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Abstract

Dnmt2 is a highly conserved RNA methyltransferase that is responsible for cytosine-C5
methylation of C38 in the anticodon-loop of tRNAASPCUC tRNAVAAC and tRNACYSCC, This
modification has been shown to contribute to tRNA integrity and function. Additionally, it was
demonstrated that RNA-mediated inheritance in mice depends on the presence of Dnmt2.

Since the mechanistic role of Dnmt2 in many biological processes remains elusive, the aim
of this thesis was to further functionally characterize Dnmt2 in the mouse. A special focus was
set on tissues and cells which had a published Dnmt27- phenotype. Dnmt2 characterization thus
concentrated on tissues and cells involved in inheritance, i.e. sperm as the transmitting cells and
early embryos as the target.

Phenotypic characterization showed that relevant Dnmt27" tissues were morphologically
indistinguishable from those of wild type mice. Sperm, testis, and embryonic tissues showed
proper differentiation and tissue characteristics. However, high Dnmt2 expression in testis and
sperm supported its role in inheritance. Due to Dnmt2’s known role in RNA methylation, RNAs
were analysed in depth in the relevant tissues. RNA-Seq experiments illustrated that RNA
expression levels in sperm, testis, and embryonic samples showed only minor differences
between wild type and Dnmt27-. For RNAs that were further investigated, the potential
differences did not appear to have an immediate effect on processes associated with these RNAs.
Importantly, targeted bisulfite sequencing and Northern blots showed that Dnmt2 is responsible
for tRNA methylation and stability in the male germline. Furthermore, a whole-transcriptome
bisulfite sequencing approach confirmed that Dnmt2 specifically methylates tRNAASPGUC
tRNAV2AAC gnd tRNACYSCC, and most likely no other RNAs. The methylation and assurance of
integrity of these tRNAs is thus suspected to play a pivotal role in RNA-mediated inheritance. For
further functional characterization of Dnmt2, a screen of different physiological as well as non-
physiological conditions in cell culture and live mice was carried out to define factors that
regulate Dnmt2 activity. It was found that depriving cell cultures and live mice of the
micronutrient queuine decreases C38 methylation of tRNAASPEUC,

In conclusion, this thesis shows that Dnmt2 is a highly specific tRNA methyltransferase,

which confers stability to tRNAs in sperm, and responds to environmental stimuli in mice.



Zusammenfassung

Dnmt2 is eine hochkonservierte RNA-Methyltransferase, welche Cytosin-C5 Methylierung an C38
der Anticodon-Loops von tRNAASPGUC tRNAVAAAC ynd tRNASYECC yvornimmt. Es wurde gezeigt, dass
diese Modifikation zur Funktion und Integritdt von tRNAs beitragt. Des Weiteren wurde
nachgewiesen, dass RNA-vermittelte Vererbung in Madusen abhdngig vom Vorhandensein von
Dnmt2 ist.

Da die Funktion von Dnmt2 in verschiedenen biologischen Prozessen unklar ist, war das
Ziel dieser Arbeit eine umfassende Charakterisierung von Dnmt2 in der Maus. Der Fokus der
Analysen wurde auf Gewebe gelegt bei welchen bereits gezeigt wurde, dass ein Knockout von
Dnmt2 zu einer phanotypischen Auspragung fihrt. In der Dnmt2-abhangigen Vererbung von RNA
spielen Spermien als Informationstrager und frithe Embryos als Informationsempfanger wichtige
Rollen.

Die phanotypische Charakterisierung zeigte, dass die relevanten Dnmt27/- Gewebe
morphologisch nicht vom Wildtyp zu unterscheiden sind. Spermien, Hoden und embryonisches
Gewebe zeigten normale Differenzierung und Gewebscharakteristiken. Die gezeigte hohe
Expression von Dnmt2 in Hoden und Spermien spricht flir die Beteiligung von Dnmt2 an
Vererbungsvorgangen. Da bekannt ist, dass Dnmt2 bei RNA-Methylierungen eine Rolle spielt,
wurden in den relevanten Geweben detaillierte RNA-Analysen durchgefiihrt. Die Ergebnisse der
RNA-Sequenzierungen zeigten, dass sich die Expressionsmuster in Spermien, Hoden und Embryos
zwischen Wildtyp und Dnmt27- nur marginal unterscheiden. Diese Unterschiede scheinen zudem
keinen unmittelbaren Einfluss auf mit diesen RNAs assoziierte Prozesse zu haben.
Interessanterweise zeigten gezielte Bisulfitsequenzierungen und Northern Blots, dass Dnmt2 fir
tRNA-Methylierung und -Stabilitat in der mannlichen Keimbahn verantwortlich ist. Zusatzlich
bestatigte eine Transkriptom-weite Bisulfitsequenzierung, dass Dnmt2 spezifisch tRNAASPGUC,
tRNAYAAAC ynd tRNASYECC methyliert und héchstwahrscheinlich keine weiteren Substrate hat. Die
tRNA-methylierende und -stabilisierende Funktion von Dnmt2 spielt demnach eventuell eine
Rolle in RNA-vermittelter Vererbung. Fir eine tiefergehende Charakterisierung von Dnmt2
wurden in Zellkultur und in Mausen diverse physiologische und nicht-physiologische

Bedingungen Uberprift, um Faktoren zu bestimmen, welche méglicherweise die Aktivitat von



Dnmt2 regulieren. Es zeigte sich in vitro und in vivo, dass der Entzug des Nahrstoffes Queuin zu
einer verringerten Methylierung von tRNAAPSUC f(jhrt.

Zusammenfassend zeigt diese Arbeit, dass Dnmt2 eine hochspezifische tRNA-
Methyltransferase ist, welche fiir tRNA-Stabilitat in Spermien sorgt und auf duRere Einfliisse, wie

die Abwesenheit bestimmter Nahrstoffe, reagiert.
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1. List of abbreviations

ug microgram

pL microliter

Y micromolar

A adenosine

AdoHcy S-Adenosyl-Homocystein
AdoMet S-adenosyl-L-methionine

APB acryloyl aminophenylboronic acid
APS ammonium persulfate

Asp aspartate

C cytosine

CpG cytosine guanosine dinucleotide
D. melanogaster Drosophila melanogaster

DMEM Dulbecco’s Modified Eagle Medium
DNA deoxyribonucleic acid

DNase deoxyribonuclease

Dnmt DNA methyltransferase

dNTP deoxynucleotide triphosphate
EDTA ethylendiamine tetraacetate

FCS fetal calf serum

G guanine

Gly glycine

IAP intracisternal A particle

IMDM Iscove’s Modified Dulbecco’s Medium
Leu leucine

LTR long terminal repeat

m>C 5-methylcytosine

méA 6-methylcytosine

mMRNA messenger RNA

NSun2 NOP2/Sun domain protein 2



ncRNA non-coding RNA

nt nucleotide

ORF open reading frame

P/S penicillin/streptomycin

piRNA Piwi-interacting RNA

PNK polynucleotide kinase

Q queuosine

gRT-PCR quantitative reverse transcriptase PCR
RNA ribonucleic acid

rpm revolutions per minute

RT room temperature

SAH S-Adenosyl-Homocystein

SAM S-adenosyl-L-methionine

SCF Stem Cell Factor

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
T thymin

TAE tris acetate EDTA

TBE tris borate EDTA

TEI transgenerational epigenetic inheritance
TEMED tetramethyl ethylenediamine

TPO thrombopoietin

tRNA transfer ribonucleic acid

tRF tRNA-derived fragment

u uridine

UTR untranslated region

uv ultra violet

Val valine

Xg times earth gravitational force

rRNA ribosomal RNA

WTBS whole transcriptome bisulfite sequencing



2. Introduction

The complexity of mammalian development and the high level of plasticity of mammalian
cells require an accordingly dynamic regulatory system. This sophisticated gene regulation is
governed by different processes, many of which fall into the category of epigenetics.
Epigenetics describes gene functions that are mitotically and/or meiotically heritable,
however are reversible and thus do not modify the underlying genetic code (Waddington
1942). The proof of covalent nucleotide modifications on DNA, in the form of cytosine-5
methylation (Hotchkiss 1948) marked the beginning of defining the molecular mechanisms

behind epigenetics.

2.1 RNA modifications are important epigenetic marks

Cytosine-C5 methylation on DNA and RNA is a major hallmark of epigenetics and plays an
important role in a plethora of biological processes, including mammalian development (Guo
et al. 2014), transposon repression (Zemach et al. 2010), cancer (Kulis and Esteller 2010), and
translation (Motorin, Lyko, and Helm 2010). Epigenetically active molecules exist in many
different forms, ranging from nucleic acids to proteins and chemical modifications on these.
These molecules essentially allow a cell to modify a biological process in response to intrinsic
or extrinsic signals. Possibly the most prominent epigenetic modification is cytosine-C5
methylation of DNA at gene promoters. This addition to the DNA generally leads to
transcriptional repression of the respective gene by rendering these regions less accessible to
transcriptional machinery. RNAs have been shown to influence gene expression through both
transcriptional and translational modulation, and RNA modifications contribute to the
maturation, stability, and integrity of these regulatory RNAs (Alarcon, Lee, et al. 2015; Ivanov
et al. 2011; Hussain, Sajini, et al. 2013).

Posttranscriptional modifications exist on all bases of RNA (adenine, guanine,
cytosine, uridine) and come in a variety of chemical structures, such as methylation,
hydroxylation, acetylation, and ribosylation (Motorin and Helm 2011). There are over 100
known RNA modifications that have impacts on a wide variety of biological processes, many

of which are only beginning to be explored (Motorin, Lyko, and Helm 2010).



Adenine-6 methylation (m6A) is the most prominent modification on mammalian
RNAs. The availability of high quality m6A-specific antibodies allowed immunoprecipitation
of methylated RNAs followed by sequencing, which revealed thousands of m6A marks on
MRNAs (Dominissini, Moshitch-Moshkovitz, et al. 2012). The marks were especially frequent
in the vicinity of stop codons and in internal exons, and are suggested to play a role in RNA
splicing and miRNA binding (Dominissini, Moshitch-moshkovitz, et al. 2012; Meyer et al.
2012). More recent publications have shown that m6A regulates miRNA processing (Alarcon,
Lee, et al. 2015; Alarcén, Goodarzi, et al. 2015), plays pivotal roles in pluripotency (Chen et al.
2015; Geula et al. 2015), and controls RNA-protein interactions (Liu et al. 2015).

Cytosine-5 methylation (m5C) is another prominent modification of RNA. Early
attempts to decipher the m5C modification in a transcriptome-wide fashion confirmed that it
is mostly found on rRNAs and tRNAs, however also occurs in other RNA classes (Squires et al.
2012). Subsequently, another approach further exposed the prevalence of m5C in tRNAs
(Khoddami and Cairns 2013). Cytosine-5 methylation of tRNAs is thus a major part of the RNA

m5C methylome and must have biological implications.

2.2 tRNA m5C modification

m5C is present on a number of tRNA molecules. The transfer of a methyl group from a methyl
donor to the 5-carbon atom on the pyrimidine ring of a target cytosine is catalyzed by
methyltransferases. A variety of methyltransferases exist for RNA, DNA, and protein
methylation and can transfer methyl groups to carbon, oxygen, or nitrogen atoms. The
methyltransferase Dnmt2 employs a mechanism in which a methyl-donor, generally SAM (S-
adenosyl-L-methionine, also abbreviated as AdoMet) is converted to SAH (S-Adenosyl-
Homocystein, also abbreviated as AdoHcy) and the methyl group is transferred to the
pyrimidine ring of C38 (Motorin, Lyko, and Helm 2010) (Fig. 1A+B). Mechanistic details and
biological functions of the modifications are being discovered frequently, and less than a

decade ago Dnmt2 was discovered to methylate tRNA (Goll et al. 2006).
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Figure 1. Cytosine-C5 methylation. A. Schematic of carbon-5 cytosine methylation by a
methyltransferase (MTase). (AdoMet - SAM/S-adenosyl-L-methionine; AdoHcy - SAH/S-Adenosyl-
Homocystein). B. Simplified illustration of tRNA*P C38 (red C) methylation by Dnmt2. General
structural features of tRNAs are labelled (right) and the anticodon is underlined in black. (Image
modified from Goll et al., 2006).

2.3 tRNA m5C-transferases
There are two known tRNA m5C-transferases in animals, Dnmt2 and NSun2.

The methyltransferase NSun2 (NOP2/Sun domain protein 2) catalyzes cytosine-C5
methylation at positions 34, 40, 48, and 49 on different tRNAs (Auxilien and Virus 2012;
Brzezicha et al. 2006) and additionally methylates a selection of mMRNAs and non-coding RNAs
(ncRNAs) (Squires et al. 2012; Hussain, Sajini, et al. 2013). NSun2 has implications in tRNA
stability, protein synthesis (Tuorto et al. 2012), mitotic spindle stability (Hussain et al. 2009),
and regulation of ncRNA processing (Hussain, Sajini, et al. 2013). Direct phenotypic effects of
NSun2 mutations are arrested sperm development and sterility in mice (Hussain, Tuorto, et
al. 2013; Blanco et al. 2011) and neurodevelopmental phenotypes in humans (Komara et al.
2015; Martinez et al. 2012; Abbasi-Moheb et al. 2012). We previously showed that in
conjunction with NSun2, Dnmt2 maintains physiological tRNA levels and protein synthesis in

mice, and double mutants show a synthetic lethal interaction (Tuorto et al. 2012).



The RNA methyltransferase Dnmt2 is closely related to the DNA methyltransferases
Dnmt2 and Dnmt3 and the catalytic motifs show strong sequence conservation (Dong et al.
2001). The name Dnmt2 (DNA methyltransferase 2) was thus originally given to this enzyme
due toits structure, however it has been shown that Dnmt2 does not methylate DNA (Raddatz
et al. 2013), but prefers RNA as a substrate (Goll et al. 2006; Khoddami and Cairns 2013;
Schaefer et al. 2010). Evolutionary studies have suggested that Dnmt2 has switched substrate
activity from DNA to RNA, and the RNA specificity has been suggested to be caused by certain
residues within the catalytic motif that differ from other Dnmts (Schaefer and Lyko 2010b;
Goll and Bestor 2005; Jurkowski et al. 2012). Dnmt2 is a highly conserved enzyme, with
orthologs in 65 different species, including protists, plants, fungi, and animals (Fig. 2)
(Schaefer and Lyko 2010b). Being the most broadly conserved of the Dnmts, its role is

suspected to be of substantial importance.

diatoms (1 species)
choanoflageliates (1 species)
green algae (5 species)
mosses (1 species)
monocots (3 species)
eudicols (4 species)

fungi (3 species)
Entamoeba (1 species)

Dictyostelium (1 species)
hydraceans (1 species)
nematodes (1 species)

moths (1 species)

flies (15 species)

beetles (1 species)

bees, wasps (2 species)

Artemia (1 species)

aphids, lice (2 species)
crustaceans (1 species)

ticks (1 species)

placozoans, tunicates (2 species)
lancelets, sea anemones (2 species)
fishes (2 species)

frogs, toads (2 species)

birds (2 species)

mammals (8 species)

humans

Figure 2. Dnmt2 is a highly conserved enzyme. BLAST (Basic Local Alignment Search Tool) analysis of
mammalian Dnmt2 protein showed orthologs in 65 different species in protists, plants, fungi, and
animals. (Taken from Schaefer & Lyko, 2010).



2.4 Known functions of Dnmt2

The highly conserved methyltransferase Dnmt2 methylates C38 of tRNAAPGUC tRNAVAAAC and
tRNAGYGCC Research on Dnmt2 has given insight into the regulatory functions of RNA
methylation and has shown that C38 methylation protects tRNAs against stress-induced
endonucleolytic cleavage and is thus a key player in the generation of tRNA-derived fragments
(tRFs) (Schaefer et al. 2010), which can influence and act in small RNA silencing pathways
(Haussecker et al. 2010; Durdevic, Mobin, et al. 2013). In fact, both Dnmt2 and NSun2 work
together to assure tRNA integrity and function. Upon deletion of both enzymes, the lack of
m5C on several tRNAs leads to decreased tRNA levels and a significant reduction in protein
translation rates (Tuorto et al. 2012). Dnmt2 function has further implications in proper
proteome homeostasis, as the lack of C38 methylation, especially on tRNAAPSUC has been
demonstrated to lead to a decrease in translation of proteins that contain poly-aspartate
stretches and are involved in transcriptional regulation and gene expression (Shanmugam et
al. 2015).

Importantly, we recently detected a phenotype in Dnmt2”7- mice and discovered a
possible mechanism behind this. Defects in haematopoietic stem cell differentiation in
Dnmt27- mice are suggested to be caused by amino acid misincorporations, leading to
improper polypeptide synthesis during haematopoiesis (Tuorto, Herbst, Alerasool, Bender,
Popp, Federico, Reitter, Liebers, Stoecklin, Grone, Dittmar, Glimm, and Lyko 2015). This is
likely due to the inability of translational machinery to discriminate C38-unmethylated
tRNAASPGUC from its near-cognate tRNAGIUCUS,

In addition to this differentiation phenotype, knockdown of Dnmt2 in zebrafish leads
to differentiation defects in the retina, liver, and brain (Rai et al. 2007). The liver appears to
fail to complete late differentiation, a developmental arrest of the retina was likely caused by
a differentiation defect of retinal progenitors or derived neuroepithelial precursors, and
abnormal neurogenesis in the brain was detected. tRNA methylation was strongly decreased
in the Dnmt2 morphant, however further insights into mechanisms were not described. Based
on the recent publication on haematopoietic stem cell differentiation defects as a result of
improper protein synthesis in mice (Tuorto, Herbst, Alerasool, Bender, Popp, Federico, Reitter,
Liebers, Stoecklin, Grone, Dittmar, Glimm, and Lyko 2015), a link between proteome

homeostasis and development is also conceivable for zebrafish.



Notably, in addition to Dnmt2’s role in protein homeostasis and proper
haematopoiesis, only one additional direct biological role has been shown for Dnmt2 in mice.
It was demonstrated that the inheritance of paramutant mouse phenotypes is Dnmt2-
dependent (Kiani et al. 2013). A paramutation describes an inheritance pattern in which a
mutant phenotype, which is initially caused by a mutated allele, also appears in genotypically
wild-type offspring. This uncoupling of genotype and phenotype is termed paramutation and
it has been shown that sperm RNA is the carrier of the paramutation across generations
(Rassoulzadegan et al. 2006). The dependence of the paramutation on Dnmt2 suggested that
tRNA methylation may play a role in RNA-mediated inheritance.

Dnmt2 has also been shown to play a role in host defense, where an efficient innate
immune response to viral infection in Drosophila required Dnmt2 (Durdevic, Hanna, et al.
2013). Dnmt2 binds to the viral DNA, however further details on the mechanism are currently
unknown. Finally, mutations in Dnmt2 strongly correlate with spina bifida risk in humans
(Franke et al. 2009). Folate levels and related metabolic pathways have been linked to these
neural tube defects, however no details on a mechanistic role of Dnmt2 have been published.

It has become clear that Dnmt2 has a number of functions, especially in response to
environmental insults (stress, viral infection) or in conjunction with other mutations (NSun2).
Direct phenotypes of Dnmt2-deficient organisms remain scarce, however mechanisms appear

to be related to Dnmt2’s tRNA methylating function and are slowly being exposed.

2.5 Methods for the detection of m5C in RNA

Multiple methodologies have been developed to detect m5C in RNA, many of which are based
on bisulfite conversion (Schaefer et al. 2009). The methodologies each have pros and cons,
ranging from resolution, i.e. precise position of the m5C, to width and depth, i.e. the amount
of RNAs analyzed. Protocols employing chromatographic and mass spectrometric or
differential enzymatic reactions have been applied, however are generally not suitable for
high-throughput position-precise determination of m5C (reviewed in Motorin et al., 2010).
The most promising approach with respect to throughput and precision is based on bisulfite
conversion followed by deep sequencing. In this procedure, a nucleophilic bisulfite reagent
causes deamination and conversion of unmethylated cytosines to uridine, which are then

paired with adenine during cDNA synthesis, and thus subsequently read as thymins during



sequencing of the amplified libraries. Methylated cytosines, however, are not converted by
the bisulfite reagents. Thus, known C positions can be analyzed whether they are methylated
or not.

In 2012, one of the first approaches for transcriptome-wide methylation detection
applied an oligo-dT mRNA enrichment, followed by rRNA-depletion technologies and bisulfite
sequencing (Squires et al. 2012). In this study, prior to bisulfite conversion, a small fraction of
total RNA was spiked into the rRNA-depleted and mRNA-enriched RNA in order to sequence
known non-mRNA targets, for example tRNAs (4ng total RNA in 4ug processed RNA). This
makes a quantitative comparison of the known tRNA methylation targets with potential new
hits impossible and makes the detection of unknown methylation sites in other ncRNAs
unlikely, as they are represented in very low numbers. Another approach utilized targeted
bisulfite sequencing of RNAs that are bound by the known methyltransferase NSun2 (Hussain,
Sajini, et al. 2013). This iCLIP (individual-nucleotide-resolution crosslinking and
immunoprecipitation) approach however will only give information on methylation sites of
this specifically tagged methyltransferase, and an antibody-mediated enrichment step is
necessary. A third approach is called Aza-IP and relies on the incorporation of the cytidine
analog 5-aza-Cytidine (5-aza-C) into RNA during transcription. 5-aza-C has the capability of
trapping m5C-methyltransferases covalently on the RNA, allowing immunoprecipitation of
tagged methyltransferases along with target RNAs. Another protocol simply bisulfite
converted total RNA, without any additional rRNA depletion steps. This however significantly
reduces the sequencing depth of non-rRNA reads, as rRNA quantities are high and dilute all
other RNAs significantly (Edelheit et al. 2013). In the same publication, the protocol was
optimized and re-applied to a set of samples, however small RNAs were fragmented in the
same fashion as long RNAs, which produces very short reads and may render them
unmappable. The endeavor to create a deeper and simpler, antibody-free, transcriptome-
wide methylation analysis protocol for single-base resolution and applicable to any given
sample was thus followed (unpublished internal protocol by Mark Hartmann and Matthias
Schaefer). The newly established bisulfite protocol consists of rRNA depletion of total RNA,
followed by specific fractionation and fragmentation steps to assure deep sequencing of all
lengths and types of RNAs. Detailed information on this novel technique will be given within

this thesis (Fig. M1 as part of section 6.15 Whole transcriptome bisulfite sequencing — lab).



2.6 RNA-mediated non-Mendelian inheritance

Classical genetics is based on the principle that phenotypes arise from the expression of
genetic variants. However, non-Mendelian inheritance patterns have challenged this rigid
view and called for alternative mechanisms of inheritance. Research in animal models has
shown that RNAs as well as the RNA methyltransferase Dnmt2 can control the transmission
and expression of modified phenotypes across generations (for a review along these lines,
see Liebers, Rassoulzadegan, & Lyko, 2014).

The understanding of transgenerational inheritance is formed by Gregor Mendel’s
studies of pea plant crosses and breeding in the 1860s and has been confirmed and expanded
by decades of research to show that DNA is the canonical carrier of genetic information from
one generation to the next. Not only simple traits, but also highly complex inheritance
patterns have been approached by analyzing interactions between multiple genetic variants
within a single genome. In large-scale genome-wide association studies (GWAS), millions of
identified genetic variants such as single nucleotide polymorphisms are analyzed in an effort
to explain complex disorders (Hardy, Ph, and Singleton 2009). However, additional
extragenomic molecules associate with DNA and can also be transmitted through the
germline. This includes epigenetic factors such as proteins, RNAs, and specific modifications
on these (Grossniklaus et al. 2013). Epigenetic modifications, such as DNA methylation can
dynamically alter an organisms’ phenotype and are thus an attractive process to consider for
complex inheritance patterns. As part of studies on environmental and nutritional influences,
DNA methylation has also been suggested to have adaptive functions (Lillycrop et al. 2008;
Weaver et al. 2004). However, with only very few exceptions, DNA methylation patterns are
robustly and globally erased in primordial germ cells and preimplantation embryos
(Seisenberger, Peat, and Reik 2013), and are thus not the most suitable factor for inheritance
mechanisms of adaptive phenotypic changes.

The importance of RNA in non-Mendelian inheritance is nicely demonstrated by
paramutation phenotypes in mice. A paramutation describes a mutated allele with the
capacity to cause a heritable change on the other allele of that locus. The Kit mouse model is
the first example of a mammalian paramutation. Kit encodes a tyrosine kinase receptor that

plays a role in developmental processes, including hematopoiesis, germ cell differentiation,
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and melanogenesis. A homozygous deletion of Kit is lethal, however a heterozygous deletion
by a LacZ insertion (Kit™A/*) shows a white-tail phenotype (Rassoulzadegan et al. 2006). In
this mouse model, a number of wild type offspring of heterozygous parents retain the white-
tail phenotype, and are referred to as Kit paramutants (Kit*) (Fig. 3A). In this paramutant, Kit
gene expression is altered and this change is stably inherited over several generations through
the male or female germline (Rassoulzadegan et al. 2006). Another publication presented
reproducibility of paramutability of the Kit locus by disruption of Kit via an insertion of a
copGFP gene cassette (Yuan et al. 2015). Further research evinced that microinjection of
parental RNA or synthetic oligoribonucleotides into pronuclei of fertilized eggs could elicit a
white-tail Kit* phenotype (Rassoulzadegan et al. 2006). By injection of a Kit-derived RNA
fragment or of sperm RNA from the heterozygous parents, a heritable epigenetic change was
induced and a considerable fraction of mice showed the Kit* phenotype. Additionally,
injection of microRNAs (miRNAs) that targeted kit mRNA also induced the Kit* phenotype
(Rassoulzadegan et al. 2006). Importantly, while injection of Kit RNA fragments into fertilized
wild-type eggs led to upregulation and possibly also methylation of the Kit transcript, the Kit
genomic DNA remained unmethylated in all genotypes and in Kit* mice (Kiani et al. 2013). A
similar phenomenon could be observed for microinjection of miR-124 or of fragments of its
target transcript Sox9, which caused heritable paramutation of Sox9. The paramutation
caused overexpression during the first embryonic stages, increased proliferation of
embryonic stem cells, body sizes during postnatal development, and twin pregnancies (Kiani
et al. 2013). In both paramutation cases, the paramutation phenotype was associated with
an increased rate of transcription of the respective locus, suggesting a long-term induction of
transcription, either through miRNAs or fragments of the transcript itself. The experimentally
injected RNAs are all present in the male germline, i.e. sperm, and are thus paternally
heritable. All three elucidated paramutants share three characteristics that clearly distinguish
them from genetic mutations that would be transmitted in a Mendelian fashion: (1)
paramutants were induced and inherited at far greater frequencies and not according to
Mendelian ratios; (2) although stably heritable for three or more generations, they were
eventually reversed; (3) paternal inheritance was associated with the presence of sperm RNAs
originating from, or targeting, the respective gene.

These publications show that RNAs are necessary for the inheritance of the

paramutant phenotypes, however do not prove that RNAs are the sole factor acting in this
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process. The possibility of sequence specificity playing a role, and the maintenance over
several generations allow to assume that additional players that regulate these mechanism,
such as small RNA machinery or epigenetic modulators, may be involved. Small RNAs are a
proven regulator of gene expression in the mouse (Watanabe et al. 2008; Tam et al. 2008;
Watanabe et al. 2011), however it is not clear how small RNAs can be inherited over several
generations, and why such paramutations appear to only occur at a few loci.

Importantly, the inheritance of both the Kit and Sox9 paramutant phenotypes were
found to be dependent on the presence of Dnmt2 (Kiani et al. 2013). As part of this
publication, | showed that Dnmt2 was active in the male germline by 454 sequencing of
tRNAASPGUC and tRNACYCCC and methylation was substantially decreased in Dnmt2”- sperm.
Consequently, Dnmt2 function in the germline is suggested to play a pivotal role in RNA

transgenerational epigenetic inheritance (TEI).

Figure 3. Non-Mendelian inheritance of RNA. A. Inheritance of the Kit paramutation. The white tail
and feet phenotype in Kit™A"* mice provides an important paradigm for RNA-mediated non-
Mendelian inheritance. Mating of heterozygous Kit™A"* (labelled ‘Kit’) mice with wild type (labelled
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‘wt’) mice results in Kit™A"* (Kit) offspring with characteristic white tails and feet. When these mice
are again mated with wild type mice, a fraction of the offspring retains the white phenotype, even
with a wild-type genotype. This paramutant phenotype is also inducible by microinjection of RNA into
fertilized oocytes, which suggests that RNA plays an important role in the mechanism of inheritance.
B. RNA inheritance pathways. Sperm and ovum contribute diverse classes of RNAs to the developing
embryo. Small regulatory RNAs, mRNAs, and tRFs are a part of these. The regulatory processes in
which these RNAs might act remain enigmatic. (Figures taken from Liebers et al., 2014.)

2.7 Heritability of RNAs

The presence of RNAs within gametes is a prerequisite for their heritability. Research has
shown that sperm as well as oocytes contain a diverse set of RNAs (Krawetz 2005; Walser and
Lipshitz 2011; Ostermeier et al. 2002). Importantly, it has also been shown that sperm RNAs
are delivered into oocytes upon fertilization (Avendafio et al. 2009; Ostermeier et al. 2004).
These findings illustrate that a fertilized ovum is initially equipped with a diverse and complex

RNA cache composed of both maternal and paternal RNAs (Fig. 3B).

2.8 Inheritance of regulatory RNAs

As gametes are transcriptionally quiescent, the lifetime of heritable RNAs must match that of
a gamete. Several oocytic as well as zygotic RNAs indeed contain specific sequence motifs for
regulation of stability (Evsikov et al. 2006), which led to the assumption that additional RNA-
binding proteins or antisense RNAs may play a role in inheritance. Supporting this notion,
published data shows that microRNAs (miRNAs) are heritable (Lim and Brunet 2013).
Intriguingly, miRNAs are established regulators of developmental gene expression (Ebert and
Sharp 2012; Abd El Naby et al. 2013) and even a single sperm-borne miRNA can be necessary
for embryogenesis (Liu et al. 2012). Recently, miRNAs have been suggested to mediate
transgenerational inheritance of the effects of obesity (Fullston et al. 2013) and stress in mice
(Gapp et al. 2014; Rodgers et al. 2013). Furthermore, siRNAs are present in female and male
mouse germ cells (Watanabe et al. 2008; Tam et al. 2008; Song et al. 2011) and have the
capacity to regulate gene expression. Similarly, tRFs are present in mouse germ cells of both
sexes (Garcia-Lopez et al. 2014) and can act as siRNA-mimics to regulate gene expression

(Haussecker et al. 2010). Additionally, such heritable tRFs have also been proven to alter
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translation (Sobala and Hutvagner 2013; Ivanov et al. 2011). Taken together, it is conceivable

that regulatory RNAs are deposited in gametes and inherited for a biological purpose.
2.9 RNA-mediated inheritance in human disease

GWAS studies have been applied to identify complex combinations of genomic
variants as causes for diseases. Compilation and analysis of data from a variety of sources and
acquired through modern technologies such as arrays and deep sequencing has helped in
identifying links between combinations of SNPs with phenotypes. However, because it still
has not been possible to define major risk factors for many complex diseases (Manolio et al.
2009), the term missing heritability has been used to describe these gaps. Importantly,
ncRNAs are often omitted in GWAS and present an intriguing mechanism to explain some of
the missing heritability, namely by RNA-mediated inheritance.

Two well-known examples of unresolved complex inheritance patterns in humans are
based on the influence of nutritional factors on health across multiple generations. Studies
on the Dutch Hunger Winter Families cohort exposed a relationship between malnutrition
during pregnancy and poor health of daughters and granddaughters (Lumey et al. 2007
Lumey et al. 2009; Painter et al. 2008). Subsequent studies have implied the involvement of
DNA methylation changes in the IGF2 gene, however the effect sizes for this as well as other
environment-related DNA methylation studies in mammals appear to be very small
(Ferguson-Smith and Patti 2011; Tobi et al. 2012; Ng et al. 2010; Carone et al. 2010; Sen et al.
2015; Heijmans et al. 2008). Another example of complex inheritance can be seen in
epidemiological studies of the Overkalix parish in northern Sweden, in which a strong increase
in food supplies during early male adolescence led to decreased health and life span of
grandchildren (Kaati et al. 2007; Kaati, Bygren, and Edvinsson 2002; Bygren, Kaati, and
Edvinsson 2001). RNA-mediated inheritance may be an attractive candidate mechanism to
explain these inheritance patterns. Taken together, resolving RNA-mediated inheritance

mechanisms may allow to fill some of the missing heritability gaps for complex disorders.
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3. Aims of the Thesis

The aim was to functionally characterize the RNA-methyltransferase Dnmt2 in the mouse,

especially with respect to the known Dnmt2-knockout mouse phenotypes.

1) The published function of Dnmt2 in the germline and its involvement in inheritance
implied that the male germline may show phenotypic aberrations. This was addressed
by phenotypic characterization with histological and viability assays.

2) The known role of Dnmt2 in tRNA methylation and tRNA stabilization and its roles in
inheritance suggested that RNAs in Dnmt27 sperm or early embryos may be
deregulated. The question of RNA expression differences was addressed by different
approaches, including RNA-Seq and Northern blotting.

3) A role of Dnmt2 was considered to be the methylation of unknown RNA targets. A
whole-transcriptome bisulfite sequencing approach was employed to clarify whether
Dnmt2 methylates RNAs other than the three known tRNA targets.

4) A fourth goal was to define which factors, be it stress, differentiation, or nutrition, are
capable of regulating Dnmt2 function in mammals. This was done via a screening of

various conditions.
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4. Results

4.1 Dnmt2-dependent RNA inheritance: Characterization of the target tissue

RNA transgenerational epigenetic inheritance (TEI) describes the delivery of parental RNAs to
their offspring. The transmitting cells are sperm and oocytes, and the target tissue the
developing embryo. To detect any gene expression or phenotypic differences elicited by
Dnmt2 deletion in the target tissue, wild type (wt) and Dnmt27/" early embryos were

characterized.

4.1.1 Dnmt2”/- E7.5 show no phenotypic aberrations

As mammalian RNA TEIl from the male germline into the zygote must employ a currently
unknown mechanism to elicit the Dnmt2-dependent phenotypes (Kiani et al. 2013), the
search for this mechanism began at the macro level, i.e. the morphology of the involved
tissues. Dnmt27/" E7.5 embryos (embryonic day 7.5 post-fertilization) showed no phenotypic
aberrations when examined microscopically (Fig. 4). Sizes were comparable to controls and
no defects could be detected in the mutant. These results were expected as Dnmt27/- mice
are viable, fertile, and have no obvious morphological phenotype (Goll et al. 2006). This
prompted the question whether molecular effects not visible externally, such as RNA

deregulation, may play a role in Dnmt2-dependent RNA-mediated TEI.

16



Figure 4. Wild type and Dnmt27-E7.5 embryos are phenotypically indistinguishable. Top row shows
embryos isolated from the uterus, including decidua and placenta (scale bar = 2mm). Second row
shows embryos with extraembryonic tissue, including the ectoplacental cone (one of the 9 wt embryos
was lost during dissection) (scale bar = 1mm). Bottom row depicts isolated embryos (scale bar = 1mm).

4.1.2 Dnmt2 deficiency in embryonic cells has only subtle effects on the transcriptome

To discover possible transcriptome changes that could play a role in RNA-mediated TEI, RNA-
Seq of wild type and Dnmt27- E7.5 embryos was carried out. An rRNA depletion protocol was
applied in order to sequence mRNAs as well as ncRNAs in sufficient depth. In addition, as an
ex vivo model to the E7.5 samples, wild type and Dnmt27- embryonic stem cells (ESCs) were

cultured and sequenced in parallel.
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Figure 5. DESeq analyses show limited RNA expression changes in Dnmt27- embryonic cells. A. MA-
plots show RNA-Seq data as logarhithmic fold change (y-axis/M) versus BaseMean (mean average) (x-
axis/A) of both E7.5 (left) and ESCs (right). The BaseMean for each transcript is calculated by counting
the reads that map to the respective gene, normalizing these to all reads of the sample, and then
taking the average between the two compared samples (wt and Dnmt27). Differentially expressed
transcripts (gray dots) can be seen to generally show a low BaseMean (normalized read count), when
compared to all other transcripts (red dots). B. Correlation of BaseMean to g-value of DESeq output.
Differentially expressed transcripts with a low g-value (higher significance) show relatively low
BaseMean values. For both A. and B., some non-differentially expressed outliers were removed for
ease of display: for ESCs; RN45s (BaseMean 1414640; log(FC) 0.93) and Malatl (BaseMean 78710;
log(FC) 0.97). For E7.5; RN45s (BaseMean 607445; log(FC) 0.83). (DESeq analysis of these data was
carried out by Glinter Raddatz, results provided in numerical form, and were then further processed).

Differential expression analyses (DESeq) revealed that a lack of Dnmt2 has only minor
effects on either of the analyzed samples. In embryos, 323 genes were classified as
differentially expressed (by a g-value<0.05; 59 up- and 264 downregulated), however most of
the significantly deregulated transcripts with a high fold change (Fig. 5A) and low g-value (Fig.
5B) had low BaseMeans (normalized read counts) in both wild type and Dnmt27- samples,
making them more prone to physiological variation. Normalized read counts were further

normalized to the length of each transcript, i.e. converted to FPKM (fragments per kilobase
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per million reads) values, which reflects gene expression more precisely. Following this, a
subset of down- as well as upregulated transcripts with high and low FPKM values were
selected for validation by qRT-PCR. The qRT-PCR results confirmed the FPKM values only in
very few cases; the transcripts that showed the same direction of change for both methods
only did so in 3 out of 8 cases (Ass1, Nampt, Sgk1) (Fig. 6A).

The ESC RNA-Seq results that were run in parallel indicated 65 differentially regulated
genes by DESeq (43 down- and 21 upregulated). Similar to E7.5, most of the significantly
deregulated transcripts with a high fold change (Fig. 5A) and low g-value (Fig. 5B) had low
BaseMeans (normalized read counts) in both wild type and Dnmt27- samples. A subset was
selected for gRT-PCR validation by the same criteria as for E7.5. The expression levels and also
the magnitudes of expression changes were more subtle for the qRT-PCR results and could
not clearly validate the RNA-Seq results (Fig. 6B). For example, Rps3al was expressed at
around 200 units, both for FPKM and % actin values, however the expression change between
the genotypes was not as clear in % actin as in FPKM. Other transcripts, such as Itgb1, Mbtps1,
Fgfrl, and Atp13al showed expression levels between 50 and 200 FPKM (by RNA-Seq), and

significantly lower values, between 1 and 4, for % actin (by qRT-PCR).
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Figure 6. Differential expression in RNA-Seq data can only be partially validated. A subset of down-
and upregulated transcripts from RNA-Seq data with high as well as low FPKM (fragments per kilobase
per million reads) values were quantified by qRT-PCR (% actin). Due to abundance differences,
separate graphs with different ranges of FPKM and %actin are given for ease of display. A. E7.5
transcripts. B. ESC transcripts.

The RNA-Seq differentially expressed transcripts for both E7.5 and ESCs were mostly

subtly deregulated and only very few appeared similar in both RNA-Seq and gqRT-PCR. This
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may be a result of the fact that many differentially expressed RNAs show low expression and
in many cases borderline significant g-values (Fig. 5A+B). Additionally, the precise age in hours
of embryos from different mothers, i.e. wild type versus Dnmt27-, may vary slightly and cause
variation. Thus, detection of differentially expressed RNAs is likely caused by physiological
fluctuation and is not related to the Dnmt2 mutation. These results are in agreement with
previously published data on Dnmt2 mutant cells and tissues (mouse embryonic fibroblast
cell lines, liver, bone marrow), where no or only minor gene expression deregulation could be
detected (Tuorto et al. 2012; Tuorto et al. 2015). Thus, Dnmt2 appeared to play no or only a

minor role in RNA expression.

4.1.3 Contribution of Dnmt2 to the RNA methylome: Whole-transcriptome bisulfite
sequencing (WTBS)

To determine whether Dnmt2 methylates cytosines outside of tRNAs, the RNA methylome of
wild type and mutant cells was sequenced. For this purpose, a whole transcriptome bisulfite
sequencing protocol (unpublished internal protocol provided by Mark Hartmann) was applied
on wild type and Dnmt2”/ ESCs. ESCs were used, as the protocol requires a considerable
amount of starting material (20-30ug), which would have required up to 100x E7.5 embryos
per genotype. Abiding to humane experimental techniques by the 3R principles (replacement,
reduction, refinement), ESCs were thus used (Russell WMS 1992). Briefly, total RNA was rRNA
depleted, fragmented, bisulfite converted, and sequenced (for details, see Figure M1 as part
of section 6.15 Whole transcriptome bisulfite sequencing — lab). An m5C-antibody approach
for enriching methylated RNAs was not pursued, as the currently available m5C antibodies
did not pass initial quality controls (data not shown). The resulting reads were mapped
transcriptome-wide to call potential methylation sites, using an internal analysis pipeline

(provided by Sebastian Bender & Mark Hartmann).

4.1.4 Dnmt2 is a three-tRNA-specific methyltransferase

As a first step of resolving the mouse RNA methylome, known Dnmt2 target RNAs were
analyzed. The results confirmed the three known tRNA targets, tRNAASPGUC tRNACYGCC and
tRNAV2#AC heing methylated at C38 in the wild type and unmethylated in the Dnmt27- sample

(Fig. 7A). Analysis of the remaining tRNAs identified a single further potential Dnmt2-target

20



site, on tRNAV2ICAC (Fig. 7B). The aligments of this candidate were carefully checked and
revealed that this was a false positive. False positives were an important topic during the
establishment and optimization of the analyses. The nature of bisulfite sequencing causes Cs
in RNAs to be virtually eradicated, which leads to reduced complexity of the reads (3 instead
of 4 bases) and can lead to ambiguous mapping of short reads. tRNAV2IAC C38-methylated
reads were short and the regions of tRNAYAC to which the reads mapped differed to
tRNAV2AAC merely in a few Cs versus Ts. However, after bisulfite conversion, these Cs were
converted to Ts and thus the reads were mappable to either tRNAV2I°AC or tRNAV2*AC (Fig. 7C).
All methylated reads actually originated from tRNAV2*A¢ a5 became evident by the following
mechanism. The natural editing of A34 to 134 (inosine) on tRNAV*AC by deamination (of the
first A of AAC) (Torres et al. 2014), causes the 134 to be read as a G during sequencing (Nigita,
Veneziano, and Ferro 2015). This in turn leads to a single G-C mismatch in the reads that
incorrectly mapped to tRNAV2I°AC, and a single G-A mismatch if these reads were correctly
mapped to tRNAV2AC (Fig. 7C). Another reference sequence for such edited tRNAs may need
to be implemented into the developing WTBS pipeline for improved mapping. Thus, the three
known tRNA targets were confirmed, with no additional targets within the set of tRNAs in
mouse. However, a number of potential Dnmt2-dependent methylation sites were called on

ncRNA as well as mRNAs (Supplementary Table S1).
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Figure 7. Whole transcriptome bisulfite sequencing of ESCs confirms that Dnmt2 has three
substrates within tRNAs. A. Methylation status of cytosines in the three known Dnmt2 target tRNAs
(tRNAASPGUC tRNASVECC tRNAVAAC) are depicted. Each row represents one read and each column one
cytosine, with positions given at the bottom. Yellow boxes indicate unmethylated cytosines, blue
boxes methylated cytosines. Sequencing gaps are shown in white, mismatches in red. B. Left panel: A
global heat map of tRNAs (in rows) shows methylation states of individual cytosines (in columns) from
0% (yellow) to 100% (blue) in wild type ESCs. Cytosine positions are given at the top. Right panel: Heat
map showing the difference in methylation between wt and Dnmt27- cells. Blue is indicative of a strong
loss of methylation in the mutant. (The analysis pipeline for WTBS data was designed and carried out
by Sebastian Bender and Mark Hartmann). C. The first 42 nucleotides of highly similar tRNAY?AC and
tRNAVaAC are shown, with an exemplary sequencing read in between. Bisulfite converted positions in
the read are indicated by lower case ,t’, differences between the two references are highlighted in
green, and the G which allows to distinguish which tRNA the origin of the read is, is highlighted in red.

Candidate Dnmt2-methylated cytosine residues were quantified (Fig. 8A+B) and
grouped according to the type of RNA, i.e. tRNA or non-tRNA. This revealed that 99.1% of the
detected methylated cytosines belonged to the three known tRNAs (Fig. 8B), and merely 0.9%
of methylated cytosines were on non-tRNAs. These remaining 128 candidate cytosines on 42
non-tRNA transcripts were ranked by methylation levels and by coverage. All candidate
targets were compared to E7.5 and ESC RNA-Seq data for potential overlap with DESeq-
deregulated transcripts. Indeed, a single transcript, Vax2os (ventral anterior homeobox 2,
opposite strand) was called as deregulated by DESeq in E7.5 and was a WTBS candidate.
However, the potential methylation sites were located in midst of a stretch of 215 nucleotides
composed exclusively of Cs and Ts. This enrichment of C and T was a first hint that this may
be an artifact. The three known Dnmt2 target cytosines are in CpG context and Dnmt2
methylates RNA via a catalytic mechanism similar to DNA methyltransferases (Jurkowski et al.
2012; Jurkowski et al. 2008; Schaefer and Lyko 2010), which in mammals almost exclusively
methylate in a CpG context (Raddatz et al. 2013; Feng et al. 2010; Zemach et al. 2010).
Furthermore, after bisulfite conversion, a C/T-rich stretch becomes a homopolymeric repeat
(exclusively Ts) and not amplifiable (Hommelsheim et al. 2014) or sequenceable reliably via
targeted Sanger- (ABI 3730xl) or pyrosequencing (454) approaches (Metzker 2010). Finally,
the likelihood of these highly repetitive reads from WTBS having mapped incorrectly is very
high, as a sequence consisting solely of Ts (with only a few candidate Cs) is indistinguishable
from other regions with low complexity. Therefore, another, promising candidate transcript

(mouse predicted rRNA gene Gm26391) with over 1200 reads for wild type as well as
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Dnmt27/ ESCs and a methylation ratio of 70% versus 2%, respectively, was used for validation
by an independent and targeted sequencing approach (454 pyrosequencing). The candidate
methylation site was not confirmed, merely showing 1.29% methylation in the wild type,
which can be considered background (Fig. 8C). This result is in line with previous experiments
in Dnmt2-deficient Drosophila melanogaster, where all tested WTBS candidate RNA
methylation sites proved to be false positives (Hartmann et al., unpublished). False positives
may be generated by biochemical and bioinformatic issues alike. Incomplete bisulfite
conversion of sites with strong secondary structures, incorrect mapping (especially of short)
reads due to sequence similarities, or too sensitive methylation calling are potential causes.
Thus both conversion efficiency and methylation calling will require optimization.

In summary, the three known Dnmt2-mediated tRNA methylation sites were clearly
confirmed. These sites represent 99.1% of all called methylation sites, and the remaining 0.9%
were demonstrated to likely be false positives. The data leads to conclude that Dnmt2 is a

tRNA-specific methyltransferase, selective for tRNAAPGUC tRNACYGCC and tRNAVAAAC,
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Figure 8. Analysis of WTBS data shows that Dnmt2 is a three-tRNA-specific methyltransferase. A.
Candidate Dnmt2 methylation sites (red mC) were defined by having a methylation ratio of >0.5 in the
wt and <0.1 in the mutant. At each of these candidate sites, the methylated reads (red dots) were
counted. The counts were grouped according to whether they were located on tRNAs or on non-tRNAs
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(other), and graphed in B. 99.1% of Dnmt2-methylated cytosines come from known Dnmt2 substrates,
0.9% are located elsewhere. (Conceptual contributions to calculations by Mark Hartmann, Cassandra
Falckenhayn, and Frank Lyko). C. The high-confidence candidate Gm26391 with high coverage (cov.)
and methylation ratios (meth.) high above the thresholds for candidate calling was 454-bisulfite
sequenced. Each row represents one read and each column one cytosine, with the candidate cytosine
marked with a red arrowhead and labelled with the actual methylation level in wildtype as determined
by 454-bisulfite sequencing. Green boxes indicate unmethylated cytosines, red boxes methylated
cytosines, sequencing gaps are shown in white. Read count is stated top left.

4.2 Dnmt2-dependent RNA inheritance: Characterization of transmitting cells

4.2.1 Dnmt2 expression supports a role in the germline

Having no clear indications of transcriptome control via Dnmt2 in the target tissues, the
transmitting cells were investigated. High expression of Dnmt2 mRNA in testicular samples
versus a panel of other tissues supports a functional relevance of Dnmt2 in the germline (Fig.
9A). A closer look at Dnmt2 expression in testis and additionally in mature cauda epididymal
sperm (herein: epididymal) and early embryos (E7.5) of both wild type and Dnmt27- mice
confirmed the high mRNA expression in the wild type germline (Fig. 9B). Schematically
illustrated in Figure 9C, sperm mature along the cauda and caput, and RNA (Krawetz et al.
2011; Girard et al. 2006) as well as protein (Belleannee et al. 2011) expression between
testicular samples and epididymal sperm vary. Thus, sperm purity was assessed and
confirmed as described in the following. Analysis under the microscope indicated purity of
sperm samples (Fig. 9D), which was then validated by Agilent Bioanalyzer profiles which
displayed essentially no full-length 18S and 28S rRNA peaks (Johnson et al. 2011) (Fig. 9E).
Further, northern blots of testicular and sperm RNA were carried out to confirm that spR-12
(Kawano et al. 2012) was only detectable in pure sperm and piR-1 (Girard et al. 2006) only in
total testis RNA (Fig. 9F). Dnmt2 expression analysis of testis and mature sperm by Western
blotting revealed Dnmt2 protein expression in testis, however essentially no Dnmt2 protein
expression in mature, epididymal sperm (Fig. 9G). A high mRNA expression versus essentially
no protein in sperm might be explained by sperm being translationally silent (Johnson et al.
2011) and by the requirement of certain mRNAs immediately upon fertilization (Grunewald
et al. 2005; Ostermeier et al. 2004; Avendafio et al. 2009). Given the role of Dnmt2 in tRNA
methylation in general and Dnmt2’s high expression in the germline, the transmitting cells of

RNA TEI were analyzed in further depth, especially with respect to tRNAs.
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Figure 9. Dnmt2 expression supports a role in the germline. A. RNA expression profiling of Dnmt2 by
gRT-PCR in a panel of wt tissues shows high expression in the male germline. B. gRT-PCR analysis of
Dnmt2 in the transmitting (testis, mature sperm) and target (E7.5) tissues and cells of both genotypes
confirms high expression in the germline. C. Quality control steps of mature cauda epididymal sperm
isolation. Schematic of testis, caput epididymis, cauda epididymis, and vas deferens. D. Microscopic
analysis shows visual purity (scale bar = 100um). E. Bioanalyzer data show essentially no full-length
rRNA peaks (Johnson et al., 2011). F. Northern blots show characteristic signals for each tissue: spR-
12 RNA (Kawano et al., 2012) and piR-1 (Girard et al., 2006) expression is mutually exclusive in sperm
versus testis. G. Western Blot of testis and sperm protein extracts show essentially no Dnmt2 protein
expression in wt sperm. 2 independent replicates are shown. (Data for panel A provided by Francesca

Tuorto).

Dnmt2

Dnmi2

P -actin

5\ =
‘ LY " \‘w LR

I o .

e W

R ——

26

06
Zos wt
%04 =D+
(L]
=03
02
E
So1
0
Testis Sperm EZ7.5
Ladder
|
I
I
I
i }
fjJ W I
& & & Int]
b
j18s  Testis |
I
]
]
|
I
Sperm
|
|
1




4.2.2 Dnmt2”/- germline tissues show no phenotypic or functional aberrations

To detect any structural differences between testes of both genotypes, paraffin-embedded
sections were hematoxylin-eosin stained and microscopically examined (Fig. 10A).
Additionally, DNA and RNA content of these sections was analyzed by acridine orange staining
(Fig. 10B). These assays showed that the testicular tissues had no phenotypic differences and
sperm production and DNA and RNA content was comparable. To confirm the notion that
sperm production took place at physiological levels, a viability assay of epididymal sperm was
carried out. Dnmt27 mice produced mature and viable epididymal sperm at wild type
percentages (Fig. 10C). As such, Dnmt27" mice are fertile, show no microscopic testicular

aberrations, and produce viable sperm in physiological quantities.
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Figure 10. Dnmt27- germline cells show no phenotypic or functional aberrations. A. Haematoxylin
and eosin stainings of testis and epididymal (caput and cauda) sections. No significant differences can
be seen between wt and Dnmt27- samples. Sperm production is present in testis, and cauda epididymi
contain mature sperm (scale bar = 100um). B. Nucleic acid content of wt and Dnmt27 tissues is
comparable. Acridine orange staining of testis and cauda epididymi sections (scale bar = 100um). Small
red squares are shown in higher magnification to the right of each image (scale bar = 25um). RNA is
stained in red, DNA is stained in green; colocalization of both signals appears as yellow. C. Pl and
Hoechst stainings show no significant difference between wt and Dnmt2”" sperm viability. In this
live/dead staining, each Hoechst-positive (x-axis) sighal represents a sperm cell and each Pl-positive
(y-axis) signal represents a dead cell (Diercks et al., 2012). An exemplary result of one replicate is
shown (wt). Each genotype was analyzed in biological triplicates from 3 different mice and additional
technical replicates. The percentage of live sperm was normalized to false positive signals and is shown
in a bar plot with standard deviation. (Data were generated with support from Beatrix Imkeit and Vera
Gramm, in the laboratory of Johannes Schenkel, DKFZ).

4.2.3 Characterization of RNA in sperm

The most established functions of Dnmt2, i.e. tRNA methylation and its contribution to tRNA

stability, led to the analysis of tRNA methylation and tRNA integrity in testis and sperm.

4.2.3a Dnmt2 mediates C38 methylation on tRNAASPSYUC tRNASYGCC and tRNAV2AAC jn
sperm

The known C38 methylation activity of Dnmt2, also in testis (Tuorto et al. 2012), was
confirmed to be present in sperm by 454 deep sequencing (Fig. 11A). In parallel, as Dnmt2-
mediated methylation is known to confer tRNA stability (Schaefer et al. 2010; Tuorto et al.

2012), Northern blots were performed.
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4.2.3b Dnmt2 confers tRNA integrity in sperm

Northern blotting confirmed that wild type (Kawano et al. 2012; Peng et al. 2012) as well das
Dnmt27" sperm contain high quantities of tRNA degradation products. The Northern blots also
revealed a prominent fragmentation of the Dnmt2 target tRNA®Y in Dnmt2-deficient sperm
(Fig. 11B), which is likely caused by the lack of Dnmt2-mediated C38 methylation (Tuorto et
al. 2012). 5’ fragments of the Dnmt2 substrate tRNA”*? did not appear to be influenced in the
same manner, which is similar to published observations, where it became clear that tRNAAsP
3’ fragments are much more abundant than 5’ fragments in Dnmt2 deficient mice (Tuorto et
al. 2015). An important question was whether other RNAs were directly or indirectly affected

by the Dnmt2 deficiency. This was approached by smallRNA-Seq.
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Figure 11. Dnmt2 confers tRNA methylation and integrity in sperm. A. Bisulfite sequencing maps for
the three known tRNA targets of Dnmt2, of testis and sperm. Each row represents one sequence read,
each column a cytosine residue. Green boxes represent unmethylated cytosine residues, red boxes
indicate methylated cytosine residues, sequencing gaps are shown in white. Numbers in maps indicate
the number of reads, and cytosine C38 is indicated with red arrowheads. B. Northern blotting of sperm
and testis RNA confirms that tRNA fragments appear enriched in sperm. Additionally, when comparing
wild type and Dnm27 samples, the Dnmt2 substrate tRNA®Y is substantially more degraded in the
mutant background than two non-substrates (tRNA®" and tRNAS®), as indicated by a green arrow. No
concrete increase in 5’ fragments of Dnmt2 substrate tRNA*® were detectable, as further elucidated
in the text.
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4.2.3c Dnmt27/- sperm show only subtle smallRNA expression changes

As sperm contain high quantities of RNA break down products (Kawano et al. 2012; Peng et
al. 2012) and results so far indicated a possible role of tRNAs or tRNA-derived fragments (tRFs)
(Lee et al. 2009) in Dnmt2-deficient mice, smallRNA-Seq of epididymal sperm was carried out.
Sequencing data were analyzed with respect to length distribution, composition (classes of
RNAs), and differential expression. High levels of rRNA reads were evident and expected, as
the vast majority of mature mammalian sperm RNA are products of rRNA fragmentation
(Johnson et al. 2011). Due to the known fragmentation of rRNA in sperm, the efficiency of an
rRNA depletion via commercially available hybridization kits was questionable, and was thus
omitted, resulting in high amounts of rRNA reads. Length distribution analyses exhibit no
significant differences specifically between the genotypes (Fig. 12A). Testicular Dnmt27-
sample (1) shows a clear peak at 24nt (Fig. 12A), which is possibly caused by rRNA
fragmentation products as can be seen by a higher rRNA content of the 21-25nt fraction for
this sample (Fig. 12B). An in-depth analysis of the RNA composition of each sequenced sample
and additionally the RNA composition of different length categories demonstrated only minor
differences (Fig. 12B), which were analyzed in further depth. DESeq analysis revealed that
only 11 piRNAs (Piwi-interacting RNA) and 6 tRFs were deregulated in Dnmt27- versus wild

type sperm RNA (Fig. 13).
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Figure 12. Dnmt2”- sperm show only subtle smallRNA profile changes. A. Length distribution plots of
all reads, with nucleotide lengths 1-50 (as sequenced) on the x-axis and relative abundance
(normalized to total reads of the respective sample) on the y-axis. Replicates (marked (1) and (2)) show
reproducibility. Observable differences between the genotypes are discussed in the text. B. Detailed
analysis of the composition of the sequenced RNA. Duplicates of each sperm and testis are depicted. First, all (1-
50nt) reads were analyzed with respect to composition. In smaller graphs below, all reads were broken down
into length categories and re-analyzed.
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Sperm

RNA Fold change q-value
¥ Mus_musculus_chr3.trna282-GlyCCC_(96115177-96115247)_Gly_(CCC)_71_bp_Sc:_51.51 0.213488106 0.000212814
§ FRO303691| Piwi-interacting_RNA_{piRNA) inf 0.000304613
$ FRO240364| Piwi-interacting_RNA_(piRNA) inf 0.004066375
$ Mus_musculus_chr3.trna754-GluTTC_(96191399-965191328)_Glu_(TTC)_72_bp_Sc:_72.33 0.218060399 0.005643839
§ FRO116597|Piwi-interacting_RNA_{piRNA} inf 0.014664879
§ FROO72818| Piwi-interacting_RNA_(piRNA) 0.007568229 0.016455664
3§ FRO143401] Piwi-interacting_RNA_(piRNA) 0.007568229 0.016455664
¥ Mus_musculus_chr11.tma1817-GInCTG_{68938180-68938109)_Gln_(CTG)_72_bp_Sc:_73.65 0.253818611 0.022431755
¥ FRO125708| Piwi-interacting_RNA_(piRNA) 0.008086897 0.024651193
¥ FR0295724| Piwi-interacting_RNA_(piRNA) 0.028209431 0.025003497
3 Mus_musculus_chr13.tma64-GInCTG_(21264220-21264291) Gin_(CTG)_72_bp_Sc:_73.65 0.261616788 0.027349611
¥ Mus_musculus_chr12.1ma982-GInCTG_(22025901-22025830)_Gln_(CTG)_72_bp_Sc:_73.65 0.26155121 0.031274993
3§ FROD89666] Piwi-interacting_RNA_(piRNA) inf 0.031274993
§ FRO363328|Piwi-interacting_RNA_({piRNA) 0134272267 0.036593192
$ FRO393263 | Piwi-interacting_RNA_(piRNA) 0.033927214 0.040257206
3§ FRO282618| Piwi-inte racting_RNA_(piRNA) 0.034324031 0.043758657

$ Mus_musculus_chrd.trna626-AlaCGC_(131681174-131681245)_Ala_(CGC)_72_bp Sc:_59.08 0.294250691 0.047497886

Testis
RNA Fold change q-value
§ FRODS0719 | Piwi-interacting_RNA_(piRNA) 0085700025  5.99E-19
£ FR0354334| C/D_box_guide_small_nucleclar_RNA_(snoRNA}_SNORD46_f U46 3913449335 1.02E-15
43 FRODD9892 | C/D_box_small_nucleolar_ RNA_(snoRNA) 3.506090179 314E-11
£ FROO55923 | Piwi-interacting_RNA_{piRNA) 1160133522  3.48E-09
J FRODB1670| Piwi-interacting_RNA_(piRNA) 004602845  2.11E-07
4 FRO354047 | C/D_box_guide_small_nucleolar_RNA_(snoRNA)_SNORD46_/_U46 2.636186833 1.88E-06
J FRO232546|C/D_box_small_nucleolar_RNA_({snoRNA) 0.055312425 1L15E-05
 FROD32453 | Piwi-interacting_RNA_(piRNA) 0089932292  5.83E-05
@ FR0239952 | H/ACA_box_guide_small_nucleclar_RNA_{snoRNA) ACA17 / SNORA17 4.183956567 5.99E-05
£ FRO031409 | Piwi-interacting_RNA_(piRNA) 7.174148524 0.001280998
§ FRO296528| Piwi-interacting RNA_(piRNA) inf 0.001625955
4£»FR0297833 | small_nucleolar_RNA_(snoRNA)_U39 2599756193 0.005950271
43 FRO350066 | C/D_box_guide_small_nucleoclar_RNA_(snoRNA)_SNORD39_/ U39 2633178603 0.006099254
§ FRO016791 | Piwi-interacting_RNA_{piRNA) 0.023347987  0.00665195
§ FRO154304 | Piwi-interacting_RNA_(piRNA) inf 0011281383

Figure 13. Dnmt2” sperm show only few smallRNA expression changes. Differential expression
analysis by DESeq of sperm wt and Dnmt2”- duplicates revealed that merely 17 RNAs were deregulated
between the genotypes; 11 piRNAs and 6 tRNA fragments. In testicular samples, 15 RNAs were
deregulated: 8 piRNAs and 7 snoRNAs. Hits are sorted by significance (g-value, cut-off at 0.05) and
marked as up- (green arrow) or down-regulated (red arrow) in the mutant. Infinite fold change (inf)
occurs when expression in one genotype was 0.

Possible involvement of the deregulated RNAs in different pathways were considered.
As tRFs have been confirmed to bind and regulate siRNA pathway components (Durdevic,
Mobin, et al. 2013; Cole et al. 2009; Haussecker et al. 2010) and as piRNAs are responsible for
silencing of transposable elements (TEs) (Di Giacomo et al. 2013), both of these routes were
considered and tested for deregulation. The RNA-induced silencing complex (RISC) includes
the Argonaute (AGO) protein, which binds tRFs (Haussecker et al. 2010). A RISC reporter assay
(Béthune, Artus-Revel, and Filipowicz 2012) (kindly provided by Julien Béthune, University of
Heidelberg) was used to assay whether the RNA-Seq detected deregulation of tRFs, or the
observed differences of tRFs from previous Northern blots (Fig. 11B) might influence the
efficiency of this pathway (Fig. 14A). The differences in RISC efficiencies between wild type

and Dnmt27- MEFs were measured and were not significant (Fig. 14B).
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Figure 14. Candidate deregulated sperm small RNAs do not coincide with changes in small-RNA
machinery or transposon control. A. RNA-induced silencing complex (RISC) reporter assay schematic
(modified from Béthune et al., 2012). The construct has a control renilla luciferase (RL) without any
miRNA target sequences, and a firefly luciferase (FL) fused to the 3’UTR of the hmga2 transcript with
six consecutive let-7 miRNA target sites (WT). An additional, otherwise identical construct has mutated
(MUT) let-7 target sites. MUT and WT constructs are separately transfected. FL and RL signals are
normalized to a negative transfection control, then the FL signal is calculated as % of RL. It is then
determined what % of the WT construct FL is expressed in comparison to the FL MUT (mutated) target.
B. Results of the reporter assay on MEFs show no significant difference between the genotypes
(biological duplicates, each with technical triplicates). The Dnmt2” silencing pathway functions at a
comparable level to the wild type background. C. The deregulation of piRNAs detected in Dnmt27/
sperm does not seem to have an effect on expression of transposable elements (TEs) in sperm. The TE
mix consisted of probes for L1 5UTR, L1 ORF2, IAP 3LTR, and IAP GAG. 5S rRNA probe shows equal
loading and a tRNA®Y 5’ probe shows the anticipated fragmentation difference as previously observed
(green arrow). D. Northern blot probing for the most significantly downregulated piRNA
(FR0303691/piR15422) from small RNA-Seq results. 55 rRNA probe shows a slight difference in loading
and a tRNA®Y 5’ probe shows the anticipated fragmentation difference as previously observed (green
arrow).
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To test whether the deregulation of piRNAs could lead to effects on repetitive element
expression, a Northern blot analysis was carried out on sperm (Fig. 14C). The different probes
applied were used for detection of the retrotransposon LINE1 5 untranslated region (L1
SUTR), LINE1 open reading frame 2 (L1 ORF2), intracisternal A particle 3’ long terminal repeat
(IAP 3LTR), and the IAP GAG (Di Giacomo et al. 2013). As controls, a 55 rRNA and a tRNASY
probes were applied, which showed equal loading (5S) and the previously observed difference
in tRNASY fragmentation in Dnmt27 sperm. The results of these experiments confirmed that
no major effects could be detected between the tested wild type and Dnmt27/- sperm small
RNA pathways. Figure 14D shows that indeed, the most deregulated sperm RNA-Seq hit,
piRNA (FR0303691/piR15422), does not show a substantially differential expression between
wild type and Dnmt27 sperm. Together, these experiments led to the conclusion that the few
differences in small RNA-Seq of sperm may have been caused by physiological variation,
without biological relevance. Additionally, the differentially regulated small RNAs of RNA-Seq
displayed no overlap with differentially regulated transcripts from the RNA-Seq data of ESCs
or E7.5. As the only major difference between wild type and Dnmt27- tissues seemed to be
restricted to C38 methylation and its role in tRNA stability, this prompted a deeper analysis

of pathways involved in the regulation of this highly specific activity.

4.3 Examination of biological pathways that control Dnmt2-mediated tRNA methylation

The experimental approaches so far demonstrated that mouse Dnmt2 is highly expressed in
the germline and functions as a three-tRNA-specific methyltransferase that contributes to
tRNA integrity in sperm. These functions have no phenotypic effects on the examined cells or
mice upon knockout of Dnmt2, however are likely to be key regulatory functions of RNA-
mediated inheritance. To be able to find indications of the biological mechanism of Dnmt2-
dependent RNA-mediated inheritance, it was sought to find regulators of C38 methylation

that may act in the same pathways as Dnmt2.

4.3.1 Screening of tissues and cell culture conditions reveals nutrient control of C38
methylation

To uncover the conditions that might alter C38 methylation, a screening experiment of both

physiological as well as non-physiological conditions was carried out. Different tissues,
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differentiation states, stresses, and nutrients, in cell culture as well as in live mice were
assayed by bisulfite sequencing of tRNAAPSUC (and other Dnmt2 target tRNAs) (Fig. 15A).

Recent research demonstrated that tRNAAPSUC C38 methylation can be decreased by
depriving yeast cultures of the micronutrient queuine (Q) (Muller et al. 2015). This nutrient
was thus analyzed in depth, along with other conditions. The majority of tested conditions
evoked no C38 methylation changes, however a few nutrient-deprived conditions resulted in
a clear tRNAASPGUC C38 methylation decrease.

Mouse tissues under physiological conditions were examined with respect to
methylation levels. The sequenced tissues generally showed very high C38 methylation
(between 92% and 100%) (Fig. 15A). This was also the case for tissues that are involved in the
two known phenotypes of Dnmt2”/- mice: bone marrow (92%) in translation and
differentiation (Tuorto et al. 2015) and testis (98%), sperm (97%), and early embryos (96%) in
inheritance (Kiani et al. 2013). The only exception to this was the testis P5 samples (testis of
5 day-old mice), in which C38 methylation appeared slightly decreased (85%). This is
elucidated in detail in the discussion. Under non-physiological conditions, i.e. in axenic (germ-
free) mice, methylation levels were also comparable to control tissues (testis 98% vs. 98%;
sperm 97% vs. 97%; embryos 96% vs. 98%).

Analyzing cell lines under standard laboratory conditions, methylation levels appeared
slightly lower than those of mouse tissues, and under some non-physiological conditions,
methylation levels were decreased substantially. Q is present in most animal and plant
material (Katze, Basile, and McCloskey 1982). However, treatment of serum with charcoal is
known to deplete the serum of hormones (Drouin, Lagacé, and Labrie 1976), fatty acids (Chen
1967), and Q (Katze 1978). When this depleted serum was added to cell culture media instead
of standard fetal calf serum, C38 methylation decreased (see “Hela Ctrl” at 96% vs. “Hela
charcoal” at 56%) (Fig. 15A). Horse serum is known for naturally low levels of the
micronutrient Q (Langgut and Kersten 1990), and Lonza UltraCulture (herein referred to as
Lonza) medium has only very few and very pure constituents from animal source and can be
applied without FCS. Both DMEM supplemented with horse serum (see “HelLa Horse serum”
at 65%) and Lonza medium on its own (see “Hela Lonza” at 52% or “MEFs Lonza” at 74%)
elicited C38 methylation decreases when compared to controls (see “Hela Ctrl” at 96% and
“MEFs Ctrl” at 85%) (Fig. 15A). Culturing MEFs under hypoxic conditions in standard medium

seemed to have no clear effect on C38 methylation (see “MEFs Hypoxia” at 86% vs. “MEFs
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Ctrl” at 85%), however the combination of Lonza media (which alone caused a decrease to
74%) together with a hypoxic environment appeared to have a synergistic effect on C38
methylation (see “MEFs Lonza + hypoxia” at 64%). MEFs that were cultured with galactose
instead of glucose, enhancing oxidative mitochondrial metabolism (Aguer et al. 2011), or
MEFs induced to differentiate could be speculated to have gained C38 methylation (see
“MEFs Ctrl” at 85% to “MEFs -glu +gal” at 97%, “MEFs Adipogenic” at 93%, and “MEFs

Osteogenic” at 94%).
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Figure 15. Screening of different conditions reveals nutrient control over C38 methylation. A. C38
methylation was tested in a variety of conditions by targeted bisulfite sequencing, in all cases on
tRNAAPSUC and additionally in some on tRNASYSCC and tRNAVa*AC, For only one mouse tissue sample,
a decrease in C38 methylation from the generally fully methylated status could be observed for
tRNAASPSUC (P5 testis). P1 stands for 5 day old mice, P5 for 5 day old mice, and so on. For a few cell
culture conditions within a cell line, C38 methylation level fluctuation was observed. C38 methylation
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levels of tRNASYECC and tRNAVIAAC were generally not affected. (horse s. — horse serum). B. A selection
of heat maps are shown, presenting a decrease in C38 methylation (black arrowheads) in HepG2 Lonza
vs. HepG2 ctrl, while C48/49 methylation (white arrowheads) remained unaffected (Panels A and B
include limited contributions by Francesca Tuorto and Tanja Musch). C. The decreases of C38
methylation shown in B is not proportional to Dnmt2 expression, as shown by gRT-PCR of
correspronding samples immediately below. Levels of C38 methylation in Lonza medium are low while
Dnmt2 levels remain high. Additionally, low levels of Dnmt2 in MEF cultures suffice to fully methylate
C38.

To understand whether observable changes in C38 methylation were caused by a
change in Dnmt2 expression, gRT-PCR was performed and revealed that the nutrient levels
that had an effect on C38 methylation had no correlating effect on Dnmt2 expression (Fig.
15B+C). This is in line with the fact that C38 methylation was only affected on tRNAASPGUC,

however not on the other Dnmt2 targets, tRNASYGCC or tRNAV2AAC (Fig. 15A).

4.3.2 Micronutrient Q controls Dnmt2-mediated tRNA”PSYC methylation

Under physiological conditions, the nucleobase Q replaces guanine (G) in the wobble position
of GUN anticodons (tRNAASPGUC tRNAMISGUG  tRNATYFGUA  and tRNAAMCW), Thus, cultures in
which a decrease of C38 methylation was observed were tested for the presence of
gueuosinilated tRNAs (Q-tRNAs) by acryloyl aminophenylboronic acid (APB) Northern blotting.
Q-tRNAs carry an additional ribose moiety when compared to non-Q-tRNAs (G-tRNAs), which
slows down their migratory properties on gels containing polyacrylamide covalently bound to
APB (Igloi and Kossel 1985). This allows to separate and quantify them by gel electrophoresis
and subsequent blotting. For this purpose, tRNAHSGYS probes were used, as Q-tRNAMSGYG can
be separated from G-tRNAHS6YS_ Unfortunately, Q-tRNAASPSUC could not be separated from G-
tRNAASPGUC on APB gels, presumably due to an additional mannosylation of Q which is known
to be present on Q-tRNAASPSUC (Kasai et al. 1976), and a resulting change in migratory
properties (Zaborske et al. 2014). All cultures that were tested and exhibited a decrease in
C38 methylation in comparison to a control medium, did in fact lack Q (Fig. 16A). As specific
developmental stages of Drosophila melanogaster are known to have low Q levels (Zaborske
et al. 2014), these samples were used to confirm that a decrease in C38 methylation is also

evident here (Fig. 16A). To evince that Q is necessary for physiological C38 methylation levels,
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synthetic Q was obtained for rescue experiments (kindly provided by Hans-Dieter Gerber,
University of Marburg). The synthetic Q was readily accepted by the cells and incorporated
into tRNA (Fig. 16A). Upon addition of Q to previously Q-deprived cultures, C38 methylation
could be induced to full methylation levels (Fig. 16A). Queuosinilation thus acts as a regulator

of C38 methylation on tRNAASUC in mammalian cells.
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Figure 16. Micronutrient Q controls Dnmt2-mediated tRNA”¥SUC methylation. Acryloyl
aminophenylboronic acid (APB) gels show queuosinilation levels of tRNA"CY¢ in different samples.
Each horizontal black bar marks 2 lanes to be compared (both always on the same gel; some images
edited for sake of order). Corresponding tRNA*PSUC methylation levels by 454 bisulfite sequencing are
given as % methylated underneath each lane (% m5C38). A. Different cell cultures show relatively low
C38 methylation in —Q media. As a parallel control, Drosophila melanogaster samples of 3rd instar
larvae (3IL) and 3IL brain (3ILB) are shown (lanes 7 and 8). The addition of synthetic Q (lanes 2 and 4)
or growth in +Q media (DMEM+FCS, lane 6), reliably resulted in an increase of C38 methylation levels
when compared to —Q samples. (HS — horse serum). B. Different —Q and +Q mouse tissues are shown.
Lanes 1-4 compare —Q axenic NMRI mice to normal (+Q) BL/6 controls. Lanes 5-8 compare —Q NMRI
to rescued +Q NMRI mice. Blood and intestinal —Q samples (lanes 5 and 7) were 454-sequenced as
independent duplicates from different mice (after only 5 weeks of a —Q diet) and are presented in a
second row. Lanes 9 and 10 show a testicular germ cell tumor line cultured with or without Q. (HepG2
data was partially generated by Tanja Musch. Axenic mice were held by Larissa Ziegler, in the facilities
of Kurt Reifenberg, DKFZ).
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4.3.3 Q deficiency as a mimick of Dnmt2 mutation

To test for similarities between Q deficiency and Dnmt2 deficiency in mice or whether a lack
of Q mimicks a lack of Dnmt2, a Q-free (—Q) environment was established in vivo. As mammals
cannot synthesize their own Q, their gut flora or nutrition provides them with Q (Reyniers et
al. 1981; Farkas 1980). Thus, a germ-free mouse model (axenic NMRI mice) receiving a Q-free
diet was required. A small axenic mouse colony was held with —Q feed for 9 weeks. —Q diets
resulted in different tissues showing different levels of queuosnilated tRNA, with a coinciding
change in C38 methylation on tRNAASPSUC (Fig. 16B). Tissues composed of cells with a high
production or turnover rate, i.e. blood (Ogawa 1993) and small intestine (Cheng and Leblond
1974; Ogawa 1993) had very low levels of Q-tRNA after 9 weeks, whereas testis, composed
of cells with very low turnover rates (Teerds et al. 1989), retained high levels of Q-tRNA (Fig.
16B). In these slow-turnover tissues, Q is salvaged, i.e. recycled and thus is continuously
incorporated into tRNA (Fergus et al. 2015). In order to efficiently remove Q from all tissues
and avoid salvage, mice may have to be held on a Q-free diet for substantially longer periods
of time. Obtaining a second generation of mice in a —Q diet was currently not successful. The
presence of vaginal plugs indicated successful mating, and an increase in female body weight
in one case gave the impression of pregnancy, however no offspring were found. The diet
may have to be optimized to create a nutritional environment that will increase the rate of
pregnancy and offspring. The liquid diet seemed to stick to the fur upon excretion, which led
to an increase in grooming around the anus, and mice did not seem as active as mice on a
control diet. However, no cause for nutritional deficiencies was evident when considering the
composition of the diet. Regardless of not having any litters or long-term —Q colonies, even
for this shorter period of —Q feeding there is a clear relationship between Q-content of tissues
and C38 methylation levels (Fig. 16B). Less Q on tRNAs results in reduced levels of C38
methylation on tRNAASPSUC |n parallel to the axenic mice, and to complement the in vivo data,
an available testicular germ cell tumor cell line (SUSA) was cultured in —Q medium. The results
demonstrated that —Q can in fact lead to reduction of C38 methylation in testicular tissues,
and argues that the high Q levels and C38 methylation in axenic mouse testis may well be due
to slow tissue turnover (Fig. 16B). Prolonged —Q mouse diets may thus result in substantially

lower C38 methylation levels and may present a second model to parallel Dnmt2 mutants.

39



The presented data shows that physiological tRNAASPSUC C38 methylation depends on the

nutrient Q in mice.
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5. Discussion

The biological functions of Dnmt2 are gradually being determined, with the most recent
discoveries of its role in polypeptide synthesis and contribution to proper haematopoiesis
(Tuorto et al. 2015), and RNA-mediated inheritance (Kiani et al., 2013). The data presented in this
thesis contributes findings on Dnmt2’s function with respect to its (1) high target specificity and
its (2) activity in response to environmental factors. (3) Additional findings may facilitate further

research on its role in RNA-mediated inheritance.

5.1 Dnmt2-dependent RNA inheritance: the target tissues

5.1.1 Dnmt2 deficiency has no observable effect on embryo morphology and mild or no

effects on the transcriptome of embryonic cells

Dnmt27- mice are viable and fertile (Goll et al. 2006), and in line with this, no major phenotypic
aberrations could be detected on the examined cells and tissues. To move from the macro to the
molecular levels, RNA-Seq was performed. Instead of using mRNA-enrichment protocols, rRNA
depletion was applied in order to also capture possible changes in ncRNA. As the detected
differences between wild type and Dnmt2”/- samples could mostly not be validated, these are
likely due to natural variation between samples rather than due to the mutation itself (Fig. 6).
Transcripts with a high fold change and significant g-values generally had low normalized read
counts (Fig. 5), which means that small absolute differences in expression can lead to large
relative differences in expression and thus be detected as differentially expressed. The fact that
most of the tested differences could not be reproduced by gRT-PCR added to the notion of minor
or no effects of a Dnmt2 deletion on the embryo and ESC transcriptomes. These results are in
line with previous studies which showed only minute changes in the transcriptome of Dnmt27

MEFs, liver samples, and bone marrow samples (Tuorto et al. 2012; Tuorto et al. 2015).
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5.1.2 Dnmt2 is a highly specific tRNA methyltransferase with three target cytosines

The WTBS approach did not only confirm that Dnmt2 methylates C38 of tRNAASPCUC tRNACHKGCC,
and tRNAY2AAC but revealed that Dnmt2 is most likely specific to only these three target cytosines.
The largest fraction (99.1%) of all detected methylated cytosines belonged to the validated tRNA
targets. The remaining marginal fraction (0.9%) belonged to a much larger number of non-
validated targets (Fig. 8A+B). 128 candidate methylation sites were found in only 42 RNAs,
averaging to 3 methylation sites per transcript, compared to only 1 site per RNA within the known
substrates. This indication that these candidates may be part of background noise was further
underlined by targeted amplicon sequencing, which failed to confirm a promising candidate.
There is a residual chance that there are additional targets, however it is likely that these are
false positives, as discussed in the following. The origin of false positives may stem from biological,
biochemical, as well as mapping factors. Many false positives may well be eliminated by
sequencing additional replicates in order to compensate for random batch effects. miRNAs also
appeared to be potentially methylated transcripts, with multiple unconverted cytosines
(Supplemental Table S1). As strong secondary structure is known to decrease bisulfite conversion
efficiencies (Schaefer et al. 2009), it is conceivable that miRNAs may bind complementary RNAs
and/or proteins of the miRNA pathway and thus be partially protected from bisulfite conversion.
Thorough protein removal from samples, for example by proteinase K digest following RNA
isolation may be a factor to consider in future approaches (Warnecke et al. 2002). Improvements
are in progress for mapping with higher confidence. For example, reads in which a high fraction
(e.g. 80%) of cytosines remained unconverted can be filtered, as strong secondary structure or
bound proteins may have protected these transcripts. The mapping of bisulfite converted reads
can be a challenge, as the complexity decreases from 4 to only 3 bases. In combination with the
short length of fragmented or naturally short transcripts, this can be a cause for incorrect
mapping. Due to the loss of complexity, homopolymeric regions such as in the Vax2os candidate
become likely and cause reads to map incorrectly.

It was shown that Dnmt2 most likely has no methylation targets outside of tRNAASPGUC,

tRNASYECC and tRNAVIAAC With this substrate specificity, and knowing that Dnmt2 is required for
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RNA mediated inheritance (Kiani et al., 2013), RNAs in transmitting cells were characterized, with

a special focus on tRNAs.

5.2 Dnmt2-dependent RNA inheritance: Characterization of transmitting cells

5.2.1 The molecular function of Dnmt2 in the male germline seems to be restricted to tRNA
methylation and integrity

The high levels of Dnmt2 mRNA in testis as well as sperm and comparably lower expression in
other tissues argues for a specific role of Dnmt2 in the germline (Fig. 9A+B). The three targets,
tRNAASPGUC tRNACSNGCC and tRNAV2AAC gre indeed methylated in testis as well as sperm (Fig. 11A).
In contrast to the high levels of Dnmt2 mRNA, essentially no Dnmt2 protein was detected in
mature sperm (Fig. 9G). This may indicate a minor role of Dnmt2 in the sperm cell itself but a task
for Dnmt2 immediately after fertilization within the zygote, possibly to assure proper tRNA
integrity. A number of mMRNAs evade fragmentation in sperm, and this pool of mRNAs has been
suggested to be needed immediately upon fertilization (Grunewald et al. 2005; Ostermeier et al.
2004; Avendafiio et al. 2009). This notion is supported by the presence of maternal Dnmt2 mRNA
in zebrafish before the start of the zygotic transcription (Rai et al. 2007). Dnmt2 is not essential
for embryogenesis, however it may be needed at this point for unknown mechanisms that allow
RNA-mediated inheritance in mice. As it has been shown that Dnmt2 protein is detectable at
considerable levels in immature sperm isolated from the testis and not the epididymis (Kiani et
al., 2013), Dnmt2 is possibly loaded into sperm and then degraded along with other proteins as
part of maturation along the epididymis (Belleannee et al. 2011; Krawetz 2005). The high
expression of Dnmt2 protein levels in testis could be speculated to be involved in assuring
sufficient Dnmt2 to be loaded into sperm for tRNA methylation within sperm before reaching full
maturity in the epididymis, where Dnmt2 protein levels are low. It is not yet clear whether these
expression patterns of Dnmt2 may be necessary for RNA-mediated inheritance or other biological
processes.

Dnmt2 and its role in tRNA methylation does not seem to play a role in testis functionality,

i.e. in sperm production and sperm viability (Fig. 10C). The bulk RNA and DNA content of
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testicular and sperm Dnmt27- cells appear normal and are unlikely to play a role in RNA-mediated
inheritance (Fig. 10B). The only observable difference between wild type and Dnmt27- samples
was the lack of substrate methylation and stronger fragmentation of sperm tRNA®Y in the mutant
(Fig. 11A+B). Thus, the biological function of Dnmt2 in the germline is most likely assurance of
tRNA integrity via C38 methylation, which is in line with publications on Dnmt2 in other tissues

(Schaefer et al., 2010; Tuorto et al., 2012; Tuorto et al., 2015).

5.2.2 Dnmt2”/- sperm show increased tRNASY fragmentation, whereas changes in expression
levels of other small RNAs are limited

RNAs of sperm were deep-sequenced, since sperm RNAs have been shown to be the carrier of
heritable information in a Dnmt2-dependent fashion (Kiani et al., 2013; Rassoulzadegan et al.,
2006) and Dnmt2 was shown to methylate and stabilize tRNA in sperm (Fig. 11A+B). The highly
abundant tRFs in proportion to full-length tRNAs, especially so in a Dnmt27- background (Fig.
11B) were hypothesized to be responsible for a purpose other than the classical role of tRNAs in
translation. tRFs have been shown to play roles in a number of biological processes, for example
a 5’-tRNAV2tRF of 26nt is known to have the capacity to reduce protein synthesis by binding to
the ribosome and interfering with peptidyl transferase activity (Gebetsberger et al. 2012).
Additionally, it has been shown that tRFs bind to DICER (Durdevic, Mobin, et al. 2013; Cole et al.
2009) and AGO proteins (Haussecker et al. 2010; Kumar and Mudunuri 2014; Karaiskos et al.
2015) and regulate RNA silencing. As Dnmt2 has been shown to play roles in both siRNA-mediated
virus control (Durdevic, Hanna, et al. 2013) and in retrotransposon silencing (Phalke et al. 2009),
small RNA pathways seemed to be a promising pathway to pursue. Also, small RNA pathway
components play key roles right after fertilization, i.e. in the maternal-to-zygotic transition
(Lykke-andersen et al. 2008; Svoboda and Flemr 2010; Suh and Blelloch 2011). Interestingly, a
recent publication showed that tRFs, including derivatives of the Dnmt2 substrates tRNA**P and
tRNASY, are capable of displacing the RNA-binding protein YBX1 from 3’ UTRs of several mRNAs,
thereby decreasing the transcripts stabilities (Goodarzi et al. 2015). Thus, the small RNAs of

sperm were sequenced to detect possible deregulation of tRFs and other regulatory RNAs.
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Unexpectedly, small RNA-Seq of sperm showed only marginal changes. When viewing
different classes of RNAs and what fraction of all sequenced RNAs they populate, some minor
changes and fluctuations can be observed (Fig. 12A+B). However, when analyzing the data
specifically for each transcript individually, only very few transcripts appeared as deregulated in
Dnmt27- samples (Fig. 13). In sperm, these were exclusively tRNAs and piRNAs. These RNAs were
considered and pathways in which these short transcripts may play a role were analyzed for
possible effects. piRNAs posed a promising path, as several studies have detected tRNA-derived
piRNAs (Keam et al. 2014; Hirano et al. 2014; Garcia-Lépez et al. 2014; Kwon et al. 2014).
Additionally, Dnmt2 is responsible for nonrandom sister chromatid segregation, which may be
connected to piRNA metabolism as well (Yadlapalli and Yamashita 2013). It has also been
revealed that tRFs bind and regulate small RNA machinery that are involved in siRNA and piRNA
pathways (Durdevic, Mobin, et al. 2013). Finally, a few small nucleolar RNAs (snoRNAs) appeared
deregulated in Dnmt27- testis (however not in sperm) (Fig. 13), and some snoRNAs have been
shown to be capable of target repression in a miRNA-like fashion (Thomson et al. 2014).

However, the RISC reporter assay showed that miRNA mediated RNA silencing processes
were not affected in Dnmt27/- MEFs. Moreover, Northern blot analyses displayed that the most
significant RNA-Seq piRNA hit was not strongly deregulated and the general piRNA-mediated
transposable element suppression was not substantially altered between the genotypes (Fig.
14B-D). These experiments indicated that the differences in small RNA-Seq between the
genotypes may originate from simple physiological variation and not have a biological effect.

The presented data suggest that the increased abundance of tRFs (Fig. 11B) does not
influence the analyzed small RNA pathways or the transcriptome substantially. Interestingly, a
recent publication has shown that tRNA-derived small RNAs bind to AGO, however indeed do not
mediate target repression and are thus speculated to carry out other unknown tasks (Thomson
et al. 2014). The proteome rather than the transcriptome is a potential tRF-target to consider for
several reasons. A special class of 5’ tRFs (tiRNAs; tRNA-derived stress-induced RNAs) have been
shown to be capable of reprogramming protein synthesis (Sobala and Hutvagner 2013), for
example by displacing transcription factors from RNAs (Ilvanov et al. 2011), and additionally cause

assembly of stress granules, which are a sign of improper translation initiation (Emara et al. 2010;
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Yamasaki et al. 2009). Further, we have recently shown that a lack of Dnmt2-mediated tRNA
methylation can lead to codon mistranslation, as C38 methylation is suggested to be necessary
for discrimination of near-cognate codons during polypeptide synthesis (Tuorto et al. 2015).
Importantly, it has also been demonstrated that tRNA pools vary in their composition during
different biological states, for example in proliferation versus differentiation (Gingold et al. 2014).
Thus, loss of integrity and function of specific tRNAs, as can be seen in sperm samples for tRNASY
(Fig. 11B), could potentially act in one of these translation-altering ways in early embryos.

In conclusion, Northern blotting showed that Dnmt2 stabilizes tRNAs in mouse sperm, the
biological significance that this may have on RNA-mediated inheritance however remains to be

established.

5.2.2b Potential sources for inconsistencies in sperm small RNA-Seq data

To understand the acquired data and inconsistencies with Northern blots better, sources for
artifacts and differences between datasets were analyzed. In 2012, Peng et al. published that
67% of spermatozoal RNAs are tRNA-derived (Peng et al. 2012), however a number of other
datasets did not show this extreme enrichment (Kawano et al. 2012; Gapp et al. 2014; Garcia-
Lépez et al. 2014; Gan et al. 2011), including the dataset presented in this thesis. The fact that
there are differences in sequencing results of mature sperm from different publications, and also
that the fragmentation difference between wild type and Dnmt27- on Northern blots was not
reproduced by small RNA-Seq, may stem from different sources. Some of the post-transcriptional
RNA modifications can prevent proper cDNA synthesis by causing the reverse transcriptase to
stall, leading to artifacts (Maden et al. 1995; Motorin et al. 2007). Additionally, the biochemical
ligation of adaptors may be a source for differences in the datasets. As most small regulatory
RNAs have a 5’ phosphate and a 3’ hydroxyl group, adaptor ligation steps in sequencing kits have
been optimized for this purpose. However, since during RNA turnover reactions or RNase-
mediated degradation, 3’ phosphoryl and 5’ hydroxyl ends can be present on RNAs (Hafner et al.
2008), polynucleotide kinase (PNK) was additionally used in this thesis to create appropriate 5’

phosphate and 3’ hydroxyl ends. This PNK step was taken to assure correct adapter ligation onto
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all present RNAs and RNA fragments, and was not carried out by others (Gapp et al. 2014; Kawano
et al. 2012; Peng et al. 2012; Garcia-Lépez et al. 2014). Other minor methodological differences
can be found between the published datasets, however it is not clear whether these can explain
all the observable differences in mature sperm small RNA content.

A Northern blot is more direct in this sense, as the probe directly binds to the target,
independent of the chemical nature of the transcript ends. The numerous steps in a library
preparation, including reverse transcription, the necessity for precise biochemical modifications
on RNA ends, and PCR amplification, may be sources for artifacts.

In summary, Northern blots were regarded a direct approach with few error sources, and

clearly showed an enrichment of tRNACY fragmentation in Dnmt27/- sperm.

5.3 Examination of biological pathways that control Dnmt2-mediated tRNA methylation

To this point, the analyses concentrated on targets of Dnmt2, i.e. downstream factors of Dnmt2.
These analyses confirmed Dnmt2’s three-substrate specificity and its function in tRNA integrity.
However, the second major aspect to be investigated were the upstream factors that control
Dnmt2. The question arose whether there are any conditions under which Dnmt2 activity can be
hampered. Finding such conditions could give new perspectives on how and why RNA-mediated
inheritance (Kiani et al., 2013) and Dnmt2-mediated accurate polypeptide synthesis (Tuorto et
al. 2015) occurs. The screening included physiological conditions such as differentiation and

development, as well as stress conditions such as hypoxia and nutrient deprivation.

5.3.1 Micronutrient Q controls Dnmt2-mediated tRNAASPSUC methylation

In a broad overview, it appeared that the methylation levels of C38 seem to vary slightly between
mouse tissues versus mouse cell cultures, and the different media that were tested have different
magnitudes of effect, depending on which cell line they were applied to.

C38 methylation of tRNAASPSUC in all sequenced mouse tissues was between 92% and
100%, with the exception of testis P5, where a slight decrease seems to be evident (to 85.11%)

(Fig. 15A). It is not clear whether this is caused by technical variation. However in principle it
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could be considered for further investigation, as Q levels in Drosophila also change during
development (Zaborske et al. 2014; Jacobson, Farkas, and Katze 1981; Siard, Jacobson, and Farkas
1991) and a similar phenomenon could in theory be responsible for a decrease of C38
methylation in mouse testis.

When mouse cell lines were grown in their standard “Ctrl” media (ESC replicates 1 and 2
and MEFs in DMEM+FCS), C38 methylation levels range from approximately 84% to 93% (Fig.
15A). All tested conditions showed that the strongest and most consistent influence on Dnmt2-
mediated tRNAAPSUC C38 methylation was elicited by growing cells in medium deprived of Q. C38
methylation levels in human cell cultures appeared to be more sensitive to depletion of Q than
in mouse cell cultures, as can be seen by the strong decrease of methylation from 96.88% in Hela
Ctrl cells (DMEM+FCS) to 56.73% in DMEM plus charcoal treated FCS, or even 52.61% in Lonza
medium (Fig. 15A). It is currently unclear why this difference between mouse and human cultures
may be the case. In mouse ESCs and MEFs, Lonza medium led to a drop from 85.47% C38
methylation in DMEM plus FCS to 74.44%. Culturing MEFs not only in Lonza, but creating a
hypoxic environment in addition, appears to enhance the —Q effect on C38 methylation (MEF Ctrl
at 85.47% vs. MEF Lonza 74.44% vs. MEF Lonza+hypoxia 64.95%) (Fig. 15A). Other stress factors
(e.g. heat shock of Drosophila cells) have been shown to influence tRNA fragmentation (Schaefer
et al., 2010), however a decrease in C38 methylation has not been published following stress. It
is conceivable that it takes multiple environmental cues or long exposure to these to elicit a
strong C38 methylation decrease, such as can be observed upon Q depletion under hypoxic
conditions (Fig. 15A). This hypothesis is underlined by the observation that hypoxic cell culture
of Hela cells in medium supplemented with horse serum (low in Q) for just 48 hours will still
allow a high level of Q-modification on tRNAs, however longer depletion (as in this thesis, 8 days)
under hypoxic conditions is suspected to decreased activity of the queuine-insertase enzyme
(Fergus et al. 2015), thus leading to reduced Q-tRNA levels and reduced C38 methylation. Thus,
duration and combination of environmental insults may be important to observe effects.

Interestingly, inducing MEFs to undergo adipogenic or osteogenic differentiation
appeared to lead to an increase in tRNAASPSUC C38 methylation (Fig. 15A). This is in line with a

recent and thorough review of Q, which does not prove but suggests that Q-modification of
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tRNAs may partially be a result of differentiation, according to research on mouse as well as
human cell lines (Fergus et al. 2015).

The fact that C38 methylation levels on tRNAGYGCC and tRNAV2AAC were not affected by
the nutritional changes, and neither were C48 and C49 on tRNA”PSUC shows that the effects were
highly site- and substrate-specific and likely neither dependent on Dnmt2 activity itself nor on
methyl-donor availability. The fact that Dnmt2 expression levels determined by gRT-PCR did not
correlate with tRNAAPSUC C38 methylation levels underpinned the notion that a decrease of this
methylation did not depend on Dnmt2 quantities (Fig. 15B+C). The lack of nutrients thus did not
have a direct effect on Dnmt2 activity itself, however likely on tRNAASPSUC and its suitability as a
substrate for Dnmt2, possibly due to steric reasons.

To validate the notion that the factor behind the C38 methylation dynamics is Q, APB
Northern blots were employed. The acquired data confirmed that a reduction in Q coincides with
lower C38 methylation levels than if Q was added (Fig. 16A). Supplying cells with Q, be it through
addition of Q-containing FCS to media or through addition of pure Q, showed increased levels of
C38 methylation when compared to —Q media (Fig. 16A). The data on Drosophila 3™ instar larvae,
which are known to have low levels of Q (Zaborske et al. 2014), and demonstration that these
samples have only 42% of their tRNAAPSUC C38 methylated, supports the idea that Q plays a major
role in C38 methylation, also in the fruit fly. Additionally, without discussing their results in detail,
Ott et al. had previously published autoradiograms of two-dimensional thin-layer
chromatograms which showed that the amoebae Dictyostelium discoideum normally shows high
tRNAA® methylation levels, however an axenic strain grown in —Q media shows substantially less
m5C (Ott and Kersten 1985), which was later confirmed by bisulfite sequencing (Miiller et al.
2015). Thus, Q appears to have a direct influence on the methylation level of the Dnmt2 substrate
tRNAAPGUC i several organisms.

Cytosine-C5 methylation on tRNAs (Chan et al. 2012) and especially so tRNA” C38
methylation (Tuorto et al. 2015; Shanmugam et al. 2015) has been shown to play an important
role in fine-tuning of the proteome. Fine-tuning of the proteome rather than the transcriptome
would be in line with the observation of only minor transcriptome effects. This may also explain

why no major difference in 5’ fragmentation of tRNA*? between wild type and Dnmt27/" sperm
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can be observed on Northern blots (Fig. 11B). 5’ tRFs from tRNA**P have been shown to be rather
low in other Dnmt27- tissues, and tRNA*P? C38 methylation is important for precise translation
(Tuorto et al. 2015) and amino acid charging (Shanmugam et al. 2015). Thus, the lack of C38
methylation may be sufficient to have effects on the proteome, without further 5’ fragmentation
of tRNA”P, Interestingly, natural variation in queuosinilation levels of tRNAs has also been shown
to play a role in proteome control through stage-specific codon selection in Drosophila (Zaborske
et al. 2014).

The results in this thesis show that the dependency of Dnmt2-mediated C38 methylation

on Q is conserved from protists and fungi (Mdiller et al. 2015) to flies and mammals.

5.3.2 Q deficiency as a potential mimick of Dnmt2 mutation in vivo

The mouse model of Q-deficiency gave insights into effects of diet on tRNA methylation in vivo.
The salvage of Q and turnover rates of tissue seem to play an important role in the experimental
setup. In tissues with a high production or turnover rate, Q levels appeared to be decreased
before those in testicular tissue, which has a low turnover (Fig. 16B). However, it could be
observed that even testis had slightly more non-queuosinilated tRNA when Q was depleted.
Additionally, it was shown that in principle, cells of testicular origin (SUSA cell line) can be Q-
depleted and also show a decrease in tRNAASPSUC C38 methylation (Fig. 16B). To eliminate all Q
from mice, additional steps may be necessary. Bedding such as wood chips could potentially be
chewed and ingested by mice. It is not known whether this plant product could provide the mice
with Q. On a technical note, on APB Northern blots it appears that no detection of Q-tRNAs can
still allow C38 methylation (Fig. 16A, Lanes 3 and 5). This may stem from the nature of the applied
method. As described previously (Chapter 4.3.2), +Q and —Q tRNAA* could not be resolved on
APB gels (Zaborske et al. 2014), presumably due to mannosyl-Q on this tRNA (Kasai et al. 1976).
Thus tRNA"S probes were used as a means to determine Q-content in tRNAs. However, tRNAAP
is the first tRNA to be Q-saturated when Q is available (Reyniers et al. 1981), and may therefore
have higher Q-levels than what can actually be observed on the shown APB gels for tRNAM,

Consequently, queuosinilation of tRNA”® before tRNA"S may lead to relatively high C38
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methylation, even when Q-tRNA" is very low. Eliminating factors that may provide mice with Q,
such as wood bedding, and maintaining mice on a Q-free diet for prolonged periods of time could
decrease C38 methylation further.

The presented data shows that C38 methylation is dependent on the micronutrient Q in

mice not only in cell culture, but also in vivo.

5.4 Summary and conclusions

The presented work suggests by whole-transcriptome bisulfite sequencing that Dnmt2 is a three-
tRNA-specific methyltransferase (tRNASYSCC, tRNAAPGUC  tRNAVAAAC) - €38 methylation was
conserved in all analyzed tissues and cells, including a variety of mouse and human samples, and
including the tissues that have been shown to be involved in Dnmt27- phenotypes, such as sperm
and early embryos in the Kit* paramutant phenotype (Kiani et al., 2013). It was observed that the
methylation activity of Dnmt2 contributes to tRNA integrity in the male germline and may
thereby potentially contribute to RNA-mediated inheritance, through a currently unknown
mechanism. The three-tRNA-specificity also explains the observation that Dnmt2 deletion shows
no major effects on transcriptome expression levels in ESCs, E7.5 embryos, and in previous
studies in MEFs, liver samples, and bone marrow samples (Tuorto et al. 2012; Tuorto et al. 2015).
Interestingly, the methylation activity of Dnmt2 on tRNAAPSUC s partially dependent on the
micronutrient Q, not only in protists and fungi (Miiller et al. 2015), but also in fruit flies, mice,
and human cells.

Taken together, Dnmt2’s highly selective tRNA-methylation specifically regulates proper
tRNA function and homeostasis in the mouse germline and Dnmt2’s partial dependence on

nutrition is conserved across multiple species.

5.5 Perspectives and hypotheses

The mechanisms through which C38 methylation may contribute to RNA-mediated inheritance
remain enigmatic. However, the presented data in conjunction with published data allows to
speculate on possible mechanisms and on the direction and potential of future research.
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A long-term —Q mouse model may be able to mimic the important effects of a Dnmt2
mutation on tRNAA®, and thus give insight into how nutritional factors could influence the
inheritance pathways governed by Dnmt2. Both tRNA*P methylation (Shanmugam et al. 2015;
Tuorto et al. 2015) as well as tRNA*P queuosinilation (Zaborske et al. 2014) have implications in
translational fidelity, which makes a role for these factors in the early embryonic proteome
plausible. An early Q-publication showed by chromatography that, similarly to what can be
observed when Dnmt2 was absent in mouse sperm, the mere lack of Q can in fact destabilize
tRNAASP in the protist Dictyostelium discoideum (Ott and Kersten 1985). They also suggest that
the levels of Q- versus G-tRNAs plays a role in gene regulation, especially of genes encoding
proteins of redox chains. It has also been demonstrated that oxidative stress in yeast can lead to
an increase in 5-methylcytosine levels on tRNA (tRNA'Y), which in turn leads to translational
biases of genes with respective anticodons (Chan et al. 2012), and oxidative stress in Drosophila
can lead to increased tRNA (tRNA®Y) fragmentation (Schaefer et al. 2010). With regard to codon
bias in context of tRNA methylation, the lack of C38 methylation on tRNAASPSUC |eads to a
reduction of synthesis of poly-aspartate containing proteins (Shanmugam et al. 2015) and
additionally to a reduction of fidelity for discrimination between tRNA(Asp) and the near-cognate
tRNA(Glu), which results in incorrect protein folding (Fig. 17A) (Tuorto et al. 2015). A similar
mechanism is speculative, however conceivable, for Q-deficiency, as this affects C38 methylation
of tRNA*P as well (Fig. 17B). Especially aspartate- and glutamate- rich proteins could thus be
selectively affected by such a mechanism. Deletion of Dnmt2 has been shown to have bias effects
on specific sets of genes involved in transcriptional regulation and gene expression (Shanmugam
et al. 2015), and differences in tRNA pool composition have previously been shown to be directly
linked to cellular programs such as differentiation versus proliferation (Gingold et al. 2014). It is
thus conceivable that regulation of tRNA integrity through Q and/or Dnmt2 may elicit
modifications in translational programs in the offspring. As both tRNA queuosinilation and the
tRNA methyltransferase Dnmt2 are highly conserved (Schaefer and Lyko 2010; Fergus et al. 2015)
and have indeed both been suggested to play roles in translational fine-tuning, this route may be

worth pursuing.
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Figure 17. Potential model of how sperm tRNA integrity may influence the embryonic proteome. A.
Proposed mechanism for codon fidelity through Dnmt2. In the wild type (top), physiological methylation
(red dot) of tRNAAPSUC gllows correct discrimination between aspartate (yellow) and glutamate (purple)
tRNAs and results in normal translation and protein folding. In the Dnmt27 background (bottom), the lack
of C38 methylation (gray dot) on tRNAAPSUC |eads to reduction of fidelity for discrimination between
tRNA(Asp) and the near-cognate tRNA(Glu) codons. Misfolded proteins are the result. (Panel A modified
from Tuorto et al.,, 2015). B. Speculative model for codon fidelity through Q. Under physiological
conditions (top), G is replaced by Q in GUN anticodons (here: tRNAAPSUC to tRNAAPAC) and allows the
discrimination of GAR(Glu) and GAY(Asp). Under Q-deficiency (bottom), C38 methylation of tRNAASPEUC
decreases and leads to a decrease in codon fidelity and protein homeostasis. (Panel B provided by
Francesca Tuorto). C. Schematic model of delivery of unmethylated tRNAs and tRFs from Dnmt2”" sperm
into the zygote. The lack of integrity of unmethylated tRNAs is suggested to cause disturbances in protein
synthesis in the zygote. Alternatively and possibly through the mother, tRFs may cause deregulation of
proper protein synthesis.

Interestingly, a recent study analyzed inheritance of the Kit paramutation through
oocytes (Yuan et al. 2015). Surprisingly, they show that deleting Drosha or Mov10/1, which are
necessary for miRNA and piRNA biogenesis, respectively, causes an increase in transmission of
the Kit paramutation. They conclude that oocytic miRNAs or piRNAs could be a suppressing factor

for inheritance of the paramutation. Intriguingly, gRT-PCR of tRFs present in oocytes showed that
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some fragments are present at significantly lower levels in zygotes than in oocytes, and it was
thus speculated that this might be due to fertilization-triggered usage and consumption of tRFs
during early embryogenesis (Peng et al., 2012). It is not known whether a small RNA mediated
suppression of Kit paramutation might be oocyte specific and whether it may involve tRNA-
derived RNAs as well.

As summarized in Figure 17C, a potential mechanism on mammalian Dnmt2-dependent
RNA-mediated inheritance might function either via (a) Dnmt2’s role in tRNA fragmentation
(Tuorto et al., 2012) and via small RNA mechanisms, possibly also through the female germline
(Yuan et al. 2015; Peng et al. 2012) and/or (b) through Dnmt2’s role in accurate protein synthesis
via tRNA methylation (Tuorto et al. 2015; Shanmugam et al. 2015).

A long-term Q-free mouse model may be a promising system to further deepen our
knowledge on RNA inheritance and Dnmt2. Variations in Q levels have been suggested to also be
controlled by differences in gut microbiota between individual flies of one species (Zaborske et
al. 2014). If Q-deficiency does have an effect on RNA TEl, this would be a sophisticated system to
allow the environment to regulate whether a temporary and possibly adaptive trait could or
could not be transmitted for a few generations, depending on whether the conditions are
favorable for this or not.

Clarifying the mechanisms behind RNA inheritance will help to understand non-Mendelian
transmission of pathological states over several generations. RNA mediated inheritance is an
attractive system to explain a variety of unresolved complex disorders and could potentially be
used as a diagnostic marker.

Future work may include zygote proteomics approaches in order to determine the
regulatory differences between wild type and Dnmt27 and also —Q zygotes. It is not known
whether the mechanism that Dnmt2 employs to allow RNA-mediated inheritance may only be
active in mice where a paramutation is present. Thus, research targeted specifically to
deciphering mechanisms of paramutation may require additional analyses of the paramutant
itself in a Dnmt27- background. As a tool to understand whether environmental factors such as
Q may influence RNA-mediated inheritance in a way that Dnmt2 does, may be to establish a Q-

free axenic Kit mutant mouse model.
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6. Materials and Methods

6.1 Mouse husbandry, breeding, and embryos

Mouse lines were held by the DKFZ animal facility and work was carried out under ethical and
scientific guidelines according to the Federation of European Laboratory Animal Science
Association (FELASA). Organs were isolated immediately post-mortem. Used strains were
C57BL/6 wild type and Dnmt2~/~ (B6;129-Trdmt1t™m18es/)) Mice were bred on a 10-h light, 14-h
dark cycle with free access to drinking water and standard food. Where necessary, mice were
sacrificed by cervical dislocation.

Embryos were obtained from pregnant mice post-mortem at the stated time (E7.5 or
E8.5). Embryos were isolated from the uterus. Then, extraembryonic tissue, including the
ectoplacental cone, was removed.

The axenic NMRI mice were held in isolators in a sterile environment in the germ-free
facilities of the DKFZ. NMRI control mice were fed on an autoclavable diet (3307 PML15) (Provimi
Kliba SA, CH). The —Q diet was based on a previously published chemically-defined diet (Table 1
of Marks & Farkas, 1997). The diet was changed in the following way: the dropwise addition of
“Solution B” was not carried out. Instead, all components of “Solution B” were added to the diet
in powder form and fresh diet was dissolved in an appropriate amount of sterile water on a daily
basis. Tyr-Ethyl Ester was replaced with L-Tyr. The diet was prepared in a fashion that addition of
40mL to 12.5 g resulted in the desired nutrient concentrations. The diet was delivered by
Altromin, Germany.

The addition of Q to feed to rescue C38 methylation was done by sterile filtration and UV
irradiation of a 100 uM stock of queuine-hydrochloride in sterile water (powder was kindly
provided by Hans-Dieter Gerber, University of Marburg). The stock was stored at -20 °C and a
final concentration of 20 ng/mL was fed to the mice, mixed into their diet. According to two
publications, this concentration appeared to be a realistic normal dietary intake (Katze, Basile,
and McCloskey 1982; Fergus et al. 2015). After feeding mice with the custom —Q diet and rescuing
C38 methylation with Q, the colony was tested and had remained germ free throughout the

experiment.
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6.2 Mouse genotyping

DNA was isolated from mouse tail tips as follows. 200 uL of tail buffer (150 mM NaCl, 4 mM EDTA,
1% SDS, 20 mM Tris pH7.5, fresh 20 mg/mL proteinase K) was added to a piece of tailina 1.5 mL
microcentrifuge tube and incubated over night at 55 °C. Tubes were then vortexed and spun
down. 100 pL saturated NaCl was applied to each sample, mixed, and spun for 4 min at 13000
rom (top speed). The aqueous phase was added to 600 uL 100% EtOH in a fresh tube. Tubes were
spun for at least 4 min at 13000 rpm. Supernatant was removed and the pellet was air-dried and
resuspended in approximately 200 uL ddH0.

Each sample was then subjected to PCR with Dnmt2 and NSun2 genotyping primers in
separate reaction vessels. The PCR conditions were identical for each primer set; denaturation at
95 °C for 3 min, followed by 30 cycles of; [denaturation 95 °C for 30 sec, primer annealing at 57
°C for 30 sec, extension at 72 °C for 45 sec], completed with a final elongation at 72 °C for 5 min.

PCR products were separated on 2% agarose (Sigma) gels (in TBE/Tris borate EDTA; 40
mM Tris base, 1 mM EDTA, 20 mM acetic acid) with the Fermentas 100+500 bp ladder loaded on
either side, powered by a BioRad Power PAC 3000 or similar device. Gels were poured with
ethidium bromide (Roth) and DNA bands were then visualized on a Herolab transilluminator and

440K camera connected to a computer.

6.3 Sperm harvest

Epidydimides and vasa deferentia, generally of at least three adult mice, were isolated, adipose
tissue and blood vessels were removed, and they were squeezed to allow sperm to swim out
(Garcia-Lopez et al. 2014) into 37 °C warm Hank’s Balanced Salt Solution (HBSS) for 10 min. Sperm
were collected by pipetting into a 1.5 mL microcentrifuge tube and spun at 800 g for 5 min to
eliminate larger cells and cell debris. Pellets were resuspended in water for 2 min and then spun
for 5 min at 800 g (personal communication with Jafar Kiani, University of Nice Sophia Antipolis).
Pellets were then resuspended in somatic cell lysis buffer (0.1% SDS, 0.5% Triton X in RNase-free

water) (Peng et al. 2012) for 2 min, spun at 1600 g for 5 min, washed in water and spun for 2000
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g for 5 min. Pellets were resuspended in approximately 200 uL of TRIzol (Invitrogen) and vortexed.

Purities were validated with multiple approaches (Fig. 9C-F).

6.4 Cell culture — embryonic stem cells (ESCs)

ESCs were cultured in medium with the following composition: 425 mL knock-out DMEM (Gibco),
75 mL heat inactivated fetal calf serum (Hyclone), 5 mL non-essential amino acids (100x stock,
Gibco), 5 mL penicillin/streptomycin (100x stock, Gibco), 5 mL glutamine (200 mM, Gibco), 4 uL
B-mercaptoethanol, 25 pL LIF (working concentration of 500 U/mL) (ESG1106, Merck Millipore).
ESCs were grown on a primary MEF feeder layer. First, 10 cm dishes were coated with a 0.2%
gelatin solution (2% stock G1393, Sigma) for 1 hour at 37 °C. Supernatant was removed. 2x10°
MEFs were seeded per dish and allowed to attach for 1 hour. ESC lines were: J1 ESCs, originally
derived from mouse strain 12954/SvJae, and Dnmt27- cells derived from J1 ESCs by inactivating
the Dnmt2 gene by targeted deletion of the catalytic motif (Okano, Xie, and Li 1998). After 3 days
of culture, including a medium change, the feeder cells were removed by serial passaging as
follows: MEFs and ESCs were harvested by washing twice in PBS and addition of trypsin-EDTA
(0.25% trypsin, Gibco). Cells were washed once by centrifugation, resuspended in their
appropriate medium, and this cell mixture was allowed to attach on gelatin-coated dishes for 40-
60 min at 37 °C. All cells that had not attached were re-plated into gelatin-coated dishes for an
additional 40-60 min. The supernatant (non-attached cells) were then spun down and pellets
were snap-frozen in liquid nitrogen. This allowed harvest of pure ESCs without any MEF
contaminants, as MEFs attach significantly faster. The purity of the harvest was very high, which
was ultimately confirmed by WTBS of Dnmt2”/ ESCs. If any wild type MEFs would have
contaminated the Dnmt27- samples, the eradication of C38 methylation on tRNAs would not have

occurred (Fig. 7A).

6.5 Cell culture — other cell lines

Unless otherwise stated, the normal (control) medium that was used in cell culture was;

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated FBS, 2
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mM L-glutamine and a commercial cocktail of antibiotics (penicillin/streptomycin at 0.1 mg/mL)
(P/S) (Invitrogen). MEFs and Hela were grown in the control medium. HepG2 were grown in

control medium supplemented with 1 mM sodium pyruvate (S/P).

6.6 Cell culture — screening conditions

For adipogenic differentiation, MEFs were induced with medium containing 0.5 mM
isobutylxanthine (Sigma), 50 uM indomethacin (Sigma), 1 uM dexamethasone (Sigma), 1 pg/ml
insulin (Sigma), 10% FCS, and 2 mM glutamine. Osteogenic differentiation of MEFs was induced
by 100 nM dexamethasone, 50 pug/mL acorbis acid, and 10 mM B—glycerolphosphate (all Sigma).

For all —Q conditions, StemPro Accutase (Gibco) was used for cell dissociation instead of
trypsin, as trypsin is of animal source and may contain significant levels of Q. Horse serum was
acquired from Sigma and was supplemented to media as 10% of the total volume. Ultraculture
serum-free medium (Lonza) was supplemented with 2 mM L-glutamine and P/S. “no FCS” media
(Fig. 15A) was DMEM with P/S and S/P. “-glu +gal” medium was DMEM without glucose, however
with P/S, FCS, and 2.25 g of D(+)-galactose (cell culture grade, Sigma G5388) per 500mL medium.

For charcoal treatment of serum, dextran coated charcoal was used (Sigma). A protocol
was chosen where 500 mg of charcoal were added to 50 mL of serum (10% w/v) (Katze 1978;
Padilla, Howe, and Boldt 1988). This was incubated at 55 °C for 30 min, spun down at 12000 g at
4 °C for 20 min, and sterile filtered. The successful removal was evident on APB gels (Fig. 16A).

For Q addition to cultures, a reasonable concentration normally present in cell culture
media appeared to be 20nM (Fergus et al. 2015; Katze, Basile, and McCloskey 1982). The same
stock as described above for the axenic NMRI mice was used.

Hypoxic cell culture was done in a hypoxic chamber at 37 °C, 5% CO, and 1% atmospheric
oxygen.

Culturing durations: ESCs in horse serum — 18 days; MEFs under hypoxic conditions — 8
days; MEFs in Lonza under hypoxic conditions — 9 days; MEFs in Lonza — 38 days; MEFs with horse
serum — 14 days; MEFs in —glu+gal — 17 days; Hela in —glu+gal — 21 days; Hela with charcoal
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treated serum — 11 days; Hela with charcoal treated horse serum — 11 days; Hela in Lonza — 36

days; HepG2 in Lonza — 37 days; HepG2 without FCS — 13 days.

6.7 Cell culture — freezing and thawing

Cells were frozen at -80 °C (decreasing 1 °C/minute). The freezing solution was 10% DMSO
(dimethylsulphoxide, Sigma) and 90% media (supplemented with a percentage of serum
appropriate for the respective cell line). Unless otherwise stated, cells were incubated at 37 °C

and 5% CO; in a Thermo Scientific HERA cell 150 incubator.

6.8 RISC reporter assay

The RISC (RNA-induced silencing complex) reporter assay was carried out as previously published
(Béthune, Artus-Revel, and Filipowicz 2012), with some modifications. As described for Figure
14A+B, the construct has a control renilla luciferase (RL) without any miRNA target sequences,
and a firefly luciferase (FL) fused to the 3’"UTR of the hmga2 transcript with six consecutive let-7
miRNA target sites. An additional, otherwise identical construct has mutated (MUT) let-7 target
sites. MUT and WT constructs are separately transfected. FL and RL signals are normalized to a
negative transfection control, then the FL signal is calculated as % of RL. It is then determined
what % of the WT construct FL is expressed in comparison to the MUT FL target. The construct
was kindly provided by Julien Béthune (University of Heidelberg), and was produced to sufficient
guantities using One Shot® TOP10 Chemically Competent E. coli (ThermoFisher) with the included
protocol. Briefly, 0.5 pg of the ampicillin resistant plasmids (pFL-hmga2wtRL and pFL-
hmga2mutRL) was added to the competent cells, placed on ice for 5 min, then at 42 °C for 2 min,
then onice for 5 min, followed by a 40 min incubation at 37 °C with 950 pL of LB medium. 100 pL
of this was used to inoculate 200 mL of LB including 200 pL of a 100x ampicillin stock, and
incubated over night at 37 °C. The plasmids were extracted using the Qiagen Plasmid Maxi Kit,
following the included protocol. For transfecting MEFs, the Lipofectamine® LTX with Plus™
Reagent was used according to company instructions. 8 x 103 MEFs were seeded per well in a 96-
well format. For each genotype (wild type MEFs or Dnmt27/- MEFs), triplicates were seeded for
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the negative controls (no plasmid), for the WT-plasmid transfection, and for the MUT-plasmid
transfection. This was carried out in biological duplicates. Plasmids were added at 100 ng per well.
Cells were grown for 24 hours before they were transfected. Another 24 hours later, luciferase
activities were determined using the Dual Luciferase Reporter Assay System (Promega) on a

SPECTROstar Omega plate reader by BMG Labtech.

6.9 RNA isolation and quality control

Tissue was prepared for RNA isolation by placing a small piece in approximately 1 mL of TRIzol
(Invitrogen) in a 2 mL microcentrifuge tube. The tissue was homogenized with an electric
homogenizer. Cell pellets were homogenized by vortexing and using pestels. RNA extraction was
performed according to the Invitrogen TRIzol RNA isolation protocol and included a phase
separation, where RNA is in the aqueous phase and can be taken off and precipitated via
isopropyl alcohol. The RNA pellet was washed in 75% EtOH and later dissolved in water. The
nucleic acid concentrations and purity for further analysis were analyzed on the NanoDrop ND-
1000 Spectrophotometer. RNA integrity was measured on a Bioanalyzer (Agilent) or TapeStation

(Agilent). Samples were stored at -80 °C.

6.10 RNA-Seq — lab

Concentration, purity, and integrity of RNA was measured as described for the RNA isolation. The
Ambion Turbo DNase was applied to each sample as follows: 1 uL DNase, 2 uL 10x buffer, 0.5 pL
RNaseOUT, 16.5 pL of RNA (maximally 2 pg/uL). The total volume of 20 pL was incubated at 37
°C for 30 min. A phenol-chloroform extraction was carried out to get rid of the protein. The
reaction of 20 pL was added to 180 uL water and 200 uL acid phenol (Ambion), then vortexed
and spun at top speed for 10 min. The upper aqueous phase contained the RNA and was
transferred to a fresh tube, to which chloroform and water were added in equal amounts and
tubes were again vortexed and spun. The aqueous phase was transferred to another tube, to
which 10 pL 3 M pH 5.2 NaAc (sodium acetate) and three volumes EtOH were added. RNA was
precipitated at -80 °C over night and harvested by spinning at top speed for 30 min. RNA was
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dissolved in 10 uL water and rRNA depletion was carried out according to the Ribo Minus
Eukaryote System V2 (Ambion) protocol. Resulting depleted RNA was then submitted to the
Genomics and Proteomics Core Facility at the DKFZ for quality control and library preparation
using the TruSeg RNA Sample Preparation Kit (Illumina). Finally, RNA was sequenced in a 100 bp

paired end approach on an Illumina HiSeq 2000 platform.

6.11 RNA-Seq — analysis

The sequenced reads were trimmed at the ends by removing bases with a quality score <30.
Reads shorter than 30 nt were discarded. The trimmed reads were mapped to the NCBI mm9
genome using Tophat v2.0.11 (Trapnell, Pachter, and Salzberg 2009). The mapped data was
further analyzed using DESeq v1.12.1 to find differentially expressed transcripts (Anders and
Huber 2010) using the standard procedures for library normalization and variance estimation and
Cuffdiff v2.0.2 (Trapnell et al. 2013). Calculated P values were subjected to multiple testing
correction and transcripts with a g value (corrected P-value) below 0.05 were considered

differentially expressed.

6.12 Small RNA-Seq — lab

Total RNA was isolated as described in section 6.9 RNA isolation and quality control. Small RNA
library preparation was done with the NEBNext Small RNA Library Preparation kit and according
to the manufacturer’s description, with minor changes. Before library preparation, an RNA end
repair was carried out to dephosphorylate 3’ and phosphorylate 5’ ends following natural
fragmentation processes. 3’ dephosphorylation was done by mixing 24.5 pL of RNA with 0.5 uL
of RNaseOUT, 3 ulL of 10x buffer, and 1 pL of T4 polynucleotide kinase (TaKaRa). This was
incubated at 37 °C for 20 min. 5’ phosphorylation ensued by the addition of 2 puL of 10 mM dATP.
Another 37 °C incubation step followed for 20 min before this was placed on ice. A
phenol/chloroform extraction followed: RNA samples were filled up to 200 pL with water and 20
uL 3M NaAc (pH 5.2) were added. This was mixed and 1 volume (220 pL) of
phenol/chloroform/isoamylalcohol was added, vortexed, and spun at room temperature (RT)
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and top speed for 5 min. The supernatant was transferred to a fresh tube and vortexed in 200 pL
CHClIs, spun as before, and the supernatant transferred into 1 volume (approximately 200 uL) of
isopropanol and 20 pg of Glycoblue. Samples were placed at -80 °C for 1 hour, spun down at 4 °C
and top speed for 30 min, washed with cold 75% EtOH, spun for 5 min at 4 °C, and the resulting
pellet was resuspended in 13 uL RNase-free water. From here, the NEB Next Small RNA Library
Preparation protocol was followed. Following adaptor ligation and cDNA synthesis, cDNA was
amplified with 15 cycles of PCR, libraries were size selected for an insert size of 1-60 nt (without
adapters), and purified using the QIAQuick PCR Purification kit (Qiagen). Small RNA libraries were
validated using Qubit 2.0 Fluorometer (Life Technologies-Invitrogen) and Agilent 2100
Bioanalyzer or 2200 Tapestation (Agilent Technologies). Appropriate and compatible barcodes
were selected and samples were pooled in equimolar ratios on a single lane on an lllumina HiSeq
2000 machine at the Genomics and Proteomics Core Facility of the DKFZ. A 50 bp single-end

sequencing approach was applied.

6.13 Small RNA-Seq — analysis

Sequencing reads were quality trimmed on both ends, where the aggregate quality score was
below 30, using the FASTQ Quality Trimmer tool integrated in Galaxy. All tools used in this
analysis were pre-integrated or integrated manually into Galaxy. Reads were then adapter-
trimmed using cutadapt (Martin 2011) version 1.2.1. Reads were mapped to a compilation of
transcript databases, using Bowtie. The compilation contained the UCSC table browser refSeq
sequences, arb-silva rRNA sequences, genomic tRNA database sequences (P. P. Chan and Lowe

2009), and ensemble ncRNA sequences.

6.14 454 bisulfite sequencing — lab and analysis

Total RNA was extracted and DNase treated as described for sections 6.9 RNA isolation and
quality control and 6.10 RNA-Seq. The DNase reaction was stopped and immediately applied to
the EZ RNA Methylation Kit (Zymo Research). The kit manual was followed, with a maximum of 3
pg input and the end product dissolved in 10 pL of water.
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2 ulL of this bisulfite converted RNA was used for the cDNA synthesis, which was carried
out with the SuperScript Il Reverse Transcriptase (all reagents from Invitrogen here), RNaseOUT
Recombinant Ribonuclease Inhibitor, 5x First Strand Buffer, and 0.1 M DTT. The reaction was as
follows: 65 °C for 5 min of; 2 uL sample, 1 uL of the Reverse 454 Primer, 0.5 uL 10 mM dNTPs
(deoxyribonucleotides), and 3 uL water. The samples were cooled on ice and the following mix
was added: 2 pL First Strand Buffer, 0.5 uL DTT, 0.5 pL RNaseOUT, and 0.5 uL SuperScript. The
conditions for the reverse transcription were: 10 min RT, 15 min 50 °C, 15 min 70 °C, 4 °C
indefinitely. The PCR was carried out immediately after this. 10 uL of cDNA were added to 32.5
uL of water, 5 uL PCR ReddyMix, 1 L of the Forward 454 Primer, 1 uL dNTPs, and 0.5 pL (5 U/uL)
of ThermoprimePlus polymerase. The PCR was: 3 min 96 °C, 33 x [30 sec 96 °C, 45 sec 45 °C, and
45 sec 68 °C], and a final 2 min 72 °C step.

Amplicons were separated on and cut from 2% agarose gels and DNA was eluted using
the PeqGold Gel Extraction Kit S-line (Peqlab). For 454 sequencing, concentrations were
determined with the Quant-iT PicoGreen reagent and according to the Roche 454 Junior protocol.
The Fluostar OPTIMA (BMG Labtech) plate reader was used for measurements. The amplicons
were then included in the library preparation preparation and sequenced in an equimolar sample
pool on the Roche 454 Junior platform. The acquired sequencing reads were analyzed with the
help of an internal software package (provided by Cassandra Falckenhayn). The programs made

graphical representation in heat maps possible, as seen in Figure 11A.

6.15 Whole transcriptome bisulfite sequencing — lab

The in the following elucidated protocol was provided by Mark Hartmann and Matthias Schafer
and is briefly outlined in Figure M1. RNA was isolated from ESCs as described previously. Total
RNA was fractionated by a modified version of the online available Mello Lab Small RNA Cloning
Protocol (Gu, Conte, Tuschl). The fractionation results in a long RNA fraction (>200 nt) and a small
RNA fraction (<200 nt). At RT, in RNase-free siliconized tubes, 400 puL of MirVana lysis/binding
buffer was mixed with 48uL of MirVana Homogenate buffer by inverting several times. 30 pg of

total RNA in a total volume of 80uL were added, mixed by inversion, and incubated at RT for
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exactly 5 min. 1/3 volume of 100% EtOH were added (176 pL) and mixed by inversion. This was
incubated at RT for exactly 20 min. 0.8 ug Glycoblue were then added and spun at exactly 21°C
and 2500 x g for 8 min to pellet the long RNAs. Pellet may be fluffy at this step. The supernatant
was carefully transferred to a fresh tube and contained the small fraction. The pellet (long
fraction) was washed with 1 mL of cold 75% EtOH and spun at 4 °C and maximum speed for at
least 20 min. Supernatant was taken off carefully and discarded. The pellet was air dried
completely and resuspended in 48 pL of RNase-free water. The previously recovered supernatant
containing the small fraction in a fresh tube was filled completely with isopropanol alcohol
(approximately 800 uL). RNA was precipitated at -80 °C for at least 10 min. 20 pg of Glycoblue
were added and the tube spun at 4 °C at top speed for 5 min. The pellet was washed with cold
70% EtOH and spun again. Supernatant was carefully discarded, pellet was air dried and
resuspended in 48 puL RNase-free water. Concentration, purity, and integrity were measured as
described for the RNA isolation.

rRNA depletion was then carried out according to the Ribo Minus Eukaryote System V2
(Ambion) protocol. The long fraction gave sufficient material to split this into two Ribo Minus
reactions and later pool them. Briefly, the Ribo Minus probe was hybridized and rRNA was
captured and removed. The depleted RNA was precipitated in EtOH and NaAc as described in the
manual (the Magnetic Bead Clean Up Module was not used). The total long fraction was dissolved
in 18 uL and the small in 18 L final volume.

The long fraction was further processed with the NEBNext — Magnesium RNA
Fragmentation Module. This was carried out as described in the manual. A 3 min fragmentation
at 94 °C had previously been established to be most suitable for a peak at approximately 300 nt
(and thus appropriate length for the final 100 bp paired end sequencing) for the used ESC RNA.
The fragmented RNA was precipitated in EtOH/NaAC with 20 pg of Glycoblue and finally dissolved
in 17 uL water.

The Ambion Turbo DNase was applied to each sample as follows: 1 pL DNase, 2 uL 10x
buffer, 0.5 uL RNaseOUT, 16.5 pL of RNA (maximally 2 pg/uL). The total volume of 20 pL was

incubated at 37 °C for 30 min.
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This volume was immediately applied to the EZ RNA Methylation Kit (Zymo Research).
The kit manual was followed and the end product dissolved in 24.5 uL of water. As a final step
before library preparation, an RNA end repair was carried out to dephosphorylate 3’ and
phosphorylate 5’ ends following chemical fragmentation and other natural fragmentation
processes. 3’ dephosphorylation was done by mixing 24.5 pL of bisulfite converted RNA with 0.5
uL of RNaseOUT, 3 uL of 10x buffer, and 1 pL of T4 polynucleotide kinase (TaKaRa). This was
incubated at 37 °C for 20 min. 5’ phosphorylation ensued by the addition of 2 pL of 10 mM dATP.
Another 37 °C incubation step followed for 20 min before this was placed on ice. A
phenol/chloroform extraction followed: RNA samples were filled up to 200 pL with water and 20
uL 3M NaAc (pH 5.2) were added. This was mixed and 1 volume (220 uL) of
phenol/chloroform/isoamylalcohol was added, vortexed, and spun at RT and top speed for 5 min.
The supernatant was transferred to a fresh tube and vortexed in 200 pL CHCls, spun as before,
and the supernatant transferred into 1 volume (approximately 200 uL) of isopropanol and 20 pg
of GlycoBlue (ThermoFisher). Samples were placed at -80 °C for 1 hour, spun down at 4 °C and
top speed for 30 min, washed with cold 75% EtOH, spun for 5 min at 4 °C, and the resulting pellet
was resuspended in 13 yuL RNase-free water.

The library preparation was done according to the NEBNext Small RNA Library Preparation
protocol. Following adaptor ligation and cDNA synthesis, cDNA was amplified with 12 cycles of
PCR and purified using the QIAQuick PCR Purification kit (Qiagen). Appropriate and compatible
barcodes were selected and samples were pooled in equimolar ratios on a single lane on an
Illumina HiSeq 2000 machine at the Genomics and Proteomics Core Facility of the DKFZ. A 100

bp paired-end sequencing approach was applied.
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Figure M1. Schematic of whole transcriptome bisulfite sequencing workflow. 30ug total RNA of each
sample are treated as follows: Short and long RNAs are (1) separated by ethanol fractionation and (2) each
depleted for rRNA by RiboMinus. The long fraction is then (3) fragmented in order to allow thorough
sequencing. Samples are (4) Dnase treated, bisulfite converted, end repaired, and finally used as input for
the small RNA-Seq library preparation and HiSeq sequencing. (Unpublished internal protocol by Mark
Hartmann and Matthias Schaefer).

6.16 Whole transcriptome bisulfite sequencing — analysis

The sequencing data was essentially treated as previously published (Mdller et al. 2015), with
additional steps. A quality trimming was carried out to a minimum aggregate score of 30, using
the Galaxy-integrated fastq quality trimmer. Resulting data was adaptor-trimmed using cutadapt
version 1.8.1 (Martin 2011). Before mapping, a CCA tail (Phizicky and Hopper 2010; Findeiss et al.
2011) was added to tRNA sequences in the reference. The acquired sequences were aligned to
all known genomic tRNA sequences (P. P. Chan and Lowe 2009), and all reads that mapped to
tRNAs were removed from the dataset and separately analyzed. The remaining reads were
mapped transcriptome wide (compilation contained the UCSC table browser refSeq sequences,
arb-silva rRNA sequences, and ensemble ncRNA sequences). The mapping procedure employed
a customized script (Sebastian Bender) of bsmap version 2.74 (Xi and Li 2009), allowing for a 5%
mismatch rate per read and reporting all repeat hits. As bsmap was originally made for DNA
sequence alignments, reads are also automatically reverse complemented and the mapper
attempts to map these. However, as we sequenced RNA, these reverse complement reads were
disregarded. Reads shorter than 20 nt were also discarded. Internal Python scripts were applied

to calculate bisulfite conversion for each cytosine position and R scripts subsequently generated
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heatmap plots. The candidate list for new methylation hits was carried out by filtering. RNAs with
methylated cytosines were removed from the candidate list if this methylation mark was not lost
in the Dnmt27- sample. A methylation mark was considered a candidate if the methylation ratio
was >0.5 in the wild type and <0.1 in the Dnmt2 mutant. A final filter set a cut-off at a minimum

coverage of >100x per candidate and genotype.

6.17 cDNA synthesis and qRT-PCR

The QuantiTect Kit by Qiagen was used according to protocol. Briefly, 100 ng to 1 pug RNA were
used per sample. gDNA WipeOut was used and incubated for 2 min at 42 °C. The RT primer mix
was used for the reverse transcription at 42 °C for 28 min. Enzyme inactivation at 95 °C for 3 min
was followed by cooling and qRT-PCR. A Roche LightCycler was employed with the provided SYBR
Green. The PCR conditions were 1 cycle of 95 °C for 15 min, 50 cycles of [95 °C 15 sec; 60 °C 40

sec reading], and a final melting curve from 65 °C to 95 °C, read every 1 °C.

6.18 Northern blot — urea-PAGE (polyacrylamide gel electrophoresis)

20% gels were prepared with Roth solutions (Rotiphorese Sequencing Gel Concentrate,
Sequencing Gel Diluent, Sequencing Gel Buffer Concentrate), and 200 puL 10% APS and 10 plL
TEMED (Roth) were added immediately before pouring. Gels were pre-run for 1 h in 0.5x TBE
(Tris borate EDTA; 40 mM Tris base, 1 mM EDTA, 20 mM acetic acid) at 100 V. RNA samples were
denatured at 80 °C for 5 min, placed on ice, mixed with RNA loading Dye (Fermentas), and gel
pockets were washed out prior to loading. 3-15 ug of RNA were loaded and run in parallel to 8
uL 10bp O’Range Ruler (Fermentas). The gel was run at 100 V for 1 hour, at 260 V for 1 more
hour. Gels were stained in SYBR Gold (Invitrogen) for 20 min (SYBR Gold diluted in TBE 1:10000).
The transfer of separated RNA from the polyacrylamide gel to the positively charged Nytran
SuperCharge membranes (Schleicher and Schuell) was carried out on a Peqlab electroblotter.
The transfer was run at approximately 5 V and 250 mA for 35 min. The blotted nucleic acids were
chemically crosslinked by applying 180 pL of cross-linking solution (0.5 g 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide, 130 uL methyl-imidazole, 50 uL 1 M HCI) and then UV-
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crosslinked to the membrane by auto-crosslinking (120 mJ) on the UV Stratalinker 1800

(Stratagene).

6.19 Northern blot — hybridization

Membranes were baked for 1 hour at 80 °C and pre-hybridized in hybridization buffer [12.5 mL
of 20x SSC (3 M NacCl, 0.3 M sodium citrate), 1 mL 1 M NayHPO4 pH 7.2, 17.5 mL 20% SDS, 1 mL
100x Denhardt’s solution, 17 mL water] for 1 hour at 42.5 °Cin a rotator. In parallel, probes were
readioactively end-labelled for 1 hour at 37 °C. Labelling was performed in 9 pL water, 2 puL 10x
T4 Polynucleotide Kinase Buffer, 3 uL 2 pM oligonucleotide probe, 5 pL y-P32-ATP (10 uCi/uL), and
1 uL T4 Polynucleotide Kinase (TaKaRa). Radioactivity was acquired from Hartmann Analytics and
laws and regulations were abided. The labelled probe was then applied to the membrane in
hybridization buffer and was incubated at 42.5 °C over night on a rotator. Membranes were
washed twice for 15 min at 42.5 °C with 3x SSC, 5% SDS and for 15 min at RT with 1x SSC, 1% SDS.
Membranes were then exposed on film. Membranes were stripped by washing the membrane in
water and incubating at 80 °C 2x 60 min in stripping buffer [25 mL of 50% formamide, 2.5 mL 50
mL Tris/HCI pH 7.5, 2.5 g of SDS pellets]. Finally, membranes were rinsed 2x 5 min in 2x SSC and

stored at -20 °C until further use or re-hybridized immediately.

6.20 Northern blot — Acryloyl aminophenylboronic acid (APB) gels

APB gels were prepared and run with a few modifications (kindly provided by Zdenek Paris,
Institue of Parasitology Czech Republic) of a recently published paper (Zaborske et al. 2014),
which was based on the original method (Igloi and Kossel 1985). Boronate gels were prepared as
follows: for 3 gels, 14 g urea were added to 10.57 mL 30% acrylamide solution (Roth) and filled
to a total volume of 33 mL with 1x TAE, after which 166.65 mg of APB was added. To completely
dissolve, the mixture was shaken and warmed to 37 °C. 180 pL 10% APS and 30 uL TEMED (Roth)
was added and immediately poured. In a total volume of 50 uL, 2.5 - 15 pg of RNA were
deacetylated in 100 mM Tris-HCI pH9 for 30 min at 37 °C. EtOH precipitation followed: 50 pL of
the sample were added to 150 pL 100% EtOH and 20 pL NaAc and 1 pL glycoblue. RNA was
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precipitated for 1 hour at -80 °C and spun down at top speed for 30 min at 4 °C. Pellets were
washed in 75 % EtOH and resuspended in 20 uL water plus 20 uL of 2x RNA loading dye. For
quality control purposes, a periodate oxidation control was run on each gel. The oxidation of the
ribose moiety of Q produces a single band that migrates faster than Q-tRNA or G-tRNA. The
controls were deacetylated as described above, however the pellets resuspended in 50 mM NaAc
pH5.2 and 2.5 mM NalOs4 (in a total volume of 50 L) for 2 hours at 37 °C in the dark. Freshly
prepared glucose was then added to a 2 mM concentration and incubated for 30 min at 37 °Cin
the dark. The treated control RNA was purified on Microspin G-50 Columns (GE Healthcare) and
EtOH precipitated, washed, and resuspended as described above. Samples were then denatured
for 10 min at 70 °C, loaded, and run at 4 °Cin 1 x TAE until the bromphenol blue marker had run
out. This was generally achieved by 90 V for 30 min and 140 V for 3 hours. Gels were blotted as

described for Northern blots.

6.21 Western blot and protein isolation

SDS-PAGE was prepared by pouring a 12% separation gel and a 5% stacking gel. The 12% gel was
composed of 3.29 mL water, 4 mL 30% acrylamide (Rotiporese), 2.5 mL 1.5 M TrisCl pH 8.8, 100
puL 10% SDS, 100 uL 10% APS, 6 puL TEMED. The 5% gel was adjusted accordingly. Sperm proteins
were isolated using a urea extraction method. The sperm pellet was subjected to the urea buffer
1:1 (pellet volume:buffer volume) in the BioRuptor for 1 cycle, set to High. The urea buffer
consisted of 8 M urea, 4 % SDS, 0.08% bromphenol blue, 125 mM Tris pH6.8, 10 mM EDTA, 50
mM DTT. The sample was applied to gels as was, along with 8 pL of Prestain Ladder on the side.
Multiple buffers were tested on both sperm and testis samples. The urea buffer was most
efficient in protein isolation for sperm. For testis protein isolation, a direct-load Ripa buffer gave
higher protein yields with desired quality. The buffer consisted of: 0.10% SDS, 0.5% NP40, 150
mM KCl, 0.5% Sodiumdeoxycholate, 1 mM DTT, 1x Protease Inhibitor, in PBS. Protein samples
were loaded into the gel and run at 90 V in the 5% gel layer and at 120 V in the 12% gel layer.
Gels were then equilibrated in blotting buffer, as was the nitrocellulose membrane. Blotting

buffer was: 200 mL methanol, 100 mL 10x borate buffer pH 8.8, 4 mL 0.5 M EDTA, 1 mL 1 M DTT,
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filled to 1 L with water. The wet transfer was carried out as follows: 5 min 100 mA, 5 min 200 mA,
5 min 300 mA, 45 min 400 mA, and ponceau-staining. Membranes were blocked by shaking for 1
hour at RT or at 4 °C over night in a red western solution (5%FBS, 2,5% BSA, 0,1% Tween, PBS,
0,05% N2N3, red pigment, in water), before antibodies were applied in the below stated solution
and concentration. The addition of Western Lightning Plus ECL solution (PerkinElmer) allowed
signal detection upon exposure to film. The applied antibodies were; B-actin (Abcam mouse
ab8226, 1:3000) in 5% PBS-milk, and rabbit anti-Dnmt2 antibody (Santa-Cruz, 1:500) in red
western solution. Stripping of membranes was carried out as follows: PBS rinse, 20 min at 80 °C

in stripping buffer (0.1 M glycin pH3), PBS rinse.

6.22 Histology

Tissue was fixed and stored according to standard protocols (Wilkinson 1998). Briefly, testis were
removed and washed in PBS before being transferred into vials containing ice-cold freshly
prepared PFA (4% paraformaldehyde dissolved in PBS at 60 °C and then cooled). Samples were
incubated over night and PFA was then washed twice in saline solution (8.3 g of NaCL in 1 L of
RNase-free water), each for 1 hour at 4 °C. They were then washed in 1:1 saline solution:ethanol
for 1 hour at 4 °C. Two washes with 70% EtOH for 1 hour each followed, before being stored at 4
°C and subsequently being embedded in paraffin and cut into 5-7 um sections on a water
microtome. Embedding was carried out by a 1 hour incubation in 50% paraffin, 50% xylene,
followed by 3 incubations of 1 hour each in 100% paraffin and allowed to solidify over night at 4
°C. For hematoxylin-eosin stainings, the following steps were applied to slides in a staining jar
underneath a fume hood. 15 min xylene, 15 min xylene, 5 min 100% EtOH, 5 min 100% EtOH, 2
min 70% EtOH, 2 min 50% EtOH, 2 min 30% EtOH, 3 x 2 min water, 30-60 sec hematoxylin (60 sec
maximum), water rinse, bluring reagent (alkaline solution/weak ammonia solution, 0.08% in H20)
until stain is blue (~30 sec), water rinse. Followed by 5 min Eosin (0.5% x88311), water wash, 30%
EtOH wash, 70% EtOH wash, 100% EtOH wash, 2x xylene wash, then 1-2 drops of mounting
medium were added and a cover slip placed over the sections. Slides were dried for 24 hours at

RT.
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Acridine orange staining was carried out based on a published method (Bertalanffy 1960),
with some adjustments (as suggested online by John Kiernan, University of Western Ontario).
Paraffin sections on glass slides were pre-wetted and then stained in acridine orange (0.05 g in
500 mL distilled water and 5 mL acetic acid) for 30 min. Slides were rinsed in 0.5% acetic acid (in
100% EtOH), and rinsed two more times in 100% EtOH, before being rinsed in xylene twice.

Mounting resin and glass cover slips were applied.

6.23 Sperm viability

Sperm viability was assayed in collaboration with Vera Gramm, Beatrix Imkeit, and Johannes
Schenkel (DKFZ, Germany). The applied protocol is given in the following and partially repeated
word for word as the procedure abided to these steps (Diercks et al. 2012). In brief, 2
epidydmides and vasa deferentia were placed in 625 pL of 37 °C warm cryoprotective media
(CPM) [18% (w/v) raffinose (Sigma-Aldrich, USA), 3% (w/v) skim milk (BD Diagnostics, USA), and
477 uM monothioglycerol (Sigma-Aldrich, USA) in distilled water], and spermatozoa were
allowed to disperse from the tissue for 10 min. 20 plL of spermatozoa in CPA were stained with
two dyes for 5 min at 37 °C: 1 uL of a 1:1 mix of Hoechst 33342 stain (for all spermatozoa) (0.001
mg/mL in distilled water; Invitrogen, USA) and propidium iodide (P1) (M3181.0010, 0.0001 mg/mL
in distilled water; Genaxxon, Germany) (to identify cells with compromised membranes).
Fluorescence microscopy was carried out with an inverted microscope with appropriate filters
(wavelength of the emitted light; Hoechst 33342: 461 nm, Pl: 617 nm) by using a fluorescence
microscope (Axio Observer Z1; Carl Zeiss AG, Germany). The slide containing 10 pL of the
spermatozoa suspension was covered with a pre-warmed coverslip and placed onto an inverted
microscope (TissueFAXSi, Tissue Gnostics, Austria). For the membrane integrity assay, 25 fields
of view were acquired (with a 40x objective lens) with TissueFAXSi software controlling the
camera (PCO270xs, PCO, Germany), filters, and stage movement (Marzhauser, Germany). Typical
exposure times were 110 + 30 msec (DAPI filter) and 270 + 20 msec (Texas Red filter). The process
including all adjustments took no longer than 5 to 7 min. Fluorescence microscopy images were

processed with TissueQuest software (TissueGnostics, Austria). All spermatozoa were identified
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by Hoechst 33342 stain. Cell density was expressed in scattergrams where each dot represented
one cell. Hoechst 33342 mean staining intensity (y axis) of every cell was plotted vs. the identified
cell size (x axis) (Hoechst 33342 stained area). Cut-off values for distinguishing Pl-positive from

Pl-negative cells were set according to the negative controls.
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6.24 Oligonucleotide sequences

Purpose

Name

Sequence (5'-3')

Source

RNA-Seq validation
E7.5RNA-Seq gqRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq gRT-PCR
E7.5RNA-Seq gqRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq gqRT-PCR
E7.5RNA-Seq qRT-PCR
E7.5RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR
ESC RNA-Seq qRT-PCR

Gm17821-fwd
Gm17821-rev
Psap-fwd
Psap-rev
Rrm2-fwd
Rrm2-rev
Ass1-Fwd
Assl-Rev
Nampt-fwd
Nampt-rev
Sgk1-fwd
Sgkl-rev
Csfir-Fwd
Csfir-Rev
Hivep3-Fwd
Hivep3-Rev
Rps3al-Fwd
Rps3al-Rev
Psma6-Fwd
Psma6-Rev
Itgb1-Fwd
Itgb1-Rev
Mbtps1-Fwd
Mbtps1-Rev
Fgfrl-Fwd
Fgfrl-Rev
Atp13a-Fwd
Atpl3a-Rev
Mau2-Fwd
Mau2-Rev
Tenm3-Fwd
Tenm3-Rev
KIhl13-Fwd
Klhl13-Rev
Zfp827-Fwd
Zfp827-Rev
Hspb1-Fwd
Hspb1-Rev

GAAAGGTTGGACCATGTAGAGAC
GCTTAGTTCATAATGTTGTTCCACC
GCAGAGATGTGAAGACGGCG
CTCACAGGTCTTCTCCAGGTAATG
CTTCGTTGTCTTTCCCATCG
CCTTGGGATCTTTAATGTAAGTGTC
ATCTACGAGACCCCAGCA
CACCAGCTCTTCATTGTAGAGT
CCAGGAGGCCAAAGAAGTGTAC
GGGTCTGTGTTTTCCACTGTGA
CCAGGGGCACATCGTCC
GTTTCAACTGGAGAGGCTTGTTC
CCTTGACAGCAATACCTACG
ACGTTGAATCCCACTTCG
GAGATGGTCTCTGGGTCAG
CCAGCTGATGGACTTCG
TGAAGTGAGCCTTGCTGATCTAC
CAAATACCCATCGGTCGTCTTG
AGCAGATCCCAGGTACAGA
CTGCAGGATCACACTTGTACA
ATGTCACCAATCGCAGCAAAG
CATTCTCCAGATCATCTTTCATAGAG
GGCTGCTCACACTTGAAGATC
GAATGGCTCTCAGCAATCG
CCTGGAGCATCATAATGGATTCTG
CCACTGAATGTGAGGCTGCG
TGTCATCACTAGCCTGAAGGAG
GAGAGGAGTGCCGACTTCTGT
GCAGCAAGCCTGTTGTCAGAG
CCACTCGGGCATACTCAGC
GCCATCCCACAAGCAGCA
GCGTCGTCCCTGTCCCTG
GAAACTGTGCCTTGGAAGT
TGAACATAGCTTTGAAGTAGTCAC
TGAGTGTGATGTGTGCCA
ACTGCTCACACTTGTAGTGGTT
GGCTGAAGGCTGGTGCG
GATGTAGCCATGTTCGTCCTG

Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers
Reinhard Liebers

Northern probes
Northern - piRNA

FRO303691-PIR15422

CAAACCTGGTATGGATGCAGACAGC

Reinhard Liebers

Northern - sperm purity spR-12 GCCCATGACCCGCCCACCCTG Kawano et al., 2012
Northern - sperm purity piR-1 AAAGCTATCTGAGCACCTGTGTTCATGTCA Girard et al., 2006
Northern - Gly 5' Gly-ms738 TCTACCACTGAACCACCGAT Matthias Schéfer
Northern - Asp 5' Asp-ms791 ACCACTATACTAACGAGGA Matthias Schéfer
Northern - Glu 5' Glus' TTCCCTGACCGGGAATCGAACCC Francesca Tuorto
Northern - Ser 5' Ser5' CACTCGGCCCACCTCGTC Francesca Tuorto
Northern - 55 rRNA control 5SrRNA GGGTGGTATGGCCGTAGAC Francesca Tuorto
Northern - transposable elements L15UTR-R GGAGTGCTGCGTTCTGATGA Di Giacomo et al., 2013
Northern - transposable elements L10RF2-R GCTGCTCTTGTATTTGGAGCATAGA Di Giacomo et al., 2013
Northern - transposable elements IAP3LTR-F GCACATGCGCAGATTATTTGTT Di Giacomo et al., 2013
Northern - transposable elements IAPGag-R GCCAATCAGCAGGCGTTAGT Di Giacomo et al., 2013
Northern APB - HisGUG HIS-fly(1)-mm(1)-h CTAACCACTATACGATCACGGC Reinhard liebers
Dnmt2

Dnmt2 qRT-PCR mDnmt28ex TTGGCTGACTTTCTTCAACTACTGC Francesca Tuorto
Dnmt2 qRT-PCR 0lMR5958 AGCCTGTGGCTTCAGTATCA Francesca Tuorto
Genotyping Dnmt2 Dnmt2Gen3-Ex6 CCAGAGGGCTGCTGATACAAAC Francesca Tuorto
Genotyping Dnmt2 Dnmt2Gen2-In10 TGGCAATCTTGTCTGGTCA Francesca Tuorto
Genotyping Dnmt2 0lMR5957-In11 AAAGCAGGAAAATGCCTGAA Francesca Tuorto

WTBS validation
WTBS candidate
WTBS candidate

Gm26391-NR_046140.1-Fwd
Gm26391-NR_046140.1-Rev

GTtTGATtTtGGAAGtTAAGtAGGG
CCTACAaCACCCaaTATTCCCA

Reinhard Liebers
Reinhard Liebers

454 sequencing

454 bisulfite sequencing preparation AspGUC-fwd TGTTAGTATAGTGGTgAGTAT Francesca Tuorto
454 bisulfite sequencing preparation AspGUC-rev CTCCCCATCAAAAAATTA Francesca Tuorto
454 bisulfite sequencing preparation GlyGCC-fwd GGTGGTTTAGTGGTAGAATT Francesca Tuorto
454 bisulfite sequencing preparation GlyGCC-rev TACATTAACCAAAAATC Francesca Tuorto
454 bisulfite sequencing preparation ValAAC-fwd GTTTTTGTAGTGTAGTGGTtAT Francesca Tuorto
454 bisulfite sequencing preparation ValAAC-rev TATTTCCACCCAATTTCAAACC Francesca Tuorto
454 adapter 454 adapter fwd (adaptor A, Lib-A) CGTATCGCCTCCCTCGCGCCATCAG Roche

454 adapter 454 adapter rev (adaptor B, Lib-A) CTATGCGCCTTGCCAGCCCGCTCAG Roche

Small RNA-Seq

Small RNA Seq adaptor NEBNext 3' SR Adaptor for lllumina AGATCGGAAGAGCACACGTCT NEB
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7. Supplements

Candidate ID Candidate symbol C-position wt meth. ratio wt coverage Dnmt2”" meth. ratio Dnmt27 coverage
ENSMUST00000083462 Mir99b 7 0.555223881 335 0 143
ENSMUST00000083462 Mir99b 9 0.706930693 505 0.013793103 145
ENSMUST00000083462 Mir99b 10 0.702970297 505 0.04137931 145
ENSMUST00000083462 Mir99b 11 0.702970297 505 0.013793103 145
ENSMUST00000083462 Mir99b 18 0.706930693 505 0 145
ENSMUST00000083462 Mir99b 19 0.699009901 505 0.013793103 145
ENSMUST00000083462 Mir99b 22 0.704142012 507 0.013793103 145
ENSMUST00000083462 Mir99b 23 0.700197239 507 0 145
ENSMUST00000083462 Mir99b 27 0.63599182 489 0.020689655 145
ENSMUST00000155159 Vax2o0s 2225 0.656174334 413 0.004926108 203
ENSMUST00000155159 Vax2os 2229 0.685082873 362 0.005524862 181
ENSMUST00000155159 Vax2os 2233 0.694533762 311 0 198
ENSMUST00000155159 Vax2os 2237 0.663082437 279 0 216
ENSMUST00000155159 Vax2o0s 2241 0.62601626 246 0 234
ENSMUST00000155159 Vax2os 2245 0.700934579 214 0 252
ENSMUST00000155159 Vax2os 2249 0.648351648 182 0 271
ENSMUST00000155159 Vax2os 2253 0.58 150 0 289
ENSMUST00000177555 Rn5s 118 0.571072319 401 0.09375 224
ENSMUST00000177575 n-R55108 118 0.571072319 401 0.09375 224
ENSMUST00000177589 n-R5s121 118 0.571072319 401 0.09375 224
ENSMUST00000177889 n-R5s146 118 0.571072319 401 0.09375 224
ENSMUST00000177995 Gm22109 118 0.571072319 401 0.09375 224
ENSMUST00000178027 Gm22291 118 0.571072319 401 0.09375 224
ENSMUST00000178066 n-R5s141 118 0.571072319 401 0.09375 224
ENSMUST00000178069 Gm23284 118 0.571072319 401 0.09375 224
ENSMUST00000178106 n-R5s100 118 0.571072319 401 0.09375 224
ENSMUST00000178203 n-R5s111 118 0.571072319 401 0.09375 224
ENSMUST00000178499 n-R55105 118 0.571072319 401 0.09375 224
ENSMUST00000178520 n-R5s149 118 0.571072319 401 0.09375 224
ENSMUST00000178755 n-R5s103 118 0.571072319 401 0.09375 224
ENSMUST00000178804 n-R5s123 118 0.571072319 401 0.09375 224
ENSMUST00000178820 n-R5s142 118 0.571072319 401 0.09375 224
ENSMUST00000178859 n-R5s144 118 0.571072319 401 0.09375 224
ENSMUST00000178975 n-R5s139 118 0.571072319 401 0.09375 224
ENSMUST00000178983 n-R5s134 118 0.571072319 401 0.09375 224
ENSMUST00000179080 n-R55136 118 0.571072319 401 0.09375 224
ENSMUST00000179081 Gm25018 118 0.571072319 401 0.09375 224
ENSMUST00000179107 n-R5s104 118 0.571072319 401 0.09375 224
ENSMUST00000179143 n-R5s113 118 0.571072319 401 0.09375 224
ENSMUST00000179275 n-R5s133 118 0.571072319 401 0.09375 224
ENSMUST00000179431 n-R5s117 118 0.571072319 401 0.09375 224
ENSMUST00000179432 Gm25212 118 0.571072319 401 0.09375 224
ENSMUST00000179476 n-R5s138 118 0.571072319 401 0.09375 224
ENSMUST00000179500 n-R5s122 118 0.571072319 401 0.09375 224
ENSMUST00000179542 n-R5s143 118 0.571072319 401 0.09375 224
ENSMUST00000179704 n-R5s107 118 0.571072319 401 0.09375 224
ENSMUST00000179843 Gm26391 118 0.571072319 401 0.09375 224
ENSMUST00000179995 n-R5s110 118 0.571072319 401 0.09375 224
ENSMUST00000180096 n-R5s128 118 0.571072319 401 0.09375 224
ENSMUST00000180334 n-R5s124 118 0.571072319 401 0.09375 224
NM_028053.2 Tmem38b 1572 0.601902174 736 0.018617021 752
NM_028053.2 Tmem38b 1605 0.502883506 2601 0.074390244 1640
NM_028053.2 Tmem38b 1612 0.665950591 1862 0.063583815 865
NR_029536.1 Mir99b 7 0.555223881 335 0 143
NR_029536.1 Mir99b 9 0.706930693 505 0.013793103 145
NR_029536.1 Mir99b 10 0.702970297 505 0.04137931 145
NR_029536.1 Mir99b 11 0.702970297 505 0.013793103 145
NR_029536.1 Mir99b 18 0.706930693 505 0 145
NR_029536.1 Mir99b 19 0.699009901 505 0.013793103 145
NR_029536.1 Mir99b 22 0.704142012 507 0.013793103 145
NR_029536.1 Mir99b 23 0.700197239 507 0 145
NR_029536.1 Mir99b 27 0.63599182 489 0.020689655 145
NR_046127.1 Gm25018 57 0.544897959 980 0.010118044 1186
NR_046127.1 Gm25018 63 0.56693712 986 0.024201355 1033
NR_046127.1 Gm25018 67 0.579918033 976 0.02672148 973
NR_046127.1 Gm25018 68 0.589322382 974 0.031914894 940
NR_046127.1 Gm25018 78 0.705882353 1462 0.026128266 1263
NR_046127.1 Gm25018 91 0.557637997 3895 0.04188666 2841
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NR_046127.1 Gm25018 92 0.540081177 3942 0.025017373 2878

NR_046127.1 Gm25018 94 0.538480697 4015 0.017012589 2939
NR_046127.1 Gm25018 95 0.533581165 4035 0.020594193 2962
NR_046127.1 Gm25018 111 0.527195668 4247 0.061510791 2780
NR_046127.1 Gm25018 118 0.599489796 3528 0.049204771 2012
NR_046140.1 Gm26391 57 0.544897959 980 0.010118044 1186
NR_046140.1 Gm26391 63 0.56693712 986 0.024201355 1033
NR_046140.1 Gm26391 67 0.579918033 976 0.02672148 973
NR_046140.1 Gm26391 68 0.589322382 974 0.031914894 940
NR_046140.1 Gm26391 78 0.705882353 1462 0.026128266 1263
NR_046140.1 Gm26391 91 0.557637997 3895 0.04188666 2841
NR_046140.1 Gm26391 92 0.540081177 3942 0.025017373 2878
NR_046140.1 Gm26391 94 0.538480697 4015 0.017012589 2939
NR_046140.1 Gm26391 95 0.533581165 4035 0.020594193 2962
NR_046140.1 Gm26391 111 0.527195668 4247 0.061510791 2780
NR_046140.1 Gm26391 118 0.599489796 3528 0.049204771 2012
NR_046147.1 Gm22109 57 0.544897959 980 0.010118044 1186
NR_046147.1 Gm22109 63 0.56693712 986 0.024201355 1033
NR_046147.1 Gm22109 67 0.579918033 976 0.02672148 973
NR_046147.1 Gm22109 68 0.589322382 974 0.031914894 940
NR_046147.1 Gm22109 78 0.705882353 1462 0.026128266 1263
NR_046147.1 Gm22109 91 0.557637997 3895 0.04188666 2841
NR_046147.1 Gm22109 92 0.540081177 3942 0.025017373 2878
NR_046147.1 Gm22109 94 0.538480697 4015 0.017012589 2939
NR_046147.1 Gm22109 95 0.533581165 4035 0.020594193 2962
NR_046147.1 Gm22109 111 0.527195668 4247 0.061510791 2780
NR_046147.1 Gm22109 118 0.599489796 3528 0.049204771 2012
NR_046152.1 Gm25212 57 0.544897959 980 0.010118044 1186
NR_046152.1 Gm25212 63 0.56693712 986 0.024201355 1033
NR_046152.1 Gm25212 67 0.579918033 976 0.02672148 973
NR_046152.1 Gm25212 68 0.589322382 974 0.031914894 940
NR_046152.1 Gm25212 78 0.705882353 1462 0.026128266 1263
NR_046152.1 Gm25212 91 0.557637997 3895 0.04188666 2841
NR_046152.1 Gm25212 92 0.540081177 3942 0.025017373 2878
NR_046152.1 Gm25212 94 0.538480697 4015 0.017012589 2939
NR_046152.1 Gm25212 95 0.533581165 4035 0.020594193 2962
NR_046152.1 Gm25212 111 0.527195668 4247 0.061510791 2780
NR_046152.1 Gm25212 118 0.599489796 3528 0.049204771 2012
NR_046154.1 Gm22291 57 0.544897959 980 0.010118044 1186
NR_046154.1 Gm22291 63 0.56693712 986 0.024201355 1033
NR_046154.1 Gm22291 67 0.579918033 976 0.02672148 973
NR_046154.1 Gm22291 68 0.589322382 974 0.031914894 940
NR_046154.1 Gm22291 78 0.705882353 1462 0.026128266 1263
NR_046154.1 Gm22291 91 0.557637997 3895 0.04188666 2841
NR_046154.1 Gm22291 92 0.540081177 3942 0.025017373 2878
NR_046154.1 Gm22291 94 0.538480697 4015 0.017012589 2939
NR_046154.1 Gm22291 95 0.533581165 4035 0.020594193 2962
NR_046154.1 Gm22291 111 0.527195668 4247 0.061510791 2780
NR_046154.1 Gm22291 118 0.599489796 3528 0.049204771 2012
NR_046155.1 Gm23284 57 0.544897959 980 0.010118044 1186
NR_046155.1 Gm23284 63 0.56693712 986 0.024201355 1033
NR_046155.1 Gm23284 67 0.579918033 976 0.02672148 973
NR_046155.1 Gm23284 68 0.589322382 974 0.031914894 940
NR_046155.1 Gm23284 78 0.705882353 1462 0.026128266 1263
NR_046155.1 Gm23284 91 0.557637997 3895 0.04188666 2841
NR_046155.1 Gm23284 92 0.540081177 3942 0.025017373 2878
NR_046155.1 Gm23284 94 0.538480697 4015 0.017012589 2939
NR_046155.1 Gm23284 95 0.533581165 4035 0.020594193 2962
NR_046155.1 Gm23284 111 0.527195668 4247 0.061510791 2780
NR_046155.1 Gm23284 118 0.599489796 3528 0.049204771 2012

Supplementary Table S1. Candidate Dnmt2 methylation sites as determined bioinformatically.
Candidates are displayed by their IDs (column 1) and symbols (column 2). Additional columns give the
candidate methylated cytosine position, the methylation ratio of this C in the wt, the coverage of this Cin
the wt, followed by these two parameters for Dnmt2”". For this shortlist, the candidate C had to have a
methylation ratio of >0.5 inthe wt and <0.1 in the mutant, while in both genotypes the C had to be covered
>100x. With these parameters set, 128 cytosine candidates on 42 RNAs appear.
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