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Genomic Imprinting in the Brain: the persistent influences from Mom and Dad 

Abstract 

Most mammalian genes are equally expressed from the two inherited parental alleles. However, 

a puzzling subgroup known as imprinted genes are preferentially expressed from either the 

maternally- or paternally-inherited copy. Interestingly, many imprinted genes identified so far 

are expressed in the brain and mutations cause striking defects in brain development and 

function, in some cases leading to mental disorders such as autism-spectrum disorders. To better 

understand the extent of genomic imprinting in the brain and gain insights into its potential roles, 

I have investigated genomic imprinting in the Cerebellum. The Cerebellum provides several 

experimental advantages and has interesting functions, some of them recently associated with 

autism. Using RNA-Seq I have profiled the maternal and paternal transcriptomes in the 

developing and adult mouse Cerebellum, and uncovered 124 genes under imprinting regulation, 

40 of which had not been described as imprinted before. Interestingly, the parental bias of 50% 

of detected genes are regulated according to age. Furthermore, parental biases appear to 

substantially vary across adult brain regions and are often not observed in non-brain tissues. 

Finally, I observed an overrepresentation of genes involved in programed cell death among 

imprinted genes, suggesting that the phenomenon of imprinting may target this pathway with 

interesting functional implications.  
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Chapter One 

Neurobiology of Imprinted Genes 

 

Part of this chapter will be incorporated in a review in preparation Dulac, C., Rubinstein, N.D., 

Perez, J.D, Gregg C Annu Rev Neurosci, 2016.  
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INTRODUCTION 

A main advantage of diploidy is the capacity to mask recessive mutations in one of the 

two copies of a given gene. Diploidy, has permitted highly sophisticated multicellular organisms 

with high number of cell types as they are more likely to survive the high number of mutations 

accompanying the numerous DNA replications that occur during development (Otto and 

Gerstein, 2008). Accordingly most mammalian genes are equally expressed from both of their 

parental alleles. However, the genomes of eutherian mammals contain a subset of genes that are 

preferentially expressed from one of the two alleles in a parent-of-origin specific-manner, 

meaning either from the maternal or the paternal copy of the gene. This phenomenon is known as 

genomic imprinting and genes under this mode of regulation are called imprinted genes. 

Genomic imprinting is not to be confused with random monoallelic expression in which each cell 

or cell-lineage randomly selects to express one of the two alleles in a stochastic manner, such 

that both alleles are equally expressed at the cell-type or tissue level. By contrast, genomic 

imprinting implies an epigenetically predetermined decision to preferentially express either the 

maternal or paternal allele in a particular cell-lineage. The outcome of this form of regulation is 

that the parental genomes are not functionally equivalent and the functions of the imprinted 

genes in the individual are mainly or uniquely contributed by one of the parents. Thus, imprinted 

genes represent an evolutionary paradox as their unique mode of regulation seems to void the 

advantages of diploidy. 

In this chapter I will first provide a historical overview of the experiments that lead to the 

discovery of genomic imprinting more than 30 years ago, and summarize the major 

advancements the field has experienced since. I will then describe the biological significance of 
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this puzzling mode of epigenetic regulation, with an emphasis on the role of genomic imprinting 

in the brain.   

 

HISTORICAL OVERVIEW OF THE STUDY OF GENOMIC IMPRINTING 

 

Discovery of Genomic Imprinting 

 

The concept of epigenetic marks or imprints that are passed across generations was first 

postulated in 1921 in the insect Pseudococcus nipae (Schrader, 1921). In this species, embryos 

destined to become males heterochromatinize a haploid set of chromosomes producing a 

functionally haploid state, while the same is not observed for future females. Thus it was 

postulated that the genomes are differentially marked according to the sex of the organism (Nur, 

1990). Later, in the 1970s parent-of-origin effects were also observed in the inheritance of 

coloration patterns conferred by the “R” allele in maize (Kermicle, 1970), which later lead to the 

discovery of imprinted genes in plants (Gehring, 2013).   

The phenomenon of genomic imprinting in mammals was independently discovered in 

the early 1980s in the laboratories of Azim Surani and Davor Solter. With the hope of identifying 

recessive mutations and improve animal breeding, Surani and colleagues attempted to generate 

parthenogenetic embryos. The experimental protocol consisted of suppressing second polar body 

exclusion in fertilized eggs to obtain triploid eggs with two maternal pronuclei and one paternal 

pronucleus. However, after removing either the paternal pronucleus or one of the maternal 

pronuclei it became clear that only eggs for which the paternal pronucleus was maintained 

developed to term, while those in which the paternal pronucleus was removed did not (Surani et 
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al., 1984a). The authors hypothesized that the maternal and paternal genomes carry different 

“imprints” established during gametogenesis, resulting in the requirement for both parental 

genomes for successful embryogenesis. Surani later coined the term “Genomic Imprinting” 

(Surani, 1984) to describe such effects.  

Around the same time, the Solter laboratory had extended nuclear transplantation 

techniques to remove, add, and replace nuclei across different embryonic cells with high 

efficiency (McGrath and Solter, 1983). Using this protocol they demonstrated that normal 

development only occurred when a male and a female pronucleus where transplanted to a cell 

but not when two female or two male pronuclei were transplanted (McGrath and Solter, 1984a). 

These publications from the Surani and Solter laboratories not only revealed the existence of 

genomic imprinting, but also suggested immediately a cycle for its regulation from one 

generation to the next, which has profound epigenetic implications and will be further discussed 

in chapter 2.  

From these findings several important questions emerged: What are the imprints? When 

and how are they established? How are they maintained and how do they regulate gene 

expression? How are they overwritten as the genomes are passed to the next generation? Which 

genes are imprinted? What is their function and when and where do they act? Below I will 

provide a timeline of the important advancements in the field of genomic imprinting since the 

initial discovery of this phenomenon that addresses some of these questions. Remarkably, more 

than 30 years after its discovery intense research on this topic continues to bring surprises and 

further questions, while continuing to provide major contributions to the fields of epigenetics, 

gene expression, development, and more recently to the study of the brain. 
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Milestones in the field of Genomic Imprinting 

 

1970- Identification of genomic imprinting in flowering plants 

Analyses of the inheritance of coloration patterns of maize demonstrated the phenotype 

of a particular allele named R depended on its parent of origin (Kermicle, 1970). Imprinting in 

plants was further validated in 1982 (Lin, 1982). Further research has revealed striking 

correlations between genomic imprinting in mammals and plants, including both homologous 

and analogous regulatory mechanisms, expression in analogous tissues and execution of 

analogous functions (Gehring, 2013). 

1974-Embryonic lethality caused by the maternal inheritance of the mouse Thp allele     

The Thp allele, which is linked to the brachyury marker, showed embryonic lethality 

when inherited from the mother but not from the father (Johnson, 1974). Additional genetic 

crosses discarded the possibility that this lethality was a result of interactions with the maternal 

physiology and it was concluded that the Thp allele is differentially modified when passing 

through the egg. The Thp allele was later shown to be the Igf2r gene (Lau et al., 1994). 

1984-Discovery of genomic imprinting in mammals 

Nuclear transfer experiments in mouse zygotes allowing the replacement of parental 

genomes show both parthenogenetic (carrying only maternal chromosomes) and androgenetic 

(carrying only one paternal allele) embryos die at early developmental stages (McGrath and 

Solter, 1984b; Surani et al., 1984b). 

1985- First mapping of a genomic region under imprinting regulation  

Using a combination of genetic crosses between Robertsonian translocations multiple 

lines carrying uniparental disomies of specific chromosomal regions were generated, some of 
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which exhibited different phenotypes depending on the parental origin of the disomy (Cattanach 

and Kirk, 1985). This technique eventually revealed 15 regions of the mouse genome with 

detectable parent-of-origin phenotypes (Cattanach and Jones, 1994). 

1989-Identification of the first human disorder with parent-of-origin specific inheritance 

Although various conditions had been correlated with parent-of-origin inheritance, the 

realization that Prader-Willi Syndrome was caused either by deletions of the paternal 

chromosome 15q11-13 region or by maternal uniparental disomies of that region served as a 

definitive evidence of imprinting regulation of this region, and thus the existence of genomic 

imprinting in humans (Nicholls et al., 1989). Today seven human disorders caused by 

abnormalities in imprinted genes are annotated in the Online Mendelian Inheritance in Man 

database, and it is possible that more are yet to be identified (Peters, 2014). 

1989-Conflict theory of genomic imprinting 

Before the first imprinted gene was discovered, Haig and Westoby proposed an 

evolutionary explanation for the existence of genomic imprinting in plants with implications for 

mammals inspired by associated phenotypes (Haig and Westoby, 1989). The theory (described in 

more detail below) proposes that imprinting arose due to a "conflict of interests" between the 

parental genomes over maternal resources during pregnancy. This theory has caused some 

controversy within the field. Several other theories regarding the evolution of imprinting have 

also been proposed (Keverne, 2012; Varmuza and Mann, 1994; Wolf and Hager, 2006) but this 

one remains the most cited and in the eyes of many it possesses the strongest experimental 

support (Wilkins and Haig, 2003).   

1991-Discovery of first imprinted gene 
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Searching for the allele underlying the Thp maternal phenotype, it was discovered that 

Igf2r is exclusively expressed from the maternal allele, making it the first imprinted gene 

identified (Barlow et al., 1991). 

1991-Imprinting can be regulated according to tissue type 

Igf2, the second discovered imprinted gene, was shown to be expressed exclusively from 

the paternal allele in the embryo with the exception of the choroid plexus and leptomeninges, 

indicating imprinting can vary according to tissue (DeChiara et al., 1991; Prickett and Oakey, 

2012). Indeed, spatial regulation is now regarded as a common characteristic of imprinted genes.   

1991-Identification of the first imprinted lncRNA 

H19, the third imprinted gene to be discovered was proposed to be a non-coding RNA 

based on its nucleotide sequence, which was later confirmed (Bartolomei et al., 1991). Today, 

over 30% of imprinted genes are non-coding RNAs that conduct important roles in the regulation 

of imprinted expression (Santoro and Barlow, 2011).   

1993-DNA methylation is essential for genomic imprinting 

Because DNA methylation represents a stable modification to the genome that can be 

inherited across cell divisions, it was considered the primary candidate in the mechanistic 

regulation of genomic imprinting (Li et al., 1993). Furthermore, all imprinted loci known at the 

time show differential methylation of the parental alleles. However, an essential role of DNA 

methylation in imprinting was determined after the deletion of the Dnmt1 enzyme caused 

impaired imprinting expression in the known imprinted loci. Today the great majority of 

imprinted genes are associated with a least one DMR, which appears to be the primary regulator 

of genomic imprinting (Bartolomei and Ferguson-Smith, 2011). 

Mid 1990s-Clustered organization of imprinted genes 
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During the mid 1990s the number of identified imprinted genes grew significantly, and it 

became apparent that many of these genes reside within the same genomic regions. Thus, the 

concept of imprinted clusters was introduced. It was later determined that imprinting of genes 

within a cluster often rely on the same DMR among other chromatin regulators. Clustering of 

imprinted genes is believed to facilitate their epigenetic regulation (Reik and Walter, 2001). 

1997-First gene exhibiting parentally biased expression rather than complete allelic silencing 

In humans, Angelman syndrome is caused by maternal deletion or uniparental paternal 

disomies of the chromosome 15q11-13 region. The search for specific imprinted genes affected 

by these aberrations indicated Ube3a as solely responsible. However, Ube3a appeared to be 

biallelically expressed in multiple studies. It was later shown that Ube3a was imprinted only in 

the brain and not in an all-to-none fashion (Albrecht et al., 1997). Rather, only preferential 

expression of the maternal allele over the paternal allele was observed. Today, an approximately 

equal number of imprinted genes showing parentally biased expression as those showing 

monoallelic expression have been identified (Khatib, 2007).     

1998-First imprinted gene knock-out exhibiting behavioral abnormalities 

Expression patterns of imprinted genes reveal that a substantial number of them are 

preferentially expressed in the brain. Knockout of the paternally expressed Mest gene reveal 

impaired maternal behaviors including pup retrieval, nest building and lack of placentophagia 

(Lefebvre et al., 1998). At present, behavioral impairments have been ascribed to other 

perturbations of imprinted genes including some showing similar phenotypes as the Mest 

knockout (Davies et al., 2015). 

2000-CTCF binds differentially methylated regions to regulate imprinting 
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The search for mechanisms regulating allele-specific expression of imprinted genes 

uncovered a dependence of Igf2 and H19 expression on distant enhancers. Due to its role in 

regulating long distance enhancer interactions CTCF was a candidate for the regulation of this 

locus. Indeed, CTCF was found to bind to the Igf2-H19 DMR in a methylation sensitive manner, 

which is essential for imprinting (Felsenfeld and Bell, 2000). Currently, it is suspected that 

several additional imprinted loci are regulated by CTCF (Franco et al., 2014). 

2002-First Genome-Wide Screen of Imprinted Genes 

The advent of cDNA microarrays provided the opportunity to identify new imprinted 

genes using unbiased screens. The first such screen aimed to identify genes differentially 

expressed between parthenogenetic and androgenetic embryos and revealed the existence of 

three novel imprinted genes (Mizuno et al., 2002). Additional microarrays studies discovered a 

total of 15 imprinted genes. The use of microarrays, however, has now been largely replaced by 

the use of RNA-seq, which provides more precise and sensitive quantification technology. 

2004-Generation of viable animals from parthenogenetic zygotes 

The nuclear transfer experiments that lead to the discovery of genomic imprinting 

demonstrated the requirement of the paternal genome, as parthenogenetic embryos (containing 

only maternal chromosomes) die by midgestation. However, it was later shown that viable 

parthenogenesis can be achieved following two major modifications (Kawahara et al., 2007; 

Kono et al., 2004). The first is the combination of a genome from non-growing oocytes, which 

have not yet established maternal imprints and thus express genes that are normally expressed 

from the paternal genome, with fully grown oocytes which have already established the marks 

that would lead to gene silencing. The second is the deletion of two paternally methylated 

regions that normally control the paternal-specific expression of Igf2 and Dlk1. In the absence of 
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these regions both genes can be expressed from the maternal genome. Oocytes reconstructed to 

carry both of these modifications produce viable and fertile female adults. These results indicated 

that genomic imprinting is the only barrier for parthenogenesis. 

2008-Discovery of Zfp57; a putative imprinting-specific chromatin regulator 

In humans, mutations in ZFP57 lead to abnormal methylation and expression of multiple 

imprinted genes (Mackay et al., 2008). This observation is recapitulated in Zfp57 mouse mutants 

(Li et al., 2008). While Zfp57 itself is not imprinted it interacts with DMRs during early stages of 

embryonic development and protects them from global demethylation (Quenneville et al., 2011). 

Zfp57 may thus facilitate identification of novel imprinted genes. 

2008-2010-First Genome-wide attempts to characterize imprinted genes  

The advent of RNA-Seq allows the accurate quantification of gene expression in a 

genome-wide manner. This technology was first used to screen for imprinted genes in 2008 by 

two independent studies one profiling whole E9.5 embryos and the other P2 brains, both of 

which only found a handful of previously uncharacterized genes and failed to identify large 

subsets of known imprinted genes (Babak et al., 2008; Wang et al., 2008). In 2010 our group 

used RNA-seq to profile imprinted genes across multiple developmental stages and regions of 

the brain (Gregg et al., 2010). These experiments revealed the existence of many previously 

uncharacterized imprinted genes, several independently validated, and suggested a remarkable 

regulation of imprinting according to developmental stages and tissue types, which motivated the 

work presented in later chapters. This study was later criticized as it was suggested that a 

substantial number of the newly reported imprinted genes may have been caused by an 

underestimation of the false discovery rate (DeVeale et al., 2012), and that RNAseq was not a 

valid approach to investigate genomic imprinting (Kelsey and Bartolomei, 2012). Thus, 
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additional experiments, including more robust statistical tools and independent validations 

appear necessary to determine the actual extent of imprinted genes in the brain.     

2012-First Genome-Wide Methylation study 

Advances in next-generation sequencing technologies have also provided the opportunity 

to characterize DNA methylation at a single-base resolution. This method has been recently 

applied to the characterization of imprinted DMRs (Xie et al., 2012). This revealed the existence 

of over 50 imprinted DMRs in somatic tissues, not all of which are currently associated with 

imprinted genes. Furthermore, it was later shown that over 20 of these DMRs are not established 

in the germ lines and are not targeted to the common CpG dinucleotides (Wang et al., 2014). 

These studies, in combination with profiles of other chromatin regulators, should help elucidate 

the complex mechanisms underlying the spatio-temporal dynamics of imprinted genes. 

2013-Erasure of Genomic Imprints is mediated by Tet1 

To maintain normal expression of imprinted genes across generations, erasure of imprints 

in the germ lines is necessary. The discovery of the ability of Tet enzymes to catalyze DNA 

demethylation provides an attractive candidate for imprinting erasure. Indeed, it was recently 

demonstrated that Tet1 plays an essential role in this process (Yamaguchi et al., 2013). Further 

characterization of the role of Tet-dependent demethylation will improve our understanding of 

the regulation of imprinted genes and might provide opportunities to perform functional 

epigenetics.   
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WHAT IS THE BIOLOGICAL SIGNIFICANCE OF IMPRINTING? 

 

Many theories have been formulated that attempt to explain how genomic imprinting 

evolved. In general, these theories, postulate cooperative or antagonistic interactions between the 

parental genomes (Wilkins and Haig, 2003). The conflict theory of genomic imprinting is one of 

the theories that has received experimental support. This theory argues that genomic imprinting 

arose in promiscuous mating systems, where an individual father is frequently not related to all 

the progeny of the female he shares an offspring with. In this scenario it is evolutionary 

advantageous for the paternal genome to increase the demand on the maternal resources invested 

in its offspring, while from the maternal side it is evolutionary advantageous to distribute its 

resources equally among all its progeny (which includes resources for the current litter as well as 

preservation of potential future pregnancies). Thus, it is predicted that genes silenced in the 

maternal genome have functions that increase demand on maternal resources, while genes 

silenced from the paternal genome have functions that reduce demand on maternal resources 

(Haig and Graham, 1991; Wilkins and Haig, 2003).  

A different theory, named the coadaptation theory postulates that imprinting provides 

phenotypic compatibility between the mother and the offspring during nurturing periods by 

allowing the expression of the same allele in both entities (Wolf and Hager, 2006). However this 

theory only predicts the existence of maternally expressed genes and fails to explain paternally 

expressed genes. A third theory, based on the expression patterns of multiple imprinted genes, 

proposes that imprinting synchronizes gene expression in two important metabolic tissues, the 

placenta and the developing hypothalamus, to increase postnatal fitness (Keverne, 2012). 

Although this and other theories provide explanations for imprinting in the embryonic context, 
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they are currently vague regarding the postnatal endurance of imprinting. Furthermore, 

contradictory examples regarding each theory have been found. 

From the perspective of experimental biology, however, a general and common function 

or evolutionary drive for imprinted genes, as a collective group, remains unproven. Here I will 

review the evidence addressing biological relationships between imprinted genes and their 

potential synergy.  

First, after careful evaluation of imprinting evidence in available literature I have 

compiled a list of 130 known imprinted genes in the mouse. Associations within this list of 

imprinted genes will be explored at three biological levels: (1) biochemical and cellular functions 

of imprinted genes, (2) expression patterns of imprinted genes across tissues and developmental 

stages, and (3) the roles of imprinted genes in the physiology of developing or mature tissues. I 

will attempt to take an unbiased approach, independent of current interpretation regarding the 

biology of imprinted genes. Nevertheless, the reader should be aware that an unavoidable 

limitation of this review comes from the fact that a large portion of the available data was 

derived from experiments formulated under a limited biological scope and often interpreted in 

the context of available evolutionary theories. Finally, I will describe how a systematic 

characterization of the expression of imprinted genes in a well-defined biological framework will 

improve our understanding of the overall function of genomic imprinting, particularly in the 

brain. With this in mind I will define the aims and question addressed by the experiments 

presented in subsequent chapters.   
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Biochemical and Cellular Functions of Imprinted Genes 

 

Of the 130 known imprinted genes I was able to compile from data in the mouse, 67% are 

protein-coding, 16% are lncRNAs, 13 are miRNAs, and 7% are snoRNAs. To determine whether 

particular amino-acid sequences or domains are enriched among protein-coding imprinted genes 

I used InterPro web-based predictive models. This analysis did not reveal enrichment in any 

particular amino-acid sequences or functional domains (data not shown).  

The role of imprinted genes in specific cellular processes has only been explored for a 

small subset of highly studied imprinted genes, leaving the majority substantially less 

characterized at the biochemical and cellular levels. Thus, at this point it is difficult to draw any 

conclusion, and our knowledge may clearly be biased by the disproportionate information of a 

limited few. Nevertheless, analyses of gene ontology (GO) categories may provide a macro-level 

view of cellular functions commonly performed by imprinted genes. A recent publication 

conducting GO analyses of imprinted genes (Hamed et al., 2012) did not reveal a discernable 

picture regarding their role in the cell. Only a few terms were enriched including regulation of 

catalytic activity, intracellular signaling and ion transport. For instance, the maternally expressed 

Kcnq1, Kcnk9, Slc22a2, Slc22a3, and Slc22a18 genes, and the paternally expressed Slc38a4 

gene are all membrane proteins involved in ion transport (Hamed et al., 2012). Notwithstanding, 

most other enriched GO terms are represented by a maximum of three genes, out of the 48 

analyzed, and the majority of genes are not even assigned to any enriched term. This may point 

to a limitation in either the resolution of GO annotation and/or the fact that imprinted genes 

participate in such diverse biological functions which do not provide sufficient power for GO 
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analyses and alike to detect statistically significant term enrichments. Still, a small number of 

imprinted genes participate in several common specific cellular functions.  

 

Tissue and Developmental stage-specific expression patterns 

 

Expression patterns 

While the specific cellular roles of imprinted genes may be diverse it is possible that at 

the scale of a cell type, or even a tissue, these roles ultimately integrate into a common function. 

Hence, imprinted genes may coordinately modify the physiology of particular tissues by 

regulation of some or all the cell types within that tissue. In this scenario, the expression of 

imprinted genes would be expected to undergo regulation according to tissue type and/or 

developmental stage.  

A study conducted in 2009 explored the expression of 43 mouse imprinted genes across 

multiple tissues (Steinhoff et al., 2009a). All non-coding RNAs where excluded from this study, 

as well as genes whose imprinting has only been described in the placenta, since contamination 

from the maternal decidua has been shown to led to the identification of false “maternally 

expressed genes”(Okae et al., 2012). This group of imprinted genes appeared neither expressed 

in a minority of selected tissues nor ubiquitously expressed across all tissues (such as 

housekeeping genes). While, individually, each gene showed a unique pattern of expression 

across tissues and developmental time points, subsets of imprinted genes displayed concerted 

spatiotemporal common denominators. This included a subset of 15 imprinted genes that 

appeared expressed at early time points in the whole embryo and in the placenta. These genes 

included Igf2, Igf2r, H19, Grb10, and Cdkn1c, the imprinting of which were discovered in early 
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embryos, and which carry out important developmental functions (discussed below). 

Additionally, enrichment of another subset of 10 genes was observed in brain regions, 

particularly in the hypothalamus and the pituitary gland. This group included genes such as Peg3, 

Plagl1, Grb10, Ndn, and Rasgrf1 (Steinhoff et al., 2009b). Some of these genes were discovered  

in the brain where they are known to carry out important functions (discussed below). 

Taken together, this points to a pattern by which specific tissues in specific time points are 

targeted by subsets of imprinted genes probably due to the impact that these genes have on their 

development and function. 

 

Monoallelic and Biallelic Expression of Imprinted Genes 

Although expression of imprinted genes is often described across multiple tissues, the 

imprinting status of a gene, meaning biallelic or monoallelic expression has usually be analyzed 

in only one or a limited number of tissues. This raises the question of whether the imprinting 

status of a gene is stable or altered across large number of tissues. Unfortunately, available 

databases of expression across multiple tissues do not provide allele-level resolution and thus do 

not address the imprinting status of genes. However, allele-specific expression across a handful 

of tissues has been tested for several imprinted genes. Indeed a systematic characterization of 

allele-specific expression in the brain revealed substantial regulation in the imprinting status of 

several genes between different brain regions (Gregg et al., 2010). Among 82 imprinted genes 

for which expression of the parental alleles has been analyzed in at least two tissues, 28% 

exhibited tissue-specific imprinting (Prickett and Oakey, 2012). Interestingly, the majority of 

these genes (10 in total) show imprinting only in the placenta, including Slc22a2, Slc22a3, and 

Nap1l4. Other genes showed imprinting only in the brain (9 in total) including Ube3a, Copg2, 
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and Calcr. Finally, a smaller number of genes (5 in total) show imprinting only in the placenta 

and the yolk sac including Tfpi2, Gatm, and Pon2 (Gregg et al., 2010; Prickett and Oakey, 2012). 

These data suggest that a subset of genes are specifically imprinted in the brain and/or 

placenta, which is correlated with the preferential expression exhibited by other imprinted genes 

in these tissues (Gregg et al., 2010; Prickett and Oakey, 2012). Interestingly, most of the genes 

specifically imprinted in the brain or placenta are different from those specifically expressed in 

these two tissue types, respectively. Together, superimposition of the observations of overall 

expression and expression differences of the parental alleles suggest that a substantial number of 

imprinted genes, (approximately 60 genes) are targeted through imprinting or expression to the 

placenta or the brain (Gregg et al., 2010). Expression profiles of more imprinted genes are 

clearly warranted for corroborating this idea.  

 

Physiological Roles of Imprinted Genes in the Placenta 

 

The pioneer nuclear transfer studies, which lead to the discovery of genomic imprinting, 

also highlighted an essential role of imprinting in development of embryonic and extraembryonic 

tissues. Parthenogenetic embryos initially appear normal but die by E10 due to absence of the 

placental tissue. On the other hand, androgenetic embryos are grossly developmentally delayed 

and growth restricted, and die by E8.5, while containing an overabundance of placental tissue 

(Barton et al., 1984). These experiments are consistent with the enriched expression and role of 

imprinted genes during embryogenesis, particularly in the placenta. Accordingly, the role of 

imprinting in the physiology of the placenta has been the focus of many studies.  
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Before summarizing the role of genomic imprinting in the placenta it is necessary to 

provide a general overview of its organization and physiology. The placenta is derived from 

trophoblasts, which is the first discernable cell type arising during embryogenesis. At least eight 

trophoblast-derived cell types contribute to the placenta, each differing in expression pattern, 

localization, and physiological roles. The placenta is composed of three broad regions: the 

parietal trophoblast giant cell (PTGC) layer, the junctional zone, and the labyrinth layer. The 

PTGC layer lines the implantation site and separates the embryo from maternal tissues. The 

junctional zone is composed of glycogen cells, which provide an energy source during late 

gestation for embryonic growth and parturition; and Spongiotrophoblasts, which secrete 

prolactin hormones that modulate maternal physiology during pregnancies. The labyrinth layer 

integrates both maternal and fetal blood flows, and regulates nutrient transfer to the embryo 

(Tunster et al., 2013).  

Interestingly, the roles of imprinted genes in the placenta appear to be aimed towards its 

nutrient transfer functions. For instance, paternally expressed gene 10 (Peg10), which is thought 

to regulate multiple intracellular signaling cascades, is essential for the formation of both 

junctional zone and labyrinth layer. This gene is expressed in all trophoblast lineages. Although 

the paternally transcribed mitogen, Insulin growth factor 2, is widely expressed across the 

placenta, loss of its expression results in drastic reductions specifically of the labyrinth layer and 

the glycogen cell population. Maternally expressed Ascl2 produces a transcription factor 

essential for the lineage maintenance of glycogen cells and spongiotrophoblasts. This gene is 

specifically expressed in the labyrinth layer and junctional zone during a small time window 

during midgestation. Loss of function of the maternally expressed Phlda2, which encodes a small 

cytoplasmic protein of unknown function, results in placental overgrowth accompanied by an 
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overabundance of glycogen cells. This gene is expressed in cell precursors of the junctional zone 

and labyrinth cell lineage. Important roles in placental function have been demonstrated for 

several other imprinted genes (Tunster et al., 2013). These results highlight common roles of 

imprinted genes in placenta physiology and additionally exemplify how they are brought about 

by a combination of diverse specific biological functions expressed in the different cell types. By 

generalization, it is likely that this principle applies in other tissues targeted by imprinting, 

mainly the brain.  

 

Expression of Imprinted Genes in the Brain 

 

Out of all somatic tissues the brain appears to be the most enriched in the expression of 

imprinted genes.  The brain is also the tissue where the highest number of genes is expressed. 

The expression of large subsets of imprinted genes in the brain could therefore result from the 

overall molecular complexity of the brain, in which case the highest number of imprinted genes 

should be found in the most cellularly heterogeneous brain regions such as the cortex. 

Alternatively, genomic imprinting may target specific functions of the brain, in which case an 

enrichment of imprinted genes should be found in specialized brain areas. 

The Allen Brain Atlas provides a high-resolution map of gene expression across the brain 

based on in situ hybridization assays. Using this atlas, our group has previously observed that a 

large fraction of known imprinted genes (45) are expressed in one or more of the 118 brain 

regions surveyed (Gregg et al., 2010). Furthermore, while the majority of imprinted genes are 

ubiquitously expressed in the brain around 15 imprinted genes are expressed in only a subset of 

brain regions. These genes appear mostly expressed in amygdalar, hypothalamic, and 
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monoaminergic regions. More specifically, this expression is enriched in the medial and central 

amygdala, as well as in the medial preoptic area and arcuate nucleus of the hypothalamus. 

Enriched monoaminergic regions include the dopaminergic ventral tegmental area and substantia 

nigra, the serotonergic dorsal raphe along with other raphe nuclei of the midbrain, and the 

noradrenergic locus coeruleus. Additionally, the ventral lateral septum, the nucleus accumbens, 

the bed nucleus of the stria terminalis, and the periaqueductal gray also show strong 

representation of imprinted genes (Gregg et al., 2010). These results are reminiscent of those 

observed across the body in which the expression of few imprinted genes is spatially regulated 

while most are ubiquitously expressed, and suggest the targeting of imprinted gene functions to 

specific brain regions, in particular brain regions involved in the regulation of social, feeding and 

motivated behavior.  

These measurements of expression, however, could not assess the actual imprinted status 

of the expressed genes, nor did they distinguish the expression of individual parental alleles and 

the strength –or absence of parental allelic expression bias. Since genomic imprinting is not 

necessarily manifested in an all-to-none fashion, or may even be inexistent for some genes 

known to be imprinted in non-brain tissue, the true extend of genomic imprinting in a given brain 

regions is still an open question. Furthermore, the extraordinarily high molecular complexity of 

the brain begs the question on whether or not additional, yet unidentified neural genes may be 

subject to genomic imprinting. 
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Genomic Imprinting and Neural Development 

 

Neurodevelopmental abnormalities in uniparental mouse chimeras 

In the late 1980s nuclear transfer experiments were employed to study the functional 

significance of imprinted genes past the earliest embryonic stages (Fundele and Surani, 1994). 

Rather than generating uniparental zygotes, which did not survived past early embryonic stages, 

as was done in the initial pioneering studies of imprinting, in this approach mouse chimeras were 

generated that contained a mix of normal cells together with uniparental cells. The uniparental 

cells were either parthenogenetic cells (PG), which carried only maternal chromosomes, or 

androgenetic cells, which carried only paternal chromosomes. Strikingly, these experiments 

revealed that PG chimeras exhibit larger brains but smaller bodies than controls while AG 

chimeras exhibit the opposite pattern: smaller brains and bigger bodies (Keverne et al., 1996). It 

was later shown that this phenotype could be explained by the expression of a single gene, Grb10 

(Charalambous et al., 2003, 2010; Garfield et al., 2011), which is maternally expressed in the 

body and paternally expressed in the brain. These experiments with chimeras also allowed the 

tracking of uniparental cells within developing tissues. Intriguingly, data showed that the 

contributions of the two forms of uniparental cells to brain regions were highly different. PG 

cells were found to localize mainly to the cortex, striatum, and hippocampus but not 

hypothalamic regions, while AG cells were found to localize mainly to hypothalamic regions but 

not cortical areas (Keverne et al., 1996). These results suggested that maternal specific 

expression is essential to the development of higher brain regions while paternal specific 

expression targets hypothalamic neurons. To this day, it remained unknown how many and 

which specific genes contribute to these patterns.   
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Roles of Imprinted Genes in Neural Development 

The experiments with uniparental mouse chimeras clearly highlighted the notion that 

genomic imprinting plays an important role in brain development. However, these experiments 

could not resolve the specific biological functions regulated by imprinting and the identity of 

genes responsible for these functions. Below I will describe several key experiments, which have 

established the involvement of imprinted genes in several aspects of neural developmental 

functions including neuronal differentiation, migration, and survival. The majority of these 

experiments have been performed in the amenable experimental setups provided by 

corticogenesis and cerebellar development and it is therefore still unclear whether the findings 

apply to the development of other brain regions. 

 

Neuronal differentiation  

Role in the regulation of neuronal differentiation has been observed for a handful of 

imprinted genes. Plagl1 (Pleiomorphic adenoma gene-like 1) is a paternally expressed 

transcription factor that regulates the expression of multiple other imprinted genes including 

Igf2, H19, Cdkn1c, Dlk1, and Rasgrf1 (Hoffmann and Spengler, 2012; Hoffmann et al., 2003; 

Varrault et al., 2006). During embryonic stages Plagl1 is expressed in actively proliferating brain 

regions including the arcuate and amygdaloid regions and the cerebellum, and is also expressed 

post-parturition in the subventricular zone (Valente and Auladell, 2001). In the cerebellum 

Plagl1 expression is restricted to the cerebellar ventricular zone and external granular layer of 

lobule IX and in two types of GABAergic interneurons generated from each region. 

Accordingly, Plagl1 paternal deletions exhibit smaller cerebellar lobule IX and reduce numbers 

of interneurons (Chung et al., 2011). In the neocortical subventricular zone Plagl1 prevents 
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astroglial differentiation (Schmidt-Edelkraut et al., 2013) and promotes neural differentiation by 

the activation of the maternally expressed Cdkn1c. Cdnk1c is a regulatory protein that prevents 

entry to S phase and cell divisions by inhibiting cyclin D kinases (CDKs). Thus, after Plagl1-

depedent activation, Cdkn1c induces cell-cycle arrest of neural progenitors, a necessary step for 

eventual neural identity (Schmidt-Edelkraut et al., 2014). Indeed, regulation of Cdkn1c levels 

influences multiple aspects of neuronal differentiation during corticogenesis. The balance 

between CDKs and Cdkn1c controls the production of neurons in all cortical layers but primarily 

of layers 5 and 6, where lower Cdkn1c levels result in a higher number of neurons in layers 5 and 

6.   

Thyroid hormone regulates essential processes during brain development including 

neural differentiation, migration, myelination, and synaptogenesis (Horn and Heuer, 2010). The 

paternally expressed Type 3 Deiodinase (Dio3) is the enzyme primarily responsible for thyroid 

hormone inactivation. Interestingly, Dio3 expression is highly regulated across brain regions and 

developmental stages (Charalambous and Hernandez, 2013), which were recently shown to 

coincide with regulations in its imprinted expression (Martinez et al., 2014). In the cerebellum, 

stimulation of thyroid hormone triggers differentiation of granule cell progenitors from the 

external layer into internal-layer granule cells. Dio3 regulates the timing of this process and its 

absence ((Ferrón et al., 2012) in homozygous mutants results in premature disappearance of the 

external layer, expansion of the overlying molecular layer and reduced cerebellar foliation 

(Peeters et al., 2013). Furthermore, these animals show abnormalities in locomotor abilities 

controlled by the cerebellum. 

The paternally expressed Dlk1 expresses two types of isoforms. Short isoforms, which 

encode a membrane protein possessing growth-factor domain similar to the Delta-Notch family, 
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and long isoforms, which encode a protein that is cleaved in the extracellular side of the 

membrane resulting in a secreted form of DLK1. Although DLK1 appears to be dispensable for 

embryonic neurogenesis it plays an essential role in postnatal neurogenesis (Ferrón et al., 2012). 

Postnatal neurogenesis occurs in specialized microenvironments found in the hippocampus and 

subventricular zone, which contain niche astrocytes essential for this process. These niche 

astrocytes excrete the secreted version of DLK1. Strikingly, secreted DLK1 is recognized by a 

membrane bound DLK1 present in neural stem cells (NSC). This interaction is essential for NSC 

proliferation. Surprisingly, Dlk1 selectively loses imprinting and is biallelically expressed in 

both NSCs and astrocytes (Ferrón et al., 2012). Additional imprinted genes, such as Rasgrf1, 

have also been implicated in the regulation of postnatal neurogenesis (Darcy et al., 2013). 

 

Neuronal Migration 

A subset of imprinted genes has also been implicated in the regulation of neuronal 

migration. The maternally expressed Kcnk9 gene encodes a potassium channel that regulates 

neuron excitability by mediating membrane resting potential. Neural activity plays an essential 

role in hebbian connectivity, and has also been implicated in the regulation of neuronal 

proliferation, differentiation, and migration. In the developing cortex, neuronal migration to 

layers II and III is largely impaired after Kcnk9 shRNA knockdown indiscriminate of alleles. 

This phenotype is rescued by reintroducing wild-type Kcnk9 but not by dominant negative 

mutations. Indeed, this phenotype is associated with decreased permeability of migrating 

neurons, which raises the resting potential and increases spontaneous calcium transients (Bando 

et al., 2014). How these abnormal currents regulate neuronal migration remains to be elucidated. 
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Cdkn1c also regulates cell migration through its mediation of cytoskeleton dynamics. The 

normally cytoplasmic LIM-domain protein kinase is sequestered to the nucleus upon binding of 

Cdkn1c. This kinase reduces the actin polymerization by inactivating the actin binding factor 

cofilin, which in turn reduces cell migration (Tury et al., 2012). Indeed, Cdkn1c mutants have 

impaired cortical cell migration and reduced populations in higher cortical layers, while 

overexpression of Cdkn1c results in the opposite effect (Tury et al., 2011).   

 

Neuronal Survival 

Programmed cell death or apoptosis, is pervasive throughout the developing brain where 

it plays essential roles in neural patterning and connectivity (Buss et al., 2006). Accordingly, 

apoptosis is tightly regulated in the brain according to space and time. Multiple imprinted genes 

have been associated with neuronal survival including the paternally biased Bcl-xL (Gregg et al., 

2010), which represents the primary anti-apoptotic signal of brain cells (Kuan et al., 2000). Bcl-

xL primarily prevents apoptosis by counteracting the role of pro-apoptotic proteins, which 

induce the release of mitochondrial intermembrane proteins that irreversibly engage the 

apoptosis pathway. In the brain, however, Bcl-xL has been postulated as a general protector of 

neuronal homeostasis preventing neurotoxicity and neurodegenerative stimuli, besides its anti-

apoptotic roles. The neuroprotective mechanisms of Bcl-xL include regulation of mitochondrial 

bioenergetic efficiency, vesicle recycling, prevention of synaptic long-term depression, neural 

plasticity and impeding glutamate excitotoxicity (Jonas et al., 2014; Li et al., 2010b). 

In addition to Bcl-xL, other imprinted genes have been shown to regulate apoptosis in a 

region-specific manner. The role of paternally expressed gene 3 (Peg3) in apoptosis appears to 

be context-dependent. In non-neuronal lineages Peg3 expression is induce by p53, which causes 
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Bax mitochondrial translocation followed by apoptosis (Deng and Wu, 2000; Relaix et al., 

2000). However, absence of Peg3 in the brain results in reduced size correlated with increased 

apoptosis, suggesting Peg3 serves anti-apoptotic functions in the brain. Furthermore, the 

penetrance of this phenotype varied according to brain region and the sex of the individual 

(Broad et al., 2009).  

Other imprinted genes expressed in the brain associated with apoptosis and overall neural 

development include Kcnk9, Ndn, Trappc9, Nnat, Cobl, Adam23, and Grb10  (Gregg et al., 

2010; Nantel et al., 1999; Patel and Lazdunski, 2004; Takazaki et al., 2002). These genes will not 

be described in detail, but they highlight the importance of genomic imprinting in 

neurodevelopmental processes.  

 

Synaptic Function 

 

Synaptic communication between neurons regulates the wiring of the developing brain 

and the function of the mature brain. Multiple imprinted genes are associated with synaptic 

regulation and neural plasticity. Of these the maternally biased Ube3a is the best characterized. 

Ube3a codes for an E3 ubiquitin ligase localized to postsynaptic compartments. In the cortex, 

maternal deletion of Ube3a causes reductions in dendritic spine density and length. Ube3a 

deficient neurons exhibit a higher threshold for long-term potentiation (LTP) induction, which 

are correlated with Ca2+/calmodulin-dependent protein kinase II (CaMKII) phosphorylation of 

threonine305 (Thr305). Introduction of a CaMKII Thr305Ala mutant rescues LTP and associated 

phenotypes (Mabb et al., 2011). The targets of Ube3a ligase activity involved in its LTP 
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regulation are still unclear but one promising candidate is Ephexin5, a RhoA guanine nucleotide 

exchange factor that prevents synaptic formation (Margolis et al., 2010).  

Paternally expressed Rasgrf1 is another imprinted gene, which functions in the synapse. 

Rasgrf1 directly interacts with the NR2B subunit of NMDA receptors (Krapivinsky et al., 2003). 

In the hippocampus, Rasgrf1 participates in NMDA receptor-mediated long-term depression 

(LTD) but not LTP (Li et al., 2006). Homozygous mutants as well as paternal deletions of 

Rasgrf1 show poor performance in contextual-memory tasks that are dependent on the 

hippocampus (Brambilla et al., 1997; d’Isa et al., 2011; Giese et al., 2001; Li et al., 2006). In 

contrast, Rasgrf1 in the amygdala regulates LTP involved in fear conditioning (Brambilla et al., 

1997). 

Other imprinted genes exerting regulatory functions on the synapse include Xlr3b, Xlr4b, 

Commd1, Adam23, Ago2, Cdh15, Igf2, Igf2r, Snx14, and Impact (Cubelos et al., 2010; Gregg et 

al., 2010; Roffe et al., 2013).  These genes will not be described in detail, but they highlight the 

importance of genomic imprinting in synaptic regulation. 

 

Imprinted Genes and Functional Circuits 

 

In earlier parts, I have described work showing the preferential expression of imprinted 

genes in the brain, the dynamic regulation of their expression levels and imprinting status, plus 

important functions in the development and physiology of neurons. In turn, these findings raise 

questions about their role in brain activity and behavior: are imprinted genes involved in 

regulating a wide range of brain functions and behaviors or do they converge on affecting 

specific aspects of brain activity? An increasing body of information suggests that the latter is 
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true as the function of imprinted genes appears to be associated with the regulation of specific 

neural circuits within the brain.  

 

Hypothalamic neurons 

The hypothalamus is a highly conserved, ancient brain region which functions as a master 

regulator of homeostasis by sensing internal states and coordinating appropriate physiological 

and behavioral responses. Accordingly, the hypothalamus contains a diverse number of cell types 

that form complex interactions with each other and with other brain regions (Sternson, 2013). As 

discussed above, the expression of imprinted genes is highly enriched in the hypothalamus. 

However, a substantial diversity in the expression of imprinted genes exists within hypothalamic 

cell types. Strikingly, cell types involved in the regulation of feeding and energy consumption as 

well as social behaviors appear particularly enriched in the expression and function of a subset of 

imprinted genes.  

Orexin neurons 

Orexin neurons of the lateral hypothalamus regulate sleep and wakefulness, energy 

balance and energy consuming behaviors such as locomotor activity (Burt et al., 2011). The 

maternally expressed gene Kcnk9 is preferential found in orexin positive neurons of the 

hypothalamus. Glucose levels are detected in the membrane of orexin neurons and induce an 

intracellular signaling cascade that modulates ion transportation by Kcnk9 and alter the resting 

membrane potential of orexin neurons. By this mechanism orexin neurons can encode variations 

in glucose levels physiologically occurring between meals (Burdakov et al., 2006). Deletion of 

Kcnk9 leads to exaggerated nocturnal activity, which may also increase feeding (Linden et al., 

2007). 
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POMC neurons 

Pro-opiomelanocortin (POMC) neurons of the arcuate nucleus are important regulators of 

food intake, energy expenditure and glucose metabolism (Sternson, 2013). The maternally biased 

Asb4 is down-regulated in POMC neurons during fasting periods and increase after injection of 

leptin but not insulin. Interestingly, insertion of an Asb4 transgene with POMC specific 

expression results in increased food intake but reduced body weight. Furthermore, these animals 

show increase rates of energy consumption and locomotor activity (Li et al., 2010a).   

Oxytocin neurons 

Oxytocin (OT) is a neuropeptide with diverse roles in physiological responses and social, 

reproductive and parental behaviors. OT neurons of the hypothalamic paraventricular nucleus 

have been particularly implicated in feeding behavior where they enhance response to satiety 

signals. Disruption of synaptic release of OT neurons results in overeating (Zhang et al., 2011). 

Deletions of the paternally expressed genes Peg3 and Ndn result in reductions in the number of 

oxytocin neurons in the PVN (Li et al., 1999; Muscatelli et al., 2000). Peg3 mutants in particular 

exhibit impair suckling behavior and often die in the first week of life (Curley et al., 2004). 

Deletion of another paternally expressed gene, Magel2, does not affect the number of OT 

neurons (Kozlov et al., 2007) but reduces concentration of mature OT peptides (Schaller et al., 

2010). This is associated with poor suckling resulting in newborn death. Interestingly, injections 

of OT immediately after birth can rescue suckling and neonatal lethality (Schaller et al., 2010).  

Other imprinted genes exhibiting preferential expression in these and other feeding-

associated neurons are Dlk1, Nnat, Calcr, Gnas, GnasXL and Dio3. Enrichment of imprinted 

genes in the regulation of feeding and energy consumption is reminiscent of the role of imprinted 
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genes in the placenta and embryo. Thus, it appears that resource allocation is a general function 

of genomic imprinting in mammals. 

Monoaminergic Regions 

In the brain the monoamines serotonin (5HT), dopamine (DA) and norepinephrine (NE) 

function as neuromodulators of a wide range of neuronal processes controlling motivated 

behaviors, feeding and stress responses among others. Monoamine expression is restricted to 

specific brain nuclei of the midbrain and hindbrain including the dopaminergic ventral tegmental 

area and substantia nigra, the serotonergic dorsal raphe and the norepinergic locus coeruleus. 

Several imprinted genes are preferentially expressed in these brain regions. In general, 

expression of imprinted genes in these regions seems to regulate the concentrations of 

monoamines resulting in diverse behavioral outcomes.   

 

Tyrosine hydroxylase (Th) is the rate-limiting enzyme in the synthesis of DA and NE, 

while Tryptophan hydroxylase is the rate-limiting enzyme of serotonin synthesis. The products 

of both enzymes are then processed by DOPA-decarboxylase (Ddc) before the eventual 

generation of all three monoamines. Thus, these enzymes control monoamine levels in the brain. 

Interestingly both Th and Ddc show preferential maternal expression in the medial preoptic area 

(Gregg et al., 2010) but it is currently unknown whether they are also imprinted in 

monoaminergic nuclei.  

In the brain, the paternally expressed Sgce is preferentially found in midbrain 

dopaminergic neurons and the dorsal raphe (Chan et al., 2004). Deletion of Sgce in the brain 

results in myoclonus, motor deficits, hyperactivity and anxiety- and depression-like behaviors 

(Yokoi et al., 2006). In dopaminergic nucleus the levels of DA are substantially increase and 
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correlated with a decrease of Dopamine D2 autoreceptor (Yokoi et al., 2012). These results 

suggest that imprinting of Sgce regulates dopamine levels in the brain.  

The expression of a set of genes essential for DA metabolism in midbrain neurons is 

controlled by the transcription factors Nurr1 and Pitx3. Nurr1 targets the promoter of Dlk1 and 

controls its expression in the early embryo. Analyses in the Dlk1 knockouts reveal this gene 

prevents early expression of the Dopamine transporter (DAT) in the early embryo and thus 

premature dopaminergic differentiation (Jacobs et al., 2009). However, according to the Allen 

brain atlas Dlk1 expression is maintained in adult dopaminergic neurons thus is possible that a 

regulatory role of DAT levels. Since DAT regulates the synaptic reuptake of dopamine, Dlk1 

modulation of DAT might also regulate dopamine levels in the brain. 

The Gnas locus of distal chromosome 2 shows a complex pattern of imprinting where 

both maternally expressed and paternally expressed isoforms are produced from the same 

transcriptional unit. Two protein coding isoforms generated from these loci are particularly 

interesting: the maternally expressed G-protein subunit alpha (Gnas), the paternally expressed 

large G-protein subunit alpha (GnasXL). The only difference between the protein products of 

Gnas and GnasXL is a large amino-terminal domain of GnasXL. Both of these proteins can 

stimulate adenylyl cyclase in response to receptor activation and in some circumstances they can 

replace each other in terms of receptor binding (Liu et al., 2011). Although at the cellular level 

these proteins appear to carry similar process, at physiological level they confer opposing 

phenotypes. While Gnas appears to be ubiquitously expressed in the brain, GnasXL is restricted 

to monoaminergic regions and specific hypothalamic nuclei. The absence of Gnas causes 

tremors, hyperactivity and a decrease metabolic rate leading obesity in adults. Strikingly, the 

absence of GnasXL results in the opposite phenotype, where animals are inactive, 
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hypermetabolic and lean as adults. Furthermore, GnasXL mutants reduce suckling behavior as 

pups (Plagge et al., 2004). Together these results highlight important interactions between the 

functions of imprinted genes and suggest these effects mainly take place in hypothalamic and 

monoaminergic regions.  

 

Imprinted Genes in Memory and Cognition 

 

In addition to roles in instinctive behaviors and drives performed by imprinted genes, as 

described above, a different subset of imprinted genes appears to regulate higher brain functions. 

In humans multiple neurodevelopmental disorders are associated with mutations in imprinted 

genes. Maternally inherited mutations of UBE3A cause Angelman syndrome (AS), which is 

characterized by mental retardation, communications deficits, ataxia and inappropriate laughter. 

Maternal deletions of Ube3a in mice recapitulate some of the features observed in AS including 

cognitive deficits and impair motor coordination. For instance, Ube3am-/p+ show substantially 

slower learning in a contextual fear conditioning paradigm (Jiang et al., 1998). Additionally, 

Ube3am-/p+ exhibit diminish response to monocular depravation during the visual cortex critical 

period indicating defects in neuronal plasticity (Sato and Stryker, 2010). In humans, mutations in 

the maternally expressed TRAPPC9 and KCNK9 also caused mental retardation (Barel et al., 

2008; Mochida et al., 2009). 

Multiple imprinted genes have also been implicated in the mechanisms of memory 

formation. As mentioned above deletion of Rasgrf1 impairs memory consolidation in the 

amygdala and hippocampus (Miller et al., 2013). Recently, it was shown that upregulation of 

Igf2 in the hippocampus enhances memory consolidation and prevents forgetting. Injections of 
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recombinant Igf2 after training or memory retrieval recapitulate this effect. Igf2-mediated 

cognitive enhancement requires protein synthesis, regulator of cytoskeleton associated proteins 

and glycogen-synthase kinase 3 which regulates receptor trafficking (Chen et al., 2011). 

Interestingly, Igf2 switches from paternally expressed in the embryo to maternally expressed in 

the adult brain (Gregg et al., 2010). Determining the significance of this allelic switch in memory 

consolidation will be particularly important.  
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CONCLUSION  

Are the biological functions of imprinted genes interconnected? This question can be 

addressed at multiple biological levels. The simplest possible relationship between imprinted 

genes is that the molecules they produce share biochemical properties indicative of similar 

cellular functions. However, a close examination shows that there is no apparent relationship 

between the various molecules produced or cellular function performed by imprinted genes. A 

second potential characteristic that could link imprinted genes with each other is the existence of 

correlated expression patterns. Most imprinted genes do not share common expression patterns 

across the development of body tissues. However, the expression of a substantial subset of 

imprinted genes is particularly enriched in tow tissues: the placenta and the brain. Alternatively, 

patterns of differential expression between the two alleles can be assessed for imprinted genes 

across tissues. Although this only has been analyzed for a selected number of genes in a handful 

of tissues, a similar enrichment of differential expression between parental alleles can be 

observed in the brain and the placenta. Importantly, imprinted genes exhibiting spatial regulation 

of overall expression are by and large different than those in which differential expression 

between the two alleles is spatially regulated. Finally, associations between imprinted genes can 

be made at the phenotypic level, if their functions regulate common physiological or behavioral 

processes. This indeed appears to be the case for multiple genes. In the placenta, imprinted genes 

regulate levels of energetic supplies stored by this tissue. In the brain, hypothalamic expression 

of imprinted genes regulates feeding behavior and levels of physical activity by regulation of 

multiple neuronal types, again highlighting a role of imprinting in resource allocation in different 

tissues and developmental stages. Furthermore regulation of dopamine levels as well as other 

monoamines can control multiple motivated behaviors and imprinted genes may influence higher 
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brain functions by their regulation of neuronal plasticity and memory. Together, these 

observations strongly indicate biological interactions and common roles of imprinted genes at 

level of tissue physiology of the brain and placenta. 
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THESIS AIMS 

Many gaps still exist in the understanding of the biology of genomic imprinting. First, the 

total number of imprinted genes remains unknown. Indeed, genome-wide profiles of the factors 

controlling genomic imprinting highlight multiple genomic regions not currently associated with 

preferential parent-of-origin expression (discussed in chapter 2). Moreover, dynamic regulation 

of known imprinted genes in the brain suggests that different regions may exhibit unique patterns 

of imprinting. The first aim of my thesis work is to establish a robust approach to accurately 

identify imprinted genes and explore the repertoire of imprinted genes in the cerebellum. This 

brain area provides unique experimental advantages for RNA-seq experiments and potential 

follow up functional studies on imprinted genes. The results of these experiments are described 

in chapter 3.    

Imprinted genes have been shown to play important roles in the maturation of the brain. 

Another experimental advantage of the cerebellum is its unique accessibility during periods of 

neuronal development. Thus, accessing imprinting during key stages of cerebellar maturation 

could yield important insights in the role of imprinted genes in these processes. The second aim 

of my thesis work investigates the regulation of imprinted genes during an important milestone 

of cerebellar development. The results of these experiments are described in chapter 4. 

As discussed above the differential expression between the two alleles, which I refer to as 

parental biases, can be regulated according to tissue types and even across brain regions. 

However, this aspect of imprinted genes remains largely unexplored and to date only our group 

has conducted systematic profiling of imprinting across multiple brain regions (Gregg et al., 

2010). In my third aim I compared the parental biases of a selected number of imprinted genes 
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in the brain and other body tissues, and also within different brain regions. The results of these 

experiments are described in chapter 4.  
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Chapter Two 

Epigenetic Mechanisms Regulating Imprinted Genes 

 

Part of this chapter will be incorporated in a review in preparation Dulac, C., Rubinstein, N.D., 

Perez, J.D, Gregg C Annu Rev Neurosci, 2016.  
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INTRODUCTION 

 

Ever since it was discovered, the phenomenon of genomic imprinting has provided a 

fascinating biological conundrum, raising still largely unsolved questions about its functional 

significance, and specific molecular mechanisms underlying this unique form of gene regulation. 

Based on the unique biological features of this unusual form of gene regulation, and before the 

first imprinted genes were discovered and specific epigenetic mechanisms were associated with 

the establishment of genomic imprinting, a first hypothetical model of the life cycle of imprinted 

genes was postulated (Figure 1). First, one should expect imprints to be established at a 

developmental time point between the birth and the maturation of the parental gametes, as germ 

cells transmit the genetic material to the offspring and therefore define the identity of its 

constituent maternal and paternal genomes. Thus, one can postulate that female and male germ 

lines establish their own unique imprints. Second, the unique markings of each genome 

associated with imprints must be maintained throughout cell divisions and survive reprograming 

events occurring in the early embryo, such that they can persist in somatic cell lineages of the 

developing and mature organism. Third, imprints must be capable of regulating gene expression 

either directly or indirectly within somatic tissues, in order for them to have a phenotypic effect. 

Finally, imprints must be erased in the new germ line, otherwise a female individual will pass 

paternal-specific imprints to it offspring and similarly a male individual will pass maternal-

specific imprints to its offspring. Implied within this cycle are unique and complex challenges 

for the epigenetic and transcriptional machinery underlying genomic imprinting.  

In this chapter I will describe our current understanding of the molecular mechanisms 

that underlie the life cycle of genomic imprinting. Most studies cited will relate to genomic  
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Figure 2.1: Life Cycle of Genomic Imprinting 
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imprinting in the mouse, unless otherwise specified. This information should aid in the 

interpretation of our results and in the formulation of future experiments inspired by our data. 
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GENOMIC ORGANIZATION OF IMPRINTED GENES 

 

Clustered Organization 

 

A striking majority of imprinted genes (90%) are not randomly located in the genome, 

but are rather colocalized into large gene clusters where they lie side by side. Up to date, 20 

imprinted clusters have been identified in the mouse genome (Table 1). These clusters vary 

significantly from each other both in size, which ranges from 15Kb to 5Mb, and in the number of 

imprinted genes per cluster, which ranges from 2 to 29. Interestingly, most imprinted clusters 

contain both maternally and paternally expressed transcripts. Why are imprinted genes clustered 

is not entirely clear, although a largely accepted hypothesis is that this organization facilitates the 

regulation of imprinting of multiple genes by coordinated mechanisms (Reik and Walter, 2001).  

At first glance, genes within an imprinted cluster do not seem to be functionally related, 

as is the case for other clustered genes such as Hox genes, olfactory receptors, and β-

hemoglobins. This classification, however, depends on the definition of shared function. Indeed, 

if shared function is broadly defined, such as a common contribution to growth regulation or 

brain function (Chapter I), genes within imprinted clusters can often be seen as functionally 

related. For instance, the Prader-Willi cluster on chromosome 7 contains multiple protein coding 

and non-coding transcripts of diverse molecular and cellular functions. Still deletions of 

individual genes result in related phenotypes associated with brain function, eating behavior and 

hormonal regulation. 
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Singletons  

 

A small number of isolated imprinted genes, or singletons, have also been observed 

(Table 2). It remains possible that genes flanking such singletons are imprinted as well, yet the 

particular time points or tissues and cell types in which their expression is parentally biased have 

not yet been discovered. The Grb10 imprinted gene serves as an example for this argument, as it 

was initially believed to be isolated. However it was later shown that its two flanking genes, Ddc 

and Cobl, show mild parental biases in the hearth and yolk sac, respectively (Menheniott et al., 

2008; Shiura et al., 2009). The molecular mechanisms regulating imprinted expression of these 

genes are similar to those controlling expression within imprinted clusters.  

 

DNA Sequences Enriched within Imprinted Regions 

 

 Substantial efforts have been directed towards the identification of specific genomic 

sequences that may be predictive of the presence of imprinted genes (Luedi et al., 2005, 2007). 

Such predictive sequences would help accelerate the discovery of additional imprinted genes and 

elucidate mechanisms by which genomic imprinting is established in the germ line. Based on 

limited data, Neumann et al. (Neumann et al., 1995) hypothesized that imprinting arose by the 

appropriation of the genome defense mechanism for the regulation of expression of transposable 

elements. Such genomic elements are enriched in repetitive sequences, which are recognized by 

the host defense mechanism and thus undergo methylation, leading to their heterochromatization 

as part of a silencing process. Indeed, direct tandem repeats are present in the vicinity of many 

imprinted regions, and various repetitive elements appear enriched in differentially methylated 
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regions of imprinted genes (Dindot et al., 2009; Neumann et al., 1995). However, a regulatory 

role for these elements has been described for only one imprinted gene (Yoon et al., 2002) while 

for several others they appear to be dispensable (Lewis et al., 2004; Reed et al., 2001; Sunahara 

et al., 2000). 

CpG islands are 200-2,000 bp long DNA sequences enriched for CpG dinucleotides that 

are found in the promoter regions of most mammalian genes. Methylation of the cytosines in 

these dinucleotides is associated with transcriptional repression, while an unmethylated state is 

associated with active transcription. Preliminary observations suggested that, on average, 

imprinted regions contain more CpG islands than biallelically expressed genes (Paulsen et al., 

2000). However, as the number of identified imprinted genes grew, allowing more powerful 

sequence analyses, it was realized that, while the overall per locus number of CpG islands was 

similar to that of biallelically expressed genes, imprinted genes contain more intragenic CpG 

islands (Hutter et al., 2006). As it will be discussed below, in most cases intragenic CpG islands 

control the expression of overlapping non-coding RNAs, which are often essential for the 

establishment and regulation of parental-specific expression.  
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Table 2.2: Isolated imprinted genes in the Mouse. In Gene-ID column red denotes maternally 
expressed, blue denotes paternally expressed. In associated gDMR column, red denotes 
maternally imprinted and blue denotes paternally imprinted. In insulator binding column red 
denotes insulator binding to the maternal allele, blue denotes insulator binding to the paternal 
allele, and black denotes that the allelic-specific insulator binding is currently unknown.  
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CHROMATIN REGULATION OF GENOMIC IMPRINTING: DNA METHYLATION 

 

DNA methylation is a biochemical reaction in which a methyl group is added to a 

cytosine or adenosine base. This process is primarily restricted to Cs in CpG dinucleotides in 

most cell types. Nevertheless, ES cells also contain significant CH (CA, CC or CT) methylation 

(Ramsahoye et al., 2000). Moreover, in the brain, neuron but not glial cells accumulate high 

levels of CH (CA, CC or CT) methylation as the animal matures and reaches adulthood (Lister et 

al., 2013). The great majority of CpG dinucleotides in the genome are constitutively methylated 

with the notable exception of the aforementioned CpG islands (CGIs). Besides the defining 

preferential expression according to parent-of-origin, differential DNA methylation of the 

parental alleles within regulatory regions (usually CGIs) is the most common feature of 

imprinted genes. Indeed, nearly all imprinted genes have been associated with at least one 

differentially methylated region (DMR) that is essential for their imprinted expression, and it has 

often been stated that methylation is the epigenetic signature that best defines the “imprint” of 

imprinted genes (Barlow and Bartolomei, 2014). 

DNA methylation is believed to be the optimal epigenetic mark for the life cycle of 

genomic imprinting due to four properties: (1) it can be covalently attached to the individual 

parental chromosomes in their haploid state in the germ line, (2) it can be inherited during DNA-

replication and therefore passed through daughter cells after cell division, (3) it can influence 

gene expression, and (4) it is a reversible and thus can be erased when it is time to establish a 

new mark (Bartolomei and Ferguson-Smith, 2011). 
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Erasure of Imprints: Demethylation 

 

As part of the imprinting life cycle each separate germ line must erase its parent-specific 

methylation marks to achieve a genomic clean slate where new imprints can be established 

according to the sex of the individual (Figure 1). This in turn allows the individual to transfer an 

appropriate program of imprinted expression to its progeny. Failure to erase the marks of the 

parental generation will result in either absence or overabundance in the expression of imprinted 

genes in the subsequent generation. Here I will first discuss the general mechanism by which 

DNA is demethylated followed by a description of how imprinting marks are specifically erased.  

 

DNA demethylation 

For many years it has been appreciated that the DNA can be demethylated according to 

the developmental stage or in a cell-type specific manner. In fact, genome-wide demethylation 

occurs at two developmental stages: (1) in both sets of primordial germ cells from E8.5 to 

approximately E15, (2) in both maternal and paternal genomes between the zygote and blastocyst 

stages. However, the mechanistic nature of these demethylation events is beginning to be 

understood only now. 

 

Passive Demethylation 

Removal of DNA methylation can, in principle, be accomplished by two broad 

mechanisms: passive demethylation and active demethylation. Passive demethylation occurs 

during DNA replication by inactivating the molecular machinery responsible of reproducing the 

methylation marks of the template strand into the daughter strand. After multiple cell divisions 
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this process will entirely dilute out, and thus erase the methylation marks at a certain genomic 

locus. Passive demethylation of both parental genomes, occurring between the zygote and 

blastocyst stage, appears to result from lack Dnmt1 activity, the enzyme responsible for 

maintenance of DNA methylation, which is preferentially localized to the cytoplasm during this 

stage (Hirasawa et al., 2008). 

 

Active Demethylation 

Active demethylation refers to the enzymatic conversion of 5-methylcytosine back to 

cytosine (Li and Zhang, 2014). The mechanisms of active demethylation are only now beginning 

to be understood, and only quite superficially. A major breakthrough has been the discovery that 

Ten-eleven translocation (Tet) enzymes can oxidize 5-methylcytosine to produce 5-

hydroxymethylcytosine (5hmC). These enzymes are able to further oxidize 5hmC into to 5-

formylcytosine (5fC) and to 5-carboxylcytosine (5caC), which are proposed intermediate 

modifications in the process of converting 5-methylcytosine back to cytosine.  

Two mechanisms have been suggested to achieve cytosine restoration: direct removal of 

the oxidized group at position 5 and complete base substitution through the DNA-repair 

pathway. Today only demethylation through DNA-repair has been confirmed. This occurs 

through the base excision repair pathway (BER), in which thymine DNA glycosylase (TDG) 

replaces 5fC and 5caC with unmethylated cytosines. Indeed, TDG null embryos exhibit altered 

epigenetic regulation, including hypermethylation in regulatory regions of key developmental 

genes, and die before term (Cortázar et al., 2011; Cortellino et al., 2011).  
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Erasure of Imprinted Differentially Methylated Regions in Primordial Germ Cells 

The process of erasing imprinted DMRs takes place in primordial germ cells (PGCs) as 

they develop into the gonads. Two major events of demethylation occur during PGC 

development. First, genome-wide demethylation is observed between E6.5 and E9.5 as PGCs 

proliferate and migrate. This is mostly due to passive demethylation as the machineries of de 

novo methylation and its maintenance are both significantly down regulated and absent from the 

nucleus of PGCs (Kurimoto et al., 2008; Seisenberger et al., 2012). DMRs of imprinted genes, 

however, maintain their methylation state stably during this first wave of demethylation and are 

independently erased during a second demethylation event between E10.5 to E13.5 as PGCs 

enter the genital ridge (Seisenberger et al., 2012). During this stage PGCs increase their 

proliferation rate suggesting passive demethylation (Kagiwada et al., 2013) is the dominant 

operating mechanism.  

However, recent work indicates that while Tet1 is not essential for demethylation of most 

genomic regions in PGCs it is important for that of imprinted DMRs (Yamaguchi et al., 2012, 

2013). This was recognized thanks to the phenotype of the progeny of Tet1 deficient males.  

Studies of Tet1-deficient fathers show that a substantial proportion of their progeny die 

during embryonic stages. Offspring that survive and reach term show a large distribution of sizes 

skewed towards smaller values. Some of these animals die soon after birth and a similar 

distribution of sizes is observed among those that survive. This pattern is highly correlated with 

the state of the placenta, where underdeveloped newborns are associated with smaller placentas 

with anatomical abnormalities. Interestingly, placental and growth abnormalities observed in 

affected embryos are reminiscent of the phenotype observed in paternal deletions of Paternally 

Expressed Gene 10 (Peg10) (Ono et al., 2005). Indeed, the DMR associated with Peg10 is overly 
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methylated in many of these embryos, together with most other maternally imprinted regions. 

Notwithstanding, it is important to emphasize that approximately half of the progeny of Tet1-

deficient males is normal in size and displays normal physiology. Progeny of Tet1-deficient 

mothers shows 25% embryonic lethality but does not have a significant effect in the size of 

surviving embryos.  

This study leads to the conclusion that the absence of Tet1 in both germ lines 

compromises the ability to erase imprints in the parental genomes during PGC development. In 

the male germ line, the failure to erase imprints in maternal chromosomes will result in a 

haplotype containing both maternal and paternal specific imprints. Passage of such genome to 

the next generation will result in abnormal silencing or overexpression of imprinted genes 

leading to the observed phenotypes in affected embryos. On the other hand, failure to erase 

imprints of paternal chromosomes still results in an appropriate haplotype containing only 

paternal-specific imprints and thus normal expression of imprinted genes (Figure 2.2) leading to 

unaffected embryos. An equivalent situation occurs in the female germ line and the substantial 

difference in maternal and paternal deficiencies of Tet1 are probably due to the fewer imprinting 

centers that are established in the male germ line (4 up to date) compared to the female germ line 

(28 imprinting centers up to date) (Wang et al., 2014).  

Nevertheless, it is important to point out that abnormalities of imprinted DMRs were 

highly variable across the affected embryos, and an atypical methylation of a given DMR was  
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Figure 2.2: Effect of Tet1 paternal knockout on a maternally methylated DMR 
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not predictive of the state of other imprinted DMRs. This suggests that erasure of imprints can 

also occur through Tet1 independent mechanisms, perhaps by passive demethylation, and that 

compensation between Tet1-dependent and -independent mechanisms may vary from one germ 

cell to the next (Yamaguchi et al., 2013). Accordingly, it has been observed that DMRs of 

imprinted genes exhibit different onsets and completions of demethylation, and there is 

substantial variability among-cells in the timing of this process (Lee et al., 2002). 

Despite this remarkable progress, several important questions regarding the erasure of 

imprints in PGCs still remain. How is methylation at DMRs protected during the first genome-

wide wave of passive demethylation? Although Dnmt1, the enzyme responsible for maintenance 

of methylation, remains present in the nucleus during this stage (Hajkova et al., 2002) other 

components essential for the targeting of Dnmt1 to methylated regions are absent from the 

nucleus at that time. Thus, it is possible that alternative mechanisms for the targeting Dnmt1 to 

imprinted regions are active during this stage. Related to this question is whether DMRs are 

actively or passively demethylated. Tet enzymes are not synonymous with active demethylation. 

Indeed, in addition to induction of the base excision repair (BER) pathway, Tet enzymes can 

facilitate passive demethylation since Dnmt1 has drastically lower affinity towards 5hmC 

compared to 5mC (Guo et al., 2014; Hashimoto et al., 2012a). Consistent with this possibility is 

the fact that PGCs increase their replication rate during the time window of DMR erasure 

(Kagiwada et al., 2013). On the other hand, previous work has shown activity of the BER 

pathway during this time window (Hajkova et al., 2010) and a recent report indicates BER-

dependent active demethylation of the Igf2-H19 DMR (Kawasaki et al., 2014). In the future it 

will be important to assess the genome-wide state of parental imprints in PGCs deficient in BER 

activity. Finally, it is still unclear what conditions induce the second wave of DNA 
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demethylation in PGCs, which result with erasure of DMRs. Which factors target the 

demethylation machinery to these regions and why do different imprinted genes have different 

timings of demethylation are also open question. Characterizing the functions of key components 

of the demethylation machinery coupled with chromatin profiles of DMRs during the erasure 

time window will be necessary to answer these questions.   

 

Establishment of Imprints: De Novo DNA Methylation 

 

De Novo DNA Methylation 

Methylation marks of the parental genomes are erased between E6.5 and E9.5 in the 

mouse embryo, before primordial germ cells begin differentiation (Seisenberger et al., 2012). 

Thus, as differentiation occurs, the opportunity to establish new imprints according to the sex of 

the individual becomes available. At this time what will constitute the maternal and paternal 

genomes of the next generation are isolated in the female and male germ lines, respectively. 

Therefore regulation of imprinted regions are no longer required to occur in cis, and genome-

wide mechanisms can be employed in the establishment of imprints. 

De novo methylation is regulated by Dnmt3 enzymes. Dnmt3a and Dnmt3b are 

methyltransferases that attach methyl groups to previously unmethylated cytosines. A related 

protein, Dnmt3L, does not contain the methyltransferase activity but performs an essential 

modulatory role to the activity of Dnmt3a and Dnmt3b. These enzymes introduce methylation to 

60-80% of CpGs in the genome suggesting methylation is the default state for most genomic 

regions (Smith and Meissner, 2013a). However, a notable exception from this pattern is the 

common unmethylated state of CpG islands, which will be discussed below. Depending on the 
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nature of the genomic region, the methylation machinery will function in concert with different 

chromatin regulators (Smith and Meissner, 2013b). For instance at repressed promoters, the 

Dnmt3 complex functions in concert with histone deacetylases (HDACs), methyltransferases of 

the histone 3 lysine 9 (H3K9), and nucleosome remodelers to induce heterochromatin assembly 

(Myant et al., 2011). At transposable elements, de novo methyltransferase recruitment depends 

on pi-RNA expression (Aravin et al., 2008). 

As it appears that the default state of most genomic cytosines is to be methylated, 

targeted protection is essential for proper epigenetic configuration of the naïve genome (Hackett 

and Surani, 2013; Smith and Meissner, 2013b). Multiple mechanisms are thought to mediate 

regional inhibition of de novo methylation. These include: proximal sequence elements, DNA-

binding factors including cell-type specific transcription factors and CpG island binding proteins 

as Cfp1, histone modifications, overlapping transcription, and localized RNA interruptions of 

dsDNA that form RNA-DNA hybrids and display a single DNA strand known as an R-loop 

(Chotalia et al., 2009a; Ginno et al., 2012; Lienert et al., 2011; Ooi et al., 2007; Stadler et al., 

2011; Thomson et al., 2010). These mechanisms can synergistically act to control the activity of 

the de novo methylation complex at specific genomic regions. For instance, interactions between 

Dnmt3l and the amino terminus of histone H3 normally recruit Dnmt3a and Dnmt3b to genomic 

regions. However, trimethylation of lysine 4 of H3 (H3K4me3) abolishes this interaction. This 

mechanism allows de novo methylation to occur only at regions containing unmethylated H3K4 

(Ooi et al., 2007). Interestingly, Cfp1 is essential for the presence of H3K4me3 in CGIs 

(Thomson et al., 2010), providing an interesting example of the integration of multiple 

mechanisms in localized protection from de novo activity. 
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Regulatory mechanisms of the de novo methylation complex such as these, allow 

differential treatment of homologous loci in the germ lines depending on the sex of the 

individual.  

 

Establishment of Genomic Imprints 

Once the genome has been stripped of its methylation and other epigenetic marks in the 

germ line, the epigenetic landscape is re-introduced. It is at this stage that imprinted regions 

become differentially regulated according to the sex of the individual. Re-establishment of the 

methylation landscape occurs at different developmental time points and cellular contexts in the 

male and female gonads. Although establishment of germ line DMRs (gDMRs) relies on similar 

mechanisms in the male and female germ line there are important differences between the two, 

with substantially more DMRs methylated in oocytes than sperm  (Hanna and Kelsey, 2014).   

 

Maternal Imprints 

In mice, PGCs undergoing meiosis in the female are arrested at Prophase I from E13.5 

until parturition when maturation and ovulation are set to ensue. De novo methylation of the 

female germ line occurs in arrested cells in the later portion of oocyte maturation and is 

completed when oocytes finish growing and enter a transcriptionally silent stage. Thus, no DNA 

replication occurs from the time of imprint establishment to the formation of the mature egg in 

the female germ line. Interestingly, maternal DMRs are established asynchronously but in a 

stereotypical order according to the diameter of the oocyte rather than its age (Kobayashi et al., 

2009; Lucifero, 2004). The oocyte genome is largely unmethylated except for gene-body CGIs 
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(Shirane et al., 2013) where the Dnmt3a-Dnmt3L complex provides de novo methylation activity 

(Kaneda et al., 2004, 2010).  

Currently, 28 maternally imprinted germ line DMRs (gDMRs) have been reported in 

mice, 20 of which are associated with parent-of-origin expression of at least one gene (Wang et 

al., 2014). These maternally imprinted DMRs consist of CpG islands at the promoters of coding 

and non-coding genes (Hanna and Kelsey, 2014). Intensive investigation searched for factors 

uniquely localized to maternally imprinted regions and that could account for their methylation. 

Recent work, however, suggests maternal imprints are established as part of a genome-wide 

mechanism, which in turn is dependent on active transcription over the regions that will become 

differentially methylated. Thus, it is suspected that transcription itself serves as the signal that 

helps targets methylation. This is supported by the observation that contrary to sperm, DNA 

methylation in oocytes is mostly confined to gene bodies of actively transcribed genes. 

Accordingly, 24 of 28 maternal gDMRs are localized in intronic regions (Wang et al., 2014) and 

it was demonstrated that transcription over future DMRs of both Gnas and Snrpn associated in 

the germ line is essential for establishment of maternal methylation (Chotalia et al., 2009b; Smith 

et al., 2011).  

However, as mentioned above, transcription over future DMRs is not restricted to 

imprinted regions in oocytes. Instead, thousands of additional intragenic CGIs are methylated in 

the oocyte but not the sperm (Smallwood et al., 2011). Contrary to imprinted DMRs, however, 

additional oocyte-specific methylated sites are mostly lost after the oocyte is fertilized and before 

embryo implantation in a period of both passive and active demethylation (Smallwood et al., 

2011; Wang et al., 2014). These observations suggest that rather than a targeted establishment of 

imprinting methylation marks in the oocyte, a directed protection of imprinted DMRs from 
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demethylation in the embryo is what determines the final set of maternally imprinted genes in a 

new organism. Indeed, factors that specifically protect imprinted regions in the embryo have 

been identified and will be discussed in later section. 

 

Paternal Imprints 

In the mouse male germ line, reestablishment of methylation begins before meiosis at 

E13.5 during mitotic arrest of spermatogonia precursor cells and is generally completed by 

E17.5. Thus, contrary to the female germ line, multiple cycles of DNA replication and cell 

divisions, where DNA methylation must be maintained, take place before mature sperm are 

generated. Both Dnmt3a and Dnmt3b are present in sperm and provide de novo activity together 

with their obligated cofactor Dnmt3L (Kaneda et al., 2004). In contrast to oocytes, the sperm 

genome is universally hypermethylated with the exception of CpG islands, which are, by and 

large, devoid of methylation (Erkek et al., 2013; Smallwood et al., 2011; Wang et al., 2014). 

Only 4 paternally methylated DMRs have been reported in mouse sperm all of which are 

associated with the parental-specific expression of at least one gene. Unlike the maternally 

methylated promoter CGIs, paternal DMRs resemble GC-rich DNA elements located in 

intergenic regions (Hanna and Kelsey, 2014).  Methylation of paternal DMRs is believed to 

occur as part of the global genome methylation observed in sperm precursors.  

Strikingly, one paternal DMR associated with the Rasgrf1 gene, undergoes a unique form 

of establishment of imprint. Out of all four paternal DMRs, the Rasgrf1 DMR of chromosome 9 

is the only one that requires the function of Dnmt3b, which is the principal de novo 

methyltransferase of various repetitive elements in the genome. Dnmt3b function can be targeted 

by PIWI RNAs (piRNAs), which recognize actively transcribing RNAs through sequence 
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complementary and induce chromatin rearrangements at these genomic loci. Residing within the 

Rasgrf1 associated DMR is the RMER4B retrotransposon, which is present in a few thousands 

copies throughout the mouse genome and contains sequences recognized by a piRNA cluster in 

chromosome 7. An RNA transcribed over the Rasgrf1 element is specifically expressed in 

prospermatogonia and recognized by piRNAs. This leads to the recruitment of the Dnmt3b 

complex, and therefore the male germ-line specific methylation of the Rasgrf1 DMR (Watanabe 

et al., 2011).  

 

A Working Model underlying the Establishment of Parental Imprints 

The current knowledge of de novo methylation in the gametes suggest that rather than 

being part of a targeted mechanism, the establishment of parental imprints is part of a default 

methylation processes in both germ lines (although there is less direct evidence in the male germ 

line) as summarized in Figure 3. In this model maternal imprints are set as part of a general 

process in which the oocyte genome undergoes methylation in CGIs associated with 

transcriptional activity. Paternal imprints are set as part of the global hypermethylation observed 

in intergenic regions in male gametes. Regions methylated in the male germ line will elude 

methylation in oocytes due to global hypomethylation. On the other hand, regions that are 

methylated in oocytes escape methylation in the male germ line due to the global protection of 

CpG islands. This model predicts the existence of many DMRs in the zygote, in a much higher 

number than actually associated with imprinted genes. Indeed, it is believed that the global 

demethylation of both parental genomes that occurs between the zygote and the blastocyst stage 

removes the majority of DMRs except from those associated with imprinted genes, which are 
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protected by specific factors that will be discussed below. Thus, the final set of DMRs appears to 

result from selective maintenance of marks established in the germ lines. 

 

Inheritance of DNA methylation throughout cell divisions 

 

Maintenance of DNA Methylation During DNA-Replication 

An essential feature of DNA methylation, which allows it to be the primary mark for 

parent-of-origin allelic expression, is its ability to be maintained throughout DNA-replication so 

it is inherited despite cell divisions. Failure of this maintenance will result in passive loss of 

methylation after multiple cell divisions. The palindromic nature of CpG dinucleotides provides 

a simple and reliable mechanism to achieve reproduction and maintenance of methylation 

patterns. Indeed, after DNA replication, methylated CpGs on the template strand is paired with 

unmethylated CpGs of the new strand forming hemimethylated DNA. Hemimethylated CpGs are 

recognized and methylated in the new strand by another methyltransferase, Dnmt1. This enzyme 

shows high affinity for hemimethylated DNA (Jeltsch, 2006), is most abundant during S-phase 

(Kishikawa et al., 2003), and localizes to the replication fork (Leonhardt et al., 1992). Embryos 

homozygous for a null allele of Dnmt1 have severe losses of DNA methylation and only develop 

to the 8-somite stage (Lei et al., 1996). 

Recently, a factor essential for Dnmt1 maintenance activity has been identified. Uhrf1 

directs Dnmt1 to hemimethylated sites and directly presents hemimethylated base pairs to 

Dnmt1(Arita et al., 2008). Furthermore, Dnmt1 activity can be inhibited in cis by the expression 

of locally transcribed non-coding RNAs forming stem-loops that directly interact with the 

enzyme and sequester it away from hemimethylated DNA, preventing transcription refractory 
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chromatin states (Di Ruscio et al., 2013). This mode of regulation may play a role in paths of cell 

differentiation by inducing a passive loss of DNA methylation in particular loci. Considering that 

many imprinted genes are dynamically regulated according to cell type it will be important to 

investigate whether these types of RNAs exist in imprinted regions and play a role in allelic-

specific regulation. Another interesting finding is that the binding and enzymatic activity of 

Uhrf1 and Dnmt1, respectively, is several orders of magnitude weaker towards hemi-

hydroxymethylated (5hm) DNA in vitro (Hashimoto et al., 2012b). This raises the possibility that 

5hmC facilitates passive methylation loss.  

In summary, DNA methylation can be faithfully maintained after DNA replication 

allowing the inheritance of imprinting marks. However, this step also provides an important node 

of epigenetic regulation whereby DNA methylation can be modified in a locus and context-

dependent manner. 

 

DNA Demethylation in the Early Embryo    

In the early embryo, mechanisms insuring methylation maintenance versus erasure play 

an essential role in the life cycle of genomic imprinting. Once both parental genomes are joined 

in the zygote, genome-wide reprograming of DNA methylation occurs, such that marks 

associated with imprinted genes are maintained while unnecessary germ-line specific 

methylation is removed (Seisenberger et al., 2012). Demethylation occurs in the paternal 

pronucleus immediately after fertilization by the Tet3-mediated conversion of 5mC to 5hmC. 

Early studies analyzing 5hmC in the zygote did not detect the modified base in the maternal 

pronucleus (Gu et al., 2011). More recent work, however, indicates that both Tet3 and 5hmC 
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appear in the maternal pronucleus at later stages and at lower concentrations than in the paternal 

pronucleus (Shen et al., 2014).  

After this initial period it is observed that both parental genomes undergo widespread 

demethylation during the cell divisions required to reach the blastocyst stage. Two recent papers 

demonstrate that there are actually three different mechanisms operating in global demethylation 

of the early embryo. Beside the above-described passive and active demethylation processes, 

passive demethylation of 5hmC-converted regions occurs in both genomes (Guo et al., 2014; 

Shen et al., 2014). This indicates that oxidation of 5mC is not synonymous with active 

demethylation (Gkountela and Clark, 2014). It is estimated that demethylation of 75% and 87% 

of the paternal and maternal genomes, respectively, occurs through either of the passive 

mechanisms (Guo et al., 2014). 

 

Protection of Parental Imprints 

The observation of passive and active coordinated systems to demethylate both genomes 

raises the question of how parental imprints are maintained through this process. Maintenance of 

a subset of methylation marks in the early embryo, including parental imprints, requires Dnmt1 

and Uhrf1 as describe above. However, recent work has identified several additional proteins 

involved in the protection of differentially methylated regions in the early embryo associated 

with imprinted gene expression. Some of these proteins are specific to the regulation of parental 

imprints while others have a broad role in the maintenance of methylation. Moreover, the 

functions they provide are required for maintenance of methylation in the imprinted allele or 

protection from methylation of the non-imprinted allele (Kelsey and Feil, 2013). 
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Zfp57 & Kap1 

In humans, mutations in the Zinc finger protein 57 (Zfp57) gene lead to transient neonatal 

diabetes, a disorder commonly associated with the loss of imprinting of Plagl1 (Pleiomorphic 

adenoma gene-like 1). Analysis of the Plagl1 DMR revealed that indeed this region is 

hypomethylated in individuals with Zfp57 mutations alongside hypomethylation of DMRs 

associated with several other imprinted genes (Mackay et al., 2008). Another study showed that 

deletion of Zfp57 in mice results in partial neonatal lethality, and is accompanied by abnormal 

expression of imprinted genes and loss of methylation in DMRs. Furthermore, it was observed 

that Zfp57 is expressed in the preimplantation embryo where it was found to bind to an imprinted 

DMR which was tested (Li et al., 2008). 

Subsequently, Zfp57 has been shown to interact with Kap1, a scaffold protein that binds 

the H3K9 methyltransferase Setdb1 and the heterochromatin protein 1 (HP1). This complex is 

preferentially located in the imprinted allele of DMRs. Accordingly, H3K9me3 was observed in 

imprinted regions in a Zfp57 dependent manner. This complex also interacts with Dnmt1 and 

Uhrf1, and recruits methylation maintenance activity to imprinted regions. Accordingly, loss of 

Zfp57 results in loss of methylation in these regions. Finally, Zfp57 has been shown to recognize 

the hexanucleotide motif, TGCCGC, in a methylation-sensitive manner. Remarkably, this motif 

is present in all known imprinted regions in an average of two copies per locus. Thus, it appears 

Zfp57 is required for protection of methylation of most, if not all, imprinted DMRs. Several 

additional regions, not currently associated with imprinted genes, also contain multiple copies of 

the hexanucleotide motif and exhibit Zfp57 binding. Interestingly, Zfp57 also protects DNA 

methylation in these loci, which suggests that yet to be unidentified imprinted genes may reside 

in these regions (Quenneville et al., 2011).   
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Other Factors Associated with Maintenance of Methylation in the Early Embryo 

 

Other factors are known to participate in the protection of DMRs in the early embryo, 

however, unlike Zfp57 they do not appear to be specific to imprinted regions. One example is 

that of Pgc7 (also known as Stella or Dppa3). This protein is essential for the maintenance of 

methylation at multiple genomic loci including several but not all maternally and paternally 

methylated regions (Nakamura et al., 2006). Pgc7 binds to H3K9me2, a chromatin mark, which 

co-localizes with DNA methylation in specific regions, and inhibits Tet3 mediated 5mC 

oxidation (Nakamura et al., 2012).  

In summary, these results indicate that the final set of imprinted DMRs is determined by 

the specific binding of proteins, particularly Zfp57, which prevents DNA demethylation of these 

regions in the early embryo. It will be important to determine the identity of other factors 

associated with these proteins and their interaction with other chromatin regulators. 

Characterization of the genome-wide localization patterns of such factors could allow the 

identification of novel imprinted genes and provides a target to specifically perturb imprinted 

regions without interfering with non-imprinted genes.  

 

Regulation of Gene Expression Through DNA Methylation  

As DNA methylation is a mechanism for suppressing gene expression differential 

methylation of the parental alleles provides a mechanism to regulate allele-specific expression of 

genes. It is important to note that the methylated allele is not always the one that is actively 

silenced or expressed. This indicates that methylation does not directly control expression of 

imprinted genes but rather interacts with additional chromatin regulators and the transcription 
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machinery in a genomic-context dependent manner to achieve allele-specific expression. Below I 

describe the various effects that DNA methylation has on gene expression followed by a 

description of its association with other chromatin regulators.    

DNA methylation is conventionally associated with a repressive state of transcription 

throughout the genome for both genes and transposable elements. For genes this pattern revolves 

around the methylation state of CpG islands (CGIs) where methylation usually results in 

transcriptional suppression of the gene. The genomic distribution of CGIs can be organized in 

three categories: (1) CGIs within promoters that comprise approximately 50% of all CGIs, (2) 

intragenic CGIs that comprise 25% of all CGIs, and (3) intergenic CGIs accounting for the 

remaining 25%. The absolute numbers and ratios of these categories are almost the same in 

mouse and humans (Illingworth et al., 2010).  

 

Promoter CGIs 

CGI promoters are, by and large, unmethylated, a state associated with genes poised for 

transcriptional activity (Deaton and Bird, 2011). Multiple components of the chromatin and 

transcriptional machinery are associated with this transcriptional state, including H3K4 

trimethylation and RNA Polymerase II itself (Guenther et al., 2007; Hargreaves et al., 2009). 

Nevertheless, a smaller percentage of methylated CGI promoters are observed in somatic cells in 

specific developmental stages and/or tissue types where they control the repression of genes that 

play key differentiation roles for the corresponding cells (Meissner et al., 2008; Mohn et al., 

2008; Schilling and Rehli, 2007; Shen et al., 2007). 
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Inter- and Intragenic CGIs 

Understanding the function of inter- and intragenic CGIs has been a great challenge for 

several years since they are not associated with annotated promoters. New evidence suggests that 

both classes of these CGIs may represent cryptic promoters that also regulate the transcription 

initiation of RNAs, most of which are non-coding. However, contrary to promoter CGIs, the 

majority of inter- and intragenic CGIs exhibit substantially denser methylation and are therefore 

believed to indicate repression (Illingworth et al., 2010; Maunakea et al., 2010). Interestingly, the 

methylation patterns for intragenic CGIs, in particular, can significantly vary depending on tissue 

type (Illingworth et al., 2008, 2010; Maunakea et al., 2010). It has been suggested that intragenic 

CGIs control the expression of long non-coding RNAs (lncRNAs) that in turn regulate the 

expression of the host gene in a context dependent manner (Deaton and Bird, 2011). As 

discussed above, maternally imprinted DMRs are mostly intragenic while paternally imprinted 

DMRs are mostly intergenic. As it will be discussed below both kinds of parental DMRs usually 

control the expression of lncRNAs. Before describing how differential methylation regulates 

allele-specific expression of imprinted genes I will introduce two important chromatin regulators 

involved in imprinting. 
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OTHER CHROMATIN REGULATORS OF GENOMIC IMPRINTING:  

 

Long Non-coding RNAS 

 

Advancement in high-throughput sequencing technologies has allowed the realization 

that while a small fraction of the genome has protein-coding potential, most of the genome is 

transcribed (Amaral et al., 2008). Most of these transcripts are long (usually >200nt) non-coding 

RNAs (lncRNAs), with no apparent open reading frame and they are almost exclusively located 

in the nucleus. This type of RNAs has been increasingly implicated in highly specialized and 

complex functions of the genome (Rinn and Chang, 2012). 

LncRNAs are thought to influence chromatin and regulate gene expression in diverse 

ways. They are thought to exert their effects in either cis or trans. Cis-acting RNAs are 

constrained to their transcription site and directly act on the regulation of one or several linked 

genes on the same chromosome. On the other hand, trans-acting RNAs diffuse from their 

transcription site and can regulate multiple genes including those in other chromosomes. Thus, 

trans-acting RNAs, similar to transcription factors and small RNAs, are more likely to converge 

on, and act within, large gene networks. Nevertheless, both mechanisms involve direct action on 

targeted genes rather than secondary downstream effects. 

Cis-acting lncRNAs (cis-lncRNAs) are particularly relevant for genomic imprinting due 

to their potential to achieve allele-specific effects. The localized function of these transcripts can 

be due to tethering via Pol-II to their transcriptional origin (Jeon and Lee, 2011; Wang et al., 

2008). Alternatively, rapid degradation after transcription can limit their half-life only allowing 

diffusion to nearby targets but not ectopic sites (Clark et al., 2012; Tani et al., 2012). The 
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repressive role of cis-lncRNAs on expression can be achieved by recruiting chromatin regulators 

to target regions. In addition and not mutually exclusive, cis-lncRNAs could serve as essential 

scaffolds for the enzymatic activity of protein complexes. Such effect has been observed for the 

trans-lncRNA HotAir, which recruits the H3K27 methyltransferase Polycomb repressive 

complex 2 and the H3K4 demethylase LSD1 (Rinn et al., 2007; Tsai et al., 2010). The specific 

roles of lncRNAs in the regulation of imprinted genes will be discussed below.  

 

Insulators 

 

Insulators are DNA-binding proteins that can block interactions between enhancers and 

promoters when recruited to specific loci. The CTCF insulator is an essential insulator of 

interactions between regulatory elements, which are particularly important for tissue-specific 

gene expression. By its targeted binding of several specific DNA sequences, CTCF can restrict 

promoter-enhancer interactions in tridimensional space. This process requires the stable 

regulation of chromatin structure and conformation. In addition, CTCF is a major regulator of 

nuclear architecture since it can form boundaries between euchromatin and heterochromatin 

domains and determine interactions with nuclear lamina (Merkenschlager and Odom, 2013). 

Cohesin, a protein complex that regulates the separation of sister chromatids during cell 

divisions, interacts with CTCF and is essential for its insulator functions (Parelho et al., 2008; 

Wendt et al., 2008). Finally, CTCF binding is sensitive to DNA methylation, such that CTCF 

binds to hypomethylated DNA but not to hypermethylated DNA (Merkenschlager and Odom, 

2013). The CTCF/Cohesin complex has been shown to regulate parent-of-origin specific 

expression in a subset of imprinted regions (discussed below). 
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REGULATION OF ALLELE-SPECIFIC EXPRESSION IN IMPRINTED CLUSTERS: 

MODELS 

Two models of the regulation of allele-specific expression in imprinted clusters have 

been proposed, the non-coding RNA model and the Insulator model, where each utilizes a 

different set of molecules that are themselves regulated by DMRs. These two models assign the 

mode of regulation of parental allele specific expression in imprinted clusters into two broad 

categories. However, it should be kept in mind that each of the clusters assigned to these 

categories have their own nuances when analyzed at a more detailed level. Furthermore, the 

models are based on the study of only a handful of clusters so far, and the mechanisms of allele-

specific expression have yet to be described for the majority of imprinted regions . It is thus 

possible that other models may emerge in the future. 

 

lncRNA model 

 

The regulation of allele-specific expression by a non-coding RNAs has been described 

for the Igf2r, Kcnq1, and Snrpn clusters. Here I will use the Igf2r cluster as an example of this 

model (Figure 2.3). Igf2r is maternally expressed in most tissues with the brain being a notable 

exception (Igf2r is thought to biallelically transcribed in the brain). The only DMR present in this 

cluster, which is established in the germ line, corresponds to a maternally imprinted CGI 

localized to an intronic region between exons 2 and 3 of the Igf2r gene. This DMR controls the 

expression of an lncRNA transcribed in the opposite direction of Igf2r. This lncRNAs has been 

named Airn (Antisense of Igf2r RNA) and is exclusively expressed from the paternal allele. 

Methylation of the ICR in the maternal allele inhibits the expression of Airn, while the 
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unmethylated ICR in the paternal allele actively transcribes Airn underlying its paternal specific 

expression. Several experiments have demonstrated that transcriptional interference of Airn over 

the Igf2r promoter is responsible for transcriptional silencing of Igf2r in the paternal allele. First, 

two types of truncations of the Airn transcript where generated by insertion of a polyA signal. 

The first type caused premature termination of Airn transcription thus preventing its overlap with 

the Ig2r promoter while the second maintained Airn transcription beyond the Igf2r promoter. The 

first truncation resulted with biallelic expression of Igf2r while the second had no effect. 

Furthermore, reversing the Airn promoter thus forcing Airn transcription from the same strand as 

Igf2r, also resulted with paternal transcription of Igf2r yielding biallelic expression. Finally, 

repositioning the Airn promoter 700bp before the Igf2r promoter, with no alteration of its 

orientation, repressed transcription of Igf2r even though marks of active chromatin such as 

H3K4me3 presence and H3K9me3 absence were still observed in the silenced Igf2r promoter, 

indicating Airn transcriptional interference is sufficient to silence Ig2r (Latos et al., 2012). 

Flanking one side of the Igf2r gene are three solute carrier transporter genes: Slc22a1, 

Slc22a2, and Slc22a3. Interestingly, Slc22a2 and Slc22a3 are maternally expressed in the 

placenta while Slc22a1 is biallelically expressed. None of these genes contain a DMR. Instead, 

the imprinting expression of Slc22a3 is controlled by the in cis binding of Airn to the Slc22a3 

promoter chromatin, which recruits G9, a histone modifier responsible for the methylation of 

H3K9. Accordingly, loss of either Airn or G9 results in biallelic expression of this gene (Nagano 

et al., 2008). Thus, Airn regulation of the Igf2r cluster exemplifies how a lncRNA, whose 

transcription is controlled by a DMR, can regulate the parental-specific expression of an entire 

imprinted cluster. 
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Figure 2.3: Cis-acting mechanism at imprinted gene clusters  
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For the majority of imprinted clusters at least one lncRNA has been identified but the 

mechanistic role of only four of them has been described (Barlow and Bartolomei, 2014). Thus, 

it is possible that imprinted expression of multiple clusters is orchestrated by lncRNAs. 

However, as it will be discussed below RNA independent allele-specific silencing has also been 

observed in at least one cluster.            

 

Insulator model 

 

The Igf2 and H19 genes are located next to each other in one of the imprinted cluster 

regions in distal chromosome 7. Igf2 is expressed from the paternal allele while H19 is expressed 

from the maternal allele. Early studies indicated that deletions of a nearby endoderm-specific 

enhancer result in loss of H19 expression if maternally inherited, while loss of Igf2 expression if 

paternally inherited, suggesting that both genes are regulated by a common enhancer in a parent-

of-origin manner (Leighton et al., 1995). Indeed, these genes share multiple enhancers including 

those specific for skeletal and cardiac muscle development (Ainscough et al., 2000; Kaffer et al., 

2000). The only DMR present in this cluster corresponds to a paternally imprinted CGI located 

in the intergenic region between Igf2 and H19, which was shown to control the imprinting of 

both genes (Thorvaldsen et al., 1998). Interestingly, the CTCF/Cohesin complex is able to bind 

the unmethylated DMR allele but not the methylated one. Using chromatin conformation 

capture, it was shown that long range interactions occur between enhancers and the Igf2 gene in 

the absence of CTCF, and thus this gene is expressed from the paternal allele (Figure 2.3). On 

the other hand, the unmethylated maternal allele is able to bind CTCF, which blocks the long 

range interactions with Igf2 and redirects the enhancer to the H19 promoter (Kurukuti et al., 
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2006). Thus, in this region the methylation sensitive binding of CTCF to the DMR determines 

the paternal and maternal specific expression of Igf2 and H19, respectively.  

Mouse Rasgrf1, and human Peg13 clusters are reported to follow a similar mode of 

allele-specific and methylation-sensitive CTCF binding, which is believed to regulate their 

imprinted expression (Court et al., 2014; Yoon et al., 2005). Interestingly, CTCF also binds in 

the unmethylated allele in the ICR of Meg3, however, loss of CTCF does not result in loss of 

imprinted expression but rather increases the expression of the active allele (Lin et al., 2011).  

In a recent study, genome-wide CTCF and Cohesin binding was analyzed with allele-

specific resolution in a subset of brain regions in the mouse (Prickett et al., 2013). CTCF-

Cohesin binding was observed in the unmethylated allele in the majority of DMRs, including 

H19/Igf2, Peg13, and Mest. However, two genes, Plagl1 and Inpp5f_v2, showed equal CTCF-

Cohesin binding in both the methylated and unmethylated alleles. Biallelic CTCF-Cohesin 

binding of the Plagl1 DMR was also observed in an independent study of mouse and human 

(Iglesias-Platas et al., 2013). Additionally, several other genes show only CTCF or Cohesin 

binding but not both, while other genes do not bind either. Finally, Magel2, a gene within the 

Prader-Willi cluster, has seven different CTCF binding sites near or within its gene body. 

Specific binding of CTCF-Cohesin to the unmethylated allele of Magel2 was observed at all 

binding sites (Prickett et al., 2013). Taken together, these results suggest substantial diversity 

within the genes associated with CTCF/Cohesin and support the idea that a specialized 

mechanism operates in every imprinted region. 
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CONCLUSIONS 

Remarkable progress has been made recently regarding the mechanisms underlying the 

life cycle of genomic imprinting and the specific molecular players involved. These findings 

open new opportunities to further investigate and deepen our understanding of genomic 

imprinting. The stereotypical genomic locations of maternal and paternal imprinted DMRs, 

combined with identification of Zfp57 binding sites, may be used to detect novel imprinted 

genes. Furthermore, experimental manipulations of novel imprinting regulators, such as Zfp57 

and Tet1, could facilitate functional epigenetic studies on imprinted genes. The majority of these 

experiments have been performed in the context of the embryo. However, substantial variation in 

the expression patterns of imprinted genes after parturition is increasingly appreciated yet the 

understanding of the mechanisms underlying spatiotemporal regulation of imprinted genes is still 

lacking. Finally, a selected number of recent publications have proposed communication 

between different imprinted regions with important consequences in gene expression (Boucher et 

al., 2014; Stelzer et al., 2014; Varrault et al., 2006). Therefore, future investigation of potential 

crosstalks between imprinted genes may reveal a new layer of imprinting regulation and suggest 

coordination between the biological functions of large subsets of imprinted genes.   
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INTRODUCTION 

In contrast to most mammalian genes, which are equally expressed from both alleles, 

imprinted genes are preferentially expressed from one of the two alleles, in a parent-of-origin-

specific manner. Consequently, the functions of genes undergoing imprinting regulation are 

mainly contributed by either the maternal or paternal genomes, by contrast to the functions of 

biallelic genes, which are equally contributed by both parental genomes. The regulation of 

genomic imprinting relies on epigenetic modifications or “imprints” established in the parental 

germ lines and stably maintained post-fertilization (Bartolomei and Ferguson-Smith, 2011). 

These imprints may be further modified, or novel imprints may be added, according to tissue 

types and developmental stages. Hence the preferential parental allelic expression of imprinted 

genes can be relieved, strengthened, or even switched (Kulinski et al., 2013). Moreover, imprints 

have been shown to often regulate the imprinted expression of several genes co-localized in 

genomic regions termed imprinted clusters (Reik and Walter, 2001). Importantly, many 

imprinted genes have been demonstrated to function in key biological pathways that regulate 

embryonic development, metabolism, and behavior (Bartolomei and Ferguson-Smith, 2011). 

Accordingly, impairment of the function or disruption of the epigenetic control of imprinted 

genes may result in abnormal development, physiology and behavior, and in humans is known to 

be manifested in a large range of clinical conditions (Peters, 2014). 

To gain insights into the unique roles conducted by each parental genome it is necessary 

to identify all imprinted expressed loci. This in turn will enable a comprehensive investigation of 

the biological pathways and physiological processes affected by genomic imprinting. It will also 

help identify regions where mutations or polymorphism could lead to parent of origin specific 

phenotypes. Furthermore, it will provide additional opportunities to understand the molecular 
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mechanisms and processes regulating parent of origin expression. Finally, because variations in 

the imprinted gene repertoire have been observed between species, a definitive list of imprinted 

genes in multiple mammals will allow comparative studies to determine functions that have been 

commonly or distinctively targeted throughout mammalian evolution. 

Before the first imprinted genes were identified, a series of studies revealed genomic 

regions under imprinting regulation (reviewed in Cattanach and Jones, 1994). Based on this 

preliminary map it was speculated that if randomly distributed across the genome, the total 

number of imprinted genes should not exceed 100 (Solter, 1988). Hayashizaki et al later 

confirmed this initial estimate after a screen for differentially methylated regions (DMRs) which 

led to the identification of ~100 DMRs in the mouse genome (Hayashizaki et al., 1994). This 

calculation assumed a 1 to 1 ratio between imprinted genes and DMRs. Even though the 

assumptions behind both calculations were quickly proven to be largely incorrect, the “~100 

imprinted genes” estimate has been frequently cited since then (Kelsey and Bartolomei, 2012; 

Morison et al., 2005)  Additionally, a bioinformatics study, now largely discredited, attempted to 

identify genes under imprinting regulation by training statistical models to distinguish DNA 

features characteristic of known imprinted regions (Luedi et al., 2005). This approach predicted 

over 600 candidates, among which only 1 of 600 were later confirmed as genuinely imprinted 

(Ruf et al., 2007).   

Most of the imprinted genes known today have been identified either by virtue of their 

co-localization with know imprinted clusters, or by unbiased screens. From mid 1990s to the 

early 2000s screens tailored for the detection of genes that were differentially expressed between 

parthenogenetic (containing only maternally derived chromosomes) or androgenetic (containing 

only paternally derived chromosomes) embryos led to the discovery of 10 imprinted genes 
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(Hagiwara et al., 1997; Hatada et al., 2001; Kagitani et al., 1997; Kaneko-Ishino et al., 1995; 

Miyoshi et al., 1998; Piras et al., 2000; Sandell et al., 2003; Schmidt et al., 2000). These methods 

were labor intensive and provided very low throughput identification. The advent of cDNA 

microarrays provided an opportunity to increase the throughput and accelerate the completion of 

imprinted gene screens. A total of 15 additional genes were subsequently identified using cDNA 

microarrays to detect differentially expressed genes in parthenogenetic or androgenetic embyros 

(Choi et al., 2005; Davies et al., 2005; Kobayashi et al., 2009; Kuzmin et al., 2008; Menheniott 

et al., 2008; Mizuno et al., 2002; Nikaido et al., 2003; Raefski and O’Neill, 2005; Ruf et al., 

2006; Schulz et al., 2006).  

Presently, New Generation RNA Sequencing (RNAseq) strategies represent the state of 

the art method to screen for imprinted genes. RNA-Seq provides a highly sensitive digital 

quantification platform that is able to determine gene expression of a range spanning five orders 

of magnitude (Mortazavi et al., 2008). Contrary to hybridization technologies, RNA-Seq can 

potentially detect any transcripts present in a sample instead of an a priori defined set as in 

microarray platforms. More importantly for imprinted gene screens, the single base resolution of 

RNA-Seq allows the accurate identification of SNPs in tissues generated by reciprocal crosses. 

Since its introduction, multiple studies have use RNA-seq to investigate genomic imprinting in 

various tissues producing a large number of imprinted candidates, 20 of which were validated 

with independent techniques (Babak et al., 2008a; DeVeale et al., 2012a; Gregg et al., 2010a; 

Wang et al., 2008a, 2011a). 

In 2008, Babak and colleagues published the first screen of imprinted genes using RNA-

Seq (Babak et al., 2008a). The transcriptome of eight E9.5 embryos derived from reciprocal 

crosses between C57Bl/6J and Cast/EiJ mouse strains (4 embryos for each cross), were 
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independently sequenced using the Illumina platform. Allele-specific expression was quantified 

first at each SNP position and then SNPs within the same gene were combined to estimate the 

allele-specific expression of the gene. A binomial distribution was used to calculate the 

probability to detect differences in expression divergent from the proportions expected by 

chance. Agreement between both directions of the reciprocal cross was required for statistical 

significance, but corrections for multiple comparisons were not reported. Novel candidates 

where corroborated by restriction fragment length polymorphism analysis or Sanger sequencing. 

The coverage of this study was very shallow (~9 fold transcriptome coverage), significantly 

weakening its conclusions. Only 32 imprinted genes were detected by this study, among which  

26 were previously identified and six were novel. (Babak et al., 2008a). 

Shortly after, a second study also used Illumina sequencing to independently profile 

postnatal day 2 whole brain transcriptomes of postnatal day 2 F1 hybrids derived from reciprocal 

crosses between PWD/PhJ and AKR/J mouse strains. After estimating the expression of the two 

alleles at each SNP position, a Storer-Kim test, which is an exact significance test also based on 

a binomial distribution, was conducted independently for each SNP. Because of multiple 

comparisons a q-value was also calculated for each SNP. This approach identified a total of 26 

candidate imprinted genes, 16 of which where previously known as imprinted, 1 new gene for 

which imprinting was corroborated using pyrosequencing, and 9 false positives (Wang et al., 

2008a).  

Using the Allen Brain Atlas database Chris Gregg and collaborators in our group 

systematically scanned the expression of imprinted genes across the brain, and observed a high 

representation of imprinted genes in the brain, as well as the existence of specific repertoires of 

imprinted genes in distinct brain regions (Gregg et al., 2010a). This motivated a genome-wide 
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investigation of allele-specific expression in some of the enriched brain regions using RNA-seq. 

Reciprocal crosses between C57Bl/6J and Cast/EiJ were use to assess imprinting in three 

different tissues: E15 embryonic brain, adult medial Prefrontal Cortex (mPFC) and adult 

Preoptic Area (POA). Each of these tissues was represented by 4 replicates. After quantifying 

allelic expression at each SNP, the chance probability of a real parental effect was calculated 

using a chi-square test. Using a 95% confidence cutoff significance SNPs representing a total of 

1,308 imprinted candidates were identified across all three tissues that were common to both 

sexes. These included 129 known imprinted loci and a small subset of novel genes that were 

corroborated by Sequenom. Substantial variation in the imprinted status of several genes 

according to brain region or developmental stage was observed for several genes (Gregg et al., 

2010a). In addition, a large fraction of candidate genes exhibited a complex pattern of imprinting 

expression were a fraction of the SNPs within a gene showed parentally biased expression, 

which was interpreted as potential isoform-specific forms of imprinting (Gregg et al., 2010a). 

Two years later, DeVeale and colleagues published a criticism of the findings by Gregg 

et_al. Analysis of the relationship of observed parental biases in independent SNPs within the 

same gene showed substantially more disagreements than would be predicted by simulations 

assuming random sampling of RNA-Seq, suggesting previously unappreciated technical 

variation. Finally, a mock cross (analyses that treat one direction of the reciprocal cross as if it 

was the opposite direction thus nullifying any real imprinting) reported nearly as many 

candidates as the actual analysis. To improve the true positive: false positive ratio the authors 

reported two modifications. First, they suggested that summing allele specific quantitations of 

independent SNPs within a gene could significantly improve the detection of known imprinted 

genes. Second, use of the false discovery rate estimated by the mock cross helped define a cutoff 
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for candidate imprinted genes. This, however, led to only ~50% confirmation by pyrosequencing 

(DeVeale et al., 2012a). Thus, both the use of strong statistical tools as well as thorough 

independent validation seem imperative (Kelsey and Bartolomei, 2012). 

Traditionally, based in large part on data obtained from the first set of known imprinted 

genes, genomic imprinting has been thought to involve a complete silencing of one of the two 

parental alleles (Bartolomei and Ferguson-Smith, 2011). For example, the Snrpn gene of the 

PWS cluster is exclusively expressed from the paternal allele in all tissues, whereas the non-

coding RNA H19 is exclusively expressed from the maternal allele during embryogenesis. While 

examples of imprinted genes showing parental expression biases lower than all-or-none have 

been reported (Ono et al., 2003; Wang et al., 2011b), the extent of such cases is unknown. On the 

one hand, biases may be due to the technical inability to detect imprinting at the single-cell type 

resolution in a heterogeneous tissue, and hence reflects the average of monoallelic expression in 

certain cell types and biallelic expression in others. On the other hand, it is possible that 

alternative imprinting mechanisms have evolved to establish parentally biased allelic expression 

in a continuous range from biallelic to monoallelic expression. These possibilities are not 

mutually exclusive and regardless of the explanation, genes that exhibit mild to strong parental 

biases are imprinted.  

In order to detect genes with such parental effects, a powerful genome-wide approach 

with independent validation should be applied. We identified several avenues to improve on 

previous RNA-seq based searches of imprinted genes. First, RNA expression may be highly 

variable across individuals. This variability necessitates the use of a large number of biological 

samples in order to achieve sufficient power for the accurate detection of various ranges of 

parental bias.  Second, accurate estimation of expression levels from RNA sequencing data 



	  107	  

requires estimating the expression levels of transcripts rather than DNA loci. Third, inference of 

genomic imprinting across all samples should explicitly account for all sources of variation 

including the effects of all experimental factors (e.g., sex and age) among which are allelic 

imbalanced expression due to cis eQTLs between the mouse strains used. Finally, because of the 

high complexity of RNA-seq datasets, results should be subjected to independent experimental 

validations to avoid false positives. These considerations were not adequately addressed by 

previous studies (Babak et al., 2008b; DeVeale et al., 2012b; Gregg et al., 2010b; Wang et al., 

2008b) likely contributing to their inconsistent findings.  

To better characterize genomic imprinting in the brain we chose the cerebellum as our 

target brain region. Several natural features of the cerebellum make it an attractive entry point to 

study this phenomenon. First, due to its large size and posterior-most location, the cerebellum 

allows reproducible pure dissections and enough RNA material to profile independent 

cerebellums from multiple individuals. Second,  contrary to most brain regions, cerebellar 

development occurs mostly postnatally. This allows access to neurodevelopmental processes 

such as cell proliferation, migration, and circuit establishment that in other brain regions can be 

highly inaccessible. As such processes are believed to be under genomic imprinting regulation, 

investigating the cerebellum during developmental milestones could capture imprinting at one of 

its most active states. Thirdly, the cerebellum has a well-characterized cell circuit with 

genetically defined cell types. Moreover, these cell types have a well-established role in 

regulation of motor behavior. Thus, the cerebellum provides the ability to target manipulations of 

imprinted genes of interest to specific cell types and a way to screen for potential phenotypes.   

Finally, the cerebellum is increasingly implicated in Autism Spectrum Disorders (ASD) (Wang 

et al., 2014). Cellular and anatomical abnormalities in the cerebellum are among the most 
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common observations in ASD patients (Amaral et al., 2008) and in mouse a Purkinje cell-

specific knockout of the ASD associated TSC1 homolog, recapitulates most of the social deficits 

of the spectrum (Tsai et al., 2012). Considering the strong association between genomic 

imprinting and social behavior, the cerebellum may harbor imprinted genes implicated in normal 

and abnormal social conducts. 

In this chapter I present the results of a genome-wide screen for imprinted genes in the 

cerebellum. The experimental design is comprised of 48 individual cerebellums capturing two 

different developmental stages and representing both sexes. A statistical model that infers 

genomic imprinting based on transcript-level estimates of allele-specific expression, which 

explicitly accounts for all factors in our experimental design was employed to analyze this data. 

This approach reports 124 genes under imprinting regulation in the cerebellum, 50 of which had 

not been previously reported. Using pyrosequencing, imprinting in 41 of these genes was 

confirmed. Most novel genes exhibit subtle parental expression biases rather than all-to-none 

silencing. A substantial portion of novel genes is located in the vicinity of known imprinted 

cluster. Finally, an overrepresentation of genes involved in programed cell death was observed in 

the dataset suggesting genomic imprinting particularly targets this pathway. 
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RESULTS 

Transcriptome-wide profile of allele-specific expression in the cerebellum 

To study genomic imprinting in the brain we sequenced RNA from 48 individual cerebellums 

derived from F1 hybrids of Cast/EiJ and C57Bl/6J reciprocal crosses (Figure 3.1). Half of these 

cerebellums were collected at postnatal day 8 (P8), a period in which granule cells are highly 

multiplied and are migrating to the inner granule layer. The other half of cerebellums were 

collected from adult animals (P60). Each age group had equal numbers of males and females. 

Therefore, our experimental design includes six replicates for each cross, sex, and age 

combination, which allows inferring genomic imprinting across all individuals and the effects 

that age and sex have on it, while controlling for cross effects. 

RNA-seq libraries generated from tissues with high cellular heterogeneity and high 

transcriptome complexity, such as brain, are highly likely to contain multiple transcripts 

(isoforms) with different abundances. For this reason it is important to estimate the expression 

level of each transcript. Accurate transcript-level expression estimates are also necessary even if 

one only wants to obtain estimates of expression at the gene level, as the expression level of a 

gene is merely the sum of expression levels of all its isoforms. However, since many reads do 

not map uniquely to a single transcript (e.g., reads originating from constitutive exons) or even to 

single genomic locations, transcript expression levels (and hence gene expression levels) can 

only be estimated with some degree of certainty (i.e., measurement error) (Jiang and Wong, 

2009; Trapnell et al., 2013; Turro et al., 2011). This uncertainty is even more pronounced when 

estimating allele-specific expression levels due to the high sequence similarity between the two 

alleles. In addition, mapping RNA-seq data to a haploid reference genome can bias the 

alignments towards one of the alleles and may therefore lead to inaccurate estimates of allele- 
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Figure 3.1: Experimental setup and major steps of the data analysis 
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specific expression levels (Vijaya Satya et al., 2012). Finally, in order to infer genomic 

imprinting, the expression-level uncertainties at each sample need to be combined with the 

across-samples-variability (biological and technical) and in addition, the effects of all factors in 

the experimental design (e.g., sex, age, and in the casewere collected from adult animals (P60). 

Each age group had equal numbers of males and females. Therefore, our experimental design 

includes six replicates for each cross, sex, and age combination, which allows inferring genomic 

imprinting across all individuals and the effects that age and sex have on it, while controlling for 

cross effects. 

RNA-seq libraries generated from tissues with high cellular heterogeneity and high 

transcriptome complexity, such as brain, are highly likely to contain multiple transcripts 

(isoforms) with different abundances. For this reason it is important to estimate the expression 

level of each transcript. Accurate transcript-level expression estimates are also necessary even if 

one only wants to obtain estimates of expression at the gene level, as the expression level of a 

gene is merely the sum of expression levels of all its isoforms. However, since many reads do 

not map uniquely to a single transcript (e.g., reads originating from constitutive exons) or even to 

single genomic locations, transcript expression levels (and hence gene expression levels) can 

only be estimated with some degree of certainty (i.e., measurement error) (Jiang and Wong, 

2009; Trapnell et al., 2013; Turro et al., 2011). This uncertainty is even more pronounced when 

estimating allele-specific expression levels due to the high sequence similarity between the two 

alleles. In addition, mapping RNA-seq data to a haploid reference genome can bias the 

alignments towards one of the alleles and may therefore lead to inaccurate estimates of allele-

specific expression levels (Vijaya Satya et al., 2012). Finally, in order to infer genomic 

imprinting, the expression-level uncertainties at each sample need to be combined with the 
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across-samples-variability (biological and technical) and in addition, the effects of all factors in 

the experimental design (e.g., sex, age, and in the case of mouse hybrids the cross of each 

sequenced subject) must also be taken into account. 

To address these challenges for the purpose of inferring transcriptome-wide genomic 

imprinting, we applied the following steps in the analysis of our RNA-seq data (Figure 3.1 and 

described in more details in the Methods). We first generated C57, CAST diploid genomes and 

transcriptomes by incorporating C57 and CAST single nucleotide and short insertion and 

deletion polymorphisms (SNPs and indels, obtained from the Mouse Genome Project: ftp://ftp-

mouse.sanger.ac.uk/REL-1303-SNPs_Indels-GRCm38) into the Mus musculus GRCm38 

reference genome sequence. We then mapped each of our C57×CAST hybrid RNA-seq libraries 

to this diploid genome using STAR RNA-seq aligner (Dobin et al., 2013). For each mapped 

RNA-seq library, we then estimated the expression levels with their respective uncertainties of 

each transcript from each allele in the C57, CAST diploid transcriptome using MMSEQ (Turro 

et al., 2011). Finally, we developed a statistical model testing for genomic imprinting at each 

transcript as well as the effect that any factor (namely, cross, sex, and age in this study) has on it 

across all samples in our experimental design. Specifically, our model is a Bayesian variable 

selection regression model, extending Chipman et al. (1997) by accounting for the measurement 

error in the response. In our settings, we define the response as the difference between the 

paternal and the maternal expression levels for a given transcript in each sample in the 

experiment, i.e., the parental bias. The model therefore computes a posterior distribution of the 

magnitude of the parental bias and of the effects that all factors have on it, along with their 

posterior probabilities (PPs) of being significantly different from zero.  
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We fitted our model to 47,676 heterozygous transcripts from 26,651 genes, which were 

expressed at sufficient levels (Methods). The distribution of the PPs of the parental effect shows 

that most transcripts are not inferred to be under imprinting regulation (Figure 3.2.A). It also 

clearly shows a group of transcripts with PP > 0.95 of the parental effect, which we set as our 

cutoff for calling an effect significant (Methods), i.e., calling the parental bias imprinting. 

Notably, the distribution of the PPs of the cross effect (Figure 3.2.A) clearly shows how widely 

prevalent it is in these hybrids indicating that both crosses are necessary for inferring genomic 

imprinting or monoallelic expression (as opposed to Deng et al., 2014). In addition, none of the 

transcripts imprinted are reported to have a sex-effect with PP above the 0.95 cutoff, indicating 

that genomic imprinting is sex invariant in the mouse cerebellum. Conversely, a small group of 

imprinted transcripts are found to have age-effect PPs above the 0.95 cutoff indicating age-

regulated imprinting (describe in chapter four).  

Among the 124 genes inferred to be imprinted (represented by 169 transcripts), 74 were 

previously reported as such (either identified before 2010 or independently validated by Gregg et 

al., 2010 or DeVeale et al., 2012 ). The remaining 50 genes had not been described as imprinted 

before (Figure 3.2.B). To independently evaluate imprinting in all these candidates we used 

pyrosequencing, a real-time sequence-by-synthesis approach relying on light emissions after 

nucleotide incorporation (Wang and Elbein, 2007). As positive and negative controls, we 

respectively tested 11 known imprinted genes and 11 randomly selected genes with no 

significant parental effects according to our RNA-seq analysis. We tested an average of two 

SNPs per gene (Methods) across 12 P60 and/or 12 P8 individual cerebellums, different from 

those used in our RNA-seq experiment. We estimated parental effects in these data using the 

model we developed for the same task for RNA-seq data, where there is no measurement 
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uncertainty. This confirmed significant parental effects for 41 of the candidate novel imprinted 

genes and the expected significant and non-significant parental effects for all positive and 

negative controls, respectively (Figure 3.3.A). Among the novel and known imprinted genes we 

observed a slightly higher number of genes with a paternal effect (Figure 3.2.C). Interestingly, 

five genes preferentially express different isoforms from the maternal and paternal alleles 

(Figure 3.2.C and see below).  

The distribution of the parental biases of the novel and known imprinted genes span the 

entire range of slightly above 50:50 % to 100:0 % and shows a bimodal shape at the two 

extremes (Figure 3.3.B). Notably, the mild parental bias mode is enriched with novel imprinted 

genes (Figure 3.3.B) and these biases show strong correspondence between the RNA-seq and 

the pyrosequencing analyses (Figure 3.3.A and see specific examples in Figure 3.4), indicating 

they are accurately quantified. This emphasizes that genomic imprinting cannot be assumed to be 

manifested as an all-or-none parental bias in RNA measurements obtained from tissue samples. 

Accordingly, using the term monoallelic expression to describe genomic imprinting in such 

context may be inadequate. In summary, considering known imprinted genes detected in this 

analysis as true positives, these results indicate that our approach has a true positive rate of ~93% 

and increases the number of mouse imprinted genes by ~26%. 

We also considered the hypothesis that several true imprinted genes may not meet our 

parental bias PP cutoff (i.e., false negatives). We therefore subjectively selected for 

pyrosequencing evaluation 18 genes with PPs of their parental effect below 0.95, and 

successfully confirmed a significant parental effect in 10 of these 18 genes (not shown). As a 

positive control for this step, we chose the Casd1 gene, which has been reported to be imprinted 

in other tissues (Ono et al., 2003) and obtained a parental effect PP of 0.89 (not shown). 
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Figure 3.2: Summary of allele specific expression in the cerebellum 
 

(A) Distributions of posterior probabilities of all four factors analyzed. Significance cutoff were 
selected at 0.95. (B) Breakdown of previously identified and novel genes represented by at least 
one transcript above the 0.95 cutoff of parental effects. The proportion of novel genes 
independently validated by pyrosequencing is also shown. (C) Breakdown parentally biased 
expression. 

	  
	  
	  
	  
	  
 

 

 

 

 

 



	  116	  

	  
	  

 
Figure 3.3: Differential expression between parental alleles occur in spectrum ranging from all-

to-none to minor parental biases 
 

(A) Comparison of the percentage of total expression accounted by the preferentially expressed 
allele as estimated in RNA-seq vs. Pyrosequencing. (B) Distribution of parentally biased 
expression in the Cb. 
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Figure 3.4: Examples of genes imprinted in the cerebellum and a biallelic control 
 

Fkbp6, Ago2 and Nhlrc1 show parentally biased expression in the Cb as observed with RNA-seq 
and confirmed with pyrosequencing. Clptm1l shows biallelic expression in the Cb in both RNA-
seq and pyrosequencing experiments. For each replicate red indicates maternal expression while 
blue indicates paternal expression. Y-axis of RNA-seq result is in the log of transcript per million 
units. Effects summary, shows the average effect on all four factors. For the cross effect gray 
represents F1rs and black represents F1is. For sex pink represent female and cyan represents 
male. For age bright olive green represents P8 and dark olive green represents P60. 
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Isoform-Specific Imprinting 

 

Our approach estimates the parental bias at the transcript level and indeed, in most cases, 

multiple isoforms of the same gene show a consistent imprinting pattern (e.g., all the expressed  

isoforms of the Rian gene, Figure 3.5). For such cases, a gene-level analysis would most likely 

also infer a significant parental bias. This however, is not guaranteed for genes with parental 

effects specific to certain isoforms. Indeed, isoform-specific imprinting is known to occur in 

genes harboring a paternally expressed gene within an intron, resulting in the generation of 

different isoforms from the maternal and paternal alleles (Gregg et al., 2010a; McCole and 

Oakey, 2008a). Although it is unclear exactly how such regulation arises, transcriptional 

interference by the inner paternally expressed gene likely plays an important role (McCole and 

Oakey, 2008b). Our analysis detected almost all of the previously reported cases of genes with 

isoforms subjected to such regulation (Figure 3.5) and further detected additional imprinted 

transcripts in some of these loci. This includes either or both of two short transcripts of the Herc3 

gene (indistinguishable by our sequence data) from a promoter upstream to the large 25 exons-

long transcript (Gencode transcript IDs: ENSMUST00000141600.1 and 

ENSMUST00000122981.1), which are preferentially expressed by the maternal allele (Figure 

3.5). Other known cases of isoform-specific imprinting are due to differential methylation of 

alternative promoters, as in the case of the Gnas (Peters and Williamson, 2007) and Grb10 

(Arnaud et al., 2003) genes. Surprisingly, at the paternally expressed Mest gene we detect a 

novel maternally expressed short isoform (Gencode transcript ID: ENSMUST00000149496.1) 

whose transcription starts at exon 9 (Figure 3.5). This transcript is presumably a non-coding  
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Figure 3.5: Assessment of imprinting at the isoform level 
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RNA since no ORF could be found in it. These results therefore emphasize the importance of 

analyzing allelic-biased expression at the transcript level.  

 

Genomic Locations of Imprinted Genes 

 

As described above our method detects imprinting where the parental expression bias 

ranges from weak expression biases to absolute silencing of an allele (Figure 3.3.B & 3.6.A). 

Interestingly, a substantial proportion of these novel imprinted genes localize to the vicinity of 

imprinted genes exhibiting stronger parental biases, thereby expanding imprinted clusters 

(Figure 3.6.B). For example, Ankrd34c and Ctsh, two genes that exhibit subtle paternal biases 

(the parental bias of Ankrd34c is significant only according to the pyrosequencing data), are 

located up- and down-stream to Rasgrf1, a gene exclusively expressed from the paternal allele 

(Figure 3.6.C). If this phenomenon is common we would expect to observe a strong and 

consistent decay of the parental bias as a function of the distance from strongly biased genes. To 

test this hypothesis we defined genes for which the parental bias is at least 85% to 15% as 

imprinting cluster centers and assigned any other imprinted genes with an intergenic distance of 

up to 1Mbp from them as members of their clusters (Methods). This analysis indeed confirmed a 

statistically significant negative effect of the distance from the cluster center on the magnitude of 

the parental bias (P-value = 0.01, Methods), supporting our hypothesis (Figure 3.6.D). It is 

possible that genes with weak parental biases are affected by the silencing taking place at the 

location of their neighboring strongly biased genes, perhaps through the chromatin environment, 

and that this effect has a weak fitness cost. However, it is also possible that either these weak 
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biases are selectively advantageous or that such genes are strongly imprinted in a small fraction 

of cerebellum cell types or in other tissues or time points. 

The clustered organization of imprinted genes is regarded as one of their hallmark characteristics 

and is thought to reflect common regional control (Reik and Walter, 2001). If imprinting 

regulation of genes in which we detect weak parental biases and which expand imprinted clusters 

is functionally important we would expect natural selection to operate against disruption of their 

clustered organization. That is, we would expect the clustered organization, or micro-synteny, of 

such genes to be conserved during mammalian evolution. On the other hand, if imprinting 

regulation of these genes is not functionally important, we would not expect the micro-synteny 

of these genes to be conserved across mammalian genomes. To test these hypotheses, we derived 

all pairs of adjacent genes in the mouse genome (Methods) and estimated the propensity of their 

mammalian orthologs to be adjacent as well (Figure 3.6.E, Methods), using a probabilistic 

phylogenetic model analyzing phyletic patterns of presence and absence (Cohen and Pupko, 

2011). This revealed that the mean propensity of adjacency of orthologs of mouse adjacent 

imprinted gene pairs, with parental biases lower than 85% to 15%, is significantly higher than 

the mean propensity of adjacency of orthologs of all mouse adjacent gene pairs (P-value = 

4.8×10-5, Figure 3.6.E). This finding therefore supports the hypothesis that imprinting 

regulation of mouse genes, for which we detect weak parental biases, is functionally important. It 

may also suggest that the orthologs of many of these genes could be imprinted in the analyzed 

comparative mammalian species. In addition to newly identified imprinted genes associated with 

known imprinted clusters, several novel imprinted genes appear isolated from any other known 

imprinted gene (>2Mbp away). Interestingly, previous studies have reported a differential 

methylation between the two parental alleles for some of these genes. For example, differential   
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Figure 3.6: Genomic patterns of weakly imprinted genes  
 

(A) Distribution of parentally biased according to genomic location relative to known imprinted 
regions. (B) Chromosomal location of imprinted genes. (C) Example of an imprinted region 
where an all-to-none imprinted gene is flanked by weakly imprinted genes. (D) Stereotypical 
decay in the degree of preferential expression of one parental allele over the other. (E) Example 
of mammalian conservation of neighborship between an all-to-none imprinted gene and a 
flanking weakly imprinted gene. (F) Distribution of the mammalian conservation of 
microsynteny for neighbor genes in the mouse.  
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methylation was observed in a region of chromosome 13 immediately downstream of Nhlrc1 

(Xie et al., 2012), a novel paternally biased gene in our results (Figure 3.4). In humans, 

mutations in Nhlrc1 cause Lafora progressive myoclonic epilepsy (Romá‐Mateo et al., 2012), a 

fatal neurological disorder characterized by the presence of massive intracellular inclusions 

observed in several neuronal cell types across the brain including the cerebellar granule cells. 

Differential methylation but not parentally biased expression in the brain was also reported 

within the Actinin alpha 1 (Actn1) gene at chromosome 12 (Calaway and Domínguez, 2012), 

which codes for a protein that regulates cytoskeleton interactions with the membrane. Our results 

show that this gene is indeed preferentially expressed from the paternal allele in the cerebellum.  

 

Imprinting of the Apoptosis Pathway 

 

We investigated whether specific functional categories were enriched among the list of 

cerebellum imprinted genes. One pathway which our data clearly suggest to be highly targeted 

by imprinting is programmed cell death or apoptosis, which includes seven genes previously 

exhibiting parent-of-origin monoallelic expression as well as five genes exhibiting parentally 

biased expression  (Figure 3.7.A). Noticeably, most of the maternal genes promote apoptosis 

while most of the paternal genes inhibit apoptosis. Two genes, the paternally biased BclXL 

(Gregg et al., 2010a) and maternally biased Bag3, are of particular interest (Figure 3.7.B). Both 

genes have multiple functions independent from each other, not all of which are related to 

apoptosis. However, interactions between the two prevent mitochondrial release of factors 

controlling activation of caspases and thus the irreversible commitment to undergo apoptosis 

(Jacobs and Marnett, 2009).  
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In addition to genes directly associated with the apoptosis machinery, we also observe parental 

bias in genes encoding various proteins that regulate apoptosis in a context-dependent manner. 

One function that appears particularly well represented is the regulation of apoptosis by cell-to-

cell interactions. These include the paternally expressed Dlk1, the paternally biased Adam23 and 

Actn1, and the maternally biased Bmf. Dlk1 encodes an atypical Notch ligand that has been 

implicated in apoptosis induction after loss of cellular contact (Kawakami et al., 2006). Adam23 

is a member of the disintegrin protein family that regulates cell adhesion via interactions with 

Integrin and is propose as a negative regulator of tumor growth (Cal et al., 2000; Takada et al., 

2005). Actn1 mediates interactions between the cytoskeleton and membrane by its interactions 

with Integrin and loss of these interactions promotes apoptosis (Triplett and Pavalko, 2006). 

Finally, Bmf is released from its normal microtubule localization to the cytoplasm in response to 

loss of cell membrane attachments where its interactions with BclXL induces apoptosis 

(Puthalakath, 2001). Together, these data suggest the specific targeting and regulation of the 

apoptosis pathway by genomic imprinting. 
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Figure 3.7: Abundance of anti- and pro-apoptotic under genomic imprinting regulation 
 

(A) Imprinted genes involved in the regulation of apoptosis. Color background signifies 
parentally biased expression. (B) Bag3 and BclXL are weakly imprinted in the cerebellum. 
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DISCUSSION 

Genome-Wide Analysis of Genomic Imprinting in the Cerebellum 

In this study we have profiled genomic imprinting in the mouse cerebellum using a newly 

developed statistical approach that enables the analysis of RNA-seq data and detects parental 

allelic bias at the individual transcript level, while simultaneously estimating the effects of 

known factors in the experimental design such as age, sex, and the mouse cross. At the statistical 

significance level chosen, our approach detected 74 previously validated imprinted genes as well 

as 50 novel imprinted genes, 41 of which were successfully confirmed by pyrosequencing. This 

therefore indicates that our approach has a ~93% true positive rate. If we also take into account 

10 additional genes, which had a statistical significance of parental bias below the chosen cutoff 

but were confirmed as imprinted by pyrosequencing, our study increases the number of known 

imprinted genes in the mouse by ~26%.  

Importantly, in our data, most of the newly discovered imprinted genes and a considerable 

number of the known imprinted genes show parental expression biases rather than the 

traditionally described all-to-none silencing of a given parental allele. This observation, already 

made in Gregg et al., 2010 a, b, is made possible by the powerful and sensitive genome-wide 

experimental design. Currently, our experiments cannot distinguish whether the weak parental 

biases are uniform in all cells of the tissue analyzed, or result from averaging variable 

magnitudes of parental biases specific to individual cell types, as was reported for the nephron-

specific cell type imprinting of the Gnas gene (Weinstein et al., 2000) and the neuron-specific 

imprinting of the Snx14 gene (Huang et al., 2014). A more sensitive approach of allelic 

expression analysis at cellular resolution will be needed to resolve this issue.  



	  127	  

The imprinting regulation of several newly identified genes in the cerebellum is 

corroborated by several lines evidence. First, we find that ~65% of these genes are located by, or 

at known imprinted clusters, and this localization is observed to be evolutionarily conserved 

suggesting it is under purifying selection. In addition, three of the isolated biased genes contain 

regions differentially methylated between the parental alleles. Second, many of these genes are 

implicated in the same biological pathways, including cell survival and apoptosis, as 

monoallelically expressed genes. 

Apoptosis 

A number of imprinted genes are known to play important roles in the apoptosis pathway. 

In this study we find additional apoptosis-related genes imprinted with parental biases (Figure 

3.7.A). Apoptosis plays an important role during brain development where it regulates cell 

population size and adjusts neuronal circuits by removing poorly connecting cells (Buss et al., 

2006). Accordingly, most of the imprinted apoptosis-related genes observed in our study exhibit 

both stronger overall expression and parental biases in the developing cerebellum. We observe a 

significant number of pro- and anti-apoptotic genes differentially expressed according to brain 

region. Considering that most neurons in the adult brain are post-mitotic, the functional 

significance of such spatial regulation is still unclear. Nevertheless, some imprinted genes are 

known to be highly pleiotropic, hence alternative functions of these imprinted apoptotic genes in 

the adult brain cannot be ruled out (Jiao and Li, 2011; Li et al., 2010). 
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MATERIALS AND METHODS 

 

Animal Subjects 

F1 hybrids were generated by reciprocally crossing C57Bl/6J and Cast/EiJ mouse strains, 

where we denote by F1i an F1 hybrid derived from a C57Bl/6J father and a Cast/EiJ mother, and 

by F1r an F1 hybrid derived from a Cast/EiJ father and a C57Bl/6J mother. For the RNA-seq 

data, we used 48 animal subjects covering both crosses, both sexes, and two age groups: 

developing animals sacrificed at postnatal day 8, called P8, and adult animals sacrificed in the 

range of postnatal days 56-64, called P60. Our experimental design is balanced thus having three 

factors: cross, sex, and age, with six animal replicates in each factor block.  

 

RNA-Seq Sample Preparation 

RNA was isolated from dissected Cerebella using Trizol (Life Technologies) according 

to the manufacturer instructions and further purified using DNase I digestion and the RNeasy kit 

(Qiagen). We required samples to have RNA integrity score of above 9, according to the Agilent 

2100 Bioanalyzer, to be used for RNA-seq library preparation. For each sample we used 3ug of 

total RNA to prepare libraries according to the Illumina Tru-Seq RNA sample preparation 

protocol. Sample purity and integrity was confirmed using the Agilent 2100 Bioanalyzer. We 

selected an average fragment size of 250 bp. Each animal subject was used to prepare a single 

library and was sequenced on an individual lane generating 59 bp single-end reads. The average 

read depth across our samples was 168,991,714.5. 
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Reference Genome and Transcriptome Data 

We created a C57, CAST diploid genome by incorporating C57 and CAST SNPs and 

indels (obtained from the Mouse Genome Project: ftp://ftp-mouse.sanger.ac.uk/REL-1303-

SNPs_Indels-GRCm38) into the Mus musculus GRCm38 reference genome sequence. We 

additionally created a transcriptome annotation set as follows. We first downloaded the Gencode 

(Engström et al., 2013; Steijger et al., 2013) M2 mouse main gene annotation 

(gencode.vM2.annotation) General Transfer Format (GTF) file and removed from it the 

following RNA types: Mt_rRNA, Mt_tRNA, miRNA, rRNA, snRNA, snoRNA, 

Mt_tRNA_pseudogene, tRNA_pseudogene, snoRNA_pseudogene, snRNA_pseudogene, 

scRNA_pseudogene, rRNA_pseudogene, miRNA_pseudogene, as they are not supposed to be 

represented in our RNA libraries. In order to include as an extensive set of transcripts as possible 

and to specifically cover retroposed genes due to their known involvement in genomic 

imprinting (McCole and Oakey, 2008b), we followed these steps to add additional annotated 

transcripts to gencode.vM2.annotation. First, we downloaded the Gencode Retrotransposed 

(gencode.vM2.2wayconspseudos) GTF file and the ucscRetroInfo2 mm10 mouse genome 

assembly retrogenes annotation file from the University of California Santa Cruz (UCSC) 

genome browser (Karolchik et al., 2014). We eliminated any redundancy between the two 

transcript sets by selecting the longest transcript between any two transcripts represented in both 

files. Following that, we eliminated any redundancy between that retrogene set and 

gencode.vM2.annotation transcript set by selecting the longest transcript between any two 

transcripts represented in both sets. In order to remove any redundancy between our retrogene set 

and single-exon protein coding transcripts (which is the structural hallmark of retrogenes) in 

gencode.vM2.annotation we kept the longest of any intersecting protein-coding single-exon 
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transcript in gencode.vM2.annotation and retrogene in our retrogenes set. Subsequently, we 

added all transcripts from the UCSC knownGene mm10 mouse genome assembly annotation 

file, which are not indicated to be represented in the gencode.vM2.annotation set. Finally, we 

added all functional RNAs from the functional RNA database (fRNAdb, Mituyama et al., 2009), 

which did not intersect with any of the transcripts in the set we generated in the previous steps 

and is longer than our 59 bp read length. Altogether, this amounted in 117,643 transcripts. We 

then used the UCSC liftOver utility to generate a C57, CAST diploid transcriptome set from our 

generated transcriptome set. 

 

Processing of RNA-seq Data 

Each RNA-seq library was first subjected to quality and adapter trimming using the Trim 

Galore utility (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore) with stringency 

level 3. We then mapped each of our C57×CAST hybrid RNA-seq sequenced libraries to the 

C57, CAST diploid genome and transcriptome splice junctions using STAR RNA-seq aligner 

(Dobin et al., 2013) allowing a maximum of three mismatches. Specifically, we mapped the data 

twice where after the first mapping step we incorporated valid splice junctions which were 

reported by STAR to exist in our RNA data. Subsequent to the second STAR mapping step we 

filtered any alignments that did not map to our transcript set using custom code. We note that by 

doing so we allow the reads to unbiasedly align to their best locations in the splice-junction 

aware genome and subsequently keep our alignments of interest as opposed to aligning the read 

data directly to the transcriptome (e.g., Roberts and Pachter, 2013). Following that, we estimated 

the expression levels with their respective uncertainties of each transcript in our C57, CAST 

diploid transcriptome using MMSEQ (Turro et al., 2011). MMSEQ uses a Bayesian model for 
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estimating expression levels and therefore computes a posterior distribution of the expression 

levels of each transcript in Fragment Per Kilobase per Million (FPKM) units. We first 

transformed these posterior FPKM samples to Transcript per Million units (TPM) as TPM units 

were shown to be unbiased and more interpretable (Wagner et al., 2012). Following that, for 

each transcript which had a posterior median TPM below 0.01, which we set as our minimal 

expression level cutoff, we set all of its TPM posterior samples to zero.  

Using an extensive transcriptome annotation set on the one hand has the advantage of 

estimating the expression levels (and therefore testing for parentally-biased expression) of as 

many known transcripts that are expressed in the tissue from which RNA was purified, as 

possible. One the other hand, it is very likely that highly similar transcripts (e.g., NAGNAG 

alternative splice forms, Bradley et al., 2012) will not be distinguished by the read data. This, in 

turn, would increase the expression level uncertainties of such lowly identifiable transcripts and 

would therefore reduce power when testing whether their expression is parentally biased. Ideally, 

one would detect such lowly identifiable transcripts and combine their expression level estimates 

into that of single merged transcript, indicating that either of them or both of them are expressed. 

Such combined transcripts would therefore have lower expression level uncertainty than their 

constituents, which would therefore increase power when testing whether their expression is 

parentally biased. To achieve this, we adopted the approach of Turro et al. (2014) for collapsing 

lowly identifiable transcripts based on the posterior correlation of their expression level 

estimates, tailored for a diploid transcriptome case. That is, we require that the across-samples 

mean posterior correlation of expression level estimates of two homologous pairs of transcripts 

from each of the two alleles each be lower than a defined cutoff (which we empirically set to -

0.25), in order to combine each of these pairs into a single combined transcript, yielding a 
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homologous combined transcripts. This consistency between the alleles in the collapsing process 

ensures that the resulting combined transcripts are identical for the two alleles and can therefore 

be tested for parentally biased expression. 

 

A Statistical Model for Inferring Genomic Imprinting from an RNA-seq Experimental Design 

For inferring whether a given transcript is imprinted, we define our estimand of interest 

as the difference in the expression level between its paternal and maternal alleles, i.e., the 

parental bias. Intuitively, if the parental bias is approximately zero across all samples we would 

conclude that the transcript is not imprinted. The reality of RNA-seq data, however, is more 

complicated than that. First, as mentioned above, we do not obtain accurate estimates of 

expression levels but rather estimates with uncertainty. Next, our experimental design may 

include inherent factors that can affect allele-specific expression levels to various extents, such 

as the mouse cross, sex, and age. Whether of interest or not, the effects of these factors need to 

be accounted for. In addition, even though our nearly genetically identical animal subjects are 

treated with similar conditions, thereby minimizing effects of any additional factors to the ones 

specified above (such as environment), we still expect biological variability in RNA expression 

across our subjects (e.g., due to litter effects). Finally, we would expect technical variability 

across experiments to add to the biological variability, yet unless addressed explicitly (e.g., 

sequencing the same RNA library as technical replicates), the two are indistinguishable.  

To address all of these issues we developed a statistical model for inferring genomic 

imprinting from our experimental design for every transcript in our annotation set. Specifically, 

we have chosen to extend the Bayesian variable selection regression model of Chipman et al. 

(1997) by accounting for the measurement error in the response, as uncertainties are naturally 
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propagated in a Bayesian framework. In our model, the response of sample  ( , where

samples) for a certain transcript is the mean posterior difference between the paternal 

and maternal log posterior TPM samples, i.e., 

        (1) 

We denote by  a specific posterior sample of posterior samples, and by a constant that we 

add to the TPM expression in order to avoid taking the log of zero (we use ). Since 

regression parameters are sensitive to the scale of inputs (Gelman, 2008) yet we wish to have a 

common interpretation for all transcripts we fit our model to, we divide the response by the 

standard deviation of ’s across all  samples and denote this scaled response as . 

We define the uncertainty (or measurement error) of the response as:

      (2) 

We thus model: 

       (3) 

We denote as the unobserved (latent) true value of the response, and

as the covariance matrix of the response errors . We denote by  

the total number of samples. In our experimental design, each of our factors, namely, cross, 

sex, and age has two levels, and each factor is represented by replicates, therefore  
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corresponds to observations. We model the, unobserved, true value of the response, , 

as: 

         (4) 

We denote the experimental design matrix by , the regression factor parameters 

by , and across-samples errors as . In our model we define the 

parental bias as the mean response across all samples, which is the intercept of the regression. 

Therefore,  is a column vector of 1’s, is the parameter that quantifies the effect of the 

parental bias, and is the number of factors. Since we are interested in testing whether 

each effect  is significant (i.e., whether is significantly different from zero), we model the

’s as a mixture of two normals, such that the first normal is centered around zero with a small 

variance, representing a non-significant effect, and the second normal is centered around the 

estimated , and considers the effect as significant: 

       (5) 

can be interpreted as a random variable that indicates whether factor has an effect on the 

response. are therefore modeled as Bernoulli i.i.d., with probability  for each : 

           (6) 

The ’s and ’s are hyper-parameters for scaling the two normals and is the prior probability 

that factor  has a significant effect on the response. Finally, we put a conjugate prior on : 

          (7) 
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Where and are hyper-parameters for the location and scale of , respectively.  

The joint distribution of the observed data, , the covariance matrix of the response errors, 

, and the parameters and latent variables, is: 

     (8) 

Where, 

      (9) 

     (10) 

       (11) 

Where, 

          (12) 

        (13) 

And, 

          (14) 

The full conditional distribution of is: 

       (15) 

Where by dropping the terms not involving we get: 
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   (16) 

We use the proposition that if: 

   (17) 

Then (see proof in Gelman et al., 2013), 

          (18) 

Where, 

          (19) 

And, 

          (20) 

We thus obtain, 

      (21) 

Where, 

         (22) 

And, 

          (23) 

And therefore, 

         (24) 

The full conditional distribution of is: 
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    (25) 

Where by dropping the terms not involving we get: 

    (26) 

We use the proposition that if: 

         (27) 

And, 

          (28) 

Then (see proof in Lindley and Smith, 1972), 

         (29) 

Where, 

          (30) 

And, 

         (31) 
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      (32) 
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          (33) 
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         (34) 

And therefore, 

         (35) 

The full conditional distribution of is: 

   (36) 

Where by dropping the terms not involving we get: 

  (37) 

Therefore, 

   (39) 

The full conditional distribution of  after dropping the terms not involving is: 

        (40) 

The joint conditional distribution of , however, is unknown, and therefore it is more suitable to 

sample each independently, given the set . Using equation 40 we 

get: 

      (41) 
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   (42) 

Where  is the ratio of the normal mixture for from equation 11. 

Our Gibbs sampler therefore follows these steps: 

Initialize the parameters. 

Iterate until convergence on sampling each parameter from its full conditional distribution: 

Sample  (equations 18, 22, and 23). 

Sample  (equations 29, 33, and 34). 

Sample  

For  , sample according to equation 42. 

In all our analyses we ran our Gibbs sampler for 10,000 iterations discarding the first 1,000 as 

burn-in. 

In our experimental design all factors have binary levels: parental effect: paternal and 

maternal; cross effect: F1i and F1r; sex effect: male and female; and, age effect: P8 and P60. 

Since in this study we are interested in contrasting the two levels in each effect we set the 

matrix cross, sex, and age columns to 1 for F1i’s, males, and P8’s, and to -1 for F1r’s, females , 

and P60’s. Each of the  parameters, which quantifies the effect of the corresponding factor, 
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can therefore be split into the respective levels of the factor. For example, the which quantifies 

the parental effect corresponds to the mean effect across samples. Therefore: 

    (43) 

Therefore: 

         (44) 

The geometric means and correspond to the median paternal and 

maternal expression across samples. Denoting the biallelic expression as: 

        (45) 

we can therefore represent the median paternal and maternal fractions in terms of : 

         (46) 

And  

         (47) 

Our model computes samples from the posterior distributions of each of the parameters. 

For inferring an effect as statistically significant, we require that the mean posterior value of its 

corresponding  parameter be higher than 0.95. 
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As described above, our model has several hyper-parameters that need to be specified. 

Namely, the normal mixture prior distribution of each  is scaled by respective and . The 

 parameter acts as a multiplying constant that determines how much higher an important effect 

has to be relative to a negligible effect in order to be considered significant. The parameter will 

therefore determine the posterior probability of an important effect being significant. The shape 

and scale of the inverse gamma prior distribution of  is determined by and , respectively. 

The  parameter should be set to a relative uninformative value, yet larger than zero in order to 

avoid obtaining low values of  which will result in overinflated posteriors for selecting effects 

as significant. Finally, each  has prior probability of being selected. 

We follow Chipman et al. (1997) in setting  to a value near two (specifically 2.5) and 

setting  . Since for all transcripts, for we get

. We chose and of all transcripts to have empirical values of 0.1 and 4.25, respectively, in 

order to provide a good separation between imprinted and non-imprinted transcripts at the 

selected PP = 0.95 cutoff. In addition, we set to of all effects to 0.1, reflecting our prior belief 

of the effects being significant. Although the choice of these hyper-parameter values is arbitrary 

to some extent, if the model is robust this choice should not affect the ranking of the  estimates 

but merely their values. Therefore, in order to evaluate how the inference of genomic imprinting 

by our model is affected by our choice of empirical hyper-parameter values we performed the 

following sensitivity analysis. The empirical value that we chose for each of the five hyper-

parameters: , , , ,and , was perturbed by selecting four other values. Specifically, we 

perturbed the empirical  value with 0.005, 0.01, 1, and 2 thus both lowering and elevating 
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the posterior probability of an effect begin significant; we perturbed the empirical  value 

only with the higher values: 1.7, 3.4, 5.3125, and 10.625 as 4.25 was found to be around the 

minimal value for detecting significant effects; we perturbed the empirical value with 5, 

12.5, 25, and 50 as  cannot assume values lower than 2; we perturbed the empirical 

value with 0.002, 0.004, 0.4, and 0.8 shifting the prior distribution from informative to 

uninformative; and finally, we perturbed the empirical value with higher prior 

probabilities of 0.2, 0.3, 0.4, and 0.5. In each such perturbation we re-fitted our model to the data 

where all other hyper-parameter values are held fixed at their original empirical unperturbed 

values (thereby achieving a one-at-a-time sensitivity analysis). We assessed the perturbed results 

using a receiver operating characteristic (ROC) analysis in which the imprinted transcripts 

obtained by the unperturbed inferences were used as the ground-truth positives, and all other 

non-imprinted transcripts were used as ground-truth negatives. For practical computational 

considerations, for all perturbations we used a random sample of 10% of the 38,112 transcripts in 

our data set. For this sample to reflect the transcripts proportionally with respect to the PP of 

their parental effect, we binned the 38,112 parental effect PP distribution to a 100 bin histogram 

and randomly sampled 10% from each bin. In all perturbations the area under the ROC curve 

(AUC) was found to be 1, except for the  and perturbations which obtained AUCs of 

0.99 and 0.95, respectively. These results therefore indicate that the ranking of transcripts 

according to the PP of the parental effect, obtained by our model, is robust to the choice of 

hyper-parameter empirical values. Therefore, the practice employed in this study of selecting 

empirical values, setting a parental effect PP cutoff, and experimentally confirming all transcripts 

with a PP of parental effect above that cutoff, is a reasonable choice for obtaining reliable 

inference of genomic imprinting from RNA-seq data. 

4.25c =
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In order to detect all imprinted transcripts in our data we fitted our model to all 48 P8 and 

P60 samples, thus estimating cross, sex, and age effects on the parental bias. This, however, 

requires that a given transcript is expressed in both age groups. In addition, a significant age 

effect may mean that a transcript has a strong parental bias in one age group but none in the 

other. In that case, the PP of the overall parental bias may not be significant. For these reasons 

we additionally fitted our model to the 24 P8 and P60 samples, independently, thus estimating 

only cross and sex effects on the parental bias for each of the age groups. We thus report all 

transcripts with a parental effect PP > 0.95 in the combined P8, P60 dataset, or exclusively 

expressed in one of the age group datasets with a parental effect PP > 0.95 as imprinted. 

Transcripts with an age effect PP > 0.95 in the P8, P60 dataset and with a parental effect PP > 

0.95 in either of the individual P8 and P60 datasets were additionally reported as imprinted. 

 

Analysis of the Decay of Parentally-Biased Expression as a Function of Distance from 

Imprinted Cluster Centers 

To quantify the effect that physical chromosomal distance of imprinted genes from their 

corresponding imprinted cluster center has on the magnitude of their parentally-biased 

expression we performed the following analysis. We started off with the list of transcripts which 

were either validated to be imprinted in this study or their corresponding genes were validated to 

be imprinted in previous studies. Retrogenes were excluded from this list as the context of their 

genomic location is not strongly relevant for the question addressed by this analysis. For each 

transcript in this list we computed the parental bias as: 

             (48) 

exp( ) 1max ,
1 exp( ) 1 exp( )
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In words, the median parental expression fraction across all samples (see equations 43-

47). In order to represent a gene by a single representative parental bias, for each gene we chose 

the isoform with the most significant parental bias (i.e., the isoform with the maximal posterior 

mean ), derived from the model fitted to both age groups. In cases of genes encoded within a 

host gene the gene with the maximal parental bias was chosen as the representative of that 

genomic location. In order to assign genes to clusters we linearly scanned each chromosome 

from its 5’ to 3’ end. The most upstream gene on a chromosome (where we represent the start 

and end sites of genes encoded on the antisense strand as their end and start sites on the sense 

strand, respectively), was assigned to the first imprinted cluster of that chromosome. Then, if the 

start site of the next downstream gene is within 1Mbp of the end site of the previous upstream 

gene it was assigned to the same cluster, else it was assigned to a new cluster. Thus, the maximal 

distance between any two clusters can be 1Mbp. Practically, this inter-cluster distance is much 

larger. We then defined the genes with a parental bias larger than 85% to 15% as candidate 

centers of their respective clusters. Since in some imprinted clusters more than a single gene met 

this condition, we grouped all physically consecutive candidate cluster center genes to a single 

gene which start site was defined as the start site of the most upstream candidate center gene and 

end site was defined as the end site of the most downstream candidate center gene. If an 

imprinted cluster resulted with more than one such group of candidate center genes flanked by 

genes with parental biases lower than 85% to 15%, it was broken down to sub-clusters centered 

on each of these candidate centers. We defined the boundaries of each sub-cluster as half the 

distance between the end site of its center gene and the start site of the center gene of the 

adjacent sub-cluster (or up to 1M bp in the cases of the most up- and down-stream sub-clusters) 

and thus flanking genes were assigned to the sub-cluster which boundary was downstream to 

δ
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their start site location. We finally removed any gene which start site was more than 1Mbp away 

from its respective cluster center. We then fitted a general linear fixed effects model to non-

cluster center genes, where we defined the response as the parental bias and the fixed effect as 

the intergenic distance from the cluster center. 

 

Analysis of the Evolutionary Propensity for Clustering of Imprinted Genes 

To test whether the clustered organization of mouse imprinted genes with weak parental-

expression biases (lower than 85% to 15%) is conserved in mammalian evolution, which 

therefore suggests functional importance, we carried out the following analysis. We defined a 

pair of adjacent genes in the mouse reference genome as any two genes which intergenic 

distance was below 1Mbp. Using this set of adjacent pairs of genes as reference we then 

constructed a phyletic pattern of orthologous gene pairs as follows. We downloaded the gene 

orthology assignment between the mouse reference genome and all mammalian reference 

genomes available in the Ensembl genome browser (Flicek et al., 2014), which are assembled at 

the chromosome level. This included the following genomes: opossum, pig, sheep, cow, horse, 

cat, dog, rat, marmoset, rhesus, orangutan, gorilla, chimpanzee, and human (Figure 3E). For each 

comparative genome, if both orthologs of a mouse adjacent gene pair exist in that genome, we 

labeled this orthologous pair by “1” if their intergenic distance is lower than 1Mbp (i.e., they are 

also adjacent in the comparative genome) and “0” otherwise (i.e., they are not adjacent in the 

comparative genome). If either or both orthologs do not exist in the comparative genome we 

labeled this pair as “?” (i.e., unknown). Ensembl tables of orthology assignment provide two 

types of homology between a query and search genomes: a one-to-one and a one-to-many 

homology. In addition, these tables also provide a binary confidence score for the orthology 
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assignment (0 for low and 1 for high). As a conservative approach, we filtered out all one-to-

many and low confidence orthologs unless the genes orthologous to the mouse pair were found 

to be within 1Mbp of each other. As a result we obtained a phyletic pattern, which is a type of a 

multiple sequence alignment where each site is a gene pair orthologous to an adjacent gene pair 

in the mouse genome with the characters of “1”, “0”, and “?”. All phyletic pattern columns in 

which all sites were “?”, were removed thus obtaining a phyletic patterns of 477,279 sites. We 

then fitted to this phyletic pattern and corresponding phylogenetic species tree (Figure 3E) a 

probabilistic phylogenetic model estimating the substitution rates between presence and absence 

(“1” and “0”, respectively) and vice-versa (Cohen and Pupko, 2011). We specifically allowed the 

presence/absence ratio to vary across sites and the presence and absence probabilities at the root 

of the phylogenetic tree to be independently estimated. As a result, we obtained a posterior 

expectation of the absence-to-presence substitution rate (i.e., rate of gene-pair gain: “0” to “1”) 

and a posterior expectation of the presence-to-absence substitution rate (i.e., rate of gene-pair 

loss: “1” to “0”) for each site in the phyletic patters. The propensity of each orthologous gene 

pair to be adjacent is therefore the posterior expectation of its rate of gene-pair gain divided by 

the posterior expectation of its rate of gene-pair loss. In order to test whether the propensity of 

adjacency of orthologs of mouse weakly parentally-biased imprinted gene pairs (with a bias 

lower than 85% to 15%), is significantly higher than what would be expected by chance, we 

compared the mean propensity of adjacency of these gene pairs with that of all gene pairs in the 

phyletic pattern using a one-sided z-test.  
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Pyrosequencing Validations 

Validations were performed in cerebellums derived from a different batch of young (P8) 

and adult (P60) F1 hybrids from that use in RNA-Seq experiments. RNA purification and quality 

control followed the same procedures described above. An average of three SNPs suitable for 

pyrosequencing analyses were identified for each candidate gene. Previously described three-

primer strategy (Royo et al., 2007), including a 3’-biotinylated primer common to all reactions, 

was employed for the amplification of each targeted SNP. All primers were design using 

Pyromark Assay Design 2.0. Pyromark One Step RT-PCR kit (Qiagen) was used for the 

amplification of each targeted region, followed by purification of single stranded biotinylated 

DNA according to the manufacturer instructions. Pyrosequencing was performed on the 

Pyromark Q96 MD (Qiagen). For each SNP at least 12 replicates were separately analyzed. 

Statistical significance of results obtained for each SNP were analyzed using a version of our 

Bayesian Regression Genomic Imprinting Model customized for pyrosequencing data.   
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Introduction 

The developing and mature brain express a high number of imprinted genes and brain 

function is compromised in a number of imprinting-associated conditions (Gregg et al., 2010a; 

Keverne and Curley, 2008; Wilkinson et al., 2007a).A classical example of imprinted-related 

disease, the Prader-Willi syndrome, is caused by loss of paternal expression in the q11-13 region 

of human chromosome 15, resulting in abnormal development, hyperphagia, mental retardation, 

and volatile behavior (Peters, 2014). Angelman syndrome (AS) is caused by loss of maternal 

expression at the same genomic region, resulting in mental retardation, impaired speech, and a 

joyful demeanor (Peters, 2014). Another condition, the Birk-Barel mental retardation syndrome 

(Barel et al., 2008), is caused by mutations in the human maternally expressed Kcnk9 gene. In 

mice, experimental work has also highlighted a particular influence of genomic imprinting on 

behavior. For examples, paternal deletion of the Grb10 gene increases social dominance 

(Garfield et al., 2011a) and paternal deletions of the Mest and Peg3 loci result in deficient 

maternal behaviors (Lefebvre et al., 1998; Li et al., 1999). Interestingly, a large portion of 

conditions or phenotypes associated with imprinting exhibit specific impairments of social 

behavior (Isles et al., 2006). To date, the neuronal underpinnings of these conditions remain 

largely obscure. From a neurobiology standpoint, deciphering the specific roles of genomic 

imprinting in the brain can help better understand regulatory mechansims underlying brain 

development, physiology, and complex behaviors. From a genetic standpoint, the study of 

genomic imprinting in the brain is advantageous, since this phenomenon targets many neural 

genes and associated biological functions. 
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It is important to consider that, irrespective of their imprinted status, the expression levels 

of imprinted genes is not uniform across the brain but rather are known to vary significantly 

among brain regions (Gregg et al., 2010a). In addition, expression levels of imprinted genes has 

also been shown to vary throughout brain development (Wilkinson et al., 2007a). These 

expression-level differences may be associated with changes in the magnitude of the parental-

expression bias. Indeed, developmental- and brain region-specific imprinting has been reported 

for some genes. For example, the AS associated Ube3a gene is maternally expressed in the 

hippocampus and cerebellar Purkinje Cells, while bialleic expression is observed in the anterior 

commissure and optic chiasm (Albrecht et al., 1997). Furthermore, Ube3a shows significant 

paternal expression in the cortex immediately after birth that becomes biallelic by postnatal day 

14 (Sato and Stryker, 2010). Therefore, it is possible that imprinting regulation of many other 

genes varies across brain regions and among different CNS cell types. Since it is not known 

whether all mouse imprinted genes have been discovered, studying imprinting in different brain 

regions and across different time points is of high interest. Further examples of the regulation 

and functions of imprinted genes in the brain are described in chapter 1. 

As described in chapter 3, we have performed a genome-wide screen for imprinted genes 

in the cerebellum. Our experimental design is comprised of 48 individual cerebellums capturing 

two different developmental stages and representing both sexes. We observed 114 genes under 

imprinting regulation in the cerebellum, 74 of which have been previously described, and 40 of 

which were as confirmed imprinted using pyrosequencing.  

In this chapter, we have investigated the regulation of imprinted genes in both the time 

and spatial axis. First we asked whether imprinting expression is regulated according to the 

developmental stage of the cerebellum. Interestingly, when the repertoire and expression of 
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imprinted genes are compared between P8 and P60 cerebellum, half of the identified genes 

appear to be regulated according to age, either in their parental biases, in their overall level of 

gene expression, or both. For some genes, the developmental regulation is restricted to the 

preferentially expressed allele, while for others it is restricted to the non-preferentially expressed 

allele. Second, we asked if the parental biases of a selected group of imprinted genes are 

regulated across the different tissues. Using pyrosequencing for allele specific quantification we 

find that a substantial number of genes are uniquely imprinted in the brain. We then reveal 

considerable variation of the magnitude of the parental bias of many of these imprinted genes 

across different brain regions. Strikingly, genes from same as well as independent imprinted 

clusters seem to share similar patterns of variation, suggesting coordinated regulation. Thus, we 

uncover a highly dynamic mode of imprinting regulation according to tissue and/or 

developmental stage, where a unique program of imprinting is manifested in the brain and can be 

further modified according to brain region and developmental stage. 
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RESULTS 

As described in chapter 3 we have sequenced RNA from 48 individual cerebellums from 

the offspring of reciprocal crosses, half of which were collected at postnatal day 8 (P8), a period 

in which granule cells are highly multiplied and are migrating to the inner granule layer. The 

other half of cerebellums were collected from adult animals (P60). Each age group had equal 

numbers of males and females. Besides its ability to quantify significant preferential expression 

from one of the parental alleles, our newly developed bayesian regression model also allows the 

identification of significant effects of age on parental biases and on overall expression levels.  

 

Developmental Regulation of Genomic Imprinting in the Cerebellum 

The importance of genomic imprinting during development, particularly in the developing brain, 

has been clearly established (Wilkinson et al., 2007b). Furthermore, age-dependent regulation of 

the expression and/or imprinted state of some genes has also been described (Gregg et al., 

2010b). Here we took advantage of the cerebellar postnatal maturation to investigate the 

regulation of imprinting during important milestones of neuronal development. We detected 57 

imprinted genes (50% of all imprinted genes expressed in the cerebellum) for which either the 

parental bias and/or the total expression (paternal + maternal) level are regulated according to 

developmental stage (age effect PP > 0.95; Figure 4.1A). This includes 11 genes in which both 

the parental bias and the total expression level are affected by age, 17 genes in which only the 

parental bias is affected by age, and 29 genes in which only the total expression level changes 

with age. Among those, the parental bias in 21 genes remains age invariant and eight are not 

expressed in the adult. Two striking patterns are apparent among the age-regulated genes. First, 

in a disproportionally high number of genes, both the parental bias and the total expression level 



	  161	  

are stronger in P8 cerebellum (21 genes versus 9 in which both the parental bias and the total 

expression level are higher in P60, and 11 and 9 genes in which either the parental bias is higher 

in P8 and total expression level higher in P60 or the opposite, respectively, P-value = 0.048; 

test). The cerebellum undergoes important developmental milestones at P8. It is therefore 

possible that these changes in expression and parental bias indicate an active involvement of 

these genes in this process. Secondly, the age effect on the magnitude of the parental bias and on 

the level of total expression are positively correlated (Pearson correlation coefficient = 0.34; P-

value = 3.1×10-4 Figure 4.1B). Such a pattern may artificially arise if the power to detect 

parental biases is strongly correlated with expression levels. This option, however, is not 

supported in our data (data not shown). Alternatively, it is possible that either the preferentially 

expressed allele and/or the non-preferentially expressed allele experience a significant change in 

expression levels along development, thereby altering both the magnitude of the parental bias as 

well as the level of the total expression. To test this hypothesis we fitted our model to the data 

where we defined the response as either the paternal expression levels or the maternal expression 

levels. This analysis indeed revealed that age regulated imprinting (age effect PP > 0.95) is 

achieved either by a significant change in the expression level of the preferred allele (31 out of 

57 genes, shown along the X-axis in Figure 4.1C), a significant change in the expression level of 

the non-preferred allele (13 out of 57 genes, shown along the Y-axis in Figure 4.1C), or a 

significant change in the expression levels of both alleles (13 out of 57 genes, shown along the 

diagonal in Figure 4.1C), indicating that altering the expression level of the preferred allele is 

the common mode through which age regulated imprinting is achieved (P-value = 0.003; 

test).  

 

2χ

2χ
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Figure 4.1: Age Regulation of Imprinted Genes in the Cerebellum 
	  
 

(A) Proportions of imprinted genes in the cerebellum regulated by age.  (B) Comparison of the 
age regulation in the overall expression of imprinted genes and in their parental biases reveals 
positive correlation. (C) Comparison of the age regulation in the expression of the preferred and 
the non-preferred allele of imprinted genes. (D) Novel imprinted cluster of distal chromosome 1 
exhibits is regulated according to age. 
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Several genes for which the parental bias in the cerebellum is affected by age are 

associated with developmental processes such as cell proliferation, differentiation, and survival. 

For instance the Asb4 gene, which regulates embryonic stem-cell differentiation (Townley-

Tilson et al., 2014), exhibits a strong maternally-biased expression during cerebellar 

development but is biallelicaly expressed during adulthood. This change in parental bias is 

achieved by a significant decrease in maternal expression and an increase in paternal expression, 

which interestingly, maintains the total level of expression approximately constant (Figure 4.2). 

The growth suppressor Grb10 gene, on the other hand, exhibits biallelic expression at P8 but 

exclusive paternal expression in the adult, which is achieved by suppression of the maternal 

allele (Figure 4.2). Strikingly, we observe a switch in the parental bias for the transcription 

factor Zim1, from maternal during development to paternal bias in the adult cerebellum, which is 

achieved by reduction in the maternal expression level from above the paternal expression level 

to below it (Figure 4.2). Remarkably, we uncovered a novel imprinted locus at the distal end of 

chromosome 1, which exhibits age dependent regulation. The genes Ier5, Mr1, Stx6, and the 

putative BC034090 gene, which we name here Impar (for Imprinted and Age Regulated) are 

located side by side within 136 KB all show a maternal bias during cerebellum development but 

biallelic expression in the adult (Figure 4.1D). For all genes in the locus, this shift in parental 

bias is achieved by a reduction in the expression level of the maternal allele and to a lesser extent 

in the paternal allele. It is interesting to note that Stx6 is believed to regulate neuronal migration 

and formation of processes (Kabayama et al., 2008; Tiwari et al., 2011), two events necessary for 

the integration of granule cells to the cerebellar circuit occurring at the P8 stage. It would be 

therefore interesting to determine whether the imprinting regulation of this gene affects this   
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Figure 4.2: Imprinted Genes Regulated According to Age 

 
Asb4 is maternally biased during development but biallelically expressed in the adult. Still the 
overall expression of the gene is maintained in both ages. Only the maternal allele of Zim1 is 
regulated according to age, while the paternal allele is maintain at a baseline level. Both alleles 
of Impar are regulated during development, however the maternal allele is express higher at P8. 
Decrease expression of Grb10 is mediated by downregulation of the non-preferentially expressed 
allele (maternal allele) while the paternal allele is expressed at a constant level. For each 
replicate red indicates maternal expression while blue indicates paternal expression. Y-axis of 
RNA-seq result is in the log of transcript per million units. Effects summary, shows the average 
effect on tested factors. For age bright olive green represents P8 and dark olive green represents 
P60. 
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process. Finally, we also observe age effects on the parental biases of specific isoforms of Herc3, 

Mest, and H13, which all show isoform-specific imprinting (data not shown). 

Spatial Regulation of Genomic Imprinting 

Tissue-dependent regulation has been described for several imprinted genes (Gregg et al., 

2010a; Prickett and Oakey, 2012). We decided to further investigate the extent of tissue-specific 

imprinting in the brain by quantifying the parentally-biased expression of 28 imprinted genes (20 

known and 8 novel) by pyrosequencing analysis of 16 brain macro-regions and seven non-brain 

tissues, all from adult animals (Figure 4.3A and Methods). This analysis revealed several 

striking patterns of parental bias across different genes and tissues (Figure 4.3B, 4.4B). 

Igf2, which is maternally biased in the brain (Gregg et al., 2010b) but paternally biased outside 

the brain stands in contrast to the brain paternally biased and body maternally biased Grb10 

(Charalambous et al., 2003, 2010; Garfield et al., 2011b). The Igf2r gene, which during 

developmental periods is maternally expressed and exerts a function that is antagonistic to that of 

the paternally expressed Igf2 (Filson et al., 1993; Ludwig et al., 1996), maintains a strong 

maternal bias in the body, which is relaxed in most of the brain (Figure 4.3B, 4.4B). The fact 

that these three genes regulate growth in the tissues in which they are expressed, suggests 

different contributions from the parental genomes to the brain and body. In addition, the Kcnk9 

gene is robustly maternally biased throughout the brain whereas in the body it is either not 

expressed, biallelicaly expressed, or paternally biased. Finally, the Zim1 gene shows an 

intriguing pattern of both paternal and maternal biases both in the brain and in the body. 
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Figure 4.3: Spatial regulation of Parental Biases 

 
(A) Legend of brain regions analyzed colored accordingly to broad developmental relatedness of 
the regions. OB: Olfactory bulb, AC: Anterior Cortex, PC: Posterior Cortex, Hp: Hippocampus, 
CP: Caudate Putamen, NA: Nucleus Accumbens, Pa: Pallidum, SA: Striatiu-like Amygdala, Th: 
Thalamus, Hy: Hypothalamus, DM: Dorsal Midbrain, VM: Ventral Midbrain, Cb: Cerebellum, 
Po: Pons, My: Medulla.   (B)Examples of genes whose parental bias is regulated according to 
organ (brain vs body tissues) and of genes whose parental bias is regulated within the brain. 
Origin of bar graphs represents biallelic expression positive values represent preferential 
maternal expression (colored red) while negative values represent preferential expression of the 
paternal allele (colored blue).  
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Figure 4.4: Hierarchical clustering based on the parental biases of the Imprinted Genes 
 

(A) Legend of brain regions described in figure 4.3 explanations. (A) Hierarchical cluster based 
on deviations from biallelic expression in imprinted genes. 
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To determine associations in the spatial regulation of imprinted genes we performed a 

hierarchical clustering analysis based on the parental biases of tested genes. Imprinted genes 

clearly cluster into three main clades, one that includes maternally biased genes, one that 

includes paternally biased genes, and one that includes genes that are sporadically biased in the 

brain, most of which are maternally biased. Several genes exhibit sharp contrasts in their parental 

bias between the brain and body. This includes genes which are exclusively or nearly exclusively 

biased in and throughout the brain, such as the maternally biased Ube3a (Rougeulle et al., 1997), 

Trappc9, Bag3, and B3gnt2 and the paternally biased BclX long isoform (Bcl2l1L), Inpp5f (Choi 

et al., 2005), and Begain. 

Moreover, parental biases of imprinted genes clearly separate tissues into two main 

clades, non-brain and brain, where in the latter the parental bias is much more consistent and 

robust. The brain is further subdivided into additional sub-clades, which roughly group 

developmentally related regions. One sub-clade clusters most of the telencephalon, the thalamus, 

and cerebellum. The other sub-clade is further split into a clade that groups mesencephalic and 

rhombencephalic regions and a clade that groups diencephalic and basal ganglia regions. 

 

In addition to the contrasting imprinting patterns between the body and the brain, the brain itself 

shows considerable imprinting dynamics. We therefore repeated the previous clustering analysis, 

this time confined to the brain (data not shown). This revealed that the Trappc9L, Chrac1, and 

Ago2 genes, which co-localize to an imprinted cluster in the distal end of chromosome 15, 

exhibit a very similar pattern of maternal bias across the brain, which is stronger in the cortex 

and weaker in the olfactory bulb, hippocampus, and Cerebellum. The Copg2 and Mest genes, 

which co-localize near the centromeric region of chromosome 6, exhibit a strongly similar 



	  169	  

pattern to that of genes on the distal end of chromosome 15 (Figure 4.5). The Zim1, Asb4, and 

Herc3 genes, which are located in the proximal end of chromosome 7, the proximal end 

chromosome 6, and near the centromeric region of chromosome 6, respectively, also exhibit 

shared patterns of biallelic expression (or in the case of Zim1 weak paternal biases) in 

telencephalic regions and cerebellum but strong maternal biases in other brain regions. These 

results suggest that the brain executes region-specific programs of imprinting. Moreover, the 

genes utilized in these programs are not necessarily from the same imprinted cluster, suggesting 

a higher order of regulation.  
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Figure 4.5: Genes within two separate cluster exhibit similar patterns of parental bias regulation 
across the brain.   
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Spatiotemporal Regulation of Genomic Imprinting 

The significant spatial dynamics of imprinting in the brain begs the question of the 

developmental stages at which these specificities are established, as it may bare relevance to the 

function of the genes in the targeted tissues. To address this question we performed a 

pyrosequencing analysis of the parental biases of 13 genes, which were inferred to be temporally 

and/or spatially regulated in the previous analyses, at postnatal days 0, 8, 15, and 64 in the 

cortex, hypothalamus, and cerebellum, which were observed to have contrasting imprinting 

patterns in the previous analysis. We additionally analyzed the parental bias of these genes in the 

entire E15 brain. This analysis revealed substantial spatio-temporal dynamics of the parental bias 

of several genes (Figure 4.6). For instance, Blcap experiences a gradual decrease in maternal 

bias along the age axis, which is consistent across the three analyzed brain regions. In contrast, 

the switch from maternal to paternal bias of Zim1 during cerebellum development, mentioned 

above, occurs gradually along development in both the cerebellum and cortex, yet is not mirrored 

in the hypothalamus where maternal bias is strongly maintained up to adulthood. Moreover, this 

analysis revealed that the sharp contrast between the parental biases of Igf2 and Grb10, observed 

across the brain, seem to be co-temporally regulated. The switch in the expressed allele for both 

genes happens earlier in the cortex and hypothalamus than in the cerebellum, which roughly 

coincides with the completion of their development (Sillitoe and Joyner, 2007). These results 

demonstrate that imprinting is a remarkably dynamic process, and suggest that the observed 

highly coordinated spatio-temporal regulation of parent-of origin expression may in turn 

orchestrate development across different brain regions. 
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Figure 4.6: Spatiotemporal Regulation of Imprinted Genes 
 

(A) Four genes analyzed at different timepoints in during development of the Cortex, 
Hypothalamus and Cerebellum. Blcap gradually loses imprinting at the same time for different 
brain regions. Zim1 shows selective lost and maintenance developmental maternal biases. Grb10 
and Igf2 are two genes switching preferentially expressed alelle (B) Hierarchical cluster based on 
deviations from biallelic expression in imprinted genes. 
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Spatial regulation of Apoptosis related imprinted genes 

The RNA-seq analysis revealed that the maternal bias of Bag3 substantially increases 

from P8 to P60 whereas BclXL shows an opposite significant decrease in paternal bias between 

these two time points (see chapter 3, figure 3.7B). This observation motivated us to test whether 

these two apoptosis genes show opposing imprinting patterns during development. We therefore 

tested the parental bias of these two genes in the E15 brain and in the cortex, hypothalamus, and 

cerebellum of postnatal days 0, 8, 15, and 64. This analysis revealed that, with the exception of 

the hypothalamus, the parental biases of Bag3 and BclXL show a significant anti-correlation 

(Pearson correlation coefficient = -0.69; P-value = 0.026, Figure 4.7A). A similar analysis 

across 16 regions of the adult brain (Figure 4.7B), further corroborated this finding, such that, 

with the expectation of the ventral midbrain and pons, the parental biases of Bag3 and BclXL 

show a significant anti-correlation (Pearson correlation coefficient = -0.56; P-value = 0.04, 

Figure 4.9B). These results demonstrate that the further away from biallelic expression one of 

the two genes is, the closer to biallelic expression the other gene is, and vice versa. This pattern 

is most pronounced in the cortex and cerebellum, as well as in central striatal regions, caudate 

putamen, and hippocampus.  
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Figure 4.7: Apparent anti-correlation in parental biases of BclXL and Bag3 
 

(A) Spatial regulation of BclX and Bag3 in the adult. (B) Temporal regulation of BclX and Bag3 
in during development. 
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DISCUSSION	  

Here we have investigated the spatial, temporal and spatiotemporal regulation of 

imprinted genes in specific brain regions and found striking regulation of parental bias in gene 

expression. First we show that the parental bias and/or expression levels of half of the identified 

imprinted genes are regulated according to cerebellar development. Imprinting was investigated 

in the midst of an important milestone (Postnatal day 8), which constitutes the peak of granule 

cell precursor proliferation, the active migration of granule cells to the inner granule layer and 

the establishment of connectivity between mossy fibers, granule cells and Purkinje cells. Most of 

the regulated genes, for example the E3 ubiquitin ligase Asb4 and the pro-apopotic transcription 

factor Blcap, exhibit stronger imprinting during this time point than in the mature cerebellum. 

We also demonstrate that multiple imprinted genes maintain their degree of parental bias but 

change their expression according to age, including the cationic amino-acid transporter Slc38a4 

and Rasgrf1 (described in chapter 1). Together, almost half of the genes imprinted in the 

cerebellum have their imprinting and/or expression regulated according to age. Indeed, several 

genes like Plagl1 and Cdkn1c are known to regulate cell survival and differentiation during 

embryonic development. On the other hand, a smaller subset including Sintaxin 6, and the 

protocadherins Pcdhb12 and Pcdhb20, is associated with cell motility and synapse formation 

suggesting imprinting is also involved in the regulation of neuronal wiring.   

We have also investigated the spatial regulation of both strongly and mildly imprinted 

genes and identified two main features. First, imprinting patterns in the brain highly differs from 

that of other body tissues. We show that a large portion of genes appear only imprinted in the 

brain, while few genes show weak or null imprinting in the brain and strong imprinting in other 

tissues. We also show that some genes such as Igf2 and Grb10 (Blagitko et al., 2000) switch their 
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preferentially expressed parental allele between the brain and the rest of the body. These results 

clearly indicate cells in the brain execute a very specific program of genomic imprinting that is 

distinct from other tissues.  

This in turn raising a fundamental question: what is the functional significance of these 

changes in imprinting between the brain and non-brain tissues, and between different brain 

regions? Since its discovery, studies of genomic imprinting have noticed a key association of this 

mode of gene regulation with brain function. One study observed contrasting roles of maternal 

and paternal genomes in the brain and in the body by generating chimeric animals in which a 

subset of cells contained either two maternal genomes or two paternal genomes. Embryos of the 

former developed bigger brains and smaller bodies, while embryos of the latter developed 

smaller brains and bigger bodies, than normal (Keverne et al., 1996). More recently however, it 

has been shown that this observation can be largely explained by tissue-specific imprinting of a 

single gene, Grb10 (Charalambous et al., 2003, 2010; Garfield et al., 2011b). The fact that we 

observed a large number of both maternally and paternally biased genes under brain-specific 

imprinting regulation may suggest that genomic imprinting plays a more intricate and complex 

roles in the brain than the rest of the body. A role in the regulation of behaviors is appreciated by 

the neuropsychiatric features of human imprinting syndromes and phenotypes observed in mouse 

knockouts of imprinted genes (Davies et al., 2015). Not mutually exclusive however, is the 

possibility that imprinting in the brain serves to regulate energy demand and consumption. 

During development, a great majority of imprinted genes are expressed in the placenta, a 

transient tissue responsible for the nourishment and protection of the embryo. Mutations or 

alterations in the expression of several imprinted genes results in embryonic growth and 

metabolic abnormalities related to placental function (Tunster et al., 2013). Considering that the 
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brain is the most energetically demanding tissue of the body, imprinting could thus perform an 

analogous role in the brain than it does in the placenta. 

Secondly, striking changes in the degree and even sometimes nature of parental bias of 

specific genes across various brain regions reveal a previously unappreciated dynamics of 

imprinting regulation inside the brain. Remarkably, multiple genes appear to share similar 

dynamics of parental bias, in particular genes belonging to the same genomic clusters, but also 

genes located in distinct clusters and chromosomes.  

Our data identified at least two imprinting regulatory patterns. Pattern 1 consists of strong 

imprinting in the core of the brain (Striatum, Thalamus, Hypothalamus, Midbrain, Pons and 

Medulla) but weak or no imprinting in Cortical regions, Olfactory Bulb and cerebellum. Pattern 

2 also consists of strong imprinting in the brain core and in the Cortex, while the Olfactory Bulb, 

Cerebellum and Hippocampus show weaker imprinting. These patterns could suggest cross-talk 

between genes sharing imprinting signatures mediated by common epigenetic regulators. 

Alternatively, these signatures may reflect the cellular composition of these brain areas, where 

regions showing strong imprinting contain more cell-types with monoallelic expression for the 

genes in question and regions exhibiting mild imprinting may contain less. Irrespective, these 

results are consistent with the idea that imprinted genes are functionally interconnected. 

Considering some of the behavioral overlaps observed in available imprinted gene mouse 

knockouts it would be interesting to see whether those sharing imprinting signatures show 

similar and potentially additive phenotypes. Furthermore, identifying the cell-types with 

imprinted expression of these genes may help delineate functional circuits underpinning 

observed phenotypes.  
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Finally, the anti-apoptotic genes Bag3 and BclXL shows a significant anti-correlation to 

BclXL  it would be important to compare the effects of allele-specific deletions of BclXL and 

Bag3 in the brain and the phenotype when both genes are altered. Overall, our findings expand 

the view of genomic imprinting regulation particularly in the brain and motivate further studies 

of imprinting at the cell-type level. 
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Materials and Methods 

RNA-Seq experiments 

Animals subjects use in RNA-seq experiments, preparation of RNA-seq samples as well 

as processing and analysis of RNA-seq data are described in chapter 3. 

Pyrosequencing Analyses 

The protocol use in pyrosequencing experiments is described in chapter 3. The 

coordinates of the Allen Reference Atlas guided dissections of all brain regions interrogated.  
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OVERVIEW 

Genomic Imprinting represents a fascinating biological phenomenon in which 

homologous chromosome regions within the same nucleus behave in drastically different ways 

according to their parental origin. Within defined chromosomal regions and loci, imprinted genes 

are bound by epigenetic mechanisms to preferentially express one of the two parental alleles. 

Thus, in a first level of organization, imprinted genes can be subdivided into two categories: 

those preferentially expressed by the maternal allele and those preferentially expressed from the 

paternal allele. Biased parental expression has been found to be primarily controlled by DNA 

methylation marks established in the parental germ lines. These marks are maintained after 

fertilization through the multiple cell divisions leading to the developing and ultimately mature 

organism. In addition to DNA methylation, the mechanisms ultimately controlling imprinting 

expression are diverse and complex, and include regulation by long non-coding RNAs, genomic 

insulators and histone modifications.  

Imprinted genes generate a diverse group of transcripts, only a portion of which have 

protein-coding potential. In cells, proteins and RNAs encoded by imprinted genes perform a 

wide array of functions ranging from transcriptional regulation, to intracellular signaling to 

membrane signal detection. Imprinted genes are found in all tissues tested so far, but 

intriguingly, many imprinted genes are preferentially expressed in the placenta, where they play 

essential roles in nutrient transfer and nourishment of the embryo, and in the brain where their 

functions are only beginning to be elucidated. 

This preferential expression of imprinted genes in the brain makes the phenomenon of 

genomic imprinting all the more intriguing. The brain is the most complex organ of the body that 
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is ultimately in charge of orchestrating body homeostasis and animal behavior. Thus, what are 

the roles of these genes in the physiology of the brain and how do they affect normal and 

pathological brain functions? Interestingly, the expression of imprinted genes appears to 

substantially vary across different regions of the brain and seems particularly enriched in 

hypothalamic nuclei and monoaminergic regions (Gregg et al., 2010). Accordingly, mutations in 

imprinted genes in both mouse and humans can lead to feeding disorders, hyper- or hypo-

activity, social impairments and cognitive deficits. But what are the dynamics of imprinted genes 

within the brain? When and where do they exert the roles leading to the observed phenotypes? 

Finally, what is the full repertoire of the genes that are imprinted in the brain, and how does it 

compare to other tissues? 

My thesis work provides information relevant to all of these questions. A critical decision 

at the onset of my work was to focus our initial investigation on the cerebellum. Indeed, although 

the cerebellum has so far not been particularly associated with the biology of imprinted genes, as 

were other regions such as the hypothalamus, this brain structure provides unique advantages in 

experimental design aimed at genome-wide investigation of genomic imprinting. Briefly, its 

large size and anatomical location allow accurate and reproducible dissections, providing 

sufficient material for single-cerebellum RNA-seq data. Additionally it provides a well-defined 

genetic circuit with testable phenotypic features. Finally its postnatal development provides 

readily access to developmental milestones that are more concealed in other brain areas. Thus 

my work began by profiling imprinted gene expression in the cerebellum of young (P8) and adult 

animals. 
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TRANSCRIPT LEVEL INFERENCES AND DETECTION OF IMPRINTING BY 

BRAIM 

Besides noting 74 previously known imprinted genes, we detected and validated 40 novel 

imprinted genes. Overall our method provides a 92% true positive rate, which is significantly 

higher than a recently reported approach (Babak, 2012; DeVeale et al., 2012). We credit our 

successful predictions to 3 unique features in our statistical analysis and experimental design. 

First, we performed an analysis of imprinting at the transcript level, and not at the gene level as 

was done in all other studies. This is important, as it provides in most cases a more accurate 

quantification of expression levels of alleles of a given gene (for both maternal and paternal 

variants of a transcript). This is because transcripts, not genes are the molecules generating the 

reads measured by RNA-seq. Second, we have developed a bayesian regression allelic imbalance 

model (BRAIM) that is able to test for parental effects on allele-specific expression, while taking 

into account other factors of the experimental design including cross, sex and age in this study. 

Third, our experimental design included a large number of replicates (48 total), which in turn 

provided sufficient statistical power to detect parental effects of small to high magnitudes. 

Finally, by performing comprehensive validation of our results by the independent method of 

pyrosequencing, we were able to exclude false positives from our analyses. In summary, BRAIM 

is a new and powerful approach that allows a sensitive and rigorous study of genomic imprinting 

at the transcript level, while taking into account the effects of multiple experimental factors.    

 

ISOFORM-SPECIFIC IMPRINTING 

The power of our approach was best demonstrated by the accurate detection of isoform-

specific imprinting (genes expressing different sets of transcripts from the maternal and paternal 
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alleles) in Gnas, Trappc9, H13, Herc3, Commd1 and Inpp5f 6 of 7 loci exhibiting this mode of 

expression. Blcap was missed because it does not contain SNPs in regions of one alternatively 

expressed transcript, making the isoform-specific imprinting inaccessible to our analysis. In 

addition, we discovered a new example of isoform-specific imprinting within the known 

imprinted gene Mest. In six of the eight cases, isoform-specific imprinting is associated with 

paternal expression of either a retrogene or a non-coding RNA, within intronic regions of a host 

gene (Gregg et al., 2010; McCole and Oakey, 2008). Transcriptional interference is thought to 

induce unique transcripts on the host’s paternal allele (McCole and Oakey, 2008). Interestingly 

we find two novel paternally expressed long non-coding RNAs, Gm16299 and FR0149454, 

within intronic regions of host genes Rbm20 and Ccdc40, respectively. However, expression of 

the Rbm20 and Ccdc40 was not detected in the cerebellum. It is predicted that these host genes 

will exhibit isoform specific imprinting in tissues where the lncRNAs are also expressed. Finally, 

an important question is whether isoform-specific imprinting results in alternative functions of 

the host gene. One interesting case is Herc3, which encodes for a Hect domain E3 ubiquitin 

ligase with multiple catalytic clefts in the maternal allele. On the other hand, the paternal allele 

also encodes a Hect E3 ubiquitin ligase but with substantially less catalytic domains (Marchler-

Bauer et al., 2011). Thus, paternal and paternal alleles encode proteins with potentially distinct 

functionalities, and future investigations should assess the cellular roles of these two proteins, 

and in turn imprinting dependent functional variability. 

 

PATERNALLY BIASED IMPRINTING 

The majority of novel imprinted genes discovered by our approach exhibit moderate to 

weak expression differences between the two parental alleles, referred to here as parental biases, 
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rather than monoallelic expression, which implies the all or none silencing of one of the two 

parental allleles. Even though preferential parental expression rather than clear cut monoallelic 

expression has already been reported for multiple genes, this form of imprinting remains largely 

overlooked (Gregg, 2014; Khatib, 2007). Parental biases observed at the level of a tissue can 

arise from subtle differences between parental allele expressions within all cells within the tissue. 

Alternatively, parental biases at the tissue level may result from monoallelic expression within a 

particular cell type, while other cell types display biallelic expression (Gregg, 2014). To help 

distinguish between these models, single-cell or cell-type resolution is needed. At this moment 

single cell RNA-seq platforms are not sensitive and reliable enough for the systematic 

characterization of genomic imprinting (but see Deng et al., 2014) and other forms of cell-type 

specific characterization may help address this question. For example, SNP-sensitive single-

molecule FISH may be instrumental in addressing this important question (Levesque et al., 

2013). 

 

GENOMIC FEATURES OF NOVEL IMPRINTED GENES 

Of the 40 imprinted genes discovered by our approach, a large subset exhibits genomic 

features predicted in canonical genomic imprinting. Fkbp6, exhibits an almost exclusive paternal 

expression in the cerebellum. Interestingly this gene has been identified as a target of Zfp57, a 

DNA-binding protein essential for the protection of imprinted DMRs during global 

demethylation in the early embryo (Quenneville et al., 2011). Because Zfp57 functions as an 

imprinting-specific protector, its genome localization might serve in the identification of 

additional imprinted genes, an avenue that we are interested in exploring further. In addition, 

Nhlrc1 and Actn1 were found to exhibit paternally biased expression in our study. Interestingly, 
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maternally imprinted DMRs where identified for both genes in earlier studies (Esperón et al., 

2012; Xie et al., 2012).  

Finally, a common feature of imprinted genes is their clustered organization. Thus, 

adjacency to known imprinted regions is highly predictive of imprinting regulation. Accordingly, 

a large proportion of the genes we discovered were found to map to the vicinity of known 

imprinted genes. Interestingly, however, most of these genes exhibit parental biased expression, 

which is in contrast to the monoallelic expression observed by the neighboring gene. For 

example, Ankrd34c and Ctsh, two novel paternally biased genes, flank both sides of the 

paternally expressed Rasgrf1. Are these features reflective of the local chromatin environment? 

One interesting possibility is that imprinting genes flanking imprinted clusters are regulated 

through mechanisms of position-effect variegation. In fruit flies position-effect variegation is 

when a normally euchromatin region juxtaposed with a heterochromatin region, acquires 

heterochromatic state silencing genes in the locus. Once acquired this pattern can be inherited 

through multiple cell division (Elgin and Reuter, 2013). Consistent with this idea, restricted 

heterochromatin states of the silent allele of imprinted genes have been reported (Regha et al., 

2007). This model provides interesting implications for the single cell nature of parentally biased 

genes, as it would support the idea that flanking genes may be silenced in the inactive allele in 

only subset of cells. However, inconsistent with this proposition are flanking genes exhibiting 

preferential expression from the opposite allele to that of the mononallelically expressed 

neighbor, which are also observed in our data. For example, the paternally expressed Plagl1 and 

the maternally biased Phactr2 are next to each other. Regardless of the precise mechanism 

underlying parental bias versus monoallelic expression, a key issue that will need to be addressed 

is whether parental biases in flanking genes have functional implications. Our phylogenetic 
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analysis demonstrates an above average microsynteny conservation for flanking imprinted genes 

and neighbors, which may therefore provide support for such a functional role of parental bias. 

As I will discuss in a later portion of this chapter, genetic approaches through targeted 

manipulations of parentally biased genes will help address this issue directly. 

 

DEVELOPMENTAL REGULATION OF GENOMIC IMPRINTING 

Multiple imprinted genes have been implicated in brain development, where they have 

been shown to regulate a wide range of developmental processes (Wilkinson et al., 2007). 

Consistent with a role of imprinted genes in neurodevelopmental processes, our comparison of 

imprinting between developing and adult cerebellum revealed that 57 genes, meaning half of all 

the genes found imprinted in the cerebellum, are regulated according to age. Of these 29 genes 

show differences in their overall expression but not in parental biases, 17 genes show changes in 

parental biases but not their overall expression, and 11 genes exhibited changes in both overall 

expression and parental biases. Interestingly, most genes show higher expression and/or parental 

biases during development compared to the adult stage, suggesting that the parental bias in gene 

expression if developmentally regulated, and thus, may play roles in neurodevelopment. Among 

these were four maternally biased genes, Ier5, Mr1, Stx6 and the here named Impar (BC034090) 

localized side by side in distal chromosome 1, which represent a novel imprinted cluster 

discovered in our study. Remarkably these four genes coordinately lose their maternal biases and 

substantially reduce their overall expression in the adult. One of them Stx6, has been implicated 

in the regulation of neuronal migration and neurite formation (Kabayama et al., 2008; Tiwari et 

al., 2011). I look forward to learn more about the neurodevelopmental roles of these genes. 
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SPATIAL REGULATION OF PARENTAL BIASES 

Motivated by previous studies showing regulation in the expression and, in some cases, 

imprinting status of imprinted genes across body tissues and brain regions (Albrecht et al., 1997; 

Gregg et al., 2010; Prickett and Oakey, 2012) we investigated the spatial regulation of parental 

bias of 28 known and novel imprinted genes. A total of 16 brain regions and 7 somatic non-

neural tissues were investigated. Three interesting notions emerge from this analysis. First, we 

uncovered a striking difference between the brain and other body tissues, such that most genes 

tested were found to be imprinted in the brain, but not in other tissues. Second, a substantial 

variability in the degree of parental bias was observed between different brain areas. Third, genes 

within a cluster, as well as occasional genes located in distinct chromosomes display similar 

patterns of paternal biases across brain regions, raising two important questions for future 

investigations: What are the mechanism controlling such rich spatial regulation?  And what is its 

biological significance?  

An attractive mechanism that could potentially be associated with the regulation of brain-

specific imprinting patterns is DNA methylation of non-CpG cytosines. Recent work has 

uncovered high levels of non-CpG methylation in the brain, particularly in adult individuals 

(Lister et al., 2013). DNA methylation of non-CpG cytosines is believed to be associated with 

two properties unique to neurons. First, since most neurons in the brain are post-mitotic, loss of 

non-CpG methylation through cell division is absent in neurons (see chapter 2). Second, the de-

novo methyltransferase Dnmt3a is expressed in adult neurons and in principle can be responsible 

for accumulating levels of non-CpG methylation in the mature brain. Methylation of non-CpG 

sites in neurons is enriched within the gene bodies of repressed genes (Lister et al., 2013). It is 

still unknown whether non-CpG participates in the silencing of repressed genes or if it is simply 
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a by-product of transcriptional silencing. Interestingly, non-CpG methylation specifically in the 

paternal allele of Ago2 has been observed. Consistently, our data show that maternally biased 

expression of Ago2 is only observed in the brain. However, it is unclear what role if any this 

plays in the imprinting expression and whether this mechanism is capable of explaining the 

extensive variation in parental biases observed between brain regions. The participation of 

multiple additional factors is to be expected. 

At this point we can only speculate about the functional significance regarding the 

regulation of parental biases in the brain. Changes in the degree of parental bias of a gene could 

be due either to expression increments of the preferentially expressed allele or due to expression 

decreases of non-preferentially expressed allele. Since our data was collected using 

pyrosequencing, which only provides the ratio of expression between the two alleles, and does 

not inform on the absolute gene expression level, observed changes in parental biases may, or 

may not be associates with up- or down regulation of genes, effectively modulating gene dosage, 

and thus possibly titrate the function of the corresponding genes.  

 

SPATIOTEMPORAL REGULATION OF PARENTAL BIASES 

We have analyzed 12 imprinted genes during 5 developmental time points in three brain 

regions. We observe once again substantial variations in parental biases according to time and 

space. Two genes display particularly striking variation in parental expression: Igf2 and Grb10. 

In the embryo Igf2 is paternally expressed while Grb10 is maternally expressed. This pattern is 

also maintained in body tissues. However, between late embryonic stages and a few days after 

birth, the parental expression of these genes disappears in the brain and becomes biallelic prior to 

P8. Strikingly, after this time point, both genes preferentially express the opposite parental allele, 
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thus Igf2 becomes maternally biased while Grb10 becomes paternally expressed. Interestingly 

this process occurs in the hypothalamus, followed by the cortex and finally in the cerebellum. 

This is consistent with the order in which each region matures.  

In the embryo the presence of Igf2 promotes growth (DeChiara et al., 1990) while the 

presence of Grb10 reduces growth (Charalambous et al., 2003). However, in the brain neither 

gene appears to regulate metabolism or growth. Instead, Igf2 has been shown to enhance 

memory consolidation in the hippocampus and it has been proposed to function as a cognitive 

enhancer (Chen et al., 2011). On the other hand, absence of Grb10 in the brain results in an 

increase of social dominance behavior and barbering of cagemates (Garfield et al., 2011). 

Together these experiments highlight the intricate regulation of imprinted genes during 

development and the important functional role of the affected genes. 

 

FUNCTIONAL SIGNIFICANCE OF PARENTAL BIAS AND ITS REGULATION 

What, if any, is the functional significance of the widespread and dynamically regulated 

parental bias identified in our study? An attractive hypothesis may lie on the requirement for 

different brain regions, and possibly neuronal types, to tightly regulate the dosage of certain 

genes for proper function. Converging evidence from mental disorders associated with only 

slight over- or under-regulation of certain genes (Ramocki and Zoghbi, 2008) suggests that 

proper brain function may indeed require precise gene dosage. Our study reveals that certain 

genes undergo striking variations in parental bias from one brain region to the next, or from one 

developmental stage to the other. For example Argonaute 2 shows a very modest 60% maternal 

bias in the cerebellum and olfactory bulb, but a robust 80% maternal expression in the cortex. 

Similarly, Zim1 shows biallelic expression in cortical regions, 85% maternal bias in the pallidum 
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and hypothalamus and 60% paternal expression in the cerebellum. Igf2r, shows biallelic 

expression throughout the brain except in the cerebellum where 80% of its expression is 

maternal. 

Changes in allelic expression in between developmental stages or brain areas may result 

in modulation of gene dosage provided that the absolute expression level is modified 

accordingly. RNAseq analysis of P8 and P60 cerebellum enables us to directly investigate how 

absolute expression levels and parental bias co-vary. Remarkably, we find that in the majority of 

cases, age regulated imprinting (age effect PP > 0.95) is achieved by a significant change in the 

expression level of the preferred allele (31 out of 57 genes), such that increase (or decrease) in 

gene dosage is associated  with both increase (or decrease) in parental bias and absolute 

expression level. 

The importance of this phenomenon, and our hypothesis on the regulation of gene dosage 

through changes in parental bias can be directly assessed by mouse genetics, in which 

phenotypes resulting from specific deletions of the maternal and paternal alleles of biased genes 

are compared, and we are currently pursuing several avenues towards this goal. 

The interpretation of the results will depend on the biological origin of the parental bias. 

As described above the observed imprinting might arise from a parental biased within all cells of 

a tissue (scenario 1) or from the mix of mononallelically expressing cells with biallelically 

expressing cells (scenario 2). In scenario 1, the deletion of the preferentially expressed allele will 

result in a larger dosage reduction than deletions of the non-preferentially expressed allele. If 

indeed the cell is sensitive to the dosage of the gene a phenotype of higher penetrance should be 

observed when the preferential allele is deleted than when the non-preferential allele is. Such 

phenotype would strongly suggest that the observed parental bias is functionally relevant.  
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In scenario 2, deletion of the preferentially expressed allele results in the complete 

absence of the gene in mononallelically expressing cells, whereas deletion of the non-

preferentially expressed allele does not affect mononallelically expressing cells, and makes 

biallelically expressing cells equivalent to mononallelically expressing cells. In this case if the 

gene is essential for the cell only deletions of the preferentially expressed allele is expected to 

cause a phenotype.  

Thus, regardless of the biological origin of the parental bias, observation of a differential 

phenotype between deletions of the preferentially expressed allele and the non-preferentially 

expressed allele of certain genes would give credence to the functional importance of its 

imprinting.   

Currently, our group has taken this approach with the paternally biased BclX by 

generating both maternal and paternal-specific allelic deletions restricted to the brain (Nestin:Cre 

x flx Bclx). Interestingly, whereas BclX maternal deletions show normal brain size, paternal 

deletions exhibit a smaller, brain. Analyses of three brain regions shows reduce areas in all 

regions for the paternal deletion. Finally, less neurons than glial cells, and less excitatory than 

inhibitory neurons, are present in the brains of paternal deletions, but not maternal deletions. 

These results highlight the importance of BclX brain functions and corroborates is imprinted. 

Depending on the biological origin of the paternal bias of BclX these observations could be due 

to BclX dosage sensitivity  (scenario 1) or BclX cell-type specific monoallelic expression 

(scenario 2). Thus combining mouse genetics with single cell profiling of BclX allele-specific 

expression should provide important insights about the nature and function of parental biases. 

Multiple other interesting genes exhibiting parental biases, like Bag3 and Ago2, could be tested 

by this approach. 
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CONCLUSION 

Altogether this work has expanded our knowledge of genomic imprinting in the brain, 

and offers new opportunities to investigate the functions of genomic imprinting in brain 

development and behavior. Moreover, analyses on the developmental and tissue-specific 

regulation of imprinting have uncovered highly dynamic regulation of parental biases. These 

findings represent significant progress in our understanding of how functions of imprinted genes 

are organized within the complex landscape of the brain, and open exciting new avenues of 

research on the mechanisms underlying parental bias in gene expression, and on the function of 

this unique form of gene regulation.     
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