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“see what everyone else has seen, but think what no one else has thought”. 

 

By the time someone ends up with data, it has become highly personalized –  
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1 INTRODUCTION 
 

Mammalian embryonic development is preceded by fusion of a matured 

oocyte and a capacitated, acrosome reacted sperm (RÜSSE and SINOWATZ 1991). 

The period of preimplantation embryonic development includes all developmental 

stages from the zygote to the hatched blastocyst. While mouse embryos reach the 

blastocyst stage at day 4 of development (HOGAN et al. 1994), bovine blastocysts 

are observed at day 7 to 8 of pregnancy (NIEMANN and MEINECKE 1993). Hatched 

bovine embryos implant after a growth period ending around day 18 of development 

(LONERGAN 1994; RÜSSE and SINOWATZ 1991). 

Embryonic development in mammals needs the equal contribution of both the 

maternal and the paternal genomes. This is due to the epigenetic phenomenon of 

genomic imprinting (McGRATH and SOLTER 1984a; SURANI et al. 1984). Genomic 

imprinting mediates mono-allelic, parent-specific gene expression in mammals and 

flowering plants (JOHN and SURANI 1996; REIK and DEAN 2001). Epigenetic 

mechanisms play an important role in the regulation of imprinted genes. DNA 

methylation is the best-understood mechanism but others such as histone 

modification, chromatin remodeling and RNA interference are also thought to be 

associated with the regulation of mono-allelic gene expression (RUTHERFORD and 

HENIKOFF 2003). 

DNA methylation occurs predominantly at the 5-position of cytosine molecules 

(m5Cs) in the mammalian genome (LARSEN et al. 1992) and methylation patterns 

are established and maintained by DNA methyltransferases (Dnmts; BESTOR 1992). 

Different methylation patterns of cytosine residues within the maternal and paternal 

alleles lead to Differentially Methylated Regions (DMRs), which constitute the parent-

of-origin-specific imprints (OLEK et al. 1997; TREMBLAY et al. 1997; EL-MAARRI et 

al. 2001). DMRs function as regulatory elements of imprinted gene expression (REIK 

et al. 2001). 

Methylation patterns are reprogrammed during germ cell development and 

after fertilization in the early embryo. The genome is demethylated in germ cells but 

how imprints are erased is still not understood. Re-establishment of imprints occurs 

during spermatogenesis and oocyte growth, respectively (REIK et al. 2001; SURANI 

1998). The re-established imprints are stably inherited in somatic cells and are 

modified during development. Imprints reset during germ cell development escape 
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genome-wide demethylation after fertilization with some exceptions such as DMR2 of 

the mouse Igf2 gene (MURRELL et al. 2001). While the paternal allele becomes 

actively demethylated (MAYER et al. 2000; OSWALD et al. 2000), the maternal allele 

is subject to passive demethylation (HOWELL et al. 2001). Remethylation occurs 

later in early development when global methylation levels are re-established (BIRD 

2002). 

Bovine preimplantation embryos can be generated by in vitro techniques such 

as in vitro fertilization (IVF) and nuclear transfer (NT). Embryos produced in vitro from 

oocytes isolated from slaughterhouse ovaries are abundantly available for 

commercial application and basic research. However, calves born after transfer of in 

vitro fertilized and/or cloned embryos to recipient animals show an abnormal 

phenotype, including increased birth weights, congenital malformations, perinatal 

death and metabolic aberrations (WALKER et al. 1996; KRUIP and denDAAS 1997; 

NIEMANN and WRENZYCKI 2000). The various symptoms are summarized as 

Large Offspring Syndrome (LOS). 

Around 15,700 genes are expressed in a well-orchestrated manner during 

early development in the mouse (STANTON et al. 2003). The Insulin-like growth 

factor2 gene (Igf2) encodes an important fetal and cellular growth regulation protein 

(SARA and HALL 1990). The Igf2 gene is imprinted in several species such as 

mouse, human and cattle (DeCHIARA 1991; RAINIER et al. 1993; DINDOT et al. 

 2004).  

Despite great progress in the field of epigenetics in farm animals, information 

is scarce on bovine imprinting. The goal of this study was to determine gene 

expression patterns of developmentally important genes and to analyze the 

methylation patterns of the bovine IGF2 gene in gametes and preimplantation 

embryos of different origins. The main tasks of this thesis were: 

 

1. Assessment of gene expression patterns of the bovine IGF2 (DINDOT et al. 

2004), Insulin-like growth factor2 receptor (IGF2R; KILLIAN et al. 2001) and 

Mammalian achaete-scute homolog2 (MASH2; ARNOLD et al. 2004) genes. 

We analyzed blastocysts and isolated ICM (Inner Cell Mass) and TE 

(trophectoderm) cells derived from embryos produced by in vitro fertilization 

(IVF) or by parthenogenesis (PA) using a semi-quantitative RT-PCR assay. 

The relative amounts of transcriptional products derived from IVF embryos 
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(maternal and paternal genome) and PA embryos (diploid maternal genome) 

allowed the determination of mono- or bi-allelic gene expression prior to 

implantation. 

 

2. Analyses of the methylation pattern within the bovine IGF2 gene in 

preimplantation embryos. Therefore, it was required to identify imprint 

associated sequences such as CpG islands and/or DMRs. Based on genomic 

information in the mouse, it was estimated that CpG island containing regions 

within the 5' untranslated region and the last exon of the IGF2 gene might be 

involved in bovine IGF2 imprinting. 

The methylation status of oocytes, sperm and preimplantation embryos from 

different origins was identified using bisulfite sequencing. This highly sensitive 

method has the ability to determine methylation patterns of single cytosine 

molecules. The protocol for this method was established in the laboratory. 

 

To our knowledge, this is the first study of DNA methylation within the bovine 

IGF2 gene in preimplantation embryos and identification of an intragenic DMR within 

a bovine imprinted gene. 
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2 REVIEW OF LITERATURE 
 

Information on epigenetic mechanisms is predominantly derived from research 

on the mouse whereas information in cattle is scarce. This review mainly focuses on 

findings in the mouse and summarizes briefly the epigenetic phenomena of DNA 

methylation, histone modification, chromatin remodeling and RNA interference. 

Special emphasis will be placed on imprinting and DNA methylation, as it is one of 

the best-understood mechanisms involved in the regulation of imprinted genes. The 

Igf2 gene as a model for imprinted gene regulation is considered for its genetic and 

epigenetic characteristics. Finally, the current model for Igf2 gene regulation in the 

mouse is discussed. 

 

2.1 Epigenetics 
 

Mammalian embryonic development is controlled by genetic, epigenetic and 

environmental mechanisms. Genetics concerns the DNA sequence base pair 

composition; epigenetics regulates gene activity without changes of the genetic code. 

Epigenetic modifications may be reversible but can also persist through one or more 

generations (RUSSO et al. 1996; BIRD and WOLFFE 1999). Epigenetic marks 

constitute molecular signals, which distinguish between transcriptionally active and 

inactive genes. These molecular signals include DNA methylation, histone 

modification, chromatin remodeling and RNA interference (RUTHERFORD and 

HENIKOFF 2003). Interaction of these molecular signals considerably extends the 

potential complexity of genetic information. 

Epigenetic control of gene expression plays a crucial role during embryonic 

and fetal development, which requires repression of particular genes not needed in 

specific cell types and/or at specific time points of development. Epigenetic 

mechanisms become deregulated in cancer cells and other diseases in humans and 

animals (JONES 1996; BAYLIN et al. 1998; YOUNG et al. 2001). 
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2.1.1 DNA methylation 
 

DNA methylation plays an important role in silencing and activation of 

imprinted genes, transcriptional control of non-imprinted genes, X-Chromosome 

inactivation and normal mammalian development (OKANO et al. 1998a; LI et al. 

1992; BIRD et al. 1995; REIK and WALTER 2001b). According to one hypothesis, 

DNA methylation evolved mainly to inactivate transcription of parasitic sequences 

(YODER et al. 1997) and to maintain chromosomal structure (CHEN et al. 1998). 

DNA methylation is observed in almost all vertebrates, in many invertebrates, 

in plant species and in Drosophila (REIK and DEAN 2001; LYKO 2001). Mouse 

embryos containing a deletion of the maintenance DNA methyltransferase1 (Dnmt1), 

die early in development (LI et al. 1992). However, it is questionable whether 

reversible cytosine methylation can still be regarded as the major factor involved in 

the regulation of mammalian development because normal mammalian development 

depends on stable regulatory networks (BESTOR 2000). 

DNA methylation is commonly thought to be involved in irreversible promoter 

silencing. Imprinted genes and genes on the inactive X-Chromosome are exceptions 

to this theory. The Insulin-like growth factor2 gene (Igf2) is known to be imprinted and 

is methylated on the paternal allele. Nevertheless, transcription is initiated from the 

methylated paternal allele (DeCHIARA et al. 1991; MURRELL et al. 2001; EDEN et 

al. 2001). In mammals, methylation occurs predominantly at the 5-position of 

cytosine residues (m5Cs). Methylation patterns are established and maintained by 

several DNA methyltransferases (Dnmts) subsequent to DNA replication (BESTOR et 

al. 1988). 

 

2.1.1.1 DNA methyltransferases (Dnmts) 
 

Eukaryotic DNA methyltransferases (Dnmts) have been identified and grouped 

into three families: Dnmt1, Dnmt2 and Dnmt3 (COLOT and ROSSIGNOL 1999; 

BESTOR 2000; LI 2002). All Dnmts have a similar molecular structure and most of 

them contain ten specific sequence motifs within the C-terminal catalytic domain, six 

of which are highly conserved (POSFAI et al. 1989; LAUSTER et al. 1989). In 

contrast, the regulatory N-terminal domains of Dnmts exhibit little sequence 

homologies (MARGOT et al. 2003). 
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Dnmts containing catalytic activity fold into two domains, a smaller and a 

larger one, which are separated by a large cleft where DNA binding presumably 

occurs (CHENG et al. 1993). The loop region facing the cleft of the large domain 

contains the cofactor-binding site and catalytic residues. The opposite loop region 

which belongs to the small domain of the enzyme provides variable sites responsible 

for specific recognition of target DNA and selection of the specific base to be 

methylated (BALGANESH et al. 1987; KLIMASAUSKAS et al. 1994; MI and 

ROBERTS 1993). The target DNA is methylated during contacts between the DNA 

and the cofactor through the six well-conserved sequence motifs of the enzyme. 

These contacts are established by extreme distortion of the DNA helix to permit 

access to the small domain (KLIMASAUSKAS et al. 1994). For interaction with a 

DNA methyltransferase, the cytosine molecule is flipped out from the DNA helix to 

become captured from the protein and chemically modified (KLIMASAUSKAS et al. 

1994; fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Schematic representation of DNA methyltransferase activity 

The cofactor-binding site binds DNA with subsequent extreme distortion of the DNA helix. 

DNA distortion permits access to the small domain of the enzyme, which recognizes target 

sequences. The cytosine molecule is flipped out from the DNA and becomes methylated. 
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Analogous to other enzymes, which catalyze electrophilic substitution at 

carbon-5 of pyrimidines, it was proposed that DNA methyltransferases could act in 

the same way (SANTI et al. 1983). Catalytically active Dnmts would bind covalently 

at carbon-6 of a cytosine. This reaction pushes electrons from carbon-6 to carbon-5 

and results in a reactive 4-5 enamine. The negative charged 4-5-enamine can attack 

the methyl group of the S-adenosylmethionine (AdoMet) which acts as methyl donor. 

After transfer of the methyl group, the proton is removed which allows reconstitution 

of the 5-6-double bond and release of the enzyme by β-elimination (ERLANSON et 

al. 1993; fig. 2). 

 

 

Figure 2: Schematic representation of the molecular mechanism of m5-CpG methylation 

(KLIMASAUSKAS et al. 1994, modified) 

Dnmt binds at the 6-position of a cytosine molecule and electrons are pushed to the 5-

position of the cytosine. The resulting reactive 4-5-enamine attacks the methyl donor S-

adenosylmethionine (AdoMet) and a methyl group is transferred to the 5-position of the 

cytosine. The proton is removed and the enzyme released. 

 

2.1.1.2 DNA methyltransferase1 (Dnmt1) 
 

DNA methyltransferase1 (Dnmt1) shows high affinity to hemi-methylated DNA. 

It maintains the methylation status during or after replication by copying the 

methylation patterns from the parental to the newly synthesized strand (BESTOR et 

al. 1988; LI et al. 1992; PRADHAN et al. 1999). There is preliminary evidence that 

Dnmt1 is also involved in certain types of de novo methylation because it shows de 

novo methylation activity in embryo lysates (YODER et al. 1997). Inactivation of 
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Dnmt1 resulted in global genome demethylation. Sequence mutations within the 

Dnmt1 gene caused cell-autonomous apoptosis (LI et al. 1992), bi-allelic expression 

of some imprinted genes (LI et al. 1993), expression of the normally silent male Xist 

gene (BEARD et al. 1995) and increased frequencies of sequence deletions and 

chromosomal rearrangement mutations (CHEN et al. 1998). Silencing of human 

DNMT1 is lethal for normal cells (LEI et al. 1996). 

Dnmt1 is a protein with 1620 amino acids and was the first DNA cytosine-

methyltransferase identified in eukaryotes. During evolution, the catalytic activity of 

Dnmt1 has become dependent on the regulatory N-terminal domain. The normally 

catalytic C-domain is inactive after isolation (ZIMMERMANN et al. 1997; MARGOT et 

al. 2000; FATEMI et al. 2001) and needs activation by the N-terminus probably due 

to changes in the tertiary structure of the enzyme (MARGOT et al. 2003). The Dnmt1 

protein contains a double DNA binding site that could explain its preference for hemi-

methylated DNA. While the C-terminus shows preference for unmethylated DNA, 

methylated DNA is bound through the N-terminal domain (BACOLLA et al. 1999, 

2001). 

Sex specific isoforms of Dnmt1 were identified containing different numbers of 

amino acids (BESTOR et al. 1988). The oocyte isoform of Dnmt1 has a specific 

oocyte 5' exon designated exon 1o and the translated protein lacks 118 amino acids 

compared to the somatic form (BESTOR 2000). In contrast to the somatic form of 

Dnmt1 (Dnmt1s), which is predominantly localized in the nucleus, Dnmt1o is found 

near the nucleus only at the beginning of oocyte growth and during one cell cycle at 

the 8-cell stage in murine embryos (BESTOR 2000). Prior to ovulation and in 

preimplantation embryos Dnmt1o is found in the cytoplasm (CARLSON et al. 1992). 

Dnmt1o becomes nuclear after implantation and is then replaced by the somatic form 

(CARLSON et al. 1992; MERTINEIT et al. 1998). A sperm specific promoter was 

active only in pachytene spermatocytes, where a high amount of mRNA was 

transcribed whereas translation into protein failed. This is in contrast to the situation 

in oocytes and preimplantation embryos, where a high protein level but small 

amounts of mRNA were detected for Dnmt1 (MERTINEIT et al. 1998). 
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2.1.1.3 DNA methyltransferase2 (Dnmt2) 
 

Dnmt2 contains 391 amino acids and the N-terminal domain is shorter than in 

Dnmt1 and Dnmt3A/3B (YODER and BESTOR 1998). Multiple mRNAs were 

ubiquitously detected in humans and mice with an expression pattern similar to that 

of Dnmt1 (OKANO et al. 1998b; YODER and BESTOR 1998). Dnmt2 is a catalytically 

inactive protein but consists of all motifs characteristic of 5-methylcytosine 

methyltransferases (OKANO et al. 1998b). Its biological significance has not yet been 

identified but could function in the maintenance of centromeric structure (BESTOR 

2000). 

Dnmt2 is presumably the only DNA methyltransferase within the Drosophila 

genome and does not show any methylation activity in standard in vitro assays 

(TWEEDIE et al. 1999; LYKO 2001). A knockdown by RNA interference 

demonstrated that Dnmt2 is important for DNA methylation during Drosophila 

embryogenesis (KUNERT et al. 2003). Human DNMT2 forms denaturant-resistant 

complexes with DNA in in vitro systems. It was suggested that the protein lost its 

ability to catalyze the transfer of methyl groups during evolution but is still capable of 

marking specific DNA sequences within the genome (DONG et al. 2001). 

 

2.1.1.4 DNA methyltransferases3A/3B (Dnmt3A, Dnmt3B) 
 

Dnmt3A and Dnmt3B are predominantly active in de novo methylation 

processes during embryonic development and involved in the establishment of 

maternal and paternal imprints (HATA et al. 2002; SANTOS et al. 2002; KANEDA et 

al. 2004). Both enzymes show a high affinity for hemi-methylated and unmethylated 

DNA (OKANO et al. 1999; ROBERTSON et al. 1999) and are highly expressed in 

embryonic stem cells (OKANO et al. 1999). Mutations within the Dnmt3A gene on 

either the maternal or paternal allele led to disturbances in reproduction, embryonic 

development and imprinting (KANEDA et al. 2004). Unmethylated retroviral 

sequence repeats were methylated after fertilization by an intact paternal Dnmt3A 

allele. In contrast, mutational demethylation of maternal loci within imprinted genes 

remained demethylated. Dnmt3A plays also an important role during 

spermatogenesis. No pregnancy was established when Dnmt3A mutant male mice 

were crossed with wild-type females. In addition, testis weight was decreased in 
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these males (KANEDA et al. 2004). Defects caused by Dnmt3A mutations were 

similar to those observed in Dnmt3L mutant mice (BOURC'HIS et al. 2001a; HATA et 

al. 2002). 

Dnmt3B is alternatively spliced into four variants (Dnmt3B1-4), which show 

tissue specific gene expression. Two of the splice variants differ in their catalytic 

activity due to the absence of conserved methyltransferase motifs (ROBERTSON et 

al. 1999). Deletion of the Dnmt3B allele had no effect on phenotypes and methylation 

of imprinted loci and healthy pups were born after crossing mutant females and 

males with wild-type mice (KANEDA et al. 2004). Mutations in human DNMT3B 

prevent methylation at specific loci, and inactivity caused demethylation of specific 

regions in human immunodeficiency and chromosome instability disease (ICF 

syndrome; OKANO et al. 1999; XU et al. 1999). Over-expression of Dnmt3B was 

observed in tumor cells (ROBERTSON 2001). 

Dnmt3A and 3B consist of a large regulatory N-terminal domain and a smaller 

catalytic C-terminal domain, but no intra-molecular interaction was found between the 

two domains as reported for Dnmt1 (MARGOT et al. 2003). The isolated C-terminal 

domain remains capable of methylating DNA (GOWHER and JELTSCH 2002). 

 

2.1.1.5 DNA methyltransferase-like protein3L (Dnmt3L) 
 

Dnmt3L is involved in the establishment of maternal methylation imprints 

during gametogenesis (BOURC'HIS et al. 2001a) and plays an important role in 

differentiation of spermatocytes (HATA et al. 2002). Mice homozygous for mutated 

Dnmt3L are phenotypically normal but both females and males are sterile 

(BOURC'HIS et al. 2001a). 

An interaction of Dnmt3L with Dnmt3A was seen by stimulation of Dnmt3A 

activity however methylation levels remain unchanged when Dnmt3L was co-

expressed with Dnmt3B (CHEDIN et al. 2002). Dnmt3L was proposed to specifically 

target Dnmt3A and Dnmt3B to the DMRs of imprinted genes in oocytes (HATA et al. 

2002). However, it was shown that Dnmt3L could not bind to DNA. It does bind to 

Dnmt3A and 3B in vitro, so it seems more likely that the stimulatory effect of Dnmt3L 

is associated with a direct effect on the catalytic activity of Dnmt3A and 3B 

(SUETAKE et al. 2004). 
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2.1.2 Histone modification 
 

Chromatin constitutes a dynamic polymer of highly folded and compacted 

genomic DNA, which is wrapped around histone and non-histone proteins in all 

eukaryotic cell nuclei except sperm. Histones are small, basic and lysine-rich 

proteins, which constitute half of the eukaryotic chromosome (STRYER 1991). Sperm 

nuclei do not have the volume capacity for this type of packaging, and instead 

histone and non-histone proteins are replaced by protamines during 

spermatogenesis (HECHT 1990; WARD and COFFEY 1991; WOUTERS-TYROU et 

al. 1998). 

Two superhelical turns of DNA are wrapped around an octamer of histone 

proteins: One H3-H4 tetramer and two H2A-H2B dimers (LUGER et al. 1997). These 

DNA-protein complexes represent the nucleosomes, which are the basic repetitive 

units of chromatin. Nucleosomes are connected by linker histone protein H1. The 5' 

amino-terminal ends of the nucleosomes (“histone tails”) are associated with DNA in 

the major groove of the helix. Histone tails can be modified after translation by 

methylation, phosphorylation, acetylation, ubiquitination and ADP-ribosylation at 

lysine, serine and arginine residues (VAN HOLDE 1980; WOLFFE 1998; fig. 3). The 

interaction between histone tails and other epigenetic marks such as DNA 

methylation leads to a specific chromatin conformation (euchromatin/hetero-

chromatin). Accessible euchromatin allows, and inaccessible heterochromatin inhibits 

gene expression (STRAHL and ALLIS 2000; TURNER 2000; JENUWEIN and ALLIS 

2001). 

Acetylation and methylation of arginine residues are associated with 

transcription (ROTH et al. 2001; STALLCUP 2001). Serine phosphorylation is 

synergistically coupled with lysine acetylation and activates the transcriptional 

machinery, but can also induce mitotic chromosome condensation (CHEUNG et al. 

2000; WEI et al. 1999). Histone modifications at different histone-tails were reported 

for histone ubiquitination in Saccharomyces cerevisiae. This unidirectional “trans-tail” 

process is mediated through the ubiquitin-conjugation enzyme Rad6. Ubiquitination 

on histone H2B leads to methylation of H3K4 and transcriptional silencing (SUN and 

ALLIS 2002). 

Lysine methylation occurs at five positions within the N-termini of histone H3: 

K4, K9, K27, K36 and K79 (FENG et al. 2002; LACOSTE et al. 2002) and is 
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catalyzed by histone lysine methyltransferases (HMTases) such as the mammalian 

enzyme Suv39h (REA et al. 2000). HMTases catalyze mono-, di- or tri-methylation of 

lysine residues (PAIK and KIM 1971; WATERBORG 1993). Di- and tri-methylation 

may contribute to a higher stability of histone lysine methylation (LACHNER et al. 

2003). Tri-methylation of H3-K4 was found in fully activated promoters whereas di-

methylation was associated with only basal transcription (NISHIOKA et al. 2002; 

SANTOS-ROSA et al. 2002). In contrast, H3-K9 methylation generally induces a 

transcriptionally inactive chromatin (LACHNER and JENUWEIN 2002). It appears 

that specific proteins are attracted by histone modifications to induce active or 

inactive chromatin states (LACHNER et al. 2001; BANNISTER et al. 2001; 

NAKAYAMA et al. 2001). 

 
Figure 3: Histone modification 

DNA (yellow trimers) is wrapped around an octamer of histone proteins (gray octamer in the 

center). Modifications of histone tails such as methylation, acetylation, phosphorylation or 

ubiquitination can change the chromatin conformation (euchromatin/heterochromatin). 

Histone modifications occur at lysine, serine and arginine residues. 
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2.1.3 Chromatin remodeling 
 

Chromatin is organized into highly condensed heterochromatin and less 

condensed euchromatin (PARDUE and HENNIG 1990). Heterochromatin replicates 

late in S-phase and contains unacetylated histone H4 (HENIKOFF 1990; SELIG et al. 

1992; TURNER and FRANCHI 1990). Euchromatin consists of two domains, the 

minimally condensed active chromatin and the inactive, more condensed 

euchromatin (FRENSTER et al. 1963). The open accessible euchromatin is related to 

gene expression whereas the closed inaccessible conformation of heterochromatin is 

implicated in gene silencing (WEINTRAUB and GROUDINE 1976). Interaction 

between chromatin modification such as DNA methylation, histone modification and 

chromatin remodeling regulates tissue specific gene expression and gene silencing 

(NARLIKAR et al. 2002; fig. 4). 

Chromatin remodeling occurs through interaction of evolutionarily conserved 

enzymes which function in two different ways. One group of enzymes alters the 

association of DNA with core histones and a second group changes DNA-histone 

interaction by modifications of histone tails (BECKER and HORZ 2002; BERGER 

2002; JASKELIOFF and PETERSON 2003). It was proposed that alteration of 

chromatin to induce transcription or silencing occurs through two mechanisms: 

“Sliding” and “looping” which do not denature the histone octamers (NARLIKAR et al. 

2002; BECKER and HORZ 2002; KASSABOV et al. 2003). The sliding mechanism 

includes alteration of local DNA (SAHA et al. 2002; WHITEHOUSE et al. 2003). The 

looping mechanism includes peeling of a long DNA fragment from one edge of the 

nucleosome, mobilization of octamers and rewrapping of the distorted DNA 

(KASSABOV et al. 2003). ATP-dependent proteins from the Swi2/Snf2 family are 

implicated in both mechanisms and support translocation of DNA (NARLIKAR et al. 

2002; BECKER and HORZ 2002). A chromatin remodeling mechanism, which needs 

disruption of histone-histone and histone-DNA contacts, was reported recently. The 

chromatin remodeling complex SWR1 catalyzes isolation of DNA from the histone 

octamer and presents the DNA-binding surface of an H2A-H2B dimer. This process 

results in dissociation of the entire histone octamer into H2A-H2B dimers and the H3-

H4 tetramer (MIZUGUCHI et al. 2004). 

The chromatin structure can also be altered by interaction between methylated 

DNA, methyl-binding proteins and the recruitment of enzymes, which are able to alter 
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histone modification (RAZIN 1998). Methyl-CpG binding proteins (MECPs) bind to 

methylated DNA and interact either with histone deacetylases (HDACs) or form a 

complex with chromatin remodeling proteins and HDACs (ZHANG et al. 1999; WADE 

et al. 1999). 

 

 
Figure 4: Chromatin remodeling 

Chromatin conformation is associated with gene activity or gene silencing. It is “open” when 

demethylated and acetylated and allows binding of transcription factors. In contrast, 

chromatin is “closed” when methylated and deacetylated which inhibits binding of the 

transcriptional machinery. 
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2.1.4 RNA interference (RNAi) 
 

RNA interference (RNAi) is an evolutionarily conserved defense mechanism to 

control expression of transposable elements and repetitive sequences in animals 

(FIRE et al. 1998; KETTING et al. 1999; TABARA et al. 1999). Double-stranded RNA 

(dsRNA) specifically degrades homologous mRNA in the cytoplasm (HAMMOND et 

al. 2001). The dsRNA involved in RNAi is produced in the nucleus or the cytoplasm 

by transcription through inverted DNA repeats, synthesis of sense and antisense 

RNAs, viral replication or viral RNA-dependent RNA polymerases (RdRP; MATZKE 

et al. 2001). Insight into the degradation process performed by dsRNAs comes from 

experiments in Drosophila. The dsRNA is first disrupted into sense and antisense 

strands with a length of 21- to 25 nucleotides. These small interference RNAs 

(siRNAs) are processed through an RNaseIII type protein, Dicer. Orthologs of Dicer 

have been identified in other organisms including mammals (TUSCHL et al. 1999; 

ZAMORE et al. 2000). The antisense siRNAs generated by Dicer associate with a 

protein complex termed RISC (RNA-Induced Silencing Complex) and guides the 

complex to the complementary single stranded mRNA (HAMMOND et al. 2000). The 

mRNA-RISC complex is subsequently cut into two even pieces (fig. 5). Disrupted 

mRNA is further degraded (BERNSTEIN et al. 2001; ELBASHIR et al. 2001). It is 

possible that other pathways than that described here are also involved in the 

processing of siRNAs (MATZKE et al. 2001). 

Genomes of higher eukaryotes contain a high number of parasitic sequences, 

transposable elements and endogenous viral sequences, which produce dsRNAs. It 

is thought that RNA interference has been evolved to counteract these dsRNAs 

(PLASTERK and KETTING 2000). The role of RNAi in development is not yet fully 

understood and only a few RNAi mutants showed developmental disorders such as 

failure in development of Arabidopsis or deregulation of developmental timing in 

Caenorhabditis elegans (VANCE and VAUCHERET 2001; PLASTERK and KETTING 

2000). The contribution of RNA silencing by transcripts from transposable elements 

to the regulation of plant and animal development was also proposed and would be 

an explanation for the accumulation of these foreign sequences in the genomes of 

eukaryotes (MATZKE et al. 2000). 
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Figure 5: RNA interference (RNAi) 

DICER possesses double stranded RNAs (dsRNAs) into small interference RNAs (siRNAs). 

siRNAs associate with the protein RISK, which guides sense and antisense siRNAs to target 

single stranded mRNAs. Binding of siRNAs to their complementary mRNAs leads to 

denaturation of the mRNAs. 

 

2.2 Genomic imprinting 
 

Genomic imprinting is an epigenetic phenomenon and occurs in mammals and 

flowering plants. It is highly conserved among rodents, humans and ruminants (REIK 

and DEAN 2001; YOUNG et al. 2003). Around 0.1% of a mammalian genome is 

subject to imprinting. Expression of imprinted genes is restricted to one parental 

allele. DNA methylation at cytosine residues plays a predominant role in the mono-

allelic gene expression of imprinted genes. Despite the functional non-equivalent role 

of the maternal and the paternal genomes due to different methylation patterns, both 

are required for normal mammalian development (BARTOLOMEI et al. 1991; 

JAENISCH 1997). As a consequence of genomic imprinting, parthenogenetic 
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mammalian embryos, which possess a diploid maternal genome, are unable to 

develop to term. The same effect is observed when androgenetic embryos are 

transferred to recipient animals (McGRATH and SOLTER 1984b; SURANI et al. 

1984; LOI et al. 1998; LAGUTINA et al. 2004). The first parthenogenetic mice were 

recently born and were generated from two haploid maternal genomes of non-

growing and fully-grown oocytes that had been fused. The non-growing oocytes, 

which had been used as donor cells for nuclear transfer, contained a deletion of the 

imprinted H19 gene. This gene has been instrumental in unraveling the imprinting 

mechanism (KONO et al. 2004). 

Less than 10% of all 5-methyl-cytosines (m5Cs) in the genome belong to 

imprinted genes and genes subject to X-inactivation in females (SMIT 1999). The 

majority of m5Cs are found in transposons (YODER et al. 1997). Methylation patterns 

of imprinted genes correlate with the parental allele from which they are inherited 

(SAPIENZA et al. 1987; REIK et al. 1987). This inherited methylation pattern is 

reversible in the next generation during germ cell development. A maternal allele 

could be a paternal allele in the next generation (REIK et al. 1987). 

Mono-allelic gene expression can also be caused through polymorphic 

imprinting. This occurs when normally bi-allelically expressed genes are expressed 

from only one parental allele in a tissue specific manner due to allele specific base 

pair mutations. Polymorphic imprinting was reported for the WT1 gene (Wilms' tumor 

suppressor gene 1) and the PEG1/MEST genes (Paternally expressed gene 

1/Mesodermal specific transcript) in humans (JINNO et al. 1994; PEDERSEN et al. 

2002). 

The list of imprinted genes is growing. To date, a variable number of imprinted 

genes has been identified among different species (Tab. 1; Imprinted gene 

catalogue: www.otago.ac.nz/IGC). 

 

Mouse: 76 

Human: 53 

Sheep: 10 

Pig: 2 

Cattle: 7 
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Table 1: Imprinted genes identified in cattle (August 2004) 

 

Imprinted 
loci 

Chromosome 
Repressed 

parental allele 
Name Reference 

IGF2R/M6PR 9 Paternal 
Insulin-like 

growth factor2 

receptor 

KILLIAN et al. 2001 

Nnat 13 Paternal Neuronatin 
RUDDOCK et al. 

20041 

PEG3 18 Maternal 

Paternally 

expressed 

gene3 

KIM et al. 2004 

GTL2 21 Maternal 
Gene trap 

locus2 
DINDOT et al. 2004 

IGF2 29 Maternal 
Insulin-like 

growth factor2 
DINDOT et al. 2004 

Xist X Paternal 

X-inactive 

specific 

transcript 

DINDOT et al. 2004 

H19  Paternal  ZHANG et al. 2004 

 

                                                 
1 Imprinting of the Nnat gene was identified by qualitative analyses of mRNA abundance between in 
vitro fertilized and parthenogenetic bovine embryos. Determination of a SNP (single nucleotide 
polymorphism) was not reported. 
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2.2.1 Characteristics of imprinted genes 
 

A common feature of imprinted genes is that they appear in clusters 

(PAULSEN et al. 1998, 2000; ENGEMANN et al. 2000). For example 14 imprinted 

genes have been identified and mapped to the distal region of mouse chromosome 7 

(fig. 6), which contains two further clusters of imprinted genes in the central and 

proximal region (BEECHEY et al. 2003). 

 

 

Figure 6: Representation of mouse chromosome 7 (distal part) 

Genes marked in red are maternally expressed and genes marked in blue are paternally 

expressed. The distal chromosome 7 of the mouse can be divided into two subdomains: The 

H19 and the Kcnq1OT1 subdomain. Each subdomain contains an Imprinting Control 

Element (ICE). 
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Clustering might be important for enhancer competition between promoters of 

different imprinted genes (CONSTANCIA et al. 1998). Furthermore, it was proposed 

that imprinted genes contain tandem direct-repeats within CG-rich sequences, which 

are associated with Differentially Methylated Regions (DMRs). This was detected 

through the analyses of imprinted genes such as the mouse Igf2/Mpr region 2, the 

mouse Igf2 and U2afbp-rs genes and the human SNRPN gene (NEUMANN et al. 

1995). In contrast, the human IGF2 gene does not contain a tandem repeat within 

the region homologous to the mouse but is nevertheless imprinted (MOORE et al. 

1997). Direct repeats have only a few common features but these are found in many 

of the imprinted genes (CONSTANCIA et al. 1998). In addition, imprinted genes 

seem to have smaller and fewer intron sequences than non-imprinted control genes 

(HURST et al. 1996). 

 

2.2.2 Genomic imprinting and DNA methylation 
 

DNA methylation in mammals occurs mainly at CG dinucleotides (LARSEN et 

al. 1992; LI et al. 1993) but the majority of CpG islands remain unmethylated in both 

expressing and non-expressing genes (TAZI and BIRD 1990; ANTEQUERA and 

BIRD 1993). CpG islands become methylated in a parent-of-origin specific manner 

within imprinted genes (RIGGS et al. 1992; LI et al. 1993; BARLOW 1995). Allele 

specific DNA methylation is one of the characteristic features of imprinted genes. 

TYKOCINSKI and MAX (1984) as well as BIRD et al. (1985) first noted the 

existence of CpG islands. Short DNA regions of 1 to 2 kb with a CG content of 60% 

to 70% were designated as CpG islands. The number of CpG islands depends of the 

parameters used to describe the CpG islands (TAKAI and JONES 2002). CpG 

islands were first defined as regions with more than 200 bp, a G+C content of at least 

50% and a CpG ratio greater than 0.6 (GARDINER-GARDEN and FROMMER 1987). 

Sequencing of mammalian genomes revealed many sequences without any 

association to control regions but rather an association with intragenomic parasites 

such as Alu-sequences. TAKAI and JONES (2002) provided a more stringent 

definition regarding length and GC contents. CpG islands were defined as DNA 

regions containing more than 500 bp, a content of G+C equal to or greater than 55% 

and a CpG ratio of 0.65. This definition excluded most of the Alu-repetitive elements. 

The association with 5' regions of genes was also more likely where CpG islands are 
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normally localized but they are also found within coding regions of genes (LARSEN 

et al. 1992; TAKAI and JONES 2002). 

In contrast to genomes of lower eukaryotes such as D. melanogaster2, the 

human genome contains a low number of CG dinucleotides (TAKAI and JONES 

2002). Only 1 to 2% of the human genome consists of CpG islands presumably due 

to spontaneous deamination of methylated cytosines into thymines during evolution 

(COULONDRE et al. 1978; DUNCAN and MILLER 1980; ANTEQUERA and BIRD 

1993). Genomic regions containing CpG islands are characterized by dense 

clustering of CG dinucleotides and multiple cutting sites for restriction enzymes such 

as EagI, NotI and SacII. These enzymes normally cut rarely elsewhere in the 

genome (BICKMORE and BIRD 1992). 

It has been proposed that CpG methylation functions to protect the 

mammalian genome from the expression and transposition of parasitic DNA 

elements (YODER et al. 1997). It is not fully understood how DNA 

methyltransferases methylate only specific CpG islands. Three hypotheses have 

been suggested: (1) DNA methyltransferases have a low affinity to GC-rich DNA and 

therefore CpG islands are not primary substrates for Dnmts (CAROTTI et al. 1989). 

(2) CpG islands are methylated but the methylation is specifically removed by 

demethylation factors (FRANK et al. 1991). (3) Factors, which specifically bind within 

CpG islands, block the access of DNA methyltransferases to DNA. 

Indeed, it was shown for the mice Aprt gene (adenine 

phosphoribosyltransferase) that SP1 sites at one edge of a CpG island inhibit its 

methylation. When the Sp1 sites were deleted or mutated, Sp1 could no longer bind 

and the CpG island became methylated (MacLEOD et al. 1994). It was also shown 

by MUMMANENI et al. (1993) and TURKER (1999) that a methylation center 

upstream of the mouse Aprt promoter is involved in the establishment of methylation 

patterns. The signal for de novo methylation normally consists of two tandem B1 

elements at the 3' end of the methylation center, however a single B1 element can 

provide a strong methylation signal (YATES et al. 1999). B1 elements are 

homologous to the abundant human Alu elements that are derived originally from 

RNA intermediates (SINNETT et al. 1991; LABUDA et al. 1991). 

Most CpG islands within the mammalian genome are protected from 

methylation. Evidence suggests that protection from methylation is mediated by 

                                                 
2 http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=7227 
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protein binding (BIRD 1986; HAN et al. 2001). From studies using prokaryotic 

methylases it is known that DNA sequences bound by histone proteins are protected 

from methylation (KLADDE and SIMPSON 1994; KLADDE et al. 1996; HAN et al. 

2001). DNA in the neighborhood of sequences bound to non-histone proteins also 

remains unmethylated (SELKER 1990). DNA binding proteins may protect CpGs 

from methylation and provoke demethylation at CpG sites within the same cell (HAN 

et al. 2001). A “determinator protein” was proposed that marks specific sites for 

demethylation or de novo methylation (RIGGS 1989; RIGGS and JONES 1983). It is 

possible that methylation of CpG islands within imprinted genes involves several 

different mechanisms (JONES 1999). 

 

CpG islands are often localized within Differentially Methylated Regions 

(DMRs). These CG-rich sequences become methylated on only one parental allele 

(RAZIN and CEDAR 1994; CONSTANCIA et al. 1998; TILGHMAN et al. 1999) and 

play an important role in the mono-allelic gene expression of imprinted genes (LI et 

al. 1993; REIK et al. 2001). Methylation of DMRs is generally thought to be 

associated with silencing of the corresponding gene. Methylated DMRs serve as 

silencers whereas unmethylated DMRs serve as insulators or boundary elements as 

seen in the reciprocal imprinted Igf2/H19 locus on the distal part of mouse 

chromosome 7 (KANDURI et al. 2000; KAFFER et al. 2000; DREWELL et al. 2002; 

TAKADA et al. 2002). Interestingly, some methylated DMRs augment transcription 

(SURANI 2001; MURRELL et al. 2001) and are primarily identified within paternally 

imprinted genes (REIK and WALTER 2001a). The murine Igf2 gene, for example, 

contains an intragenic DMR2, which increases transcriptional activity (MURRELL et 

al. 2001). 

 

2.2.3 Genomic imprinting and methylation reprogramming during germ 
cell development 

 

Mammalian preimplantation development is characterized by dynamic 

changes in DNA methylation (REIK et al. 2001). The genome is subject to 

methylation changes during both germ cell and preimplantation development. DMRs 

within imprinted genes and methylation patterns of the entire genome are both 

included in the reprogramming process. 
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2.2.3.1 Erasure of genomic imprints 
 

The first reprogramming event takes place during germ cell development 

(REIK and WALTER 2001b). Reprogramming of parent-of-origin specific marks at 

DMRs within imprinted genes coincides with reprogramming of genome-wide 

methylation patterns in germ cells (TUCKER et al. 1996). DMRs inherited from each 

parent have to be reprogrammed in a sex specific manner. This occurs in primordial 

germ cells (PGCs) and involves the erasure of parental marks and the establishment 

of new marks (fig. 7). It is estimated that the erasure of imprints occurs around day 

10.5 to day 13.5 of mouse development and is completed within one day. PGCs 

reach the genital ridge during this period (KAFRI et al. 1992; HAJKOVA et al. 2002a; 

LEE et al. 2002). It was proposed that imprints are erased around day 50 of bovine 

development (LAVOIR et al. 1994; ZAKHARTCHENKO et al. 1999). 

The mechanism involved in demethylation still has to be determined for 

primordial germ cells (REIK et al. 2001). A demethylation activity, which acts in trans, 

and/or the inactivation of Dnmt1, have been proposed as factors implicated in the 

erasure of imprints (TADA et al. 1997). Several imprinted genes show bi-allelic 

expression during this period and it was shown that DNA methylation plays an 

important role in silencing one parental allele (SZABO and MANN 1995; SZABO et 

al. 2002; ONYANGO et al. 2002). After demethylation, male germ cells enter mitotic 

arrest and female germ cells meiotic arrest. The demethylated genome is not 

replicated because of the decondensed centromeres, which could be functionally 

altered (XU et al. 1999) and/or the increased susceptibility to chromosome 

aberrations (CHEN et al. 1998). This might be the only period in an individuals' life 

that both parental genomes are epigenetically equal (KATO et al. 1999). 

 

2.2.3.2 Re-establishment of genomic imprints 
 

Imprints are re-established several days after demethylation (fig. 7). 

Methyltransferases of the Dnmt3 family are involved in remethylation of DMRs and 

the global genome (REIK et al. 2001). Germ cell imprints are prevented from 

remethylation during early development (HATA et al. 2002). Dnmt3A and 3B 

specifically remethylate DMRs of imprinted genes earlier in the male than in the 

female germ line. Prospermatogonia are remethylated around day 15 and onwards in 
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mice (KAFRI et al. 1992; BRANDEIS et al. 1993; COFFIGNY et al. 1999) and will 

reinitiate mitosis and meiosis. In contrast, the female germ line becomes 

remethylated during oocyte growth after birth (OBATA et al. 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7: “Life cycle of methylation imprints” (REIK and WALTER 2001b, modified) 

The Igf2-H19 gene locus maps to distal chromosome 7 of the mouse. The Imprinted Control 

Element (ICE) upstream of the H19 gene and the 3 DMRs of the Igf2 gene (DMR1, DMR2 

and DMR0) are indicated. Black marks within the parental alleles designate methylation. It is 

not yet understood whether the Igf2-DMR0 is also affected by erasure and resetting the 

methylation mark during primordial germ cell development and/or after fertilization. DMR0 is 

therefore only indicated in the blastocyst and the fetus. 
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2.2.4 Genomic imprinting and methylation reprogramming during early 
embryonic development 

 

Imprints are stably inherited after reprogramming during germ cell 

development. They escape genome-wide demethylation during the second phase of 

reprogramming (fig. 8) which occurs between fertilization and arrival at the blastocyst 

stage (OSWALD et al. 2000; REIK and WALTER 2001b). Nevertheless, a few DMRs 

such as the DMR2 of the murine Igf2 gene are de- and remethylated after fertilization 

(MURRELL et al. 2001). 

Methylation patterns of the paternal genome are actively removed (MAYER et 

al. 2000; DEAN et al. 2003) although no demethylase has yet been identified in vivo 

(CEDAR et al. 1999; MAYER et al. 2000). Demethylase activity is present in zygotes, 

which specifically demethylate male pronuclei (SANTOS and DEAN 2004). An 

enzyme containing a methyl-CpG-binding domain with demethylase activity catalyzes 

the removal of the methyl group from the 5-position of methylated cytosine in vitro. 

The methyl group is subsequently transformed into methanol (BHATTACHARYA et 

al. 1999). The timing of the onset of active demethylation of the paternal genome is 

species-specific. The male pronucleus from mouse, rat, pig and human is 

demethylated shortly after fertilization but prior to syngamy. The male pronucleus of 

the mouse is demethylated four hours after fertilization (MAYER et al. 2000; 

OSWALD et al. 2000; DEAN et al. 2001; SANTOS et al. 2002; BEAUJEAN et al. 

2004). Demethylation was observed only at the blastocyst stage in sheep 

(BEAUJEAN et al. 2004). In cattle, the paternal genome is demethylated at some 

point between fertilization and the 8-16-cell stage (BEAUJEAN et al. 2004). 

In contrast, the maternal genome is passively demethylated. DNA is replicated 

in the absence of maintenance DNA methyltransferase1 (Dnmt1). The methylation 

pattern of the maternal strand is not copied to the daughter strand, which leads to 

decreased methylation levels (ROUGIER et al. 1998). It was proposed that passive 

demethylation after fertilization occurs because the oocyte specific maintenance 

methyltransferase Dnmt1o is excluded from the nucleus (CARLSON et al. 1992; 

CARDOSO and LEONHARDT 1999). This step-wise demethylation is observed from 

the one-cell embryo to the morula stage (DEAN et al. 2001; SANTOS et al. 2002). 

The genome is remethylated from the 8- to 16-cell stage onward in cattle and 

in the mouse blastocyst (DEAN et al. 2001; SANTOS et al. 2002). Remethylation is 
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presumably catalyzed by methyltransferases of the Dnmt3 family (REIK et al. 2001). 

The genome shows an increased methylation level at the blastocyst stage when the 

first two cell lineages are differentiated: The inner cell mass (ICM) which gives rise to 

the embryo proper and the trophectoderm (TE) which forms the extra-embryonic 

tissues. Methylation differences can be detected during this early stage of 

development in the mouse. ICM cells are hypermethylated whereas TE cells are 

hypomethylated. These differences are also reflected later in development. PGCs 

derived from the ICM are heavily methylated when they migrate to the 

hypomethylated extra-embryonic mesodermal yolk sack (REIK et al. 2001; DEAN et 

al. 2001; SANTOS et al. 2002). In cattle, TE cells are higher methylated as compared 

to the mouse. This originates from an earlier onset of de novo methylation in bovine 

embryos (DEAN et al. 2001). 
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Figure 8: Methylation reprogramming during early embryonic development 

The picture schematically shows murine and bovine preimplantation development. 

Developmental specific global methylation is indicated by open circles and circles containing 

CH3. Mouse blastocysts get in direct contact with the maternal circulation during implantation. 

During a growth phase in uterine milk, which ends around day 18, bovine blastocysts 

develop further by a non-invasive placenta. 
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2.2.5 In vitro culture and somatic nuclear transfer related to genomic 
imprinting 

 

In vitro culture and embryo manipulation may alter the methylation patterns 

and mono-allelic gene expression of imprinted genes. Epigenetic deregulation would 

affect gene expression, in particular of imprinted genes (DOHERTY et al. 2000; 

BLONDIN et al. 2000; KHOSLA et al. 2001). Aberrant phenotypes observed in 

animals derived from in vitro fertilization and/or nuclear transfer (fig. 9) may be the 

result from the accumulation of multiple deregulated processes during development 

and could be related to imprinted and non-imprinted genes (HUMPHERYS et al. 

2001). Several reports support this hypothesis. Tissue was hypermethylated from 

bovine day 80 fetuses generated under in vitro conditions known to provoke aberrant 

phenotypes (HIENDLEDER et al. 2004). Dnmt1 is present in somatic cell nuclei but 

absent in oocytes and preimplantation embryos. It was hypothesized that the 

presence of ectopic Dnmt1 contributes to the low success rate and methylation errors 

often determined in embryos and offspring derived from somatic cell nuclear transfer 

(BESTOR 2000; CHUNG et al. 2003). The variety of symptoms observed in offspring 

derived from in vitro produced embryos is referred to as Large Offspring Syndrome 

(LOS) in cattle and sheep (WALKER et al. 1996; YOUNG et al. 1998; WILMUT et al. 

2002). 

 

 
Figure 9: Symptoms of the Large Offspring Syndrome 

Calves suffering the Large Offspring Syndrome often die during birth, have increased birth 

weight (left) and/or internal organ malformations (of the kidneys (photo in the center) or the 

liver (right side)). 



Review of literature 

 29

Imprinted genes of animals generated by somatic cloning could be particularly 

susceptible to environmental deregulation. The heavily methylated adult donor cell 

transferred into a recipient oocyte has to be reprogrammed to an embryonic state. 

Mechanisms have to be functional to recognize and protect germ cell imprints from 

demethylation in the reconstructed embryo. However, aberrant imprints accumulated 

in an adult somatic cell escape erasure and are not corrected (SHI et al. 2003). In 

fact, failure of demethylation was observed in cloned preimplantation embryos 

(BOURC'HIS et al. 2001b; DEAN et al. 2001; KANG et al. 2001). It has been shown 

in the mouse that in vitro culture of embryos and embryonic stem cells (ES cells) as 

well as somatic cloning can affect the methylation pattern of the DMR upstream of 

H19 (MANN et al. 2003). The imprinted Spalt-like gene3 (Sall3) has been identified 

as a hypermethylated region in cloned mice (OHGANE et al. 2004) and disruption of 

the DMR2 within the imprinted ovine IGF2R gene affected phenotype and growth of 

lambs (YOUNG et al. 2001). A recent report demonstrated a relationship between 

cloned calves with developmental abnormalities at birth and loss of imprinting of the 

H19 gene (ZHANG et al. 2004). 

Alterations in the imprinting status of the Igf2 gene caused by suboptimal 

environmental conditions can have detrimental effects on embryonic development. 

Embryonic stem cells from the mouse showed increased epigenetic alterations and 

modified gene expression in several genes including Igf2 in extended culture. The 

cells were methylated abnormally on the maternal allele and Igf2 was expressed 

predominantly from the maternal allele or bi-allelically. The same aberrations were 

detected in ES-derived embryos (DEAN et al. 1998). Bovine nuclear transfer derived 

embryos showed an increased IGF2 expression in comparison to embryos derived 

from in vitro fertilization indicating that somatic cell nuclear transfer particularly affects 

IGF2 transcription through incomplete reprogramming (HAN et al. 2003). 

The murine Igf2 gene has been analyzed in great detail. The imprinting status 

and regulatory mechanisms are of particular interest because only the insulin and 

insulin-like growth factor systems have been shown to be implicated in growth 

regulation of the whole embryo (EFSTRATIADIS 1998). Furthermore, analyses of the 

Igf2-H19 locus in the mouse revealed regulatory mechanisms typical for other 

imprinted genes such as Dlk1-Gtl2 (TAKADA et al. 2002). 

 

 



Review of literature 

 30

2.3 Insulin-like growth factor 2 gene (Igf2) 
 

The Insulin-like growth factor2 gene (Igf2) is a single copy gene and encodes a 

polypeptide hormone, which plays an important role in the regulation of cellular 

growth and division during embryonic and fetal development (DeCHIARA et al. 1990; 

FERGUSON-SMITH et al. 1991). In addition, Igf2 is important in the development of 

the placenta (HAN et al. 1996; REYNOLDS et al. 1997). The Igf2 protein consists of 

67 amino acids in the mouse (ROTWEIN and HALL 1990). 

The imprinted status of the Igf2 gene is conserved among rodents, humans 

and ruminants (DeCHIARA et al. 1991; FEIL et al. 1998; McLAREN and 

MONTGOMERY 1999; YOUNG et al. 2003; DINDOT et al. 2004). The function of 

Igf2 is mediated through two different receptors, the Insulin-like growth factor1 

receptor (Igf1r) and the Insulin-like growth factor2 receptor (Igf2r) and several serum 

Igf binding proteins (SARA and HALL 1990). Disruption of only one of the Igf family 

members can have serious consequences for the developing embryo. Over-

expression of the Igf2 gene, which is paternally expressed, results in overgrowth of 

mouse embryos (SUN et al. 1997) whereas over-expression of the Igf2r gene, which 

is maternally expressed, leads to growth retardation (FEIL et al. 1998; HAGEMANN 

et al. 1998). 

Igf2 is mapped to the distal part of chromosome 7 in the mouse and to 

chromosome 11p15.5 in humans. It is located between Insulin2 (Ins2) and H19 within 

the H19 subdomain, which is an independent cluster in this region. The second 

subdomain (Kcnq1OT1 subdomain) is located farther upstream on mouse 

chromosome 7 (VERONA et al. 2003). 

 

2.3.1 Molecular structure of the Igf2 gene 
 

The molecular structure of the Igf2 gene is similar among mammalian species 

and even for the kangaroo (YANDELL et al. 1999). A high degree of molecular 

conservation was reported for several eutherian mammals such as mouse, rat, 

human, sheep and pig (ROTWEIN and HALL 1990; OHLSEN et al. 1994; AMARGER 

et al. 2002). Differences exist mainly in the number of exons and polyadenylation 

sites at the 3' end of the gene. The mouse Igf2 gene (fig. 10) consists of six exons 

and has two additional pseudo-exons in the 5' untranslated region. Exons 1 to 3 are 
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non-coding exons whereas exons 4 to 6 are translated into protein. The two pseudo-

exons are functional in the human IGF2 gene, which contains ten exons (MINEO et 

al. 2000; ROTWEIN and HALL 1990) of which the first seven are non-coding exons 

(HOLTHUIZEN et al. 1990). Multiple mRNAs are transcribed from several promoters 

and are alternatively spliced containing different polyadenylation sites. Transcription 

is mediated through four promoters (P1-P4) in humans and in the mouse (P0-P3; 

HOLTHUIZEN et al. 1990; IKEJIRI et al. 1990; MOORE et al. 1997). The recently 

identified mouse promoter P0 is located upstream of the mouse Igf2 gene adjacent to 

Igf2-DMR0 and is placenta specific (MOORE et al. 1997). The non-coding exons 2 

and 3 in the mouse correspond to human exons 4 and 5. Both exons as well as the 

mouse coding exons 4 to 6 are structural and functionally conserved between 

mouse, rat and human (ROTWEIN and HALL 1990). 

The pig IGF2 gene is closely related to the corresponding human and ovine 

genes. In contrast to the human and porcine IGF2 genes which both consist of 10 

exons, the ovine gene does not contain exon 2 (AMARGER et al. 2002; OHLSEN et 

al. 1994). Exons 7 to 9 are coding exons in pig and human and the positions of all 

four promoters are conserved between the two species (HOLTHUIZEN et al. 1990; 

AMARGER et al. 2002). Furthermore, a 54-bp core region in the last exon of the 

mouse Igf2 gene, which augments transcription (MURRELL et al. 2001), shows 89% 

identity to its porcine counterpart (AMARGER et al. 2002). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10: Molecular structure of the Igf2-H19 gene locus in the mouse 

(P0-P3: Promoters 0-3; DMR0, DMR1, DMR2: Differentially Methylated Regions 0, 1, 2; the two pseudo-exons and the adjacent six exons are 

indicated as Igf2 gene). 
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2.3.2 Regulation of the Igf2 gene in the mouse 
 

Regulation of the Igf2 gene is complex and intimately related to the 

downstream reciprocally imprinted H19 gene in mice and humans. Igf2 is paternally 

expressed except its DMR0 whereas H19 is expressed from the maternal allele 

(DeCHIARA et al. 1991; BARTOLOMEI et al. 1991; SASAKI et al. 1992; BRANDEIS 

et al. 1993; FEIL et al. 1994; MOORE et al. 1997). Both genes share endodermal 

and mesodermal enhancers downstream of H19 (LEIGHTON et al. 1995). Enhancers 

are promoter-like sequence elements, which interact with the promoter via specific 

proteins. Signals between the enhancer proteins and the promoter sequence 

influence promoter activity (LEWIN 1998). 

Parent-of-origin specific gene expression of the Igf2 and H19 genes is induced 

by a 2 kb cis acting Imprinting Control Element (ICE). This ICE is located upstream of 

the H19 promoter (TREMBLAY et al. 1995; THORVALDSEN et al. 1998) and 90 kb 

downstream of Igf2. Due to the two-step silencing mechanism of the paternal H19 

allele, this ICE is indistinguishable from the H19-DMR and methylated only on the 

paternal chromosome (TREMBLAY et al. 1995; BARTOLOMEI et al. 1993). The H19-

DMR constitutes a primary imprint, which is inherited from the father and established 

during germ cell development. During global demethylation subsequent to 

fertilization, the H19-DMR escapes demethylation (WARNECKE et al. 1998; 

ROUGIER et al. 1998) and induces the establishment of the secondary imprint on the 

paternal H19 allele in the mouse (SRIVASTAVA et al. 2000). Methylation spreads 

from the DMR along to the H19 promoter and exon sequences where it silences the 

paternal chromosome (BARTOLOMEI et al. 1993; FERGUSON-SMITH et al. 1993; 

BRANDEIS et al. 1993). Silencing of the paternal H19 allele is correlated with loss of 

bi-allelic expression and paternal methylation in the developing embryo (OHLSSON 

et al. 1994; SZABO and MANN 1995). Once, the secondary imprint is established, 

H19-DMR methylation is not longer necessary to keep the paternal allele of the H19 

gene silent (SRIVASTAVA et al. 2000). 

Mono-allelic expression of the Igf2 gene is regulated by a methylation-sensitive 

insulator element which is part of the ICE upstream of H19, and a repressor element 

upstream of Igf2 (CONSTANCIA et al. 2000; EDEN et al. 2001). Insulator elements, 

located between enhancers and promoters, prevent gene expression (WEST et al. 

2002). In addition to its function as an insulator element, the ICE is a chromatin 
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boundary, which is “closed” in its unmethylated status but “open” when methylated. 

Boundary elements are located between two gene-controlling elements such as a 

promoter and an enhancer. Communication between the promoter and the enhancer 

is interrupted through binding of specific proteins to the boundary (REIK and 

WALTER 2001b). 

Silencing of the maternal Igf2 allele is only possible when the ICE remains 

constantly unmethylated on the maternal allele (SRIVASTAVA et al. 2000). The silent 

status of the maternal Igf2 allele is performed through binding of the vertebrate 

repressor factor CTCF (CCCTC-binding factor) to a repressor element on the 

maternal allele. CTCF cannot interfere with the paternal allele protected by 

methylation (BELL and FELSENFELD 2000; HARK et al. 2000; KANDURI et al. 

2000; SZABO et al. 2000; SCHOENHERR et al. 2003; FEDORIW et al. 2004). This 

insulator element within the ICE therefore acts as silencer and inhibits interaction 

between the endodermal enhancers downstream of H19 and the Igf2 promoter on 

the maternal allele (DREWELL et al. 2000). CTCF-binding seems to be initiated after 

fertilization, when primary imprints have already been established. Thus, CTCF 

protects the maternal imprint from methylation (VERONA et al. 2003). 

A repressor element is located 5 kb upstream of the first Igf2 promoter and is 

part of the Igf2-DMR1, which is expressed in mesodermal tissues (heart, kidney, 

lung; CONSTANCIA et al. 2000; REIK and WALTER 2001b). It was proposed that 

the silencing mechanism on the maternal allele is mediated by a small genetic 

element within Igf2-DMR1, which interacts with the repressor protein GCF2 

(KAGEYAMA and PASTAN 1989; REED et al. 1998; EDEN et al. 2001). Methylation 

of Igf2-DMR1 on the paternal allele protects this allele from repression through a 

condensed chromatin structure initiated by deacetylated histones or because 

enhancer signals overcome repression (EDEN et al. 2001). 

The same mechanism seems to exist for the intragenic Igf2-DMR2, which is 

located in the last exon of the gene (FEIL et al. 1994; REIK et al. 1994). A GCF2 

element is located within the Igf2-DMR2 on the maternal allele and probably 

contributes to the overall repression of the maternal allele (EDEN et al. 2001). In 

contrast, the paternal Igf2-DMR2 contains a 54 bp core region, which acts as a 

transcription activator (MURRELL et al. 2001). 

The recently identified placenta specific Igf2-DMR0 is located around 5 kb 

upstream of Igf2-DMR1. Igf2-DMR0 is methylated equally on both parental alleles in 
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the fetus but hypermethylated on the maternal allele in the placenta. 

Hypermethylation of the maternal allele coincides with demethylation of the paternal 

allele in the placenta. Furthermore, transcription of the region containing Igf2-DMR0 

occurs in both directions from promoter P0 but is restricted to the placenta only 

(MOORE et al. 1997). 

 

Most of the data obtained from imprinting analyses at the Igf2-H19 locus in the 

mouse support the enhancer competition model of Igf2 regulation (fig. 11): 

The H19 gene is transcribed exclusively from the maternal allele by binding of the 

CTCF protein to the maternally unmethylated ICE upstream of H19. This insulates 

the Igf2 promoter from interaction with the enhancers downstream of H19 and 

initiates H19 expression. In contrast, the ICE is methylated on the paternal allele. 

Spreading of methylation from the ICE to the promoter and first exons of the H19 

gene, render it transcriptionally inactive. On the other hand, ICE methylation prevents 

binding of the CTCF protein and therefore allows communication between the Igf2 

promoter and the enhancers. Thus, the paternal allele of Igf2 is transcriptionally 

active (VERONA et al. 2003). 

 
Figure 11: Enhancer competition model of Igf2 regulation in the mouse 
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3 MATERIALS AND METHODS 

 

Materials including chemicals, solutions, DNA-molecular weight markers and 

kits as well as all equipment utilized in this study are listed in the appendix. 

 

3.1 Generation of bovine preimplantation embryos of different origin 
3.1.1 In vivo collected bovine embryos 
 

Holstein Friesian dairy cows served as donor animals for the collection of in 

vivo derived preimplantation embryos. The age of the donor animals ranged from 3 to 

6 years. All animals belonged to the herds of the Institute for Animal Breeding (FAL), 

Neustadt-Mariensee (Germany). The animals were held in a stable from October to 

March. Animals in lactation producing more than 18 kg milk per day were fed with 

grass and corn silage, sugar-beet silage, concentrated feed, pea straw and minerals. 

Non-lactating and non-pregnant cows were fed with grass silage and straw. During 

the spring and summer months, i.e. from April to September, the animals were on 

grass with no other food supplements. However, lactating cows were fed 

complementarily with grass- and corn silage, concentrated feed and minerals. Water 

was always supplied ad libitum. 

The superovulation treatment started at days 10 to 12 after estrus with one 

intramuscular injection of 2,500 to 3,000 IU of PMSG (Pregnant Mare Serum 

Gonadotropin). To induce luteolysis, 2.5 ml PgF2α3 (Prostaglandin F2α) were 

intramuscularly injected 48 hours after the PMSG application followed by two artificial 

inseminations 48 hours later. Blastocysts were recovered 7 and 8 days later by non-

surgical uterine flushing. Details of non-surgical uterine flushing are referred to in 

HOPPE (1995). 

 

 

 

 

 

 

                                                 
3  Cloprostenol (250µg/ml) – sodium salt (263 µg/ml) 
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3.1.2 In vitro produced bovine embryos 
 

Bovine preimplantation embryos produced in vitro were generated by in vitro 

fertilization (IVF), parthenogenesis (PA), androgenesis (A), and after nuclear transfer 

(NT). The generation of these embryos is explained in the following sections whereas 

in vitro culture conditions are summarized for all embryos in paragraph 3.1.6 at the 

end of this section. 

 

3.1.2.1 Isolation and in vitro maturation (IVM) of cumulus oocyte 
complexes (COCs) 

 

Ovaries were collected from cattle slaughtered in commercial slaughterhouses 

located in Lübbecke, Minden and Nordhorn (Germany). Information about breeds, 

genetic background, age, origin or sexual cycle of the animals was not available. 

Cumulus oocyte complexes (COCs) were isolated by slicing (ECKERT and 

NIEMANN 1995) and matured in vitro for 24 hours in TCM 199/BSA supplemented 

with 10 IU eCG (equine Chorion Gonadotropin) and 5 IU hCG (human Chorion 

Gonadotropin) at 39°C and 5% CO2 in a humidified air atmosphere (fig. 12). 

 

             
 
Figure 12: Isolation of bovine oocytes from slaughterhouse ovaries 

On the left side, slicing of bovine ovaries derived from slaughtered cattle is shown. The 

picture on the right side shows isolated cumulus oocyte complexes (COCs) prior to in vitro 

maturation. 
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Oocytes used for bisulfite treatment were incubated in 0.1% hyaluronidase in 

Ca2+- and Mg2+-free PBS (Dulbecco's phosphate buffered saline) to remove all 

cumulus cells 20 to 24 hours after the onset of in vitro maturation. Each oocyte was 

examined for the extruded first polar body (fig. 13). Matured oocytes were washed 

three times in PBS supplemented with 0.1% PVA (polyvinyl alcohol) and stored in 

pools of 40 and 80 oocytes in a minimum of medium. 

 
 

Figure 13: Bovine oocyte after 24 hours of in vitro 

 maturation. 

The first polar body is extruded. Cumulus cells were 

enzymatically removed. 

 

 

 

3.1.2.2 In vitro fertilized bovine embryos (IVF) 
 

Only semen from one bull (“Erwin”) and one collection (batch number: 2774) 

was used for in vitro fertilization after 24 hours of in vitro maturation (fig. 14). Frozen 

sperm was thawed in a 38°C water bath for 25 seconds and prepared for subsequent 

in vitro fertilization by the swim-up method modified from PARRISH et al. (1986, 

1988). Details of the generation of in vitro fertilized bovine embryos are described in 

OROPEZA DELGADO (2004). 

 

    

 
Figure 14: Cumulus oocyte complexes after 24 hours of in vitro maturation prior to in vitro 

fertilization (IVF) 
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3.1.2.3 Parthenogenetic embryos 
 

Parthenogenetic embryos used in this study were generated according to the 

protocol of WRENZYCKI et al. (2002). Briefly, all cumulus cells were removed from in 

vitro matured oocytes by incubation in 0.1% hyaluronidase in Ca2+- and Mg2+-free 

PBS. Oocytes were chemically activated using ionomycin 26 hours after the onset of 

in vitro maturation followed by inactivation of the Maturation Promoting Factor (MPF) 

during 3.5 hours incubation in 6-DMAP (6-Dimethylaminopurin). 

 

3.1.2.4 Generation of androgenetic embryos 
 

 Androgenetic embryos analyzed in this study were provided from I. 

LAGUTINA and C. GALLI of the Laboratorio di Tecnologie della Riproduzione, 

Instituto Sperimentale Italiano Lazzaro Spallanzani, Cremona (Italy). These embryos 

were produced using pronuclear transfer (LAGUTINA et al. 2004). In vitro matured 

oocytes were enucleated before in vitro fertilization. Transfer of a single male 

pronucleus isolated from a fertilized donor oocyte into a fertilized recipient oocyte 

was followed by electrical fusion of the transferred male pronucleus and the 

cytoplasm of the oocyte. 

 

3.1.2.5 Embryos derived from nuclear transfer (NT) 
 

Cloned embryos were produced from the cytoplasm of a matured and 

enucleated oocyte and the diploid genome of a somatic donor cell. This involves 

several manipulation steps (fig. 15): 

- Enucleation of the oocytes 

- Transfer of the somatic cell into the enucleated oocyte 

- Fusion of the donor cell with the cytoplasm of the recipient oocyte 

- Activation of the oocyte 

- Culture of the reconstructed embryos 
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Cloned embryos analyzed in this study were generated from the protocol 

described by LUCAS-HAHN et al. (2002) and NIEMANN et al. (2002). 

 

 
 

 

 

 

 
Figure 15: Generation of bovine embryos by nuclear transfer 

Transfer of a somatic donor cell into the perivitelline space of an enucleated oocyte (left) and 

fusion of the donor cell with the cytoplasm of the recipient oocyte after electrical pulse (right). 

 

3.1.2.6 In vitro culture (IVC) of bovine embryos 
 

All embryos were cultured in the semi-defined culture medium SOFaa/BSA 

using the protocol modified by HOLM and BOOTH (1999). Presumptive zygotes were 

prepared for culture as described by WRENZYCKI et al. (2001). The in vitro culture 

was performed in a modular incubator chamber (fig. 16) under reduced oxygen in 

humid atmosphere with 5% O2, 5% CO2 and 90% N2 at 39°C. Details of the in vitro 

culture of bovine embryos are referred to in OROPEZA DELGADO (2004). 

 

 
Figure 16: Modular incubator chamber used for in vitro culture 
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Zygotes were collected 19 hours after in vitro fertilization and examined for 

two pronuclei (fig. 17) using an inverse stereomicroscope with integrated DIC. 4-cell 

embryos were collected 38 hours after in vitro fertilization (fig. 17). 

 

   

 
Figure 17: In vitro fertilized zygote with two extruded polar bodies (left) and in vitro 

fertilized 4-cell embryo (right) 

 

Blastocysts were collected at day 7 of development. The diameter of each 

expanded blastocyst was measured under a stereomicroscope at a magnification of 

4.5 x 10 by using an objective with an integrated graticule (Leitz; fig. 18). 

 

 
Figure 18: Schematic view through an objective with an integrated graticule 

The graticule integrated in the objective is divided into intervals. On the left side, intervals 

from 1 to 6 and an expanded blastocyst are indicated. A calibration graticule slide is shown 

on the right side where each line represents 0.01 mm. 

000
1 2 3 4 5 6

000
1 2 3 4 5 6
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Embryos were designated as blastocysts when their diameter was <180 µm 

and as expanded blastocysts when their diameter was >180 µm (fig. 19). The two 

types of blastocysts were characterized through outer trophectoderm cells, inner ICM 

cells (Inner Cell Mass) and a visible blastocoel. 

 

 
Figure 19: Day 7 bovine in vitro fertilized blastocysts 

On the right side is a bovine blastocyst (day 7, <180 µm). The zona pellucida is not as thin as 

of an expanded blastocyst on the left side (day 7, >180 µm) 

 

All collected embryos were washed three times in 100 µl of PBS 

supplemented with 0.1% PVA and stored singly or in pools of nine embryos in a 

minimum volume in 0.6 ml siliconized tubes at –80°C. 
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3.2 Adult fibroblasts used as donor cells for nuclear transfer 
 

Adult male and female fibroblasts used as donor cells for nuclear transfer 

were separately collected in 2 ml safelock® tubes (Eppendorf Hamburg, Germany) 

after a cloning session. The cell cycle of the fibroblasts was synchronized at G0 by 

starvation (KUES et al. 2000). Cells were washed twice by transferring 1 ml 

PBS/PVA to the tubes, centrifugation for 5 minutes and removal of the supernatant. 

The fibroblasts were stored in 2 ml safelock® tubes at –80°C. 

 

3.3 Differential staining of in vitro fertilized and parthenogenetic 
blastocysts 

 

The cell number of the outer trophectoderm cells (TE) and inner ICM cells 

(Inner Cell Mass) was evaluated in blastocysts (<180 µm) and expanded blastocysts 

(>180 µm) derived from in vitro fertilization and parthenogenesis using differential 

staining as described by ECKERT and NIEMANN (1998; fig. 20). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 20: Schematic representation of differential staining 

TNBS (2,4,6-Trinitrobenzenesulphonic acid) binds cell surface proteins within the first cell 

layer of zona free embryos. Complement containing non-species-specific antiserum lyses the 

TNBS labelled TE cells and propidium iodide stains the nuclei red. Inner ICM cells remain 

protected from the propidium iodide staining and appear blue under the fluorescence 

microscope due to the staining by a second fluorochrome (bisbenzimide=Hoechst 33342). 
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3.4 Isolation of Inner Cell Mass cells (ICM) and Trophectoderm cells 
(TE) from in vitro fertilized and parthenogenetic blastocysts 

 

Inner cell mass cells were isolated using the same method as for the 

differential staining of blastocysts (3.3; fig. 21). The complement treatment was 

prolonged to allow complete lysis of the outer TE cells. Remaining ICM cells were 

washed three times in PBS/PVA and stored as individual plugs in 0.6 ml siliconized 

tubes at –80°C. 

 
Figure 21: Schematic representation of the isolation of ICM cells 

The outer TE cells are lysed during the complement treatment and isolated ICM cells remain 

in the medium. 

 

Trophectoderm cells were microsurgically isolated under a stereomicroscope 

(fig. 22). Two parallel lines were engraved into the bottom of a microscopic slide and 

the embryos were fixed between these lines. The trophectoderm was cut with a 

microsurgical knife at both sides of the embryo without touching the ICM cells to 

avoid contamination of the TE cells. TE cells from single embryos were stored in 0.6 

ml siliconized tubes at –80°C. 

 
Figure 22: Microsurgical isolation of trophectoderm cells from an expanded blastocyst 
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3.5 Semi-quantitative RT-PCR of mRNA derived from preimplantation 
bovine embryos 

 
Figure 23: Schematic representation to determine the relative abundance of 

transcriptional products of the bovine IGF2, IGF2R and MASH2 genes 

These genes were selected because they are imprinted in the mouse. The IGF2 and IGF2R 

genes are also imprinted in cattle. 
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3.5.1 Isolation of mRNA 
 

The relative abundance of transcriptional products of three developmentally 

important genes was analyzed in this experiment: The Insulin-like growth factor 2 

gene (IGF2), the Insulin-like growth factor 2 receptor gene (IGF2R) and the 

Mammalian achaete-scute homologue 2 gene (MASH2). Single blastocysts, 

expanded and hatched blastocysts, ICM- and TE-cells from single expanded 

blastocysts (IGF2R, MASH2) and pools of nine expanded and hatched blastocysts 

(IGF2) were analyzed. mRNA was isolated using the Dynabeads® mRNA DIRECT 

Kit (Dynal, Oslo, Norway). 

Embryos were stored at –80°C and kept in an ice block until 30 µl lysis buffer 

were added to the embryos. Immediately after adding lysis buffer to the embryos, 1 µl 

(1 pg) of rabbit globin mRNA was transferred to the embryo/lysis buffer solution, 

which was then centrifuged and incubated for 10 minutes at room temperature. 

Rabbit globin mRNA served as an internal standard. Five µl of Dynabeads oligo 

(dT)25 were used to isolate mRNA from each sample. During embryo lysis, 

Dynabeads were washed twice in 20 µl lysis buffer which was discarded between the 

two washing steps using the magnetic separator. Five µl lysis buffer were finally 

added to the Dynabeads and transferred to the embryos. Binding of the Dynabeads 

to the polyA-tails of the embryonic mRNA was achieved in a thermo block at 26°C by 

shaking for 5 minutes. The tubes were transferred into the magnetic separator and 

the Dynabeads were fixed to the back of the tubes after 1 minute. The supernatant 

was discarded and the Dynabeads were washed once with 40 µl washing buffer A 

followed by three washing steps with 40 µl washing buffer B. Dynabeads were 

separated for 30 seconds before each washing step. Tubes were kept at room 

temperature outside of the magnetic separator after the last washing step and 11 µl 

of sterile water (22 µl when a negative control without RNase and Reverse 

Transcriptase was performed) were added to the Dynabeads. mRNA was eluted 

during incubation at 65°C for 2.5 minutes in a Biometra PCR cycler. The tubes were 

replaced into the ice-cold magnetic separator and mRNA was transferred to each RT 

reaction. 
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3.5.2 Reverse Transcription (RT) 
 

Reverse transcription was performed in a final volume of 20 µl. Three different 

controls were included into the analyses: 

 

1. Negative control containing embryonic mRNA, 1 pg rabbit globin mRNA and 

sterile water instead of RNase Inhibitor and Reverse Transcriptase to check the 

purity of the mRNA isolation and the absence of DNA contamination during RT-

PCR. This type of negative control was done twice. 

2. Negative control containing water instead of mRNA to ensure that samples were 

not contaminated. 

3. Rabbit globin control with 1 pg globin mRNA, which was directly added to the RT 

reaction to estimate efficiency (it would have to be added to the RNA reaction to 

measure mRNA isolation efficiency). 

 

The composition of the reaction mixture is shown in table 2. Reverse 

transcription was performed in a Biometra PCR cycler under the following conditions: 

 

- 25°C for 10 minutes 

- 42°C for 60 minutes (reverse transcription from mRNA into cDNA) 

- 99°C for 5 minutes (denaturation of extended enzymes) 

- 4°C final temperature 

 
Table 2: Composition of reaction mixture for reverse transcription 

 

Component 1 x reaction mix Final concentration 

10x PCR buffer4 2 µl 1x 

MgCl2 (50 mM) 2 µl 5 mM 

dNTP's (10 mM) 2 µl 1 mM 

Hexamer primer5 (50 µM) 1 µl 2.5 µM 

RNase inhibitor (20 U/µl) 1 µl 20 U 

Reverse Transcriptase (50 U/µl) 1 µl 20 U 

                                                 
4 200 mM Tris-HCl pH 8.4, 500 mM KCl 
5 Hexamers are universal random primers. It was shown by WRENZYCKI (1995) that hexamers are 

superior for the detection of gene specific transcripts to Oligo dT primers. 
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3.5.3 Gene specific PCR amplification 
 

Primer pairs for analyses of the bovine IGF2R and MASH2 genes as well as 

for the rabbit globin gene were available from earlier experiments in the laboratory. 

The primer pair for the bovine IGF2 gene was selected within the sequence of exon 

10 (accession number: X53553). Table 5 shows details of the primer sequences, 

specific annealing temperatures and PCR cycle numbers. 

Hot start PCR was performed in a final volume of 50 µl reaction mixture. The 

composition of the PCR mixture is described in table 3. 

 
Table 3: Composition of the reaction mixture for gene specific PCR6 

 

Component 1xreaction mix Final concentration 

10x PCR buffer 4 µl 1x 

MgCl2 (50 mM) 1.5 µl 1.5 mM 

dNTP's (10 mM) 1 µl 200 µM 

Primer (20 µM) 1.5 µl 0.6 µM 

Sterile water to 50 µl  

1 M Betain (only IGF2) 10 µl 0.2 M 

DMSO (only MASH2) 3 µl 6% 

Hot start mix   

10xPCR buffer 1 µl  

Sterile Water 10 µl  

Taq polymerase (5 U/µl) 0.3 µl 1.5 U 

 

PCR amplification of each gene specific transcript was performed in a hot lid 

PTC-200 thermocycler (MJ Research, Watertown, MA) under the conditions listed in 

table 4. 

                                                 
6 The amount of cDNA corresponding to embryonic equivalents is shown in table 5. 
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Table 4: PCR conditions for the amplification of gene specific transcripts 

 

Gene transcript IGF2 IGF2R MASH2 Globin 

Denaturation 95°C, 5 min 95°C, 2 min 95°C, 2 min 95°C, 2 min 

Adding hot start mix 72°C, 2 min 72°C, 2 min 72°C, 2 min 72°C, 2 min 

Denaturation 95°C, 20 sec 95°C, 15 sec 95°C, 15 sec 95°C, 15 sec 

Annealing 56°C, 30 sec 62°C, 15 sec 67°C, 15 sec 60°C, 15 sec 

Extension 72°C, 45 sec 72°C, 20 sec 72°C, 20 sec 72°C, 20 sec 

Cycle number 39 33 37 27 

Final extension 72°C, 10 min 72°C, 10 min 72°C, 10 min 72°C, 10 min 

Final temperature 8°C 8°C 8°C 8°C 

 

 

3.5.4 Electrophoresis and quantification of the relative amount of 
transcriptional products 

 

Gene specific PCR products were subjected to electrophoresis on a 2% 

agarose gel in 1 x TBE buffer. The gel was stained with 2 µl Ethidium Bromide (EtBr; 

0.2 µg/ml). Separation of the PCR products was achieved through an initial 5 minutes 

at 100 V and 45 minutes at 80 V. 

The PCR fragments were visualized on a 312 nm UV-transilluminator. The 

image of each gel was recorded with a CCD camera (Photometrics Inc.) and the 

IPLab Spectrum computer program (Signal Analytics Corporation). The camera had 

the ability to resolve 4,000 gray levels. The intensity of each gel band was detected 

by densitometry using the computer program IPLab Gel (Signal Analytics 

Corporation) and detection was based on the intensity of the gel bands in relation to 

the intensity of the background. Division of the intensity of each gel band by the 

intensity of the corresponding globin band resulted in determination of the relative 

amount of transcriptional products for each developmental stage and gene of 

interest. Between 5 and 9 replicates were performed for each embryonic stage and 

gene. 

PCR products of the IGF2R and MASH2 genes were sequenced during 

previous experiments in our laboratory to verify the gene specific origin of the 

transcripts (WRENZYCKI et al. 2001). 



 

Table 5: Details of primer pairs used for PCR amplification of gene specific embryonic mRNA 

 

Genes Primer sequencesa 

Annealing 
temperature/

cycle 
number 

Embryonic 
equivalents 

(EA) 

Size of 
PCR 

product 

Sequence reference/
accession number 

Primer 
position within 
the reference 

sequence 

IGF2 F: AAG TGA GCC AAA GTG TCG TAA T 

R: ACA TTT TTA GAG ATG TTG TTC TGA T 

56°C 

39 cycles 

8.1 EA 222 bp X53553 F: 455-477 

R: 676-654 

IGF2R F: CGC CTA CAG CGA GAA GGG GTT AGT C

R: AGA AAA GCG TGC ACG TGC GCT TGT C 

62°C 

33 cycles 

0.3 EA 293 bp J03527 

LOBEL et al. (1988) 

F: 4799-4823 

R: 5091-5067 

MASH2 F: CGC TGC GCT CGG CGG TGG AGT A 

R: GGG ACC CGG GCT CCG AGC TGT G 

67°C 

37 cycles 

0.5 EA 210 bp U77629 

ALDERS et al. (1997)b 

 

Globin F: GCA GCC ACG GTG GCG AGT AT 

R: GTG GGA CAG GAG CTT GAA AT 

60°C 

27 cycles 

0.05 EA 257 bp X04751 

CHENG et al. (1986) 

F: 241-260 

R: 555-657 

 
a Sequences for forward (F) and reverse (R) primers are all written from 5' to 3' end. 
b Primer pairs were designed from the sequence published in this reference and the PCR product was sequenced. This sequence was used to design the primer 

pairs shown in this table. 
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3.6 PCR amplification of CpG containing DNA regions in bovine tissue 
3.6.1 Isolation of genomic DNA 
 

Pieces of a kidney derived from a slaughtered bull and stored at –80°C were 

thawed and cut into pieces of 0.5 to 1 cm in size. 550 µl of tail lysis buffer (1 M Tris-

HCl pH 8, 3 M NaCl2, 0.5 M EDTA, 20% SDS) and 70 µl of proteinase K (10 mg/ml) 

were added and the samples were incubated at 50°C overnight in a thermo shaker. 

The following day, samples were vortexed and centrifuged for 10 minutes at 14,000 

rpm (15,800xg) and 4C°. All further centrifugation steps in this protocol were 

performed at 4°C and 14,000 rpm (15,800xg). A total of 400 µl of the supernatant 

containing the nucleic acids were transferred into a fresh 1.5 ml tube and 560 µl of a 

saturated NaCl2 solution were added. The samples were vortexed and centrifuged for 

10 minutes. Saturated NaCl2 solution precipitates denatured proteins by binding to 

SDS-protein-complexes. Salt particles and SDS-protein-complexes, which are 

insoluble, stay at the bottom of the tube after centrifugation so that 700 µl of the 

supernatant could be transferred into a fresh 1.5 ml tube and carefully mixed with the 

same amount of 100% ethanol. The DNA was recovered from the bottom of the tube 

after a 5 minutes centrifugation step and the supernatant containing the ethanol was 

subsequently discarded. The DNA pellet was washed four times in 1 ml of 70% 

ethanol before an overnight incubation in a thermo shaker at 37°C. The samples 

were centrifuged for 10 minutes between each washing step. The supernatant was 

discarded and the pellet washed in 0.5 ml of 100% ethanol. After 10 minutes of 

centrifugation the pellet was air-dried and eluted in 30 µl of sterile water. The isolated 

genomic DNA was dissolved overnight at 4°C. Prior to storage at –80°C, the 

concentration of the isolated DNA was measured using a GeneQuant DNA-RNA 

calculator. 
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3.6.2 Identification of two bovine specific IGF2 fragments with ovine 
specific primer pairs 

3.6.2.1 CpG islands within the ovine IGF2 gene 
 

Due to the lack of DNA sequence information on the bovine IGF2 gene, a CpG 

search was performed within the DNA sequence of the ovine IGF2 gene. The 

complete sequence of the ovine IGF2 gene is available in the GenBank database 

under the following accession numbers: 

 

U00659:  Exon 1 

U00663:  Exon 3 

U00664:  Exons 4, 5, 6 

U00665:  Exon 7 

U00666:  Exon 8 

U00667:  Exon 9 

U00668:  Exon 10 

 

The CpG search was carried out with the CpGwin computer program as 

described by ANBAZHAGAN et al. (2001). At first, consecutive fragments of 1000 bp 

were analyzed followed by a second search with fragments of 500 bp. Regions 

corresponding to the definition of CpG islands from GARDINER-GARDEN and 

FROMMER (1987) were accepted as putative CpG islands and subsequently 

amplified by PCR. 
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3.6.2.2 Primer design from the ovine IGF2 gene 
 

Two primer pairs were initially designed on the basis of the ovine IGF2 gene 

(fig. 24). The primers spanned exons 4, 5 and 6 in the sequence available in the 

GenBank database (accession number: U00664). 

 

 
Figure 24: Primer design from the ovine IGF2 gene 

Rectangles with numbers represent exons. Primer pairs were used for PCR amplification of 

bovine tissue DNA. 

 

3.6.2.3 PCR amplification with ovine primer pairs 
 

Both fragments of interest were amplified from 100 ng of previously isolated 

genomic DNA (see 3.6.1) using sequence specific primer pairs designed from the 

ovine IGF2 gene sequence. The PCR reaction was performed in a standard PCR mix 

(for details see table 3) and a final volume of 50 µl. Each primer pair required specific 

supplements to allow optimal amplification during the PCR reaction. The conditions 

for each primer pair were optimized. Details of PCR conditions and primer specific 

supplements are shown in table 6. 

PCR products were submitted to electrophoresis on a 2% agarose gel stained 

with 2 µl EtBr in 1 x TBE buffer. The expected primer specific bands were cut out 

from the agarose gel during visualization of the PCR products under 312 nm UV light. 

Each primer specific gel band was purified using the GFX PCR DNA and Gel Band 

Purification Kit (Amersham Pharmacia) according to the manufacturer's protocol. The 

concentration of the purified PCR products was measured using the GeneQuant 

DNA-RNA calculator and the products were sent to MWG Biotech AG (Germany) for 
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automated sequencing. PCR amplification using primers oIGF2-5 and subsequent 

sequencing of PCR products were repeated four times. 

 

3.6.2.4 Analyses of sequenced PCR products 
 

The DNA sequences delivered by MWG Biotech AG were analyzed for 

homologies using the BLAST 2 computer program. Homology was tested to the 

original ovine IGF2 sequence available in the GenBank database (U00664) and to 

sequences from other species. 

 

3.6.3 Identification of three regions within the bovine IGF2 gene 
 

Bovine DNA fragments and the bovine mRNA sequence of the translated IGF2 

region (fig. 25) available in the GenBank database (accession number: X53553) were 

examined for CpG islands using the computer program CpGwin (ANBAZHAGEN et 

al. 2001). 

Primers were designed within the bovine fragment (for primer sequences see 

table 6) corresponding to ovine intron 4 and one primer pair was designed to identify 

the intron sequences within the translated region of the bovine IGF2 gene by PCR 

amplification. The translated region of the bovine IGF2 gene contains exons 8, 9 and 

10. 

PCR amplification was performed under the conditions described for 

amplification of bovine DNA with primers designed from the ovine IGF2 sequence 

(3.6.2.3). Table 6 shows details of primer sequences, primer specific annealing 

temperatures, PCR cycle number and required PCR supplements for the bovine 

specific primer pairs. PCR products were sequenced by MWG Biotech AG and 

analyzed using the BLAST program to identify homologies to the IGF2 gene of other 

species. 
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Figure 25: Primer design from bovine IGF2 sequences identified in this study and from 

the GenBank database. 

 

 

3.7 Promoter analysis of identified bovine IGF2 fragments 
 

The two identified bovine IGF2 fragments from the 5' untranslated region were 

analyzed for promoter elements. Introns 4 and 5 identified from PCR products were 

analyzed by the computer program “neural network promoter prediction”, which is 

available from the Internet (www.fruitfly.org/seq_tools/promoter.html). The program 

investigates sequences on the basis of a neural network, which recognizes promoter 

elements with a very low false positive prediction (REESE et al. 2001). 
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Table 6: Primer sequences, optimized annealing temperatures, PCR supplements necessary for amplification, product length and accession 

number of sequences from whom primers were designed (oIGF2: ovine IGF2; bIGF2: bovine IGF2) 

 

 

                                                 
7 Primers were designed from the sequence identified with the primer pair oIGF2-4.1. Bovine sequences are shown in RESULTS 4.3.2, fig. 36 

Name Primer sequence Annealing (°C)/ 
cycle number 

PCR 
supplement

Length of 
PCR product 

Accession 
number 

oIGF2-4.1 F: GCG GGA AGT TTC TCT CGT CCT CCT CAC ACA 
R: TTC AGC CCC GGG GCG CAC CAC GGT CAT TTG

67.7°C;  
35 cycles 

6% DMSO 886 bp 
U00664 

F: 1150-1180 
R: 2035-2006 

oIGF2-5 F: GTG AGC TCG GCC ATT CAG GTA GGA T 
R: CGG GCG TTG AGG TAG ACG AAG AGG A 

62°C;  
40 cycles 

5M Betain 975 bp 
U00664 

F: 2132-2156 
R: 3106-3082 

bIGF2-4.2 F: ATC GCT CGC TCG CTG CCT CGA CTC C 
R: TGC AGG TAG GAT TTG AAC GAC GTT TC 

63.5°C;  
35 cycles 

6% DMSO ~1500 bp 
F7: 196-220 
R: 844-869 

bIGF2-8/9 F: GAG CTG GTG GAC ACC CTC CAG TTT G 
R: TCA GGA GGT CGG CGC GAG GTA GAT G 

63.8°C 
37 cycles 

 ~2000 bp 
X53553 

F: 20-44 
R: 516-492 
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3.8 Bisulfite sequencing of DNA from oocytes, sperm, preimplantation 
embryos derived from different origins and adult fibroblasts used 
as donor cells for nuclear transfer 

 
Figure 26: Schematic overview of bisulfite sequencing 

Single manipulation steps are described below in the order of this scheme. 

Bisulfite treatment

Non-methylated 
cytosine

Uracil

Methylated 
cytosine

Cytosine

Restriction enzymes

DNA denaturation

CCCTGCTCGTCTCGCCCCTGGCACACAGGCG
GGGACGAGCAGAGCGGGGACCGTGTGTCCGC

5'
5'
3'

3'

CH3 CH3 CH3

CH3 CH3 CH3 CH3

PCR

Ligation into plasmid

Transformation into competent E.coli cells

Sequencing

DNA isolation

Bovine expanded blastocysts 
generated from different 

origins

Bovine in vitro
matured oocytes

Bovine frozen/thawed 
semen

Adult fibroblasts used as 
donor cells for nuclear 

transfer

Bisulfite treatment

Non-methylated 
cytosine

Uracil

Methylated 
cytosine

Cytosine

Non-methylated 
cytosine

Non-methylated 
cytosine

UracilUracil

Methylated 
cytosine

Methylated 
cytosine

CytosineCytosine

Restriction enzymes

DNA denaturation

CCCTGCTCGTCTCGCCCCTGGCACACAGGCG
GGGACGAGCAGAGCGGGGACCGTGTGTCCGC

5'
5'
3'

3'

CH3 CH3 CH3

CH3 CH3 CH3 CH3

CCCTGCTCGTCTCGCCCCTGGCACACAGGCG
GGGACGAGCAGAGCGGGGACCGTGTGTCCGC

5'
5'
3'

3'
CCCTGCTCGTCTCGCCCCTGGCACACAGGCG
GGGACGAGCAGAGCGGGGACCGTGTGTCCGC

5'
5'
3'

3'

CH3CH3 CH3CH3 CH3CH3

CH3CH3 CH3CH3 CH3CH3 CH3CH3

PCR

Ligation into plasmid

Transformation into competent E.coli cells

Sequencing

DNA isolation

Bovine expanded blastocysts 
generated from different 

origins

Bovine in vitro
matured oocytes

Bovine frozen/thawed 
semen

Adult fibroblasts used as 
donor cells for nuclear 

transfer Bovine expanded blastocysts 
generated from different 

origins

Bovine in vitro
matured oocytes

Bovine frozen/thawed 
semen

Adult fibroblasts used as 
donor cells for nuclear 

transfer



Materials and Methods 

 58

3.8.1 Isolation of genomic DNA 
 

Genomic DNA was isolated from in vitro matured oocytes, frozen/thawed 

sperm, expanded blastocysts derived from different origins, in vitro fertilized zygotes 

and 4-cell embryos and pools of 0.04 x 106 adult female and male fibroblasts used for 

nuclear transfer. 

 

3.8.1.1 Bovine matured oocytes 
 

DNA from 40 in vitro matured oocytes was isolated using a modified protocol 

from LOPES et al. (2003). Frozen oocytes were thawed and centrifuged before being 

boiled in a water bath for 30 minutes. The tubes were closed by a plastic clasp during 

boiling. Then 100 µl lysis buffer (10 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0, 1% 

SDS (w/v), 20 µl proteinase K (10 mg/ml) and 1 µl yeast tRNA (11 mg/ml), was 

added after short centrifugation. Yeast tRNA serves as a carrier to increase the 

efficiency of precipitation in the presence of low concentrations of DNA. Lysis was 

performed in a 55°C thermo shaker (900 movements/minute) overnight. After a short 

centrifugation step, genomic DNA was isolated by phenol chloroform extraction using 

the Phase Lock GelTM system (PLG-heavy®, Eppendorf, Hamburg, Germany). 

Before using the PLG system, DNA was isolated from oocytes using the 

protocol from HAJKOVA et al. (2002b). In this protocol, lysis of oocytes and DNA 

isolation were performed after embedding the cells in low melting point agarose. 

Despite a recommendation to use this protocol for the isolation of DNA from single 

cells, it was not possible to recover DNA from pools of 40 or even 80 oocytes for 

bisulfite treatment and PCR amplification. The Phase Lock GelTM system is based on 

a type of membrane, which is not specified by the manufacturer, and isolated DNA is 

found in the aqueous phase after phenol chloroform treatment. The membrane of the 

PLG system facilitates pipetting of the supernatant containing the isolated DNA. 

Isolation of DNA from oocytes, embryos and adult fibroblasts analyzed in this study 

was carried out using the Phase Lock GelTM system. 

 

A total of 120 µl of the proteinase K digested genomic DNA was transferred 

into a 0.5 ml PLG-heavy tube and 1 volume (120 µl) of phenol chloroform isoamyl 

alcohol (25:24:1) was added prior to 5 minutes centrifugation. This step was repeated 
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to recover a maximum of genomic DNA. After centrifugation, the supernatant was 

transferred into a new 1.5 ml tube and 2 volumes (240 µl) of ethanol (100%), 3 M 

sodium acetate (NaAc2) to reach a final concentration of 0.3 M (36 µl) and 1 µl yeast 

tRNA (11 mg/ml) were added to the isolated DNA. The DNA was precipitated during 

incubation for 1 to 2 hours at –30°C. After centrifugation for 20 minutes, isolated 

genomic DNA appeared as a white pellet at the bottom of the tube. The pellet was 

washed twice with 500 µl of ethanol (70%) to remove all molecules previously used 

for DNA extraction and was air-dried. DNA was eluted in 3 µl of sterile water and 

dissolved at 4°C overnight. 

 

3.8.1.2 Frozen/thawed bovine semen 
 

Sperm DNA was isolated from the frozen semen routinely used for in vitro 

production of bovine embryos. Two straws were thawed in a 40°C water bath and the 

contents were transferred into a 1.5 ml tube for DNA isolation. The semen was 

washed twice in 70% ethanol and between the washing steps samples were 

centrifuged at room temperature at 14,000 rpm (15,800xg) for 5 minutes. A total of 

500 µl tail lysis buffer (1 M Tris-HCl pH 8, 3 M NaCl2, 0.5 M EDTA, 20% SDS), 2.5 µl 

Triton X100 (0.5%), 21 µl DTT (1M) and 40 µl proteinase K (10 mg/ml) were added 

after removal of ethanol. Protamines and proteins were dissolved and digested 

during 5 hours of incubation at 50°C in a thermo shaker. Several different attempts 

were made to isolate DNA from sperm cells and it was never possible to isolate DNA 

without DTT. Genomic sperm DNA was precipitated using the saturated NaCl2 

solution protocol described above for the isolation of genomic DNA from tissues 

(3.6.1). DNA was eluted in sterile water at 4°C overnight and the concentration was 

measured using the GeneQuant DNA-RNA calculator before storage at –80°C. 

 

3.8.1.3 Bovine embryos derived from different origins and adult 
fibroblasts used as donor cells for nuclear transfer 

 

Genomic DNA from single preimplantation embryos and pools of adult 

fibroblasts to be analyzed by bisulfite sequencing was isolated by the same protocol 

used for DNA isolation from bovine oocytes (see 3.8.1.1) with minor modifications. 

Application of the same protocol for DNA isolation from single embryos did not result 
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in visible bands in an agarose gel after bisulfite treatment and PCR amplification. A 

reduction of the lysis time from overnight to 5 hours incubation and a simultaneous 

increase of the speed of the thermo shaker to 1,200 movements per minute seemed 

to be important for the extraction of DNA from preimplantation single embryos. 

Single embryos in 0.5 ml silicone tubes and pools of 0.04 x 106 adult 

fibroblasts in 2 ml safelock® tubes were stored at –80°C and were kept in boiling 

water for 10 minutes. Lysis was performed in the 55°C thermo shaker (1,200 

movements/minute) over a period of 5 hours followed by DNA extraction, 

precipitation and elution as described for DNA isolation from oocytes (3.8.1.1). 

 

3.8.2 DNA digestion by restriction enzymes 
 

Bisulfite treatment induces hardening of the DNA strands and can decrease 

the efficiency of the bisulfite sequencing method. It is recommended to first digest the 

isolated genomic DNA with a restriction enzyme, which does not cut within the target 

region. The resulting smaller fragments reduce the risk of DNA breaks during further 

manipulation steps. 

 

3.8.2.1 Digestion of oocyte and sperm DNA 
 

Three fragments of the bovine IGF2 gene (introns 4 and 5 and exon 10) were 

analyzed by bisulfite sequencing. Introns 4 and 5 were chosen for analysis because 

both introns contain CpG islands. Exon 10 is the last exon of the bovine IGF2 gene 

and it is known that the last exon of the murine Igf2 gene contains an intragenic 

Differentially Methylated Region (DMR). Each fragment was investigated using DNA 

from 40 in vitro matured oocytes and 16 ng sperm DNA. All three fragments were 

tested for cutting sites using the computer program NEBcutter, which is available 

from the Internet. The program searches a specific sequence for all possible 

restriction enzyme recognition sites. A commonly used restriction enzyme was 

selected for each fragment to be analyzed. The sequences were examined so that 

the recognition sequences8 of the restriction enzymes did not cut within the region to 

be analyzed. The regions of interest have to remain intact for analysis by bisulfite 

treatment and sequencing. 
                                                 
8 The recognition sequences of each restriction enzyme commercially available are published in the 
NEB catalogue. EcoRI: GAATTC; XbaI: TCTAGA 



Materials and Methods 

 61

The detailed digestion protocol for each fragment to be analyzed is listed 

below: 

 

Oocytes - intron 4, exon 10: 0.4 µl NEB2 buffer 

0.4 µl sterile water 

0.4 µl EcoRI restriction enzyme (8 units) 

3 µl DNA isolated from 40 oocytes 

 

Oocytes - intron 5: 0.4 µl NEB2 buffer 

0.4 µl 100xBSA 

0.4 µl XbaI restriction enzyme (8 units) 

3 µl DNA isolated from 40 oocytes 

 

Sperm - intron 4, exon 10: 0.4 µl NEB2 buffer 

0.4 µl EcoRI restriction enzyme (8 units) 

1 µl of isolated sperm DNA (16 ng/µl) 

2.4 µl sterile water 

 

Sperm - intron 5:  0.4 µl NEB2 buffer 

0.4 µl 100xBSA 

0.4 µl XbaI restriction enzyme (8 units) 

1 µl of isolated sperm DNA (16 ng/µl) 

2 µl sterile water 

 

All samples were digested in a hot lid PTC-200 thermocycler at 37°C for 

30 minutes. Additionally, samples digested with the restriction enzyme XbaI were 

incubated for further 20 minutes at 65°C to inactivate the enzyme as recommended 

by the manufacturer. 

 

3.8.2.2 Digestion of DNA isolated from embryos and NT donor cells 
 

Fragments from intron 5 and exon 10 of the bovine IGF2 gene were analyzed 

by bisulfite sequencing in preimplantation embryos and adult fibroblasts. DNA from 

0.5 expanded blastocysts and 0.04 x 106 adult fibroblasts was used for the analysis 
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of each fragment. DNA from 20 in vitro fertilized zygotes and ten 4-cell embryos was 

analyzed only for exon 10 to evaluate the methylation pattern after fertilization. 

DNA digestion was performed as described for oocyte and sperm DNA with 

the exception that the restriction enzyme EcoRI was used for both fragments of 

interest. EcoRI does not cut within intron 5. The use of the same restriction enzyme 

for both fragments facilitated the experiment. The pipetting protocol for the digestion 

of embryonic and fibroblast DNA was as following: 

 

0.4 µl NEB2 buffer 

0.4 µl EcoRI (8 units) 

3 µl DNA isolated from embryos and adult fibroblasts 

 

Digestion was performed under the same conditions as for oocytes and sperm DNA. 

 

3.8.3 Bisulfite treatment 
 

Bisulfite treatment of genomic DNA converts non-methylated cytosines into 

uracil whereas methylated cytosines (indicated as “CH3” in the figures) remain 

unchanged (fig. 27). 

 

Figure 27: Conversion of cytosine molecules by bisulfite 

Non-methylated cytosines within single stranded DNA are converted into uracil whereas 

methylated cytosines remain unchanged during bisulfite treatment. 
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3.8.3.1 Preparation of solutions 
 

Bisulfite treatment was performed using a modified protocol from HAJKOVA et 

al. (2002b). Chemical solutions and liquid agarose to form single beads were freshly 

prepared for each experimental replicate. A special set of micropipettes was 

exclusively used for bisulfite sequencing, solutions were prepared in a separate room 

and all potential sources of contamination were avoided. These precautions were 

crucial for the success of the method. Different solutions were necessary to perform 

the bisulfite treatment: 

2.5 M bisulfite (pH 5) 

Hydroquinon 

2 M NaOH 

2% LMP agarose 

Heavy mineral oil 

 

At first, 1.9 g of sodium disulphide (Na2S2O5) were filled into a 50 ml Greiner 

tube and 55 mg of hydroquinon (C6H6O2) were filled into a 2 ml safelock® tube. The 

tubes were immediately wrapped with aluminum foil to keep the chemicals in the dark 

because of light sensitivity. 2 g of NaOH was placed in a second 50 ml Greiner tube 

and 20 mg of low melting agarose was placed in a 2 ml safelock® tube. 

All solutions were prepared in a separate extra clean room. The 2 M NaOH 

solution was first prepared by adding 25 ml of sterile water to the NaOH followed by 

vortexing until complete dissolution. Next, 2.5 ml of sterile water was transferred to 

the sodium disulphide and mixed with 750 µl of the freshly prepared NaOH solution. 

A total of 500 µl sterile water was added to the hydroquinon and vortexed. Both, the 

bisulfite and the hydroquinon solution were incubated in a 50°C water bath until the 

chemicals were dissolved. During the entire bisulfite treatment both solutions were 

kept in the dark. The hydroquinon solution was vortexed after ~15 minutes of 

incubation to obtain complete dissolution. When both, the bisulfite and the 

hydroquinon solution were dissolved, hydroquinon was centrifuged and transferred to 

the bisulfite solution. Based on our experience, it cannot be recommended to put 

hydroquinon alone on ice because it crystallizes and cannot be used. The solutions 

were mixed and kept on ice until the DNA was embedded into agarose beads. 
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LMP agarose was dissolved by adding 1 ml of sterile water and incubation in a 

boiling water bath for 10 minutes followed by transfer to a 50°C water bath. For each 

DNA sample prepared for bisulfite treatment, one 2 ml safelock® tube was filled with 

1 ml of heavy mineral oil and kept on ice. 

 

3.8.3.2 Embedding DNA into agarose beads 
 

Genomic DNA was incubated for a further 10 minutes at 98°C in the hot lid 

PTC-200 thermocycler immediately after digestion with suitable restriction enzymes. 

The high temperature induced separation of the double stranded genomic DNA into 

single strands. Only cytosine nucleotides from single stranded DNA molecules are 

targets for the bisulfite solution and can be converted. The tubes were centrifuged 

following denaturation of the double stranded DNA, which minimizes the risk of losing 

DNA by opening the tubes prior to the addition of 0.8 µl of the 2 M NaOH solution. 

The samples were mixed gently and centrifuged before embedding in agarose. 

Adding NaOH to the denatured genomic DNA keeps the DNA molecules single 

stranded even at room temperature. 

To produce agarose beads, it was necessary to handle the samples 

individually, to work quickly so that the bead formed before the agarose became 

solid, to hold the agarose constantly in the 50°C water bath and to be sure that the 

tubes containing the mineral oil were ice-cold. Seven µl of 50°C warm LMP agarose 

were transferred to one DNA sample and mixed by pipetting the DNA-agarose 

solution up and down avoiding air bubbles, which complicate production of the 

beads. Pipettes were changed from a 20 µl to a 100 µl and the DNA-agarose solution 

was transferred to the ice-cold mineral oil forming one bead. The tube was 

immediately put on ice. It is recommended to adjust the pipette to 15 µl although the 

volume of the DNA-agarose solution was only 11.6 µl since warm solutions tend to 

expand. It seemed crucial that the tubes were maintained on ice after formation of 

beads. Otherwise, the beads did not remain compact during bisulfite incubation. 
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3.8.3.3 Bisulfite incubation 
 

Ice-cold 800 µl bisulfite/hydroquinon solution was transferred to the 2 ml tubes 

containing the agarose beads under mineral oil. The tubes were returned to ice and 

were covered with aluminum to avoid light damage. After 30 minutes on ice, the 

tubes were transferred to the 50°C water bath wrapped in aluminum foil. Bisulfite 

treatment was performed for four hours at 50°C. 

 

3.8.3.4 Washing procedure 
 

After four hours of bisulfite treatment, the mineral oil and the 

bisulfite/hydroquinon solution were replaced by 1 ml of 1xTris/EDTA buffer (TE 

buffer, pH 8) and removed by four washing steps. Between each step, the beads 

were incubated for 15 minutes in 1xTE buffer. Meanwhile, a 0.4 M NaOH solution 

was prepared using the 2 M NaOH solution as template. The beads were incubated 

twice in 500 µl of the 0.4 M NaOH solution to achieve desulphonation within a period 

of 20 minutes. The NaOH solution was removed from the beads and the beads were 

washed twice in 1 ml of 1xTE buffer followed by three further washing steps in sterile 

water with 15 minutes incubation between each step. The beads were incubated 

after the first washing step in sterile water overnight at 4°C to remove EDTA, which 

can inhibit the PCR reaction. The washing procedure was continued the next day 

prior to transfer of the beads into the PCR reaction. 
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3.8.4 PCR amplification of bisulfite treated DNA 
 

Non-methylated cytosines were converted into uracil during the bisulfite 

treatment. These are replaced during PCR amplification by thymine molecules. Only 

one single DNA strand is amplified. The reverse primer first binds to its 

complementary single stranded DNA and the forward primer anneals to the strand 

produced in the first round of PCR (fig. 28). 

 
Figure 28: PCR amplification of bisulfite treated single stranded DNA 

Shown is the amplification of the coding strand. Methyl groups are lost during PCR. 
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amplification, it is crucial that the primer pairs do not contain any CG dinucleotides. 

The length of the primers varied from 20 to 30 bps. The PCR products resulting from 

the selected primer pairs did not exceed 700 bps. Longer fragments would be more 

difficult to amplify due to depurination of DNA during the bisulfite treatment. 

Nested primer pairs were designed for all three fragments of interest to 

increase the sensitivity of the PCR reaction and ensure the specificity of the PCR 

product. All oligonucleotides were manufactured by MWG Biotech AG (Germany). 

The sequences of all primer pairs used for PCR amplification of bisulfite treated DNA 

are listed in table 7. 



 

 

Table 7: Primer sequences, primer specific annealing temperatures and cycle number, length of amplified PCR products, template origin 

and primer localization within the DNA sequence analyzed by bisulfite sequencing 

 

                                                 
9 Primers used for nested PCR are indicated as “bisulfite-2”. 

 Primer sequence9 
Annealing (C°)/
cycle number 

Length of 
PCR-product 

DNA source 
Primer localization 

(RESULTS, GenBank) 

Intron4 

bisulfite-1 

F: ATT GGG TAT TGT TTT TAG TTT TT 

R: TTA TAA TCT TTA CAC AAA ACA 

49.1°C; 

40 cycles 
397 bp Oocyte, sperm 

F: 61-83 

R: 438-458 

Intron4 

bisulfite-2 

F: GTT TTT AGT TTT TTT TAA ATT TG 

R: AAT AAA TTT AAA AAC CAA AC 

47.4°C; 

30 cycles 
237 bp Oocyte, sperm 

F: 71-93 

R: 288-307 

Intron5 

bisulfite-1 

F: TGG TTT TTT TAG ATT TTT AAA TGA T 

R: AAA ATA AAA ACA AAA ATC CTC AAA A 

51°C; 

40 cycles 
651 bp Oocyte, sperm 

F: 688 (Intron4)-712 

R: 465-490 

Intron5 

bisulfite-2 

F: GTT TTA TGT TTG GTT TTT AGT 

R: TCT AAA ATT ACT ATT CCA AAA 

50.2°C; 

30 cycles 
411 bp Oocyte, sperm 

F: 44-64 

R: 434-454 

Exon10 

bisulfite-1 

F: TGG GTA AGT TTT TTT AAT ATG ATA TT

R: TTT AAA ACC AAT TAA TTT TAT ACA TT 

49.6°C; 

40 cycles 
455 bp 

Oocyte, sperm, 

embryos, fibroblasts

X 53553 

F: 243-268 

R: 672-697 

Exon10 

bisulfite-2 

F: TAA TAT GAT ATT TGG AAG TAG T 

R: ACA TTT TTA AAA ATA TTA TTC T 

49.1°C; 

30 cycles 
420 bp 

Oocyte, sperm, 

embryos, fibroblasts

F: 257-278 

R: 655-676 
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3.8.4.2 PCR of bisulfite treated DNA from oocytes, sperm, preimplantation 
embryos and adult fibroblasts 

 

Bisulfite treated DNA was amplified using nested PCR. The first PCR reaction 

was performed in a final volume of 100 µl standard PCR mixture whereas nested 

PCR was carried out in a final volume of 50 µl using the same PCR protocol. The 

standard mixture for PCR is described in detail in section 3.5.3 (table 3). The PCR 

mixture for the final volume of 100 µl was prepared by doubling the amounts in the 

standard protocol. Amplification was performed under the conditions described in 

section 3.5.3 (table 4) with the optimized gene specific annealing temperatures and 

the PCR cycle number shown in table 7. 

For the first PCR reaction, individual beads were manually transferred into the 

corresponding PCR mix and melted by 2 minutes incubation at 80°C in a hot lid PCR 

cycler. Subsequent brief centrifugation ensured complete mixing of the agarose in 

the PCR reaction. 

Templates for the nested PCR reaction were prepared by incubating all 

samples from the first round of amplification at 80°C for 2 minutes in a hot lid PCR 

cycler following a short centrifugation step. Two µl of the PCR products were used as 

template for nested PCR. 

 

3.8.4.3 Electrophoresis 
 

Electrophoresis was performed for all samples on a 2% agarose gel following 

PCR. Five µl of each PCR product were mixed with 5 µl loading buffer on a piece of 

parafilm (Neenah, WI, USA) following transfer into the gel slots. 

 

3.8.4.4 Purification of PCR products 
 

PCR products derived from amplification of oocyte and sperm DNA were 

purified from gel bands using the GFX PCR DNA and Gel Band Purification Kit 

(Amersham Pharmacia). In contrast, purification of PCR products derived from DNA 

of preimplantation embryos and adult fibroblasts was carried out using the Wizard® 

SV Gel and PCR Clean-Up System (Promega, Mannheim, Germany). The Wizard® 

SV Gel and PCR Clean-Up System is similar to the GFX PCR DNA and Gel Band 
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Purification Kit with the exception that the Wizard® SV Gel and PCR Clean-Up 

System uses a silica membrane to bind DNA instead of the glass fiber matrix used 

within the GFX PCR DNA and Gel Band Purification Kit. 

PCR solutions were purified by the Wizard® SV Gel and PCR Clean-Up 

System according to the manufacturer’s protocol and the DNA concentration of each 

purified PCR product was measured using a NanoDrop® spectrophotometer 

(NanoDrop® ND-1000). Samples, which were not used for direct transformation into 

competent bacterial cells, were stored in 1.5 ml tubes at –30°C. 

 

3.8.5 Ligation of PCR products into the pGEM®T-easy vector system 
 

Each PCR product derived from bisulfite treated DNA was ligated into the 

pGEM®T-easy vector by overnight incubation at 4°C according to the manufacturers' 

protocol. Optimization experiments revealed that this overnight incubation was more 

effective than incubation for one hour at room temperature, which was also proposed 

by the manufacturer. 

Ligation was performed in a 1.5 ml tube with 50 ng of each purified PCR 

product in a final volume of 10 µl. When the transformation rate was low, template 

concentration was reduced to 25 ng. The ligation protocol was as followed: 

 

5 µl 2 x ligation buffer 

1 µl pGEM®T-easy vector (50 ng/µl) 

1 µl T4 ligase (3 Weiss Units/µl) 

50 ng purified PCR product 

Sterile water 
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3.8.6 Transformation of PCR products into chemically competent 
bacterial cells 

3.8.6.1 Preparation of chemically competent bacterial cells 
 

A small number of bacteria were removed by scraping a frozen original aliquot 

of E.coli XL10-Gold® ultracompetent cells (Stratagene, CA, USA) and plated out on 

an agar plate without any antibiotics. The plates were incubated at 37°C overnight. 

The next day, a single bacterial colony was inoculated into a sterile 20 ml tube 

containing 3 ml sterile LB-medium without antibiotics. This suspension was incubated 

at 37°C overnight under vigorous aeration. A 1 ml aliquot of the overnight bacterial 

culture was transferred on the third day into a sterile flask containing 100 ml LB-

medium. The flask was incubated at 37°C with agitation for 1.5 to 2 hours until the 

bacterial culture looked dense and cloudy, and could be transferred to a polystyrene 

box completely filled with ice. The ice was mixed with NaCl2 to reduce the 

temperature of the ice under 0°C. It is important to put the flask carefully into the ice 

and to shake the box gently for 10 minutes to stop bacterial growth prior to transfer of 

the solution into two 50 ml ice-cold Greiner tubes. The tubes were centrifuged at 

4,000 rpm for 10 minutes in a pre-cooled centrifuge. The supernatant was discarded 

and the pellet in each tube was resuspended in 25 ml of ice-cold TfBI solution. TfBI 

solution contains 100 mM CaCl2, which renders the bacteria competent. Following a 

further 10 minutes centrifugation step at 4,000 rpm (2,772xg), the supernatant was 

discarded and the pellet dissolved in 10 ml ice-cold TfBII solution. Aliquots of 100 µl 

were shock frozen in liquid nitrogen before the bacterial cells were stored at –80°C. 

 

3.8.6.2 Transformation of PCR products into chemically competent 
bacterial cells 

 

An aliquot of previously prepared chemically competent E.coli cells was 

thawed on ice for each PCR product ligated into a pGEM®T-easy plasmid. The total 

volume of each ligation sample was transferred into thawed bacterial cells and mixed 

gently following 30 minutes incubation on ice. The samples were mixed carefully 

every 10 minutes to ensure that plasmids and bacterial cells were equally dispersed. 

Transformation of the plasmids into bacteria was performed during incubation of the 

samples at 42°C in a thermo shaker for exactly 30 seconds. The bacteria were heat 
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shocked to induce membrane instability and plasmid transfection. This process was 

terminated after 2 minutes of incubation on ice. A total of 900 µl pre-warmed 42°C 

LB-medium were added to the transformed cells and transferred to 20 ml tubes. 

Recovery of the bacterial cells was carried out during one hour at 37°C under 

aeration. 

Fifty µl of the recovered cells were finally plated out on pre-warmed agar plates 

containing 25 mg ampicillin (50 mg/ml). The agar plates were incubated for a 

maximum of 16 hours at 37°C. 

 

3.8.6.3 PCR screening of transformed bacterial clones 
 

The transformation success was evaluated by screening the bacterial clones. 

PCR-screening was performed in microtiter plates using the universal T7 and SP6 

primers. The plasmid DNA was amplified from the 5' end and from the 3' end, 

respectively. For each microtiter plate a standard PCR mixture was prepared once for 

100 samples (3.5.3, table 3) and PCR amplification was performed as described in 

section 3.5.3, table 4. Hot start PCR was not performed and Taq Polymerase was 

added directly to the PCR mixture. Primer sequences, annealing temperature, cycle 

number and size of the expected PCR product are listed in table 8. Primers are 

located within the T7 and SP6 promoters of the vector. 

 
Table 8: Universal T7 and SP6 primers 

Primer sequences, annealing temperature, cycle number and expected size of PCR product 

 

Primer Primer sequence 

Annealing 

temperature/

cycle number

Size of 

PCR 

product (in 

this study) 

Primer 

position 

(vector map; 

Promega) 

T7 

SP6 

ACT CAC TAT AGG GCG AAT TG 

ATT TAG GTG ACA CTA TAG AAT ACT C 

55°C 

35 cycles 
700 bps 

T7 promoter 

SP6 promoter
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Isolated bacterial clones were picked from the agar plate with a thin pipette tip 

and transferred into individual wells of the microtiter plate. The tip was gently agitated 

to transfer bacterial cells into the PCR mix. 

From each PCR product, 5 µl were mixed with 5 µl of loading buffer on a piece 

of parafilm, transferred into the slots of a 2% agarose gel and subjected to 

electrophoresis. When more than 50% of the PCR products derived from one 

microtiter plate showed the expected bands in the gel, the plate was sent to the Max-

Planck-Institute of Molecular Genetics, Berlin-Dahlem (Germany), for purification and 

sequencing. 

 

3.8.6.4 Analyses of sequenced bacterial clones 
 

Sequencing was performed from the 5' and the 3' ends of the plasmid using 

the universal primers T7 and SP6. Both sequences from each bacterial clone were 

analyzed. Clones sequenced from the 3' end were turned into the reverse 

complementary sequence using the computer program DNAman (Version 4.13). Both 

sequences were aligned against the original IGF2 sequence of the corresponding 

fragment used for primer design. 

The aligned sequences were printed out and analyzed manually. Each 

alteration of a cytosine molecule within and outside of the CpGs was marked. 

Cytosine molecules represented methylated cytosines whereas bisulfite converted 

cytosine molecules appeared as thymine and represented non-methylated cytosines. 

Differences of cytosines within each CpG and within the entire sequence were 

investigated to ensure that only clones with inserts derived from different oocytes, 

sperm, blastomeres and fibroblasts were analyzed. 

 

3.9 Statistical analyses 
 

Data from the bisulfite sequencing and semi-quantitative RT-PCR were 

statistically analyzed with the computer program SigmaStat 2.0 (Jandel Scientific, 

San Rafael, CA). All data were first tested for normality by the Kolmogorov-Smirnov 

test and for equal variance by the Levene Median test. Descriptive statistics were 

performed to evaluate means (Mean), standard deviation (SD) and standard error 

(SEM) for each group of interest. One way ANOVA was performed for normally 
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distributed values whereas values, without normal distribution were analyzed by 

Kruskal-Wallis one way ANOVA of ranks. Differences between groups were tested by 

pairwise multiple comparison using the Tukey test, Bonferroni t-test or Dunn's 

method, respectively. 

In addition, the relative amounts of transcriptional products derived from the 

semi-quantitative RT-PCR analyses of blastocysts and expanded blastocysts were 

calculated on a per cell basis for single blastomeres. 

 

3.10 Experimental design 
 

This research project can be divided into four major parts (a schematic 

overview on the entire project is given in fig. 30): 

 

1. Bovine embryo production and evaluation of cell numbers 

2. mRNA gene expression analyses of the bovine IGF2, IGF2R and MASH2 

genes 

3. Sequencing of three fragments within the bovine IGF2 gene 

4. Study of DNA methylation: Intragenic Differentially Methylated Regions 

(DMRs), methylation status of bovine preimplantation embryos from different 

origins 

 

3.10.1 Bovine embryo production and evaluation of cell numbers 
 

Bovine preimplantation embryos produced by in vitro fertilization and 

parthenogenesis, were employed for molecular analyses. The numbers of 

trophectoderm and inner cell mass cells were determined from a subset of 

blastocysts and expanded blastocysts. The cell numbers were used to calculate the 

relative amounts of transcriptional products on a per cell basis. Differences in the 

relative amounts of mRNAs were evaluated as cell specific gene expression i.e. in 

the trophectoderm or in the ICM, comparing in vitro fertilized and parthenogenetic 

bovine blastocysts. Size of blastocysts and expanded blastocysts at day 7 of 

development was determined. In addition, single trophectoderm and single plugs of 

inner cell mass cells were isolated from a few expanded blastocysts and were 

included in the gene expression analyses. 
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3.10.2 mRNA gene expression analyses of the bovine IGF2, IGF2R and 
MASH2 genes 

 

The expression patterns of the bovine IGF2, IGF2R and MASH2 genes were 

analyzed by semi-quantitative RT-PCR. The three genes are known being imprinted 

in the mouse (DeCHIARA et al. 1991; BARLOW et al. 1991; GUILLEMOT et al. 

1995). Mono- or bi-allelic gene expression should be resolved in this study by 

comparing in vitro fertilized and parthenogenetic blastocysts and isolated single 

trophectoderm and ICM cells derived thereof. In vivo collected expanded blastocysts 

served as controls. Due to the high number of embryos required to analyze bovine 

IGF2 gene expression, only blastocysts produced in vitro were analyzed. 

The hypothesis of this study (fig. 29) was that maternally expressed genes 

such as the IGF2R and MASH2 genes (in the mouse) would show increased relative 

amounts of transcriptional products in parthenogenetic embryos (diploid maternal 

genome). Paternally expressed genes such as the IGF2 gene (in the mouse) would 

be expressed at a higher level in embryos derived from in vitro fertilization (paternal 

and maternal genome). If no differences were detected between the transcriptional 

products of in vitro fertilized and parthenogenetic embryos bi-allelic expression was 

assumed. 

 

Figure 29: Hypothesis of mono-and bi-allelic gene expression 

Maternally expressed genes would be expressed at a higher level in parthenogenetic 

embryos whereas paternally expressed genes would only be expressed in in vitro fertilized 

embryos. 
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3.10.3 Sequencing of three fragments within the bovine IGF2 gene 
 

The ovine IGF2 gene was analyzed for CpG islands to identify regions to 

sequence within the bovine IGF2 gene. This was necessary due to the lack of 

genomic sequence information for the bovine IGF2 gene in the GenBank database. 

The mRNA sequence of the bovine IGF2 gene is available in the GenBank database 

(X53553). Fragments of the bovine IGF2 regions were obtained by PCR amplification 

first with ovine specific primers in bovine tissue and subsequently with bovine specific 

primers to sequence the complete fragment. CpG islands were verified within the 

bovine IGF2 fragments. 

 

3.10.4 Study of DNA methylation: Intragenic Differentially Methylated 
Regions (DMRs), methylation status of bovine preimplantation 
embryos derived from different origins 

 

Three DNA fragments within the bovine IGF2 gene were analyzed to identify 

intragenic DMRs by bisulfite sequencing. DMRs are established during primordial 

germ cell development and thought to be present in mature oocytes and sperm. DNA 

isolated from in vitro matured oocytes and frozen/thawed sperm was analyzed within 

the fragments of bovine introns 4, 5 and bovine exon 10. 

The methylation status of the intragenic DMR was investigated in expanded 

day 7 blastocysts derived from different origins and in adult fibroblasts, which served 

as donor cells to generate nuclear transfer embryos. Adult fibroblasts were derived 

from a female and male slaughtered animal. These analyses were performed using 

bisulfite sequencing and served to determine methylation differences between 

embryos. Differences in the embryonic methylation status could indicate insufficient 

reprogramming and imprinting failure during in vitro production of bovine 

preimplantation embryos. 



 

 

(A: androgenetic embryos; NT: nuclear transfer embryos; DC: donor cells of cloned embryos; Vivo: in vivo collected embryos) 

 

Figure 30: Overview of the research project, which can be divided into four major parts: Bovine embryo production and evaluation of cell 

number, mRNA gene expression analyses, IGF2 sequencing and study on DNA methylation. 
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4 RESULTS 
4.1 Bovine embryo production and evaluation of cell number 
4.1.1 Bovine embryos generated by in vitro fertilization and 

parthenogenesis 
 

In vitro fertilized and parthenogenetic preimplantation bovine embryos were 

generated routinely 1 to 2 times per week from 2001 to 2003. The blastocyst rate 

was 24%±2.4 for the in vitro fertilized embryos and 27%±2.2 for the parthenogenetic 

embryos. The embryos were initially used to optimize the bisulfite sequencing 

method and the semi-quantitative RT-PCR assay. 69 zygotes and 81 4-cell embryos 

were generated by in vitro fertilization and analyzed for their methylation patterns. 
 

4.1.2 Differential staining of in vitro produced bovine blastocysts 
 

Cell numbers of in vitro fertilized and parthenogenetic blastocysts and 

expanded blastocysts are shown in table 9 and fig. 31. The total cell number of single 

embryos was calculated from the results obtained from the TE and ICM cells. 

 

 
Figure 31: Differential staining of expanded blastocysts generated by in vitro fertilization 

or parthenogenesis 

Inner cell mass cells are stained blue due to the fluorochrome Hoechst 33342 and the outer 

trophectoderm cells are stained in red by propidium iodide. In vitro fertilized expanded 

blastocyst (left) and parthenogenetic expanded blastocyst (right). 



 

 

Table 9: Cell number of day 7 blastocysts and expanded blastocysts, trophectoderm and inner cell mass generated by in vitro fertilization 

and parthenogenesis 
 

Values with different superscripts (a, b) indicate significant differences (p≤0.05). One way ANOVA, Tukey test. (TE: trophectoderm; ICM: Inner cell 

mass; SEM: standard error of means)

Embryos 
Total number 
of blastocysts 

analyzed 

Mean ± SEM of 
total cell 

number/embryo 

Mean ± SEM of 
trophectoderm 

cell number 

% 
Trophectoderm 

cells/embryo 

Mean ± SEM of 
ICM cell 

number/embryo 

% Inner cell 
mass/embryo  

Ratio 

TE : ICM 

Blastocyst 

(IVF) 
22 126±7.2ab 78±4.9b 62% 48±2.9 38% 1:0.6 

Blastocyst 

(PA) 

17 
107±7.1b 70±5.4b 65% 37±2.8 35% 1:0.5 

Expanded 

blastocyst 

(IVF) 

13 144±5.4a 103±4.4a 72% 41±3.5 28% 1:0.4 

Expanded 

blastocyst 

(PA) 

18 125±7.1ab 82±4.7b 66% 43±3.6 34% 1:0.5 
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4.2 mRNA gene expression analyses of the bovine IGF2, IGF2R and 
MASH2 genes 

 

Semi-quantitative RT-PCR was performed to determine differences in the 

relative amount of transcriptional products due to mono- or bi-allelic gene expression. 

The bovine IGF2, IGF2R and MASH2 genes were analyzed in expanded blastocysts 

derived by in vitro fertilization (IVF) or parthenogenesis (PA). As shown in figure 32, 

relative amounts of transcriptional products of the MASH2 gene were different 

(p≤0.05) between IVF (48.5±12) and PA (7.7±9.2) derived expanded blastocysts. No 

differences were detected in the mRNA expression pattern of the IGF2 and IGF2R 

genes. We did not distinguished between blastocysts and expanded blastocysts in 

this experiment. 
 

 

 

 

 

 

 

 

 

Figure 32: Relative amounts of transcriptional products of the IGF2, IGF2R and MASH2 

genes as determined by semi-quantitative RT-PCR 

Significant differences are indicated by superscripts (a:b, p≤0.05). One way ANOVA, Dunn's 

method. (IVF: in vitro fertilization; PA: parthenogenesis) 

 

Results of the mRNA gene expression analyses of blastocysts and expanded 

blastocysts are presented in fig. 33. Trophectoderm and inner cell mass cells and in 

vivo collected expanded blastocysts were included in the analyses. Relative amounts 

of transcriptional products were calculated on a per cell basis. The cell number for 

the in vivo expanded blastocysts was taken from the publication of LAZZARI et al. 

(2002) who counted 158 cells per in vivo expanded blastocyst. 

Increased relative amounts of IGF2 mRNA were detected in IVF expanded and 

hatched blastocysts compared to their parthenogenetic counterparts. Differences 

(p≤0.05) were found in the expression patterns of the IGF2 gene between expanded 
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IVF blastocysts and both types of PA blastocysts (blastocysts, expanded 

blastocysts). In contrast to IVF blastocysts, in which decreased relative amounts of 

transcriptional products of the IGF2 gene were determined from expanded 

blastocysts to hatched blastocysts, the relative amounts of mRNA increased in 

expanding to hatched parthenogenetic blastocysts. 

ICM cells from IVF expanded blastocysts expressed the IGF2R gene at a 

significantly higher level (p≤0.05) than did IVF blastocysts, expanded blastocysts and 

IVF trophectoderm cells. The expression levels of the IGF2R gene in ICM cells from 

IVF and PA blastocysts were not different. Hatched PA blastocysts contained 

significantly more IGF2R mRNA (p≤0.05) than did IVF or PA blastocysts and 

expanded blastocysts. No differences were detected between in vitro produced and 

in vivo collected blastocysts. 

Hatched PA blastocysts showed a significantly higher MASH2 mRNA level 

(p≤0.05) than blastocysts and expanded blastocysts. PA trophectoderm cells 

contained increased amounts of MASH2 transcriptional products than PA-ICM cells. 

This was in contrast to the trophectoderm and ICM cells of IVF blastocysts, which 

expressed MASH2 at a similar level. Comparison of IVF blastocysts revealed that the 

MASH2 gene was higher expressed in expanded and hatched blastocysts (p≤0.05) 

than in blastocysts. No differences were detected between the in vitro produced 

blastocysts and in vivo expanded blastocysts. 
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Figure 33: Differences in mRNA expression of the bovine IGF2, IGF2R and MASH2 

genes determined by semi-quantitative RT-PCR 

Blastocysts, expanded blastocysts and hatched blastocysts derived from in vitro fertilization 

and parthenogenesis were included in the analyses. Isolated ICM and TE were additionally 

investigated. In vivo collected expanded blastocysts served as controls. 

Bars with different superscripts indicate significant differences in the relative amount of 

transcriptional products. The results obtained from the semi-quantitative RT-PCR analyses 

were calculated on a per cell basis and statistically analyzed using one way ANOVA, Dunn's 

method, Tukey test: IGF2 – a:b p≤0.05; IGF2R – a:b p≤0.05; MASH2 - a:b:c:d p≤0.05 

(IVF: in vitro fertilization; PA: parthenogenesis; ICM: inner cell mass; TE: trophectoderm; BL: 

blastocyst; eBL: expanded blastocyst; hBL: hatched blastocyst; V: in vivo collected 

blastocyst) 

 

In summary, blastocysts and expanded blastocysts derived from in vitro 

fertilization or parthenogenesis consisted of similar total cell numbers and similar 

numbers of trophectoderm and inner cell mass cells. The only exception was that 

expanded in vitro fertilized blastocysts showed a significantly increased total cell 

number and contained a significantly higher number of trophectoderm cells (p≤0.05). 

Semi-quantitative RT-PCR revealed no differences in the relative abundance 

of transcriptional products of the IGF2 and IGF2R genes between in vitro fertilized 

and parthenogenetic blastocysts. In contrast, IVF blastocysts expressed the MASH2 
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gene to a significantly higher relative amount than parthenogenetic embryos 

(p≤0.05). 

A significantly increased relative amount of transcriptional products from IGF2 

gene was detected in in vitro fertilized expanded blastocysts (p≤0.05) compared to 

blastocysts and hatched blastocysts. The IGF2R gene was predominantly (p≤0.05) 

expressed in ICM cells isolated from IVF blastocysts and in hatched parthenogenetic 

blastocysts. A significantly increased relative amount of MASH2 mRNAs was found in 

hatched blastocysts derived from in vitro fertilization and parthenogenesis (p≤0.05). 

 

4.3 Sequencing of three fragments of the bovine IGF2 gene 
4.3.1 CpG islands within the ovine IGF2 gene 
 

Putative CpG islands were detected within the region containing exons 4, 5, 6 

and introns 4, 5 and 6 of the ovine IGF2 gene (U00664; fig. 34). These regions 

showed a CpG content greater than 60% and a ratio of CpG:GpC higher than 0.6, 

which corresponds to the definition of CpG islands by GARDINER-GARDEN and 

FROMMER (1987). Exon 4 and intron 4 are located within the ovine IGF2 gene 

(U00664) between bases 1041 to 1984 whereas exon 5 and intron 5 encompass the 

bases 1985 to 3072. Bases 3073 to 4080 contain exon 6 and intron 6. 
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Figure 34: Table from the CpGwin program showing the results of the CpG search of 

exons 4, 5, 6 and introns 4, 5, 6 of the ovine IGF2 gene 

A shows the results obtained from the search of consecutive sequence streches of 1000 bp. 

B indicates the results from the search of consecutive 500 bp streches. Putative CpG islands 

within the region analyzed are indicated with circles and rectangles. 
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4.3.2 Identification of two bovine specific IGF2 fragments derived from 
PCR with ovine specific primer pairs 

 

PCR was performed with primer pairs designed from the ovine IGF2 gene. 

Primer oIGF2-4.1 spans intron 4 of the ovine IGF2 sequence and amplification with 

this primer pair resulted in a PCR product of the expected length of 886 bp. The 

primer pair oIGF2-5.1 spanned intron 5 of the ovine IGF2 gene and resulted in a 975 

bp PCR product (fig. 35). 

 
Figure 35: Photography of a representative gel with bands from the PCR amplification of 

bovine tissue using ovine and bovine primer pairs. 

Primer pairs and the length of the PCR products are indicated. Primers designed from the 

ovine IGF2 sequence (U00664) are oIGF2-4.1 and oIGF2-5.1. The bovine specific primer 

bIGF2-4.2 was designed from the bovine IGF2 sequence obtained after sequencing of PCR 

products derived from primer pair oIGF2-4.1. The most upper bands generated with the 

primer bIGF2-4.2 were cut out of the gel and were sequenced (see also fig. 39). 

1 100 bp molecular weight marker; 2, 3 PCR products from primer oIGF2-4.1; 4 neg. control; 

5, 6 PCR product from primer bIGF2-4.2; 7 neg. control; 8, 9 PCR product from primer 

oIGF2-5.1; 10 neg. control 

 

The PCR products were sequenced from both directions, from the 5' end and 

from the 3' end. Bovine sequences with 625 bp (intron 4; fig. 36) and 863 bp (intron 

5; fig. 37) were obtained. 

 

 

 

 

 

1 2 3 4 5 6 7 8 9 10

oIGF2-4.1
886 bp

bIGF2-4.2
1,500 bp

oIGF2-5.1
975 bp

1 2 3 4 5 6 7 8 9 10

oIGF2-4.1
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975 bp
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1 CGGTCGGGCA GCTTGTCCGC CAGGACGTAG GCAGGGCTTC TCCCGCGTCC 

51 AGGAGCAACG ACTGGGCATT GCCCCCAGTT TCCCCCAAAT TTGGGCATTG 

101 TCCCCGGGTC TTCCAACGGA CTGGGCGTTG CCCCCGGACA CTGGGGACTG 

151 CCCCGGGGTC TCGCTCACCT TCAGTGCGCC TACCGCCCGC CGCAGATCGC 

201 TCGCTCGCTG CCTCGACTCC TCCGCGCCCG CGGACGCAGC CTTCGGCCTC 

251 CAGCCTCGCG GTGAGCTCCC CGCCGCTTCG CGTCCCGGCC TGGCTCCCAA 

301 ACCCACCCGC CGCCGTCCCG CTGTCCCGAG CGGCTGCTGG GGACACCGGC 

351 ACGGGGCGCG GGAGCCGTGC GGCGGGCCAG CCCCTCGGCC GCCCCACGCG 

401 CTGGGTCGGG CCCCGGAGAC CCTGTGCCGC TTTCCTTTGC TCTGTGCAAA 

451 GATCACAACG GGGGTTAAGC GCCTCGGCGA CCTCCAAGCG GGGCCGGCAG 

501 GGCGCAGGAT GGCGGAGCGA GGGGGCGAAC CGGCCTCGGG TTTCCGCCGC 

551 CGGCGGCCCC TTCCCCTTGG AAGGCGCGCG TGGTCGGGGC TCCTGGGCGC 

601 GGGCGAGGCG CGCAGCCTCC ACCTG   

 

Figure 36: DNA sequence of intron 4 of the bovine IGF2 gene derived from the PCR 

amplification with primer oIGF2-4.1 

 

 
1 CCCTGCTCGT CTCGCCCCTG GCACACAGGC GCAGCCCGGG CCGGCCCCAT 

51 GCCTGGCCCC CAGCCGGGCC AGGTCCTCTC CACGTACCGC ACCTGGCGTC 

101 CGCCGAGGCT ACTCCCCGGT TCCCGTGCGG CACCGGGGGG CGCTCGGGCT 

151 CCGGCTGCAG CTCGAGGTGC TGCGCCTGCT CAGGCAGGTG GAGGCTGCGC 

201 GCCTCGCCCG CGCCCAGAGA CTCCCCGCTT CCCCAGCAGG TCCCGGCGGG 

251 ACTCGGGGAC CCGCCACCTG TGCCCGCACA CACAGGGCAC CCCCGCCGCC 

301 TAGCCCCTCG CTGGGGCGCG GGGATCCGGC CGTCGCTAGG GCATGTGACA 

351 CCTCCCACCC TGGTCGTCCC GGGTCCCCCG TGTACTGTGT AGGGGCTCTG 

401 GCACCCCGGA ACTGCAGACA GGGCCCCCAA ACACTTTGGA ATAGTAATTC 

451 TAGACTTCTT TCGAACTCTG AGGATCCCTG CCCCCACTCC AATCTCGTCC 

501 CCGCGCACCC CACAGCCCCC CCTCACCGCT GCCCCCCGGG ACCCCAAGCC 

551 TGGCCCCCCC TTGGCTCGAG TTGCAGAGGC GGTTCGGGGG CGGGGCGAGG 

601 ACCCCTCGAG CGCCCATTGG CGCGGGCACT CGGCCAGCGG GGCCCGAGCG 

651 GGCGCCGAGC CGCGGGTGGC TCGACTATAA GAGCCGGGCG TTGGCGCCCA 

701 GAGTTCGCCT GCTCTCCGGC GGAGCTGCGT GAGGCCAGGC AGGCCCCCGG 

751 CCCCCCCCTT CCGGCCGCCC TCGCCTCCTG GCCCTCGCCC GCCAGCGCCT 

801 CCACCCGGCT GGCGGCCCCG CGTCGACGCC GTCCGCTACG CTGCTGACCC 

851 CCATCTCGGG CGC    

 

Figure 37: DNA sequence of intron 5 of the bovine IGF2 gene derived from the PCR 

amplification with primer oIGF2-5.1 
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4.3.2.1 Bovine IGF2 intron 5 
 

The PCR product generated with primer oIGF2-5.1 contained the entire bovine 

sequence of intron 5 with the exception of 24 bp downstream of ovine exon 5 and 35 

bp upstream of ovine exon 6. Fragments sequenced either from the 5' or the 3' end 

contained overlapping stretches, which were identified by sequence alignment using 

the DNAman program. One location within the bovine sequence (512-562 bp) was 

not recognized through the BLAST program as being similar to the corresponding 

ovine sequence (U00664: 2691-2743 bp). Comparative manual analyses of this site 

between bovine and ovine gene fragments revealed two additional cytosine 

molecules in the ovine (U00664: 2703 bp, 2704 bp) sequence. BLAST search was 

performed to detect sequence homologies to other mammalian species (table 10). 

 
Table 10: Sequence homologies between bovine IGF2 intron 5 (fig. 37) and IGF2 

sequences of other species 

 

Species and 
accession 
numbers 

Sequence 
location 

Sequence 
characteristics 

Bos taurus IGF2 
intron 5 sequence 

Sequence 
homology 

(%) 

Ovis aries 

(U00664) 

2174-2660 

2743-3037 

Intron 5 

Intron 5 

1-480 

561-863 

92% 

92% 

Homo sapiens 

(X05330) 

55-280 

284-335 

Intron 3, exon 4 

Exon 4 

570-798 

787-837 

79% 

88% 

Mus musculus 

(U71085) 

18378-18405 

18790-19021 

19025-19075 

Intron 1 

Intron 1, exon 2 

Exon 2 

174-202 

562-797 

787-836 

96% 

82% 

96% 

Rattus 

norvegicus 

(X17012) 

19830-20066 

20070-20120 

Intron 1, exon 2 

Exon 2 

562-797 

787-836 

84% 

96% 

Equus caballus 

(AF020599) 

7-49 

175-356 

414-490 

Not specified 

398-441 

563-743 

787-863 

86% 

90% 

91% 
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4.3.3 CpG islands within the bovine IGF2 gene 
 

Analyses of the bovine fragments intron 4 and intron 5 revealed the presence 

of CpG islands (fig. 38) consistent with the definition of GARDINER-GARDEN and 

FROMMER (1987). Both fragments contain almost the same level of CpG 

dinucleotides as the corresponding region of the ovine IGF2 gene. The translated 

region of the bovine IGF2 gene (X53553) was analyzed for CpG islands and showed 

a decreased amount of CpG dinucleotides of ~64% whereas the ratio of CpG:GpC 

was higher than 0.6 (0.74). This region was considered to be a putative CpG island 

and analyzed further. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: CpG islands identified by the CpGwin program in the bovine IGF2 gene 

The search for CpG islands was performed on bovine DNA fragments derived from 

sequenced PCR products generated with primers oIGF2-4.1 and oIGF2-5.1 and on the 

bovine IGF2 mRNA sequence (X53553). Characteristics of CpG islands (% of CpG 

dinucleotides, ratio CpG:GpC) are indicated by rectangles. 
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4.3.4 Identification of bovine IGF2 fragments derived from PCR 
amplification with bovine specific primer pairs 

4.3.4.1 Bovine IGF2 intron 4 
 

PCR amplification was repeated with bovine specific primer pairs designed 

from the sequence of bovine intron 4 (fig. 36). Primer pair bIGF2-4.2 was used to 

identify the entire intron 4 of the bovine IGF2 gene. Sequencing was performed from 

both the 5' and the 3' ends of the 1,500 bp PCR product (fig. 35). The sequence 

obtained from PCR amplification with primers bIGF2-4.2 is shown in fig. 39. 

 
1 AAATTTGGGC ATTGTCCCCG GGTCTTCCAA CGGACTGGGC GTTGCCCCCG 

51 GACACTGGGG ACTGCCCCGG GGTCTCGCTC ACCTTCAGTG CGCCTACCGC 

101 CCGCCGCAGA TCGCTCGCTC GCTGCCTCGA CTCCTCCGCG CCCGCGGACG 

151 CAGCCTTCGG CCTCCAGCCT CGCGGTGAGC TCCCCGCCGC TTCGCGTCCC 

201 GGCCTGGCTC CCAAACCCAC CCGCCGCCGT CCCGCTGTCC CGAGCGTTTT 

251 AACTTGGTAA AAAAAAAAAT CACACCGACT TCTTACATCG TCCAAACCCT 

301 CTAGGAGATG GTTTCCCCAG ACCCTCAAAT GACCGTGGTG GCCCCCGGGG 

351 CTGAACCCGA ATCTACGCAA GTCCAACGCA TAGAGGACGG GGGAACCATT 

401 ATCCGGATAT TTTGGGTGGG CCCCAAAGGC GAGCTGCTTA GACGCACCCC 

451 GGTGAGCTCG GTCCTGCAGG TAGGATTTGA ACGACGTTTC CCGCCCTGCT 

501 CGTCTCGCCC CTGGCACACA GGCGCAGCCC GGGCCGGCCC CATGCCTGGC 

551 CCCCAGCCGG GCCAGGTCCT CTCCACGTAC CGCACCTGGC GTCCGCCGAG 

601 GCTACTCCCC GGTCCCCGTG CGGCGCCGGG GGGCGCTCGG GCTC 

 

Figure 39: Part of the bovine IGF2 sequence of intron 4. PCR was performed with the 

bovine specific primers bIGF2-4.2. 

 

The two bovine sequences of intron 4 were aligned and submitted to BLAST. 

Intron 4 of the bovine IGF2 gene showed more than 90% homology to the 

corresponding ovine sequence indicating high sequence conservation between the 

two species (table 11). 
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Table 11: Sequence homologies between the bovine intron 4 sequences (fig. 36, 39) 

and corresponding sequences of other species identified by BLAST search 

 

Species and 
accession 
numbers 

Sequence location
Sequence 

characteristics 
Bos taurus IGF2 

sequence 

Sequence 
homology 

(%) 

Ovis aries 

(U00664) 

1184-1683 

1806-1906 

2399-2367 

1950-2333 

 

Exon 4, intron 4 

Intron 4 

Intron 5 

Intron 4, exon 5, 

intron 5 

1-508 

508-612 

593-625 

649-1023 

 

95% 

91% 

100% 

93% 

 

Homo 

sapiens 

(X56539) 

234-479 Exon 4 29-276 85% 

Mus 

musculus 

(X71918.1) 

550-705  19-174 92% 

Rattus 

norvegicus 

(X17012.1) 

18309-18464 Exon 1 19-174 92% 

Sus scrofa 

(AF466297) 

1-107 

165-330 
Not specified 

101-206 

683-848 

92% 

92% 

Equs 

caballus 

(AF020598) 

520-775 Not specified 15-268 88% 

 

Alignment with the previously identified fragments (fig. 36, 37, 39) revealed the 

complete bovine sequence of exon 4, intron 4, exon 5 and intron 5 (fig. 40). 

 

 

 

 

 

 

 



Results 

 91

 

Figure 40: Complete bovine IGF2 sequence containing exon 4, intron 4, exon 5 and 

intron 5 

The bovine sequences, which are aligned to the complete sequence shown in this figure, are 

listed in figs. 36, 37 and 39. In this figure, the sequence contains exon 4 (1-260 bp), intron 4 

(261-683 bp), exon 5 (684-848 bp) and intron 5 (849-1735 bp). 

1 CGGTCGGGCA GCTTGTCCGC CAGGACGTAG GCAGGGCTTC TCCCGCGTCC 

51 AGGAGCAACG ACTGGGCATT GCCCCCAGTT TCCCCCAAAT TTGGGCATTG 

101 TCCCCGGGTC TTCCAACGGA CTGGGCGTTG CCCCCGGACA CTGGGGACTG 

151 CCCCGGGGTC TCGCTCACCT TCAGTGCGCC TACCGCCCGC CGCAGATCGC 

201 TCGCTCGCTG CCTCGACTCC TCCGCGCCCG CGGACGCAGC CTTCGGCCTC 

251 CAGCCTCGCG GTGAGCTCCC CGCCGCTTCG CGTCCCGGCC TGGCTCCCAA 

301 ACCCACCCGC CGCCGTCCCG CTGTCCCGAG CGGCTGCTGG GGACACCGGC 

351 ACGGGGCGCG GGAGCCGTGC GGCGGGCCAG CCCCTCGGCC GCCCCACGCG 

401 CTGGGTCGGG CCCCGGAGAC CCTGTGCCGC TTTCCTTTGC TCTGTGCAAA 

451 GATCACAACG GGGGTTAAGC GCCTCGGCGA CCTCCAAGCG GGGCCGGCAG 

501 GGCGCAGGAT GGCGGAGCGA GGGGGCGAAC CGGCCTCGGG TTTCCGCCGC 

551 CGGCGGCCCC TTCCCCTTGG AAGGCGCGCG TGGTCGGGGC TCCTGGGCGC 

601 GGGCGAGGCG CGCAGCCTCC ACCTGTTTTA ACTTGGTAAA AAAAAAAATC 

651 ACACCGACTT CTTACATCGT CCAAACCCTC TAGGAGATGG TTTCCCCAGA 

701 CCCTCAAATG ACCGTGGTGG CCCCCGGGGC TGAACCCGAA TCTACGCAAG 

751 TCCAACGCAT AGAGGACGGG GGAACCATTA TCCGGATATT TTGGGTGGGC 

801 CCCAAAGGCG AGCTGCTTAG ACGCACCCCG GTGAGCTCGG TCCTGCAGGT 

851 AGGATTTGAA CGACGTTTCC CGCCCTGCTC GTCTCGCCCC TGGCACACAG 

901 GCGCAGCCCG GGCCGGCCCC ATGCCTGGCC CCCAGCCGGG CCAGGTCCTC 

951 TCCACGTACC GCACCTGGCG TCCGCCGAGG CTACTCCCCG GTCCCCGTGC 

1001 GGCGCCGGGG GGCGCTCGGG CTCCGGCTGC AGCTCGAGGT GCTGCGCCTG 

1051 CTCAGGCAGG TGGAGGCTGC GCGCCTCGCC CGCGCCCAGA GACTCCCCGC 

1101 TTCCCCAGCA GGTCCCGGCG GGACTCGGGG ACCCGCCACC TGTGCCCGCA 

1151 CACACAGGGC ACCCCCGCCG CCTAGCCCCT CGCTGGGGCG CGGGGATCCG 

1201 GCCGTCGCTA GGGCATGTGA CACCTCCCAC CCTGGTCGTC CCGGGTCCCC 

1251 CGTGTACTGT GTAGGGGCTC TGGCACCCCG GAACTGCAGA CAGGGCCCCC 

1301 AAACACTTTG GAATAGTAAT TCTAGACTTC TTTCGAACTC TGAGGATCCC 

1351 TGCCCCCACT CCAATCTCGT CCCCGCGCAC CCCACAGCCC CCCCTCACCG 

1401 CTGCCCCCCG GGACCCCAAG CCTGGCCCCC CCTTGGCTCG AGTTGCAGAG 

1451 GCGGTTCGGG GGCGGGGCGA GGACCCCTCG AGCGCCCATT GGCGCGGGCA 

1501 CTCGGCCAGC GGGGCCCGAG CGGGCGCCGA GCCGCGGGTG GCTCGACTAT 

1551 AAGAGCCGGG CGTTGGCGCC CAGAGTTCGC CTGCTCTCCG GCGGAGCTGC 

1601 GTGAGGCCAG GCAGGCCCCC GGCCCCCCCC TTCCGGCCGC CCTCGCCTCC 

1651 TGGCCCTCGC CCGCCAGCGC CTCCACCCGG CTGGCGGCCC CGCGTCGACG 

1701 CCGTCCGCTA CGCTGCTGAC CCCCATCTCG GGCGC  
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4.3.4.2 Bovine introns 8 and 9 
 

Only the mRNA sequence of the bovine IGF2 gene was available in the 

GenBank database when we started this research project. Primer pair bIGF2-8/9 was 

designed to amplify intron sequences within the already published translated region 

of the bovine IGF2 gene (X53553). PCR amplification resulted in a ~2,000 bp PCR 

product from the translated region. Sequencing revealed two new fragments 

containing the 5' part of intron 8 (fig. 41) and the complete sequence of intron 9 (fig. 

42). Sequence identities within the translated region of the bovine IGF2 gene are 

shown in fig. 43. BLAST searches revealed numerous interspecies homologies 

between the exons of several species, which are shown in table 12. Sequencing was 

not repeated and intron 8 is not yet complete. 

 

Figure 41: Intron 8 of the bovine IGF2 gene derived from PCR product, which was 

generated with primers bIGF2-8/9. 

 

Figure 42: Intron 9 of the bovine IGF2 gene 

1 TTGTGGGGAC GCGGCTTCTA CTTCAGTGAC CAGCTCCCTG GGGTCAGGGG 

51 AGGGGTGCAC ACAGCAGGTT CTTCATAGAT GCTGGGGTCC TTCTCACGGT 

101 CCTCAGTCGC CTCTGCAGGC CCTGCGGCCT CCCTGGCTCA GGAGGCTGGG 

151 CCCAGGCTTC CAGCCACATG ACTCGCAGTC AAGGGAGAAT GGACAGGTGT 

201 GTCCACAAGG GGCCAGGCCT GAAGCCGCAA GCGTGGGTGG GGTGCGGAGT 

251 GGGCTGAAGG CCCACCACGG TGGGGGGGAG CAGACAGCCC TTCCCCTCCT 

301 GCTTCTCCCT GACCTGCCCA CGGGCAGAGC TGTGGGCACC GGCTTCCTGC 

351 ACCTTTCATC CACGTCTTGG CAATGGGCAC GTATCTGTGG ACTGTTAGAT 

401 TTGAGATGGA ATCAAACGGG TTGAATGCCA TTAAGAATAA AAGTCACTG 

1 GTGGCATCGT GGAAGAGTGT TGCTTCCGAA GCTGCGACCT GGCCCTGCTG 

51 GAGACTTACT GTGCCACCCC CGCCAAGTCC GAGAGGGATG TGTCTGCCTC 

101 TACGACCGTG CTTCCGGTAA GATGGCCCCC CAGCTCCGGC CCAGCCCCTG 

151 CGAGAGGAAC CCTCCCCTCT CTGCCCCTGC AGCCCCGCAA GGCTGTCACC 

201 CCAGAGCCAG GGGACCAGGG CACAGCCAGC TGCTTAGCTG AGAGGGCAGC 

251 CAGGGAGTTC TTTACACCTG CCCTCTCCCC ACTGGGGCAC TGGCCAGCAG 

301 CGCGGGTGGG CGCTGGCCTA TCACACCTGC CATCGCACCC TGGGCACCTG 

351 GGGCAGCTTA GGCGTTGCCC CCGTGTCCCC CGGACCCTGG GCAGCCCCTG 

401 ACTGGCTCTT CCTCTCCCAG GACGACGTCA CCGCATACCC CGTGGGCAAG 

451 TTCTTCCAAT ATGACATCTG GAAGCAGTCC ACCCAGCGCC TGCGCAGGGG 

501 CCTGCCCGCC CCTGCCCGCC TTCCTGCGAG CACGCCGGGG TCGCACGCTC 

551 GCCAAGGAGC TGGAGGCGCT CAGAGAGGCC A  
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Figure 43: DNA sequence of the bovine IGF2 translated region 

The sequence contains exon 8 (1-70 bp), the 5' part of intron 8 (71-494 bp), exon 9 (495-642 

bp), intron 9 (643-946 bp) and exon 10 (947-1572 bp). The gap after the 495th bp indicates 

not yet identified sequence identities of intron 8. Exon sequences were taken from the 

GenBank database (X53553). 

1 CGAGACTCTG TGCGGCGGGG AGCTGGTGGA CACCCTCCAG TTTGTCTGTG 

51 GGGACGCGGC TTCTACTTCA GTGACCAGCT CCCTGGGGTC AGGGGAGGGG 

101 TGCACACAGC AGGTTCTTCA TAGATGCTGG GGTCCTTCTC ACGGTCCTCA 

151 GTCGCCTCTG CAGGCCCTGC GGCCTCCCTG GCTCAGGAGG CTGGGCCCAG 

201 GCTTCCAGCC ACATGACTCG CAGTCAAGGG AGAATGGACA GGTGTGTCCA 

251 CAAGGGGCCA GGCCTGAAGC CGCAAGCGTG GGTGGGGTGC GGAGTGGGCT 

301 GAAGGCCCAC CACGGTGGGG GGGAGCAGAC AGCCCTTCCC CTCCTGCTTC 

351 TCCCTGACCT GCCCACGGGC AGAGCTGTGG GCACCGGCTT CCTGCACCTT 

401 TCATCCACGT CTTGGCAATG GGCACGTATC TGTGGACTGT TAGATTTGAG 

451 ATGGAATCAA ACGGGTTGAA TGCCATTAAG AATAAAAGTC ACTG 

495 GCCGACCATC CAGCCGCATA AACCGACGCA GCCGTGGCAT CGTGGAAGAG 

545 TGTTGCTTCC GAAGCTGCGA CCTGGCCCTG CTGGAGACTT ACTGTGCCAC 

595 CCCCGCCAAG TCCGAGAGGG ATGTGTCTGC CTCTACGACC GTGCTTCCGG 

645 TAAGATGGCC CCCCAGCTCC GGCCCAGCCC CTGCGAGAGG AACCCTCCCC 

695 TCTCTGCCCC TGCAGCCCCG CAAGGCTGTC ACCCCAGAGC CAGGGGACCA 

745 GGGCACAGCC AGCTGCTTAG CTGAGAGGGC AGCCAGGGAG TTCTTTACAC 

795 CTGCCCTCTC CCCACTGGGG CACTGGCCAG CAGCGCGGGT GGGCGCTGGC 

845 CTATCACACC TGCCATCGCA CCCTGGGCAC CTGGGGCAGC TTAGGCGTTG 

895 CCCCCGTGTC CCCCGGACCC TGGGCAGCCC CTGACTGGCT CTTCCTCTCC 

945 CAGGACGACG TCACCGCATA CCCCGTGGGC AAGTTCTTCC AATATGACAT 

995 CTGGAAGCAG TCCACCCAGC GCCTGCGCAG GGGCCTGCCC GCCTTCCTGC 

1045 GAGCACGCCG GGGTCGCACG CTCGCCAAGG AGCTGGAGGC GCTCAGAGAG 

1095 GCCAAGAGTC ACCGTCCGCT GATCGCCCTG CCCACCCAGG ACCCTGCCAT 

1145 CCACGGGGGC GCCTCTTCCA AGGCATCCAG CGATTAGAAG TGAGCCAAAG 

1195 TGTCGTAATT CTGCCAAGTG GCACCATCTA CCTCGCGCCG ACCTCCTGAC 

1245 CGGGACCGCC CCACTAGGTC TCTCTCTGAA ATCCCTGTAC CGTCCTGTCT 

1295 GCGGGCTCCC CTGCCCCGGC CTCTGTGCCC CAACCTCCCC ACGTCAGGCG 

1345 AATCCCCCTC GGCCCCCTCC ATCTGGCTGA GGGGATCAGA ACAACATCTC 

1395 TAAAAATGTA CAAAACCAAT TGGCTTTAAA TATCCCCCCA AATTATCACC 

1445 CCCCAAATTA CCCCCAAATT ACACAACCAA AATTGCAATC ATGAACCCCT 

1495 CAATCAGCCC CCTTGAAACG AATTGGCTTT TTAGCAACAC CAGAAAAGCA 

1545 AACTAGCTTT CCAAAAACTT CTTAAAAC   
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Table 12: Interspecies homologies with the bovine IGF2 translated region from BLAST 

searches 

Species/ 
accession 
numbers 

Sequence 
locations 

Sequence 
characteristic 

Identified bovine 
IGF2 translated 

region 

Sequence 
characteristic 

Sequence 
homology 

(%) 

Bos taurus 

(X53553) 

1-72 

72-221 

220-700 

733-845 

Exon 8 

Exon 9 

Exon 10 

Exon 10 

1-71 

495-644 

947-1427 

1460-1572 

Exon 8 

Exon 9 

Exon 10 

Exon 10 

98% 

100% 

99% 

100% 

Bos 

primigenius 

(AF283002) 

1-60 

70-219 

218-698 

731-820 

 

3-61 

495-644 

947-1427 

1460-1549 

Exon 8 

Exon 9 

Exon 10 

Exon 10 

98% 

100% 

99% 

100% 

Ovis aries 

(U00668) 

1-549 

582-693 
 

881-1427 

1460-1571 
 

95% 

97% 

Homo 

sapiens 

(X07868) 

15-207 

403-475 

574-607 

Exon 7 + ORF

962-1157 

1351-1424 

1502-1535 

 

88% 

83% 

88% 

Mus 

musculus 

(U71085) 

22686-22757 

23981-24112 

24335-24528 

 

2-72 

515-646 

925-1119 

Exon 8 

Exon 9 

Exon 10 

88% 

91% 

83% 

Rattus 

norvegicus 

(X17012) 

23782-23854 

25090-25221 

25419-25612 

Exon 4/Intron 4

Exon 5/Intron 5

Intron 5/Exon 6

1-72 

515-646 

925-1119 

Exon 8 

Exon 9 

Exon 10 

89% 

90% 

83% 

Sus scrofa 

(X56094) 

458-528 

539-677 

691-1111 

Not specified 

2-71 

506-644 

962-1381 

Exon 8 

Exon 9 

Exon 10 

97% 

91% 

84% 

Capreolus 

capreolus 

(AF152589) 

1-39 

39-188 

187-340 

Not specified 

34-71 

495-644 

947-1100 

Exon 8 

Exon 9 

Exon 10 

94% 

100% 

94% 

Cervus 

elaphus 

(U62107) 

1-23 

22-171 
Not specified 

622-644 

947-1096 

Exon 9 

Exon 10 

100% 

93% 

Equus 

caballus 

(U11241) 

16-75 

97-235 
 

2-60 

506-644 

Exon 8 

Exon 9 

94% 

91% 
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All currently available sequences of the bovine IGF2 gene are schematically 

represented in fig. 44. 

 
Figure 44: Currently identified parts of the bovine IGF2 gene 

Exons are indicated with numbers, larger rectangles present introns. The region containing 

exons 8, 9 and 10 is translated whereas introns 4 and 5 are situated within the 5' 

untranslated region of the gene. 
 

4.3.5 Promoter analysis of the identified bovine IGF2 fragments 
 

The identified bovine IGF2 sequences were analyzed with the computer 

program Neural Network Promoter Prediction. No evidence for promoter sequences 

was found within bovine intron 4. In contrast, a 50 bp fragment within bovine intron 5 

(fig. 37) was identified containing a TATA box (fig. 45). The promoter fragment spans 

the region between bases 664 and 714 and was identified with a score of 0.99 as a 

promoter region. 
 

 

 

 

 

Figure 45: Promoter region within intron 5 of the bovine IGF2 gene 

The 50 bp fragment contains a TATA box and is located between bases 664 and 714 within 

intron 5 of the bovine IGF2 gene (fig. 37). 

 

We sequenced a ~1,800 bp fragment within the untranslated region of the 

bovine IGF2 gene containing exon 4, intron 4, exon 5 and intron 5. Exon and intron 

sequences are highly conserved between sheep and cattle (> 90%). CpG islands 

were found within the two introns. In addition, a TATA box was found in intron 5. 

Furthermore, intron 8 and intron 9 were identified. Intron 8 was only partially 

sequenced. The identified fragment from the untranslated region was further 

analyzed for its methylation patterns in oocytes and sperm. 

5'

54

3'

8 9 10
Bovine IGF2 gene

(This study; X53553) 5'

54

3'

8 9 10
Bovine IGF2 gene

(This study; X53553)

GGGTGGCTCGACTATAAGAGCCGGGCGTTGGCGCCCAGAGTTCGCCTGCT5' 3'

664 bps 714 bps

TATA-box

GGGTGGCTCGACTATAAGAGCCGGGCGTTGGCGCCCAGAGTTCGCCTGCT5' 3'

664 bps 714 bps

TATA-box
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4.4 Study of DNA methylation: Intragenic Differentially Methylated 
Region (DMR), methylation status of bovine preimplantation 
embryos derived from different origins 

4.4.1 Intragenic Differentially Methylated Region (DMR) 
 

DNA from bovine oocytes and sperm was analyzed using bisulfite sequencing 

to identify an intragenic Differentially Methylated Region (DMR) within the bovine 

IGF2 gene. The methylation patterns of bovine intron 4 were determined from 40 

different bacterial clones and four individual experiments in oocyte DNA and from 57 

different bacterial clones and five experiments in sperm DNA. Bovine intron 5 was 

analyzed for its methylation status from 32 different bacterial clones and four 

individual analyses in oocyte DNA and from 13 bacterial clones and two analyses in 

sperm DNA. The methylation level of exon 10 was determined from 34 different 

bacterial clones of oocyte DNA, 47 different bacterial clones containing PCR 

amplified sperm DNA originated from three individual experiments. 

No differences were detected in the methylation level between oocyte and 

sperm DNA in either intron 4 or intron 5. In contrast, sequences from exon 10 

showed a clear oocyte versus sperm difference in their methylation pattern. Sperm 

DNA was nearly completely methylated whereas oocyte DNA showed only weak 

methylation (figs. 47, 48). Statistical analyses revealed a significant difference 

between the methylation patterns of the two types of gametes (fig. 47) indicating a 

Differentially Methylated Region within the last exon of the bovine IGF2 gene. 

 
Figure 46: Gel bands of PCR products derived from nested PCR of bisulfite treated 

oocytes and sperm DNA 

1 Intron 4, oocytes; 2 Intron 4, sperm; 3 Intron 4, neg. control; 4 Intron 5, oocytes; 5 Intron 5, 

sperm; 6 Intron 5, neg. control; 7 Exon 10, oocytes; 8 Exon 10, sperm; 9 Exon 10, neg. 

control 
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411 bp 420 bp
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Figure 47: Methylation level of 27 CpG dinucleotides within fragments intron 4 and exon 

10 and of 38 CpGs within fragment intron 5 of the bovine IGF2 gene 
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Figure 48: Methylation patterns for all bacterial clones included in the analyses to identify 

an intragenic DMR within the bovine IGF2 gene 

Each circle represents a single CpG and each row a single bacterial clone. Open circles 

represent non-methylated CpGs whereas dark circles represent methylated CpGs. The 

number of different bacterial clones with the same methylation pattern is indicated by their 

frequency next to the corresponding lines. 
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The global methylation level of each fragment and of the two gametes is 

presented as the percentage of all CpG dinucleotides within the fragments (fig. 49). 

Significant differences in the methylation levels were calculated using the SigmaStat 

2.0 (Jandel Scientific, San Rafael, CA) software package. One-way ANOVA followed 

by pairwise multiple comparisons using Dunn's method revealed a significant 

difference (p≤0.05) in the methylation level of exon 10 between oocyte and sperm 

DNA. 

 

Figure 49: Methylation levels as the percentage of each fragment in oocyte and sperm 

DNA 

While no differences could be detected between the methylation levels of introns 4 and 5, a 

significant difference was determined in the methylation status of exon 10 between oocyte 

and sperm DNA. One way ANOVA, Dunn's method (a:b, p≤0.05). 

 

In summary, while intron 4 and intron 5 did not show methylation differences 

between oocytes and sperm, a Differentially Methylated Region (DMR) was identified 

in exon 10 of the bovine IGF2 gene. DNA isolated from sperm was approximately six-

fold higher methylated than oocyte DNA. 
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4.4.2 Methylation status of bovine preimplantation embryos derived 
from different origins 

 

The Differentially Methylated Region within exon 10 of the bovine IGF2 gene 

was analyzed for its methylation status in bovine embryos derived from different 

origins and in adult fibroblasts used to generate cloned embryos (figs. 50-55). The 

fragment contained 27 CpG dinucleotides and was identical to the fragment analyzed 

in section 4.4.1. Due to sequencing differences, CpG 1 in this experiment 

corresponds to CpG 2 in the experiment described in section 4.4.1. A total of 2496 

sequences derived from 1248 bacterial clones were analyzed. 

Differences in the methylation patterns were statistically investigated for 

blastocysts, cloned blastocysts and somatic donor cells, zygotes and 4-cell embryos 

(fig. 56). 

 
Figure 50: Montage of representative gel bands derived from PCR amplification of 

bisulfite treated embryonic DNA 

The intragenic DMR of the bovine IGF2 gene (within exon 10) was amplified using bisulfite 

treated DNA from bovine preimplantation embryos and adult fibroblasts as template. The 

product contained 420 bp after nested PCR. 

(IVF: in vitro fertilized blastocysts; NTf: female nuclear transfer blastocysts; DCf: female 

donor cells; NTm: male nuclear transfer blastocysts; DCm: male donor cells; PA: 

parthenogenetic blastocysts; A: androgenetic blastocysts; Vivo: in vivo collected blastocysts; 

Zyg: zygotes; 4-cell: 4-cell embryos; neg.: negative control) 

IVF
100 bp
ladder NTf DCf NTm DCm PA A Vivo Zyg 4-cell neg.IVF
100 bp
ladder NTf DCf NTm DCm PA A Vivo Zyg 4-cell neg.
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Figure 51: Methylation patterns of each group of embryos and adult fibroblasts analyzed 

by bisulfite sequencing 

Each bar represents one CG dinucleotide within the intragenic DMR identified within exon 10 

of the bovine IGF2 gene. CpG 1 corresponds to CpG 2 in the previous experiment, in which 

oocytes and sperm DNA were analyzed (4.4.1). 
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Figure 52: Methylation patterns of expanded blastocysts collected in vivo, generated by 

in vitro fertilization, parthenogenesis and androgenesis  

The methylation levels of different bacterial clones are shown as in figure 51. Each row 

represents one bacterial clone, each circle one CpG dinucleotide. The number of different 

clones, that show identical methylation patterns, is written on the right side of the specific 

row. Open circles indicate non-methylated CpGs, whereas dark circles represent methylated 

CpGs. 
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Figure 53: Methylation patterns of different bacterial clones are shown for female nuclear 

transfer derived expanded blastocysts and adult female fibroblasts used as 

donor cells. 

Each row represents one bacterial clone, each circle one CpG dinucleotide. The number of 

different clones with the same methylation patterns is indicated on the right side of the 

specific row. (open circles: non-methylated cytosines; dark circles: methylated cytosines) 
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Figure 54: Methylation patterns of male nuclear transfer expanded blastocysts and adult 

male fibroblasts used as donor cells 

Each row represents one bacterial clone, each circle one CpG dinucleotide. The number of 

different clones with the same methylation patterns is indicated on the right side of the 

specific row. (open circles: non-methylated cytosines; dark circles: methylated cytosines) 
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Figure 55: Methylation patterns of in vitro fertilized zygotes and 4-cell embryos 

Each row represents one bacterial clone, each circle one CpG dinucleotide. The number of 

different clones with the same methylation patterns is indicated on the right side of the 

specific row. (open circles: non-methylated cytosines; dark circles: methylated cytosines) 

 

The proportion of methylated CpG dinucleotides in each group of embryos 

(expanded blastocysts, NT blastocysts and adult fibroblasts, zygotes and 4-cell 

embryos) was tested for statistically significant differences (fig. 56). One way ANOVA 

was performed when testing for normal distribution failed. 

The methylation level of androgenetic embryos (30%±2.1 SEM) was 

significantly increased (p≤0.05) compared to parthenogenetic embryos (2.3%±1 

SEM), in vitro fertilized embryos (10.1%±0.7 SEM), female nuclear transfer embryos 

(12.4%±1.4) and in vivo collected embryos (10.2%±1.2). Male nuclear transfer 

blastocysts (22%±1.9 SEM) showed a significantly higher methylation level (p≤0.05) 

than their parthenogenetic, in vitro fertilized, in vivo collected and female cloned 

counterparts. No methylation difference was detected between androgenetic and 

male cloned embryos. 

Statistical analyses of nuclear transfer blastocysts and donor cells revealed a 

significant difference (p≤0.05) in the methylation level between the donor cells 

(77%±2.2 SEM; 72%±2.9) and the embryos (12.4%±1.4; 22%±1.9). The methylation 

level of zygotes (28.4%±3.8 SEM) was significantly increased (p≤0.05) compared to 

4-cell embryos (6.3%±2.2). 
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Figure 56: Methylation level of the intragenic DMR within the bovine IGF2 gene in 

preimplantation embryos and adult fibroblasts 

Bars represent the overall percentage of all CpGs analyzed in each group of embryos and 

donor cells. Statistically significant differences among treatment groups were detected by 

one way ANOVA: Dunn's method (a:b:c p≤0.05); Bonferroni t-test (a:b:c p≤0.05); Dunn's 

method (a:b p≤0.05). 

 

In summary, the methylation level of the intragenic DMR decreased after 

fertilization in bovine preimplantation embryos. In vitro fertilized four-cell embryos 

showed only a low methylation level. Blastocysts were remethylated and no 

difference was detected in the methylation levels between in vivo collected, in vitro 

fertilized and female cloned embryos. In contrast, male nuclear transfer embryos 

were higher methylated than female cloned embryos and the blastocysts generated 

by other protocols except their androgenetic counterparts. The methylation level was 

low in parthenogenetic embryos and high in androgenetic embryos. 
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5 DISCUSSION 
 

According to the classical model, imprinted genes are only expressed from one 

parental allele. However, imprinted genes are frequently bi-allelically expressed 

during preimplantation development (REIK and DEAN 2001). In the mouse, the 

genome is remethylated at the blastocyst stage shortly before implantation. In 

contrast, bovine embryos are remethylated from the 8-16-cell stage onwards and 

implantation starts around day 18 of development (DEAN et al. 2001; RÜSSE and 

SINOWATZ 1991). In the present study, gene expression was analyzed to determine 

mono-or bi-allelic gene expression levels of the bovine IGF2, IGF2R and MASH2 

genes in preimplantation embryos. The Igf2, Igf2r and Mash2 genes were selected 

because they are known to be imprinted in the mouse (DeCHIARA et al. 1991; 

BARLOW et al. 1991; GUILLEMOT et al. 1995). Recently, it was shown that the 

bovine IGF2 and IGF2R genes are also imprinted (KILLIAN et al. 2001; DINDOT et 

al. 2004). The present study made a major effort to analyze methylation patterns 

within the bovine IGF2 gene in gametes and preimplantation embryos of different 

origins. Bisulfite sequencing is a sensitive and valuable tool to detect methylation 

patterns in single CG dinucleotides. This technology was employed for the first time 

to characterize the methylation status of the IGF2 gene in bovine preimplantation 

embryos. Additionally, for the first time, a Differentially Methylated Region was 

identified in the bovine IGF2 gene. Results of this thesis contribute to a better 

understanding of the molecular structure of the bovine IGF2 gene and methylation 

reprogramming in bovine preimplantation embryos. 

 

5.1 Blastocyst morphology and gene expression analyses of the 
bovine IGF2, IGF2R and MASH2 genes 

 

Semi-quantitative RT-PCR analyses revealed expression from both parental 

alleles of the IGF2 and the IGF2R genes whereas Mash2 was expressed mono-

allelically, presumably from the paternal chromosome in bovine day 7 expanded 

blastocysts (fig. 32). The approach of this study employing in vitro fertilized (maternal 

and paternal genome) and parthenogenetic (two maternal genomes) embryos allows 

the indirect determination of parent-of-origin specific expression via quantification of 

the relative amounts of transcriptional products. An increased relative amount of 
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transcriptional products in in vitro fertilized embryos compared to their 

parthenogenetic counterparts indicates paternal and/or bi-allelic expression. In case 

that the gene is paternally repressed and expressed only from the maternal allele, a 

higher relative amount of transcriptional products in parthenogenetic compared with 

in vitro fertilized embryos would indicate expression from only the two maternal 

alleles. This approach is only a first step in the characterization of a putative 

imprinting status. Beside, the ovine IGF2 gene was identified as imprinted by 

comparing the gene expression patterns of ovine parthenogenetic and IVF control 

fetuses (FEIL et al. 1998). In addition, no mRNA from paternally expressed genes 

was detected in parthenogenetic mice (WALSH et al. 1994; KANEKO-ISHINO et al. 

1995; NISHITA et al. 1996). Although we could not discriminate the relative amounts 

of mRNA from the maternal or the paternal chromosome, the semi-quantitative RT-

PCR assay used in this study can be a valuable tool to obtain first information on 

relative amounts of transcriptional products related to mono- or bi-allelic gene 

expression of putatively imprinted genes. 

The semi-quantitative RT-PCR assay described in this study has been 

successfully employed in numerous studies in our laboratory and is highly sensitive 

and reproducible to determine relative amounts of individual mRNAs (WRENZYCKI 

et al. 2001; YASEEN et al. 2001; OROPEZA et al. 2004). Even tiny amounts of 

mRNA derived from single embryos were detected by this method (WRENZYCKI et 

al. 2001, 2002, 2003). Quantification of a specific mRNA is possible when a non-

competitive agent such as a synthetic RNA molecule is added to the RT-PCR 

reaction (BUSTIN 2000). Rabbit globin mRNA has been added to the RT sample in 

our study and constitutes a suitable standard for quantification of transcriptional 

products derived from preimplantation embryos. In contrast to housekeeping genes 

frequently used as standards in endpoint and real time PCR assays (ROBERT et al. 

2002; LONERGAN et al. 2003), the commercially available rabbit globin mRNA 

escapes environmental influences of the in vitro production protocol and has been 

proven as a reliable standard for semi-quantitative RT-PCR analyses. Previously, 

expression analyses of day 17 and day 60 bovine fetuses have revealed bi-allelic 

expression of the MASH2 gene with allele-specific RT-PCR. Thus, the bovine 

MASH2 gene cannot be considered as imprinted (ARNOLD et al. 2004). Parent-

specific mRNA concentrations can be detected using allele-specific RT-PCR, but 

requires a polymorphism within the gene sequence. Identification of polymorphisms 
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within the IGF2, IGF2R and MASH2 sequences would have gone beyond the scope 

of this research project and therefore an initial characterization of imprinted gene 

expression was performed using semi-quantitative RT-PCR. 

Mouse blastocysts express the Igf2 and the Igf2r genes from both parental 

alleles (FEIL et al. 1994). Our results demonstrate that bi-allelic expression of these 

two genes is conserved in mouse and cattle. However, the findings of a putative 

paternal expression of the bovine MASH2 gene in this study contradicts results from 

analyses in mouse blastocysts in which the paternal allele was turned off in early 

post-implantation embryos (TANAKA et al. 1999). Mash2 encodes a transcription 

factor critically involved in placental development in mouse embryos and is 

maternally expressed in trophectoderm cells (GUILLEMOT et al. 1995). Placentation 

in ruminants is non-invasive whereas human and rodents develop an invasive 

placenta and the fetus is in direct contact with the maternal circulation (RÜSSE and 

SINOWATZ 1991). It is conceivable that the MASH2 expression pattern has changed 

in ruminants during evolution. However, one has to bear in mind that the present 

experiments were performed with day 7 in vitro produced expanded blastocysts. 

Recently, it was shown that bovine parthenotes possess fewer cells than bi-parental 

in vitro fertilized control embryos (99±29, 100±23 versus 185±60; LAGUTINA et al. 

2004). The lower abundance of MASH2 mRNA in bovine parthenogenetic expanded 

blastocysts could also be attributed to a decreased number of trophectoderm cells. 

Determination of effects derived from different cell numbers and/or blastocyst 

size required a more detailed analysis of the embryos employed in the semi-

quantitative RT-PCR assay. Two types of blastocysts were discriminated: Blastocysts 

<180 µm in size and expanded blastocysts >180 µm in size. In contrast to previous 

reports (VAN SOOM et al. 1997 a, b; LAGUTINA et al. 2004), we only observed 

subtle differences in the total cell number and allocation to inner cell mass and 

trophectoderm between in vitro fertilized and parthenogenetic blastocysts. The ratio 

between trophectoderm and inner cell mass was similar for all groups of blastocysts 

indicating that cell allocation was not different in the blastocysts used for the gene 

expression analyses. 

Relative amounts of transcriptional products from the IGF2 gene were 

significantly increased in expanded in vitro fertilized blastocysts compared to non-

expanded and hatched blastocysts and their parthenogenetic counterparts (fig. 33). 

Detection and amplification of IGF2 mRNA is difficult and variable relative amounts of 
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transcriptional products were often obtained despite rigorous optimization of PCR 

conditions. It is thought that in vitro culture systems and the relative amount of IGF2 

mRNAs detected in bovine day 7 embryos are to some extent correlated (LIU et al. 

1997; LONERGAN et al. 2003; GUTIERREZ-ADAN et al. 2004). 

The IGF2R and MASH2 genes were both bi-allelically expressed in bovine in 

vitro fertilized and parthenogenetic blastocysts. Results obtained for the MASH2 

gene are consistent with the bi-allelic MASH2 expression pattern reported by 

ARNOLD et al. (2004). Expanded blastocysts derived from in vitro fertilization and 

parthenogenesis contained relative concentrations of IGF2R and MASH2 mRNAs 

that were similar to those of in vivo derived expanded blastocysts. Thus, the 

expression pattern of both genes was not disturbed under in vitro culture conditions 

used in the present study. Nevertheless, PCR amplification of bovine MASH2 mRNA 

proved to be more prone compared to amplification of IGF2R mRNA. The relative 

amounts of transcriptional MASH2 products varied between single embryos similar to 

IGF2. Interestingly, the two genes (Mash2, Igf2) are located within the same cluster 

of imprinted genes in mouse and human (REIK and WALTER 2001b; VERONA et al. 

2003). It could be possible that genes of this cluster are particularly susceptible to 

environmental conditions, an assumption that has yet to be proven. 

 

5.2 Sequencing of the bovine IGF2 gene 
 

The present work was initiated when only little sequence information was 

published on the bovine IGF2, IGF2R and MASH2 genes. We focused on the IGF2 

gene as an important growth factor involved in early embryonic development. The 

goal was the analyses of methylation patterns within the bovine IGF2 gene in 

preimplantation embryos derived from different origins. Only the IGF2 mRNA 

sequence was available in the GenBank database (X53553) and imprinting 

associated regions had to be sequenced within the untranslated part of the bovine 

IGF2 gene. 

The molecular structure of the Igf2 gene including the amino acid composition 

of the mature protein is similar between mammals (BROWN et al. 1990; ROTWEIN 

and HALL 1990; HOLTHUIZEN et al. 1990; OHLSEN et al. 1994; AMARGER et al. 

2002). Igf2 is mapped in the vicinity to the Insulin (Ins) and H19 genes, which are 

located within a cluster of mouse and human imprinted genes (REIK and WALTER 
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2001b), and presumably also in other mammals. Interspecies conservation was 

reported in relation to sequence identities for IGF2 exon 3 between pig and human or 

the 5' flanking region of IGF2 exon 5 between pig and mouse (AMARGER et al. 

2002). Our IGF2 sequencing data indicate that the bovine IGF2 sequence is similarly 

conserved (fig. 57). The two bovine fragments, exon and intron 4 and exon and intron 

5, identified in this study have more than 90% sequence homology with their 

corresponding ovine sequences. Furthermore, exons within the translated region 

show high sequence homology between cattle, sheep, goat and red deer indicating 

that the sequences are well conserved among ruminants. It was concluded that the 

molecular structure of the bovine IGF2 gene including the number of exons and 

introns is identical in cattle and sheep. The ovine IGF2 gene consists of nine exons 

(1, 3-10). Exon 2 which is conserved between human and pig, was not identified in 

sheep (OHLSEN et al. 1994) and presumably also does not exist in cattle. However, 

sequence identities of exons and introns are well conserved within the 5' untranslated 

region between ruminants, human, mouse and pig. The identified bovine fragments 

show a high degree of homology with the corresponding porcine fragment spanning 

exons 4, 4b and 5 and human exon 4 and flanking promoter sequences (AMARGER 

et al. 2002; MINEO et al. 2000). Homologies were also found to the Igf2 gene in 

rodents. The Igf2 gene in mouse and rat contains six transcriptional active exons and 

two pseudo exons (ROTWEIN and HALL 1990). Exons 1 and 2 were highly 

homologue to bovine exons 4 and 5. It is remarkable, that IGF2 sequences are well 

conserved between different species although ruminants are phylogenetically distinct 

from rodents and primates (PENNY and HASEGAWA 1997; JANKE et al. 1997). This 

supports the hypothesis that the IGF2 locus existed already prior to the evolutionary 

mammalian branching (ROTWEIN and HALL 1990). Advances in genomic 

sequencing from a variety of mammals may further substantiate this hypothesis. The 

high conservation of clusters of imprinted genes might indicate that imprinting 

developed early during evolution. Recently, the bovine IGF2 and H19 genes were 

identified as imprinted (DINDOT et al. 2004; ZHANG et al. 2004) as it was known in 

mouse and human (BARTOLOMEI 1991; DeCHIARA et al. 1991; RACHMILEWITZ et 

al. 1992; RAINIER et al. 1993; OGAWA et al. 1993; OHLSSON et al. 1993). 

Promoter sequences have also been well conserved across species during 

evolution. Bovine exon and intron 5 were identified as promoter regions. Human 

promoter 3 (P3) corresponds to bovine exon and intron 5 and was identified as a fetal 
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promoter (DePAGTER-HOLTHUIZEN et al. 1988). It was suggested that the 

promoter sequence identified in bovine exon and intron 5 is expressed predominantly 

during fetal development. Analyses revealed two CpG islands within the 5' 

untranslated region of bovine exons and introns 4 and 5. A large CpG island was 

reported within the corresponding human and pig IGF2 fragment (AMARGER et al. 

2002). The mouse Igf2 gene contains a CpG island in its second promoter upstream 

of exon 2 (SASAKI et al. 1996) and an intragenic Differentially Methylated Region 

within the last exon. A core region of 54 bp was identified as a methylation-sensitive 

activator, similar to the pig (MURRELL et al. 2001; AMARGER et al. 2002). Our 

results confirm the high homology between mouse and cattle for this core region 

indicating that sequence identities are conserved between different species. 
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Figure 57: Schematic representation of the IGF2 gene in several mammalian species 

Accession numbers or references are indicated as well as the parts of the bovine IGF2 

sequence available to date. (Ins: Insulin gene; 1-10: exons; larger rectangles: introns; P1-4: 

promoter regions; DMR2: Differentially Methylated Region 2) 
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5.3 DNA methylation: Intragenic Differentially Methylated Regions 
(DMRs) 

 

Differentially Methylated Regions (DMRs) are established mainly during germ 

cell development and are subsequently inherited in oocytes and sperm (REIK and 

WALTER 2001b). Some of the imprinted marks, however, are demethylated after 

fertilization and become reprogrammed (REIK and DEAN 2001). The mouse Igf2 

gene contains three DMRs of which two are located upstream of the gene (DMR0 

and DMR1) whereas DMR2 is situated within the last exon of the gene and 

predominantly methylated on the paternal allele. DMR1 and 2 are reprogrammed 

after fertilization (LOPES et al. 2003). The paternally methylated DMR2 is conserved 

in the human IGF2 gene (FEIL et al. 1994; REIK et al. 1994). 

No information was available on the imprinting status of the bovine IGF2 gene 

when this study was initiated. The two previously sequenced fragments within the 5' 

region of the bovine IGF2 gene (exons and introns 4 and 5) and the last exon 

(X53553) were analyzed for differentially methylated CpG dinucleotides in oocyte and 

sperm DNA. No differences in the methylation level were detected between oocytes 

and sperm for exons and introns 4 and 5. Oocytes and sperm were equally low 

methylated in both fragments except for two CpG dinucleotides within intron 5 in 

sperm. CpGs 24 and 25 were methylated to 54% in 13 different clones derived from 

two independent bisulfite treatments. It is known that few cytosines can always resist 

the bisulfite treatment and both CpGs (number 24, 25) might be false positive due to 

incomplete cytosine conversion. Although the protocol used in this study is highly 

selective for non-methylated cytosine residues (HAJKOVA et al. 2002b), 2-3% of the 

methylated cytosines are converted to thymines (WANG et al. 1980). However, it is 

unlikely that only CpGs 24 and 25 were resistant to the bisulfite conversion while all 

adjacent cytosine molecules were converted. On the other hand, intron 5 identified in 

this study corresponds to the third promoter of human and mouse Igf2 genes 

(DePAGTER-HOLTHUIZEN 1988; ROTWEIN and HALL 1990). P3 was under-

methylated in mouse germ cells (KOIDE et al. 1994). These two CpG dinucleotides 

are possibly involved in promoter activity. Although a functional promoter analysis 

was not performed, several typical promoter elements such as a TATA-box, a SP1-

site and ERG-1 like sites (Early Growth Response element-1) were found within the 

intron 5 sequence. The two ERG-1-like sites, the Sp1-site and the TATA box were far 
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located in great distance for CpGs 24 and 25 which questions the regulatory function 

of these two CpG dinucleotides in the initiation of transcription. To explain the high 

methylation level at these two CpGs, it would be necessary to perform further 

independent bisulfite treatments and to analyze an even higher number of different 

clones. 

A clear difference was determined in the methylation level of exon 10 between 

oocytes and sperm. Sequences analyzed from sperm DNA were completely 

methylated in contrast to those derived from oocyte DNA. This indicates that the last 

exon of the bovine IGF2 gene contains a Differentially Methylated Region in which 

the paternal allele is methylated. We do not know whether the 27 CpG dinucleotides 

included in our study represent the entire DMR because analysis was not extended 

to adjacent sequences up- and downstream of the 27 CpGs-stretch. However, the 

methylation-sensitive DMR2-core region described in the mouse (MURRELL et al. 

2001) is conserved in cattle and located at the 5'-end of the fragment amplified and 

sequenced after bisulfite treatment. As reported for the mouse (MURRELL et al. 

2001), the core region is also paternally methylated in cattle. DMRs are probably 

conserved between species as it was evoked for sequence identities and promoter 

regions. Thus, the bovine DMR identified in this study represents the DMR2 

described in the last exon of the mouse Igf2 gene. Whether this core region also 

augments bovine IGF2 transcription has yet to be investigated. 

Maternal germ cells showed a constant low methylation pattern at all 27 CpG 

dinucleotides. Igf2 gene expression mediated by maternal methylation has been 

reported for the placental specific DMR0 in the mouse (MOORE et al. 1997). Proteins 

necessary for the developing embryo are generated by mRNAs transcribed during 

oocyte maturation and stored in the oocyte cytoplasm prior to embryonic genome 

activation which takes place at the bovine 8-16-cell stage (KING et al. 1989). 

Expression analyses of the three DNA methyltransferases 1, 3A and 3B (Dnmt1, 3A, 

3B) revealed transcriptional activity for Dnmt1 and 3B in bovine mature oocytes 

(WRENZYCKI and NIEMANN 2003). The methylation level of exon 10 in bovine 

oocytes seems to be correlated with the activity of Dnmt1 and Dnmt3B. Furthermore, 

YASEEN et al. (2001) determined relative amounts of transcriptional products of the 

IGF2 gene during bovine preimplantation embryonic development and reported that 

IGF2 is expressed in immature and mature oocytes as well as in later stages during 

bovine development. IGF2 expression in mature bovine oocytes could be mediated 
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by a low maternal methylation level of the DMR-core region within the final exon of 

the gene. Methylation-dependent maternal Igf2 expression was also reported in 

studies from mice in which a small amount of de novo methylation was detected on 

the maternal allele after fertilization. The Igf2 DMR2 is demethylated on the paternal 

allele shortly after fertilization (LOPES et al. 2003; OSWALD et al. 2000). In addition, 

the mouse Igf2 gene is bi-allelically expressed in blastocysts, but expressed from the 

paternal chromosome after implantation which correlates with de novo methylation 

and increased mRNA levels (SZABO and MANN 1995). After implantation, when the 

paternal allele becomes de novo methylated, it was proposed that both parental 

alleles are affected by de novo methylation with the maternal allele being more 

protected against methylation than the paternal chromosome (LOPES et al. 2003). 

The identification of the DMR within exon 10 enabled us to study DNA methylation 

patterns in bovine preimplantation embryos and to analyze effects of different used to 

generate IVP protocols. 

 

5.4 DNA methylation: Methylation status of bovine preimplantation 
embryos derived from different origins 

 

Although the efficiency of somatic nuclear transfer is low (KATO et al. 1998; 

NIEMANN et al. 2002), live offspring has been born after transfer of cloned embryos 

to recipient animals in eleven mammalian species. An average of 20 to 30% of the 

bovine reconstructed embryos reach the blastocyst stage and 10 to 15% of the 

blastocysts transferred to recipients develop to term (COLMAN 2000). In vitro 

produced embryos are different from their in vivo counterparts in several 

characteristics including developmental capacity, morphology, metabolism, gene 

expression patterns and methylation patterns (VAN SOOM et al. 1997a,b; KOO et al. 

2002; KANG et al. 2001b; WRENZYCKI et al. 2001, 2002; LAZZARI et al. 2002; 

ZHANG et al. 2004; HIENDLEDER et al. 2004). Abnormal fetal phenotypes with a 

variety of pathologies were summarized as Large Offspring Syndrome (LOS). 

According to a current hypothesis, deviations from normal gene expression patterns 

in preimplantation development are involved in LOS (WRENZYCKI et al. 2001). 

Preimplantation embryos may provide an important tool to unravel deregulatory 

mechanisms related to the Large Offspring Syndrome (LOS). 
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The present study is the first to analyze methylation patterns of the IGF2 gene 

in bovine preimplantation embryos. IGF2 was selected because it is known to play a 

major role during embryonic development. Available studies on bovine embryonic 

methylation patterns are shown in table 14. 

 
Table 14: Recently published studies on bovine embryonic methylation patterns 

 

Material Method Gene Reference 

Bovine tetraploid and 
diploid blastocysts 
(NT, PA, IVF) 

Bisulfite treatment, 
PCR, 

AciI digestion 
Satellite I DNA region KANG et al. 

(2001a) 

Bovine 
preimplantation 
embryos 
(NT, IVF; PA, Vivo) 

AciI restriction 
analysis 

Bov-B long interspersed 
nuclear element sequence 

KANG et al. 
(2001b) 

Bovine 
preimplantation 
embryos (NT, IVF) 

Immunofluorescence Global methylation pattern DEAN et al. 
(2001) 

Bovine 
preimplantation 
embryos, ICM- and 
TE-cells (NT, IVF) 

Bisulfite sequencing 
Epidermal cytokeratin gene 
Mammary gland-specific β-
lactoglobulin gene 

KANG et al. 
(2002) 

Bovine female 
fetuses (NT, AI) 

Reverse-phase 
HPLC Global methylation level CEZAR et al. 

(2003) 

Preimplantation 
bovine embryos (NT, 
IVF) 

Bisulfite sequencing Bovine neuropeptide 
galanin gene 

KANG et al. 
(2003) 

Bovine liver DNA 
from day 80 fetuses 
(IVF, NT, AI) 

Capillary 
electrophoresis Global methylation level HIENDLEDER 

et al. (2004) 

Bovine day 40 female 
fetuses (AI, NT), 
placenta 

Bisulfite sequencing,
RT-PCR IGF2, GTL2, Xist DINDOT et al. 

(2004) 

 

Analyses of methylation patterns in bovine preimplantation embryos of 

different origins revealed that bovine zygotes, collected 19 hours after in vitro 

fertilization were methylated to 28% and contained only two fully demethylated CpG 

dinucleotides. At the 4-cell stage the methylation level has decreased to 6% and 

most of the CpGs analyzed within the IGF2 DMR2 was completely demethylated. 

These results demonstrate that the bovine DMR2 cannot resist the demethylation 

wave after fertilization which is consistent with the murine Igf2 DMR2 (OSWALD et al. 

2000). The significant decrease in the methylation level between zygotes and 4-cell 
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embryos suggests an active demethylation mechanism. Our results support the 

finding that demethylation of the bovine embryonic genome occurs at an intermediate 

state (BEAUJEAN et al. 2004) compared to those of mouse and sheep. In the 

mouse, the male pronucleus is demethylated within a few hours after fertilization and 

the maternal genome during the first cell divisions (OSWALD et al. 2000; MAYER et 

al. 2000; HOWLETT and REIK 1991; ROUGIER et al. 1998) whereas in ovine 

embryos demethylation was observed in the expanded blastocyst for the first time 

(BEAUJEAN et al. 2004). A putative correlation of demethylation and timing of 

embryonic genome activation was proposed as an explanation for the time 

dependent genome-wide demethylation (BEAUJEAN et al. 2004; YOUNG and 

BEAUJEAN 2004). The embryonic genome is activated in mouse 2-cell embryos 

(TELFORD et al. 1990) and the parental genomes have to be reprogrammed faster 

as in bovine embryos in which major embryonic transcription starts at the 8-16-cell 

stage (KING et al. 1989). It was further proposed that reprogramming of the parental 

genomes after fertilization is required to attain totipotency (MONK et al. 1987; 

HOWLETT and REIK 1991). Mouse blastomeres possess totipotent capabilities until 

the morula stage when segregation into inner cell mass, endoderm and 

trophectoderm begins. By the time the murine embryo consists of 32-64 blastomeres, 

totipotency is lost due to this first differentiation event and the stem cell specific Oct-4 

gene is expressed and methylated (ROBERTS et al. 2004; HATTORI et al. 2004). At 

the murine blastocyst stage, de novo methylation occurs but is restricted to the inner 

cell mass (DEAN et al. 2001; SANTOS et al. 2002). However, genes responsible for 

tissue specific differentiation might similarly become methylated in the 

trophectoderm. The transcription factor Oct-4 plays an important role in the 

maintenance of pluripotency of the inner cell mass and embryonic stem cells which 

originate from the ICM. The Oct-4 gene is silent in trophoblast cells due to 

hypermethylation of the Oct-4 enhancer and promoter region. This region is 

hypomethylated in embryonic stem cells (HATTORI et al. 2004). Asymmetric 

methylation patterns were observed in ovine blastocysts due to demethylation in the 

trophectoderm whereas the ICM remained methylated. This demethylation pattern 

which is restricted to the trophectoderm was proposed to be critical for differentiation 

into trophectoderm cells in ovine blastocysts (BEAUJEAN et al. 2004). 

Trophectoderm cells are lower methylated than the inner cell mass cells (DEAN et al. 

2001) indicating that cell specific methylation levels could have a role in the onset of 
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tissue specific differentiation. DNMT3A and DNMT3B mRNA levels were low in 

bovine 8-cell embryos but increased up to the blastocyst stage (WRENZYCKI and 

NIEMANN 2003). De novo methylation probably begins at the bovine 8-16-cell stage 

and the de novo methyltransferase is fully active at the blastocyst stage. 

Comparison of methylation levels between blastocysts derived from different 

origins revealed increased methylation levels in blastocysts generated by nuclear 

transfer from male adult fibroblasts (22%±1.9 SEM). Only androgenetic blastocysts 

containing a diploid paternal genome showed a higher methylation level (30.6%±2.1 

SEM) which is consistent with the finding that the paternal allele is normally 

methylated at this gene locus. The very low methylation level of parthenogenetic 

blastocysts (2.3%±1 SEM) is consistent with the finding of low maternal methylation 

in oocytes (fig. 47) and might represent the normal methylation level of the maternal 

allele at this gene locus. 

Various procedures required to produce embryos in vitro affect embryonic 

development (NIEMANN and WRENZYCKI 2000; HUMPHERYS et al. 2002; HAN et 

al. 2003) but did not affect methylation patterns of IGF2 DMR2 in in vitro fertilized 

(10.1%±0.7 SEM) and blastocysts cloned from female adult fibroblasts (12.4%±1.4 

SEM) in the present study. The methylation patterns were similar to those observed 

in in vivo derived embryos (10.2%±1.2 SEM) and were consistent with results from 

immunofluorescence studies (DEAN et al. 2001) and gene expression analyses of 

DNMTs1, 3A and 3B (WRENZYCKI and NIEMANN 2003). The “normal” methylation 

pattern of female cloned blastocysts could suggest that female embryos are more 

tolerant to in vitro procedures and/or methylation reprogramming under our 

laboratory conditions. Female cloned calves from fetal and adult fibroblasts have 

been born in our laboratory during the past few years (NIEMANN et al. 2002), but no 

male calf. Presumably, the increased methylation level in male cloned embryos found 

in this study is the result of incomplete reprogramming. Insufficient demethylation 

was also reported for male cloned preimplantation embryos at the Bov-B long 

interspersed nuclear element sequence locus (KANG et al. 2001b). Whether 

epigenetic failures in cloned embryos occur in a sex specific manner needs further 

investigations because incomplete reprogramming was also determined in bovine 

female cloned fetuses (CEZAR et al. 2003). On the other hand, the increased 

methylation level observed in male cloned blastocysts could possibly originate from 

premature de novo methylation in male NT blastocysts. This is contradictory to 
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mRNA expression analyses of the DNMT3A and DNMT3B genes which did not 

reveal differences in the relative amounts of transcriptional products in 8-cell 

embryos generated by in vitro fertilization and nuclear transfer (WRENZYCKI and 

NIEMANN 2003). 

Adult fibroblasts employed for the production of cloned blastocysts were highly 

methylated in both, female and male derived cells (77%±2.2 SEM; 72%±2.9 SEM). 

The fibroblasts were serum starved prior to nuclear transfer. No mRNA was detected 

for the DNMT1 gene in starved somatic cells (BESTOR 2000; WRENZYCKI and 

NIEMANN 2003). The lower methylation level detected in cloned blastocysts 

compared to somatic donor cells suggests that the methylation pattern was different 

in fibroblasts and the donor cell genome became demethylated. Dnmt1 protein was 

found in cloned murine 8-cell embryos while this protein is normally expressed later 

in development (CHUNG et al. 2003). Somatic Dnmt1 is absent in oocytes and 

preimplantation embryos (CARLSON et al. 1992; MERTINEIT et al. 1998; RATNAM 

et al. 2002). Abnormally high amounts of the somatic form of Dnmt1 were proposed 

as inhibitors for correct reprogramming in cloned embryos (BESTOR 2000; CHUNG 

et al. 2003). Incomplete reprogramming of imprinted and non-imprinted genes has 

often been associated with aberrant embryonic and fetal development of cloned 

offspring (YOUNG et al. 2001; EGGAN et al. 2001; DEAN et al. 2003; HIENDLEDER 

et al. 2004). Cloned mouse blastocysts showed aberrant methylation patterns and 

gene expression in the imprinted genes H19 and Snrpn (Small nuclear 

ribonucleoprotein N). Even morphologically viable cloned embryos rarely display 

normal gene expression of imprinted genes (MANN et al. 2003). Bovine somatic 

cloning is more successful compared to other species such as the mouse. This might 

be due to an increased tolerance of bovine embryos against disruption of imprinted 

genes (ZHANG et al. 2004). 

In vitro fertilized blastocysts analyzed in the present study possessed similar 

methylation level compared to the in vivo control blastocysts. HIENDLEDER et al. 

(2004) determined the global methylation level of liver DNA in day 80 fetuses derived 

from nuclear transfer (NT), in vitro fertilization and artificial insemination (AI) and 

found an increased, albeit non-significant, methylation level in IVF compared to AI 

control fetuses. The serum supplements in culture media are thought to affect 

embryonic development at the morphological and transcriptional level (THOMPSON 

1997; WRENZYCKI et al. 1999; 2001; BLONDIN et al. 2000; KHOSLA et al. 2001). 



Discussion 

 121

The hemi-defined culture medium SOF/BSA which was employed in this study, 

obviously did not affect reprogramming of the IGF2 DMR2 locus except for male 

cloned blastocysts. It may represent a suitable culture medium for in vitro production 

of bovine embryos. 

 

In conclusion, results of this study demonstrate that imprinting is conserved 

among mammals. Imprinted genes can be bi-allelically expressed from both parental 

alleles prior to implantation irrespective of differences in placentation as shown in this 

study for the bovine IGF2, IGF2R and MASH2 genes. This study focused on the 

analyses of methylation patterns within the bovine IGF2 gene in gametes and 

preimplantation embryos derived from different origins. Two regions of the 5' 

untranslated region of the bovine IGF2 gene were sequenced and revealed that 

sequence identities of the IGF2 gene are conserved among mammals. Most 

importantly, we identified a Differentially Methylated Region (DMR) in the last exon of 

the bovine IGF2 gene which presumably corresponds to the DMR2 located in the last 

exon of the murine Igf2 gene. This DMR is methylated mainly on the paternal allele 

and becomes reprogrammed after fertilization. The DMR might serve as an important 

tool to unravel effects of assisted reproduction technologies on embryonic and fetal 

development. Preimplantation embryos employed in this study were cultured in 

SOF/BSA medium and their methylation patterns were not perturbated by the in vitro 

culture system. Male cloned blastocysts had high methylation levels suggesting sex 

specific failures during methylation reprogramming. The results obtained in this study 

revealed that in vitro production protocols can affect the methylation pattern of bovine 

blastocysts. Developmental aberrations in the early embryo might have effects on 

further development but could be detected by analyses of methylation levels of early 

preimplantation embryos. 
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6 SUMMARY 
 

Claudia Gebert 

 

Characterization of gene expression and methylation patterns of the bovine  

IGF2 gene in gametes and preimplantation embryos of different origins 

 

DNA methylation at cytosine molecules is one of the best-known mechanisms 

involved in genomic imprinting. Imprinting plays a crucial role during mammalian 

embryonic development. Insight into the epigenetic phenomenon of imprinting is 

mainly derived from mice and humans, and information in bovine imprinting is scarce. 

The main goal of this study was to analyze the methylation status of the bovine 

Insulin-like growth factor2 gene (IGF2) in gametes and preimplantation embryos. In 

addition, expression patterns of the bovine IGF2, Insulin-like growth factor2 receptor 

(IGF2R) and Mammalian achaete-scute homologue2 (MASH2) genes were 

characterized in bovine blastocysts. 

At first, the expression patterns of day 7 bovine blastocysts and expanded 

blastocysts were analyzed by semi-quantitative RT-PCR. Embryos were produced by 

in vitro fertilization (IVF) or parthenogenesis (PA). In vitro culture was performed in 

the semi-defined medium SOF/BSA (Synthetic Oviduct Fluid/Bovine Serum 

Albumin). This approach allows the indirect determination of a putative mono- or bi-

allelic gene expression by measuring the relative amounts of transcriptional products. 

Paternally expressed genes would be expected to show increased relative amounts 

of mRNAs in in vitro produced embryos (maternal and paternal genome) compared 

to their parthenogenetic counterparts. In contrast, maternal mRNA expression would 

be reflected by an increased relative amount of transcriptional products in 

parthenogenetic (two maternal genomes) compared to IVF embryos. Hatched in vitro 

produced blastocysts, in vivo collected blastocysts, ICM (inner cell mass) and 

trophectoderm cells isolated from in vitro fertilized and parthenogenetic blastocysts 

were included in the analyses. Cell numbers were determined by differential staining 

for ICM and trophectoderm cells (in vitro fertilized and parthenogenetic blastocysts). 

The size of the blastocysts was also measured. 

Analyses of the methylation level within the bovine IGF2 gene in gametes and 

preimplantation embryos required sequencing of the gene due to the scarcity of 
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genomic sequence information in farm animals. Only the mRNA sequence of the 

bovine IGF2 gene was available in the GenBank database when this study was 

initiated. Two fragments within the untranslated region were identified by PCR 

amplification of bovine tissue DNA using ovine primer pairs. Intron sequences of the 

translated region were detected by the same approach but with bovine primers. The 

newly sequenced fragments of the untranslated region and exon 10 were analyzed 

for their methylation status in isolated DNA from bovine in vitro matured oocytes and 

frozen/thawed sperm cells. Methylation levels were determined at 27 CG 

dinucleotides within exon 10 in bovine preimplantation embryos derived from different 

origins by bisulfite sequencing. Adult fibroblasts, which were used to generate 

nuclear transfer embryos, were included in the analyses. Bisulfite sequencing is a 

highly sensitive method to detect methylated and non-methylated cytosine molecules 

and is based on the ability of bisulfite to convert non-methylated cytosines into 

thymine whereas methylated cytosines remain unchanged. 

The following results were obtained: 

1) Differential staining revealed similar cell numbers for in vitro fertilized and 

parthenogenetic blastocysts (<180 µm) and expanded blastocysts 

(>180 µm). Increased cell numbers (p≤0.05) in expanded in vitro fertilized 

blastocysts were attributed to a higher number of trophectoderm cells. 

2) Expanded day 7 in vitro fertilized and parthenogenetic blastocysts 

expressed the bovine IGF2 and IGF2R genes at similar relative amounts. 

In contrast, higher relative amounts of transcriptional products of the 

MASH2 gene were determined for in vitro fertilized blastocysts compared 

to their parthenogenetic counterparts (p≤0.05). 

3) Semi-quantitative gene expression analyses extended to in vitro and in 

vivo produced blastocysts and isolated ICM and trophectoderm cells 

revealed increased IGF2 expression in expanded in vitro fertilized 

blastocysts (p≤0.05). In contrast, the IGF2R gene showed higher relative 

amounts of transcriptional products in ICM cells isolated from expanded in 

vitro fertilized blastocysts and in hatched parthenogenetic blastocysts 

(p≤0.05). Similar expression levels were determined in hatched in vitro 

fertilized and parthenogenetic blastocysts. 
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4) Two fragments isolated within the untranslated region of the bovine IGF2 

gene showed high homology (>90%) to exons and introns 4 and 5 of the 

ovine IGF2 gene. 

5) CpG islands were detected within the sequences of intron 4 and 5 of the 

bovine IGF2 gene. In addition, intron 5 contained a promoter region 

including a TATA box. 

6) The DNA fragment of the translated region of the bovine IGF2 gene was 

homologous to the bovine IGF2 mRNA sequence available in the GenBank 

database (X53553). Alignment with the already published mRNA sequence 

identified the non-homologous intron sequences 8 and 9 of the bovine 

IGF2 gene. 

7) Methylation analyses revealed a similar low methylation level of introns 4 

and 5 between oocyte and sperm DNA. In contrast, exon 10 was 

hypermethylated in sperm DNA (99%), but only low methylated in oocyte 

DNA (16%). 

8) DNA methylation within exon 10 was low in bovine in vitro fertilized zygotes 

and decreased further in in vitro fertilized 4-cell embryos. 

9) Day 7 expanded blastocysts collected in vivo, fertilized in vitro or cloned 

with female adult fibroblasts showed similar methylation patterns. The level 

of methylation was higher in expanded blastocysts than in 4-cell stage 

embryos. 

10) Bisulfite sequencing revealed an increased and low methylation level 

within exon 10 in androgenetic and parthenogenetic expanded blastocysts, 

respectively. Female and male adult fibroblasts were both heavily 

methylated. 

11) Interestingly, male cloned blastocysts were hypermethylated compared to 

their female counterparts. 

 

The relative amounts of transcriptional products of the IGF2, IGF2R and 

MASH2 genes detected in in vitro fertilized and parthenogenetic blastocysts indicate 

bi-allelic gene expression during bovine preimplantation development. Gene 

expression activity was independent of the embryonic size. 

Exons 4 and 5 and introns 4 and 5 identified within the bovine IGF2 gene are 

highly conserved among mammals and support the hypothesis of ROTWEIN and 
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HALL (1990) that sequence and structure of the IGF2 gene were developed prior to 

the evolutionary dispersion of mammals. 

A Differentially Methylated Region (DMR) was identified in exon 10 of the 

bovine IGF2 gene. This final exon of the gene was hypermethylated in sperm DNA 

but low methylated in oocyte DNA. It is assumed that the bovine intragenic DMR 

corresponds to the DMR2 of the murine Igf2 gene due to high sequence conservation 

between different mammalian species. 

The intragenic DMR2 is demethylated after fertilization on the paternally 

methylated chromosome as it is described in the mouse. Unlike the mouse, 

demethylation is completed at the 4-cell stage of bovine embryonic development. 

Bovine day 7 expanded blastocysts are in an identical manner remethylated 

irrespective of the different origins. Thus, the in vitro production protocols had no 

effect on the methylation reprogramming. In contrast, hypermethylation of male 

cloned blastocysts is indicative for insufficient reprogramming and a sex specific 

methylation reprogramming is suggested. Androgenetic and parthenogenetic 

expanded blastocysts and adult fibroblasts showed the expected methylation levels. 

The DMR is low methylated in parthenogenetic embryos due to their two maternal 

genomes but highly methylated in androgenetic embryos (two paternal genomes). 

Somatic cells are often hypermethylated. 

A Differentially Methylated Region was identified for the first time in the bovine 

IGF2 gene. In addition, this is the first study on analyses of methylation patterns of 

the bovine IGF2 gene in preimplantation embryos. Results demonstrate that the 

determination of methylation levels can be used as a diagnostic tool to detect 

aberrations in methylation reprogramming of in vitro produced embryos. 
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7 ZUSAMMENFASSUNG 
 

Claudia Gebert 

 

Untersuchungen zum Expressions- und Methylierungsmuster des bovinen 

IGF2 Gens in Keimzellen und präimplantatorischen Embryonen 

verschiedener Herkunft 

 

Die Methylierung der DNA an Cytosinmolekülen ist einer der am besten 

verstandenen Mechanismen innerhalb des epigenetischen Phänomens Imprinting. 

Gene, die dem Imprinting unterliegen, spielen eine bedeutende Rolle während der 

embryonalen Säugerentwicklung. Die meisten Erkenntnisse über das Imprinting 

stammen aus Untersuchungen an Mäusen und humanen Zellen. Informationen über 

das Imprinting bei landwirtschaftlichen Nutztieren gibt es dagegen nur wenige. Ziel 

dieser Arbeit war die Untersuchung der DNA-Methylierung des Insulin-ähnlichen 

Wachstumsfaktor2-Gens (IGF2) in bovinen Keimzellen und präimplantatorischen 

Embryonen. Zusätzlich wurden Genexpressionsanalysen des IGF2, des Insulin-

ähnlichen Wachstumsfaktor2 Rezeptor-Gens (IGF2R) und des Mammalian achaete-

scute homolog2-Gens (MASH2) in Rinderblastozysten durchgeführt. 

Die Expressionsmuster von bovinen in vitro fertilisierten (IVF) oder 

parthenogenetischen (PA) Blastozysten und expandierten Blastozysten an Tag 7 

wurden mittels semi-quantitativer RT-PCR ermittelt. Die In-vitro-Kultur der 

Embryonen erfolgte im halbdefinierten SOF/BSA-Medium (Synthetic Oviduct 

Fluid/Bovine Serum Albumin). Über die Ermittlung des relativen Gehalts an 

Transkriptionsprodukten kann indirekt auf eine tendentiell mono- oder biallelische 

Genexpression geschlossen werden. Paternal exprimierte Gene würden dabei einen 

erhöhten relativen mRNA Gehalt in in vitro fertilisierten (mütterliches und väterliches 

Genom) im Vergleich zu parthenogenetischen Embryonen aufweisen. Dagegen 

würden maternal exprimierte Gene eine erhöhte relative Menge an Transkriptions-

produkten in parthenogenetischen Embryonen (diploides mütterliches Genom) im 

Vergleich zu IVF-Embryonen beinhalten. In die Analysen wurden geschlüpfte IVF- 

und PA-Blastozysten, in vivo gewonnene Blastozysten, ICM- (Innere Zellmasse) und 

Trophektodermzellen mit einbezogen. ICM- und Trophektoderm-zellen wurden aus in 

vitro fertilisierten und parthenogenetischen Blastozysten isoliert und die jeweiligen 
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Zellzahlen mittels der Differential Staining-Methode ermittelt. Außerdem wurde die 

Größe der Blastozysten gemessen. 

Für die Analysen der Methylierungsmuster in bovinen Keimzellen und 

präimplantatorischen Embryonen war es zunächst notwendig, genomische 

Sequenzen des bovinen IGF2-Gens zu identifizieren. Von landwirtschaftlichen 

Nutztieren stehen nur wenige molekulare Informationen zur Verfügung. Zu Beginn 

dieser Arbeit war nur die mRNA-Sequenz des bovinen IGF2-Gens in der Datenbank 

zugänglich. Es wurden zunächst zwei Fragmente innerhalb der nicht translatierten 

Region aus boviner Gewebe-DNA amplifiziert. Primer für die PCR konnten aus der 

veröffentlichten Sequenz des ovinen IGF2-Gens abgeleitet werden. Intronsequenzen 

der translatierten Region wurden ebenfalls durch PCR-Amplifizierung identifiziert. Die 

Primerpaare dafür wurden aus der in der Datenbank veröffentlichten mRNA-Sequenz 

ermittelt. Analysen zum Methylierungsmuster beider Fragmente der nicht trans-

latierten Region sowie des Exons 10 wurden mit in vitro gereiften Eizellen und 

kryokonservierten Spermien durchgeführt. In präimplantatorischen Rinderembryonen 

verschiedener Herkunft wurden 27 CG-Dinukleotide innerhalb des Exons 10 mittels 

Bisulfitsequenzierung untersucht. Adulte Fibroblasten, die als somatische Spender-

zellen für die Erstellung der geklonten Embryonen dienten, wurden ebenfalls in die 

Untersuchungen mit einbezogen. Die Bisulfitsequenzierung ist eine sehr sensitive 

Methode, um methylierte und nicht methylierte Cytosinmoleküle zu analysieren. Die 

Methode beruht dabei auf der Fähigkeit von Bisulfit nicht methylierte Cytosinmoleküle 

in Uracil umzuwandeln. Diese erscheinen nach einer PCR-Amplifizierung als Thymin. 

Methylierte Cytosinmoleküle gehen unverändert als Cytosine aus der Reaktion 

hervor. 

Folgende Ergebnisse wurden erzielt: 

1) Die Zellzahlen in vitro fertilisierter und parthenogenetischer Blastozysten 

(<180 µm) und expandierter Blastozysten (>180 µm) wurden mittels der 

Differential Staining-Methode ermittelt. Sie waren in Embryonen beider In-

vitro-Protokolle ähnlich. Eine erhöhte Anzahl an Zellen (p≤0.05) in 

expandierten IVF-Blastozysten konnte der größeren Zahl an Trophekto-

dermzellen zugeschrieben werden. 

2) Kein Unterschied konnte in der Expression der bovinen IGF2- und IGF2R-

Gene in expandierten IVF-und PA-Blastozysten detektiert werden. 

Allerdings wurde ein erhöhter relativer Gehalt an Transkriptionsprodukten 
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des MASH2-Gens in IVF-Blastozysten gegenüber parthenogenetischen 

Embryonen nachgewiesen (p≤0.05). 

3) Die Analysen mittels semi-quantitativer RT-PCR wurden auf in vitro und in 

vivo gewonnene Blastozysten sowie isolierte ICM- und Trophektoderm-

zellen ausgedehnt. Im Gegensatz zu parthenogenetischen konnte in 

expandierten in vitro fertilisierten Blastozysten ein erhöhter relativer Gehalt 

an IGF2-mRNA ermittelt werden (p≤0.05). Das IGF2R-Gen wurde vor 

allem in ICM-Zellen aus expandierten IVF-Blastozysten sowie in 

geschlüpften parthenogenetischen Blastozysten exprimiert (p≤0.05). 

Geschlüpfte Blastozysten beider Protokolle exprimierten ähnliche relative 

mRNA-Mengen des bovinen IGF2R-Gens. 

4) Beide Fragmente, die innerhalb der nicht translatierten Region des bovinen 

IGF2-Gens sequenziert wurden, waren zu >90% homolog zu den Exons 

und Introns 4 und 5 des ovinen IGF2-Gens. 

5) Sowohl im bovinen Intron 4 als auch im Intron 5 wurden CpG-Inseln 

ermittelt. Außerdem beinhaltet die Sequenz des Intron 5 eine Promoter-

region mit einer TATA-Box. 

6) Die DNA-Fragmente der translatierten Region wurden als Intron 8 und 9 

des bovinen IGF2 Gens identifiziert. Homologien konnten nur mit mRNA-

Sequenzen verschiedener Spezies, einschließlich der bekannten bovinen 

mRNA-Sequenz (X53553) ermittelt werden. Nicht homologe Sequenz-

abschnitte des DNA-Fragments wurden deshalb als Intronsequenzen 

angesehen. 

7) DNA aus Eizellen und Spermien war innerhalb der Sequenzabschnitte von 

Intron 4 und 5 nur wenig methyliert. Dagegen war die untersuchte Sequenz 

des Exons 10 hypermethyliert in Spermien-DNA (99%) und gering 

methyliert (16%) in DNA aus Oozyten. 

8) Die Methylierung der DNA im Bereich des Exon 10 war in Zygoten aus In-

vitro-Fertilisierung gering. Der Methylierungsgrad innerhalb dieses Frag-

ments verringerte sich zusätzlich im 4-Zellstadium. 

9) Expandierte Blastozysten (Tag 7) unterschieden sich unabhängig von ihrer 

jeweiligen Erstellung (IVF, in vivo oder geklonte weibliche Blastozysten) 

nur wenig im Methylierungsmuster innerhalb des letzten IGF2-Exons. Der 
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Methylierungsgrad war allerdings höher als in Embryonen des 4-Zell-

stadiums. 

10) Exon 10 des bovinen IGF2-Gens war in androgenetischen Blastozysten 

stärker methyliert als in parthenogenetischen Embryonen. Keine 

Unterschiede konnten im Methylierungsgehalt der DNA zwischen 

männlichen und weiblichen adulten Fibroblasten nachgewiesen werden, 

beide waren hypermethyliert. 

11) DNA männlicher geklonter Blastozysten war erstaunlicherweise innerhalb 

des Exon 10 stärker methyliert als Blastozysten, die mit weiblichen adulten 

Fibroblasten erstellt wurden. 

 

Rinderblastozysten scheinen die Gene IGF2, IGF2R und MASH2 von jeweils 

beiden elterlichen Allelen während der Präimplantationsentwicklung zu exprimieren. 

Dabei war die relative Menge an Transkriptionsprodukten unabhängig von der 

Embryonengröße. 

Die Sequenzen der Exons und Introns 4 und 5 des bovinen IGF2 Gens 

unterscheiden sich nur wenig von denen anderer Säugerspezies. Dies entspricht der 

Hypothese von ROTWEIN und HALL (1990), dass sich sowohl die Sequenz wie auch 

die Struktur des IGF2-Gens bereits vor der evolutionären Säugetieraufsplitterung 

entwickelt haben muß. 

Im Exon 10 des bovinen IGF2-Gens wurde eine differentiell methylierte Region 

(DMR) nachgewiesen. Die Exonsequenz ist in DNA aus Spermien hyper-, in Eizell-

DNA hypomethyliert. Aufgrund der eindeutigen Sequenzhomologien zwischen 

verschiedenen Säugetierspezies wird davon ausgegangen, dass der innerhalb des 

bovinen IGF2-Gens identifizierte DMR dem DMR2 des murinen Igf2-Gens entspricht. 

Wie bereits aus Untersuchungen am murinen Igf2-Gen bekannt ist, wird der 

innerhalb des bovinen IGF2-Gens gelegene DMR nach der Befruchtung demethyliert. 

Im Gegensatz zur Maus ist diese Demethylierung in Rinderembryonen erst im 4-

Zellstadium abgeschlossen. Expandierte Rinderblastozysten (Tag 7) werden unab-

hängig von ihrer Erstellungsmethode gleichmäßig remethyliert. Die Protokolle zur 

Erstellung der verschiedenen Embryonen scheinen keinen Einfluß auf die 

Reprogrammierung der Methylierungsmuster nach der Befruchtung/Aktivierung 

gehabt zu haben. 
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Allerdings deutet der erhöhte Methylierungsgehalt in geklonten männlichen 

Blastozysten auf eine unzureichende Reprogrammierung des Methylierungs-musters 

während der In-vitro-Kultur hin. Die Reprogrammierung des embryonalen Genoms 

könnte in geklonten Rinderembryonen geschlechtsspezifisch reguliert werden. DNA 

aus androgenetischen Blastozysten war aufgrund des doppelten männlichen 

Chromosomensatzes hypermethyliert, dagegen konnte nur ein geringer 

Methylierungsgehalt in parthenogenetischen Blastozysten nachgewiesen werden. 

Somatische Zellen zeigen häufig einen erhöhten Methylierungsgehalt. 

Erstmals konnte beim Rind eine differentiell methylierte Region innerhalb eines 

Genes, das dem Imprinting unterliegt, nachgewiesen werden. Innerhalb dieses 

Forschungsprojektes konnten auch erstmalig Methylierungsmuster des bovinen 

IGF2-Gens in präimplantatorischen Embryonen, die nach verschiedenen Protokollen 

erstellt wurden, analysiert werden. Die Ergebnisse zeigen, dass der Nachweis von 

Methylierungsmustern diagnostisch für die Erkennung einer unzureichenden 

embryonalen Reprogrammierung in in vitro produzierten Rinderembryonen 

eingesetzt werden kann. 



References 

 131

8 REFERENCES 
 

ALDERS, M., M. HODGES, A. K. HADJANTONAKIS, J. POSTMUS, I. VAN WIJK, J. 

BLIEK, M. DE MEULEMEESTER, A. WESTERVELD, F. GUILLEMOT, C. 

OUDEJANS, P. LITTLE and M. MANNENS (1997): 

The human Achaete-Scute homologue 2 (ASCL2, HASH2) maps to chromosome 

11p15.5, close to IGF2 and is expressed in extravillus trophoblasts. 

Hum. Mol. Genet. 6, 859-867 

 

AMARGER, V., M. NGUYEN, A. S. Van LAERE, M. BRAUNSCHWEIG, C. NEZER, 

M. GEORGES and L. ANDERSSON (2002): 

Comparative sequence analysis of the INS-IGF2-H19 gene cluster in pigs. 

Mamm. Genome 13, 388-398 

 

ANBAZHAGAN, R., J. G. HERMAN, K. Enika and E. GABRIELSON (2001): 

Spreadsheet-based program for the analysis of DNA methylation. 

Biotechniques 30, 110-114 

 

ANTEQUERA, F., and A. BIRD (1993): 

Number of CpG islands and genes in human and mouse. 

Proc. Natl. Acad. Sci. USA 90, 11995-11999 

 

ARNOLD, D. R., V. BORDIGNON, R. LEFEBVRE and L. C. SMITH (2004): 

Characterization of the bovine Mammalian achaete-scute homolog2 (Mash2) gene. 

Biol. Reprod. (37th annual meeting of the Society for the study of reproduction); 

Special issue, 247 Abstr. 

 

BACOLLA, A., S. PRADHAN, R.J. ROBERTS and R.D. WELLS (1999): 

Recombinant human DNA (Cytosine-5) methyltransferase. lI. steady-state kinetics 

reveal allosteric activation by methylated DNA. 

J Biol Chem 274, 33011-33019 

 

 

 



References 

 132

BACOLLA, A., S. PRADHAN, J.E. LARSON, R.J. ROBERTS and R.D. WELLS 

(2001): 

Recombinant human DNA (Cytosine-5) methyltransferase. III. Allosteric control, 

reaction order, and influence of plasmid topology and triplet repeat length on 

methylation of the fragile X CGG CCG sequence. 

J Biol Chem 276, 18605-18613 

 

BALGANESH, T. S., L. REINERS, R. LAUSTER, M. NOYER-WEIDNER, K. WILKE 

and T. A. TRAUTNER (1987): 

Construction and use of chimeric SPR/phi 3T DNA methyltransferases in the 

definition of sequence recognizing enzyme regions. 

EMBO J. 6, 3543-3549 

 

BANNISTER, A. J., P. ZEGERMAN, J. F. PARTRIDGE, E. A. MISKA, J. O. 

THOMAS, R. C. ALLSHIRE and T. KOUZARIDES (2001): 

Selective recognition of methylated lysine 9 on histone H3 by the HP1 chromo 

domain. 

Nature 410, 120-124 

 

BARLOW, D. P., R. STOGER, B. G. HERRMANN, K. SAITO and N. SCHWEIFER 

(1991): 

The mouse insulin-like growth factor type-2 receptor is imprinted and closely linked to 

the Tme locus. 

Nature, 349, 84-87 

 

BARLOW, D. P. (1995): 

Gametic imprinting in mammals. 

Science 270, 1610-1613 

 

BARTOLOMEI, M. S., S. ZEMEL and S. M. TILGHMAN (1991): 

Parental imprinting of the mouse H19 gene. 

Nature 351, 153-155 

 

 



References 

 133

BARTOLOMEI, M. S., A. L. WEBBER, M. E. BRUNKOW and S. M. TILGHMAN 

(1993): 

Epigenetic mechanisms underlying the imprinting of the mouse H19 gene. 

Genes Dev. 7, 1663-1673 

 

BAYLIN, S. B., J. G. HERMAN, J. R. GRAFF, P. M. VERTINO and J. P. ISSA (1998): 

Alterations in DNA methylation: a fundamental aspect of neoplasia. 

Adv. Cancer Res. 72, 141-196 

 

BEARD, C., E. LI and R. JAENISCH (1995): 

Loss of methylation activates Xist in somatic but not in embryonic cells. 

Genes Dev. 9, 2325-2334 

 

BEAUJEAN, N., J. E. TAYLOR, M. McGARRY, J. O. GARDNER, I. WILMUT, P. LOI, 

G. PTAK, C. GALLI, G. LAZZARI, A. BIRD, L. E. YOUNG and R. R. MEEHAN 

(2004): 

The effect of interspecific oocytes on demethylation of sperm DNA. 

PNAS 101, 7636-7640 

 

BECKER, P. B., and W. HORZ (2002): 

ATP-dependent nucleosome remodeling. 

Annu. Rev. Biochem. 71, 247-273 

 

BEECHEY, C. V., B. M. CATTANACH, A. BLAKE and J. PETERS (2003): 

MRC Mammalian Genetics Unit, Harwell, Oxfordshire. World Wide Web Site – Mouse 

Imprinting Data and References (http://www.mgu.har.mrc.ac.uk/research/imprinting) 

 

BELL, A. C., and G. FELSENFELD (2000): 

Methylation of a CTCF-dependent boundary controls imprinted expression of the Igf2 

gene. 

Nature 405, 482-485 

 

 

 



References 

 134

BERGER, S. L. (2002): 

Histone modifications in transcriptional regulation. 

Curr. Opin. Genet. Dev. 12, 142-148 

 

BERNSTEIN, E., A. A. CAUDY, S. M. HAMMOND and G. J. HANNON (2001): 

Role for a bidentate ribonuclease in the initiation step of RNA interference. 

Nature 409, 363-366 

 

BESTOR, T., A. LAUDANO, R. MATTALIANO and V. INGRAM (1988): 

Cloning and sequencing of a cDNA encoding DNA methyltransferase of mouse cells. 

The carboxyl-terminal domain of the mammalian enzymes is related to bacterial 

restriction methyltransferases. 

J. Mol. Biol. 203, 971-983 

 

BESTOR, T. H. (1992): 

Activation of mammalian DNA methyltransferase by cleavage of a Zn-binding 

regulatory domain. 

EMBO J. 11, 2611-2618 

 

BESTOR, T.H. (2000): 

The DNA methyltransferases of mammals. 

Hum. Mol. Genet. 9, 2395-2402 

 

BHATTACHARYA, S. K., S. RAMCHANDANI, N. CERVONI and M. SZYF (1999): 

A mammalian protein with specific demethylase activity for mCpG DNA. 

Nature 397, 579-583 

 

BICKMORE, W. A., and A. P. BIRD (1992): 

Use of restriction endonucleases to detect and isolate genes from mammalian cells. 

Methods Enzymol. 216, 224-244 

 

 

 

 



References 

 135

BIRD, A., M. TAGGART, M. FROMMER, O. J. MILLER and D. MACLEOD (1985): 

A fraction of the mouse genome that is derived from islands of nonmethylated, CpG-

rich DNA. 

Cell 40, 91-99 

 

BIRD, A. P. (1986): 

CpG-rich islands and the function of DNA methylation. 

Nature 321, 209-213 

 

BIRD, A., P. TATE, X. NAN, J. CAMPOY, R. MEEHAN, S. CROSS, S. TWEEDIE, J. 

CHARLTON and D. MACLEOD (1995): 

Studies of DNA methylation in animals. 

J. Cell Sci. Suppl. 19, 37-39 

 

BIRD, A. P., and A. P. WOLFFE (1999): 

Methylation-induced repression – belts, braces and chromatin. 

Cell 99, 451-454 

 

BIRD, A. (2002): 

DNA methylation patterns and epigenetic memory. 

Genes Dev. 16, 6-21 

 

BLONDIN, P., P. W. FARIN, A. E. CROSIER, J. E. ALEXANDER and C. E. FARIN 

(2000): 

In vitro production of embryos alters levels of Insulin-like growth factor-II messenger 

ribonucleic acid in bovine fetuses 63 days after transfer. 

Biol. Reprod. 62, 384-389 

 

BOURC'HIS, D., G.L. XU, C.S. LIN, B. BOLLMAN and T.H. BESTOR (2001a): 

Dnmt3L and the establishment of maternal genomic imprints. 

Science 294, 2536-2539 

 

 

 



References 

 136

BOURC'HIS, D., D. LE BOURHIS, D. PATIN, A. NIVELEAU, P. COMIZZOLI, J. 

RENARD and E. VIEGAS-PEQUIGNOT (2001b): 

Delayed and incomplete reprogramming of chromosome methylation patterns in 

bovine cloned embryos. 

Curr. Biol. 11, 1542-1546 

 

BRANDEIS, M., T. KAFRI, M. ARIEL, J. R. CHAILLET, J. McCARREY, A. RAZIN and 

H. CEDAR (1993): 

The ontogeny of allele-specific methylation associated with imprinted genes in the 

mouse. 

EMBO J. 12, 3669-3677 

 

BROWN, W. M., K. M. DZIEGIELEWSKA, R. C. FOREMAN and N. R. SAUNDERS 

(1990): 

The nucleotide and deduced amino acid sequences of Insulin-like growth factor II 

cDNAs from adult bovine and fetal sheep liver. 

Nucleic Acids Res. 18, 4614 

 

BUSTIN, S. A. (2000): 

Absolute quantification of mRNA using real-time reverse transcription polymerase 

chain reaction assays. 

J. Mol. Endocrinol. 25, 169-193 

 

CARDOSO, M. C., and H. LEONHARDT (1999): 

DNA methyltransferase is actively retained in the cytoplasm during early 

development. 

J. Cell. Biol. 147, 25-32 

 

CARLSON, L. L., A. W. PAGE and T. H. BESTOR (1992): 

Properties and localization of DNA methyltransferase in preimplantation mouse 

embryos: implications for genomic imprinting. 

Genes Dev. 6, 2536-2541 

 

 



References 

 137

CAROTTI, D., F. PALITTI, P. LAVIA and R. STROM (1989): 

In vitro methylation of CpG-rich islands. 

Nucleic Acids Res. 17, 9219-9229 

 

CEDAR, H., and G. L. VERDINE (1999): 

Gene expression. The amazing demethylase. 

Nature 397, 568-569 

 

CEZAR, G. G., M. S. BARTOLOMEI, E. J. FORSBERG, N. L. FIRST, M. D. BISHOP 

and K. J. EILERTSEN (2003): 

Genome-wide epigenetic alterations in cloned bovine fetuses. 

Biol. Reprod. 68, 1009-1014 

 

CHEDIN, F., M.R. LIEBER and C. L. HSIEH (2002): 

The DNA methyltransferase-like protein DNMT3L stimulates de novo methylation by 

Dnmt3a. 

PNAS 99, 16916-16921 

 

CHEN, R.Z., U. PETTERSSON, C. BEARD, L. JACKSON-GRUSBY and R. 

JAENISCH (1998): 

DNA hypomethylation leads to elevated mutation rates. 

Nature 395, 89-93 

 

CHENG, J. F., L. RAID and R. S. HARDISON (1986): 

Isolation and nucleotide sequences of rabbit globin gene cluster ψξ-α-1ψα: absence 

of a pair of α-globin genes evolving in concert. 

J. Biol. Chem. 261, 839-848 

 

CHENG, X., S. KUMAR, J. POSFAI, J. W. PFLUGRATH and R. J. ROBERTS (1993): 

Crystal structure of the HhaI DNA methyltransferase complexed with S-adenosyl-L-

methionine. 

Cell 74, 299-307 

 

 



References 

 138

CHEUNG, W. L., S. D. BRIGGS and C. D. ALLIS (2000): 

Acetylation and chromosomal functions. 

Curr. Opin. Cell Biol. 12, 326-333 

 

CHUNG, Y. G., S. RATNAM, J. R. CHAILLET and K. LATHAM (2003): 

Abnormal regulation of DNA methyltransferase expression in cloned mouse embryos. 

Biol. Reprod. 69, 146-153 

 

COFFIGNY, H., C. BOURGEOIS, M. RICOUL, J. BERNARDINO, A. VILAIN, A. 

NIVELEAU, B. MALFOY and B. DUTRILLAUX (1999): 

Alterations of DNA methylation patterns in germ cells and Sertoli cells from 

developing mouse testis. 

Cytogenet. Cell Genet. 87, 175-181 

 

COLMAN, A. (2000): 

Somatic cell nuclear transfer in mammals: progress and applications. 

Cloning 1, 185-200 

 

COLOT, V., and J. L. ROSSIGNOL (1999): 

Eukaryotic DNA methylation as an evolutionary device. 

BioEssays 21, 402-411 

 

CONSTANCIA, M., B. PICKARD, G. KELSEY and W. REIK (1998): 

Imprinting mechanisms. 

Genome Res. 8, 881-900 

 

CONSTANCIA, M., W. DEAN, S. LOPES, T. MOORE, G. KELSEY and W. REIK 

(2000): 

Deletion of a silencer element in Igf2 results in loss of imprinting independent of H19. 

Nat. Genet. 26, 203-206 

 

COULONDRE, C., J. H. MILLER, P. J. FARABAUGH and W. GILBERT (1978): 

Molecular basis of base substitution hotspots in Escherichia coli. 

Nature 274, 775-780 



References 

 139

DEAN, W., L. BOWDEN, A. AITCHISON, J. KLOSE, T. MOORE, J. J. MENESES, W. 

REIK and R. FEIL (1998): 

Altered imprinted gene methylation and expression in completely ES cell-derived 

mouse fetuses: association with aberrant phenotypes. 

Development 125, 2273-2282 

 

DEAN, W., F. SANTOS, M. STOJKOVIC, V. ZAKHARTCHENKO, J. WALTER, E. 

WOLF and W. REIK (2001): 

Conservation of methylation reprogramming in mammalian development: aberrant 

reprogramming in cloned embryos. 

Proc. Natl. Acad. Sci. USA 98, 13734-13738 

 

DEAN, W., F. SANTOS and W. REIK (2003): 

Epigenetic reprogramming in early mammalian development and following somatic 

nuclear transfer. 

Sem. Cell Dev. Biol. 14, 93-100 

 

DeCHIARA, T. M., A. EFSTRATIADIS and E. J. ROBERTSON (1990): 

A growth-deficiency phenotype in heterozygous mice carrying an insulin-like growth 

factor II gene disrupted by targeting. 

Nature 345, 78-80 

 

DeCHIARA, T. M., E. J. ROBERTSON and A. EFSTRATIADIS (1991): 

Parental imprinting of the mouse Insulin-like growth factor II gene. 

Cell 64, 849-859 

 

DE PAGTER-HOLTHUIZEN, P., M. JANSEN, R. A. VAN DER KAMMEN, F. M. A. 

SCHAIK and J. S. SUSSENBACH (1988): 

Differential expression of the human insulin-like growth factor II gene. 

Characterization of the IGF-II mRNAs and an mRNA encoding a putative IGF-II 

associated protein. 

Biochim. Biophys. Acta 950, 282-295 

 



References 

 140

DINDOT, S. V., P. W. FARIN, C. E. FARIN, J. ROMANO, S. WALKER, C. LONG and 

J. A. PIEDRAHITA (2004): 

Epigenetic and genomic imprinting analysis in nuclear transfer derived Bos 

gaurus/Bos Taurus hybrid fetuses. 

Biol. Reprod. 71, 470-478 

 

DOHERTY, A. S., M. R. W. MANN, K. D. TREMBLAY, M. S. BARTOLOMEI and R. 

M. SCHULTZ (2000): 

Differential effects of culture on imprinted H19 expression in the preimplantation 

mouse embryo. 

Biol. Reprod. 62, 1526-1535 

 

DONG, A., J.A. YODER, X. ZHANG, L. ZHOU, T. H. BESTOR and X. CHENG 

(2001): 

Structure of human DNMT2, an enigmatic DNA methyltransferase homolog that 

displays denaturant-resistant binding to DNA. 

Nucleic Acids Res. 29, 439-448 

 

DREWELL, R. A., J. D. BRENTON, J. F. X. AINSCOUGH, S. C. BARTON, K. J. 

HILTON, K. L. ARNEY, L. DANDOLO and M. A. SURANI (2000): 

Deletion of a silencer element disrupts H19 imprinting independently of a DNA 

methylation epigenetic switch. 

Development 127, 3419-3428 

 

DREWELL, R. A., K. L. ARNEY, T. ARIMA, S. C. BARTON, J. D. BRENTON, M. A. 

SURANI (2002): 

Novel conserved elements upstream of the H19 gene are transcribed and act as 

mesodermal enhancers. 

Development 129, 1205-1213 

 

DUNCAN, B. K., and J. H. MILLER (1980): 

Mutagenic deamination of cytosine residues in DNA. 

Nature 287, 560-561 

 



References 

 141

ECKERT, J., and H. NIEMANN (1995): 

In vitro maturation, fertilization and culture to blastocysts of bovine oocytes in protein-

free media. 

Theriogenology 43, 1211-1225 

 

ECKERT, J., and H. NIEMANN (1998): 

mRNA expression of leukemia inhibitory factor (LIF) and its receptor subunits 

glycoprotein 130 (gp130) and LIF-receptor B (LIF-B) in bovine embryos derived in 

vitro or in vivo. 

Mol. Hum. Reprod. 4, 957-965 

 

EDEN, S., M. CONSTANCIA, T. HASHIMSHONY, W. DEAN, B. GOLDSTEIN, A. C. 

JOHNSON, I. KESHET, W. REIK and H. CEDAR (2001): 

An upstream repressor element plays a role in Igf2 imprinting. 

EMBO J. 20, 3518-3525 

 

EFSTRATIADIS, A. (1998): 

Genetics of mouse growth. 

Int. J. Dev. Biol. 42, 955-976 

 

EGGAN, K., H. AKUTSU, J. LORING, L. JACKSON-GRUSBY, M. KLEMM, W. M 

RIDEOUT 3rd, R. YANAGIMACHI and R. JAENISCH (2001): 

Hybrid vigor, fetal overgrowth, and viability of mice derived by nuclear cloning and 

tetraploid embryo complementation. 

Proc. Natl. Acad. Sci. USA 98, 6209-6214 

 

ELBASHIR, S. M., W. LENDECKEL and T. TUSCHL (2001): 

RNA interference is mediated by 21- and 22-nucleotide RNAs. 

Genes Dev. 15, 188-200 

 

 

 

 

 



References 

 142

EL-MAARRI, O., K. BUITING, E. G. PEERY, P. M. KROISEL, B. BALABAN, K. 

WAGNER, B. URMAN, J. HEYD, C. LICH, C. I. BRANNAN, J. WALTER and B. 

HORSTHEMKE (2001): 

Maternal methylation imprints on human chromosome 15 are established during or 

after fertilization. 

Nat. Genet. 27, 341-344 

 

ENGEMANN, S., M. STRODICKE, M. PAULSEN, O. FRANCK, R. REINHARDT, N. 

LANE, W. REIK and J. WALTER (2000): 

Sequence and functional comparison in the Beckwith-Wiedemann region: 

implications for a novel imprinting center and extended imprinting. 

Hum. Mol. Genet. 9, 2691-2706 

 

ERLANSON, D., L. DHEN and G. L. VERDINE (1993): 

Enzymatic DNA methylation through a locally unpaired intermediate. 

J. Am. Chem. Soc. 115, 12583-12584 

 

FATEMI, M., A. HERMANN, S. PRADHAN and A. JELTSCH (2001): 

The activity of the murine DNA methyltransferase Dnmt1 is controlled by interaction 

of the catalytic domain with the N-terminal part of the enzyme leading to an allosteric 

activation of the enzyme after binding to methylated DNA. 

J. Mol. Biol. 309, 1189-1199 

 

FEDORIW, A. M., P. STEIN, P. SVOBODA, R. M. SCHULTZ and M. S. 

BARTOLOMEI (2004): 

Transgenic RNAi reveals essential function for CTCF in H19 gene imprinting. 

Science 303, 238-240 

 

FEIL, R., J. WALTER, N. D. ALLEN and W. REIK (1994): 

Developmental control of allelic methylation in the imprinted mouse Igf2 and H19 

genes. 

Development 120, 2933-2943 

 

 



References 

 143

FEIL, R., S. KHOSLA, P. CAPPAI and P. LOI (1998): 

Genomic imprinting in ruminants: allele-specific gene expression in parthenogenetic 

sheep. 

Mamm. Genome 9, 831-834 

 

FENG, Q., H. WANG, H. H. NG, H. ERDJUMENT-BROMAGE, P. TEMPST, K. 

STRUHL and Y. ZHANG (2002): 

Methylation of H3-lysine 79 is mediated by a new family of HMTases without a SET 

domain. 

Curr. Biol. 12, 1052-1058 

 

FERGUSON-SMITH, A. C., B. M. CATTANACH, S. C. BARTON, C. V. BEECHEY 

and M. A. SURANI (1991): 

Embryological and molecular investigations of parental imprinting on mouse 

chromosome 7. 

Nature 351, 667-670 

 

FERGUSON-SMITH, A. C., H. SASAKI, B. M. CATTANACH, M. A. SURANI (1993): 

Parental-origin-specific epigenetic modification of the mouse H19 gene. 

Nature 362, 751-755 

 

FIRE, A., S. XU, M. K. MONTGOMERY, S. A. KOSTAS, S. E. DRIVER and C. C. 

MELLO (1998): 

Potent and specific genetic interference by double-stranded RNA in Caenorhabditis 

elegans. 

Nature 391, 806-811 

 

FRANK, D., I. KESHET, M. SHANI, A. LEVINE, A. RAZIN and H. CEDAR (1991): 

Demethylation of CpG islands in embryonic cells. 

Nature 351, 239-241 

 

FRENSTER, J. H., V. G. ALLFREY and A. E. MIRSKY (1963): 

Repressed and active chromatin isolated from interphase lymphocytes. 

Proc. Natl. Acad. Sci. USA 50, 1026-1032 



References 

 144

GARDINER-GARDEN, M., and M. FROMMER (1987): 

CpG islands in vertebrate genomes. 

J. Mol Biol. 196, 261-282 

 

GOWHER, H., and A. JELTSCH (2002): 

Molecular enzymology of the catalytic domains of the Dnmt3a and Dnmt3b DNA 

methyltransferases. 

J. Biol. Chem. 277, 20409-20414 

 

GUILLEMOT, F., T. CASPARY, S. M. TILGHMAN, N. G. COPELAND, D. J. 

GILBERT, N. A. JENKINS, D. J. ANDERSON, A. L. JOYNER, J. ROSSANT and A. 

NAGY (1995): 

Genomic imprinting of Mash2, a mouse gene required for trophoblast development. 

Nat. Genet.9, 235-242 

 

GUTIERREZ-ADAN, A., D. RIZOS, T. FAIR, P. N. MOREIRA, B. Pintado, J. DE LA 

FUENTE, M. P. BOLAND and P. LONERGAN (2004): 

Effect of speed of development on mRNA expression pattern in early bovine embryos 

cultured in vivo or in vitro. 

Mol. Reprod. Dev. 68, 441-448 

 

HAGEMANN, L. J., A. J. PETERSON, L. L. WEILERT; R. S. LEE and H. R. TERVIT 

(1998): 

In vitro and early in vivo development of sheep gynogenones and putative 

androgenones. 

Mol. Reprod. Dev. 50, 154-162 

 

HAJKOVA, P., S. ERHARDT, N. LANE, T. HAAF, O. EL-MAARRI, W. REIK, J. 

WALTER and M. A. SURANI (2002a): 

Epigenetic reprogramming in mouse primordial germ cells. 

Mech. Dev. 117, 15-23 

 

 

 



References 

 145

HAJKOVA, P., O. EL-MAARRI, S. ENGEMANN, J. OSWALD, A. OLEK and J. 

WALTER (2002b): 

DNA-methylation analysis by the bisulfite-assisted genomic sequencing method. 

Methods Mol. Biol. 200, 143-154 

 

HAMMOND, S. M., E. BERNSTEIN, D. BEACH and G. J. HANNON (2000): 

An RNA-directed nuclease mediates post-transcriptional gene silencing in Drosophila 

cells. 

Nature 404, 293-296 

 

HAMMOND, S. M., A. A. CAUDY and G. J. HANNON (2001): 

Post-transcriptional gene silencing by double-stranded RNA. 

Nat. Rev. Genet. 2, 110-119 

 

HAN, V. K., N. BASSETT, J. WALTON and J. R. CHALLIS (1996): 

The expression of insulin-like growth factor (IGF) and IGF-binding protein (IGFBP) 

genes in the human placenta and membranes: evidence for IGF-IGFBP interactions 

at the feto-maternal interface. 

J. Clin. Endocrinol. Metab. 81, 2680-2693 

 

HAN, L., I. G. LIN and C. L. HSIEH (2001): 

Protein binding protects sites on stable episomes and in the chromosome from de 

novo methylation. 

Mol. Cell Biol. 21, 3416-3424 

 

HAN, D. W., S. J. SONG, S. J. UHUM, J. T. DO, N. H. KIM, K. S. CHUNG and H. T. 

LEE (2003): 

Expression of IGF2 and IGF receptor mRNA in bovine nuclear transferred embryos. 

Zygote 11, 245-252 

 

 

 

 

 



References 

 146

HARK, A. T., C. J. SCHOENHERR, D. J. KATZ, R. S. INGRAM, J. M. LEVORSE and 

S. M. TILGHMAN (2000): 

CTCF mediates methylation-sensitive enhancer-blocking activity at the H19/Igf2 

locus. 

Nature 405, 486-489 

 

HATA, K., M. OKANO, H. LEI and E. Li (2002): 

Dnmt3L cooperates with the Dnmt3 family of de novo DNA methyltransferases to 

establish maternal imprints in mice. 

Development 129, 1983-1993 

 

HATTORI, N., K. NISHINO, Y. G. KO, N. HATTORI, J. OHGANE, S. TANAKA and K. 

SHIOTA (2004): 

Epigenetic control of mouse Oct-4 gene expression in embryonic stem cells and 

trophoblast stem cells. 

J. Biol. Chem. 279, 17063-17069 

 

HECHT, N. B. (1990): 

Regulation of 'haploid expressed genes' in male germ cells. 

J. Reprod. Fertil. 88, 679-93 

 

HENIKOFF, S. (1990): 

Position-effect variegation after 60 years. 

Trends Genet. 6, 422-426 

 

HIENDLEDER, S., C. MUND, H. D. REICHENBACH, H. WENIGERKIND, G. BREM, 

V. ZAKHARTCHENKO, F. LYKO and E. WOLF (2004): 

Tissue-specific elevated genomic cytosine methylation levels are associated with an 

overgrowth phenotype of bovine fetuses derived by in vitro techniques. 

Biol. Reprod. 71, 217-223 

 

HOGAN, B., R. BEDDINGTON, F. CONSTANTINI and E. LACY (1994): 

Manipulating the mouse embryo: a laboratory manual. 

Cold Spring Harbor Laboratory Press, Cold Spring Harbor 



References 

 147

HOLM, P., P. J. BOOTH, M. H. SCHMIDT, T. GREVE and H. CALLESEN (1999): 

High bovine blastocyst development in a static in vitro production system using 

SOFaa medium supplemented with sodium citrate and myo-inositol with or without 

serum-proteins. 

Theriogenology 52, 683-700 

 

HOLTHUIZEN, P., F. M. VAN DER LEE, K. IKEJIRI, M. YAMAMOTO and J. S. 

SUSSENBACH (1990): 

Identification and initial characterization of a fourth leader exon and promoter of the 

human IGF-II gene. 

Biochim. Biophys. Acta 1087, 341-343 

 

HOPPE, M. (1995): 

Experimentelle Untersuchungen zur Eingrenzung der superovulatorischen Variabilität 

beim Rind mittels ultrasonographischer Bestimmung des optimalen Zeitpunktes der 

Superovulationsinduktion sowie durch chronische GnRH-a-Zufuhr (Buserelin). 

Hannover, Tierärztliche Hochschule; Diss. 

 

HOWELL, C. Y., T. H. BESTOR, F. DING, K. E. LATHAM, C. MERTINEIT, J. M. 

TRASLER and J. R. CHAILLET (2001): 

Genomic imprinting disrupted by a maternal effect mutation in the Dnmt1 gene. 

Cell 104, 829-838 

 

HOWLETT, S. K., and W. REIK (1991): 

Methylation levels of maternal and paternal genomes during preimplantation 

development. 

Development 113, 119-127 

 

HUMPHERYS, D., K. EGGAN, H. AKUTSU, K. HOCHEDLINGER, W. M RIDEOUT 

III, D. BINISZKIEWICZ, R. YANAGIMACHI and R. JAENISCH (2001): 

Epigenetic instability in ES cells and cloned mice. 

Science 293, 95-97 

 

 



References 

 148

HURST, L. D., G. McVEAN and T. MOORE (1996): 

Imprinted genes have few and small introns. 

Nat. Genet. 12, 234-237 

 

IKEJIRI, K., H. ENDO and M. YAMAMOTO (1990): 

Structural dissimilarity in insulin-like growth factor II genes of the rat and the human. 

Biochem. Int. 21, 967-975 

 

JAENISCH, R. (1997): 

DNA methylation and imprinting: why bother? 

Trends Genet. 13, 323-329 

 

JANKE, A., X. XU and U. ARNASON (1997): 

The complete mitochondrial genome of the wallaroo (Macropus robustus) and the 

phylogenetic relationship among Monotremata, Marsupialia, and Eutheria. 

Proc. Natl. Acad. Sci. USA 94, 1276-1281 

 

JASKELIOFF, M., and C. L. PETERSON (2003): 

Chromatin and transcription: histones continue to make their marks. 

Nat. Cell Biol. 5, 395-399 

 

JENUWEIN, T., and C. D. ALLIS (2001): 

Translating the histone code. 

Science 293, 1074-1080 

 

JINNO, Y., K. YUN, K. NISHIWAKI, T. KUBOTA, O. OGAWA, A. E. REEVE and N. 

NIIKAWA (1994): 

Mosaic and polymorphic imprinting of the WT1 gene in humans. 

Nat. Genet. 6, 305-309 

 

JOHN, R. M., and M. A. SURANI (1996): 

Imprinted genes and regulation of gene expression by epigenetic inheritance. 

Curr. Opin. Cell Biol. 8, 348-353 

 



References 

 149

JONES, P. A. (1996): 

DNA methylation errors and cancer. 

Cancer Res. 56, 2463-2467 

 

JONES. P. A. (1999): 

The DNA methylation paradox. 

Trends Genet. 15, 34-37 

 

KAFFER, C. R., M. SRIVASTAVA, K. Y. PARK, E. IVES, S. HSIEH, J. BATLLE, A. 

GRINBERG, S. P. HUANG and K. PFEIFER (2000): 

A transcriptional insulator at the imprinted H19/Igf2 locus. 

Genes Dev. 14, 1908-1919 

 

KAFRI, T., M. ARIEL, M. BRANDEIS, R. SHEMER, L. URVEN, J. McCARREY, H. 

CEDAR and A. RAZIN (1992): 

Developmental pattern of gene-specific DNA methylation in the mouse embryo and 

germ line. 

Genes Dev. 6, 705-714 

 

KAGEYAMA, R., and I. PASTAN (1989): 

Molecular cloning and characterization of a human DNA binding factor that represses 

transcription. 

Cell 59, 815-825 

 

KANDURI, C., V. PANT, D. LOUKINOV, E. PUGACHEVA, C. F. QI, A. WOLFFE, R. 

OHLSSON and V. V. LOBANENKOV (2000): 

Functional association of CTCF with the insulator upstream of the H19 gene is parent 

of origin-specific and methylation-sensitive. 

Curr. Biol. 10, 853-856 

 

 

 

 

 



References 

 150

KANEDA, M., M. OKANO, K. HATA, T. SADO, N. TSUJIMOTO, E. LI and H. SASAKI 

(2004): 

Essential role for de novo DNA methyltransferase Dnmt3a in paternal and maternal 

imprinting. 

Nature 429, 900-903 

 

KANEKO-ISHINO, T., Y. KUROIWA, N. MIYOSHI, T. KOHDA, R. SUZUKI, M. 

YOKOYOMA, S. VIVILLE, S. C. BARTON, F. ISHINO and M. A. SURANI (1995): 

Peg1/Mest imprinted gene on chromosome 6 identified by cDNA subtraction 

hybridization. 

Nat. Genet. 11, 52-59 

 

KANG, Y. K., D. B. KOO, J. S. PARK, Y. H. CHOI, A. S. CHUNG, K. K. LEE and Y. 

M. HAN (2001a): 

Aberrant methylation of donor genome in cloned bovine embryos. 

Nat. Genet. 28, 173-177 

 

KANG, Y. K., D. B. KOO, J. S. PARK, Y. H. CHOI, K. K. LEE and Y. M. HAN (2001b): 

Influence of oocyte nuclei on demethylation of donor genome in cloned bovine 

embryos. 

FEBS Letters 499, 55-58 

 

KANG, Y. K., J. S. PARK, D. B. KOO, Y. H. CHOI, S. U. KIM; K. K. LEE and Y. M. 

HAN (2002): 

Limited demethylation leaves mosaic-type methylation states in cloned bovine pre-

implantation embryos. 

EMBO J. 21, 1092-1100 

 

KANG, Y. K., S. YEO, S. H. KIM, D. B. KOO, J. S. PARK, G. WEE, J. S. HAN, K. B. 

OH, K. K. LEE and Y. M. HAN (2003): 

Precise recapitulation of methylation change in early cloned embryos. 

Mol. Reprod. Dev. 66, 32-37 

 

 



References 

 151

KASSABOV, S. R., B. ZHANG, J. PERSINGER and B. BARTHOLOMEW (2003): 

SWI/SNF unwraps, slides, and rewraps the nucleosome. 

Mol. Cell. 11, 391-403 

 

KATO, Y., T. TANI, Y. SOTOMARU, K. KUROKAWA, J. KATO, H. DOGUCHI, H. 

YASUE and Y. TSUNODA (1998): 

Eight calves cloned from somatic cells of a single adult. 

Science 282, 2095-2098 

 

KATO, Y., W. M. RIDEOUT 3rd, K. HILTON, S. C. BARTON, Y. TSUNODA and M. A. 

SURANI (1999): 

Developmental potential of mouse primordial germ cells. 

Development 126, 1823-1832 

 

KETTING, R. F., T. H. HAVERKAMP, H. G. VAN LUENEN and R. H. PLASTERK 

(1999): 

Mut-7 of C. elegans, required for transposon silencing and RNA interference, is a 

homolog of Werner syndrome helicase and RNaseD. 

Cell 99, 133-141 

 

KHOSLA, S., W. DEAN, D. BROWN, W. REIK and R. FEIL (2001): 

Culture of preimplantation mouse embryos affects fetal development and the 

expression of Imprinted genes. 

Biol. Reprod. 64, 918-926 

 

KILLIAN, J. K., C. M. NOLAN, A. A. WYLIE, T. LI, T. H. VU, A. R. HOFFMAN and R. 

L. JIRTLE (2001): 

Divergent evolution in M6P/IGF2R imprinting from the Jurassic to the Quaternary. 

Hum. Mol. Genet. 10, 1721-1728 

 

KIM, J., A. BERGMANN, S. LUCAS, R. STONE and L. STUBBS (2004): 

Lineage-specific imprinting and evolution of the zinc-finger gene ZIM2. 

Genomics 84, 47-58 

 



References 

 152

KING, W. A., I. CHARTRAIN, V. KOPECNY, K. J. BETTERIDGE and H. BERGERON 

(1989): 

Nucleolus organizer regions and nucleoli in mammalian embryos. 

J. Reprod. Fertil. Suppl. 38, 63-71 

 

KLADDE, M. P., and R. T. SIMPSON (1994): 

Positioned nucleosomes inhibit Dam methylation in vivo. 

Proc. Natl. Acad. Sci USA 91, 1361-1365 

 

KLADDE, M. P., M. XU and R. T. SIMPSON (1996). 

Direct study of DNA-protein interactions in repressed and active chromatin in living 

cells. 

EMBO J. 15, 6290-62300 

 

KLIMASAUSKAS, S., S. KUMAR, R. J. ROBERTS and X. CHENG (1994): 

HhaI methyltransferase flips its target base out of the DNA helix. 

Cell 76, 357-369 

 

KOIDE, T., J. AINSCOUGH, M. WIJGERDE and M. A. SURANI (1994): 

Comparative analysis of Igf2/H19 imprinted domain: identification of a highly 

conserved intergenic DNase I hypersensitive region. 

Genomics 24, 1-8 

 

KOO, D. B., Y. K. KANG, Y. H. CHOI, J. S. PARK, H. N. KIM, K. B. OH, D. S. SON, 

H. PARK, K. K. LEE and Y. M. HAN (2002): 

Aberrant allocations of inner cell mass and trophectoderm cells in bovine nuclear 

transfer blastocysts. 

Biol. Reprod. 67, 487-492 

 

KONO, T., Y. OBATA, Q. WU, K. NIWA, Y. ONO, Y. YAMAMOTO, E. S. PARK, J. S. 

SEO and H. OGAWA (2004): 

Birth of parthenogenetic mice that can develop to adulthood. 

Nature 428, 860-864 

 



References 

 153

KRUIP, T. A. M., and J. H. G. denDAAS (1997): 

In vitro produced and cloned embryos: effects on pregnancy, parturition and 

offspring. 

Theriogenology 47, 43-52 

 

KUES, W. A., M. ANGER, J. W. CARNWATH, D. PAUL, J. MOTLIK and H. 

NIEMANN (2000): 

Cell cycle synchronization of porcine fetal fibroblasts: effects of serum deprivation 

and reversible cell cycle inhibitors. 

Biol. Reprod. 62, 412-419 

 

KUNERT, N., J. MARHOLD, J. STANKE, D. STACH and F. LYKO (2003): 

A Dnmt2-like protein mediates DNA methylation in Drosophila. 

Development 130, 5083-5090 

 

LABUDA, D., D. SINNETT, C. RICHER, J. M. DERAGON and G. STRIKER (1991): 

Evolution of mouse B1 repeats: 7SL RNA folding pattern conserved. 

J. Mol. Evol. 32, 405-414 

 

LACHNER, M., D. O'CARROLL, S. REA, K. MECHTLER and T. JENUWEIN (2001): 

Methylation of histone H3 lysine 9 creates a binding site for HP1 proteins. 

Nature 410, 116-120 

 

LACHNER, M., and T. JENUWEIN (2002): 

The many faces of histone lysine methylation. 

Curr. Opin. Cell Biol. 14, 286-298 

 

LACHNER, M., R. J. O'SULLIVAN and T. JENUWEIN (2003): 

An epigenetic road map for histone lysine modification. 

J. Cell Sci. 116, 2117-2124 

 

 

 

 



References 

 154

LACOSTE, N., R. T. UTLEY, J. M. HUNTER, G. G. POIRIER and J. COTE (2002): 

Disruptor of telomeric silencing-1 is a chromatin-specific histone H3 

methyltransferase. 

J. Biol. Chem. 277, 30421-30424 

 

LAGUTINA, I., G. LAZZARI, R. DUCHI and C. GALLI (2004): 

Developmental potential of bovine androgenetic and parthenogenetic embryos: A 

comparative study. 

Biol. Reprod. 70, 400-405 

 

LARSEN, F., G. GUNDERSEN and H. PRYDZ (1992): 

Choice of enzymes for mapping based on CpG islands in the human genome. 

Genet. Anal. Tech. Appl. 9, 80-85 

 

LAUSTER, R., T. A. TRAUTNER and M. NOYER-WEIDNER (1989): 

Cytosine-specific type II DNA methyltransferases. A conserved enzyme core with 

variable target-recognizing domains. 

J. Mol. Biol. 206, 305-312 

 

LAVOIR, M. C., P. K. BASRUR and K. J. BETTERIDGE (1994): 

Isolation and identification of germ cells from fetal bovine ovaries. 

Mol. Reprod. Dev 37, 413-424 

 

LAZZARI, G., C. WRENZYCKI, D. HERRMANN, R. DUCHI, T. KRUIP, H. NIEMANN 

and C. GALLI (2002): 

Cellular and molecular deviations in bovine in vitro-produced embryos are related to 

the Large Offspring Syndrome. 

Biol. Reprod. 67, 767-775 

 

LEE, J., K. INOUE, R. ONO, N. OGONUKI, T. KOHDA, T. KANEKO-ISHINO, A. 

OGURA and F. ISHINO (2002): 

Erasing genomic imprinting memory in mouse clone embryos produced from day 

11.5 primordial germ cells. 

Development 129, 1807-1817 



References 

 155

LEI, H., S. P. OH, M. OKANO, R. JUTTERMANN, K. A. GOSS, R. JAENISCH and E. 

LI (1996): 

De novo DNA cytosine methyltransferase activities in mouse embryonic stem cells. 

Development 122, 3195-3205 

 

LEIGHTON, P. A., J. R. SAAM, R. S. INGRAM, C. L. STEWART and S. M. 

TILGHMAN (1995a): 

An enhancer deletion affects both H19 and Igf2 expression. 

Genes Dev. 9, 2079-2089 

 

LEIGHTON, P. A., R. S. INGRAM, J. EGGENSCHWILER, A. EFSTRATIADIS and S. 

M. TILGHMAN (1995b): 

Disruption of imprinting caused by deletion of the H19 gene region in mice. 

Nature 375, 34-39 

 

LEWIN, B. (1998): 

Molekularbiologie der Gene. 

Spektrum Akademischer Verlag GmbH Heidelberg, Berlin p. 652 

 

LI, E., T. H. BESTOR and R. JAENISCH (1992): 

Targeted mutation of the DNA methyltransferase gene results in embryonic lethality. 

Cell 69, 915-926 

 

LI, E., C. BEARD and R. JAENISCH (1993): 

Role for DNA methylation in genomic imprinting. 

Nature 366, 362-365 

 

LI, E. (2002): 

Chromatin modification and epigenetic reprogramming in mammalian development. 

Nat. Rev. Genet. 3, 662-673 

 

 

 

 



References 

 156

LIU, H. C., Z. Y. HE; C. A. MELE, L. L. VEECK, O. K. DAVIS and Z. ROSENWAKS 

(1997): 

Expression of IGFs and their receptors is a potential marker for embryo quality. 

Am. J. Reprod. Immunol. 38, 237-245 

 

LOBEL, P., N. M. DAHMS and S. KORNFELD (1988): 

Cloning and sequence analysis of the cation-independent mannose 6-phosphate 

receptor. 

J. Biol. Chem. 263, 2563-2570 

 

LOI, P., S. LEDDA, J. FULKA, P. CAPPAI and R. M. MOORE (1998): 

Development of parthenogenetic and cloned ovine embryos: effect of activation 

protocols. 

Biol. Reprod. 58, 1177-1187 

 

LONERGAN, P. (1994): 

Growth of preimplantation bovine embryos. 

Acta Vet. Scand. 35, 307-320 

 

LONERGAN, P., D. RIZOS, A. GUTIERREZ-ADAN, P. M. MOREIRA, B. PINTADO, 

J. DE LA FUENTE and M. P. BOLAND (2003): 

Temporal divergence in the pattern of messenger RNA expression in bovine embryos 

cultured from the zygote to blastocyst stage in vitro or in vivo. 

Biol. Reprod. 69, 1424-1431 

 

LOPES, S., A. LEWIS, P. HAJKOVA, W. DEAN, J. OSWALD, T. FORNE, A. 

MURRELL, M. CONSTANCIA, M. BARTOLOMEI, J. WALTER and W. REIK (2003): 

Epigenetic modifications in an imprinting cluster are controlled by a hierarchy of 

DMRs suggesting long-range chromatin interactions. 

Hum. Mol. Genet. 12, 295-305 

 

 

 

 



References 

 157

LUCAS-HAHN, A., E. LEMME, K. G. HADELER, H. G. SANDER and H. NIEMANN 

(2002): 

The source of fibroblast affect in vivo development of cloned bovine embryos. 

Theriogenology 57, 433 (Abst.) 

 

LUGER, K., A. W. MADER, R. K. RICHMOND, D. F. SARGENT and T. J. 

RICHMOND (1997): 

Crystal structure of the nucleosome core particle at 2.8 A resolution. 

Nature 389, 251-260 

 

LYKO, F. (2001): 

DNA methylation learns to fly. 

Trends Genet. 17, 169-172 

 

MACLEOD, D., J. CHARLTON, J. MULLINS and A. P. BIRD (1994): 

Sp1 sites in the mouse aprt gene promoter are required to prevent methylation of the 

CpG island. 

Genes Dev. 8, 2282-2292 

 

MANN, M. R. W., Y. G. CHUNG, L. D. NOLEN, R. I. VERONA, K. E. LATHAM and 

M. S. BARTOLOMEI (2003): 

Disruption of Imprinted Gene Methylation and Expression in Cloned Preimplantation 

Stage Mouse Embryos. 

Biol. Reprod. 69, 902-914 

 

MARGOT, J. B., A. M. AGUIRRE-ARTETA, B. V. DI GIACCO, S. PRADHAN, R. J. 

ROBERTS, M. C. CARDOSO and H. LEONHARDT (2000): 

Structure and function of the mouse DNA methyltransferase gene: Dnmt1 shows a 

Tri-partite structure. 

J. Mol. Biol. 297, 293-300 

 

 

 

 



References 

 158

MARGOT; J. B., A. E. EHRENHOFER-MURRAY and H. LEONHARDT (2003): 

Interactions within the mammalian DNA methyltransferase family. 

BMC Molecular Biology 4, www.biomedcentral.com/1471-2199/4/7 

 

MATZKE, M. A., M. F. METTE and A. J. M. MATZKE (2000): 

Transgene silencing by the host genome defense: Implications for the evolution of 

epigenetic control mechanisms in plants and vertebrates. 

Plant Mol. Biol. 43, 401-415 

 

MATZKE, M., A. J. M. MATZKE and J. M. KOOTER (2001): 

RNA: Guiding gene silencing. 

Science 293, 1080-1083 

 

McGRATH, J., and D. SOLTER (1984a): 

Completion of mouse embryogenesis requires both the maternal and paternal 

genomes. 

Cell 37, 179-183 

 

McGRATH, J., and D. SOLTER (1984b): 

Inability of mouse blastomeres nuclei transferred to enucleated zygotes to support 

development in vitro. 

Science 226, 1317-1319 

 

McLAREN, R. J., and G. W. MONTGOMERY (1999): 

Genomic imprinting of the insulin-like growth factor 2 gene in sheep. 

Mamm. Genome 10, 588-591 

 

MAYER, W., A. NIVELEAU, J. WALTER, R. FUNDELE and T. HAAF (2000): 

Demethylation of the zygotic paternal genome. 

Nature 403, 501-502 

 

 

 

 



References 

 159

MERTINEIT, C., J. A. YODER, T. TAKEDO, D. LAIRD, J. TRASLER and T. H. 

BESTOR (1998): 

Sex-specific exons control DNA methyltransferase in mammalian germ cells. 

Development 125, 889-897 

 

MI, S., and R. J. ROBERTS (1993): 

The DNA binding affinity of HhaI methylase is increased by a single amino acid 

substitution in the catalytic center. 

Nucleic Acids Res. 21, 2459-2464 

 

MINEO, R., E. FICHERA, S. J. LIANG and Y. FUJITA-YAMAGUCHI (2000): 

Promoter usage for Insulin-like Growth Factor-II in cancerous and benign human 

breast, prostate, and bladder tissues, and confirmation of a 10th exon. 

Biochem. Biophys. Res. Com. 268, 886-892 

 

MIZUGUCHI, G., X. SHEN, J. LANDRY, W. H. WU, S. SEN and C. WU (2004): 

ATP-driven exchange of histone H2AZ variant catalyzed by SWR1 chromatin 

remodeling complex. 

Science 303, 343-348 

 

MONK, M., M. BOUBELIK and S. LEHNERT (1987): 

Temporal and regional changes in DNA methylation in the embryonic, 

extraembryonic and germ cell lineages during mouse embryo development. 

Development 99, 371-382 

 

MOORE, T., M. CONSTANCIA, M. ZUBAIR, B. BAILLEUL, R. FEIL, H. SASAKI and 

W. REIK (1997): 

Multiple imprinted sense and antisense transcripts, differential methylation and 

tandem repeats in a putative imprinting control region upstream of mouse Igf2. 

Proc. Natl. Acad. Sci. USA 94, 12509-12514 

 

 

 

 



References 

 160

MUMMANENI, P., P. L. BISHOP and M. S. TURKER (1993): 

A cis-acting element accounts for a conserved methylation pattern upstream of the 

mouse adenine phosphoribosyltransferase gene. 

J. Biol. Chem. 268, 552-558 

 

MURRELL, A., S. HEESON, L. BOWDEN, M. CONSTANCIA, W. DEAN, G. KELSEY 

and W. REIK (2001): 

An intragenic methylated region in the imprinted Igf2 gene augments transcription. 

EMBO reports 2, 1101-1106 

 

NAKAYAMA, J., J. C. RICE, B. D. STRAHL, C. D. ALLIS and S. I. GREWAL (2001): 

Role of histone H3 lysine 9 methylation in epigenetic control of heterochromatin 

assembly. 

Science 292, 110-113 

 

NARLIKAR, G. J., H. Y. FAN and R. E. KINGSTON (2002): 

Cooperation between complexes that regulate chromatin structure and transcription. 

Cell 108, 475-487 

 

NEUMANN, B., P. KUBICKA and D. P. BARLOW (1995): 

Characteristics of imprinted genes. 

Nat. Genet. 9, 451 

 

NIEMANN, H., and B. MEINECKE (1993): 

Embryotransfer und assoziierte Biotechniken bei landwirtschaftlichen Nutztieren. 

Ferdinand Enke Verlag 1993 

 

NIEMANN, H., and C. WRENZYCKI (2000): 

Alteration of expression of developmentally important genes in preimplantation 

bovine embryos by in vitro culture conditions: Implications for subsequent 

development. 

Theriogenology 53, 21-34 

 



References 

 161

NIEMANN, H., C. WRENZYCKI, A. LUCAS-HAHN, T. BRAMBRINK, W. A. KUES 

and J. W. CARNWATH (2002): 

Gene expression patterns in bovine in vitro-produced and nuclear transfer-derived 

embryos and their implications for early development. 

Cloning Stem Cells 4, 29-38 

 

NISHIOKA, K., S. CHUIKOV, K. SARMA, H. ERDJUMENT-BROMAGE, C. D. ALLIS, 

P. TEMPST and D. REINBERG (2002): 

Set9, a novel histone H3 methyltransferase that facilitates transcription by precluding 

histone tail modifications required for heterochromatin formation. 

Genes Dev. 16, 479-489 

 

NISHITA, Y., I. YOSHIDA, T. SADO and N. TAKAGI (1996): 

Genomic imprinting and chromosomal localization of the human MEST gene. 

Genomics 36, 539-542 

 

OBATA, Y., T. KANEKO-ISHINO, T. KOIDE, Y. TAKAI, T. UEDA, I. DOMEKI, T. 

SHIROISHI, F. ISHINO and T. KONO (1998): 

Disruption of primary imprinting during oocyte growth leads to the modified 

expression of imprinted genes during embryogenesis. 

Development 125, 1553-1560 

 

OHGANE, J., T. WAKAYAMA, S. SENDA, Y. YAMAZAKI, K. INOUE, A. OGURA, J. 

MARH, S. TANAKA, R. YANAGIMACHI and K. SHIOTA (2004): 

The Sall3 locus is an epigenetic hotspot of aberrant DNA methylation associated with 

placentomegaly of cloned mice. 

Genes to Cells 9, 253-260 

 

OGAWA, O., M. R. ECCLES, J. SZETO, L. A. McNOE, K. YUN, M. A. MAW, P. J. 

SMITH and A. E. REEVE (1993):  

Relaxation of insulin-like growth factor II gene imprinting implicated in Wilms' tumour. 

Nature 362, 749-751 

 

 



References 

 162

OHLSEN, S. M., K. A. LUGENBEEL and E. A. WONG (1994): 

Characterization of the linked ovine Insulin and Insulin-Like Growth Factor-II genes. 

DNA Cell Biol. 13, 377-388 

 

OHLSSON, R., A. NYSTROEM, S. PFEIFER-OHLSSON, V. TOEHOENEN, F. 

HEDBORG, P. SCHOFIELD, F. FLAM and T. J. EKSTROEM (1993): 

IGF2 is parentally imprinted during human embryogenesis and in the Beckwith-

Wiedemann syndrome. 

Nat. Genet. 4, 94-97 

 

OKANO, M., S. XIE and E. LI (1998): 

Cloning and characterization of a family of novel mammalian DNA (cytosine-5) 

methyltransferases. 

Nat. Genet. 19, 219-220 

 

OKANO, M., S. XIE and E. LI (1998): 

Dnmt2 is not required for de novo and maintenance methylation of viral DNA in 

embryonic stem cells. 

Nucleic Acids Res. 26, 2536-2540 

 

OKANO, M., D. W. BELL, D. A. HABER and E. LI (1999): 

DNA methyltransferases Dnmt3a and Dnmt3b are essential for de novo methylation 

and mammalian development. 

Cell 99, 247-257 

 

OLEK, A., and J. Walter (1997): 

The pre-implantation ontogeny of the H19 methylation imprint. 

Nat. Genet. 17, 275-276 

 

ONYANGO, P., S. JIANG, H. UEJIMA, M. J. SHAMBLOTT, J. D. GEARHART, H. 

GUI and A. P. FEINBERG (2002): 

Monoallelic expression and methylation of imprinted genes in human and mouse 

embryonic germ cell lineages. 

Proc. Natl. Acad. Sci. USA 99, 10599-10604 



References 

 163

OROPEZA, A., C. WRENZYCKI, D. HERRMANN, K. G. HADELER and H. NIEMANN 

(2004): 

Improvement of the developmental capacity of oocytes from prepubertal cattle by 

intraovarian insulin-like growth factor-I application. 

Biol. Reprod. 70, 1634-1643 

 

OROPEZA DELGADO, A. J. (2004): 

Improvement of the developmental capacity of oocytes from prepubertal cattle by 

intraovarian IGF-I application. 

Hannover, Tierärztliche Hochschule; Diss. 

 

OSWALD, J., S. ENGEMANN, N. LANE, W. MAYER, A. OLEK, R. FUNDELE, W. 

DEAN, W. REIK and J. WALTER (2000): 

Active demethylation of the paternal genome in the mouse zygote. 

Curr. Biol. 10, 475-478 

 

PAIK, W. K., and S. KIM (1971): 

Protein methylation. 

Science 174, 114-119 

 

PARDUE, M. L., and W. HENNIG (1990): 

Heterochromatin: junk or collectors item? 

Chromosoma 100, 3-7 

 

PARRISH, J. J., J. L. SUSKO-PARRISH, M. L. LEIBFRIED-RUDLEDGE, E. S. 

CRITSER, W. H. EYESTONE and N. L. FIRST (1986): 

Bovine in vitro fertilization with frozen-thawed semen. 

Theriogenology 25, 591-600 

 

PARRISH, J. J., J. L. SUSKO-PARRISH, M. A. WINER and N. L. FIRST (1988): 

Capacitation of bovine sperm by heparin. 

Biol. Reprod. 38, 1171-1180 

 



References 

 164

PAULSEN, M., K. R. DAVIES, L. M. BOWDEN, A. J. VILLAR, O. FRANCK, M. 

FUERMANN, W. L. DEAN, R. F. MOORE, N. RODRIGUES, K. E. DAVIES, R. J. HU, 

A. P. FEINBERG, E. R. MAHER, W. REIK and J. WALTER (1998): 

Syntenic organization of the mouse distal chromosome 7 imprinting cluster and the 

Beckwith-Wiedemann syndrome region in chromosome 11p15.5. 

Hum. Mol. Genet. 7, 1149-1159 

 

PAULSEN, M., O. EL-MAARRI, S. ENGEMANN, M. STRODICKE, O. FRANCK, K. 

DAVIES, R. REINHARDT, W. REIK and J. WALTER (2000): 

Sequence conservation and variability of imprinting in the Beckwith-Wiedemann 

syndrome gene cluster in human and mouse. 

Hum. Mol. Genet. 9, 1829-1841 

 

PEDERSEN, I. S., P. Dervan, A. McGOLDRICK, M. HARRISON, F. PONCHEL, V. 

SPEIRS, J. D. ISAACS, T. GOREY and A. McCANN (2002): 

Promoter switch: a novel mechanism causing biallelic PEG1/MEST expression in 

invasive breast cancer. 

Hum. Mol. Genet. 11, 1449-1453 

 

PENNY, D., and M. HASEGAWA (1997): 

Molecular systematics. The platypus put in its place. 

Nature 387, 549-559 

 

PLASTERK, R. H., and R. F. KETTING (2000): 

The silence of the genes. 

Curr. Opin. Genet. Dev. 10, 562-567 

 

POSFAI, J., A. S. BHAGWAT, G. POSFAI and R. J. ROBERTS (1989): 

Predictive motifs derived from cytosine methyltransferases. 

Nucleic Acids Res. 17, 2421-2435 

 

 

 

 



References 

 165

PRADHAN, S., A. BACOLLA, R. D. WELLS and R. J. ROBERTS (1999): 

Recombinant human DNA (cytosine-5) methyltransferase. I. Expression, purification, 

and comparison of de novo and maintenance methylation. 

J. Biol. Chem. 274, 33002-33010 

 

RACHMILEWITZ, J., R. GOSHEN, I. ARIEL, T. SCHNEIDER, N. DE GROOT and A. 

HOCHBERG (1992): 

Parental imprinting of the human H19 gene. 

FEBS Lett. 309, 25-28 

 

RAINIER, S., L. A. JOHNSON, C. J. DOBRY, A. J. PING, P. E. GRUNDY and A. P. 

FEINBERG (1993): 

Relaxation of imprinted genes in human cancer. 

Nature 362, 747-749 

 

RAZIN, A., and H. CEDAR (1994): 

DNA methylation and genomic imprinting. 

Cell 77, 473-476 

 

RAZIN, A. (1998): 

CpG methylation, chromatin structure and gene silencing – a three-way connection. 

EMBO J. 17, 4905-4908 

 

REA, S., F. EISENHABER, D. O'CARROLL, B. D. STRAHL, Z. W. SUN, M. SCHMID, 

S. OPRAVIL, K. MECHTLER, C. P. PONTING, C. D. ALLIS and T. JENUWEIN 

(2000): 

Regulation of chromatin structure by site-specific histone H3 methyltransferases. 

Nature 406, 593-599 

 

REED, A. L., H. YAMAZAKI, J. D. KAUFMAN, Y. RUBINSTEIN, B. MURPHY and A. 

C. JOHNSON (1998): 

Molecular cloning and characterization of a transcription regulator with homology to 

GC-binding factor. 

J. Biol. Chem. 273, 21594-21602 



References 

 166

REESE, M. G. (2001): 

Application of a time-delay neural network to promoter annotation in the Drosophila 

melanogaster genome. 

Comput. Chem. 26, 51-56 

 

REIK, W., A. COLLICK, M. L. NORRIS, S. C. BARTON and M. A. SURANI (1987): 

Genomic imprinting determines methylation of parental alleles in transgenic mice. 

Nature 328, 248-251 

 

REIK, W., K. W. BROWN, R. E. SLATTER, P. SARTORI, M. ELLIOTT and E. R. 

MAHER (1994): 

Allelic methylation of H19 and IGF2 in the Beckwith-Wiedemann syndrome. 

Hum. Mol. Genet. 3, 1297-12301 

 

REIK, W., W. DEAN and J. WALTER (2001): 

Epigenetic reprogramming in mammalian development. 

Science 293, 1089-1093 

 

REIK, W., and J. WALTER (2001a): 

Evolution of imprinting mechanisms: the battle of the sexes begins in the zygote. 

Nat. Genet. 27, 255-256 

 

REIK, W., and J. WALTER (2001b): 

Genomic imprinting: Parental influence on the genome. 

Nat. Rev. Genet. 2, 21-32 

 

REIK, W., and W. DEAN (2001): 

DNA methylation and mammalian epigenetics. 

Electrophoresis 22, 2838-2843 

 

REYNOLDS, T. S., K. R. STEVENSON and D. C. WATHES (1997): 

Pregnancy-specific alterations in the expression of the insulin-like growth factor 

system during early placental development in the ewe. 

Endocrinology 138, 886-897 



References 

 167

RIGGS, A. D., and P. A. JONES (1983): 

5-methylcytosine, gene regulation, and cancer. 

Adv. Cancer Res. 40, 1-30 

 

RIGGS, A. D. (1989): 

DNA methylation and cell memory. 

Cell. Biophys. 15, 1-13 

 

RIGGS, A. D., and G. P. PFEIFER (1992): 

X-chromosome inactivation and cell memory. 

Trends Genet. 8, 169-174 

 

ROBERT, C., S. McGRAW, L. MASSICOTTE, M. PRAVETONI, F. GANDOLFI and 

M. A. SIRARD (2002): 

Quantification of housekeeping transcript levels during the development of bovine 

preimplantation embryos. 

Biol. Reprod. 67, 1465-1472 

 

ROBERTS, R. M., T. EZASHI and P. DAS (2004): 

Trophoblast gene expression: Transcription factors in the specification of early 

trophoblast. 

Reprod. Biol. Endocrinol. 2, 47 

 

ROBERTSON, K. D., E. UZVOLGYI, G. LIANG, C. TALMADGE, J. SUMEGI, F. A. 

GONZALES and P. A. JONES (1999): 

The human DNA methyltransferases (DNMTs) 1, 3a and 3b: coordinate mRNA 

expression in normal tissues and overexpression in tumors. 

Nucleic Acids Res. 27, 2291-2298 

 

ROBERTSON, K. D. (2001): 

DNA methylation, methyltransferases, and cancer. 

Oncogene 20, 3139-3155 

 

 



References 

 168

ROTH, S. Y., J. M. DENU and C. D. ALLIS (2001): 

Histone acetyltransferases. 

Annu. Rev. Biochem. 70, 81-120 

 

ROTWEIN, P., and L. J. HALL (1990): 

Evolution of Insulin-Like Growth Factor II: Characterization of the mouse IGF-II gene 

and identification of two pseudo-exons. 

DNA Cell Biol. 9, 725-735 

 

ROUGIER, N., D. BOURC'HIS, D. M. GOMES, A. NIVELEAU, M. PLACHOT, A. 

PALDI and E. VIEGAS-PEQUIGNOT (1998): 

Chromosome methylation patterns during mammalian preimplantation development. 

Genes Dev. 12, 2108-2113 

 

RUDDOCK, N. T., K. J. WILSON, M. A. COONEY, N. A. KORFIATIS, R. T. 

TECIRLIOGLU and A. J. FRENCH (2004): 

Analysis of Imprinted mRNA Expression During Bovine Preimplantation 

Development. 

Biol. Reprod. 70, 1131-1135 

 

RÜSSE, I., and F. SINOWATZ (1991): 

Lehrbuch der Embryologie der Haustiere. 

Verlag Paul Parey, Berlin und Hamburg (ISBN 3-489-57716-7) 

 

RUSSO, V. E. A., R. A. MARTIENSSEN and A. D. RIGGS (1996): 

Epigenetic mechanisms of gene regulation. 

Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press 

 

RUTHERFORD, S. L., and S. HENIKOFF (2003): 

Quantitative epigenetics. 

Nat. Genet. 33, 6-8 

 

 

 



References 

 169

SAHA, A., J. WITTMEYER and B. R. CAIRNS (2002): 

Chromatin remodeling by RSC involves ATP-dependent DNA translocation. 

Genes Dev. 16, 2120-2134 

 

SANTI, D. V., C. E. GARRETT and P. J. BARR (1983): 

On the mechanism of inhibition of DNA-cytosine methyltransferases by cytosine 

analogs. 

Cell 33, 9-10 

 

SANTOS, F., B. HENDRICH, W. REIK and W. DEAN (2002): 

Dynamic reprogramming of DNA methylation in early mouse embryo. 

Dev. Biol. 241, 172-182 

 

SANTOS, F., V. ZAKHARTCHENKO, M. STOJKOVIC, A. PETERS, T. JENUWEIN, 

E. WOLF, W. REIK and W. DEAN (2003): 

Epigenetic marking correlates with developmental potential in cloned bovine 

preimplantation embryos. 

Curr. Biol. 13, 1116-1121 

 

SANTOS, F., and W. DEAN (2004): 

Epigenetic reprogramming during early development in mammals. 

Reproduction 127, 643-651 

 

SANTOS-ROSA, H., R. SCHNEIDER, A. J. BANNISTER, J. SHERRIFF, B. E. 

BERNSTEIN, N. C. EMRE, S. L. SCHREIBER, J. MELLOR and T. KOUZARIDES 

(2002): 

Active genes are tri-methylated at K4 histone H3. 

Nature 419, 407-411 

 

SAPIENZA, C., A. C. PETERSON, J. ROSSANT and R. BALLING (1987): 

Degree of methylation of transgenes is dependent on gamete of origin. 

Nature 328, 251-254 

 

 



References 

 170

SARA, V. R., and K. HALL (1990): 

Insulin-like growth factors and their binding proteins. 

Physiol. Rev. 70, 591-614 

 

SASAKI, H., P. A. JONES, J. R. CHAILLET, A. C. FERGUSON-SMITH, S. C. 

BARTON, W. REIK and M. A. SURANI (1992): 

Parental imprinting: potentially active chromatin of the repressed maternal allele of 

the mouse insulin-like growth factor II (Igf2) gene. 

Genes Dev. 6, 1843-1856 

 

SASAKI, H., K. SHIMOZAKI, M. ZUBAIR, N. AOKI, K. OHTA, N. HATANO, T. 

MOORE, R. FEIL, M. CONSTANCIA, W. REIK and P. ROTWEIN (1996): 

Nucleotide sequence of a 28-kb mouse genomic region comprising the imprinted Igf2 

gene. 

DNA Res. 3, 331-335 

 

SCHOENHERR, C. J., J. M. LEVORSE and S. M. TILGHMAN (2003): 

CTCF maintains differential methylation at the Igf2/H19 locus. 

Nat. Genet. 33, 66-69 

 

SELIG, S., K. OKUMURA, D. C. WARD and H. CEDAR (1992): 

Delineation of DNA replication time zones by fluorescence in situ hybridization. 

EMBO J. 11, 1217-1225 

 

SELKER, E. U. (1990): 

DNA methylation and chromatin structure: a view from below. 

Trends Biochem. Sci. 15, 103-107 

 

SHI, W., V. ZAKHARTCHENKO and E. WOLF (2003): 

Epigenetic reprogramming in mammalian nuclear transfer. 

Differentiation 71, 91-113 

 

 

 



References 

 171

SINNETT, D., C. RICHER, J. M. DERAGON and D. LABUDA (1991): 

Alu RNA secondary structure consists of two independent 7 SL RNA-like folding 

units. 

J. Biol. Chem. 266, 8675-8678 

 

SMIT, A. F. (1999): 

Interspersed repeats and other mementos of transposable elements in mammalian 

genomes. 

Curr. Opin. Genet. Dev. 9, 657-663 

 

SRIVASTAVA, M., S. HSIEH, A. GRINBERG, L. WILLIAMS-SIMONS, S. P. HUANG 

and K. PFEIFER (2000): 

H19 and Igf2 monoallelic expression is regulated in two distinct ways by a shared cis 

acting regulatory region upstream of H19. 

Genes Dev. 14, 1186-1195 

 

STALLCUP, M. R. (2001): 

Role of protein methylation in chromatin remodeling and transcriptional regulation. 

Oncogene 20, 3014-3020 

 

STANTON, J. A. L., A. B. MACGREGOR and D. P. L. GREEN (2003): 

Gene expression in the mouse preimplantation embryo. 

Reproduction 125, 457-468 

 

STRAHL, B. D., and C. D. ALLIS (2000): 

The language of covalent histone modifications. 

Nature 403, 41-45 

 

STRYER, L. (1991): 

Biochemie. 

Spektrum Akademischer Verlag GmbH Heidelberg, Berlin, New York 

 

 

 



References 

 172

SUETAKE, I., F. SHINOZAKI, J. MIYAGAWA, H. TAKESHIMA and S. TAJIMA 

(2004): 

DNMT3L stimulates the DNA methylation activity of Dnmt3a and Dnmt3b through a 

direct interaction. 

J Biol Chem. 279, 27816-27823 

 

SUN, F. L., W. L. DEAN, G. KELSEY, N. D. ALLEN and W. REIK (1997): 

Transactivation of Igf2 in a mouse model of Beckwith-Wiedemann syndrome. 

Nature 389, 809-815 

 

SUN, Z. W., and C. D. ALLIS (2002): 

Ubiquitination of histone H2B regulates H3 methylation and gene silencing in yeast. 

Nature 418, 104-108 

 

SURANI, M. A., S. C. BARTON and M. L. NORRIS (1984): 

Development of reconstituted mouse eggs suggests imprinting of the genome during 

gametogenesis. 

Nature 308, 548-550 

 

SURANI, M. A. (1998): 

Imprinting and the initiation of gene silencing in the germ line. 

Cell 93, 309-312 

 

SURANI, M. A. (2001): 

Reprogramming of genome function through epigenetic inheritance. 

Nature 414, 122-128 

 

SZABO, P. E., and J. R. MANN (1995): 

Biallelic expression of imprinted genes in the mouse germ line: implications for 

erasure, establishment, and mechanisms of genomic imprinting. 

Genes Dev. 9, 1857-1868 

 

 

 



References 

 173

SZABO, P., S. H. TANG, A. RENTSENDORJ, G. P. PFEIFER and J. R. MANN 

(2000): 

Maternal-specific footprints at putative CTCF sites in the H19 imprinting control 

region give evidence for insulator function. 

Curr. Biol. 10, 607-610 

 

SZABO, P. E., K. HUBNER, H. SCHOLER and J. R. MANN (2002): 

Allele-specific expression of imprinted genes in mouse migratory primordial germ 

cells. 

Mech. Dev. 115, 157-160 

 

TABARA, H., M. SARKISSIAN, W. G. KELLY, J. FLEENOR, A. GRISHOK, L. 

TIMMONS, A. FIRE and C. C. MELLO (1999): 

The rde-1 gene, RNA interference, and transposon silencing in C. elegans. 

Cell 99, 123-132 

 

TADA, M., T. TADA, L. LEFEBVRE, S. C. BARTON and M. A. SURANI (1997): 

Embryonic germ cells induce epigenetic reprogramming of somatic nucleus in hybrid 

cells. 

EMBO J. 16, 6510-6520 

 

TAKADA, S., M. PAULSEN, M. TEVENDALE, C. E. TSAI, G. KELSEY, B. M. 

CATTANACH and A. C. FERGUSON-SMITH (2002): 

Epigenetic analysis of the Dlk1-Gtl2 imprinted domain on mouse chromosome 12: 

implications for imprinting control from comparison with Igf2-H19. 

Hum. Mol. Genet. 11, 77-86 

 

TAKAI, D., and P. A. JONES (2002): 

Comprehensive analysis of CpG islands in human chromosomes 21 and 22. 

Proc. Natl. Acad. Sci. USA 99, 3740-3745 

 

 

 

 



References 

 174

TANAKA, M., M. PUCHYR, M. GERTSENSTEIN, K. HARPAL, R. JAENISCH, J. 

ROSSANT and A. NAGY (1999): 

Parental origin-specific expression of Mash2 is established at the time of implantation 

with its imprinting mechanism highly resistant to genome-wide demethylation. 

Mech. Dev. 87, 129-142 

 

TAZI, J., and A. BIRD (1990): 

Alternative chromatin structure at CpG islands. 

Cell 60, 909-920 

 

TELFORD, N. A., A. J. WATSON and G. A. SCHULTZ (1990): 

Transition from maternal to embryonic control in early mammalian development: a 

comparison of several species. 

Mol. Reprod. Dev. 26, 90-100 

 

THOMPSON, J. G. (1997): 

Comparison between in vivo-derived and in vitro-produced pre-elongation embryos 

from domestic ruminants. 

Reprod. Fertil. Dev. 9, 341-354 

 

THORVALDSEN, J. L., K. L. DURAN and M. S. BARTOLOMEI (1998): 

Deletion of the H19 differentially methylated domain results in loss of imprinted 

expression of H19 and Igf2. 

Genes Dev. 12, 3693-3702 

 

TILGHMAN, S. M. (1999): 

The sins of the fathers and mothers: genomic imprinting in mammalian development. 

Cell 96, 185-193 

 

TREMBLAY, K. D., J. R. SAAM, R. S. INGRAM, S. M. TILGHMAN and M. S. 

BARTOLOMEI (1995): 

A paternal-specific methylation imprint marks the alleles of the mouse H19 gene. 

Nat. Genet. 9, 407-413 

 



References 

 175

TREMBLAY, K. D., K. L. DURAN and M. S. BARTOLOMEI (1997): 

A 5' 2-kilobase-pair region of the imprinted mouse H19 gene exhibits exclusive 

paternal methylation throughout development. 

Mol. Cell. Biol. 17, 4322-4329 

 

TUCKER, K. L., C. BEARD, J. DAUSMANN, L. JACKSON-GRUSBY, P. W. LAIRD, 

H. LEI, E. LI and R. JAENISCH (1996): 

Germ-line passage is required for establishment of methylation and expression 

patterns of imprinted but not of non-imprinted genes. 

Genes Dev. 10, 1008-1020 

 

TURKER, M. S. (1999): 

The establishment and maintenance of DNA methylation patterns in mouse somatic 

cells. 

Semin. Cancer Biol. 9, 329-337 

 

TURNER, B. M., L. FRANCHI and H. WALLACE (1990): 

Islands of acetylated histone H4 in polytene chromosomes and their relationship to 

chromatin packaging and transcriptional activity. 

J. Cell Sci. 96, 335-346 

 

TURNER, B. M. (2000): 

Histone acetylation and an epigenetic code. 

Bioessays 22, 836-845 

 

TUSCHL, T., P. D. ZAMORE, R. LEHMANN, D. P. BARTEL and P. A. SHARP 

(1999): 

Targeted mRNA degradation by double-stranded RNA in vitro. 

Genes Dev. 13, 3191-3197 

 

TWEEDIE, S., H. H. NG; A. L. BARLOW, B. M. TURNER, M. HENDRICH and A. 

BIRD (1999): 

Vestiges of a DNA methylation system in Drosophila melanogaster? 

Nat. Genet. 23, 389-390 



References 

 176

TYKOCINSKI, M. L., and E. E. MAX (1984): 

CG dinucleotides clusters in MHC genes and in 5' demethylated genes. 

Nucleic Acids Res. 12, 4385-4396 

 

VANCE, V., and H. VAUCHERET (2001): 

RNA silencing in plants-defense and counterdefense. 

Science 292, 2277-2280 

 

VAN HOLDE, K. E., J. R. ALLEN, K. TATCHELL, W. O. WEISCHET and D. LOHR 

(1980): 

DNA-histone interactions in nucleosomes. 

Biophys. J. 32, 271-282 

 

VAN SOOM, A., M. T. YSEBAERT and A. DE KRUIF (1997a): 

Relationship between timing of development, morula morphology, and cell allocation 

to inner cell mass and trophectoderm in in vitro-produced bovine embryos. 

Mol. Reprod. Dev. 47, 47-56 

 

VAN SOOM, A., M. L. BOERJAN, P. E. J. BOLS, G. VANROOSE, A. LEIN, M. 

CORYN and A. DE KRUIF (1997b): 

Timing of compaction and inner cell allocation in bovine embryos produced in vivo 

after superovulation. 

Biol. Reprod. 57, 1041-1049 

 

VERONA, R. I., M. R. W. MANN and M. S. BARTOLOMEI (2003): 

Genomic imprinting: intricacies of epigenetic regulation in clusters. 

Annu. Rev. Cell Dev. Biol. 19, 237-259 

 

WADE, P. A., A. GEGONNE, P. L. JONES, E. BALLESTAR, F. AUBRY and A. P. 

WOLFFE (1999): 

Mi-2 complex couples DNA methylation to chromatin remodeling and histone 

deacetylation. 

Nat. Genet. 23, 62-66 

 



References 

 177

WALKER, S. K., K. M. HARTWICH and R. F. SEAMARK (1996): 

The production of unusually large offspring following embryo manipulation: concepts 

and challenges. 

Theriogenology 45, 111-120. 

 

WALSH, C., A. GLASER, R. FUNDELE, A. FERGUSON-SMITH, S. BARTON, M. A. 

SURANI and R. OHLSSON (1994): 

The non-viability of uniparental mouse conceptuses correlates with loss of the 

products of imprinted genes. 

Mech. Dev. 46, 55-62 

 

WARD, W. S., and D. S. COFFEY (1991): 

DNA packaging and organization in mammalian spermatozoa: comparison with 

somatic cells. 

Biol. Reprod. 44, 569-574 

 

WARNECKE, P. M., J. R. MANN, M. FROMMER and S. J. CLARK (1998): 

Bisulfite sequencing in preimplantation embryos: DNA methylation profile of the 

upstream region of the mouse imprinted H19 gene. 

Genomics 51, 182-190 

 

WATERBORG, J. H. (1993): 

Dynamic methylation of alfalfa histone H3. 

J. Biol. Chem. 268, 4918-4921 

 

WEST, A. G., M. GASZNER and G. FELSENFELD (2002): 

Insulators: many functions, many mechanisms. 

Genes Dev. 16, 271-288 

 

WHITEHOUSE, I., C. STOCKDALE, A. FLAUS, M. D. SZCZELKUN and T. OWEN-

HUGHES (2003): 

Evidence for DNA translocation by the ISWI chromatin-remodeling enzyme. 

Mol. Cell. Biol. 23, 1935-1945 

 



References 

 178

WILMUT, I., N. BEAUJEAN, P. A. DE SOUSA, A. DINNYES, T. J. KING, L. A. 

PATERSON, D. N. WELLS and L. E. YOUNG (2002): 

Somatic cell nuclear transfer. 

Nature 419, 583-586 

 

WEI, Y., L. YU, J. BOWEN, M. A. GOROVSKY and C. D. ALLIS (1999): 

Phosphorylation of histone H3 is required for proper chromosome condensation and 

segregation. 

Cell 97, 99-109 

 

WEINTRAUB, H., and M. GROUDINE (1976): 

Chromosomal subunits in active genes have an altered conformation. 

Science 193, 848-856 

 

WOLFFE, A. P. (1998): 

Packaging principle: how DNA methylation and histone acetylation control the 

transcriptional activity of chromatin. 

J. Exp. Zool. 282, 239-244 

 

WOUTERS-TYROU, D., A. MARTINAGE, P. CHEVAILLIER and P. SAUTIERE 

(1998): 

Nuclear basic proteins in spermiogenesis. 

Biochimie 80, 117-128 

 

WRENZYCKI, C. (1995): 

Experimentelle Untersuchungen zur Expression des Gap junction-Gens Konnexin43 

in in vivo und in vitro produzierten präimplantatorischen Rinderembryonen mit Hilfe 

der Reversen Transkriptase-Polymerasekettenreaktion (RT-PCR). 

Hannover, Tierärztliche Hochschule; Diss. 

 

WRENZYCKI, C., D. HERRMANN, J. W. CARNWATH and H. NIEMANN (1999): 

Alterations in the relative abundance of gene transcripts in preimplantation bovine 

embryos cultured in medium supplemented with either serum or PVA. 

Mol. Reprod. Dev. 53, 8-18 



References 

 179

WRENZYCKI, C., D. WELLS, D. HERRMANN, A. MILLER, J. OLIVER, R. TERVIT 

and H. NIEMANN (2001): 

Nuclear transfer protocol affects messenger RNA expression patterns in cloned 

bovine blastocysts. 

Biol. Reprod. 65, 309-317 

 

WRENZYCKI, C., A. LUCAS-HAHN, D. HERRMANN, E. LEMME, K. KORSAWE and 

H. NIEMANN (2002): 

In vitro production and nuclear transfer affect dosage compensation of the X-linked 

gene transcripts G6PD, PGK, and Xist in preimplantation bovine embryos. 

Biol. Reprod. 66, 127-134 

 

WRENZYCKI, C., D. HERRMANN and H. NIEMANN (2003): 

Timing of blastocyst expansion affects spatial messenger RNA expression patterns of 

genes in bovine blastocysts produced in vitro. 

Biol. Reprod. 68, 2073-2080 

 

WRENZYCKI, C.; and H. NIEMANN (2003): 

Epigenetic reprogramming in early embryonic development: effects of in-vitro 

production and somatic nuclear transfer. 

RBM online 7, 143-150 

 

XU, G. L., T. H. BESTOR, D. BOURC'HIS, C. L. HSIEH, N. TOMMERUP, M. 

BUGGE, M. HULTEN, X. QU, J. J. RUSSO and E. VIEGAS-PEQUIGNOT (1999): 

Chromosome instability and immunodeficiency syndrome caused by mutations in a 

DNA methyltransferase gene. 

Nature 402, 187-191 

 

YANDELL, C. A., G. L. FRANCIS, J. F. WHELDRAKE and Z. UPTON (1999): 

Kangaroo Igf-II is structurally and functionally similar to the human [Ser29]-IGF-II 

variant. 

J. Endocrinol. 161, 445-453 

 



References 

 180

YASEEN, M. A., C. WRENZYCKI, D. HERRMANN, J. W. CARNWATH and H. 

NIEMANN (2001): 

Changes in the relative abundance of mRNA transcripts for insulin-like growth factor 

ligands (IGF-I and IGF-II) and their receptors (IGF-IR/IGF-IIR) in preimplantation 

bovine embryos derived from different in vitro systems. 

Reproduction 122, 601-610 

 

YATES, P. A., R. W. BURMAN, P. MUMMANENI, S. KRUSSEL and M. S. TURKER 

(1999): 

Tandem B1 elements located in a mouse methylation center provide a target for de 

novo DNA methylation. 

J. Biol. Chem. 274, 36357-36361 

 

YODER, J. A., C. P. WALSH and T. H. BESTOR (1997): 

Cytosine methylation and the ecology of intragenomic parasites. 

Trends Genetic 13, 335-340 

 

YODER, J.A., and T.H. BESTOR (1998): 

A candidate mammalian DNA methyltransferase related to pmt1p of fission yeast. 

Hum. Mol. Genet. 7, 279-284 

 

YOUNG, L. E., K. D. SINCLAIR and I. WILMUT (1998): 

Large offspring syndrome in cattle and sheep. 

Rev. Reprod. 3, 155-163 

 

YOUNG, L. E., K. FERNANDES, T. G. McEVOY, S. C. BUTTERWITH, C. G. 

GUTIERREZ, C. CAROLAN, P. J. BROADBENT, J. J. ROBINSON, I. WILMUT and 

K. D. SINCLAIR (2001): 

Epigenetic change in IGF2R is associated with fetal overgrowth after sheep embryo 

culture. 

Nat. Genet. 27, 153-154 

 



References 

 181

YOUNG, L. E., A. E. SCHNIEKE, K. J. MCCREATH, S. WIECKOWSKI, G. 

KONFORTOVA, K. FERNANDES, G. PTAK, A. J. KIND, I. WILMUT, P. LOI and R. 

FEIL (2003): 

Conservation of IGF2-H19 and IGF2R imprinting in sheep: effects of somatic cell 

nuclear transfer. 

Mech. Dev. 120, 1433-1442 

 

YOUNG, L. E., and N. BEAUJEAN (2004): 

DNA methylation in the preimplantation embryo: the differing stories of the mouse 

and sheep. 

Anim. Reprod. Sci. 82-83, 61-78 

 

ZAKHARTCHENKO, V., G. DURCOVA-HILLS, W. SCHERNTHANER, M. 

STOJKOVIC, H. D. REICHENBACH, S. MUELLER, R. STEINBORN, M. MUELLER, 

H. WENIGERKIND, K. PRELLE, E. WOLF and G. BREM (1999): 

Potential of fetal germ cells for nuclear transfer in cattle. 

Mol. Reprod. Dev 52, 421-426 

 

ZAMORE, P. D., T. TUSCHL, P. A. SHARP and D. P. BARTEL (2000): 

RNAi: double-stranded RNA directs the ATP-dependent cleavage of mRNA at 21 to 

23 nucleotide intervals. 

Cell 101, 25-33 

 

ZHANG, Y., H. H. NG, H. ERDJUMENT-BROMAGE, P. TEMPST, A. BIRD and D. 

REINBERG (1999): 

Analysis of the NuRD subunits reveals a histone deacetylase core complex and a 

connection with DNA methylation. 

Genes Dev. 13, 1924-1935 

 

ZHANG, S., C. KUBOTA, L. YANG, Y. ZHANG, R. PAGE, M. O'NEILL, X. YANG and 

X. C. TIAN (2004): 

Genomic imprinting of H19 in naturally reproduced and cloned cattle. 

Biol. Reprod. (in press) 

 



References 

 182

ZIMMERMANN, C., E. GUHL and A. GRAESSMANN (1997): 

Mouse DNA methyltransferase (Mtase) deletion mutants that retain the catalytic 

domain display neither de novo nor maintenance methylation activity in vivo. 

Biol Chem 378, 393-405 



Appendix 

 183

9 APPENDIX 
9.1 Reverse Transcription (RT) 
 

10 x RT buffer minus Mg Invitrogen, Karlsruhe 

50 mM MgCl2 Invitrogen, Karlsruhe 

d'NTPs Amersham, Biosciences Europe, Freiburg 

Random hexamers (50 µM) Applied Biosystems, CA, USA 

RNase-inhibitor (20U/µl Applied Biosystems, CA, USA 

MuLV (Murine Leukaemia Virus)- 

Reverse transcriptase (50 U/µl) Applied Biosystems, CA, USA 

Rabbit globin mRNA  BRL, Gaithersburg, MD 

 

9.2 Polymerase Chain Reaction (PCR) 
 

10 x PCR buffer Invitrogen, Karlsruhe 

50 mM MgCl2  Invitrogen, Karlsruhe 

10 mM d'NTPs Amersham Biosciences Europe, Freiburg 

Taq DNA Polymerase Invitrogen, Karlsruhe 

Gene specific primer pairs MWG-Biotech, Ebersberg 

Rabbit globin primer  MWG-Biotech, Ebersberg 

Betaine monohydrate Fulka 

DMSO 

 

9.3 Bisulfite sequencing 
 

SeaPlaque®GTG® agarose Biozym 

Hydroquinon Roth, Karlsruhe 

Sodium disulfite Roth, Karlsruhe 

Sodium hydroxide Roth, Karlsruhe 

Yeast-tRNA Sigma-Aldrich, Steinheim 

Phenol chlorophorm isoamylalcohol Sigma-Aldrich, Steinheim 

EcoRI, XbaI restriction enzymes New England BioLabs, Frankfurt a. M. 

pGEM®T-easy vector system Promega, Mannheim 

XL-10 Gold® Ultracompetent Cells Stratagene, CA, USA 
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Ampicillin Sigma-Aldrich, Steinheim 

Agar, select Sigma-Aldrich, Steinheim 

EZMixTMTryptone Sigma-Aldrich, Steinheim 

Bacto Yeast Extract Difco, Detroit, USA 

 

Lysis buffer 

10 mM EDTA, pH 8.0 

10 mM Tris-HCl, pH 8.0 

400 µg/ml proteinase K 

1% (w/v) SDS 

 

1 x TE buffer (1x) 

1 mM EDTA 

10 mM Tris-HCl pH 8.0 

 

LB-medium 

10 g Bacto-tryptone 

5 g Bacto-yeast extract 

10 g NaCl2 

ad 1 l H2O pH 7.0 

 

TfBI solution 

30 mM KOAc, pH 6.5 

50 mM MnCl2 

100 mM KCl2 

10 mM CaCl2 

15% Glycerin 

 

TfBII solution 

10 mM Na-MOPS, pH 7 

75 mM CaCl2 

10 mM KCl2 

15% Glycerin 
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9.4 KITS 
 

Dynabeads® mRNA DIRECT Kit   Dynal, Oslo, Norway 

GFX PCR DNA and Gel Band Purification Kit Amersham Pharmacia 

Wizard® SV Gel and PCR Clean-Up System Promega, Mannheim 
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