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1 ABSTRACT 

Genomic imprinting is a process where a gene is monoallelic expressed only from maternal or 

paternal allele. Imprinted genes are commonly localized in clusters and regulated by germline 

differentially methylated regions established in sperm and oocytes of the previous generation. 

Recently, a number of novel imprinted transcripts was identified in mouse, often employing a 

transposable element as their promoter. In order to identify novel transcripts in imprinted regions 

of other mammalian species and to explore the conservation of mouse transcripts in the 

imprinted regions, we processed RNA-seq datasets from six mammalian species from various 

developmental stages including oocytes, embryos, placenta and somatic tissues and performed 

de novo transcriptome assembly. We identified regions homologous to the mouse imprinted 

regions and predicted the methylation and therefore the imprinting status of the associated 

gDMRs, affecting the imprinted expression of associated genes. We demonstrated that almost 

all transcripts in the imprinted regions are specific for a particular developmental period, we 

identified potential transcription factors regulating their expression, and observed that a 

relatively high proportion of them employ transposable elements as promoters, although that 

such transcripts are often not conserved across species, suggesting that transposable elements to 

some extent shape the transcriptome profile of the imprinted clusters.  

 

2 INTRODUCTION 

Mammals as diploid organisms have two copies of each autosomal gene, one copy from 

mother and one from father. For the vast majority of genes, both copies are equally active  (Wolf 

Reik & Walter, 2001). However, in a small number of genes  one copy is silenced in parent-of-

origin-dependent manner., This phenomenon is called genomic imprinting (Ferguson-Smith, 

2011). The silencing of one copy of the gene is epigenetically regulated and the epigenetic marks 

(predominantly DNA methylation) are established during either the egg or the sperm formation, 

without  any change in the DNA sequence. (Ishida & Moore, 2013).  

Appropriate allele-specific expression of imprinted genes is essential for correct 

development. Imprinted genes are implicated in the physiology of the fetal-maternal 

interactions and in many aspects of prenatal and postnatal development. The most prevalent 

theory for the evolution of imprinting, “the parental conflict hypothesis”, reflects the 

competing interests of the maternal and paternal genomes in the developing embryo (Wolf 

Reik & Walter, 2001). In humans, disruption of monoallelic expression of imprinted genes leads 

to imprinting disorders, such as Prader-Willi, Angelman, Silver-Russel and Beckwith-
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Wiedemann syndromes, severely affecting the growth, metabolism and behavior. (Mackay & 

Temple, 2017) 

Gametic imprints can act on whole clusters of genes at once, containing 3–12 imprinted 

genes and spanning 100–3700 kb of genomic DNA. Most of the genes in one cluster are 

imprinted protein-coding mRNA genes, but at least one is always an imprinted long non-coding 

RNA (lncRNA) (Barlow & Bartolomei, 2014). The allele-specific expression in the clusters of 

imprinted genes is controlled by the allele-specific DNA methylation of the cis regulatory 

sequences, called the imprinting control regions (ICRs), usually one per cluster. ICRs are also 

called imprinted germline differentially methylated regions (gDMRs), because allelic DNA 

methylation of ICRs is acquired during gametogenesis (Kelsey & Feil, 2013). However, it 

should be noted that the term ICR is generally used for imprinted gDMRs that have been proved 

functionally to control the imprinted gene expression.  

Mouse is a classical model to study imprinting and its mechanisms in mammals. However, 

recent studies were still able to identify novel imprinted genes, sometimes even within the 

already identified imprinted clusters (Andergassen et al., 2017). In addition, the transcriptome 

of the mouse oocytes revealed further novel transcripts in the proximity or overlapping gDMRs. 

Some of these novel genes might confer regulatory roles over either imprint establishment in the 

oocytes, or regulation of monoallelic expression after fertilization (Andergassen et al., 2017; 

Courtney W. Hanna et al., 2019; Veselovska et al., 2015). Imprinting in other mammalian 

species, except human, is poorly studied. The aim of this project therefore is to annotate and 

analyze the transcriptome within imprinted clusters of other mammalian species with the focus 

on novel, previously unannotated genes with potentially regulatory roles.  

 

3 BACKGROUND  

3.1 The Parental conflict hypothesis 

This hypothesis proposes that genomic imprinting evolved in response to a “parental 

conflict” situation (W. Reik, Dean, & Walter, 2001), which arises from the opposing interests 

of the maternal and paternal genome, as the embryonic growth is dependent on one parent, but 

influenced by an embryo whose genome comes from two parents. According to the hypothesis, 

paternally expressed genes promote fetal growth by extracting resources from the mother, in 

contrast, maternally expressed imprinted genes are proposed to suppress fetal growth, ensuring 

her survival and allowing for more equal distribution of her resources to all offspring, with the 
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aim to increase the maximum number of transmission of the maternal genome to multiple 

offspring, which may have different paternal genomes (Frost & Moore, 2010). 

The Parental conflict hypothesis associates the acquisition of imprinting and placenta 

during the course of evolution (Wolf Reik & Walter, 2001). Consistently, imprinting is observed 

to occur predominantly in genes influencing fetal growth, particularly through placental growth, 

suckling and nutrient metabolism (Frost & Moore, 2010).  

. Imprinting anomalies are often manifested as developmental and neurological disorders 

when they occur during early development, and as cancer when altered later in life. The conflict 

theory is supported by prototypical mouse imprinted gene Igf2 and its receptor Igf2r, where the 

Igf2 gene encodes a hormone that stimulates growth during embryonic and fetal development. 

DNA methylation normally silences the maternal Igf2 gene. Activation of the maternal Igf2 gene 

expression during egg formation or very early in development causes Beckwith-Wiedemann 

Syndrome, the most common feature is overgrowth (Scott & Weiss, 2000). 

 

3.2 Epigenetics marks associated with imprinting  

Parental-allele-specific expression in eutherian mammals is dependent of epigenetic 

differences between the two parental alleles in order to be transcribed differently in the same 

nucleus (Kelsey & Feil, 2013). Therefore, the genes on the homologous chromosomes have to 

be distinguished by epigenetic marks. (Ishida & Moore, 2013).  

The two classical epigenetic marks are histone modifications and DNA methylation. 

DNA is wrapped around an octamer of histone proteins (a nucleosome) enabling its compaction 

and organization in the nucleus. Modifications of lysine residues in histone 3 (H3) N-terminal 

tail are associated with transcriptional activation or silencing. DNA methylation is a covalent 

addition of a methyl group to the cytosine residue, creating 5-methylcytosine, in CpG 

dinucleotide context (where C and G nucleotides are next to each other on the same DNA 

strand), and is generally associated with a transcriptionally repressed state (Figure 1).  

DNA methylation colocalizes with specific histone modifications, and is mutually 

exclusive with others. Histone 3 lysine 4 trimethylation (H3K4me3) and histone 3 lysine 27 

acetylation (H3K27ac) are active marks found at active promoters and enhancers, negatively 

correlated with DNA methylation, and positively correlated with gene expression (Smith & 

Meissner, 2013). Histone 3 lysine 6 di- and trimethylation (H3K9me2/3) are repressive histone 

marks associated with DNA methylation and transcriptional silencing, while gene body histone 
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3 lysine 36 trimethylation (H3K36me3) is positively correlated with transcription and promoting 

acquisition of DNA methylation (Chao, 2011). 

To date, in mouse, there are 20 imprinted gDMRs methylated on the maternal allele and 

3 on the paternal allele (Proudhon et al., 2012; Tomizawa et al., 2011), with the majority serving 

as ICRs of clusters of imprinted genes. For these imprinted gDMRs, DNA methylation imprint 

is acquired during oogenesis (maternally methylated gDMRs) or during spermatogenesis 

(paternally methylated gDMRs). In addition, the expression of imprinted genes after fertilization 

can be controlled by somatic DMRs that become methylated in parent-of-origin-specific manner 

after fertilization (Lewis & Reik, 2006). A number of studies showed that imprinted genes 

require correct gDMR DNA methylation establishment in the oocyte and sperm for their 

imprinted expression after fertilization, either at a single-gene or genome-wide level (Bourc’his, 

2001; Courtney W. Hanna, Demond, & Kelsey, 2018; Hata, Okano, Lei, & Li, 2002; Kaneda et 

al., 2010, 2004; Kato et al., 2007; Smallwood et al., 2011). Therefore, it was generally accepted 

that DNA methylation is the epigenetic mark responsible for the differential marking of alleles 

in gametes and preserving the information after fertilization.  

Nevertheless, a recent study suggested that maternally-inherited histone 3 lysine 27 

trimethylation (H3K27me3), histone modification associated with expression silencing, confers 

imprinting of a small number of genes (Inoue, Jiang, Lu, Suzuki, & Zhang, 2017). This 

phenomenon is called non-canonical imprinting, in contrast to canonical imprinting regulated 

by DNA methylation. However, it appears that maternally-inherited H3K27me3 is erased after 

fertilization at these loci during pre-implantation development, and it is then established in an 

allele-specific manner after implantation (Courtney W. Hanna et al., 2019). In addition, several 

placenta-specific imprinted genes were identified, with no obvious regulation by DNA 

methylation (Andergassen et al., 2017).   
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Figure 1.  Modifications or alterations on DNA wrapping to histones, epigenetic mechanism activate or 

inactive genes (Courtney W. Hanna, Demond, et al., 2018). 
 

3.3 Establishment of genomic imprints in the germline 

Epigenetic properties of the male and female gametes as well as their chromatin 

organization are profoundly different at the time of fertilization. The sperm DNA is highly 

methylated and tightly packaged by protamines replacing canonical histones (Wright, 1999), 

whilst only approximately 40% of oocyte DNA is methylated, in a uniquely form  and  associated 

with non-canonical distributions of histone modifications (Shirane et al. 2013; Hanna et al. 

2018b).     

Oocyte and sperm-specific DNA methylation patterns, including the differential 

methylation of gDMRs, are established during gametogenesis (Figure 2). Prior to that, pre-

existing DNA methylation is reduced in primordial germ cells (PGCs) during their migration to 

the genital ridge (embryonic days 9.5– 11.5, E9.5- E11.5) (Guibert, Forne, & Weber, 2012) to a 

very low level throughout the genome. This included imprint erasure, thereby differences in 

methylation between the parental alleles are removed (Seisenberger et al., 2012), due to 

downregulation of de-novo DNMTs and the DNMT1-cofactor UHRF1 (Kagiwada, Kurimoto, 

Hirota, Yamaji, & Saitou, 2012). 

In the mouse male gonad, de novo DNA methylation, initiates around E13.5 in germ 

cells arrested in mitosis (known as prospermatogonia) and is complete by E17.5 (Davis, 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=6093373_dmy021f01.jpg
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2000).Therefore, DNA methylation landscape is established before male germ cells undergo 

meiosis, and has to be maintained through rounds of mitosis and through meiosis. There is a 

greater opportunity for methylation errors to accumulate or mutations to arise through 

deamination (C. W. Hanna & Kelsey, 2014).  

In the mouse female gonad, PGCs enter first stages of meiosis in E13.5 and arrest in 

prophase I, around the time of birth, quiescent in the developing ovary until after birth when 

they are assembled into primordial follicles. (Lucifero, Mann, Bartolomei, & Trasler, 2004)  De 

novo methylation initiates after activation of follicles and during the later stages of oocyte 

growth, around the transition from the primary to secondary follicle, and is completed by the 

time oocytes are fully grown (C. W. Hanna & Kelsey, 2014). Methylation acquisition is a 

progressive process depending on the oocyte size. (Kelsey and Feil 2013). 

Three functional DNA methyltransferase (DNMT) enzymes have been described in 

mammals; maintenance methyltransferase DNMT1 methylating hemimethylated sequences 

after DNA replication, and de novo methyltransferases DNMT3A and DNMT3B and their co-

factor DNMT3L lacking the catalytic activity (Ishida & Moore, 2013).. In the oocytes, 

DNMT3A and DNMT3L are essential for de novo DNA methylation establishment, including 

the DNA methylation at all maternally methylated imprinted gDMRs (Bourc’his, 2001; Hata et 

al., 2002; Kaneda et al., 2010, 2004; Shirane et al., 2013). DNMT3B is dispensable, as oocytes 

lacking DNMT3B have the same DNA methylation profile as wild-type oocytes (Shirane et al., 

2013). In contrast, all three DNMT3s are required for DNA methylation establishment in the 

male germline. One of the three imprinted gDMRs methylated in sperm requires DNMT3B, as 

well as small Piwi-interacting RNAs, for its methylation (Kaneda et al., 2004; Kato et al., 2007; 

Watanabe et al., 2011).  

 

 Specific recognition and targeting of imprinted gDMRs for sex-specific acquisition of 

DNA methylation imprint is not completely understood. For example, it was shown that CpGs 

in maternally-methylated gDMRs are mostly 8-10 bp from each other, serving as an optimal 

substrate for  methylation by the DNMT3A:DNMT3L tetramer complex in the female germline 

(Jia, Jurkowska, Zhang, Jeltsch, & Cheng, 2007). In other cell types, it was shown that 

DNMT3A:DNMT3L complex interacts with unmethylated H3K4 (Dhayalan et al., 2010; Ooi et 

al., 2007) and trimethylated H3K36 (Dhayalan et al., 2010), and it is repulsed by di- and 

trimethylated H3K4 (Ooi et al., 2007; Zhang et al., 2010) .  
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 It appears that both paternally- and maternally-methylated gDMRs gain their 

methylation as a part of sperm and oocyte methylation landscape, respectively. Paternally-

methylated gDMRs are relatively CpG-poor, while maternally methylated are CpG-rich. In 

sperm, the whole genome is methylated with the exception of CpG-rich region (Kobayashi et 

al., 2012), including maternally-methylated gDMR. In contrast, in the oocytes, only gene bodies 

of transcriptionally active genes are methylated, with the rest of the genome remaining 

unmethylated (Kobayashi et al., 2012; Veselovska et al., 2015). It was shown that maternally-

methylated gDMRs are all within the transcribed regions, while paternally-methylated gDMRs 

are in transcriptionally silent intergenic regions (Chotalia et al., 2009; Veselovska et al., 2015). 

In addition, it was functionally demonstrated that deletion of promoters providing transcription 

through maternally-methylated gDMRs prevents gDMRs from gaining DNA methylation in the 

oocytes (Chotalia et al., 2009; Frohlich et al., 2010; Veselovska et al., 2015).  

 

3.4 Maintenance of genomic imprints after fertilization 

Upon fertilization and during preimplantation development the genome undergoes 

epigenetic reprogramming, when the DNA methylation is largely erased by active and passive 

processes, which are not fully understood (Ishida & Moore, 2013) (Figure 2). The paternal 

pronucleus is rapidly demethylated through active mechanisms involving a oxidation of 5-

methylcytosine to 5-hydroxymethylcytosine and further oxidation derivatives by the TET3 

enzyme. (Santos et al., 2013). In contrast, the maternal genome becomes demethylated by a 

passive mechanism, referring to the dilution of methylation at symmetric CpG sites because of 

failure to reinstate methylation on the nascent DNA strand at DNA replication due to the absence 

of DNA methyltransferase DNMT1. Maternal genome is able to resist the active demethylation 

because of the interactions of maternal factor, DPPA3  (Nakamura et al., 2007) (also called 

PGC7 or STELLA) with H3K9me2 in the early mouse embryo (Nakamura et al., 2012) 

protecting the DNA from TET3 activity.  Paternal genome binds DPPA3 and therefore resist 

active demethylation only at imprinted gDMRs, as elsewhere the histones were exchanged for 

protamines during spermatogenesis (Nakamura et al., 2007, 2012) .  

A small number of regions, particularly imprinted gDMRs, escape the global 

demethylation. It is due to the activity of remaining DNMT1, which is targeted to the imprinted 

gDMRs and maintains their methylation during replication. The factors targeting the DNMT1 

to the imprinted gDMRs are ZFP57 and KAP1 (Lorthongpanich et al., 2013; Messerschmidt et 

al., 2012; Quenneville et al., 2011). ZFP57 binds a specific sequence present in all gDMRs when 
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methylated, and serves as an anchor for allelic binding of KAP1 (Quenneville et al., 2011). 

ZFP57 and KAP1 were observed in a complex with DNMT1, its cofactor NP95 (UHRF1), as 

well as DNMT3A and DNMT3B, presumably targeting DNMT1, but also DNMT3A and 

DNMT3B to the imprinted loci (Messerschmidt et al., 2012; Quenneville et al., 2011; Zuo et al., 

2012).  

 

 
 

Figure 2. DNA methylation into developmental stages. (A)  Different phases of Methylation such: as 

methylation imprint erasure, re-establishment and maintenance at the gDMRs. In pink representing the 

maternal chromosomes and in blue paternal chromosomes. (B) Shows the methylation imprinting 

programing (based on mice) (Ishida & Moore, 2013). 

 

3.5. Imprinted gene clusters in mammals 

It has been demonstrated that imprinted gDMRs can regulate the expression of whole 

clusters of genes. Recent study concluded there are 28 clusters of imprinted genes, containing 

up to 10 or potentially even more imprinted genes each (Andergassen et al., 2017).  The size of 

the imprinted clusters (and the number of genes) can vary between tissues. For example, Igf2r 

cluster can extend over 10 Mb in placenta, but only up to 1 Mb in adult somatic tissues 

(Andergassen et al., 2017). To date, 124 mouse imprinted genes and 2 predicted imprinted genes 

have been identified and listed in the database of imprinted genes 

www.geneimprint.com/site/genes-by-species (Randy L. Jirtle, n.d.). However, recent studies 

identified several novel imprinted genes (Andergassen et al., 2017; Courtney W. Hanna et al., 

http://www.geneimprint.com/site/genes-by-species


 
 
 

 

9 

 

2019; Inoue et al., 2017), both annotated and unannotated, suggesting that the current list of 

mouse imprinted genes is not yet complete. In addition, some genes appear to be imprinted only 

in some tissues, particularly in extraembryonic tissues and placenta (Andergassen et al., 2017; 

Courtney W. Hanna et al., 2019). Most of genes in any one cluster are imprinted protein-coding 

mRNA genes; but at least one is usually an imprinted lncRNA. (Barlow & Bartolomei, 2014).  

The only species with imprinting studied to the similar extent as mouse is human, with 

107 imprinted and 106 predicted imprinted genes listed in the database 

(www.geneimprint.com/site/genes-by-species, March 25th, 2019) (Randy L. Jirtle, n.d.). 

Nevertheless, a substantial proportion of genes that are imprinted in mouse are not imprinted in 

human (Morcos et al., 2011), and humans show much more prominent phenomenon of placenta-

specific imprinting compared to mouse (Hamada et al., 2016; Courtney W. Hanna et al., 2016) 

. Interestingly, in these cases, methylated gDMRs (almost exclusively maternally-methylated) 

regulating the allele-specific expression retain their allele-specific methylation in the placenta, 

but not in embryonic tissues (Hamada et al., 2016). The imprinting in other mammalian species 

is poorly studied, with 20 imprinted genes identified in cow, 22 in pig, 6 in rat and 9 in rhesus 

macaque. To date, imprinting was not studied at all in many species, including marmoset.  

 

3.5.1 Non-coding RNAs, alternative promoters and transposable elements as important 

regulators of imprinting 

The majority of autosomal imprinted gene clusters contain at least one lncRNA (Long 

non-coding RNAs). The most common mechanism of gene expression regulation in imprinted 

clusters is that the unmethylated gDMR serves as a promoter of a lncRNA that consequently 

silences other genes in cis (Mancini-DiNardo, 2006; Sleutels, Zwart, & Barlow, 2002), either 

through direct transcriptional interference if they overlap, or through guiding the deposition of 

repressive marks H3K9me2 and H3K27me3 (Latos et al., 2012; Mager, Montgomery, de 

Villena, & Magnuson, 2003; Nagano et al., 2008; Terranova et al., 2008). The classical examples 

are Airn lncRNA in Igf2r cluster and Kcnq1ot1 lncRNA in Kcnq1 cluster.  

In addition, recent findings suggest there are two more types of regulatory lncRNAs in 

imprinted regions. Thorough annotation of the mouse oocyte transcriptome revealed that all 

maternally-methylated gDMRs are intragenic, i.e. inside gene bodies of genes active in the 

oocytes, even if they were promoter-associated according to the official annotation (Veselovska 

et al., 2015). For gDMRs that are promoter-associated but not intragenic according to the official 

annotation, the transcription through them is provided either by novel upstream promoters of 

http://www.geneimprint.com/site/genes-by-species
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respective annotated genes (such as Plagl1, Peg3, Peg10 and Impact), or through novel 

lncRNAs (such as Slc38a4). These are often oocyte-specific (Veselovska et al., 2015), not 

expressed in PGCs or after fertilization.  

Second group of novel regulatory lncRNAs in imprinted regions are lncRNAs upstream 

of imprinted genes, expressed from the same DNA strand (exemplified by imprinted genes 

Znf64, Jade1 and Slc38a4) (Andergassen et al., 2017; Courtney W. Hanna et al., 2019). These 

are often imprinted with the same allele-specificity as the respective imprinted gene, and it was 

suggested they might me involved in the regulation of imprinted expression of the nearby gene 

in cis, potentially independently on the methylation status of gDMR. The best studied example 

is Slc38a4. Its imprinted expression in embryonic lineage is fully regulated by the methylation 

status of gDMR which should be maternally-methylated. After fertilization of oocytes deficient 

in DNA methylation and therefore without maternally-inherited gDMR methylation, Slc38a4 

expression is biallelic. However, in extraembryonic lineage (which will later become placenta), 

the expression of Slc38a4 is still imprinted even if the oocyte was deficient in DNA methylation. 

Instead, this noncanonical imprinting might be regulated by the upstream placenta-specific 

imprinted lncRNA, whose allele-specific transcription might enhance the allele-specific 

transcription of Slc38a4 (Courtney W. Hanna et al., 2019). In addition, novel alternative 

promoters of imprinted genes were identified, with regulation independent of gDMR 

methylation (such as for gene placenta-specific alternative promoter of gene Gab1) (Courtney 

W. Hanna et al., 2019).  

Therefore, clusters of imprinted genes appear to be relatively rich for novel lncRNAs 

and alternative promoters, often with expression restricted to a specific cell type, and with 

potential important regulatory roles. Moreover, these often employ transposable elements as 

promoters (a frequent phenomenon in the oocytes and embryos in general), suggesting that 

transposable elements might be involved in shaping the imprinted gene expression of crucial 

developmental genes. The activity of transposable elements as promoters is the most prominent 

and often specific for particular early developmental stages such as oocytes and embryos 

(Fadloun et al., 2013; Franke et al., 2017; Karlic et al., 2017; Macfarlan et al., 2012; Peaston et 

al., 2004; Veselovska et al., 2015), and extraembryonic tissues (Chuong, Rumi, Soares, & Baker, 

2013), therefore, the expression of whole transcripts is expected to be stage-specific. 

Nevertheless, all the lncRNAs and upstream promoters were identified in mouse, and their 

presence was not explored in other mammalian species.  
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4 AIMS 

- Find and process available RNA-seq datasets from selected mammalian species, most 

importantly oocyte and embryo, but also somatic tissues and placenta. 

- Assemble the complete transcriptome from all developmental stages for each species. 

- Generate a complete list of imprinted regions in mouse and other selected mammalian 

species. 

- Assess the potential imprinting status of regions imprinted in mouse with maternally-

methylated gDMR. 

- Analyze the expression changes of transcripts in imprinted regions during development. 

- Perform the sequence analysis of promoters to find potential transcription factor biding sites 

and compare their conservation between species. 

- Analyze how frequently the transcripts employ transposable elements as promoters in 

imprinted regions. 

- Compare the selected imprinted regions across species and explore the conservation of 

selected novel transcripts identified in mouse imprinted regions. 
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5 WORKFLOW OVERVIEWS 
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6 MATERIAL AND METHODS 

6.1 Datasets 

RNA-seq datasets were downloaded as fastq files from the European Nucleotide Archive 

(ENA, https://www.ebi.ac.uk). Datasets with following accession codes were used in this 

project: rat (Rattus norvegicus) datasets GSE112622 (Brind’Amour et al., 2018), and 

GSE114191(Carelli, Liechti, Halbert, Warnefors, & Kaessmann, 2018), pig (Sus scrofa) datasets 

GSE108900 (Tsai, Tyagi, & St. John, 2018), GSE53387 (Bernardo et al., 2018) and GSE106577 

(Y. Li et al., 2018), cow (Bos taurus) datasets GSE61717 (Reyes, Chitwood, & Ross, 2015), 

GSE99210 (Lavagi et al., 2018), GSE53387 (Bernardo et al., 2018) and GSE43013 (Fushan et 

al., 2015), rhesus macaque (Macaca mulatta) datasets  GSE117219 (Liu et al., 2018) , 

GSE112536 (Ruebel et al., 2018), GSE118284 (Dunn-Fletcher, unpublished) , 

GSE103313(Chitwood, Burruel, Halstead, Meyers, & Ross, 2017), GSE86938(Xinyi Wang et 

al., 2017) and GSE114191 (Carelli et al., 2018),  marmoset (Callithrix jacchus) datasets E-

MTAB-7078 (Boroviak et al., 2018) and GSE114191 (Carelli et al., 2018), and human (Homo 

sapiens) datasets GSE36552 (Yan et al., 2013), GSE49828 (Guo et al., 2014), GSE101571 (Wu 

et al., 2018), GSE118285 (Dunn-Fletcher et al., 2018) and GSE114191 (Carelli et al., 2018). 

Detailed list of datasets used in this project can be found in Supplementary Table 1. 

 

6.2 Trimming 

To remove both poor-quality bases and adapters, reads were first trimmed using program 

Trim Galore (www.bioinformatics.babraham.ac.uk/projects/trim_galore/) v0.4.1 with default 

parameters, specifying whether the reads were generated in single end or paired end mode. For 

single end reads, the command “trim_galore *fastq.gz” was used, for paired end reads, it was 

the command “trim_galore --paired *fastq.gz”. 

  

6.3 Quality control of trimmed reads 

 

After trimming, we checked the quality of the data (sequence quality and content, GC 

content, sequence length distribution, sequence duplication levels and overrepresented 

sequences) using program FastQC (Andrew S. 2010) v0.11.5 with default parameters, to check 

whether all the datasets are of sufficient quality for downstream analyses. The commands were  

“fastqc  *_trimmed.fq.gz” and “fastqc *.fq.gz” for single end mode and for paired end mode, 

respectively.  

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
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6.4 Mapping 

Prior to data mapping, genomes of selected species were downloaded from Ensembl 

genome database (https://www.ensembl.org/index.html) in fasta format. The following genome 

versions were used for each species: Rnor_6.0 for rat, Mmul_8 for rhesus macaque, GRCh38 

for human, calJac3 for marmoset, UMD3.1 for cow and Sscrofa11.1 for pig.  Genomes were 

then indexed using hisat2-build function of Hisat2 v2.0.5 that outputs the indexed genome as a 

set of 8 files with suffixes 1.ht2, 2.ht2, 3.ht2, 4.ht2, 5.ht2, 6.ht2, 7.ht2, and 8.ht2. 

Trimmed reads were mapped to the indexed genome of respective species (specified by 

-x parameter) using Hisat2 (Kim, Langmead, & Salzberg, 2015; Pertea, Kim, Pertea, Leek, & 

Salzberg, 2016) v2.0.5 with parameters specifying the maximum and minimum penalties for 

soft-clipping per base (--sp) and modifying the output to be compatible with de novo 

transcriptome assembly using Cufflinks (--dta-cufflinks). The output file from Hisat2 with 

mapped reads is a Sequence Alignment Map (sam) file, which was directly converted to Binary 

Alignment Map (bam) file using samtools view function of samtools v1.3.1 (H. Li, 2011; H. Li 

et al., 2009). The following command was used for mapping of single end reads: “hisat2 –sp 

1000,1000 –dta-cufflinks -x indexed_genome_base -U trimmed_data_trimmed.fq |samtools 

view -bS -F 4 -F 256 -> mapped_reads.bam”. For mapping paired end data, we used the 

command: “hisat2 –sp 1000,1000 –dta-cufflinks -x indexed_genome_base -1 

trimmed_read1_val_1.fq.gz -2 trimmed_read2_val_2.fq.gz |samtools view -bS -F 4 -F 256 -> 

mapped_reads.bam”.  

Mapped data were then sorted using samtools sort function of samtools v1.3.1 in order 

to be able to perform de novo transcriptome assembly using Cufflinks. The command for sorting 

was: “samtools sort -o output_sorted.bam input.bam”.  

 

6.5 De novo transcriptome assembly 

De novo transcriptome assembly was performed on selected datasets (Supplementary 

Table 1) in using program Cufflinks (A. Roberts, Pimentel, Trapnell, & Pachter, 2011; Adam 

Roberts, Trapnell, Donaghey, Rinn, & Pachter, 2011; Trapnell et al., 2013, 2010) v2.2.1 in the 

reference annotation based transcript (RABT) (A. Roberts et al., 2011) mode, in which the 

assembler assigns reads to the supplied official annotation, and remaining reads are used to build 

models of novel transcripts. Therefore, the final transcriptome assembly (a gtf file) contains all 

transcripts from the supplied annotation, as well as the newly assembled transcripts. The 

transcriptome annotations used as a baseline for de novo transcriptome assembly were 

https://www.ensembl.org/index.html
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downloaded from Ensembl and are as follows: Bos_taurus.UMD3.1.94.chr.gtf for cow, 

Homo_sapiens.GRCh38.94.chr.gtf for human, Callithrix_jacchus.C_jacchus3.2.1.91.gtf for 

marmoset, Sus_scrofa.Sscrofa11.1.94.chr.gtf for pig, Rattus_norvegicus.Rnor_6.0.94.chr.gtf for 

rat and Macaca_mulatta.Mmul_8.0.1.94.chr.gtf for rhesus macaque. RABT transcriptome 

assembly was performed with default parameters (using parameter -g specifying RABT mode), 

specifying the type of strand specificity of the library as --library-type fr-unstranded, fr-

firststrand and fr-secondstrand (see Supplementary Table 1 for the library type parameter for 

each dataset). The command to perform de novo transcriptome assembly was:” cufflinks -g 

ensemble_annotation.gtf -u --library-type fr-xxx  -o output_folder sorted_mapped_reads.bam”.  

Individual assembled transcriptomes were then merged together using a function 

cuffmerge from the program Cufflinks v2.2.1 to create a comprehensive transcriptome 

annotation that contain transcripts from all studied developmental stages and cell types for each 

species. List of all assemblies to be merged was prepared as a txt file (assemblies.txt). The 

command to merge the assemblies while removing potential artefacts and redundant transcripts 

was “cuffmerge assemblies.txt”. First, all assemblies from the same source (same original 

publication) were merged, and then the merged assemblies from each source were merged 

together (individually for each species).  

6.6 Downstream analysis 

Data processing until the step of merging gtf files was performed for all six selected 

mammalian species. The identification of regions homologous to mouse imprinted regions and 

subsequent filtering of gtf files to contain only transcripts within these homologous regions were 

performed for rat, cow, pig, marmoset and macaque rhesus. All downstream analyses using the 

filtered gtf files were performed only for rat and cow.  

6.6.1 Python scripts for filtering of gtf files 

 Three python scripts were generated for filtering of gtf files. They are described in 

respective results chapters and the codes can be found in Appendices 1,2,3.  

6.6.2 Transcript expression quantification, expression profiling and promoter analysis 

The expression of transcripts was quantified using Cufflinks v2.2.1 (A. Roberts et al., 

2011; Adam Roberts et al., 2011; Trapnell et al., 2013, 2010) disabling the de novo 

transcriptome assembly function using the command “cufflinks -G rat_merged_filtered.gtf -o 

outputfolder mappedreads.bam.”. The data processing after Cufflinks quantification for 

hierarchical clustering and heatmap generation is described in the respective result chapter. 
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Hierarchical clustering and the generation of the heatmap was performed in R (v3.5.3, 64bit) 

using a custom script described in the respective results chapter. The code is in the appendix 4. 

The expression profiles of individual clusters were generated using Microsoft Office Excel 

(v14.0, 32bit). The process of generating promoter sequences for motif sequence analysis is 

described in detail in results chapter. DREME (Timothy L. Bailey, 2011) and TOMTOM tools 

(Gupta, Stamatoyannopoulos, Bailey, & Noble, 2007) from the MEME suite v5.0.5 (T. L. Bailey 

et al., 2009) were used with default parameters using the web interface. In DREME, we used 

shuffled sequences as s control. The annotation of rat and cow repetitive elements was 

downloaded from the UCSC genome browser for the respective genome annotations (Rnor_6.0 

for rat and UMD3.1 for cow). The graphs of numbers of transcripts with promoters overlapped 

by repetitive elements were generated using Microsoft Office Excel (v. 14.0, 32bit).  

6.6.3 Data inspection in Seqmonk 

All visual inspections of the data and assembled transcriptomes were performed using 

Seqmonk v1.43.0 program (Popp et al., 2010) (www.bioinformatics.bbsrc.ac.uk/projects/seqmonk) 

with annotations Rnor_6.0_v90 for rat and UMD3.1_v91 for cow. When screenshots with RNA-

seq reads were made, reads were quantified using wiggle plot quantification with 50 bp window 

size and 50 bp step size. Apart from checking the quality of the data, the data were inspected in 

order to identify whether a predicted gDMR is overlapped by an active oocyte transcript, to 

identify transcripts overlapped by repetitive element on the same strand by more than 50%, to 

identify which transcripts have TSS region (first 200 bp of the transcript) overlapped by same 

strand repetitive element, and to extract coordinates of promoter regions defined as +-500 bp 

around the TSS, and to inspect the potential conservation of novel transcripts in imprinted loci 

in mouse.  

 

 

 

 

 

 

 

 

 

http://www.bioinformatics.bbsrc.ac.uk/projects/seqmonk
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7 RESULTS 

7.1 Datasets 

7.1.1 Identification and selection of datasets for the analysis  

 In order to compare the transcripts in the imprinted clusters in multiple mammalian 

species, we first identified suitable species with well-annotated genomes with sequences 

assembled in whole chromosomes, not just contigs without chromosomal information, in 

Ensembl genome browser (https://www.ensembl.org), and with available RNA-seq datasets 

from various developmental stages, which we searched using the publications database PubMed 

(https://www.ncbi.nlm.nih.gov/pubmed) and the data repository  GEO (Gene Expression 

Omnibus) (https://www.ncbi.nlm.nih.gov/geo). We were particularly interested in RNA-seq 

datasets from the oocytes, embryos and placenta, because they are generally rich in novel stage-

specific unannotated transcripts including the transcripts within the imprinted loci (Andergassen 

et al., 2017; Courtney W. Hanna et al., 2019; Veselovska et al., 2015), as well as from the 

somatic tissues. That would allow us to assemble complete transcriptome encompassing the 

developmentally-regulated changes in transcription, annotate stage- or tissue-specific transcripts 

and analyze their expression changes. We excluded mouse, the most commonly used 

mammalian model species, as RNA-seq data from the mouse were previously processed and 

analyzed in the laboratory.  

 We selected rat (Rattus norvegicus), cow (Bos taurus), pig (Sus scrofa), marmoset 

(Callithrix jacchus), rhesus macaque (Macaca mulatta) and human (Homo sapiens). For rat we 

found RNA-seq datasets of oocytes and somatic tissue, but not of embryos or placenta. For cow 

and pig, we found datasets of oocytes, pre-implantation and post-implantation embryos and 

somatic tissue, but not of placenta. For marmoset, only the datasets of pre-implantation embryos 

and somatic tissues were available, while for rhesus macaque there were datasets of the oocytes, 

pre-implantation embryos, placenta and somatic tissues. For human, we found datasets of all 

requested developmental stages - oocytes, embryonic datasets, placenta and somatic tissues. The 

summary of the datasets used for the analysis is in the (Figure 3), the detailed description of the 

datasets including the precise developmental stages, GEO accession codes and references is in 

the Supplementary Table 1.   

 

 

 

 

https://www.ensembl.org/
file:///C:/Users/HP/Desktop/(https:/www.ncbi.nlm.nih.gov/pubmed)
file:///C:/Users/HP/Desktop/(https:/www.ncbi.nlm.nih.gov/geo)
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Figure 3. Summary of the datasets used for the analysis.  

 

 

7.1.2 Processing of the datasets 

 RNA-seq datasets were trimmed to remove the adapters and low-quality bases, their 

quality was checked and the data were mapped. As expected, because all the datasets were 

already published, the quality of the trimmed data judged by FASTQC output was appropriate, 

and mapping did not reveal any issues caused by either contamination or too high duplication 

levels. Supplementary Table 2 shows the accession codes of the individual datasets in fq.gz 

form, total number of reads we got after trimming process, the alignment rate and the number 

of mapped reads.        

 

 

 

 

 

Oocyte 

 

Pre -

implantation 

embryo 

 

Post-

implantation 

embryo 

 

Placenta 

 

Somatic 

Tissues 

 

 
 

 

 
Rat 

✔ ✖ ✖ ✖ ✔ 

 

 

 
 

Cow 

✔ ✔ ✔ ✖ ✔ 

 
 

 

 
Pig 

✔ ✔ ✔ ✖ ✔ 

Marmoset 

✖ ✔ ✖ ✖ ✔ 

 

 

 

 

Rhesus macaque 

✔ ✔ ✖ ✔ ✔ 

 
 

 

 
Human 

✔ ✔ ✔ ✔ ✔ 
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https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjo573i9rHhAhXImLQKHUNQAH4QjRx6BAgBEAU&url=https%3A%2F%2Fwww.pngarts.com%2Fexplore%2F7016&psig=AOvVaw2WZYKS6WeagYDIBpyekhgr&ust=1554312273277836
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http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj8-trJhrLhAhXRmLQKHT3KCYcQjRx6BAgBEAU&url=http%3A%2F%2Fknoow.net%2Fen%2Fearth-and-life-sciences%2Fbiology%2Foocyte-ii%2F&psig=AOvVaw05quCs3s0SEv4vEQ-Ma-b7&ust=1554316549216347
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7.2 De novo transcriptome assembly 

To be able to annotate all transcripts within the imprinting loci across all developmental 

stages, we performed de novo transcriptome assembly using Cufflinks. If there was a high 

number of datasets for a particular stage in a particular species, we selected the datasets with the 

highest number of reads (Table 1). Afterwards, the assembled transcriptomes were merged 

together for each species, resulting in final transcriptomes in the format of gtf files, 

encompassing transcription events across all analyzed developmental stages. The numbers of 

transcripts in partially merged files (one gtf file for each source publication) and in the final 

merged transcriptome for each species are in the Table 2. 

 

 

 
Table 1. Datasets used for the transcriptome assembly. The table shows the replicates selected for de 

novo transcriptome for every dataset of each species. 

 

Reference Species Cell type Replicates  

Brindamour et al. 

2018  
rat 

GV oocytes all 

GV oocytes all 

Carelli et al. 2018 rat 

adult brain replicates 2, 4 

adult heart replicates 1, 3 

adult kidney replicates 1, 2 

adult liver replicates 2, 4 

Tsai et al. 2018 pig MII oocytes replicates 1, 3, 4 

Bernardo et al. 2018 pig 

E6.5 ICM all 

E10.5 Epi ERSE all 

E12.5 Epi APE all 

Li et al. 2018 pig 

adult brain all 

adult heart all 

adult kidney all 

adult liver all 

adult muscle all 

Reyes et al. 2015 cow 
GV oocyte replicates 1, 2 

MII oocyte replicates 1, 3 

Lavagi et al. 2018 cow 

8C embryo 
replicates 1_7, 4_2, 5_3, 

6_6 

16C embryo 
replicates 2_2, 2_3, 2_8, 

1_1 

Bernardo et al. 2018 cow 

E7.0 ICM all 

E14.0 Epi ERSE all 

E17.0 Epi APE all 

Fushan et al. 2015 cow 

adult liver all 

adult kidney all 

adult brain all 

Liu et al. 2018 
rhesus 

macaque 

16C_embryo outer cell all 

16C_embryo inner cell all 
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early_morula outer cell replicates 1,2,3,5 

early_morula inner cell replicates 2,3,4,5 

late_morula outer cell replicates 1,2,4,5 

late_morula inner cell replicates 1,2,3,4 

early_blastocyst outer cell replicates 1,2,3,6 

early_blastocyst inner cell replicates 11,19,20,22 

mid_blastocyst outer cell replicates 1,2,4,5 

mid_blastocyst inner cell replicates 14,17,20,22 

late_blastocyst inner cell replicates 20,22,29,31 

hatched_blastocyst inner 

cell 
replicates 26,27,28,30 

Ruebel et al. 2018 
rhesus 

macaque 

GV oocytes replicates 1,6,7 

MII oocytes replicates 2,3,8 

Dunn-Fletcher et al.  

unpublished 

rhesus 

macaque 
placenta all 

Chitwood et al. 2017 
rhesus 

macaque 

GV oocytes all 

MI oocytes all 

MII oocytes replicates 1,3 

1C embryo replicates 1,3 

2C embryo all 

4C embryo replicates 1,3 

8C embryo all 

morula  replicates 1,2 

blastocyst all 

Wang et al. 2017 
rhesus 

macaque 

GV oocytes all 

MII oocytes all 

1C embryo all 

2C embryo all 

4C embryo all 

8C embryo all 

morula  all 

blastocyst all 

Carelli et al. 2018 
rhesus 

macaque 

adult brain replicates 1,2 

adult heart replicates 1,2 

adult kidney replicates 1,3 

adult liver replicates 2,3 

Boroviak et al. 2018 marmoset 

zygote all 

4C embryo replicates 1_2, 1_3, 1_4 

8C embryo replicates 1_1, 1_7, 2_1 

compacted morula replicates 1_2, 1_3, 1_7 

early ICM replicates 1_3, 1_5, 1_6 

late ICM replicates 1_2, 1_3, 1_7 

Carelli et al. 2018 marmoset 

adult brain replicates 2,3 

adult heart replicates 1,2 

adult kidney replicates 1,2 

adult liver replicates 2,3 

Yan et al. 2013 human 

oocyte all 

zygote  all 

2C embryo replicates 1_2, 2_2, 3_2 
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4C embryo replicates 2_1, 2_4, 3_4 

8C embryo replicates 1_4, 2_4, 2_5 

morula replicates 1_1, 1_4, 2_4 

late blastocyst replicates 1_1, 1_4, 1_9 

Guo et al. 2014 human postimplantation embryo all 

Wu et al. 2018 human 

GV oocyte all 

MII oocyte all 

2C embryo replicates 1,2 

4C embryo all 

8C embryo all 

ICM all 

Dunn-Fletcher et al. 

2018 
human placenta all 

Carelli et al. 2018 human 

adult brain replicates 1,2 

adult heart replicates 3,4 

adult kidney all 

adult liver replicates 2,3 
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Table 2. Total numbers of transcripts in the assembled transcriptomes. 

mRNA counts are shown for partially merged transcriptome assemblies 

(one for each source publication), and final merged gtf files for each 

species.  

   
Annotation gtf file mRNA count 

cow cow_Bernardo_merged.gtf 144599 

  cow_Fushan_merged.gtf 63630 

  cow_Lavagi_merged.gtf 81842 

  cow_Reyes_merged.gtf 98953 

     
  cow_merged.gtf (*) 227760 

     

  human_Carelli_merged.gtf 192367 

human human_Dunn_merged.gtf 187744 

  human_Guo_merged.gtf 164093 

  human_Wu_merged.gtf 219835 

  human_Yan_merged.gtf 226678 

     
  human_merged.gtf (*) 308232 

     
  marmoset_Boroviak_merged.gtf 174875 

marmoset marmoset_Carelli_merged.gtf 164426 

     
  marmoset_merged.gtf (*) 246347 

     

  pig_Bernardo_merged.gtf 151270 

  pig_Li_merged.gtf 92594 

pig pig_Tsai_merged.gtf 97459 

     
  pig_merged.gtf (*) 220870 

     
rat rat_Brindamour_merged.gtf 82403 

  rat_Carelli_merged.gtf 89923 

     
  rat_merged.gtf (*) 127069 

     
rhesus 

macaque  rhesus_Carelli_merged.gtf 121534 

  rhesus_Chitwood_merged.gtf 253841 

  rhesus_Dunn-Fletcher_merged.gtf 75048 

  rhesus_Liu_merged.gtf 128128 

  rhesus_Ruebel_merged.gtf 152572 

  rhesus_Wang_merged.gtf 104720 

     
  rhesus_merged.gtf (*) 388756 

     
(*) final merged gft file for each species 
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7.3 Defining imprinted gene clusters  

 First, we made a comprehensive list of imprinted genes in mouse, including novel 

previously unannotated transcripts identified as imprinted in recent publications. We combined 

the imprinted genes listed in the imprinting database (http://www.geneimprint.com/site/genes-by-

species) and newly identified imprinted genes (Andergassen et al., 2017; Inoue et al., 2017; Xu 

Wang, Soloway, & Clark, 2011), resulting in 151 imprinted genes organized in 52 clusters. We then 

defined the borders of mouse imprinted clusters by the first protein-coding genes with known 

function which are either demonstrated not to be imprinted, or with unknown imprinting status. The 

list of mouse imprinted genes, their imprinting status, their genomic coordinates, the coordinates of 

imprinted cluster they belong to and the names of borderline genes is in the Supplementary Table 3.  

 Afterwards, we identified potentially homologous regions in 5 of the analyzed species, 

namely rat, cow, pig, marmoset, and rhesus macaque, based on gene position within the genome. 

We checked if the mouse imprinted genes themselves have the homologous gene in tested 

species. In the majority of cases, protein-coding imprinted genes have homologous genes in 

other species, and imprinted clusters have the boundaries set by the homologous genes. In some 

cases, the order of the genes is reversed, or there is another gene between the imprinted genes 

and mouse borderline gene. In such case, we took the new genes as the new boundary, as we 

can expect that the region between the old and new boundary genes might not be homologous 

to the sequence within the imprinted cluster in mouse. This can be exemplified by Nnat/Blcap 

imprinted cluster with boundary genes Src and Ctnnbl1 in mouse, Adig and Ctnnbl1 in rat, and 

Src and Ctnnbl1 again in cow. If there was no homologous gene for the whole imprinted cluster, 

the region between genes homologous to mouse boundary genes was considered, unless the 

genes overlapped in the tested species. The coordinates of homologous genes and regions in rat, 

cow, pig, marmoset, rhesus macaque and human are listed in the Supplementary table 3.  

 After the identification of potentially imprinted regions in five analyzed species, defined 

as genomic regions expected to be homologous to the mouse imprinted clusters, we used a 

custom Python script (Sylvia_1(final code).py) see (Appendix 1) to filter regions based on 

chromosome and start -end of bases,  for filter the final merged transcriptome gtf files, ouput gtf 

files (Table 3) contain only transcripts within the potentially imprinted regions for further 

analysis.  
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Table 3. Numbers of transcripts within potentially imprinted regions. mRNA counts of gtf files after filtering 

to contain only mRNAs within potentially imprinted regions.  

Annotation gtf file mRNA Count 

Cow cow_merged_exons_filtered.gtf 3781 

Marmoset marmoset_merged_exons_filtered.gtf 723 

Pig pig_merged_exons_filtered.gtf 3328 

Rat rat_merged_exons_filtered.gtf 2136 

Rhesus macaque rhesus_merged_exons_filtered.gtf 6878 

 

Additionally, we marked the imprinting status of each gene as either paternally 

expressed, maternally expression, isoform dependent imprinting, tissue dependent imprinting. 

For mouse, the information was available for all genes, but for other species except human the 

information was limited. If a gene is maternally- or paternally- expressed in mouse and it was 

confirmed to be imprinted in other species, it is expressed from the same parental allele as in 

mouse. The only exception appeared to be Sfmbt2, as the imprinted gene database Geneimprint 

(http://www.geneimprint.com/site/genes-by-species) lists it as paternally-expressed in the 

mouse, but maternally-expressed in rat. However, the search in the original research literature 

revealed that it is also paternally-expressed in rat (Q. Wang et al., 2011). For the remaining 

genes, their imprinting status in other species is either unknown, or their expression is confirmed 

to be biallelic, from both paternal and maternal allele. The complete information about 

imprinting status of all genes in studied species is in the Supplementary table 3, information for 

selected genes with known imprinting status in at least one more species in addition to mouse 

and human is in the Table 4. 
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Table 4. Shows the genes with known imprinting status in mouse, cow and rat species 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.4 Analysis of potential methylation status of mouse gDMRs in selected species 

 With one exception, all known maternally-methylated gDMRs are overlapping CpG-rich 

promoters and would be expected to be unmethylated. It was previously shown in mouse that 

all such promoters are inactive in the oocytes, and that they are localized inside active 

transcriptional units either of a different gene or provided by an upstream alternative promoter 

or the same gene. Therefore, there is transcription going through all maternally-methylated 

gDMRs in mouse oocytes, and for gDMRs with no known overlapping gene, novel oocyte-

specific transcript or upstream promoter was identified (Veselovska et al., 2015). In addition, it 

was shown that DNA methylation in fully-grown oocytes colocalizes with gene bodies of active 

genes, explaining why gDMRs become (Shirane et al., 2013; Veselovska et al., 2015) 

methylated. The same pattern was observed in human oocytes (Okae et al., 2014), therefore, it 

is expected that such pattern is conserved in all placental mammals.  

Gene mouse rat cow 

Sfmbt2 P P B 

Nnat P - P 

Gnas B - M 

Peg10 P - P 

Asb4 M - B 

Mest P - P 

Copg2 M - B 

Nap1l5 P - P 

Zim2 M - B 

Peg3 P - P 

Usp29 P - P 

Zfp264 P - B 

Snrpn P - P 

H19 M M M 

Igf2 P P P 

Ascl2 M - M 

Cd81 M - B 

Tssc4 M - M 

Phlda2 M - M 

Osbpl5 M - B 

Rasgrf1 P P - 

Plagl1 P - P 

Meg3 M - M 

Htr2a M - B 

Slc38a4 P - B 

Igf2r M M M 

Impact P P - 



 
 
 

 

26 

 

 We hypothesized that if imprinting of a particular gene cluster is conserved, the position 

of the gDMR is conserved too, overlapping the promoter of a gene homologous to the mouse 

gene with gDMR at its promoter. We therefore analysed whether gDMRs are overlapped by 

active transcribed genes, suggesting they become methylated in the oocytes and therefore are 

potentially imprinted. We also hypothesized that the high CpG content of gDMRs is likely to be 

conserved, protecting these regions from gaining methylation on the paternal allele during 

spermatogenesis. For each maternally-methylated gDMR in mouse that was shown to control 

imprinted expression of at least one gene (19 out of 20) we predicted its imprinting status in rat 

(as a mammalian species evolutionary close to mouse) and cow (a mammalian species more 

evolutionary distant from mouse), based on whether the presumable gDMR was overlapped by 

a transcript, either in the Ensembl transcriptome annotation, or in or de novo assembled 

transcriptome, and whether the transcript is expressed in the oocytes with RPKM or FPKM 

higher than 0.2.  

 The results of methylation status predictions are summarized in the Table 5 and Table 6. 

We classified the predictions of methylation status in 5 categories: unmethylated (if the predicted 

position of gDMR at the promoter of a homologous gene was clear, and we did not find any 

overlapping transcript), likely unmethylated (if the predicted position of gDMR at the promoter 

of a homologous gene was clear, we found an overlapping transcript, but it was not expressed 

in the oocytes), inconclusive (when we were not able to predict the position of the gDMR in 

cases when the gene which promoter it should overlap did not have an annotated homologue, or 

when the identification of the alternative promoter overlapping gDMR was not obvious), likely 

methylated (when the predicted position of gDMR was not clear based on the Ensembl 

transcriptome annotation, but our de novo transcriptome assembly very likely placed it inside a 

transcript expressed in the oocyte) and methylated (the predicted position of gDMR at the 

promoter of a homologous gene was clear, and there was an overlapping transcript expressed in 

the oocytes).  

 In rat, one gDMR was predicted as unmethylated (Slc38a4), two as inconclusive 

(promoter of Mcts2 and alternative promoter of Grb10), nine as likely methylated and seven as 

methylated. In the case of Mcts2, it does not have an annotated homologue in rat, and we did not 

see any potential Mcts2 transcript in our de novo transcriptome assembly, thus we were not able 

to predict the position of gDMR that should overlap the promoter of Mcts2. In the case of Grb10, 

we were not able to conclusively determine the alternative promoter which should overlap 

gDMR. Overall, 16 out of 19 gDMRs are predicted to become methylated in the oocytes, and 
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therefore they are likely to be imprinted too. The imprinting status was experimentally tested 

and confirmed only for three maternally-methylated gDMRs or genes they should regulate 

(Kcnq1/Igf2 imprinted cluster, Igfr2 imprinted cluster and Impact). For these three gDMRs, we 

predicted the methylation status as likely methylated. Therefore, we predicted that further 13 

gDMRs with unknown imprinting status might be imprinted in rat. One of the examples is 

Nnat/Blcap gDMR which is predicted to overlap Nnat promoter. In the rat Ensembl 

transcriptome annotation, there is no transcription overlapping Nnat promoter, but using our de 

novo assembled transcriptome we observed that there is an upstream alternative promoter of 

Blcap expressed in the oocytes, providing the transcription through the Nnat promoter (Figure 

4).  

 In cow, one gDMR was predicted to be unmethylated (SGCE/PEG10), six were 

inconclusive, nine likely methylated and three methylated. Imprinting status is known for at least 

some genes in eleven imprinted clusters regulated by a known gDMR in mouse. In four clusters 

(SGCE/PEG10 cluster, MEST cluster, PEG3 cluster and KCNQ1/IGF2 cluster), some genes 

were demonstrated to be imprinted, while others were demonstrated to be biallelically expressed, 

suggesting that the expression regulation by imprinted gDMR might differ from mouse. In our 

predictions, we concluded that gDMR of SGCE/PEG10 is unmethylated, as there was no 

transcription overlapping the bidirectional promoter of SGCE and PEG10 (Figure 5) where we 

predicted the position of gDMR based on the homology with mouse, suggesting that maybe the 

position of gDMR is not conserved between mouse and cow. The methylation status of PEG3 

gDMR was inconclusive, while we predicted that KCNQ1/IGF2 and MEST gDMRs are likely 

methylated. For the other imprinted clusters with experimentally determined imprinting status, 

we predicted for two (NNAT/BLCAP and NAP1L5) that they are methylated and for four 

(SNRPN, PLAGL1, IGF2R and one of the GNAS gDMRs) that they are likely methylated. 

SLC38A4 was shown to be biallelic in cow, and our prediction for this gDMR was inconclusive. 

In addition to the gene clusters with experimentally determined imprinting status, we predicted 

the methylation and therefore potential imprinting for further four gDMRs.  
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Table 5. Methylation status predictions of mouse maternally-methylated gDMRs in rat and cow.  Table shows 

the position of gDMRs based on the overlap with mouse promoter, overlapping gene/transcript in mouse, the 

presence of overlapping transcript and its oocyte expression in rat and cow, and the predicted methylation status.  

 

  
rat cow 

Imprinted gDMRs 
overlapping 
transcript 

oocyte 
expression 

predicted 
methylation 

status 

overlapping 
transcript 

oocyte 
expression 

predicted 
methylation 

status 

Promoter of 
Mcts2 

Overlapped by H13 Yes Yes Inconclusive Yes Yes Inconclusive 

Promoter of 
Nnat 

Overlapped by 
Blcap 

Yes Yes Methylated Yes Yes Methylated 

Promoter of 
Nespas and 
alternative 

promoter of 
Gnas 

Overlapped by Gnas Yes Yes 
Likely 

methylated  
Yes Yes 

Likely 
methylated 

Alternative 
promoter of 

Gnas 
Overlapped by Gnas Yes Yes Methylated Yes Yes Inconclusive 

Promoter of 
Sgce and Peg10 

Overlapped by 
novel upstream 

promoter of Peg10. 
Yes Yes Methylated No  No  Unmethylated 

Promoter of 
Peg3 and Usp29 

Overlapped by 
novel upstream 

promoter of Peg3 
Yes Yes Methylated NA NA Inconclusive 

Alternative 
promoter of 

Snrpn 

Overlapped by 
Snrpn 

Yes Yes 
Likely 

Methylated 
Yes Yes 

Likely 
methylated 

Alternative 
promoter of 

Inpp5f 

Overlapped by 
Inpp5f 

Yes Yes 
Likely 

Methylated 
NA NA Inconclusive 

Promoter of 
Kcnq1ot1 

Overlapped by 
Kcnq1 

Yes Yes 
Likely 

methylated 
Yes Yes 

Likely 
methylated 

Main promoter 
of Plagl1 

Overlapped by 
upstream oocyte-

specific Plagl1 
promoter 

Yes Yes Methylated Yes Yes 
Likely 

methylated 

Alternative 
promoter of 

Grb10 

Overlapped by 
Grb10 

Yes Yes Inconclusive Yes Yes Inconclusive 

Promoter of 
Zrsr1 

Overlapped by 
Commd1 

Yes Yes Methylated Yes Yes Methylated 

Promoter of 
Peg13 

Overlapped by 
Trappc9. 

Yes Yes 
Likely 

methylated 
Yes Yes 

Likely 
methylated 

Promoter of 
Slc38a4 

Overlapped by 
novel transcript(s) 
identified in mouse 

oocytes 

No No Unmethylated NA  NA Inconclusive 

Promoter of Airn Overlapped by Igf2r Yes Yes 
Likely 

methylated 
Yes Yes 

Likely 
methylated 

Impact 
promoter 

Overlapped by 
upstream novel 

promoter of Impact 
and/or novel gene 

Yes Yes 
Likely 

methylated 
Yes  Yes 

Likely 
methylated 

Promoter of 
poorly described 

transcript 

Overlapped by 
Mest 

Yes Yes 
Likely 

Methylated 
Yes Yes 

Likely 
methylated 

Promoter of 
Nap1l5 

Overlapped by 
Herc3 

Yes Yes Methylated Yes Yes Methylated 

- 
Overlapped by 

Cdh15 
Yes Yes 

Likely 
Methylated 

Yes Yes 
Likely 

methylated 
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Table 6. Prediction methylation status with five different categories. 

 

 

 

 

 

 

 

 

Figure 4. Blcap/Nnat cluster in rat. The gDMR is expected to overlap the promoter of Nnat. The 

first two lines show Ensembl annotation, third line is our assembled transcriptome showing that there is 

an upstream promoter of Blcap (indicated by an arrow) providing transcription through the promoter of 

Nnat. The fourth line shows RNA-seq reads in rat GV oocytes and their quantification, demonstrating 

that the gene is expressed in the oocytes.  

 

 

 

Figure 5. Promoter of Sgce and Peg10 in cow, the first two lines show Ensembl annotation, third line 

is our assembled transcriptome showing that there is no upstream promoter no transcription 

overlapping the bidirectional promoter. The fourth line shows RNA-seq reads in cow GV oocytes 

and their quantification, demonstrating that the gene is unmethylated. 

Predicted methylation status description  

Unmethylated if there is no transcript going through it 

Likely unmethylated 
there is transcript, but it does not seem to be expressed 

in the oocytes 

Methylated  there is transcription going through it 

Inconclusive 
when it is difficult to determine where the gDMR 

should be in that species 

Likely methylated 

when promoter overlapping gDMR is not in the official 

annotation but appears to be present in de novo 

transcriptome assembly 
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7.5. Expression analysis of transcripts in potentially imprinted regions 

 We wanted to analyze the expression profiles of known and novel transcripts within the 

regions homologous to mouse imprinted regions in rat and cow to see whether these transcripts 

developmentally regulated and specific for certain developmental stage and period, or rather 

expressed at the similar level in all datasets.  

 Expression of transcripts within the potentially imprinted regions was quantified using 

Cufflinks v2.2.1 (Supplementary Table 4 and 5), the expression values were averaged per 

developmental stage in Microsoft Office Excel (v14.0, 32bit) and further modified prior to 

clustering analysis. Namely, we removed all the transcripts with expression lower than FPKM 

or RPKM of 0.1 in all datasets, we log transformed the values (log (value+0.1), base 2), we 

quantified the mean from log values across all the stages and then we subtracted the mean from 

each log value, giving us the relative expression of each transcript which serves as an input for 

clustering analysis and heatmap visualisation (cow_expression.txt, rat_expression.txt)(see 

CD). For cow, we had datasets from germinal vesicle (GV) and meiosis II (MII) oocytes, 8-cell 

embryos, 16-cell embryos, embryonic day 7.0 (E7.0) inner cell mass (ICM), E14.0 and E17.0 

epiblast (Epi) and three somatic tissues (brain, kidney and liver). For rat, we had GV oocytes 

and four somatic tissues (brain, heart, kidney, liver).  

 Hierarchical clustering analysis clusters together genes with similar expression profile 

across datasets. Heatmap is used for visualisation of expression changes of clustered genes. 

Clustering and heatmap were performed in R (v 3.5.3, 64bit) using a custom script we created 

(heatmap.R, see Appendix 4) compiling hclust and heatmap.2 functions, with 

cow_expression.txt and rat_expression.txt files as an input. After visual inspection of the 

heatmaps (figure 6 for rat and figure 7 for cow), we decided to divide the rat transcript into 12 

main clusters, and cow transcripts in 15 main clusters (the command is within heatmap.R 

script), and we exported files containing the number of cluster each transcript is assigned to 

(rat_cluster.txt, cow_cluster.txt)(see CD). The numbers of transcripts in each cluster are in the 

Table 7 for rat and Table 8 for cow. For six clusters with the highest numbers of transcripts we 

quantified average relative expression values (Table 9 for rat and Table 10 for cow) and plotted 

the expression profiles (Figure 8 for rat and Figure 9 for cow).  

 Heatmaps and relative expression profiles of individual clusters show that almost all 

transcripts in both rat and cow are specific for a certain developmental stage or period. In rat, 

heatmap shows that almost all transcripts are either expressed in the oocytes, or in or more 

somatic tissues. This agrees with the analysis of individual clusters, where the expression 
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profile of cluster 1 with the highest number of transcripts (500 transcripts) shows that the 

expression of transcripts is high in the GV oocytes and low in somatic tissues, while in the 

remaining five clusters the expression is low in GV oocytes and high in one or more of the 

somatic tissues.  

 In cow, the heatmap shows that there are several main patterns of transcripts expression. 

They are either expressed only in the oocytes, or in the oocytes and embryos, or in specific 

embryonic stages, or in one or more somatic tissues. This agrees with the expression profiles 

of six clusters with the highest numbers of transcripts. Clusters 4 and 15 contain transcripts 

expressed specifically in the oocytes (with the smaller peak of expression in 16-cell embryos 

in cluster 15), transcripts in cluster 3 are expressed in the oocytes and early embryos (8- and 

16-cell stage), transcripts in clusters 12 and 14 are expressed in specific embryonic stages and 

cluster 10 contain transcripts expressed only in somatic tissues. Overall, we can conclude that 

transcripts in the potential imprinted clusters in cow and rat are developmentally regulated and 

they appear to be divided into transcripts expressed in oocytes and/or embryos, and those 

expressed in somatic tissues.  
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Figure 6. Hierarchical clustering of rat transcripts within potentially imprinted loci. The heatmap 

shows relative expression as mean-centred log transformed FPKM values. Blue is for high expression 

and yellow is for low expression. Developmental stages are: GV oocytes (GV), and somatic tissues brain, 

heart, kidney and liver. 

 



 
 
 

 

33 

 

 

 

 

 

Figure 7. Hierarchical clustering of cow transcripts within potentially imprinted loci. The heatmap 

shows relative expression as mean-centred log transformed FPKM values. Blue is for high expression 

and yellow is for low expression. Developmental stages are: GV oocytes (GV), MII oocytes (MII), 8-

cell stage embryos (E8C), 16-cell stage embryos (E16C), E7.0 ICM (E70), E14.0 Epi (E140), E17.0 Epi 

(E170), and somatic tissues brain, kidney and liver 
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Table 7. Numbers of transcripts in each cluster for rat. 

             Highlighted in red are the six clusters with the highest numbers of transcripts. 

 

 

 

 

 

 

 

 

 

 

 

 

                              Table 8. Numbers of transcripts in each cluster for cow. 

                   Highlighted in red are the six clusters with the highest numbers of transcripts. 
 

cluster 

Number of 

transcripts 

1 48 

2 71 

3 281 

4 285 

5 85 

6 129 

7 184 

8 56 

9 230 

10 243 

11 235 

12 727 

13 100 

14 360 

15 308 

 

 

 

 

 

cluster 

Number of 

transcripts 

1 500 

2 34 

3 50 

4 142 

5 377 

6 166 

7 236 

8 27 

9 80 

10 22 

11 22 

12 74 
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Table 9. Average relative expression values in individual clusters in rat. Showing the relative 

expression values in each developmental stage for the six clusters with the highest numbers of transcripts. 

Developmental stages are: GV oocytes (GV), and somatic tissues brain, heart, kidney and liver.  

 

 

     

 

 

Table 10. Average relative expression values in individual clusters in cow. Showing the relative 

expression values in each developmental stage for the six clusters with the highest numbers of transcripts. 

Developmental stages are: GV oocytes (GV), MII oocytes (MII), 8-cell stage embryos (E8C), 16-cell 

stage embryos (E16C), E7.0 ICM (E70), E14.0 Epi (E140), E17.0 Epi (E170), and somatic tissues brain, 

kidney and liver 
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 Figure 8.  Average relative expression changes in each cluster in rat. Showing the average relative 

expression profiles in each developmental stage for the six clusters with the highest numbers of 

transcripts. Developmental stages are: GV oocytes (GV), and somatic tissues brain, heart, kidney and 

liver.  
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Figure 9. Average relative expression changes in each cluster in cow. Showing the average relative 

expression profiles in each developmental stage for the six clusters with the highest numbers of 

transcripts. Developmental stages are: GV oocytes (GV), MII oocytes (MII), 8-cell stage embryos (E8C), 

16-cell stage embryos (E16C), E7.0 ICM (E70), E14.0 Epi (E140), E17.0 Epi (E170), and somatic tissues 

brain, kidney and liver. 
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7.6 Sequence analysis of promoters in potentially imprinted regions 

 We wanted to identify potential transcription factors driving the expression of transcripts 

within the potential imprinted regions in rat and cow through the analysis of common sequence 

motifs in the promoters of transcripts that can serve as binding sites for transcription factors. 

First, we wanted to remove transcripts not suitable for the promoter sequence analysis, i.e. 

expressed transposable elements that do not act as promoters of longer transcripts, and 

transcripts without strand specificity, in which we cannot determine on which end the promoter 

is.  

To remove expressed transposable elements, we downloaded the annotation for all 

repetitive elements from UCSC genome browser (https://genome.ucsc.edu/) and using % 

coverage quantification tool within Seqmonk, we quantified what proportion of each transcript 

in our assembled transcriptome filtered to contain only imprinted regions 

(rat_merged_exons_filtered.gtf and cow_merged_exons_filtered.gtf) is covered by repetitive 

element encoded on the same DNA strand. It should be noted that transposable elements are the 

majority of annotated repetitive elements. We wanted to remove all transcripts overlapped by 

repetitive elements by more than 50%, but only if they are monoexonic, as we considered the 

transcripts with more exons as independent transcripts, not just expressed transposable elements. 

To achieve that, we made a python script (Sylvia_finalcode2.py, see Appendix 2) which takes a 

given list of transcript names (in our case all transcripts with >50% overlap by same strand 

repetitive elements), check if those transcripts have one or more exons, and removes them from 

a given gtf file if they have only one exon. We used gtf files rat_merged_exons_filtered.gtf and 

cow_merged_exons_filtered.gtf as an input for this script, and the output files were 

rat_merged_exons_filtering_subset.gtf and.  

The transcriptome of rat contains only transcripts with known strand specificity, 

however, the RNA-seq datasets for cow were often unstranded, and as a result the assembled 

transcriptome also contains transcripts without known strand specificity. We therefore applied 

an additional filtering step to cow transcriptome cow_merged_exons_filtering_subset.gtf to 

remove all transcripts without strand specificity, using a custom python script 

(sylvia_finalcode3.py, see Appendix 3). The output file was cow_merged_exons_filtered(+-

).gtf. 

The transcripts in files rat_merged_exons_filtered.gtf for rat and 

cow_merged_exons_filtered(+-).gtf for cow were used for the promoter sequence analysis. We 

obtained the coordinates of promoters (including the names of transcripts the promoter belongs 

https://genome.ucsc.edu/
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to) using program Seqmonk v1.43.0 as 1 kb regions (500 bp upstream and 500 bp downstream) 

around the transcriptional start site (TSS). We then extracted the sequences of these promoter 

regions in FASTA format from genomic sequences using a python script previously made in the 

laboratory (non_gtf_search_tool.py, Supplementary table 6). This script requires following files 

as an input: names of the regions (in our case names of the promoters) with genomic coordinates 

(cow_prom_coor.txt, rat_prom_coor.txt) (attached in CD), names of the regions from the 

previous file for which we want the sequence (in our case all of the promoters, 

cow_prom_names.txt, rat_prom_names.txt) (attached in CD) , and genomic sequence split in 

individual chromosomes (Rnor_6.0 genome for rat and UMD3.1 for cow, downloaded from 

Ensembl genome database https://www.ensembl.org/index.html). The output files contain 

sequences of individual promoters in FASTA format (output_rat_SAP.txt, 

output_cow_SAP.txt) (attached in CD).  

 These sequences were then analyzed to find enriched short sequence motifs. We 

submitted them to the online motif-based sequence analysis tool DREME within the tool suite 

MEME (Timothy L. Bailey, 2011) (http://meme-suite.org/tools/dreme). The output motifs from 

DREME were submitted into TOMTOM tool (Gupta et al., 2007) (http://meme-

suite.org/doc/tomtom.html?man_type=web) which compares the motifs against the databases of 

transcription factors binding sites. The results are summarized in the Table 11. It shows ten 

motifs with highest significance enrichment as determined by DREME, and for each of these 

motifs the potential transcription factors with the highest significance of the similarity of their 

binding site to the motif (we show top three candidate transcription factors with the highest 

significance, if available).  

We found that there are some potential transcription factor binding sites in common for 

rat and cow.  For example, cow motif CCCACYCC and rat motif CCMCRCCC share sequence 

similarity and they both appear to serve as a binding site for KLF5. Cow motif CCATGGAC 

and rat motif CCAGCWSC are also similar and are likely to be binding sites of transcription 

factor REST.  Cow motif AWWAAWAA and rat motif AAAAHAHA are similar and appear 

to be both binding sites for ZNF384, and secondary binding sites for SRF and ELF3. Cow motif 

BCTYCTCC and rat motif CCKCYTCC are also relatively similar and are likely to serve as 

binding sites for ZNF263 and SP2 and as secondary binding site for ZFP187. CWGCAGC 

motif from cow and CCAGCWSC appear to be both binding sites of ASCL1 and TCF12. 

Overall, we identified that promoters of transcripts in potentially imprinted regions 

appear to be regulated to some extent by the same transcription factors, for example KLF5, 

https://www.ensembl.org/index.html
http://meme-suite.org/tools/dreme
http://meme-suite.org/doc/tomtom.html?man_type=web
http://meme-suite.org/doc/tomtom.html?man_type=web
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ZNF384, REST, SP2 and ASCL1, suggesting that they might be conserved transcription factors 

regulating the expression of at least some transcripts in the potentially imprinted regions across 

mammalian species.  

 

 

Table 11. Sequence motifs analysis of promoters. Table shows the ten motifs with highest 

significance from DREME and three most significant associated transcription factors identified by 

TOMTOM  
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7. 7 Analysis of Repetitive Elements 

In this analysis we wanted to find out how common is the phenomenon of transcripts 

employing transposable elements as their promoters/TSSs within the imprinted clusters. In the 

section 7.5 we identified that many transcripts appear to be specific for oocytes and/or embryos, 

and transposable elements were shown to be most active as gene promoters at these stages in 

mouse (Macfarlan et al., 2012; Veselovska et al., 2015). In addition, as many of the transposable 

elements are specific for mammalian species of families, they can be at least partially responsible 

for differences in potentially imprinted transcripts between species.  

As an input for the analysis, we used files rat_merged_exons_filtering_subset.gtf for rat 

and cow_merged_exons_filtered(+-).gtf for cow, and repetitive elements annotation which were 

all described in section 7.6. Using program Seqmonk v1.43.0, we selected regions of first 200 

bp from the TSS of each transcript, and identified how many of such regions are overlapped by 

repetitive elements encoded on the same strand. We exported the results into Microsoft Office 

Excel (v14.0, 32bit). Out of 1712 TSS regions in rat, 365 were overlapped by a same strand 

repetitive element, and out of 1400 TSS regions in cow, 290 were overlapped by a same strand 

repetitive element. Tables 12 and 13 and figures 10 and 11 show the numbers of TSS regions 

overlapped by individual categories of repetitive elements in rat and cow. Excluding simple 

repeats and other repetitive elements which are not transposable elements, ERVL-MaLR and 

ERVK are most commonly employed as promoters/TSSs in rat, while L1 and RTE-BovB 

transposable elements in cow. This suggests that transposable element-promoted transcripts 

differ between rat and cow and therefore transcripts within the potentially imprinted regions 

differ to some extent between mammalian species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

 

42 

 

 

 

 
Table 12. Repetitive elements as TSSs in rat. 

Shows the numbers of TSSs overlapped by each 

category of repetitive elements. 

 

 

 

 

 

 

 

 

Table 13.  Repetitive elements as TSSs  

in cow.  Shows the numbers of TSSs 

overlapped by each category of repetitive 

element 

 

 

 

 

 

 

Feature 

Count of 

rat_TEs 

Other 1 

PIF-Harbinger 1 

RTE-BovB 1 

RTE-X 1 

scRNA 1 

snRNA 1 

tRNA-RTE 1 

hAT-Charlie 2 

Unknown 3 

ID 4 

L2 4 

MIR 6 

Satellite 6 

ERV1 8 

B2 12 

ERVL 13 

Alu 18 

Low_complexity 20 

B4 21 

L1 30 

ERVK 55 

Simple_repeat 75 

ERVL-MaLR 81 

Gran Total 365 

Feature 

Count of 

cow_TEs 

hAT-Blackjack 1 

RTE-X 1 

hAT-Tip100 1 

hAT-Ac 1 

5S-Deu-L2 1 

DNA 1 

LTR? 1 

TcMar-Mariner 2 

LTR 2 

centr 3 

hAT-Charlie 5 

CR1 5 

TcMar-Tigger 5 

ERVL 7 

ERVK 8 

tRNA 8 

ERVL-MaLR 12 

L2 14 

ERV1 14 

Low_complexity 15 

Core-RTE 16 

MIR 18 

RTE-BovB 21 

L1 29 

tRNA-Core-RTE 41 

Simple_repeat 58 

Gran Total 290 
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 Figure 10. Repetitive elements as TSSs in rat. Shows the numbers of TSSs overlapped by each 

category of repetitive elements.  
 

 

Figure 11. Repetitive elements as TSSs in cow.  Shows the numbers of TSSs overlapped by each 

category of repetitive elements 

 

7.8 Analysis of conservation of mouse novel transcripts in imprinted loci  

Previous analysis in the laboratory identified candidate novel transcripts within mouse 

imprinted clusters for conservation analysis in other species. The transcripts were selected 

based on their novelty (for the first time identified in recent publications (Andergassen et al., 

2017; Courtney W. Hanna et al., 2019), or by our laboratory using the data from these two 

publications), confirmed imprinting status in some and TSS overlap with transposable element 

in some. By manual inspection of our newly assembled transcriptomes of rat and cow, we 

aimed to identify whether the candidate mouse transcripts are conserved in rat and cow.  
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First set of candidate novel transcripts are in mouse Jade1 imprinted region. There is a 

lncRNA 2400006E01Rik that was identified to be imprinted (paternally-expressed) in mouse 

(Andergassen et al., 2017). De novo transcriptome assembly in our laboratory revealed that 

there is a number of transcripts overlapping 2400006E01Rik locus (Figure 12). Three of these 

employ transposable element as a TSS – one RLTR31B-MM element from ERVK family that 

is specific for mouse, and two elements from the LTR-MaLR family, MTE2b (transposable 

element found in all rodents) and ORR1A2 (transposable element found in all murid rodents). 

Therefore, transcripts using MTE2b and ORR1A2 have the potential to be present also in rat 

Jade1 region. However, no such transcripts (upstream of and antisense to Jade1/JADE1) are 

expressed in either rat or cow (Figures 13 and 14) according to our transcriptome assemblies. 

In both species, there are upstream same strand (relative to Jade1/JADE1) transcripts. In rat, 

this transcript starts from MaLR-LTR MTD element (Figure 15) which is present in rodents, 

but no such transcript is there in mouse, but in cow, the transcript does not employ a 

transposable element as TSS (Figure 16).  

Second region with the candidate novel transcripts is the Sfmbt2 region. Sfmbt2 gene is 

imprinted (paternally expressed) in mouse and rat, but its expression is biallelic (not imprinted) 

in cow. In a recent publication, they identified novel imprinted transcript antisense to Sfmbt2, 

with novel unannotated downstream promoter starting from ERVK element 

RLTR11B(Andergassen et al., 2017), a transposable element also present in rat. In addition, 

de novo transcriptome assembly in our laboratory identified an alternative downstream 

promoter of that transcript starting from LTR-MaLR element MTEb (also present in rat), and 

several more antisense transcripts upstream of Sfmbt2 of unknown imprinting status, of which 

one starts from LTR-MaLR MLT1J, present in all placental mammals (figure 17). Therefore, 

all three transcripts have the potential to be present in rat, and the last one also in cow. 

Nevertheless, there are no upstream antisense transcript in rat Sfmbt2 region (figure 18), and 

in the cow genome such upstream region does not exist as all, as SFMBT2 promoter is 

overlapped by gene ITIH5 on same strand (figure 19).   

The third region with candidate transcripts is Gab1 imprinted region. In mouse, there is a 

downstream alternative promoter inside the first intron if starting from the canonical promoter, 

with TSS overlapping ERVK RLTR15 transposable element (figures 20 and 21). In rat, the 

alternative TSS appear to be conserved and also using ERVK RLTR15 element as TSS (figures 

22 and 23). In cow, alternative promoters are there too, but not starting from transposable 

elements (figures 24 and 25).  
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The fourth region with candidate transcripts is Slc38a4 region.  There is a novel upstream 

transcript that was found to be imprinted in recent publications (Andergassen et al., 2017; 

Courtney W. Hanna et al., 2019) that uses ERVK MLTR31F_MM element as TSS. This is 

element specific for mouse. In our laboratory we identified additional novel upstream 

transcripts (with unknown imprinted status) between the imprinted novel gene and Slc38a4, 

one starting from LTR-MaLR ORR1B1 and one from ERVL MT2A element (figures 26 and 

27). Both these element types are also present in rat. The transcriptome assemby in rat contains 

the transcript starting from MT2A, but no other upstream transcripts (figures 28 and 29), while 

in cow, no upstream transcripts are present (figure 30).  

The last region with candidate transcripts is Zfp64 region. In mouse, recent publication 

identified two novel novel imprinted genes upstream of Zfp64, one same strand annotated gene 

and one novel antisense gene. Neither of them starts from a transposable element. 

Transcriptome assembly in our laboratory identified a novel antisense overlapping (relative to 

Zfp64) transcript with unknown imprinting status starting from LTR-MaLR MTC element 

(figures 31 and 32) which is also present in rat. This transcript starting from LTR-MaLR MTC 

element is also found in rat, but the two imprinted genes are not there in the assembled 

transcriptome (figures 33 and 34). In cow, non of these transcripts is present in the 

transcriptome, but there is an upstream antisense transcript starting from LTR-MaLR MLT1J 

element (figures 35 and 36), which is not present in mouse or rat.  

 

 

Figure 12. Jade1 region in mouse. A screenshot from Seqmonk program. The first- and second-line show 

Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand going 

from left to right are visualized in red, genes encoded on minus DNA strand going from right to left in blue). 

The third line shows our de novo assembled transcriptome, fourth line is the annotation of ERVK 

transposable elements and fifth of LTR-MaLR transposable elements. The red gene on the right side is 

Jade1, blue transcripts to the left are novel transcripts overlapping the imprinted 2400006E01Rik locus, 

using ERVK and LTR-MaLR elements as TSSs.   
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Figure 13. Jade1 region in rat. A screenshot from Seqmonk program. The first and second line show 

Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand going 

from left to right are visualized in red, genes encoded on minus DNA strand going from right to left in blue). 

The third line shows our de novo assembled transcriptome, fourth line is the annotation of repetitive 

elements. The red gene on the rightside is Jade1, red transcript on the left is novel.  

 

 

Figure 14. Jade1 region in cow. A screenshot from Seqmonk program. The first and second line show 

Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand going 

from left to right are visualized in red, genes encoded on minus DNA strand going from right to left in blue). 

The third line shows our de novo assembled transcriptome, fourth line is the annotation of repetitive elements. 

The blue gene on the left side is JADE1, blue transcript on the right is novel.  
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Figure 15. Jade1 region in rat, zoomed on the promoter of novel transcript. A screenshot from Seqmonk 

program. The first and second line show Ensembl transcriptome annotation for genes and their mRNAs 

(genes encoded on plus DNA strand going from left to right are visualized in red, genes encoded on minus 

DNA strand going from right to left in blue). The third line shows our de novo assembled transcriptome, 

fourth line is the annotation of repetitive elements. The visualized promoter of the novel transcript overlaps 

a transposable element.   

 

 

Figure 16. JADE1 region in cow, zoomed on the promoter of a novel transcript. A screenshot from 

Seqmonk program. The first and second line show Ensembl transcriptome annotation for genes and their 

mRNAs (genes encoded on plus DNA strand going from left to right are visualized in red, genes encoded 

on minus DNA strand going from right to left in blue). The third line shows our de novo assembled 

transcriptome, fourth line is the annotation of repetitive elements. The visualized promoter of a novel 

transcript in blue does not overlap any repetitive element.  
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Figure 17. Sfmbt2 region in mouse. A screenshot from Seqmonk program. The first and second line show 

Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand going 

from left to right are visualized in red, genes encoded on minus DNA strand going from right to left in blue). 

The third line shows our de novo assembled transcriptome, fourth line is the annotation of LTR-MaLR 

transposable elements and fifth of ERVK transposable elements. The red gene on the right side is Sfmbt2, 

blue transcript immediately to the left is novel imprinted gene and its novel downstream alternative TSS 

overlapping LTR-MaLR element, and further to the left there are novel blue transcripts with TSSs 

overlapping LTR-MaLR elements.  

 

 

 

Figure 18. Sfmbt2 region in rat. A screenshot from Seqmonk program. The first, second and third line 

show Ensembl transcriptome annotation for genes, their mRNAs and coding sequence (genes encoded on 

plus DNA strand going from left to right are visualized in red, genes encoded on minus DNA strand going 

from right to left in blue). The fourth line shows our de novo assembled transcriptome, fifth line is the 

annotation of repetitive elements. The visualized blue gene is Sfmbt2.  
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Figure 19. SFMBT2 region in cow. A screenshot from Seqmonk program. The first and second line show 

Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand going 

from left to right are visualized in red, genes encoded on minus DNA strand going from right to left in blue). 

The third line shows our de novo assembled transcriptome, fourth line is the annotation of repetitive 

elements. The visualized overlapping red genes are SFMBT2 on the right and ITIH5 on the left.   

 

 

Figure 20. Gab1 region in mouse. A screenshot from Seqmonk program. The first and second line show 

Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand going 

from left to right are visualized in red, genes encoded on minus DNA strand going from right to left in blue). 

The third line shows our de novo assembled transcriptome, fourth line is the annotation of LTR-MaLR 

transposable elements and fifth of ERVK transposable elements. The visualized blue gene is Gab1 with its 

alternative downstream promoters inside the first intron of the promoter annotated in Ensembl.  
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Figure 21. Gab1 region in mouse zoom. A screenshot from Seqmonk program. The first and second line 

show Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand 

going from left to right are visualized in red, genes encoded on minus DNA strand going from right to left 

in blue). The third line shows our de novo assembled transcriptome, fourth line is the annotation of LTR-

MaLR transposable elements and fifth of ERVK transposable elements. The visualized blue gene is Gab1 

with its alternative downstream promoters inside the first intron of the promoter annotated in Ensembl. On 

the left side, there is an alternative promoter overlapping ERVK element.  

 

 

Figure 22. Gab1 region in rat. A screenshot from Seqmonk program. The first, second and third line show 

Ensembl transcriptome annotation for genes, their mRNAs and coding sequence (genes encoded on plus 

DNA strand going from left to right are visualized in red, genes encoded on minus DNA strand going from 

right to left in blue). The fourth line shows our de novo assembled transcriptome, fifth line is the annotation 

of repetitive elements. The visualized red gene is Gab1, with its alternative downstream promoters inside 

the first intron. 
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Figure 23. Gab1 region in rat, zoomed on the alternative downstream promoter. A screenshot from 

Seqmonk program. The first, second and third line show Ensembl transcriptome annotation for genes, their 

mRNAs and coding sequence (genes encoded on plus DNA strand going from left to right are visualized in 

red, genes encoded on minus DNA strand going from right to left in blue). The fourth line shows our de 

novo assembled transcriptome, fifth line is the annotation of repetitive elements. The visualized red gene is 

Gab1, with its alternative downstream promoter inside the first intron, overlapping a transposable element.  

   

 

Figure 24. GAB1 region in cow. A screenshot from Seqmonk program. The first, second and third line 

show Ensembl transcriptome annotation for genes, their mRNAs and coding sequence (genes encoded on 

plus DNA strand going from left to right are visualized in red, genes encoded on minus DNA strand going 

from right to left in blue). The fourth line shows our de novo assembled transcriptome, fifth line is the 

annotation of repetitive elements. The visualized blue gene is GAB1 with its alternative downstream 

promoters inside the first intron.  
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Figure 25. GAB1 region in cow, zoomed on alternative GAB1 promoters. A screenshot from Seqmonk 

program. The first, second and third line show Ensembl transcriptome annotation for genes, their mRNAs 

and coding sequence (genes encoded on plus DNA strand going from left to right are visualized in red, genes 

encoded on minus DNA strand going from right to left in blue). The fourth line shows our de novo assembled 

transcriptome, fifth line is the annotation of repetitive elements. The visualized blue gene is GAB1 with its 

alternative downstream promoters inside the first intron, showing no overlap with repetitive elements.  

 

 

 

Figure 26. Slc38a4 region in mouse. A screenshot from Seqmonk program. The first and second line show 

Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand going 

from left to right are visualized in red, genes encoded on minus DNA strand going from right to left in blue). 

The third line shows our de novo assembled transcriptome, fourth line is the annotation of LTR-MaLR 

transposable elements, fifth of ERVK transposable elements and sixth of ERVL transposable elements. The 

blue gene on the left is Slc38a4 and the region to the right contains a number of same strand novel transcripts.   
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Figure 27. Slc38a4 region in mouse, zoomed on promoters of novel transcripts. A screenshot from 

Seqmonk program. The first and second line show Ensembl transcriptome annotation for genes and their 

mRNAs (genes encoded on plus DNA strand going from left to right are visualized in red, genes encoded 

on minus DNA strand going from right to left in blue). The third line shows our de novo assembled 

transcriptome, fourth line is the annotation of LTR-MaLR transposable elements, fifth of ERVK 

transposable elements and sixth of ERVL transposable elements. The visualized novel upstream transcripts 

in blue have promoters overlapping ERVK and LTR-MaLR transposable elements.  

 

 

 

Figure 28. Slc38a4 region in rat. A screenshot from Seqmonk program. The first, second and third line 

show Ensembl transcriptome annotation for genes, their mRNAs and coding sequence (genes encoded on 

plus DNA strand going from left to right are visualized in red, genes encoded on minus DNA strand going 

from right to left in blue). The fourth line shows our de novo assembled transcriptome, fifth line is the 

annotation of repetitive elements. The visualized blue gene on the left is Slc38a4, with its upstream region 

on the right, containing one novel transcript.   
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Figure 29. Slc38a4 region in rat, zoomed on the upstream novel transcript. A screenshot from Seqmonk 

program. The first, second and third line show Ensembl transcriptome annotation for genes, their mRNAs 

and coding sequence (genes encoded on plus DNA strand going from left to right are visualized in red, genes 

encoded on minus DNA strand going from right to left in blue). The fourth line shows our de novo assembled 

transcriptome, fifth line is the annotation of repetitive elements. The visualized blue gene is the novel 

upstream transcripts with its promoter overlapping a transposable element.   

 

 

 

 

Figure 30. SLC38A4 region in cow. A screenshot from Seqmonk program. The first, second and third line 

show Ensembl transcriptome annotation for genes, their mRNAs and coding sequence (genes encoded on 

plus DNA strand going from left to right are visualized in red, genes encoded on minus DNA strand going 

from right to left in blue). The fourth line shows our de novo assembled transcriptome, fifth line is the 

annotation of repetitive elements. The visualized red gene is SLC38A4, showing there are no novel same 

strand transcripts upstream of it.   
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Figure 31. Zfp64 region in mouse. A screenshot from Seqmonk program. The first and second line show 

Ensembl transcriptome annotation for genes and their mRNAs (genes encoded on plus DNA strand going 

from left to right are visualized in red, genes encoded on minus DNA strand going from right to left in blue). 

The third line shows our de novo assembled transcriptome, fourth line is the annotation of LTR-MaLR 

transposable elements, fifth of ERVK transposable elements and sixth of ERVL transposable elements. The 

visualized blue gene is Zfp64 with the overlapping antisense transcript in red and novel upstream transcripts 

in blue.  

 

 

 
 

Figure 32. Zfp64 region in mouse, zoomed on the novel transcripts. A screenshot from Seqmonk 

program. The first and second line show Ensembl transcriptome annotation for genes and their mRNAs 

(genes encoded on plus DNA strand going from left to right are visualized in red, genes encoded on minus 

DNA strand going from right to left in blue). The third line shows our de novo assembled transcriptome, 

fourth line is the annotation of LTR-MaLR transposable elements, fifth of ERVK transposable elements 

and sixth of ERVL transposable elements. The visualized are novel transcripts, with the antisense 

overlapping transcript in red starting in LTR-MaLR element. 
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Figure 33. Zfp64 region in rat. A screenshot from Seqmonk program. The first, second and third line show 

Ensembl transcriptome annotation for genes, their mRNAs and coding sequence (genes encoded on plus 

DNA strand going from left to right are visualized in red, genes encoded on minus DNA strand going from 

right to left in blue). The fourth line shows our de novo assembled transcriptome, fifth line is the annotation 

of repetitive elements. The visualized blue gene in the middle is Zfp64, with the overlapping antisense 

transcripts in red.  

 

 

 

Figure 34. Zfp64 region in rat, zoomed on the promoter of antisense overlapping transcript. A 

screenshot from Seqmonk program. The first, second and third line show Ensembl transcriptome annotation 

for genes, their mRNAs and coding sequence (genes encoded on plus DNA strand going from left to right 

are visualized in red, genes encoded on minus DNA strand going from right to left in blue). The fourth line 

shows our de novo assembled transcriptome; fifth line is the annotation of repetitive elements. The visualized 

blue gene is Zfp64, with the overlapping antisense transcript in red starting in transposable element.  
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Figure 35. ZFP64 region in cow. A screenshot from Seqmonk program. The first, second and third line 

show Ensembl transcriptome annotation for genes, their mRNAs and coding sequence (genes encoded on 

plus DNA strand going from left to right are visualized in red, genes encoded on minus DNA strand going 

from right to left in blue). The fourth line shows our de novo assembled transcriptome, fifth line is the 

annotation of repetitive elements. The blue gene on the left is ZFP64, to the left if region upstream of it 

containing novel transcripts.  

 

 

 

 

Figure 36. ZFP64 region in cow, zoomed on the novel transcripts. A screenshot from Seqmonk program. 

The first, second and third line show Ensembl transcriptome annotation for genes, their mRNAs and coding 

sequence (genes encoded on plus DNA strand going from left to right are visualized in red, genes encoded 

on minus DNA strand going from right to left in blue). The fourth line shows our de novo assembled 

transcriptome, fifth line is the annotation of repetitive elements. Visualised are the novel transcripts, with 

the left transcript starting from a transposable element.  
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8 DISCUSSION 

Recent publications (Veselovska et al. 2015; Andergassen et al. 2017; Hanna et al. 

2019) and previous analysis in our laboratory revealed that thorough transcriptome assembly 

in under-explored developmental stages and tissues, such as oocytes, embryos and placenta, 

identifies novel transcripts within the clusters of imprinted genes in mouse, some of which are 

imprinted too. In contrast to mouse which a model organism to study imprinting in mammals, 

with approximately 150 known imprinted genes, imprinting was poorly studied in other 

mammalian species, with the exception of human. Nevertheless, even the comparison of 

human and mouse imprinted genes shows that some genes which are imprinted in mouse are 

not imprinted in human (Morcos et al. 2011), suggesting that imprinted genes differ across 

mammalian species.  

In order to explore genomic imprinting in other mammalian species, we processed 

publicly available RNA-seq datasets from various developmental stages of rat, cow, pig, 

marmoset, rhesus macaque and human. We selected these species because we were able to find 

appropriate datasets from them. Due to the difficulties with obtaining oocytes and embryos and 

with RNA-seq libraries preparation from such limited amount of input material, such datasets 

are available only from a small number of species, in contrast to for example somatic tissues. 

We collected datasets from various somatic tissues for all six species, oocyte datasets for all 

species except marmoset, preimplantation embryos for all species except rat, while 

postimplantation embryo datasets only for pig, cow and human, and placenta only for rhesus 

macaque and human.  

By the inspection of literature and databases, we tried to collect information about all 

imprinted genes in mouse. Because imprinted genes are often organized in clusters, and we 

were interested in identifying all novel transcripts within the clusters of imprinted genes, we 

attempted to define the borders of imprinted regions in mouse and then find homologous 

regions in other species. We defined the borders of imprinted clusters as first protein-coding 

genes on each side with known or suggested function, for which it was either confirmed they 

are not imprinted, or their imprinting status is not known. We decided not to select non-coding 

or predicted protein-coding genes with unknown function, as they were more likely to be 

overlooked during imprinted expression analysis. The identification of homologous regions 

was done through the position, i.e. we looked for genes homologous to the mouse imprinted 

genes, and for the borderline genes surrounding them. For the majority of imprinting clusters, 
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the whole regions were conserved, with the genes homologous to both imprinted and borderline 

genes. Nevertheless, some regions were remodeled during the evolution, and different 

borderline genes got closer the genes homologous to the mouse imprinted genes than the genes 

homologous to the mouse borderline genes. In such cases, we used the new genes as borders, 

but we cannot be sure how well is the whole region homologous to the mouse region. This 

could be improved by the thorough sequence analysis of the regions, and comparison between 

species.  

For all the approximately 150 imprinted genes in mouse, the imprinting status is known 

for only a small proportion of them in other species except human. From the tested species, 

cow and pig have the highest numbers of genes with known imprinted status, while only few 

genes were tested in rat and macaque rhesus, and imprinting was never studied in marmoset. 

We also found out there is a mistake in the geneimprint database of all mammalian imprinted 

genes and their imprinting in each species. Sfmbt2 gene is listed as maternally-expressed in the 

database, which was very interesting as this gene is paternally-expressed in mouse. 

Nevertheless, the search in the literature revealed that it is also paternally-expressed in rat 

(Wang et al. 2011).  

We predicted the methylation status of hypothesized gDMRs in rat and cow. Because 

in mammals, maternally-methylated gDMRs has to be inside actively transcribed genes in 

order to become methylated in the oocytes, we manually inspected whether such overlapping 

transcripts expressed in the oocytes exist in rat and cow. The analysis was not always obvious 

as we first had to predict the potential position of gDMR in a non-mouse species (the position 

of gDMRs was defined in mouse), based on the overlap of the same feature, such as promoter, 

of a homologous gene. We then compared our predictions with the known imprinted statuses 

for a small subset of genes. In the majority of cases, our predictions were not in conflict with 

the data, with the exception of the PEG10/SGCE locus in cow. The gDMR in this locus should 

be localized overlapping the bidirectional promoter of PEG10 and SGCE. In mouse, there is 

an alternative upstream promoter of Peg10 which provides the transcription through the 

gDMR. PEG10 and SGCE are imprinted according to the geneimprint database, however, we 

predicted the gDMR to be unmethylated as there was no transcription going through the 

bidirectional PEG10/SGCE promoter according the assembled transcriptome and the 

inspection of the oocyte RNA-seq data. Because other genes homologous to the mouse genes 

within the Peg10/Sgce cluster which are imprinted in mouse are not imprinted in cow, it is 
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possible that the regulation of imprinted expression of transcripts in this regions is regulated 

differently in cow than in mouse, either due to the different position of gDMR, or through some 

other mechanisms. Also, proper analysis of the literature should reveal whether there is enough 

experimental evidence that PEG10 and SGCE are imprinted in cow.  

Expression analysis of genes within potentially imprinted regions in rat and cow 

revealed that almost all transcripts within these regions are expressed predominantly at certain 

developmental stage or period, i.e. they are expressed only in the oocytes, or in the oocytes and 

early embryos, or at certain embryonic stage, or only in one or more somatic tissues. In rat, we 

could compare only oocytes and somatic tissues expression, but in the cow we also had datasets 

for various stages of embryonic development. Interestingly, the vast majority of transcripts 

appear to be specific either for oocytes and/or embryos, or for somatic tissues. Therefore, it 

appears that the transcription in these regions is dynamically regulated during development. 

This is not surprising, as we annotated many novel transcripts in our transcriptome assembly, 

which are likely to be lncRNAs, and lncRNAs are often expressed only in a specific 

developmental timepoint or tissue (Cabili et al. 2011; Derrien et al. 2012). It would be 

interesting to find out whether for example novel oocyte-specific transcripts within these 

potentially imprinted regions are conserved across mammalian species.  

We observed that transcripts within potentially imprinted regions of cow and rat share 

similar sequence motifs which appear to serve as binding sites of similar transcriptional factors, 

suggesting that the regulation of transcription within imprinted clusters is to some extent 

conserved across mammalian species. Nevertheless, this is not surprising as many of the mouse 

imprinted genes have homologues in all mammals, and they are likely to be regulated by the 

same transcription factors. It would be interesting to compare just the sequence motifs of the 

novel, previously unannotated transcripts in individual species.  

We also found out that a substantial proportion of transcripts within potentially 

imprinted regions in rat and cow starts from transposable elements. This was expected, as 

transcripts were found to employ transposable elements as promoters relatively frequently in 

the oocytes and embryos (Macfarlan et al. 2012; Veselovska et al. 2015). Nevertheless, when 

we manually compared individual novel transcripts using transposable as their promoter in 

mouse, rat and cow, they were often not conserved, even if the category of transposable 

elements that acted as a promoter was present also in the other tested species. In addition, some 

of such transcripts in mouse, which were in addition demonstrated to be imprinted, start from 
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a mouse-specific transposable element not present in other species, and there is no 

corresponding transcript in other species. This suggests that transposable elements can shape 

even the imprinted transcriptome. This is interesting also for cases where the transposable 

element-starting transcript appear to regulate imprinted gene expression of a downstream 

protein-coding gene, such as in the case of mouse Slc38a4 locus. The imprinted transcript that 

appears to regulate the imprinted expression of Slc38a4 gene in mouse placenta (Hanna et al. 

2019) is not present in rat or cow.  

There are many future directions of this project. The datasets of six species were processed, 

but only rat and cow were analysed in more details. Therefore, the detailed analysis needs to 

be expanded to other species too, to get better insights into changes across species. Also, 

datasets from additional species can be processed and analysed, such as sheep, hamster, etc. In 

addition, the downstream analyses of expression, promoter sequences and transposable 

elements can be expanded to be more detailed. For example, the transcripts can be categorized 

as known and novel, or having TSSs with or without transposable elements, and their 

expression profiles during development can be compared. Or, the transcripts can be divided 

according to their expression profiles and then their sequence motifs can be compared. Also, 

it will be interesting to experimentally check the currently unknown imprinting status of 

gDMRs for which we predicted it, by looking at the allele-specific DNA methylation, or 

imprinted expression of associated genes.  
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9 CONCLUSIONS 
 

Genomic imprinting is relatively poorly studied in all mammalian species except mouse 

and human. In order to shed more light on this phenomenon in other species, we collected and 

processed RNA-seq datasets from various developmental stages of six selected mammalian 

species (rat, cow, pig, marmoset, rhesus macaque and human). In all species except human, we 

identified regions homologous to the imprinted gene clusters in mouse and annotated all the 

transcripts within these regions across all available datasets, considering them to be potentially 

imprinted.   

As maternally-methylated gDMRs require to be overlapped by active transcription unit in 

the oocytes in order to gain methylation, we predicted the methylation status of hypothesized 

gDMRs in rat and cow using our newly assembled transcriptomes which include the oocyte 

datasets. For a significant proportion of imprinted regions with unknown imprinting status in 

non-mouse species, we predicted that gDMRs are methylated and therefore are likely to be 

imprinted and to regulate imprinted gene expression of associated genes.  

In addition, we observed that clusters of potentially imprinted genes are dynamically 

reprogrammed during development for individual species, as almost all transcripts appear to 

be specific for a certain developmental stage or period, and they differ between species, 

although to some extent their regulation by transcription factors appear to be conserved. The 

inter-species differences appear to be mostly due to the novel non-coding transcripts often 

employing transposable elements as promoters, confirmed by our finding that such transcripts 

previously identified in mouse are only rarely present in transcriptomes of other mammalian 

species.  

The datasets, python scripts and results generated during this research project will serve 

as a basis for more thorough and detailed analysis of imprinted regions in mammals, especially 

of novel and developmental stage- or species-specific transcripts, and in deciphering what role 

transposable elements play in shaping the imprinted gene expression. In addition, these results 

contributed to the identification of candidate transcripts for further functional analysis.  
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11 LIST OF APPENDICES  

 Appendix 1. Python Script for final merged gtf file.   

 

Files name: Sylvia_1(final code).py   

Language: Python  

Description: The script filters the gtf file for different specifies, according to specific regions 

based in Chromosome location, start and end of the region, it will then output a filtered file 

with just the desired regions.  

Input file: gtf files: (cow, rat, pig, mouse and marmoset) _merged.gtf   

Output file: Text file with filtered results.   

(cow, rat, pig, mouse and marmoset) _merged_exons_filtered.gtf 

# Code works for all regions at the same time and repetitive chromosomes 

# Python code filters regions based on chromosome and specific start and end of bases.  
import re 
 
chromosomes = ["2","13”] 
bases = [[94926123,95145118],[16250005,17093613]] 
input_filename = "cow_merged.gtf" 
 
# creates output file name: input_filename + filtered.gtf 
output_filename = input_filename[:input_filename.rfind(".")] + "_exons_filtered.gtf" 
 
# opens the input file 
with open(input_filename) as f: 
    # reads all lines 
    lines = f.readlines() 
 
# closes input file 
f.close() 
# gets number of lines (used for progress) 
count_lines = len(lines) 
 
# initializes counter to 0 (used for progress) 
counter = 0 
# counter findings 
findings = 0 
 
# opens output file 
of = open(output_filename, "w") 
 
startAt_history = {} 
 
def indexFrom(input_data, search_for, startAt): 
    for i in range(startAt, len(input_data)): 
        if input_data[i] == search_for: 
            return i 
 
def geneids_in_region(): 
    print("Initializing...") 
    global counter, findings, startAt_history 
 
    # if one transcript is within the region => set it to true 
    for l in lines: 
 
        counter += 1 
        # splits line by tab and creates an array 
        l_data = re.split(r'\t+', str(l)) 
 
        if l_data[2] == "exon": 
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            # checks if same chromosome (string) 
            if l_data[0] in chromosomes: 
                startAt_history[l_data[0]] = 0 
 
                for x in chromosomes: 
                    if x == l_data[0]: 
 
                        startAt = 0 
                        if l_data[0] in startAt_history: 
                            startAt = startAt_history[l_data[0]] 
 
                        index = indexFrom(chromosomes, l_data[0], startAt) 
 
                        startAt_history[l_data[0]] = index + 1 
 
                        b = bases[index] 
                        l_start_base = b[0] 
                        l_end_base = b[1] 
                        # checks start position 
                        if l_start_base <= int(l_data[3]) <= l_end_base: 
                            # checks end position 
                            if l_start_base <= int(l_data[4]) <= l_end_base: 
                                of.write(str(l)) 
                                findings += 1 
 
        # prints progress 
        print(input_filename + ": " + str(counter) + "/" + str(count_lines) + " Found: " + 
str(findings)) 
 
 
geneids_in_region() 
 
 
# closes the output file 
of.close() 
# prints the output file 
print("Output file: " + output_filename) 
 

 

Appendix 2.  Python Script to remove transcripts from a list  

Files name: Sylvia_finalcode2.py   

Language: Python  

Description: Python script makes an extra filtering for removing transcripts with one exon 

from a list of subset genes. 

Input file: cow_merged.gtf and rat_merged.gtf. And the subset of genes files 

rat_to_be_removed_if_1_exon.txt  and rat_to_be_removed_if_1_exon.txt 

Output file: Text file with filtered results, cow_merged_exons_filtering_subset.gtf and 

rat_merged_exons_filtering_subset.gtf 

 
# Python code filters regions based on chromosome and specific start and end of bases. 
#and, makes an extra filtering for removing transcripts with one exon, from a subset of genes. 
 
import re 
import os 
 
chromosomes = ["9","17"] 
bases = [[69956161, 70133968], [71105287,72160734]] 
input_filename = "rat_merged.gtf" 
 
# creates output file name: input_filename + filtered.gtf 
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output_filename = input_filename[:input_filename.rfind(".")] + "_exons_filtering_subset.gtf" 
 
# opens the input file 
with open(input_filename) as f: 
    # reads all lines 
    lines = f.readlines() 
 
# closes input file 
f.close() 
# gets number of lines (used for progress) 
count_lines = len(lines) 
 
# initializes counter to 0 (used for progress) 
counter = 0 
 
# counter findings 
findings = 0 
 
# opens output file 
#of = open(output_filename, "w") 
#open temp file 
of = open("temp.gtf", "w") 
 
startAt_history = {} 
 
def indexFrom(input_data, search_for, startAt): 
    for i in range(startAt, len(input_data)): 
        if input_data[i] == search_for: 
            return i 
 
def geneids_in_region(): 
    print("Initializing...") 
    global counter, findings, startAt_history 
 
    # if one transcript is within the region => set it to true 
    for l in lines: 
 
        counter += 1 
        # splits line by tab and creates an array 
        l_data = re.split(r'\t+', str(l)) 
 
        if l_data[2] == "exon": 
 
            # checks if same chromosome (string) 
            if l_data[0] in chromosomes: 
                startAt_history[l_data[0]] = 0 
 
                for x in chromosomes: 
                    if x == l_data[0]: 
 
                        startAt = 0 
                        if l_data[0] in startAt_history: 
                            startAt = startAt_history[l_data[0]] 
 
                        index = indexFrom(chromosomes, l_data[0], startAt) 
 
                        startAt_history[l_data[0]] = index + 1 
 
                        b = bases[index] 
                        l_start_base = b[0] 
                        l_end_base = b[1] 
                        # checks start position 
                        if l_start_base <= int(l_data[3]) <= l_end_base: 
                            # checks end position 
                            if l_start_base <= int(l_data[4]) <= l_end_base: 
                                of.write(str(l)) 
                                findings += 1 
 
        # prints progress 
        #print(input_filename + ": " + str(counter) + "/" + str(count_lines) + " Found: " + 
str(findings)) 
        if counter%10000 == 0: 
            print("First cleavage " + str(counter) +" Found: " + str(findings)) 



 
 
 

 

73 

 

 
 
geneids_in_region() 
 
# closes the output file 
of.close() 
 
#Additional filtering 
#reading temporary file 
 
with open("temp.gtf") as f: 
    # reads all lines 
    lines_tmp2 = f.readlines() 
 
#remove temporary file 
os.remove("temp.gtf") 
 
#reading exons that need to be remove 
 
import pandas as pd 
 
dataset=pd.read_csv("rat_to_be_removed_if_1_exon.txt",delimiter="\t") 
 
#create list with values 
remove_marker = dataset["Probe"].tolist() 
 
#make format as we have in our transcript_id list  
for k in range(len(remove_marker)): 
    remove_marker[k] = '"{0}"'.format(remove_marker[k]) 
 
 
print("\n\nThird cleavage start...\n") 
transcript_id_2 = [] 
 
for i in range(len(lines_tmp2)): 
    data_from_line = [] 
    #split line for extracting ids 
    for j in lines_tmp2[i].split(";")[1:-1]: 
        data_from_line.append(j.split(" ")[2]) 
         
    transcript_id_2.append(data_from_line[0]) 
 
# find delete from lists needed lines 
count = 0 
for l in range(len(remove_marker)): 
#    if counter%1 == 0: 
#        print("Found for removing: " + str(count)) 
    if transcript_id_2.count(remove_marker[l]) == 1: 
         index = transcript_id_2.index(remove_marker[l]) 
         print(index) 
         del transcript_id_2[index] 
         del lines_tmp2[index] 
         count += 1 
     
 
#write into file 
of = open(output_filename, "w") 
for i in range(len(lines_tmp2)): 
    of.write(lines_tmp2[i]) 
of.close() 
print("\nOutput file: " + output_filename) 
 
 
 
 
 
 



 
 
 

 

74 

 

Appendix 3 Python Script to remove transcripts makes and extra filtering for cow specie 

to remove dots. 

Files name: Sylvia_finalcode3.py   

Language: Python  

Description:  if there is a dot(.) in file program cannot find in which strand it is, so we 

removed. Specially used for cow specie. 

Input file: cow_merged.gtf and rat_merged.gtf. And the subset of genes files 

rat_to_be_removed_if_1_exon.txt  and rat_to_be_removed_if_1_exon.txt 

Output file: Text file with filtered results cow_merged_exons_filtered(+-).gtf 

# # python code filter regions and remove dots from file. 
# Specially used for cow specie 
 
import re 
import os 
 
chromosomes = ["2", "13"] 
bases = [[94926123, 95145118]] 
input_filename = "cow_merged.gtf" 
 
# creates output file name: input_filename + filtered.gtf 
output_filename = input_filename[:input_filename.rfind(".")] + "_exons_filtered(+-).gtf" 
 
# opens the input file 
with open(input_filename) as f: 
    # reads all lines 
    lines = f.readlines() 
 
# closes input file 
f.close() 
# gets number of lines (used for progress) 
count_lines = len(lines) 
 
# initializes counter to 0 (used for progress) 
counter = 0 
 
# counter findings 
findings = 0 
 
# opens output file 
# of = open(output_filename, "w") 
# open temp file 
of = open("temp.gtf", "w") 
 
startAt_history = {} 
 
 
def indexFrom(input_data, search_for, startAt): 
    for i in range(startAt, len(input_data)): 
        if input_data[i] == search_for: 
            return i 
 
 
def geneids_in_region(): 
    print("Initializing...") 
    global counter, findings, startAt_history 
 
    # if one transcript is within the region => set it to true 
    for l in lines: 
 
        counter += 1 
        # splits line by tab and creates an array 
        l_data = re.split(r'\t+', str(l)) 
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        if l_data[2] == "exon": 
 
            # checks if same chromosome (string) 
            if l_data[0] in chromosomes: 
                startAt_history[l_data[0]] = 0 
 
                for x in chromosomes: 
                    if x == l_data[0]: 
 
                        startAt = 0 
                        if l_data[0] in startAt_history: 
                            startAt = startAt_history[l_data[0]] 
 
                        index = indexFrom(chromosomes, l_data[0], startAt) 
 
                        startAt_history[l_data[0]] = index + 1 
 
                        b = bases[index] 
                        l_start_base = b[0] 
                        l_end_base = b[1] 
                        # checks start position 
                        if l_start_base <= int(l_data[3]) <= l_end_base: 
                            # checks end position 
                            if l_start_base <= int(l_data[4]) <= l_end_base: 
                                of.write(str(l)) 
                                findings += 1 
 
        # prints progress 
        # print(input_filename + ": " + str(counter) + "/" + str(count_lines) + " Found: " + 
str(findings)) 
        if counter % 10000 == 0: 
            print("First cleavage " + str(counter) + " Found: " + str(findings)) 
 
 
geneids_in_region() 
 
# closes the output file 
of.close() 
 
# Additional filtering 
# reading temporary file 
 
with open("temp.gtf") as f: 
    # reads all lines 
    lines_tmp2 = f.readlines() 
 
# remove temporary file 
os.remove("temp.gtf") 
 
####### 
# read needed exons to remove 
####### 
 
import pandas as pd 
 
dataset = pd.read_csv("cow_to_be_removed_if_1_exon.txt", delimiter="\t") 
 
# create list with values 
remove_marker = dataset["Probe"].tolist() 
 
# make format as we have in our transcript_id list 
for k in range(len(remove_marker)): 
    remove_marker[k] = '"{0}"'.format(remove_marker[k]) 
 
print("\n\nSecond cleavage start...\n") 
transcript_id_2 = [] 
 
for i in range(len(lines_tmp2)): 
    data_from_line = [] 
    # split line for extracting ids 
    for j in lines_tmp2[i].split(";")[1:-1]: 
        data_from_line.append(j.split(" ")[2]) 
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    transcript_id_2.append(data_from_line[0]) 
 
# find delete from lists needed lines 
count = 0 
for l in range(len(remove_marker)): 
    if transcript_id_2.count(remove_marker[l]) == 1: 
        index = transcript_id_2.index(remove_marker[l]) 
        print("Row deleted by exon filtering: " + str(index)) 
        del transcript_id_2[index] 
        del lines_tmp2[index] 
        count += 1 
 
################################################# 
print("\n\nThird cleavage start...\n") 
lines_tmp3 = lines_tmp2 
 
has_plus_check = [] 
 
for i in range(len(lines_tmp3)): 
    # split line for extracting ids 
    j = lines_tmp3[i].split("\t")[1:-1] 
    has_plus_check.append(''.join(j[4:7])) 
 
print("length: " + str(len(has_plus_check)) + "  " + str(len(lines_tmp3))) 
 
# find delete from lists needed lines 
count = 0 
plus_ch_check = [] 
minus_ch_check = [] 
for k in range(len(has_plus_check)): 
    # print(k) 
    plus_ch_check.append(has_plus_check[k].count("+")) 
    minus_ch_check.append(has_plus_check[k].count("-")) 
 
delete_row_index = [] 
for h in range(len(plus_ch_check)): 
    if int(plus_ch_check[h]) == 0: 
        if int(minus_ch_check[h]) == 0: 
            delete_row_index.append(h) 
 
for i in sorted(delete_row_index, reverse=True): 
    del lines_tmp3[i] 
 
# write into file 
of = open(output_filename, "w") 
for i in range(len(lines_tmp2)): 
    of.write(lines_tmp3[i]) 
of.close() 
print("\nOutput file: " + output_filename) 
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Appendix 4. R Script for Heatmap 
 

Files name: heatmap.R 

Language: R 

Description: The script is for Heatmap visualization and clustering. 

Input file:  rat_expression.txt and rat_clusters.txt 

Output file: heatmap plot  

#R Script  

install.packages("gplots") 

library(gplots) 

data <- read.delim ("rat_expression.txt") 

rnames <- data[,1] 

mat_data <- data.matrix(data[,2:ncol(data)]) 

rownames(mat_data) <- rnames 

hr <- hclust(as.dist(1-cor(t(mat_data), method="pearson")), method="complete") 

colorRampPalette(c("yellow","blue")) -> colour.gradient 

 

heatmap.2(mat_data, col=colour.gradient, breaks=seq(from=-1,to=1, by=0.001), 
Rowv=as.dendrogram(hr), Colv=FALSE, 

          scale="none", dendrogram="none", key=T, keysize=2, density.info="none", hclust=function(x) 
hclust(x,method="complete"), 

          distfun=function(x) as.dist((1-cor(t(x)))/2), 

          trace="none",cexCol=1.2, labRow=NA) 

 

data$clusternumber <- cutree (hr, 12)  #for rat 

data$clusternumber <- cutree (hr, 15)  #for cow 

write.table(data, "rat_clusters.txt") 
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12 SUPPLEMENTARY MATERIAL 
 

Supplementary Table 1: Table contains dataset, GEO accession codes and reference, library 

type for very all species in this investigation.  

Supplementary Table 2: Contains Hisat 2 output table with the accession codes of the 

individual datasets in fq.gz form, total number of reads we got after trimming process, the 

alignment rate and the number of mapped reads.        

Supplementary Table 3:  Contains List of imprinting genes. 

Supplementary Table 4: Contains rat_Imprinting quantification. 

Supplementary Table 5: Contains cow_ Imprint_quantification  

Supplementary Table 6: Python code previously make in laboratory. To extract the sequences 

of promoter regions in FASTA format from genomic sequences. 


