and manifests
only during advanced postnatal development, loss of Tet3 is lethal in neonatal mice (Gu
et al., 2011; Dawlaty et al., 2011). Despite the dispensable biological role for Tet1 and Tet2
in early embryonic development, their loss can have severe effects in postnatal organisms.
Hematopoietic stem cells, for instance, were found to frequently give rise to myeloid and
lymphoid abnormalities upon loss of Tet1 but mostly Tet2 (Ko et al., 2011; Li et al., 2011).
Tet1, on the other hand, was also assigned an important role in the maintenance of neural
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progenitor cells (Zhang et al., 2013) and its loss was found to impair the expression of
activity-regulated genes and synaptic plasticity (Rudenko et al., 2013).

Table 1: Phenotypes of cytosine modifier knockout mice

Phenotypes of cytosine modifier knockout mice

Dnmt3A null mice

Postnatal growth retardation and dysplasia
neonatal mortality

(Okano et al., 1999)

Dnmt3B null mice

Not viable

(Okano et al., 1999; Ueda, 2006)

Dnmt3C null mice

Hypogonadism and aberrant retrotransposon expression

(Barau et al., 2016)

Dnmt3L null mice

Early embryonic lethality in females
and sterile males

(Hata et al., 2002)

Dnmt1 null mice

Not viable

(Li, Bestor, and Jaenisch, 1992)

Tet1 null mice

Mostly normal embryonic and postnatal development
abnormal long-term depression

(Dawlaty et al., 2014)
(Rudenko et al., 2013)

Tet2 null mice

Increased development of myeloid malignancies
and early life mortality

(Ko et al., 2011; Li et al., 2011)

Tet3 null mice

Normal embryonic development
but neonatal mortality

(Gu et al., 2011; Tsukada, Akiyama, and Nakayama, 2015)

Uhrf1 null mice

Embryonic growth retardation and ultimately lethality
Global genomic hypomethylation
Development to expanded blastocyst stage
severely impaired upon maternal KO

(Sharif et al., 2007)
(Bostick et al., 2007)
(Maenohara et al., 2017)

Uhrf2 null mice

Viable but increased risk of spontaneous seizures

(Liu et al., 2017)

2.6

DNA replication and epigenome maintenance

As just discussed, epigenetic DNA modifications can severely impact mammalian embryonic and also postnatal development, which makes the faithful propagation of epigenetic
modifications during mitotic cell division a crucial step in the cell cycle. To ensure the
correct inheritance of epigenetic modifications to a daughter cell, epigenome replication is
tightly coupled to the replication of DNA itself.
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Genome duplication in eukaryotic and especially mammalian cells before mitotic cell division is a temporally and spatially tightly orchestrated process. The foundation for DNA
replication during S-phase is laid already during late mitosis and in G1 phase, when the
MCM2-7 helicase complex is loaded onto DNA at origins of replication. These origins
are distributed throughout the whole nucleus, which ensures replication of the entire
genome. Upon being licensed and starting replication, an origin becomes inactive to avoid
re-replication of DNA (Blow and Dutta, 2005). The transition from MCM2-7 chromatin
loading to origin licensing and eventually firing as well as the prevention of re-licensing
in S-phase is tightly regulated by cyclin-dependent kinases (CDK) (Satyanarayana and
Kaldis, 2009). Upon initiation of DNA replication from an origin, replication forks move away
bidirectionally from the origin. A plethora of proteins concomitantly ensures the progression
of the replication fork and faithful DNA duplication. Amongst them are helicases, different
DNA polymerases, DNA single strand binding proteins and the processivity factor PCNA
(Proliferating cell nuclear antigen) that serves as a loading platform for proteins associated
with DNA replication, but also epigenetic inheritance (Chagin, Stear, and Cardoso, 2010;
Moldovan, Pfander, and Jentsch, 2007).
In somatic cells, S-phase progression follows the gene-density and GC-content of the
underlying DNA (Costantini and Bernardi, 2008). In early S-phase, gene-rich and transcriptionally active euchromatin is replicated, while in mid S-phase, replication of facultative
heterochromatin takes place. Facultative heterochromatin comprises silenced genic regions and can be highly variable between different cells. Constitutive heterochromatin
is highly methylated and replicated in late S-phase in somatic cells. It comprises many
repetitive sequences like tandem satellite repeats and furthermore fulfils structural tasks
(Saksouk, Simboeck, and Déjardin, 2015). Large heterochromatic clusters, so-called
chromocenters, are observed in DNA-stainings of murine cells, which are characterized by
large focal patterns during DNA replication (Figure 6).

However, not only the DNA but also associated proteins and chromatin modifications
have to be duplicated. The most prominent DNA-associated proteins are the core histones,
which make up the nucleosome, hence the fundamental structure of chromatin organization. It is by now well established that the replicated nascent DNA strands receive newly
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Figure 6: Progression of DNA replication in somatic cells. Shown are maximum Z-projections of a
C2C12 mouse myoblasts that was transiently transfected with mRFP-PCNA and subjected to live-cell
time lapse microscopy. In early S-phase, euchromatic DNA is replicated, which is characterized by a
homogeneous distribution of PCNA foci. Facultative heterochromatin is replicated in mid S-phase, which
shows PCNA patterns in the nuclear and nucleolar periphery. Furthermore, in female cells, like the shown
tetraploid mouse myoblasts, the two inactive X-chromsomes are replicated in mid S-phase and are visible as
large, synchronously replicating structures. During late S-phase, constitutive heterochromatin which forms
large clusters in murine cells, so-called chromocenters, is replicated. Scale bar = 5 µm.

synthesized and recycled parental histones in equal amounts (Campos, Stafford, and
Reinberg, 2014) ensuring the correct inheritance of post-translational histone modifications.
For this purpose, histones H3 and H4, which contain a majority of the regulatory PTMs
(Rando, 2007), from the parental DNA strand are divided symmetrically by the replicative
helicase MCM2 with a minor bias for the leading strand over the lagging strand (Petryk
et al., 2018).
Besides histones and DNA itself, also DNA base modifications have to be duplicated, as
all known mammalian DNA modifications are added post-synthetically.

2.6.1

Maintaining the DNA methylome

Considerable efforts were undertaken to unravel the cell cycle dependent inheritance of
the repressive DNA modification 5mC. The most important players in maintaining 5mC are
the just introduced maintenance DNA methyltransferase Dnmt1 and its facilitating factor
Uhrf1. Although, Dnmt1 harbours an N-terminal PCNA binding domain, association with
the replication machinery via PCNA, was shown to be dispensable for DNA methylation
maintenance (Spada et al., 2007). Due to an autoinhibitory conformation, Dnmt1 needs a
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Figure 7: Molecular mechanism of DNA methylation maintenance. (A) Schematic, simplified overview of
a DNA replication fork and a detailed view of newly synthesized piece of DNA, harbouring a hemimethylated
CpG adjacent to a nucleosome. (B) Dnmt1 access to the unmethylated cytosine is prevented by its
autoinhibitory conformation. Uhrf1 recognizes and binds the opposing methylated cytosine via its SRA
domain. (C) Binding to methylated cytosine in a hemimethylated CpG-context triggers a conformational
change of Uhrf1, which in turn binds H3K9me3. (D) Interaction with the histone H3 tail activates the
E3 ubiquitin-ligase function of Uhrf1 and it deposits monoubiquitination marks on lysines 18 and 23 in
histone H3, via the interplay of its UBL and RING domain. (E) Histone H3K18/K23 monoubiquitination and
physical interaction with Uhrf1 triggers a conformational change of Dnmt1 and recruits it for DNA methylation
maintenance.
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regulatory cofactor to stimulate its enzymatic activity, which is facilitated by Uhrf1 (Bashtrykov
et al., 2013).
Uhrf1 is initially recruited to chromatin by recognizing hemimethylated DNA via its SRA
domain. This binding triggers a conformational change, enabling it to bind H3K9me3 in the
vicinity of hemimethylated DNA through its tandem tudor domain (Liu et al., 2013b; Fang
et al., 2016). The thereby mediated binding to the histone H3 tail activates the E3-ligase
activity of Uhrf1 and results in monoubiquitination of lysines 18 and 23 in the histone H3 tail
(Qin et al., 2015; Harrison et al., 2016; Foster et al., 2018). These monoubiquitinations are
in turn bound by the TS domain of Dnmt1 and crucial for its maintenance methytransferase
activity (Qin et al., 2015). The protein-protein interaction of chromatin bound Uhrf1 and
Dnmt1, via the Uhrf1 SRA- and UBL-domains, results in a conformational change in Dnmt1
and its recruitment. The TS domain of Dnmt1 allosterically blocks the catalytic center,
rendering Dnmt1 inactive. This blocking is reversed by Uhrf1 binding to Dnmt1, which
promotes its maintenance methyltransferase activity (Bashtrykov et al., 2013; Li et al.,
2018) (Figure 7).
Although, it has been found that Uhrf1-recruitment for replication coupled methylation maintenance depends also on its binding to a trimethylated H3K9me3-mimicking peptide within
ligase1, complete loss of ligase1 did not affect DNA methylation maintenance, suggesting
a backup mechanism for this interaction (Ferry et al., 2017).
As briefly outlined here, extensive efforts have been undertaken to elucidate the exact
mechanism, how 5mC is inherited during mitotic cell division and the picture of this crucial
biological mechanism becomes ever more complex. In contrast to this, the maintenance
of the oxidative derivatives of 5mC remains elusive, although it was shown that 5hmC
and 5fC are largely stable throughout the cell cycle and follow similar kinetics as 5mC
(Bachman et al., 2014; Bachman et al., 2015).
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Aim of the study

Although the proteins of the Tet dioxygenase family have been the subject of extensive
research over the past years, the mechanisms by which they are recruited in the course of
5mC oxidation is still poorly understood. Furthermore, it remains elusive how Tet proteins
maintain the 5mC oxidation products that were shown to be more than mere intermediates
in the active removal of DNA methylation and to furthermore follow the cell cycle dynamics
of 5mC.
With regard to these findings, I addressed the question of a potential role for the Tet
proteins in DNA replication-coupled 5mC oxidation product maintenance and therefore
addressed the following points:

i) The localization of the different Tet proteins during ongoing DNA replication

ii) Potential interactions with proteins that are implicated in (epi)genome replication

iii) Potential physiological consequences of a Tet recruitment in DNA replication

Figure 8: Aim of the study. The mechanism how DNA methylation is maintained throughout the cell cycle
in proliferating cells is well established. The maintenance DNA methyltransferase Dnmt1 is recruited to sites
of-going DNA replication predominantly by interactions with the multidomain protein Uhrf1 but also, with
the clamp loader protein PCNA. Dnmt1 interaction with these two proteins ensures faithful inheritance of
the DNA methylome in proliferating cells (Section 2.6). The members of the Tet dioxygenase family on the
other hand, are known to oxidise 5mC to 5hmC, 5fC and 5caC in an iterative manner. The exact mechanism,
how Tet proteins are recruited for catalytic activity or how the levels of these predominantly stable DNA
modifications are maintained remains, however, elusive. The aim of this study was therefore, to characterize
the cell cycle localization of Tet proteins, interactions with other proteins that are involved in (epi)genome
maintenance and physiological consequences of a putative cell cycle dependent Tet recruitment.
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4.1

Material and Methods
Expression plasmids

All mammalian expression vectors were obtained by using standard restriction enzymeand PCR-based molecular cloning techniques, if not stated otherwise. All oligonucleotides
that were used in the cloning procedures are given in table 1.
Plasmids encoding human EGFP- and mRFP-tagged PCNA have been described in previous publications (Leonhardt et al., 2000; Sporbert et al., 2005). To create miRFP-PCNA,
the sequence of miRFP670 was amplified from pmiRFP670-N1 (Addgene plasmid # 79987)
(Shcherbakova et al., 2016)and used to replace the mRFP sequence in pENmRFPCNAL2
(Sporbert et al., 2005) using BsrGI and AgeI restriction endonucleases sites.
EGFP- or mcherry-tagged catalytically active and inactive mouse Tet1CD constructs as
well as mcherry-tagged catalytic domains of Tet2 and Tet3 and the three full-length proteins
have been described before (Frauer et al., 2011a; Liu et al., 2013a; Müller et al., 2014;
Ludwig et al., 2017; Zhang et al., 2017c).
The EGFP-tagged short isoform of Tet1 was generated by amplifying the respective coding sequence from EGFP-Tet1 (Frauer et al., 2011a) and replacing the full-length Tet1
sequence with the Tet1s sequence by restriction with AsiSI and NotI. Mcherry-tagged
Tet1s was generated by replacing the coding-sequence of Uhrf1 from mcherry-Uhrf1 (Qin,
Leonhardt, and Spada, 2011)with the Tet1s sequence by AsiSI and NotI restriction.
EGFP-tagged Tet1-CRD and Tet1-DSBH were generated by amplifying the respective
domains from full-length Tet1 and replacing the EGFP-Tet1 (Frauer et al., 2011a) sequence
by AsiSI and NotI restriction.
EGFP-Tet1∆1-389 and EGFP-Tet1∆566-833 were obtained by overlap-extension PCR
and the thereby generated products were used to replace the Tdg-coding sequence in
EGFP-TDG (Müller et al., 2014) with AsiSI and NotI restriction.
To obtain a EGFP-tagged peptide encoding the putative Tet1-PBD, oligo-cloning was performed and MCMT-PBD in an EGFP-N2 backbone (Mortusewicz et al., 2005)was replaced
by restriction with XmaI and EcoRI.
The CRD of EGFP-Tet1s or EGFP-Tet1 was deleted by overlap-extension PCR(Ho et al.,
1989) and the obtained amplicon was used to replace the Tet1 coding sequence in EGFP-
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Tet1 (Frauer et al., 2011a).
Lysine 852 in Tet1s was mutated to either arginine or glutamate using a slightly modified
protocol of a previously described sequence and ligation independent cloning(SLIC) approach (Jeong et al., 2012). In brief, two overlapping DNA fragments that contained the
desired mutations in their respective complementary 5’ and 3’ regions were generated
by PCR, using the Tet1s coding sequence as template. The Tet1 coding sequence was
excised from EGFP-Tet1 (Frauer et al., 2011a) with AsiSI and NotI and the remainder used
as backbone. 100 ng of the backbone were mixed with the two amplicons in a ratio of 1:2:2
and a T4 polymerase reaction with 0.6 units of T4 polymerase was set up in a volume of 10
µL. The reaction was incubated at room temperature for 2.5 minutes and further incubated
on ice for 10 minutes before being transformed into chemically competent Top10 cells.
EGFP-tagged Tet1CD harbouring the just described K to R or K to E mutations within the
CRD was generated by PCR amplifying the respective Tet1CD coding sequence from the
corresponding Tet1s vectors. The amplicons were than used to replace the Tet1 coding
sequence from EGFP-Tet1 (Frauer et al., 2011a).
Full-length mouse Uhrf1 fused to EGFP or mcherry and mouse EGFP-Uhrf2 constructs
have been described before (Qin, Leonhardt, and Spada, 2011; Pichler et al., 2011). Single
domain deletion constructs or single domains of Uhrf1 fused to EGFP were described in
previous studies (Rottach et al., 2010; Pichler et al., 2011; Qin et al., 2015).
Mcherry-tagged VprBP was cloned from murine ESC cDNA by overlap extension PCR (Ho
et al., 1989) and the obtained PCR fragment used to replace the Uhrf1 sequence from
mcherry-Uhrf1 (Qin, Leonhardt, and Spada, 2011) with AsiSI and NotI restriction.
A major satellite repeat recognizing polydactyl zinc-finger fused to EGFP or a EGFPrecognizing nanobody was described in previous publications (Lindhout et al., 2007;
Casas-Delucchi et al., 2012b).
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4.1.1

List of oligonucleotides
Table 2: List of oligonucleotides used for plasmid generation

Name
Tet1s_fwd
Tet1_rev
Tet1CD_fwd
Tet1CD_rev
Tet1-CRD_fwd
Tet1-CRD_rev
Tet1-DSBH_fwd
Tet1-DSBH_rev
EGFP-Tet1∆1-389_fwd1
EGFP-Tet1∆1-389_rev1
EGFP-Tet1∆1-389_fwd2
EGFP-Tet1∆1-389_rev2
EGFP-Tet1∆1-389_fwdfinal
EGFP-Tet1∆1-389_revfinal
EGFP-Tet1∆566-833_fwd1
EGFP-Tet1∆566-833_rev1
EGFP-Tet1∆566-833_fwd2
EGFP-Tet1∆566-833_rev2
EGFP-Tet1∆566-833_fwd3
EGFP-Tet1∆566-833_rev3
EGFP-Tet1∆566-833_fwdfinal
EGFP-Tet1∆566-833_revfinal
Tet1-PBD_fwd
Tet1-PBD_rev
Tet1Fl-∆CRD-outer_fwd
Tet1s-∆CRD-outer_fwd
Tet1-∆CRD-inner_fwd
Tet1-∆CRD-inner_rev
Tet1-∆CRD-outer_rev
Tet1s-K852X/Q693X-outer_fwd
Tet1s-K852X/Q693X-outer_rev
Tet1s-K852E-inner_fwd
Tet1s-K852E-inner_rev
Tet1s-K852R-inner_fwd
Tet1s-K852R-inner_rev
Tet1s-Q693E-inner_fwd
Tet1s-Q693E-inner_rev
miRFP670_fwd
miRFP670_rev
VprBP_fwd
VprBP-inner_fwd
VprBP-inner_rev
VprBP_rev
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Oligonucleotide sequence (5’ –> 3’)
ATAAGCAGCGATCGCATGGACTGCAGTAGAC
ATAAGCAGCGGCCGCTTAGACCCAACGATTG
AAAAGCGATCGCATGGAAGCTGCACCCTGTGACTG
CGTTAACTGCGGCCGCTTAGACCCAACG
AAAAGCGATCGCATGGAAGCTGCACCCTGTGACTG
GAATGCGGCCGCTTACCCAAACTTACAGCC
AAGCGATCGCCCAAGGAAATTTAGGCTAC
AAAAGCGGCCGCTTAGAGGGAACGATTG
AAAAGCGATCGCATGGCTATTACTATGCTAAACCAA
TGCAGCTTCCTGTTCCTTCAATCCAGCTATCAGGTT
ATAGCTGGATTGAAGGAACAGGAAGCTGCACCCTGT
GAATTCGTTAACTGCGGCCGC
AAAAGCGATCGCATGGCTATTACTATGCTAAACCAA
GAATTCGTTAACTGCGGCCGC
ATGTCTCGGTCCCGCCCCGCAATGTCTCGGTCCCGCCCCGCA
AGGTCGACTCCCAGCCACCATTGGCGGCGTAGAATT
ACGCCGCCAATGGTGGCTGGGAGTCGACCTCACCCT
TGCAGCTTCCTGTTCCTTCAATCCAGCTATCAGGTT
ATAGCTGGATTGAAGGAACAGGAAGCTGCACCCTGT
GAATTCGTTAACTGCGGCCGC
ATGTCTCGGTCCCGCCCCGCAATGTCTCGGTCCCGCCCCGCA
GAATTCGTTAACTGCGGCCGC
AATTCCATGAAACGGCGGCAAAAAGAAAAAGGCCCATATTATCACAAACGCCGGCTGC
CCGGGCAGCCGGCGTTTGTGATAATATGGGCCTTTTTCTTTTTGCCGCCGTTTCATGG
CTCGAGGCGATCGCATGTCTCGGTCC
ATAAGCAGCGATCGCATGGACTGCAGTAGAC
TAGCTGGATTGAAGGAACAGAGGAGTGAAAACCCCAGAAA
TTTCTGGGGTTTTCACTCCTCTGTTCCTTCAATCCAGCTA
CGTTAACTGCGGCCGCTTAGACCCAAC
GATCTCGAGGCGATCGCATGGAC
CGTTAACTGCGGCCGCTTAGAC
CAACGGCTGTGAGTTTGGGAGGAG
CTCCTCCCAAACTCACAGCCGTTG
CAACGGCTGTCGGTTTGGGAGGAG
CTCCTCCCAAACCGACAGCCGTTG
GATGGAGGTACAGAGAAAGAAAAAGGCCC
GGGCCTTTTTCTTTCTCTGTACCTCCATC
ATCCACCGGTCGCCACCATGGTA
AAATGTACAGGCTCTCAAGCGCGGTGAT
AAAAGCGATCGCATGACTACAGTAGTGGTAC
GTCTCTCTTCCCCGGACCCCTCG
CGAGGGGTCCGGGGAAGAGAGAC
AAAAGCGGCCGCATCACTCATTCAGAGATAAG
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Cell culture and transfection

All mammalian cells were cultured in a humidified atmosphere under 5% CO2 at 37
◦ C.

Cells were split every two to three days in the case of somatic cells and embry-

onic stem cells were split every two days with daily medium changes. All media were
supplemented with 1x Penicillin-Streptomycin (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany, Cat.No.: P4333) and 1x L-glutamine (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany, Cat.No.: G7513).
4.2.1

Cell lines

C2C12 mouse myoblasts (Blau et al., 1985)were cultured as described previously (Ludwig
et al., 2017) in DMEM (Sigma-Aldrich Chemie GmbH, Steinheim, Germany; Cat.No.:
D6429) containing 20% FCS.
Mouse embryonic fibroblasts (MEF) deficient for Dnmt1 and p53 (MEF-PM, Dnmt1-/- ,
p53-/- ), deficient for p53 (MEF-P, p53-/- ), deficient for SUV39 (MEF-D15, SUV39H1-/- ,
SUV39H2-/- ) and corresponding wildtype cells were cultured under previously described
conditions in DMEM containing 15% or 10% FCS, respectively (Lande-Diner et al., 2007;
Peters et al., 2001).
MCF10a non-tumorigenic mammary gland cells were cultured in DMEM/F12 (SigmaAldrich Chemie GmbH, Steinheim, Germany; Cat.No.: D8900) supplemented with final
concentrations of 5% horse serum (Sigma-Aldrich Chemie GmbH, Steinheim, Germany;
Cat.No.: H0146), 20 ng/mL EGF (Sigma-Aldrich Chemie GmbH, Steinheim, Germany;
Cat.No.: E9644), 0.5 mg/mL hydrocortisone (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany; Cat.No.: H0888), 100 ng/mL cholera toxin (Sigma-Aldrich Chemie GmbH, Steinheim, Germany; Cat.No.: C8052) and 10 µg/mL insulin (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany; Cat.No.: I2643) and MCF7 breast cancer cells were cultured in
DMEM (Sigma-Aldrich Chemie GmbH, Steinheim, Germany; Cat.No.: D6429) containing
10% FCS.
Mouse embryonic stem cells E14 and stem cells deficient for Uhrf1 (Uhrf1-/- ) (Sharif et al.,
2007) and ligase1 (Lig1-/- ) (Ferry et al., 2017) were cultured under feeder-free, 2i/LIF
conditionsin culture dishes that were coated with gelatin (0.2%; Sigma-Aldrich Chemie
GmbH, Steinheim, Germany, Cat.No.: G2500). DMEM (Sigma-Aldrich Chemie GmbH,
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Steinheim, Germany; Cat.No.: D6429) for embryonic stem cell culture contained 16% FCS
and was, in addition to L-glutamine and Pen/Strep, supplemented with 1x non-essential
amino acids (Sigma-Aldrich Chemie GmbH, Steinheim, Germany; Cat.No.: M7145), 0.1
mM β-mercaptoethanol (Carl Roth, Karlsruhe, Germany, Cat.No.: 4227), 0.1 µM PD
0325901 (Axon Medchem BV, Groningen, The Netherlands, Cat.No.: Axon 1408), 0.3
µM CHiR 99021 (Axon Medchem BV, Groningen, The Netherlands, Cat.No.: Axon 1386),
1,000 U/ml LIF (Enzo Life Sciences GmbH, Lörrach, Germany, Cat.No.: ALX-201-242).
HEK-293 cells (Invitrogen; catalog # 620-07, Paisley PA49RF, UK) were cultured in DMEM
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany; Cat.No.: D6429) containing 10%
FCS.

4.2.2

Transfection

C2C12, MEF, MCF7 and MCF10a cells were transfected by electroporation with the AMAXA
Nucleofector II system (Lonza, Cologne, Germany), using a self-made buffer (5 mM KCl, 15
mM MgCl2 , 120 mM Na2 HPO4 /NaH2 PO4 pH 7.2, 50 mM Mannitol) with default programs
B032, A024, P020 or T024, respectively.
Mouse embryonic stem cells were transfected with the Neon nucleofection system (Thermo
Fisher Scientific, Waltham, MA, USA; Cat.No.: MPK5000), according to the manufacturer’s
protocol.
HEK-293 cells were transfected with polyethylenimine (PEI) pH 7.0 (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany; Cat.No.: 408727) as previously described (Agarwal et al.,
2007).

4.3

Immunofluorescence staining of cells

For immunofluorescent staining of modified nucleotides, Tet1 or replication associated
proteins, all cells were seeded on gelatine-coated glass coverslips and fixed in 3.7%
formaldehyde (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, Cat.No.: F8775) in 1x
PBS for 10 minutes. After three washing steps with PBS-T (1x PBS, 0.01% Tween-20),
cells were permeabilized with 0.5% Triton X-100 in 1x PBS for 20 minutes, incubated in
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ice-cold 88% methanol for 5 minutes and washed again.
In the case of immunostainings of modified nucleotides, cells were incubated with 10 µg
/mL RNaseA in 1x PBS for 30 minutes at 37 ◦ C. After three more washing steps, cells were
blocked with 1% BSA in 1x PBS at 37 ◦ C for 30 minutes. The primary antibody solution
contained final concentration of 0.5% BSA, 1x DNaseI reaction buffer (60 mM Tris/HCl
pH 8.1, 0.66 mM MgCl2 , 1 mM β-mercapthoethanol) and 0.1 U/µL DNaseI (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany, Cat.No.: D5025). Antibodies against 5hmC (Active
Motif, La Hulpe, Belgium, Cat.No.: 39769) and 5mC (mouse monoclonal clone 32E2,
Manuscript in preparation: Weichmann F. et al., "Generation and validation of monoclonal
antibodies specific to modified nucleotides"), were each used in a dilution of 1:200. The
primary antibody mix was incubated at 37 ◦ C for 70 minutes and afterwards washed three
times with PBS-TE (PBS-T + 100 mM EDTA).
Cells that were immunostained against Tet1, PCNA and ligase1 were blocked in 1% BSA
for 30 minutes after fixation and incubated with primary antibodies diluted in 1% BSA for 60
minutes at room temperature. As antibodies, α-Tet1 clone 5D8 (Bauer et al., 2015), αPCNA
clone PC10 (Agilent Technologies, Inc. / DAKO, Santa Clara, USA, Cat.No.: M0879) and
αLigaseI (rabbit, polyclonal against N-terminal amino acids 1-23, Ab-S977) were used in
dilutions of 1:2, 1:100 and 1:250, respectively. After incubation with the primary antibodies,
cells were washed three times with PBS-T.
For the detection of the primary antibodies, cells were incubated with following secondary
antibodies diluted in 1% BSA, Alexa Fluor 488-conjugated goat α-rabbit IgG (H+L) (1:500;
ThermoFisher Scientific, Invitrogen, Carlsbad CA, USA, Cat.No.: A-11008), Alexa Fluor
488-conjugated goat α-mouse IgG(H+L) (1:250; ThermoFisher Scientific, Invitrogen, Carlsbad CA, USA, Cat.No.: A-11001), Alexa Fluor 594-conjugated goat α-rabbit IgG (H+L)
(1:250; ThermoFisher Scientific, Invitrogen, Carlsbad CA, USA, Cat.No.: R37117), Cy5conjugated donkey α-mouse IgG(H+L) (1:250; The Jackson Laboratory, Bar Harbor, ME,
USA, Cat.No.: 715-715-150).
After an incubation of 45 minutes at room temperature, cells were washed three times with
PBS-T, counterstained with 10 µg/ml DAPI (4’,6- diamidin-2-phenylindol, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany, Cat.No.: D9542) and mounted in Mowiol (SigmaAldrich Chemie GmbH, Steinheim, Germany, Cat.No.: 81381).

34

4

MATERIAL AND METHODS

4.4
4.4.1

Microscopy and image analysis
Live cell time-lapse microscopy

Live cell time-lapse experiments were performed with a Nikon Ti-E microscope equipped
with a UltraVIEW VoX spinning disk confocal unit (PerkinElmer, UK), controlled by Volocity
6.3 (PerkinElmer, UK), and a live cell chamber (ACU control, Olympus), at 37 ◦ C, with 5%
CO2 and 60% air humidity. Z-stacks were acquired with a 60x/1.49 NA CFI Apochromat
TIRF oil immersion objective (voxel size: 0.12 x 0.12 x 0.5-1 µm; Nikon, Tokyo, Japan) or a
100x/1.49 NA CFI Apochromat TIRF oil immersion objective (voxel size, 0.071 x 0.071 x
0.5-1 µm; Nikon, Tokyo, Japan) and a cooled 14-bit CCD camera (Hamamatsu Photonics
K.K., Hamamatsu City, Japan, Cat.No.: C9100-50). Z-stack images were analysed Using
Volocity 6.3 (PerkinElmer, UK) and [ImageJ].
4.4.2

Protein accumulation analysis

Heterochromatin accumulation ability of ectopically overexpressed fluorescently-tagged
proteins, during ongoing DNA replication, was assesed by transfecting cells with the
respective plasmids. 8-12 hours post transfection, confocal Z-stacks (voxel size, 0.12 x
0.12 x 0.5 µm) were acquired using the aforementioned Nikon-Ti-E setup. Z-stacks were
analysed using ImageJ. For this purpose, three circular regions with a radius of 4 pixels, in
the nucleoplasm and in chromocenters, marked by PCNA, were measured in maximum
intensity Z-projections images. The ratio of the averaged mean signal intensities of the
protein of interest in PCNA marked replication sites and in the nucleoplasm was plotted
using RStudio (Version 1.1.447).
4.4.3

High content screening microscopy

Endogenous 5mC and 5hmC levels and levels of ectopically expressed EGFP-tagged
proteins were measured with the Operetta high-content screening system (Perkin Elmer,
UK) in wide-field mode, equipped with a Xenon fibre-optic light source and a 20x/0.45 NA
long working distance or a 40x/0.95 NA objective. For excitation and emission, following
filtercombinations were used, 360-400 nm and 410-480 nm for DAPI or AMCA, 460-490
nm and 500-550 nm for EGFP as well as 560-580 nm and 590-640 nm for TexasRed.
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Fluorescence intensity levels were quantified with the Harmony software (Version 3.5.1,
PerkinElmer, UK) (Figure 9).
For the analysis of cells that were transfected with EGFP or EGFP fusion encoding plasmids
and stained against 5hmC and counterstained with DAPI, cell nuclei were first identified
according to their EGFP fluorescence and evaluated for morphological properties like
roundness and size. These parameters as well as the mean and sum nuclear fluorescence
intensities of DAPI, EGFP and Alexa 594-labelled 5hmC were calculated in cells that fit
these morphological criteria. Measurement results were further processed with RStudio
(Version 1.1.447). For further analysis, sum nuclear 5hmC levels were divided by the sum
nuclear DAPI intensity, to compensate for potential cell cycle dependent 5hmC fluctuations.
The normalized 5hmC values were grouped according to the mean EGFP intensities of the
respective cells and cells with mean EGFP levels below 50 were considered as background.
The before normalized 5hmC levels of the background-expressing cells were averaged
and the 5hmC values of cells above background level, divided by this average. Cells
above EGFP background expression levels were then grouped according to their mean
EGFP fluorescence levels in low (50-100 AU), mid (100-500 AU), and high (500-1000 AU)
expressing groups and plotted with RStudio (Version 1.1.447).
The nuclei of MCF10a and MCF7 cells that were simultaneously stained for 5mC and
5hmC and counterstained with DAPI, were identified by their DAPI-staining and further
grouped according to morphological criteria. The mean and sum nuclear fluorescence
intensities of DAPI, Alexa-488 labelled 5mC and Alexa-594 labelled 5hmC were calculated
in cells that matched this criteria. Exported measurement results were further analysed
and plotted with RStudio (Version 1.1.447). For this purpose, the sum nuclear Alexa-488
and Alexa-594 levels of cells that were only stained with the secondary antibodies, were
averaged to obtain a background fluorescence value. The sum nuclear fluorescence
values of 5mC and 5hmC in cells that were incubated with primary and secondary antibody
were each normalized to the respective average background fluorescence and further
normalized to the DAPI fluorescence intensity and the normalized values plotted.
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Figure 9: Workflow of the Harmony-based nuclear 5hmC quantification. To quantify sum nuclear 5hmC
levels in C2C12 mouse myoblasts that ectopically overexpressed different fluorescently tagged Tet variants,
cells were imaged in wide-field mode and analysed with the Harmony software. Cell nuclei in the input image
were segmented according to their EGFP fluorescence and further categorized according to morphological
properties. Sum and mean nuclear fluorescence intensities were calculated in all three channels and further
processed with RStudio (Version 1.1.447). Sum nuclear 5hmC levels were normalized to sum nuclear DAPI
levels. The normalized 5hmC levels of cells wih a mean nuclear EGFP intensity below 50 were averaged
and considered as background values. Cells that were normalized to the background 5hmC intensity were
grouped according to their mean nuclear EGFP fluorescence intensity into low (50-100 AU), mid (100-500
AU) and high (500-1000 AU) and plotted.

4.4.4 In situ DNA modification quantification
To quantify 5hmC levels in chromocenters and the nucleoplasm, C2C12 cells were transfected with EGFP-tagged Tet1-variants or EGFP alone and immunostained against 5hmC
and counterstained with DAPI. Confocal Z-stacks with a Z-step length of 0.5 µm were
acquired with the before described Nikon Ti-E spinningdisk setup. Images were analysed with a self-written semiautomated macro routine for ImageJ (Figure 19A). In brief,
maximum Z-projections were generated and binary nuclear masks were created of the
respective 16-bit images, based on the DAPI signal. For this, images were thresholded
with the triangle method and grey values above 3000 were considered for the mask. A
second binary mask for the chromocenters was created with the triangle threshold method
for all pixels with intensities above 7000. Based on these two masks a third mask for the
nucleoplasm was calculated and the respective mean 5hmC levels were measured and
plotted with RStudio (Version 1.1.447).
To address the endogenous levels of 5mC and 5hmC in heterochromatic domains of
MCF10a or MCF7 cells, cells were immunostained against 5mC and 5hmC and counter-
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stained with DAPI. Cells were imaged with the before described confocal spinningdisk
setup and analysed with ImageJ. For this, maximum Z-projections were generated and
circular ROIs with a radius of 5 pixel were created around DAPI-dense regions and the
respective mean fluorescence intensities measured. Mean fluorescence intensities were
normalised to the DAPI intensity and plotted with RStudio (Version 1.1.447).

4.5

Statistical analysis

Statistical significance was tested with a paired two-samples Wilcoxon test with RStudio
(Version 1.1.447). P-values below 0.005 were assumed to be statistically significant. All
p-values are given in the figure legends or respective plots directly. Boxplots represent the
median with the box depicting the 25–75 percentile and the lines and circles denote the
95% confidence interval and outliers, respectively.

4.6

Western blotting and co-immunoprecipitation

Cell pellets for western blotting and co-immunoprecipitation were obtained by harvesting
cells by centrifugation for 5 minutes at 500 xg and 4 ◦ C. For general western blotting, cell
lysates were prepared by resuspending the cell pellet in lysis buffer and (20 mM Tris-HCl
pH 8, 150 mM NaCl, 0.5 mM EDTA, 0.5 % NP-40) supplemented with Pepstatin A (1 µM
final concentration; Sigma-Aldrich Chemie GmbH, Steinheim, Germany, Cat.No.: P5318),
PMSF (10 µM final concentration, Sigma-Aldrich Chemie GmbH, Steinheim, Germany,
Cat.No.: 78830), AEBSF (1 mM final concentration, AppliChem, Darmstadt, Germany,
Cat.No.: A1421,0100). Cells were disrupted by syringe treatment with 21 G needles and
incubated on ice for 30 minutes with repeated vortexing in-between. Cell lysates were
cleared by centrifugation for 15 minutes at 13000 xg and 4 ◦ C and the supernatant resolved
by SDS-PAGE and subjected to western blotting analysis.
Co-immunoprecipitation experiments were essentially performed as described before
(Becker et al., 2016). In brief, HEK-293 cells were PEI-transfected with EGFP and mRFPor mcherry-fusion protein encoding plasmids and harvested approximately 36 hours later
by centrifugation for 5 minutes at 500 xg and 4 ◦ C. The cells were washed with ice-cold
washing buffer (20 mM Tris-HCl pH 8, 150mM NaCl, 0.5 mM EDTA) and centrifuged
again for 5 minutes at 500 xg and 4 ◦ C. The resulting cell pellet was resuspended in 200
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µL lysis buffer and cells were disrupted and the cell lysate cleared as described earlier.
15% percent of the cell lysate was used as input control and the rest was incubated with
equilibrated GFP- or RFP-trap beads (Chromotek GmbH, Planegg-Martinsried, Germany)
on a rotator for 90 minutes at 4 ◦ C. Afterwards, beads were washed 3 times with 300
µL washing buffer. Input and bound fraction were separated on 6% SDS-PA gels and
transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA,
Cat.No.: 1620112).
Membranes were blocked with 5% milk in 1x PBS-T (0.1% Tween). For the detection
of EGFP- or mRFP- and mcherry-tagged proteins, rat monoclonal anti-GFP clone 3H9
(ChromoTek GmbH, Planegg-Martinsried, Germany, Cat.No.: 3h9) and rat monoclonal antiRFP clone 5F8 (Rottach et al., 2008); (ChromoTek GmbH, Planegg-Martinsried, Germany,
Cat.No.: 5f8) were used as primary antibodies. Tet1 was detected with monoclonal rat 5D8
(1:2, (Bauer et al., 2015)). Primary antibodies were diluted in blocking buffer and incubated
for 2 hours at room temperature. After washing three times with 1x PBS supplemented with
0.1 Tween-20, a horseradish peroxidase conjugated goat anti-rat IgG secondary antibody
(1:5000; The Jackson Laboratory, Bar Harbor, ME, USA, Cat.No.: 112-035-068) was
incubated in blocking buffer for 1 hour at room temperature. The secondary antibody was
visualized with ECL Plus Western Blotting Substrate (ThermoFisher Scientific, Waltham,
MA, USA, Cat.No.:32132) and signals were detected with a chemiluminescence imager.
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Results
The short isoform of Tet1 localizes to pericentric heterochromatin during ongoing DNA replication

5.1.1

Tet1 and its short isoform show different S-phase localizations

Methylated cytosine serves as a substrate for the dioxygenases of the Tet protein family,
which can oxidise this repressive DNA modification and thereby change and diversify the
information content of the epigenome. The Tet catalytic activity thus modulates crucial
cellular processes like transcription, DNA replication or repair and in turn affects embryonic
as well as postnatal organismic development but also plays a role in tumorigenesis. Despite
extensive efforts to unravel the regulation of Tet proteins, the mechanism how cellular
levels of 5hmC and its oxidative derivatives are maintained in proliferating cells, remains
elusive. Tet1, the founding member of the Tet dioxygenase family, has previously been
implicated in maintaining euchromatic 5hmC levels in differentiated cells, throughout the
cell cycle and to thereby prevent DNA methylation spreading to euchromatin (Jin et al.,
2014). However, also this study failed to present a mechanism on how this maintenance is
achieved. Recently, a short isoform of Tet1 was described to be expressed in somatic cells
upon differentiation, while expression of full-length Tet1 is mainly restricted to embryonic
stem cells and early embryogenesis (Zhang et al., 2016b). Said short isoform was found
to arise from an alternate promoter and to lack a major part of its N-terminus, including the
CxxC-domain, which targets the full-length Tet1 protein to non-modified DNA (Frauer et al.,
2011a). The short isoform of Tet1 was furthermore shown to be overexpressed in various
cancers, which correlates with poor patient survival (Good et al., 2017). In line with the
finding that Tet1 can act as a maintenance dioxygenase, the Tet-mediated 5mC oxidation
products 5hmC and 5fC were found to be stable throughout the cell cycle in proliferating
cells with almost similar cell cycle-dependent dynamics as described for 5mC (Bachman
et al., 2014; Bachman et al., 2015).
Based on the question, how the oxidative derivatives of 5mC are maintained throughout
the cell cycle, I first addressed the cellular localization of full-length Tet1 and its cancerassociated, N-terminally truncated, short isoform during ongoing DNA replication in somatic

41

5

RESULTS

cells. For this purpose I transfected C2C12 mouse myoblasts with plasmids encoding
EGFP-tagged fusion proteins of full-length Tet1 and its short isoform, hereafter called Tet1s,
(Figure 10A) together with mRFP-tagged PCNA, as a marker for cell cycle progression and,
in particular, S-phase substages and active replication sites. C2C12 cells were chosen, as
their S-phase and its spatio-temporal progression have been studied extensively and are
well characterized (Casas-Delucchi et al., 2011). In their undifferentiated state, C2C12 cells
moreover express comparatively low to undetectable levels of Mbd proteins like MeCP2
(Brero et al., 2005), which we could previously show to counteract Tet catalytic activity by
restricting its access to DNA (Ludwig et al., 2017). Besides the low levels of Mbd proteins,
undifferentiated C2C12 cells also show low expression of all three Tet proteins, which
makes them a suitable model for ectopic Tet overexpression experiments (Zhong et al.,
2017). To avoid secondary effects from prolonged Tet1 overexpression and 5mC oxidation,
cells were subjected to live cell time-lapse microscopy eight to ten hours after transfection.
For time-lapse imaging, cells in early S-phase, defined by a homogeneously distributed
focal PCNA pattern, were chosen and confocal Z-stacks acquired every 20 minutes over
the course of several hours.
While full-length Tet1 showed no noteworthy accumulation during either of the S-phase
substages or in G2, a clear localization between Tet1s and PCNA could be observed
at sites of ongoing DNA replication in pericentric heterochromatin during late S-phase
(Figure 10B). This observation led me to quantify the relative accumulation of Tet1 and
Tet1s during late S-phase. For this purpose, C2C12 cells were again co-transfected with
either of the two EGFP-tagged Tet1 variants, together with mRFP-tagged PCNA and
imaged live approximately eight hours post transfection. Live-cell imaging was chosen,
because the observed localization of Tet1s during late S-phase was lost upon fixation,
although different fixation protocols were tested. Cells that showed a late S-phase PCNA
pattern, characterized by strong focal accumulations, were imaged. For the analysis of
Tet1 or Tet1s accumulation, maximum intensity Z-projections were generated and three
nuclear areas in PCNA marked, replicating pericentric heterochromatin (PHC) domains
and in the nucleoplasm outside of DNA replication foci, were chosen. The fluorescence
intensity signals of the three respective spots were averaged and the ratio of the mean
Tet1 fluorescence signals inside and outside of PCNA foci was calculated. In this way, a
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significant accumulation of Tet1s at sites of late S-phase, in comparison to full-length Tet1
was found (Figure 10C).

Figure 10: The short isoform of Tet associates with pericentric heterochromatin during DNA replication and increases 5hmC levels. (A) Gene structure of the human Tet1 locus. Exons 1 and 3 are
non-coding and each harbour a distinct transcription start site, of which each is targeted by a different
promoter. Translation of full-length Tet1 and its short isoform starts in exon 2 and 4, respectively (Good et al.,
2017). (B) Confocal mid Z-planes of C2C12 mouse myoblasts that were transfected with mRFP-PCNA and
EGFP-Tet1 or EGFP-Tet1s and subjected to time-lapse live cell microscopy eight hours post transfection.
Cells that showed an early S-phase pattern were chosen and followed over time with time intervals of 20
minutes. While no noteworthy accumulation or PCNA colocalization was observed for Tet1, Tet1s showed a
clear colocalization with PCNA during ongoing replication in pericentric heterochromatin in late S-phase. (C)
To analyse the accumulation of Tet1 and Tet1s at PCNA marked replication sites, C2C12 cells were transfected with EGFP-tagged Tet1 or Tet1s and mRFP-PCNA and imaged live eight hours post transfection. For
the quantification of the Tet1 or Tet1s accumulation at late replication PHC, maximum intensity Z-projections
were generated and the mean fluorescence intensities of three nuclear areas inside and outside of sites of
ongoing DNA replication were measured. The respective values were averaged and the mean fluorescence
intensities of Tet1 in PCNA foci divided by the mean fluorescence in nucleoplasmic regions. (n-numbers:
Tet1: 10, Tet1s: 13). (D) Ectopic overexpression of Tet1s significantly increases 5hmC levels in C2C12 cells.
C2C12 mouse myoblasts were transfected with EGFP-Tet1, EGFP-Tet1s or EGFP alone and 24 hours later
fixed and immunostained against 5hmC. Fluorescence intensity levels of overexpressed proteins and 5hmC
were measured with a wide-field high content screening microscopy system. Sum nuclear 5hmC levels
were normalized to the sum nuclear DAPI intensity and grouped according to their respective mean EGFP
fluorescence (low: 50-100 AU, mid:100-500 AU, high: 500-1000 AU; n-numbers: GFP=6255, Tet1=3169,
Tet1s=5960). Experiments were performed at least in triplicate and statistical significance was tested with a
paired two-samples Wilcoxon test, using R-studio version 1.1.447. Scale bars = 5 µm.
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Prompted by the finding that Tet1s localized to pericentric heterochromatin during ongoing
DNA replication, I was furthermore interested, to see how global 5hmC levels changed
upon overepression of either Tet1 or Tet1s. To answer this question, I transfected C2C12
mouse myoblasts with either EGFP-tagged Tet1 or Tet1s or EGFP as a control and fixed
the cells 24 hours after transfection and performed immunofluorescence staining against
5hmC. Stained cells were imaged with a wide-field high content screening microscope
system and sum and mean nuclear fluorescence intensities quantified with the respective
analysis software (Figure 9). For further analysis, sum 5hmC levels were normalized to
the sum nuclear DAPI intensity as a proxz for DNA content. EGFP levels, were normalized
to the average of the lowest expressing cells and than grouped in low, mid and high
expressing cells, according to their mean nuclear EGFP fluorescence levels. Interestingly, Tet1s overexpression led to significant 5hmC increases in all groups compared to
the EGFP-control, but also Tet1-transfected cells. In contrast, full-length Tet1 failed to
markedly increase 5hmC levels in low- and mid-expressing cells and, with exception for
the high-expressing group, showed no significantly higher 5hmC levels as the respective
EGFP-control groups (Figure 10D).

5.1.2

The CxxC domain of Tet1 prevents its S-phase localization

A domain, distinguishing Tet1 from its short isoform is the N-terminal zinc-finger that is
lacking in Tet1s (Figure 10A). Besides the CxxC-domain one more regulatory domain in
the very N-terminus was recently identified and termed BC (before CxxC) domain (Zhang
et al., 2016b). The CxxC- and the BC-domain were implicated in concomitantly facilitating
chromatin binding of full-length Tet1 and their combined deletion was shown to result in
markedly decreased chromatin loading (Zhang et al., 2016b). These findings prompted
me to investigate the accumulation of different N-terminal deletion mutants of Tet1 and
also its CxxC-domain alone, during late S-phase. Hence, I transfected C2C12 cells with
mRFP-PCNA and EGFP-Tet1∆1-389 that lacks the BC-domain, EGFP-Tet1∆566-833 that
lacks the CxxC-domain or EGFP-Tet1-CxxC (Figure 11A). Cells in late S-phase were
imaged live eight to ten hours post transfection and the relative accumulation in PCNA
foci of late S-phase cells quantified as described before. While the CxxC domain of Tet1
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showed a very homogeneous nuclear pattern and no accumulation at all, Tet1∆1-389
showed a slightly (p=0.1823) and Tet1∆566-833 a significantly (p=0.002756) increased
accumulation compared to full-length Tet1 (Figure 11B). In regard to this finding, I set
out to investigate the spatio-temporal dynamics of the CxxC-lacking Tet1∆566-833 fusionprotein during S-phase. For this, I transfected the respective EGFP-tagged construct
together with mRFP-PCNA and performed live-cell time lapse microscopy as described
earlier. Interestingly, in stark contrast to full-length Tet1 or Tet1s, strong focal accumulations
were observed already during early S-phase and persisted throughout the whole S-phase
and G2. The characteristic colocalization with PCNA at PHC in late S-phase was also
observed (Figure 11C).

Figure 11: The CxxC domain of Tet1 prevents PHC association during DNA replication. (A) Domain
organization of full-length Tet1. Indicated are the the locations of amino acids from N-terminal deletion
mutants, used in this study. (B) Representative confocal mid-Z-plane images of C2C12 mouse myoblasts
in late S-phase that were transfected with EGFP-tagged full-length Tet1, Tet1∆1-389, Tet1∆566-833 or the
Tet1-CxxC domain and mRFP-PCNA. The corresponding boxplot shows the relative accumulation of the
EGFP signal at PCNA marked DNA replication sites in pericentric heterochromatin. Tet1∆566-833 shows
a significant accumulation compared to full-length Tet1, while Tet1∆1-389 accumulation is only slightly
increased and the Tet1-CxxC does not show any accumulation (n-numbers: Tet1=10, Tet1∆1-389=11,
Tet1∆566-833=10, Tet1-CxxC=11). Statistical significance was tested with a paired two-samples Wilcoxon
test, using R-studio version 1.1.447. (C) Representative confocal mid-Z-sections of a C2C12 mouse myoblast
cell that was co-transfected with EGFP-Tet1∆566-833 and mRFP-PCNA and subjected to live-cell time lapse
microscopy 8 hours post transfection. Tet1∆566-833 shows a strong focal pattern in the nucleus throughout
the entire S-phase and in G2, but also colocalizes with PCNA during ongoing DNA replication in PHC in late
S-phase. Scale bars = 5 µm.
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DNA replication association of Tet1 is independent of its catalytic activity

Many studies, including our own that investigated the effects of Tet catalytic activity, used
not only the full-length Tet proteins, but also the respective C-terminal catalytic domains.
The catalytic domain of all Tet proteins comprises the cysteine-rich domain (CRD) and
the double-stranded beta helix (DSBH) that together are sufficient for Tet-mediated 5hmC
formation in vivo and also in vitro (Ludwig et al., 2017; Zhang et al., 2017b; Zhang et al.,
2017c; Zhang et al., 2017a). To investigate the cell cycle distribution of the catalytic
domain of Tet1 (Tet1CD), I transfected C2C12 mouse myoblasts with mcherry-Tet1CD,
miRFP-PCNA and EGFP-MaSat, imaged cells in S-phase and scored the accumulation in
late S-phase as described earlier (Figure 10C). Similar to the observation made for Tet1s,
no notewhorty nuclear Tet1CD-patterns were observed throughout early or mid S-phase
(not shown). However, in late S-phase Tet1CD showed a clear colocalization with PCNA
as also observed for Tet1s (Figure 12B, upper panel). This prompted me to further test,
whether single amino acid substitutions in the cofactor binding sites (H1652Y, D1654A,
(Figure 12A)) of Tet1CD can change the observed localization. These mutations render
Tet1 catalytically inactive but do not affect its DNA-binding affinity (Zhang et al., 2017b).

Figure 12: DNA replication association of Tet1 is independent of its catalytic activity. (A) Schematic
of the catalytic domain of Tet1. Stars indicate the location of cofactor binding site mutations that render it
catalytically inactive. (B) Representative pseudocolored mid-Z-sections of C2C12 mouse myoblasts in late
S-phase, transiently expressing fluorescently tagged Tet1CD or Tet1CDmut as well as PCNA and MaSat.
(B) Quantification result of the accumulation of Tet1CD and Tet1CDmut at late replicating PHC, marked by
PCNA (n-number for both = 15). For accumulation quantification, mean fluorescence intensities in three
circular regions, inside and outside of sites of ongoing DNA replication were measured and the average of
the ratio plotted. Statistical significance was tested with a paired two-samples Wilcoxon test, using R-studio
version 1.1.447. Scale bar = 5 µm.
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For this, I again transfected C2C12 myoblasts with miRFP-PCNA, EGFP-MaSat and the
mcherry-tagged catalytically inactive mutant of Tet1CD (Tet1CDmut). This mutant showed
the same nuclear localization pattern as previously observed for the short isoform of Tet1
or Tet1CD and the accumulation at replication sites in PHC was not significantly changed,
compared to Tet1CD. (Figure 12B, lower panel, C).
With respect to the finding that the catalytic domain of Tet1 is sufficient for its association
with DNA replication at PHC and the high sequence homology to the catalytic domains of
Tet2 and Tet3 (Bauer et al., 2015), I investigated also the S-phase distribution of full-length
Tet2 and Tet3 and their respective catalytic domains, employing the protein accumulation
assay (Figure 10C). With this approach, no accumulation throughout the whole S-phase,
including during the replication of pericentric heterochromatin in late S-phase was observed
for either the full-length proteins or the catalytic domains of Tet2 or Tet3 (Figure 13A, B).

Figure 13: Tet2 and Tet3 do not localize to pericentric heterochromatin during late DNA replication.
(A) Representative pseudocolored confocal mid-Z-sections of C2C12 mouse myoblasts in late S-phase
transiently transfected with fluorescently tagged PCNA and Tet2 and Tet3 full-length proteins and respective
catalytic domains. (B) Boxplots show the relative accumulation of Tet2 and Tet3 or their respective catalytic
domains in PCNA marked chromocenters. Statistical significance was tested with a paired two-samples
Wilcoxon test, using R-studio version 1.1.447. Scale bar = 5 µm.
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The cysteine-rich domain of Tet1 is essential for its S-phase association and
catalytic activity

The minimal domain that is needed for the dioxygenase activity of the Tet proteins, is
their C-terminal catalytic domain, which comprises the CRD and the DSBH. While these
domains together are sufficient for catalytic activity and localization to PHC during ongoing
DNA replication, I was interested to test, whether either of the two domains alone can
localize to late-replicating DNA or at least still be catalytically active. I therefore first
tested the localization of these two domains during ongoing DNA replication in PHC. For
this purpose, I co-transfected C2C12 cells with mRFP-tagged PCNA and EGFP-tagged
CRD or DSBH and acquired confocal Z-stacks of cells with a late S-phase PCNA pattern
approximately eight hours post transfection and quantified their accumulation.
In this way, I found no cells, which overexpressed the DSBH, to show focal patterns
that resembled those of PCNA. Cells that were co-transfected with EGFP-CRD, however,
occasionally showed weak accumulations of CRD at PCNA marked PHC. When I quantified
the accumulation of the CRD and the DSBH at late-replicating PHC, values close to 1 were
measured, indicating almost no accumulation. However, the CRD, for which occasional
accumulations were observed, showed a significantly increased accumulation compared
to the DSBH (Figure 14A, B). To test, whether either of the domains can increase global
5hmC levels, C2C12 cells were transfected with EGFP-Tet1CD, EGFP-CRD or EGFPDSBH and 24 hours later fixed and immunostained against 5hmC and counterstained
with DAPI. Stained cells were imaged with a wide-field high content screening microscope
and the sum and mean nuclear values of DAPI, EGFP and Alexa-594-labelled 5hmC
measured. Sum nuclear 5hmC levels were normalized to the sum DAPI intensity and
grouped according to their mean EGFP fluorescence as an indicator for Tet1-X expression
levels. While both, CRD and DSBH, failed to increase global 5hmC levels compared to
control EGFP-transfected cells, Tet1CD significantly (p for all groups = 2.2x10-16 ) increased
5hmC levels independent of its respective expression levels, compared to EGFP, EGFPCRD or EGFP-DSBH transfected cells (Figure 14C).
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Figure 14: The cysteine-rich domain of Tet1 colocalizes with PCNA during PHC replication but is
catalytically inert. (A) Representative confocal mid-Z-sections of C2C12 mouse myoblasts, co-transfected
with plasmids, encoding fluorescently tagged PCNA and Tet1-CRD or Tet1-DSBH. (B) Schematic of the
accumulation quantification of Tet1-CRD or Tet1-DSBH in PCNA marked PHC replication sites and the
corresponding boxplot that summarizes the quantification results (n-numbers: CRD=14, DSBH=13) (C)
Boxplot showing the normalized sum nuclear 5hmC levels in C2C12 mouse myoblasts that were transfected
with Tet1CD, Tet1-CRD or Tet1-DSBH and 24 hours later immunostained against 5hmC. 5hmC levels were
normalized to background fluorescence levels and the sum nuclear DAPI levels. Cells were grouped in low
(<50-100 AU), mid (<100-500 AU) and high (<500-1000 AU) expressing cells according to their mean nuclear
EGFP fluorescence (n-numbers: CD=15893, CRD=15835, DSBH=8121). Three stars indicate a p-value >
2.2x10-16 . Statistical significance was tested with a paired two-samples Wilcoxon test, using R-studio version
1.1.447 Scale bar = 5 µm.

The very weak, but focal accumulation that was occasionally observed for Tet1-CRD,
prompted me to delete the CRD from Tet1s and investigate the effects that the deletion
of this domain has on S-phase Tet1 localization, as well as global 5hmC production. I
generated an EGFP-tagged Tet1s∆CRD-construct and transfected it into C2C12 mouse
myoblasts together with mRFP-PCNA, to perform live-cell time lapse microscopy. In stark
contrast to the localization of Tet1s that showed a clear accumulation in late S-phase
at PCNA marked chromocenters, no accumulation at PCNA marked replication foci was
observed throughout S-phase. Investigating the global 5hmC levels of C2C12 cells that
overexpressed EGFP-Tet1s∆CRD gave a similar picture as observed before for the CRD
or DSBH alone. No 5hmC increase was found for either low, mid or high Tet1s∆CRD
overexpressing cells, while Tet1s overexpression significantly increased global 5hmC levels
compared to EGFP-control transfected cells.
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Figure 15: The CRD of Tet1s is required for its catalytic activity and S-phase localization. (A) Representative confocal mid-Z-section images of a C2C12 mouse myoblast cell that was co-transfected with
EGFP-Tet1s∆CRD and mRFP-PCNA and subjected to live-cell time lapse microscopy. (B) Schematic of the
experimental procedure and respective boxplots. Mouse myoblasts were transfected with EGFP, EGFP-Tet1s
or EGFP-Tet1s∆CRD and 24 hours later stained against 5hmC. Sum nuclear 5hmC were normalized to the
5hmC levels in the lowest expressing cells and the sum nuclear DAPI intensity and grouped, according to their
mean nuclear EGFP fluorescence intensity in low (<50-100 AU), mid (<100-500 AU) and high (<500-1000
AU) expressing (n-numbers: GFP=6255, Tet1s=5960, Tet1s∆CRD=2070). Experiments were performed
at least in triplicate and statistical significance was tested with a paired two-samples Wilcoxon test, using
R-studio version 1.1.447. Three stars indicate a p-value > 2.2x10-16 . Scale bar = 5 µm.

Many proteins that associate with sites of ongoing DNA replication, do so via the interaction
with the clamp loader protein PCNA. Dnmt1, for example, harbours a so-called PCNA
binding domain (PBD), a short peptide with a conserved sequence motif that facilitates
this interaction. The consensus sequence of classical PBDs is characterized by an initial
glutamine (Q), followed by two variable amino acids, a hydrophobic amino acid, like
leucine (L) or isoleucine (I), two variable residues and finally two aromatic amino acids, like
phenylalanine (F), tryptophan (W), tyrosine (Y) or histidine (H). This consensus sequence
is often followed by basic residues like arginine (R) or lysine (K) (Easwaran, Leonhardt, and
Cardoso, 2007) (Figure 16A). Interestingly, PCNA was found to be a strong interactor of
Tet1 and to regulate its dioxygenase activity throughout the cell cycle and thereby protect
cells from aberrant DNA methylation (Cartron et al., 2013). To identify a putative PBD in
Tet1, but also Tet2 and Tet3, the respective amino acids sequences were searched for
a glutamine followed by five variable amino acids and finally two aromatic amino acids
with the pattern finder tool from www.bioinformatics.org. While I did not get any hit in the
respective protein sequences of Tet2 or Tet3, a short peptide that harbours the desired
sequence was identified in the CRD of Tet1. The major difference of the putative PBD of
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Tet1 and the consensus sequence, is the hydrophobic middle amino acid. The putative
PBD of Tet1 harbours a hydrophilic lysine residue, instead of a hydrophobic leucine or
isoleucine (Figure 16A). To test, whether the PBD-like sequence of Tet1 can nevertheless
associate with PCNA and consequently the DNA replication machinery, I performed
oligo-cloning to obtain a EGFP-tagged Tet1-"PBD". This construct was transfected into
C2C12 mouse myoblasts together with mRFP-PCNA and confocal Z-stacks were acquired
approximately 8 hours post transfection and cells in different S-phase substages, defined
by their respective PCNA pattern. Strikingly, Tet1-"PBD" showed a distribution throughout
the cell with a strong nuclear signal. This distribution was attributed to the fact that
the flanking sequences of the Tet1-"PBD" contain many arginines that are also found in
nuclear localization sequences (Kalderon et al., 1984). Despite the strong nuclear signal,
no accumulation of Tet1-"PBD" at PCNA labelled sites of ongoing DNA replication was
observed in either of the S-phase substages, which was also confirmed by line-profile
analysis (Figure 16B).

Figure 16: The CRD of Tet1 harbours an inert putative PBD. (A) Domain organization of the short isoform
of Tet1 with the location of the putative PCNA binding domain (PBD) identified in the N-terminal region of its
cysteine-rich domain (CRD). The putative PBD sequence is aligned to known PBDs from different proteins,
associated with DNA replication and repair, with their respective accession numbers. The consensus
PBD sequence consisting of a glutamine followed by two variable amino acids, a hydrophobic amino acid,
two variable amino acids and two aromatic amino acid residues, is given at the bottom. (B) Exemplary
confocal mid-Z-sections of C2C12 mouse myoblasts in different S-phase substages co-transfected with the
EGFP-tagged putative PBD of Tet1 and mRFP-tagged PCNA. Line profiles of the indicated arrows are shown
next to the respective images. Scale bar = 5 µm.
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A conserved lysine in Tet1s CRD is crucial for its S-phase localization and
targeted catalytic activity

In addition to the non-functional putative PBD of Tet1 just described, two recent studies
independently identified a conserved lysine residue within the CRD of all Tet proteins.
Monoubiquitination of this lysine was found to modulate Tet catalytic activity and to be
important during oocyte development and for Tet2 chromatin binding (Yu et al., 2013;
Nakagawa et al., 2015). The lysine itself resides within a peptide that is conserved
between all three Tet protein family members and also between human and mouse Tet
(Figure 17A). This short amino acid stretch was shown to stabilize the DNA around
the modified cytosine target, by interacting with the phosphate backbone (Figure 17B).
Furthermore, mutations of the conserved lysine residue to a glutamate resulted in loss of
Tet2 catalytic activity, indicating its importance for the correct function of Tet proteins. (Hu
et al., 2013).
I therefore mutated lysine (K) 852 in Tet1s to a glutamate (E) or an arginine (R) to invert
or keep the respective charge and abrogate a putative ubiquitination. I continued to
investigate the DNA replication association capability of the respective constructs and the
effect of their overexpression on global 5hmC generation.
To test, whether the lysine mutations affect the accumulation during DNA replication in
PHC, EGFP-tagged Tet1s-constructs that harbour the K852R or K852E mutation were
co-transfected with mRFP-PCNA into C2C12 mouse myoblasts. Confocal Z-stacks were
acquired approximately eight hours later and the accumulation of the respective constructs
in late replicating DNA, marked by PCNA, was assessed as described earlier (Figure
10C). With this approach, no accumulation was found for either of the two Tet1s-mutants
during late S-phase, indicating that the respective lysine residue is indeed crucial for Tet1s
recruitment during DNA replication (Figure 17C, D).
To further test, whether the lost DNA replication association of Tet1s-K852R and Tet1sK852E (Figure 17A) affects global 5hmC levels, C2C12 myoblasts were transfected
with the respective EGFP-tagged constructs and immunostained against 5hmC 24 hours
later (Figure 18A). Tet1s, Tet1s-K852R, Tet1s-K582E all increased global 5hmC levels
significantly, compared to EGFP-control transfected cells (Figure 18B). However, while a
clear and significant increase of global 5hmC levels in Tet1s and Tet1s-K852R transfected
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cells was observed with increasing EGFP levels and hence Tet1s levels, increasing Tet1sK852E levels failed to further increase global 5hmC levels (Figure 18B).

Figure 17: A conserved lysine in Tet1s CRD is crucial for its S-phase localization. (A) Localization
within Tet1s and sequence alignment of a peptide from human and mouse Tet1, Tet2 and Tet3 surrounding
a conserved lysine residue that was shown to be monoubiquitination and thereby modulate Tet chromatin
binding and catalytic activity. The accession numbers are given next to the respective sequences. (B) Crystal
structure of human Tet2 bound to a 12 base pair long stretch of methylated DNA at a resolution of 2.03 Å
(PDB 4NM6) (Hu et al., 2013). The CRD is shown as faint red tube worms, with the conserved lysine 1492
shown in pink, and the DSBH as faint yellow tube worms. The bound DNA is depicted as blue and brown stick
representation helix with the methylated cytosine flipped out of the double helix shown in green. Zinc and iron
atoms are shown as grey and red spheres, respectively. The 2-oxoglutarate analog, N-oxalylglycine is shown
in stick representation. The model was visualized with Cn3D (Wang et al., 2000). (C) Representative confocal
mid-Z-sections of mouse myoblasts transiently expressing mRFP-PCNA together with EGFP-tagged Tet1s,
Tet1s-K852R or Tet1s-K852E. (D) Boxplots showing the relative accumulation of Tet1s and its lysine mutants
at PCNA marked DNA replication foci in C2C12 mouse myoblasts. The accumulation of the respective
Tet1s-constructs was quantified by measuring the mean fluorescence intensity levels of Tet1s or its lysine
mutants in PCNA marked PHC and dividing it by the mean levels in nucleoplasmic regions (n-numbers:
Tet1s=13 Tet1s-K852R=18, Tet1s-K852E=21). Scale bar = 5 µm.
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Figure 18: Tet1s lysine 852 mutations affect global 5hmC levels. (A) Schematic rationale of the experiment. C2C12 mouse myoblasts were transfected with EGFP, EGFP-Tet1s, EGFP-Tet1s-K852R or
EGFP-Tet1s-K852E and 24 hours later immunostained against 5hmC and the DNA counterstained with DAPI.
(B) Boxplots show the normalized sum nuclear 5hmC levels of C2C12 mouse myoblasts that transiently
overexpressed the indicated EGFP-tagged proteins. Sum nuclear 5hmC levels were normalized to the
averaged 5hmC averaged levels of lowest expressing cells and further against the sum nuclear DAPI intensity.
Cells were grouped acording to their respective mean EGFP fluorescence intensities in low (50-100 AU),
mid (100-500) and high (500-1000) expressing. Circles above boxes denote outliers. All experiments were
done at least in triplicate and respective p values are denoted in the plot and outliers are depicted as circles
above and below boxes (n-numbers: GFP=6255, Tet1s=5960, Tet1s-K852R=7482, Tet1s-K852E=16901).
Statistical significance was tested with a paired two-samples Wilcoxon test, using R-studio version 1.1.447.

The finding that Tet1s-K852R overexpression significantly increased global 5hmC levels,
compared to wildtype Tet1s overexpressing cells (Figure 18B) prompted me to examine the
nuclear 5hmC distribution in closer detail. For this purpose, I acquired high-magnification
confocal Z-stacks of randomly chosen cells that were previously imaged with the wide-field
high content screening system. To analyse the sub-nuclear 5hmC deposition upon Tet1soverexpression, a self-written, semiautomated ImageJ macro was used (Figure 19A). With
this analysis method, mean fluorescence intensity levels of 5hmC in chromocenters and
the surrounding nucleoplasm were measured and plotted. Similar to the observations,
made for global 5hmC levels (Figure 18B), I found that Tet1s, Tet1s-K852R and also Tet1sK852E showed significantly increased 5hmC levels in the nucleoplasm and chromocenters,
compared to EGFP control-transfected cells (Figure 19B, C). While Tet1s transfected
cells showed a significant increase of 5hmC in chromocenters, compared to Tet1s-K852E
transfected cells, no major difference was found in cells that overexpressed Tet1s-K852R.
In contrast to this, 5hmC levels in the nucleoplasm of cells that overexpressed Tet1s-K852R,
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were significantly higher than in cells that overexpressed wildtype Tet1s (Figure 19C).

Figure 19: Tet1s lysine 852 mutations affect local 5hmC levels. (A) Schematic of the ImageJ-based in
situ 5hmC analysis procedure. Maximum intensity projections of confocal Z-stacks were generated. Binary
nuclear and chromocenter masks were generated based on the thresholded DAPI signals and a binary
nucleoplasm mask was calculated from the DAPI and chromocenter masks. Mean fluorescence intensities
in the respective areas, were measured. (B) Representative confocal, pseudocoloured mid-Z-sections of
C2C12 cells that transiently overexpressed the indicated Tet1s variants or EGFP. (C) Boxplots show the
quantification results of (A), hence 5hmC levels in C2C12 mouse myoblasts in chromocenters (cyan) and
the surrounding nucleoplasm (purple), (n-numbers: GFP=19, S=50, K852R=39, K852E=33). Outliers are
depicted as circles above and below boxes, p-values are given in the plot directly and were calculated with a
paired two-samples Wilcoxon test, using R-studio version 1.1.447. Scale bar = 5 µm.

5.1.6

The CRL4(VprBP) complex might facilitate a crucial role in the S-phase association of Tet1

VprBP/DCAF1 (Viral protein r Binding Protein/DDB1 And CUL4 Associated Factor 1) is a
threonine kinase that was shown to phosphorylate histone H3T120 (Kim et al., 2013), but
is most prominent for its role as an adapter protein for the DDB1-Cul4 E3 ubiquitin-ligase
complex (Angers et al., 2006). This complex and especially the E3 ubiquitin-ligases of
the CRL (CUL4-RING E3 ubiquitn-ligase) family have been implicated in the regulation of
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various cellular processes like DNA repair, but also replication. They were, for example,
shown to prevent DNA re-replication in C. elegans by restraining origin licensing (Jackson
and Xiong, 2009). Besides this role, recent studies found the proteins of the Tet dioxygenase family to be a common substrate for the CRL4(VprBP)-complex. Monoubiquitination
of a conserved lysine residue in the CRD of all three Tet proteins, via the CRL4(VprBP)complex, was linked to increased catalytic activity and in the case of Tet2, also chromatin
loading (Yu et al., 2013; Nakagawa et al., 2015). Despite this, it was also found that the
CRL4(VprBP)-complex can polyubiquitinate Tet2 upon HIV-1 infection, which results in
proteasomal degradation of Tet2 and facilitates HIV-1 replication (Lv et al., 2018). Little
is known about the cell cycle- and in particular S-phase dynamics of the CRL4(VprBP)complex or VprBP in general.
I, therefore, addressed the S-phase localization of VprpBP, with respect to the previous
finding that mutations of the conserved lysine residue, known to be monoubiquitinated,
abrogate the S-phase localization of Tet1s (Figure 17C, D). To this end, C2C12 mouse
myoblasts were co-transfected with EGFP-Tet1, mcherry-VprBP and miRFP-PCNA encoding plasmids and subjected to live cell time-lapse microscopy. Cells in early S-phase
were chosen, according to their respective PCNA pattern and followed over time while
acquiring confocal Z-stacks every 20 minutes. Although VprBP showed a pancellular
distribution, a slight cytoplasmic-to-nuclear translocation was observed from early to late
S-phase (Figure 20A, B). The translocation was quantified by calculating the ratio of the
mean nuclear to the mean cytoplasmic VprBP fluorescence intensity. In addition to this,
line profile analysis of a late S-phase replication focus, showed that the VprBP signal
follows the distribution of PCNA and Tet1s, despite its apparently homogeneous nuclear
distribution (Figure 20C).
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Figure 20: The CRL4-adapter protein VprBP colocalizes with Tet1s during late S-phase. (A) Representative mid-Z-plane images of C2C12 mouse myoblasts that were transiently transfected with EGFP-Tet1s,
miRFP-PCNA and mRFP-VprBP and subjected to live-cell time lapse microscopy. Snapshots of the respective channels during early, mid and late S-phase are shown. (B) Bar graphs represent the ratio of the
mean nuclear to mean cytoplasmic fluorescence intensity of mRFP-VprBP. (C) Pseudocoloured, detailed
examination of the late S-phase cell shown in (A). A chromocenter that was marked by PCNA and Tet1s was
examined in detail by line-profile analysis. Scale bars = 5 µm, except scale bar in blow-up in (C) = 2 µm.
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Uhrf1 is crucial for Tet1s replication association
Loss of Uhrf1 but not Dnmt1 affects Tet1s localization

As the catalytic inactive mutant of Tet1 still localizes to DNA replication sites and therefore
seems to be dispensable for its association with sites of ongoing DNA replication during
late S-phase, I set out to test whether loss of the Tet substrate 5mC can affect the
observed localization. For this purpose I made use of cells that are deficient for either the
maintenance methyltransferase Dnmt1 or its facilitating factor Uhrf1, which both colocalize
or even associate with PCNA, during DNA replication in pericentric heterochromatin.
Mouse embryonic fibroblasts deficient for Dnmt1 were also deficient for p53 (MEF-PM),
as primary fibroblasts from Dnmt1 negative and p53 proficient embryos proved nonviable (Lande-Diner et al., 2007). As loss of Uhrf1 is eventually lethal during embryonic
development and differentiation, the effects of Uhrf1 deficiency were tested in mouse
embryonic stem cells (Bostick et al., 2007; Sharif et al., 2007). Cells deficient for Dnmt1
and cells deficient for Uhrf1 are characterized by global hypomethylation and exhibit only
residual genomic 5mC levels and are therefore suitable models to study the effects of 5mC
depletion on Tet1s localization during the cell cycle. Dnmt1-deficient cells are characterized
by decondensed pericentric heterochromatin and therefore often morphologically distorted
chromocenters (Casas-Delucchi et al., 2012a). For this reason, I co-transfected MEF-PM
and MEF control cells that are only deficient for p53, with mcherry-Tet1s, miRFP-PCNA and
EGFP-MaSat, to mark pericentric heterochromatin and imaged the cells live approximately
eight hours later, to qualitatively assess the localization of Tet1s during late S-phase.
The p53 deficient cells, and also the cells deficient for p53 and Dnmt1, showed a clear
accumulation of Tet1s at PCNA labelled chromocenters (Figure 21A), indicating that
neither the loss of the maintenance DNA methyltransferase Dnmt1 nor the accompanied
global loss of DNA methylation does affect the association of Tet1s with sites of ongoing
DNA replication in chromocenters.
The multi-domain protein Uhrf1 is mostly implicated in serving as a facilitating factor for
Dnmt1 mediated DNA methylation maintenance. This is achieved by interpreting the
combined information of the DNA methylation status and different histone modifications in
the vicinity of hemimethylated CpGs during ongoing DNA replication. This triggers the E3
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ubiquitin-ligase activity of Uhrf1 towards lysines in the histone H3 tail, which recruits the
TS of Dnmt1 (Hashimoto et al., 2009; Qin et al., 2015). The loss of Uhrf is accompanied
by severe global hypomethylation, similar to the loss of Dnmt1. To qualitatively address
the effect of Uhrf1 loss, I co-transfected wildtype and Uhrf1-deficient embryonic stem cells
with mcherry-Tet1s, miRFP-PCNA and EGFP-MaSat and imaged them live approximately
10 hours later. While E14 wildtype cells showed a clear colocalization of Tet1s, PCNA
and MaSat, no accumulation of Tet1s was observed in Uhrf1-deficient E14 cells, at PCNA
marked chromocenters (Figure 21B).

Figure 21: Loss of Uhrf1 prevents Tet1s accumulation at replicating PHC. (A) Representative mid-Zplane sections of mouse embryonic fibroblasts deficient for p53 (MEF-P; upper panel) or p53 and Dnmt1
(MEF-PM; lower panel) transiently expressing mcherry-Tet1s, miRFP-PCNA and EGFP-MaSat. (B) Representative mid-Z-plane sections of wild type E14 mouse embryonic stem cells (upper panel) or E14 mouse
embryonic stem cells deficient for Uhrf1 (E14-Uhrf1-/- ; lower panel) transiently expressing mcherry-Tet1s,
miRFP-PCNA and EGFP-MaSat. Scale bars = 5 µm.

5.2.2

Uhrf1 physically interacts with Tet1 and can rescue the S-phase localization
of its short isoform

Based on the finding that Tet1s accumulation is lost in Uhrf1-deficient cells, I was interested
to see, whether Tet1 and Uhrf1 can physically interact. The putative protein-protein
interaction was tested by co-immunoprecipitation experiments with single-domain deletions
of Uhrf1 and the minimal catalytically active domain of Tet1, Tet1CD that still localizes
to sites of ongoing DNA replication in PHC. For this purpose, HEK-293 cells were cotransfected with mcherry-tagged Tet1CD and EGFP-tagged single-domain deletion mutants
of Uhrf1 and harvested approximately 36 hours after transfection. Cell extracts were
prepared and incubated with GFP-binding nanobody immobilized on sepharose beads.
The input fraction and the bound fraction were separated by SDS-PAGE and transferred to
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nitrocellulose membranes. The fusion proteins were detected with monoclonal antibodies
against GFP and red fluorescent proteins, respectively. While full-length Uhrf1 as well as
all of its single-domain deletion mutants could pull down mcherry-Tet1CD, EGFP alone
failed to so (Figure 22).

Figure 22: Uhrf1 physically interacts with Tet1. EGFP or EGFP-tagged Uhrf1 constructs were ectopically
overexpressed in HEK-293 cells together with mcherry-Tet1CD and cell extracts were analysed by immunoprecipitation using an immobilized GFP-binding nanobody followed by western blotting with antibodies
against GFP and red fluorescent proteins. Schematic protein structures of the used fusion-proteins are
depicted on the left. The cut-outs on the right show the bound GFP-fractions and the input and bound
mcherry fractions.

As no Tet1s-recruitment to replication foci in PHC was observed in Uhrf1-deficient E14
ESCs, I was prompted to test if Tet1s localization can be rescued by ectopically reintroducing Uhrf1. Besides this, I also tested, whether its highly similar homologue Uhrf2 can
substitute Uhrf1 in Tet1s recruitment. Uhrf2 was shown to specifically bind 5hmC but was
not implicated in DNA methylation maintenance due to a different chromatin modification
readout (Vaughan et al., 2018). Besides this, Uhrf2 is mostly absent from embryonic stem
cells and found to be upregulated in somatic tissues (Pichler et al., 2011). The effects of
ectopic re-expression of Uhrf1 or Uhrf2 were tested by co-transfecting E14-Uhrf1-/- ESCs
with miRFP-PCNA, mcherry-Tet1s and either EGFP, EGFP-Uhrf1 or EGFP-Uhrf2. After
approximately 12 hours confocal Z-stacks were acquired and the accumulation of Tet1s in
large PCNA foci that were assumed to represent ongoing PHC replication, assessed with
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ImageJ as described earlier (Figure 23B). Cells that co-expressed EGFP-Uhrf1 showed a
clear colocalization between Tet1s and PCNA and the relative accumulation was similar to
the one that was measured in E14 wildtype cells, miRFP-PCNA, mcherry-Tet1s and Uhrf1.
In contrast to this finding, EGFP and Uhrf2 failed to restore the accumulation of Tet1s in a
Uhrf1-deficient background (Figure 23A, C).

Figure 23: Uhrf1 but not Uhrf2 is required for Tet1s S-phase localization. (A) Representative pseudocoloured confocal mid-Z-sections of E14 and E14-/- co-transfected with fluorescently tagged PCNA, Tet1s and
either Uhrf1, Uhrf2 or EGFP. (B) Rational of the Tet1s accumulation quantification. Relative mcherry-Tet1s
fluorescence intensity in PCNA marked chromocenters and surrounding nucleoplasm was quantified by
measuring three areas each and putting them into relation. (C) Boxplots depict the quantification results of
the accumulation measurements of E14 wildtype and E14-Uhrf1-/- co-transfected with fluorescently tagged
PCNA, Tet1s and either Uhrf1, Uhrf2 or EGFP (n-numbers: E14+EGFP-Uhrf1=9, E14-Uhrf1-/- +EGFP=12,
E14-Uhrf1-/- +EGFP-Uhrf1=10, E14-Uhrf1-/- +EGFP-Uhrf2=23). Outliers are depicted as circles above boxes.
P-values are given in the plot directly and were calculated with a paired two-samples Wilcoxon test in RStudio
version 1.1.447. Scale bar = 5 µm.

From the co-immunoprecipitation experiments (Figure 22), I deduced that at least two
domains of Uhrf1 can facilitate the interaction with Tet1, as the protein-protein interaction
was observed with full-length Uhrf1, but also all of its single domain deletion mutants.
This finding and my previous finding that lysine 852 of Tet1s, which was shown to be
monoubiquitinated (Nakagawa et al., 2015), is crucial for its S-phase localization (Figure
17C, D), led me to investigate, which effect the deletion of the UBL or the RING domains
of Uhrf1 have on Tet1s S-phase localization. These two domains have been shown to
concomitantly act on different protein targets, like the histone H3-tail, by forming a stable
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E2-E3 complex during ubiquitin-ligation (Foster et al., 2018). To test whether UBL- or
RING-deletion mutants can rescue Tet1s recruitment, Uhrf1-deficient E14 cells were cotransfected with plasmids, encoding fluorescently tagged PCNA and Tet1s in combination
with Uhrf1-∆UBL or Uhrf1-∆RING. Confocal Z-stacks were acquired approximately 12
hours later and analysed for Tet1s acumulation in PCNA foci in PHC, as described earlier
(Figure 23B). Uhrf1-∆UBL failed to significantly increase the accumulation of Tet1s in
replicating PHC over the levels observed in EGFP control transfected Uhrf1 knock-out
cells. In contrast, a significant increase in Tet1s accumulation was observed upon cooverexpression of Uhrf1-∆RING in comparison to E14-Uhrf1-/- co-transfected with EGFP or
EGFP-Uhrf1-∆UBL encoding plasmids (Figure 24B). In regard to the finding that deletion of
the E3 ubiqutin-ligase mediating RING domain failed to rescue the S-phase localization of
Tet1s and the fact that lysine 852 in Tet1s was shown to be monoubiquitinated, I performed
a CoIP of Uhrf1 with Tet1s or its respective lysine mutants. For this, HEK-293 cells were
co-transfected with mcherry-tagged Uhrf1 and EGFP or EGFP-tagged Tet1CD, Tet1CDK171R or Tet1CD-K171E mutants and protein lysates were prepared approximately 36
hours later. Cell extracts were incubated with an antibody against multiple red fluorescent
proteins coupled to sepharose beads. The input and bound fractions were seperated
by SDS-PAGE and transferred to nitrocellulose membranes. The fusion proteins were
detected with monoclonal antibodies against GFP and red fluorescent proteins. While
mcherry-Uhrf1 could not pull down GFP alone, EGFP-tagged wildtype Tet1CD as well as
Tet1CD-K171R and Tet1CD-K171E could all be pulled down by Uhrf1 (Figure 24C).
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Figure 24: The UBL-domain of Uhrf1 is requiered for Tet1s S-phase association. (A) Schematic of
full-length Uhrf1 indicating domain architecture. (B) Relative mcherry-Tet1s fluorescence intensity in PCNA
marked chromocenters and surrounding nucleoplasm was quantified by measuring three areas each and
putting them into relation. Boxplots depict the quantification results of the accumulation measurements of
E14 wildtype and E14-/- co-transfected with fluorescently tagged PCNA, Tet1s and either Uhrf1 or EGFP (nnumbers: E14+EGFP=12, E14-/- +EGFP=12, E14-/- +EGFP-Uhrf1∆UBL=21, E14-/- +EGFP-Uhrf1∆RING=21).
Outliers are depicted as circles above boxes. P-values are given in the plot directly and were calculated
with a paired two-samples Wilcoxon test in RStudio version 1.1.447. (C) EGFP or EGFP-tagged Tet1CD,
Tet1CD-KtoR or Tet1CD-KtoE were ectopically overexpressed in HEK-293 cells together with mcherry-Uhrf1.
Cell extracts were analysed by immunoprecipitation using an immobilized antibody against multiple red
fluorescent proteins followed by western blotting with antibodies against GFP and red fluorescent proteins.

5.2.3

Tet1s localization is S-phase substage-dependent and independent
of ligase1

Besides its binding to hemimethylated DNA, Uhrf1 was shown to recognize and bind
trimethylated lysine 9 in the histone H3 tail (H3K9me3) (Liu et al., 2013b). This modification
was, however, shown to be dispensable for Uhrf1 recruitment to pericentric heterochromatin during ongoing DNA replication and subsequent DNA methylation maintenance by
Dnmt1 (Lu et al., 2015). I tested whether Tet1s recruitment is affected by the deficiency
of the histone methyltransferase Suv39, which is responsible for di- and trimethylation of
H3K9 (Peters et al., 2002; Lehnertz et al., 2003).
To address, whether Tet1s is still recruited during late S-phase in Suv39-deficient mouse
embryonic fibroblasts (MEF), I first tested whether Uhrf1 can still be recruited. For this,
I transfected wildtype MEF-W8 cells and Suv39-deficient MEF-D15 cells with fluores-
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cently tagged Uhrf1, PCNA and MaSat encoding plasmids and imaged the cells live,
approximately 8 hours later. In the wildtype as well as the Suv39-deficient cells, a clear
colocalization of Uhrf1 and PCNA at chromocenters was observed (Figure 25A), as it was
also published (Lu et al., 2015). To further address the binding of Tet1s in these cells, they
were again co-transfected with plasmids encoding fluorescently tagged PCNA, Uhrf1 and
Tet1s and imaged live after about 8 hours. Again, a clear colocalization between PCNA,
Uhrf1 and also Tet1s was observed (Figure 25B).

Figure 25: Tet1s localization in late S-phase is independent of the H3K9 methylation status. (A)
Representative, pseudocoloured confocal mid-Z-sections of wildtype MEF-W8 and Suv39-deficient MEFD15, cotransfected with fluorescently tagged PCNA, MaSat and Uhrf1. (B) Representative, pseudocoloured
confocal mid-Z-sections of wildtype MEF-W8 cells and Suv39-deficient MEF-D15 cells, cotransfected with
fluorescently tagged PCNA, Uhrf1 and Tet1s. Scale bars = 5 µm.

As I found Tet1s recruitment to sites of late DNA replication to be unaffected by DNA
hypomethylation and abscence of the H3K9 methylation marks, I deemed replication
association to be more important than general heterochromatin binding. To further address
this, I made use of a fluorescent three hybrid (F3H) assay, using the MEF-PM cells that are
deficient for Dnmt1 and, hence, retain only residual levels of 5mC within their major satellite
repeats (Casas-Delucchi et al., 2012a). I first assessed the Uhrf1 S-phase distribution in
MEF-PM cells, by transfecting the cells with EGFP-Uhrf1 and mRFP-PCNA. While in early
or mid S-phase only very few focal, if at all, Uhrf1 accumulations were observed, a clear,
chromocenter-like, pattern was observed in late S-phase (Figure 26A). For the MEF-PM
based F3H assay, the major satellite recognizing zinc-finger protein MaSat, fused to a
GFP-binding nanobody (GBP-MaSat) (Casas-Delucchi et al., 2012b)was co-transfected
with a EGFP fusion protein as bait and a different fluorescently tagged protein as prey.
EGFP or EGFP-fusion proteins are tethered to chromocenters via the GBP-MaSat and,
thus, independent of the DNA methylation status and a colocalization with the prey protein
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is observed in case of protein-protein interactions. If cell-cycle independent interactions are
observed, this colocalization persists throughout the different S-phase and non-S-phase
substages as we found for example, for Tet1 and the methyl-CpG-binding domain protein
Mbd1 (Zhang et al., 2017c).
To monitor the cell cycle stage, I co-transfected miRFP-PCNA together with the minimal
Uhrf1-interacting Tet1 domain and EGFP or EGFP-Uhrf1 with or without GBP-MaSat
in MEF-PM cells. Cells were imaged live 8 hours post transfection and all cells that
showed EGFP-labelled chromocenter-like patterns were counted. Interestingly, around
50% of all cells with an EGFP-labelled chromocenter pattern showed a colocalization of
mcherry-Tet1CD with the EGFP signal, independent of whether EGFP or EGFP-Uhrf1 were
co-transfected. In contrast, almost 90% of cells without GBP-MaSat co-transfection but
EGFP-Uhrf1 foci showed a colocalization between the mcherry-Tet1CD and EGFP-Uhrf1
signals (Figure 26B). When I analysed the respective PCNA patterns in these cells, it
was observed that non-targeted cells with a clear colocalization between Tet1 and Uhrf1
showed a PCNA late S-phase pattern in most of the cases. However, cells co-expressing
GBP-MaSat that showed a clear EGFP-Uhrf1 chromocenter localization, but no mcherryTet1CD accumulation were found to also be in early or mid S-phase or non-S-phase (not
shown). Taken together, this in situ interaction assay emphasizes an S-phase substage
dependent interaction between Tet1 and Uhrf1.
Tethering Uhrf1 to chromocenters could not provoke a premature Tet1CD recruitment,
before late S-phase (Figure 26B). This furthermore hinted to a replication-dependent
recruitment mechanism for Tet1s. A recent study proposed that Uhrf1 recruitment during
DNA replication-coupled methylation maintenance, is achieved by binding to a H3K9me3mimicking peptide in DNA ligase1. It was found that Uhrf1 recruitment, as well as global
5mC levels are severly decreased, upon mutating the respective peptide (Ferry et al.,
2017). Based on this finding, I was interested to test, whether abscence of ligase1 would
affect the recruitment of Tet1s. For this, I made use of recently published ligase1-deficient
E14 mouse ESCs and corresponding wildtype cells (Ferry et al., 2017) and validated the
ligase1 knockout by immunostaining against ligase1 (Figure 27A). To adress, whether
Tet1s can still be recruited to DNA replication sites in PHC, I cotransfected the cells with
plasmids that encode fluorescently tagged PCNA, Tet1s and MaSat and acquired confocal
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Figure 26: Tet1 localization to pericentric heterochromatin is restricted to late S-phase. (A) Confocal
mid-Z-sections of MEF-PM cells, transiently expressing EGFP-Uhrf1 and mRFP-PCNA. Cells were imaged
live approximately eight hours post transfection. Shown are cells in representative S-phase substages. (B)
Schematic of the MEF-PM based F3H-assay. MEF-PM cells were transfected with mcherry-Tet1CD and
EGFP or EGFP-Uhrf1 with or without GBP-MaSat. Approximately eight hours post transfection, cells with
EGFP-labelled chromocenters were imaged live. The bargraph depicts the percentage of cells that showed
a colocalization between EGFP-labelled chromocenters and mcherry-Tet1CD (n-numbers: EGFP-Uhrf1=17,
GBP-MaSat+EGFP=20, GBP-MaSat+EGFP-Uhrf1=32). Scale bar = 5 µm.

Z-stacks live, approximately ten hours later. The accumulation of Tet1s in PCNA marked
pericentric heterochromatin was assessed as previously described (Figure 23B). I found
that this accumulation was largely unaffected between wildtype and ligase1-deficient ESCs
(Figure 27B, C).
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Figure 27: Tet1 localization to pericentric heterochromatin is not affected by the loss of DNA ligase1.
(A) Confocal mid-Z-sections of E14 wildtype and E14-ligase1-/- mouse embryonic stem cells, immunostained
against PCNA, ligase1 and counterstained with DAPI. (B) Boxplots depict the quantification results of the
accumulation measurements in E14 wildtype and E14-ligase1-/- co-transfected with fluorescently tagged
PCNA, Tet1s and MaSat (n-numbers: E14=12, E14-ligase1-/- =8). (C) Pseudocolored, representative mid
Z-section of a E14-ligase1-/- ESC, co-transfected with fluorescently tagged PCNA, Tet1s and MaSat. Scale
bars = 5 µm.

5.3

Tet1s overexpressing cells show aberrant cytosine modification
levels

5.3.1

Tet1s localization is conserved between mouse and human

The short isoform of Tet1 was identified to be expressed predominantly in somatic cells
(Zhang et al., 2016b) and was furthermore found to be overexpressed in different cancer
cells (Good et al., 2017). A hallmark of most cancer types are aberrant cytosine modification levels. On one hand, a global hypomethylation is observed in most cancers, while
local hypermethylation is often found in the context of promoter and coding regions of
tumour suppressor genes that are usually hypomethylated in normal tissues (Vidal et al.,
2017). In addition, many cancers also show a global loss of genomic 5hmC (Yang et al.,
2013). Interestingly, the canonical Tet1 promoter is found to become hypermethylated in
cancer cells (Li et al., 2016), which leads to the use of an alternate promoter and TSS and
consequently the expression of a N-terminally truncated, but catalytically active isoform of
Tet1, Tet1s (Good et al., 2017). I therefore wanted to address the localization of Tet1s in
human cancer cells.
MCF7 breast cancer cells were shown to overexpress Tet1s (Good et al., 2017). As I
performed all my previous experiments in murine cells, I first tested whether the described
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S-phase localization pattern of Tet1s (Figure 10B) is conserved between mouse and
human. For this, MCF7 breast cancer cells and MCF10a mammary gland cells that serve
as non-tumorigenic control cells, were co-transfected with EGFP-Tet1s and mRFP-PCNA
encoding plasmids and the localization of Tet1s analyzed. Cells in early, mid and late
S-phase, identified by the respective PCNA pattern, were imaged live approximately 12
hours after transfection. In the MCF10a control cells, as well as the MCF7 breast cancer
cells, a clear Tet1s accumulation at PCNA foci during late S-phase was observed, while no
accumulation was found in early and mid S-phase cells (Figure 28A). As it was published
that the MCF7 cells overexpress Tet1s (Good et al., 2017) (Figure 28B), I immunostained
them with a Tet1 specific antibody, which is directed against the unstructured C-terminal
region that splits the DSBH and therefore can detect full-length Tet1 and also Tet1s. Surprisingly, a nuclear, focal Tet1 pattern was observed which, however, did not colocalize with
PCNA and was, moreover, found in nuclear regions with a weak DAPI-staining (Figure
28C).

Figure 28: Tet1s is expressed in MCF7 breast cancer cells. (A) Shown are mid-Z sections of nontumorigenic MCF10a breast epithelial cells and MCF7 breast cancer cells that were transfected with
EGFP-Tet1s and mRFP-PCNA. Cells were imaged live approximately 12 hours post transfection and confocal
Z-stacks were acquired. (B) Representative western blot of MCF10a and MCF7 cells probed with an antibody
against Tet1. Cutouts show the respective Tet1 bands at approximately 235 kDa (Tet1) and 165 kDa (Tet1s).
A cutout from the Ponceau stained membrane is shown as loading control. (C) Confocal mid-Z-section image
of the nucleus of a MCF7 breast cancer cell that was immunostained against PCNA and Tet1 and the DNA
counterstained with DAPI. Scale bars = 5 µm.

5.3.2

Cancer cells that overexpress Tet1s show aberrant cytosine
modification levels

Many cancer cells are characterized by aberrant cytosine modification levels. In regard to
the finding that the short isoform of Tet1 can also localize to late replication chromatin in
cancer cells (Figure 28A), I was interested to see, whether global 5mC and 5hmC levels
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are altered between MCF7 breast cancer cells and the non-tumorigenic MCF10a mammary
gland cells. To test this, cells were seeded on glass coverslips and simultaneously
immunostained against 5mC and 5hmC and counterstained with DAPI. Immunostained
cells were imaged with a wide-field high content screening microscope and the respective
sum nuclear fluorescence levels were quantified. To control, for the potential of the two
antibodies blocking each others epitope access, I also performed single stainings for either
5mC or 5hmC. I found no intensity differences compared to double stained cells and
therefore continued to analyse the fluorescence intensities of DAPI, Alexa-488 labelled
5mC and Alexa-594 labelled 5hmC in double-stained cells. For the analysis the sum
nuclear 5mC and 5hmC levels were normalized to the averaged sum

Figure 29: MCF7 breast cancer cells show aberrant cytosine modification levels. (A) Scheme of the
experimental procedure. MCF10a and MCF7 cells were seeded on glass coverslips and the next day fixed and
immunostained against 5mC and 5hmC and counterstained with DAPI. Cells were imaged with a wide-field
high content screening microscope and sum nuclear fluorescence levels were quantified. (B) Representative
confocal mid-Z-sections of 5mC and DAPI stained nuclei of MCF10a and MCF7 cells and corresponding
boxplots showing the normalized sum nuclear 5mC intensity. Nuclear 5mC levels were normalized to the
sum DAPI signal and the averaged fluorescence intensity signal of cells that were only incubated with the
respective secondary antibody (n-numbers: MCF10a=9635, MCF7=32715). (C) Representative confocal
mid-Z-sections of 5hmC and DAPI stained nuclei of MCF10a and MCF7 cells and corresponding boxplots
showing the normalized sum nuclear 5hmC intensity. Nuclear 5hmC levels were normalized as just described
(n-numbers: MCF10a=9635, MCF7=32715). Statistical significance was tested with paired two-samples
Wilcoxon test in RStudio version 1.1.447. Scale bars = 5 µm.

nuclear Alexa-488 and Alexa594 fluorescence of cells that were only incubated with the
secondary antibodies, but not the primary ones, to exclude background fluorescence
from the analysis. To furthermore compensate for cell cycle effects and differences in
DNA content, the signal was normalized to the sum nuclear DAPI intensity. Analysing
the respective sum nuclear fluorescence levels in this way, I found that the MCF7 breast
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cancer cells show significantly reduced global levels of 5mC and also 5hmC in contrast to
the non-tumorigenic MCF10a cells. (Figure 29B, C).
5.3.3

Pericentric heterochromatin is depleted of 5mC and 5hmC in cancer cells

I have shown in this work that the S-phase recruitment of Tet1s to chromocenters in mouse
myoblasts is accompanied by a massive 5hmC increase in pericentric heterochromatin
(Figure 19C). Based on this finding and the reduction of global 5mC and 5hmC levels in
MCF7 breast cancer cells (Figure 29A, B), I set out to quantify the respective cytosine
modification levels in heterochromatic regions of MCF7 and MCF10a cells. In contrast to
the acrocentric chromosomes of mice that all harbour a large pericentric heterochromatin
domain (Guenatri et al., 2004), large clusters of highly methylated pericentric heterochromatin in humans are predominantly found in chromosomes 1, 9, 16 and in male cells
also the Y chromosome (Miller et al., 1974). Hence, human cells show fewer and smaller
heterochromatic subnuclear domains.
To address the levels of 5mC and 5hmC in situ, confocal Z-stack images were acquired
of MCF10a and MCF7 cells that were simultaneously immunostained against 5mC and
5hmC and counterstained with DAPI. For the analysis of the 5mC and 5hmC levels in DAPI
dense regions, maximum intensity Z-projections were generated and a circular region
of interest with a radius of 5 pixels was chosen and the respective mean fluorescence
intensities measured (Figure 30A). The mean levels of 5mC and 5hmC were normalized
to the respective DAPI levels and plotted. Similar to the observations made for global
5mC and 5hmC levels, MCF7 cells showed a significant reduction of both modifications
compared to MCF10a cells (Figure 30C, D), with a major decrease in 5mC levels. This is
also reflected in the respective ratios of 5hmC to 5mC levels in the measured regions that
almost doubled in MCF7 cells, compared to MCF10a cells (Figure 30B).
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Figure 30: Levels of 5mC and 5hmC in heterochromatin-rich regions in breast cancer cells. (A)
Rational of the experimental procedure. MCF10a and MCF7 cells were seeded on glass cover slips and
the next day fixed and immunostained against 5mC and 5hmC and counterstained with DAPI. Confocal
Z-stacks were acquired and analysed with ImageJ. Maximum intensity Z-projections were generated and
the mean nuclear levels of 5mC and 5hmC in DAPI dense focal regions that represent heterochromatin-rich
regions, measured in a ROI with a radius of 5 pixels and normalized to the respective DAPI signal. (B) The
ratio of mean 5mC and 5hmC in DAPI-dense regions of MCF10a and MCF7 cells was plotted. (C) Mean
fluorescence intensity of 5mC in DAPI-dense focal regions in MCF10a and MCF7 cell nuclei (n-numbers:
MCF10a=32, MCF7=38). (D) Mean fluorescence intensity of 5hmC in DAPI-dense focal regions in MCF10a
and MCF7 cell nuclei (n-numbers: MCF10a=32, MCF7=38). Statistical significance was tested with paired
two-samples Wilcoxon test in RStudio version 1.1.447. Scale bars = 5 µm.
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Discussion & Perspective

The main objective of the present study was to elucidate, whether Tet proteins can be
recruited during ongoing DNA replication, which would emphasize a role in the maintenance of 5mC oxidation products during the cell cycle and in particular during S-phase.
I therefore addressed the nuclear localization of the different Tet proteins and found a
late S-phase recruitment of the short isoform of Tet1, but not for full-length Tet1, Tet2
or Tet3, during ongoing DNA replication in pericentric heterochromatin. I continued to
investigate the domains of Tet1s that mediate S-phase recruitment and found that the
cysteine-rich domain within the catalytic domain of Tet1 is needed not only for catalytic
activity but also for the association with ongoing DNA replication in late S-phase. Based
on this finding, I further dissected the CRD and found a conserved lysine to be crucial
for the observed S-phase localization of Tet1s. S-phase localization was abrogated upon
mutating the said lysine to arginine (Tet1s-K852R). However, global 5hmC levels were
significantly increased in cells that transiently overexpressed Tet1s-K852R, compared to
wildtype Tet1s overexpressing cells. This observation was explained by analysing 5hmC
levels in situ and I found that Tet1s-mediated 5hmC formation was mostly restricted to
pericentric heterochromatin, whereas Tet1s-K852R overexpression increased 5hmC levels
on a more global scale. (Section 5.1, 6.1)
I could moreover show that Tet1s recruitment to PHC during DNA replication is independent of its catalytic activity and was also not affected by a strong decrease of global DNA
methylation levels or the absence of the maintenance DNA methyltransferase Dnmt1. In
contrast, I found that Uhrf1, an important facilitating factor of Dnmt1, physically interacts
with Tet1. Besides this, I could show that Tet1s recruitment to DNA replication in pericentric heterochromatin is lost in Uhrf1-deficient cells, but can be rescued by ectopically
reintroducing Uhrf1. (Section 5.2, 6.2)
Finally, I found the described S-phase localization of Tet1s to be conserved also in cancer
cells that are known to overexpress Tet1s. I could show that these cancer cells, in comparison to non-tumorigenic cells, are characterized by a significant decrease of global 5mC
and 5hmC levels globally and also in pericentric heterochromatin, whereby especially 5mC
is depleted in heterochromatic domains of breast cancer cells. (Section 5.3, 6.3)
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6.1

The short isoform of Tet1 localizes to pericentric heterochromatin during ongoing DNA replication

The proteins of the Tet dioxygenase family, Tet1, Tet2 and Tet3, have all been shown to
oxidise the repressive DNA modification 5mC to create 5hmC, 5fC and 5caC and thereby
diversify the epigenetic information in eukaryotic cells (Tahiliani et al., 2009; Ito et al.,
2011; Pfaffeneder et al., 2011). Similar to 5mC, the Tet-mediated oxidation products were
shown to be stable DNA modifications throughout the cell cycle, which is in line with their
specific signalling functions (Bachman et al., 2014; Bachman et al., 2015). Recently, a
short isoform of Tet1, the founding member of the Tet protein family, was identified and
shown to be overexpressed in cancer cells, which show loss of non-modified euchromatic
regions, due to aberrant DNA methylation spreading (Good et al., 2017). This observation
was in part attributed to the N-terminal, chromatin-binding BC- and CxxC-domains of Tet1
that are not present in its short isoform, which therefore shows a significantly reduced
chromatin-association (Zhang et al., 2016b). The chromatin-binding ability of full-length
Tet1 has before been implicated in the maintenance of euchromatin integrity by preventing
DNA methylation spreading into non-methylated CpG-islands in somatic cells (Jin et al.,
2014).
Despite these findings, little is known on how the 5mC oxidation products are maintained
throughout the cell cycle. This prompted me to investigate the cell cycle localization of
the putative maintenance dioxygenase Tet1 (Jin et al., 2014) and its short isoform, but
also of Tet2 and Tet3. By addressing the spatio-temporal nuclear localization of Tet1 and
Tet1s with live-cell time lapse microscopy, I observed a significant accumulation of Tet1s
at sites of ongoing DNA replication in pericentric heterochromatin during late S-phase
(Figure 10B, C). Full-length Tet1 on the other hand, did not show any focal accumulations
during ongoing DNA replication in either of the S-phase substages. These difference in
localization can be explained by the retention of full-length Tet1 in euchromatic regions
via its CxxC- and BC-domains, which have both been shown to concomitantly facilitate
the strong Tet1 chromatin association. Tet1s, on the other hand, which lacks both of these
domains (Figure 10A), was shown to be found predominantly in the soluble fraction in
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cellular fractionation experiments and furthermore to be highly susceptible to detergent
extraction (Zhang et al., 2016b). These findings in part also explain my observation that
the late S-phase association of Tet1s can not be fixed, necessitating to address this
localization in live-cell microscopy experiments. To further dissect the role of Tet1 and
Tet1s in the nucleus during different S-phase stages and in different nuclear regions, FRAP
(fluorescence recovery after photobleaching) experiments could provide insight into binding
kinetics. Fast binding kinetics of Tet1s in chromocenters during DNA replication would
further explain, why it could not be fixed. For full-length Tet1 on the other hand, a strong
euchromatic binding is to be expected, while its kinetics in PHC are likely faster, due to its
different mode of chromatin binding via the N-terminus.
In this line, FRAP experiments could also be used to further elucidate the role of the
N-terminal BC- and CxxC-domains. The observation that the deletion of the CxxC-domain
was sufficient to target the respective Tet1 deletion mutant to replicating chromocenters,
hints to the CxxC-domain as major facilitator of the full-length Tet1 euchromatin localization
(Figure 11), as it was also speculated before (Jin et al., 2014). The observed premature
heterochromatin association of the Tet1 CxxC deletion mutant, in comparison to Tet1s
(Figure 11B), hints to a general chromatin association via the BC-domain, with a potential
bias for methylated DNA. This could be addressed by testing the binding affinities of
respective N-terminal deletion-mutants to differentially modified DNA substrates in vitro.
Interestingly, Tet1s overexpression markedly increased global 5hmC levels in comparison
to cells that overexpressed full-length Tet1 (Figure 10D. In line with this finding, we could
previously show that ectopic overexpression of the catalytic domain of Tet1, which shows
the same S-phase localization as Tet1s (Figure 12 A), significantly increases global
5hmC levels. The significantly increased 5hmC levels, upon Tet1CD overexpression, were
accompanied by increased reexpression and reactivation of major satellite repeats and
LINE1 retrotransposable elements in mouse and human cells (Ludwig et al., 2017; Zhang
et al., 2017b). Fittingly, a previous study found that overexpression of full-length Tet1
resulted only in minor transcriptional changes, whereas Tet1s overexpression resulted in
fatal transcription defects during development (Zhang et al., 2016b).
The observation that Tet1CD is sufficient for late S-phase localization, led me to investigate
also the S-phase localization of the structurally, highly similar (Figure 5A) (Bauer et al.,
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2015) catalytic domains of Tet2 and Te3, but also the respective full-length proteins. For
neither of the variants of Tet2 or Tet3, S-phase accumulations, similar to those observed
for Tet1s or Tet1CD, were found (Figure 13). This observation hints to a distinct biological
role for the short isoform of Tet1. Accordingly, although all three Tet proteins share the
same catalytic activity, distinct roles in development have been implicated (Santiago et al.,
2014).
Based on the finding that its catalytic domain is sufficient for the observed Tet1s-localization
in late S-phase, I further dissected Tet1CD and tested whether its main domains, the CRD
and the DSBH, can individually localize to late replicating DNA or be catalytically active.
Both domains alone failed to increase global 5hmC levels, in stark contrast to Tet1CD
(Figure 14C), which fits to structural studies on the catalytic domain of Tet2. This study
found that a peptide within the CRD, which is conserved between all three Tet proteins, is
needed to stabilize the DNA around the substrate base, in the catalytic center. The actual
substrate and cofactor binding and the accompanied flipping of the substrate base are
facilitated by the DSBH (Hu et al., 2013). These findings underline that neither the CRD,
nor the DSBH can act on 5mC or its oxidative derivatives by themselves.
When I addressed the respective late S-phase localization of the CRD and the DSBH, I
found only a minor accumulation for the CRD, while the DSBH did not accumulate at all
(Figure 14A). Fittingly, a Tet1s-mutant that lacks the CRD also failed to increase 5hmC
levels and to localize to sites of ongoing DNA replication in PHC (Figure 15).
With regard to the observation that the deletion of the CRD renders Tet1s catalytically
inactive and abrogates its S-phase localization, it would be interesting to see whether the
fusion protein that results from the eponymous MLL-Tet1 genomic translocation (Ono, Taki,
and Taketani, 2002; Lorsbach et al., 2003) is catalytically active or shows any noteworthy
S-phase localization patterns. The genomic breakpoint in intron 8 of Tet1 results in a
fusion protein where the N-terminus of MLL/KMT2 that harbours a DNA-binding AT-hook
and a CxxC-domain, is fused to the C-terminal part of the catalytic domain of Tet1, hence
its DSBH without the CRD (Allen et al., 2006; Hamidi, Singh, and Chen, 2015). As
demonstrated in this work and known from structural work on Tet2 (Hu et al., 2013), the
CRD of Tet proteins is essential for their catalytic activity and in the case of Tet1s also for
the S-phase recruitment. Hence, the CxxC-domain and/or the AT-hook of MLL could either
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replace the CRD and its chromatin-binding ability in the MLL-Tet1 fusion protein or it would
be rendered catalytically inert by the underlying genomic translocation.
As the CRD was identified as the domain that mediates late S-phase association of Tet1s,
I examined it for motifs that could facilitate this accumulation. A previous study found Tet1
to interact with the replication-associated clamp loader protein PCNA, which was shown
to mediate Tet1 activity (Cartron et al., 2013). In regard to this finding, I screened the
proteinsequences of full-length Tet1, Tet2 and Tet3 for a PCNA binding domain (PBD) that
is characterized by a conserved consensus sequence. I found a highly similar sequence
in the CRD of Tet1 (Figure 16A) but not Tet2 or Tet3 and proceeded to test its PCNA
association capability. The major difference between the putative PBD of Tet1 and the
PBD-consensus sequence, is a hydrophilic lysine that replaces the central hydrophobic
amino acid residue in canonical PBDs and the putative PBD of Tet1 did to not colocalize
with PCNA during ongoing DNA replication (Figure 16B). This finding can most likely be
explained with the just described central amino acid substitution and it would be interesting
to see, whether the putative PBD of Tet1 could be rendered active by exchanging the lysine
to a leucine or isoleucine. A successful reactivation of the putative PBD, hence a restored
interaction with PCNA, would hint to an initial function that was lost during evolution or
replaced by a different mode of recruitment, respectively.
The before described conserved peptide in the CRD of all Tet proteins that stabilizes
the DNA around the substrate was found to harbour a central lysine (K852), whose
CRL4(VprBP)-mediated monoubiquitination was linked to the modulation of the catalytic
activity in all three Tet proteins (Figure 17A, B) (Yu et al., 2013; Nakagawa et al., 2015).
Mutating this conserved lysine in Tet1s to arginine or glutamate abrogated replication
association during late S-phase completely (Figure 17C, D), emphasizing that it indeed
plays a crucial role during Tet1s replication association. Surprisingly, global 5hmC levels in
cells that overexpressed Tet1s-K852R were significantly increased compared to cells that
overexpressed wildtype Tet1s or Tet1s-K852E (Figure 18). Overexpression of Tet1s-K852E
resulted only in a very minor 5hmC increase, which can be explained by the DNA-binding
role of the surrounding peptide (Hu et al., 2013). Whereas the positively charged lysine or
arginine can stabilize the negatively charged phosphate backbone of the DNA, substitution
to a negatively charged glutamate could significantly distort this interaction and only a
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residual catalytic activity is retained. To further examine the markedly increased 5hmC
levels in Tet1s-K852R overexpressing cells, I addressed the nuclear 5hmC distribution in
situ (Figure 19A). In the course of this experiment, I found that Tet1s overexpressing cells
showed a significant 5hmC increase in chromocenters, hence, pericentric heterochromatin
(Figure 19B, C). In contrast to this, 5hmC levels in cells that overexpressed Tet1s-K852R
were also significantly increased in the nucleoplasm, outside of chromocenters, compared
to Tet1s overexpressing cells. This hints to a targeted mode of Tet1s catalytic activity,
which could be further addressed by investigating cells that overexpress lower levels of
Tet1s or Tet1s-K852R. On the other hand, the respective mutants could be introduced into
the endogenous Tet1 locus to observe the effects of physiological expression levels on
5hmC production. This would of course also necessitate to ensure the expression of only
the short isoform of Tet1s. The expression of only the short isoform could be achieved
by either deleting exon 1 from the endogenous locus or render the canonical promoter
inactive, to trigger expression of only the short isoform.
On the basis of these findings, I was interested in the cell cycle localization of the proteins
of the CRL4(VprBP)-complex that were found to be responsible for the monoubiquitination
of the conserved lysine (Figure 17A) in all Tet proteins (Yu et al., 2013; Nakagawa et al.,
2015). Although, the proteins of the CRL4(VprBP)-complex have been implicated in various
cellular processes, like DNA replication or repair (Angers et al., 2006; Jackson and Xiong,
2009), little is known about their subcellular dynamics. The histone H3 directed kinase
VprBP serves as the central adapter molecule in the CRL4(VprBP)-complex, bringing
together the E2 ubiquitin-conjugating enzymes, the E3 ubiquitin-ligases and their respective
targets (Angers et al., 2006). Examining the localization of VprBP throughout S-phase
by live-cell time lapse microscopy, showed a cytoplasmatic to nuclear translocation with
S-phase progression, besides its pancellular localization (Figure 20A, B). Interestingly,
when late S-phase DNA replication foci in cells that co-overexpressed fluorescently tagged
PCNA, Tet1s and VprBP were examined in close detail, a colocalization of the three
proteins was discovered. The observed cytoplasmatic to nuclear translocation of VprBP,
as well as the replication foci association in late S-phase is in line with previous findings.
It was demonstrated that the chromatin association of VprBP, but also its associated E3
ubiquitn ligase Cul4A, which targets Tet proteins (Yu et al., 2013; Nakagawa et al., 2015),
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increases throughout S-phase and is strongest during late S-phase and G2 (McCall et al.,
2008). Considering that VprBP bridges the interaction between Tet proteins and the CUL4
E3 ubiquitn-ligases, it is very likely that Tet1s ubiquitination by the CRL4(VprBP) complex
takes place during late S-phase. This would eventually recruit Tet1s to sites of ongoing
DNA replication for targeted catalytic activity in pericentric heterochromatin. Mutations of
the conserved lysine residue (Figure 17C, D) resulted in the loss of S-phase recruitment
of Tet1s and furthermore support this idea. Consistently, knockdown of Cul4A, Cul4B or
VprBP was shown to negatively affect the catalytic activity of Tet proteins (Yu et al., 2013;
Nakagawa et al., 2015).
However, it still needs to be tested, whether depleting cells of Cul4A, Cul4B or VprBP
also abrogates the observed S-phase localization of Tet1s. In order to address this
question, lentiviral knockdowns of different components of the CRL4(VprBP) complex
are being established, to test the effect of depletion of the respective proteins. If the
monoubiquitantion of lysine 852 in Tet1s plays a role in its late S-phase recruitment, this
pattern might be lost upon knockdown of the respective E3-ligases. If the ubiquitination
of lysine 852 is also required for targeted catalytic activity, depletion of the Tet1s-K852
monoubiquitination facilitators might result in a similar nuclear 5hmC pattern, as it was
observed for the Tet1s-K852R mutant that also lost its S-phase localization (Figure 17C,
D, 19).
Taken together, I found that the short isoform of Tet1 is recruited to sites of ongoing DNA
replication in pericentric heterochromatin, which is accompanied by a massive increase
of 5hmC levels in chromocenters. Full-length Tet1 recruitment to these sites, is likely
prevented by its binding to non-modified euchromatin via its N-terminal CxxC-domain in
interplay with the adjacent BC-domain (Figure 31).
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Figure 31: Summary of S-phase behaviour and catalytic activity of different Tet proteins and subdomains. (A) Schematic protein structure of Tet1. Lines above the protein structure denote different
constructs that were used in this study. (B) Table summarizing the association capability of different ectopically expressed Tet1, Tet2 and Tet3 constructs at PCNA marked late replicating pericentric heterochromatin.
Furthermore the effect on global 5hmC levels, upon overexpression is summarized (n.d.=not determined
in this study. Catalytic activity of Tet2CD and Tet3CD was addressed previously (Zhang et al., 2017c).)
(C) Schematic summary of the key findings of (Section 5.1). Tet1s is recruited to sites of ongoing DNA
replication in late S-phase, which is accompanied by an increased 5mC oxidation. This recruitment depends
on a conserved lysine within the CRD of Tet1. Full-length Tet1 is not recruited during DNA replication and is
known to bind to non-modified DNA in euchromatic regions via its N-terminal BC- and CxxC-domain (Zhang
et al., 2016b).

6.2

Uhrf1 is crucial for Tet1s replication association

Uhrf1 has been implicated as a crucial factor in DNA methylation maintenance, as it
recognizes and binds hemimethylated DNA and interacts with the histone H3-tail in the
vicinity of hemimethylated CpGs (Hashimoto et al., 2008; Qin et al., 2015). This multimodal
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chromatin interaction recruits Dnmt1 for methylation maintenance during DNA replication.
Loss of Dnmt1 or Uhrf1 results in severe phenotypes (Section 2.5.5), underlining their
crucial role in cellular homeostasis. As cells that lack Dnmt1 or Uhrf1 are characterized
by global DNA hypomethylation (Lande-Diner et al., 2007; Sharif et al., 2007), I was
interested to see, whether loss of either of these two proteins or the consequent loss of
DNA methylation could affect the observed Tet1s localization during late S-phase.
While qualitatively assessing the localization of Tet1s in Dnmt1 and Uhrf1 deficient cells,
I found that Tet1s recruitment to ongoing DNA replication in pericentric heterochromatin
is unaffected by the loss of Dnmt1 and the drastically reduced 5mC levels (Figure 21A).
The qualitative assessment of Tet1s localization during ongoing DNA replication in PHC in
Uhrf1-deficient mouse embryonic stem cells, on the other hand, showed no accumulation,
while a clear Tet1s recruitment in the corresponding wildtype cells was observed (Figure
21B, Figure 23).
Tet1s was previously shown not to be expressed in ESCs, but only in somatic cells upon
differentiation (Zhang et al., 2016b). Hence, this indicates that the general recruitment
mechanism that underlies the S-phase localization of Tet1s is not restricted to somatic
cells, but also active in ESCs and therefore independent of the differentiation status of the
cell.
In many of the live-cell experiments, I made use of a triple transfection with fluorescently
tagged Tet1s, PCNA and also a major-satellite repeat recognizing polydactyl zinc-finger
protein (Lindhout et al., 2007), to mark pericentric heterochromatin in addition to DNA
replication sites (Figure 21, 12). Interestingly, we could show in a previous publication that
Tet1CD mediated 5hmC formation in pericentric heterochromatin is counteracted by blocking DNA access through sequence-specific DNA-binding proteins, like said major-satellite
recognizing zinc-finger (Ludwig et al., 2017). Despite this finding, co-overexpression with
this zinc-finger protein did not prevent Tet1s or Tet1CD localization to sites of ongoing DNA
replication in PHC (Figure 21, 12). This hints to a protein-protein interaction mediated
replication association, via players, whose chromatin-association is unaffected by the
occupancy of binding sites in major satellite repeat-containing heterochromatic DNA by
another protein. With respect to the multimodal heterochromatin association of Uhrf1
during ongoing DNA replication and the observed absence of Tet1s from DNA replication
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sites in PHC in Uhrf1-deficient cells, this underlines the importance for Uhrf1 in Tet1s
replication association.
Prompted by the finding that Uhrf1-deficiency abrogated Tet1s replication association,
I tested, whether Uhrf1 and Tet1 can physically interact. For this purpose, I performed
co-immunoprecipitation experiments with Tet1CD, hence the minimal domain of Tet1 that
still colocalizes with ongoing DNA replication and is also still catalytically active (Figure
12A, 14C) and full-length Uhrf1 as well as different single-domain deletion mutants. With
this approach I found that immobilized full-length Uhrf1, as well as, all of its single domain
deletion mutants were able to pull down Tet1CD (Figure 22).
The findings that Uhrf1-deficiency abrogates Tet1s recruitment to DNA replication sites
in PHC and that Uhrf1 and Tet1 physically interact, led me to test, whether the absent
Tet1s recruitment in Uhrf1-deficient cells can be rescued by reintroducing Uhrf1. With this
approach, I found that ectopic overexpression of Uhrf1 in Uhrf1-deficient cells could restore
the accumulation of Tet1s to similar levels as observed in wildtype ESCs (Figure 23A,
C). I have shown initially that Tet1s accumulation was not affected by Dnmt1-deficiency
(Figure 21A) or the accompanied, severely decreased DNA methylation levels (LandeDiner et al., 2007). It can, therefore, be assumed that potentially changing DNA methylation
levels, upon Uhrf1 reintroduction, did not play a role in the restored Tet1s accumulation.
Interestingly, the structurally highly similar Uhrf1 homologue, Uhrf2 failed to rescue the
Tet1s accumulation phenotype. Uhrf2 was identified to specifically recognize and bind
5hmC in neuronal progenitor cells (NPCs) via its SRA domain (Spruijt et al., 2013b; Zhou
et al., 2014). The failure to restore Tet1s localization in an Uhrf1-deficient background,
despite its affinity for 5hmC, can likely be explained by the different chromatin readout
in comparison to Uhrf1 (Vaughan et al., 2018). The findings that the E3 ubiquitin-ligase
activity of Uhrf2 towards histone H3 is promoted by hydroxymethylated DNA (Vaughan
et al., 2018) however pose an interesting starting point, to further investigate, how 5hmC is
maintained in general during the cell cycle in somatic cells, where Uhrf2 is predominantely
expressed (Pichler et al., 2011).
From the findings in the co-immunoprecipitation experiments that all single-domain deletion
mutants of Uhrf1 can physically interact with Tet1, I deduced that at least two domains
of Uhrf1 are responsible for this interaction. In the present work, I could show that a
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conserved lysine within the CRD of Tet1s that is known to be monoubiquitinated, is needed
for the association of Tet1s with ongoing DNA replication in PHC (Figure 17C, D). In
regard to my finding and the previously described monoubiquitination of this lysine (Yu
et al., 2013; Nakagawa et al., 2015), I reasoned that the UBL and the RING domain of
Uhrf1 are most likely the domains responsible for the protein-protein interaction with Tet1.
The interplay of the UBL and the RING domain of Uhrf1 was recently shown to be crucial
during the maintenance of DNA methylation in DNA replication (Foster et al., 2018). This
study found that the UBL of Uhrf1 connects the E2 ubiquitin-conjugating enzyme UbcH5a
with the RING-domain of Uhrf1 to facilitate histone H3-tail monoubiquitination, which in
turn results in faithful DNA methylation maintenance via Dnmt1 (Qin et al., 2015).
When I tried to ectopically rescue the localization of Tet1s in Uhrf1-deficient cells with
either a UBL- or a RING-domain deficient Uhrf1 construct, I found that deletion of the
UBL failed to restore Tet1s localization. Deletion of the RING domain, on the other hand,
resulted in a significantly increased Tet1s accumulation compared to control-transfected
Uhrf1-deficient ESCs (Figure 24B). This observation hints to the UBL of Uhrf1 as the major
Tet1s interacting domain. I furthermore tested whether the interaction of Uhrf1 and Tet1 is
mediated via the conserved lysine residue of the CRD of Tet1 by co-immunoprecipitation
experiments. However, immobilized Uhrf1 could successfully bind to wildtype Tet1CD
and also its respective KtoR or KtoE mutants (Figure 24C). Taken together these results
indicate that the UBL of Uhrf1 plays a crucial role in Tet1s recruitment during ongoing DNA
replication, but does not bind to Tet1 via the conserved lysine in its CRD.
Prompted by the physical interaction between Tet1 and Uhrf1, I tested whether Tet1s can
be recruited to chromocenters outside of DNA replication, by tethering Uhrf1 to majorsatellite repeats (Figure 26B). With this approach I could show that the in situ interaction
of Tet1 and Uhrf1 is S-phase substage dependent, as Uhrf1 tethering could not increase
the number of cells with Tet1-Uhrf1 co-localization compared to EGFP-control transfected
cells. A recent study could show that pericentric heterochromatin can be re-localized
and tethered to the nuclear periphery. This was shown to affect the histone-modification
pattern, but also to change replication timing of pericentric heterochromatin to a more
mid S-phase like state (Heinz et al., 2018). On the basis of the finding that tethering
Uhrf1 to chromocenters could not localize Tet1s to pericentric heterochromatin outside
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of late S-phase, it would be interesting to see, whether Tet1s is recruited to re-localized
chromocenters at the nuclear lamina already during mid S-phase. This would indicate
that not only pericentric DNA and associated histones are being localized to the nuclear
lamina, but also that this re-localization dramatically changes the signalling cascade that is
responsible for Tet1s recruitment during late S-phase.
The S-phase localization and activity of Uhrf1 was recently shown to depend not only
on different chromatin modifications, but also on the binding to a H3K9me3-mimicking
peptide in ligase1 (Ferry et al., 2017). However, testing Tet1s accumulation capabilities
in ligase1 deficient mouse ESCs showed no difference compared to wildtype cells. This
could be explained by a putative backup pathway via ligase3 (Le Chalony et al., 2012).
Accordingly, cells that are deficient for ligase1 show no DNA methylation defects, while
cells that express ligase1 mutants that lack the H3K9me3-mimic, show a massive loss of
global DNA methylation levels (Ferry et al., 2017). In the future it will therefore be tested,
if cells that only express H3K9-mimic deficient mutants of ligase1 show the same Tet1s
accumulation pattern as ligase1-deficient or wildtype ESCs.
Taken together, I found Uhrf1 to be crucial for Tet1s recruitment during ongoing DNA
replication in pericentric heterochromatin. I furthermore found that the UBL-domain is
crucial for Tet1s localization and that the interaction between Tet1 and Uhrf1 is independent of a conserved lysine that is known to be monoubiquitinated and to modulate Tet
dioxygenase activity. It was recently found that the UBL of Uhrf1 serves as a stabilizing
factor that brings together E2 ubiquitin-conjugating enzymes and the E3 ubiquitin-ligase
RING domain of Uhrf1, as well as the respective substrate (Foster et al., 2018). Moreover, I
found that Uhrf1 tethering to chromocenters can not induce a premature Tet1s recruitment
outside of late S-phase. These recent findings on the role of the UBL of Uhrf1 and my
own observations prompt me to speculate that the Uhrf1 UBL domain fulfils a stabilizing
task also in the monoubiquitination of Tet1s by bringing it together with the CRL4(VprBP)complex. The main components of this complex, VprBP, undergoes a cytoplasmatic to
nuclear translocation with progressing S-phase, which indicates a nuclear activity mostly
during late S-phase and G2. This would also explain, why Uhrf1 tethering failed to recruit Tet1s outside of late S-phase, as the physical interaction might be disrupted upon
failure to monoubiquitinate Tet1s. The final recruitment of monoubiquitinated Tet1s dur-
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ing DNA replication is likely facilitated by a factor that still needs to be identified (Figure 32).

Figure 32: Potential mode of Tet1s recruitment during DNA replication. (A) Different members of
the CRL4(VprBP)-complex, like DDB1 or VprBP itself, undergo a cytoplasmatic to nuclear translocation
during progressing S-phase and the CRL4(VprBP)-complex is eventually assembled in the nucleus. (B)
Schematic model of Tet1s recruitment incorporating the findings from the present study and literature
data that were discussed here. Uhrf1 binds to Tet1s via its UBL-domain and recruits it to the assembled
CRL4(VprBP)-complex. The UBL of Uhrf1 stabilizes Tet1s, while a monoubiquitnation of lysine 852 takes
place. Monoubiquitinated Tet1s is recruited to sites of ongoing DNA replication via a yet unknown factor.
Tet1s binds methylated cytosine in the context of pericentric heterochromatin and oxidizes it to 5hmC. (C)
Schematic overview of the different proteins that are involved in the hypothesized Tet1s recruitment during
DNA replication.

6.3

Tet1s-overexpressing cells show aberrant cytosine modification
levels

Global DNA hypomethylation is a characteristic epigenetic alteration in cancer cells (Gaudet
et al., 2003). However, despite the strong reduction of global 5mC levels, local hypermethylation events are frequently observed in the context of promoters or coding sequences of
tumour suppressor genes, which results in their transcriptional silencing (Baylin and Jones,
2011). It has been speculated, whether this feature of malignant neoplasms arises from
a stochastic de novo deposition of aberrant DNA methylation marks or in fact represents
a tumour-specific epigenetic code, which would hint to an instructive model for de novo
DNA methylation in cancer (Struhl, 2014). It could, for example, be shown that genomically
adjacent regions and functionally related genes are often found to be novo methylated in a
mode that opposes a stochastic model (Keshet et al., 2006; Serra et al., 2014).
Interestingly, also the canonical Tet1 promoter is found to become hypermethylated in
cancer cells (Li et al., 2016), which leads to the use of an alternative promoter and a
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thereby targeted alternative transcription start site (Figure 10A). This eventually results in
a N-terminally truncated, but catalytically active short isoform of Tet1 (Good et al., 2017),
whose biological relevance I characterized in the present work.
The S-phase localization of Tet1s that I characterized in murine cells (Figure 10B), is
conserved also in human cells and even in cancer cells (Figure 28A). This finding hints
to a conserved molecular mechanism for the Tet1s recruitment that is not affected by the
malignant transformation in breast cancer cells.
Interestingly, no colocalization of the Tet1 signal and the PCNA signal was found in late
S-phase, when the localization of endogenous Tet1 was addressed by immunostaining Tet1
in MCF7 breast cancer cells that overexpress Tet1s (Good et al., 2017). This observation
might be attributed to the fact that the short isoform of Tet1 lacks the N-terminal BC- and
CxxC-domains, which together contribute to chromatin binding in hypomethylated, euchromatic regions (Zhang et al., 2016b). The loss of these domains and the thereby increased
kinetics and decreased fixability of Tet1s could again be addressed by FRAP experiments,
as discussed before (Section 6.1). The overexpression of Tet1s in cancer cells was found
to be accompanied by a failure to prevent DNA methylation- and hence heterochromatin
spreading into euchromatic domains (Good et al., 2017). However, cancer cells are in
general found to be hypomethylated (Gaudet et al., 2003). Besides my finding that MCF7
breast cancer cells show a strong global reduction of 5mC and also 5hmC levels, compared
to non-tumorigenic mammary gland cells (Figure 29B, C), it has previously been published
that these cells overexpress the short isoform of Tet1s, which I could confirm (Figure 28B).
Non-tumorigenic MCF10a mammary gland cells, on the other hand, expressed only minor
levels of Tet1s. Considering my initial findings on the localization and the targeted catalytic
activity of Tet1s in pericentric heterochromatin (Figure 10B, 19B, C), the global 5mC and
5hmC reduction in MCF7 cells could be accounted for by the massive Tet1s overexpression.
By further addressing, differences in 5mC and 5hmC levels in situ in heterochromatic
regions of MCF10a and MCF7 cells, I again found significant differences between the nontumorigenic and the breast cancer cell lines (Figure 30C, D). However, while normalized
5mC levels in pericentric heterochromatin regions of MCF7 cells were reduced by almost
50% in comparison to non-tumorigenic MCF10a cells, 5hmC levels showed only a small,
but still significant, reduction in MCF7 cells. This minor decrease in 5hmC, compared to
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the strong loss of 5mC is also underlined by the ratio of 5hmC to 5mC levels in PHC. The
5hmC/5mC ratio is significantly increased in MCF7 cells compared to MCF10a cells, which
is mostly due to the massive 5mC decrease (Figure 30B). Furthermore, the comparatively
minor changes of the 5hmC levels could, besides the cancer phenotype, also be attributed
to normal DNA modification fluctuations between different individuals, as the MCF7 and
MCF10a cells were obtained from two different donors (Palumbo et al., 2018). In regard
to the estimate that about 5% of all cytosines in the human genome are methylated of
which a large number is found in a heterochromatic CpG-context (Smith and Meissner,
2013), a decrease of about 50% in methylation levels accounts for a considerable number
of cytosines that can not be considered as normal variation between individuals. Overall,
the observed 5mC reduction, especially in heterochromatin, supports my initial findings
from murine cells that Tet1s overexpression and its targeted catalytic activity in pericentric
heterochromatin, results in a significant 5mC oxidation, hence 5hmC production (Figure
10D, Figure 19).
Interestingly, Uhrf1 has been found to contribute to global hypomethylation in the cancer
context, despite its crucial role in DNA methylation maintenance. Accordingly, it was
shown that the DNA de novo methyltransferase Dnmt3A is targeted for ubiquitin-dependent
proteasomal degradation by Uhrf1, which was found to be frequently overexpressed in
various cancers (Jia et al., 2016). In line with these findings, Uhrf1 overexpression in
different cancer types like squamous cell carcinoma or gastric cancer was found to be
correlated with poor prognosis for affected patients. Moreover and again in stark contrast
to the role of Uhrf1 in DNA methylation maintenance, decreased DNA methylation levels
in LINE1 and its accompanied reactivation, are found to be inversely correlated to Uhrf1
expression in these cancers (Nakamura et al., 2016; Hong et al., 2018).
We have shown before that Tet1CD mediated 5mC oxidation can reactivate LINE1 retrotransposition in human cells (Zhang et al., 2017b). Besides this, we found that loss of the
crucial 5mC binding protein MeCP2, also results in the lost protection of PHC against 5mC
oxidation by Tet1. This results in significantly increased 5hmC levels and accompanied
increased reexpression of major satellite repeats in mouse brain (Ludwig et al., 2017).
The reexpression of LINE1 and satellite repeats is a commonly observed feature of many
epithelial cancer types (Ting et al., 2011). Moreover, genomic insertions upon LINE1
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reactivation are found to be disruptive to genes, where they are newly inserted and in
this way can render tumour suppressor genes inactive. Besides this, the LINE1 encoded
proteins, ORF1p and ORF2p, have also been implicated in the activation of oncogenic
transcription factors (Xiao-Jie et al., 2016).
Taken together, my findings allow me to speculate on the involvement of Tet1s and also
Uhrf1 in an expanded instructive model for a cancer-specific epigenetic code. Aberrant
de novo DNA methylation in cancer cells is thought to be deposited, in part, in a directed
mode to eventually silence tumour suppressor genes (Serra et al., 2014). The role for
Uhrf1 in Tet1s recruitment for DNA replication association in highly methylated PHC and
the accompanied increase of 5mC oxidation in those regions hints to a secondary mechanism, besides aberrant local de novo hypermethylation. As discussed, we have shown
that the catalytic activity of Tet1CD in highly methylated heterochromatic regions is accompanied by the reactivation of retrotransposable elements that are also reactivated in
Uhrf1-overexpressing cells. The finding that Tet1s is overexpressed in many cancer types
(Good et al., 2017) makes a co-overexpression of Uhrf1 and Tet1s a likely scenario, which
would, based on my findings, result in a targeted loss of DNA methylation in pericentric
heterochromatin.

Figure 33: Potential role of Tet1s in an instructive cancer epigenetics model. (A) Stochastic model for
DNA methylation in cancer. De novo DNA methylation is deposited by a DNA methyltransferase randomly
across the genome, eventually silencing a tumour suppressor gene (TSG). (B) Instructive model for DNA
methylation in cancer. A DNA methyltransferase is recruited to the genomic locus of a tumour suppressor
gene (TSG) for de novo DNA methylation, by a sequence specific protein (X). This eventually silences
the tumour suppressor gene. (C) Putative instructive model for the role of Tet1s in cancer epigenetics.
Highly methylated heterochromatin that contains LINE1 is targeted by the Uhrf1-Tet1s axis. This results
in the oxidation of the methylated DNA and eventually the reexpression of LINE1. Random or directed
retrotransposition in loci of tumour suppressor genes (TSG), disrupts their expression. White circles:
non-modified cytosine, black circles: methylated cytosine, black squares: hydroxymethylated cytosine.
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Conclusion & Outlook

The proteins of the Tet dioxygenase family have been implicated in crucial developmental
processes and in this line also in various diseases and recurringly in different cancer types
Section 2.5. In my study, I could show that the cancer-associated short isoform of Tet1s
can be recruited to ongoing DNA replication in an Uhrf1-dependent manner (Figure 23),
which is very likely also dependent on the proteins of the CRL4(VrpBP) E3 ubiquitin-ligase
complex, given my finding of the the subcellular dynamics of the central protein VprBP
(Figure 20). To further address this, knockdowns of the different components of the
CRL4(VprBP)-complex will be used to dissect the interplay of this complex, Uhrf1 and also
the conserved lysine residue 852 within the CRD of Tet1s, during Tet1s recruitment. The
interplay of Uhrf1 and the catalytic domain of Tet1 poses another interesting question, as
mutations of the conserved lysine residue did not affect the interaction of the two proteins.
Structural data hint to the low-complexity insert within the DSBH of Tet1 as a protein-protein
interaction scaffold, which will be further addressed (Hu et al., 2013) (Section 6.1, 6.2).
Similar to the previously discussed FRAP experiments that can be used to examine the
nuclear kinetics of Tet1 and Tet1s and address the role of different domains of Tet1, live
cell experiments with different inhibitors will be used to dissect the role of ubiquitination in
replication association of Tet1. First attempts to alter Tet1s recruitment during S-phase,
by treatment with the E1 ubiquitin-activating enzyme inhibitor PYR-41 (Yang et al., 2007)
proved also toxic to the progression of DNA replication in general. Therefore, a more
directed mode for abrogation of Tet1s ubiquitination would be the use of a specific inhibitor
for Cul4 E3 ubiquitin-ligases, assesing if they are responsible for lysine 852 monoubiquitination (Lan et al., 2016).
The overexpression of Tet1s in cancer cells was found to be accompanied by a failure
to prevent DNA methylation and hence heterochromatin spreading into euchromatic domains (Good et al., 2017). Moreover, I could show that Tet1s is recruited to, normally
highly methylated heterochromatic domains in murine cells during DNA replication, which
resulted in a major increase of 5hmC levels in these domains. This observation led me to
speculate on the involvement of Tet1s in an instructive cancer epigenetics model. (Section
6.3) This hypothesis could be addressed by disrupting the canonical Tet1 promoter in
non-transformed cells, which would result in the use of the alternative promoter and sole
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expression of Tet1s. By investigating the resulting transcriptional changes and epigenetic
alterations, a first idea of the Tet1s potential in malignant transformation could be gained.
Finally, as described earlier, it was striking that the S-phase localization of Tet1s was lost
upon fixation. Consequently, no colocalization of Tet1 and PCNA was found, when the
localization of endogenous Tet1 was addressed by immunostaining Tet1 in MCF7 breast
cancer cells that are known to overexpress the short isoform of Tet1 (Figure 28C) (Good
et al., 2017). This observation might be attributed to the fact that the short isoform lacks
the N-terminal BC- and CxxC-domains, which together contribute to chromatin binding
in hypomethylated, euchromatic regions (Zhang and Xu, 2017), thereby increasing kinetics and decreasing fixability. However, a portion of endogenous Tet1 could be fixed
and showed focal patterns in immunostainings. Interestingly, these patterns were found
to be anti-correlated with DAPI-dense regions and in follow-up experiments, I found a
colocalization of the fixable fraction of Tet1 and the splicing factor SC-35/SFRS2 (Splicing
factor, arginine/serine-rich 2). In this line, I could moreover show that this colocalization
persists throughout different developmental stages, from mouse embryonic stem cells to
adult mouse fibroblasts and is susceptible to RNase treatment. These observations are in
line with a previous finding in Drosophila, where a Tet homologue was shown to oxidise
5mC in RNA and, thereby, positively affected translation efficiency (Delatte et al., 2016).
Ectopic overexpression of Tet proteins was furthermore found to increase the levels of
5hmC in RNA from HEK cells (Fu et al., 2014). Taken together, published data and my
observations on the nuclear whereabouts of Tet ptoteins, hint to a dual mode of gene
regulation, on the DNA but likely also on the RNA level, which both will be addressed
further.
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8.4.1

Publications and Conference contributions
Journal articles

Zhang P, Hastert FD, Ludwig AK, Breitwieser K, Hofstätter M, Cardoso MC (2017). "DNA base
flipping analytical pipeline". Biology Methods & Protocols. Volume 2, Issue 1, 1 January 2017,
bpx010. doi: 10.1093/biomethods/bpx010.

Zhang P, Ludwig AK, Hastert FD, Rausch C, Lehmkuhl A, Hellmann I, Smets M, Leonhardt H,
Cardoso MC (2017). "L1 retrotransposition is activated by Ten-eleven-translocation protein 1 and repressed by methyl-CpG binding proteins". Nucleus. 2017 May 19:0. doi: 10.1080/19491034.2017.1330238.

Zhang P, Rausch C, Hastert FD, Boneva B, Filatova A, Patil SJ, Nuber UA, Gao Y, Zhao X, Cardoso
MC (2017). "Methyl-CpG binding domain protein 1 regulates localization and activity of Tet1 in a
CXXC3 domain-dependent manner". Nucleic Acids Res. 2017 Apr 25. doi: 10.1093/nar/gkx281.

Ludwig, AK, Zhang P, Hastert FD, Meyer S, Rausch C, Herce HD, Müller U, Lehmkuhl A, Hellmann
I, Trummer C, Storm C, Leonhardt H, Cardoso MC (2017). "Binding of MBD proteins to DNA
blocks Tet1 function thereby modulating transcriptional noise". Nucleic Acids Res. 2017 Mar
17;45(5):2438-2457. doi: 10.1093/nar/gkw1197.

Rajan M, Mortusewicz O, Rothbauer U, Hastert FD, Schmidthals K, Rapp A, Leonhardt H, Cardoso
MC (2015). "Generation of an alpaca-derived nanobody recognizing y-H2AX". FEBS Open Bio,
5(1), 779-788. doi: 10.1016/j.fob.2015.09.005.

8.4.2

Manuscripts in preparation

Hastert FD, Ludwig AK, Zimbelmann S, Cardoso MC. "Role and Regulation of Tet1 during DNA
replication".

Rausch C, Zhang P, Hastert FD, Cardoso MC. "Cytosine base interactions regulate DNA metabolism".
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Weichmann F, Hett R, Flatley A, Slama K, Schepers A, Hastert FD, Cardoso MC, Dieterich
C, Helm M, Feederle R, Meister G. "Generation and validation of monoclonal antibodies specific to
modified nucleotides".

8.4.3

Talks and Posters

1st Symposium on Nucleic Acid Modifications
Poster: Methyl Magic - Magicians of Life.
Mainz, Germany, September 4-6, 2017

International Meeting of the German Society for Cell Biology: DGZ 2016
Flash presentation and Poster: A putative role for TET dioxygenases in RNA splicing regulation.
Munich, Germany, March 14-16, 2016

4th Munich Symposium of Chromatin Dynamics
Poster: A putative role for TET dioxygenases in RNA splicing regulation.
Munich, Germany, March 10-12, 2016

Graduate College 1657 - Radiation Biology Scientific Retreat
Short talk and Poster: Dynamic interplay of TET & UHRF proteins and their putative role in
cytosine modification maintenance.
Hirschegg, Austria, June 13-18, 2014 - awarded Poster prize

International Meeting of the German Society for Cell Biology: DGZ 2014
Poster: Dynamic interplay of TET & UHRF proteins and their putative role in cytosine modification
maintenance.
Regensburg, Germany; March 18-21, 2014
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Abbreviations
2i

2 inhibitors (Gsk3β and MEK inhibitors)

2OG

2-oxoglutrate

5caC

5-carboxylcytosine

5fC

5-formylcytosine

5hmC

5-hydroxymethylcytosine

5hmU

5-hydroxymethyluracil

5mC

5-methylcytosine

AA

Amino acid

Aid

Activation-induced cytidine deaminase

Alu

Arthrobacter luteus

AML

Acute myeloid leukemia

Apobec

Apolipoprotein B mRNA Editing Enzyme Catalytic Polypeptide-Like

AU

Arbitrary Units

BER

Base excision repair

BP

base pair

C

Cytosine

CC

Chromocenter

CGI

CpG island

CpG

5’—cytosine—phosphate—guanine—3’ dinucleotide

CTD

C-terminal domain

Cul4A/B

Cullin-4A/B

CRD

Cystein-rich domain

CTCF

CCCTC-Binding factor

CxxC

CxxC-type zinc finger domain

DAPI

4’,6-diamidino-2-phenylindole

DCAF1

DDB1- and CUL4-associated factor 1

DDB1

DNA damage-binding protein 1

Dmap

Dnmt1-associated protein

DMEM

Dulbecco’s modified eagle medium

DNA

Deoxyribonucleic acid

Dnmt

DNA methyltransferase

dNTP

deoxyribonucleoside 5’-triphosphate

DSBH

Double-stranded beta helix

E

Glutamate

EDTA

Ethylenediaminetetraacetic acid

8

ESC

Embryonic stem cell

FRAP

Fluorescence recovery after photobleaching

Fe

Iron

GBP

GFP binding protein

GFP

Green fluorescent protein

G-phase

Gap-phase

H3K9me3

Tri-methylation of histone 3 at lysine 9

HDAC

Histone deacetylase

HEK

Human embryonic kidney

HRP

Horseradish peroxidase

HSAN1E

Hereditary Sensory and Autonomic Neuropathy Type 1E

ICBP90

Inverted CCAAT box binding protein of 90 kDa

ICF

Immunodeficiency, chromosomal instability, and facial anomalies

Idax

Inhibition of the Dvl and Axin complex

JBP

J-binding protein

K

Lysine

kDa

Kilo Dalton

KO

Knock out

LIF

Leukemia inhibitory factor

LINE1

Long intersperesed nuclear element

MaSat

Major Satellite

MCF7

Michigan Cancer Foundation 7

MCF10a

Michigan Cancer Foundation 10a

Mbd1-6

Methyl-CpG binding domain proteins 1-6

Mecp2

Methyl-CpG binding protein 2

MLL

Mixed lineage leukemia

Neil

Nei-like

NIRF

Np95/ICBP90-like RING finger protein

NuRD

Nucleosome Remodeling Deacetylase

Oct4

Octamer-binding transcription factor 4

Paf15

PCNA associated factor 15

PBD

PCNA binding domain

PBS

Phosphate buffered saline

PCNA

Proliferating cell nuclear antigen

PCR

Polymerase chain reaction

PEI

Polyethylenimine

PHC

Pericentric heterochromatin

PHD

Plant homeodomain
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PTM

Post-translational modification

mRFP

Monomeric red fluorescent protein

RNA

Ribonucleic acid

RING

Really interesting new gene

RT-qPCR

reverse transcription quantitative polymerase chain reaction

RTT

Rett syndrome

Sin3a

SIN3 transcription regulator family member A

SLIC

Sequence and ligase independent cloning

Sox2

SRY (sex determining region Y)-box 2

SRA

SET and RING finger associated

R

Arginine

Tdg

Thymine DNA glycosylase

Tet

Ten eleven translocation

Tet1CD

Catalytic domain of Tet1

Tet1CDmut

Catalytic domain of Tet1

Tet1s

short isoform of Tet1

TSS

Transcription start site

TTD

Tandem tudor domain

Ubi

Ubiquitin

Ubl

Ubiquitin-like domain

Uhrf1

Ubiquitin-like with plant homeodomain and ring finger domains 1

Uhrf2

Ubiquitin-like with plant homeodomain and ring finger domains 2

VPR

Viral protein R

VPRBP

Viral protein R binding protein

Zbtb

Zinc finger and BTB domain containing
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