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CHAPTER 11

LONG NONCODING RNA  
AND EPIGENOMICS
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Abstract: Accumulating evidence over the last decade has presented us with the intriguing 

related to physiology, embryology and development. Emerging evidence indicates 

This chapter will discuss how noncoding RNAs and the processes underlying their 
transcription mediate transcriptional regulation, by epigenetically regulating the 

INTRODUCTION

RNA Infrastructure and Networks, edited by Lesley J. Collins. 
©2011 Landes Bioscience and Springer Science+Business Media.
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1 Recent evidence indicates that although 

throughout it.2,3 Several recent analyses have documented that widely transcribed 

4-9

200 bp to over several hundred kb. Medium length ncRNAs, measure between 31 and 

sized ncRNAs, long ncRNAs are not highly conserved at the primary sequence level. 

signatures, have been shown to be highly conserved at the sequence level.10 Small ncRNAs 

are 21-23-bp single-stranded RNA molecules that serve as posttranscriptional regulators 

siRNAs are double-stranded RNA molecules 20-25 nucleotides in length which have been 

11 
Piwi-interacting RNAs or piRNAs are poorly conserved at the primary sequence level and 
are longer than both siRNA and miRNA, measuring in size between 26-31 nucleotides. 

retrotransposons in germ line cells via methylating their promoters.12,13

14,15 genomic imprinting,16 
sub-cellular structural organization,17,18 telomere19 and centromere organization20,21 and 

22

cis or trans elements by modulating chromatin structure or transcriptional programs.6,23 In 
certain instances ncRNAs themselves have been observed to act as regulators, whereas in 

16,24,25
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implicated ncRNAs, as well as their target genes, are poorly conserved at the primary 

16,26 or chromosomes14 at the transcriptional level 
by targeting chromatin remodeling complexes as cis or trans elements. This mechanism 
has been described in relatively well-characterized biological phenomena such as genomic 

transcription.27 How does ncRNA transcription control two distinctly regulated processes 

the transcription initiation complex, thus silencing the protein-coding gene. Interestingly, 

human disease conditions28 and GAL1-10 clusters in yeast29 results in heterochromatinization 

it is induced by both sense30 and antisense31

(PcG) proteins.32  gene in yeast 
induces chromatin remodeling and gene activation,33 indicating that ncRNA transcription 
mediates transcriptional gene silencing or activation through chromatin-level regulation in 

transcription elicits transcriptional regulation through multiple pathways, transcriptional 

regulation by epigenetically regulating chromatin structure in various biological contexts 
S. pombe, Drosophila melanogaster, mouse and human.

LONG ncRNAs AND TUMOR SUPPRESSOR GENES

28,34

p15 and p21. Both p15 and p21 genes are overlapped by antisense ncRNAs and ncRNA 
transcription through the p15 and p21 promoters is correlated with DNA methylation in 
cis. Although both the promoters become methylated in response to antisense ncRNA 
transcription, the available evidence to date suggests that the underlying mechanisms 

p15 tumor suppressor gene, increased antisense ncRNA transcription 
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in disease conditions.28 Aberrant antisense transcription is associated with p15 promoter 

or its RNA product epigenetically silences the p15 promoter. By employing in vitro 
p15 promoter in cis or in trans 

p15 antisense RNA-mediated 
epigenetic silencing, indicating that the antisense RNA uses currently unknown mechanisms 

p21 p21 sense and 

p21 p21
34

p21 

or its transcription, suppresses p21 promoter activity by directing silent-state epigenetic 
p21 promoter by the antisense RNA 

is dependent on Argonaute-1 protein, a key player in the small RNA induced gene 

p21
the p21 promoter is also associated with promoter-associated RNAs (pRNAs) in both the 

Argonaute-1, indicating a strong link between the p21 antisense RNA and the Argonaute-1 

p21 promoter. However, it remains to be seen 
p21 promoter has any resemblance 

S. pombe. 
The above studies clearly demonstrate that the p21 and p15 antisense RNAs exploit 

per se p15 silencing through an 
p21

LONG ncRNAs AND HOMEOBOX GENES

Homeobox genes (Hox) genes (which control embryonic body development in all 
bilaterally symmetrical animals), are organized into gene clusters and are coordinately 
regulated by common long-range cis acting regulatory elements. Epigenetic mechanisms, 
involving histone methylation, demethylation and ncRNAs, have recently been shown 

Hox gene expression in a spatio-temporal manner along 
Hox gene expression occurs primarily 

due to the interplay between two protein complexes: trithorax- and polycomb-group 
proteins. Trithorax-group proteins, which possess enzymatic activity to mediate the 
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Hox 
gene activation, whereas polycomb-group proteins, comprising PRC2 complex members, 

Hox
H3 at lysine 27 (H3K27). Although cis acting DNA sequences (polycomb responsive 

in Drosophila melanogaster
Hox gene cluster in a spatio-temporal manner is poorly understood.35,36 The interplay 
between polycomb and trithorax proteins generates active or inactive chromatin 
domains in the Hox

Hox gene 
clusters, interweaving with genic and intergenic regions and that they have a key role 

26,37

Although ncRNAs were detected over two decades ago in Drosophila Hox gene 
Hox genes 
Hox gene 

Hox gene activation 

thoroughly characterized in the Drosophila bithorax complex (BX-C) region, which is 

bxd
(Ubx) Hox gene.38,39 Both studies implicate bxd

Ubx expression, but they contradict each other regarding how the regulation 
is brought about. One report suggests that bxd

Ubx

Ubx gene promoter.38 The RNA-mediated 
Ubx promoter, 

thus making it more accessible to transcription initiation machinery. Interestingly, this 
bxd transcripts in larval imaginal discs 

Ubx promoter, suggesting that the bxd
Ubx promoter activation (Fig. 1A). In contrast, the 

bxd region extends into the Ubx 
promoter region, which negatively regulates Ubx promoter activity.39 Importantly, ectopic 

bxd transcripts do not activate Ubx transcription, 

Ubx bxd transcripts 
in Ubx

the mouse and human Hox gene clusters.26,37 In many cases their expression correlated with 
Hox gene, indicating that Hox ncRNAs in mammals 

Hox ncRNAs, HOTAIR HOXC locus, revealed that 
HOXD locus in trans

complex members, Ezh2.26 Although trans
trans

HOTAIR mediates 
HOXD locus in trans
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the target sequences. The trans HOTAIR
the Ubx promoter by bxd

Evx1as and Hoxb5/6as, to Hox gene regulation.40 The Evx1as and Hoxb5/6as ncRNAs 
showed concordant expression with their sense partners Evx1 and Hox5/6, respectively, 

protein-coding genes by establishing active chromatin structures.

gene regulation by long ncRNAs is a conserved transcriptional regulatory mechanism 

LONG ncRNAs AND DOSAGE COMPENSATION

Drosophila, in which, 

Figure 1. Bxd
Ubx gene expression. A) Bxd ncRNAs are retained at the Ubx locus via RNA-DNA interactions and 

Ubx
Ubx gene expression. According 

to this model, Bxd ncRNA transcription through the 5 Ubx promoter results 
Ubx
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41,42

6,43,44 As 
Drosophila and mammals are distantly related organisms, it is interesting to note that 
the dosage compensation process is brought about by ncRNAs in both species, while 

inactivation has been investigated in depth using the mouse as a model system. In 

silencing in a chromosome-wide manner during early embryonic development, which 

the epiblast lineage i.e., the embryo.45

Xic) is implicated 

14

the Xic: Xist, Tsix, Xite, RepA and DXPas34. Xist is 15-17 kb in length and transcribed 
46 Tsix Xist, 

Xist gene and covers the entire Xist coding region 
as well as its promoter region. It is about 40 kb in length and exclusively expressed 

47 Xite, an upstream activator sequence, 
Tsix promoter and encodes several ncRNAs.48 

RepA Xist. RepA selectively 
transactivates the Xist 49 A 
microsatellite repeat element, DXPas34, at the 5 Tsix transcript encodes 
short bidirectional transcripts which have been shown to regulate Tsix transcription.50,51 
In addition, bidirectional transcription over the Xist
several 25-45-bp small RNAs (xiRNAs).52

Xist expression. Xist
Xist RNA 

53 
Xist expression coincides with transcriptional gene silencing and 

a link between Xist
Xist

Xist, because the genes on paternal chromosomes 
lacking the Xist gene were still repressed.54
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Xist

chromosome inactivation steps that occur during postimplantation development. In 
Tsix is expressed at high levels 

and Xist is expressed at low levels on both chromosomes. Pluripotent transcription 
Oct4, Nanog and Sox2 Xist, 

but it is not clear how Tsix transcript levels are maintained at higher levels in cells 
55 Abundant Tsix expression across the Xist locus 

Xist gene body, which is 

inactivation.56 In addition, a recent investigation has demonstrated that Tsix transcription 

Figure 2. Xic). 
Xist

Tsix activation, Xist
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into the Xist
Xist promoter (Fig. 2), indicating that Tsix transcription 

inactivation.57 Xite ncRNA positively regulates Tsix
Xite Tsix 
transcription,48 indicating that Xite transcription probably creates transcriptionally 
competent chromatin at the Tsix promoter.

process.58 Based on these observations, RNF12 has been speculated to directly activate 
Xist
no evidence to date has documented a direct interaction between RNF12 and the Xist 

such as OCT4, CTCF and YY1 by trans-activating Tsix transcription.59 Importantly, 
Tsix 60,61 indicating that RNA-protein 

are unclear. In addition to Xite, Xist and Tsix ncRNAs, RepA also been shown to play 

RepA
Tsix
mechanisms, while RepA remains active, interacts with the PRC2 complex and tethers 
it to the Xist
heterochromatin structure with H3K27me3 marks. Paradoxically, this tethering aids in 
the trans Xist Xist

49 However, 
Tsix is exclusively expressed and represses in cis 

the Xist and RepA promoters by targeting CpG methylation through interactions with 
heterochromatin machinery containing Dnmt3a.62

investigated in more depth than other biological pathways. However, several outstanding 
Xist 

in cis have yet to be determined. Furthermore, 
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Xist and Tsix become exclusively restricted to inactive 

rox1 and rox2, along 

Dosage Compensation Complex or the MSL complex.63 Like Xist, rox ncRNA blankets 
in cis (Fig. 3A). Surprisingly, rox

in trans even when the rox gene has been translocated onto an autosome, indicating 
Xist and rox

compensation. Rox ncRNAs are encoded by RNA polymerase II and localized to the 
nuclear compartment. Although both rox

rox1, the longer 
transcript and rox2 are 3.7 kb and 0.6 kb in length, respectively.

The rox
rox 

both rox ncRNAs demonstrated 

indicating that the rox 64 Both rox1 and 
rox2 harbor evolutionarily conserved short sequence stretches at the 3 end which can 

rox1 or rox2 44 These stem-loop structures are 

rox
MSL complex.

The question remains as to how rox ncRNAs target the MSL complex along the 

autosomes.65

then rox

66 The MSL complex could also be targeted by rox ncRNA through 
RNA-RNA or RNA-DNA interactions with the nascent transcripts or the promoter 

in cis to achieve hyper-transcription. However, 

rox
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transcriptional activation.

LONG ncRNAs AND PLURIPOTENCY

Oct4, Nanog, c-Myc and Sox2, has been well-established as playing an essential role 

regulates microRNAs such as miR-141, miR-200 and miR-429 in ES cells, but not in 

67

68

Figure 3.
active rox genes (rox1 and rox2 rox 

. rox RNAs are incorporated into the MSL complexes and the rox-MSL 

The rox
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and Nanog.69

long ncRNAs, which in turn activates Oct4 transcription. These data establish another 

Figure 4.
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40 This study is indeed encouraging 

programs involving long ncRNAs.

LONG ncRNAs AND GENOMIC IMPRINTING

Genomic imprinting is an epigenetically controlled gene regulatory mechanism by 

and noncoding mRNA genes. The noncoding mRNA genes contain both small and 

to several hundred kb.70,71 Genes in imprinted clusters are coregulated by long-range 
cis

clusters.72

have been investigated. The mechanisms underlying the ICR-mediated long-range gene 
regulatory mechanism have been investigated intensely over the last several years. These 
studies have shown that ICRs regulate genomic imprinting in clusters either by acting as 
chromatin insulators73,74 24 Since ncRNA and 

Kcnq1, Igf2r and Gnas
the promoters that map to ICRs (Fig. 5).70 For example, Kcnq1ot1 ncRNA is a 91-kb, 
poorly spliced, moderately stable transcript localized to the nucleus. Its promoter maps 
to an imprinting control region (Kcnq1 Kcnq1 gene 
on mouse chromosome 7.75 Kcnq1ot1 transcribes in the antisense direction to the Kcnq1 
gene, starting in intron 10 and ending in intron 11 and thus it does not span across the 

Kcnq1 Kcnq1ot1 promoter 
Kcnq1ot1

Kcnq1ot1 promoter in several 
Kcnq1ot1 RNA is a bidirectional silencer.76-80 However, 

Kcnq1ot1 Kcnq1ot1 with the destabilizing domain 
c-fos transcript, Kcnq1ot1

in bidirectional silencing.75
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Figure 5. A-E) The mouse imprinted gene clusters Kcnq1 (A), Gnas (B), Igf2r (C), Snurf/Snrpn 
(D) and Dlk1/Gtl2
transcription. Maps are not drawn to scale.
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shown that Kcnq1ot1 interacts with chromatin and recruits heterochromatin complexes 
75 Kcnq1ot1 

Xist ncRNA, which mediates transcriptional gene 

Airn, an antisense transcript to Igf2r, is 108 kb in length and localized to the 
nuclear compartment. Airn

Airn transcription and moreover are localized to the cytoplasmic 
compartment.81 The Airn

Igf2r gene. Similar to Kcnq1ot1
the Airn

Slc22a3, Slc22a2 and Igf2r
Airn promoter, indicating that Airn is also a bidirectional silencer (Fig. 5C).82 It is not 

However, a recent investigation has documented that Airn interacts with G9a histone 
Slc22a3 promoter but not 

the overlapping Igf2r promoter, indicating that Airn
to silence the overlapping and nonoverlapping promoters.83 Airn is transcribed through the 
overlapping Igf2r promoter in all tissues and, unlike nonoverlapping genes silenced only 
in extra-embryonic tissues in a developmentally regulated manner, the overlapping Igf2r 
gene is constitutively silenced on the paternal chromosome. Based on these observations, 

in cis through 
Airn

16

The Gnas imprinted cluster is approximately 70 kb in length and accommodates three 
protein-coding (Gnasxl, Nesp and Gnas) and two noncoding mRNA (Exon1A and Nespas) 
genes (Fig. 5B).70 Unlike the Kcnq1 and Igf2r clusters, in which protein-coding mRNA 
is expressed only by the maternal allele, the Gnas cluster contains both paternally and 
maternally expressed protein-coding mRNAs. Its two ncRNAs are expressed exclusively 

Gnasxl Nespas 
Nespas could play 

Gnas cluster.84 However, no experiments have 
Nespas

process in imprint acquisition and maintenance.
The PWS/AS and Gtl2/Dlk1 imprinted clusters encode long ncRNAs containing large 

long ncRNA, Lncat.85

in situ hybridization with 
oligonucleotide probes, a recent investigation has demonstrated that MBII-52 and MBII-85 

independent noncoding transcripts.86
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that Lncat is pervasively transcribed through protein-coding and noncoding transcription 

been investigated.
Numerous imprinted microRNA genes are organized in two clusters at the Dlk1-Gtl2 

the paternally expressed Rtl1 (retrotransposon-like 1) gene.71,87

complementary to paternally expressed Rtl1 mRNA and, importantly, several cleavage 
sites have been experimentally mapped within the Rtl1 mRNA using 5  RACE technology, 

88 It remains to 
Rtl1 

in cis. In addition, the mechanism by which paternally expressed Rtl1 transcript escapes 
in trans

Dlk1/Gtl2 locus has not yet 

Rtl1 Dlk1/Gtl2 is 
also currently unknown.

LONG ncRNAs AND CENTROMERIC HETEROCHROMATIN

is conducive to active transcription, heterochromatin plays an important role in genome 

segregation and genome instability.89 For example, the centromeric heterochromatin 

90 

recruiting repressive chromatin remodeling complexes. Recent investigations have 

20,91,92 In S. pombe, RNAi-based 

centromeric heterochromatin.93-95 The centromere in S. pombe is compartmentalized 
imr) and outer (otr) repeats (Fig. 6). CENP-A 

centromere. The outer repeat region contains dg-dh repeats which upon bidirectional 
transcription produce long double-stranded RNAs that are tethered to RNAi substrates 

Otr region (Fig. 6).94 The heterochromatin at the Otr 
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Cnt 96

In eukaryotes, however, the molecular mechanisms by which the centromeric 
heterochromatin is established and maintained are not clear. In mammals, the centromere 

structure at pericentric heterochromatin by organizing heterochromatic components 

methylation and H3K9me3 in the pericentric heterochromatin.97 Whether Dicer plays a 

negative regulator miR-290.98 Since DNA methylation is associated with H3K9me3 

Figure 6. Centromere structure and organization in S.pombe S.pombe 
centromere and pericentromere regions. Centromere1 (cnt1

imr1L and imr1R) and outer repeats (otr1L and otr1R). Cnt1 
otr

otr
such as H3K9me2 and H3K9me3 in the otr region recruit Swi6 (HP1) and Chp1 heterochromatic 
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to the centromeres,20,97

Minor (alpha) satellite sequences are transcribed, with transcripts ranging between 
92

120-nt RNA molecules, blocking the 120-bp unit minor satellite sequence in mammalian 

proteins.92 In addition, minor satellite repeat RNA has been shown to directly interact 
with centromere-associated proteins such as CENPC1 and the centromere associated 
chromosomal passenger complex, which contains Aurora B kinase, Survivin and inner 
centromere protein (INCENP), indicating that this ribonucleoprotein complex is critical 

20,21 Taken together, the above data implicate ncRNA 

CONCLUSION

are conserved. For example, well-investigated ncRNAs such as Xist and Kcnq1ot1 

p15 and p21 promoters 

What triggers aberrant antisense ncRNA expression in certain diseases is not clear, 
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nor, importantly, is how their transcription across an overlapping or neighboring gene 

exposed a link between genome stability and some ncRNAs, which play an important 

and translocations, which, in turn, result in aberrant ncRNA transcription by cryptic 

ncRNA.

dedicated towards maintaining chromatin structure in time and space.

ncRNA as a hidden gene regulatory mechanism participating in diverse biological 
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