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Xi Inactivated X 
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Introduction 

“Sex does matter. It matters in ways that we did not expect. Undoubtedly, it also matters in 
ways that we have not yet begun to imagine.” – Mary Lou Pardue 
 
Sexual dimorphism is the difference between two sexes within a species. 
These differences in males and females can arise at the morphological, be-
havioral or functional level. At the molecular level, several species have 
been shown to have differences in the gene expression between two sexes. In 
mammals, these differences are evident not only at the individual level but 
also by the unequal contribution of both the parental sexes to their offspring. 
It was first shown in the mid eighties that although the paternal and maternal 
genomes have equivalent genetic information they are not functionally 
equivalent and both are required for proper embryonic development[1-3]. 
This is the reason why parthenogenetic mammalian embryos having only 
paternal (androgenotes) or maternal (gynogenotes) genome are not viable. It 
was then proposed that parental genomes are differentially marked or im-
printed during gametogenesis and that the parental imprinting is necessary 
for normal embryonic development. It was also shown that not the whole 
genome was involved in the parental differences but there are some chromo-
somal regions that behaved differently depending on their parent of origin, 
identifying for the first time the regions responsible for parental 
differences[4].  Later these chromosomal regions have been shown to con-
tain one or more genes that are exclusively expressed from one of the two 
parental alleles and are termed as imprinted genes. 

Genomic imprinting  
Genomic imprinting is a phenomenon by which expression of a subset of 
mammalian genes is restricted to one of the two parental alleles. The im-
printed genes show monoallelic expression in tissue and developmental 
stage-specific manner and play an important role in the embryonic develop-
ment. The aberration in the genomic imprinting has been shown to be asso-
ciated with wide range of diseases including neuro-developmental disorders 
like Beckwith-Wiedemann, Prader-Willi, and Angelman syndromes; meta-
bolic disorders like pseudohypothyroidism, and diabetes mellitus; as well as 
linked to several cancers[5-7].  
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In the early nineties, the insulin-like growth factor II (Igf2) and Igf2 re-
ceptor (Igf2r) genes were the first two genes identified as paternally and 
maternally expressed imprinted genes respectively. To date, 143 imprinted 
genes have been identified in mouse that include protein coding as well as 
noncoding RNA genes[8]. There could be many more imprinted genes in the 
mammalian genome and the reason for such a less number of known im-
printed genes could be the difficulty in identifying them because of their 
tissue and developmental stage specific expression. There have been some 
efforts to computationally identify imprinted genes on the basis of certain 
DNA features like repeat elements that are found in abundance in imprinted 
genes[9, 10]. The advances in sequencing technology have also helped in 
identifying new imprinted genes. Recently, using RNA-sequencing technol-
ogy, around 1300 genes have been identified in the mouse brain that showed 
parent-of-origin allelic expression[11, 12]. Some of these genes displayed 
complex pattern of imprinting and showed parental-biased expression in 
tissue and developmental-stage specific manner. 

Evolution of genomic imprinting 
The phenomenon of genomic imprinting represents a conundrum in evolu-
tionary biology as to why it arose at the first place. By silencing one of the 
two alleles, genomic imprinting produces functional haploidy and vitiates 
the advantage of having two alleles where a single mutation in an imprinted 
gene can cause functional homozygosity and loss of function. Thus, it is not 
surprising that imprinted genes are often associated with the disease[13]. 
Several hypotheses have been proposed to explain the evolution of genomic 
imprinting. The “barrier hypothesis” proposes that the genomic imprinting 
has evolved as a barrier to parthenogenesis and thus prevents the resultant 
wide spread homozygosity and increased disease risk[14]. The barrier hy-
pothesis was based on the observation that the disruption of imprinting of 
H19 and Igf2 genes overcomes the barrier of parthenogenesis[14, 15].  

Another hypothesis, ovarian time bomb hypothesis (OTBH), postulates 
that the imprinting has evolved as a defense mechanism against ovarian tu-
mors[16]. According to OTBH, which is one version of the barrier hypothe-
sis, in the absence of imprinting there would be a risk of unfertilized egg 
spontaneously developing into the ovaries leading to the tumor and by down-
regulating growth promoting genes, like Igf2, imprinting reduces that risk.  

The most widely discussed hypothesis for imprinting evolution is the pa-
rental conflict hypothesis[17, 18]. This hypothesis postulates that, in mam-
mals, imprinting has evolved at the advent of placental development and is 
the result of conflict between the interests of maternal and paternal genomes. 
In case of polygamy, mother favors to preserve her resources and distributes 
it equally among her present and future offspring and thus imprinting in the 
maternal genome leads to the silencing of growth-enhancing genes like Igf2. 
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In contrast, the father favors the maximum utilization of the maternal re-
sources in order to increase the survival of his progeny albeit at the expense 
of future offspring and more so if there is a possibility that the same mother 
will bear the offspring from another male. As predicted by this hypothesis, 
imprinting in the paternal genome leads to the silencing of growth-inhibiting 
genes like Cdkn1c and Igf2r. Thus, parental conflict hypothesis predicts ge-
nomic imprinting as a mechanism that controls the distribution of maternal 
resources to the offspring.  

Functions of the imprinted genes 
According to the parental conflict hypothesis, the imprinted genes should 
play a role in growth and the survival of the offspring. However, a common 
role for all the imprinted genes is difficult to envisage given the diverse bio-
logical functions and biochemical properties of the products of the imprinted 
genes[19]. The genomic imprinting has its effects extended to the fetal 
growth in the womb, through the suckling period after birth, to the adult life. 
The functional importance of the imprinted genes has been realized by 
growth, neuro-developmental and metabolic disorders caused by the mis-
regulation of imprinted genes as well as severe phenotypes displayed by 
mice bearing mutation in the imprinted genes. In many such cases, the ef-
fects of misregulation of the imprinted genes are in concordance with the 
parental conflict hypothesis.  

The Beckwith-Wiedemann syndrome (BWS) is a congenital overgrowth 
syndrome associated with prenatal and postnatal overgrowth, macroglossia, 
and abdominal wall defects[20]. The defect in the imprinted expression of 
two genes, IGF2 and CDKN1C localized in the human chromosomal region 
11p15.5, is involved in BWS. IGF2 is paternally expressed and encodes a 
growth factor that plays an important role in embryonic growth and devel-
opment. A subset of BWS patients show loss of imprinting (LOI) and bialle-
lic expression of IGF2[21]. In contrast to IGF2, CDKN1C is maternally 
expressed and encodes a cyclin-dependent kinase inhibitor. Up to 50% of 
familial cases of BWS show silencing of maternal CDKN1C expression[22, 
23]. Consistent with this, the mutation of Cdkn1c in mice leads to over-
growth phenotype similar to BWS[24, 25]. Thus in accordance to parental 
conflict hypothesis, the paternally expressed IGF2 promotes whereas mater-
nally expressed CDKN1C inhibits the fetal growth. 

Another example of opposing effects of maternally and paternally ex-
pressing imprinted genes, supporting the parental conflict hypothesis, is 
Gnas and Gnasxl gene pair. The maternal mutation of GNAS is associated 
with the pseudohypothyroidism that is characterized by obesity, short stat-
ure, mental retardation and subcutaneous calcification[26]. GNAS is ex-
pressed from the maternal allele and encodes a G-protein subunit GSα that 
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promotes the production of cyclic AMP (cAMP). One effect of cAMP pro-
duction is increased metabolic rate. The deletion of Gnas from the maternal 
allele results in obesity in mice with increased lipid per cell in adipose tis-
sues[27]. GNASXL, which is located near GNAS, expresses from the paternal 
allele and encodes a variant of G-protein subunit, XLαs that inhibits the 
cAMP production. Deletion of Gnasxl from the paternal allele in mice re-
sults in growth retardation associated with depleted adipose stores[28]. In-
terestingly, the Gnasxl mutant mice have equivalent weight to wild-type 
mice at birth but become weak and inactive after birth due to reduced suck-
ling of mother’s milk suggesting that imprinting affects not only prenatal 
growth but can also affect postnatal development by controlling the suckling 
behavior.  

PEG3 is a paternally expressed gene that encodes a large zinc finger pro-
tein and acts as a tumor suppressor gene by mediating P53-mediated apop-
tosis[29]. The deletion of Peg3 in mouse results in behavioral effects both in 
mother and the offspring[30]. Peg3 mutant mothers eat less and store less fat 
during their pregnancy and thus produce less milk after giving birth, limiting 
the growth of the offspring. Peg3 mutant mothers are also poor nest-builder 
and show poor parental care. Peg3 mutant pups show poor suckling and gain 
less weight than the wild-type pups, grow poorly even after the weaning and 
enter puberty much later than the wild type pups. Thus, imprinted genes not 
only affect the behavior of the offspring but can also affect the behavior of 
the mother, ultimately affecting the postnatal growth and development of the 
offspring.  

Several imprinted genes are involved in regulation of hormones and me-
tabolism. Dlk1 (Pref-1) is a paternally expressed gene that is involved in fat 
metabolism and adipogenesis. The deletion of paternal copy of Dlk1 in mice 
results in growth retardation associated with severe skeletal abnormalities 
and increased lipid metabolites[31]. Dio3 is another paternally expressed 
gene located near Dlk1 gene and encodes for Type 3 deiodinase (D3), an 
enzyme that degrades thyroid hormones. Dio3 mutant mice show severe 
growth retardation and nearly 30% of Dio3 mutant mice die at the prenatal 
stage[32]. Another gene that has metabolic effect is ZAC (PLAGL1 in human 
and Zac1 in mice), which encodes a zinc finger transcription factor inducing 
apoptosis and cell cycle arrest. ZAC is involved in glucose metabolism and 
gain of function of ZAC is implicated in transient neonatal diabetes mellitus 
(TNDM). TNDM is caused by insufficient secretion of insulin during fetal 
life and characterized by intrauterine growth retardation, dehydration, and 
hyperglycemia[33-35]. The Zac1-deficient mice show severe intrauterine 
growth retardation associated with altered bone formation and neonatal le-
thality[36]. 
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Imprinted gene network (IGN) 
Imprinted gene network (IGN) is a network of imprinted and nonimprinted 
genes that show coregulated expression and interact with each other. The 
idea of IGN arose from the observation that the null mutant mice of most of 
the imprinted genes display alterations in the embryonic development and 
thus these genes might be coregulated in some way. The first IGN has been 
characterized using Zac1 imprinted gene[36]. In a search for the genes that 
are frequently coregulated with Zac1 imprinted gene, a significant number of 
imprinted genes have been identified including Gtl2, H19, Mest, Dlk1, Peg3, 
Grb10, Igf2, Igf2r, Dcn, Gnas, Gatm, Ndn, and Slc38a4. As predicted, the 
mutants of numerous imprinted genes in the IGN show defects in the embry-
onic development. Interestingly, over-expression or down-regulation of Zac1 
results in subsequent change in the levels of the imprinted genes in the net-
work[36]. Although the mode of interaction of Zac1 with the other imprinted 
genes in the IGN is not known, Zac1 has been shown to affect H19 and Igf2 
expression by directly binding to shared enhancer located downstream of 
H19 gene[36]. 

Further evidence for the existence of IGN has come from the experiments 
where loss or gain-of-function of H19 gene has been shown to affect expres-
sion of several imprinted genes in the IGN[37]. Zac1 is not affected by the 
change in the H19 level indicating that Zac1 functions upstream of H19 in 
the IGN. 

The role of a gene network is to minimize the effects of an alteration in 
the gene, on the overall stability of the system, by fine-tuning the expression 
of other genes in the network. Thus, when an imprinted gene is disrupted, 
the expression of other genes in the IGN changes in a manner to favor the 
overall survival of the offspring.  

Genomic imprinting is an epigenetic phenomenon 
The phenomenon of genomic imprinting cannot be explained by any genetic 
process as it causes two identical DNA sequences within a nucleus to behave 
in completely opposite manner. Thus, it is regarded as an epigenetic process, 
which is defined as heritable changes in gene expression that are not due to 
changes in the DNA sequence. There are four different epigenetic processes 
that affect genomic imprinting: 
 

1. DNA methylation 
2. Histone modifications 
3. Replication timing 
4. Nuclear organization 
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DNA methylation 
Methylation of DNA at 5th carbon of cytosine (5mC) is a major element of 
epigenetic regulation of gene expression in eukaryotes except in some organ-
isms like yeasts S. cerevisiae and S. pombe and the nematode C. elegans 
where no DNA methylation has been detected. 5mC in eukaryotes is linked 
with gene repression and plays a pivotal role during development. Aberra-
tion in DNA methylation through targeted deletion of DNA methyltrans-
ferases leads to embryonic lethality. Aberrant DNA methylation has also 
been linked to several human diseases such as cancer.  

About 90 percent of 5mC occurs in the context of dinucleotide CpG[38]. 
The CpG dinucleotides are underrepresented in the eukaryotic genome due 
to the frequent deamination of cytosine residues. The deamination of un-
methylated cytosine gives uracil, which is detected by cellular machinery as 
foreign and gets replaced, whereas deamination of methylated cytosine gives 
thymine, which is less readily recognized as foreign and therefore becomes 
prone to mutation. About 50-70% of CpGs are methylated in the animal 
genomes[39, 40]. The remaining hypomethylated CpGs are present in the 
promoters and are called CpG islands. CpG islands were originally defined 
as DNA elements of 200 bp or longer that show (G+C) content of 50% or 
higher, and observed/expected CpG dinucleotide ratio of 0.6 or more [41]. 
Most of the CpG islands are unmethylated except those associated with im-
printed genes and genes that undergo X-chromosome inactivation. How CpG 
islands escape cellular methylation machinery is not yet known. However, a 
recent investigation has identified a protein called Cfp1 that specifically 
binds to the unmethylated CpG islands and modifies the local chromatin 
structure to maintain the unmethylated state of CpG islands[42]. CpG methy-
lation can regulate gene expression in a variety of ways. It can prevent se-
quence specific transcription factors binding to the promoter or it can recruit 
the factors that specifically bind to methylated DNA that in turn recruit co-
repressors to silence the genes by modifying the chromatin structure. CpG 
methylation can also affect the binding of insulator binding proteins such as 
CTCF to influence the enhancer-promoter interactions. 

Differential DNA methylation is the hallmark of imprinted genes and a 
large number of imprinted genes are associated with differential methylated 
regions (DMRs), which are characterized by parent-of-origin specific DNA 
methylation marks where one parental allele is methylated whereas other is 
unmethylated. The establishment of differential DNA methylation marks 
over the imprinted genes is carried out by de novo methyltransferases during 
the male or female gametogenesis and will be discussed in more details later. 
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Histone modifications 
The dimers of four histone proteins, H2A, H2B, H3 and H4, constitute a 
nucleosome, the fundamental repeating unit of chromatin, on which 147 bp 
of DNA is wrapped around. The fifth histone protein, H1, is involved in 
higher-order structures of the chromatin. Histones play an important role in 
regulating the gene expression by modulating the state of the chromatin. 
Chromatin that is opened and accessible to transcription factors is called 
“active” or “euchromatin” whereas chromatin that is closed, condensed and 
mostly inaccessible to transcription factors is called “inactive” or “heter-
chromatin”. The state of the chromatin is conferred by different modifica-
tions of histones. The histones have loose and unstructured N-terminal tail 
that acts as a substrate for different post-translational modifications like ace-
tylation, sumoylation, phosphorylation, ubiquitination, and methylation. 
Histones can be methylated/acetylated on their lysine or arginine residues. 
The chromatin state depends on the nature and position of the modification, 
for example, methylation of lysine 9 of H3 (H3K9me) has been linked to 
inactive chromatin whereas methylation of lysine 4 of H3 (H3K4me) has 
been linked to active chromatin. Furthermore, lysine or arginine residue can 
have multiple methyl groups. For example, lysine can be mono, di, or tri-
methylated whereas arginine can be mono or di-methylated. This led to the 
proposal of “histone code” hypothesis, which predicts that different combi-
nations of histone modifications recruit distinct effectors to the chromatin, 
which in turn mediate distinct outcomes[43]. A considerable amount of work 
has been done to study histone modifications and their role in regulating 
gene expression[44-46]. 

Many histone methyltransferases have been characterized that are in-
volved in establishing different histone modifications and play diverse role 
in gene regulation. For example, polycomb group of proteins (PcG) carry out 
the gene silencing by assembling into two main multi-protein complexes, 
polycomb repressive complex 1 and 2 (PRC1 and PRC2) that have enzy-
matic activity of monoubiquitination of H2A at lysine 119 (H2AK119u1) 
and trimethylation of H3 at lysine 27 (H3K27me3) respectively. On the 
other hand, there exists trithorax group of proteins (TrxG) that also assemble 
into multi-protein complexes but have opposing function to the PcG. Several 
TrxG complexes have H3K4 trimethylase activity and are involved in gene 
activation[47].  

Imprinted genes are associated with differential histone modifications, 
which play an important role in regulating the allele-specific expression of 
the imprinted genes. The inactive alleles of imprinted genes are often en-
riched with repressive histone marks such as H3K27me3, H3K9me3, 
H3K9me2, H4K20me3, H2AK119u1, H4R3me2, and H3K79me3, whereas 
the active alleles of imprinted genes are enriched with active histone marks 
such as H3K4me3, H3K4me2, and the acetylated histone tails[48-55]. The 
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role of histone modification in regulating the imprinting has been under-
scored by inappropriate imprinting pattern observed in the mouse mutants of 
different histone methyltransferases[53, 56, 57].   

Replication timing 
The timing of replication of chromosomal regions during the S phase of the 
cell cycle can be different with some regions replicating early while other 
replicating late. There is a strong evidence indicating that replication timing 
is an epigenetic mark that is stably inherited through multiple cell cy-
cles[58]. There is a complex relationship between replication timing, the 
chromatin state, subnuclear position and the transcriptional activity. The late 
replicating genes are mostly silent whereas the early replicating genes can 
either be expressed or silent in a locus and context dependent manner[59]. 
Furthermore, the early replicating loci are located in the interior of the nu-
cleus whereas the late replicating loci are located predominantly in the peri-
nucleolar region and the nuclear periphery[60, 61]. The replication timing is 
a dynamic epigenetic mark and changes during the course of differentiation, 
with 20% of the genome showing change in replication timing during differ-
entiation of mouse embryonic stem (ES) cells to the neural precursor cells. 
This change in the replication timing is associated with the change in subnu-
clear position and the modest change in the transcription of weak promoters 
whereas the transcription of the strong promoters remained largely unaf-
fected[62]. 

Imprinted genes are known to replicate asynchronously with one parental 
allele replicating early while other replicating late[63, 64]. Asynchronous 
replication is also associated with the immunoglobin genes[65], olfactory 
receptor gene loci[66] and X-linked genes in mammalian females[67]. How-
ever, in contrast to the parent-specific replication timing of imprinted genes, 
asynchronous replication of these loci is random and established during pre-
implantation stages. Like DNA methylation, the pattern of asynchronous 
replication of imprinted genes is erased before the meiosis in the germ line 
and the parent-specific replication timing is established during the gameto-
genesis in the male and female germ line, which is then maintained during 
rest of the development[68]. There is no direct correlation between replica-
tion timing of parental allele of imprinted genes and its transcriptional activ-
ity. For example, although the H19 and Igf2 imprinted genes express from 
maternal and paternal allele, respectively, the paternal alleles of both the 
genes replicates early[63] indicating that the replication timing is not always 
correlates with the transcriptional activity of the imprinted genes. The asyn-
chronous replication timing of imprinted genes is not dependent on DNA 
methylation as Dnmt1 and Dnmt3L mutant ES cells, which lack differential 
DNA methylation and imprinted gene expression, maintain asynchronous 
replication timing of imprinted loci[69].  
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Nuclear organization 
The position of genes and chromosomal regions within a nucleus is not ran-
dom, but rather it is highly organized with different chromosomal regions 
occupying the predefined, mutually exclusive nuclear space called chromo-
some territories[70, 71]. This organization of genomic regions within a nu-
cleus is highly dynamic and changes during physiological processes like 
differentiation, development and disease. One tantalizing aspect of genome 
organization is the correlation between the position of a gene or the group of 
genes along the radial axis of the nucleus and gene activity[72]. A number of 
studies have shown that the active genes are localized towards the centre of 
nucleus whereas inactive genes are localized towards the nuclear 
periphery[73]. In many cases a change in the gene position from nuclear 
periphery to the centre of the nucleus, during gene activation, has also been 
shown. For example, during lymphocyte development IgH and Igκ loci are 
preferentially positioned at the nuclear periphery in the progenitor cells 
where these loci are transcriptionally inactive whereas in pro-B cells these 
loci are localized towards the centre of the nucleus and become transcrip-
tionally active[74]. Similar observations have been made at the β-globin, 
CD4 and HoxB loci[75-77].  

The artificial re-localization of a reporter gene to the nuclear periphery by 
using nuclear lamina protein resulted in the gene repression further suggest-
ing the functional role of gene positioning within the nucleus[78]. However, 
the correlation between nuclear localization and the gene activity is complex 
as some genes are insensitive to the gene positioning along the nuclear radial 
axis. A number of factors play a role in the nuclear periphery associated 
gene repression like the locus itself, the physical association with nuclear 
periphery, and the neighboring chromosomal region. 

Characteristics of imprinted genes 
One remarkable feature of imprinted genes is that they are very seldom 
found alone and 80% of imprinted genes are found in clusters. In mouse, 15 
imprinted gene clusters have been identified[8, 79]. The clustering of im-
printed genes has been thought to be an approach to facilitate coordinated 
regulation of genes within an imprinted cluster where all the genes in an 
imprinted cluster share common regulatory elements. At the sequence level, 
imprinted genes show significant difference in the repeat structure than non-
imprinted genes and have been shown to be associated with reduced density 
of short interspersed transposable elements (SINEs)[80]. The occurrence of 
CpG islands is high among imprinted genes as compared to non-imprinted 
genes with most of the imprinted genes are associated with the CpG islands. 
Unlike CpG islands associated with non-imprinted genes, most of the CpG 
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islands associated with imprinted genes are methylated. Another remarkable 
characteristic feature of imprinted genes is their association with asynchro-
nous replication timing with one allele replicating early whereas another 
replicating late[68]. 

Imprinting Control Regions (ICRs) 
Imprinting control regions (ICRs) are cis-acting regulatory elements that 
regulate the expression of genes in imprinted clusters. The ICR is a differen-
tially methylated region (DMR) and its differential methylation is estab-
lished during male or female gametogenesis. The gametic methylation pat-
terns are maintained through all developmental stages during rest of the de-
velopment. An ICR regulates the expression of all the imprinted genes 
within an imprinted cluster. The aberration or deletion of ICR results in the 
disruption of imprinting in the imprinted cluster and in humans this may 
leads to behavioral and developmental disorders. Majority of the ICRs are 
maternally methylated whereas only three ICRs are methylated on the pater-
nal chromosome.  

Besides the ICR, an imprinted cluster may have somatic DMRs, whose 
methylation is established during post-fertilization genome-wide de novo 
methylation event and unlike ICR somatic DMRs may appear in develop-
mental stage and tissue-specific manner. The establishment of the somatic 
DMRs in an imprinted cluster is dependent on the ICR.  

Establishment and maintenance of methylation at the ICRs 
DNA methylation over the ICRs is established by de novo DNA methylation 
machinery in the male or female germ line (Figure 1). The timing of estab-
lishment of methylation at the ICRs is different in male and female germ 
cells with de novo methylation at the maternally methylated ICRs occurs 
after birth in growing oocytes and is completed in mature oocytes whereas at 
the paternally methylated ICRs, de novo methylation occurs during sper-
matogenesis between embryonic day 14.5 (E14.5) and newborn stage[81-
83]. Dnmt3a and Dnmt3b are two known de novo methyltransferases that 
have nonoverlapping functions, which is evident from the contrasting pheno-
types of Dnmt3a and Dnmt3b knockout mice. The homozygous Dnmt3a 
mutant mice (obtained by intercrossing heterozygous mutant mice) are nor-
mal at birth but die at about 4 weeks of age whereas homozygous Dnmt3b 
mutant mice die in utero due to multiple developmental defects[84]. In the 
same study, Dnmt3b has been shown to be required for methylation of cen-
tromeric minor satellite repeats. On the other hand, when the deletion of 
Dnmt3a was passed through the female germ cells with preserved activity in 
somatic cells, all the pubs die in utero with loss of DNA methylation on all 
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the maternally methylated ICRs[85]. The conditional Dnmt3a mutant male 
showed impaired spermatogenesis and loss of DNA methylation of two of 
three paternally methylated ICRs. However, the conditional Dnmt3b mutant 
males and females are viable and healthy and show normal methylation on 
all the differentially methylated regions analyzed[85]. The results of these 
studies demonstrate different nonoverlapping roles of Dnmt3a and Dnmt3b 
in establishing DNA methylation. While Dnmt3a is essential for establishing 
germ line specific methylation marks and for proper imprinting, Dnmt3b is 
required for methylation of broader spectrum of targets in somatic cells in-
cluding centromeric repeats. 

 
Figure 1. The levels of methylation of imprinted (methylated: orange; unmethylated: 
grey) and non-imprinted (red: paternal; green: maternal) genes during genome-wide 
reprogramming events in early embryo as well as in the germ line. 

  
Dnmt3L is another member of Dnmt3 family that specifically expresses 

in the germ cells but lacks methyltransferase activity. The mice homozygous 
for Dnmt3L are viable and normal but both the sexes are sterile. The het-
erozygous embryos of homozygous females die in utero and show demethy-
lation of maternally imprinted DMRs with no effect on global methylation, 
indicating the role of Dnmt3L in the establishment of imprints in the germ 
cells[86]. Dnmt3L interacts with Dnmt3A and Dnmt3B and acts as a regula-
tory factor to carry out de novo methylation of the maternally methylated 
ICRs in oocytes[87]. Dnmt3L has also been shown to be required for the 
heritable silencing of retrotransposons in the male germ cells and thus for 
proper spermatogenesis[87, 88]. 
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One fundamental question in the field of genomic imprinting is how de 
novo methyltransferases specifically target ICRs during gametogenesis. 
Some ICRs are methylated in oocytes and some ICRs are methylated in 
sperm, raising another question that how DNA methylation machinery in the 
male or female germ cells distinguishes between ICRs that are to be methy-
lated and those that are remained to be unmethylated. The observation that 
CpG sites occur periodically 9.5 base pairs apart on average in the mater-
nally methylated DMRs but not in the control non-imprinted regions or the 
paternally methylated regions suggests that the periodic arrangement of 
CpGs in the maternally methylated regions attracts de novo methylation ma-
chinery to these regions[89]. However, no study has been done to further 
validate this suggestion and moreover, this data does not explain the methy-
lation of the paternally methylated regions. 

Along with optimal CpG spacing, transcription through the ICRs has also 
been shown to be required for the establishment of germline DNA methyla-
tion[90]. In this study, Gnas imprinted locus has been used as a model. Gnas 
locus contains multiple imprinted coding (Gnas, Gnasxl, Nesp) and noncod-
ing (Nespas, Exon1A) genes. There are two germline DMRs in this locus that 
are methylated on the maternal allele: one encompasses the Gnasxl promoter 
and another Exon1A promoter. The Nesp promoter lies at one end of the 
locus and transcribes through the whole locus in the oocytes including the 
two germline DMRs. Truncation of Nesp transcript before the germline 
DMRs results in loss of methylation of two germline DMRs[90]. Further-
more, the transcription through the germline DMRs in five other imprinted 
loci is also detected in oocytes, which prompted the authors to suggest that 
the transcription across the DMRs might be playing an important role in the 
establishment of DNA methylation in the germline[90].  

DNA methyltransferases physically interact with many histone methyl-
transferases[91, 92] suggesting a role of histone modifications in establish-
ing parental specific DNA methylation in germ cells. This is supported by 
the observation that Dnmt3L interacts with the tail of histone H3 that is un-
methylated on lysine 4 and triggers de novo methylation by activation or 
recruitment of Dnmt3a. The methylation of H3K4 (H3K4me) abolishes the 
interaction of Dnmt3L with histone H3 and thus acts as a protective mark 
against de novo DNA methylation[93, 94] (Figure 2). Consistent with this, in 
sperm histones have been shown to be significantly enriched in imprinted 
genes with paternally methylated ICRs lack H3K4me3 whereas maternally 
methylated ICRs have high H3K4me3 mark[48, 95]. No such study has been 
done in oocytes and it is possible that maternally methylated ICRs would be 
enriched with H3K4me3 and paternally methylated ICRs would be unmethy-
lated on H3K4 in oocytes. These studies suggest that histone modifications 
and not the DNA methylation is a primary genomic imprint in the germ 
cells. Consistent with this view, a copy of the H19 ICR inserted in the non-
imprinted locus shows correct differential methylation on the paternal allele 
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only in the somatic tissues whereas it is unmethylated in the sperm[96, 97]. 
This indicates that imprinted DNA methylation pattern of the H19 ICR in 
somatic tissues is not dependent on its methylation status in the sperm.  

 
Figure 2. The role of histone modifications in the establishment of sex-specifc DNA 
methylation over the ICRs in the germ line. Histone methyltransferases and de-
methylases in the male and female germ line establishes sex-specific pattern of his-
tone modifications over the ICRs that would affect the establishment of sex-specific 
DNA methylation of the ICRs by modulating the recruitment or activity of de novo 
methylation machinery. The effect of methylation at H3K4 is shown here. The me-
thylation at H3K4 protects the associated region from de novo methylation by pre-
venting the interaction of Dnmt3L with histone H3 tail and thus abolishing the re-
cruitment of Dnmt3a. The black circles represent methylated CpGs whereas white 
circles represent unmethylated CpG.  

 
How does parent-specific H3K4me3 mark is established in germ cells? A 

recent study has identified KDM1B as an H3K4 demethylase that is highly 
expressed in growing oocytes and the disruption of which in the female mice 
resulted in the increased H3K4 methylation and failure to establish DNA 
methylation at four of the seven maternally metylated ICRs analyzed[98]. It 
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is interesting to note that the three maternally methylated ICRs that are not 
affected in the KDM1B mutant mice act as promoters of noncoding RNAs 
and show similar mechanism of imprinted genes regulation in their respec-
tive loci. Therefore, it is tempting to speculate that these ICRs may follow 
similar mechanism to establish DNA methylation in oocytes. The disruption 
of KDM1B results in significant reduction in the H3K4me2 level on a ge-
nome wide scale but still it affects DNA methylation of only imprinted genes 
suggesting that DNA methylation of the ICRs by the de novo DNA methyla-
tion machinery occurs in a highly regulated fashion.  

Another histone modification, PRMT5-mediated symmetric methylation 
of histone H4 arginine 3 (H4R3me2s), promotes DNA methylation by at-
tracting the DNMT3A[99]. DNMT3A directly binds to H4R3me2s through 
its ADD domain containing zinc finger region and induces DNA methylation 
and gene silencing. The role of PRMT5 in establishing the DNA methylation 
at the ICRs has not been studied.  

There could be other sex-specific histone demethylases and methylases 
that would be required to establish parent of origin-specific histone modifi-
cations and DNA methylation at the ICRs (Figure 2).  

Once established, DNA methylation at the ICRs is maintained in somatic 
tissues throughout the development. This process is mediated by the mainte-
nance DNA methyltransferase, Dnmt1, which is the first DNA methyltrans-
ferase to be identified in mammals[100-102]. Targeted deletion of Dnmt1 in 
mouse results in genome-wide demethylation in addition to the loss of me-
thylation at the ICRs resulting in aberrant imprinting pattern[100, 102, 103]. 
Dnmt1 binds more efficiently to hemimethylated DNA than unmethylated 
DNA and localizes to replication fork suggesting that maintenance methyla-
tion is coupled to DNA replication[104, 105].  

Dnmt1 is not sufficient to maintain DNA methylation at the ICRs in the 
preimplantation stages, which experience a wave of genome-wide DNA 
demethylation of the paternal and maternal genomes. There is an epigenetic 
asymmetry in the early embryogenesis where the paternal genome shows 
active demethylation just after the fertilization whereas passive demethyla-
tion of the maternal genome occurs later[106] (Figure 1). It is not completely 
clear how the ICRs escape genome-wide DNA demethylation during this 
period and how the maternal genome is protected from active demethylation. 
A recent study has identified PGC7/Stella as a factor that is expressed pre-
dominantly in primordial germ cells and acts as a protector of imprinted 
genes against active demethylation during early embryogenesis. The deletion 
of PGC7/Stella results in early demethylation of maternal genome as well as 
reduced methylation level of some of the imprinted genes in zygotes[107]. 
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Erasure of parental imprints 
In the early embryogenesis, primordial germ cells (PGCs) undergo extensive 
epigenetic reprogramming that is required to return to pluripotency as well 
as to erase the parental imprints that paves the way to establish new imprints 
in a parent of origin-specific fashion. This process involves both active DNA 
demethylation as well as changes in histone modifications. The genome-
wide active DNA demethylation occurs in both male and female PGCs at 
E11.5[108, 109] and results in the erasure of all the genomic imprints (Fig-
ure 1).  

The chromatin changes in PGCs occur in two steps. The first wave of 
changes occurs at E8.5, before PGCs reach the gonads and includes the loss 
of H3K9me2 and increased repressive (H3K27me3 and H4/H2AR3me2s) as 
well as active (H3K4me2, H3K4me3, H3K9ac) marks. The second wave of 
changes occurs at E11.5 when there is extensive loss of linker histones, H1 
as well as loss of all kinds of histone modifications including active and 
repressive histone marks. The chromatin remodeling at this stage is followed 
by genome-wide DNA demethylation. The extensive loss of histone modifi-
cations at this stage is shown to be due to histone replacement and occurs 
before DNA demethylation suggesting a role of DNA repair in the active 
DNA demethylation in PGCs[110].  

DNA repair mediated DNA demethylation is well known in plants and 
involves single stranded DNA break by a DNA glycosylase that exposes 
single stranded DNA (ssDNA) to base excision repair (BER) machinery 
which then replaces methylated cytosine (5mC) with unmethylated cytosine. 
In Arabidopsis, MEA is a polycomb group gene that is imprinted and ex-
presses from the maternal allele in the endosperm. DEMETER (DME) is a 
DNA glycosylase and is required for the promoter demethylation and activa-
tion of MEA, thus regulating the imprinting of MEA[111, 112]. Recently, the 
active DNA demethylation during the genome-wide reprogramming in the 
mouse germ line has been shown to be mechanistically linked with BER 
machinery[113]. The components of BER as well as ssDNA appear at E11.5, 
the time when active DNA demethylation occurs as well as in zygote where 
the paternal pronucleus undergoes active DNA demethylation just after fer-
tilization. The small molecule inhibitors of BER components cause increased 
DNA methylation in the paternal pronucleus of the zygote further suggesting 
the role of BER in active DNA demethylation[113].  

Unlike plants, no DNA glycosylase enzyme is known in animals. How-
ever, in animals, there are deaminases like AID (activation-induced deami-
nase) or APOBEC (apolipoprotein B mRNA-editing enzyme catalytic poly-
peptide-like) that can catalyze the deamination of 5mC to thymine that re-
sults in T:G mismatch and that could be detected by BER machinery. In a 
recent study, AID is shown to be involved in the active DNA demethylation 
in PGCs and AID-deficient PGCs show increased DNA methylation at the 
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genome scale level as well as at the imprinted genes[114]. Furthermore, 
5mC can be converted to 5-hydroxymethylcytosine (5hmC) that could be 
detected by a glycosylase followed by conversion to cytosine by BER ma-
chinery. TET1 is the first protein that has been shown to catalyze the conver-
sion of 5mC to 5hmC[115]. Subsequently, the mouse homologues of TET1 
(Tet1, Tet2, and Tet3 proteins) have been identified (Shinsuke et al 2010). 
The Tet proteins in mouse are present in the ES cells and help in the mainte-
nance of ES cells by maintaining the expression of Nanog, an ES cell-
specific transcription factor. The role of these proteins in the DNA demethy-
lation during the genome-wide reprogramming events in the preimplantation 
embryo and PGCs has not yet been studied. 

Role of the ICRs in the regulation of imprinted genes 
In an imprinted cluster, the ICR regulates expression of multiple genes that 
lie as far as hundreds of kilobases and often at both overlapping as well as 
non-overlapping side. How can an ICR produce an effect that can reach large 
distances? Although, for many imprinted clusters, the mechanism by which 
ICRs regulate the expression of multiple genes is not well understood, there 
are two recurring models that explain function of ICRs: 

1. ICR as an insulator 
2. ICR as a noncoding RNA promoter 

ICR as an insulator 
This model is exemplified by the H19 ICR, which is the first genetically 
characterized ICR and lies upstream of H19 gene at the distal end of mouse 
chromosome 7, and its orthologous region located on human chromosome 11 
(Figure 3A). The H19 ICR regulates the imprinting of two genes, H19 and 
Igf2. The expression of the H19 and Igf2 genes is regulated by multiple tis-
sue specific shared enhancers that are located downstream of H19 gene. The 
H19 ICR is methylated on the paternal chromosome and unmethylated on 
the maternal chromosome, and harbors the binding sites for the CCCTC 
binding factor (CTCF). CTCF is an insulator binding protein with seven zinc 
finger domains and mediates enhancer-blocking activity. On the maternal 
allele, CTCF binds to the unmethylated H19 ICR and blocks the access of 
the enhancer to the Igf2 promoter and thereby represses its expression. On 
the paternal allele, CTCF is not able to bind to the H19 ICR due to its methy-
lated state and thus enhancer can access to the Igf2 gene leading to its ex-
pression. The H19 gene remains silenced on the paternal allele due to its 
promoter methylation [116-118]. The point mutations in the H19 ICR abol-
ish the binding of CTCF to the ICR and loss of imprinting of the Igf2 
gene[119]. The regulation of imprinting at the H19 domain is an example of 
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regulation of gene expression by higher order chromatin structures. In this 
case, on the paternal chromosome, the enhancers downstream of the H19 
gene forms a three dimensional chromatin loop and interacts with the Igf2 
gene, whereas on the maternal chromosome CTCF disturb this three dimen-
sional chromatin structure[120]. The microdeletion[121, 122] or hyper-
methylation[123] of the H19 ICR is associated with loss of imprinting and 
overexpression of Igf2 and implicated in BWS. 

H19 codes for 2.3 kb ncRNA, which is spliced and polyadenylated. Al-
though H19 is highly expressed in embryos and conserved in mammals, the 
role of H19 RNA itself in regulating the imprinting is not yet well under-
stood. The mouse in which the whole H19 coding region was replaced by the 
Luciferase gene showed normal Igf2 imprinting and displayed no phenotype 
ruling out any role of H19 RNA itself in the imprinting of Igf2[124].  

A number of ncRNAs have been described in the H19 region. Firstly, 
H19 RNA acts as a precursor for 23 nucleotides micro RNA (miRNA), miR-
675, which is derived from the first exon of the H19 gene and is conserved 
in mammals[125]. However, the developmental role of miR-675 is yet to be 
established. Besides miRNA, a long transcript antisense to the H19, which is 
called 91H, is also described in mouse and humans. The 91H transcript is 
120 kb long, short-lived and overexpressed in human breast tumors. The 
function of 91H transcript has not been elucidated. Sense-antisense pair of 
transcripts have also been identified upstream of the H19 gene, which are 
expressed biallelically[126]. These transcripts silence a reporter gene in a 
Drosophila transgene and knockdown of transcripts by RNA interference 
results in loss of reporter gene silencing. The role of these transcripts in the 
imprinting at the H19/Igf2 locus needs to be studied. 
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Figure 3. Imprinted loci in mouse. (A) H19 locus (B) Kcnq1 locus (C) Igf2r/Airn 
locus (D) Gnas locus (E) Snrpn locus (F) Dlk1-Dio3 locus 
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ICR as a noncoding RNA promoter 
In this model, the ICR contains a promoter of a long noncoding RNA 
(lncRNA) that is differentially expressed from one of the parental alleles. 
The deletion of the ICRs encompassing the lncRNA promoter affects all the 
genes in the domain. Out of five ICRs that agree with this model, four are 
maternally methylated while one ICR is paternally methylated. In some 
cases, the role of lncRNA in regulating the expression of neighboring im-
printed genes has been well investigated.  

The Kcnq1 locus  
The Kcnq1 imprinted locus lies at the distal end of mouse chromosome 7, 
and at its orthologous region in humans is present on chromosome 11 (Fig-
ure 3B). The Kcnq1 locus contains at least ten imprinted genes; nine mater-
nally expressed protein-coding genes (Ascl2, Tspan32, Cd81, Tssc4, Kcnq1, 
Cdkn1c, Slc22a18, Phlda2, and Osbpl5) and one paternally expressed 
lncRNA gene, Kcnq1ot1. The ICR of the Kcnq1 locus lies in the intron 10 of 
Kcnq1 gene and is methylated on the maternal chromosome but unmethy-
lated on the paternal chromosome and contains the promoter for Kcnq1ot1 
lncRNA[22, 127]. Kcnq1 ICR acts as a bidirectional silencer in vitro[127, 
128]. In mouse, deletion of the 2.8 kb ICR on the paternal chromosome re-
sults in loss of imprinting and biallelic expression of neighboring imprinted 
protein coding genes[129]. The expression of Kcnq1ot1 RNA from the pa-
ternal chromosome is correlated with the silencing of imprinted protein-
coding genes in cis. 

The imprinted genes at the Kcnq1 locus can be classified in two catego-
ries: the ones that are located near the ICR and imprinted in placenta as well 
as in embryonic tissues are called as ubiquitously imprinted genes whereas 
the ones that are located farther from the ICR and imprinted only in the pla-
centa are called as placental-specific imprinted genes. Furthermore, there are 
genes that are not imprinted and located in between the imprinted genes.  

Along with the H19 locus, the KCNQ1 locus is also implicated in the de-
velopment of BWS with 50-60% of familial cases associated with hy-
pomethylation of KCNQ1OT1 promoter resulting in biallelic silencing of 
CDKN1C gene[23, 130].    

The role of Kcnq1ot1 RNA in regulating the imprinting at the Kcnq1 lo-
cus has been shown by deleting its promoter in an in vitro system as well as 
in mouse[131, 132]. In mouse, paternal transmission of Kcnq1ot1 promoter 
deletion results in the loss of imprinting and biallelic expression of neighbor-
ing imprinted genes[132]. Furthermore, the truncation of Kcnq1ot1 to a 
shorter version also resulted in the loss of its silencing property and biallelic 
expression of neighboring imprinted genes, further suggesting the role of the 
RNA in regulating the imprinting at the Kcnq1 locus[132, 133].  
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Igf2r/Airn locus 
Igf2r/Airn imprinted locus lies on mouse chromosome 17 and contains four 
imprinted genes including three maternally expressed protein-coding genes 
(Igf2r, Slc22a2, Slc22a3) and one paternally expressed lncRNA gene (Airn) 
(Figure 3C). The ICR that lies within intron 2 of the Igf2r gene is methylated 
on the maternal chromosome but unmethylated on the paternal chromosome. 
The ICR contains the promoter of 108 kb Airn lncRNA that expresses from 
the paternal chromosome in an antisense orientation to Igf2r, spans across 
the Igf2r promoter and terminates within the last intron of next gene, Mas1. 
Deletion of the ICR, including the Airn promoter, results in loss of Airn ex-
pression and biallelic expression of all the imprinted genes in the locus, indi-
cating the role of the Airn RNA in maintaining imprinted expression at this 
locus[134]. Truncation of Airn RNA to 3 kb by inserting a termination signal 
downstream of its promoter results in loss of imprinting and biallelic expres-
sion of protein coding genes, indicating that the transcription of longer RNA 
is necessary for the silencing[135]. However, these studies cannot differenti-
ate whether the RNA per se or the act of transcription through this locus is 
necessary for the silencing. As there is a 30 kb overlap between Airn and 
Igf2r transcripts, the involvement of RNAi in gene silencing has been pro-
posed for this locus. However, the role of RNAi has been ruled out in a study 
where the deletion of the Igf2r promoter on the paternal chromosome, that 
abolished the transcriptional overlap with Airn, did not affect the silencing of 
Slc22a2 and Slc22a3[136]. In a recent study, Airn RNA has been shown to 
interact with chromatin at the Slc22a3 promoter region and recruit H3k9me3 
methyltransferase, G9a to establish repressive histone marks[137]. In the 
mouse mutant with G9a-/- background, Slc22a3 showed biallelic expression 
but Igf2r was still imprinted, indicating that Airn employs different mecha-
nisms to silence Igf2r and Slc22a3. It seems plausible that Airn silences 
nonoverlapping genes, Slc22a2 and Slc22a3 by interacting with them at the 
chromatin level and by recruiting silencing machinery to their promoters, 
whereas it silences the overlapping Igf2r gene by transcriptional interfer-
ence.  

The Gnas locus 
The Gnas locus lies on mouse distal chromosome 2 and contains maternally 
expressed protein-coding genes (Nesp and Gnas) and paternally expressed 
protein coding (Gnasxl) and noncoding (Nespas and Exon1A) genes (Figure 
3D). There are two germ line DMRs in the Gnas cluster that are methylated 
on the maternal chromosome. One of the germ line DMRs lies in the 
Exon1A promoter. The deletion of this DMR in the mouse results in loss of 
imprinting of only Gnas gene with no effect on the other imprinted tran-
scripts in the cluster suggesting that it is not the ICR[138, 139]. The princi-
pal ICR of the cluster encompasses the promoter of a long ncRNA Nespas 
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that expresses from the unmethylated paternal allele. The deletion of the ICR 
including the Nespas promoter resulted in the loss of imprinting of all the 
transcripts in the cluster suggesting the transcription of Nespas is necessary 
for proper imprinting at this locus[140]. However, the exact role of the Nes-
pas ncRNA in imprinting is still not clear.   

The Snrpn locus 
The Snrpn imprinted locus is also known as Prader-Willi/Angelman syn-
drome (PWS/AS) region because of the association of this locus with PWS 
and AS that are two neurodevelopmental disorders caused by loss of paternal 
or maternal contribution of gene expression, respectively. The Snrpn locus 
contains several paternally expressed protein coding genes including Mkrn3, 
Magel2, Ndn and Snrpn as well as several paternally expressed ncRNAs 
including small nucleolar RNAs (snoRNAs) and one long ncRNA Ube3a-as. 
Snrpn, snoRNAs and Ube3a-as are derived from a single long transcript. 
The locus also contains two maternally expressed protein-coding genes, 
Ube3a and Atp10a (Figure 3E).  

The ICR of this locus constitutes two imprinting centers, PWS-IC and 
AS-IC. The PWS-IC encompasses the promoter of the Snrpn gene that is 
methylated on the maternal allele. The PWS-IC acts as both activator and 
silencer and the deletion of the unmethylated PWS-IC on the paternal allele 
leads to the repression of all the paternally expressed transcripts and the ac-
tivation of maternally expressed protein coding genes. Although the deletion 
of the PWS-IC resulted in loss of the paternally expressed snoRNAs and 
Ube3a-as lncRNA, which coincides with the loss of imprinting of all the 
genes in the locus, the role of these ncRNAs in regulating the expression of 
other genes is not well understood. A recent report has described a PWS 
patient with a microdeletion of snoRNA cluster, SNORD116 (HBII-85), 
leaving most of other snoRNAs and protein coding genes intact, indicating 
SNORD116 as a prime candidate for PWS[141]. This microdeletion doesn’t 
affect expression of any imprinted gene at this locus. The molecular targets 
of SNORD116 snoRNAs are still unknown. The deletion of the Snord116 
cluster in mouse causes growth deficiency[142]. 

The AS-IC has been characterized in humans and lies upstream of SNRPN 
promoter and thought to be involved in the methylation of PWS-IC on the 
maternal allele[143]. No such region has yet been identified in the mouse. 

The Dlk1-Dio3 locus 
The Dlk1-Dio3 locus is located on the mouse chromosome 12, and its 
orthologous region in human is present on chromosome 14. This locus con-
tains paternally expressed protein coding genes Dlk1, Rtl1 and Dio3; and 
maternally expressed ncRNAs Gtl2, antiRtl1, Rian and Mirg. Several miR-
NAs and C/D box containing snoRNAs are derived from antiRtl1/Mirg and 
Rian locus respectively. Except antiRtl1, all these ncRNAs are thought to be 
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part of a single transcription unit starting from Gtl2 promoter. The miRNAs 
processed from antiRtl1 region have been reported to interact and cleave 
Rtl1 transcript in trans[144].  

The Dlk1-Dio3 locus contains three DMRs that are methylated on the pa-
ternal allele – The Dlk1 DMR located at the 3’ end of the Dlk1 gene, the IG-
DMR located 15 kb upstream of Gtl2 and the Gtl2 DMR located at the exon 
1 of Gtl2. The IG-DMR is the principal DMR of Dlk1-Dio3 locus, the dele-
tion of which from the maternal allele in the mouse results in perinatal le-
thality associated with the repression of the maternally expressed ncRNAs, 
including Gtl2, and biallelic expression of all the paternally expressed pro-
tein coding genes[145]. The repression of the maternally expressed ncRNAs 
in IG-DMR deletion mouse is associated with the hypermethylation of the 
Gtl2 DMR suggesting that the IG-DMR acts as positive regulator of Gtl2 
and downstream ncRNAs, the expression of which on the maternal chromo-
some suppresses the protein coding genes. The role of Gtl2 transcript in the 
regulation of imprinting at the Dlk1-Dio3 locus was demonstrated by delet-
ing the first five exons including the promoter region of Gtl2, which results 
in perinatal lethality associated with repression of maternally expressed 
ncRNAs, biallelic expression of paternally expressed protein coding genes, 
and methylation of the IG-DMR[146].   

MEG3 is the human ortholog of Gtl2, the expression of which is reduced 
in pituitary tumors as well as in several cancer cell lines[147]. Furthermore, 
the ectopic expression of MEG3 in cancer cell lines inhibits cell 
growth[147]. MEG3 promotes tumor suppression through activation of p53 
partly by down-regulating the MDM2 level, the factor that mediates degra-
dation of p53[148]. 

Genomic imprinting and long noncoding RNAs 
The long ncRNAs are present in abundance at the imprinted loci[149]. The 
role of some of these long ncRNAs in regulation of gene expression of the 
imprinted genes is well established. We are now starting to understand the 
mechanisms of gene regulation by these ncRNAs. Kcnq1ot1 and Airn are 
two imprinted long ncRNAs that are shown to interact with chromatin modi-
fying enzymes and help in their recruitment to the targeted genes in order to 
transform the chromatin structure and expression status. These long ncRNAs 
target specifically imprinted genes with several non-imprinted genes in the 
imprinted locus skip the silencing. One of the fundamental questions is how 
long ncRNAs specifically target chromatin-modifying machinery to some 
genes and not others.   
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Mechanisms of the lncRNA mediated gene regulation 
The lncRNAs may look like over-represented in the imprinted loci but re-
cently, the increase in number of the non-imprinted functional lncRNAs 
suggests that the abundance of lncRNAs in the imprinted loci might very 
well represents the rest of the genome. Thus, there are many other examples 
where non-imprinted lncRNAs play pivotal role in regulating the gene ex-
pression. These ncRNAs can play variety of roles such as recruitment of 
factors, regulating the higher order chromatin structure, and organizing the 
chromosome and nuclear architecture.  

Long ncRNA as recruiter 

Recruitment of chromatin modifying complexes  
LncRNAs can interact with variety of chromatin remodeling factors and 
recruit them to specific genomic loci. One of the well-studied examples is 
the gene regulation in the HOX loci comprising 39 developmentally regu-
lated genes for Homeobox transcription factors, which are organized in four 
different loci (HOX-A:D). A large number of long ncRNAs is transcribed 
from the HOX loci and of particular interest is 2.2 kb HOTAIR lncRNA tran-
scribes from the HOX-C locus. HOTAIR physically associates with the PRC2 
and is required for the silencing of genes in trans at the HOX-D locus by 
promoting PRC2 occupancy and H3K27me3[150]. Recently, the increased 
expression of HOTAIR has shown to be linked to the primary breast tumors 
and metastasis and thus it could be a good tool for the prognosis of tumor 
progression[151]. In addition to PcG proteins, TrxG proteins are also in-
volved in gene regulation in HOX loci and bind to lncRNAs transcribe from 
the HOX loci. For example MLL1 protein, which is an H3K4 specific me-
thyltransferase, binds to lncRNAs, Evx1as and HoxB5/6as and regulates 
gene expression in the HOX loci during ES cell differentiation[152].  

Recently, by searching H3K4me3-H3K36me3 blocks that reside outside 
known protein-coding gene loci, thousands of novel large intervening non-
coding RNAs (lincRNAs) have been identified. A large proportion of these 
lincRNAs binds to PRC2 and other chromatin-modifying complexes and 
recruit them to specific genomic loci to regulate gene expression[153, 154].  

These studies suggest that the lncRNAs mediated recruitment of chroma-
tin modifiers to specific genomic loci is a widespread phenomenon. How-
ever, we still do not know the precise mechanism by which ncRNAs recruit 
chromatin effectors to specific loci. Several possible mechanisms can be put 
forward[155] (Figure 4). The ncRNA can make triplex structure with the 
double stranded DNA that can directly attract different factors (Figure 4A). 
The triplex-forming oligonucleotides (TFOs) are synthetic 10-20 bp DNA 
oligonucleotides that function in similar manner. TFOs form DNA triplex 
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structure by binding to the unique target sequences through Hoogsteen base 
pairing[156]. The TFOs have been designed to inhibit transcription of spe-
cific genes or to target transcription factors, nucleases or cleaving agent to 
specific genomic loci[157-159]. A bi-functional oligonucleotide (hairpin-
TFO) can also be designed that contain a hairpin structure for binding to a 
transcription factor and a sequence for forming triple helix to target a ge-
nomic locus[158]. The TFOs target sites are rich in oligopyrimidine-
oligopurine sequences and such sequences are over-represented in the regu-
latory regions, especially in the promoters[160, 161]. Thus, it is plausible 
that lncRNAs can recruit chromatin modifiers to the regulatory regions by 
similar mechanism. In a recent study, a lncRNA has been shown to interact 
directly with the promoter of human dihydrofolate reductase (DHFR) gene 
and forms a triple helix that leads to the gene repression[162].  

Another possible mechanism of ncRNA mediated targeting of chromatin 
modifiers is through adaptor proteins (Figure 4B). In this model, the adaptor 
protein that binds specifically to the target genomic loci confers the sequence 
specificity. The ncRNA binds to the adaptor protein as well as to the chro-
matin-modifying complex and stabilizes the interaction between them. Until 
recently, it was not known how chromatin-modifying complexes such as 
PRC2 are recruited to their target genes as these complexes do not have the 
capacity to bind directly to the DNA. However, recently five different stud-
ies have independently identified JARID2 as a component of PRC2[163-
167]. JARID2 binds directly to DNA through its C-terminus and loss of 
JARID2 leads to the loss of PRC2 occupancy to most of its targets. Thus 
JARID2 can act as an adaptor protein and lncRNAs can act as a scaffold to 
stabilize JARID2-PRC2 complex. However, the requirement of such 
lncRNAs for the stability of JARID2-PRC2 complex has not yet been stud-
ied. 

LncRNA can also acts as a co-factor and binding of ncRNA to the chro-
matin-modifying complex can have an allosteric effect that modulates its 
activity or binding to the target sequences (Figure 4C).  

LncRNA can also recruit chromatin-modifying complexes to their target 
sites by forming loops. In this model, the lncRNA interacts with the chroma-
tin modifying-complex and anchors to the DNA at the site of transcription or 
to a particular sequence via forming RNA-DNA triplex structure. The anchor 
point then forms loops with different target sites in cis or at different chro-
mosome and thus facilitates the interaction of chromatin modifying complex 
with the target sites (Figure 4D). 
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Figure 4. The models explaining the possible mechanisms of long ncRNA mediated 
recruitment of chromatin modifiers to specific targets. (A) RNA:DNA triplex model 
(B) Adaptor model (C) long ncRNA as cofactor inducing allosteric effect (D) loop-
ing model. Adapted from Koziol et al. 2010[155]. 
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Recruitment of DNA methylation machinery 
RNA dependent DNA methylation (RdDM) is a well-studied mechanism in 
plants to silence repetitive sequences and transposons[168]. RdDM is medi-
ated by two RNA Pol II related RNA polymerases, Pol IV and Pol V. Pol IV 
is required for the synthesis of small interfering RNAs (siRNAs) whereas 
Pol V transcribes long intergenic noncoding RNAs that are atleast 200 nu-
cleotide (nt) long and act as scaffolds for the recruitment of siRNAs and 
DNA methylation machinery to bring about the silencing of overlapping and 
adjacent genes[169].  Moreover, a recent study has identified long (24 nt) 
microRNA (lmiRNA) that directs DNA methylation to the target loci[170].  

There is no evidence of RNA directed DNA methylation in mammals. 
However, there are examples where long ncRNAs are required for establish-
ing the DNA methylation over gene promoters. For example, lncRNA at the 
Igf2r locus, Airn, is necessary for the silencing of the Igf2r gene by estab-
lishing the DNA methylation over its somatic DMR[135]. Similarly, 
Kcnq1ot1 ncRNA is required for the silencing and establishing the DNA 
methylation over the Cdkn1c and Slc22a18 genes. However, there is no evi-
dence that these ncRNAs directly interact with the DNA methylation ma-
chinery. It is plausible that the repressive histone modifications at the so-
matic DMRs that are established by the ncRNAs attract DNA methylation 
machinery for establishing and maintaining the DNA methylation. Such a 
mechanism is observed at the pericentromeric satellite repeats where two 
SET domain-containing histone methyltransferases, SUV39H1 and 
SUV39H2 establish H3K9me3, which attracts binding of HP1 protein that in 
turn is required for the recruitment of DNMT3A and DNMT3B to establish 
DNA methylation[91, 171]. Interestingly, SUV39H1 and SUV39H2 medi-
ated H3K9me3 is necessary for establishing the DNA methylation but not 
vice-versa. Several others SET domain-containing histone methyltrans-
ferases have been shown to interact with DNA methyltransferases. For ex-
ample, G9a and EZH2 are involved in H3K9me2 and H3K27me3 respec-
tively and have been shown to recruit DNMT3A and DNMT3B independent 
of their histone methyltransferase activity[92, 172].  

Long noncoding RNA as organizer of chromatin architecture 
The chromatin is organized in discrete domains of open “euchromatin” and 
condensed “heterochromatin”. Biochemical separation of these two fractions 
revealed that euchromatin is associated with regions of the genome with 
highest gene density[173]. There is an incomplete correlation between 
chromatin condensation and gene activity as active genes can be found in the 
condensed chromatin regions and inactive genes can be found in the open 
chromatin regions. The silent chromatin regions can be visualized under 
microscope as discrete condensed nuclear compartments devoid of RNA 
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PolII and transcription factors[53, 174]. LncRNAs like Kcnq1ot1 and Airn in 
the imprinted loci have been shown to be involved in organizing such silent 
chromatin compartments[53, 137, 175]. Along with the ncRNAs, histone 
modifiers like G9a and polycomb proteins are implicated in organizing re-
pressive nuclear compartments suggesting the involvement of repressive 
histone modifications in chromatin organization.  

One of the most striking examples of ncRNA-mediated regulation of 
chromatin architecture and gene expression is the process of X chromosome 
inactivation (XCI) in female mammals. In mammals, male has one X chro-
mosome while female has two X chromosomes and in order to compensate 
the dosage of X chromosomes, one of the X chromosomes is inactivated in 
females. The two long ncRNAs, Xist and Tsix play pivotal role in the proc-
ess of XCI. Xist (X inactivation specific transcript) is a 17 kb long ncRNA 
that is expressed from the inactivated X (Xi) and coats the whole X chromo-
some in cis and makes it transcriptionally inactive by recruiting protein 
complexes involved in heterochromatinization[176, 177]. Xist is necessary 
for initiation and establishment of XCI but dispensable for maintenance of 
XCI[178]. Tsix is a noncoding RNA antisense to Xist that spans the entire 
length of the mouse Xist gene and acts as a negative regulator of Xist[179]. 
Tsix silences the Xist by maintaining the heterochromatic state at the Xist 
promoter. There is a loss of the heterchromatic state at the Xist promoter on 
disruption of Tsix[180, 181]. The truncation of Tsix before Xist promoter 
also leads to inappropriate activation of Xist on the mutated chromosome due 
to failure in establishing repressive chromatin modification at the Xist pro-
moter indicating that the transcription of Tsix through the Xist promoter is 
necessary for the silencing of Xist[182]. The XCI is imprinted in the preim-
plantaion embryos i.e. Xist expresses exclusively from the paternal X chro-
mosome and it is the paternal X chromosome that gets always inactivated. 
The imprinted pattern of XCI is maintained in extraembryonic tissues 
whereas in pluripotent cells in the inner cell mass (ICM), Xist level goes 
down and the paternal chromosome gets reactivated[183, 184]. Recently, 
pluripotency factors Oct3/4, Sox2 and Nanog has been shown to act as rep-
ressors of Xist in ES cells[185]. During differentiation of ICM Xist starts 
expressing randomly either from paternal or maternal X chromosome that 
leads to random XCI. 

Once the Xist starts expressing from the future inactive X chromosome, a 
series of Xist RNA-dependent events take place that are associated with het-
erochromatinization and reorganization of the whole X chromosome. These 
events include X chromosome coating by Xist RNA, exclusion of RNA 
PolII, accumulation of Eed, onset of a variety of histone modifications in-
cluding hypoacetylation of H3 and H4, H3K9me2, H3K27me3, loss of 
H3K4me2 and H3K4me3, asynchronous replication, association of mac-
roH2A and increased DNA methylation (reviewed in [186]).  
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How Xist helps in accomplishing the transcriptional silencing of the 
whole chromosome? Coating of X chromosome by Xist and pan-
chromosome transcriptional silencing are two independent processes medi-
ated by two different elements within Xist, chromatin attachment region and 
A-repeats respectively. Deletion of A-repeats does not affect coating of Xist 
RNA but abolishes its silencing activity[187]. Interestingly, A-repeats func-
tions in an orientation-dependent, position-independent manner and stem 
loops formed by A-repeat RNA unit is necessary for the silencing[187]. It is 
believed that A-repeats function by recruiting protein factors that mediate 
silencing but no such factor has yet been identified. In a recent study, the 
deletion of A-repeats in mouse leads to complete repression of Xist and fail-
ure of XCI[188]. Furthermore, a 1.6 kb, RepA ncRNA, transcribes from the 
A-repeats and interacts with PRC2 complex[189]. RepA is thought to act 
during XCI by recruiting PRC2 and inducing H3K27me3 at the Xist pro-
moter that paradoxically causes its activation[190].  

How Xist targets the whole chromosome is not yet fully understood. The 
X chromosome-autosome translocation studies have shown that the limited 
silencing of neighboring genes when Xist locus is translocated on the auto-
some indicating that something specific to the X chromosome causes pan-
chromosome silencing. There is over-representation of LINE repeats on the 
X chromosome and it has almost twice the number of LINE elements as 
compared to the autosomes[191]. This is the basis of Lyon’s hypothesis that 
proposes that the LINE L1 elements on the X chromosome could be the 
“way station” or “booster elements” that assist the spreading of Xist along 
the X chromosome[192, 193]. Recently, functional role of LINE elements in 
the process of XCI has been studied[194]. It has shown that the majority of 
LINE elements on the X chromosome is silenced rapidly and helps in nucle-
ating the heterochromatic Xist compartment. However, there is a subpopula-
tion of LINE elements that is transiently expressed from the X chromosome 
during XCI and helps in spreading the silencing of their neighboring regions.  

Long noncoding RNA as nuclear organizer  
A cell nucleus is highly organized with individual chromosome occupying 
discrete and specific nuclear space. Beside this there are highly structured 
nuclear features like nucleoli, Cajal bodies, promyelocytic leukaemia (PML) 
bodies, paraspeckles and nuclear speckles that are involved in important 
biological processes during both normal cell function and diseases. Paras-
peckles are subnuclear structures that contain proteins involved in transcrip-
tion and/or RNA processing[195]. The formation of paraspeckles is highly 
dynamic and they appear only during differentiation with no sign of paras-
peckles in the ES cells[196]. 

Paraspeckles regulate the cellular processes through retention of RNAs in 
the nucleus. For example, paraspeckles retain Ctn RNA in the nucleus and 
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prevents its transport to the cytoplasm[197]. The retention of Ctn is mediated 
by its long 3’ UTR that forms hairpin loop structure and undergoes extensive 
adenine to inosine editing. The Ctn has an alternative transcript, mCAT2 that 
is transcribed from the alternative promoter downstream of Ctn promoter 
and has much shorter 3’ UTR. Unlike Ctn, mCAT2 is exported to cytoplasm 
and get translated. In response to stress, Ctn 3’ UTR is cleaved by the paras-
peckle proteins resulting in increased mCAT2 mRNA level in cytoplasm and 
increased level of mCAT2 protein[197]. Thus by retaining the RNAs in the 
nucleus paraspeckles provide an efficient mechanism to rapidly increase the 
level of protein factors in response to cellular signal by releasing the RNAs 
and facilitating their nuclear export and translation.  

Paraspeckles constitutes both protein factors and RNAs. A 4 kb long 
ncRNA, NEAT1 plays an architectural role in formation of 
paraspeckles[198]. Deletion of NEAT1 RNA abolishes the formation of 
paraspeckles whereas the increased levels of NEAT1 RNA results in in-
creased numbers of paraspeckles indicating that the NEAT1 RNA is an es-
sential and limiting element for paraspeckle formation[196, 199-201]. 
NEAT1 RNA level is very low in ES cells but increases upon differentiation 
indicating the role of NEAT1 RNA and paraspeckles in regulating the proc-
ess of differentiation through nuclear retention of A to I edited 
mRNAs[199]. The fact that A to I RNA editing is more prevalent in primates 
than in other species[202, 203] suggesting that the regulation of gene expres-
sion by nuclear retention in paraspeckles could be more widespread in pri-
mates.  

MALAT1 is another nuclear localized lncRNA that is associated with nu-
clear speckles. The expression of MALAT1 is significantly associated with 
metastasis in non-small cell lung carcinoma (NSCLC) and proposed to be a 
prognostic marker for the metastasis and patient survival[204]. Nuclear 
speckles are subnuclear structures and contain splicing factors including 
small nuclear ribonucleoproteins particles (snRNPs), spliceosome subunits 
and other protein factors. Nuclear speckles are proposed to function as stor-
age and assembly compartments that supply splicing factors to active tran-
scription site. Unlike the role of NEAT1 in organizing the paraspeckles, 
MALAT1 is dispensable for the organization of nuclear speckles[199]. The 
mechanism by which MALAT1 contributes to the tumorigenesis and its role 
in regulating the gene expression is not yet clear.    
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Aims 

The main objective of this thesis is to understand Kcnq1ot1-mediated regula-
tion of imprinting at the Kcnq1 locus. More specifically, the aims of the the-
sis are as follows: 

I To fine map and characterize the functional sequences in Kcnq1ot1 that 
mediates bidirectional-silencing property of the Kcnq1 ICR using an epi-
somal-based cell culture system. 

II Characterization of mechanisms by which Kcnq1ot1 regulates transcrip-
tional silencing through modulating the chromatin structure. 

III To analyze the functional features of 890 bp silencing domain of 
Kcnq1ot1 in vivo by deleting it in the mouse. 

IV To determine the role of Kcnq1ot1 in the maintenance of imprinting at 
the Kcnq1 locus by deleting Kcnq1ot1 at different developmental stages 
using a conditional knock out mouse. 
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Results and discussion 

Fine mapping of the functional domain(s) in Kcnq1ot1 
(Paper I) 
Kcnq1ot1 promoter maps to a differentially methylated imprinted control 
region (Kcnq1 ICR), located in intron 10 of the Kcnq1 gene. Expression of 
Kcnq1ot1 correlates with the silencing of neighboring imprinted genes in cis. 
Previously, by using an episomal-based system, we have shown that the 
Kcnq1 ICR acts as a bidirectional silencer. The episomal system contains two 
reporter genes: H19 and Hygromycin. We have inserted the Kcnq1 ICR be-
tween H19 and Hygromycin genes such that the H19 gene becomes an over-
lapping gene whereas the Hygromycin gene becomes a nonoverlapping gene 
to Kcnq1ot1 promoter. By transfecting this episomal construct (PS6) in pla-
centally derived JEG3 cell line and by measuring the activity of the H19 and 
Hygromycin genes, we have earlier shown that the Kcnq1 ICR silences both 
the overlapping and nonoverlapping genes, mimicking the in vivo scenario. 
We have also shown that the bidirectional silencing property of the Kcnq1 
ICR was dependent on Kcnq1ot1 promoter activity as well as on the elonga-
tion of Kcnq1ot1. These studies suggested a functional role of the RNA in the 
silencing process. In paper I, we sought to identify the functional domain(s) 
in Kcnq1ot1 that would be important for the silencing property of the Kcnq1 
ICR.  

First we sought whether promoter activity within the Kcnq1 ICR is suffi-
cient for its silencing property. To investigate this, we deleted most of the 
sequences downstream of Kcnq1ot1 promoter and performed the silencer 
assay to assess the silencing property of the modified Kcnq1 ICR by putting 
it between H19 and Hygromycin reporter genes. The activity of the H19 and 
Hygromycin genes remained unaffected as measured by RNAse protection 
assay (RPA) and counting the Hygromycin resistant colonies respectively 
indicating that the promoter activity is not sufficient for the silencing prop-
erty of the Kcnq1 ICR and that there are functional element(s) downstream 
of Kcnq1ot1 promoter which are necessary for silencing the neighboring 
genes. To fine map such functional element(s), we have made serial dele-
tions in the Kcnq1 ICR downstream of Kcnq1ot1 promoter and the effect of 
different deletions on the bidirectional silencing property of the Kcnq1 ICR 
was analyzed as discussed above. Using this strategy we have identified an 
890-bp silencing domain (SD), the deletion of which resulted in complete 
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loss of silencing property of episome-encoded Kcnq1ot1 RNA. We have 
shown that the SD acts in a transcription dependent manner and loses its 
silencing property when moved upstream of Kcnq1ot1 promoter. The SD 
acts in a position independent manner with its silencing property unaffected 
when it is moved further downstream from its original position. Finally, the 
SD acts in an orientation dependent manner and loses its silencing property 
when placed in the opposite orientation. The observation that the SD func-
tions only when placed downstream of the promoter in correct orientation, 
ruled out the possibility that the silencing activity of the SD is mediated by 
the cis-acting DNA sequences but rather strongly suggests that SD acts at the 
RNA level. The observation that the SD acts in a position independent man-
ner when placed downstream of the promoter suggests that SD has all the 
information required for inducing the silencing process.  

Previously, two evolutionarily conserved 8 to 12-bp motifs have been 
identified in the Kcnq1 ICR, which maps to 3’ end of the SD. To study the 
functional importance of these motifs we have made point mutations in these 
motifs. Mutation in five residues of 12-bp motif resulted in moderate reduc-
tion in the bidirectional silencing property of the Kcnq1 ICR indicating the 
role of the conserved motifs in the transcriptional silencing. We have 
searched for the similar motif in the entire length of Kcnq1ot1 but found no 
such motif. To further search for the domains similar to the SD, we have 
PCR amplified 3-5 kb overlapping fragments spanning the 52 kb of 
Kcnq1ot1 RNA and cloned them downstream of Kcnq1ot1 promoter. These 
cloned fragments were then subjected to the silencer assay as described 
above. We found no fragment with the silencing property comparable to that 
of the SD indicating that the SD is a major functional domain within 
Kcnq1ot1 RNA.  

We have also analyzed chromatin structure at the H19 and Hygromycin 
gene promoters by performing chromatin immunoprecipitation (ChIP) using 
antibodies against active (H3K9Ac) and inactive (H3K9me3) histone marks 
in JEG3 cell line transfected with different episomal constructs. We have 
found that the H19 and Hygromycin gene promoters were enriched with 
H3K9me3 but not H3K9Ac marks when JEG3 cells were transfected with 
the episomal construct containing the wild-type Kcnq1 ICR (PS6). In JEG3 
cells transfected with episomal construct containing the Kcnq1 ICR with the 
SD deletion (PS6A1), the H19 and Hygromycin gene promoters were en-
riched with H3K9Ac but not H3K9me3, which is consistent with their active 
status. Thus, the SD mediates silencing activity of the Kcnq1 ICR through 
regulating the chromatin structure. 

Position of the gene within the nuclear space has been correlated with the 
gene activity. To determine whether the episomal construct containing the 
Kcnq1 ICR is localized to any distinct nuclear space, we have performed 
combined RNA/DNA immuno-FISH in JEG3 cells transfected with epi-
somal constructs. To visualize the episome-encoded Kcnq1ot1 and episomal 
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DNA sequences, we used the digoxigenin-labeled probes and to visualize 
nucleolus, we used Nucleophosmin antibody. We found that the episome-
encoded Kcnq1ot1 as well as the episomal sequences containing the Kcnq1 
ICR was often localized to perinuclear or perinucleolar compartments, the 
regions known to be rich in heterochromatin machinery. The co-localization 
of the episome-encoded Kcnq1ot1 with the episomal sequences suggests that 
Kcnq1ot1 may function in the similar fashion as Xist ncRNA that coats the 
one of the two X-chromosome in female mammals to bring about its silenc-
ing. Interestingly, the deletion of the SD abolishes the localization of the 
episomal sequences to perinuclear or perinucleolar compartments.  

The co-localization of the episome-encoded Kcnq1ot1 with episomal se-
quences suggests that Kcnq1ot1 may associate with the chromatin. We ana-
lyzed the association of Kcnq1ot1 RNA with the chromatin by performing 
chromatin RNA-immunoprecipitation (ChRIP), where the chomatin was 
immunopurified using H3 antibody and RNA was extracted from the im-
munopurified material and quantitative RT-PCR was performed to measure 
the RNA. By performing ChRIP in the JEG3 cells transfected with episomal 
constructs, we have shown that the episome-encoded Kcnq1ot1 RNA was 
significantly enriched in the H3 immunopurified material, indicating its as-
sociation with the chromatin. Interestingly, the episome-encoded Kcnq1ot1 
RNA lacking the SD showed significant decrease in the association with the 
chromatin indicating that the SD mediates association of Kcnq1ot1 RNA 
with the chromatin. 

Like Kcnq1ot1 RNA, Xist RNA also associates with the chromatin. Inde-
pendent functional domains in the Xist RNA mediate the localization of the 
Xist RNA with the chromatin. To further analyze the functional role of asso-
ciation of Kcnq1ot1 RNA with the chromatin, we have enhanced the chro-
matin localizing activity of Kcnq1ot1 RNA. For that purpose, we have made 
an episomal construct wherein Kcnq1ot1 containing the SD was flanked with 
chromatin localizing sequences of Xist. We have shown that the Xist localiz-
ing sequences has significantly increased the chromatin association of the 
episome-encoded Kcnq1ot1 RNA, which was correlated with the increased 
bidirectional silencing activity of Kcnq1ot1 RNA containing the Xist localiz-
ing sequences. Interestingly, the Xist chromatin localizing sequences alone 
were not sufficient to silence the flanking genes and the SD was required for 
the silencing activity of the episome-encoded Kcnq1ot1 RNA even in the 
presence of the Xist localizing sequences. Our observations suggest that 
chromatin association activity plays an important role in Kcnq1ot1 mediated 
transcriptional gene silencing and enhanced chromatin association of 
Kcnq1ot1 RNA correlates with the increased SD mediated gene silencing. 

Overall, in this paper, by using an episome-based cell culture system, we 
have characterized the functional role of Kcnq1ot1 and identified a critical 
element in Kcnq1ot1 that facilitates the transcriptional gene silencing of the 
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neighboring genes by mediating the association of Kcnq1ot1 with the chro-
matin and inducing the repressive chromatin structure at the gene promoters.  

Characterization of Kcnq1ot1 mediated transcriptional 
gene silencing in vivo (Paper II)          
Although Kcnq1ot1 had previously been implicated in regulating the expres-
sion of imprinted genes at the Kcnq1 locus, it remained poorly characterized. 
Therefore it was of interest to analyze the salient features of Kcnq1ot1 in 
vivo. We first sought which RNA polymerase transcribes Kcnq1ot1. The 
treatment of mouse embryonic fibroblasts (MEFs) with the RNA PolII in-
hibitor, α-amanitin, resulted in 50% reduction in Kcnq1ot1 RNA level, indi-
cating that the RNA PolII transcribes Kcnq1ot1. We could confirm this by 
performing the ChIP using RNA PolII antibody and showing the enrichment 
of RNA PolII at Kcnq1ot1 promoter. We then determined the length of 
Kcnq1ot1 in vivo by performing strand-specific RNAse protection assay 
(RPA) using probes mapped to the regions along the length of Kcnq1ot1. We 
could detect the RNA up to 90 kb from Kcnq1ot1 start site. By using 3’ 
RACE, we determined the 3’ end of Kcnq1ot1 to be at 91.5 kb from the tran-
scription start site. We next measured the stability of Kcnq1ot1 RNA by 
treating the MEFs with actinomycin D for different time periods and measur-
ing the RNA level using quantitative RT-PCR. Kcnq1ot1 was found to be 
moderately stable with half-life of 3.5 hours. We also determined sub-
cellular localization of Kcnq1ot1 RNA and found it to be nuclear localized 
which is consistent with its role in gene regulation. 

In order to conclusively show the role of Kcnq1ot1 RNA in gene regula-
tion, it was necessary to rule out any role of act of transcription. For that 
purpose, we have utilized the episomal system used in the paper I and re-
duced the stability of episome-encoded Kcnq1ot1 RNA by flanking it with 3’ 
UTR of highly unstable transcript, c-fos. The hybrid Kcnq1ot1 RNA contain-
ing the c-fos 3’UTR showed three times less half life than the wild-type 
RNA and the unstable transcript could not silence the flanking Hygromycin 
gene. Our observations conclusively show that the RNA per se and not the 
act of transcription is required for Kcnq1ot1-mediated transcriptional gene 
silencing.  

In paper I, using the episomal system, we have shown that the episome-
encoded Kcnq1ot1 RNA associates with the chromatin. To determine 
whether Kcnq1ot1 RNA also interacts with the chromatin in vivo, we have 
performed ChRIP analysis in placenta and liver of E14.5 (embryonic day 
14.5) embryos using H3 antibody and found that indeed Kcnq1ot1 associates 
with the chromatin. The association of Kcnq1ot1 RNA with the chromatin 
was more significant in placenta than in the fetal liver, which is evident by 
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significant enrichment of Kcnq1ot1 RNA in the placental-chromatin. The 
lineage-specific chromatin association of Kcnq1ot1 RNA may be explained 
by more robust silencing in placenta where all the imprinted genes at the 
Kcnq1 locus are silenced on the paternal chromosome whereas in the em-
bryo, only ubiquitously imprinted genes are silenced. 

The finding that Kcnq1ot1 RNA interacts with the chromatin raised our 
interest to fine map the regions in the one megabase Kcnq1 locus with which 
Kcnq1ot1 RNA interacts. For this purpose, we have used chromatin oligo-
affinity precipitation (ChOP) assay, where biotin-labeled oligos were incu-
bated with formaldehyde cross-linked nuclear lysates to allow hybridization 
of the chromatin bound Kcnq1ot1 RNA with the biotin oligos, followed by 
affinity purification of the RNA-associated chromatin using streptavidin 
beads. We performed ChOP assay on the chromatin obtained from the E14.5 
placenta and measured the purified RNA-associated chromatin regions by 
quantitative PCR using primers spanning the gene promoters. Kcnq1ot1 
showed association with the promoters of most of the imprinted genes in the 
Kcnq1 locus whereas no association was found with non-imprinted genes in 
the Kcnq1 locus or the genes located on a different chromosome. The pro-
moters of some imprinted genes (Tspan32 and Tssc4) at the Kcnq1 locus 
also did not show any enrichment in the affinity purified fraction suggesting 
that Kcnq1ot1 RNA has preferred binding regions in the Kcnq1 locus. 

On the paternal chromosome, the Kcnq1 locus is enriched with repressive 
histone marks such as H3K27me3 and H3K9me2 on the paternal chromo-
some[55, 103]. To study the chromatin structure at the one megabase Kcnq1 
locus in more detail, we have performed ChIP-on-chip analysis. We per-
formed ChIP using antibodies against active and inactive histone modifica-
tions on the cross-linked chromatin from E14.5 placenta and liver and hy-
bridized the immunopurified material to NimbleGen high-resolution oli-
gonucleotide tiling array. ChIP-on-chip profile of H3K27me3 marks showed 
more overall enrichment in placenta than in fetal liver. The enrichment of 
H3K27me3 mark was not uniform along the Kcnq1 locus with more enrich-
ment over the imprinted gene promoters than the intermittent non-imprinted 
genes or intergenic regions. This observation ruled out the possibility that 
the silencing of multiple genes at the Kcnq1 locus establishes by spreading 
the repressive chromatin marks but rather suggests a targeting mechanism 
that targets chromatin-modifying machinery specifically to the promoters of 
the imprinted genes. Interestingly, in the mouse with Kcnq1ot1 promoter 
deletion, the enrichment of H3K27me3 mark was lost in placenta indicating 
the role of Kcnq1ot1 in establishing the repressive histone marks. 

The enrichment of H3K9me3, which is another repressive histone mark, 
showed pattern similar to the enrichment of H3K27me3 with more enrich-
ment in placenta than in the fetal liver. We also analyzed the chromatin pro-
file for active histone marks such as acetylation of H3K9 (H3K9Ac) and 
H3K4me2. In contrast to repressive histone marks, there was no clear differ-
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ence in the enrichment of H3K9Ac and H3K4me2 between placenta and the 
fetal liver. 

To further elucidate the mode of action of Kcnq1ot1 and to study how it 
mediates the establishment of repressive histone marks over the Kcnq1 lo-
cus, we analyzed the interaction of Kcnq1ot1 RNA with histone methylrans-
ferases. We performed RIP assay on E14.5 placenta and the liver using anti-
bodies against G9a and the members of PRC2 (Ezh2 and Suz12), which are 
responsible for H3K9me2 and H3K27me3 respectively. G9a, Ezh2 and 
Suz12 pull down fractions showed enrichment of Kcnq1ot1 only in the pla-
centa but not in the fetal liver. The lineage-specific interaction of Kcnq1ot1 
RNA with histone methyltransferases is consistent with the lineage-specific 
chromatin marks at the Kcnq1 locus as observed in the ChIP-on-chip analy-
sis. 

In paper I, we have shown that the episomal sequences containing the 
Kcnq1 ICR is often localized to the perinucleolar compartment. Thus, it was 
of interest to analyze subnuclear localization of the Kcnq1 locus. For this 
purpose, we have performed immuno-DNA FISH in E14.5 placenta and liver 
using the digoxigenin-labeled BAC probe to visualize the Kcnq1 locus and 
antibody against Nucleophosmin to visualize the nucleolus. We found that 
one of the two alleles of the Kcnq1 locus was localized to the perinucleolar 
compartment. Furthermore, the localization of the Kcnq1 locus to the peri-
nucleolar compartment was found more often in placenta than in the fetal 
liver. 

In paper II we have described that Kcnq1ot1 interacts with histone modi-
fying enzymes and recruits them over the gene promoters to establish repres-
sive chromatin structure to facilitate the gene silencing. Paper II provides an 
example of long ncRNA-mediated transcriptional gene silencing that would 
be useful to understand the mode of action of other recently identified large 
ncRNAs[153, 154]. 

In vivo characterization of the silencing domain in 
Kcnq1ot1 (Paper III) 
In paper I, using the episome-based system, we have identified an 890 bp 
silencing domain at the 5’ end of 91 kb long Kcnq1ot1 RNA. To get further 
insight into the function of 890 bp silencing domain in vivo, we have gener-
ated a knockout mouse wherein the silencing domain was deleted (Δ890). 
The deletion of silencing domain has not affected the expression of 
Kcnq1ot1 or its promoter methylation. 

In order to determine the effect of deletion of the silencing domain on the 
imprinting of the genes at the Kcnq1 locus, we performed allele-specific 
expression analysis in the Δ890 mice. For this purpose, we mated the Δ890+/- 
(in M. musculus background) mice with the wild-type (WT) SD7 (a congenic 
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strain containing the distal chromosome 7 of M. spretus in M. musculus 
background) mice. The embryos were dissected out at E13.5 and analysis 
was perfomred on the RNA extracted from the placenta and fetal liver of 
mutant embryos and their WT littermates. Quantitative RT-PCR was per-
formed on the DNAseI treated RNA using primers specific for M musculus 
and M spretus alleles. Single nucleotide polymorphisms (SNPs) between M 
musculus and M spretus were used to design the allele-specific primers. The 
maternal transmission of the Δ890 allele had no effect on the imprinting 
status of genes at the Kcnq1 locus. However, when the Δ890 allele was 
transmitted through the male germ line, the ubiquitously imprinted genes 
(Kcnq1, Cdkn1c, Slc22a18, and Phlda2) showed relaxation of imprinting 
(ROI) to variable extent. Moreover, ROI of the ubiquitously imprinted genes 
occurred in a tissue-specific manner with Kcnq1 showed ROI both in the 
placenta and the fetal liver, Cdkn1c and Phlda2 showed ROI only in the 
placenta, and Slc22a18 showed ROI only in the fetal liver. We found no 
effect on the imprinting of the placental-specific imprinted genes (Ascl2, 
Cd81, Tssc4, and Osbpl5) on the maternal or the paternal transmission of 
Δ890 allele. Our data suggest that the 890 bp SD is critical element in 
Kcnq1ot1, which is required for the proper imprinting of the ubiquitously 
imprinted genes. 

The effect of deletion of the 890 bp SD on the imprinting at the Kcnq1 lo-
cus in part resembles that of Dnmt1 knockout mice, wherein the imprinting 
of only the ubiquitously imprinted genes was affected. Thus, to determine 
whether the imprinting defects in the Δ890 mice are mediated by changes in 
DNA methylation, we analyzed the methylation profile of the somatic DMRs 
associated with the Cdkn1c and Slc22a18 genes. To this end, we performed 
bisulphite sequencing on the DNA prepared from the E13.5 WT as well as 
mutant placenta and liver. In both the tissues, the Cdkn1c and Slc22a18 
DMRs showed reduced DNA methylation in the Δ890 mice as compared to 
WT mice. The bisulphite sequencing data was confirmed by using two com-
plementary approaches: qPCR-based quantification of methylation and 
Southern blotting. Although the loss of methylation of the Cdkn1c and 
Slc22a18 DMRs occurred in both placenta and fetal liver, the loss of im-
printing of the Cdkn1c and Slc22a18 genes was detected only in placenta 
and fetal liver, respectively, indicating that DNA methylation is one of the 
multiple layers regulating the genomic imprinting at the Kcnq1 locus and 
that affecting one of these layers brings about only partial relaxation of im-
printing. 

By using the episomal system, we have earlier shown that the 890 bp SD 
mediates the association of Kcnq1ot1 RNA with the chromatin. Thus, we 
investigated whether deletion of the 890 bp in mouse affect the chromatin 
association of Kcnq1ot1 RNA. To analyze this, we have performed ChRIP 
assay on the chromatin prepared from E13.5 WT and mutant placenta. We 
found that Kcnq1ot1 lacking the 890 bp silencing domain showed 50% less 
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chromatin association than the WT Kcnq1ot1 RNA suggesting that the 890 
bp mediates the association of Kcnq1ot1 RNA with the chromatin in vivo. 

We have also analyzed the interaction of Kcnq1ot1 RNA with histone me-
thyltransferases in the Δ890 mice. We have performed RIP assay using G9a 
and Ezh2 antibodies in E13.5 WT and mutant placenta. G9a and Ezh2 pull 
down showed no difference in the enrichment of Kcnq1ot1 RNA between 
WT and mutant placenta indicating that the deletion of the 890 bp SD does 
not affect the interaction of Kcnq1ot1 RNA with histone methyltransferases. 
We have also analyzed the chromatin structure along the Kcnq1 locus by 
performing ChIP using H3K27me3 antibody on the E13.5 WT as well as 
mutant placenta and fetal liver followed by quantitative PCR using primers 
spanning the promoters of the imprinted genes. We found no effect on the 
enrichment of H3K27me3 marks in mutant mice as compare to the WT 
mice. 

Since the Δ890 SD mice showed reduced DNA methylation over the so-
matic DMRs, we sought whether Kcnq1ot1 RNA interacts with DNA methy-
lation machinery and whether 890 bp mediates this interaction. To this end, 
we performed RIP assay using an antibody against Dnmt1 on the E13.5 WT 
and mutant placenta. Indeed, the WT Kcnq1ot1 RNA showed significant 
association with Dnmt1. Interestingly, the association of Kcnq1ot1 RNA 
with Dnmt1 was markedly reduced in the Δ890 mice. Consistent with this, 
the WT mice showed enrichment of Dnmt1 over the somatic DMRs of the 
Cdkn1c and Slc22a18 and this enrichment was reduced in Δ890 mice.  

Our data suggest that the 890bp SD is a critical domain in Kcnq1ot1 and 
it regulates the expression of ubiquitously imprinted genes through maintain-
ing DNA methylation levels. 

The role of Kcnq1ot1 RNA in the maintenance of 
imprinting at the Kcnq1 locus (Paper IV) 
Kcnq1ot1 starts to express from the two cells stage during preimplantation 
embryo and establishes the silencing of ubiquitously and placental-specific 
imprinted genes by the blastocyst (E3.5) and post-implantation stages, re-
spectively. Although the role of Kcnq1ot1 RNA in establishing the transcrip-
tional silencing of imprinted genes in the Kcnq1 locus is well corroborated, 
its role in the maintenance of imprinting has not yet been investigated. To 
investigate this issue in detail, we have generated a transgenic mouse in 
which the Kcnq1 ICR was flanked with two loxP sequences (ICR2lox/2lox). By 
crossing the ICR2lox/2lox mice with different mouse lines expressing the Cre 
recombinase, we have conditionally deleted the 2.8 kb Kcnq1 ICR encom-
passing Kcnq1ot1 promoter at different developmental stages.  
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First, we mated the male ICR2lox/2lox mice with the female Meoxcre/+ mice 
that express Cre recombinase in epiblast lineages but not in the placenta. The 
offspring having the Cre allele show deletion of the Kcnq1 ICR at E5.5. The 
RNA was extracted from the E11.5 mutant (ICR+/1lox; MeoxCre/+ (ICR1loxM)) 
embryos as well as their WT (ICR2lox/+; Meox+/+ (ICR2loxM)) littermates. The 
WT (ICR2loxM) embryos showed normal Kcnq1ot1 expression as well as 
proper imprinting of the ubiquitously imprinted genes whereas deletion of 
the Kcnq1 ICR in the mutant (ICR1loxM) embryos lead to the loss of expres-
sion of Kcq1ot1 RNA and complete loss of imprinting (except Phlda2 that 
showed partial loss imprinting) of the ubiquitously imprinted genes at E11.5, 
indicating that Kcnq1ot1 RNA is required to maintain the imprinting of the 
ubiquitously imprinted genes.  

To study the epigenetic changes associated with the loss of imprinting of 
the ubiquitously imprinted genes in ICR1loxM embryos we first analyzed 
DNA methylation over the somatic DMRs associated with the Cdkn1c and 
Slc22a18 genes using bisulphite sequencing. The paternal-specific methyla-
tion over the Cdkn1c and Slc22a18 DMRs was already established in the 
E3.5 blastocysts and was lost in ICR1loxM embryos, indicating that Kcnq1ot1 
RNA is required for the maintenance of DNA methylation over the somatic 
DMRs. We also analyzed the chromatin structure over the ubiquitously im-
printed genes by performing ChIP using H3K27me3 antibody. Interestingly, 
we did not see any difference in the enrichment of H3K27me3 over the 
ubiquitously imprinted genes at the Kcnq1 locus between ICR1loxM and 
ICR2loxM embryos, indicating that Kcnq1ot1 RNA is not required for the 
maintenance of H3K27me3 repressive histone mark.  

To investigate whether longer period of Kcnqot1 transcription has had 
any effect on the maintenance of imprinting of genes in the Kcnq1 locus we 
deleted the Kcnq1 ICR at the later stages of development. For that purpose, 
we mated the male ICR2lox/2lox mice with the female ERCre/+ mice that express 
tamoxifen (TM)-inducible Cre-recombinase driven by ubiquitous cytomega-
lovirus (CMV) promoter. The pregnant females were forced fed with TM at 
E8.5 and the mutant embryos (ICR+/1lox; ERCre/+ (ICR1loxER)) as well as their 
WT (ICR+/2lox; ER+/+ (ICR2loxER)) littermates were dissected out at E13.5. 
Deletion of the Kcnq1 ICR in the ICR1loxER embryos resulted in the loss of 
Kcnq1ot1 RNA in the placenta as well as in the embryo. The ICR1loxER em-
bryos showed loss of imprinting of the ubiquitously imprinted genes both in 
placenta and the embryonic tissues whereas the placental-specific imprinted 
genes remained unaffected, indicating that Kcnq1ot1 is dispensable for the 
maintenance of imprinting of the placental-specific imprinted genes. Surpris-
ingly, Ascl2 that is imprinted in the placenta but biallelically repressed in the 
embryo, showed loss of imprinting in the ICR1loxER embryos, indicating that 
the multiple mechanisms regulate imprinting of the placental-specific im-
printed genes. 
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The loss of imprinting of the ubiquitously imprinted genes in the ICR1loxER 

embryos was associated with the loss of DNA methylation over the Cdkn1c 
and Slc22a18 somatic DMRs as analyzed by the bisulphite sequencing, cor-
roborating the role of Kcnq1ot1 RNA in the maintenance of DNA methyla-
tion over the somatic DMRs. Similar to the ICR1loxM embryos, the ICR1loxER 
embryos showed no difference in the enrichment of H3K27me3 repressive 
histone mark over the imprinted genes at the Kcnq1 locus. 

Overall, in this paper we have demonstrated that Kcnq1ot1 RNA is re-
quired for the maintenance of the imprinting of ubiquitously imprinted 
through maintaining the DNA methylation of somatic DMRs whereas 
Kcnq1ot1 RNA is dispensable for maintaining the imprinting of the placen-
tal-specific imprinted genes. 
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