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Introduction 

I will start my thesis with two basic questions which have been prevailing in 
the minds of all biologists. Question 1: How is the organismal complexity 
brought about? In the next section I will address this question again and we 
will try to explore for plausible answers. Question 2: How the differential 
gene expression is brought about? That is in multi-cellular organism some 
genes are expressed in one cell type and repressed in other cell type. I will 
discuss one of the mechanisms in detail which will answer our second ques-
tion partly. And finally I will discuss how answers of these two questions 
merged together which will enable us to understand partly the intricacy of 
complex biological phenomena. 

Organismal complexity and noncoding genome:  
We will first try to find out the answer to our first question: how the orga-
nismal complexity is brought about? One simple answer to this question 
would be probably complex multi-cellular organisms have many more num-
ber of the genes than simple unicellular organisms. Free living bacteria 
Burkholderia xenovorans contains 8602 protein coding genes whereas the 
currently estimated number of protein coding genes in human is around 
20181 and this gene number is more or less equal to the simple nematode. 
This brings us to the G value paradox, that is number of the protein coding 
genes have not been changed much with the increase in the organismal com-
plexity. Presence of alternative splicing, trans-splicing, RNA editing, alter-
native use of promoters though explains partly of the enormous complexity 
but it remains largely unexplained. On the other hand the non-protein coding 
part of the genome has increased significantly with the organismal complexi-
ty [1, 2]. In human the portion of the non-protein coding DNA reaches up to 
98% which includes both intergenic and intronic sequences. Earlier major 
part of the non-protein coding DNA were considered as Junk or selfish DNA 
except the regulatory regions which contain enhancers, insulators like ele-
ments. But in last few years we have realized that major part of this non-
protein coding genome is also transcribed and produces RNA without any 
coding potential termed as noncoding RNA (ncRNA) [3, 4]. Majority of the 
protein coding genes also have their antisense counter parts in the mamma-
lian genome [5, 6] and intronic regions of the mammalian genes are also 
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transcribed to produce intronic transcripts [7]. Adding all it generates a com-
plex transcriptional output [8]. The next question arises: does this huge tran-
scriptional output contribute to the complexity in higher organism? Increas-
ing evidences suggest that noncoding transcripts may play regulatory role in 
maintenance of stemness [9], in carcinogenesis [10], in developmental regu-
lation [11], in signal transduction [12] and in regulation of the chromatin 
structure [13]. Tissue and developmental stage specific expression of the 
ncRNAs indicate they may perform diverse and important biological func-
tions. Conservation study also showed some of the intergenic ncRNAs are 
fairly well conserved again indicating towards the functionality of the 
ncRNAs [14]. So in higher organism to explain the organismal complexity 
we may have to rethink on our current  dogma (DNA-RNA-protein) of in-
formation flow as ncRNA molecules could  also be the final  functional 
products [15, 16]. Functional characterization of the ncRNAs would enable 
us to solve the riddle of organismal complexity by explaining complex phe-
notype in higher organism [17]. In the current thesis we will mainly concen-
trate on the role of the ncRNAs on the regulation of the chromatin structure 
and we will discuss different approaches which have been used in the recent 
past to unravel the relation between ncRNAs and chromatin.  

Epigenetic modifications in gene expression: 
Before we discuss the functional role of ncRNA in chromatin regulation we 
go back to our second question: how the differential gene expression is 
brought about? Though cells from the different body parts of a multicellular 
organism have the same genetic composition but are very different pheno-
typically and have varied gene expression patterns. The differential and tis-
sue specific expression pattern of the genes can be partly explained by phe-
nomena of epigenetics. Epigenetics is the study of inherited changes in the 
gene expression which is not dependent on the underlying DNA sequences. 
Epigenetic modification can be sustained in several rounds of cell cycle and 
it can even pass on to the next generation. The epigenetic modifications are 
of two major categories DNA methylation and the modification of the his-
tone tails in different positions. DNA methylation is more stable epigenetic 
marks whereas histone modifications are known to be relatively dynamic. In 
the following section I will discuss in more details about the DNA methyla-
tion and histone modification and their role in gene expression. 

Regulation of gene expression by DNA methylation: 
In mammals the methylation of the cytosine (5mC) at CpG di-nucleotide is a 
major epigenetic silencing mechanism. DNA methylation is very crucial for 



 13

the proper development of the organism. DNA methyl transferases are in-
volved in establishment and maintenance of the faithful DNA methylation 
pattern across the mammalian genome. Improper DNA methylation has been 
found in various cancer and other human diseases pointing towards impor-
tance of the DNA methylation for proper expression of the genes. 

In vertebrates DNA methylation is carried out by three families of the 
DNA methyl transferases. Dnmt1 is the maintenance methyl transferases 
which can efficiently methylate hemimethylated DNA. Dnmt1 is essential to 
methylate the hemimethylated DNA after each round DNA replication cycle. 
Dnmt1 null embryos die embryonic day 11 and shows global loss of DNA 
methylation indicating a crucial role of this enzyme in development [18]. 
Dnmt3a and Dnmt3b are denovo methyltransferases with high affinity for 
unmethylated CpGs. Dnmt3a and Dnmt3b knockouts are embryonic lethal 
and embryos die at embryonic day 8.5 because loss of the global DNA me-
thylation [19]. Dnmt3L is another member of the Dnmt3 family. It does not 
contain any DNA methytransferase activity but it interacts with the Dnmt3a 
and Dnmt3b and acts as regulatory factor in the establishment of the DNA 
methylation [20, 21]. 

In mammalian genome CpG dinucletide are underrepresented due to fre-
quent deamination of Cytosine nucleotide [22]. The deaminated Cytosine 
nucleotide  gives rise to Uracil and DNA repair machinery treat these uracil 
residues in DNA as foreign, they replace these Uracil residues with Thymi-
dine. Major proportion (50-70%) of the CpG di-nucleotides are methylated 
in the mammalian genome and the remaining under methylated CpGs are 
present as clusters called CpG island and they are present in the promoter 
regions of the many housekeeping genes [23]. But how the high density of 
the CpGs in the CpG islands prevents methylation is not very clear. Recently 
Edwards et al [24] have measured the rate of methylation of the CpGs more 
accurately and it shows with the increase in the CpG density methylation 
increases and then fall sharply in the very high CpG rich regions which are 
mostly in the gene promoter. A good correlation was observed between the 
active histone marks and lack of methylation in the high CpG rich regions.  
So probably methylation of the CpGs in the CpG islands is a default me-
chanism but the histone modification on CpG island regulates the under-
methylated state.  

Though DNA methyl transferases are relatively well studied we know lit-
tle regarding DNA demethylases, the enzymes which can remove the DNA 
methylation. Recently TET proteins have been shown to convert methylated 
cytosine to hydroxymethylated cytosine [25] and which can be subsequently 
recognized by base excision repair path way and can be removed [26, 27]. 
There are mainly three classes of TET family proteins Tet1, Tet2 and Tet3. 
Tet3 is highly expressed in fertilized oocytes and has been implicated in the 
early genome wide demethylation of the paternal genome [28]. In ES cell 
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Tet1 control the hydroxymethylated cytosine level and implicated in the 
maintenance of stemness [29, 30].  

Methylation of the CpGs within CpG islands usually negatively correlates 
with the expression of the genes. Methylation of the CpG islands near the 
promoter could simply prevent the access of the transcription factor. Methy-
lation in the insulator region prevents the binding of the insulator protein 
CTCF and regulates enhancer promoter interaction in the H19 and Igf2 locus 
[31]. Methyl CpG binding protein 1(MeCP1) can also bind to the methylated 
DNA by its methyl CpG binding domain (MBD) and acts as a repressor of 
transcription [32]. 

Control of gene expression by histone modifications: 
Histones are core proteins of the chromatin on which DNA is wrapped 
around to from nucleosomes. The histone core consists of dimer of four pro-
teins H2A, H2B, H3 and H4 and they together form the octamer on which 
146bp nucleosomal DNA is wrapped around. Another histone protein H1 is 
also crucial to give the higher order structure to the chromatin. The N-
terminal tails of the histones are loosely associated with the octamer and are 
free to be modified by different enzymes. The modification of the histones 
could be acetylation, methylation, phosphorylation, ubiquitination, sumoyla-
tion. Depending upon the modification of the histone tails the chromatin 
state varies. For example methylation of the Lysine residues on the 9th posi-
tion of the H3 (H3K9me3) resulted in the compacted chromatin which is 
transcriptionally inactive whereas methylation at 4th Lys of the H3 
(H3K4me3) results in the more open chromatin which is transcriptionally 
active. Different histone modifications in combination could form complex 
networks of the gene regulation which are essential to regulate gene expres-
sion in spatio-temporal manner. Regulation of the gene expression on the 
basis of having particular histone marks resulted in the development of the 
histone code hypothesis [33]. After the pioneering research by Vincent 
Allfrey in 1960s regarding post-translational modification of histones [34], 
considerable research has been done to decipher the histone code and tran-
scriptional regulation in recent past [35, 36].  

Histone modifications over active and inactive genomic loci: 
Actively transcribed genes in general contain active H3K4me3/ H3K4me2 
marks over the gene promoters and H3K36me3 over the gene body regions 
[37]. Active modification over the gene promoters (H3K4me) and over the 
gene body (H3K36me3) can be brought about by methyl transferases which 
are associated with the CTD tail of the transcribing RNA polII [38, 39]. En-
hancer regions, which act distally to activate the transcription, are enriched 
specifically with two types of active histone modification H3K4me1 and 
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H3K27act. Though it is not known which enzyme performs H3K4me1 mod-
ification but H3K27act over the enhancer regions mainly performed by 
p300, a histone acetyl transferase [40, 41].  

Inactive genomic regions lie usually within the heterochromatic regions. 
Genes which are inactivated in tissue specific manner are part of the faculta-
tive heterochromatin regions and are usually modified with H2AK119U and 
H3K27me3 repressive histone modifications catalyzed by polycomb repres-
sive complex 1 and 2 (PRC1 and PRC2) [42]. The three key member of the 
PRC2 are EZH2, SUZ12 and EED where EZH2 is the H3K27me3 methyl 
transferase. In Drosophila PRC2 is recruited by polycomb responsive ele-
ments (PRE) [43]. In mammals there is not much known regarding the PRE 
elements but recently PRE elements has also been found in mouse [44]. It 
has been proposed that once established H3K27me3 modification can be 
propagated with the involvement of one of the PRC2 subunit EED [45, 46].  

Centromeric and telomeric heterochromatic regions are enriched with 
H3K9me3 histone marks along with the hetechromatic prtein HP1. HP1 
protein interacts with the H3K9me3 mark utilizing its chromodomain and it 
also interacts with the histone H3K9me3 methyl transferase. So probably 
during replication HP1 by interacting with the existing H3K9me3 recruits 
more methyl transferase and thereby maintain stable heterochromatic marks 
during cell division [47, 48].    

In embryonic stem cells some genes are poised to be activated and they 
contain bivalent chromatin marks that is both active and inactive chromatin 
modification together [49]. Combination of active (H3K27act) and inactive 
(H3K27me3) chromatin marks are also present over the poised enhancers in 
embryonic stem cells [40].  

Interaction between DNA methylation and histone modification: 
Usually the CpGs in the promoter of the active genes are not methylated and 
if we consider the histone marks, the active gene promoters are highly 
enriched with H3K4me3 histone modification. This suggests active histone 
marks like H3K4me3 could be a negative regulator of the DNA methylation 
on those CpG island. Recently it has been shown that DNMT3L interacts 
with the histone H3 and this interaction is necessary for the establishment of 
the denovo methylation. But the histone methylation at the H3K4 residue 
prevent the interaction of the DNMT3L with the histones thereby preventing 
access of the DNA methytransferases to the CpG island on the active gene 
promoters [50, 51] (Figure 1). On the other hand proteins like CFP1 binds to 
the non-methylated CpG island and interacts with the active histone methyl 
transferases like SET1A and maintain the active chromatin conformation 
[52]. 

Inactive histone mark like H3K9me3 and H3K27me3 promote DNA me-
thylation. Many regions especially in the centromeric heterochromatin are 
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enriched with the H3K9me3 and these regions are also hypermethylated. It 
has been shown that H3K9me3 methyl transferase G9a and H3K27me3 me-
thyl transferase H3K27me3 both interact with DNA methyl transferase [53, 
54] which could be a possible reason of the overlap between the repressive 
histone modifications and DNA hypermethylation. 

 
Figure 1: Histone modification over the CpG islands control the DNA methylation. 
DNMT3L mediated recruitment of DNMT3A over the methylated CpG island re-
quire histone H3. H3K4me3 modified histone prevents DNMT3L interaction and 
thereby recruitment of DNMT3A over the unmethylated CpG island. 

Interplay between ncRNA and epigenetic modifications: 
We have discussed in the earlier section that ncRNAs transcribed from the 
large chunk of the non-protein coding genome may contribute to generate 
the complexity in higher organism and we have also discussed spatio-
temporal diversity in the gene expression can be explained partly with epi-
genetic phenomena. In the following section we will look on few examples 
where interplay between ncRNA and epigenetics govern complex biological 
phenomena in different organisms ranging from Yeast to human.  
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Small ncRNA mediated silencing in Yeast and plant: 
The pathways of the small RNA directed epigenetic silencing in Yeast S. 
Pombe has been nicely dissected using different genetic and biochemical 
approach. In S. Pombe the maintenance of the H3K9me3 dependent hetero-
chomatin is mainly dependent on the generation of the small RNAs using 
RNAi pathway from the dg and dh repeat elements which are interspersed 
with in the heterochromatic regions [55]. Mutational studies showed the 
importance of genes encoding factors that are involved in RNAi such as 
dicer (Dcr1; an enzyme that cleaves double-stranded RNA), argonaute 
(Ago1; a PAZ- and PIWI-domain-containing protein that can bind small 
RNAs) and RNA-directed RNA polymerase 1 (Rdp1), which are required for 
the  heterochromatin assembly. RNAi induced transcriptional silencing com-
plex (RITS) which contains RNAi associated proteins, chromatin associated 
proteins and small RNAs derived from the dg and dh together control the 
hetechromatin formation in S. Pombe [56, 57]. 

In plants small RNA mediated epigenetic silencing mainly depends on 
methylation of the Cytosine residues. In Arabidopsis thaliana de novo me-
thylation is carried out by DOMAINS REARRANGED METHYLTRANSFE-
RASE 2 (DRM2), which is a homologue of the mammalian Dnmt3 enzyme 
[58]. In plants the double stranded small RNAs were processed from the 
inverted repeats by DICER LIKE-3 (DCL3) and were loaded in to the AR-
GONAUTE 4 (AGO4) and finally the AGO associated siRNA complex guide 
the methylation of the cytosine residues by the DRM2 [59]. Targeting and 
amplification of the small RNA directed DNA methylation in A. thaliana 
also dependent on the RNA- DEPENDENT RNA POLYMERASE 2 (RDR2) 
and NUCLEAR RNA POLYMERASE IV [60]. 

roX ncRNA mediated epigenetic regulation in Drosophila: 
In Drosophila dosage compensation dependes on the hyperactivation of one 
of the X chromosome in males to double the transcription rate and produce 
equivalent amount of transcripts as XX females. The hyperactivation of the 
male X chromosomes depends on the male specific lethal (MSL) complexes 
which bi-directionally spread an active histone mark H4Ac16 by recruiting 
histone acetylase MOF [61]. The MSL complex also consists of MLE heli-
case and two X chromosome encoded ncRNAs roX1 and roX2. Though the 
roX ncRNA is essential for the MSL function is not very clear how they help 
in MSL function. It is quite possible that roX RNAs may help in the initial 
deposition of the MSL complex on the chromosomal entry site by directly 
DNA-RNA interaction [62]. Several studies have documented an ordered 
assembly of the MSL proteins along with roX is important for the stability of 
the MSL complex [63]. The MSL binding sites over the hyperactivated male 
X chromosome of Drosophila has been mapped using ChIPseq [64] and 
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recent data on the roX binding sites also show excellent overlap with the 
MSL occupied sites suggesting direct recruitment of the MSL complex 
through roX  [65]. The example of the roX ncRNA mediated gene activation 
indicate that ncRNA mediated epigenetic process could be more general 
phenomena. 

X-chromosome inactivation in Mouse: 
In Mammals one of the X chromosomes in female is inactivated in order to 
dosage compensate and to equal the X-linked gene products between male 
and females. The inactivation of the one of the X chromosome in females is 
random in almost all the tissues except extra-embryonic tissues where al-
ways the paternal X chromosome gets inactivated. Two ncRNA transcribed 
from the X chromosome plays a crucial role in the X chromosome inactiva-
tion (XCI) process. One of the ncRNAs is the Xist which is a 17 kb long 
transcript, actively transcribed from one of the X chromosome in females 
and coats the entire X chromosome in cis and makes it transcriptionally inac-
tive by recruiting heterochromatin complexes.  

Though Xist is necessary for the initiation and establishment of XCI, it is 
dispensable for the maintenance of the inactive X chromosome [66]. Xist 
mediates the epigenetic silencing of the X chromosome genes by its associa-
tion with the chromatin and followed by transcriptional gene inactivation. 
These two processes are mediated by independent regions within the Xist 
RNA, chromatin attachment domain of the RNA mediates its coating over 
the X chromosome whereas the A-repeat from the Xist sequence regulates its 
transcriptional silencing activity [67]. In a recent study, a smaller 1.6kb long 
transcript RepA derived from the A repeat has been shown to interact with 
the PRC2 complex member EZH2 and helps in the spreading of the inactive 
histone mark H3K27me3 over the inactive X chromosome [68]. 
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Figure 2: Epigenetic state of the active (Xa) and inactive (Xi) X chromosomes have 
been depicted in detail. On Xi, Xist transcription establishes the gene silencing by 
recruitment of repressive histone modifiers and by CpG methylation. On Xa, Xist is 
silenced by Tsix ncRNA. (Adapted  from Joanne Whitehead et al. 2009 [69]). 

 
 
 
The Tsix transcript on the other hand is transcribed from the active X 

chromosome and overlaps with the inactive Xist gene in antisense direction. 
Tsix is important to maintain the heterochromatic structure over the Xist 
promoter in the active X chromosome and its loss results in the activation of 
the Xist [70, 71]. Hence the mutually exclusive function of the two X-linked 
ncRNAs epigenetically regulates the XCI process in mouse (Figure 2). 
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NcRNA and HOX genes in Human: 
Homeobox gene (HOX) clusters have typical characteristic features of tran-
scriptional organization. Expression pattern in this gene cluster follows an 
anterior-posterior axis of the developing embryos [72]. Transcriptional acti-
vation of the HOX cluster genes depend on the spatial and timely release of 
the silencing and temporal activation. In cell culture system treatment of the 
Retinoic acid (RA) leads to spatial and temporal release of the HOX genes 
mimicking in vivo situation [73]. Surprisingly RA treatment not only induces 
the HOX gene expression but it also up regulate the expression of the inter-
genic ncRNAs [74]. In HOXA cluster, intergenic ncRNA transcripts follow 
the expression pattern with protein coding genes and in some cases intergen-
ic ncRNA transcription precedes the protein coding HOX gene activation. 
Intergenic HOX noncoding transcription has been implicated in the sequen-
tial loss of the polycomb repressive complex from the inactive HOX genes 
[75].  

Another example of regulation of the HOX locus by ncRNA is HOTAIR. 
HOTAIR ncRNA is transcribed from the HOXC locus and it silences the 
HOXD locus in trans by recruiting repressive histone methytransferase com-
plex like PRC2 [76].  

Imprinted gene cluster as a model to study epigenetics: 
In a diploid nucleus we have two copies for all the genes, one from father 
(Paternal allele) and one from mother (Maternal allele) and usually both the 
copies are expressed. But in some cases there are genes which are expressed 
on the basis of their parental origin and this phenomena is called genomic 
imprinting. Genomic imprinting is an excellent model system to study and 
understand the epigenetically regulated mechanisms because though the 
DNA sequences of the both parental allele are same but they behave in dif-
ferent way. The genes which are imprinted in the mammals they show some 
common features. (I) Imprinted genes are often present in clusters. (II) They 
are regulated by a common imprinting control region (ICR). (III) Many of 
the imprinted gene clusters contain one or more ncRNAs. (IV) DNA methy-
lation and histone modification both act in concert to epigenetically regulate 
the mono-allelic expression of the imprinted genes. 

ICRs are the major regulatory elements in imprinted gene clusters. ICRs 
are methylated in one of the parental allele. The differential methylation of 
the ICR is established during the germ cell development in the early em-
bryonic stages. First in the embryonic germinal epithelium the old imprinted 
methylation marks are erased and subsequently the new methylation marks 
are established depending upon the sex of the embryo and these marks are 
carried over in the germ cells of the adult individuals.  
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In the next section we will discuss two examples where DNA methylation 
of the ICR along with histone modification play a crucial role in the mono- 
allelic expression of the genes in these imprinted gene clusters. In the first 
example we will discuss the classical control of the imprinted gene expres-
sion in H19-Igf2 locus where ICR methylation along with CTCF protein 
regulates mono-allelic expression. As I have already mentioned imprinted 
gene clusters often contain long ncRNAs and in many cases the promoter of 
the ncRNA are located within an ICR sequence. One of such example is 
Kcnq1 domain where transcription of a long ncRNA is important for epige-
netic silencing of the genes in allele specific manner. So study the mechan-
ism of imprinting regulation by long ncRNA in Kcnq1 domain provides a 
good model system to understand the function of a ncRNA in the epigenetic 
regulation. 

DNA methylation and ICR based regulation:  
Published evidences suggest that ICR uses two different mechanism to con-
trol parent of origin specific gene expression in imprinted clusters, (I) ICR 
acts as chromatin insulator (II) ICR is the promoter for long ncRNA.  

The classical example of an ICR-insulator based regulatory model is the 
H19 and Igf2 imprinted gene clusters. This imprinted gene cluster is located 
on the distal chromosome 7 in mouse and a 2.4 kb ICR is located on the 
upstream of the H19 genes. The ICR is methylated on the paternal chromo-
some. The ICR also contains the binding sites for the insulator protein CTCF 
thus acts as an insulator. Methylation on the paternal allele prevents CTCF 
interaction with the ICR. An enhancer for both H19 and Igf2 gene is located 
downstream of the H19 gene. Since the ICR is unmethylated on the maternal 
allele CTCF can bind to the insulator and blocks the access of the down-
stream enhancer to the Igf2 promoter and thereby prevents its expression 
(Figure 3) [31]. On the paternal allele CTCF cannot bind to the ICR due to 
methylation and thus the enhancer can access the Igf2 promoter, resulted in 
the expression of the Igf2 gene from this allele. On the paternal allele, H19 is 
repressed due to methylation of its promoter region [77]. 
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Figure 3: Insulator based regulation in the H19 and Igf2 locus. On the maternal 
allele the insulator is unmethylated and allows CTCF binding, which prevents inte-
raction between downstream enhancer and the Igf2 promoter. On the paternal allele, 
the insulator is Methylated and CTCF cannot bind thus it allows distal enhancer to 
interact with the Igf2 promoter and activate transcription.  

NcRNA mediated regulation in imprinted domain: 
In the first part of this section we will discuss about Kcnq1ot1 ncRNA which 
regulates the imprinting of the Kcnq1 domain by epigenetic modulation and 
then we will discuss another example of the ncRNA mediated epigenetic 
regulation in Igf2r imprinted domain.  

Epigenetic silencing by the Kcnq1ot1 ncRNA in Kcnq1 domain: 
Kcnq1 imprinted domain is located on the mouse chromosome 7. In this 
imprinted domain there are 9 genes which are imprinted, among the 9 genes 
8 genes are maternally expressed whereas one gene is expressed from the 
paternal allele. The paternally expressed imprinted gene is the long ncRNA 
Kcnq1ot1 .The promoter of the Kcnq1ot1 RNA lies within the intron 10 of 
the protein coding gene Kcnq1 and produces noncoding transcript in anti-
sense to the Kcnq1 gene. Paternal expression of the Kcnq1ot1 ncRNA results 
in the epigenetic silencing of the 8 neighboring genes on the paternal allele. 
The imprinted genes in this domain can be categorized into two major sub-
types; the genes which are closer to the Kcnq1ot1 promoter are silenced in 
all the embryonic tissues and are named ubiquitously imprinted genes whe-
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reas genes which are distal to the Kcnq1ot1 promoter are imprinted only in 
placenta (Figure 4A). The ubiquitously imprinted genes were shown to be 
regulated by DNA methylation [78] and the distal placental-specific im-
printed genes are silenced by repressive histone modifications [79]. Role of 
the Kcnq1ot1 ncRNA in gene silencing has been demonstrated using knock-
out  mice model  where Kcnq1ot1 promoter  was deleted and  paternal 
transmission of the deletion results in the biallelic activation of the all the 
imprinted genes in this locus. Requirement of the Kcnq1ot1 RNA in the reg-
ulation of imprinting has been also shown by truncation of the 91 kb 
Kcnq1ot1 transcripts to 1.5 kb, which results in the loss of the repression of 
the neighboring genes [80, 81]. Although Kcnq1ot1 ncRNA is essential for 
the silencing of the imprinted genes, but it was unknown about the functional 
sequences within the Kcnq1ot1 RNA that are required for gene silencing. To 
find out functional sequences within Kcnq1ot1 RNA different regions of the 
Kcnq1ot1 RNA were cloned between H19 and hygromycin reporter genes 
within an episomal vector system and where silencing of the reporter genes 
would occur if the cloned Kcnq1ot1 fragments has critical sequence required 
for its repressive function. Using such system an 890 bp sequences has been 
identified as a functional sequence which is crucial for the repressive func-
tion of the Kcnq1ot1 RNA [82].  

As I have pointed out in the placental tissue all the 8 genes are imprinted 
whereas in the fetal liver only genes which are near to the Kcnq1ot1 RNA 
are imprinted, indicating lineage specific differences in the Kcnq1ot1 func-
tion. In the paper I of the current thesis using different approaches we have 
established Kcnq1ot1 ncRNA itself is crucial for the silencing of the im-
printed gene. Kcnq1ot1 RNA interacts with the chromatin and also with the 
chromatin modifying enzymes in a lineage specific manner. Lineage specific 
chromatin interaction property of the Kcnq1ot1 RNA explains the robust 
imprinting in placental tissue and restricted imprinting in fetal liver. In the 
paper II using knockout mice model we have characterized the importance of 
the 890bp silencing domain identified using the episomal based system.  
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Figure 4: Schematic representation of the Kcnq1 and Igf2r imprinted domain: (A) 
Genes over the Kcnq1 domain are marked with red (Ubiquitously imprinted genes), 
Green (Placental imprinted genes) and black (Non-imprinted genes). Kcnq1ot1 
ncRNA is expressed from the paternal allele. The Kcnq1ot1 promoter is located 
within the Kcnq1 ICR. ICR is Methylated on the maternal allele and unmethylated 
on the paternal allele. The unmethylated ICR over the paternal allele allows the 
expression of the Kcnq1ot1 RNA which silences the genes on cis as indicated by red 
bars. (B) Genes in the Igf2r imprinted domain marked with red (Imprinted) and 
black (Non-imprinted) with the arrow indicating the direction of transcription. The 
ICR is located within the intron of the Igf2r gene and is methylated on the maternal 
allele. Airn ncRNA transcribed from the unmethylated paternal ICR and silences 
genes in cis.   

Airn ncRNA has similar role like Kcnq1ot1 in Igf2r locus: 
Airn (antisense to Igf2r) is a 108 kb long transcript which regulates the im-
printing of the Igf2r locus on mouse chromosome 17. Like the Kcnq1ot1 
ncRNA, Airn ncRNA promoter is also located within the ICR and is diffe-
rentially methylated. The ICR is located in the intron of the Igf2r gene and is 
methylated only in maternal allele, so Airn ncRNA promoter is only active 
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on the paternal chromosome. The expression of the Airn on the paternal 
chromosome correlates with the silencing of the three neighboring genes 
Igf2r, Slc22a2 and Slc22a3 (Figure 4B).  

The deletion of the ICR including the Airn promoter results in the biallel-
ic expression of the three imprinted genes and this phenotype is similar to 
the mice deletion with Kcnq1ot1 RNA [83]. Truncation of the Airn ncRNA 
from 108 to 3 kb results in the biallelic activation of the neighboring im-
printed genes [84]. Recently it has been shown that Airn ncRNA interacts 
with the chromatin and recruits H3K9me2 methyl transferase G9a to its tar-
get genes [85]. So Airn ncRNA has similar behavior with the Kcnq1ot1 
ncRNA in the chromatin interaction and recruitment of the repressive his-
tone methyl transferase [86]. 

Identification of ncRNAs on genome wide scale: 
In recent years considerable effort has been dedicated to identify the 
ncRNAs on genome wide scale. Considering to the protein coding mRNA 
the expression of the ncRNA in average is low,  make it more difficult to 
identify ncRNAs in genome wide manner [87].  

In this section I discuss some of the approaches which have increased the 
catalog of the ncRNA to a greater extent. High through put analysis of the 
mammalian transcription revealed that genome is pervasively transcribed, 
that is major part of DNA bases in the genome is part of at least one primary 
transcript [88]. Manual sequencing of the poly adenylated cDNA clones in 
mouse revealed nearly 60,000 full length transcripts of which 11,665 were 
noncoding transcripts [89]. Subsequently in FANTOM3 project combining 
the full length cDNA isolation along with the cap-analysis gene expression 
(CAGE) had increased the number of the ncRNAs to 34,030 [4, 90]. De-
tailed analysis of the full length cDNA data set from FANTOM3 data set 
also revealed that a greater number of the genes with sense and antisense 
transcript pairs and among which many were coding-noncoding pair tran-
scripts [5]. Mining of the public mRNA and EST data bases also revealed a 
significant number of the ncRNAs are located in the intronic regions of the 
known protein coding genes. Transcription profiling with high resolution 
tiling arrays also revealed existence of extensive ncRNA transcription in the 
mammalian genome [91, 92]. High resolution tiling array has been used to 
map the ncRNA transcription over the HOX cluster and it reveals presence 
of 231 new ncRNAs [76]. A recent study based on chromatin signature (a 
combination of H3K4me3 and H3K36me3 marks) has successfully identi-
fied thousands of large intergenic noncoding RNAs (LincRNAs) in genome 
wide manner and these intergenic ncRNAs show considerable evolutionary 
conservation [14].  
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With the help of single molecule RNA sequencing technology many new 
ncRNA species have been indentified and the list includes promoter asso-
ciated ncRNA [93], tiny RNAs [94], enhancer associated ncRNAs [95]. We 
can hope that combing the RNA sequencing technologies along with the use 
of de novo assembler will help us to identify the many more ncRNAs in near 
future [87, 96, 97].    

Approaches to identify functional ncRNAs: 
Though we have realized from the high through put transcriptomic analysis 
that genome is pervasively transcribed to produce many ncRNAs but we 
know less regarding the function of these ncRNAs. In this section I will dis-
cuss different approaches which have helped us to understand the functional-
ity of the ncRNAs.  

One of the approaches has been to find out whether these ncRNAs are ex-
pressed in a tissue specific manner in the different cell types? Such ap-
proaches have been used to map expression pattern of the ncRNAs in the 
adult mouse brain. Analysis of the expression pattern of 849 ncRNAs re-
vealed majority of them were expressed in the specific neuronal cell types 
indicating that they could be functional transcripts [98]. Another approach to 
find out the functionality of the ncRNA would be to check if they are diffe-
rentially expressed in varied conditions? The above approach have success-
fully used by different groups to find out functional ncRNAs. Custom de-
signed microarray was used to detect the differential expression of the 
ncRNA during the differentiation of the ES cells into the embryoid bodies 
(EBs). This leads to identification of 174 ncRNAs with differential expres-
sion pattern between ES cell and EBs. Functional characterization of couple 
of ncRNAs Evx1as and Hoxb5/6as, transcribed from the HOX locus, has 
been shown to epigenetically regulate the expression of the neighboring 
genes by interacting with MLL1 [99] .  

Characterization of the functional ncRNAs using differential expression 
has also been utilized to identify ncRNAs with probable role in the deriva-
tion of the induced pluripotent stem cells (iPSCs) from the differentiated 
cells. During the formation of iPSCs many ncRNAs are transcripnally up or 
down regulated. Some of the up regulated ncRNAs were showing elevated 
expression in iPSCs derived from the several differentiated cell lineages 
compared to ES cells. Characterization of one lincRNA (lincRNA-RoR) 
revealed that it can induce the reprogramming process. Based on this obser-
vation Loewer S et al proposed that up regulation of these ncRNAs clould be 
involved in the epigenetic reprogramming during the derivation of the iPSCs 
[100].   

Differential expression pattern of the ncRNAs between the normal and 
cancer tissues have been studied in several publications recently. HOTAIR 
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ncRNA was found to be highly expressed in the metastatic breast tumors. 
Down regulation of HOTAIR ncRNA results in the loss of tumor growth 
indicating that ncRNA could be a potential factor in tumor progression 
[101]. Similar approaches have been utilized to identify differentially ex-
pressed ncRNAs in prostate cancer, HBV induced hepatic carcinoma and in 
colorectal cancers [10, 102, 103]. Sequencing of the polyA(+) RNA from  
large cohort of the prostate cancer samples has been used to identify the 
several prostate cancer associated noncoding transcripts. PRC2 regulated 
prostate cancer-associated ncRNA transcript, PCTA1 was found to be regu-
lator of the prostate cancer cell growth [10]. In HBV induced hepatic carci-
noma long ncRNA HEIH has been implicated to repress the cell cycle regu-
latory genes by recruiting EZH2 to the cell cycle gene promoters [102]. 

Another approach to identify functional the ncRNAs could be to check if 
they respond to external stimuli. This kind of approach has been taken to 
identify lincRNAs which are regulated in p53 dependent manner and identi-
fied 39 p53 dependent lincRNAs were also enriched with p53 binding ele-
ments and were associated with the p53 mediated DNA damage response 
[14].  One of the p53 inducible lincRNAs, lincRNA-p21 has been shown to 
act as a direct regulator of the apoptotic genes. LincRNA-p21 represses the 
transcription of the apoptotic genes by recruiting hnRNPK to their promoters 
[104]. Using high resolution tiling array covering the promoter regions of the 
56 cell cycle genes Tiffany et al identified 216 ncRNA transcripts and many 
of them were expressed during specific cell cycle stages. A ncRNA named 
PANDA transcribed from the CDKN1A promoter region after DNA damage 
in p53 dependent manner and interacts with the transcription factor NF-YA. 
By interacting with the NF-Y, PANDA hijack this transcription factor and 
inhibits the expression of the pro-apoptotic genes [105].  

Initial identification of ncRNAs HOTAIR, Kcqn1ot1 and Airn which use 
chromatin as a substrate to mediate their action indicated there could be 
more such ncRNAs yet to be identified with similar function. To identify 
ncRNAs associated with chromatin modifiers, RNA immuno precipitation 
(RIP) technique was used coupled with hybridization with tiling arrays or 
RNA sequencing technology. PRC2 associated RNAs were purified using 
RIP and were hybridized to the custom array containing the large intergenic 
noncoding (linc) RNAs identified using H3K4me3 and H3K36me3 chroma-
tin signatures and it revealed 20% of the lincRNAs were associated with 
PRC2 complex member EZH2. Downregulation of the selected polycomb 
associated RNAs using siRNA results in the upregulation of the genes usual-
ly suppressed by the polycomb proteins [106]. Recently, nearly 9000 PRC2 
associated RNA was identified using RIP-sequencing technology and the 
interacting ncRNA list includes intergenic, Intronic, antisense and promoter 
associated transcripts. NcRNAs from Imprinted loci were also highly 
enriched in PRC2 associated transcripts and one of the imprinted ncRNA 
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Gtl2 was shown to regulate H3K27me3 levels over Dlk1 gene by interacting 
PRC2 [107]. 

Increasing evidences of ncRNA mediated chromatin modification also 
suggest the requirement of the genome wide approaches that would identify 
ncRNAs which are associated with the chromatin. Chromatin associated 
ncRNAs were purified recently from the MNase treated and sucrose gradient 
fractionated native chromatin. Chromatin associated RNAs (CARs) were 
located in both intergenic and intronic regions of the human genome and 
showed conservation across the placental mammals. One of the intergenic 
ncRNA was characterized functionally using siRNA approach and was 
found to control the transcription of the neighboring protein coding genes by 
regulating active chromatin marks H3K4me2 [108]. Similarly some other 
ncRNAs have been shown to regulate the transcriptional activation of the 
neighboring protein coding genes by several studies. Two ncRNAs named 
HOTTIP and Mistral transcribed from the intergenic region of the HOX 
cluster were shown to associate with the MLL1 complex and thereby regu-
lating the expression of the surrounding HOX genes [109, 110]. Long 
ncRNAs were also identified in different cell lines which have enhancer like 
functions and activate the expression of the neighboring protein coding 
genes in tissue specific manner [111].  

NcRNAs as epigenetic modifier: 
One of the first direct evidence of ncRNA mediated epigenetic modification 
came from the study of the ncRNA expression in the HOX genes clusters. 
An intergenic transcript named HOTAIR originating from the HOXC locus 
mediate the gene repression of the HOXD locus in trans by recruiting PRC2. 
HOTAIR ncRNA has been shown to interact directly with the PRC2 proteins 
like EZH2 and SUZ12 [76]. Recently it has been shown HOTAIR ncRNA 
contains two RNA domains, with one of its domain located at the 5´end it 
interacts with PRC2 and with another domain which is located in the 3´end it 
interacts with the LSD1, an H3K4me3 demethylase [112]. Allelic specific 
recruitment of the repressive chromatin modification by ncRNA is exempli-
fied by Kcnq1ot1, Airn and RepA. Kcnq1ot1 and Airn are imprinted ncRNAs 
expressed from the one of the paternal alleles and by interacting with both 
chromatin and repressive chromatin modifier and they establish silent chro-
matin over the repressed gene promoters [13, 85]. RepA is transcribed from 
repeat elements present within the Xist gene and by interacting with the 
EZH2 it probably helps in formation of transient heterochromatic structure 
over the Xist promoter on the future inactive X chromosome which is crucial 
for the Xist induction and subsequently in the spreading of Xist ncRNA over 
the inactive X chromosome [68]. Antisense ncRNA ANRIL located in the 
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INK4b/ARF/INK4a locus interacts with both PRC2 and PRC1 proteins and 
mediate transcriptional repression [113, 114]. 

NcRNAs are critical regulator of the facultative hetechromatic structure 
over the centromeric and telomeric regions. In the pericentric heterochroma-
tin region satellite repeat derived long ncRNAs initiates the HP1 and small 
ubiquitin like modifier (SUMO) complex recruitment and helps in the for-
mation of stable HP1 dependent heterochromatic structures [115]. Another 
example of the RNA depended formation of the chromatin structure is found 
in the telomeric regions where telomeric RNA (TERC) acts as scaffold for 
the catalytic protein TERT and many other additional proteins to stabilize 
the telomeric structure [116].  

Long ncRNA mediated chromatin modification is also found in plants 
where two ncRNAs COLDAIR and COOLAIR controls the H3K27me3 de-
pendent repressive chromatin over the FLOWERING LOCUS C (FLC). 
COOLAIR is induced by cold in antisense direction of the FLC gene and 
repress its transcription by increasing the polycomb occupancy over the 
promoter [117]. COLDAIR on other hand is a vernalization dependent 
ncRNA originates from the intronic region of the FLC gene and it induces 
H3K27me3 mediated repression over the FLC promoter by direct interaction 
with the PRC2 proteins [118].  

Long ncRNAs mediated DNA methylation has been implicated recently 
by several independent studies. In rDNA locus a promoter associated RNA 
(pRNA) transcribes from rDNA promoter and form a RNA-DNA triple heli-
cal structure which can be recognized by DNMT3b and methylate to silence 
rDNA promoters [119]. In the Rasgrf1 imprinted locus establishment of the 
DNA methylation over the ICR is dependent on the interaction of the piwi 
RNA (piRNA) and ncRNA originates from the repeat elements within the 
ICR [120]. In Kcnq1 imprinted domain, the long ncRNA kcnq1ot1 interacts 
with the maintenance methyl transferase DNMT1 and maintains the differen-
tial methylation over the somatic DMRs of the ubiquitously imprinted genes 
[11]. 
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 Aims: 

The main objective of the current thesis was to understand the mechanism of 
the ncRNA mediated epigenetic modifications. In the first three papers we 
have used Kcnq1 locus as model system to dissect the Kcnq1ot1 ncRNA 
mediated silencing and in the fourth paper using genome wide approaches 
we have tried to isolate ncRNAs which may have role in chromatin regula-
tion like Kcnq1ot1.  

Paper I:   
1. Characterize the features of the Kcnq1ot1 transcript in vivo 
2. Dissect the mechanism of the lineage specific silencing mediated by 
Kcnq1ot1 RNA. 
3. Role of the Kcnq1ot1 RNA in the recruitment of the repressive histone 
modification over the Kcnq1 imprinted domain. 

Paper II: 
Identify functional sequences within the Kcnq1ot1 RNA which is crucial for 
the epigenetic silencing of the imprinted genes in vivo. 

Paper III: 
Using conditional knockout mice to delete the Kcnq1ot1 RNA at the differ-
ent developmental stages after the establishment of the imprinting and study 
the role of the Kcnq1ot1 RNA in the maintenance of imprinting.  

Paper IV: 
Isolation of the Chromatin associated RNAs (CARs) from human fibroblast 
(HF) cells.  
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Our studies 

Paper I:  Kcnq1ot1 antisense noncoding RNA mediates 
lineage-specific transcriptional silencing through 
chromatin-level regulation. 
Imprinted genes in the Kcnq1 domain show lineage and developmental stage 
specific silencing. The genes which are near the ICR are imprinted in all 
embryonic tissues and genes which are far from ICR are imprinted only in 
placenta. Earlier studies have implicated role of DNA methylation on the 
regulation of the ubiquitously imprinted genes whereas repressive histone 
modifications have been shown to play key role in imprinting of placental-
specific genes. In mice, deletion of the Kcnq1ot1 promoter results in the loss 
of imprinting of all the genes in the Kcnq1 domain. But the mechanism of 
the Kcnq1ot1 RNA dependent transcriptional silencing was not clear. 

In the current paper we have first started with the characterization of the 
property of the Kcnq1ot1 RNA. It is a 91kb long, nuclear retained, moderate-
ly stable, RNA PolII derived transcript. Next we addressed whether 
Kcnq1ot1 RNA or its transcriptional process are critical for bidirectional 
silencing.  To this end we have destabilized the Kcnq1ot1 RNA transcript in 
the episomal system by flanking it with a highly unstable 3´UTR of the c-fos 
gene. The unstable Kcnq1ot1 transcript no longer had the bi-directional si-
lencing property in the episomal system. The lack of the silencing ability of 
the destabilized RNA provides the evidence that RNA per se is crucial for 
the silencing not act of transcription. 

By using the ChRIP (Chromatin RNA Immuno Precipitation) method we 
have shown Kcnq1ot1 RNA interacts with the placental chromatin in placen-
tal tissue but not in the fetal liver. This lineage specific chromatin interaction 
is consistent with the more robust imprinting of all the genes in the placenta 
compare to the imprinting of only the ubiquitously imprinted genes in fetal 
liver. By using ChOP (Chromatin Oligo-affinity Precipitation) method we 
have tried to identify the targets of the Kcnq1ot1 RNA over the Kcnq1 do-
main and we have shown Kcnq1ot1 RNA interacts with the imprinted gene 
promoters but not with the non-imprinted genes like Nap1l4. 

We also studied the distribution of the repressive marks (H3K27me3 and 
H3K9me3) over Kcnq1 imprinted domain in both placenta and fetal liver 
tissues. We found repressive histone marks are significantly enriched in pla-
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centa compared to fetal liver indicating lineage specific differences in the 
gene silencing of the Kcnq1ot1 RNA. Using RNA immuno precipitation 
(RIP) we have demonstrated Kcnq1ot1 RNA physically interacts with the 
repressive histone methytransferases like EZH2 and G9a only in placental 
tissue not in fetal liver. Taken together, chromatin association and interac-
tion with the repressive histone methytransferases to the Kcnq1ot1 RNA 
only in the placental tissue explains the lineage specific differences in the 
imprinting mechanism.  

Finally by using DNA FISH we have shown the Kcnq1 domain is often 
localized in the perinucleolar region and this specific localization could play 
an important role in the maintenance of the epigenetic silencing of the re-
pressed alleles.   

Paper II: Kcnq1ot1 noncoding RNA mediates 
transcriptional gene silencing by interacting with 
DNMT1.  
Previously using episomal based system we have fine mapped 890bp silenc-
ing domain (890SD) at the 5´end of Kcnq1ot1 RNA. The 890bp silencing 
domain harbors two highly conserved repeats, mutation of which results in 
loss of silencing. Interestingly, 890bp silences the flanking genes in the 
orientation dependent, position independent manner [82]. In this paper we 
wanted to functionally characterize the importance of this 890bp sequences 
in an in vivo situation. We have generated a knockout mouse with the 890bp 
deletion from the Kcnq1ot1 RNA. Paternal transmission of this deletion re-
sults in the specific relaxation of silencing of the ubiquitously imprinted 
genes in tissue specific manner. We did not observe any loss of silencing 
from the placental specific imprinted genes. 

We next investigated the reason for specific loss of silencing of the ubi-
quitous genes. To this end we analyzed CpG methylation and repressive 
histone modification over the ubiquitous and placental specific genes. We 
found that 890bp deletions affect CpG methylation over the somatic DMRs 
flanking some of the ubiquitously imprinted genes (Cdkn1c and Slc22a18) 
indicating methylation could have important role in regulating imprinting of 
these genes. We did not detect any methylation at the other ubiquitously 
imprinted genes (Kcnq1 and Phald2) even though they show tissue specific 
loss of imprinting. Chromatin structure analysis using antibodies against 
repressive histone modification did not reveal any changes over ubiquitous 
and placental imprinted genes, indicating 890bp deletion specifically affects 
CpG methylation. This observation also provides explanation why placental 
genes did not show loss of imprinting. 
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Since we saw loss of CpG methylation in 890SD deletions we investi-
gated whether Kcnq1ot1 interacts with the maintenance methyl transferase 
DNMT1. We observed Kcnq1ot1 interacts with the DNMT1 and this interac-
tion is significantly reduced in the 890bp deleted mice which correlates with 
the loss of enrichment of the DNMT1 and DNA methylation over somatic 
DMRs in 890bp deleted mice. Collectively these observations suggest that 
890SD is critical for silencing of the ubiquitously imprinted genes via regu-
lation of CpG methylation.  

Paper III. Role of Kcnq1ot1 RNA in the maintenance of 
imprinting 
Kcnq1 domain contains genes which are imprinted in a lineage specific 
manner. The genes which are closer to Kcnq1ot1 promoter are imprinted in 
all the tissues (ubiquitous genes) while genes located far from the promoter 
are imprinted only in placenta (placenta-specific genes). The imprinted 
genes in the Kcnq1 domain are interspersed with non-imprinted genes. Non-
imprinted genes as the name implies, they are expressed from both the pa-
rental allele. In the paper I we made attempt to understand the mechanism by 
which Kcnq1ot1 RNA establishes the heterochromatic marks over the silent 
gene promoters in a lineage specific manner. In the current study we have 
addressed another lees explored aspects of the epigenetics that is how the 
epigenetic information are maintained stably through successive cell divi-
sions using Kcnq1 imprinted domain as a model. The silencing of the ubi-
quitously imprinted genes is established by blastocyst stage (E3.5) whereas 
silencing of the placental genes is established during post-implantation stag-
es (E5.5). However some genes escape silencing by Kcnq1ot1 RNA and 
maintain active transcription from both alleles.  

Though the role of the Kcnq1ot1 RNA in the establishment of the epige-
netic silencing over the imprinted genes is well established, however much is 
not known regarding the role of the Kcnq1ot1 RNA in the maintenance of 
silencing. So in the Paper III we generated a conditional knockout mouse, 
where Kcnq1ot1 promoter can be deleted conditionally at different develop-
mental stages using Cre-loxP system.  After the conditional deletion of 
Kcnq1ot1 promoter at different developmental stages after the establishment 
of imprinting we have investigated the imprinting status of both ubiquitous 
and placental genes. In this paper we also addressed the possible mechanism 
by which non-imprinted genes escape ncRNA mediating silencing and main-
tain active transcription.  

We crossed ICR2lox (Kcnq1 ICR flanked by two LoxP sites) mouse with 
ERCre/+ mouse which express Cre-recombinase upon tamoxifen induction. 
We fed the mice with tamoxifen at E8.5 to conditionally delete Kcnq1ot1 
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RNA. Deletion of the Kcnq1ot1 RNA at E8.5 results in the loss of silencing 
of the ubiquitously imprinted genes whereas the imprinting of the placental 
genes was maintained. The ubiquitously imprinted genes such as Cdkn1c and 
Slc22a18 are previously been shown to be regulated by DNA methylation 
and they contain somatic differentially methylated regions (somatic DMRs). 
We analyzed the methylation status of the somatic DMRs upon conditional 
deletion of the Kcnq1ot1 RNA at E8.5 and we found that there was signifi-
cant loss of DNA methylation over these DMRs which is consistent with the 
loss of silencing of both of the ubiquitously imprinted genes.  

We also checked the repressive histone modifications over the Kcnq1 
domain upon Kcnq1ot1 conditional deletion at E8.5. We found that repres-
sive histone modifications were largely unchanged. Repressive histone mod-
ifications were earlier indicated as the key mechanism to control the placen-
tal silencing so no change in the repressive epigenetic marks correlate with 
the maintenance of silencing over the placental genes after conditional re-
moval of the Kcnq1ot1 RNA.  

Next we have crossed the male ICR2lox mouse with a female MeoxCre/+ 
mouse that expresses Cre recombinase in the epiblast lineage. In this cross 
the Kcnq1ot1 promoter will be deleted at the embryonic lineages at E5.5. 
Conditional deletion of the Kcnq1ot1 promoter in embryonic lineages at 
E5.5 lead to complete loss of imprinting of the all the ubiquitously imprinted 
genes at E11.5, thus supporting our observations obtained with the ERCre/+ at 
E8.5 that the Kcnq1ot1 RNA is required to maintain the silencing of the ubi-
quitously imprinted genes.  

We also deleted the Kcnq1ot1 RNA using ERCre/+ at E5.5 to check the sta-
bility of the repressive histone modification dependent silencing of the pla-
cental specific imprinted genes. Removal of the Kcnq1ot1 RNA from E5.5 
stage onwards results in the relaxation of the silencing of both ubiquitous 
and placental genes. Loss of silencing of the placental genes at E5.5 deletion 
correlates with the decreased level of repressive modifications over these 
genes. This indicates that probably at the initial stages, Kcnq1ot1 RNA is 
required to maintain the repressive histone modification over the placental 
genes and at the later stages it becomes RNA independent. 

Next we investigated the mechanisms by which non-imprinted genes es-
cape RNA mediated silencing. We found the repressive H3K27me3 modifi-
cation were devoid over the non-imprinted genes like Nap1l4 and cars. We 
hypothesized that probably presence of active histone modification like 
H3K27act, which is present in mutually exclusive manner with the 
H3K27me3, may counter act the Kcnq1ot1 RNA mediated repression. To 
this end we have profiled enhancer specific chromatin marks H3K27ac and 
H3K4me1 along the one mega-base Kcnq1 domain using ChIP on chip. Inte-
restingly, we found enhancer specific histone modification H3K4me1 and 
H3K27act were enriched specifically in two regions which were relatively 
devoid of H3K27me3 and contains non-imprinted genes. Enhancer specific 
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chromatin marked regions were also found to be enriched with p300 and 
showed enhancer activity using in-vitro cell culture system. These observa-
tions indicate that enhancer specific chromatin modification over the non-
imprinted genes help to maintain active transcription of these genes by evad-
ing ncRNA mediated silencing.  

Paper IV: Characterization of the RNA content of 
chromatin.  
Recent high throughput analysis suggests that a major part of the mammalian 
genome is transcribed and only a small part of this huge transcriptome codes 
for proteins, while rest are ncRNAs. In recent past there is a greater interest 
in understanding ncRNA mediated epigenetic regulation of transcription. 
Evidences from several investigations suggest that ncRNAs use chromatin as 
a substrate to regulate various biological functions. For example in Droso-
phila hyper-activation of the male X-chromosome by recruitment of histone 
acetyl transferases required roX ncRNA, similarly in mouse Xist ncRNA 
initiates random X chromosome inactivation by recruitment of the chromatin 
remodelers. Likewise in human regulation of the HOXD locus in trans by 
HOTAIR ncRNA and regulation of the genomic imprinting by long ncRNA 
Kcnq1ot1 and Airn involve large scale changes in chromatin structure. All 
these findings point towards the fact that ncRNA could be a global epigenet-
ic regulator by interacting with chromatin.  

This prompted us to identify such chromatin associated RNAs (CARs) on 
a genome wide scale. In this study we have purified CARs from the human 
fibroblast (HF) cells by using sucrose gradient purified soluble chromatin 
material followed by RNA isolation. The Chromatin bound RNAs were sub-
sequently deep sequenced using Illumina platform and detailed analyses of 
the sequencing reads resulted in the identification of 141 intronic and 74 
intergenic regions harboring CARs. 

Both intronic and intergenic CARs show significant overlap with the ex-
isting EST data base. 52% of the Intronic CARs are part of the “totally in-
tronic” (TIN) and “partially intronic” (PIN) transcripts indicating intronic 
CARs represent independent transcripts. Sequence analysis of the intronic 
and intergenic CARs revealed that they are conserved across the placental 
mammals.  We verified the chromatin enrichment of the selected CARs us-
ing ChRIP technique. Functional analysis of one of the intergenic CARs, 
Intergenic 10 showed that it regulates the expression of its neighboring 
genes by modulating active chromatin structure over the gene promoters. 
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Discussion: 

In the current thesis I have discussed the possible role of the ncRNA in epi-
genetic regulation using Kcnq1ot1 RNA as model system as well as taking 
examples from various publications. Studies in last few years have revealed 
that ncRNA could acts as a scaffold for binding of the chromatin modifiers 
[121, 122]. Identification of the scaffolding function of ncRNA for chroma-
tin modifiers is not surprising considering role of some of the house keeping 
ncRNAs like ribosomal RNA (rRNA) and small nuclear RNAs (SnRNAs) 
which help in the assembly of the large protein complexes. Ribosomal RNAs 
are involved in the assembly of the ribosomal subunit and small nuclear 
RNAs are essential for the formation of the spliciosomal complex. NETA1 
and MALAT11 are nuclear localized ncRNAs [123] which have been shown 
to organize the nuclear speckles [124, 125] and MALAT1 has also been im-
plicated in the regulation of the alternative splicing by interaction with the 
nuclear speckles [125]. Recently in Drosophila hsr  ncRNA has been shown 
to interact with the ATP dependent chromatin remodeler ISWI and this inte-
raction is crucial of the maintenance of the hnRNP-containing omega 
speckles [126]. Probably in coming years we will be able to identify more 
ncRNAs with scaffolding functions.  

The association of the ncRNAs with the chromatin modifier could guide 
these complexes to the specific genomic locus. This is exemplified by 
Kcnq1ot1 ncRNA which interacts both with the silenced gene promoters and 
also with EZH2 and thereby helps in the targeting of the PRC2 complex 
[13]. But we do not know how Kcnq1ot1 RNA identify these silenced gene 
promoters to recruit chromatin modifiers? In case Xist RNA using a mod-
ified TRAP assay it has been shown that, Xist is present over the silenced 
genes but not over the genes that escape silencing.  This is also true for 
Kcnq1ot1 which does not bind to the non-imprinted genes promoters [13, 
127]. It is possible that a direct interaction of the ncRNA with the promoter 
DNA sequences by forming RNA-DNA triple helical structure can provide 
the specific binding of the ncRNA to their target genes. Detection of the 
RNA-DNA triple helical structures in the mammalian cell nucleus by immu-
no staining [128] supports the idea that RNA-DNA triple helical structure 
could mediate targeting of the chromatin modifiers.  
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Figure 5: (A) Diagram showing both repressor and activator ncRNAs can identify 
their target genes which are already in close proximity three dimensionally within 
the nucleus. (B) Allosteric changes induced by different ncRNAs on the same chro-
matin modifier may guide differential recruitment of the ncRNA-chromatin modifier 
complex. 

Recently using ChIRP (Chromatin Isolation by RNA Purification) technique 
the DNA interacting regions of the HOTAIR RNA has been identified, these 
regions show good overlap with the HOTAIR regulated genes. Interaction of 
the HOTAIR RNA with the chromatin is not affected after Ezh2 knock down 
suggesting that HOTAIR can interact with the chromatin without PRC2 in-
volvement and subsequently it may direct the PRC2 recruitment where it 
interacts [65]. The HOTAIR binding motif were enriched with the GAGA 
rich sequences and which are also present in PRE suggesting ncRNA like 
HOTAIR can serve as platform for PRC2 recruitment on PRE like elements 
in mammalian genome.  

It is possible that ncRNA utilize the pre-existing three dimensional chro-
matin structures within the nucleus to choose its target genes (Figure 5A). 
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Recently using chromosome conformation capture-on-chip (4C) technology 
it has been shown over inactive X chromosome the silenced genes form an 
inactive territory where they interact randomly with each other but the es-
cape genes cross talk with each other in specific manner [129]. In case of the 
HOTTIP RNA where it acts as activator of the transcription of specific HOX 
genes, the target genes are in close proximity by intra chromosomal interac-
tion and this interaction is not HOTTIP ncRNA dependent.  

Both Kcnq1ot1 and Xist ncRNA mediates their action in cis. So it is also 
important to understand how ncRNAs stay in cis over the silenced chromo-
some? By exploiting X-chromosome as a model system the cis action of the 
Xist ncRNA has been investigated by Jeon, Y et al.  Over the Xist nucleation 
centre YY1 binds only to the inactive X-chromosome and by virtue of its 
binding capability to both DNA and RNA probably it guides the Xist RNA to 
mediate the silencing in cis [130]. Though this kind of factor mediated cis 
localization yet to be identified in case of the other imprinted ncRNA like 
Kcnq1ot1 and Airn but it is tempting to speculate that there could be similar 
mechanism exist. 

For trans acting ncRNA how they can help in the recruitment of chroma-
tin modifier to the specific locus has been discussed extensively by Rinn et 
al [122]. It has been hypothesized that different ncRNAs interacting with the 
chromatin modifier may induce allosteric changes in the same way as protein 
cofactors do and that results in the differential recruitment of the chromatin 
modifier to specific genomic locus (Figure 5B). Experimental validation is 
required for the existence of the ncRNA mediated allosteric changes of 
chromatin modifier but it is quite possible that many lincRNAs which show 
association with the PRC2 may perform similar function. 

Future studies on mechanistic aspects of the ncRNA mediated recruitment 
of the chromatin modifier will enable us to better understand the targeting of 
the ncRNAs to specific genomic regions.  



 39

Acknowledgement:  

The work presented here has been carried out at Department of immunology, 
genetics and pathology (IGP), Uppsala University. I would like to express 
my gratitude to all the persons who has helped me directly and indirectly in 
completion of my thesis. 

First I would like to thank my supervisor Prof Chandrasekhar Kanduri 
for giving me the opportunity to carry out the research in his laboratory and 
providing all the supports. I am grateful to him for giving me complete free-
dom in doing experiments, choosing projects, encourage me to do good re-
search and giving valuable suggestions during need. I am also thankful to 
him for his constant and patiently effort to improve myself and do better 
science.  

Thanks to my co-supervisor Prof Claes Wadelius for nice discussion in 
chromatin journal club on interesting articles in epigenetics field and for help 
me whenever needed.  

Thanks to Prof Helena Jernberg Wiklund for being so nice all the time 
in answering my questions regarding PhD rules and thesis. Thanks to Dr 
Fredrik Öberg and Dr Lena Åslund for their enthusiastic and valuable 
discussion in journal club. 

A special thanks to our ex-head Prof Ufl Gyllensten and present dept 
head Prof Lena Claesson-Welsh, and other faculty members for proving 
excellent research environment at IGP. Thanks also to the dept administra-
tion to help me whenever I needed.Specially I like to thank Britt-Marie and 
Gunilla for being so nice to me always whenever I went to them with any 
problem. 

I would like to thank both Pandey-ji and Faizaan-bhai for their help dur-
ing my initial period in the lab, teaching me lab techniques, providing valua-
ble tips and suggestions. It was always been nice experience to discuss scien-
tific things with both of you.  

Faizaan-bhai you have always given valuable solution to solve scientific 
and personal problems. Thanks to both you and Fatima bhabi for cooking 
nice food. 

Special thanks to Gaurav for his constant help and support in and outside 
the lab. You have been always a good friend of me from the IISC Bangalore 
days and of course in Sweden, we had lots of fun, party, movies and good 
food together in Dobelonsgatan with our gang.  



 40 

Thanks to Kankadeb for his help during my experiments and also in 
formatting thesis writing. You are our lab Google and with your all know-
ledge especially about Cricket and Politics you made our teatime enjoyable.   

Thanks to Sanhita and Roshan for lending me hand in experiments dur-
ing last couple of months of PhD. 

Thanks to Matthieu for his enthusiasm in lab and also always ready for 
having party. It was really helpful as you gave a quick correction of my the-
sis at the end moment.  

Thanks to Natalia for teaching us Ice-skating and drive us for the trips by 
our car. We had lots of fun in your place with Russian food cooked by you. 

Thanks to Prasoon, Charlotte, Antonia, Marina, Pernilla, Lotta, Inger 
for creating nice atmosphere around the lab with your presence, occasional 
help whenever I needed. Antonia, you are always been a nice company dur-
ing working hours. Thanks to Prasoon for always giving me different tips on 
Scientific and personal things (especially economic matters). It was a great 
experience to have a enthusiastic person like you around, who is always 
ready for trip and party. 

Thanks to Jelena for your charming nature and fun-talk at corridor and 
during tea. Thanks to Tobias for being a good neighbour and it’s always 
nice to see your smiling face in corridor.  

Thanks to Meena, Mi, Nicola, Fiona, Larry, Lesley, Annika and Piero 
for all of yours cooperative nature in sharing the working place with us. It 
always feels great to have so many nice people around during work, tea and 
lunch time. Special Thanks to Meena for cooking nice food during parties in 
your home and giving different scientific and personal tips. 

Thanks to Madhu, Mehdi and Ola for nice discussion in Journal club 
and many little helps during work. 

Thanks to Stephan for creating magic with bio informatics. It was great 
experience to work with you. 

Tnanks to Lother(for beach volleyball company also), Sonia, Soumi di, 
Snehangshu da, Akhtar , Naren da, Demet , Sara, Reshma , Shyam, 
Geeta, Amar . With you all I always had a nice chat during tea and in corri-
dor which make the atmosphere more lively. Thanks to Anika and Marine 
for making our work easy with help from both of you in many aspects.     

I’m grateful to Dr. S Das for providing me the initial opportunity to learn 
ABC about research during my stay in IISC Bangalore. I’m also thankful to 
his lab members for being such a nice company especially to Debu da and 
Bhupi. It was also a nice experience in Bangalore to have so  many good 
friends( Kushagra, Sandip, Shataparna, Suvasini, Nupur da, Pijus, Bri-
jesh) with whom I had lot of fun. 

 
During my Bachelors degree, in SVC College, I was fortunate to have guid-
ance from Dr. Tapas Roy. During my master degree in BHU, It was an ex-
cellent opportunity for me to learn about basics in biology under the guid-



 41

ance of some great teachers. I’m really thankful to Prof. SC Lakhotia, Prof. 
R Raman, Prof MJ Raman and Prof. JK Roy for teaching us many inter-
esting and useful topics in our special paper. A special thanks to Abhijit, 
Amit, Deepak, Abhishek, Sandip, Srijit and Shyam for creating my BHU 
day’s joyful. We had lots of fun with our special paper group during practic-
al and classes. 

During my stay in Uppsala, in Dobelönsgatan, Kali and Jeetu was a 
great company to me, who were always there in my good and bad time 
(Thanks word is not enough for you guys).Thanks to Sulena for your nice 
company, it’s always fun to spend time with you and Kali. Thanks to Puneet, 
another Indian goggle for keeping me updated of many many many things. 

Here in Uppsala, there are many Indians whose presence around me al-
ways gives me homely feelings. Thanks to Nimesh (for creating cheerful 
atmosphere with your presence and funny talk) and Smitha, Sandip and 
Navya for being so nice in all respect and for great South Indian foods. 
Thanks to Srijit, Sutapa, Bishu da, Nandini boudi , Sumanta, Kartik da 
for making an wonderful  Bengali association  here. A special thanks to Su-
parna di and Biplab da for arranging nice occasions at their home. Thanks 
to Umash ji and Noopur for nice chat during tea or lunch time and for nice 
dinner. 

I would like to thank my parents ( baba, ma) , my Uncle (Jethu, for al-
ways inspiring me to do better ),  kaku & kakimoni, my brothers and sisters 
(Mrinmoy, Riku , Jit, Rana, Tirtha, Trisha) and other family members for 
your unconditional love ,constant support , inspiration ,motivation and guid-
ance until now ,which made me whatever I’m. Thanks word is too little for 
you all, from my side. My Aunt (Jethimoni) who is no more with us would 
have been most happy person in the world with the news that I’m going to 
finish my PhD; she is my first teacher who taught me biology in a way that I 
can constantly find a source of joy in this subject. I feel from my childhood 
she took care of everything which I required like my mother...thank you for 
everything what you did.  

Thank you to Baba and Ma (In Kolkata) for giving me a constant inspi-
ration during last half  of  my PhD. Thanks to Tutai for all your fun talk and 
always keep me update regarding good movies.    

And lastly I want to thank to my sweet love, my wife Sanhita for her 
love, affection and care for me. 
 



 42 

References: 

1. Taft, R.J., M. Pheasant, and J.S. Mattick, The relationship between 
non-protein-coding DNA and eukaryotic complexity. Bioessays, 
2007. 29(3): p. 288-99. 

2. Mattick, J.S., The central role of RNA in human development and 
cognition. FEBS Lett, 2011. 585(11): p. 1600-16. 

3. Cheng, J., et al., Transcriptional maps of 10 human chromosomes at 
5-nucleotide resolution. Science, 2005. 308(5725): p. 1149-54. 

4. Carninci, P., et al., The transcriptional landscape of the mammalian 
genome. Science, 2005. 309(5740): p. 1559-63. 

5. Katayama, S., et al., Antisense transcription in the mammalian 
transcriptome. Science, 2005. 309(5740): p. 1564-6. 

6. He, Y., et al., The antisense transcriptomes of human cells. Science, 
2008. 322(5909): p. 1855-7. 

7. Nakaya, H.I., et al., Genome mapping and expression analyses of 
human intronic noncoding RNAs reveal tissue-specific patterns and 
enrichment in genes related to regulation of transcription. Genome 
Biol, 2007. 8(3): p. R43. 

8. Frith, M.C., M. Pheasant, and J.S. Mattick, The amazing complexity 
of the human transcriptome. Eur J Hum Genet, 2005. 13(8): p. 894-
7. 

9. Guttman, M., et al., lincRNAs act in the circuitry controlling 
pluripotency and differentiation. Nature, 2011. 477(7364): p. 295-
300. 

10. Prensner, J.R., et al., Transcriptome sequencing across a prostate 
cancer cohort identifies PCAT-1, an unannotated lincRNA 
implicated in disease progression. Nat Biotechnol, 2011. 29(8): p. 
742-9. 

11. Mohammad, F., et al., Kcnq1ot1 noncoding RNA mediates 
transcriptional gene silencing by interacting with Dnmt1. 
Development, 2010. 137(15): p. 2493-9. 

12. Sharma, S., et al., Dephosphorylation of the nuclear factor of 
activated T cells (NFAT) transcription factor is regulated by an 
RNA-protein scaffold complex. Proc Natl Acad Sci U S A, 2011. 
108(28): p. 11381-6. 

13. Pandey, R.R., et al., Kcnq1ot1 antisense noncoding RNA mediates 
lineage-specific transcriptional silencing through chromatin-level 
regulation. Mol Cell, 2008. 32(2): p. 232-46. 



 43

14. Guttman, M., et al., Chromatin signature reveals over a thousand 
highly conserved large non-coding RNAs in mammals. Nature, 2009. 
458(7235): p. 223-7. 

15. Mattick, J.S., Challenging the dogma: the hidden layer of non-
protein-coding RNAs in complex organisms. Bioessays, 2003. 
25(10): p. 930-9. 

16. Perkins, D.O., C. Jeffries, and P. Sullivan, Expanding the 'central 
dogma': the regulatory role of nonprotein coding genes and 
implications for the genetic liability to schizophrenia. Mol 
Psychiatry, 2005. 10(1): p. 69-78. 

17. Wirth, S. and M. Crespi, Non-protein-coding RNAs, a diverse class 
of gene regulators, and their action in plants. RNA Biol, 2009. 6(2): 
p. 161-4. 

18. Li, E., C. Beard, and R. Jaenisch, Role for DNA methylation in 
genomic imprinting. Nature, 1993. 366(6453): p. 362-5. 

19. Okano, M., et al., DNA methyltransferases Dnmt3a and Dnmt3b are 
essential for de novo methylation and mammalian development. 
Cell, 1999. 99(3): p. 247-57. 

20. Bourc'his, D., et al., Dnmt3L and the establishment of maternal 
genomic imprints. Science, 2001. 294(5551): p. 2536-9. 

21. Hata, K., et al., Dnmt3L cooperates with the Dnmt3 family of de 
novo DNA methyltransferases to establish maternal imprints in 
mice. Development, 2002. 129(8): p. 1983-93. 

22. Bird, A.P., DNA methylation and the frequency of CpG in animal 
DNA. Nucleic Acids Res, 1980. 8(7): p. 1499-504. 

23. Gruenbaum, Y., et al., Methylation of CpG sequences in eukaryotic 
DNA. FEBS Lett, 1981. 124(1): p. 67-71. 

24. Edwards, J.R., et al., Chromatin and sequence features that define 
the fine and gross structure of genomic methylation patterns. 
Genome Res. 

25. Tahiliani, M., et al., Conversion of 5-methylcytosine to 5-
hydroxymethylcytosine in mammalian DNA by MLL partner TET1. 
Science, 2009. 324(5929): p. 930-5. 

26. Guo, J.U., et al., Hydroxylation of 5-methylcytosine by TET1 
promotes active DNA demethylation in the adult brain. Cell, 2011. 
145(3): p. 423-34. 

27. He, Y.F., et al., Tet-mediated formation of 5-carboxylcytosine and 
its excision by TDG in mammalian DNA. Science, 2011. 333(6047): 
p. 1303-7. 

28. Gu, T.P., et al., The role of Tet3 DNA dioxygenase in epigenetic 
reprogramming by oocytes. Nature, 2011. 477(7366): p. 606-10. 

29. Xu, Y., et al., Genome-wide regulation of 5hmC, 5mC, and gene 
expression by Tet1 hydroxylase in mouse embryonic stem cells. Mol 
Cell, 2011. 42(4): p. 451-64. 

30. Wu, H., et al., Dual functions of Tet1 in transcriptional regulation in 
mouse embryonic stem cells. Nature, 2011. 473(7347): p. 389-93. 



 44 

31. Kurukuti, S., et al., CTCF binding at the H19 imprinting control 
region mediates maternally inherited higher-order chromatin 
conformation to restrict enhancer access to Igf2. Proc Natl Acad Sci 
U S A, 2006. 103(28): p. 10684-9. 

32. Nan, X., R.R. Meehan, and A. Bird, Dissection of the methyl-CpG 
binding domain from the chromosomal protein MeCP2. Nucleic 
Acids Res, 1993. 21(21): p. 4886-92. 

33. Jenuwein, T. and C.D. Allis, Translating the histone code. Science, 
2001. 293(5532): p. 1074-80. 

34. Allfrey, V.G., R. Faulkner, and A.E. Mirsky, Acetylation and 
Methylation of Histones and Their Possible Role in the Regulation 
of Rna Synthesis. Proc Natl Acad Sci U S A, 1964. 51: p. 786-94. 

35. Li, B., M. Carey, and J.L. Workman, The role of chromatin during 
transcription. Cell, 2007. 128(4): p. 707-19. 

36. Kouzarides, T., Chromatin modifications and their function. Cell, 
2007. 128(4): p. 693-705. 

37. Kolasinska-Zwierz, P., et al., Differential chromatin marking of 
introns and expressed exons by H3K36me3. Nat Genet, 2009. 41(3): 
p. 376-81. 

38. Ng, H.H., et al., Targeted recruitment of Set1 histone methylase by 
elongating Pol II provides a localized mark and memory of recent 
transcriptional activity. Mol Cell, 2003. 11(3): p. 709-19. 

39. Xiao, T., et al., Phosphorylation of RNA polymerase II CTD 
regulates H3 methylation in yeast. Genes Dev, 2003. 17(5): p. 654-
63. 

40. Rada-Iglesias, A., et al., A unique chromatin signature uncovers 
early developmental enhancers in humans. Nature, 2011. 470(7333): 
p. 279-83. 

41. Creyghton, M.P., et al., Histone H3K27ac separates active from 
poised enhancers and predicts developmental state. Proc Natl Acad 
Sci U S A, 2010. 107(50): p. 21931-6. 

42. Schuettengruber, B., et al., Genome regulation by polycomb and 
trithorax proteins. Cell, 2007. 128(4): p. 735-45. 

43. Chan, C.S., L. Rastelli, and V. Pirrotta, A Polycomb response 
element in the Ubx gene that determines an epigenetically inherited 
state of repression. EMBO J, 1994. 13(11): p. 2553-64. 

44. Sing, A., et al., A vertebrate Polycomb response element governs 
segmentation of the posterior hindbrain. Cell, 2009. 138(5): p. 885-
97. 

45. Hansen, K.H., et al., A model for transmission of the H3K27me3 
epigenetic mark. Nat Cell Biol, 2008. 10(11): p. 1291-300. 

46. Margueron, R., et al., Role of the polycomb protein EED in the 
propagation of repressive histone marks. Nature, 2009. 461(7265): 
p. 762-7. 

47. Bannister, A.J., et al., Selective recognition of methylated lysine 9 on 
histone H3 by the HP1 chromo domain. Nature, 2001. 410(6824): p. 
120-4. 



 45

48. Bannister, A.J. and T. Kouzarides, Regulation of chromatin by 
histone modifications. Cell Res, 2011. 21(3): p. 381-95. 

49. Mikkelsen, T.S., et al., Genome-wide maps of chromatin state in 
pluripotent and lineage-committed cells. Nature, 2007. 448(7153): p. 
553-60. 

50. Ooi, S.K., et al., DNMT3L connects unmethylated lysine 4 of histone 
H3 to de novo methylation of DNA. Nature, 2007. 448(7154): p. 714-
7. 

51. Hu, J.L., et al., The N-terminus of histone H3 is required for de novo 
DNA methylation in chromatin. Proc Natl Acad Sci U S A, 2009. 
106(52): p. 22187-92. 

52. Thomson, J.P., et al., CpG islands influence chromatin structure via 
the CpG-binding protein Cfp1. Nature. 464(7291): p. 1082-6. 

53. Esteve, P.O., et al., Direct interaction between DNMT1 and G9a 
coordinates DNA and histone methylation during replication. Genes 
Dev, 2006. 20(22): p. 3089-103. 

54. Vire, E., et al., The Polycomb group protein EZH2 directly controls 
DNA methylation. Nature, 2006. 439(7078): p. 871-4. 

55. Hall, I.M., et al., Establishment and maintenance of a 
heterochromatin domain. Science, 2002. 297(5590): p. 2232-7. 

56. Grewal, S.I. and S.C. Elgin, Transcription and RNA interference in 
the formation of heterochromatin. Nature, 2007. 447(7143): p. 399-
406. 

57. Cam, H.P., et al., Comprehensive analysis of heterochromatin- and 
RNAi-mediated epigenetic control of the fission yeast genome. Nat 
Genet, 2005. 37(8): p. 809-19. 

58. Cao, X., et al., Role of the DRM and CMT3 methyltransferases in 
RNA-directed DNA methylation. Curr Biol, 2003. 13(24): p. 2212-7. 

59. Zilberman, D., X. Cao, and S.E. Jacobsen, ARGONAUTE4 control 
of locus-specific siRNA accumulation and DNA and histone 
methylation. Science, 2003. 299(5607): p. 716-9. 

60. Henderson, I.R. and S.E. Jacobsen, Epigenetic inheritance in plants. 
Nature, 2007. 447(7143): p. 418-24. 

61. Akhtar, A. and P.B. Becker, Activation of transcription through 
histone H4 acetylation by MOF, an acetyltransferase essential for 
dosage compensation in Drosophila. Mol Cell, 2000. 5(2): p. 367-
75. 

62. Andersen, A.A. and B. Panning, Epigenetic gene regulation by 
noncoding RNAs. Curr Opin Cell Biol, 2003. 15(3): p. 281-9. 

63. Amrein, H., Multiple RNA-protein interactions in Drosophila 
dosage compensation. Genome Biol, 2000. 1(6): p. REVIEWS1030. 

64. Alekseyenko, A.A., et al., A sequence motif within chromatin entry 
sites directs MSL establishment on the Drosophila X chromosome. 
Cell, 2008. 134(4): p. 599-609. 

65. Chu, C., et al., Genomic Maps of Long Noncoding RNA Occupancy 
Reveal Principles of RNA-Chromatin Interactions. Mol Cell, 2011. 



 46 

66. Penny, G.D., et al., Requirement for Xist in X chromosome 
inactivation. Nature, 1996. 379(6561): p. 131-7. 

67. Wutz, A., T.P. Rasmussen, and R. Jaenisch, Chromosomal silencing 
and localization are mediated by different domains of Xist RNA. Nat 
Genet, 2002. 30(2): p. 167-74. 

68. Zhao, J., et al., Polycomb proteins targeted by a short repeat RNA to 
the mouse X chromosome. Science, 2008. 322(5902): p. 750-6. 

69. Whitehead, J., G.K. Pandey, and C. Kanduri, Regulation of the 
mammalian epigenome by long noncoding RNAs. Biochim Biophys 
Acta, 2009. 1790(9): p. 936-47. 

70. Sado, T., Y. Hoki, and H. Sasaki, Tsix silences Xist through 
modification of chromatin structure. Dev Cell, 2005. 9(1): p. 159-
65. 

71. Navarro, P., et al., Tsix-mediated epigenetic switch of a CTCF-
flanked region of the Xist promoter determines the Xist transcription 
program. Genes Dev, 2006. 20(20): p. 2787-92. 

72. Duboule, D. and G. Morata, Colinearity and functional hierarchy 
among genes of the homeotic complexes. Trends Genet, 1994. 
10(10): p. 358-64. 

73. Boncinelli, E., et al., HOX gene activation by retinoic acid. Trends 
Genet, 1991. 7(10): p. 329-34. 

74. Cawley, S., et al., Unbiased mapping of transcription factor binding 
sites along human chromosomes 21 and 22 points to widespread 
regulation of noncoding RNAs. Cell, 2004. 116(4): p. 499-509. 

75. Sessa, L., et al., Noncoding RNA synthesis and loss of Polycomb 
group repression accompanies the colinear activation of the human 
HOXA cluster. RNA, 2007. 13(2): p. 223-39. 

76. Rinn, J.L., et al., Functional demarcation of active and silent 
chromatin domains in human HOX loci by noncoding RNAs. Cell, 
2007. 129(7): p. 1311-23. 

77. Sasaki, H., K. Ishihara, and R. Kato, Mechanisms of Igf2/H19 
imprinting: DNA methylation, chromatin and long-distance gene 
regulation. J Biochem, 2000. 127(5): p. 711-5. 

78. Green, K., et al., A developmental window of opportunity for 
imprinted gene silencing mediated by DNA methylation and the 
Kcnq1ot1 noncoding RNA. Mamm Genome, 2007. 18(1): p. 32-42. 

79. Umlauf, D., et al., Imprinting along the Kcnq1 domain on mouse 
chromosome 7 involves repressive histone methylation and 
recruitment of Polycomb group complexes. Nat Genet, 2004. 36(12): 
p. 1296-300. 

80. Mancini-Dinardo, D., et al., Elongation of the Kcnq1ot1 transcript is 
required for genomic imprinting of neighboring genes. Genes Dev, 
2006. 20(10): p. 1268-82. 

81. Kanduri, C., N. Thakur, and R.R. Pandey, The length of the 
transcript encoded from the Kcnq1ot1 antisense promoter 
determines the degree of silencing. EMBO J, 2006. 25(10): p. 2096-
106. 



 47

82. Mohammad, F., et al., Kcnq1ot1/Lit1 noncoding RNA mediates 
transcriptional silencing by targeting to the perinucleolar region. 
Mol Cell Biol, 2008. 28(11): p. 3713-28. 

83. Wutz, A., et al., Imprinted expression of the Igf2r gene depends on 
an intronic CpG island. Nature, 1997. 389(6652): p. 745-9. 

84. Sleutels, F., R. Zwart, and D.P. Barlow, The non-coding Air RNA is 
required for silencing autosomal imprinted genes. Nature, 2002. 
415(6873): p. 810-3. 

85. Nagano, T., et al., The Air noncoding RNA epigenetically silences 
transcription by targeting G9a to chromatin. Science, 2008. 
322(5908): p. 1717-20. 

86. Mohammad, F., T. Mondal, and C. Kanduri, Epigenetics of 
imprinted long noncoding RNAs. Epigenetics, 2009. 4(5): p. 277-86. 

87. Cabili, M.N., et al., Integrative annotation of human large intergenic 
noncoding RNAs reveals global properties and specific subclasses. 
Genes Dev, 2011. 25(18): p. 1915-27. 

88. Birney, E., et al., Identification and analysis of functional elements 
in 1% of the human genome by the ENCODE pilot project. Nature, 
2007. 447(7146): p. 799-816. 

89. Okazaki, Y., et al., Analysis of the mouse transcriptome based on 
functional annotation of 60,770 full-length cDNAs. Nature, 2002. 
420(6915): p. 563-73. 

90. Carninci, P., et al., Targeting a complex transcriptome: the 
construction of the mouse full-length cDNA encyclopedia. Genome 
Res, 2003. 13(6B): p. 1273-89. 

91. Rinn, J.L., et al., The transcriptional activity of human Chromosome 
22. Genes Dev, 2003. 17(4): p. 529-40. 

92. Kapranov, P., et al., RNA maps reveal new RNA classes and a 
possible function for pervasive transcription. Science, 2007. 
316(5830): p. 1484-8. 

93. Preker, P., et al., RNA exosome depletion reveals transcription 
upstream of active human promoters. Science, 2008. 322(5909): p. 
1851-4. 

94. Taft, R.J., et al., Tiny RNAs associated with transcription start sites 
in animals. Nat Genet, 2009. 41(5): p. 572-8. 

95. Kim, T.K., et al., Widespread transcription at neuronal activity-
regulated enhancers. Nature, 2010. 465(7295): p. 182-7. 

96. Trapnell, C., et al., Transcript assembly and quantification by RNA-
Seq reveals unannotated transcripts and isoform switching during 
cell differentiation. Nat Biotechnol, 2010. 28(5): p. 511-5. 

97. Guttman, M., et al., Ab initio reconstruction of cell type-specific 
transcriptomes in mouse reveals the conserved multi-exonic 
structure of lincRNAs. Nat Biotechnol, 2010. 28(5): p. 503-10. 

98. Mercer, T.R., et al., Specific expression of long noncoding RNAs in 
the mouse brain. Proc Natl Acad Sci U S A, 2008. 105(2): p. 716-
21. 



 48 

99. Dinger, M.E., et al., Long noncoding RNAs in mouse embryonic 
stem cell pluripotency and differentiation. Genome Res, 2008. 18(9): 
p. 1433-45. 

100. Loewer, S., et al., Large intergenic non-coding RNA-RoR modulates 
reprogramming of human induced pluripotent stem cells. Nat Genet, 
2010. 42(12): p. 1113-7. 

101. Gupta, R.A., et al., Long non-coding RNA HOTAIR reprograms 
chromatin state to promote cancer metastasis. Nature, 2010. 
464(7291): p. 1071-6. 

102. Yang, F., et al., Long noncoding RNA high expression in 
hepatocellular carcinoma facilitates tumor growth through 
enhancer of zeste homolog 2 in humans. Hepatology, 2011. 

103. Kogo, R., et al., Long non-coding RNA HOTAIR regulates 
Polycomb-dependent chromatin modification and is associated with 
poor prognosis in colorectal cancers. Cancer Res, 2011. 

104. Huarte, M., et al., A large intergenic noncoding RNA induced by p53 
mediates global gene repression in the p53 response. Cell, 2010. 
142(3): p. 409-19. 

105. Hung, T., et al., Extensive and coordinated transcription of 
noncoding RNAs within cell-cycle promoters. Nat Genet, 2011. 
43(7): p. 621-9. 

106. Khalil, A.M., et al., Many human large intergenic noncoding RNAs 
associate with chromatin-modifying complexes and affect gene 
expression. Proc Natl Acad Sci U S A, 2009. 106(28): p. 11667-72. 

107. Zhao, J., et al., Genome-wide identification of polycomb-associated 
RNAs by RIP-seq. Mol Cell, 2010. 40(6): p. 939-53. 

108. Mondal, T., et al., Characterization of the RNA content of 
chromatin. Genome Res, 2010. 20(7): p. 899-907. 

109. Wang, K.C., et al., A long noncoding RNA maintains active 
chromatin to coordinate homeotic gene expression. Nature, 2011. 
472(7341): p. 120-4. 

110. Bertani, S., et al., The Noncoding RNA Mistral Activates Hoxa6 and 
Hoxa7 Expression and Stem Cell Differentiation by Recruiting 
MLL1 to Chromatin. Mol Cell, 2011. 43(6): p. 1040-6. 

111. Orom, U.A., et al., Long noncoding RNAs with enhancer-like 
function in human cells. Cell, 2010. 143(1): p. 46-58. 

112. Tsai, M.C., et al., Long noncoding RNA as modular scaffold of 
histone modification complexes. Science, 2010. 329(5992): p. 689-
93. 

113. Kotake, Y., et al., Long non-coding RNA ANRIL is required for the 
PRC2 recruitment to and silencing of p15(INK4B) tumor suppressor 
gene. Oncogene, 2011. 30(16): p. 1956-62. 

114. Yap, K.L., et al., Molecular interplay of the noncoding RNA ANRIL 
and methylated histone H3 lysine 27 by polycomb CBX7 in 
transcriptional silencing of INK4a. Mol Cell, 2010. 38(5): p. 662-
74. 



 49

115. Maison, C., et al., SUMOylation promotes de novo targeting of 
HP1alpha to pericentric heterochromatin. Nat Genet, 2011. 43(3): 
p. 220-7. 

116. Collins, K., Physiological assembly and activity of human 
telomerase complexes. Mech Ageing Dev, 2008. 129(1-2): p. 91-8. 

117. Swiezewski, S., et al., Cold-induced silencing by long antisense 
transcripts of an Arabidopsis Polycomb target. Nature, 2009. 
462(7274): p. 799-802. 

118. Heo, J.B. and S. Sung, Vernalization-mediated epigenetic silencing 
by a long intronic noncoding RNA. Science, 2011. 331(6013): p. 76-
9. 

119. Schmitz, K.M., et al., Interaction of noncoding RNA with the rDNA 
promoter mediates recruitment of DNMT3b and silencing of rRNA 
genes. Genes Dev, 2010. 24(20): p. 2264-9. 

120. Watanabe, T., et al., Role for piRNAs and noncoding RNA in de novo 
DNA methylation of the imprinted mouse Rasgrf1 locus. Science, 
2011. 332(6031): p. 848-52. 

121. Wang, K.C. and H.Y. Chang, Molecular Mechanisms of Long 
Noncoding RNAs. Mol Cell, 2011. 43(6): p. 904-14. 

122. Koziol, M.J. and J.L. Rinn, RNA traffic control of chromatin 
complexes. Curr Opin Genet Dev, 2010. 20(2): p. 142-8. 

123. Hutchinson, J.N., et al., A screen for nuclear transcripts identifies 
two linked noncoding RNAs associated with SC35 splicing domains. 
BMC Genomics, 2007. 8: p. 39. 

124. Clemson, C.M., et al., An architectural role for a nuclear noncoding 
RNA: NEAT1 RNA is essential for the structure of paraspeckles. Mol 
Cell, 2009. 33(6): p. 717-26. 

125. Tripathi, V., et al., The nuclear-retained noncoding RNA MALAT1 
regulates alternative splicing by modulating SR splicing factor 
phosphorylation. Mol Cell, 2010. 39(6): p. 925-38. 

126. Onorati, M.C., et al., The ISWI chromatin remodeler organizes the 
hsromega ncRNA-containing omega speckle nuclear compartments. 
PLoS Genet, 2011. 7(5): p. e1002096. 

127. Murakami, K., et al., Identification of the chromatin regions coated 
by non-coding Xist RNA. Cytogenet Genome Res, 2009. 125(1): p. 
19-25. 

128. Buske, F.A., J.S. Mattick, and T.L. Bailey, Potential in vivo roles of 
nucleic acid triple-helices. RNA Biol, 2011. 8(3). 

129. Splinter, E., et al., The inactive X chromosome adopts a unique 
three-dimensional conformation that is dependent on Xist RNA. 
Genes Dev, 2011. 25(13): p. 1371-83. 

130. Jeon, Y. and J.T. Lee, YY1 tethers Xist RNA to the inactive X 
nucleation center. Cell, 2011. 146(1): p. 119-33. 

 
 




	Abstract
	List of Papers
	Contents
	Abbreviations
	Introduction
	Organismal complexity and noncoding genome:
	Epigenetic modifications in gene expression:
	Regulation of gene expression by DNA methylation:
	Control of gene expression by histone modifications:
	Histone modifications over active and inactive genomic loci:
	Interaction between DNA methylation and histone modification:

	Interplay between ncRNA and epigenetic modifications:
	Small ncRNA mediated silencing in Yeast and plant:
	roX ncRNA mediated epigenetic regulation in Drosophila:
	X-chromosome inactivation in Mouse:
	NcRNA and HOX genes in Human:

	Imprinted gene cluster as a model to study epigenetics:
	DNA methylation and ICR based regulation:
	NcRNA mediated regulation in imprinted domain:
	Epigenetic silencing by the Kcnq1ot1 ncRNA in Kcnq1 domain:
	Airn ncRNA has similar role like Kcnq1ot1 in Igf2r locus:

	Identification of ncRNAs on genome wide scale:
	Approaches to identify functional ncRNAs:
	NcRNAs as epigenetic modifier:

	Aims
	Paper I:
	Paper II:
	Paper III:
	Paper IV:

	Our studies
	Paper I: Kcnq1ot1 antisense noncoding RNA mediates lineage-specific transcriptional silencing through chromatin-level regulation.
	Paper II: Kcnq1ot1 noncoding RNA mediates transcriptional gene silencing by interacting with DNMT1.
	Paper III. Role of Kcnq1ot1 RNA in the maintenance of imprinting
	Paper IV: Characterization of the RNA content of chromatin.

	Discussion:
	Acknowledgement:
	References:



