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1. ZUSAMMENFASSUNG 
 

Genomische Prägung beschreibt ein epigenetisches Phänomen welches zu 

Allel-spezifischer Genexpression abhängig vom elterlichen Ursprung führt. 

Geprägte Gene sind oftmals geclustert und assoziiert mit einer langen nicht 

kodierenden RNS (lnkRNS), welche Allel-spezifische Stilllegung eines ganzen 

Clusters bedingt. Die Expression dieser lnkRNS ist durch unterschiedliche 

Methylierung einer CpG reichen DNS Sequenz auf ein Allel begrenzt. Viele 

geprägte Gene zeigen ein deutliches Gewebe- und Entwicklungsstadium-

spezifisches geprägtes Expressionsmuster, wobei ein Teil nur in extra-

embryonalen Linien geprägt exprimiert wird. Diese Arbeit ist Teil eines 

größeren Projekts mit dem Ziel, geprägte Expression im Zusammenhang mit 

unterschiedlicher Verteilung von Histon Modifikationen in pluripotenten 

(embryonale Stammzellen (ES Zellen), embryonalen (fetale Leber und MEFs) 

und extra-embryonalen (viszerales Endoderm des Dottersacks (VE)) 

Zelltypen zu charakterisieren wofür RNS und Chromatin-Immunpräzipitation 

Sequenzierung (RNS-seq und ChIP-seq) von reziproken F1 FVB/N und 

CAST/EiJ Maus Kreuzungen durchgeführt werden. Zusätzlich habe ich 

erfolgreich vorherig von Feeder-Zellen abhängige Stammzellen an 2i Medium 

Kultur Bedingungen adaptiert und RNS  von diesen Zellen isoliert. In diesem 

Projekt vergleiche ich die unterschiedliche Verteilung von Histon 

Modifikationen zwischen embryonalen und extra-embryonalen Linien (EXEL) 

und ihren Zusammenhang mit Unterschieden in geprägter Expression. Dazu 

habe ich Antikörper getestet (H3K4me3 und H3K27ac, H3K9me2, H3K9m3 

und H3K27me3) und ChIP-seq gegen aktive Histon Modifikationen in MEFs, 

fetaler Leber und VE durchgeführt. Diese Daten habe ich mit Hilfe eines in 

unserem Labor entwickelten bioinformatischen Programms untersucht und 

dabei hauptsächlich bereits bekannte geprägte Gene mit unterschiedlicher 

Anreicherung von H3K4me3 und H3K27ac an der Promoter Region des 

aktiven Allels identifiziert. Ich konnte zeigen, dass die 3 Zelltypen (MEFs, 

fetale Leber und VE) definierte Muster von geprägter Genexpression 

aufweisen und dadurch bestätigen dass geprägte Expression stark 

gewebespezifisch ist.  
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1. ABSTRACT 
 

Genomic imprinting describes the epigenetic phenomenon that leads to 

parental-of-origin dependent gene expression. Imprinted genes are often 

clustered and associated with a long non-coding (lnc) RNA that causes 

parental specific silencing of the entire cluster. The expression of these 

lncRNAs is restricted to one allele by parental specific methylation of a CpG-

rich DNA sequence called the imprint control element (ICE). Many imprinted 

genes exhibit a distinct tissue specific and developmental stage-specific 

imprinted expression pattern, with a subset of genes showing extra-embryonic 

lineage (EXEL) specific imprinted expression. This project is part of a larger 

work aiming to characterize tissue-specific imprinted expression in pluripotent 

(embryonic stem (ES) cells), embryonic (fetal liver and MEFs) and extra-

embryonic (visceral yolk sac endoderm (VE)) cell types, using RNA and 

chromatin immunoprecipitation sequencing (RNA-seq and ChIP-seq) of 

reciprocal F1 FVB/N and CAST/EiJ mouse crosses. Contributing to this, I 

successfully adapted feeder-dependent ES cells to feeder-independent 2i 

medium culture conditions, and isolated RNA from these cells for RNA-seq. In 

this project I compared differential enrichment of histone modifications 

between embryonic and extra-embryonic tissues and their relationship to 

differences in imprinted expression. I validated antibodies against histone 

marks (H3K4me3 and H3K27ac, H3K9me2, H3K9m3 and H3K27me3) and 

performed ChIP-seq to identify active marks in MEFs, fetal liver and VE. 

Using an imprinting pipeline developed in the lab, I screened for allele-specific 

enrichment at promoters. My data showed that genes that display imprinted 

gene expression also have enrichment of H3K4me3 and H3K27ac at the 

promoter of the active allele relative to the silent allele. Thus I could show that 

ChIP-seq can be used to validate imprinted expression detected by RNA-seq. 

I also showed that three different tissue types (MEFs, fetal liver and VE) have 

distinct patterns of imprinted expression, supporting claims that imprinted 

expression is highly tissue-specific. 
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2. INTRODUCTION 
 

2.1 Genomic imprinting in mammals 
 

Mammals are diploid and therefore possess 2 sets of each autosome and the 

vast majority of genes are equally expressed or repressed from both alleles. 

However, to date 150 genes (around 1% of the mouse genome) were 

reported to show parental allele-specific or imprinted expression (Williamson 

et al. 2014). Genomic imprinting describes the epigenetic mechanism that 

leads to parent-of-origin dependent expression and repression of certain 

genes and provides an explanation for some inheritance processes that do 

not follow Mendelian rules. It fulfills the criteria to be a classical epigenetic 

phenomenon by being mitotically heritable and leading to reversible 

alterations in gene expression without changing the underlying DNA 

sequence (Berger et al. 2009). Some imprinted genes are exclusively 

expressed in a monoallelic fashion from either the maternal or paternal 

inherited allele, but others show biased expression with one parental allele 

being more expressed than the other. Important to note at this point is that 

there is no agreement in the field at what level of bias should be called 

imprinted expression (Barlow 2011). Genomic imprinting does not only occur 

in mammals, but also evolved independently in insects and flowering plants 

(Ferguson-Smith 2011). 

 

The importance of both sexes in mammalian reproduction was shown in the 

1980s when mouse embryos with only maternal (parthenogenetic) or paternal 

(androgenetic) alleles were shown to be non-viable, demonstrating that both 

the maternal and paternal genomes are required and implying that genomic 

imprinting blocks parthenogenesis (McGrath & Solter 1983; Surani & Barton 

1983; McGrath & Solter 1984; Surani et al. 1984). Despite the relatively small 

number of genes expressed in a monoallelic fashion discovered so far, many 

of them were characterized to be of crucial importance during embryonic and 

placental development and their effect was shown to be very dose dependent 

(Bartolomei & Ferguson-Smith 2011). Well-known examples are the 
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maternally expressed genes Igf2r and H19 and the paternally expressed gene 

Igf2 (Barlow et al. 1991; Bartolomei et al. 1991; DeChiara et al. 1991; Barlow 

1995). Moreover, many were identified to be regulated in a spatial (tissue-

specific) and temporal (certain developmental stages) specific manner, which 

may relate to their importance for normal development and growth (Santoro & 

Barlow 2011; Prickett & Oakey 2012). 

 

Concerning the biological meaning and evolutionary origin of genomic 

imprinting, there exist a number of explanations, although the topic is still very 

controversial. In general, from an evolutionary point of view, genomic 

imprinting is a risky strategy, since at imprinted loci deleterious mutations on 

the active allele cannot be compensated by an intact gene on the silent allele 

(Prickett & Oakey 2012). Many imprinted genes were shown to be active in 

extra-embryonic tissues and in the brain, supporting the ‘parental conflict 

hypothesis’ (Moore & Haig 1991). This hypothesis proposes that there are 

different interests concerning resource allocation of the offspring between the 

mother and the father. While the father aims to maximize the nutrients 

assigned to his offspring, the mother has to counteract by carefully weighting 

between investment for the current and future litters (Moore & Haig 1991). 

Genes in the brain can act on behavior and genes in the placenta can act on 

nutrient allocation, both key factors during embryogenesis and early life to 

grow and develop optimally. For example, deletion of genes in the mouse 

GNAS cluster were linked to inability of offspring to suckle, leading to death 

(Cattanach 1986) and also Peg3 and Dlk1 have been found to influence 

suckling behavior (Curley et al. 2004; da Rocha et al. 2009). However, this 

explanation is challenged by the imprinting pattern of Dopa decarboxylase 

(Ddc), showing tissue-specific imprinted expression solely in heart and is 

therefore not related to resource allocation in any way (Menheniott et al. 

2008). Miri and Varmuza (2009) proposed that some genes are only 

subjected to genomic imprinting because they are ‘innocent bystanders’ 

located near to an imprint control element (ICE) that leads them to become 

silenced by the same mechanism that targets the functionally important 

neighboring imprinted gene(s). They suggested that this explains imprinted 

expression of the Slc22a2 and Slc22a3 genes in the Igf2r cluster, which only 
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show imprinted expression in extra-embryonic tissues and whose null alleles 

show a mild phenotype under normal laboratory conditions (Miri & Varmuza 

2009). 

 

An alternative explanation is the ‘ovarian time bomb hypothesis’, that 

suggests that genomic imprinting arose to minimize the risk of formation of 

ovarian tumors caused by activation of an unfertilized oocyte (Varmuza & 

Mann 1994; Weisstein et al. 2002). This would explain why genes involved in 

growth are disproportionately subjected to genomic imprinting and also aims 

to explain why certain genes are maternally or paternally inactive. This 

hypothesis is in agreement with the imprinting status of the Igf2 and the Igf2r 

genes that are maternally and paternally silent, respectively, indicating the 

general trend of growth enhancing genes being expressed from the paternal 

allele and growth inhibiting genes from the maternal allele (Weisstein et al. 

2002). 

 

2.2 Imprinted genes are often clustered 
 
The majority of imprinted genes in mammals occur in clusters (Reik & Walter 

2001), together with at least one long noncoding RNA (lncRNA, >200nt) and 

are associated with differential DNA methylation of an ICE, controlling the 

expression of the lncRNA. This clustering suggested that imprinting is not 

controlled individually for each gene, but the mechanism is more wide ranging 

and cis-acting (Barlow 2011). Indeed, by deletions of the ICE in 7 different 

imprinting clusters it was shown that this is the case. Aside from that, also 

solo imprinted genes were identified, which were (not yet) associated with any 

clustering (Hagiwara et al. 1997). This could be caused by a lack of 

knowledge about the imprinted expression status of neighboring genes or 

they could be genuine solo imprinted genes (Barlow 2011). 

 

To date there are 2 different mechanisms described how allele-specific 

expression is achieved with the ICE being the master regulator in both of 

them. One relies on parental specific expression or repression of a cis-acting 
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lncRNA, which is responsible for silencing controlled by the methylation state 

of the ICE that lies within the promoter for this lncRNA (Weaver & Bartolomei 

2013). Discovery of this mechanism provided for the first time an explanation 

for findings made earlier, that DNA methylation on one allele was correlated 

with expression of the protein-coding gene (Barlow 2011). LncRNAs are 

abundant in the mammalian genome (Derrien et al. 2011) and recent studies 

suggest a role in recruitment of chromatin modifiers to regulate gene 

expression (Guttman & Rinn 2012). 

 

The second mechanism is via the zinc finger transcription factor CTCF 

(CCCTC-binding factor), binding the unmethylated ICE and acting as an 

insulator by blocking access to enhancers. The best-studied example for such 

a mechanism is the Igf2 cluster, where Igf2 and H19 are neighboring genes, 

sharing enhancers. Binding of the CTCF insulator to the unmethylated ICE on 

the maternal chromosome blocks interactions with Igf2 leading to preferential 

interaction of the enhancer with H19, which in turn leads to the expression of 

the H19 ncRNA and not Igf2. On the paternal allele CTCF does not bind the 

methylated ICE allowing Igf2 to access the enhancers and be transcribed, 

while H19 cannot access the enhancers and is not transcribed (Bell & 

Felsenfeld 2000). Notably, H19 is not involved in imprinted silencing, but a 

trans-silencing effect was reported due to the miRNA within the H19 gene 

(Gabory et al. 2009). 

 

2.3 From fertilization to birth- mouse embryogenesis 
 

Genomic imprinting was shown to be of crucial importance during mouse 

development, but the mechanisms by which it is controlled are different in 

embryonic and extra-embryonic lineages (EXEL) that arise very early during 

development.  Mouse embryogenesis starts with the fertilization of an oocyte 

arrested in the metaphase of the second meiotic division by the sperm. This 

triggers the arrested meiosis to be resumed and leads to formation of the 

female pronucleus that fuses with the already existing male pronucleus 

(Rossant & Tam 2002). The first cell division is finished by embryonic day (E) 
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1.5, followed by two more divisions, resulting in an 8-cell embryo at E2.5 (Fig. 

1). At this stage, morphological changes take place (compaction) and the 

previously loosely attached cells become more compacted by maximizing cell 

contact to each other, leading to a smoother and spherical shape (Johnson 

2009). At E3.0, the embryo is comprised of 16 cells, resembling the shape of 

a blackberry and therefore called morula (Fig. 1). This is followed by the 

process of cavitation at the 32-cell stage characterized by the formation of 

fluid-filled vesicles that later fuse and consequently form the expanding 

blastocoel cavity (Rossant & Tam 2002; Johnson 2009) 

 

At E3.5 (early blastocyst) two cell types are distinguishable, the inner cell 

mass (ICM) clustered at one end, surrounded by an outer layer and the 

trophectoderm (EXEL). The ICM is shielded at this point from the blastocoelic 

fluid by trophoblastic processes and differentiates into the epiblast, a 

pluripotent cell population (Fleming et al. 1984). Some of the epiblast cells 

secrete fibroblast growth factor 4 (FGF4), leading to differentiation of nearby 

cells to primitive endoderm (EXEL), formed as a single cell layer (Tanaka et 

al. 1998). At late blastocyst stage, the primitive endoderm layer is clearly 

separated, isolating the epiblast from the blastocyst cavity (Fig. 1) and these 

cells are now restricted in their developmental potential and committed to 

certain lineages (Johnson 2009). 

 

At late preimplantation stage (E4.5) the embryo is comprised of three distinct 

cell populations: the epiblast and two EXEL: the trophectoderm and the 

primitive endoderm (Rossant & Tam 2002). The embryo itself is derived from 

epiblast cells, except for a small part of the embryonic hindgut, which is 

formed from a derivative of the primitive endoderm, the visceral endoderm 

(Kwon et al. 2008). The primitive endoderm gives rise to the visceral and 

parietal endoderm, both extra-embryonic tissues. The trophectoderm 

differentiates exclusively into EXEL, namely the extra-embryonic ectoderm, 

ectoplacental cone and the primary and secondary giant cells (Rossant & 

Tam 2002). At late E5.0 the blastocyst hatches by bursting the zona pellucida 

that prevented it from attaching during its travel along the oviduct. This allows 
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it to be implanted into the maternal uterus, a receptive region of the uterine 

wall (Wang & Dey 2006). 

 

 
 
Fig. 1 Early mouse development from fertilization to implantation. The migration of the zygote 
through the oviduct towards the uterus is depicted showing the key steps during early 
development (image from Wang and Dey 2006). 
 

Implantation is followed by gastrulation starting around E6.5 including 

reorganization of the epiblast and generation of the three germ layers 

ectoderm, mesoderm and endoderm (Downs & Davies 1993). It starts with 

formation of a node on the posterior side of the epiblast, a specialized 

organizer structure governing cell migration, fate choice and axis formation 

(Rossant & Tam 2002). Beta-catenin signaling initializes formation of the 

primitive streak, establishing bilateral symmetry and pattering the anterior-

posterior axis (Mohamed et al. 2004). 

 

At E8.0 organogenesis starts, the stage where the three germ layers form 

most of the organs and transcriptome studies revealed a major increase in 

transcript diversity marking this stage (Mitiku & Baker 2007). Most organs are 

not distinguishable at this time point, e.g. the heart, which does not start 

beating until after E8.5 and most organs function much later. The first organ to 

be formed during organogenesis is the placenta, which originates not from 

any of the three germ layers but from EXEL (Rossant & Cross 2001). Within 

the next three days the embryo is transformed from a cylindrical cup shape 
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into a more recognizable embryo-like shape with the formation of a heart, 

head, spinal cord and limbs (Nagy et al. 2003). By E12.5, the embryo is 

surrounded by three EXEL bilaminar membranes, namely the amnion, the 

visceral yolk sac (VYS) and the parietal yolk sac (PYS) (Hudson et al. 2010). 

Except for the amnion, these membranes interface with the placenta and the 

PYS is in contact with the uterine wall (Fig. 2). The VYS plays a major role in 

nutrient and oxygen exchange. 

 

 

 
 
Fig. 2 Development of extra-embryonic tissues showing a post-implantation embryo (E6.5) 
and an E12.5 embryo (image from Hudson et al. 2010). 
 

Birth occurs between E19.0-E21.0 and mice may live up to 2 years. The 

generation time is relatively short; it only takes ten weeks from being born to 

giving birth, which is one of the main advantages to use it as a model 

organism. Others are that there exist many inbred strains that enable 

controlled experiments, a high quality genome sequence is available and 

many well-characterized mutant animals were generated. 
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2.4 Extra-embryonic mouse tissues differ in their epigenetic 
environment 
 

During mouse embryogenesis, extra-embryonic tissues safeguard the embryo 

by providing a protective, well-regulated and favorable environment for 

development and growth. Extra-embryonic tissues are discarded upon birth, 

meaning that the lifespan of extra-embryonic tissue is short relative to the two-

year lifespan of a mouse. Moreover, embryonic lineages make up more 

complex and specialized tissues and differentiate to a much higher number of 

cell types during development. Based on the restricted lifespan and also 

taking into account the different developmental origin and function, one can 

speculate that there may be different requirements in terms of global gene 

regulation and overall chromatin state in extra-embryonic compared to 

embryonic tissue. Even though extra-embryonic tissues are lost upon birth, it 

is of great interest to understand the biology of these lineages, especially 

since they are not only needed to support the forming embryo, but are also 

involved in signaling and patterning the developing embryo (Rossant & Tam 

2002). 

 

During development the EXEL, the trophectoderm and the primitive 

endoderm, are the first cell lineages to differentiate starting at the blastocyst 

stage (E3.5). In contrast, in the epiblast, that later gives rise to embryonic 

lineages, no new lineages are distinguished until after the onset of 

gastrulation at E6.5 when the embryonic mesoderm and endoderm are 

formed. This temporal difference during development should be taken into 

account when features in gene regulation in embryonic and extra-embryonic 

tissues are investigated. 

 

In general, the epigenetic hallmarks of extra-embryonic tissues resemble an 

early state of development throughout embryogenesis. After fertilization, DNA 

methylation marks, with the exception of those on ICEs, are globally removed 

and are restored only later in post-implantation embryos, where DNA 

methylation marks increase again (Smallwood & Kelsey 2012). Extra-
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embryonic tissues are in general hypomethylated, retaining this early feature 

(Chapman et al. 1984; Rossant et al. 1986; Popp et al. 2010), and it has been 

suggested that histone modifications may play a greater role in gene 

regulation in these tissues. In particular, the H3K27me3 and H3K9me3 

repressive histone modifications have been shown to be more associated with 

imprinted silencing in placenta than in embryo (Lewis et al. 2004; Umlauf et al. 

2004; Hudson et al. 2010; Kulinski et al. 2013). The importance of repressive 

histone marks in maintaining imprinted silencing in extra-embryonic tissues 

has been demonstrated by defects in imprinted silencing for some genes in 

placenta when components of repressive histone modifying enzymes such as 

EHMT2 (G9a), PRC1 and PRC2 are knocked out (Umlauf et al. 2004; Nagano 

et al. 2008; Terranova et al. 2008; Wagschal et al. 2008). For example, genes 

in the Kcnq1 cluster showing imprinted expression only in EXEL are 

biallelically expressed in placenta of knockout mice lacking EHMT2 and the 

same holds true for Slc22a2 in the Igf2r cluster (Nagano et al. 2008; 

Wagschal et al. 2008). 

 

Another epigenetic difference between embryonic lineages and EXEL relates 

to regulation of X-inactivation, which is imprinted in the early embryo by 

silencing the paternally derived X chromosome, which is then later reactivated 

and subjected to random X-inactivation in post-implantation embryos (Wutz 

2011). However, in some EXEL the paternally derived X-chromosome 

remains preferentially silenced throughout development, again resembling the 

epigenetic regulation of the early embryo (Takagi & Sasaki 1975). In terms of 

dosage sensitivity to gene expression, EXEL were shown to tolerate 

polyploidy to a larger extent compared to embryonic tissues, where it leads to 

abortion of embryogenesis (Tarkowski et al. 1977). In fact, trophoblast giant 

cells of the PYS and the placenta are normally polyploid. Experiments 

generating chimeric embryos consisting of tetraploid and diploid cells showed 

that extra-embryonic tissues are mainly made of tetraploid cells as opposed to 

the embryo, which is almost exclusively diploid (Tarkowski et al. 1977). These 

findings indicate that dosage regulation may not be so crucial in extra-

embryonic tissues, although it is not clear that the dose would not also be 

regulated in polyploidy cells. 
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2.5 Genomic imprinting in extra-embryonic tissues 
 

Many imprinted genes display a distinct tissue-specific and developmental 

stage-specific imprinted expression pattern, with a subset of genes showing 

imprinted expression only in extra-embryonic tissues, such as the placenta 

and the VYS. This is why imprinted expression can be sub-divided into genes 

showing multi-lineage (ML) imprinted expression and genes showing 

imprinted expression only in EXEL (Hudson et al. 2011). Genome wide 

analyses examining a full range of mouse tissues are missing, but in imprinted 

clusters there is the general trend that genes showing EXEL imprinted 

expression tend to be further away (‘outer’ genes) from the ICE compared to 

genes that show ubiquitously imprinted expression (‘inner’ genes) (Lewis et al. 

2004; Terranova et al. 2008; Hudson et al. 2010). This holds true for both 

mechanisms controlled by an insulator mechanism, such as within the Igf2 

cluster where the Ins2 gene shows imprinted expression only in VYS 

(Giddings et al. 1994), but also in clusters controlled by lncRNA expression, 

for example, the Igf2r cluster where the genes Slc22a2 and Slc22a3 are 

subjected to imprinted expression only in EXEL tissues (Sleutels et al. 2002; 

Hudson et al. 2011).  

 

The most parsimonious explanation for these tissue-specific observations is 

that the epigenetic initiator (lncRNA or insulator complex) extends its range by 

an unknown mechanism and is capable of silencing more genes (Fig 3a, c) 

(Berger et al. 2009; Hudson et al. 2010). This could be explained by increased 

sensitivity to the initiator in EXEL tissues by some unknown mechanism 

(Hudson et al. 2010). One hypothesis to explain the extended silencing 

domain is that DNA hypomethylation in EXEL leads to more open chromatin, 

allowing the epigenetic initiator to act over a greater distance (Kulinski et al. 

2013), in line with reports that imprinted lncRNAs form a larger RNA cloud in 

placenta than in the embryo (Morison et al. 2001). An alternative explanation 

is that in EXEL tissue-specific enhancers are blocked by an epigenetic initiator 

such as a lncRNA leading to imprinted silencing of genes activated by these 

enhancers only in EXEL (Pauler et al. 2012). 
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Most, but not all, genes that show EXEL-specific imprinting are expressed 

from the maternal allele. For example, 16/18 EXEL genes listed in Hudson et 

al. (2010) show maternal imprinted expression (Hudson et al. 2010). In 

contrast, in brain this trend is not found, with three paternally and five 

maternally expressed imprinted genes whose imprinted expression is specific 

to brain (Prickett & Oakey 2012). Although, this list is far from being complete 

and new imprinted genes are frequently published, these trends indicate that 

some feature of EXEL tissues may favor maternal over paternal imprinted 

expression.  

 

 
 
Fig. 3 Mechanisms aiming to explain differences in imprinted gene expression between 
embryonic and extra-embryonic tissues (a) (c) The initiator extends its range and is capable 
of silencing more genes In EXEL (b) A tissue specific enhancer is disrupted by expression of 
the ncRNA in EXEL preventing formation of a loop to bring promoter and enhancer in close 
proximity (image from Hudson et al. 2010). 
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2.6 The advantage of using visceral yolk sac endoderm over 
placenta 
 
In order to investigate regulation of imprinted expression in extra-embryonic 

tissues it is important to have an appropriate model tissue. Earlier studies 

have mostly been conducted in placenta as a representative of extra-

embryonic tissue, mostly because it is easily accessible and can be harvested 

at relatively large amounts (Umlauf et al. 2004; Green et al. 2007). 

Nevertheless, using placenta has several disadvantages when investigating 

cell lineage-specific imprinting. First of all, the placenta is a complex tissue 

originating from multiple embryonic lineages. Since imprinted expression is 

very tissue-specific, this mixture can lead to masking of imprinted gene 

expression if a gene shows imprinted expression in one cell type and biallelic 

expression in another (Kulinski et al. 2013). Another problem is that some 

genes that show imprinted expression are only expressed in only one lineage, 

which alleviates the problem of imprinted expression masking, but makes 

interpretation of DNA methylation and histone modification data difficult where 

the whole placenta is examined. Moreover, placenta is not a pure extra-

embryonic tissue, since it is contaminated with maternal derived tissue, such 

as blood cells, blood vessels and decidua and it is not feasible to remove all 

the maternal tissue by dissection. Therefore, special precautions need to be 

taken to validate studies of imprinted expression and regulation in placenta 

(Proudhon & Bourc'his 2010; Hudson et al. 2011; Okae et al. 2012). 

 

An alternative model to study imprinted gene expression in extra-embryonic 

tissues to placenta is the VYS. It is a simple tissue, comprised of only two 

layers, namely the visceral yolk sac endoderm (VE) and the visceral yolk sac 

mesoderm (VM), which includes the blood islands (Fig. 4). This tissue has the 

added advantage that if necessary the VE layer, which shows EXEL imprinted 

expression whereas the VM does not, can be efficiently isolated to give a 

highly homogenous population of cells using a technique developed in the lab 

(Hudson et al. 2011). In the present work, VE was used as the model EXEL 

tissue to compare to embryonic liver and mouse embryonic fibroblasts (MEFs) 
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to screen for tissue specific imprinted gene expression and associated 

differences in histone modifications (Fig. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 In the present study E12.5 mouse embryos were dissected to study both, embryonic 
and extra-embryonic tissue-specific imprinted gene regulation. Both layers of VYS were 
mechanically separated and the VE layer was collected. In addition, embryonic liver and 
MEFs were used to screen for tissue specific imprinted gene expression (image adapted from 
Hudson et al. 2011). 
 

2.7 Regulation of gene expression by histone modifications 
 

To achieve the necessary 10000- 20000-fold compaction of chromatin to fit it 

into the nucleus, DNA is organized into nucleosomes and also tightly packed 

by higher order folding (Woodcock & Ghosh 2010). In the eukaryotic cell, 

147bp of DNA (Luger et al. 1997; Richmond & Davey 2003) are tightly 

wrapped around a histone octamer comprised of two copies each of four 

different core histones, namely H2A, H2B, H3 and H4. However, the compact 

packing must still allow access for the transcriptional machinery, which is 

controlled by mechanisms including covalent modifications of histone N-

terminal tails. This can increase or decrease accessibility of the chromatin 

depending on the modification. The amount of newly discovered histone 

modifications is rapidly growing and to date more than 100 distinct histone 

modifications have been identified, ranging from prominent ones like 
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acetylation, methylation and phosphorylation to less well studied ones such as 

citrullination and crotonylation (Zentner & Henikoff 2013). 

 

These post-translational modifications can have an impact on gene 

transcription by controlling accessibility to the DNA. In general, genes more 

loosely bound to nucleosomes are more frequently transcribed, an effect that 

comes with acetylation by neutralizing the positive charge of lysine and as a 

result relaxing DNA-histone binding. The effect of methylation is not so 

straightforward; it can either be activating (H3K4, H3K36, H3K79) or 

repressive (H3K9, H3K27, H4K20).  Furthermore there is growing evidence 

that histone methylation has additional functions and is for example involved 

in stabilizing the nucleosomes (H3K36me3) (Zentner & Henikoff 2013). 

 

Genome wide chromatin immunoprecipitation (ChIP) coupled with microarray 

analysis (ChIP-chip) or high throughput sequencing (ChIP-seq) has 

significantly improved our understanding of the effect of distinct histone 

modifications by linking them to their biological role and helped to identify cis-

regulatory elements such as promoters and enhancers. Promoters are 

associated with focal peaks of H3K4me3 while H3K27ac together with 

H3K4me1 mark active enhancers (Creyghton et al. 2010). On the other hand, 

the modifications H3K27me3, H3K9me2 and H3K9me3 have been associated 

with the repression of gene expression, including in imprinted gene silencing 

as mentioned previously. Therefore, in the present study I am using ChIP-seq 

to compare the genomic distribution of these active and repressive histone 

modifications in embryonic and extra-embryonic tissues, particularly in relation 

to imprinted genes, in order to gain some insight into the regulation of 

imprinted expression in these different lineages. 
 

2.8 Tissue-specific and developmental stage-specific imprinted 
gene expression in the Igf2r cluster 
 

The Igf2r/Airn imprinted region is located on mouse chromosome 17 and is 

extensively used as an epigenetic discovery model since it shows all common 
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features of imprinted gene clusters (see 2.2). The Igf2r gene was the first 

gene shown to have imprinted expression (Barlow et al. 1991), providing an 

explanation for the parental origin effect described for T-hairpin (Thp) mice 

(Johnson 1974). These mice have a hairpin tail phenotype caused by 

haploinsufficiency of Bry, which is included within the approximately 5Mb 

deletion on chromosome 17 that also includes the Igf2r cluster (Johnson 

1974; Barlow et al. 1991). Offspring that maternally inherit the Thp allele die 

around E15.0, whereas paternally inherited mice are born and show no 

abnormalities apart from the tail phenotype. This is caused by the fact that the 

Igf2r gene is expressed monoallelically from the maternal chromosome and 

silenced on the paternal chromosome in almost all tissues and developmental 

stages. The lncRNA Airn (antisense to Igf2r RNA non-coding) is expressed in 

a reciprocal pattern to protein coding genes in the cluster and acts in cis by 

repressing genes on the same parental chromosome (Wutz et al. 1997; Lyle 

et al. 2000; Sleutels et al. 2002). Airn is expressed from the paternal allele, 

transcribed in antisense over the Igf2r promoter silencing it by transcriptional 

interference (Fig. 7) (Latos et al. 2012). Airn is an unusual RNA polymerase II 

transcript being 118kb long, mostly inefficiently spliced (less than 5% are 

spliced to isoforms of around 1kb), unstable and not exported to the 

cytoplasm (Seidl et al. 2006). Besides of silencing the Igf2r gene, Airn was 

also shown to silence two additional genes, Slc22a2 and Slc22a3 by a long-

range cis-silencing mechanism only in EXEL tissues such as placenta and 

VYS (Fig. 7) (Sleutels et al. 2002; Hudson et al. 2011). 

 

Currently there exist two models to explain this silencing effect, one from the 

published data from Nagano et al. (2008), that indicates that Airn interacts 

with the histone methyltransferase EHMT2 and targets it to the Slc22a3 

promoter, which leads to deposition of repressive histone marks on lysine 9 

(Nagano et al. 2008). However, this model cannot explain tissue specificity 

because both, Airn expression and also histone modifying enzymes are not 

tissue-specific. An alternative model was proposed by Pauler et al. (2012), 

suggesting the existence of a tissue-specific enhancer that is disrupted on the 

paternal allele by expression of Airn (Pauler et al. 2012). Under this model, on 

the maternal chromosome a loop is formed, allowing the enhancer to interact 
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with the promoters of both genes Slc22a2 and Slc22a3, leading to expression. 

On the paternal chromosome, the enhancer is disrupted by transcriptional 

interference by Airn and as a consequence formation of the loop is inhibited, 

preventing upregulation of the genes (Fig. 5).  

 

 
 
Fig. 5 Enhancer-interference model with a loop formed on the maternal chromosome allowing 
the enhancer to interact with the promoter of both genes Slc22a2 and Slc22a3 and inhibition 
of loop formation by Airn on the paternal chromosome preventing upregulation of Slc22a2 and 
Slc22a3. Adapted from Pauler et al. (2012). 
 

To explain the formation of the loop, and why it is not preformed before the 

onset of Airn expression, Pauler et al. (2012) propose the existence of 

‘transcriptional activators’ that bind at the post-implantation stage. They are 

needed for loop formation and are not present earlier during development. On 

the paternal allele, Airn transcription prevents this binding, leading to no 

upregulation of Slc22a2 and Slc22a3 expression (Fig. 6) (Pauler et al. 2012). 

As a second layer of silencing to lock in the imprinting state, EHMT2 is 

recruited (Nagano et al. 2008) and in turn PRC1 and PRC2 are attracted, 

depositing H2AK119u1 and H3K27me3, respectively. This leads to formation 

of a repressive compartment bringing Airn, EHMT2 and the promoters of 

Slc22a2 and Slc22a3 in close physical proximity (Fig. 6) (Terranova et al. 

2008; Pauler et al. 2012). Support for this model comes from chromatin 

conformation capture (3C) and ChIP-seq data, which shows maternal specific 

loops between EXEL gene promoters and elements within the Airn gene body 
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correlating with maternal specific enrichment of enhancer marks only in EXEL 

tissues (Quanah Hudson, unpublished data).  

 

 
 

Fig. 6 Establishment of parental specific gene expression by chromosomal looping. 
Transcriptional activators bind to the maternal chromosome and induce the formation of a 
activating loop, whereas on the paternal loop, transcription of Airn inhibits binding of these 
transcriptional activators. As a second step the repressive chromatin-modifying enzyme 
EHMT2 deposits H3K9me2/me3 (image from Pauler et al. 2012).  
 

The Igf2r cluster does not only show a distinct tissue-specific, but also a 

developmental stage-specific imprinted expression pattern. In undifferentiated 

embryonic stem (ES) cells, none of the genes in the cluster is expressed in an 

imprinted way and Airn is not expressed allowing Igf2r to be expressed 

biallelically (Fig. 7). In preimplantation embryos basal levels of Igf2r, Slc22a2 

and Slc22a3 transcription are detectable and expression is not upregulated 

before post-implantation (Szabo & Mann 1995; Lerchner & Barlow 1997; 

Hudson et al. 2011). The maternal imprint on the promoter of Airn prevents it 

from being transcribed, but Airn is also not expressed from the paternal allele, 

most likely because of missing transcription factors at this stage (Latos et al. 

2009). Interestingly, Slc22a3 loses its imprinted expression and switches to 

biallelic expression around E15.5 in both placenta and VYS (Zwart et al. 2001; 
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Hudson et al. 2011), indicating Slc22a3 may be less sensitive to the silencing 

effect of Airn at later development stages (Nagano et al. 2008).  

 

 
 
Fig. 7 Expression state in the Igf2r cluster in (A) undifferentiated ES cells, (B) embryonic and 
(C) extra-embryonic tissues. In undifferentiated ES cells imprinted gene expression is not yet 
established and all genes are expressed biallelically at basal levels. In embryonic tissue Igf2r 
is silenced by transcriptional interference by the lncRNA Airn on the paternal allele. In extra-
embryonic tissues in addition to Igf2r silencing, Airn initiates long-range cis-silencing of 
Slc22a2 and Slc22a3. The differential DNA methylation mark on the ICE is present at all 
developmental stages. 
 

2.9 Aim of this project 
 
The present work is part of a larger project led by Quanah Hudson with the 

aim to characterize imprinted gene expression and regulation in different cell 
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lineages, namely pluripotent (ES cells), embryonic (E12.5 fetal liver and 

MEFs) and extra-embryonic (E12.5 VE) cell types. To address this question, 

both RNA-seq (mainly carried out by Daniel Andergassen, a former diploma 

student in the Barlow lab) and ChIP-seq (my project) are being used. To 

distinguish the parental alleles we are using reciprocal crosses of the FVB/N 

and CAST/EiJ mouse strains that have over 20 million high quality single 

nucleotide (SNPs) between them that have been annotated by the Sanger 

Institute (Keane et al. 2011). These SNPs are incorporated into a 

bioinformatics pipeline conceived by Daniel Andergassen and developed to 

completion by Christoph Dotter (current masters student in the Barlow lab) 

that detects imprinted expression and parental allele-specific enrichment of 

histone modifications from RNA-seq and ChIP-seq data. 

 

My first aim was to collect biological material for the project. Conventional ES- 

cell culture is feeder dependent, and contamination from these feeders would 

complicate analysis of imprinted expression in ES cells. To solve this problem 

I adapted previously feeder dependent FVB/CAST ES cells to feeder 

independent and serum free culture conditions using 2i medium, and I was 

able to collect RNA from these cells for RNA-seq. In order to examine 

differential enrichment of active and repressive histone modification in 

embryonic liver and extra-embryonic VE, which was the main aim of my 

project, it was necessary to collect large amounts of material (about 20-40 

embryos necessary per antibody, 2 x biological replicates needed) from 

reciprocal crosses of FVB/N and CAST/EiJ mice. This took longer than 

expected due to the poor breeding success of these crosses, so I was not 

able to complete all of the ChIP-seq experiments that I initially planned. 

 

The second goal of my project was to validate ChIP-antibodies for the histone 

modifications (H3K4me3, H3K27ac, H3K9me2, H3K9me3, H3K27me3) using 

MEF cell lines (MEFF and MEFB1 cells). Furthermore, it was necessary to 

optimize the amount of chromatin required for a successful ChIP and also the 

amount of antibody necessary. Each ChIP was validated with qPCR assays 

using known positive and negative controls and paying particular attention to 

the well-characterized Igf2r cluster. Antibodies found to be performing well, 
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were then further tested on wild type mouse tissues before conducting ChIP 

on material from the FVB x CAST reciprocal crosses for ChIP-seq. 

 

The final part of my project was to perform ChIP-seq for the active H3K4me3 

and H3K27ac modifications on embryonic (MEFs and fetal liver) and extra-

embryonic tissues (VE) from FVB x CAST reciprocal crosses. I then used the 

bioinformatics pipeline mentioned earlier to examine differential enrichment of 

these marks on promoters. I found that, using this data set, parental allele-

specific enrichment of H3K4me3, and to a lesser extent H3K27ac enrichment, 

correlated with imprinted gene expression indicating that these marks can be 

used as a proxy of imprinted expression.  

 

Future work, outside the scope of this thesis, will use the repressive histone 

modification antibodies that I have validated, and the FVB/CAST embryonic 

material that I have collected, to conduct ChIP-seq and determine if these 

modifications are associated in a parental specific manner with imprinted 

gene silencing. 
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3. RESULTS 
 

3.1 Optimization of feeder independent and serum free ES cell 
culture 
 

The main aim of my thesis was to examine if there are differences in 

differential enrichment of histone modifications at imprinted loci between 

embryonic and extra-embryonic tissues. However, this is part of larger study 

in the laboratory that compares pluripotent, embryonic and EXEL for 

differences in imprinted expression and differential enrichment of histone 

modifications. In this section I describe my work developing tissue culture 

conditions for FVB/CAST and CAST/FVB F1 mouse ES cells that represent 

the pluripotent lineage, as part of my contribution to this larger project (ES 

cells were derived for us by Christian Theußl and Daniel Wenzel (from the 

laboratory of Josef Penninger at IMBA, Vienna) based on a published protocol 

(Bryja et al. 2006). 

 

In order to examine imprinted expression in undifferentiated ES cells it is 

necessary to both have a robust method of maintaining the ES cells in an 

undifferentiated state, and to overcome the problem of feeder cell 

contamination, which may complicate analysis. To address this issue I 

adapted ES cells derived from reciprocal F1 crosses of FVB/NJ and CAST/EiJ 

that were previously grown in serum-supplemented medium on a feeder layer, 

to serum and feeder-free culture conditions using 2i medium. Furthermore, I 

determined the passaging procedure for these cells to maintain appropriate 

cell density and ensure optimal growth. 

 

2i medium is a serum-free medium where nutrients and growth factors are 

provided together with a combination of glycogen synthase kinase 3 beta 

(GSK3B) and Mek1/2 inhibitors to keep the cells in an undifferentiated, 

pluripotent state (Ying et al. 2008). In addition to dispensing with the problem 

of feeder contamination, growing ES cells in 2i media provides several 

advantages over culturing in serum on feeders. By interfering with pathways 
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involved in differentiation, 2i medium is selective against differentiating cells 

and therefore leads to a more homogeneous and undifferentiated cell 

population compared to cells grown in serum-supplemented medium. 

Furthermore, as a defined media, lot-to-lot variations between different 2i 

batches should be kept to a minimum compared to variation between batches 

of serum, allowing more reproducible results. 

 

3.1.1 Adaptation of feeder dependent mouse ES cells to 2i media 
 
According to the adaptation protocol of ESGRO-2i medium (Millipore), cells 

should be first grown in serum-supplemented medium after thawing and at the 

first splitting seeded in 2i-medium. However, this adaptation was observed not 

to be necessary (Tomasz Kulinski, personal communication) and therefore I 

tested both, sticking to the adaptation protocol and seeding them directly into 

2i medium. In general, cells seeded directly after thawing into 2i medium 

attached to a much lesser extent and many dying cells were observed. In 

contrast, cells plated onto a feeder layer in ES cell media with serum attached 

very well. This is as expected, since cells attach better to a feeder layer than 

directly to a gelatinized dish (Fig. 8). 

 

Cells thawed onto ES cell media with serum or directly into 2i media showed 

both growth, but the ES cell colony morphology looked better for ES cells 

thawed in serum containing media, with colonies showing a distinctive round 

shape with a bright edge (Fig. 8). 2i medium is a selective medium against 

differentiated cells and it seems there is a strong selection process going on 

when cells are plated directly into 2i medium without any adaptation. 

However, after the first passage when cells were re-seeded into 2i media, 

both cells thawed into ES cell media with serum and those thawed directly 

into 2i, grew well and had good ES cell colony morphology. 
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Fig. 8 Thawed ES cells approximately 24h (A and B), 48h (C and D) and 72h (E and F) after 
plating. (A), (C), (E) ES cells plated on a 6cm gelatinized dished containing a feeder-layer in 
ES cell media with serum (B), (D), (F) ES cells plated on a 6cm gelatinized dish in 2i medium 
(some feeder cells remain present as the thawed cells were grown on a feeder layer before 
freezing). Considerably more cells attached when cells were seeded on a feeder layer and 
the cells appeared to have better ES cell morphology when grown in ES cell medium with 
serum (representative images shown).  
 

3.1.2 Splitting cells 
 
Determining the appropriate splitting ratio for ES cells is required to allow 

optimal growth conditions for undifferentiated ES cells. On the one hand, 

colonies of ES cells seeded too densely start growing into each other, which 

induces cells to differentiate. On the other hand, it is necessary to have a 
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certain minimum cell number on a dish, because too sparsely seeded ES cells 

stop growing. After determining this optimal splitting ratio my aim was to 

determine how long to grow the cells to obtain a dense dish in order to 

maximize the yield of RNA or chromatin from one dish. 

 

Splitting was done in general after two days using both trypsin and accutase, 

which is recommended for 2i medium culture conditions (adaptation protocol 

ESGRO-2i MEDIUM, Millipore). Normally, the serum contained in the ES cell 

medium stops trypsin activity, but since 2i medium culture is serum free, the 

enzyme was stopped by pelleting the cells and removing all medium. This 

worked to a certain extent, but some problems with cell attachment were 

observed, as cells started detaching at the edges of the dishes one day after 

seeding them. This problem was no longer present when accutase was used 

to disassociate the cells. Furthermore, by using accutase the amount of cells 

required for seeded to obtain a dense dish could be reduced by at least half, 

simply because of the fact that more cells reattached. 5x105 cells seeded on a 

6cm culture dish showed the best results (Fig. 9), and while lower seeding 

densities down to 1x105 cells also grew fine, the density was quite low (not 

shown). In general, feeder cells were depleted after 2 passages. 

 

 

 

 

 

 

 
 

 

 

Fig. 9 ES cells thawed directly in 2i-medium about 48h (A) and 96h (B) after first passage 
(5x105 cells (A) and 2.5x105 cells (B) seeded). ES cell colony morphology appears good and 
seeding 5x105 cells yielded a dense dish. 
 

 

(A) (B) 
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In summary, the adaptation step is dispensable but it is advisable to seed an 

entire vial of feeder-dependent ES cells intended for a 10cm dish onto a 6cm 

dish when using 2i medium directly after thawing. This helps to overcome the 

low cell number at the first passage, simply because the starting cell number 

is greater. Using an entire vial on a 6cm dish can lead to a relatively dense 

feeder layer due to the feeder cells left before freezing, which can be depleted 

by feeder depletion methods, or diluted out by subsequent passaging. The 

first passage appears to be critical without adaptation, but the cells that 

survive this first selection grow very well and subsequently appear 

morphologically normal. 

 

I used these culturing approaches to adapt 2 different FVB/CAST ES cell lines 

(A2 and B2) and 2 different CAST/FVB (D2 and E2) cell lines to 2i media. 

After 4 passages I then harvested one 6cm dish from each of these cell lines 

and performed a standard RNA extraction using Trizol. The RNA from these 

cells will be subjected to RNA-seq and analyzed with the imprinted pipeline 

(developed by Daniel Andergassen and refined by Christoph Dotter, 

described below) to detect genes showing imprinted expression in 

undifferentiated ES cells. The ES cell culturing protocol that I optimized and 

the histone modification antibodies that I validated (see subsequent chapter) 

can then be used to also conduct ChIP-seq studies to detect differential 

enrichment of histone modifications at imprinted loci in these cells using the 

imprinted pipeline, as described for embryonic and extra-embryonic cells 

below. 

 

3.2 Separation of visceral yolk sac endoderm from the mesoderm 
layer 
 

In the present work VE was used as a representative for an EXEL tissue, 

which made it necessary to separate the two layers of the VYS. I did this 

separation together with Rita Casari following an efficient protocol developed 

in the laboratory (Hudson et al. 2011). To check the quality of this separation, 

RNA was isolated from the entire VYS and VE of E12.5 FVB +/+ and cDNA 
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was synthesized. Flk1 is a marker gene for mesoderm and was used to 

screen for mesoderm contamination after separation of the two layers of the 

VYS (VE and VM). The qPCR assay yielded about 12.5% signal for Flk1 in 

VE relative to the entire VYS (set to 100%) indicating a low level of mesoderm 

contamination. When testing for the endoderm marker Afp, separated VE 

shows an about 2.8x higher signal than in the entire VYS as is expected for 

an enriched endoderm sample (Fig. 10). The housekeeping gene cyclophilin 

was used to normalize all samples. These results were obtained early during 

the project and it can be assumed that the efficiency increased with more 

experience. 

 

 
 

 

 

 

 

 

 

 

 
Fig. 10 Result of qPCR analysis to test for mesoderm contamination after separating the two 
layers of VYS. Flk1 (mesoderm marker) showed about 12.5% of the signal of VYS in VE and 
Afp (endoderm marker) showed an about 2.8x higher signal in VE compared to VYS. Signals 
for VYS were set to 100 and all samples were normalized relative to cyclophilin. 
 

3.3 Validation of antibodies against active marks H3K4me3 and 
H3K27ac 
 

The main part of my project was to perform chromatin immunoprecipitation 

(ChIP) and therefore the next step was to validate antibodies and to optimize 

ChIP in MEFs, fetal liver and VE. Note that experiments were done following a 

native ChIP protocol adapted from Regha et al. (2007). 
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Fig. 11 Validation of H3K4me3 (07-473) and H3K27ac (ab4729) ChIP-antibodies on E12.5 
VYS (FVB +/+) material by qPCR using assays for active promoters (Igf2r and Airn), active 
(Afp and Myod1) and inactive (Atoh1) enhancers and an intragenic region (AirnEnd). All 
controls show the expected pattern, indicating that the antibodies detect the correct epitope. 
 

Fig. 11 shows chromatin immunoprecipitation (ChIP) qPCR validation of 

antibodies for the active histone modifications H3K4me3 (07-473 Millipore, 

active promoter mark) and H3K27ac (ab4729 Abcam, active promoters and 

enhancers) using E12.5 FVB VYS. The Igf2r promoter (Igf2r-97) and Airn 

promoter (Airn-125) known to be active in VYS were used as positive controls 

(see Fig. 12 for binding positions). Both showed good enrichment for 

H3K4me3 and H3K27ac, with the Airn promoter showing an about 5x stronger 

signal for H3K4me3 compared to the Igf2r promoter indicating that the Airn 

promoter is a very strong promoter (Fig. 11). The alpha-fetoprotein (Afp) is a 

marker gene for the VYS and therefore its enhancer is expected to be active. 

Indeed, it shows good enrichment for H3K27ac but not for the promoter mark 

H3K4me3 (Fig. 11). The Afp gene is highly transcribed in VYS and fetal liver 

and its enhancer is reported to be highly active (Tilghman 1985), which is 

confirmed by the ChIP qPCR data for VYS shown here. Also the second 

positive control for enhancers, the MyoD1 enhancer shows enrichment only 

for H3K27ac, and not for H3K4me3, with the signal about 3x less than for the 

Afp enhancer. 

 

As a negative control, the enhancer of the Atoh1 gene, known for its role in 

neurogenesis, was used (Ben-Arie et al. 1996). As expected, ChIP qPCR 
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showed a very low signal not very different from the mock control, for both 

active histone marks. The primer pair AirnEnd binds within the gene body of 

the Airn gene, a region where high levels of H3K4me3 or H3K27ac would not 

be expected (Fig. 12). This was confirmed by ChIP qPCR that showed a very 

low H3K4me3 signal and a weak H3K27ac signal that was much lower than in 

the positive controls. The mock signal was very weak at all tested regions, 

demonstrating the background to be very low. In conclusion, ChIP qPCR 

assays showed that both the H3K4me3 (07-473) and H3K27ac (ab4729) 

antibodies are specific and give a good signal, which indicated that these 

antibodies can be used for ChIP-seq experiments.  

 

 
 
Fig. 12 Overview of the binding positions of qPCR primers used to validate H3K4me3 (07-
473) and H3K27ac (ab4729) ChIP-antibodies in the Igf2r/Airn region. Airn-125 and Igf2r-97 
bind at the promoters of Airn and Igf2r and AirnEnd is within the Airn gene body. The 
sequencing track shows H3K4me3 ChIP-seq from MEFs with peaks over the Airn and Igf2r 
promoters. 
 
3.4 Using MEFs to validate ChIP-antibodies against repressive 
marks 
 
The MEFB1 (+/Thp) and MEFF (Thp/+) immortalized cell lines (Regha et al. 

2007) were used to test antibodies for ChIP before using them on embryonic 

tissue. MEFs have the advantage that they can be grown relatively easily and 

cost effectively, and cells can be quickly obtained in relatively large amounts, 

which are advantages for extensive testing of antibodies. Moreover, MEFB1 

and MEFF cells are hemizygous for a 5 Mb deletion containing the Igf2r 

imprinted cluster and allow specific interrogation of the maternal and paternal 
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allele of the Igf2r cluster, which has known parental allele-specific histone 

modifications and thus can be used to validate antibodies (Regha et al. 2007). 

For example, the Airn promoter has H3K9me3 signal enriched on the silent 

maternal allele, while the Igf2r promoter shows H3K9me3 enrichment on the 

silent paternal allele. To test that the MEFB1 and MEFF cell lines were as 

expected, I first characterized the allele-specific DNA methylation pattern at 

the Igf2r and Airn promoters. Southern blots were performed cutting with 

EcoRI only (control) and EcoRI together with a methylation sensitive 

restriction enzyme, Not1 (GC↓GGCCGC) for the Igf2r promoter and Mlu1 

(A↓CGCGT) for the Airn promoter. Methylation sensitive restriction enzymes 

are unable to cleave methylated-cytosine residues, resulting in the methylated 

allele showing the same fragment length as those samples digested only with 

EcoRI.  

 

 

  

 

 

 

 

 

 
    Igf2r                                          Airn 

 
Fig. 13 Result of methylation assay by Southern blot shows the expected result of DNA 
methylation at promoters of inactive alleles. MEFF cells are DNA methylated at the Igf2r locus 
and MEFB1 at the Airn locus. The probes En-4kb (Igf2r) and Msi (Airn) were used. 
 

The methylation assay showed the expected pattern of DNA methylation on 

the promoters of silent alleles. MEFF cells representing the paternal state are 

DNA methylated on the Igf2r promoter and not on the Airn promoter while 

MEFB1 cells representing the maternal state show the reverse pattern (Fig. 

13). This is in agreement with previous reports (Pauler et al. 2005). 
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3.4.1 Histone 3 lysine 9 di-methylation 
 

Two antibodies directed against H3K9me2 were tested using 30µg of 

chromatin obtained from MEFF and MEFB1 cells as a starting material for 

ChIP. The previously published positive controls Mage-a2, IAP (LTR) and 

MusD (LTR) were used to check the specificity of the antibodies (Dong et al. 

2008). Intracisternal A-particle (IAP) and MusD are retrotransposons and 

Mage-a2 is a class II endogenous retroviruses on the X-chromosome (Mager 

& Freeman 2000; Ribet et al. 2007) that were shown to be enriched for 

H3K9me2 (Dong et al. 2008). Gapdh as an expressed housekeeping gene 

should not show the repressive mark H3K9me2 and was therefore used as a 

negative control.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 14 Result of validation of two antibodies against H3K9me2 (ab1220 and CST4658) with 
the positive controls Mage-a2, IAP (LTR) and MusD (LTR) and the negative control Gapdh. 
ab1220 performs well showing the expected pattern, whereas CST4658 has a low signal and 
can therefore not be used in ChIP-seq experiments. 
 

CST4658 (Cell Signaling Technology) showed some enrichment for Mage-a2, 

but IAP and MusD showed weak signals similar to the negative control 

Gapdh. In contrast, ab1220 (Abcam) showed good enrichment for all three 

positive controls and very low signal for Gapdh. Both antibodies showed a 

similar pattern in both cell lines (MEFF and MEFB1) and mock signals were 

very low at all tested positions (Fig. 14). In conclusion, ab1220 showed the 
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expected results for positive and negative controls and had a robust level of 

enrichment on positive controls indicating that it can be used for ChIP-seq. In 

contrast, CST4658 showed a low level of enrichment on positive controls 

indicating that it would not work for ChIP-seq. The next step was to validate 

ab1220 in embryonic tissue using E12.5 liver from FVB +/+. 

 

 

 

 

 

 

 
 

 

 

 
 
 
Fig. 15 Result of validation of ChIP on embryonic liver (FVB +/+) using the ab1220 antibody 
against H3K9me2 with 3 biological replicates (2a and 2b are technical replicates). Positive 
controls MusD and Mage-a2 show good enrichment and the negative control Actin prom 
shows a very low signal, indicating the antibody is specific. 
 

Fig. 15 shows the qPCR results of a ChIP using ab1220 against H3K9me2 in 

E12.5 liver (FVB +/+) for 3 biological replicates. Samples 2a and 2b are the 

same biological replicate, but were split after dialysis into two technical 

replicates since the amount of chromatin was more than two times higher than 

in the other two biological replicates. Both positive controls (MusD and Mage-

a2) showed good enrichment for H3K9me2 whereas the negative control 

(Actin promoter) was very low and comparable to the mock antibody. 

However, it was surprising that the two technical replicates 2a and 2b showed 

such different signal relative to input, with 2b more than 2 times higher for 

MusD and almost 3 times higher for Mage-a2 than 2a. In summary, for 

embryonic liver, in addition to MEFs, the ab1220 H3K9me2 antibody gives the 

expected results for positive and negative controls and a robust signal for 

positive controls indicating that the antibody can be used for ChIP-seq for 

both cell culture cells and tissues. 
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3.4.2 Histone 3 lysine 9 tri-methylation 
 
The silent maternal Airn promoter is enriched with H3K9me3 (MEFB1 cells), 

while the active paternal promoter is not (MEFF cells). Conversely, the silent 

paternal Igf2r promoter is enriched for H3K9me3 (MEFF cells), while the 

active maternal promoter is not (MEFB1 cells) (Regha et al. 2007). Therefore, 

I used assays for the Airn and Igf2r promoters in these cells as positive and 

negative controls for testing H3K9me3 antibodies for ChIP. Three different 

antibodies were tested: 4861 (laboratory of Thomas Jenuwein), MAb-153-050 

(Diagenode) and SN-146-100 (Diagenode).  

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 16 Result of validation of three different ChIP-antibodies against H3K9me3 (4861, MAb-
153-050 and SN-146-100) in MEFF and MEFB1 cells at the Igf2r and Airn promoters. The 
outcome shows that 4861 and SN-146-100 show the expected results with a robust level of 
enrichment, whereas MAb-153-050 shows very low enrichment indicating that it is not useful 
for ChIP-seq. 
 

All three antibodies gave the expected pattern, with SN-146-100 showing the 

best results in terms of absolute enrichment on the silent alleles (positive 

controls), but also the highest signal for the active alleles (negative control) 

(Fig. 16). The optimal ChIP-antibody should show robust enrichment, but 

should also be highly specific, which is why the signal for both the positive 

and negative controls should be taken into account. When calculating the 

relative ratios between the silent and active Igf2r promoter in both cell lines, 

4861 showed about 6x more enrichment on the paternal allele (MEFF) than 
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maternal allele (MEFB1), making it the most specific at this loci, as SN-146-

100 showed 3x enrichment and MAb-153-050 4x more enrichment. At the Airn 

promoter, SN-146-100 showed the best enrichment on the silent maternal 

allele (MEFB1) compared to the active paternal allele (MEFF) with 283x 

enrichment, followed by 4861 (16x) and finally MAb-153-050 (2.5x) (Fig. 16). 

In conclusion, MAb-153-050 gave poor enrichment, but both SN-146-100 and 

4861 with robust enrichment indicating that they should work for ChIP-seq. 

Since we already had the 4861 in relatively large amounts in the laboratory, 

different amounts of this antibody were tested to optimize the experiment and 

to get a higher signal relative to input. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 17 Result of validation of the 4861 H3K9me3 antibody by qPCR using increasing 
amounts (5, 10 and 20µl) of antibody. 20µl shows the best results not only with the highest 
signal relative to input on the silent alleles (positive controls), but also the highest specificity 
(lowest silent to active allele ratios). 
 

As expected, increasing amounts of 4861 pulled down more fragments, 

resulting in a higher signal compared to input. Again, the relative ratio 

between MEFF and MEFB1 cells at the Igf2r promoter and Airn promoter 

were calculated with the result that a higher amount of antibody not only 

pulled down more, but was also more specific. Especially at the Airn locus, 

signals were 5x (5µl), 14x (10µl) and 45x (20µl) enriched, showing that 20µl 

gave the best results. Surprisingly, the results for 5µl were not much different 

from mock levels, at the Igf2r promoter it was even lower, indicating this 

concentration of antibody in the ChIP was too low to detect low level 
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enrichment like that seen at the silent Igf2r promoter (Fig. 17). Next the 

antibody 4861 was tested in tissues using E12.5 liver of FVB +/+. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 18 Validation of the 4861 H3K9me3 antibody in E12.5 liver (FVB +/+) with 3 biological 
replicates (2a and 2b are technical replicates), resulting in the expected pattern of robust 
enrichment at the Igf2r promoter and the Airn promoter and low signals at the Actin promoter. 
Overall signals are lower in embryonic liver than in cells, although more chromatin was used. 
 

Fig. 18 shows qPCR validation of ChIP using 20µl of 4861 targeted against 

H3K9me3 in E12.5 liver. The antibody yielded robust signals for the positive 

controls Igf2r promoter and Airn promoter and low signals for the negative 

control Actin promoter. The overall signal relative to input was unexpected 

low, even though 20µl of antibody was used and the ChIP starting material 

was between 46µg (1) and 86µg (2a and 2b) compared to 30µg used for MEF 

cells. The Airn promoter showed a relatively high signal compared to the Igf2r 

promoter similar to what was observed in MEFs and confirming previous 

reports (Regha et al. 2007; Latos et al. 2012). 

 

3.4.3 Histone 3 lysine 27 tri-methylation 
 
To test the antibodies against H3K27me3 with qPCR, published positive and 

negative controls were used (Pauler et al. 2009). H3K27me3 was shown to 

form broad local enrichments (BLOCs) rather than focal peaks and the 

primers used lie either outside (BV1 and BV5) or within a BLOC (BV14, BV21, 

BV25 and BV32) that covers part of the Igf2r imprinted cluster (Fig. 19). BV25 

was reported to show a very weak signal, although it lies within the BLOCs 
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region, which is why it was used as a negative control in the validation assay 

(Pauler et al. 2009).  

 

 
 

Fig. 19 Overview of the region used to validate ChIP-antibodies against H3K27me3. The 
BLOC region reported by Pauler et al. (2009) is indicated and also the primer positions used 
in this project (BV1, BV5, BV14, BV21, BV25 and BV32) (Pauler et al. 2009). 
 

Two antibodies directed against the repressive histone modification 

H3K27me3 were tested (ab6002 (Abcam) and 6523 (laboratory of Thomas 

Jenuwein)) and both were found to perform well (Fig. 20). 

 

     
 
Fig. 20 Validation of the ab6002 and 6523 H3K27me3 antibodies with ChIP-qPCRs of 
positive (BV14, BV21, BV32) and negative controls (BV1, BV5, BV25). Both antibodies show 
the expected pattern. 
 

In general, both antibodies against H3K27me3 show the expected pattern 

with low signals for the primers outside the BLOCs region (BV1 and BV5) and 
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for BV25. At BV32 ab6002 gave a surprisingly high signal, which is not 

expected from visual inspection of the sequencing track (Fig. 19) or the qPCR 

results from Pauler et al. (Pauler et al. 2009). The primer BV21 is at the 

promoter of the Slc22a3 gene and yielded a strong signal from both 

antibodies (Fig. 20). This is also reflected by the sequencing track, showing a 

high peak at this position. The mock was very low for all tested primers (data 

not shown), demonstrating low background. Similar to the result for the 4861 

(H3K9me3) antibody, the signal relative to input for 6523 was quite low when 

using only 5µl. (Fig. 20). Therefore, different amounts of antibody were tested 

to improve the signal, using 5, 10 or 20µl of antibody on MEFF cells (30µg 

starting material each). All concentrations of antibody showed the expected 

pattern, but the amount of pull-down relative to input was quite different, with 

20µl giving the best signal relative to input (Fig. 21). Although, enrichment 

over negative controls also increased with increasing amounts of antibody, 

the overall ratio between negative and positive controls was better with 20µl 

antibody compared to 5 and 10µl. For all concentrations, the signal of the 

positive control BV14 was surprisingly high when compared to what was seen 

by Pauler et al. (2009), almost reaching levels of BV21, especially when 10 

and 20µl of antibody was used. In conclusion, both antibodies appear suitable 

to be used in ChIP-seq, and while 5µl of ab6002 gave sufficient signal, 20µl of 

6523 was necessary to obtain comparable results in terms of signal strength 

relative to input. 
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Fig. 21 Result of ChIP qPCR validation with increasing amounts of the 6523 antibody (5, 10 
and 20µl) directed against H3K27me3. All concentrations showed the expected pattern with 
20µl yielded the highest enrichment over positive controls, and the best positive to negative 
control ratio. 
 

3.5 Using the imprinting pipeline to analyze ChIP-seq data 
 
Following validation of histone modification antibodies for ChIP detailed in the 

previous chapter, I conducted ChIP-seq on the active histone modifications 

H3K4me3 and H3K27ac in tissues obtained from E12.5 embryos (MEFs, liver 

and VE) from reciprocal crosses from the FVB/N and CAST/EiJ mouse 

strains. Following ChIP, I prepared libraries for sequencing according to the 

TruSeq ChIP Sample Prep Kit Guide with minor changes indicated in the 

methods section. The samples were then sent for sequencing 50bp single end 

(SE) to the Biomedical Sequencing Facility (BSF) at CeMM. The amount of 

reads were in the range of 40- 50 million reads for each sample, except for 

H3K27ac in VE, for which we only obtained 22- 26 million reads. 

 

I then used a bioinformatics pipeline developed in our laboratory by Daniel 

Andergassen and refined by Christoph Dotter to detect imprinted expression 

and differential enrichment of histone modifications, known as the imprinted 

pipeline (a methods paper by Daniel Andergassen et al., describing the 

pipeline is in preparation). Previous incarnations of this pipeline were used to 

detect imprinted expression from RNA-seq, which was done by Daniel 

Andergassen. At this point I would also like to acknowledge Daniel 
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Andergassen for setting up the pipeline and Christoph Dotter for providing 

great bioinformatics support and helping me to get familiar with the imprinting 

pipeline. In my analysis I focused on detecting parental allele-specific 

differential enrichment of the active histone modifications H3K4me3 and 

H3K27ac at promoters, to determine if this correlates with imprinted 

expression, and as a proof of principle that this experimental setup and the 

bioinformatics pipeline used can detect differential enrichment of histone 

modifications.  

 

The following sections contain tables listing genes detected by the imprinted 

pipeline in MEFs, liver and VE from ChIP-seq data for H3K4me3 and 

H3K27ac. The tables show the location of the loci identified, the gene name, 

the imprinting score (IS), the ratio of maternal and paternal enrichment and 

the SNP coverage. One caveat of this approach is that if a gene or promoter 

region contains a large number of SNPs, a minor parental bias may have an 

imprinting score higher than the false discovery rate (FDR) even though it is 

debatable if this is a biologically meaningful bias. Therefore, I set an arbitrary 

cutoff requiring a minimum parental allelic ratio of 35:65 or 65:35 and 

excluded genes below this ratio from further analysis. Additionally, miRNA loci 

that lie within known imprinted genes were excluded. All identified genes were 

compared to both, the Otago Imprinted Gene Catalogue (Morison et al. 2001; 

Morison et al. 2005) and the MRC Harwell Imprinting Web page (Williamson 

et al. 2014) with the last column in each table stating the status of the 

identified gene. It can either be already known to show imprinted expression 

(*) or previously not reported as showing imprinted expression (unknown, u). 

The colors of the lines indicate the parental enrichment, with blue=paternal 

and red=maternal. The annotation used to analyze ChIP-seq was +/- 2kb of 

transcription start sides (TSS) of RefSeq-genes. 

 

3.5.1 Setting the false discovery rate (FDR) 
 
The imprinting pipeline adds up all the maternal and paternal sequencing 

reads over SNPs within a gene or other annotated region, such as a 

promoter, and calculates an imprinting score (log10 P-value) based on the 
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degree of bias in reciprocal comparisons (deviation from the binomial 

distribution) and SNP coverage (more highly covered genes/promoters show 

a higher IS for the same ratio) (DeVeale et al. 2012). The imprinting score 

was then given a positive value if the bias was maternal and a negative value 

if the bias was paternal. The imprinting pipeline used in the present work uses 

biological replicates, which allows a 4-way comparison between the reciprocal 

crosses and a mock comparison between the two biological replicates (Fig. 

22).  

 

FVB/Cast                           Cast/FVB 

 

 

FVB/Cast                           Cast/FVB 
 

Fig. 22 All comparisons possible when using biological replicates of reciprocal crosses (4-way 
and mock). Mock comparisons between biological replicates allow the false discovery rate to 
be empirically set. 
 

The mock comparison allows the FDR to be set empirically instead of being 

calculated based on mathematical models that cannot account for biological 

and technical biases (DeVeale et al. 2012). The FDR was set to 5% in all 

analyses performed, meaning that the IS necessary to call a gene is 

determined as a value where the number of genes detected in the mock 

comparisons (which should not differ much since they are biological 

replicates) is 5% of those identified in the F1 comparisons (the reciprocal 

crosses) (Fig. 23 FDR calculations for H3K4me3; Fig. 24 FDR calculations for 

H3K27ac). The imprinted pipeline calculates the IS strand-specifically for 

RNA-seq, but not for ChIP-seq, which is not strand-specific. In an advance 

over DeVeale et al. (2012) on which the pipeline is based, we make use of the 

4 comparisons to calculate a mean score minus the standard deviation, and 

use this value to determine if a gene passes the FDR threshold thus reducing 

the number of false positives (DeVeale et al. 2012). 
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Fig. 23 Plot detail for H3K4me3 ChIP-seq data showing the imprinting score necessary at a 
FDR of 5% to call a promoter as differentially enriched. (A) MEFs (B) liver (C) VE. Scores are 
1, 3 and 2 (MEFs, liver and VE, respectively). 
 

 

 

 

 

 

 

 

 
 

 

Fig. 24 Plot detail for H3K27ac ChIP-seq showing the imprinting score necessary at a FDR of 
5% to call a promoter as differentially enriched. (A) liver (B) VE. Scores are 3.5 and 1.25 (liver 
and VE, respectively). 
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3.5.2 Validation of imprinting pipeline results for ChIP-seq 
 

Screening for parental allele-specific differential enrichment of H3K4me3 

identified 43 (MEFs), 24 (liver) and 34 (VE) loci. This result needed to be 

validated manually, first by removing genes that showed a parental bias ratio 

of less than 35:65 or 65:35. This analysis resulted that in MEFs 10 loci were 

below the cut-off (A530072M11Rik, Slc7a5, Heatr2, U2af2, Acot8, Zswim3, 

Mir1949, Pwwp2a, Tcf19 and Cchcr1), all with a parental ratio not very 

different from 50:50 and a low IS (less than 1.58), but a high SNP coverage 

(at least 385). In liver 2 loci (Pold3 and Gtpbp4) and in VE 3 loci (Ddc, 

2410003L11Rik and L1td1) below the cut off were identified. They showed a 

higher IS (3.09 and -3.59 for Pold3 and Gtpbp4 in liver, and -10.78, -2.28 and 

2.75 for Ddc, 2410003L11Rik and L1td1 in VE) and while both loci in liver 

were highly covered (883 and 1480 reads, respectively), in VE Ddc and L1td1 

were highly covered (1005 and 924), but 2410003L11Rik showed less reads 

(292). Except for Ddc, all loci excluded were not previously reported to show 

imprinted expression, and Ddc was only reported to show paternal imprinted 

expression in embryonic and neonatal heart (Menheniott et al. 2008).  

 

The two micro RNAs Mir675 and Mir483 were identified in all cell types and 

showed a robust parental ratio. However, both were excluded because Mir675 

is processed from its host transcript H19 (Cai & Cullen 2007) and Mir483 is 

within intron 2 of Igf2 (Landgraf et al. 2007). In addition, the miRNA Mir335 

was excluded because it maps within Mest (Royo et al. 2006). The ncRNA 

R74862 identified in VE was excluded, because its promoter is on the 

antisense strand to Cd81 and since ChIP-seq does not allow strand-specific 

analysis, it is likely that the differential H3K4me3 peak detected belongs 

rather to the known imprinted gene Cd81 than to R74862. Gab1 was reported 

to show expression from the paternal allele in placenta and biallelic 

expression in yolk sac at E13.5 (Okae et al. 2012). Surprisingly, in the present 

data, it was identified by enrichment of H3K4me3 on the maternal allele in VE, 

which is against published data, but since this is no reason to exclude it from 

subsequent data analysis it was retained. In MEFs, 3 loci not previously 

reported to show imprinted expression were detected (Mir344d-2, Mir344c 
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and A330076H08Rik) that do not lie within a gene known to show imprinted 

expression, which is why they were retained for further analysis. In summary, 

30 (MEFs), 20 (liver) and 28 (VE) genes were identified to show parental 

specific enrichment of H3K4me3 at their promoter, all of which except for 3 

(identified in MEFs) are already known to show imprinted gene expression. 

 
3.5.2.1 Differential H3K4me3 in MEFs (n=30) 
 
Screening for differential H3K4me3 in MEFs yielded 30 genes of which 27 

were previously reported to show imprinted gene expression. The loci 

Mir344d-2, Mir344c and A330076H08Rik are not listed in both lists and are 

therefore considered to be potentially novel (Table 1). 
 

 
Table. 1 Result of the imprinting pipeline, listing gene promoters identified to show differential 
H3K4me3 enrichment in MEFs. 30 loci were identified (27 known imprinted genes). The color 
indicates the parental enrichment (blue= paternal, red= maternal). The last column states 
whether the gene was previously shown to be imprinted expressed (*) or if its imprinting 
status is unknown (u). 3 loci were identified that are neither listed in Otago Imprinted Gene 
Catalogue nor in the MRC Harwell Imprinting Web page. 
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3.5.2.2 Differential H3K4me3 in liver (n=20) 
 

Analysis of allele-specific H3K4me3 in liver identified 20 already known 

imprinted genes. All of them were also found in MEFs (Table 2). 
 

 
Table. 2 Gene promoter that were identified to show differential H3K4me3 enrichment in liver. 
20 genes were identified, which are all already known to show imprinted gene expression. 
The color indicates the parental enrichment (blue= paternal, red= maternal). The last column 
states whether the gene was previously shown to be imprinted expressed (*) or if its 
imprinting status is unknown (u). 
 

3.5.2.3 Differential H3K4me3 in visceral yolk sac endoderm (n=28) 
 

Using the imprinting pipeline to analyze ChIP-seq data against H3K4me3 in 

VE revealed 28 genes that show parental specific enrichment at their 

promoter region (Table 3). 
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Table. 3 Gene promoters that were identified to show differential H3K4me3 enrichment in VE. 
28 genes were identified all of which have been previously reported to show imprinted 
expression. The color indicates the parental enrichment (blue= paternal, red= maternal). The 
last column states whether the gene was previously reported to show imprinted expressed (*) 
or if its imprinting status is unknown (u). 
 

3.5.2.4 More paternally expressed genes show differential H3K4me3  
 

Fig. 25 shows the number of loci with differential H3K4me3 identified in MEFs 

(30), liver (20) and VE (28) grouped according to their parental enrichment. To 

date, more maternally expressed imprinted genes have been reported 

(Williamson et al. 2014) but surprisingly in all three cell types examined here, 

more paternally expressed genes were found (24 in MEFs, 15 in liver and 18 

in VE). The most maternally expressed genes were identified in VE (10, 

compared to 6 in MEFs and 5 in liver).  
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Fig. 25 Number of genes showing parental specific enrichment of H3K4me3 at promoter 
regions in MEFs, liver and VE. All three cell types show more paternally enriched genes. 
 

3.5.2.5 Comparison of differential H3K4me3 in three cell types 
 

Imprinted gene expression is tissue specific and Fig. 26 shows a comparison 

of genes identified in the three investigated cell types. 

 

 

 

 

 

 

 

 
 
 
 
Fig. 26 Venn diagram comparing genes found in MEFs, liver and VE. 8 unique genes 
were identified in VE and 9 in MEFs. Genes in liver overlap 100% with MEFs. 
 

Analysis of tissue specificity yielded 19 genes that were found in all three cell 

types, and also showed that all 20 genes identified in liver were also identified 

in MEFs. One gene identified in liver and MEFs was not found in VE 

(Slc38a4) and one gene found in VE and MEFs was not found in liver (Igf2os). 

VE shows 8 unique genes including 5 EXEL genes (Gab1, Cd81, Dlk1, Jade1, 
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Phlda2, Sfmbt2, Slc22a18 and Slc22a3) and MEFs had 9 unique genes 

(A330076H08Rik, Gnas, Magel2, Mest, Mir344c, Mir344d-2, Mkrn3, Ndn and 

Peg12) (Fig. 26). 

 

3.5.2.6 Results of differential H3K27ac in liver (n=6) and VE (n=5) 
 

Following ChIP against H3K27ac in liver and VE the imprinting pipeline was 

used to screen for differential enrichment over promoter regions of known 

RefSeq genes (Tables. 4 and 5). Analysis of ChIP against H3K27ac in liver 

and VE resulted in the identification of 6 and 5 genes, respectively, that 

showed differential enrichment of this histone modification at their promoter 

region (+/- 2kb of TSS of RefSeq genes) (Tables. 4 and 5). The amount of 

genes detected compared to the number of genes identified in the same 

tissues by differential H3K4me3 is low, suggesting H3K27ac may be less 

useful to identify imprinted gene expression. Fam192a on mouse 

chromosome 8 found in liver was the only novel gene identified, and was not 

detected by H3K4me3 ChIP-seq or reported from RNA-seq before. It has a 

ratio just above the cut off and a weak IS and would need to be validated by 

other techniques to determine if it is a true imprinted gene. All other genes 

identified in liver showed very robust parental ratios and were previously 

reported to show imprinted expression (Table. 4). 

 

 
 
Table. 4 Genes identified to show differential H3K27ac enrichment in liver. 6 genes were 
identified, of which 5 were already known to show imprinted gene expression. The color 
indicates the parental enrichment (blue= paternal, red= maternal). The last column states 
whether the gene was previously shown to be imprinted expressed (*) or if its imprinting 
status is unknown (u). 
 

In VE there were more variable parental ratios, but all fell within the specified 

range (Table. 5). All genes that showed differential H3K27ac enrichment were 

also identified to show differential H3K4me3 enrichment, except for Fam192a 
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in liver (Tables. 2 and 3). Note that the reads obtained from the sequencing 

was only about half for VE compared to liver and since the imprinting pipeline 

is based on coverage and ratio, it is likely that re-analyzing of better quality 

sequencing could identify more genes.  

 

 
 
Table. 5 Genes identified to show differential H3K27ac enrichment in VE. 5 genes were 
identified that are all already known to show imprinted gene expression. The color indicates 
the parental enrichment (blue= paternal, red= maternal). The last column states whether the 
gene was previously shown to be imprinted expressed (*) or if its imprinting status is unknown 
(u). 
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4. DISCUSSION 
 

The idea of this project was to determine the imprinting signature of MEFs, 

liver and VE by performing ChIP-seq against H3K4me3, H3K27ac, H3K9me2, 

H3K9me3 and H3K27me3. However, due to a number of reasons e.g. 

troubles with breeding the mice and finding efficient antibodies, I could only do 

part of this. I managed to find efficient antibodies against all histone 

modifications mentioned above and performed ChIP-seq for the active marks. 

This was then analyzed to screen for parental- and tissue-specific enrichment 

using an imprinting pipeline developed by Daniel Andergassen and refined by 

Christoph Dotter in the Barlow laboratory. With this approach I could identify 

30 (MEFs), 20 (liver) and 28 (VE) genes that showed differential enrichment 

of H3K4me3, and 6 (liver) and 5 (VE) genes with parental specific enrichment 

of H3K27ac. Most of these loci are already known, but I could also identify 3 

for H3K4me3 in MEFs and 1 for H3K27ac in liver that are not listed in the 

Otago Imprinted Gene Catalogue (Morison et al. 2001; Morison et al. 2005) 

and the MRC Harwell Imprinting Web page (Williamson et al. 2014). 

 

4.1 Importance of validation of antibodies 
 

The first goal of this project was to validate ChIP-antibodies for specificity and 

efficiency. On the one hand, an ideal antibody should enrich the target DNA 

and should pull down a reasonable amount of DNA fragments, which can be 

measured relative to input. On the other hand, it should be highly specific 

leading to very low background signal. This requires extensive candidate 

testing done in the present work by performing ChIP followed by qPCR using 

primers of known positive and negative controls. In a large-scale study to 

determine the quality of antibodies, Egelhofer et al. (2010) tested more than 

200 commercially available antibodies against a number of histone 

modifications (Egelhofer et al. 2011). They found about 25% not to perform 

well and also reported that some only work in certain assays but not in others. 

There exist a number of different methods to assess the quality of antibodies 

including western blot, dot blot, ChIP-chip and ChIP-seq (Egelhofer et al., 
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2010), but also mass spectrometry (Peach et al. 2012). Nevertheless, an 

antibody shown to work for one application still needs to be validated for other 

applications with conditions that match the actual experiment as much as 

possible. In the present work, MEFs were used to initially test antibodies for 

ChIP and optimize conditions since it is not feasible to obtain embryonic 

tissue for extensive testing. Where possible, these conditions were tested at 

least once on an embryonic tissue to confirm that experimental conditions 

determined using cell culture cells are transferable. 

 

In general, there exist two different kinds of antibodies on the market, namely 

polyclonal and monoclonal, which both have their advantages and 

disadvantages. The most striking one is that lot-to-lot variation is common for 

polyclonal antibodies, meaning each new batch needs to be validated before 

using in experiments. Monoclonal antibodies should not vary between 

batches, but often produce a lower level of enrichment than polyclonal 

antibodies. This may be because monoclonal antibodies only recognize one 

epitope on an antigen, whereas polyclonal antibodies may recognize multiple 

epitopes on the antigen. The antibodies ab1220, SN-146-100 and ab6002 

validated in the present work are monoclonal (against H3K9me2, H3K9me3 

and H3K27me3, respectively) but showed a relatively robust enrichment at 

positive controls. In contrast, MAb-153-050 (against H3K9me3) is also 

monoclonal and failed in the present validation. It was specific in that it 

showed the expected enrichment pattern, but pull-down efficiency was very 

low.  

 

4.1.1 Finding suitable antibodies for ChIP-seq 
 

The main conclusion from testing a number of antibodies for ChIP is that 

finding efficient and specific antibodies was much easier for the active marks 

H3K4me3 and H3K27ac than it was for the repressive marks H3K9me2, 

H3K9me3 and H3K27me3. In fact, for the active marks the ones already 

present and in use in the laboratory could be used, whereas finding good 

working ones for the repressive marks turned out to considerably harder and 

needed a lot more testing. For the non-commercial polyclonal antibodies 4861 
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(H3K9me3) and 6523 (H3K27me3), the performance increased with more 

antibody used, with increased enrichment and an improved ratio between 

positive and negative controls. The commercial antibodies SN-146-100 

(H3K9me3) and ab6002 (H3K27me3) did not require this step of optimization 

and gave an acceptable signal/noise ratio with 5µl antibody. 

 

Another important point in ChIP is to determine the starting amount of 

chromatin needed for a successful experiment and, especially since in the 

present work mostly embryonic tissue was used, limiting it to a minimum 

amount is also important. For all antibodies confirmed to be suitable for ChIP-

seq an input amount of 30µg was sufficient, with more not giving better results 

(data not shown), despite the original protocol demanding 100 µg of 

chromatin. This could be because previously up to six different antibodies 

were used per ChIP, and many PCR assays were conducted that required 

more product than ChIP-seq (Regha et al. 2007). It could be speculated that 

even less than 30µg could be used for ChIP, especially for the active marks 

that show very robust signals in qPCR. 

 

In summary, in the present work antibodies for the active histone 

modifications H3K4me3 and H3K27ac were validated by qPCR and were later 

successfully used for ChIP-seq. Identification of ChIP-grade antibodies for the 

repressive modifications H3K9me2, H3K9me3 and H3K27me3 required more 

testing, but antibodies for each of these marks have been validated for ChIP 

and are planned to be used for ChIP-seq in the near future.  

 

4.2 Identification of known and potentially novel imprinted genes 
 

4.2.1 Imprinted expression is tissue specific 
 

To date, the Harwell MouseBook Imprinting Catalog lists 150 genes that were 

reported to show imprinted expression (Williamson et al., 2014). Of these 150, 

89 are expressed from the maternal and 61 from the paternal allele. However, 

from the present ChIP-seq data, only 30 (MEFs, of which 3 are novel and not 
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on the Harwell list), 20 (liver) and 28 (VE) genes could be identified to show 

differential H3K4me3 on their promoter.  

 

There are biological and technical reasons why not all imprinted genes are 

detected as showing imprinted expression in a given tissue. First, imprinted 

gene expression is very tissue specific and as mentioned earlier, a subset of 

genes shows EXEL-specific imprinted expression or only shows imprinted 

expression in a tissue that was not examined in this study, such as the brain 

(Mancini-DiNardo et al. 2003; Peters & Williamson 2007; Wang et al. 2008; 

Hudson et al. 2010; Hudson et al. 2011; Santoro & Barlow 2011; Wang et al. 

2011). Furthermore, some genes were identified to exhibit a distinct 

developmental stage-specific imprinted expression pattern, and therefore do 

not necessarily show imprinted expressed at the investigated time point 

(E12.5). Examples are the EXEL-specific imprinted genes Ins2 in the Igf2 

cluster and Slc22a3 in the Igf2r cluster. Ins2 gains imprinted expression after 

E14.5 and Slc22a3 looses imprinted expression after E15.5 (Giddings et al. 

1994; Deltour et al. 1995; Zwart et al. 2001; Nagano et al. 2008). Second, 

imprinted expression cannot be detected for some genes due to a strain bias 

in expression between FVB and CAST that is greater than the expression 

difference due to imprinted expression. Third, with the approach used in the 

present work relying on SNPs, differences can only be detected when there is 

at least one SNP within the investigated region (+/- 2kb of TSS of RefSeq 

genes for ChIP-seq). Although FVB and Cast can be distinguished by about 

20 million SNPs (Keane et al. 2011), it is impossible to assign sequencing 

reads according their parental origin if a gene promoter does not contain a 

SNP, and therefore the imprinted expression status of such genes cannot be 

determined. For each SNP position, a score is calculated and all SNPs within 

a region are summarized, meaning the more SNPs, the more robust imprinted 

gene expression can be detected. Moreover, the SNP score is a combination 

of coverage and ratio so it is more difficult to detect imprinted expression from 

genes with low SNP coverage. On the other hand, genes that are very well 

covered by SNPs and only show a mild bias in expression rates may be 

detected, although the biological relevance of such minor biases in expression 

is debatable (DeVeale et al. 2012). 
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Analysis of RNA-seq data done by Daniel Andergassen using the same cell 

types and bioinformatics pipeline (but an older version) as in the present work, 

identified more genes to be differentially expressed than what I detected from 

H3K4me3 and H3K27ac enrichment (Daniel Andergassen, unpublished data). 

I confirmed this result by re-analyzing the RNA-seq data with the current 

version of the pipeline. A recent study conducted in MEFs found 32 genes 

that were all described before to be imprinted expressed (Tran et al. 2014) 

and in the present work, 30 loci were identified to show allele-specific 

enrichment for H3K4me3, of which 27 are known imprinted genes. 20 out of 

32 genes identified by Tran et al. (2014) were also detected in the present 

work to show differential H3K4me3 enrichment at their promoter, but 12 could 

not be identified in the present work. However, 10 genes found with parental 

specific H3K4me3 enrichment, of which 7 were previously reported to show 

imprinted gene expression, were not identified by Tran et al. (2014). Notably, 

they used different F1 mouse crosses that were different by about 15 million 

SNPs compared to the 20 million SNPs of the crosses used in the present 

work (Keane et al. 2011; Tran et al. 2014).  

 

The difference in the number of identified loci between RNA and ChIP-seq 

using the same pipeline may be caused by technical reasons. For analysis of 

RNA-seq data the annotated gene body was used. This is generally a larger 

region than the 4kb window over promoters used for ChIP-seq in this study. 

As a consequence, the RNA-seq approach may be more powerful, because 

more SNPs are within the investigated regions and since the SNP scores are 

added up, the differences can be more easily detected. However, it is not 

known if all imprinted genes would show differential H3K4me3 at their 

promoters. If this is not the case then this would be a biological explanation 

that accounts for the lower number of imprinted genes identified using ChIP-

seq.  

 

4.2.2 The importance of a good annotation 
 

A key element of the imprinting pipeline is the annotation used. In the present 

work a window of +/- 2kb of TSS of RefSeq genes was used, which works well 
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when looking for differential promoter marks of well-characterized genes. 

Alternatively, one could call peaks with the help of MACS (Zhang et al. 2008) 

and use the result as an annotation, since H3K4me3 forms focal peaks. Like a 

custom annotation of the transcriptome for RNA-seq, peak calling would 

enable a more complete picture not just including RefSeq genes. When 

screening for enhancer or repressive histone marks peak calling may not 

work, since for example H3K27me3 forms broader regions rather than focal 

peaks (Pauler et al. 2009) and also H3K27ac was observed from the 

sequencing tracks (this work) to form larger regions rather than clearly 

separated peaks, which could lead to non-satisfying results. Although recently 

the existence of super-enhancers was reported proposing median sizes of 

about 9kbp (Hnisz et al. 2013; Whyte et al. 2013), enhancers are typically not 

as large as the H3K27ac peak is, which is why an alternative approach is 

needed. A possibility would be a sliding-window approach, meaning to take, 

for example, a 1kb window and move this in 100bp steps along the genome, 

screening for significant differences between the parental alleles. 

 

4.2.3 Strand-specific analysis is necessary to resolve some issues 
 

RNA-seq allows strand-specific analysis, but for ChIP-seq data this is not 

possible. With the present annotation this leads to problems with promoter 

regions that are in close proximity, even though they are on opposite strands. 

This problem was observed with the ncRNA R74862 identified in VE. 

Although R74862 and Cd81 lie on opposite strands, the H3K4me3 peak is 

detected for both of them and as a result both are reported to show differential 

enrichment. These cases needed to be resolved manually by visual inspection 

of the sequencing tracks. In the present case it is very likely that the 

differential peak is at the promoter of Cd81, since it was reported earlier to 

show imprinted gene expression in early development in EXEL but not in the 

embryo (Fig. 27) (Caspary et al. 1998; Dao et al. 1998; Lewis et al. 2004; 

Umlauf et al. 2004). The same problem was observed for Sgce and Peg10, 

Peg3 and Usp29 and Igf2os and Igf2 which are all on opposing strands, but 

are in close proximity and differential H3K4me3 cannot be assigned to one 
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gene, but since all these genes are known to show imprinted expression, they 

were kept for subsequent analysis. 

 

 
 
Fig. 27 Screenshot of the promoter region of Cd81 and R74862 highlighting the problem of 
promoters that are in close proximity to each other. Although they are on opposite strands, 
both are detected because the 4kb window included both promoters and for ChIP-seq no 
strand-specific analysis is possible. 
 

4.2.4 A subset of genes shows extra-embryonic lineage specific 
imprinted expression 
 

So far, the global imprinted expression pattern in VE has not been defined, 

since placenta was used as a representative of an EXEL tissue in RNA-seq 

studies to screen genome-wide for imprinted gene expression (Wang et al. 

2011; Okae et al. 2012). However, analysis of imprinted expression in 

placenta is complicated as it contains multiple cell types including maternal 

contaminating tissues whereas VE as a homogenous population of EXEL 

cells overcomes these problems and was therefore used in this project 

(Hudson et al. 2011). 

In the present work, I used VE as a model for an EXEL imprinted state and 

identified via ChIP-seq against H3K4me3 eight genes only detected in VE to 

have differential H3K4me3 enrichment on their promoter (five are known to 
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only show imprinted expressed in EXEL tissues), of which three show 

paternal and five maternal enrichment. 2 of these genes are within the known 

imprinted clusters Kcnq1 (Cd81) and Igf2r (Slc22a3) and were previously 

reported to show imprinted expression in placenta (Zwart et al. 2001; Lewis et 

al. 2004). Moreover, Phlda2 and Slc22a18, both part of the Kcnq1 cluster and 

reported to show ubiquitous imprinted expression (Dao et al. 1998; 

Dunwoodie & Beddington 2002), were only found in VE to be differentially 

enriched for H3K4me3 (Phlda2 and Slc22a18) and H3K27ac (Slc22a18). 

Sfmbt2 was reported to be expressed from the paternal allele only in placenta 

and VYS (Kuzmin et al. 2008) and was in the present work also only detected 

to show differential enrichment of H3K4me3 in VE. Jade1 doesn’t map to any 

known imprinted gene cluster and is therefore considered to be a solo 

imprinted gene on mouse chromosome 3 and was reported to be paternally 

expressed in E17.5 placenta (Wang et al. 2011). In the present work it 

showed differential enrichment of H3K4me3 on the paternal allele indicative of 

paternal specific imprinted expression also in E12.5 VE. The paternally 

expressed gene Dlk1 is part of the Dlk1-Dio3 cluster (Kobayashi et al. 2000; 

Hagan et al. 2009). Gab 1, previously reported to show expression from the 

paternal allele in placenta was detected with enrichment of H3K4me3 on the 

maternal allele in VE (Okae et al. 2012). This is surprisingly and the 

reproducibility of this finding would need further proof, for example via Sanger 

sequencing. Exclusive expression from the paternal allele was also shown in 

primary trophoblast stem cell culture, but in embryo, yolk sac and adult tissue 

it was reported to be biallelically expressed (Okae et al. 2012).   

 

Screening for differential H3K27ac resulted in general a smaller number of 

genes in the investigated tissues liver and VE with 6 and 5, respectively. Of 

these, Fam192a (in liver) was previously not reported to show imprinted gene 

expression but it was also not identified in the present study to have 

differential H3K4me3 and requires further validation. Slc22a18 and Usp29 

were only found in VE, but not in liver. For both, imprinted gene expression 

was reported in placenta, with Usp29 being paternally and Slc22a18 

maternally expressed (Wang et al. 2011; Okae et al. 2012). This is in 

agreement with the parental specific H3K27ac enrichment detected. However, 
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Usp29 was identified in all three cell types to have H3K4me3 enrichment on 

the paternal allele, showing that it is not EXEL specific. Slc22a18 was only 

found in VE to show maternal enrichment for both histone modifications, but it 

was reported to show ubiquitous imprinted expression (Dao et al. 1998). Xie 

et al. (2012) reported Usp29 to be paternally enriched for H3K4me3 and 

H3K27ac, which is consistent with the findings in the present work, although 

they used mouse frontal cortex (Xie et al. 2012). 

 

It should be noted here as mentioned earlier that the sequencing result for 

H3K27ac in VE contained a lot of low quality reads, which is why after a 

quality filter was applied only between 22-26 million reads were left 

(compared to about 45 million for liver). Since coverage is crucial parameter 

for detecting a gene as showing imprinted expression by the pipeline, the 

present results might underestimate the number of genes showing differential 

H3K27ac. 

 

4.2.5 Potentially novel imprinted genes 
 

The list of genes showing imprinted expression is far from being complete 

since studies investigating a wide range of different tissues and 

developmental stages are lacking. However, novel imprinted genes are 

frequently reported, one study even suggested the existence of more than 

1300 loci to show imprinted gene expression in brain (Gregg et al. 2010), but 

re-evaluation indicated that most were false positives (DeVeale et al. 2012). 

Therefore, particular attention needs to be paid to proper analysis to detected 

imprinted genes. The pipeline used in the present work uses biological 

replicates to allow the FDR to be empirically set, which minimizes the danger 

of detecting false positives. Nevertheless, genes that were identified by the 

imprinting pipeline and are not already known to show parental specific gene 

expression, were manually validated by first checking allele-specific 

differences in H3K4me3 and H3K27ac enrichment, and genes with a bias of 

less than 35:65 or 65:35 expression were excluded. Although there is no 

agreement in the imprinting field about when to call a gene as showing 

imprinted gene expression (Barlow 2011), it is unlikely that a ratio of 45:55 
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has any biological meaning and is rather caused by technical limitations of the 

approach. Therefore, it is advisable to exclude these findings or even to 

implement a function in future versions of the imprinting pipeline that allows a 

ratio cut off to be automatically set. Three genes annotated in RefSeq were 

identified to show differential H3K4me3 enrichment in MEFs that have not 

been reported to show imprinted expression (Mir344d-2, Mir344c and 

A330076H08Rik). All three map in close proximity to one another with 

Mir344c lying within and Mir344d-2 close to 3’ end of the lncRNA 

A230057D06Rik in the Snurf/Snrp cluster, making it likely that both map to 

one transcript from which the miRNAs are processed. Both miRNAs are part 

of the Mir344 cluster, which is only present in rodents and not in humans and 

to date is it not clear whether they are associated with imprinted gene 

expression (Royo & Cavaille 2008). Using mouse frontal cortex, Xie et al. 

(2012) identified a strong paternal H3K4me3 peak at Mir344g and a weaker 

paternal enrichment at Mir344b, Mir344-2 and Mir344f (Xie et al. 2012). Visual 

inspection of total RNA-seq data assembled by Cufflinks (Trapnell et al. 2010) 

showed that there is continuous expression throughout the entire region, 

supporting the idea that these 3 genes are part of the same transcript (Fig. 

28) (Philipp Günzl, unpublished data).  
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Fig. 28 Screenshot showing the 3 loci on chromosome 7 identified to show differential 
H3K4me3 enrichment in MEFs (Mir344d-2, Mir344c and A330076H08Rik). ChIP-seq shows 
focal peaks at TSS of all genes identified and the total RNA-seq track shows transcription 
throughout the entire region containing all three loci. 
 

4.3 Future perspective 
 
The present work is part of a larger study that is still ongoing. In my project I 

compared differential enrichment of the active histone marks H3K4me3 and 

H3K27ac at promoter regions in embryonic (MEFs and fetal liver) and extra-

embryonic (VE) tissues by performing ChIP-seq on F1 mouse crosses and 

found that each tissue had a unique pattern of enrichment on the predicted 

active allele of imprinted genes. The aim of the larger study is to define the 

imprinted expression signature of tissues representative of the pluripotent (ES 

cells), embryonic (MEFs and fetal liver) and extra-embryonic (VE) lineages 

using RNA-seq and differential enrichment of H3K4me3 and H3K27ac over 

promoters. This will then be compared to differential enrichment of enhancer 

ChIP-seq 

RefSeq  
genes 

total  
RNA-seq 
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(H3K27ac) and repressive histone marks (H3K9me2, H3K9me3 and 

H3K27me3) in the same tissues at imprinted loci. The bioinformatics 

imprinting pipeline used in the present work was developed by Daniel 

Andergassen and is still being modified and there are still some improvements 

to come. Therefore, reevaluation of the obtained results should be considered 

once the final version is available, although the general conclusions of my 

study are not likely to change. 

 

During my master’s project I also collected a sufficient amount of embryonic 

tissue (VE and fetal liver) and successfully validated antibodies suitable to be 

used in ChIP-seq for all repressive histone modifications mentioned above. 

The next steps would be to perform ChIP on the collected cells, validate the 

quality of the ChIP by using known positive and negative controls in qPCR, 

and prepare the ChIP-seq libraries for sequencing. For the analysis of these 

data I would call the peaks of the sequencing tracks and use this as an 

annotation, since I would also expect to find informative modifications outside 

of the RefSeq promoter regions used in this thesis. 

 

To investigate genomic imprinting in pluripotent cells, I would prepare libraries 

and perform RNA-seq using RNA that I isolated from reciprocal crosses of 

FVB/N and CAST/EiJ F1 ES cells. I would then thaw up aliquots of the back-

frozen 2i-adapted ES cells and grow them to near confluency to isolate 

enough chromatin for ChIP. Little is yet known about imprinted expression 

and differential enrichment of histone marks in undifferentiated ES cells. A 

study conducted by Mikkelsen et al. (2007) detected some allele-specific 

differences at imprinted loci for H3K4me3 and H3K36me3 indicating imprinted 

expression, and the association of H3K9me3 with the methylated allele of 

ICEs, but at the time they only could assess 3.5 million SNPs, did not have 

reciprocal crosses or biological replicates and their ES cells were grown with 

serum (Mikkelsen et al. 2007). The mouse strains used in the present work 

now have over 20 million SNPs defined (Keane et al. 2011), allowing more 

regions of the genome to be assessed than in Mikkelsen et al. (2007). We 

also have reciprocal crosses, biological replicates and a bioinformatics 

pipeline that uses empirical data to calculate the false discover rate allowing 
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us to be confident in our results. Finally, as I cultured our ES cells in 2i media, 

they should be a more homogenous population of undifferentiated cells than 

those cultured in serum by Mikkelsen et al. (2007), allowing us to assess 

imprinted expression and differential enrichment of histone modifications in a 

true pluripotent cell type. 

 

It has been reported that the repressive histone modifying complexes EHMT2, 

PRC1 and PRC2 play more of a role in imprinted silencing in placenta than in 

the embryo (Umlauf et al. 2004; Nagano et al. 2008; Terranova et al. 2008; 

Wagschal et al. 2008), but genome-wide studies in an extra-embryonic tissue 

examining repressive modifications deposited by these complexes, such as 

H3K9me2, H3K9me3 and H3K27me3 have yet to be done. It has also been 

hypothesized that differences in chromatin state between embryonic and 

extra-embryonic tissues may explain why the silencing agent, such as an 

imprinted lncRNA, can extend its silencing range over a greater distance in 

extra-embryonic tissues (Kulinski et al. 2013). Why repressive histone 

modifying complexes would act specifically in extra-embryonic tissues to 

cause imprinted silencing has not been explained, given that neither these 

complexes nor the imprinted lncRNAs that should recruit and target these 

complexes to imprinted gene promoters are tissue-specific. An alternative 

model for EXEL imprinted expression has been proposed that suggests 

lncRNAs act by blocking tissue-specific enhancers (Pauler et al. 2012). 

Therefore, mapping of differential enrichment of H3K27ac (enhancers) and 

the repressive histone modifications H3K9me2, H3K9me3 and H3K27me3 in 

pluripotent, embryonic and extra-embryonic tissues should give some insights 

into chromatin differences between the different lineages that may explain 

how tissue-specific imprinted expression patterns arise. 
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5. MATERIALS AND METHODS 
 

5.1 Methods 
 

5.1.1 Mouse strains 
 

The visceral yolk sac endoderm (VE) and fetal liver was isolated from 

embryonic day (E) 12.5 mouse embryos from reciprocal F1 crosses between 

the two genetically distinct mouse strains FVB/NJ and CAST/EiJ and pooled 

by genotype for ChIP-seq experiments. Over 20 million high quality single 

nucleotide polymorphisms (SNPs) have been annotated between these 2 

strains (Keane et al. 2011). The same tissues were also collected from FVB 

+/+. For ChIP about 20-40 embryos were necessary per antibody and for 

each genotype biological replicates were done. The range of number of 

embryos is caused by quite a high variation of chromatin yield, making the 

number needed hard to predict. 

 

5.1.1.1 Tissue preparation 
 

Pregnant inbred mice (FVB/NJ and CAST/EiJ) were sacrificed at 12.5 days 

after conception and the embryos were dissected (reciprocal F1 crosses of 

FVB/NJ and CAST/EiJ or FVB +/+). First, the embryos were separated and 

taken out of the uterus. Second, the placenta, the PYS and the amnion were 

removed and the VYS was collected. The embryonic liver was collected and 

frozen in liquid nitrogen. The VYS was then incubated for 2.5 hours at 4°C in 

1% Dispase II in DPBS and for an additional 30 minutes or longer in DPBS at 

4°C (Hudson et al. 2011). The VE layer was separated from the VM layer 

mechanically using forceps under a microscope. Using a pipette, the VE was 

collected in a drop of DPBS on Parafilm and frozen as a droplet in liquid 

nitrogen. All dissections were done on ice and samples were stored on dry ice 

after freezing in liquid nitrogen before storing them at -80°C until needed. 

Livers and VE of one litter were pooled separately. Rita Casari deserves 

acknowledgement at this point for being a huge help with the dissections. 
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5.1.2 Cell culture 
 

All cells (MEFs and ES cells) were grown at 37°C with 5% CO2 in an 

incubator (Forma Series II Water-Jacketed CO2 Incubator, Thermo Scientific). 

MEF cell culture was spatially separated from ES cell culture. All media were 

preheated to 37°C in a water bath prior to usage on cells.  

 

5.1.2.1 MEFF cell culture 
 

Primary mouse embryonic fibroblasts (pMEF) cells were made from E12.5 

female embryos derived from reciprocal F1 crosses between FVB/NJ and 

CAST/EiJ by Daniel Andergassen (former Barlow Diploma student). Briefly, 

the embryonic body from E12.5 embryos was dissected minus the head, 

viscera and urogenital system and washed in DPBS (dissections by Quanah 

Hudson). The bodies were incubated separately in 3ml Trypsin (0.25% 

Trypsin/EDTA (1X) Gibco) for 20 minutes at 37°C and then an extra 2ml 

Trypsin was added. Each embryo body was then homogenized by pipetting 

up and down with a P-1000 tip and 4 ml of MEF media was added (DMEM, 

10% FCS, pen/strep, L-glutamine) and the embryo was further homogenized 

by pipetting up and down with a P-1000 and then a 20G needle. The 

homogenized cells were then centrifuged (200g, 5min), the supernatant 

discarded and the cells resuspended in 4ml MEF media and plated on 0.1% 

gelatin coated 6cm dishes. The next day cells were then split 1:3 onto 10cm 

dishes and grown for 2 days until near confluence. RNA was then isolated 

from one 10cm dish for RNA-seq (passage 2). Remaining cells were split 1:3 

onto 3 x T-175cm2 flasks and grown until near confluence before being 

trypsinized, pooled in a 50ml Falcon tube, centrifuged (200g, 5min), 

resuspended in DPBS and centrifuged again to pellet the cells. All DPBS was 

then removed and the cell pellet frozen on dry ice and stored at -80°C until 

conducting the ChIP (passage 3). The pMEFs subject to RNA-seq and ChIP-

seq were FVB x CAST (FC)15 (FC1, dissected 01.02.2013), FC21 (FC2, 

dissected 01.02.2013), CF9 (CF1, dissected 08.02.2013) and (CF2, dissected 

08.02.2013). Note that the maternal allele or mother in a cross is always 

written on the left. 
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For testing of antibodies, the immortalized MEFB1 (+/Thp) and MEFF (Thp/+) 

cell lines were used (Regha et al. 2007) that carry a maternal or paternal 5mb 

deletion on mouse chromosome 17 including the Igf2r cluster (Johnson 1974; 

Barlow et al. 1991). The cells were grown using standard conditions with MEF 

media described above except that pen/strep was excluded. 

 

5.1.2.2 Adaptation of feeder dependent ES cells to 2i medium 
 

For adaptation of feeder dependent ES cells to 2i-medium culture conditions, 

ES cells of reciprocal crosses of mouse strains FVB/NJ and CAST/EiJ made 

by Christian Theussl (Transgenic Service, IMP/IMBA) and Daniel Wenzel 

(Josef Penninger laboratory, IMBA) based on a published protocol (Bryja et al. 

2006) were used. Feeder dependent cells grown in ES medium were seeded 

onto a gelatinized 10cm or 6cm dish (when only half of a vial was used) 

containing a feeder layer prepared the day before and 8ml (10cm dish) or 2ml 

(6cm dish) of ES cell medium (D-MEM+ Hepes, 15% FCS, MEM non, L- 

Glutamine, Gentamicin, 2-mercaptoethanol, Na-Pyruvate, LIF). Feeder cells 

(FVB/Bl6Hygro (p5) or FVB +/+ (p3)) were mitotically inactivated by 5min 

gamma irradiation. ES cells grown in 2i medium (ESGRO-2i Medium 

Millipore) were directly seeded on a gelatinized 6cm dish containing 2ml 2i 

medium. To detach ES cells grown in ES cell medium, the medium was 

removed, one wash with DPBS was performed and the cells were trypsinized 

(0.05% Trypsin-EDTA Gibco) for 5min at 37°C using 0.5 ml (6cm dishes) or 

1ml (10cm dishes). Trypsin was stopped by adding 5ml (6cm dishes) or 10 ml 

(10cm dishes) of ES cell medium (with serum), pipetting up and down to 

obtain a single cell suspension and centrifuging (178xg, 5min). Cells were 

either harvested by transferring the pellet on dry ice and later to -80°C or 

resuspended in an appropriate amount of ES cell medium and seeded in a 

desired splitting ratio on a new dish containing ES cell medium. To detach 

cells grown in 2i medium, the medium was removed, 0.5ml (6cm dishes) or 

1ml (10cm dishes) of Accutase (Millipore) was added and the dish was 

incubated for 3-5min at 37°C. By adding 5ml of DMEM/F12 (Millipore) and by 

pipetting up and down, a single cell suspension was obtained and pelleted by 

centrifuging (161xg, 5min). The pellet was resuspended in 5ml DMEM/F12, 
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the cells were counted using Casy Counter (Innovatis) and centrifuged again 

(161xg, 5min). For further culturing, the pellet was resuspended in 2i medium 

depending on the cell number, aiming to have about one million cells per 0.5- 

1ml. To harvest the cells, after centrifugation the media was removed, one 

wash with DPBS was performed and the cell pellet was frozen on dry ice and 

later stored at -80°C. For RNA isolation from ES cells see 5.1.9. 

 
5.1.2.3 Gelatinizing dishes 
 

Dishes for ES cell culture were gelatinized using 0.2% gelatin in DPBS. For 

6cm dishes 2ml and for 10cm dishes 4ml were used and the dishes were 

incubated for at least 20min at 37°C. Prior to seeding of cells, the gelatin 

solution was sucked off leaving a gelatin coating on the plate.  

 

5.1.2.4 Feeder depletion using sedimentation/selective adhesion 
 

Cells were transferred to a non-gelatinized dish and incubated for 20min at 

37°C. During that time, feeder cells preferentially attach to the dish and ES 

cells remain floating free. By gently tilting the plate and transferring the 

medium to a new dish, most of the feeders were removed since they stay 

attached. 

 

5.1.2.5 Back freezing cells 
 

ES cells and MEFs were back frozen the same way. In general, one dense 

10cm dish was split into three vials. Cells were harvested and the pellet was 

resuspended in 500µl MEF, ES cell or 2i medium per future tube. 500µl of 

freezing medium (80% FBS, 20% DMSO) was mixed with 500µl cell 

suspension in cryotubes (Nunc) and immediately transferred to a precooled 

Mr. Frosty Freezing Container (Thermo Scientific) and put at -80°C for about 

24h. For longtime storage, the tubes were transferred to a liquid nitrogen tank. 
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5.1.2.6 Counting cells 
 

All cells were counted using CASY Model TT (Innovatis) with recommended 

settings according to the cell types. 

 

5.1.3 Native Chromatin Immunoprecipitation (nChIP) 
 

The protocol for native ChIP originally published by Umlauf et al. (2004) was 

adapted by Regha et al. (2007) aiming to minimize unspecific binding by 

adding a pre-clearing step, pre-treating the protein A sepharose beads and 

improving the washing steps (Umlauf et al. 2004; Regha et al. 2007). For the 

present work the protocol was further adapted for use in embryonic tissue. 

 

5.1.3.1 Sample preparation 
 

Embryonic tissue and cells were used as 

ChIP starting material. Cells frozen as a 

pellet in a 50ml Falcon and stored at -80°C 

were resuspended in 50ml cold DPBS by 

rotating for 5min at 4°C followed by 

centrifugation (272xg, 6min, 4°C). The 

DPBS was removed and the remaining 

pellet was resuspended in 50ml cold DPBS 

(washing step). A total of 3 DPBS washing 

steps were performed. Embryonic liver was 

grinded up under liquid nitrogen in a 

precooled mortar using a pestle, scraped 

into a 50ml Falcon tube and resuspended in 

50ml cold DPBS. VE frozen as a drop was 

directly put into 50ml cold DPBS and 

resuspended by rotating for 5min at 4°C. A 

total of three DPBS washing steps were 

performed as described above. 

Lysis, MNase digestion 

Dialysis 

Pre-clearance 

 Take input + Add ABs 

Add pre-treated beads 

Wash, Elution, Prot. K digestion 

Precipitation 

Use in downstream 
applications  

 

Cells or tissue 

Fig. 29 Main steps of the nChIP protocol 
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5.1.3.2 Cell lysis, MNase digestion and dialysis 
 

The cell pellet was resuspended in 2ml lysis buffer A and then mixed with 2ml 

lysis buffer B by pipetting up and down, and incubated on ice for 10min. 8ml 

MNase buffer A was then added and the mixture was centrifuged (3023xg, 

10min, 4°C).  The supernatant was removed and 12ml MNase buffer A was 

added and the pellet resuspended by pipetting followed by centrifugation 

(3023xg, 10min, 4°C). Again the supernatant was removed and the pellet 

resuspended in 12ml MNase buffer B (without EDTA) followed by 

centrifugation (3023xg, 10min, 4°C). All supernatant was then removed and 

the pellet resuspended in 2ml MNase buffer B. MNase was diluted to 20U/µl 

in MNase buffer B and 4µl was added to the sample in 2ml MNase buffer B. 

The sample was aliquoted 4 x 0.5ml into 1.5ml Eppendorf tubes and MNase 

digested for 7min at 37°C in a water bath. The digestion was stopped by 

adding 20µl 0.5M EDTA and quickly mixing by flicking the tubes. The sample 

was then centrifuged (16100xg, 15min, 4°C) and the supernatant (S1 fraction) 

was transferred to a new 1.5ml Eppendorf tubes. The remaining pellet was 

resuspended in dialysis buffer (S2 fraction), the four tubes for each fraction 

were then pooled and filled into dialysis bags. Both fractions were then 

dialyzed in dialysis buffer with gently stirring o/n at 4°C. 

 

5.1.3.3 Testing cutting efficiency, pre-clearing and adding antibodies 
 

The samples were removed from dialysis bags, centrifuged (16100xg, 15min, 

4°C) and the supernatants from each fraction were pooled. The fractions were 

quantified using Nanodrop (peqlab) and the total amount of chromatin was 

calculated. In order to check for MNase cutting efficiency, 1µg of each fraction 

in 40 µl (or a maximum of 40µl) mixed with 4µl 20% SDS and 4µl loading dye 

were loaded on a 2% agarose gel. The S1 and S2 fractions were pooled, 

mixed with pre-clearing mix and 400µl protein A sepharose beads in a 15ml 

Falcon tube and incubated rotating for at least 4h at 4°C. The pre-cleared 

chromatin was then centrifuged (272xg, 10min, 4°C) and the supernatant was 

transferred to a new 15ml Falcon tube. The chromatin was divided evenly into 

new 15ml Falcons for ChIP, with 1/10th of the chromatin used per ChIP set 
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aside as input and stored at 4°C (the volume of the ChIP and input differed 

depending on the number of ChIPs conducted per sample). Antibodies were 

then added to each individual ChIP reaction and incubated rotating o/n. In 

parallel, 100µl of protein A sepharose beads (1:1 beads: water) were pre-

treated by removing the water, adding 500µl of the pre-treatment mix and 

incubated rotating o/n at 4°C. 

 

5.1.3.4 Adding of beads, washing, elution, proteinase K digestion 
 

Pre-treated beads were centrifuged (200xg, 5min, 4°C) and the pre-treatment 

solution was removed. The beads were then resuspended in 500µl 

antibody/chromatin mix and added back to the antibody/chromatin mix 

followed by incubation rotating for 1-2h at 4°C. The antibody/chromatin/beads 

mix was centrifuged (188xg, 5min) and the supernatant was removed. Three 

different wash buffers (1, 2 and 3) were used with increasing NaCl 

concentration (125mM, 250mM and 500mM). Washing was done by adding 

1ml wash buffer, rotating for 5min and centrifuging (188xg, 5min), performing 

a total of 3 washes with each wash buffer. After the last wash step the beads 

were resuspended in wash buffer and transferred to 1.5ml Eppendorf tubes 

and centrifuged (200xg, 5min). The wash buffer was then removed and 200µl 

pre-heated elution buffer was added and the beads incubated for 15min at 

65°C in a water bath and rotating for 5min at RT. The sample was centrifuged 

(200xg, 5min) and the supernatant transferred to a new 1.5ml Eppendorf tube. 

Elution was then repeated, and the 200µl supernatant transferred to the same 

tube to make 400µl eluted sample. The input samples were then brought to a 

total volume of 400µl by adding elution buffer, and then 20µl proteinase K 

[10mg/ml] was added to both the ChIP sample and the input followed by 

incubation for at least 2h or o/n at 55°C. Finally the samples were phenol-

chlorophorm extracted (see 5.1.4), precipitated (see 5.1.5) and the pellet was 

resuspended in 100-200µl TE buffer depending on the amount of chromatin. 
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5.1.3.5 Preparation of protein A sepharose beads 
 

Protein A sepharose beads (GE Healthcare) were supplied as powder and 

stabilizing agents that needed to be washed away prior to using them in ChIP. 

Therefore, the required amount was weighted out in a 15ml Falcon tube, H2O 

was added to 15ml and the tube was rotated for 5min at 4°C. The beads were 

then put for 1h at 4°C to allow them to settle and the water was removed. A 

total of 3 washing rounds were performed and finally the beads were 

aliquoted to 100 and 400µl (1:1 beads: water) in Eppendorf tubes. 

 

5.1.4 Phenol-Chlorophorm-Extraction 
 

An equal amount as the sample of phenol:chloroform:isoamyl Alcohol was 

added, vortexed and centrifuged (16100xg, 5min). The upper, aqueous phase 

was transferred to a new tube and an equal amount of phenol was added. 

After vortexing, the mixture was centrifuged (16100xg, 5min) and the upper, 

aqueous phase was transferred to a new tube. 

 

5.1.5 Precipitation of nucleic acids 
 

Nucleic acids were precipitated using 0.1 vol. 3M NaAc, 2.5 vol. ethanol and 

2µl of glycogen. Precipitation took place o/n or longer at -20 °C. The sample 

was centrifuged (16100xg, 15min, 4°C), the arising pellet was washed with an 

appropriate amount of 70% ethanol followed by centrifugation (16100xg, 

5min). All ethanol was removed, the pellet air-dried for about 3min at RT and 

resuspended in a volume of TE buffer depending on pellet size and end use 

of the DNA. 

 

5.1.6 Quantitative Polymerase Chain Reaction (qPCR)  
 

SYBRGreen and TaqMan assays were performed on an ABI PRISM 7000 

Sequence Detection System (Applied Biosystems) in optical 96-well plates, 

25µl reaction volumes each (5µl template + 20µl mastermix). The results were 

calculated using the ABI PRISM 7000 Sequence Detection System software, 
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version 2.3 (Applied Biosystems) and Microsoft Excel 2011. Standard curves 

were calculated using duplicates of input samples diluted in 4 steps, 1:4 each. 

Samples were used as triplicates and the mean and standard deviation was 

calculated. ChIP samples were normalized to the input samples and cut 

samples in feeder depletion assay were normalized relative to the uncut 

samples. 

 

5.1.6.1 SYBRGreen 
 
Mastermix SYBRGreen final conc.  

2x Mesa Green 1x 12.5µl 

fwd. and rev. primer (0.5µM) 0.05µM 2.5µl 

embryo water - 5µl 

DNA template - 5µl 

 
5.1.6.2 TaqMan 
 
Mastermix TaqMan final conc.  

2x universal Mastermix 1x 12.5µl 

forward primer [100µM] 900nM 0.23µl 

reverse primer [100µM] 900nM 0.23µl 

probe 200nM 0.05µl 

embryo water - 7µl 

DNA template - 5µl 

 

5.1.7 ChIP sample library preparation 
 

Libraries for sequencing were prepared using TruSeq ChIP Sample Prep Kit 

(Illumina). If possible 5-10ng (but as little as 1.3ng worked fine) of input DNA 

was used. All steps were carried out according to the TruSeq ChIP Sample 

Preparation Guide (Illumina) with minor changes indicated in the following. At 

this point I would like to acknowledge Philipp Guenzl for showing me how to 

prepare the libraries and for patiently answering all my questions about the 

protocol. Incubation steps were done at RT, unless otherwise stated. For 

some library preparations, only half reaction volume was used. 1.5 and 2.0ml 

Cycling conditions 
 
50°C 2min 
95°C 10min 
95°C 15sec 
60°C 1min 
95°C 15sec 
60°C 15sec 

40x 

Cycling conditions 
 
50°C 2min 
95°C 10min 
95°C 15sec 
60°C 1min 
60°C 1min 

40x 
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DNA LoBind Tubes (Eppendorf) were used instead of the 96-well PCR plate 

suggested in the protocol. During the PCR steps, samples were transferred to 

standard 0.2ml PCR tubes (SARSTEDT). 

Ethanol washes and resuspension steps: with the tube on the magnetic stand 

(MagnaRack, Invitrogen), 200µl of freshly prepared 80% ethanol was added, 

incubated for 5sec and removed. Another 200µl of 80% ethanol were added, 

incubated for 30sec and removed. The samples were air-dried for 15min, an 

indicated amount of resuspension buffer was added (see below) and the 

sample was incubated for 2min. The tubes were transferred to the magnetic 

stand, incubated for 5min and an indicated amount was transferred to a new 

tube (see below). 

 

5.1.7.1 Quantification of the ChIP result, end repair 
 

All quantifications were done using Qubit Fluorometer, dsDNA HS Assay Kit 

(Life Technologies). 50µl of ChIP DNA was mixed with 10µl resuspension 

buffer and 40µl of end repair mix and incubated for 30min at 30°C. 160µl of 

AMPure XP Beads (Beckman Coulter) were added and incubated for 15min. 

The tube was put on the magnetic stand for 15min and all supernatant was 

removed, followed by an ethanol wash and resuspension using 16µl 

resuspension buffer. Finally, 15µl were transferred to a new tube. 

 

5.1.7.2 Adenylation of 3’ ends and ligation of adapters 
 

2.5µl of resuspension buffer and 12.5µl of A-tailing mix were added and the 

tube was incubated for 30min at 37°C and for 5min at 70°C. 2.5µl of 

resuspension buffer and 2.5µl of ligation mix were added. 2.5µl of the desired 

RNA adapter index was added and the tube was incubated for 10min at 30°C. 

5µl of stop ligation buffer and 42.5µl of AMPure XP Beads were added and 

incubated for 15min. The tube was transferred to the magnetic stand, 

incubated for 5min and the supernatant was removed followed by an ethanol 

wash and resuspension using 51µl of resuspension buffer. 50µl were 

transferred to a new tube and another round of cleaning using 50µl AMPure 
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XP Beads was done, followed by an ethanol wash and resuspension using 

21µl of resuspension buffer. 20µl were transferred to a new tube. 

 

5.1.7.3 Purification of ligation products 
  
150ml of a 2% agarose gel in TAE containing 15µl SYBRGold was prepared. 

The samples were mixed with 6x loading dye and loaded on the gel, leaving a 

gap between the ladder and samples and also between the samples if 

possible. DirectLoad Wide Range DNA Marker was used and the gel was run 

for 2h at 92V. The gel was photographed (UVsolo TS, Biometra) and bands 

between 250-300bp were cut using a scalpel. To control the cutting, another 

photo was taken. Gel extraction was done following the protocol of the 

QIAquick gel extraction kit (Qiagen) (using a microcentrifuge, all centrifugation 

steps at 16100xg, 1min), by dissolving the gel slice in 300µl buffer QG and 

incubation for 20min at 37°C. 10µl of 3M NaAc were added if the color of the 

mixture was not yellow. 83µl of isopropanol were added and the entire volume 

was applied to a MinElute Spin Columns 50 (QIAGEN) followed by 

centrifugation. The flow-through was discarded, 0.5ml Buffer QG were added 

and centrifuged. Washing was done using 0.75ml buffer PE and 

centrifugation. The flow-through was discarded and the column was 

centrifuged again. Elution was done by adding 21µl of buffer EB and 

centrifugation. Finally, 20µl eluted DNA was transferred to a new tube. 

 

5.1.7.4 Enrichment of DNA fragments via PCR 
 

5µl of PCR primer cocktail and 25µl of PCR master mix were added to the 

sample and the following PCR program was used: 

 

 

 

 

50µl of AMPure XP Beads were added, incubated for 15min and put for 5min 

on the magnetic stand. The supernatant was removed, an ethanol wash and 

98°C 5min 
60°C 30sec 
72°C 30sec 
72°C 5min 
4°C hold  

16-17x  
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resuspension with 17.5µl resuspension buffer was performed. 15µl were 

transferred to a new tube. 

 

5.1.7.5 Validation, normalization and pooling of the libraries 
 

This step was done by the Biomedical Sequencing Facility (BSF) at CeMM 

using an Experion Automated Electrophoresis System (Experion DNA 1K 

Analysis Kit) (Bio-Rad). The validated libraries were diluted to a concentration 

of 2nM using 5µl of library mixed with Qiagen EB buffer with 0.1% Tween 20 

and the samples were pooled using 15µl according to the lanes they should 

be loaded on. Such multiplexed samples were sent for 50bp SE sequencing 

on a Illumina HiSeq 2000 machine, performed by the BSF at CeMM. 

 

5.1.8 Methylation assay of Igf2r and Airn via Southern blot 
 

Thanks to Justyna Konecka for introducing me to the Southern blot technique.  

 

5.1.8.1 Isolation of genomic DNA 
 

A cell pellet in a 1.5ml Eppendorf tube was resuspended in 700µl DNA lysis 

solution and incubated o/n at 55°C. 300µl of saturated NaCl solution was 

added and the sample was mixed for 20sec. The tube was centrifuged 

(16100xg, 10min) and the supernatant transferred to a new tube containing 

600µl of isopropanol, and by inverting the tube several times, the DNA was 

precipitated. The tube was centrifuged (16100xg 7min), the supernatant 

removed and the tube centrifuged again (16100xg, 1min). The rest of the 

supernatant was discarded and 800µl of 70% ethanol were added to wash the 

pellet. The tube was incubated at RT for 15min, shaking it every 5min and 

then centrifuged (16100xg, 7min). The supernatant was removed, the tube 

was centrifuged again (16100xg, 1min) and the rest of the supernatant was 

removed. The pellet was resuspended in 150µl-200µl TE buffer and incubated 

o/n at 55°C to dissolve the genomic DNA. 
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5.1.8.2 Digestion of DNA 
 

Both, single enzyme and double enzyme digests were done using EcoRI in all 

digests (as a control) and for double digests additionally a methylation 

sensitive restriction enzyme cutting at the promoter region of Igf2r and Airn 

was added (MluI and NotI, respectively). Digestions were done o/n at 37°C. 

 

 
5.1.8.3 Blotting 
 

Samples mixed with 4µl loading buffer were loaded on a 0.8% agarose gel in 

1xTBE and the gel was run for 5.5h at 80V. The gel was stained in EtBr for 1h 

and photographed. To denature the DNA in order to make it single stranded 

so it could bind to the bind to the membrane, the gel was incubated shaking 

2x for 30min in denaturing solution, exchanging the solution after 30min. To 

prepare the blotting-sandwich a plastic tray filled with the denaturing solution 

used in the denaturing steps covered with a glass plate was used. Two sheets 

of 3MM Whatman paper cut according to the width of the gel and long enough 

that they reach to the denaturing buffer were put on the glass plate and the 

gel was put upside down on top of it. The Hybond XL blotting membrane cut 

to size of the sample area was activated by incubating it for 1min in H20 

followed by incubation in denaturing buffer for 5min. The membrane was put 

on top of the gel and the area around the gel was covered with plastic strips. 

Next, two more sheets of 3MM Whatman paper cut to the size of the gel were 

placed and 10-15cm of paper towels and a glass plate was put on top. While 

building the blot, a glass pipette was used to roll over the surface in order to 

avoid air bubbles and finally to press together. The entire blotting sandwich, a 

Double enzyme digest  

genomic DNA 30µl 

EcoRI 2µl 

methylation sensitive enzyme 2µl 

buffer for double digest 4µl 

water 2µl 

Single enzyme digest  

genomic DNA 30µl 

EcoRI 2µl 

buffer EcoRI 4µl 

water 4µl 



	
  
80 

blotting weight of about 200ml water was put on top and blotting was done 

over the weekend. 

 

5.1.8.4 Probe labeling and probe cleaning 
 

20ng of probe (Msi or En-4kb) were mixed with H2O to a final volume of 14µl 

and the cold mix was prepared. In the hot lab, the probe was denatured by 

putting the tubes at 100°C for 5min followed by incubation on ice for 3min. To 

the cold mix, 2-4µl of α-32P-dATP (amount depending on the age of the 

radioactivity) were added and this was mixed with the probe and incubated 

o/n at RT. A sephadex column was prepared by plugging a 1ml syringe with 

aquarium wool and filling it with sephadex equilibrated in a TE buffer. The 

syringe was put into a 15ml Falcon tube and 60µl of TE buffer were added to 

the labeled probe. The mixture was loaded onto the sephadex column and 

centrifuged (1450xg, 3min) to remove salt and single nucleotides not 

incorporated during labeling. 1µl of the cleaned probe was diluted in 99µl TE 

buffer and counts were read on a scintillation counter (Tri-Carb 2810 TR, 

PerkinElmer). 

 

5.1.8.5 Hybridization 
 

The blotting sandwich was disassembled, the membrane was incubated for 

2min in Na2HPO4 and the membrane was pre-hybridized rotating in a small 

hybridization tube filled with 30ml Church buffer for 30min at 65°C. The 

cleaned probe was put for 5min at 100°C and for 2min on ice. Church buffer 

used for pre-hybridization was removed and 20ml fresh Church buffer 

together with the probe were added. Hybridization was done for about 18h. 

The next day, the Church buffer was removed, 20ml Church wash buffer pre-

warmed to 65°C was added and incubated rotating for 30min in the 

hybridization oven. This washing step was repeated. 
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5.1.8.6 Exposure and scanning 
 

The membrane was put into a plastic foil and sealed. It was exposed to an 

imaging plate (Fujifilm) o/n and finally scanned on a Typhoon 8600 Variable 

Mode Imager (GE Healthcare). The pictures were linearly adjusted using 

Photoshop CS5. 

 

5.1.9 RNA extraction of ES cells/tissues 
 

The cell pellet of a dense 10cm dish was trypsinized, centrifuged and 

resuspended in 2ml TriReagent (Sigma), split to 1ml each and incubated for 

10min at RT. Tissues (VE and VYS) were transferred from -80°C to a RNAse 

free tube (Ambion) containing 1ml TriReagent and also incubated for 10min at 

RT. 100µl of BCP were added, incubated for 10min at RT and centrifuged 

(12000xg, 15min, 4°C). The upper phase was transferred to a new tube 

containing 500µl isopropanol and incubated for 5min at RT. The mixture was 

centrifuged (12000xg, 8min), the supernatant trashed and the pellet washed 

with 75% ethanol followed by centrifugation (7500xg, 5min). All ethanol was 

removed, the pellet air-dried for 5min at RT and resuspended in 100µl RNA 

storage solution. The yield was measured using Nanodrop. 

 

5.1.10 cDNA preparation 
 

For cDNA preparation, the DNAfree (Invitrogen) and the RevertAid (Thermo 

Scientific) kits were used. 6µg of RNA were dissolved in 28.7µl water, 3.3µl of 

DNAfree 10x buffer and 1µl of DNase was added. This was incubated for 

30min at 37°C and 5µl of inactivation solution was added followed by 

incubation for 2min at RT. The sample was centrifuged (16100xg, 1.5min, 

4°C) and the supernatant was transferred to a new tube. 3µl of random 

hexamer primers was added and incubated for 5min at 70°C. The sample was 

spun down and put on ice. 21µl of pre-mix was added and the sample was 

divided into 1x38µl (2x +RT) and 1x19µl (1x -RT). Both samples were 

incubated for 5min at 25°C and 2µl of reverse transcriptase was added to the 
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+RT sample only. Finally, both samples were incubated using the following 

program. 

25°C 10min 

42°C 60min 

70°C 10min 

4°C hold 

 

5.1.11 Bioinformatics analysis 
 

Bioinformatics analysis was done with the help of Christoph Dotter and 

Tomasz Kulinski.  

 

5.1.11.1 Screenshots genome browser 
 

All genome browser screenshots were made using the UCSC Genome 

Bioinformatics Site (http://genome.ucsc.edu). 

 

5.1.11.2 Conversion of .bam files to .fastq files 
 

All sequencing results for VE obtained from the BSF as .bam files needed to 

be converted to .fastq files in order to be aligned. Therefore, Picard 

command-line tools (http://picard.sourceforge.net) with standard settings were 

used. 

 

5.1.11.3 Analysis of sequencing quality 
 

For quick analysis of the sequencing quality, the program FastQC High 

Throughput Sequence QC Report version 0.10.1 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used. 

 

5.1.11.4 Alignment of sequencing results 
 

Alignment of ChIP-seq and RNA-seq data was done with GSNAP (Wu & Nacu 

2010). 
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5.1.11.5 Imprinting pipeline to detect allele-specific chromatin state 
 

To analyze ChIP-seq and RNA-seq data, an imprinting pipeline set up by 

Daniel Andergassen and refined by Christoph Dotter (former and present 

students in the Barlow lab, respectively) was used (Andergassen et al., in 

preparation). This pipeline is modified from a published pipeline (DeVeale et 

al. 2012). The pipeline uses a list of about 20 million high quality SNPs 

between FVB/N and Cast/EiJ recently published by the Sanger Institute 

(Keane et al. 2011). Taking advantage of these SNPs, the reads can be 

assigned according to their parental origin and for each SNP a SNP-score is 

calculated. In the RNA-seq total RNA was used, which also allows using 

intronic SNPs, resulting in a more robust analysis as SNP coverage is 

increased within a gene. Using biological replicates of the reciprocal crosses, 

a four way comparison is possible, resulting in a robust imprinting score and 

by comparing the two biological replicates (mock comparison) the false 

discovery rate can be set empirically. The imprinting score is calculated based 

on coverage in the sequencing and deviation from the expected ratio of alleles 

(50:50 paternal: maternal) minus standard deviation resulting from the four 

comparisons. Only genes that show a robust imprinting score in all four 

comparisons give a score over the FDR and are called. 

 

5.1.12 Venn diagrams 
 

Venn diagrams were made in R, Version 2.15.1 using the Venn diagram 

package. 

 

5.2 Materials 

5.2.1 Cell lines 
 

MEFF and MEFB1 (Regha et al. 2007) 

primary MEFs of E12.5 of reciprocal crosses of FVB/NJ and CAST/EiJ 

(derived and grown by Daniel Andergassen) 
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ES cells of reciprocal F1 crosses of FVB/NJ and CAST/EiJ made by Daniel 

Wenzel (Josef Penninger laboratory, IMBA) and Christian Theussl 

(Transgenic Service IMBA/IMP) 
 

5.2.2 Mouse strains 
 
E12.5 of reciprocal F1 crosses of FVB/NJ and CAST/EiJ 

E12.5 FVB +/+ 

 

5.2.3 ChIP-antibodies 
 

 
 
5.2.4 Primer list 
 
5.2.4.1 TaqMan 
 

 

5.2.4.2 SYBRGreen 
 

Modification Cat. Nr. Product name Company Lot. Nr. 

H3K4me3 07-473 Anti-trimethyl-Histone H3 (Lys4)  Millipore 2019729 
H3K9me2 ab1220 Anti-Histone H3 (di methyl K9) [mAbcam 1220] antibody  Abcam GR124129-2 

H3K9me2 CST4658 Di-Methyl-Histone H3 (Lys9) (D85B4) #4658 CST 1 

H3K9me3 4861 non commercial Jenuwein 6th bleed 
H3K9me3 MAb-153-050 H3K9me3 monoclonal antibody diagenode 001 

H3K9me3 SN-146-100 Monoclonal Rabbit anti-Histone H3 diagenode 001 

H3K27ac ab4729 Anti-Histone H3 (acetyl K27) antibody (ab4729) Abcam GR104852-2 
H3K27me3 ab6002 Anti-Histone H3 (tri methyl K27) [mAbcam 6002] antibody  Abcam GR123526-1 
H3K27me3 6523 non commercial Jenuwein 5th bleed 

Anti-chicken IgG C2288 Anti-Chicken IgY (IgG) (whole molecule) antibody  Sigma 084K4752 

Name Sequence Probe 

Igf2r-97_F CACTTGCAACACTAAACATCAACCT 
ACTCCATCTCGGCCACCACCGTACTGGTC 

Igf2r-97_R CGCTTCCTAACTCTCTCTTCTTCAA 

Airn-125_F CTGAGCTTTCCCTTCCCTTTC 
ACCGCAACTCAGCACAACCAAGGATC 

Airn-125_R AGCAATTCCGGTTGT 

AirnEndFwd GGACTGGCTCAGGCAAGCT 
CCTGCTCGAGTTGCCATTCCCAGA 

AirnEndRev TTCAGTCAAAAATCCAAAACATGTG 

Name forward reverse 

IAP (LTR) CTCCATGTGCTCTGCCTTCC CCCCGTCCCTTTTTTAGGAGA 

MusD (LTR) CCCTTCCTTCATAACTGGTGTCGCA TAGCATCTCTCTGCCATTCTTCAGG 

Mage-a2 TTGGTGGACAGGGAAGCTAGGGGA CGCTCCAGAACAAAATGGCGCAGA 
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5.2.5 Southern blot probes 
 

Msi (chr17:12741514-12742531) 

En-4kb (chr17:12,769,447-12,773,408) 

 
5.2.6 Solutions 
 
Lysis buffer A amount per sample 

Incomplete lysis buffer (50mM Tris HCl pH 8.0, 100mM KCl,  

5mM MgCl2, 50% glycerol) 

4ml 

2-mercaptoethanol 62.5µl 

cOmplete protease inhibitor (1 tablet in 1ml H20) 160µl 

 

Lysis buffer B amount per sample 

Lysis buffer A 2ml 

5% saponin 80µl 

 

MNase buffer A amount per sample 

Incomplete MNase buffer (50mM Tris HCl pH 7.5, 4mM MgCl2, 

1mM CaCl2 0.32 sucrose) 

20ml 

cOmplete protease inhibitor (1 tablet in 1ml H20) 800µl 

 

 

 

 

Afp enhancer1  CGCACAGCTTCTCATTCACTCCCA GACAGGCATTGGCTTATCGCTTCC 

Atoh1 enhancer B  GCGGGCAAAGACAGGTGGT CAGTTAGGAGCCAGAAGCAAAGGG 

MyoD1 enhancer  GGCTCCAGAATGGGCTCGGTT CTGCTAATCTGCCACTCTTTGGGC 

BV1 GGGTTCCTTTCAGTTTTCCATC AACGGCAGAAGTGACCACAAG 

BV5 TGCGCCTCCCCTCTTTATTT TTCAGCAAGTGAACAACAGACATC 

BV14 GCAGCATCTTGGAAAGGAACA GACAGAGACTGGCTTCCAGTTGA 

BV21 AAGGCTTTCCCAGGATTTGC CTTAGAGACCCCACCACCTTTG 

BV25 ACCACATCATGTAAACGGTGTTTC CCCCCTACTGCTGGTATTTGAA 

BV32 GACATGACCTCCAGCTCCAAA TGGGCATCACATGAGCTAACTAG 

Gapdh GAGTAGCTGGGCCTCTCTCA TGCGTGCACATTTCAAAAA 

Flk1 GGGATGGTCCTTGCATCAGAA ACTGGTAGCCACTGGTCTGGTTG 

Afp GCATGCTGCAAAGCTGACAA AATGGTTGTTGCCTGGAGGTT 

Actin prom CCATGGTGTCCGTTCTGAGT CTTCGCTCTCTCGTGGCTAG 
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MNase buffer B amount per sample 

Incomplete MNase buffer (50mM Tris HCl pH 7.5, 4mM MgCl2, 

1mM CaCl2 0.32 sucrose) 

15ml 

EDTA-free protease inhibitor (1 tablet in 1ml H20) 1 tablet 

 

Dialysis buffer  

Tris HCl pH 8.0 10mM 

EDTA 10mM 

PMSF in ethanol 0.01M 

 

Pre-clearing mix  amount per sample 

S1 and S2 fraction plus dialysis buffer 5.25ml 

10% Triton-X 525µl 

20% SDS 3µl 

5M NaCl 60µl 

complete protease inhibitor (1 tablet in 1ml H20) 225µl 

 

Pre-treatment solution  

Tris HCl pH 8.0 10mM 

EDTA pH 8.0 10mM 

Triton-X 1% 

SDS 0.01% 

NaCl 50mM 

BSA  0.5mg/ml 

salmon sperm DNA 0.25mg/ml 

cOmplete protease inhibitor (1 tablet in 1ml H20) 50µl in 4ml 

 

Wash buffer 1  

Tris HCl pH 8.0 50mM 

EDTA pH 8.0 10mM 

NaCl 125mM 

 

Wash buffer 2  

Tris HCl pH 8.0 50mM 

EDTA pH 8.0 10mM 

NaCl 250mM 
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Wash buffer 3  

Tris HCl pH 8.0 50mM 

EDTA pH 8.0 10mM 

NaCl 500mM 

 

Elution buffer  

Tris HCl pH 8.0 50mM 

EDTA pH 8.0 10mM 

SDS 1% SDS 

 

DNA lysis solution  

TEN pH 9 (250mM Tris pH 9.0, 100mM EDTA pH 8.0, 200mM NaCl) 1x 

SDS 1% 

Proteinase K  0.5mg/ml 

 

Denaturing solution  

NaOh 0.5M 

NaCl 1.5M 

 

Church buffer  

Na2HPO4 250mM 

SDS 7% 

EDTA 1mM 

 

Church wash buffer  

Na2HPO4 20mM 

SDS 1% 

 

LS mix  
1M Hepes pH 6.6 25ml 
OL (50U hexamer primer dissolved in 1.6ml TE pH 8.0 1ml 
TM (250mM Tris ph8  8.0, 25mM MgCl2, 50mM 2-mercaptoethanol 25ml 
 

CTG mix  

dCTP 100µM 
dGTP 100µM 

dTTP 100µM 

BSA 2mg 
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Cold mix  

LS mix 20µl 

CTG mix 6µl 

Klenow fragment 1µl 

 

Freezing medium  

FBS 80% 

DMSO 20% 

 

ES cell medium  

FCS (sterile filtered) 30ml 

MEM non 2ml 

L- Glutamine 2ml 

Gentamicin 1ml 

2-mercaptoethanol 0.4ml 

Na-Pyruvate 2ml 

LIF depends on batch 

D-MEM+ Hepes to 200ml 

 

MEF medium  

FCS 20ml 

L-glutamine 2ml 

Gentamicin 1ml 

D-MEM to 200ml 
 

 
TE buffer  
Tris HCl pH 8.0 10mM 
EDTA 1mM 
 
 

TAE buffer  
Tris 40mM 
Acetic acid 20mM 
EDTA 1mM 
 

 
TBE buffer  
Tris 90mM 
Boric acid 90mM 
EDTA 2mM 
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5.2.7 Chemicals and consumables 
 
.5% Trypsin-EDTA Gibco 
0.25% Trypsin-EDTA Gibco 
2-mercaptoethanol Sigma 
3MM Whatman paper Whatmann 
6X DNA Loading Dye Thermo Scientific 
Accutase Millipore 
Acetic acid Applichem 
Agarose LE Biozym 
AMPure XP Beads  Beckman Coulter 
Boric acid Applichem 
Bovine serum albumin (BSA) Fermentas 
Bromo-chloropropane (BCP) MRC 
BSA Ambion 
Calcium chloride (CaCl) Sigma 
Chlorophorm Sigma 
cOmplete Protease Inhibitor Cocktail Tablet, EDTA-free Roche 
cOmplete Protease Inhibitor Cocktail Tablets Roche 
dCTP Bioron 
dGTP Bioron 
Dialysis tubing Thermo Scientific 
Dimethyl sulfoxide (DMSO) Sigma 
DirectLoad Wide Range DNA Marker  Sigma 
Disodium hydrogen phosphate (Na2HPO4) Merck 
DMEM/F12, with HEPES, L-Glutamine Millipore 
dTTP Bioron 
Dulbecco's Modified Eagle Medium high glucose, HEPES (DMEM) Gibco 
Dulbecco's Modified Eagle Medium, high glucose, pyruvate (DMEM) Gibco 
Dulbecco's Phosphate-Buffered Saline (DPBS) Gibco 
ESGRO-2i medium Millipore 
Ethanol 96% Merck 
Ethidium bromide Applichem 
Ethylenediaminetetraacetic acid (EDTA) Merck 
Fetal bovine serum (FBS) PAA 
Gelatin Sigma 
GeneRuler 1 kb DNA Ladder Thermo Scientific 
GeneRuler 100 bp Plus DNA Ladder Thermo Scientific 
Gentamycin Invitrogen 
Glycerol Applichem 
Glycogen Ambion 
Hybond XL blotting membrane GE Healthcare 
Isopropanol Merck 
L-Glutamine Gibco 
Loading dye Fermentas 
MEM Non essential amino acids Gibco 
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MESA GREEN qPCR Plus Eurogentec 
Magnesium chloride (MgCl2) Sigma 
Phenol:Chloroform:Isoamyl Alcohol Applichem 
Phenylmethylsulfonyl fluoride in ethanol (PMSF) Sigma 
Potassium chloride (KCl) Sigma 
qPCR mastermix plus Eurogentec 
Random hexamer primer GE Healthcare 
RNA storage solution Ambion 
Salmon Sperm DNA Invitrogen 
Saponin Sigma 
SephadexTm G-50 Amersham 
Sepharose protein A beads GE Healthcare 
Sieve 3:1 Agarose Biozym 
Sodium acetate (NaAc) Ambion 
Sodium chloride (NaCl) Applichem 
Sodium dodecyl sulfate (SDS) Applichem 
Sodium hydroxide (NaOH) Applichem 
Sodium pyruvate Sigma 
Sucrose powder EMPROVE bio 
SYBRGold Nucleic Acid Gel Stain Invitrogen 
TriReagent Sigma 
Tris Applichem 
Triton-X Sigma 
Tween 20  Sigma 
Water for embryo transfer Sigma 
α-32P-dATP  Hartmann Analytic 

 
 
5.2.8 Buffer and enzymes 
 

10x Buffer O Thermo Scientific 
10x Buffer R Thermo Scientific 
10x Buffer EcoRI Thermo Scientific 
EcoRI Thermo Scientific 
MluI Thermo Scientific 
NotI Thermo Scientific 
MNase Thermo Scientific 
Proteinase K Applichem 
Dispase II Roche 
Klenow fragment Fermentas 
DNase I Ambion 
Reverse transcriptase  Fermentas 
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5.2.9 Kits  

  
QIAquick Gel extraction kit Qiagen 
TruSeq ChIP Sample Preparation Invitrogen 
Qubit dsDNA HS Assay Kit Invitrogen 
DNA-free Kit Invitrogen 
RevertAid First Strand cDNA Synthesis Kit Thermo Scientific 
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