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Abstract 

Processes occurring in early pregnancy decide on pregnancy outcomes. Many complications have its 

origin in adverse nutritional and hormonal maternal signals in early pregnancy. A diabetic pregnancy 

often causes miscarriages or has consequences on the health of the offspring, giving predispositions to 

metabolic syndrome disorders, such as obesity or diabetes type 2. We have hypothesized that changes 

in the uterine environment due to diabetes may be related to the DNA methylation status at specific gene 

promoters in the early embryo. Therefore, we have investigated epigenetic changes in preimplantation 

blastocysts (day 6 p.c.) from diabetic rabbits.  

At first we have addressed an observed delay in development to the formation of the first embryonic 

lineages: epiblast, hypoblast and trophoblast. The expression of lineage-specific markers is disturbed   

by diabetes. The epiblast lineage specifier Oct4, together with pluripotency genes Sox2 and Nanog,     

was upregulated in epiblasts from late gastrulating blastocysts from diabetic rabbits. Hypoblasts    

markers Cer1 and Dkk1 were downregulated in late gastrulation stages. Moreover, DNA       

methyltransferases (DNMTs) were upregulated in epiblasts from embryos from diabetic rabbits, 

suggesting an involvement of DNA methylation processes in the delay of development. An in vitro    

culture with insulin, IGF2 or branched chained amino acids (BCAAs) did not identify a factor      

responsible for the observed upregulation of DNMTs. 

Next we have analyzed the DNA methylation pattern of the epiblast lineage specifier Oct4 (POU5F1) 

promoter at its conserved regions and functional elements using a bisulfite sequencing method. We found 

a hypomethylation of hypoblasts from late gastrulation blastocysts from diabetic rabbits.                          

Minor changes were found in the epiblast and trophoblast. Furthermore, the analysis of the        

metabolites necessary for the DNA methylation, S-adenosyl methionine (SAM) and a side product of     

the reaction, S-adenosylhomocysteine (SAH), were qualified in rabbit maternal blood plasma at day           

6 post coitum. The results of a modified liquid chromatography-tandem mass spectrometry showed         no 

differences in the sample from diabetic rabbits. Possibly the global methylation process in not disturbed 

in embryos from diabetic pregnancies. 

We conclude that the delay in development in rabbit preimplantation embryos from diabetic     pregnancies 

is manifested as retention of pluripotency in the epiblast lineage and slower                                    

differentiation of the hypoblast cell population. Moreover, upregulation of DNMTs in epiblasts in embryos 

from diabetic rabbits is another sign of a delay in development, as the embryo                                

remethylation occurs at specific times of embryogenesis. The hypomethylation at Oct4 promoter       

region indicates a delay in hypoblast differentiation. However, the change in Oct4 promoter        

methylation is less likely to be driven by changes in global methylation. Possibly a delay in      

differentiation of the hypoblast tissue has an impact on signaling between the hypoblast and              

epiblast. 

Grybel, Katarzyna Joanna: Epigenetic changes in preimplantation embryos from a diabetic rabbits,     
Halle (Saale), Univ., Med. Fak., Diss., 82 pages, 2017 



Referat 

Vorgänge, die während der frühen Schwangerschaft geschehen, wirken sich auf den weiteren Verlauf 

der Schwangerschaft aus (DOHaD-Koncept). Typische Komplikationen in der Frühschwangerschaft    

sind unphysiologische Hormon- und Ernährungssignale der Mutter. Unsere Arbeitshypothese ist, dass           

die durch Diabetes induzierten Veränderungen im uterinen Milieu zu einer Verzögerung in der 

Embryonalenentwicklung führenund dass die Entwicklungsverzögerung durch DNA- 

Methylierungstörungen an spezifischen (Gen-) Promotoren bedingt sein können. Wir haben die 

epigenetischen Veränderungen in Präimplantationsembryonen (6 Tage alte Blastozysten) von 

diabetischen Kaninchen untersucht. 

Zuerst haben wir Bildung der ersten embryonalen Zelllinien, Epiblast, Hypoblast und Trophoblast, 

untersucht. Die Genexpression von Zelllinien-spezifischen Markern ist durch Diabetes gestört. Das 

Epiblast spezifische Oct4, zusammen mit den Pluripotenzgenen Sox2 und Nanog, war im Epiblast von 

spät gastrulierenden Blastozysten von diabetischen Kaninchen erhöht. Im Unterschied hierzu waren     

die Hypoblastmarker Cer1 und Dkk1 herunterreguliert. Zudem waren DNA-Methyltransferasen  (DNMTs) 

im Epiblast von Blastozysten diabetischer Kaninchen hochreguliert, so das eine Beteiligung  der DNA-

Methylierung für die Entwicklungsverzögerung naheliegt. Eine in vitro Kultur mit Insulin,                             

IGF2 oder verzweigtkettigen Aminosäuren konnte keinen Faktor identifizieren, der für die                           

Hochregulation von DNMTs verantwortlich ist. 

Als nächstes haben wir die Verteilung der DNA-Methylierung in den konservierten Regionen und 

funktionalen Elementen des Promotors für das Epiblast-spezifische Oct4 mittels Bisulfit-      

Sequenzierung analysiert. Wir konnten eine Hypomethylierung des Hypoblasts in den Blastozysten      

von diabetischen Kaninchen finden. Zusätzlich quantifizierten wir S-Adenosylmethionin (SAM) und S-

Adenosylhomocystein (SAH), die für die DNA-Methylierung notwendig sind, im maternalen Plasma       

von Kaninchen am Tag 6 post coitum. Das Ergebnis der modifizierten Flüssigchromatographie    

gekoppelt mit einer Tandemmassenspektrometrie zeigte keine Unterschiede in den Proben von 

diabetischen und gesunden Kaninchen. Möglicheweise ist der globale Methylierungsprozess in           

Embryonen von diabetischen Kaninchen gestört. 

Wir schlussfolgern, dass die beobachtete Entwicklungsverzögerung in Präimplantationsembryonen      

von diabetischen Kaninchen auf den Erhalt der Pluripotenz im Epiblast und verlangsamerter      

Differenzierung des Hypoblasten zurückzuführen sind. Zudem ist die Hochregulierung von DNMTs im 

Epiblast in Embryonen von diabetischen Kaninchen ein weiteres Anzeichen für die 

Entwicklungsverzögerung, da die Remethylierung zu spezifischen Zeitpunkten in der Embryogenese 

erfolgen muss. Dennoch ist es unwahrscheinlich, dass die Änderungen der Methylierung des Oct4- 

Promotors aufgrund von globalen Änderungen der Methylierung erfolgte. Möglicherweise hat die 

Differenzierungsverzögerung des Hypoblast einen Einfluss auf die Signalkaskade zwischen Hypoblast 

und Epiblast und damit auf dem normalen Fortgang der Gastrulation. 
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1. Introduction 

1.1 Aim of the study 

Extensive time observation of long-lasting effects of diabetic pregnancies on offspring led to the 

hypothesis by Prof. David J.P. Barker in middle 1980s called "Developmental Origins of Health and 

Disease (DOHaD)". Originally, it was based on undernutrition during gestation recognizing its 

correlation with cardiac and metabolic disorders later in adult life.  Later on, the hypothesis was 

broadened up to include all adverse factors influencing the intrauterine environment early 

embryonic development.  

Maternal intrauterine environment is a critical factor in early embryonic development. An adverse 

intrauterine milieu leading to miscarriages was observed in diabetic pregnancies. Furthermore, 

children born after a diabetic pregnancy often suffer from metabolic syndrome, type 2 diabetes 

mellitus and obesity in adult life, without clear genetic predispositions for those diseases. 

Therefore, the phenomenon of non-genetical transmission of metabolism-related diseases was 

assigned to epigenetics. Epigenetics is correlated with changes in DNA methylation and in histone 

posttranslational modifications.  

Early embryogenesis is a time of an extensive remodeling at the epigenetic level. The epigenome 

is sensitive towards metabolic signals, what might result in the delay of the formation of cell- and 

tissue-specific epigenetic patterns or the creation of adverse epigenetic patterns, leading to 

changes in gene expression. 

Maternal diabetes is a reason for a lower rate of blastocysts number and a delay in blastocyst 

gastrulation in diabetic rabbits. In current study focusing in embryonic tissues specific markers 

were investigated to better understand the underlying in molecular process for the delay in 

gastrulation. The epiblast lineage specifier Oct4 and the expression of pluripotency genes (Sox2 

and Nanog) together with the trophoblast marker Cdx2 and the hypoblast marker Hex RNA levels 

were investigated at the beginning and in later stages of gastrulation in the embryonic tissue: 

embryoblast (epiblast and hypoblast) and trophoblast. The heart tissue-specific developmental 

markers (Mef2C, Gata6, Gata4 and Nkx2-5) were measured at day 12 and 14 of pregnancy to 

follow up, whether the disruption of embryonic tissue formation had an impact on fetal 

organogenesis. Furthermore, a specific gene promoter methylation was performed for Oct4 

(POU5F1) to investigate whether and how diabetes impacts tissue-specific relevant genes and on 

the gene transcript level and DNA methylation level. Transcriptional and DNA methylation-related 

data about embryonic lineage specific genes can help better understand the mechanisms of 

embryonic tissues formation in diabetic pregnancies. 

The DNA methylation process is executed by DNA methyltransferases (DNMTs) on a very tight 

schedule, so the expression of DNMTs was assessed in embryonic tissues of early and late 

gastrulation embryos and in fetal heart day at 12 and 14. To identify the factors regulating DNMTs 
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expression, an in vitro culture with insulin, IGF, branched chained amino acids (BCAAs) and LIF 

was applied. 

The level of metabolites often limits reactios. The substrate for methylation reactions S-

adenosylmethionine (SAM) can affect also the DNA methylation process. On the other side, the 

rate of methylation reaction can be controlled by measuring the side product of reaction S-

adenosylhomocysteine (SAH). Both metabolites are present in large amounts during the 

demethylation and de novo DNA methylation during the preimplantation period of pregnancy, 

and they can be measured in maternal blood plasma. We have compared the SAM and SAH levels 

in maternal blood plasma from healthy and diabetic rabbits to verify if the methylation reaction 

rate is affected by a diabetic pregnancy.  

1.2 Early development events 

Blastocyst formation is a big milestone in mammalian embryogenesis (Daughtry and Chavez, 

2016). Development from zygote to blastocyst requires extensive remodeling at the genetic and 

epigenetic level (Marcho et al., 2015; Canovas and Ross, 2016). In contrast to germline, adult 

mammalian cells maintain a constant epigenetic pattern. The purpose of epigenetic remodeling is 

to revert the totipotent state and to promote differentiation, in order to build a complex 

organism (Burton et al., 2014). Although the genetic information is preserved, the epigenome 

undergoes a constant processing at cell-type and context-dependent level (Canovas and Ross, 

2016). All starts when maternal transcripts are erased and the activation of zygotic genome 

occurs.  

Blastocyst formation cell-fate decisions are entailed together with main epigenetic mechanisms 

controlling gene expression, such as covalent alteration of DNA by methylation, histone 

posttranslational modifications and noncoding RNAs (Canova and Ross, 2016). All levels of 

epigenetic components are reprogrammed starting from DNA methylation, histone 

posttranslational modification, histone deposition and higher order of chromatin organization 

(Biechele et al., 2015). 

1.2.1 Formation of first embryonic lineages 

Although the blastocyst seems to present a simple structure, differs in modes of formation, 

morphology, longevity and developmental capacity to interact with uterine endometrium in 

mammals (Frankenberg et al., 2016). One of the most important events in blastocyst 

development is the derivation of first embryonic lineages: epiblast, hypoblast and trophoblast. 

Self-organizing properties of mammalian blastocyst were recently reviewed in the mouse 

(Chazaud and Yamanaka, 2016).  

The first lineages formation proceeds differently in amniote groups (see more details in Figure 1; 

Sheng, 2015). Indeed, the establishment of the first three cell lineages is proposed to be driven by 

cell-cell interactions, gene expression and cells microenvironment. The role of the intrauterine 
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environment was considered important, but not crucial for the development of first lineages 

(Chazaud and Yamanaka, 2016).  

Gene regulatory networks maintaining pluripotency are highly conserved in mammalian 

blastocyst lineages (Cañon et al., 2011).  Studies of mouse embryonic development gave an 

insight in inner cell mass (ICM) and trophectoderm divisions with a reciprocal expression of Oct4 

and Cdx2 (Kuijk et al., 2008). Mosaic expression of Gata6 and Nanog was reported in mouse ICM, 

what might cause further segregation of the primitive ectoderm from the primitive endoderm 

(Kuijk et al., 2008). It is likely that first embryonic lineages formation directs pluripotency 

pathways in different ways in epiblast, hypoblast and trophoblast cells. 

 

Figure 1. Scheme of morphogenetic diversity in epiblast formation. Representative features of 
morphogenetic events leading to the formation of the epiblast in several amniote groups. Red: 
epiblast; Yellow: hypoblast; Blue: trophoblast. (A) mouse; (B) human; (C) rabbit. (Modified after 
Sheng, 2015). 
 
1.3 DNA methylation and enzymes involved in DNA methylation 

Control of development-related gene expression is executed by epigenetic mechanisms, especially 

by DNA methylation (Lee et al., 2014).  DNA methylation undergoes dynamic changes during 

embryonic development and has to stay under tight control of DNA demethylating and 

methylating enzymes (Weaver et al., 2009). 

DNA methyltransferases (DNMTs) create a reversible trait on the DNA by adding the methyl group 

to cytosine in CpG contexts (see Figure 2). A possible outcome of epigenetic processes including 

DNA methylation is the creation of active/repressive chromatin states and changes in chromatin 

accessibility (Turek-Plewa and Jagodziński, 2005). Due to modifications in chromatin 

conformation, a change in genes expression is induced. 

Epiblast 
Hypoblast 
Trophoblast 

Human 
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Figure 2. Schematic representation of cytosine methylation reaction by DNA 
methyltransferases. DNMT converts cytosine to 5’methyl-cytosine. DNA methylation typically 
occurs when cytosines are followed by a guanine (i.e., CpG motifs). SAM = S-adenosylmethionine; 
SAH = S-adenosylhomocysteine (modified after Zakhari, 2013). 
 

In adult life, epigenetic patterns are permanent and define tissue-specific gene expression. During 

development, epigenetic marks are more dynamic and specific to embryo developmental time-

points (Turek-Plewa and Jagodziński, 2005).   

The dynamics of epigenetic reprogramming at the preimplantation stage is sex-specific (see 

details in Figure 3; Leseva et al., 2015). At first, the new zygotic genome needs to be 

demethylated. The result of global demethylation is a gain to a state close to pluripotency 

(Guibert et al., 2009). This process is accomplished by the TET family of DNA demethylases (Lee et 

al., 2014). The demethylation process is necessary to erase the gamete-specific methylation 

pattern and to start de novo DNA methylation patterns in later developmental stages (Sawai et al., 

2010).   

 

Figure 3. Epigenetic reprogramming during the murine reproductive cycle. (1) Epigenoms of male 
and female germs are specialized. (2) Postfertilization, the paternal genome (blue) is rapidly 
demethylated. (3) The maternal genome (pink) is passively demethylated. (4) In consequence the 
inner cell mass of the blastocyst is established. (5) Blastocyst cells begin to establish DNA 
methylation marks according to differentiation schedule. (6) Primordial Germ Cells (PGCs) in the 
epiblast are specified at the epigenetic level (modified after Leseva et al., 2015). 
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After demethylation, the DNA methylation pattern is reestablished by the activity of DNA 

methyltransferases DNMT3A and DNMT3B, in a process called de novo methylation (Uysal et al., 

2015). Molecular mechanisms of DNA de novo methylation are not fully understood. Some studies 

indicate a possible role of histone modification in the induction of certain de novo DNA 

methylation patterns (Chandrasekhar and Raman, 1997). The DNMT3A methylates CpG and non-

CpG islands. The importance of non-CpG methylation remains unknown. 

At the beginning, DNMT3A transcripts are of maternal origin, but an embryonic expression of 

DNMT3A is kept during the preimplantation stage. DNMT3B is specific for CpG in repeated DNA 

sequences. DNMT3B expression in embryos at the preimplantation stage is higher in ICM than in 

TE cells. DNMT3L is a necessary protein for DNMT3, known to increase the activity of de novo 

DNMTs (Uysal et al., 2015). 

DNMT1 is responsible for the maintenance of DNA methylation. After replication, DNMT1 

methylates the new strand of DNA according to patterns of the old DNA strand. For this reason, 

DNMT1 possess a high affinity with hemi-methylated DNA (Weaver et al., 2009). The division of 

DNMTs and their function has recently been reviewed (Jeltsch and Jurkowska, 2014).  Indeed, 

favoring de novo and maintenance of DNMTs are believed to be oversimplifications.  The role of 

DNMT1 only as a DNMT responsible for the maintenance of DNA methylation was undermined. In 

a new concept, DNMT1 and DNMT3 are establishing together a de novo DNA methylation pattern 

in early embryo (Jeltsch and Jurkowska, 2014).  

Mammalian genoms have a low density of CpG nucleotides, which are mainly grouped in short 

stretches of DNA (from 30-200 CpG per 1 kbp) being a target for DNMTs. Such structures are 

usually correlated with promoter regions and often this part of the gene is methylated (Guibert et 

al., 2009).   

Regulation of DNMTs is not fully understood. They are regulated in an allosteric way by DNMTs 

interacting proteins and through non-coding RNAs (Jeltsch and Jurkowska, 2016). Interestingly, 

the expression of DNMTs seems to be also regulated by DNA methylation (Ko et al., 2005). 

Current understanding of DNA methylation perceives this process as superior compared to other 

epigenetic marks (Jin et al., 2011). It has been proved that DNA methylation can be heritable and 

reversible (Kvaratskhelia et al., 2014). This process plays also an important role in gene imprinting, 

regulating genes in parent-of-origin specific manner (Weaver et al., 2009). DNA methylation is 

also recognized as protective against transposons, retrotransposons and viruses (Vassena et al., 

2005). Additionally aging is usually associated with an increase in DNA methylation (Kim et al., 

2009). 
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1.4 Oct4 protein 

1.4.1 Oct4 structure and function 

Oct4 belongs to the POU (Pit-Oct-Unc) family. Proteins of the POU family are transcription factors. 

The Oct4 protein consists of 3 domains: N-terminal domain, C-terminal domain and the high 

affinity sequence-specific POU domain, responsible for DNA binding.  The binding to an octameric 

sequence motif of an ATGCAAAT consensus sequence activates the expression of its target genes 

(Wu and Schöler, 2014). 

Since the role of Oct4 in pluripotency in 1998 was discovered, its transcriptional function was 

further identified as a gatekeeper of pluripotency and used to reprogram somatic cells (Stefanovic 

et al., 2010). Oct4 acts as a transcriptional factor as well as a chromatin remodeler by building 

complexes with other proteins (Pardo et al., 2010). Oct4 is associated with members of the 

repressor complexes NuRD and SWI/SNF, indicating that Oct4-interacting proteins are relevant to 

regulate its activity. Oct4 interacts also with nucleosome repositioning agents. In this way, it 

modulates the chromatin structure during early development events (Abboud et al., 2015). 

1.4.2 Oct4 promoter organization 

Oct4 is a product of the POU5F1 gene mapped in rabbit at chromosome 12q1.1. Open reading 

frame counts 1083 bp and encodes 360 aa protein. The gene itself contains 5 exons and four 

introns at approximately 6kb length (Shi et al., 2008). In humans the POU5F1 gene products have 

two isoforms: POU5F1_iA and POU5F1_iB (Cauffman et al., 2006). The property to promote 

pluripotency was assigned to POU5F1_iA, because of its nuclear location in blastocyst cells. 

POU5F1_iB is detectable in cytoplasm, what might explain the previously reported Oct4 

expression in trophoblast cells (Cauffman et al., 2006).  

Sequence analysis of Oct4 promoter showed a high similarity between the mammalian species. 

The rabbit Oct4 gene sequence and its expression patterns are highly conserved between the 

human and rabbit (Táncos et al., 2015). Rabbit Oct4 gene sequences share a great similarity in 

gene organization also with other orthologues from mouse and bovine (Shi et al., 2008). Multiple 

sequence comparisons of conserved regions and functional elements of the Oct4 promoter is 

shown in Table 1.  

A great interest was given to the rabbit POU5F1 (Oct4) promoter region (Kobolak et al., 2009). In 

the 2.6 kb of the promoter sequence four conserved regions were identified. Remarkably, rabbit 

and human sequences of conserved regions share the highest homology among studied 

mammalian species. 
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Table 1. Pairwise comparison method was used to compare the POU5F1 regulatory regions of 
the rabbit and four mammalian species. The largest homologies of the regions are bolded; (-) no 
data (adapted after Kobolak et al., 2009). 

 

The homology (%) between the nucleotide sequences of conserved regions 
and the complete upstream region 

Conserved region 
of Oryctolagus 

cuniculus 

Mus 
musculus 

Homo 
sapiens 

Bos 
taurus 

Canis 
familiaris 

CR1 82.3 88.4 86.8 84.8 
CR2 92.0 93.9 90.7 - 
CR3 79.6 80.9 73.8 68.2 
CR4 67.6 83.6 78.0 67.1 

PE 1A 76.5 73.2 77.8 83.3 
PE 1B 96.0 96.4 96.4 - 
DE 2A 87.5 95.0 90.0 85.7 

MP 74.2 76.8 79.1 79.3 
5' region 52.5 57.7 57.0 51.9 

 

Additionally three regulation elements were recognized: a proximal enhancer 1A and 1B (PE-1A, 

PE-1B), and distal enhancer (DE-1A) (Kobolak et al., 2009).  

Functional analysis of conserved regions inside of the POU5F1 (Oct4) promoter revealed that the 

Sox2/Oct4 binding site is placed in the distal enhancer in the conserved region 4 (CR4). The 

hormone response element (HRE) and Sp1/Sp3 binding site are located within the conserved 

region 1 (CR1) together with the C/G rich region (Kobolak et al., 2009). The conserved region 1 is a 

part of minimal promoter, a core region required for initiation of transcription. Transcriptional 

factors activating (green frame) and blocking (red frame) are listed in Figure 4 (binding sites 

indicated with arrows).  

Oct4 mRNA levels are controlled in a switch-like fashion during the differentiation due to its 

promoter methylation (Pardo et al., 2010). If the promoter is methylated, the transcriptional 

factors cannot bind to the enhancers or response elements, switching off Oct4 transcription. High 

methylation of Oct4 promoter correlates with low expression and inversely, low Oct4 promoter 

methylation correlates with high expression (Pardo et al., 2010). 

Oct4 promoter methylation links with infertility and the outcome of assisted reproductive 

technologies (Al-Khtib et al., 2012). Oct4 promoter methylation status was used in recent studies 

to correlate it with embryo survival capacity and normal development.  
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Figure 4. POU5F1 gene structure with indication of transcriptional factors and transcriptional 
factors binding sites relevant for Oct4 regulation. The transcription factors bind to these regions, 
and are shown above within colored boxes; they either activate (green box) or repress (red box) 
transcription. HRE = hormone responsive element; Sp1 = GC-rich site recognized by the Sp1/Sp3 
family of transcription factors. CR1, CR2, CR3, and CR4 are conserved regions (CRs) at the 5’ 
upstream region of the Oct4 gene (adapted after Wu et al., 2014). 
 
1.4.3 Oct4 expression in early development 

Initiation of Oct4 embryonic expression starts at the 8 cell stage and is detected in all cells at 16-

32 cell stages (Nichols et al., 1998). During the first lineage decisions Oct4 expression is excluded 

in the trophectoderm and restricted to the ICM and then to the epiblast. In blastocyst cells Oct4 

distribution differs between species (Kurosaka et al., 2004; Nichols et al., 1998). In mouse 

blastocyst Oct4 is restricted only to ICM, while in bovine blastocysts Oct4 protein can be detected 

in trophoblast cells as well. This indicates that at the blastocyst stage Oct4 might not be the most 

important regulator of pluripotency in the bovine. Despite of that, Oct4 transcriptional 

downregulation is conserved in mammals (Kurosaka et al., 2004).  

It was reported that Oct4 levels during embryogenesis are crucial for proper development (Rizzino 

and Wuebben, 2016).  Oct4 expression is lost progressively with differentiation during embryo 

development and is only preserved in primordial germ cells (Cañon et al., 2011). A decrease in 

Oct4 levels by 50% induces differentiation toward the trophectoderm lineage, whereas a 50% 

increase causes differentiation into mesoderm and endoderm (Niwa et al., 2000 and Shimozaki et 

al., 2003).  

Most studies focused on Oct4 mRNA transcript levels. The Oct4 protein cellular localization seems 

to indicate Oct4 activity. It was shown that Oct4 is localized only in cytoplasm in human oocytes, 

single blastomers, morulae and blastocysts (Cauffman et al., 2005). Nuclear localization of Oct4 is 

detected at the stage of compaction, what suggests that it is a time point for the Oct4 biological 

activity. 
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1.4.4 Regulation and role of Oct4 in first embryonic lineages  

Oct4 is not only a key player in keeping the pluripotency, but it is also a lineage specifier. The 

model of Oct4 collaboration with lineage-determining transcription factors was proposed by 

Simandi et al., (2016). Oct4 is required to form epiblast tissue, but also for the formation of the 

primitive endoderm (PE), where it interacts with others pathways than in epiblast cells (Frum et 

al., 2013). Oct4-defficient mammalian embryos can progress up to the blastocyst stage, but 

promoting only extraembryonic lineages, what emphasizes the importance of Oct4 in 

embryoblast formation (Nichols et al., 1998). 

Expression of Oct4 is regulated differently in epiblasts and in other pluripotent lineages. 

Activation of the Oct4 expression at the proximal enhancer of Oct4 promoter secures the epiblast 

derivation, while in the other pluripotent lineages Oct4 expression is driven by its distal enhancer 

(Gu et al., 2005). Oct4 was also used to assess the epiblast morphology, while growing evidences 

indicate that the epiblast lineage has a mixed homogeneity (Han et al., 2010).  

It has been demonstrated that the mouse epiblast stem cells (EpiSC) are divided in 

subpopulations. While one population expresses Oct4, the other does not. It suggests, that 

epiblast cells subpopulation have distinct pluripotential capacities and therefore diverse roles in 

development (Han et al., 2010). Oct4 seems to gain more importance between the pluripotency 

pathway genes, since a Sox2 gene deficiency was recently described as a factor leading to a lower 

amount of Nanog, but not influencing Oct4 expression. In bovine embryos Sox2 is a marker of the 

ICM and is necessary to generate ICM/trophectoderm lineage (Goissis et al., 2014).  

Several pathways regulating Oct4 expression and function depend on the DNA methylation-

mediated switch-like way (see details at Figure 5). STAT3 plays an important role in activation of 

Oct4 during embryonic development (Do et al., 2013).  In a model of (Lif)-null embryos, where 

lack of LIF blocks translocation of STAT3 to the nucleus, STAT3 cannot bind to the Oct4 enhancer 

and does not promote its expression. Therefore STAT3 through activation of Oct4 takes part in 

maintenance of ICM (Do et al., 2013).  

It was also demonstrated that Oct4 is recruiting the retinoic acid receptor dimer and β-catenin to 

gene promoters and promotes cell type-specific differential gene expression in mESC (Simandi et 

al., 2016). Beside of Oct4 role in the β-catenin-mediated transcription, it was shown that a 

balance between Oct4 and β-catenin promotes a pluripotent state and that Oct4 is involved in 

control of β-catenin stability (Li et al 2012; Abu-Remaileh et al., 2010). 

A novel model of Oct4 regulation in ICM/trophoblast differentiation was proposed by Bou et al., 

in porcine embryos. It was reported that Oct4 repression by Cdx2 works in a dose dependent 

manner. High Cdx2 concentrations in the nucleus correlate with Oct4 translocation to cytoplasm 

and higher rate of its proteasome degradation. In this way Cdx2 is able to take the Oct4 chromatin 

binding sites and to control cell differentiation towards the trophoblast lineage (Bou et al., 2016). 
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Figure 5. Model of Oct4 functions during first lineages development in mammalian 
embryogenesis (modified after Le Bin et al., 2014). PrE - primitive endoderm  
 
It is known that together with epigenetic cofactors, Oct4 transcriptionally regulates the 

expression of the trophoblast lineage marker Cdx2 (Yeap et al., 2009). Oct4 binds a domain of 

histone methyltransferase (ESET). In consequence the histones at the Cdx2 promoter region are 

getting a lysine 9 trimethylation (H3K9me3) tag, which is a signal of a repressive chromatin state. 

This mechanism is a possible way in which the blastocyst initiates the ICM/trophoblast lineage 

(Yeap et al., 2009).      

1.5 Environmental influence on epigenetic modifications during early development  

Adaptive metabolic development is a consequence of embryo sensitivity to nutrients and 

hormonal signals as well as its availability in the uterine environment (Kaneko, 2016). A capacity 

to deal with imbalances requires a change in gene expression. Pathological conditions impacts 

through epigenetic factors on gene promoters, promoting more dynamic gene expression than it 

was anticipated (Rountree et al., 2001, Wu et al., 2012).   

During the differentiation process cells start to collect a unique set of epigenetic markers (Guibert 

et al., 2009). Although the mammalian embryo developmental progress is controlled primary by 

the genetic events, the metabolic adaptation seems to be important. Nevertheless, maternal 

intrauterine environment impacts not only on the developmental potential or pregnancy 

outcome, but sets up long-lasting effects to the offspring through epigenetic modifications 

(Kaneko, 2016). 

The maternal organism communicates with the embryo through the uterine microenvironment, 

where nutrients balance plays a crucial role (Velazquez, 2015). Adult diseases have their source as 

early as during the preimplantation phase of pregnancy through epigenetic changes (Fleming et 

al., 2015). In both cases: malnutrition and overnutrition generate adaptive metabolism in the 
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embryo (Velazquez, 2015). An often metabolic complication is the metabolic syndrome, a chronic 

disease and complex disorder manifested by adiposity, hyperlipidemia and hypertension (Smith et 

al., 2015). When a mother is affected by adiposity, has shortage of vitamin D or small period of 

breast-feeding, the developmental plasticity leads to childhood obesity (Godfrey et al., 2016).  

 
Figure 6. Relation between the metabolism and epigenetic processes (modified after Keating and 
El-Osta, 2015). OGT - N-acetylglucosaminyltransferase; LSD1 - Lysine-specific histone demethylase 
1A; HATs - Histone acetyltransferases; HDACs - Histone deacetylases; JmjC – Histone demethylase. 
 

A great deal is given to identify environmental factors influencing metabolism and changes in 

metabolism by epigenetic changes. There is growing evidence, that metabolism is directly 

changing the epigenetic potential by changes in supply of acetyl- or methyl-donor groups or by 

dropping down the production of co-factors for histone-modifying enzymes (see details at Figure 

6; Keating and El-Osta, 2015). A new field of studies relating epigenetic to nutrition and 

metabolism was named nutri epigenomics (Paparo et al., 2014). 

1.6 Animal diabetic pregnancies model 

Diabetes is a worldwide threatening disease. Equally alarming is the fact, that an increasing 

number of woman is affected by diabetes during pregnancy (Silva et al., 2017). Offspring of 

diabetic pregnancies are suffering from multiple complications at the early stages of life as well in 

adulthood (El Hajj et al., 2014). Ethical reasons allows to study the mechanisms in early embryonic 
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development only in animal models. Induction of diabetes can be planed before conception and 

the most frequently used and practical animal models of diabetic pregnancy can be divided into: 

- surgical, like partial pancreatectomy, giving a mild diabetes; used to induce diabetes in rats and 

sheep, 

- genetic, like non-obese diabetic (NOD) mice, where diabetes develops spontaneously as a 

polygenic type with mild/severe diabetes, or due to introduction of mutation (Akita mouse has a 

mutation at ins2 gene), 

- chemical-induced diabetes through administration of a compound damaging pancreatic beta-

cells: streptozocin, what causes usually severe type of diabetes, or alloxan, where different doses 

can induce either a mild or severe type of diabetes (Kiss et al., 2009; Jawerbaum et al., 2010). 

1.6.1 Rabbit diabetic pregnancy model 

The rabbit (Oryctolagus cuniculus) is often used as laboratory animal, especially in studies of 

physiology and pathology of development and reproduction. There are many similarities between 

the pregnancy in human and rabbit, embryogenesis and placentation (Fischer et al., 2012).  

Rabbit blastocysts are the biggest spherical mammalian blastocysts. Large size serves not only as 

an opportunity to collect a lot of material for analysis, but, most importantly, also to observe 

morphological changes between the stages of blastocyst development during the gastrulation 

(see details at Figure 7).  

In our model of rabbit diabetic pregnancy, diabetes is induced to female rabbits chemically by 

administration of alloxan. Alloxan promotes the specific destruction of pancreatic beta-cells. Two 

days later the rabbits present a diabetic phenotype with hyperglycemia and hypoinsulinaemia, 

and from this moment rabbits need to be supplemented with insulin to survive. Diabetic female 

rabbits are mated approximately two weeks after introduction of diabetes. Blastocysts are 

collected just before implantation, at day 6 p.c..  

Embryo development under diabetic pregnancy serves a 40 % lower number of blastocysts (Ramin 

et al., 2010). A delay in gastrulation was observed in blastocysts from diabetic rabbits too and was 

expressed by downregulation of insulin-stimulated metabolic genes. One hypothesis is that due to 

the decrease in insulin and IGF receptors, the blastocyst cannot react properly to insulin and IGF 

signals, what delays gastrulation (Ramin et al., 2010). Moreover in vitro studies with insulin 

supplementation show, that insulin is necessary to promote expression of Brachyury and 

therefore to proceed with mesoderm formation (Thieme et al., 2012). Increased production of IGF 

by the endometrium might be a way to compensate insufficient amounts of insulin to secure 

blastocyst developmental progress (Thieme et al., 2012).   
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Figure 7. Rabbit blastocyst day 6 p.c. and its gastrulation stages. Stage 0 is characterized by an 
irregular shape of the embryonic disc, while at stage 1, the embryonic disc is having a defined 
border line. Stage 2 blastocyst undergoes gastrulation, with visible increase in density at the 
anterior part of embryonic disc (indicated by arrows). Elongation at the posterior pole appears at 
stage 3 (indicated by arrows)  (modified after Viebahn et  al., 1995). 
 
1.7 Diabetes mellitus in early development – heart malformations  

Danish cohort studies of offspring from diabetic pregnancies have revealed that 3.18% of live 

births were affected by congenital heart diseases (Øyen et al., 2016). The number is even higher, 

when the mother was having a previous acute diabetes complication. Moreover, the data from a 

Canadian cohort show a decrease in all congenital malformations general numbers, but an 

alarming increase in malformations caused by maternal diabetes from 0.8% in 2002/2003 up to 

1.4% in 2012/2013  (Liu et al., 2015). Considering this, it is necessary to improve the 

preconception care and study further the molecular mechanisms underlying the origin of 

congenital malformations, especially in the case of diabetic pregnancies (Pauliks, 2015).  

The process of heart malformation development was investigated using a mouse model. 

Apoptosis caused by oxidative stress was recognized as the main reason for heart malformations 

due to development in a diabetic pregnancy (Wu et al., 2016). Other molecular reasons tangling 

common malformations, like ventricular separation and outflow track development, may be 

connected with cell cycle inhibition (Wang et al., 2015). Moreover an oxidative stress and ER 

stress conditions were identified as a reason for slower proliferation of the endocardial cushions 

(Vijaya et al., 2013; Zhao, 2014). A downregulation of the TGFβ and Wnt signaling pathways led to 

cardiac outflow tract defects (Wang et al., 2015; Zhao, 2014; Zhao, 2010). In animal models 

possible treatments were considering TGFβ recombinant proteins (Activin A) and agonist as well 

as antioxidants like N-acetyl-L-cysteine (NAC) (Vijaya et al., 2013; Wang et al., 2015).  

Studies of expression profiles related to maternal diabetes revealed upregulation of hypoxia and 

HIF-1α at the protein level, as well as vascular endothelial growth factor A (VEGF-A), which can 

directly cause developmental malformations (Bohuslavova et al., 2015). The effect of 

pregestational diabetes on fetal hearts was investigated in mice (Moazzen et al., 2015). Contrary 

to Bohuslavova et al., downregulation of proteins and regulators of the hypoxia pathway was 

Stage 0        Stage 1   Stage 2                   Stage 3 
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reported. Additionally a disrupted epicardial epithelial-to-mesenchymal transition was reported 

(EMT), with glucose being identified as the main factor impairing this process (Moazzen et al., 

2015).  

Recently a new theory of genesis of diabetic embryopathies was proposed, where yolk sack 

vasculopathies are the ones, who promote further malformations of the fetus, including heart 

malformations. The main factors involved in the origin of yolk sack embryopathies were proteins 

in the hypoxia and apoptosis pathways (Dong et al., 2016).  

Process of cardiogenesis is strongly depending on GATA proteins (Charron F. and Nemer M.; 

1999). The importance of GATA-4 in activation of Nkx 2.5 was shown in the mouse model, where 

overexpression of GATA-4 caused upregulation of Nkx 2.5 (Brewer, 2005; Molkentin et al., 2000). 

Interestingly, clinical data about patients with non-syndromic congenital heart defects mutations 

were observed in genes which are relevant for early fetal heart development, like NKX2.5, GATA4, 

GATA6, and MEF2C (Kodo et al., 2012). Clinical data show that mutations carrying loss-of-function 

and disregulation at transcriptional level of GATA6 gene are also associated with minor heart 

defect in human offspring of diabetic pregnancies (Chao et al., 2015). It is probable that an insight 

in expression profiles of the mentioned genes will help to understand the pathogenesis of heart 

malformations caused by maternal diabetes. 
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2. Materials and methods 

2.1 Materials: chemicals and prefabricated systems 

10x Buffer B with BSA Fermentas GmbH, St. Leon-Rot, Germany 
10x Crimson Taq Buffer New England BioLabs Inc., Ipswich, Massachusetts, USA 
10x DNase I Buffer Promega Corporation, Madison, Wisconsin, USA 
2x Rapid Ligation Buffer Promega GmbH, Mannheim, Germany 
5x PCR Buffer New England Biolabs GmbH, Frankfurt am Main, 

Germany 
5x Reaction Buffer Thermo Fisher Scientific Inc., Ipswich, Massachusetts, 

USA 
Acetate Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Acetic acid Carl-Roth GmbH & Co.KG, Karlsruhe, Germany 
Agar agar Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Agarose Biozym Scientific GmbH, Hessisch Oldendorf, Germany 
Alloxan Sigma-Aldrich, Taufkirchen, Germany 
Ampicillin Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Apa I (10 U/μl) Thermo Fisher Scientific Inc., Ipswich, Massachusetts, 

USA 
BigDye® Terminator v1.1 Cycle 
Sequencing Kit 

Applied Biosystems, Darmstadt, Germany 

Bovines Serum Albumin (BSA) Serva Electrophoresis GmbH, Heidelberg, Germany 
Bromphenol Blue sodium salt Sigma-Aldrich Co., Steinheim, Germany 
BSM II Biochrom AG, Berlin, Germany 
Chloral hydrate Fuka Chemie AG, Steinheim, Germany 
Chloroform Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Citric acid Merck, Darmstadt, Germany 
Crimson Taq™ DNA-
Polymerase (5 U/ml) 

New England Biolabs GmbH, Frankfurt am Main, 
Germany 

Diethylpyrocarbonat (DEPC) Sigma-Aldrich, Taufkirchen, Germany 
Dithiothreitol (DTT) Carl-Roth GmbH & Co.KG, Karlsruhe 
DNA Ladder 100bp Gene Ruler Thermo Fisher Scientific Inc., Ipswich, Massachusetts, 

USA 
DNA-free™ (DNAse-Treatment 
& Removal) 

Ambion INC, Austin 

DNase Inactivation Reagent Promega Corporation, Madison, Wisconsin, USA 
dNTP-mixture Fermentas GmbH, St. Leon-Rot, Germany 
Domitor® SPC Janssen Animal Health, Neuss 
Dynabeads® mRNA Direct™ Kit Invitrogen, Karlsruhe, Germany 
EpiTect® Plus DNA Bisulfite Kit Qiagen GmbH, Hilden, Germany 
EpiTect® Plus LyseAll Lysis Kit Qiagen GmbH, Hilden, Germany 
Ethanol absolute Sigma-Aldrich Co., Steinheim, Germany 
Ethidium bromide Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Ethylendiamintetraazetat 
(EDTA) 

Sigma-Aldrich, Taufkirchen, Germany 

Glucose Sigma-Aldrich Chemie GmbH,Steinheim 
Glycerin Serva Electrophoresis GmbH, Heidelberg 
Glycerol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
HOT BIOAmp 10x Buffer B2 
(MG²+ free) 

Biofidal, Vaulx en Velin, France 

HOT BIOAmp® DNA 
Polymerase (5 U/µl) 

Biofidal, Vaulx en Velin, France 
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Humanes 
Choriongonadotropin (hCG) 

Intervet, Unterschleißheim, Germany 

Hydrochloric acid (36%) Carl-Roth GmbH & Co.KG, Karlsruhe, Germany 
Hydrogen peroxide Merck KGaA, Darmstadt, Germany 
IGF2 Life Technologies, Darmstadt, Germany 
Insulin (bovin) Sigma-Aldrich Chemie GmbH, München 
Insulin Life Technologies, Darmstadt, Germany 
Isopropanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Isopropyl-β-D-
thiogalaktopyranosid (IPTG) 

Carl-Roth GmbH & Co.KG, Karlsruhe, Germany 

Potassium aluminum sulfate Merck, Darmstadt, Germany 
Ketanest® Pfizer, Karlsruhe, Germany 
Leucine, Isoloucine, Valin, 
Methionine 

AppliChem GmbH, Darmstadt, Germany 

Magnesium chloride Serva Electrophoresis GmbH, Heidelberg, Germany 
Magnesium sulfate Serva Electrophoresis GmbH, Heidelberg, Germany 
MESA Blue qPCR® Mastermix 
Plus for SYBR® 

 

Methanol Carl-Roth GmbH & Co.KG, Karlsruhe, Germany 
Monarch® Plasmid DNA 
Miniprep Kit 

New England BioLabs Inc., Ipswich, Massachusetts, USA 

NaCl (isotonic) Fresenius Kabi Deutschland GmbH, Bad Homburg, 
Germany 

NaCl Carl-Roth GmbH & Co.KG, Karlsruhe, Germany 
Neb 5-alpha Competent E.coli 
cells 

New England BioLabs Inc., Ipswich, Massachusetts, USA 

Oligonukleotide Sigma-Aldrich, Taufkirchen, Germany 
Penicillin/ Streptomycin PAA GmbH, Cölbe, Germany 
Pentobarbital Sigma-Aldrich, Taufkirchen, Germany 
Pepton Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
peqGold TriFast™ Peqlab Biotechnologie GmbH, Erlangen, Germany 
pGEM®-T Vector System I Promega Corporation, Madison, Wisconsin, USA 
Phosphate buffer solution 
(PBS) 

Dulbecco Biochrom AG, Berlin, Germany 

Plasmid Miniprep Kit I, 
peqGOLD 

Peqlab Biotechnologie GmbH, Erlangen, Germany 

Potassium chloride Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Precellys beads Peqlab Biotechnologie GmbH, Erlangen, Germany 
Pregnant Mare Serum 
Gonadotropin (PMSG) 

Intervet, Unterschleißheim, Germany 

QIAGEN Plasmid Mini Kit Qiagen, Hilden, Germany 
QlAquick® Gel Extraction Kit Qiagen, Hilden, Germany 
Random Primer Thermo Fisher Scientific Inc., Ipswich, Massachusetts, 

USA 
rDNase I Promega Corporation, Madison, Wisconsin, USA 
Reika feed Reinsdorf Kraftfutterwerk, Reinsdorf, Germany 
Reverse Transcriptase 
(200 U/μl) 

Thermo Fisher Scientific Inc., Ipswich, Massachusetts, 
USA 

rRNasin® RNase-Inhibitor Promega Corporation, Madison, Wisconsin, USA 
Sac I (10 U/μl) Thermo Fisher Scientific Inc., Ipswich, Massachusetts, 

USA 
Sodium acetate Serva Electrophoresis GmbH, Heidelberg, Germany 
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Sodium chloride Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Sodium hydroxide Merck KGaA, Darmstadt, Germany 
Sodiumdodecylsulfate (SDS) Serva Electrophoresis GmbH, Heidelberg, Germany 
T4 DNA-Ligase (3 U/μl) Promega GmbH, Mannheim, Germany 
TRI Reagent® Sigma-Aldrich Co., Steinheim, Germany 
TRIS Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Triton X100 Sigma-Aldrich, St. Louis, US 
Tween® 20 Sigma-Aldrich, Taufkirchen, Germany 
X-Gal Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
Yeast extract Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
α-D-Glucose Serva Electrophoresis GmbH, Heidelberg, Germany 
ε-Aminocarpoic acid Sigma-Aldrich, Taufkirchen, Germany 

2.2 Laboratory equipment 

Incubator  Heraeus, Hanau 

Incubator  HERACell 150i (Stimulation) Thermo 
Fisher Scientific GmbH, Bonn 

Electrophoresis Power Supply EV 202  Consort, Turnhout, Belgium 
Gel Documentation System  LTF Labortechnik 

Gel electrophoresis chamber  Agagel Mini und Maxi Biometra, 
Göttingen 

LaminAir® HP72 (semi-sterile work bench)  Heraeus, Hanau 
Cooling centrifuge, Biofuge fresco 17  Heraeus, Hanau 
Magnetic stirrer with heating MR 2002  Heidolph, Schwabach 
Microwave  AEG 
Mikroskop Olympus IX-70  Olympus, Hamburg 
Novex Electrophoresis chamber  Invitrogen, Karlsruhe 
Precision® Xceed™ (Blood glucose meter)  Abott, Wiesbaden 
Precellys24 lysis & homogenization 
(Homogenisator) 

peqLab Biotechnologie 
GmbH,Erlangen 

Rotary vacuum concentrator RVC 2-18  Christ, Osterode 
Shaker GFL 3006  GFL, Burgwedel 
Spektrophotometer Nano Vue™ GE  Healthcare, München 
StepOnePlus™ Real-Time PCR Systems  Applied Biosystems, Darmstadt 
Thermocycler T3000  Biometra, Göttingen 
Vortex-Genie 2 (G560E)  Scientific Industries, Inc., New York 
Weiht BP 210 S & BP 3100 S  Sartorius, Göttingen 
Waterbath  GFL, Burgwedel 
Centrifuge Biofuge 13  Hereaus, Hanau 

2.4 Animal model 

An animal model used for experiments was the Rabbits of New Zealand ZiKa hybrid obtained from 

R. Krieg breeding farm (Niederwuensch, Germany). 

Sexually mature female rabbits with a body weight between 3.5 to 4.5 kg were kept in single 

cages in room with defined day and night rhythm 12:12 hours and the temperature of 18oC. 

Rabbits were fed ad libitum with dry fodder (REIKA Kraftfutter) and water. The animals chosen for 

experiments were resting at least two weeks before the time of experiment started.  
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2.4.1 Embryo recovery  

Female rabbits were injected subcutaneously with 150 U of pregnant mare's serum gonadotropin 

(PMSG) three days before mating with fertile male rabbits. To support the ovulation, 75 U of 

human choriongonadotropin (hCG) was injected in the Vena auricularis after mating. The embryos 

were harvested 6, 12 and 14 days after coitus (post coitum, p.c.). At first the rabbits were 

sacrificed with injection of high dose of pentobarbital. Then uteri and ovaries with oviducts were 

cut out. Embryos were wash out of the uteri with the wash media (basal synthetic medium (BSM 

II)) under the semi-sterile bench. The wash was repeated two times in order to remove the 

remaining uterus tissue and its secretion. 

BSM II 
Basal Synthetic Medium (BSM) 7.64 g/l 
NaHCO3    2.1 g/l  
Glucose    1.8 g/l 
Penicillin    0.061 g/l 
Streptomycin   0.15  g/l 

The embryos recovered out of three to four rabbits were pooled together to randomize the 

embryos, staged according to morphology described in Fischer et al., (2012) and prepared for 

dissections or in vitro culture. Heart dissections at embryos day 12 and 14 was done mechanically 

with usage of micro scissors and forceps. Fetal hearts day 12 and day 14 were store in -800C.  

2.4.2 Embryo dissections 

Embryo was dissected in cold PBS. Stage 0 blastocysts were dissected into two embryonic tissues: 

embryoblast and trophoblast, while stage 2 embryos were dissected already in three embryonic 

tissues: epiblast, hypoblast and trophoblast. All samples were frozen down in – 800C till the 

moment of analysis.  

PBS (phosphate buffered saline (pH 7,4)) 
Sodium chloride (NaCl)  8.00 g 
Potassium chloride (KCl)  0.20  g 
Disodium hydrogen phosphate 1.44 g 
Potassium dihydrogenphosphate 0.24 g 
Aqua dest.    Ad 1L 

2.4.3 Embryo in vitro culture 

Stage 1 embryos were shortly washed in adapting media (BSM II with 1.5 % BSA), then divided in 

groups of 4-5 embryos and transferred to culture dish with 1 ml of culture media.  

To study the influence of branched chained amino acids (BCAAs) on embryo, the stimulation with 

of leucine (99.85 µM), isoleucine (19.8 µM), valine (29.87 µM) and methionine (30.17 µM) was 

employed (according to Gürke et al., 2016).  
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Media with normal concentration of BCAAs: 
Leucine   7.5  µl 
Isoleucine   5.6  µl 
Valine   17.8  µl 
Methionine   2.0 µl 
Medium BSM   ad 10 ml 

Media with diabetic concentration of BCAAs: 
Leucine   24.86  µl 
Isoleucine   17.66  µl 
Valine        39.06  µl 
Methionine   2.0 µl 
Medium BSM   ad 10 ml 

The influence of insulin and IGF2 was studied by 2h preculture and 4h culture with addition of 17 

nM insulin or 13 nM IGF2. All in vitro culture procedures were carried in incubator under 5 % O2, 5 

% CO2 and 90 % of N2 in 370C. After in vitro culture embryos were dissected into epiblast, 

hypoblast and trophoblasts. The embryonic tissues of 4-5 embryos from each group were pooled 

together. LIF stimulated embryo sample were previously generated by the group as a whole 

embryo sample. 

2.4.4 Induction of Diabetes mellitus Type 1 

In order to introduce diabetes to female rabbits an Alloxan (Sigma-Aldrich) injection was 

performed in ear vein regarding to body weight (120 mg/kg). Alloxan recognizes and destructs 

pancreatic β-cells, what leads to diabetes.  Anesthesia was carried by intramuscular injection of 

Ketanest  (15  mg/kg  body  weight;  Pfizer,  Berlin,  Germany)  and Dorbene  (Domitor, 0.25  

mg/kg  body  weight;  Zoetis,  Berlin,  Germany). Rabbits established diabetes in 48 h post 

treatment exhibiting hyperglycemia and hyperinsulinemia and after this time an insulin 

supplementation was initiated (0.5 – 3 I. E., 3 times per day). Rabbits were kept diabetic at least 

for two weeks prior mating.  

2.4.5 Recovery of maternal blood plasma 

Blood probes were collected from female pregnant rabbits at day 6 of pregnancy from the lateral 

ear vein (Vena auricularis lateralis) to EDTA-Monovette. Then blood was centrifuged for 15 min in 

2000 rpm (300 x g) in 40C. The upper part (plasma) was transferred to new tubes and frozen down 

in -800C until sending for the metabolite: SAM (S-adenosyl methionine) and SAH (S-adenosyl 

homocysteine) measurements (UPLC-MS/MS) to University Clinic of Saarland and Medical Faculty 

of the University of Saarland.  

2.5 SAM and SAH levels measurements 

Quantification of SAM (methyl group donor in methylation reactions) and SAH (side product of 

methylation reactions) was done by ultra performance liquid chromatography tandem mass 

spectrometry (UPLC–MS/MS) by Prof. Rima Obeid group according to method described by Kirsch 

et al., (2009). 

2.6 mRNA isolation from embryonic tissues 

Isolation of mRNA of the embryonic tissues was performed using a DynabeadsR mRNA DirectTM 

Purification Kit (Invitrogen, Karlsruhe, Germany). This isolation protocol relies on base paring 

between the poly A residues at the 3´ end of the most mRNA, and the oligo (dT)25 residues 

covalently coupled to the surface of the Dynabeads®. At first sample was prepared for isolation by 
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removal of remaining PBS by a centrifugation 10 (6) min, 13000 rpm. Next step was lysis by 

addition of 150 µl lysis buffer/per sample and incubate with continuous mixing for 10 min at room 

temperature (600 rpm IKAMS3 digital). The Dynabeads® were suspended and prepared for further 

steps, then transferred 13 µl of beads (for whole embryo) or 10 µl of beads (in case of 

embryoblast/trophoblast or epiblast/hypoblast/trophoblast separation) from the stock tube to an 

RNase-free 1,5 ml tube. Tubes with Dynabeads® were placed on a Magnetic Particle Concentrator 

(Dynal MPC®) for 1-2 min, then the supernatant was removed with the pipette while the tube 

remains on the magnet. 10 µl Binding Buffer (BB) was add to sample  to suspend the beads and 

placed back on the magnet for 1-2 min. This step was repeated twice (removal of the supernatant 

done only while the tube remained on the magnet). Prepared beads were suspended in 10 µl 

Binding Buffer. Finally isolation of mRNA was done by addition of 10 µl of beads to each sample, 

then incubation with continuous mixing for 10 min at room temperature. Next vials were placed 

on the magnet for 1 min and remove the supernatant. The Dynabeads®/mRNA complex was 

washed two times with 100 µl of Washing Buffer A and three times with 100 µl of Washing Buffer 

B with usage of magnet to for separation of the beads from solution. Finally 11 µl of PCR-H2O to 

the beads/mRNA complex out of magnet and incubate at 65 0C for 3 min to release mRNA. 

Supernatants with mRNA were immediately transferred to new RNase-free tube and kept on ice 

till cDNA synthesis. 

Binding buffer: 

20 mM Tris-HCl, pH 7.5 
1.0 M LiCl 
2 mM EDTA 
 
Lysis/Binding buffer:  
100 mM Tris-HCl, pH 7.5 
500 mM LiCl 
10 mM EDTA, pH 7 
1% LiDS 
5 mM dithiothreitol (DTT) 

Washing buffer A: 
10 mM Tris-HCl, pH 7.5 
0.15 M LiCl 
1 mM EDTA 
0.1% LiDS 
 
Washing buffer B: 
10 mM Tris-HCl, pH 7.5 
0.15 mM LiCl 
1 mM EDTA 
 

2.7 cDNA synthesis for embryonic tissues 

cDNA synthesis is a reaction catalyzed by Reverse Transcriptase. In this step a whole isolated 

mRNA isolated from embryonic tissues was reverted to complementary DNA (cDNA). 

Reaction setup for embryonic tissues (per one sample): 

10 x Buffer     2 µl  
MgCl2    50 mM  2 µl 
dNTP    10 mM   2 µl 
Random primer   50 pM  1 µl  
Reverse Transcriptase  200 U/ µl  0.5 µl  
RNase-Inhibitor  40U/µg RNA 0.2µl 
H2O      1.3 µl  
9µl of mastermix was distributed to each tube. 
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cDNA synthesis requires the thermocycler conditions: 25 0C for 10 min; 45 0C for 60 min; 99 0C for 

5 min. 

After the reaction, probes were filled with water depending on the type of tissue: epiblast - 20 µl, 

hypoblast - 20 µl, trophoblast - 60 µl and in case of whole embryo with 80 µl. 

2.8 RNA isolation from rabbit tissues 

Isolation of the RNA from rabbit fetal hearts as well as the adult rabbit tissues was performed 

using a protocol TRIzol® method. Frozen tissue was transferred to vials. 1 ml of TRIzol® Reagent 

was added. In order to homogenize the tissue ceramic beads Precellys (Precellys24) were used, till 

a homogenous suspension was observed. Next 0.2 ml of chloroform per 1 ml of TRIzol® was 

added and shook vigorously for 15 sec. After incubation for 10 min samples were centrifuged at 

13000 rpm for 15 min at 4 0C. Centrifugation separates the mixture into 3 phases: a red organic 

phase containing the protein, an interphase, usually white, containing the DNA and proteins, and 

a colorless upper aqueous phase (containing RNA). The colorless upper aqueous phase was 

transferred to a new clean tube, avoiding the interphase (containing the DNA). Up to 700 µl of a 

colorless phase were transferred to the new tube (the interphase and organic phase was stored at 

40C for subsequent isolation of the DNA). Isopropanol was added in the same per ml of used 

TRIzol® reagent to precipitate RNA, then mixed gently by inverting the sample fife times. After 10 

min at room temperature incubation, samples were centrifuged at 13000 rpm for 15 min at 4 0C. 

Supernatant was removed in order to wash the RNA pellet by adding 1 ml of 70 % ethanol per 1 

ml of TRIzol® used in sample preparation, centrifuged for 15min at 13000 rpm. Supernatant was 

removed and the wash was repeated two times more. RNA pellet dehydrated using SpeedVacc 

(10 min). Dry RNA pellet was resuspended in DEPC-treated water.  

The quantity of RNA was messured with NanoVue spectrophotometer and the quality of RNA was 

assessed by agarose gel electrophoresis with 0.5 µg of RNA from each sample. 

2.8.1 DNase digestion 

To eliminate any genomic DNA out of the RNA sample, a 30 min of DNase digestion according to 

RNA-free™Kit DNase Treatment and Removal Reagents Catalog Number AM1906 was applied.  At 

first 0.1 volume of 10X DNase I Buffer and 1 μL rDNase I was added to the RNA, mixed gently and 

incubated at 37°C for 30 min. Next a DNase Inactivation Reagent (0.1 volume) was added, mixed 

and incubated 2 min at room temperature, with occasional mixing. Then RNA sample was 

centrifuged at 13000 rpm  for 1.5 min and supernatant was transferred to a fresh tube. 

Standard DNase reaction was set up for 6 µg of RNA with following master mix: 

DNAse Buffer    2.5 µl 
rDNase  (2U/up to 10 µg RNA) 2 µl 
RNase inhibitor (40 U/µg RNA)  0.5 µl 
DEPC water    ad 25 µl 
DNase Inactivation Reagent  2.5 µl 



22 
 

To confirm that the digestion reaction was successful, a PCR with GAPDH primers on RNA was 

performed. Products of PCR reactions were developed by electrophoresis in agarose gel and no 

signal was interpreted as a DNA-free RNA sample.  Quantity of RNA was measured again with 

NanoVue spectrophotometer. DNA-free RNA samples were used to generate cDNA libraries. 

2.8.2 cDNA synthesis from RNA of rabbit tissue 

2µg of RNA was used to prepare a cDNA from RNA of rabbit tissue. Standard reaction was done 

with following procedure. At first volume of 2 µg of RNA was adjusted up to 11,5 µl with DEPC 

water. Addition of 1 µl of random primer (50 pmol) requires 10 min incubation in 70 0C. Next 

master mix is distributed and reaction proceeds under following conditions: 10 min in 22 0C, 50 

min in 42  0C and 15 min in 70 0C. 

Reverse transcription master mix 
5xRT-Buffer      4 µl  
RNase-inhibitor  (40 U/µg RNA)   0.5 µl 
dNTP   (10 mM)   2 µl 
Superscript II (RT) (200 U/µl)   1 µl 

To define, if the cDNA synthesis reaction was proper, a PCR reaction with GAPDH primers was 

performed. Products of the PCR reaction were developed by electrophoresis in agarose gel. cDNA 

libraries were used to assess transcription level of specific genes using real time quantitative PCR 

reactions. 

2.9 Polymerase chain reactions (PCRs) 

2.9.1 Reverse transcriptase-Polymerase chain reaction (RT-PCR) 

If cDNA library is prepared properly, the target genes can be amplified. To check if the cDNA 

synthesis reaction was successful, a PCR with GAPDH primers was performed. Primers used in PCR 

reaction are listed in Table 2.  

Following mastermix was used per one 

standard reaction: 

Buffer Taq  5  µl  
Primer forward  0.5  µl  
Primer reverse  0.5  µl  
dNTP  0.5  µl  
Taq DNA-Polymerase 0.125 µl 
Aqua dest. 17.875  µl      
  

Reaction was carried in thermocycler under 

followind conditions: 

Denaturation (initiation) 95 0C 4 min 
Denaturation 95 0C 1 min 
Primer annealing 60 0C 1 min 
Elongation 72 0C 1 min 
Final elongation 72 0C 10 min 
Final hold 4  0C ∞ 
 

Denaturation, primer annealing and elongation were repeated 40 times. Primer annealing 

temperature was always adjusted to specific primer set (details in Table 2). Products of PCR 

reaction were developed using electrophoresis in an agarose gel. 
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Table 2. Primer list of oligonucleotides used in PCR reactions with the length of PCR reaction 

product. 

2.10 Bisulfite sequencing 

Bisulfite sequencing method was used to determine DNA methylation patterns of specific gene 

POU5F1 promoter. The basis of the method is ability to convert of the cytosine to uracil in the 

DNA sequence. Only unmethylated cytosine is prone to bisulfite conversion, so all methylated 

cytosine remained cytosine. A subsequent step is PCR reaction, where during amplification DNA 

with uracil (unmethylated cytosine) are rewrite as thymine and cytosine remain cytosine. 

Name  
Number of 
base pairs Primer sequence 5' -> 3' Fragment 

length (bp) 
hum_DNMT3A forward 21 GTGGGGGACTGTGTCTTCTGT 204 

 reverse 20 TGAAAGCTGCATGTCCTCAC  
rab_Cdx2 forward 15 GACCCGAAAGGCCTA 158 

 reverse 15 ACCAGGCGAAAATAC  
rab_DNMT1 forward 20 CGCAACAAAGTCCAGGTGAA 211 

 reverse 20 TGAAGCAGGTCAGTTTGTGC  
rab_DNMT3B forward 20 GAGACAGAGATGCGGATGGA 240 

 reverse 20 TGAAGTGCTGGCTGAACAAC  
rab_GAPDH forward 19 GCCGCTTCTTCTCGTGCAG 144 

 reverse 24 ATGGATCATTGATGGCGACAACAT  
rab_GATA4 forward 20 AAACCAGAAAACGGAAGCCC 179 

 reverse 20 ATAGTGAGATGACAGCCCGG  
rab_GATA6 forward 20 TGTGCAATGCTTGTGGACTC 223 

 reverse 20 GCTGTGGGTTGTGTTGTAGG  
rab_Hex forward 20 TCCAACGACCAGACCATTGA 180 

 reverse 20 TTTGCCGCTTTGAGGGTTTT  
rab_KAT2B forward 20 CCATCTCAACGAAGACTGCG 195 

 reverse 20 TGCTTGTTCCAGCAGTTGTC  
rab_Mef2C forward 20 ACCAGGACAAGGAATGGGAG 203 

 reverse 20 TAGTGCAAGCTCCCAACTGA  
rab_Nanog forward 20 CCAGGTGCCTCTTACAGACA 209 

 reverse 20 TGTCATTGAGCACACACAGC  
rab_Nkx2-5 forward 20 ACAACTTCGTGAACTTCGGC 216 

 reverse 20 CGGAGAGACGGAGGATGATG  
rab_Oct4 forward 20 CGGAAGAGAAAGCGAACGAG 214 

 reverse 20 TGGCCTCAAAATCCTCTCGT  
rab_SetDB1 forward 20 GAAGCTCCGTGAAGCTATGG 223 

 reverse 20 CGTCTTGGTCCTCTTCTTGC  
rab_Sox2 forward 18 AGCATGATGCAGGAGCAG 229 

 reverse 17 GGAGTGGGAGGAAGAGG  
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Products of PCR reactions are cloned into plasmids, what creates a possibility for sequencing. 

Principal of bisulfite sequencing are shown at Figure 8. 

Figure 8. Flow chart of the bisulfite sequencing method. 

2.10.1 Genomic DNA isolation of rabbit tissue 

EpiTeck Plus LyseAll Lysis Kit (QIAGEN) is adjusted to samples with small amount of DNA. For this 

reason genomic DNA of rabbit tissue (heart) was isolated using following protocol. RNA extraction 

with TRIzol® offers an opportunity to use phase separation to obtain RNA and DNA layers. After 

removing the aqueous layer which contains RNA, DNA can be further extracted and purified. In 

order to do that, back extraction buffer was added to the intermediate and lower phase (0.5 ml of 

per ml of used TRIzol®). Samples were shook vigorously for 15 seconds and kept it for 10-15 min 

at room temperature, centrifuged down and the aqueous layer which contains the DNA was 

transferred to a separate tube. DNA was precipitated with 0.5 ml of isopropanol per ml of used 

TRIzol® used, mixed by inversion and incubated for 5 min in room temperature. Then samples 

were centrifuged with 13000 rpm for 5 min and supernatant was removed. DNA was washed 

additionally two times with 1 ml of 70% ethanol, centrifuged (13000 rpm, 5 min). Supernatant was 

removed and pellet was left for 20 min to dry.  DNA sample were diluted in RNase and DNase-free 

water. Concentration was measured using NanoVue.  
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Back extraction buffer (for 250 ml): 
Guanidine Thiocyanate   4 M   
Sodium Citrate NaCi    50 mM 
Tris (free base)Tris    1 M   
pH adjusted to 8.5-9 by addition of HCl 
Aqua dest.       

2.10.2 Bisulfite conversion 

 Bisulfite conversion was performed with EpiTeck Plus LyseAll Lysis Kit (QIAGEN). Pools of 3 

epiblasts, hypoblasts and trophoblasts were thawed, centrifuged and the PBS was removed.  To 

each pool of embryonic tissues and to 2 µg of DNA of rabbit adult heart tissue a volume of 10 µl of 

H2O (RNase, DNase free), 10 µl of PBS (filtrated), 15 µl of the Lysis Buffer FTB and 5 µl proteinase K 

(x U/µl) was added. Samples were vortexed and briefly centrifuged, then incubated per 30min at 

560C in a thermoblock. After lysis samples were set up for bisulfite reaction. At first Bisulfite Mix 

powder was dissolved with the 800µl H2O, with of the mixture the heating to 600C. 85µl of 

bisulfite and 15µl of DNA protect buffer was added to all tubes. The reaction was carried under 

following thermocycler conditions: 

Denaturation  5 min   95 0C 
Conversion   25 min   60 0C 
Denaturation  5 min   95 0C 
Conversion   25 min   60 0C 
Denaturation  5 min   95 0C 
Conversion   2h 55 min  60 0C 
Final hold     20 0C 

2.10.3 Purification of bisulfate treated DNA 

Embryonic tissues sample post lysis were directly treated with bisulfite to minimalize loss of DNA 

used for conversion. In order to prepare converted DNA for further PCR reactions it need to be 

purified. Clean-up of the sample was accomplished with EpiTeck Kit (QIAGEN). First steps of the 

purification up till the wash should were performed for one sample at once in order to recover 

the highest amount of the DNA. Before starting with the purification BL Buffer was supplemented 

by dissolving carrier RNA to enhance DNA recovery. Samples were briefly centrifuged after 

bisulfite conversion and the content was transferred to the new 1.5 ml tube. 310 µl of BL Buffer 

was added subsequently, vortex and centrifuged briefly. Next 250 µl of ethanol (96 %) was added, 

mixed by pulse vortexing for 15 sec and briefly centrifuged. Then entire content was moved to the 

MinElute DNA spin column. Once the sample was applied on the column, the next one could be 

handed and prepared with the same manner. Spin columns were centrifuged at 13000 rpm for 1 

min, and the flow-through was discarded together with collecting tube. Next 500µl of Buffer BW 

was applied to each spin column, columns were centrifuged at 13000 rpm for 1min, and again the 

flow-through was discarded together with collecting tube. Then 500µl of Buffer BD was added to 

each spin column, spin column lids was closed for proper incubation for 15 min at room 
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temperature (to minimize the exposure of BD Buffer to air and light and prevent acidification). 

Subsequently columns were centrifuged at 13000 rpm for 1min, trash the flow-through with the 

collecting tube. Next 500µl of Buffer BW was applied, columns were centrifuge the tube at 13000 

rpm for 1min and flow-through discarded with the collecting tube (this wash was repeated twice). 

Lastly columns were washed with 250 µl of ethanol (96 %) and centrifuged at 13000 rpm for 1min, 

flow-through discarded with the collecting tube. Membranes were left to dry over 5 min with an 

open lid. Elution of converted DNA bounded to the column was performed with 20 µl of Elution 

Buffer. After 2 min of incubation, sample was collected by centrifugation for 1 min at 13000 rpm. 

2.10.4 “Nested” PCR reaction with Conserved region-specific primers of POU5F1 (Oct4) gene 

promoter 

PCR reaction was set up for chosen to be performed for two conserved regions (CRs) at POU5F1 

(Oct4) promoter region: CR1 and CR4. Because of a small amount of cells, bisulfite treated and 

recovered DNA levels are to low and need to be amplified. In order to multiply the specific 

genomic DNA fragments and keep the specificity high, a “nested” PCR was applied. Primers used 

in this reaction were provided by Blachère T. and Godet M. from Stem-cell and Brain Research 

Institute (INSERM, University of Lyon, Lyon, France). Matrix in PCR1 reaction was 20 µl of bisulfite 

converted DNA. 

Oct4 CR1-PCR1 
Oct4_CR1_PCR1 forward  5' AAAACCTTAAAAACTCAACCAAATCC 3'   Tm=61 0C 
Oct4_CR1_PCR1 reverse 5' GTTTTTTTAGGGAGGGGGTAGAG 3'   Tm=60.5 0C 
CR1 PCR1 PRODUCT SIZE: 467 bp 
 
Oct4 CR4-PCR1 
Oct4_CR4_PCR1 forward   5'TAACCCTATCAAACTTCTAAAAAACT 3’   Tm=55.6 0C 
Oct4_CR4_PCR1 reverse  5'GTTGGTTGGGTAGGAGTTTAT 3'   Tm=54.8 0C 
CR4 PCR1 PRODUCT  SIZE: 472 bp 
 
PCR reaction set up for PCR1: 
HOT BIOAmp 10x Buffer B2   (Mg2+ free)  5 µl  
MgCl2    (25 mM) 3 µl 
dNTP     (10 Mm) 1 µl 
primer forward   (10 pM)  1 µl 
primer reverse   (10 pM)  1 µl  
Taq Hot Start    (5U/µl)  0.6 µl 
Aqua dest.       Ad 30 µl 
 
PCR1 reaction was carried under following thermocycler conditions: 
Denaturation (initiation)  95 0C      13 min 
Denaturation  95 0C      1 min 
Primer annealing  56 0C for CR1m and 51 0C for CR4  1 min 
Elongation   72 0C     1 min 
Final elongation  72 0C      10 min  
Final hold   8 0C     ∞ 
 

35 cycles 
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PCR2 (“nested” PCR) was performed with 5 µl of PCR1 product as a matrix and specific primers. 

Oct4 CR1-PCR2 
Oct4_CR1_PCR2 forward  5' AAAATCCACCCAACCTAACTCC 3'   Tm=60,4 0C 
Oct4_CR1_PCR2 reverse 5' ATGGGGTGGAAGGGAttttAG 3'    Tm=61,2 0C 
CR1 PCR1 PRODUCT SIZE: 403 bp 
Oct4CR4-PCR2 
Oct4_CR4_PCR2 forward   5’ATAAGTTAAAGAGTTTTGTTTTTGG 3’   Tm=54,7 0C 
Oct4_CR4_PCR2 reverse  5'AACTTCTAAAAAACTAAATAACCTAACTCT 3'  Tm=55,5 0C 
CR4 PCR1 PRODUCT  SIZE: 434 bp 
 
PCR reaction set up for PCR2: 
HOT BIOAmp 10x Buffer B2  (Mg2+ free)   3 µl  
MgCl2    (25 mM) 1.8 µl 
dNTP     (10 Mm) 0.6 µl 
primer forward   (10 pM)  0.6 µl 
primer reverse   (10 pM)  0.6 µl  
Taq Hot Start    (5U/µl)  0.36 µl 
Aqua dest.       Ad 25 µl 
 
PCR2 reaction was carried under following thermocycler conditions: 
Denaturation (initiation)  95 0C     13 min 
Denaturation  95 0C     1 min 
Primer annealing  60 0C for CR1 and 54 0C for CR4 1 min 
Elongation   72 0C    1 min 
Final elongation  72 0C     10 min  
Final hold   8 0C    ∞ 

Products of PCR2 were developed using electrophoresis in 1,8 % agarose gel with 70 V, 30 min 

running conditions. 

1,8 % of agarose gel 
Agarose    1.8 g 
10x concentrated TAE buffer  10 ml 
Aqua dest.     90 ml 
Etidiumbromide   3 µl 

PCR products were identified in agarose gel by size under exposition to UV light. Excise the DNA 

fragments from agarose gel was done using a clean, sharp scalpel, and placed in 2ml tube. Glass 

shallow under the gel was applied to minimize damage of product due to UV exposure. Gel 

fragments were stored in -200C till product isolation. 

2.11 Extraction of the DNA fragment from agarose gel 

Recovery of the product amplified in PCR reaction from agarose gel was performed using 

QIAquick® Gel Extraction Kit (Qiagen). At first 1 ml of QG Buffer was added to tube with gel 

fragment and incubated for 10 min in 500C (water bath) with vortexing every 2 min. Next 1ml of 

isopropanol was added and mixed. Sample was applied to the QIAquick column (800 µl), 

centrifuged 13000 rpm for 1 min, flow-through was discarded. Then 500 µl of QG Buffer was 

added and incubated for 2 min, centrifuged and flow-through discarded. Subsequently 750 µl of 

35 cycles 
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PE Buffer was added, incubated 2 min, centrifuged and flow-through discarded. An additional 

centrifugation was done to ensure that membrane is free of ethanol remaining. To elute product 

out of the QIAquick column 50 µl of Elution Buffer was applied, incubated 4 min and centrifuged 

13000 rpm for 1 min. The flow-through was collected and stored in -200C till ligation. 

2.12 Cloning 

The products of “nested” PCRs with bisulfite treated DNA carry the information about the 

methylation patterns from population of cells. To asses, how is a single methylation pattern from 

one cell, the product need to be cloned to a plasmid vector and then amplified in bacteria culture 

to produce sufficient material for sequencing reaction. 

2.12.1 Ligation 

An advantage of pGEM-T Vector System (Promega, Mannheim) is multiple cloning site with 3’-T-

overhang. Products of PCRs with Taq-DNA Polymerase have a complementary 3’-A-overhang to 

3’-T-overhang of pGEM-T Vector what helps to insert the product with high efficiency.  

In order to ligate PCR product with pGEM-T Vector following reaction was prepared: 

2xBuffer   10 µl       
T4 DNA Ligase (1U)  1 µl        
pGEM-T Vector    1 µl               
8 µl of PCR product extracted from gel (insert) was added.  

Ligation reaction was proceeding for at least 12h in 15 0C. 

2.12.2 Transformation 

NEB 5-alpha Competent E. coli cells (C2987H, New England Biolabs., Ipswich, MA) were 

transformed with High Efficiency Transformation Protocol (C2987H/C2987I). At first tube with 

bacteria was thawed on ice for 10 min. After that time 5 µl of ligation reaction was added and 

mixed carefully by flicking. Tube was incubated on ice for 30 minutes. Next bacteria were heat 

shocked at exactly 42 °C for 30 sec and placed on ice for 5 min subsequently. 482.5 µl of room 

temperature SOC media was added to transformation reaction and placed at 37 °C for 60 min 

with vigorous rotation.  Selection plates were preprepared and warmed-up at 37 °C. After 60 min 

transformation reaction 200 µl and 50 µl were spreaded onto a selection plates and incubated 

overnight at 37 °C.  

SOC medium: SOB (super optimal broth) medium + glucose (so called SOC medium, for liquid colonies 
and for agar plates preparation) 
Yeast extract  0.5 %  5 g 
Peptone  2 %   20 g 
NaCl  10 mM  0.584 g 
KCl  2.5 mM  0.186 g 
MgSO4  20 mM  2.4 g 
Glucose 20 mM  3.603 g 
(pH adjusted t orange from 6.8 - 7) 
Aqua dest.   ad 1 l 
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To prepare selection plates 50 mg/ml of ampicillin, 20 mg/ml of X-Gal (in dimethyl formamide) 

and 200 mg/ml of IPTG (in Aqua dest.) was added to 400 ml of SOC media. 

2.12.3 Selection of positive clones  

Selection plates give a possibility to growth only to transformed bacteria having a pGEM-T Vector 

with ampicillin resistance. To distinguish between the bacteria clones with pGEM-T Vector with 

integrated insert (positive clones) and clones with pGEM-T Vector without insert a discrimination 

regarding to clone color was done. Clones without insert have ligated multiple cloning site of 

pGEM-T plasmid, what results in with an integrated lacZ-gene and a transcription of a β-

galactosidase enzyme. β-galactosidase can digest X-Gal and give as a blue side product of reaction 

(5-Bromo-4-Chloro-3-Indol). Bacteria having a pGEM-T plasmid with insert do not have a working 

lacZ-gene, because of integration of insert, so they are not able to digest X-Gal and remain white 

(colorless). IPTG (Isopropyl β-D-1-thiogalactopyranoside) is an inductor of β-galactosidase and 

enhances the gene transcription. 

2.12.4 Plasmid isolation from E.coli bacteria 

Positive bacteria clones were picked up with sterile pipette tip and placed in 4 ml of SOC Media 

with ampicillin and incubated overnight in 370C by 250 rpm shaking. Next day liquid bacteria 

culture was used in plasmid isolation. Plasmid isolation was done using several plasmid isolation 

kits according to instructions (Monarch® Plasmid Miniprep Kit, New England Biolabs, Ipswich, MA; 

QIAGEN Plasmid Mini Kit, QIAGEN, US; Plasmid Miniprep Kit I, peqGOLD, VWR International 

GmbH, Darmstadt, Germany). Principals of the plasmid isolation method were described first time 

by Birnboim and Doly in 1979 (Nucleic Acids Res. 7, 1513-1523).  

2.12.5 Restriction reaction 

To reassure if the isolated plasmid is having ligated insert of interest an restriction reaction with 

endonucleases ApaI and SacI was done with following setups: 

ApaI (5U) 1 µl 
SacI (5U) 1 µl 
Buffer B+ 5 µl 
Isolated plasmid 3 µl 

ApaI and SacI are digesting the plasmid at defined multiple cloning sites of the pGEM-T Vector.  

The products of restriction reaction were visualized by separation in agarose gel. Expected 

product size was estimated by adding the 80bp of multiple cloning side and the length of each 

insert. If the plasmid was carrying the right size of insert, the plasmid was dedicated for 

sequencing to ensure if the insert sequence is adequate.   
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2.12.6 Sequencing 

Sequencing reaction of plasmids dedicated to prepare a real time PCR standards was prepared 

using a BigDye® Terminator v 1.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, USA) 

using following setup: 

T7.2 Primer (5 pmol/µl)     0.5 µl 
Big Dye Terminator v1.1Cycle SequencingRR24 2 µl 
Big Dye Terminator v1.1.3.1 5xSeq. Puffer  1.5 µl 
H2O     4 µl 
Plasmid     2 µl 

Thermocycler settings: 

Denaturation (initiation)  95 0C   1 min 
Denaturation  95 0C   1 min 
Primer annealing  55 0C  1 min 
Elongation   60 0C  1 min 
Final elongation  60 0C   10 min  
Final hold   4 0C  ∞ 

2.12.7 Purification of sequencing reaction 

Product of sequencing reaction was purified. At first pH was adjusted by addition of 1 µl 3 M 

NaOAc (pH 5.2) and 40 µ 96% EtOH (4 0C) was added facilitate precipitation. Products were 

centrifuged for 30 min at 13000 rpm in 40C, the supernatant was gently discarded. Next steps 

were two washes in 200 µl of 70% EtOH (40C) followed by 20 min centrifugation in 13000 rpm in 

40C. Supernatant was always carefully taken off. Pellets were left to dry in vacuum for 5 min 

(SpeedVac). Plasmids prepared in such way were sent to Nucleotide Sequencing and Fragment 

Analysis Service at Center for Basic Medical Research (ZMG) of the Medical Faculty (MLU Halle-

Wittenberg) or to sequencing service Microsynth AG (Lindau, Germany). The outcomes of 

sequencing were analyzing by alignment of obtained sequence with its mRNA sequence using 

Nucleotide Basic Local Alignment Search Program (BLASTn). Once the identity of insert sequence 

was recognized, the plasmid was used as a standard for real time PCR. 

2.13  Bisulfite sequencing data analysis 

ll plasmid sequences carrying the insert with DNA methylation pattern were submitted to QUMA: 

quantification tool for methylation analysis (Kumaki et al., 2008) and compared with the genomic 

unconverted sequence between PCR primer pair.  

Following parameters were udsed after data submission. 

- Upper limit of unconverted CpHs – represents a number of unconverted CpHs (CpA, CpC and CpT) 

and is used to exclude incomplete bisulfite conversion. Upper limit of unconverted CpHs was set 

on 20. 

25 cycles 
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- Lower limit of percent converted CpHs – is a percent of "number of converted CpHs" to "number 

of CpHs" and this parameter is used to exclude incomplete bisulfite conversion. Lower limit of 

percent converted CpHs was set on 90 %. 

- Upper limit of alignment mismatches – is a number of alignment mismatches and gaps between 

genomic and bisulfite sequences, this parameter allows to exclude low quality sequence read. 

Upper limit of alignment mismatches was set on 10. 

- Lower limit of percent identity – is a percent of alignment identity between genomic and bisulfite 

sequences, this parameter excludes raw quality sequence read. Lower limit of percent identity 

was set on 80 %.  

Experimental sequencing results were analyzed as methylated or unmethylated with rules 

presented at Figure 9.  

Figure 9. CpG methylation assessment out experimental sequencing data (modified after Rohde 
et al., 2010). 
 

2.14 Real Time PCR 

Real time PCR was performed and analyzed for all genes listed in Table 2 according to the settings 

previously described by Gürke et et al., 2016.  

2.14 Real Time PCR standards 

All sequenced plasmids concentrations were measured with NanoVue. Next the plasmid was 

diluted to reach a 108, 107, 106, 105, 104, 103 of plasmid molecules in 3 µl. 

2.15 Statistics 

Statistical significance was estimated using student’s t-test for data with normal distribution. 

Statistical comparison of groups with multiple factors was done by factorial variance analysis 

(ANOVA) adjusted according to Bonferroni (statistical software: Sigma Plot v. 11.0). p-value was 

used for each statistical model to summarize statistical significance as follows: *- p<0.05, **- p< 

0.01 and ***- p<0.001. All experiments were carried out at least three times.  

reference sequence 
unmethylated 

experimental 
sequencing 
results 

unmethylated 
methylated 
methylated 
unknown 
unknown 
unknown 
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3. Results 

3.1 Effect of maternal diabetes on the expression of pluripotency genes and differentiation-

related gene markers in rabbit preimplantation embryos 

3.1.1 Expression of pluripotency genes in gastrulating blastocysts 

RNA amounts of Oct4, Nanog and Sox2, genes essential for pluripotency maintenance, were 

measured using RT-qPCR in blastocysts at day 6 p.c. stage 0, when the beginning of gastrulation 

occurs, and at stage 2, when gastrulation is proceeding.  

At stage 0 Oct4 was highly transcribed in embryoblasts, while the expression was significantly 

lower in trophoblasts (see Figure 10). At stage 2 Oct4 RNA amounts was measured in all 

embryonic tissues. The epiblasts showed the highest expression of all embryonic tissues. The Oct4 

RNA amount was higher in hypoblast than in trophoblast tissue. 

Oct4 RNA amount transcription was compared in blastocyst day 6 p.c. stage 0 and stage 2 from 

healthy and diabetic pregnancies (see details at Figure 10A and 10B). At stage 0 epiblasts did not 

differ in Oct4 RNA amounts, while a significant upregulation of Oct4 mRNA was observed in 

epiblasts from diabetic pregnancies at stage 2 (Figure 10A). At stage 2 hypoblasts shared a similar 

Oct4 expression. Trophoblasts from blastocysts at stage 0 developed in an diabetic pregnancies 

had higher Oct4 transcripts amounts than trophoblasts from healthy rabbits (Figure 10B). In stage 

2 trophoblasts Oct4 expression was lower than at stage 0 and did not differ between the diabetic 

and healthy rabbits. 

Figure 10. Oct4 mRNA amount in epiblasts, hypoblasts and trophoblasts from blastocyst at 
stage 0 and 2 from diabetic and healthy rabbits. Tissues were sampled from 6 day old staged 
rabbit blastocysts and analyzed by RT-qPCR for Oct4 transcription. 
(EB – embryoblast; Epi – epiblast; Hypo – hypoblast, TB – trophoblast; mean ± SEM, N=3, n=6 
(n=pool of 3 embryonic tissues from different embryos); * p ≤ 0.05; ** p ≤ 0.001; *** p ≤ 0.0001;) 
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Expression of Nanog and Sox2 was detected in epiblasts at blastocyst day 6 stages 2. The level of 

Nanog and Sox2 transcripts is higher in epiblasts of diabetic embryos (Figure 11).  

Figure 11. Nanog and Sox2 mRNA amounts in epiblast tissue of blastocyst (stage 2) from 
diabetic and healthy rabbits. (mean ± SEM; N=3, n=6 (n=pool of 3 embryonic tissues from 
different embryos); * p ≤ 0.05; ** p ≤ 0.001; *** p ≤ 0.0001) 

In epiblasts of blastocysts at day 6 p.c. Oct4 transcript amount was on the highest level among the 

investigated pluripotency genes. In case of both, Oct4 and Sox2 mRNA transcript levels were 

higher for the epiblasts of diabetic pregnancies, where Nanog expression patterns show a similar 

tendency without a statistical significance.  

3.1.2 Expression of extraembryonic tissue-specific genes for hypoblasts and trophoblasts from 

blastocysts day 6 stages 0 and 2 

Expression of genes involved in formation of extraembryonic tissues was investigated by RT-qPCR. 

The Cdx2, gene involved in trophoblast cell differentiation and segregation, was identified in  

Figure 12. Cdx2 and Hex mRNA amount in trophoblasts and hypoblasts of blastocyst (stages 0 
and 2) from healthy and diabetic rabbits. (TB – trophoblast, Hypo - hypoblasts; mean ± SEM, N=3, 
n=6 (n=pool of 3 embryonic tissues from different embryos); * p ≤ 0.05) 
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trophoblasts stage 0 and 2 from blastocysts day 6 p.c. (Figure 12). In trophoblasts of healthy 

embryos the Cdx2 RNA amount was decreasing from stage 0 to stage 2, while the Cdx2 transcript 

levels in trophoblasts of diabetic embryos between stage 0 and 2 remained similar.  The hypoblast 

differentiation marker Hex was quantified in hypoblasts of stage 2 blastocysts. Hex levels were 

not differing between hypoblasts from healthy and diabetic pregnancies. 

3.1.3 Expression of heart developmental markers: Mef2C, Gata6, Gata4 and Nkx2-5 in rabbit 

fetal hearts at day 12 and 14 

The expression of gene markers of heart fetal development - Mcf2C, Gata6, Gata4 and Nkx2-5 - 

was measured in rabbit fetal hearts day 12 and 14 developed in healthy and diabetic mothers. 

Transcription levels for Mef2C and Gata4 genes were similar at day 12 and 14 and did not differ 

between healthy and diabetic rabbits (Figure 13A). RNA amounts of Gata6 were higher in healthy 

fetal hearts day at 14 than in hearts harvested at day 12. In opposite, Mef2C expression in 

diabetic fetal hearts did not vary between hearts at day 12 and 14. In hearts from healthy and 

diabetic pregnancies the expression of Gata6 was similar at day 12, while at day 14 of 

development the Gata6 transcript level was lower in the diabetic group (Figure 13A). The Nkx2-5 

mRNA amount was at a similar level in fetal hearts at day 12 and 14 from healthy pregnancies. 

The fetal hearts from diabetic pregnancies showed a lower Nkx2-5 expression at day 14 than at 

day 12 of development (Figure 13B). Among the investigated heart development markers the 

relative transcript level was the highest for Gata6 and Gata4 gene. 

 

Figure 13. Transcript amounts of genes involved in heart development investigated in rabbit 
fetal hearts at day (d) 12 and 14 from healthy and diabetic pregnancies. 
A - mRNA amounts of Mef2C, Gata6 and Gata4 gene; B - mRNA amounts of Nkx2-5 gene; *-9+-
mean ± SEM (N=3, n=8; * p ≤ 0.05)  
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3.2 Oct4 (POU5F1) promoter region methylation analysis in rabbit adult heart tissue and 

gastrulating blastocysts day 6 stage 2  

Analysis of Oct4 (POU5F1) promoter region methylation was performed using the bisulfite 

sequencing method. Sequencing data were compared to the template (-2600 bp downstream to 

POU5F1 gene sequence, GenBank: AC235550.2) by the QUantification tool for Methylation 

Analysis Software (QUMA) developed in the Center for Developmental Biology  RIKEN (Japan) by 

Kumaki et al., 2008. All sequences were characterized by the following parameters: identity to 

template higher than 80 % and  cytosine bisulfite conversion rate higher than 90 %. The sequences 

fulfilling the parameters were included in the evaluation of the Oct4 (POU5F1) promoter 

methylation state. Additionally, identical clones possessing the same percentage of identity and 

conversion rates were identified by QUMA multiple alignment tool and excluded because of a high 

risk of amplification of the DNA material from the same cell (Kumaki et al., 2008). 

3.2.1 Oct4 (POU5F1) promoter region methylation analysis in rabbit adult heart tissue 

Methylation patterns at the Oct4 (POU5F1) promoter region were conducted in adult rabbit heart 

tissue for the conserved regions 4 (CR4-) and 1 (CR1-) overlapping fragments. CR1 is placed close 

to the transcription start side and CR4 is localized about 1900 bp downstream (Figure 14A).  

The total percentage of CpGs methylation at CR4-overlapping fragment was 66 %. The 

methylation of 17 CpGs was investigated (Figure 14B). The analyzed fragment covers 7 CpGs from 

CR4 and 10 CpGs outside the conserved region (placed upstream to CR4). Both areas were 

methylated at the same level (66 %). Methylation of CpG at the distal enhancer 1A (DE-1A) was 

roughly 24 %, what was much lower than for the rest of the analyzed CpGs inside the CR4-

overlapping fragment. CpGs surrounding the Oct4/Sox2 binding site were slightly higher 

methylated than the total percentage of CpGs methylation. 

The CR1-overlapping fragment was methylated in 52 % (data for 24 CpGs, 9 sequences, see details 

at Figure 14C). The CR1-overlaping fragment was covering minimal promoter (me-CpGs 53 %) with 

CR1 and the beginning of the first exon. The highest methylation in the minimal promoter was at 

the fragment outside the conserved region (67 %) and the lowest methylation was at the 

hormone response element (44 %). CR1 has 46 % of methylation, what is lower than the total 

methylation for CR1-overlapping fragment. Beginning of the first exon had 50 % of methylated 

CpGs, what was similar to the total methylation observed for analyzed fragment. 
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Figure 14. Bisulfite sequencing DNA methylation data for the Oct4 (POU5F1) promoter region in rabbit adult heart tissue 
A: Organization of Oct4 promoter region with indicated positions of conserved regions 1 and 4; B: Data for CR4-overlaping fragment (comparison for 17 
sequences); C: Data for CR1-overlaping fragment (comparison for 9 sequences). Column graphs show the percentage of methylation at single CpG 
positions in analyzed promoter fragments. Lollypop-style graphs demonstrate methylation patterns from different alleles (each row represents data for 
one sequence); CR1/2/3/4 – conserved region 1/2/3/4; Me-CpG – methylation at single CpG position; me-CpGs – methylation at indicated number of 
CpGs; DE-1A – distal enhancer 1A; Oct4/Sox2 – Oct4 and Sox2 binding site; HRE – hormone response element. 
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The CR4-overlapping fragment has a higher methylation than the CR1-overlapping fragment in 

rabbit adult heart tissue. Comparison of methylation of conserved regions showed a higher 

percentage for CR4 (7 CpGs analyzed for CR4, 10 CpG for CR1). Me-CpGs was decreasing in the 

surrounding and at the functional elements inside of both fragments. Methylation percentage 

outside the conserved regions was at a similar level in case of the CR1- and CR4-overlaping 

fragment. 

3.3 Comparison of data for groups of epiblasts, hypoblasts and trophoblasts pools 

Methylation data were collected for two groups of epiblasts, hypoblasts and trophoblasts pools 

sampled from blastocysts day 6 at stage 2. Each pool of epiblasts, hypoblasts and trophoblasts 

was obtained from three blastocysts developed in healthy or diabetic rabbits. The total 

methylation percentage was calculated for each pool to see if results were repetitive (see Figure 

15). The total methylation for each of group was calculated as a percentage of methylated CpGs 

against all CpGs in analyzed CR1 or CR4 overlapping fragment. 

The total methylation was at low levels for pools of epiblasts in CR1- and CR4-overlapping 

fragments (Figure 15). Epiblasts from diabetic blastocysts had a higher difference between total 

CpGs methylation of group 1 and 2 in CR1-overlapping fragments. This was not seen in case of 

diabetic epiblasts pools for CR4-overlapping fragment. The rest of epiblasts pools for group 1 and 

2 were at similar methylation levels.  

Figure 15. Total CpGs methylation at CR1- and CR4-overlapping fragment. Group 1 and 2 of 
epiblasts, hypoblasts and trophoblasts was sampled from blastocysts from healthy and diabetic 
rabbits.  (H – healthy pregnancy, D – diabetic pregnancy, Epi – epiblast, Hypo – hypoblast, TB – 
trophoblast; Me-CpGs – methylation at CpGs; mean of total CpG methylation ± SEM (error bars 
represent SEM between the total CpGs methylation of sequences); N=2; n≥8) 
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Pools of hypoblasts of healthy blastocysts showed no change between groups and were higher 

methylated at CR1- and CR4-overlapping fragments than in the diabetic ones. Trophoblasts pools 

were equally methylated at the CR1-overlapping fragment. Group 2 of trophoblasts from healthy 

blastocysts was higher methylated than group 1.  

Methylation of epiblasts was lower than in hypoblasts and trophoblasts for CR1- and CR4-

overlapping fragments. The differences between methylation of CR1- and CR4-overlaping 

fragments in pools from group 1 and 2 have been seen in some cases, what was a consequence of 

natural variation. The methylation data for all sequences (of different alleles) obtained for group 1 

and group 2 were combined in further analysis for each epiblasts, hypoblasts and trophoblasts to 

present the dynamic states of embryonic tissues methylation at Oct4 (POU5F1) promoter region 

and better see the influence of the three major lineages. 

3.4 Oct4 (POU5F1) conserved region 1 methylation analysis in embryonic tissues of gastrulating 

blastocysts day 6 stage 2  

CpGs methylation at conserved region 1 (CR1) was investigated using sequencing data for group 1 

and 2  of epiblast, hypoblast and trophoblast pools. Methylation of embryonic tissues of healthy 

rabbit blastocysts was compared to diabetic ones, using single CpG methylation analysis (column 

and lolly-pop graphs at Figure 16, 17, 18) and by clustering CpGs in structural and functional 

groups (see tables at Figure 16, 17  and 18).  

 3.4.1 Oct4 (POU5F1) conserved region 1 methylation analysis in epiblasts from healthy and 

diabetic rabbits 

Epiblasts from healthy blastocysts were methylated in 11 % for 24 CpGs analyzed at CR1-

overlapping fragment (see Figure 16A). Methylation was equally distributed in the fragment. Exon 

and minimal promoter had me-CpGs of 11 %, CR1 was methylated in 9 % (all 10 CpGs of 

conserved region 1 were covered). The fragment upstream to the CR1, but within minimal 

promoter was slightly higher methylated with me-CpGs of 14 %. The smallest methylation (5 %) 

shared two CpGs in close proximity to the hormone response element (HRE). The data was 

obtained from 21 different alleles, sequences were homogenously methylated at single CpGs (see 

lollypop-style graph at Figure 16A). 

Epiblasts from diabetic blastocysts at the CR1-overlapping fragment had 25 % of methylated 

CpGs, what was higher than in case of epiblasts of healthy blastocysts (see details at Figure 16B). 

CR1, exon and HRE CpGs methylation was oscillating from 18 to 20 % (result is twice higher than 

for similar regions in epiblasts of healthy blastocysts). The fragment upstream to the CR1 was 

methylated in 46 %, what was lifting minimal promoter me-CpGs up to 29 %. Calculations were 

done based on 20 sequences representing different alleles. Sequences differ between low or no 
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methylation to methylated in nearly 40 %.  This variety was not seen in case of epiblasts from 

healthy blastocysts.   

3.4.2 Oct4 (POU5F1) conserved region 1 methylation analysis in hypoblasts from healthy and 

diabetic rabbits 

Total CpGs methylation for hypoblasts from healthy blastocysts for whole analyzed fragment was 

42 % (see Figure 17A). The part of minimal promoter upstream to CR1 was highly methylated (me-

CpGs 56%), while CR1 and exon were methylated in 38 %. CpGs in close proximity to HRE were 

methylated in 48 %. Considering the single CpG methylation the three CpGs of CR1 close to 

transcription start side were lower methylated in most sequences (total 18 sequences were used 

for analyzes). 

Hypoblasts of blastocysts from diabetic pregnancies were lower methylated at CR1-overlapping 

fragment than the healthy ones (see details Figure 17B). Total me-CpGs was 15 %, while minimal 

promoter was methylated in 16 %. Areas inside the minimal promoter differed in methylation: 

CR1 was methylated in 14 %, while CpGs of the fragment outside CR1 placed upstream to 

conserved region were methylated in 21 %. The lowest methylation inside of CR1-overlapping 

fragment was at CpGs close to the HRE (me-CpGs=11 %) and at the beginning of exon (13 %). All 

functional elements inside the CR1-overlapping fragment of hypoblasts from diabetic blastocysts 

were at least in 25 % lower methylated than the same regions in hypoblasts of healthy blastocysts 

(Figure 17A and 17B). Sequences of hypoblasts of diabetic blastocysts were homogenous. 

3.4.3 Oct4 (POU5F1) conserved region 1 methylation analysis in trophoblasts from healthy and 

diabetic pregnancies 

Trophoblasts from healthy blastocysts had a total me-CpGs of 39 % (see Figure 18A). Exon (me-

CpGs=24 %) was lower methylated than the minimal promoter (48 %). Inside of minimal promoter 

the fragment outside conserved region and placed upstream to CR1 was in 76 % methylated, 

while CpGs inside of CR1 were methylated in 34 %. CpGs close to HRE were the part of minimal 

promoter with the lowest methylation – 21 %. Total CpGs methylation at CR1-overlapping 

fragment for trophoblasts of diabetic blastocysts was similar to healthy ones (me-CpGs=40 %, 

Figure 18B).  

The elements of minimal promoter shared a parallel proportion of methylation between the 

fragment outside the conserved region, upstream to CR1 and the CR1 (61 % to 36 % of me-CpGs). 

HRE and beginning of exon was slightly higher methylated than in trophoblasts from healthy 

blastocysts (Figure 18A and 18B). 
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Figure 16. Bisulfite sequencing DNA methylation data for CR1-overlaping fragment of Oct4 (POU5F1) promoter region in epiblasts of rabbit blastocysts 
from healthy (A) and diabetic (B) rabbits. 
Column graphs display the percentage of methylation at single CpG position in analyzed promoter fragments. Lollypop-style graphs demonstrate 
methylation patterns from different allels (each row represent data for one sequence); CR1 – conserved region 1; Me-CpG – methylation at single CpG 
position; HRE – hormone response element. 
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Figure 17. Bisulfite sequencing DNA methylation data for CR1-overlaping fragment of Oct4 (POU5F1) promoter region in hypoblasts of rabbit 
blastocysts from healthy (A) and diabetic (B) rabbits. 
Column graphs display the percentage of methylation at single CpG position in analyzed promoter fragments. Lollypop-style graphs demonstrate 
methylation patterns from different alleles (each row represent data for one sequence); CR1 – conserved region 1; Me-CpG – methylation at single CpG 
position; HRE – hormone response element. 
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Figure 18. Bisulfite sequencing DNA methylation data for CR1-overlaping fragment of Oct4 (POU5F1) promoter region in trophoblasts of rabbit 
blastocysts from healthy (A) and diabetic (B) rabbits. 
Column graphs display the percentage of methylation at single CpG position in analyzed promoter fragments. Lollypop-style graphs demonstrate 
methylation patterns from different alleles (each row represent data for one sequence); CR1 – conserved region 1; Me-CpG – methylation at single CpG 
position; HRE – hormone response element. 
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3.4.4 Oct4 (POU5F1) conserved region 1 methylation analysis in rabbit adult heart tissue and 

embryonic tissues from healthy and diabetic pregnancies 

The methylation at the CR1-overlapping fragment of the POU5F1 promoter region and its 

functional elements was calculated as a percentage of methylation at CpGs included in a given 

area and shown at column graphs to better visualize the results in rabbit heart tissue as well as in 

embryonic tissues of blastocysts from healthy and diabetic females (see Figure 19). The error bar 

was expressed as the standard error from the average methylation of single CpGs included for 

each region and showed wheather the single CpGs methylation is equally distributed inside of an 

analyzed area.  

 
Figure 19. Bisulfite sequencing DNA methylation data for CR4-overlaping fragment of Oct4 
(POU5F1) promoter region in rabbit adult heart tissues and embryonic tissues of blastocysts 
from healthy and diabetic rabbits. Column graphs show the average percentage of methylation 
at CpGs of the analyzed area in the promoter fragment, error bars show the standard error 
between average single CpG methylation inside of the analyzed fragment; A – methylation of total 
CpGs in the CR1-overlapping fragment: B – methylation of CpGs at the minimal promoter; C  – 
methylation of CR1; D – methylation at the fragment of the minimal promoter outside the 
conserved region, upstream to CR1; E – methylation of CpGs at the hormone response element; F 
– methylation of the beginning of exon; CR1 – conserved region 1; Me-CpGs – methylation at 
indicated CpGs; HRE – hormone response element 
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The total methylation at the CR1-overlapping fragment was the highest in rabbit heart tissue with 

24 CpGs being analyzed (Figure 19A). Trophoblasts from healthy and diabetic rabbits and 

hypoblasts from healthy blastocysts were reaching similar CpGs methylation values. Hypoblasts 

from diabetic blastocysts were lower methylated than the healthy hypoblasts, trophoblasts and 

rabbit adult heart tissue. At this region the lowest methylation was in epiblasts from healthy 

blastocysts. This pattern was multiplied for each area inside of the CR1-overlapping fragment 

(Figure 19A-F). The data for the minimal promoter were obtained from 15 CpGs, for CR1 from 10 

CpGs, the fragment outside CR1, but in the minimal promoter it was including 5 CpGs and the 

beginning of exon - 9 CpGs. The fragment outside the conserved region, placed upstream to the 

CR1 was the highest methylated area in all CR1-overlapping fragments in all investigated tissues 

(Figure 19D). Epiblasts of healthy and diabetic blastocysts shoved a smaller difference in 

methylation of CpGs in close proximity to the hormone response element (HRE). Beside that the 

methylation of healthy hypoblasts was higher than trophoblasts and had the same value like in 

rabbit adult heart tissue.  This region had a high error bar, what means that the distribution of 

methylation in sequence varied.  

3.5 POU5F1 (Oct4) conserved region 4 methylation analysis in embryonic tissues of gastrulating 

blastocysts day 6 stage 2  

Methylation for the CR4-overlapping fragment at the POU5F1 (Oct4) promoter region was 

obtained by joining the sequencing data from group 1 and 2 for each epiblast, hypoblast and 

trophoblast pool. Data were presented like in case of the CR1-overlapping fragment, the results 

are shown as a single CpG methylation plot (lollypop-style graphs and column graphs) as well as in 

clusters of CpGs representing the methylation status of each functional area in the CR4-

overlapping fragment.  

3.5.1 Oct4 (POU5F1) conserved region 4 methylation analysis in epiblasts from healthy and 

diabetic rabbits 

The methylation of epiblasts from healthy blastocysts was at a low level (me-CpGs=10%). The 

covered part of CR4 was even lower methylated – 5 % (Figure 20A). The fragment outside the 

CR4, placed downstream to CR4, was methylated in 13 %. Distal enhancer located inside of the 

CR4 was a 1A (DE-1A), covering one CpG with average methylation of 9.5 %.  

Addidtionally two CpGs surrounding the Oct4/Sox2 binding sides were investigated. Me-CpGs at 

this region was the lowest in the whole area reaching 5 %. 

Epiblasts of diabetic blastocysts were lower methylated than the epiblasts of healthy blastocysts 

at the CR4-overlapping fragment (Figure 20B). The total me-CpGs was 4 %, while the CR4 was 3 % 

and the fragment outside CR4, placed downstream, was methylated in 5 %. DE-1A methylation 
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was the same like in epiblasts from healthy blastocysts. There was no methylation in the 

surrounding of Oct4/Sox2 binding sides. 

3.5.2 Oct4 (POU5F1) conserved region 4 methylation analysis in hypoblasts from healthy and 

diabetic rabbits 

Hypoblasts from healthy blastocysts were highly methylated reaching 57 % total me-CpGs (Figure 

21A). CR4 was lower methylated than the part of the fragment not covering CR4, placed upstream 

to CR4. The CpGs, in the distal enhancer 1A were methylated in 56 %, while the CpGs close to 

Oct4/Sox2 binding side were methylated in 46 %.  

Total CpGs methylation at CR4-overlapping fragment in hypoblasts from diabetic blastocysts was 

twice lower than in hypoblasts from healthy blastocysts (Figure 21B). The methylation inside of 

analyzed fragments was not equally distributed between the CR4 and the fragment outside CR4, 

placed downstream to CR4. Conserved region 4 was methylated in 14 %, while the CpGs of the 

fragment outside and downstream to conserved region was methylated in 38 %. Methylation of 

CpG in distal enhancer 1A was also lower methylated (me-CpG=12,5 %) as well as for the 

Oct4/Sox2 binding side -  4 % of CpGs were methylated. 

3.5.3 Oct4 (POU5F1) conserved region 4 methylation analysis in trophoblasts from healthy and 

diabetic rabbits 

The CR4-overlapping fragment in trophoblast tissue sampled from healthy blastocysts is 

methylated in 59 % (Figure 22A). The CpGs inside CR4 were methylated in 38 %, what is lower 

than the CpG methylation of the fragment outside the CR4, placed downstream to CR4 (me-

CpGs=73 %). Single CpGs from distal enhancer A1 had methylation at level of 50 %, what is higher 

than the average CpG methylation at CR4. CpGs close to the Oct4/Sox2 binding side were 

methylated in 37 %, what is similar to CR4 methylation. Trophoblasts of diabetic blastocysts 

showed lower total CpG methylation than the hypoblasts sampled from healthy blastocysts (me-

CpGs=45 %, Figure 22B). The covered part of CR4 was methylated in 21 %, while the methylation 

of the fragment outside placed upstream to the conserved region was higher (62 %). CpGs in the 

distal enhancer 1A were methylated in 4,5 %, what is 45 % less than in trophoblasts of healthy 

blastocysts. The CpGs in close proximity to Oct4/Sox2 binding side were not methylated. 
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Figure 20. Bisulfite sequencing DNA methylation data for CR4-overlaping fragment of Oct4 (POU5F1) promoter region in epiblasts of rabbit blastocysts 
from healthy (A) and diabetic (B) rabbits 
Column graphs display the percentage of methylation at single CpG position in analyzed promoter fragments. Lollypop-style graphs demonstrate 
methylation patterns from different alleles (each row represent data for one sequence); CR4 – conserved region 4; Me-CpG – methylation at single CpG 
position; DE-1A – distal enhancer 1A; Oct4/Sox2 – Oct4 and Sox2 binding site; 
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Figure 21. Bisulfite sequencing DNA methylation data for CR4-overlaping fragment of Oct4 (POU5F1) promoter region in hypoblasts of rabbit 
blastocysts from healthy (A) and diabetic (B) rabbits 
Column graphs display the percentage of methylation at single CpG position in analyzed promoter fragments. Lollypop-style graphs demonstrate 
methylation patterns from different allels (each row represent data for one sequence); CR4 – conserved region 4; Me-CpG – methylation at single CpG 
position; DE-1A – distal enhancer 1A; Oct4/Sox2 – Oct4 and Sox2 binding site; 
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Figure 22. Bisulfite sequencing DNA methylation data for CR4-overlaping fragment of Oct4 (POU5F1) promoter region in trophoblasts of rabbit 
blastocysts from healthy (A) and diabetic (B) rabbits 
Column graphs display the percentage of methylation at single CpG position in analyzed promoter fragments. Lollypop-style graphs demonstrate 
methylation patterns from different alleles (each row represent data for one sequence); CR4 – conserved region 4; Me-CpG – methylation at single CpG 
position; DE-1A – distal enhancer 1A; Oct4/Sox2 – Oct4 and Sox2 binding site; 
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3.5.4 Oct4 (POU5F1) conserved region 4 methylation analysis in rabbit adult heart tissue and 

embryonic tissues from healthy and diabetic pregnancies 

Total CpGs methylation was the highest for adult rabbit heart tissue, but methylation of 

trophoblasts of healthy and diabetic blastocysts as well as the hypoblasts of diabetic blastocysts 

was also at high level. Methylation of diabetic hypoblasts was twice lower than for adult rabbit 

heart tissue. Epiblasts from healthy and diabetic blastocysts were methylated at the lowest level.  

In trophoblasts and hypoblasts methylation at the conserved region 4 was lower than in adult 

heart tissue, as well as in epiblasts with a methylation less than 5 % (Figure 23B).  Hypoblasts and 
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Figure 23. Bisulfite sequencing DNA methylation data for CR4-overlaping fragment of Oct4 
(POU5F1) promoter region in rabbit adult heart tissues and embryonic tissues of blastocysts 
from healthy and diabetic pregnancies. 
Column graphs show the average percentage of methylation at CpGs of the analyzed area in the 
promoter fragment, error bars show standard errors between average single CpG methylation 
inside of the analyzed fragments; A – methylation of total CpGs in CR4-overlapping fragment: B – 
methylation of CpGs at CR4; C – methylation of distal enhancer 1A (DE-1A); D – methylation of 
CpGs close to Oct4/Sox2 binding side; E – methylation at the fragment of outside the conserved 
region, downstream to CR4; 
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trophoblasts of healthy blastocysts had a higher methylation of CpGs inside of the distal enhancer 

1A than in the adult rabbit heart tissue (Figure 23C). Hypoblasts and trophoblasts of diabetic 

blastocysts had a lower methylation than healthy tissues. Epiblasts of healthy and diabetic 

blastocysts had a similar level of DE-1A CpGs methylation. CpGs close to the Oct4/Sox2 binding 

side were highly methylated in heart tissue, while the methylation in epiblast and hypoblasts from 

healthy and diabetic blastocysts was at a low level (Figure 23D). Trophoblasts of diabetic 

blastocysts showed no methylation in contrary to healthy ones, methylation in this area was 40 %. 

The fragment outside the conserved region, placed upstream to CR4, was methylated at a similar 

level in rabbit heart tissue and in hypoblasts and trophoblasts from healthy blastocysts (Figure 

23E). Hypoblasts of diabetic blastocysts were lower methylated at this area than the hypoblasts of 

healthy blastocysts. The lowest methylation in this fragment was in epiblast tissues, showing no 

difference between the epiblasts of healthy and diabetic blastocysts. 

3.6 Influence of maternal diabetes on expression of enzymes involved in the DNA methylation 

process. 

3.6.1 In vivo expression of DNA methyltransferases in 6 day old rabbit blastocysts 

The RNA amounts of the DNA methyltransferases DNMT1, DNMT3A and DNMT3B were analyzed 

in embryonic tissues of blastocysts from healthy and diabetic females harvested at day 6 p.c. and 

staged (Figure 7).   

Figure 24. DNMTs mRNA amounts in embryonic tissues of 6 day old blastocysts (at stage 0 and 
2) from healthy and diabetic rabbits (quantified by RT-qPCR). A – mRNA amounts of DNMT1 and 
DNMT3A; B – mRNA amounts of DNMT3B;  mean ± SEM (N=3, n=6 (n=pool of 3 embryonic tissues 
from different embryos); * p ≤ 0.05; ** p ≤ 0.001; *** p ≤ 0.0001); EB –embryoblast, TB – 
trophoblast, Epi – epiblast, Hypo – hypoblast. 
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All DNMTs were expressed and demonstrated a comparable pattern of expression. For stage 0 

embryoblasts from diabetic pregnancies the level of DNMTs amounts was significantly increased, 

while no difference was detectable for the trophoblast. Also stage 2 diabetic epiblasts showed an 

upregulation in DNMTs expression compared to embryos from healthy pregnancies. Among the 

extraembryonic tissues at stage 2 RNA amounts of DNMTs was higher for hypoblasts than for 

trophoblasts, while no difference was observed between the tissues from healthy and diabetic 

pregnancies. While the expression of DNMT1 and DNMT3A oscillate in similar ranges (Figure 24A), 

the DNMT3B RNA amounts were approximately ten times higher in each of the embryonic tissues 

(Figure 24B).  

3.6.2 In vivo expression of DNA methyltransferases in fetal rabbit hearts at day 12 and 14 of 

pregnancy 

Expression of DNMTs was investigated in rabbit fetal hearts collected at day 12 and 14 p.c. of 

healthy and diabetic pregnancies (Figure 25). Transcripts of all DNMTs were detectable and 

DNMT1 has shown the strongest expression. Between day 12 and 14 of development no 

differences were observed. Furthermore there was no difference between groups derived from 

healthy and diabetic pregnancies. Expression of the DNMT3A presented a tendency for 

downregulation in case of diabetic pregnancies, with p=5,27%, while the DNMT1 was unchanged. 

RNA amounts of DNMT3A were twice smaller than DNMT1, while DNMT3B expression was on a 

basal level.  

 

 

 

 

 

 

 

 

 

 

Figure 25. DNMT1, -3A and 3B RNA amount in fetal rabbit hearts day 12 and 14 from healthy 
and diabetic pregnancies quantified by RT-qPCR. Mean ± SEM (N=3, n=8).  

3.7 Expression of DNA methyltransferases in vitro culture  

To identify the influence of hormone and nutritional factors on DNMT expression in 

preimplantation embryos, 6 day old rabbit blastocysts were cultured in vitro with:  
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- Insulin: 2 h of preculture and 4 h culture with 17 nM insulin and no insulin, 

- Branched chain amino acids (BCAAs): 6 h culture with normal and diabetic concentrations of 

BCAAs, 

- Insulin growth factor 2 (IGF2): 2 h of preculture and 4h culture with 13 nM nM IGF2 and no 

IGF2,  

- Leukemia inhibitory factor (LIF): 6 h culture with 10ng/ml nM LIF and no LIF. 

Relative amounts of DNMTs were measured by RT-qPCR (Figure 26, 27 and 28). 

3.7.1 Influence of in vitro culture with insulin, BCAAs, IGF2 and LIF on DNMT1 expression in 

embryonic tissues of rabbit blastocysts day 6 stage 1 

Upon culture with BCAAs, IGF2 or LIF DNMT1 transcript levels in embryonic tissues of cultured day 

6 blastocysts were not changed. Levels of DNMT1 were higher in epiblasts after in vitro culture 

with insulin than in the epiblasts cultured without insulin stimulation (Figure 26).   

RNA amounts of DNMT1 in blastocysts cultured with IGF2 were lower in epiblasts and hypoblasts 

than in epiblast and hypoblasts of embryos vulture with BCAAs and insulin in. The difference 

might be due to lower quality of sample. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. DNMT1 mRNA transcript levels in embryonic tissues from blastocyst at day 6 p.c. 
stage 1 after in vitro culture with BCAAs, insulin, IGF2 or LIF, respectively, quantified by RT-
qPCR. Black bar – in vitro culture in media, gray bar – in vitro culture with hormone or nutrition 
factor; mean ± SEM (N=3, n=6 (n=pool of 3 embryonic tissues from different embryos); * p ≤ 
0.05); Epi – epiblast, Hypo – hypoblast, TB – trophoblast, E – whole blastocyst. 
 

3.7.2 Influence of in vitro culture with insulin, BCAAs, IGF2 or LIF on DNMT3A expression in 

embryonic tissues of rabbit blastocysts day 6 stage 1  

Expression of DNMT3A was not influenced by in vitro culture with BCAAs, insulin, IGF2 or LIF (see 

details at Figure 27). 
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 Figure 27. DNMT3A mRNA transcript levels in embryonic tissues from blastocyst at day 6 p.c. 
stage 1 after in vitro culture with BCAAs, insulin, IGF2 or LIF, respectively, quantified by RT-
qPCR. Black bar – in vitro culture in media, gray bar – in vitro culture with hormone or nutrition 
factor; mean ± SEM (N=3, n=6 (n=pool of 3 embryonic tissues from different embryos); * p ≤ 
0.05); Epi – epiblast, Hypo – hypoblast, TB – trophoblast, B – entire embryo. 

3.7.3 Influence of in vitro culture with insulin, BCAAs, IGF2 or LIF on DNMT3B expression in 

embryonic tissues of rabbit blastocysts day 6 stage 1 

DNMT3B mRNA amounts were not affected by culture with BCAAs, insulin or LIF. In epiblasts after 

in vitro culture with IGF2 the level of DNMT1 was higher than in the normal control without IGF2 

stimulation (Figure 28).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28. DNMT3B mRNA transcript levels in embryonic tissues from blastocyst at day 6 p.c. 
stage 1 after in vitro culture with BCAAs, insulin, IGF2 or LIF, respectively, quantified by RT-
qPCR. Black bar – in vitro culture in media, gray bar – in vitro culture with hormone or nutrition 
factor; mean ± SEM (N=3, n=6 (n=pool of 3 embryonic tissues from different embryos); * p ≤ 
0.05); Epi – epiblast, Hypo – hypoblast, TB – trophoblast, B – whole blastocyst. 
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3.8 Measurements of metabolites: S-adenosylmethionin and S-adenosylhomocystein in rabbit 

maternal blood plasma at day 6 of pregnancy 

Concentrations of SAM and SAH were measured by stable-isotope dilution ultra-performance 

liquid chromatography tandem mass spectrometry (LC–MS/MS) in blood plasma of rabbits at day 

of 6 pregnancies (Figure 29A and B). The ratio between SAM and SAH stayed similar in maternal 

plasma at day 6 p.c. in healthy and diabetic pregnancies (Figure 29C).  

Figure 29. Concentrations of SAM and SAH in blood plasma of rabbits at day 6 from healthy and 
diabetic pregnancies by Liquid chromatography with tandem mass spectrometry (LC-MS/MS).  
Mean ± SEM (N=3, n>9); A – concentration of SAM, B – concentration of SAH, C – ration SAM:SAH.  
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4. Discussion 

4.1 Oct4 is a lineage specifier in early rabbit blastocyst 

Oct4 pluripotency factor is known as an epiblast lineage specifier and plays a crucial role in human 

embryogenesis (Fogarty et al., 2017; Loh and Lim, 2011). Oct4 is expressed in a tissue-dependent 

manner in 6 day old rabbit blastocyst. The highest expression of Oct4 was found in epiblasts, then 

hypoblasts, and the lowest in trophoblast tissue in rabbit blastocysts.  At the beginning of 

gastrulation a high level of Oct4 RNA is detectable in embryoblast cells, while trophoblast cells 

express Oct4 at a basal level. Rabbit blastocysts at the late stage of gastrulation (stage 2) express 

less Oct4 in epiblasts than in embryoblasts (stage 0), similar in the trophoblasts. It is likely that 

this change may be associated with the loss of pluripotency and the start of differentiation. A high 

Oct4 transcript level in epiblasts was already reported as a marker of mesodermal differentiation. 

The high Oct4 expression in embryoblasts confirmed these findings (Niwa et al., 2001). In the 

embryoblasts of blastocyst stage 2, Oct4 RNA level is lower than at blastocyst stage 0 and can be 

measured in two compartments: epiblasts and hypoblasts, with the epiblast showing higher Oct4 

level than the hypoblast.  In contrary to Canon et al., Oct4 expression was not addressed only to 

epiblasts of rabbit blastocysts, as we have observed Oct4 transcripts also in the hypoblast and 

trophoblast (Canon et al., 2014). Oct4 mRNA is also present in hypoblasts of chick embryos at 

epiblast differentiation, supporting our results (Lavial et al., 2007). In bovine preimplantation 

development Oct4 protein is found to be expressed in trophoblast cells, but its localization is 

outside of the nuclei (Madeja et al., 2013), indicating that Oct4 expression is not due to its 

function as nuclear transcriptional factor, but to its cytoplasmic protein regulator properties.  

Trophoblasts of rabbit stage 2 blastocysts have less Oct4 RNA than at stage 0. In blastocysts 

repression of Oct4 expression is associated with proper trophoblast differentiation (Niwa et al., 

2000).  

4.1.1 Pluripotency markers are upregulated in blastocysts of diabetic rabbits 

In 6 day old rabbit blastocysts, maternal diabetes influences key genes of the pluripotency 

network. At stage 2 of gastrulation, the expression of Oct4 is twice higher in epiblasts of diabetic 

blastocysts than in healthy controls.  Additionally, the expression of Sox2 is higher in epiblasts of 

diabetic blastocysts, and Nanog shows a similar tendency.  

The upregulation of Oct4 and Nanog was also described in human visceral-derived adipose stem 

cells exposed to a diabetic milieu (Denteli et al., 2013). Moreover, Oct4 and Nanog positive cells 

can be found in peripheral blood of diabetic patients. Contrary to findings in these patients, Sox2 

is downregulated (Potdar and D`suza, 2011). A diabetic pregnancy influenced Oct4 expression in 

hypoblasts of 6 day old rabbit blastocyst. In trophoblast cells an upregulation of Oct4 is observed 

already at the beginning of gastrulation in stage 0 blastocysts of diabetic rabbits, while at stage 2 
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Oct4 expression remains unchanged. While the loss of Oct4 expression indicates a proper 

trophoblast differentiation, a higher Oct4 expression in trophoblast of diabetic rabbits at stage 0 

is a marker of a delay in development (Zeineddine et al., 2006). Trophoblasts of diabetic rabbits at 

stage 2 are already at the same Oct4 RNA level as healthy ones, but there is not clear evidence 

whether Oct4 is necessary for the correct development of trophoblast tissue.  

4.1.2 Development in diabetic conditions impairs trophoblast lineages decisions 

Cdx2 is a well-known marker of trophoblast differentiation in mouse blastocysts (Schiffmacher 

and Keefer, 2013; Strumpf et al., 2005). In 6 day old rabbit, blastocysts Cdx2 RNA amount 

decreases in trophoblast cells as gastrulation proceeds. In trophoblasts of healthy rabbits Cdx2 

RNA amounts decrease from stage 0 to 2, what is correlating with the decline of Oct4 expression. 

This observation has already been reported in mouse and porcine blastocysts. A mechanism of 

Oct4 repression mediated by Cdx2 was proposed (Wang et al., 2013; Bou et al., 2016). Contrary to 

a developmentally programmed downregulation during gastrulation trophoblasts of diabetic, 

rabbits show a tendency to upregulate Cdx2 RNA at stage 2. Additionally, no decline of Cdx2 RNA 

amounts could be meassured between stage 0 and 2 trophoblasts of diabetic blastocysts, what 

might indicate retardation in trophoblast differentiation. Expression of Hex, an important marker 

of proper hypoblast differentiation (Blomberg et al., 2008), was not changed in the diabetic 

pregnancy.   

4.2 Effect of maternal diabetes on specific (Oct4) promoter methylation 

Specific gene promoter methylation in early development is an extensively investigated subject 

(Canovas and Ross 2016; White et al., 2016). The rate of methylation of a gene promoter is 

associated with its mRNA amounts. This phenomenon was first observed in adult organisms, 

where gene expression switch-off was paralleled by an increase in promoter methylation (Jones 

and Takai, 2001).  

The decrease of Oct4 expression during embryonic development and its expressional switch-off is 

accompanied by an increased Oct4 promoter methylation (Lee et al., 2010). As Oct4 expression of 

rabbit blastocysts is impaired by maternal diabetes, we hypothesized that the Oct4 promoter is a 

potential target for diabetic effects.  

Therefore conserved regions of the Oct4 promoter region (GenBank: AC235550.2) were chosen 

for methylation analysis to address the question to conserved sequence fragments of the Oct4 

promoter region in mammalian species. Oct4 (POU5F1) promoter methylation was analyzed by 

bisulfite sequencing in adult rabbit heart tissue, to understand which pattern of the promoter 

methylation is present in mature and differentiated somatic cells. Kobolak et al., described rabbit 

Oct4 promoter organization (2600 bp) indicating 4 conserved regions (CR1-4) (Kobolak et al., 

2009). CR1 was chosen for further analysis because it is placed in the minimal promoter, and CR1 
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covers transcriptional binding sites and the transcription start site, where methylation is known to 

be divergent from downstream elements in the gene cassette (Brenet et al., 2011). CR4 at 5`-UTR 

was previously described as the most likely to be responsible for Oct4 expression in mouse 

epiblasts and mouse ESCs, what makes it an interesting subject for DNA methylation studies 

(Yeom et al., 1996, Kobolak et al., 2009).  

4.2.1 Methylation rate of the Oct4 promoter is higher in differentiated cells 

Methylation of the Oct4 promoter region is high in adult tissues, but seems to be inconsistent in 

sequence. In CR4 at the 5`-UTR, it is higher than in CR1 at the transcription start site, the CpG 

methylation rates vary from 66 % down to 52 %. An average CpG methylation of Oct4 promoter is 

58 %, what is close to the range of standard CpG methylation reported for differentiated cells in 

higher animals, 60 - 90 % (Ehrlich et al., 1982; Tucker, 2001). Lower methylation at transcription 

start site was already described (Gardiner-Garden, Frommer 1987; Antequera, Bird 1993). The 

CR1-overlapping fragment is located down to -220 bp from transcription start site, what might be 

a reason for a methylation rate below 60 %. 

Additionally, Pamnani et al. suggested that the methylation of CpGs in Sp1/Sp3 binding site might 

be a reason for the absence of Oct4 expression in adult somatic tissues. It could be the same in 

the case of rabbit heart tissue (Pamnani et al., 2016). Additionally, Sp1 and Sp3 can stop 

epigenetic inactivations of several genes by binding to clustered GC-boxes and hence blocking 

CpG sites from methylation (Macleod et al., 1994). The most methylated CpGs are outside the CR1 

region, while the lowest methylation level is noted close to the HRE and Sp1/Sp3 binding site (44 

%), but both CR1- and CR4-overlapping fragments are in general highly methylated in rabbit heart 

tissue. The CR1-overlapping fragment is methylated to 52 %.  

The CR4-overlapping fragment is even more methylated than the CR1-overlapping fragment. 

Interestingly CpGs in distal enhancer sequence were methylated only at 24 %. Average me-CpG at 

CR4 region is 66%, what is in range of methylation at 5`-UTR of Oct4 promoter already presented 

for adult liver tissue (Hattori et al., 2004).  

4.2.2 Limitations of bisulfite conversion in DNA methylation studies 

The bisulfite sequencing method is a useful tool for DNA methylation studies, but not free from 

limitations (Wojdacz et al., 2010). The bisulfite reaction is not distinguishing between DNA 

methylation and hydroxymethylation, what may impact the interpretation of the results. 

Furthermore, a concern in usage of this method is the ratio of the bisulfite reaction to convert 

cytosine into uracil. Incomplete conversion of cytosine is a common problem, which handling can 

be improved, but not eliminated. Therefore, the conversion ratio of sequences used in Oct4 

methylation study is set to 90 %, what left a 10 % mistake in the interpretation of CpG 
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methylation. All results, expressed average percentage are interpreted as a change in DNA 

methylation, if the difference between two groups is greater than 10 %.  

4.3 General scheme of DNA methylation dynamics and Oct4 promoter regulation in early 

development  

Diabetic woman are subfertile, and the embryos challenged with maternal diabetes are often 

failing implantation. A higher methylation of the CR1-overlapping fragment in epiblasts of diabetic 

blastocysts shows that in some cases diabetes may be a factor influencing the epigenetic 

remodeling processes in early stage embryo. DNA methylation is a dynamic process in early 

development (Hackett and Surani 2013). Demethylation and de novo methylation are shown in 

Figure 30. The de novo methylation process in embryos is accomplished around the time of 

implantation.  Therefore, DNA methylation of the Oct4 promoter was a subject of investigation in 

6 day old rabbit blastocyst. To see how different methylations between blastocysts, at first 

blastocysts used for DNA methylation study were staged according to morphology, then sampled 

to epiblast, hypoblast and trophoblast and collected as a pool of epiblasts, hypoblasts and 

trophoblasts of 3 blastocysts.  The material was collected during two experiments to evaluate the 

difference between pools of embryonic tissues from experimental replicates. 

Total methylation of the epiblast, hypoblast and trophoblast pools from experiment 1 and 2 were 

related to the CR1- and CR4-overlapping fragments. The results of experiment 1 and 2 are 

comparable in most of the embryonic tissues investigated. Despite the fact that no equal number 

of sequences is obtained from experiment 1 and 2, in further analyse data can be combined in 

one plot to present all alleles found for a given embryonic tissue. 

 

Figure 30. Dynamic of DNA methylation changes during early development (modified after Atala 
and Lanza 2012). 

The most prominent difference between results of experimental group 1 and 2 was observed in 

epiblasts of diabetic embryos at the CR1-overlapping fragment, while no difference in methylation 

was observed at CR4-overlapping fragment. 
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The results of epiblasts of diabetic blastocysts obtained from the experimental group 1 show a 

higher methylation than the epiblasts of healthy blastocysts. The increase in CR1 methylation 

does not inhibit transcription of Oct4, which is also higher in epiblasts of diabetic rabbits. Changes 

in CR1 methylation may be a consequence of an ineffective demethylation process, such as in 

cloned mouse embryos, where impaired demethylation led only to gradual demethylation of the 

Oct4 promoter (Yamazaki et al., 2006). Results of Yamazaki et al., show failure in the development 

of cloned embryos as well as developmental retardation. The blastocysts of diabetic rabbits are 

also more likely to fail to carry out implantation and be delayed in development (Thieme et al., 

2012; Ramin et al., 2010). It might be possible that differences between the methylation of the 

epiblast CR1-overlapping fragment from experimental group 1 and 2 can indicate a moderate 

demethylation process in diabetic blastocysts collected for experiment 1. Another explanation 

might be highlighted by a study of Oct4 methylation profile in human oocytes and ICSI embryos 

(Al-Khtib et al., 2012). It has been demonstrated that the methylation pattern of Oct4 is disturbed 

in oocytes of women with known infertility. Additionally, ICMs Oct4 promoter methylation of ICSI 

embryos arrested in development from infertile women was associated with high methylation of 

this region, while the ICSI embryos which were developing further showed hypomethylation. Al-

Khtib et al., (2012) hypothesized that hypermethylation of Oct4 in embryos with poor 

implantation prognosis might be a result of incorrect remodeling at the epigenetic level.  

4.3.1 Diverse methylation patterns of Oct4 promoter in embryonic tissues 

In global methylation studies of early preimplantation of mouse embryo, the inner cell mass is 

hypomethylated until epiblast differentiation. The formation of the hypoblast correlates with the 

increase in CpG methylation (Li et al., 2016). Trophoblast cells remain globally hypermethylated. 

This is reflected in our observations of the Oct4 methylation state of rabbit embryonic tissues 

from gastrulating blastocyst (stage 2) (see details in Table 3). Epiblasts are the lowest methylated 

tissue: 11 % of CpG are methylated at the CR1-overlapping fragment and 10 % at the CR4-

overlapping fragment. Hypoblast methylation is higher than in epiblasts, while the CR-overlapping 

fragment is lower methylated than the CR4-overlapping fragment, 42 % and 57 %, respectively. 

The methylation of trophoblasts at CR1- and CR4-overlapping fragments is similar to the 

hypoblast methylation level. Interestingly trophoblasts are highly methylated at CpGs outside the 

conserved regions. These data were gathered in consent with the investigation of Canon et al., of 

Oct4 promoter methylation in rabbit 6 day old blastocysts (Canon et al., 2014). They described 

very low methylation of epiblasts in all Oct4 conserved regions. In comparison to adult rabbit 

hearts, Oct4 promoter of all embryonic tissues is lower methylated (see summary in Table 3). 

Pamnani et al., have shown the highest methylation of Oct4 methylation among the investigated 

somatic tissues in kidneys (50 % of methylated CpG),
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Table 3. Summary of methylation at Oct4 promoter in CR4- (A) and CR1-overlapping fragment (B) and their functional elements.  

Unmethylated CpG position corresponds to CpGs, which were not methylated in all obtained sequences. Equal sign means that the difference in DNA 
methylation is not greater than 10 %; signs of inequality indicate lower or higher average methylation between epiblasts, hypoblasts and trophoblasts of 
healthy and diabetic rabbits. 

me-CpG 
(%) 

CR4-overlapping fragment methylation in: 

me-CpG 
(%) 

CR1-overlapping fragment methylation in: 

Heart 
Epiblast Hypoblast Trophoblast Heart Epiblast Hypoblast Trophoblast 

healthy 
 

diabetic healthy 
 

diabetic healthy 
 

diabetic 
 

healthy 
 

diabetic healthy 
 

diabetic healthy 
 

diabetic 

total 66 10 = 4 57 > 28 59 > 45 total 52 11 < 25 42 > 15 39 = 40 

CR4 66 4 = 3 47 > 14 38 > 21 CR1 46 9 < 20 38 > 14 34 = 36 

outside CR4 66 13 = 5 65 > 38 73 > 62 minimal 
promoter 53 11 < 29 44 > 16 48 = 45 

DE-1A 24 9.5 = 9.5 56 > 12.5 50 > 4.5 outside CR1 67 14 < 46 56 > 21 78 > 61 

Oct4/Sox2 
binding site 71 5 = 0 46 > 4 37 > 0 exon 50 11 = 19 38 > 13 24 = 33 

unmethylated 
CpG in 

position: 
- 11, 15 

 
13 - 

 
13, 18 13 

 
- HRE and 

Sp1/Sp3 44 5 < 18 47 > 11 21 = 31 

unmethylated 
CpG in 

position : 
- 1, 3 

 

3, 4,  

5-7,  

9-11, 
13 

- 
 

3, 5, 6 -  4 
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while a low percentage was observed in germinal tissues for both testis and ovaries (~5 % of 

methylated CpG) (Pamnani et al., 2016). In rats, the Oct4 promoter region is reported as 

hypomethylated at day 4.5 p.c., while at day 10.5 p.c. an increase of methylation is described (He 

et al., 2009). These publications support the view that Oct4 promoter gains methylation gradually 

during rabbit embryonic development and somatic cell differentiation.  

4.3.2 Diabetic pregnancy influences methylation of Oct4 promoter in epiblasts, hypoblasts and 

trophoblasts of rabbit blastocysts 

Development in a diabetic uterine milieu affects methylation of Oct4 promoter in rabbit 

blastocysts. Epiblasts of diabetic embryos are higher methylated at the CR1-overlapping fragment 

than the healthy ones (11 % and 25 %, respectively), especially at CpG outside the conserved 

region (46 %, observed just in experiment 1). As mentioned before, this can be explained by an 

aberrant demethylation process in early morula or by impaired chromatin remodeling (Yamazaki 

et al., 2006). In any case, development in a diabetic female influences epiblast Oct4 methylation 

at the CR1-overlapping fragment, but not at the CR4-overlapping fragment, of its promoter 

region. 

The most prominent change in Oct4 promoter methylation among the embryonic tissues was 

observed in hypoblasts. Hypoblasts of diabetic blastocysts show a hypomethylation at both 

analyzed fragments of Oct4 promoter region: the CR1- and CR4-overlapping fragments, with 

about 25 % lower methylation detected in both cases. Loss of methylation was seen at CpG inside 

of conserved region 1 and 4, as well as outside the conserved regions and at exon in the CR1-

overlapping fragment. Unmethylated CpG at functional elements of gene promoter are often a 

sign of occupation of them by transcriptional factors and chromatin remodelers (Jones, 2012). 

Since a decrease in methylation is observed at functional elements like in HRE and Sp1/Sp3 

binding site and distal enhancer 1A (DH-1A) it might be that those parts of sequence are occupied 

by transcriptional factors. In this way Oct4 transcription activating factors can still recognize their 

consensus sequences and create a `protection´ for unmethylated CpG from the DNA methylation 

machinery.  

Total methylation of trophoblasts of diabetic blastocysts at the CR1-overlapping fragment is 

similar to the percentage observed in healthy ones. Methylation of functional elements inside of 

CR1-overlapping fragment has not change in trophoblast cells upon development in diabetic 

pregnancy. It is contrary to a study of Hattori et al., of trophoblast stem cells (Hattori et al., 2004). 

Hypermethylation of CpG at the minimal promoter, proximal enhancer and 5`-UTR in POU5F1 

(Oct4) promoter was observed and linked with DNA methylation studies of Sp1/Sp3 binding site 

inside the Oct4 promoter. Hattori et al., demonstrated that CpG in the Sp1/Sp3 binding site are 

completely unmethylated in trophoblast stem cells. The CR4-overlapping fragment is less 
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methylated in trophoblasts of diabetic blastocysts, as well as DE-1A and the Oct4/Sox2 binding 

sites in CR4 (Hattori et al., 2004). It suggests that the elements responsible for Oct4 activation can 

be bound to the distal enhancer or to the Oct4/Sox2 binding site. In this case, the distal enhancer 

and Oct4/Sox2 binding site inside of CR4 might be involved in the epigenetic regulation of Oct4 

transcription in differentiating trophoblast cell population.  

4.3.3 Oct4 expression correlates with level of Oct4 promoter methylation in rabbit embryonic 

tissues at the blastocyst stage 

There is a correlation between the expression of Oct4 and its promoter methylation in rabbit 

embryonic tissues. In differentiated tissues, such as rabbit heart tissues high levels of the Oct4 

promoter methylation (52-66 %) were found in comparison to the embryonic tissues of 6 day old 

blastocyst (Hopf, 2016). This indicates that the downregulation of Oct4 expression is governed by 

DNA methylation in early development. A decline of Oct4 RNA amounts during differentiation and 

development was reported in mouse early neuronal stem cells at 8.5 day of embryonic 

development with a decline to undetectable level by day 15.5. These events coincidence with an 

increase of DNA methylation at the Oct4 promoter region (Lee et al., 2010). Oct4 transcript levels 

decline during murine testicular growth from embryo to adult, while its promoter methylation 

pattern is described as inconsistent and heterogeneous (Pamnani et al., 2016). This study is 

focusing on the tissue compartments, instead of the cell types, so that the observed 

heterogeneity might be a result of mixed cell populations rather than developmental processes. In 

summary, the Oct4 expression depends on the DNA methylation of the Oct4 promoter and the 

Oct promoter CpG methylation is increasing during embryonic development, remaining 

methylated in adult somatic cells. 

Oct4 mRNA levels correlate with its promoter methylation in rabbit blastocyst. The Oct4 transcript 

level is the highest among embryonic tissues in epiblasts and correlates with low methylation at 

the CR1- and CR4-overlapping fragment. High levels of Oct4 due to its promoter hypomethylation 

are reported in embryonic stem cells (Streck and Kumpf 2006). This also supports our observation 

that Oct4 expression is regulated by its promoter methylation. 

The percentage of Oct4 promoter methylation is similar in hypoblasts and trophoblasts at the 

investigated conserved regions, but the Oct4 RNA level is higher in hypoblasts than in 

trophoblasts. Transcription of Oct4 in trophoblasts is close to basal levels in 6 day old rabbit 

blastocysts. The restriction of Oct4 expression in trophoblast stem cells was previously described 

by Hattori et al., together with hypermethylation of CpG at the POU5F1 (Oct4) promoter (Hattori 

et al., 2004). Therefore, a possible explanation why trophoblast tissue expresses less Oct4 than 

hypoblast tissue being equally methylated at the same time is that in gastrulating blastocysts the 

trophoblast is the first tissue which starts to loose pluripotency, while hypoblast development 
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starts together with gastrulation (at day 6 p.c.).  Although the methylation of the Oct4 promoter is 

already accomplished in hypoblasts, the Oct4 mRNA transcripts can still be at a high level. 

4.3.4 Diabetes affects embryonic lineages by influence on Oct4 expression through changes in 

its promoter methylation  

Upregulation of Oct4 promoted by promoter hypomethylation is described in diseases, for 

ecample in recurrent gliomas (WU et al., 2015 , Shi et al., 2013), and a decrease of the Oct4 

promoter methylation combined with an expression increase is observed in mouse blastocysts 

after vitrification (Zhao et al.,2012). It suggests that Oct4 regulation through its promoter 

methylation is a sensitive target and might be easily modified in pathological states.  

Oct4 acts in early development as a lineage specifier, its expression is restricted more to the 

embryoblast, and simultaneously with gastrulation proceeding onwards it becomes restricted to 

epiblast tissue. Upregulation of Oct4 in epiblasts of diabetic embryos indicates a delay in 

development of epiblast tissue, but there are only small differences in the Oct4 promoter 

methylation and surprisingly the Oct4 promoter of diabetic epiblasts is higher methylated. At this 

stage the Oct4 promoter region methylation is probably not a factor influencing its expression in 

embryos of diabetic rabbits. Other possibilities of the Oct4 transcription regulation need to be 

taken into account. 

While the Oct4 expression is unchanged upon development in diabetic conditions in hypoblasts of 

6 day old blastocysts, its promoter region methylation is affected by hypometylation, so there is 

no direct correlation between changes in the Oct4 promoter methylation and Oct4 mRNA levels. 

The expression of the hypoblast differentiation marker Hex remained unchanged upon 

development in a diabetic pregnancy. An aberrant DNA methylation pattern can be associated 

with a delay in development (Li et al., 2012).  It is known that proper hypoblast development is 

important in early fetal growth. A link between insulin secretion by the hypoblast during 

development to insulin-related diseases in adult life has been described (Moore et al., 2001). 

Beside that pregnancies challenged by type-1 DM have a predisposition to maternofetal transport 

dysfunction (Ivanisević et al., 2006, Aires et al 2015, Dong et al., 2016). There is also much 

evidence that diabetes impairs yolk sack formation and, therefore, sets a negative impact on the 

embryo and fetus. In rat postimplantation yolk sac development, diabetes induces changes 

through disruption of extracellular signal-regulated kinases (Reece et al., 2002). Furthermore, a 

correlation between the rate of embryonic malformations and endodermal-cell damage in the 

visceral yolk sac was observed (Zusman et al., 1987). Finally high glucose reduces the density of 

the vasculature in the yolk sac membrane model in chick embryos (Jin et al., 2013). In this light, 

hypomethylation of hypoblast needs more attention. 
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Trophoblasts of stage 2 blastocysts of diabetic rabbits express basal Oct4 RNA amounts and are 

equally methylated at the CR1-overlapping fragment, but interestingly the CR4-overlapping 

fragment is less methylated in trophoblasts of diabetic rabbits. This corresponds with previous 

observations where the minimal promoter and 5`-UTR regulatory elements are differentially 

activated by the promoter methylation, depending on the developmental stage of the mouse 

embryo (Yeom et al., 1996; Niwa, 2001; Oda et al., 2013). Stage 0 blastocysts of diabetic rabbits 

have higher Oct4 expression in trophoblasts, which is a sign of underdevelopment of trophoblast 

tissue. Although the expression of trophoblasts of diabetic rabbits retains unchanged, the Oct4 

methylation is affected.  This supports the view that the suppression of Oct4 expression in rabbit 

blastocyst might be governed synergistically with other cellular process.   

4.3.5 Delay in epiblast differentiation is associated with hypoblast underdevelopment in 

diabetic blastocysts 

The preimplantation period of rabbit embryo development is the timeframe for epiblast and 

hypoblast tissue differentiation. At this time, the embryo is modelling its anteroposterior polarity 

and setting on the neural specification and head patterning (Chapman et al., 2003). In rabbit 

embryos the trophoblast creates a morphological polarity in the blastocyst and co-ordinates the 

construction of germ layers (Idkowiak et al., 2005). Furthermore, in mammalian embryos the 

epiblast differentiation depends on signals from hypoblast tissue. The anterior-posterior axis is 

formed first in the hypoblast and, in the process of epithelio-mesenchymal transition, the 

molecular prepattern is transferred to the epiblast (Viebahn et al., 1995; Idkowiak et al., 2004). 

Therefore, a delay in hypoblast formation is directly affecting the epiblast progress. One 

hypothesis is that a delay in the development of hypoblast cells presented by hypomethylation of 

the Oct4 pluripotency gene in hypoblasts of diabetic rabbits can go together with a lack of 

patterning signals, what forces the epiblast to keep the pluripotency network on (upregulation of 

Oct4, Nanog and Sox2). In this context a trophoblast tissue underdevelopment in embryos of 

diabetic rabbits is likely to occur, because of the impaired Cdx2 and Oct4 expression at the 

beginning of gastrulation in 6 day old blastocyst stage 0, and due to hypomethylation at the CR4-

overlapping fragment in trophoblasts of blastocysts stage 2.  

4.3.6 Changes in Oct4 promoter methylation are not depending on global DNA methylation 

processes 

The global DNA methylation level of gastrulating rabbit blastocysts at day 6 is not affected by a 

development in a diabetic pregnancy milieu (Grybel et al., unpublished).  The process of global 

DNA methylation depends on the accessibility of DNA methyltransferases to a substrate for the 

methylation reaction – SAM and an indicator of methylation reaction efficiency - SAH. SAM and 

SAH are present in lower concentrations in blood plasma of diabetic rabbits at day 6 of pregnancy. 
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The ratio SAM:SAH, being an actual signature of methylation process dynamics, was similar to the  

plasma of healthy rabbits. The SAM:SAH ratio has previously been described as affected in 

embryopathies (De Castro et al., 2010) and to cause hypomethylation in neural tube defects 

(Wang et al., 2015). Moreover, measured SAM and SAH concentrations (Fig. 37) differ from levels 

in human plasma (Klepacki et al., 2013). Considering that global DNA methylation and SAM:SAH 

methylation reaction ratio are unchanged, they cannot be the reason for the observed alterations 

in Oct4 promoter region methylation in diabetic rabbit blastocyst. It is likely that the Oct4 

promoter is regulated differently. 

4.4 Delay in development due to maternal diabetes is manifested during organogenesis. 

Oct4 is a well-known marker of mesodermal formation (Zeineddine et al., 2006). Observed signs 

of developmental delay related to Oct4 at the blastocyst stage might influence organogenesis. 

The heart is developing from mesoderm, so fetal hearts are an interesting object to follow up the 

diabetes effects in pregnancy.  

Offspring of diabetic pregnancies are prone to develop heart malformations (Narchi and Kulaylat, 

2000; Wren et al., 2003; Tabib et al., 2013). To understand if the delay in development is due to 

maternal diabetes during blastocyst development and continued through organogenesis, heart 

developmental markers were measured. Rabbit fetal hearts go through an extensive 

transformation from day 12 to 14 of embryonic development (Ghazi, 2014). For this reason a tight 

regulation of expression of transcriptional factors such as GATA4, GATA6, Mef2C and Nkx2-5 are 

crucial for proper heart development (Charron et al., 1999; Xin et al., 2006; McCulley et al., 2012). 

Among these genes, Gata6 and Nkx2-5 were lower expressed in hearts of embryos developed in a 

diabetic pregnancy. Moreover, a difference is seen only between hearts at day 14. Gata6 RNA 

amounts are increasing from day 12 to 14 in hearts of healthy embryos, what is not observed in 

the diabetic group. In case of Nkx2-5, the transcript levels are stable in healthy hearts at day 12 

and 14, but decrease in hearts at day 14 developed in a diabetic pregnancy. Impaired GATA 

transcription factors are implicated in heart developmental malformations (Molkentin et al., 

2000; Crawford et al., 2002). Interestingly, Nkx2-5 is known to enhance GATA6 expression through 

binding to its promoter enhancer region (Davis et al., 2000). This data indicate that transcription 

of Gata6 and Nkx2-5 may be involved in the formation of congenital heart defects due to a 

diabetic pregnancy, and support the hypothesis that a delay in development at the blastocyst 

stage is transferred to organogenesis.  

4.5 DNA methyltransferases are highly expressed in embryonic tissues of 6 day old blastocysts 

and fetal rabbit heart 

A proper DNA methylation pattern depends on de novo DNA methyltransferases (DNMT3A and B) 

and is preserved by DNMT1. Therefore, the transcriptional level of DNA methyltransferases 
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DNMT1, 3A and 3B was assessed at an early stage of embryo development in preimplantation 

embryos at the beginning of gastrulation (stage 0) and in late gastrulation (stage 2), as well as in 

rabbit fetal hearts day 12 and 14. All DNMTs shared the same expression pattern, with the highest 

RNA amounts in embryoblasts at stage 0. At stage 2 DNMTs transcripts are at the highest level in 

epiblasts, while hypoblasts expressed more DNMTs than trophoblasts. DNMT3B is transcribed 

almost 10 times more than DNMT1 and DNMT3A in 6 day old rabbit blastocyst. Contrary, in 

mouse embryos a decline of de novo DNA methyltransferases DNMT3A and DNMT3B expression 

was described during specification of trophoblast lineage (Oda et al., 2013). In 6 day old mouse 

blastocysts, de novo DNMTs are at a low level and remain with unchanged expression during 

gastrulation, what contradicts the obtained results obtained from rabbit blastocysts.  

4.5.1 Maternal diabetes influences DNMTs expression in rabbit blastocysts 

Since the DNA methylation of the Oct4 promoter region is not depending on global DNA 

methylation and on the SAM:SAH ratio in blastocysts of diabetic pregnancies, the expression 

enzymes responsible for DNA de novo methylation  (DNMT3A and B) and DNA methylation 

maintenance (DNMT1) are of great interest. We hypothesized that the expression of DNA 

methyltransferases is a potential reason for the observed changes at the Oct4 promoter 

methylation.  

DNMTs are downregulated in embryoblasts of diabetic rabbits, but at stage 2 they are already 

upregulated and their expression is more restricted to epiblast tissues. Organogenetic 

downregulation of de novo DNMTs is reported as a marker of preimplantation embryo 

development (Duymich et al., 2016). In this context, epiblasts of diabetic blastocysts might display 

another marker of delay in development. Data correlating the regulation of DNMTs expression 

and the development of embryopathies are poor. It is known that DNMT3B expression is sensitive 

to environmental signals at early development stages. An increase of DNA methylation levels was 

reported in neural tube and neural crest tissue from diabetic pregnancies (Wei et al., 2014). 

Moreover, Kamei et al., (2010) indicate that upregulation of DNMT3A might be due to obesity in 

adult mice (Kamei et al., 2010). Additionally, the DNMT1 inhibition study resulted in a decrease of 

glucose in patience with type 2 diabetes (Chen et al., 2016). Taken together, an impaired 

regulation of DNMTs in rabbit blastocysts needs to be elucidated by identification of factors 

influencing its expression. 

4.5.2 DNA methyltransferases expression in fetal rabbit heart differs from the embryonic levels 

and is not influenced by maternal diabetes  

Rabbit fetal hearts expressed DNMTs at day 12 and 14 of the embryonic development. The 

highest expression is observed for DNMT1, then DNMT3A and a basal transcript level is expressed 

for DNMT3B. The RNA amount of DNMT1 is at the same level in epiblast, DNMT3A is transcribed 3 
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times less than in epiblasts. The lowest level was detected for DNMT3B, where expression is 

about 200 times lower compared to its levels in epiblasts of 6 day old blastocysts. Only the de 

novo DNMTs expression declined during rabbit embryonic development, what is in consent with 

Duymich et al., (2016). The authors suggest that DNMT3 expression can be a marker of 

developmental progress. No difference was observed between the hearts developed in a diabetic 

and healthy pregnancy. In case of DNMT3A a tendency might be pointed out. An increase in 

DNMT1 and DNMT3B is described in the development of cardiac tissue fibrosis by hypoxia 

(Watson et al., 2014), but the direct DNMTs regulation in fetal hearts developing in diabetic 

pregnancy has not been clarified so far. 

4.5.3 DNMT1 and DNMT3B showed a downregulation in diabetic epiblasts upon insulin and 

IGF2 in vitro culture 

DNMTs expression was assessed after in vitro culture with BCAAs, insulin, IGF2 or LIF in embryonic 

tissues of 6 day old blastocysts, to see if any of these factors might be responsible for DNMTs 

upregulation in epiblasts of diabetic blastocysts. DNMT1 expression is negatively stimulated only 

by insulin, DNMT3B by IGF2, while DNMT3A expression remained unaffected. These findings 

suggest that in a diabetic intrauterine environment the lack of insulin and IGF can influence 

epiblast DNMTs levels. The observed phenomenon might be explained by a high capacity of 

insulin and IGFs to promote gastrulation in rabbit blastocysts (see Figure 31; Herrler et al., 1998; 

Thieme et al., 2012). Moreover, a tissue specific stimulation to epiblasts can be due to a 

restriction of insulin and IGFs receptors to embryoblasts of rabbit blastocysts (Navarrete Santos et 

al., 2008). Loss of de novo DNMTs expression might be a marker of development of 

preimplantation embryos (Duymich et al., 2016). Altogether, blastocysts after in vitro culture with 

IGF2 are proceeding in gastrulation, so as a consequence, they downregulate DNMT3B expression 

(see Figure 31). Contrary to de novo DNMTs, DNMT1 is constantly expressed from 

preimplantation, because it is responsible for DNA methylation pattern maintenance. Therefore, 

the downregulation of DNMT1 cannot be explained in epiblasts of 6 day old blastocyst after in 

vitro culture with and without insulin. 

Figure 31. Influence of IGF2 is tissue-specific in rabbit blastocysts and drives the gastrulation 
process marked by DNMT3B downregulation (IGF -Insulin-like growth factor; IGFR – IGF2 
receptor; (+) - expression; (-) - no expression).  
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5. Summary 

Derivation of first embryonic tissues is a sensitive moment in embryogenesis. Formation of 

epiblast, hypoblast and trophoblast tissue occurs at day 6 p.c. of blastocyst development in the 

rabbit. In mamals, nutrients and hormonal signals from maternal intrauterine environment play 

an important role at the preimplantation stage of pregnancy. Adverse signals such as metabolic 

stress can promote long-lasting effects by ‘adjustments’ in epigenetic patterns. For this reason an 

influence of maternal diabetes on embryonic tissue formation and epigenetic modifications in 

high interest worth clinically and in basic science. 

The results can be summarized and concluded as follows: 

The formation of embryonic tissues is disrupted by a diabetic pregnancy. 

Marker genes of the epiblast - Oct4, Sox2 and Nanog - are upregulated in epiblasts from 

blastocysts derived from diabetic rabbits. The trophoblast development marker Cdx2 presents an 

altered expression pattern in trophoblast cells of diabetic rabbits. The transcriptional marker of 

the hypoblast cell lineage was not affected. Fetal heart developmental markers, Gata6 and Nkx2-

5, are downregulated in hearts harvested at day 14 of a diabetic pregnancy. The transcriptional 

level of Mef2C and Gata4 remains unchanged. Concluding, the underdevelopment of embryonic 

tissues occurs as early as at the preimplantation stage and continues during organogenesis. 

The DNA methylation patterns of the Oct4 (POU5F1) gene in hypoblasts are changed upon 

development under diabetic conditions. 

The Oct4 gene promoter region methylation is changed in hypoblasts of late gastrulation 

blastocysts from diabetic rabbits. The observed change is a hypomethylation at the conserved 

regions of the gene promoter. Minor changes in Oct4 promoter region methylation were 

observed for trophoblast and epiblast tissues. 

Lower methylation of the Oct4 promoter in hypoblasts of diabetic rabbits does not correlate 

with changes in the Oct4 transcriptional level. 

Hypomethylation of the Oct4 promoter region in hypoblast of diabetic rabbits has no influence on 

Oct4 transcription. Moreover, an upregulation of Oct4 in epiblast of diabetic rabbit is not 

reflected in Oct4 promoter methylation. Regulation of Oct4 expression at this stage of 

development is not only executed through its promoter region methylation. 
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‘Shifted’ patterns of DNA methyltransferases expression in epiblasts of diabetic rabbits are a 

sign of delay in development. 

DNMTs are downregulated in early stages of gastrulation in epiblasts of blastocysts from diabetic 

rabbits, while at late stages of gastrulation DNMTs are upregulated. The de novo expression of 

DNMTs corresponds to the DNA remethylation process. The observed difference in expression 

patterns might be interpreted as a signal of suspension of development at the preimplantation 

stage. In rabbit fetal hearts DNMTs have a different expression pattern, with de novo DNMTs less 

expressed than DNMT1. No difference in the DNMTs transcript levesl between fetal hearts of 

healthy and diabetic rabbits was observed. In vitro culture of healthy blastocysts with insulin 

downregulated DNMT1, while culture with IGF2 downregulates DNMT3B. Therefore, regulation of 

DNMTs during preimplantation period of pregnancy seems to be multifactorial.  

 

DNA methylation reaction-relevant metabolites are not changed by diabetic pregnancy. 

SAM and SAH ratio is an indicator of methylation reaction dynamics and is not affected by a 

diabetic pregnancy, indicated by maternal blood plasma measurements. SAM is not limiting the 

methylation reaction, so it is not influencing the DNA global methylation status of preimplantation 

embryos. 
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Theses 

1. The epiblast lineage specifier – Oct4 – is upregulated in epiblasts from diabetic rabbits, while 

other genes of the pluripotency network (Sox2 and Nanog) are upregulated or show tendency to 

be upregulated, what is a sign of retardation in the loss of pluripotency and slower differentiation.  

2. A delay in development is further observed throughout the diabetic pregnancy in the fetal 

heart maturation (day 14), as the downregulation of the heart developmental markers (Gata6 and 

Nkx2-5) occurs. 

3. The expression of DNA methyltransferases (DNMTs) is unchanged by diabetes at the 

beginning of gastrulation, but it is upregulated in late gastrulation rabbit embryos from diabetic 

rabbits. The alteration in the DNMTs expression patterns may indicate an aberrant de novo DNA 

methylation or a repression of the process. In this context, DNMTs may be considered as 

developmental markers in early embryogenesis. In vitro culture with BCAAs, insulin and IGF2 has 

not identified a factor responsible for the upregulation of all of the DNMTs.  

4. The methylation of Oct4 (POU5F1) promoter region is the lowest in epiblast and high in 

hypoblast and trophoblast tissue. The level of Oct4 promoter methylation correlates with the 

Oct4 expression in first embryonic lineages of rabbit preimplantation embryos. 

5. Maternal diabetes affects the methylation pattern of Oct4 (POU5F1) promoter region. The 

most prominent difference is the hypomethylation of the hypoblasts from diabetic rabbits. The 

hypomethylation of hypoblasts is a mark of delay in development. Diabetic environment causes 

minor changes in the methylation in conserved regions of the Oct4 (POU5F1) promoter in 

epiblasts and trophoblasts. 

6. The hypomethylation of Oct4 (POU5F1) promoter region does not influence the Oct4 

expression in hypoblasts from diabetic rabbits. The regulation of transcription of Oct4 is more 

likely to be multifactorial at this stage of development. 

7. The concentrations of metabolites involved in the DNA methylation reaction are not affected 

by diabetes in rabbit maternal blood plasma. The dynamic of DNA methylation is not disturbed by 

metabolite supply in rabbit diabetic pregnancy. 

8. Diabetic pregnancy causes a delay in embryonic tissue formation with signatures of a change 

in expression of embryonic tissue-specific and developmental markers, as well as methylation 

patterns at the specific gene promoter (Oct4) without possible consequences on the global DNA 

methylation status.  

9. A possible explanation of the delay in development is the improper interaction between 

hypoblast and epiblast due to diabetic environoment. A diabetic pregnancy causes 

underdevelopment of hypoblast tissue, what induces inadequate signaling or absence of signalling 

from hypoblast cells and retardation in epiblast cell development. 
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