Progress in Molecular and Subcellular Biology

Durdica Ugarkovic
Editor

I Long Non-Coding l

RNAs

@ Springer



Progress in Molecular and
Subcellular Biology

Series Editors 'W.E.G. Miiller (Managing Editor)
Ph. Jeanteur, Y. Kuchino, M. Reis Custddio,
R.E. Rhoads, . Ugarkovi¢

S1



Volumes Published in the Series

Progress in Molecular
and Subcellular Biology

Subseries:
Marine Molecular Biotechnology

Volume 35

RNA Trafficking and Nuclear Structure

Dynamics
Ph. Jeanteur (Ed.)

Volume 36
Viruses and Apoptosis
C. Alonso (Ed.)

Volume 38
Epigenetics and Chromatin
Ph. Jeanteur (Ed.)

Volume 40

Developmental Biology of Neoplastic
Growth

A. Macieira-Coelho (Ed.)

Volume 41
Molecular Basis of Symbiosis
J. Overmann (Ed.)

Volume 44
Alternative Splicing and Disease
Ph. Jeanlevr (Ed.)

Volume 45
Asymmetric Cell Division
A. Macieira Coelho (Ed.)

Volume 48
Centromere
DPurdica Ugarkovi¢ (Ed.)

Volume 49
Aestivation
C.A. Navas and J.E. Carvalho (Eds.)

Volume 50

miRNA Regulation of the Translational

Machinery
R.E. Rhoads (Ed.)

Volume 51
Long Non-Coding RNAs
Durdica Ugarkovic (Ed.)

Volume 37
Sponges (Porifera)
W.E.G. Miiller (Ed.)

Volume 39
Echinodermata
V. Matranga (Ed.)

Volume 42
Antifouling Compounds
N. Fusetani and A.S. Clare (Eds.)

Volume 43
Molluscs
G. Cimino and M. Gavagnin (Eds.)

Volume 46
Marine Toxins as Research Tools
N. Fusetani and W. Kem (Eds.)

Volume 47

Biosilica in Evolution, Morphogenesis,
and Nanobiotechnology

W.E.G. Miiller and M.A. Grachev (Eds.)



Purdica Ugarkovic¢
Editor

Long Non-Coding RNAs

@ Springer



Editor

DPurdica Ugarkovic¢
Ruder Boskovi¢ Institute
Bijenicka 54

10001 Zagreb

P.O. Box 1016

Croatia

ISSN 0079-6484

ISBN 978-3-642-16501-6 e-ISBN 978-3-642-16502-3
DOI 10.1007/978-3-642-16502-3

Springer Heidelberg Dordrecht London New York

@© Springer-Verlag Berlin Heidelberg 2011

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9,
1965, in its current version, and permission for use must always be obtained from Springer. Violations
are liable to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective
laws and regulations and therefore free for general use.

Cover design: SPi Publisher Services
Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

A major portion of the eukaryotic genome is occupied by DNA sequences whose
transcripts do not code for proteins. This part of eukaryotic genome is transcribed
in a developmentally regulated manner or as a response to external stimuli to
produce large numbers of long noncoding RNAs (IncRNAs). Genome-wide
studies indicate existence of more than 3,300 IncRNAs. Long ncRNAs are
tentatively defied as molecules of ncRNA more than two hundred nucleotides
long. Due to the complexity and diversity of their sequences and their mechan-
isms of action, progress in the field of IncRNAs has been very slow. Nonetheless,
IncRNAs have emerged as key molecules involved in the control of transcriptional
and posttranscriptional gene regulatory pathways. Although limited numbers of
functional IncRNAs have been identified so far, the immense regulatory potential
of IncRNAs is already evident, emphasizing that a genome-wide characterization
of functional IncRNAs is needed. Here, we review this rapidly advancing field of
long ncRNAs, describing their structures, organization, and function in diverse
eukaryotic systems.

Although the evidence for diverse biological functions of IncRNAs exists across
the wide evolutionary spectrum, the underlying molecular mechanisms are far from
clear. In Chap. 1 of this book, Radha Raman Pandey and Chandrasekhar Kanduri
discuss the epigenetic and nonepigenetic mechanisms by which IncRNAs regulate
various biological functions in model systems, from yeast to mammals. Long
ncRNA molecules take part in gene regulation from the single gene level to an
entire chromosome via recruitment of chromatin-modifying complexes in cis or
trans. At the posttranscriptional level, IncRNAs regulate the splicing, localization,
stability, and translation of the target mRNAs by base-pairing with their target
RNAs. Transcriptional repression is mainly done by long noncoding RNAs in
contrast to translational repression executed mostly by short noncoding RNA. In
Chap. 2, Riki Kurokawa overviews the recent publications regarding the transcrip-
tion regulation by long ncRNAs. In addition, the relation between a random
transcriptional activity of RNA polymerase II and the origin of long ncRNAs is
discussed.
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In mammalian female somatic cells, one of the two X chromosomes is inacti-
vated, and in the last few decades, several cis- and trans-acting factors involved in
the regulation of the X chromosome inactivation process have been identified. The
two main regulatory factors are Xist and Tsix that both encode functional IncRNAs.
In Chap. 3, Joost Gribnau and collaborators describe the current knowledge about
the structure and function of Xist and discuss the important cis- and trans-regulatory
elements and proteins in the X chromosome inactivation. The authors also highlight
new findings with other ncRNAs involved in gene repression and discuss these
findings in relation to Xisr-mediated gene silencing.

Telomeres protect the ends of linear eukaryotic chromosomes from being recog-
nized as DNA double-stranded breaks, thereby maintaining the genome stability.
The highly heterochromatic nature of telomeres had, for a long time, reinforced the
idea that telomeres were transcriptionally silent. In 2007, the longstanding dogma
that telomeres are transcriptionally silent was overturned by the discovery that
noncoding RNA molecules, named TElomeric Repeat-containing RNA (TERRA),
were found to emanate from and associate with telomeres. In Chap. 4, Claus
M. Azzalin and collaborators provide an overview of telomere structure, function,
and biology and extensively review the current knowledge about TERRA biogenesis,
regulation, and potential functions.

In eukaryotic cells, correct segregation and inheritance of genetic information
relies on the activity of specialized chromosomal regions called centromeres.
Centromeric and pericentric regions have long been regarded as transcriptionally
inert; however, a number of studies in the past 10 years provided convincing
evidence that centromeric and pericentric sequences are transcriptionally active.
In Chap. 5, Claire Vourc’h and Giuseppe Biamonti review the expression of these
sequences in mouse and human cells and discuss the possible functional implica-
tions of centromeric and pericentric sequences activation and/or of the resulting
noncoding RNAs. An overview of the molecular mechanisms underlying the
activation of centromeric and pericentromeric sequences is provided.

Alu elements are the most abundant repetitive elements in the human genome
and, recently, it has become evident that they play crucial and diverse roles in
regulating gene expression. Audrey Berger and Katharina Strub in Chap. 6 review
role of Alu and Alu-related RNAs in regulation of transcription and translation.
Transcription from these elements occurs at low levels under normal conditions but
increases transiently after stress, indicating a function of Alu RNA in cellular stress
response. Alu elements provide a source for the biogenesis of miRNAs and, when
embedded into mRNAs, can be targeted by miRNAs. Certain Alu elements evolved
into unique transcription units with specific expression profiles producing RNAs
with highly specific cellular functions.

The large noncoding 70X RNAs have a central role in sex chromosome dosage
compensation in flies, where they fulfill a role with similarities to that of Xist during
mammalian dosage compensation. In Chap. 7, S. Kiran Koya and Victoria H.
Meller summarize the current knowledge of the function of the noncoding roX
genes in the process of dosage compensation in Drosophila. The unexpected
discovery of a role for roX in the expression of heterochromatic genes is discussed.
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Satellite DNAs are major heterochromatin constituents in many insect species
found to be transcribed during all developmental stages. Transcripts play a role in
heterochromatin establishment and regulation, although the detailed molecular
mechanism and proteins involved are not elucidated yet. The satellite DNA tran-
scription is associated with development and differentiation and is actively regu-
lated by environmental factors such as temperature. In Chap. 8, Purdica Ugarkovic¢
and collaborators review the transcription of satellite DNAs in different insects.
They also discuss the role of satellite DNA transcripts in regulation of heterochro-
matic genes as well as genes located in the vicinity of satellite DNA elements
within euchromatin.

In contrast to small RNAs, much less is known about the large and diverse
population of long noncoding RNAs in plants, and only few have been implicated in
diverse functions such as abiotic stress responses, nodulation and flower develop-
ment, and sex chromosome-specific expression. Moreover, many long noncoding
RNAs act as antisense transcripts or are substrates of the small RNA pathways
interfering with a variety of RNA-related metabolisms. As plants show a remark-
able developmental plasticity to adapt their growth to changing environmental
conditions, understanding how ncRNAs work may reveal novel mechanisms
involved in growth control and differentiation. In Chap. 9, Virginie Jouannet and
Martin Crespi discuss a major class of long noncoding RNAs and antisense
transcripts in plants. They also introduce long noncoding RNAs interacting with
specific RNA-binding proteins to modulate their action or localization.

Zagreb, Croatia DPurdica Ugarkovié






Contents

1 Transcriptional and Posttranscriptional Programming
by Long Noncoding RNAs ..., 1
Radha Raman Pandey and Chandrasekhar Kanduri

2 Long Noncoding RNA as a Regulator for Transcription .............. 29
Riki Kurokawa

3 Long Noncoding RNAs and X Chromosome Inactivation ............. 43
Cristina Gontan, Iris Jonkers, and Joost Gribnau

4 TERRA: Long Noncoding RNA at Eukaryotic Telomeres ............ 65
Rajika Arora, Catherine M.C. Brun, and Claus M. Azzalin

5 Transcription of Satellite DNAs in Mammals .......................... 95
Claire Vourc’h and Giuseppe Biamonti

6 Multiple Roles of Alu-Related Noncoding RNAs ...................... 119
Audrey Berger and Katharina Strub

7 roX RNAs and Genome Regulation in Drosophila Melanogaster ..... 147
S. Kiran Koya and Victoria H. Meller

8 Transcription of Satellite DNAs in Insects ............................. 161
Zeljka Pezer, Josip Brajkovic, Isidoro Feliciello, and Purdica Ugarkovic

9 Long Nonprotein-Coding RNAsinPlants .............................. 179
Virginie Jouannet and Martin Crespi

ix






Contributors

Rajika Arora Institute of Biochemistry, ETHZ-Eidgenossische Technische
Hochschule Ziirich, CH-8093, Ziirich, Switzerland

Claus M. Azzalin Institute of Biochemistry, ETHZ-Eidgenossische Technische
Hochschule Ziirich, CH-8093, Ziirich, Switzerland, claus.azzalin@bc.biol.ethz.ch

Audrey Berger Department of Cell Biology; University of Geneva, 30 quai Ernest
Ansermet, 1211 Geneva 4, Switzerland

Giuseppe Biamonti Istituto di Genetica Molecolare CNR, Via Abbiategrasso 207,
27100 Pavia, Italy, biamonti@igm.cnr.it

Josip Brajkovi¢ Ruder Boskovi¢ Institute, Bijenicka 54, 10001 Zagreb, P.O.
Box 1016, Croatia

Catherine M.C. Brun Institute of Biochemistry, ETHZ-Eidgendssische Tech-
nische Hochschule Ziirich, CH-8093 Ziirich, Switzerland

Martin Crespi Centre National de la Recherche Scientifique; Institut des Sciences
du Végétal, 91198 Gif-sur-Yvette Cedex, France, martin.crespi@isv.cnrs-gif.fr

Isidoro Feliciello Ruder Boskovi¢ Institute, Bijenicka 54, 10001 Zagreb, P.O.
Box 1016, Croatia, Dipartimento di Medicina Clinica e Sperimentale; Universita
degli Studi di Napoli Federico II, via Pansini 5, 80131 Napoli, Italy, martin.
crespi@isv.cnrs-gif.fr

Cristina Gontan Department of Reproduction and Development; Erasmus MC,

University Medical Center, Room Ee 09-71, PO Box 2040 3000 CA Rotterdam,
The Netherlands

xi



Xii Contributors

Joost Gribnau Department of Reproduction and Development; Erasmus MC,
University Medical Center, Room Ee 09-71, PO Box 2040, 3000 CA Rotterdam,
The Netherlands, j.gribnau@erasmusmec.nl

Iris Jonkers Department of Reproduction and Development; Erasmus MC,
University Medical Center, Room Ee 09-71, PO Box 2040, 3000 CA Rotterdam,
The Netherlands, Department of Molecular Biology and Genetics; Cornell Uni-
versity, Ithaca, NY, USA

Virginie Jouannet Department of Stem Cell Biology; University of Heidelberg,
INF230, 69120 Heidelberg, Germany, Centre National de la Recherche Scientifi-
que; Institut des Sciences du Végétal, 91198 Gif-sur-Yvette Cedex, France

Chandrasekhar Kanduri Department of Genetics and Pathology, Rudbeck
Laboratory; Uppsala University, Dag Hammarskjolds Viag 20, 75185 Uppsala,
Sweden, Kanduri.Chandrasekhar@ genpat.uu.se

S. Kiran Koya Department of Biological Sciences; Wayne State University, 5047
Gullen Mall, Detroit, MI 48202, USA, sk_koya@wayne.edu

Riki Kurokawa Division of Gene Structure and Function, Research Center for
Genomic Medicine; Saitama Medical University, 1397-1 Yamane, Hidaka-shi,
Saitama-Ken 350-1241, Japan, rkurokaw@saitama-med.ac.jp

Victoria H. Meller Department of Biological Sciences; Wayne State University,
5047 Gullen Mall, Detroit, MI 48202, USA, meller@biology.biosci.wayne.edu

Radha Raman Pandey Department of Genetics and Pathology, Rudbeck Labora-
tory; Uppsala University, Dag Hammarskjolds Vig 20, 75185 Uppsala, Sweden

Zeljka Pezer Ruder Boskovi¢ Institute, Bijeni¢ka 54, 10001 Zagreb, P.O.
Box 1016, Croatia

Katharina Strub Department of Cell Biology; University of Geneva, 30 quai
Ernest Ansermet, 1211 Geneva 4, Switzerland, Katharina.Strub@unige.ch

Purdica Ugarkovi¢ Ruder Boskovié¢ Institute, Bijenicka 54, 10001 Zagreb, P.O.
Box 1016, Croatia

Claire Vourc’h Université Joseph Fourier-Grenoble; INSERM U823; Institut
Albert Bonniot, La Tronche BP170, 38042 Grenoble cedex 9, France,
claire.vourch@ujf-grenoble.fr



Chapter 1
Transcriptional and Posttranscriptional
Programming by Long Noncoding RNAs

Radha Raman Pandey and Chandrasekhar Kanduri

Abstract Recently, several lines of evidence have suggested that noncoding
RNAs, which include both small and long noncoding RNAs (ncRNAs), contribute
to a significant portion of the transcriptome in eukaryotic organisms. However, the
functional significance of this wide-spread occurrence of ncRNAs, and in particu-
lar, the long ncRNAs (IncRNAs), for organismal development and differentiation is
unclear. The available evidence from a subset of IncRNAs suggests that certain
IncRNAs, and/or the act of their transcription, are involved in important biological
functions at the transcriptional and posttranscriptional level. This chapter discusses
the epigenetic and nonepigenetic mechanisms by which IncRNAs and/or their
transcription are involved in the programming of various biological functions in
model systems, from yeast to mammals.

1.1 Introduction

A major portion of the eukaryotic genome is occupied by DNA sequences, whose
transcripts do not code for proteins. It has been proposed that the size of the
noncoding portion of the genome is linked to the development of complex organ-
isms (Mattick 2004; Taft et al. 2007), as the protein-coding portion of the genome,
by and large, has remained constant while the noncoding portion has grown
significantly during the evolution of more complex organisms from simpler life-
forms (Mattick 2004). This hypothesis indicates that these sequences are not “junk”
but perhaps play a major role in the generation of organismal complexity. In the
initial attempt to define the mouse transcriptome by sequencing of mouse full-
length cDNA clones, it was found that the majority of the nonprotein-coding DNA
region is transcribed but produces RNA with little or no protein-coding potential

R.R. Pandey and C. Kanduri (<))
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Hammarskjolds Vag 20, 75185 Uppsala, Sweden
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(Okazaki et al. 2002; Carninci et al. 2005). Moreover, the development of new
highly sensitive and ultra high-throughput techniques such as second generation
sequencing in combination with preexisting classical molecular biology techniques
such as CAGE (Cap Analysis of Gene Expression) (Shiraki et al. 2003), 5" and 3’
SAGE (Serial Analysis of Gene Expression) (Velculescu et al. 1995), ASSAGE
(Asymmetric Strand-specific Analysis of Gene Expression) (He et al. 2008), and
GRO (Global Run On Analysis) (Core et al. 2008) have provided us with a detailed
overview of the extent of transcription in eukaryotes (Nagalakshmi et al. 2008). The
results were surprising in that most of the eukaryotic genome is transcribed and
produces a plethora of noncoding RNA (ncRNA) species during various stages of
cellular differentiation (Kapranov et al. 2007a, b and references therein; Birney
et al. 2007).

A ncRNA is defined as an RNA species with an open reading frame (ORF) of
less than 100 amino acids, whereas protein-coding mRNAs have ORFs greater
than 100 amino acids in length. Some of the ncRNAs are constitutively expressed
in all cells, for example, ribosomal RNA, transfer RNA, and small nuclear and
nucleolar RNA (snRNA, SnoRNA), and are hence known as housekeeping
ncRNAs. The functions and mechanisms of action of the housekeeping ncRNAs
have been investigated in greater detail in recent years. The ncRNAs, other than
housekeeping ncRNAs, are broadly categorized into small ncRNAs (less than 100
nucleotides in length) and IncRNAs, which are longer than 200 nucleotides in
length. The small ncRNAs are further divided into subgroups (miRNA, siRNA,
piRNA, etc.) depending on their size, biogenesis, mode of action, and the proteins
with which they are associated. Small ncRNAs regulate gene expression at the
transcriptional level by guiding the repressive chromatin complexes known as
RNA-induced transcriptional silencing and RNA-dependent RNA polymerase
complexes (RITS-RDRCs) to cognate genes, and at the posttranscriptional level
by guiding the effector complexes known as RNA-induced silencing complexes
(RISCs) either to cleave the target mRNA or to bring about translational inhibi-
tion (Bartel 2004, 2009; Grewal and Jia 2007; Malone and Hannon 2009; Ghil-
diyal and Zamore 2009).

The IncRNAs are the least characterized of all the ncRNAs whose biological
functions are, in any case, poorly investigated. The majority of the IncRNAs are
transcribed by RNA polymerase IT (RNA pol II) and possess a 5’ methyl cap and
polyA tail. Depending on their location, with respect to the mRNA gene, they can
be classified as (1) Sense, transcribed from the same strand as the mRNA; (2)
Antisense, transcribed from the strand opposite the mRNA; (3) Intronic, the tran-
scription unit of the IncRNA lies within an intron of another gene; and (4) Inter-
genic, transcribed from a region lying outside mRNA genes. Several thousand
IncRNAs are predicted to be present in the eukaryotic genome; however, at present,
the most difficult issue is the identification of functional IncRNAs from the vast
pool of pervasively transcribed noncoding transcripts.

There is a possibility that a significant number of IncRNAs could arise from
experimental artifacts. For example, genome tiling array experiments in different
organisms reported thousands of cis natural antisense transcripts (cis NATSs)
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(Yamada et al. 2003; Bertone et al. 2004; Carninci et al. 2005; David et al. 2006;
Samanta et al. 2006). However, a more recent study could only find less than half of
the cis NATs in yeast when actinomycin D was included in the cDNA synthesis
reaction to prevent false second strand synthesis (Perocchi et al. 2007), indicating
that experimental artifacts could have contributed to the number of noncoding
transcripts. In addition, many of the intronic IncRNAs could be fragments derived
from the splicing of pre-mRNAs. Similarly, a large proportion of the intergenic
transcripts could arise from the ripple effect of nearby transcription, which induces
changes in nucleosome organization, thus providing an opportunity for the tran-
scription machinery to produce transcripts of no significance from cryptic promo-
ters (Ebisuya et al. 2008).

LncRNAs show a very low level of sequence conservation compared to protein-
coding mRNAs. Nevertheless, the base substitution rate or constraint (ratio of the
nucleotide substitution rate between functional sequences and neutral sequences)
for ncRNAs is 90-95%, which is fairly high when compared with protein-coding
sequences but still shows positive selection over the neutral sequences in the
genome (Ponjavic et al. 2007), indicating that ncRNAs do possess important
biological functions. The observations that IncRNAs display subcellular localiza-
tion (Mercer et al. 2008), tissue- and cell type-dependent expression, specific
expression in response to certain environmental cues (Cawley et al. 2004), and
transcriptional regulation by key transcription factors such as p53, c-MYC, SP1
(Cawley et al. 2004), and CREB (Euskirchen et al. 2004) further emphasize that
IncRNAs could play critical roles in cellular proliferation, differentiation, and the
development of complex organisms.

Recently, several different approaches have been used to identify functional
IncRNAs. In one approach, several hundred long intervening ncRNAs (lincRNAs)
were identified using active chromatin signatures associated with RNA pol II
transcription, i.e., the histone H3 lysine 4 trimethylation and histone H3 lysine 36
trimethylation domains (K4-K36 domains) (Guttman et al. 2009; Khalil et al.
2009). The studies identified 1,586 and 3,289 lincRNAs in different mouse and
human cell types, respectively, and predicted that the total number of lincRNAs
could be around 4,500. The lincRNAs show significant evolutionary conservation
when compared to neutral sequences in the genome and many of them show
changes in their expression patterns in response to different environmental stimuli,
suggesting that lincRNAs could play critical roles in various biological functions
(Guttman et al. 2009; Khalil et al. 2009). In another recent study, around 215
functional IncRNAs were identified based on their chromatin interaction properties
(Mondal et al. 2010). The chromatin associated RNAs (CARs) also show significant
evolutionary conservation and transcribed from both intronic and intergenic
regions. Functional characterization of one of the CARs revealed that they regulate
gene expression by regulating chromatin structure. Collectively, the above obser-
vations suggest that IncRNAs are an integral component of mammalian genetic
programming.

Although the functional roles of IncRNAs are very much in evidence in diverse
biological functions across the evolutionary spectrum (Bernstein and Allis 2005;
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Mattick and Makunin 2006; Prasanth and Spector 2007; Amaral et al. 2008; Amaral
and Mattick 2008; Sunwoo et al. 2009, and references therein), the underlying
molecular mechanisms are far from clear. In this chapter, we discuss the epigenetic
and nonepigenetic mechanisms by which IncRNAs regulate various biological
functions in model systems, from yeast to mammals.

1.2 Pervasive ncRNA Transcription at Gene Regulatory
Regions and the Link to Transcription

Several high-throughput approaches have uncovered widespread pervasive tran-
scription across the promoter and terminator regions of annotated genes in yeast,
mice, humans, and plants, which produce a complex repertoire of noncoding
transcripts. These transcripts include small RNAs [miRNA, piRNA, and siRNA]
as well as IncRNAs. A recent study (Kapranov et al. 2007a), aimed at profiling
human and mouse transcriptomes from cell lines, used polyA+ RNA, longer than
200 nucleotides (nt), from nuclear and cytoplasmic fractions separately, and total
cellular RNA of less than 200 nt in length to hybridize to tiling arrays at 5-
nucleotide resolution. The study found three different RNA species: promoter-
associated small RNAs (PASRs), terminator-associated small RNAs (TASRs),
and promoter-associated long RNAs (PALRs). The PASRs and TASRs ranged in
size from between 20 and 200 nt; however, a significant number of PASRs were
between 26 and 50 nt long. PASRs were centered around the transcription start site
of protein-coding genes in both directions, whereas TASRs were mostly oriented in
the antisense direction at the 3’ termini of the host genes. This study further
demonstrated that PASRs and TASRs are also present in mouse at the 5’ and 3’
ends of genes, respectively, indicating that these RNAs are highly conserved across
the evolutionary spectrum and could have a potential role in gene regulation.
PALRs are 100 nt to 1.0 kb long and map to 5’ regulatory regions, like PASRs,
which suggests that many PASRs could be derived from PALRs. However, in the
majority of cases, the expression of PASRs and TASRs is strongly correlated with
the associated gene expression. The genes that were found to be highly enriched for
PASRs and TASRs were also highly expressed and vice versa Kapranov et al.
2007a. PASRs are not produced by the Dicer-dependent cleavage mechanism as the
PASR profile in mouse ES cells lacking Dicer remained unchanged (Kapranov et al.
2007a).

In addition to PASRs and TASRs, another category of highly unstable small and
long ncRNAs, located close to promoters in yeast and human cells, have been
described. In the budding yeast, Saccharomyces cerevisiae, these transcripts were
upregulated in a mutant, which lacked components of the exosome machinery, and
were therefore christened cryptic unstable transcripts (CUTs) (Xu et al. 2009, Wyers
etal. 2005). The exosome is known to act as a surveillance pathway for the removal of
unwanted RNA molecules from cells. The 3" SAGE sequencing of CUTs peaked at
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50 nt downstream and 550 nt upstream of known open reading frame (ORF) transcrip-
tion start sites (T'SSs). Since the average size of CUTs is around 250-300 nt, it can be
concluded that they mostly originate from intergenic regions (Neil et al. 2009). CUTs
are transcribed in both divergent and convergent configurations, but the former
contributes to the most abundant class. To date, the functional significance of CUTs
in various biological functions is still unclear.

Similar to CUTs in yeast, a subclass of promoter upstream transcripts (PROMPTs)
were stabilized when HeLa cells were treated with an siRNA to knockdown hRrp40,
a crucial component of the human 3’-5’ exoribonucleolytic exosome (Brower et al.
2001). PROMPTs can originate more than 2.0-kb upstream of the TSS with a peak
around — 1.0 kb. PROMPTs are transcribed in both the sense and antisense directions
with respect to the TSS of the associated gene (Preker et al. 2008). The function of
PROMPTs is largely unknown, but they may play a regulatory role since certain
ncRNAs, known to exert regulatory functions, are located within PROMPT regions.
Interestingly, one of the ncRNAs, Khpsl, which is transcribed in the antisense
direction from the TSS of sphingosine-kinase 1 (SPHK1), is stabilized in hRrp40-
knockdown cells. The Khps! transcript has been linked to the demethylation of the
SPHK] differentially methylated region (DMR) (Imamura et al. 2004); however, the
mechanism by which Khipsl mediates demethylation is not known. Taking the data
from yeast, mouse, and human together, it is clear that the divergent transcription of
ncRNAs surrounding the promoter regions of annotated genes is a common and
conserved feature of eukaryotic RNA pol II transcription. This is demonstrated
further by the broad distribution of RNA pol II near TSSs and by the bimodal
distribution of active chromatin markers such as histone H3 lysine 4 trimethylation.

Several models have been proposed for the biogenesis of pervasive transcripts at
gene regulatory regions. The TSSs for most of the promoter- and terminator-
associated ncRNAs fall within the nucleosome-free region (NFR) of the related
genes, suggesting that perhaps they originate from the spurious activity of RNA
pol II on naked DNA in the promoter, as well as the terminator regions. Nucleo-
some positioning is known to suppress cryptic transcription by preventing the
random access of RNA polymerase to the DNA. This is clearly demonstrated in
yeast containing mutations in the spr6 gene, where the ability to reassemble
nucleosomes is lost in the RNA Pol II-elongated portions of coding regions,
resulting in cryptic transcription from the NFRs (Cheung et al. 2008). Moreover,
insertion of an enhancer with several LexA or Gal4 binding sites induced an NFR
around the site of insertion, irrespective of the genomic location, leading to cryptic
transcription from the 3’ ends of the LexA/Gal4 binding sites (Dobi and Winston
2007). Likewise, a very recent study using chromatin signatures specific to
enhancer and promoter found that most of the extragenic RNA Pol II peaks over-
lapped the enhancer regions, indicating that long noncoding transcription is preva-
lent in the enhancer regions (De Santa et al. 2010). These examples clearly suggest
that nucleosome positioning is critical for preventing aberrant transcription across the
genome. Moreover, the majority of promoter- and terminator-associated RNAs are
less abundant than protein-coding mRNA and rapidly degraded by nuclear quality
control pathways in both yeast and human (Preker et al. 2008; Wyers et al. 2005),
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indicating that they might possibly represent the by-products of RNA pol II spurious
activity in NFR regions. However, the presence of an independent TSS for PASRs,
TASRs, and PALRs, and the fact that they are conserved across the evolutionary
spectrum, suggests that they are not by-products of RNA pol II spurious activity in
NFR regions. Additionally, in yeast, a mutation in the TATA box of the TPl gene
affected expression of the mRNA but not of the sense CUT, further supporting the
notion that CUTs originate from the assembly of an independent preinitiation complex
(PIC) and substantiating their functional role in gene regulation (Neil et al. 2009).

The key question here is, “what is the role of pervasive transcription?” Since
promoter- and terminator-associated transcripts are rapidly degraded, the transcript
per se may not be directly involved in the gene regulatory process. Interestingly, the
expression of promoter-associated RNAs in human cells (PASRs and PROMPTS),
as well as in yeast (CUTs), correlates positively with the expression of sense
mRNAs. However, when several synthetic sense and antisense PASRs, surrounding
the c-MYC and connective tissue growth factor (CTGF) promoters, were transfected
into HeLa cells (Affymetrix/Cold Spring Harbor Laboratory ENCODE Transcrip-
tome Project 2009), the mRNA levels of both the c-MYC and CTGF genes were
downregulated, in contrast to data suggesting a genome-wide positive correlation of
PASRs with mRNA gene expression. This may explain why PASRs in human and
CUTs in yeast are rapidly degraded by the exosome machinery.

Interestingly, a couple of recent investigations have further implicated PASRs in
the negative regulation of cognate genes. For example, intergenic spacer regions in
ribosomal gene clusters encode IncRNAs, whose promoters lie about 2.0-kb
upstream of the rRNA promoters. In addition to the 2.0-kb IncRNAs, the spacer
regions also contain 150-200 nt RNAs (pRNAs), which span the rRNA promoters,
indicating that the pRNAs could be derived from the spacer IncRNAs. The pRNAs
have been shown to interact with and recruit the nucleolar remodeling complex
(NoRC) to ¥rRNA gene promoters, and this, in turn, leads to the recruitment of
components of the heterochromatin machinery, including HP1 (Mayer et al. 2006).

Like rRNA gene promoters, the p2] promoter also contains promoter-associated
RNAs in both sense and antisense directions. Interestingly, the generation of
antisense promoter-associated RNAs, which correlates with the silencing and
heterochromatinization of the p2/ sense promoter, is dependent on transcription
from the p21 antisense promoter in an Ago-1-dependent manner. This indicates that
antisense pRNAs could be derived from the p2/ antisense RNA and play a critical
role in the transcriptional silencing of the p2/ sense promoter (Kim et al. 2006;
Morris et al. 2008). Alternatively, the transcription of PASRs and CUTs may be
involved in establishing an open chromatin configuration, which would be required
for high-level mRNA gene expression, or they could act as rheostats involved in
maintaining a specific level of mRNA expression by competing for the same pool of
transcription factors. This has been shown at least in the case of one antisense CUT
promoter, where a mutation in the promoter of the TP/ mRNA gene resulted in
several fold higher expression of the antisense CUT (Neil et al. 2009). Although
there is no genome-wide study yet available to describe the function of the 5 and 3
associated small and long ncRNAs in the regulation of mRNA genes, several
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studies covering individual CUTs/PARs highlight that different mechanisms are
being used to control mRNA gene expression at various levels.

1.3 Transcriptional Silencing by Noncoding Transcription
via Transcriptional Interference

Transcriptional interference (TI) refers to the suppressive effect of one transcrip-
tional event on a second transcriptional event in cis. TI occurs when two promoters
are convergent or in tandem. The elongating complex from one promoter can affect
the transcriptional initiation (by interfering with preinitiation complex assembly),
elongation, or termination step of the second promoter, depending on its physical
relationship with the first promoter. For example, the first promoter only affects PIC
assembly when the second promoter is in tandem, but can affect PIC assembly,
transcriptional elongation or termination when the second promoter is transcribed
convergently. Although few eukaryotic genes have been shown to be regulated by a
transcriptional interference mechanism involving IncRNA transcription, the obser-
vation that most protein-coding genes in higher eukaryotes have overlapping
transcription from promoters in the upstream intergenic region or from downstream
intragenic sense and antisense promoters, suggesting that transcriptional regulation
by TI could be a common mechanism for regulating protein-coding genes. Here, we
provide the biological contexts in which noncoding transcription regulates protein-
coding genes via TI.

In the yeast S. cerevisiae, a gene involved in the serine biosynthesis pathway,
SER3, is transcribed in nutrient-poor media; however, in nutrient-rich media, the
SER3 gene is silenced due to the activation of a noncoding RNA gene promoter
SRG1, located upstream of the SER3 gene. In the presence of serine in the nutrient-
rich media, a serine-dependent activator, Cha4, along with chromatin remodeling
complexes such as SAGA and SWI/SNF, binds to the SRGI promoter to activate its
transcription (Martens et al. 2004; 2005) across the SER3 promoter, leading to
repression of the SER3 gene. Promoter competition for basal transcription factors is
not involved in SER3 transcriptional repression, as the incorporation of a transcrip-
tion termination signal for the SRGI transcript, upstream of the SER3 promoter,
resulted in derepression of SER3. This indicated that it is not the SRG/ ncRNA but
its transcription across the SER-3 promoter that is required for its transcriptional
repression. More importantly, it has been shown that SRG! transcription across the
SER-3 promoter interferes with the binding of transcription factors (Fig. 1.1al),
resulting in SER3 gene silencing (Martens et al. 2004).

The inhibition of transcriptional initiation and elongation as means of cell type-
specific gene regulation by overlapping antisense ncRNA transcription is beauti-
fully illustrated in the diploid and haploid cells of the budding yeast, S. cerevisiae.
In nutrient-rich media, S. cerevisiae cells divide mitotically to produce more diploid
cells, whereas during starvation, the yeast undergoes meiotic division to produce
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Fig. 1.1 Transcriptional silencing by IncRNAs via transcriptional interference. (al), The tran-
scription of a ncRNA through the promoter region of a target gene causes the occlusion of basal
transcription machinery, thus repressing the transcription of the target gene. (all) The IncRNA
from DHFR minor promoter binds to TFIIB and titrates away the components of the preinitiation
complex (PIC) from the DHFR major promoter. (b) The Alu and B2 ncRNAs possess a modular
structure, which includes two domains: an RNA pol II binding domain and a transcriptional
inhibitory domain, which inhibits the transcription initiation step. The Alu and B2 RNA inhibitory
domains do not interfere with the binding of transcription factors to the ncRNAs but inhibit
formation of the proper contact between RNA pol II and the DNA promoter elements required for
the initiation of transcription. (¢) In the chicken Lysozyme gene, CTCF target sites maintain
silencing of the Lysozyme gene by preventing the communication of the upstream enhancer
elements with the downstream Lysozyme promoter. In response to proinflammatory signals such
as lipopolysaccharide (LPS), the IncRNA, LINoCR, transcription is activated across the CTCF
target sites, resulting in the eviction of CTCF from its target site and activation of downstream
Lysozyme promoter

haploid cells. This event is controlled by several genes, including /ME4 (initiator of
meiosis). In diploid cells, only IME4 sense mRNA was detected, whereas in haploid
cells, an antisense ncRNA to the IME4 gene was discovered, indicating that both
sense and antisense IME4 RNAs can affect each other’s transcription (Hongay et al.
2006). Moreover, the separation of otherwise overlapping sense and antisense /ME4
transcription units resulted in the loss of the reciprocal effect on transcription,
indicating that TI could be the mechanism in common between the sense and
antisense transcriptional silencing effects in cis.
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NcRNA transcription is not always involved in the repression of overlapping
genes; sometimes it is engaged in activation of the associated gene by interfering
with the binding of repressor complexes such as the chromatin insulator protein
CTCEF, which is known to function as a transcriptional repressor or an enhancer
blocker (Kanduri et al. 2002; Phillips and Corces 2009, and references therein).
The lysozyme gene in chicken has three enhancers at 2.7, 3.9, and 6.1 kb upstream
of the TSS and is induced in response to proinflammatory signals such as lipopo-
lysaccharide (LPS) in a chicken macrophage cell line. The silencing of the
lysozyme gene is maintained by CTCF, whose target site maps to the region
between the enhancers and the lysozyme promoter (Fig. 1.1c). The LPS induction
of macrophages results in transcription of an ncRNA, LINoCR (LPS induced
noncoding RNA). The transcription of LINoCR through CTCF target sites results
in expulsion of the CTCF protein due to the positioning of a nucleosome over the
CTCF target site (Lefevre et al. 2008). The expulsion of CTCF, and chromatin
remodeling by LINoCR transcription, which further inhibits the binding of
CTCF to its target site, facilitates enhancer/promoter communication, leading
to lysozyme gene activation in response to the LPS proinflammatory signal
(Fig. 1.1c).

Intriguingly, the interplay between the transcriptional processes of two inter-
genic noncoding transcription units in S. cerevisiae determines the transcriptional
activity of the neighboring FLO!! protein-coding gene (Bumgarner et al. 2009).
FLOI1, which encodes a cell-wall glycoprotein controlling cell—cell adhesion, has
a variegated expression pattern; in some cells the gene is highly expressed, while in
the other cells, it is completely repressed. This variegated or binary expression
is the result of functional interplay between two cis-interfering IncRNAs, upstream
of the FLO11 gene. The 5’ regulatory region of FLOI1 is fairly long (3.4 kb) and
harbors binding sites for several transcription factors, such as Sfll and Flo8, which
overlap the two IncRNAs transcribed from opposite strands (Bumgarner et al.
2009). One of the ncRNAs, ICRI (Interfering Crick RNA), is transcribed from
the same strand as FLO!I and runs across the FLO11 promoter, causing repression
of the FLOII gene by the promoter occlusion mechanism. The second ncRNA,
PWRI (Promoting Watson RNA), is transcribed from the complementary strand of
ICRI and passes through its promoter, causing repression of the /CR/ ncRNA and
indirectly activating FLOI1 transcription. The transcription of PWRI is highly
regulated. The Flo8 transcription factor specifically activates PWRI, resulting in
the silencing of ICRI and, as a consequence, derepression of the FLOI!I gene. On
the other hand, the transcriptional inhibitor, Sfll, represses the PWR/ promoter,
causing repression of the FLOII gene via derepression of the ICR1 promoter,
presumably by interfering with the binding of the transcriptional initiation machin-
ery (Bumgarner et al. 2009). This is a very interesting example of how the interplay
between two functional intergenic ncRNAs determines the activity of flanking
protein-coding mRNA, and it highlights the fact that ncRNA-mediated transcrip-
tional regulatory mechanisms are multilayered and highly complex.

Recent evidence suggests that gene regulation via TI constitutes one of the
significant gene regulatory mechanisms in mammals. The functional role of TI in
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transcriptional regulation is well characterized in the DHFR (di-hydro folate reduc-
tase) gene in quiescent cells. DHFR has two promoters, one major and one minor.
In rapidly growing human cells, DHFR mRNA is transcribed from the major
promoter to fulfill the high demand for DNA synthesis. In quiescent cells, a high
level of DHFR gene transcription is not required; therefore, the DHFR gene needs
to be silenced. Interestingly, transcriptional silencing of the major promoter is
achieved by ncRNA transcription from the 5’ upstream minor promoter. The
ncRNA produced from the minor promoter forms a triplex structure at the major
promoter and interferes with the formation of the preinitiation complex. Further-
more, the ncRNA from the minor promoter also interacts with TFIIB, thus titrating
away the components of the preinitiation complex (Fig. 1.1all). These results
indicate that both the ncRNA and the act of its transcription play a crucial role in
the transcriptional repression of the DHFR major promoter via dissociation of the
preinitiation complex (Blume et al. 2003; Martianov et al. 2007).

1.4 Heritable Epigenetic Gene Inactivation via Noncoding
Transcription

Epigenetic gene silencing refers to the heritable mechanisms that mediate gene
silencing without any changes in the primary DNA sequence. For example, post-
translational histone modifications, such as di- and trimethylation of the histone H3
lysine 9 residue (H3K9me2 and H3K9me3) and trimethylation of the histone H3
lysine 27 residue (H3K27me3), and DNA methylation are often enriched at tran-
scriptionally silenced genes (Kouzarides 2007 and references therein). Recent
evidence suggests that transcriptional read-through of a neighboring gene by
sense or antisense transcription results in heritable epigenetic gene inactivation,
which has been shown to occur mostly in disease conditions. For example, the
mismatch repair gene, MSH2, is often methylated or deleted in Lynch syndrome
patients who are susceptible to colorectal and endometrial cancers. A recent study
demonstrated that a deletion at the 3’ end of the TACSTD! gene resulted in
extension of its transcription into the downstream MSH2 gene, causing specific
methylation and transcriptional inactivation of its promoter (Ligtenberg et al.
2009). However, it is not clear how transcriptional read-through across the MSH?2
promoter leads to its methylation.

A similar mode of action was detected as part of a disease mechanism in patients
with an inherited form of alpha-Thalassemia, where transcriptional silencing of
the HBA2 gene was detected due to aberrant antisense transcription across its
promoter (Tufarelli et al. 2003). In these patients, deletion of a region between
the HBA2 gene (a2 globin) and the LUC7L gene places the truncated LUC7L gene
very close to the HBA2 gene, resulting in transcriptional read-through from the
LUC7L promoter into the normally expressed HBA2 gene promoter. This transcrip-
tional read-through causes DNA methylation and silencing of the HBA2 gene.
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Furthermore, a transgenic mouse model was used to show that antisense transcrip-
tion through the HBA2 promoter CpG island is necessary and sufficient to cause
HBA?2 promoter DNA methylation and silencing (Tufarelli et al. 2003). In both
instances, transcriptional silencing of protein-coding genes occurred due to aberrant
transcriptional read-through, indicating that common mechanisms are used in
aberrant and programmed silencing, and the only difference is the direction of
transcription: in the former, it is sense, and in the latter, it is antisense.

Transcriptional silencing by aberrant natural antisense transcription across pro-
moters appears to be a common feature in various diseases as it has also been
documented in tumor suppressor genes such as p/5 and p21. The p15 gene is a key
tumor suppressor gene, and the loss of p/5 expression either by deletion, point
mutation, or promoter hypermethylation is associated with a variety of tumors
(Nobori et al. 1994). Recently, an ncRNA transcribed antisense to the p/5 gene
(p15AS) was identified. This antisense RNA was shown to be expressed in leukemia
cells at higher levels than in normal cells (Yu et al. 2008). Interestingly, pI5
antisense RNA transcription leads to enrichment of the repressive chromatin
mark (H3K9me3) over the p/5 promoter and exon 1. The expression of p/5AS is
also correlated with p/5 promoter DNA hypermethylation. The epigenetic silencing
of the p/5 promoter by p/5AS is Dicer-independent, indicating that it is not
mediated by RNA interference. Like the pl5 gene, the p2] gene is also often
methylated and silenced in several cancers. Recent investigation has shown that
bidirectional transcription of the p2/ gene is critical for its balanced expression.
Suppression of steady state levels of the p2/ antisense RNA (p2/AS) results in
activation of the p2/ sense RNA. The repression of p2/ sense RNA by p2/AS is
mediated in an Ago-1-dependent manner via formation of heterochromatin over the
pl15 sense promoter (Kim et al. 2006; Morris et al. 2008).

In the above four examples, the sense genes are silenced epigenetically via
heterochromatin formation at the promoter due to aberrant transcription in the
sense or antisense directions (Fig. 1.2a). Though heterochromatin formation over
the silenced promoters is common in all the cases, it is not clear whether common
mechanism(s) are involved. It is also not apparent, from the available data, whether
the act of transcription, or the RNA itself, mediates transcriptional silencing.
Although, in the case of pl5, the data point towards a functional role for the
RNA, it needs to be thoroughly investigated before the act of transcription is
ruled out as the mechanism involved in transcriptional silencing.

1.5 LncRNAs Mediate Long-Range Gene Silencing Through
the Recruitment of Polycomb Repressor Complexes

In mammals, subsets of genes are expressed from one of the parental alleles, while
the other allele is often silenced by repressive epigenetic modifications. This allele-
specific silencing is most prevalent in imprinted gene clusters and on the inactive
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Fig. 1.2 Epigenetic reprograming of individual as well as domain-wide gene regulation by
IncRNAs or its transcription. (a) An antisense ncRNA transcription across the promoter of the
overlapping sense gene causes the formation of repressive chromatin environment via the enrich-
ment of repressive modifications such as H3K27me3, H3K9me2, H3K9me3, and DNA methyla-
tion, thus repressing the overlapping sense gene. (b) The IncRNA-mediated regulation of gene
expression in chromosomal domains via targeting of PRC2 complexes in cis or in trans

X chromosome in female mammals. In imprinted domains, allele-specific gene
silencing occurs in a parent of origin-specific manner. In the case of the X
chromosome in female mammals, allele-specific gene silencing also occurs in a
parent of origin-specific manner (X-linked genes are silenced only on the paternal
chromosome) in preimplantation embryos, whereas it occurs at random later in
embryonic development. Interestingly, IncRNAs have been shown to play an
important role in the establishment and maintenance of allele-specific gene silencing.

Cells in female mammals have two X chromosomes, whereas males have only
one X. In order to equalize the dosage of X-linked gene products between males and
females, one of the X chromosomes becomes inactivated during early embryonic
development in female mammals (Payer and Lee 2008 and references therein,
Chap. 3). The X chromosome inactivation center (XIC), a 500-kb region on the X
chromosome, is implicated in X chromosome inactivation (XCI). The XIC harbors
several genes for IncRNAs, for example, Xist (X inactivation specific transcript),
Tsix (an antisense transcript to Xist), Xite, DXPas34, and RepA among others. Xist
plays an important role in XCI by directing the heterochromatin machinery along
the inactive X chromosome, and the other IncRNAs are involved in the regulation
of Xist expression, and thus control the counting and choice processes of XCI
(Payer and Lee 2008).
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Mouse embryonic stem cells (ES cells) have been widely used to study XCI as
they faithfully recapitulate the molecular events that serve to establish random XCI
in the inner cell mass (ICM) of blastocysts. In ES cells, both X chromosomes are
active and Xist RNA expression is maintained at very low levels on both chromo-
somes by pluripotency factors such as Nanog, Oct3/4, and Sox2 (Navarro et al.
2008). Upon differentiation, Xist RNA is upregulated on the future inactive X
chromosome and spreads along the X chromosome in cis, accompanied by accu-
mulation of repressive histone marks (H3k27me3 and H3K9me3), CpG DNA
methylation, and deposition of the histone variant macroH2A1, thus establishing
a repressive chromatin environment devoid of RNA Pol II. The A region, rich in
repeats, at the 5’ end of Xisr was shown to be critical for the establishment of XCI
(Wutz et al. 2002). Deletion of this region compromised the accumulation of
repressive histone modifications and silencing of X-linked genes in cis, suggesting
that this repeat-rich region recruits the repressive histone modification machinery to
the X chromosome in cis.

Recently, a new IncRNA (RepA) of 1.6 kb in length was discovered at the 5" end
of the Xist gene, covering the A repeat-rich region of the Xist gene (Zhao et al. 2008).
RepA associates with the PRC2 complex members, EZH2 and SUZ12, before and
during XCI. Interestingly, the PRC2 complexes are targeted to chromatin only at the
onset of XCI. In light of the identification of a new member in the long list of
IncRNAs involved in XCI, it would be interesting to investigate whether the Xist and
RepA RNAs function synergistically in the XCI process or whether they have
altogether different functions. However, an earlier study investigating the dynamics
of XCI found that the Xist RNA forms a repressive compartment in the early phases
of ES cell differentiation. The repressive compartment excludes the RNA polymer-
ase I machinery from the genes to be silenced (Chaumeil et al. 2006), and this step is
not dependent on the A repeat-rich region of Xist as ES cells in which the A region
has been deleted still form the repressive compartment. However, the formation of
the repressive compartment followed by accumulation of the H3K27me3 marks, and
the translocation of X-linked genes into the core of the repressive compartment is
dependent on the A repeat-rich region, indicating that the A-repeat plays a critical
role in the transcriptional silencing of X-linked genes (Chaumeil et al. 2006).
Together, these observations suggest that, at the onset of XCI, Xist organizes
a repressive chromatin compartment, which includes all the genes to be silenced
on the future inactive X chromosome. This is followed by RepA-dependent recruit-
ment of the PRC2 complex members to stabilize the repressive compartment by
repressive chromatin modifications (Zhao et al. 2008).

Similar to Xist/RepA-mediated XCI, a subclass of IncRNAs, including Kcnglotl
and Airn, mediate transcriptional gene silencing in imprinted chromosomal
domains in mouse. The molecular mechanism by which these two IncRNAs
mediate gene silencing shows many similarities to the Xist RNA-mediated XCI.
Both Kcnglotl and Airn are ~100 kb long RNA pol II-encoded ncRNAs, tran-
scribed from the paternal allele of mouse chromosomes 7 and 17, respectively.
They are responsible for the silencing of multiple genes spread over several
hundred kilobases of the genome (Fitzpatrick et al. 2002; Sleutels et al. 2002;
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Thakur et al. 2004; Kanduri et al. 2006). Both the IncRNAs have been shown to coat
the chromatin of their target genes (Murakami et al. 2007; Nagano et al. 2008;
Mohammad et al. 2008). Kcnglotl target genes show significant enrichment of the
repressive chromatin marks, H3K27me3 and H3K9me3, but not the active chroma-
tin marks H3K9ac and H3K4me3 (Pandey et al. 2008). Similarly, Airn ncRNA
target genes show enrichment of H3K9me3 (Nagano et al. 2008). The presence of
repressive chromatin marks over target genes is correlated with the association of
Kcnglotl with the PRC2 members (EZH2 and SUZ12) and G9a (H3K9 histone
methyltransferase) and of Airn with G9a (Nagano et al. 2008; Pandey et al. 2008).
Collectively, these observations suggest that these IncRNAs interact with hetero-
chromatin proteins and recruit them to the target genes, thus modifying the chro-
matin structure surrounding the promoters (Fig. 1.2b). Interestingly, both Kcnglotl
and Airn have been shown to silence genes by organizing repressive chromatin
compartments similar to that seen in case of Xist (Redrup et al. 2009). Another
striking similarity between Kcnglotl and Xist is that, like Xist, Kcnglotl harbors a
0.9 kb silencing domain (SD) at the 5’ end of the RNA, which is crucial for the
epigenetic silencing of its target genes (Wutz et al. 2002; Mohammad et al. 2008).
Once the silencing of the target genes is established, it is equally important to
maintain silencing through subsequent cell divisions, and it is possible that this is
achieved by targeting the silenced gene to the heterochromatin nuclear compart-
ments. Like Xist, Kcnglotl has been shown to maintain transcriptional silencing by
recruiting genes to the perinucleolar space, which is enriched with heterochromatin
factors such as Ezh2 (Mohammad et al. 2008; Zhang et al. 2007).

Intriguingly, IncRNAs have also been implicated in gene silencing in trans. In an
elegant study using human primary fibroblast cells, it was shown that transcription
of the HOTAIR IncRNA from the HOXC cluster correlates with the appearance of
H3K27me3 marks over the HOXD cluster, which resides on another chromosome
(Rinn et al. 2007). Depletion of HOTAIR using siRNA technology resulted in the
loss of H3K27me3 marks over the HOXD cluster, indicating a link between
HOTAIR expression from the HOXC locus and the enrichment of H3K27me3
marks over the HOXD cluster. Moreover, HOTAIR was shown to interact with
the PRC2 members, EZH2 and SUZ12, in both in vitro and in vivo experiments. On
the basis of the above observations, the authors speculated that HOTAIR interacts
and guides the PRC2 complex to the HOXD cluster to silence the genes by
H3K27me3 chromatin modification (Fig. 1.2b) (Rinn et al. 2007). Furthermore, a
recent study demonstrated that the overexpression of HOTAIR in epithelial cancer
cells resulted in genome-wide changes in the PRC2 complex occupancy and
enhanced cancer invasiveness and metastasis (Gupta et al. 2010). This link between
IncRNA-mediated epigenome reprogramming and cancer is most interesting.

Taken together, a consensus seems to be emerging by which IncRNAs are
involved in epigenetic gene silencing. Upon transcription, these IncRNAs form
ribonucleoprotein (RNP) complexes with repressive histone modification machin-
ery. This could be achieved either by the interaction of proteins with a linear RNA
sequence or by formation of an RNA secondary structure. The latter possibility is
perhaps more likely as, even though there are no sequence similarities between the
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above-mentioned IncRNAs, they still form RNP complexes with the same proteins.
Supporting this idea, a 2-D structure of the Xist A region in mouse and human has
been shown to be important for binding of the PRC2 complex to Xist (Maenner et al.
2010). The RNPs are then directed to the target genes, either in cis or in trans, by an
unknown mechanism, thus resulting in higher order repressive chromatin formation
and silencing of the associated genes. This silenced state can be further stabilized
and maintained through subsequent cell divisions by targeting the silenced genes to
the nucleolar or perinuclear region (Zhang et al. 2007; Mohammad et al. 2008).

Although our knowledge of IncRNA-mediated epigenetic gene silencing has
significantly improved in the past few years, several key questions remain to be
answered. First, how do IncRNAs maintain their high levels of expression in a
repressive chromatin environment? Do they need a repressive chromatin environ-
ment for high expression levels, or do they have a different mechanism to combat
this problem? For example, the presence of boundary elements flanking the
IncRNA promoter and coding sequences, which prevent the spread of heterochro-
matin formation into the IncRNA gene, or the presence of strong promoter ele-
ments, which can overcome the heterochromatinization by recruiting p300/pCAF,
or similar transcriptional activators (Pandey et al. 2004), or both. Second, how are
RNP complexes targeted to specific genes, whereas other genes residing in between
the target genes escape silencing? Since no sequence homology between IncRNAs
and their target genes has been reported so far, it is unlikely that targeting is based
on sequence similarity.

1.6 LncRNA-Mediated Targeting of Activator Complexes
in Epigenetic Gene Activation

Some IncRNAs have been shown to activate genes through targeting activator
complexes to gene regulatory regions. This is best exemplified in the case of the
roX RNA-mediated hyperactivation of the X chromosome in Drosophila melano-
gaster (see Chap. 7). In contrast to mammals, where dosage of X-linked gene
products between males and females is achieved via inactivation of one of the
two X chromosomes in females, equal dosage of X-linked gene products between
male flies with one X chromosome and female flies with two X chromosomes is
achieved by hypertranscription of the lone X chromosome in males. The upregula-
tion of X-linked genes is achieved by roX RNA-dependent targeting of the dosage
compensation complex (DCC) at several loci along the X chromosome. The DCC
consists of five proteins, MSL1 (male specific lethal), MSL2, MSL3, MLE (Male-
less), MOF (Males absent on the first), and two IncRNAs: roXI and roX2 (RNA on
the X). MSL1 and MSL2 are necessary for DCC binding to DNA; MOF is an
enzyme that catalyzes the acetylation of lysine 16 on histone H4 (H4K16ac), a
modification crucial for the transcriptional upregulation of genes on the X chromo-
some (Gelbart et al. 2009); MLE is an ATP-dependent RNA/DNA helicase,
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required for the incorporation of 70X RNA into the DCC. The roX! and roX2
ncRNAs are transcribed from the X chromosome and either of them is sufficient for
correct localization of the DCC along the X chromosome. Deletion or mutation
of both 70X RNAs resulted in mislocalization of the DCC complex to the chromo-
center and the heterochromatin regions of autosomes (Meller and Rattner 2002;
Chap. 7).

In flies, hundreds of small GA-rich DNA elements, known as chromatin entry
sites (CESs) or high affinity sites (HASs), are present across the X chromosome.
The DCC can recognize and bind to CESs in the absence of roX IncRNAs; however,
gene activation cannot be achieved (Alekseyenko et al. 2006, 2008; Straub et al.
2008), indicating that roX IncRNAs are an integral part of the DCC complex.
Intriguingly, CESs are enriched only twofold on the X chromosome when com-
pared to autosomes, suggesting that CESs alone are not sufficient for X chromo-
some recognition by the DCC. Moreover, autosomal transgene copies of roX can
rescue male embryos carrying deletions of the roX1/2 RNA genes. In these
embryos, the DCC was localized to the X chromosome and also to limited autoso-
mal loci, further suggesting that the mere presence of CESs on autosomes is not
sufficient for correct targeting of the DCC to autosomes. The CES provides an entry
point for the DCC; however, transcriptional upregulation of genes requires spread-
ing of the DCC from the CES and the H4K16ac modification of chromatin (Gelbart
and Kuroda 2009 and references therein). MSL3, another member of the DCC,
contains a chromodomain, which has been shown to bind to nucleosomes with the
H3K36me3 modification in vitro. The chromodomain of MSL3, along with MLE
and MOF, is required for the spreading of the DCC complex (Sural et al. 2008).
Although the exact role of the roX IncRNAs is not yet clear, it has been suggested
that they are vital for the cotranscriptional assembly of the DCC, increasing the
affinity of the DCC for the CES and in enhancing the enzymatic activity of MOF in
the DCC complex (Gelbart et al. 2009).

LncRNA-mediated transcriptional activation through the recruitment of activa-
tor complexes has also been reported at the single gene level. For example,
ncRNAs, encoded by polycomby/trithorax elements in the Bxd region in Drosophila,
recruit a member of the trithorax complex, ASH1, to the downstream Ubx gene by
forming base pair interactions with DNA. ASH1 is a histone methyltransferase
containing a SET domain and its ncRNA-dependent recruitment to the Ubx gene
promoter results in active chromatin formation and transcriptional activation of the
Ubx gene (Fig. 1.3) (Sanchez-ELsner et al. 2006).

Epigenetic gene activation by IncRNAs is also implicated in the regulation of
Hox genes during the primitive streak phase of embryoid body (EB) differentiation
in mice (Dinger et al. 2008). Evxlas and Hoxb5/6as IncRNAs show concordant
expression with the Evx/ and Hox5/6 genes, respectively. The Evxlas and Hoxb5/
6as IncRNAs are enriched in the active chromatin compartment (H3K4me3) and
also interact with MLL1 (a histone methyltransferase responsible for H3K4me3
methylation), which suggests that these IncRNAs activate flanking genes through
the establishment of active chromatin structures (Fig. 1.3) (Dinger et al. 2008).
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Fig. 1.3 Epigenetic gene activation through the targeting of activator complexes to the gene
regulatory regions. Intergenic IncRNAs have been shown to associate with H3K4me3 histone
methylatransferases such as ASHI1 in Drosophila, and MLL1 in mammals, and target them to the
promoters of nearby genes to activate their transcription through establishing active chromatin marks

However, the absolute requirement of Evx/as and Hoxb5/6as IncRNAs in the gene
activation process has not been investigated.

Interestingly, in a recent investigation, a long intergenic ncRNA, Intergenic 10,
was implicated in the activation of the flanking genes, FANKI and ADAM12, via the
formation of active chromatin structures (Mondal et al. 2010). Downregulation
of Intergenic 10 in human fibroblasts resulted in significant loss of expression and
active chromatin marks, such as H3K4me3, from the flanking genes, indicating that
this IncRNA specifically activates its flanking genes. Except for roX IncRNAs, which
act at the RNA level, it is not clear whether the process of transcription, or the ncRNA
itself, takes part in the biological events involving IncRNAs described above.

1.7 Transcriptional Regulation of Heat Shock Response
by IncRNAs

LncRNAs have been implicated in the global transcriptional upregulation of heat
shock responsive genes and in the downregulation of housekeeping genes during
the heat shock response. Transcriptional upregulation upon heat shock in mammals
is mediated by heat shock factor 1 (HSF1). Under normal growth conditions, HSF1
is associated with hsp90 and other chaperones in an inactive complex, which cannot
bind to heat shock elements (HSEs) found in the promoters of heat shock responsive
genes. Upon heat shock treatment of cells, HSF1 is released from the inactive
complex and forms an HSF1 trimer with the help of eEF1A (eukaryotic elongation
factor 1A) and a IncRNA, HSRI (Shamovsky and Nudler 2008). The trimeric HSF1
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then binds to HSEs to activate heat shock responsive genes. The IncRNA, HSR1, is
ubiquitously expressed in cells growing under normal conditions. Heat shock
causes a conformational change in the HSRI structure, which, together with
eEF1A, facilitates HSFI trimerization and its DNA binding, leading to transcrip-
tional activation of heat shock responsive genes.

Conversely, two other IncRNAs, Alu and B2, transcribed from Alu repeats in
human and SINE B2 (short interspersed elements B2) repeats in mouse, respec-
tively, are known to inhibit transcription from housekeeping genes during the heat
shock response (Mariner et al. 2008; Yakovchuk et al. 2009). The Alu and B2
ncRNAs possess a modular structure, which includes two domains: an RNA pol 11
binding domain and a transcriptional inhibitory domain, both of which are essential
for the transcriptional repression of target genes. It has been demonstrated that Alu
and B2 RNAs bind to RNA pol II before formation of the preinitiation complex and
that the binding of the ncRNA with RNA pol II does not inhibit the association of
RNA poll II with general transcription factors (Chap. 6). The Alu and B2 RNA
inhibitory domains inhibit formation of the contact between RNA pol II and the
DNA promoter elements required for the initiation of transcription, perhaps by
changing the structure of the transcription complex (Fig. 1.1b). Intriguingly, Alu
and B2 RNAs share no sequence similarity, yet they function via a similar mecha-
nism (Yakovchuk et al. 2009), probably due to the similarity of their secondary
structures, indicating that the lack of conservation at the primary sequence level
does not necessarily mean lack of function and that secondary structures could
harbor critical functional information.

1.8 LncRNAs Regulate Transcription by Modulating Protein
Activity

Many transcription factors are localized in the cytoplasm of resting cells. In
response to external stimuli, they are transported from the cytoplasm to the nucleus
to activate the transcription of an array of genes. This cytoplasmic to nuclear
transport is mediated by various different mechanisms generally thought to involve
proteins. A genome-wide screen to identify IncRNAs that inhibit the NFAT
(Nuclear Factor of Activated T cells) activity in a human cell line identified a
noncoding repressor of NFAT (NRON) (Willingham et al. 2005). The NRON
inhibits NFAT nuclear import by associating with members of the importin-beta
superfamily, which are involved in the nucleocytoplasmic transport of protein
cargos (Willingham et al. 2005). Although the exact mechanism of this inhibition
in not clear, it suggests the importance of IncRNAs in such processes.

It is intriguing to note that IncRNAs can also modulate gene activation programs
globally by regulating the functions of key transcription factors or signaling
molecules. One such case is the regulation of the transcriptional activation of
several genes by the glucocorticoid receptor (GR) in response to glucocorticoids.
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The GR is a cytoplasmic protein, which upon ligand binding, moves into the
nucleus and binds to glucocorticoid response elements (GRE) via its DNA binding
domain. This results in the recruitment of transcriptional activators and coactivators
to the regulatory regions of GR-responsive genes, and ultimately, in the activation
of GR-responsive genes.

A noncoding transcript known as growth arrest-specific 5 (Gas5) accumulates in
growth-arrested cells. Overexpression of Gas5 inhibits GR binding to GRE ele-
ments in a dose-dependent manner, suggesting a direct role for the Gas5 ncRNA in
GR-mediated transcriptional reprogramming. Deletion studies, to pin down the
Gas5 ncRNA region responsible for the inhibition of GR binding to the GRE,
revealed a short region forming a hairpin structure with a GRE-like sequence.
Mutation in this GRE-like sequence, or in the DNA binding domain of GR,
abolished GR binding to Gas5. Taken together, these results suggest that the
GRE-like structure in the Gas5 ncRNA titrates out the ligand-bound GR, thus
inhibiting the activation of GR-responsive genes (Kino et al. 2010).

Furthermore, ncRNAs can also alter chromatin-bound protein activity by allo-
sterically modifying protein structure. This has been elegantly demonstrated in the
case of the cyclin D1 (CCND1) gene in response to DNA damage. The transcription
of the CCND1 gene is dependent on histone acetylation of its promoter, mediated
by the histone acetyl transferase (HAT) activity of CREB binding protein (CBP).
The CCNDI gene is silenced when cells are exposed to agents that damage DNA,
such as ionizing radiation. Upon exposure to ionizing radiation, an RNA binding
protein, TLS (translocated in liposarcoma), is recruited to the CCNDI gene pro-
moter by ncRNAs transcribed from the CCNDI 5 regulatory region (Wang et al.
2008). These ncRNAs are not only responsible for TLS recruitment but also
allosterically modify the TLS protein such that it inhibits the HAT activity of
CBP (Wang et al. 2008). The examples described above further emphasize the
complexity of gene regulation in higher organisms and the power of IncRNAs to
regulate each and every step of transcriptional regulatory mechanisms.

1.9 LncRNAs Regulates mRNA Splicing, Stability,
and Translation

Posttranscriptional control of gene expression is critical for the quick response of
cells to changes in external stimuli. Posttranscriptional regulation involves the
regulation of mRNA splicing, mRNA localization, and mRNA stability and trans-
lation, and evidence from recent investigations suggests that these steps are also
regulated by IncRNAs. The epithelial to mesenchymal transition (EMT) is a crucial
step in organismal development and involves the downregulation of the E-cadherin
gene in mesenchymal cells. E-cadherin is downregulated by ZEB2, a transcriptional
repressor (Guaita et al. 2002). Interestingly, the Zeb2 gene is transcribed in both
epithelial and mesenchymal cells, but in epithelial cells, its translation is prevented
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Fig. 1.4 Posttranscriptional gene regulation by an antisense ncRNA. Sense/antisense hybrid
formation masks splice junctions or mRNA destabilization signals, leading to alternative splicing
or stabilization of the sense transcript

by a splicing event, which removes the IRES (Internal Ribosome Entry Site)
containing the 5" UTR. In the mesenchymal cells, on the other hand, an antisense
RNA overlapping the 5 UTR splice site forms a sense—antisense RNA hybrid,
which prevents splicing of the 5 UTR and the IRES, thereby allowing translation of
the Zeb2 mRNA (Fig. 1.4) (Beltran et al. 2008).

A recent investigation has implicated long antisense ncRNAs in the pathogenesis
of Alzheimer’s disease. It has been shown that an antisense ncRNA, (BACE1-AS),
against 3-Secretase, also known as BACE], is upregulated in Alzheimer’s patients,
and that BACE-AS upregulation is linked to the stabilization of the BACEI mRNA,
and thus an increase in its protein level (Fig. 1.4) (Faghihi et al. 2008). This increase
in BACE] results in cell stress through the production of the amyloid B 1-42
peptide, which in turn increases the production of BACEI-AS in a feed-forward
mechanism (Faghihi et al. 2008). It is not yet clear how BACEI-AS increases the
stability of BACEI. Conversely, an antisense RNA (aHIF) originating from the 3’
UTR of the hypoxia-inducible factor 1 alpha (HIF-1x) has been proposed to reduce
the stability of the HIF-1o mRNA (Rossignol et al. 2004). The HIF-1oz mRNA
3’ UTR has AU-rich elements that are known to act as signals for RNA degradation.
In cells expressing low levels of aHIF, the AU-rich elements of HIF-1o mRNA
are not exposed due to complex secondary structure formation; however, when
aHIF is present at higher levels, it is proposed to form an RNA-RNA hybrid with
HIF-1oo mRNA, thus exposing the AU-rich elements of HIF-I/o and promoting its
degradation (Rossignol et al. 2002).

1.10 Conclusions and Future Perspectives

The last few years have seen an increase in publications describing pervasive
transcription in multicellular organisms, which results in the production of a large
number of ncRNAs. Among these ncRNAs, the IncRNAs perhaps represent the
most complex category of regulatory molecules in the multicellular organisms.
So far, no sequence or structural similarity has been reported between those
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IncRNAs shown to have a common mode of action. Due to the complexity and
diversity of their sequences and their mechanisms of action, progress in the field of
IncRNAs has been very slow. Nonetheless, IncRNAs have emerged as key regula-
tors of developmental programs through their control of transcriptional and post-
transcriptional gene regulatory pathways. The information from different biological
contexts indicates that the functional roles of noncoding transcription and/or the
ncRNAs are interpreted in different ways. While the noncoding transcriptional
process often interferes with neighboring genes at the transcriptional level via TI
mechanisms, on the other hand, ncRNA molecules take part in gene regulation from
the single gene level to an entire chromosome via recruitment of chromatin
modifying complexes in cis or trans. Transcription of an ncRNA through the
regulatory region of its target gene can inhibit the assembly of transcription factors,
or alternatively, the IncRNA can bind directly to key basal transcription factors,
thus inhibiting PIC complex formation and leading to gene silencing. Similarly, the
act of noncoding transcription or the ncRNA itself can negatively regulate the
assembly of repressor complexes at the gene regulatory regions of target genes,
thereby leading to transcriptional activation. LncRNAs also affect the target gene
transcriptional output by targeting the repressor or activator complexes to the
regulatory region of genes, a mechanism that is fairly well established in dosage
compensation in mammals and Drosophila. At the posttranscriptional level,
IncRNAs regulate the splicing, localization, stability, and translation of the target
mRNAs by base-pairing with their target RNAs.

Although limited numbers of functional IncRNAs have been identified so far, the
immense regulatory potential of IncRNAs in various developmental programs in
multicellular organisms is already evident, emphasizing that a genome-wide char-
acterization of functional IncRNAs is needed. Once the catalog of IncRNAs has
been refined using biochemical and bioinformatic tools, genome-wide RNA inter-
ference (RNAI) screens, combined with powerful imaging techniques, such as those
used in the identification of cell cycle regulatory proteins (Neumann et al. 2010;
Walter et al. 2010), can be applied to characterize the roles of IncRNAs in different
biological processes.
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Chapter 2
Long Noncoding RNA as a Regulator
for Transcription

Riki Kurokawa

Abstract Investigation of noncoding RNAs is in rapid progress, especially regard-
ing translational repression by small (short) noncoding RNAs like microRNAs with
20-25 nucleotide-lengths, while long noncoding RNAs with nucleotide length of
more than two hundred are also emerging. Indeed, our analysis has revealed that a
long noncoding RNA transcribed from cyclin D1 promoter of 200 and 300 nucleo-
tides exerts transcriptional repression through its binding protein TLS instead of
translational repression. Translational repression is executed by short noncoding
RNAs, while transcriptional repression is mainly done by long noncoding RNAs.
These long noncoding RNAs are heterogeneous molecules and employ divergent
molecular mechanisms to exert transcriptional repression. In this review, I over-
view recent publications regarding the transcription regulation by long noncoding
RNAs and explore their biological significance. In addition, the relation between a
random transcriptional activity of RNA polymerase II and the origin of long
noncoding RNAs is discussed.

2.1 Introduction

It has been strikingly reported that more than ninety percent of the human genome
is potentially transcribed (Carninci et al. 2005; Kapranov et al. 2007; Willingham
and Gingeras 2006). However, a whole fraction of human HeLa cell RNA at a
denatured RNA agarose gel displays mostly the 18S and 28S bands of ribosomal
RNA and just smear bands that include mRNA, tRNA, and noncoding (nc) RNA
(Fig. 2.1). This observation implies that the human genome generates vast number
of ncRNAs, but most of them are as low copy number RNA molecules. The number
of ncRNA species is huge, although each copy number is very low, suggesting that
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significant fractions of the ncRNAs might be involved in the regulation of various
cellular functions instead of cellular structure. Actually, micro (mi) RNA, one of
the most well-studied ncRNA functions as a translational repressor (Ambros 2001;
Fire et al. 1998). Recently, transcription regulatory functions have been found in
certain kinds of ncRNAs. Most of such kinds of ncRNAs have reported as “long”
ncRNA of which length is more than 200 nucleotides (Kurokawa et al. 2009;
Ponting et al. 2009). Mechanisms of the transcriptional regulations are divergent
for various kinds of ncRNAs. In this review, [ overview recent papers regarding the
transcriptional regulation through the long ncRNAs and discuss heterogeneity of
mechanisms of these transcriptional regulations.

2.2 Long ncRNAs

Long ncRNAs that regulate transcription are divergent molecules. Classification of
long ncRNA is attempted in this section.

2.2.1 Length of Long ncRNAs

Long ncRNAs are tentatively defined as molecules of ncRNA more than 200
nucleotides long. Actually, their lengths are ranging from 200 bp to 2.2 kb of
HOTAIR and 17 kb of Xist. Therefore, naming as “long ncRNA” is merely based
on its nucleotide length.
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2.2.2 Single- or Double-Stranded Long ncRNAs

There have been reported both single-stranded and double-stranded long ncRNAs.
Sense and antisense strands of Alu repeats are transcribed and form a double-
stranded RNA (Wang et al. 2008a). The functional consequence of the formation
of a double-stranded ncRNA remains unclear. A possible explanation for double-
strandedness of ncRNAs is that the double-stranded ncRNA might not bind a target
molecule, and formation of double-strand of the ncRNA presents repression of the
ncRNA function.

2.2.3 Subcellular Localization

Matured mRNAs after processing are transported to cytoplasm, while most of
ncRNAs are known to be localized in nuclei. Some ncRNAs are localized both in
nuclei and cytoplasm (Imamura et al. 2004). Only one ncRNA has been reported to
be exclusively localized in cytoplasm (Louro et al. 2009). The long ncRNAs mainly
reside in nuclei, suggesting their involvement in transcription.

2.2.4 Transcription of Long ncRNAs

Many of long ncRNAs represent tissue-specific pattern of expression. This sug-
gests that the expression of these long ncRNAs should be strictly regulated and
transcribed mostly by RNA polymerase II. Analysis of 1,600 ncRNAs showed
that most of long ncRNAs are similar to authentic RNA polymerase II transcript
as follows (Guttman et al. 2009; Khalil et al. 2009). First, these long ncRNAs
contain trimethyl marks of histone H3-lysine (K) 4 at their promoter regions and
trimethyl marks of histone H3-K36 along the length of the transcribed region,
which are observed in usual transcripts by RNA polymerase II. These trimethyl
marks are designated as “chromatin signature (a K4-K36 domain)” (Guttman
et al. 2009). Second, the long ncRNAs generally possess the 5’CAP (7-methyl-
guanosine cap) structure at the 5’ edge and also poly (A) tail at their 3’ end as well
(Guttman et al. 2009). Third, the long ncRNAs have well-defined transcription
factor binding sites like NF-kB in their promoter regions (Martone et al. 2003).
These data strongly support that the transcription of the long ncRNAs is per-
formed by RNA polymerase II (Martone et al. 2003). However, it has not been
well identified which type of transcription factor could induce the long ncRNA
transcription. Thus, regulation of transcription of the long ncRNA still remains
uncovered.
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2.3 Long ncRNAs Regulate Transcription

Divergent mechanisms of the transcriptional regulation by the long ncRNAs have
been reported. At this section, the transcriptional regulations are attempted to
categorize into three types (1) the regulation at the basic transcription factors
including RNA polymerase II; (2) the regulation at the histone modification; (3)
the regulation at the DNA methylation. The predominant type of the regulations
appears to be mediated through the histone modification.

2.3.1 Transcriptional Regulation Through Targeting Basic
Transcription Factors and RNA Polymerase II by
Long ncRNAs

Direct interaction of long ncRNAs with basic core machinery is one of efficient
mechanisms of transcriptional repression.

2.3.1.1 Alu RNA

SINE retrotransposon elements including Alu repeats generate numerous species of
long ncRNAs (Maraia et al. 1993). It has been reported that Alu RNAs and SINE B2
RNAs exert transcriptional repression under the heat-shock condition (Allen et al.
2004; Espinoza et al. 2007; Mariner et al. 2008). SINE B2 and Alu RNA directly
target RNA polymerase II. Furthermore, Alu RNA possesses a regulatory domain
for function of RNA polymerase II (Mariner et al. 2008). Biochemical experiments
demonstrated that Alu RNAs inhibit association of RNA polymerase II to the
promoter DNA and represses the transcription (Mariner et al. 2008: see Chap. 6).
SINE B2 turns out to have similar repressive effect on the transcription as well
(Mariner et al. 2008). These data suggest that the repetitive sequence that occupies
the half of the human genome could be transcribed, and their transcripts, the long
ncRNAs, exert transcriptional repression. This presents the biological significance
of the repetitive sequence in the human genome.

2.3.1.2 Dehydrofolate Reductase ncRNA

In quiescent mammalian cells, expression of dehydrofolate reductase (DHFR) is
repressed. It has been reported that a transcript of a minor promoter located
upstream of a major promoter is involved in the repression of DHFR (Martianov
et al. 2007). In the quiescent cells, the transcript of the minor promoter was found to
inhibit transcriptional initiation from the major promoter through direct binding to
TFIIB of the preinitiation complex (Fig. 2.2). The alternative promoters within the
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Fig. 2.2 Transcriptional repression of dehydrofolate reductase (DHFR) gene by the ncRNA
transcribed from the minor promoter of the DHFR gene. The DHFR ncRNA represses the
DHEFR gene expression by blocking the preinitiation complex through targeting TFIIB and RNA
polymerase II

same gene have been observed in various loci. It could be a general mechanism that
the transcripts from the alternative promoters have a regulatory role in transcription
of the promoter.

2.3.2 Transcriptional Regulation Through Histone
Modification by the Long ncRNAs

The regulation of transcription by long ncRNA has been reported to be performed
mainly through histone modification or DNA methylation. Some long ncRNAs
activate transcription, while others repress it.

2.3.2.1 Steroid Receptor RNA Activator

Nuclear receptor (NR) forms a super family consisting of more than 50 members in
the human genome and is the transcription factor that regulates divergent biological
functions such as homeostasis and cellular differentiation and growth (Glass and
Rosenfeld 2000). NR activates transcription through exchange of corepressor for
coactivator upon specific binding of low molecular weight lipophilic compounds
designated as ligands. The corepressor and coactivator were all supposed to be
protein molecule. However, steroid receptor RNA activator (SRA) had been
reported as a first example of the NR coactivator of RNA molecule (Hatchell
et al. 2006; Lanz et al. 1999). SRA was found to activate various NR, for example,
steroid hormone receptors such as glucocorticoid and estrogen receptors, retinoic
acid, thyroid hormone, and vitamin D receptors. It has been suggested that SRA
should activate transcription through recruitment of steroid receptor coactivator 1
(SRC1) and SRC1 with histone acetyltransferase (HAT) activity, and release of
histone deacetylase (HDAC).
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2.3.2.2 Embryonic Ventral Forebrain-2

During early development, 3.8-kb long ncRNA, embryonic ventral forebrain-2 (Evf2)
is transcribed from intergene region between loci DIx-5 and DIx-6 (Bond et al. 2009;
Feng et al. 2006). The DIx gene related to Distalless gene (dll) homeodomain
protein family of Drosophila plays a pivotal role in neuronal development. The
dll gene forms a bigene cluster of DIx5/6 and DIx1/2. There are well-conserved
enhancer regions, ei and eii, located between DIx5 and DIx6. Evf2 is transcribed
from the ei and eii enhancer regions and binds the DIx2 protein and activates the
transcription of DIx5/6 gene. The Evf2 ncRNA exerts transcriptional activation
through the protein—protein interaction as follows (Fig. 2.3a). DIx5/6 regions in
their repression status are methylated at the CpG repeat, which is bound by MeCP2
and HDAC, while Evf2 activates them through removing MeCP2 and release of
HDAC from the CpG repeat (Bond et al. 2009).

a Evf2 ncRNA
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Fig. 2.3 The long ncRNAs involving in transcriptional regulation through chromosomal modifi-
cation (a) Evf2 activates transcription by removing the methylase MeCP2 on CpG regions and
releasing HDAC activity from the target gene. (b) HOTAIR activates transcription by binding
PRC?2 and histone methylation of HOXD locus
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2.3.2.3 HOX Antisense Intergenic RNA

HOX gene clusters are essential for formation of body axis and segments during
embryogenesis. In the human genome, four clusters of HOX genes have been
identified, that is, HOXA (chromosome 7), HOXB (chromosome 17), HOXC
(chromosome 12), and HOXD (chromosome 7). The tilling array analysis of
these four clusters showed 231 novel ncRNAs and a highly conserved ncRNA in
vertebrates, the HOX antisense intergenic RNA (HOTAIR) (Rinn et al. 2007).
HOTAIR is a 2.2-kb ncRNA transcribed from noncoding region of HOXC cluster
and recruited to HOXD locus upon binding the Polycomb repressive complex
(PRC) 2. PRC2 possesses the H3K27 histone methyl transferase (HMTase)
EZH2, Suz12, and EED as the components of the complex and induces histone
methylation to repress expression of the gene. Then, HOTAIR represses the tran-
scription of HOXD by recruitment of PRC2 and trimethylated histone H3-K27
(Fig. 2.3b). PRC2 is also involved in the X-chromosome inactivation (discussed
later, see Chap. 3), suggesting that the complex has versatile epigenetic functions to
mediate the transcriptional regulation by the long ncRNAs.

2.3.2.4 Cyclin D1

Recently, our group reported that an RNA-binding protein TLS (Translocated in
liposarcoma) inhibits histone acetyltransferase (HAT) activity of CBP and p300
(Wang et al. 2008b). The HAT inhibitor, TLS, turns out to have specific target genes,
cyclin D1 and El, and represses the expression of cyclin D1 upon binding the RNA
containing the GGUG-consensus sequence (Lerga et al. 2001). Expression of cyclin
D1 gene has been repressed with treatment of ionizing radiation (IR) and the DNA
damaging reagents (Miyakawa and Matsushime 2001). Our quest for any alteration
of level of transcript after the IR treatment has demonstrated the increase of ncRNAs
from the cyclin D1 promoter. These ncRNA [promoter (p)-ncRNA] transcribed
from the cyclin D1 promoter was found to have the GGUG consensus sequence.
Binding of pncRNAs to TLS induces its recruitment to CBP/p300, major HAT
activity in animal cells, and inhibition of their HAT activity (Fig. 2.4). Together with
these data, it is suggested that expression of cyclin D1 gene could be repressed by
pncRNAs through binding to TLS. This should be a mechanism like autorepression: a
transcript from a gene represses its expression itself. We present the mechanism as an
ncRNA-dependent transcriptional repression and have been pursuing the fact that the
similar promoter-derived ncRNAs repress expression of other genes in the human
genome. This could be a genome-wide network of cellular transcription repression.

2.3.3 DNA Methylation

An antisense RNA is known to induce gene-silencing through DNA methylation.
This tells us tight relations between ncRNAs and DNA methylations.
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OnoRNA cyclin D1

Fig. 2.4 The cyclin D1 pncRNA-dependent transcriptional repression Genotoxic factors like ioniz-
ing irradiation and DNA damaging reagents induce the pncRNA transcription. The pncRNAs bind
TLS and inhibit the HAT activity of CBP/p300 to exert repressive effect on the cyclin D1 expression

2.33.1 PI15AS

Antisense RNA of the tumor-suppressor gene p15 repressed the expression of p15
itself (Yu et al. 2008). In leukemia cells, the expression of p15 was reduced, while
the level of antisense RNA of p15 was increased. The detailed analysis of the p15-
antisense RNA using the leukemia cells showed that the antisense RNA induces
methylation of the p15 locus DNA and its heterochromatinization to exert tran-
scriptional repression. In the human genome, antisense RNAs of the 70% of coding
genes are supposed to be expressed (Katayama et al. 2005). Taken together, these
antisense RNAs might have regulatory role in gene expression.

2.3.32 Khpsl

Khpsl is an antisense RNA transcribed from T-DMR (tissue-dependent differen-
tially methylated region) of Sphkl (sphingosine kinase-1). Overexpression of
Khpsl stimulates demethylation of the CpG island of T-DMR but the methylation
of its non-CG region (Imamura et al. 2004). The modulation of the methylation
status of Sphk1 locus has been found to regulate expression of this locus. These data
show tight relations between long ncRNA functions and DNA methylations.

2.4 ncRNAs as a Sensor for Cellular Signals

There have been reported divergent long ncRNAs transcribed from numerous
regions of the human genome. Expression of long ncRNAs is supposed to be
regulated by various “signals”, and suggested to have a role in “sensor” toward



2 Long Noncoding RNA as a Regulator for Transcription 37

the signals. Actually, we have found that the cyclin D1-pncRNA could work as a
sensor for genotoxic signal of ionizing radiation (Wang et al. 2008b).

X-chromosome inactivation employs the ncRNA, the 1.6-kb RepA that is
transcribed from the fragment of the Xist locus as an antisense RNA (Zhao et al.
2008). The reduction of expression of Tsix that is a full-length antisense RNA of
Xist has a function as a signal. RepA as the sensor receives the reduction of the Tsix
expression as the signal, recruits PRC2 to the Xist locus, and induces X chromo-
some inactivation. During embryonic development, HOTAIR also functions as a
sensor and exerts gene silencing effect upon recruitment of PRC2 (Rinn et al.
2007). The long ncRNAs with the function of the sensors have been found to
require histone-modifying enzymes. These observations suggest that long ncRNAs
function as a sensor for various biological signals and execute regulation of gene
expression through histone modification.

2.5 Mechanisms of Transcriptions of Long ncRNAs

Majority of long ncRNAs have been shown to be transcribed through RNA poly-
merase II, although some long ncRNAs are generated by RNA polymerase III
(Diecti et al. 2007; Liu et al. 1995; Nguyen et al. 2001). Although the prevailing
analyses of RNA polymerase II indicate that its major function is the precise
initiation and elongation of protein-coding genes, early studies showed that RNA
polymerase II possesses the ability to catalyze randomly initiated transcription from
a calf thymus DNA or other crude DNA fractions as a template (Barbiroli et al.
1977; Legraverend and Glazer 1980; Reinberg and Roeder 1987). Indeed, RNA
polymerase was shown to initiate transcription from nicked, gaped, and edge of
DNA molecules in a sequence-independent manner (Sekimizu et al. 1979). This led
to the notion that RNA polymerase II has potential to generate divergent transcripts
from numerous and discrete sites in the genome.

Biochemical approaches using nuclei of the rat livers indicated that RNA
polymerase I resides in nucleolus and is involved in generating ribosomal RNAs,
while RNA polymerase II is located in nucleus (Roeder and Rutter 1970). RNA
polymerase II was found to synthesize the “DNA-like RNA” that is the RNA having
a base composition similar to that of total cellular DNA and predicted to work on
transcription of the protein-coding genes (Roeder and Rutter 1970). Extensive
biochemical and molecular biological studies have demonstrated that RNA poly-
merase II comprises multiple components, TFIIB, TFIID, TFIIE, TFIIF and TFIIH,
and that precise initiation of the transcription requires the RNA polymerase II with
its essential components, that is, the holoenzyme of RNA polymerase II (Roeder
1991; Weake and Workman 2010). This shows that RNA polymerase II alone could
not initiate specific and precise transcription and that for specific transcription RNA
polymerase II needs to form the holoenzyme with general transcription factors like
TFIIB and TFIID, while RNA polymerase 1II is able to catalyze a random transcrip-
tion reaction with induction by some protein fractions as described below.
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The fractions of Ehrlich ascites tumor cells (SII) and of HeLa cell (TFIIS) were
shown to stimulate nonspecific transcription by RNA polymerase II (Reinberg and
Roeder 1987; Sekimizu et al. 1979). These data give rise to a clue to understanding
heterogeneously initiated transcription of ncRNAs from divergent sites of the
human genome. Biochemical assay with nuclei of the mouse ascitic carcinoma
Krebs II cells and RNA polymerase II with endogenous DNA as templates revealed
strong activity of the transcription (Shenkin and Burdon 1966). Indeed, using
0.84 ml of the nuclear fraction, the yield of [3H] RNA was achieved to range
from 0.175 to 0.50 mg, indicating that significant percentage of the mouse genome
is potentially transcribed at least in the experimental condition. Taken together with
these data, the genome has the potential to be transcribed to create divergent
RNA species. Yet unidentified protein factor will be shown to stimulate RNA
polymerase II to make the great numbers of the long ncRNAs that have been
identified recently.

2.6 Perspectives

The mechanisms of the transcriptional regulations discussed in this review indeed
appear to be heterogeneous. Majority of the long ncRNAs utilizes histone modification
to regulate transcription but not all. One common element for the transcriptional
regulation by long ncRNAs is RNA-protein interaction through RNA-binding
proteins. Formation of the RNA—protein complexes is one of key events of the
long ncRNA-dependent transcriptional regulation. More generally, ncRNAs
require their specific binding proteins in order to exert their biological functions,
suggesting that identification of an RNA-binding protein specific to an unknown
ncRNA should indicate its biological significance. Why are so many long ncRNAs
generated in living cells? It should be informative for understanding the diversity of
the long ncRNAs to elucidate mechanisms of the transcription of the long ncRNAs
themselves. Considering that 90% of the genome is transcribed, the genomic DNA
sequence intrinsically possesses the ability to be transcribed. It is likely that the
protein-coding genes are evolutionally selected to acquire high efficiency of tran-
scription (Fig. 2.5). The transcription mechanisms of long ncRNAs are supposed to
be a primitive one compared to that of messenger RNAs of protein-coding genes,
and a prototypic to the more refined RNA polymerase II transcription mechanism.
To know more about the transcription of long ncRNAs will facilitate elucidation of
the transcription of the coding genes in eukaryote. Employing the long ncRNAs as a
regulator for transcription might be a way to salvage junks of the genome, long
ncRNAs. Intense investigation of the long ncRNA transcription would lead to a
crucial clue to understanding the origin of the long ncRNAs and also a whole
structure of the human genome.
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Chapter 3
Long Noncoding RNAs and X Chromosome
Inactivation

Cristina Gontan, Iris Jonkers, and Joost Gribnau

Abstract In female somatic cells, one of the two X chromosomes is inactivated to
equalize the dose of sex-linked gene products between female and male cells.
X chromosome inactivation (XCI) is initiated very early during development and
requires Xist, which is a noncoding X-linked gene. Upon initiation of XCI, Xist-
RNA spreads along the X chromosome in cis, and Xist spreading is required for the
recruitment of different chromatin remodeling complexes involved in the establish-
ment and maintenance of the inactive X chromosome. Because XCI acts chromo-
somewise, Xist-mediated silencing has served as an important paradigm to study the
function of noncoding RNAs (ncRNA) in gene silencing. In this chapter, we
describe the current knowledge about the structure and function of Xist. We also
discuss the important cis- and trans-regulatory elements and proteins in the initia-
tion, establishment, and maintenance of XCI. In addition, we highlight new findings
with other ncRNAs involved in gene repression and discuss these findings in
relation to Xist-mediated gene silencing.

3.1 Introduction

The evolution of mammalian sex chromosomes started about 150 million years ago
by mutations in the Sox3 gene that resulted in the new male sex determining gene
Sry (Graves 2006). It is thought that after the birth of Sry, genes involved in male
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fertility evolved in close vicinity of Sry and that the accumulation of this block of
heterologous genes blocked homologous recombination, which led to the degener-
ation of the Y chromosome. The loss of the ancestral genes on the new Y chromo-
some was compensated by a twofold upregulation of these genes on the remaining
single X chromosome in male cells (Nguyen and Disteche 2006). However, this
would have led to the overexpression of these genes in female cells, and to
compensate for this, a silencing process coevolved in the female that ensured
downregulation of the expression of X-linked genes. Currently, this silencing
process, called X chromosome inactivation (XCI), entails cis inactivation of almost
the whole X chromosome in most eutherians. XCI occurs early in the development
of the female embryo, in mice already after the 4-cell stage (Mak et al. 2004;
Okamoto et al. 2004; Okamoto and Heard 2006). Cells in the early mouse embryo
always inactivate the paternally inherited X chromosome (Xp) and leave the
maternally inherited X chromosome (Xm) active, which is referred to as imprinted
XCI (Takagi and Sasaki 1975; West et al. 1977).

In the mouse, at 3.5 days postcoitum (dpc), imprinted XCI is reversed in the
inner cell mass (ICM) of the blastocyst, resulting in reactivation of the Xp and
subsequent initiation of random XCI around 5.5 dpc, whereas imprinted XCI is
maintained in the extraembryonic tissue (Rastan 1982; Mak et al. 2004). Random
XCI is also initiated upon differentiation of female embryonic stem (ES) cells
derived from the ICM, providing a convenient model system to study XClI in vitro
(Chaumeil et al. 2002; Navarro et al. 2008). Also in other eutherian species,
including human, XCI is random and initiated early in embryonic development.
However, it is unclear whether imprinted XCI is present in other eutherian
species besides the mouse. Unlike imprinted XCI, in random XCI, both X
chromosomes have an equal chance to be inactivated, causing ~50% of the
cells to have an active Xp and ~50% of the cells to have an active Xm (Lyon
1961). Only one of the two X chromosomes should be inactivated because
inactivation of all Xs, or even leaving both Xs active, is lethal to the cell
(Marahrens et al. 1997; Lee 2002). Therefore, the number of X chromosomes
present in the cell must be determined in the developing embryo. When a female
cell has established that two X chromosomes are present, XCI is initiated on one
of the two X chromosomes. Once random XCI is completed, the process is
irreversible, and after each cell division, the inactivated X (Xi) will be clonally
propagated, meaning that the same X remains inactivated in all daughter cells
(Plath et al. 2002).

In the last few decades, several cis- and trans-acting factors involved in the
regulation of the XCI process have been identified. The two main regulatory factors
involved in XCI are Xist and Tsix (Penny et al. 1996; Marahrens et al. 1997; Lee
et al. 1999), both located in a small region on the X chromosome, called the
X-inactivation center (Xic, Fig. 3.1). Xist and Tsix encode functional ncRNAs.
Xist expression and RNA spreading in cis is necessary for XCI to occur while
Tsix represses expression of Xist in cis. Together, these two genes determine
whether XCI occurs in cis on the X chromosome. Other elements, proteins, or
genes that are involved in regulation of XCI are DXPas34, Xite, RepA, RNF12,
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Fig. 3.1 Important players in XCI. Schematic representation of part of the X inactivation center
including the Xist, Tsix, and Rnf12. Also shown is the localization of different repeats in Xist and
the binding sites of different trans-acting factors involved in inhibiting XCI

OCT4, SOX2, NANOG, CTCF, and YY1, which seem to regulate Xist and/or Tsix
expression and function, directly or indirectly, as described below.

3.2 Cis-Regulatory Factors in XCI

The most important player in XCI is Xist, which is located on the X chromosome
and encodes a 17 kb long noncoding RNA, which is spliced and polyadenylated
(Borsani et al. 1991; Brockdorff et al. 1991; Brown et al. 1991). Prior to XCI, Xist
expression is low and the transcript is unstable. However, upon initiation of XCI,
Xist expression is upregulated on the future inactive X (Xi) and spreads along the X
chromosome in cis, thereby directly or indirectly attracting chromatin modifiers
involved in the chromosome-wide silencing process (Brockdorff et al. 1992; Brown
et al. 1992). Many experiments have shown the importance of Xist in the XCI
process. For instance, deletion of Xist from one X chromosome in XX female ES
cells causes complete skewing of XCI toward the wild type X chromosome, while
XY male ES cells are not affected (Penny et al. 1996). This is not a consequence of
secondary selection in benefit of female cells inactivating the wild type X chromo-
some after completion of XCI, but the wild type X chromosome is always inacti-
vated when Xist is deleted on one allele in female XX embryos (primary nonrandom
XCI) (Marahrens et al. 1997, 1998; Gribnau et al. 2005). Furthermore, ectopic
expression and spreading of Xist is enough to initiate chromosome inactivation,
even on an autosome (Lee et al. 1996; Herzing et al. 1997; Lee and Jaenisch 1997).
Silencing, at least partially, of a chromosome from which Xist is transcribed is
irreversible after 3 days of differentiation in ES cells, as has been shown using an
inducible Xist transgene. However, when Xist RNA is removed beforehand, the
silenced state of genes is reversed (Wutz and Jaenisch 2000). Importantly, the
expression level of Xist is one of the factors that determines skewing of XCI, as
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has been shown by changing the Xist transcription level on one of the two alleles by
introducing a mutation or a deletion in the Xist promoter (Newall et al. 2001;
Nesterova et al. 2003).

Xist contains different repeat sequences A—F, of which the A repeat is involved
in gene silencing. Recent studies indicated that the A repeats form two stem loop
structures, each containing four repeats, which attract the chromatin modifier
complex PRC2 involved in gene silencing (Wutz et al. 2002; Maenner et al.
2010). The other sequences including repeats B—F play a redundant role in the
proper localization of Xist to the X chromosome (Wutz et al. 2002). Comparison of
the Xist genomic sequence across different eutherian species indicates that the Xist
gene evolved very quickly and only revealed conservation of the promoter region
and the different repeat structures (Nesterova et al. 2001). Recently, another smaller
1.6 kb ncRNA transcript, RepA, which partially overlaps with Xist and includes the
A repeat, has been implicated to play a role in the initiation of XCI by locally
attracting PRC2 prior to Xist spreading (Zhao et al. 2008). However, a clear
function for RepA in the XCI process still needs to be established (Table 3.1).

Tsix is located 15 kb downstream from Xist and is transcribed in antisense
direction of Xist. Tsix encodes a continuous antisense RNA of approximately
40 kb that spans all of Xisz. Multiple transcription start sites for Tsix have been
identified, and approximately 50% of the Tsix transcripts are spliced into various
small isoforms of which the 3’ ends have an overlap with the promoter of Xist

Table 3.1 Noncoding RNAs and gene silencing

ncRNA  Size Silencing Distance Dicer G9A PRC2 References
(kb) recruitment recruitment

Xist 17 cis X chr. ? n.d. Yes Maenner et al.
(2010), Zhao
et al. (2008),
Ogawa et al.
(2008),
Kanellopoulou
et al. (2009),
and Nesterova
et al. (2008)

Air 108 cis 250 kb nd. Yes n.d. Nagano et al.
(2008)

Kcnglotl 91 cis 400/780 kb No Yes Yes Pandey et al.
(2008) and
Redrup et al.
(2009)

HOTAIR 2.2 trans - nd. n.d. Yes Rinn et al. (2007)
and Gupta
et al. (2010)

This table summarizes the features associated with different mammalian ncRNAs involved in in

cis and in trans gene silencing

n.d. not determined

? = conflicting results
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(Sado et al. 2001; Shibata and Lee 2003). Tsix is transcribed in male and female
undifferentiated ES cells at a level about 10 to 100 times more than Xist, and during
establishment of XCI from the allele that is to remain active in male and female
differentiating ES cells. After completion of XCI, T'six is downregulated (Lee et al.
1999; Shibata and Lee 2003).

Tsix is generally regarded as the major inhibitor of Xist and therefore as an
important factor in XCI regulation. However, careful examination of the literature
shows that overall antisense transcription through the Xist locus determines inhibi-
tion of Xist. For example, the loss of the major promoter of Tsix has no significant
effect on the counting or initiation processes of XCI (Cohen et al. 2007). However,
deletion of DXPas34, a CpG island located downstream of the Tsix transcription
start site (TSS) from which antisense transcription is also initiated (Fig. 3.1),
significantly decreases antisense transcription through the Xist locus and causes
primary nonrandom inactivation of the targeted allele in female XX ES cells
(Debrand et al. 1999; Vigneau et al. 2006; Cohen et al. 2007). Interestingly, the
methylation status of DXPas34 coincides perfectly with the antisense transcription
through Xist. The CpG island is hypomethylated when actively transcribed and
hypermethylated when antisense transcription is downregulated (Prissette et al.
2001; Boumil et al. 2006). Antisense transcription is also initiated in a region
~10 kb upstream of Tsix, called Xite. Xite expression and the methylation pattern
during XClI is similar to that of Tsix, and deletion of Xite results in reduced antisense
transcription through the Xist locus and skewing of XCI toward inactivation of the
targeted allele (Ogawa and Lee 2003; Stavropoulos et al. 2005, Boumil et al. 2006),
implying a similar role for Xite in inhibition of Xist function as DXPas34 and Tsix.
Furthermore, direct inhibition of antisense transcription by insertion of a polyA site
between Xist and DXPas34 also causes primary nonrandom XCI in female ES cells
and inappropriate XCI in male ES cells. Even more so, overexpression of antisense
transcription on one allele results in primary nonrandom inactivation of the wild type
allele (Luikenhuis et al. 2001). Finally, a 65 kb deletion encompassing not only T'six
but also Xite and DXPas34, thus abrogating all antisense transcription, shows not
only complete primary nonrandom XCI of the targeted allele but also severe cell
death in X0 and XY cells containing the deletion, invoked by improper XCI (Clerc
and Avner 1998; Morey et al. 2004). Thus, inhibition of Xist seems to correlate with
an increase in antisense transcription through the Xist locus.

3.3 Xist Versus Tsix

How does Tsix inhibit Xist expression? Different hypotheses have been proposed.
First, Tsix may function by forming a double-stranded RNA heteroduplex with Xist,
resulting in repressive small interfering RNA (siRNA), which functionally silences
Xist in cis (Ogawa et al. 2008). However, overexpression of Tsix cDNA, which
includes the homologous region with Xist on an allele with abrogated endogenous
Tsix transcription by insertion of a polyA signal, does not restore Xist inhibition



48 C. Gontan et al.

(Shibata and Lee 2004), arguing against RNA interference (RNAi)-based inhibition
of Xist. Also, Dicer knockout mice and ES cells that have an impaired RNAi
machinery exhibit correct XCI, although Xist is ectopically upregulated at later
stages due to loss of DNA methylation at the Xist promoter (Nesterova et al. 2008;
Kanellopoulou et al. 2009).

Secondly, Tsix and Xite might form a three-dimensional chromatin structure via
DNA looping that enhances Tsix and Xite antisense transcription but excludes
the Xist promoter and thereby inhibits Xist expression in cis. A chromosome-
conformation-capture (3C) study has shown that Tsix and Xifte interact over a
long distance, while the Xist promoter seems to colocalize with the Jpx promoter
when Xist is transcribed (Tsai et al. 2008). DXPas34 is a likely candidate for
looping because deletion of DXPas34 causes a severely skewed phenotype in
female ES cells and XCI in male ES cells (Debrand 1999; Vigneau et al. 2006;
Cohen et al. 2007). Moreover, DXPas34 is bound by CTCEF, a protein that is often
implicated in the looping of DNA (Chao et al. 2002). However, the DXPas34
deletion does not significantly change the three-dimensional chromatin structure
in male ES cells. Furthermore, it is hard to determine whether a specific three-
dimensional chromatin conformation in cis is the cause or the consequence of the
transcription profile of that allele (Tsai et al. 2008).

Finally, antisense transcription through the Xist locus may inhibit Xist upregula-
tion through a transcription interference mechanism. How antisense transcription-
based inhibition of Xist works mechanistically has not been shown but one can
envision that promoter polymerase initiation complexes (PICs) will have more
difficulty forming on a promoter when an elongation complex transcribing in the
antisense direction coeXists at the locus (Shearwin et al. 2005). Furthermore, RNA
polymerase II complexes of Xist and Tsix may collide during transcription elonga-
tion, causing a premature halt of Xist transcription and less Xist accumulation.
Evidence for involvement of such a mechanism comes from studies that indicate a
bimodal pattern of both Xist and Tsix transcripts, being highest at the transcription
start site and gradually decreasing along the template (Shibata and Lee 2003; Marks
et al. 2009). Alternatively, inhibition of Xist might be caused by alteration of the
chromatin state of the Xist locus by the Tsix transcript. It has been postulated that T'six
transcription induces heterochromatin formation at the Xist promoter by Tsix-
mediated recruitment of histone modifiers (Sado et al. 2005; Navarro et al. 2006).
Recently, EED, a component of the PRC2 Polycomb complex, has been shown to
work synergistically with T'six in silencing Xist (Shibata et al. 2008). Furthermore, loss
of antisense transcription through the Xist promoter causes reduction of CpG methyl-
ation and repressive histone modification marks, indicating that transcription from the
Xist promoter is enhanced (Ohhata et al. 2008). However, findings of Sun et al. (2006)
argue against this hypothesis by showing that activation of Xist on the future Xi is
characterized by a transient heterochromatic state at the Xist promoter, perhaps
induced by the silencing capacity of Xist itself and thus contradicting a functional
role of chromatin modifications in the inhibition of Xist by Tsix. In conclusion, most
evidence points toward a transcription or Tsix RNA-mediated mechanism of repres-
sion of Xist by Tsix, but the exact mechanism has yet to be established.
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3.4 Trans-Regulatory Factors and Initiation of XCI

In the recent years, several trans-acting factors regulating XCI have been identified.
Most of these factors are involved in suppression of XCI (XCl-inhibitors), either by
repressing Xist or activating Tsix. Among the proteins involved in Tsix regulation
are the insulator protein CTCEF, and also the transcription factor Yin Yang 1 (YY),
for which several tandemly organized binding sites have been identified in the
DXpas34 region, which is involved in Tsix regulation and in the Xite promoter.
Knockout studies involving Yy!, or partial ablation of Yy/ and Ctcf through RNAi-
mediated repression, revealed downregulation of Tsix expression and concomitant
upregulation of Xist expression, supporting a role for YY1 and CTCF in activation
of Tsix expression (Donohoe et al. 2007).

The pluripotency factors SOX2, Nanog, and OCT4 have also been shown to be
involved in the regulation of XCI by the silencing of Xist (Donohoe et al. 2007,
2009; Navarro et al. 2008). A binding site for all three factors has been identified in
intron 1 of Xist, and binding of these factors is involved in the direct suppression of
Xist. Interestingly, OCT4 and Sox2 also bind in the Xite enhancer, and OCT4
together with YY1 is recruited to Tsix downstream of the transcription start site
and is involved in transcription activation of both Xite and Tsix. These factors
therefore affect Xist expression through both Tsix-dependent and -independent
pathways, indicating that different mechanisms act jointly in setting up the thresh-
old that has to be overcome by Xist.

Autosomally encoded factors such as SOX2, OCT4, and Nanog play an impor-
tant role in XCI. However, it can be excluded that sex-specific initiation of XCI is
determined by these factors only because the concentration of these factors, if not
regulated by (a) sex-chromosomal factor(s), will most likely be the same in male
and female cells. Key to the XCI initiation process is therefore the presence of one
or more X-encoded XCl-activators that are differentially expressed between male
and female cells. Recently, the E3 ubiquitin ligase RNF12 has been identified as a
dose-dependent X-linked activator of XCI (Jonkers et al. 2009). Additional copies
of Rnf12 resulted in ectopic initiation of XCI in transgenic male cells and initiation
of XCI on both X chromosomes in a high percentage of female cells. RNF12 may
act through activation of Xist or suppression of Tsix, although the exact mechanism
remains elusive so far. Also, Rnfl2 cannot be the only XCl-activator because
RnfI2*"~ female cells still induce XCI, albeit in a severely reduced percentage of
cells, indicating that other X-encoded genes are involved in initiation of XCI
(Jonkers et al. 2009).

Different mechanisms for counting the number of X chromosomes and initiation
of XCI have been proposed. Most of these models explain XCI as a mutually
exclusive process leading to one single Xi per female cell, for instance, through
the protection of one X chromosome by an autosomally encoded blocking factor or
pAiring and cross communication of both X chromosomes in female cells (Wutz
and Gribnau 2007; Jonkers et al. 2009; Starmer and Magnuson 2009). However,
recent studies indicate that XCI is more likely to be a stochastic process and that in
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female cells, both X chromosomes have a probability to initiate XCI (Monkhorst
et al. 2008; Barakat et al. 2010). The probability to initiate XCI is determined by the
nuclear concentration of the different XCl-activators and -inhibitors (Monkhorst
et al. 2008, 2009). XCl-inhibitors set the threshold by suppression of Xist and
activation of Tsix, which has to be overcome by the action of the XClI-activators.
Only in female cells, the nuclear concentration of the XClI-activators is sufficient to
boost enough Xist transcription, allowing spreading and initiation of XCI in cis.
Because the XClI-activators are X-linked, initiation of XCI on one X results in rapid
downregulation of the XCl-activator genes in cis, preventing initiation of XCI on
the second X chromosome. Nonetheless, XCI can still be initiated on the remaining
active X chromosome until enough XClI-activator protein is degraded after inacti-
vation, which would lead to a female cell with two inactive X chromosomes.
Indeed, a small percentage of female cells initiating XCI on both X chromosomes
is found during the XCI process, and as expected when XCl-inhibitors are down-
regulated, or the XCl-activator Rnf12 is upregulated, this percentage of XiXi cells
increases significantly. These results indicate that the regulation of XCI is deter-
mined by a tightly regulated balance of X-encoded activators and autosomally
encoded inhibitors of XCI.

3.5 Establishment of the Inactive X

The first step in silencing the X chromosome is the spread of Xist RNA in cis over
the X chromosome. Several redundant repeats of Xist are important for the locali-
zation of Xist RNA to the Xi (Wutz et al. 2002). Spreading of Xist causes depletion
of RNA polymerase II and other components of the transcription machinery on the
Xi within one day, and abrogates transcription of repeat and intergenic sequences,
independently of the A-repeat (Chaumeil et al. 2006). However, silencing of
X-linked genes is mediated by the A-repeat within Xist RNA and starts after 1-2
days, continuing until gene silencing is more or less completed after approximately
7 days of differentiation (Chaumeil et al. 2006; Lin et al. 2007). Silencing of genes
is hypothesized to be associated with the relocation of active genes at the outer rim
of the X chromosome territory toward the silent Xi territory invoked by the
A-repeats (Chaumeil et al. 2006; Clemson et al. 2006; Lin et al. 2007).

After depletion of the transcription machinery from the Xi territory, the Xi
chromatin is changed drastically (Fig. 3.2a, b). First, histone 3 lysine 27 trimethyla-
tion (H3K27me3) is acquired by transient localization to the Xi of the Polycomb
repressor complex 2 (PRC2), which comprises protein subunits EED, EzH2,
RbAp47/48, and Suzl2, of which EzH2 has histone methyltransferase activity
(Wang et al. 2001; Plath et al. 2003; Silva et al. 2003; Cao and Zhang 2004; de la
Cruz et al. 2005). PRC2 is recruited by Xist RNA, as has been shown by either
deletion of EED or conditional deletion of Xist, which both cause loss of
H3K27me3 (Wang et al. 2001; Plath et al. 2003, 2004). PRC2 subunit EzH2 has
been identified as the protein that targets the PRC2 complex to the A-repeat of Xist
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Fig. 3.2 The landscape of chromatin modifications on the inactive X. (a) On the left, the Xi in
interphase is shown consisting of two distinct regions of heterochromatin, in pink and green. Xist
RNA association, and H3K27me3, and ubH2A accumulation, among others, characterize the pink
chromatin, whereas histone marks such as H3K9me3 and recruitment of HP1 characterize the green
chromatin. The different chromatin states form a banded pattern on the inactive X chromosome in
metaphase. On the right, the specific histone marks and other epigenetic features are depicted for
the Xist associated pink chromatin (fop) and green chromatin (bottom). (b) A large number of
epigenetic changes are associated with the XCI process. The temporal changes, when induced by
differentiation of female ES cells, are depicted along the timescale (days) and separated in color
(pink or green) depending on which heterochromatin state the modification is associated with
(as described in a). Changes associated with both heterochromatin states are shown in blue

RNA (Zhao et al. 2008), although a more recent study indicated that SUZ12 may
play a more important role in targeting PRC2 to Xist (Kanhere et al. 2010).
Although PRC2 seems to be important for binding Xist to the Xi, it is not likely
to be the only protein complex doing so because loss of PRC2 does not seem to
affect random XCI in the embryo proper (Wang et al. 2001; Plath et al. 2003).
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Apart from histone methylation, most cells also show accumulation of H2A
lysine 119 ubiquitination (ubH2A) on the Xi after the onset of XCI, which is
established by the RinglA/B subunit of Polycomb repressor complex 1 (PRC1)
(de Napoles et al. 2004; Fang et al. 2004; Plath et al. 2004). Ringl/A and RingIB
have redundant functions in ubiquitination (de Napoles et al. 2004; Leeb and Wutz
2007), and only deletion of both Ring/ genes results in loss of ubH2A on the Xi (de
Napoles et al. 2004). PRC1 recruitment to the Xi follows PRC2 recruitment, but is
not solely mediated by H3K27me3, as has been shown in EED-deficient ES cells,
but also by the 3’ end of Xist RNA, either directly through interaction with Xist or by
indirect interaction with an Xist binding protein (Plath et al. 2004; Schoeftner et al.
2006). A potential candidate for targeting of the PRC1 complex to Xist RNA is the
Polycomb homolog CBX7, which shows a high affinity for H3K27me3 and for
RNA (Bernstein et al. 2006) and has been shown to interact with the Ringl protein
(Gil et al. 2004).

Another histone methylation mark associated with silenced chromatin, histone 3
lysine 9 trimethylation (H3K9me3), accumulates on the Xi just after H3K27me3
(Heard et al. 2001; Boggs et al. 2002; Mermoud et al. 2002; Peters et al. 2002;
Rougeulle et al. 2004). H3K9me3 is most likely put in place by HMTase Suv39, and
maintained by HP1, which is enriched on the Xi (Chadwick and Willard 2003,
2004), but other histone methyltransferases (HMTases) might also play a role.

H3K9me3 accumulation appears more or less simultaneous with the loss of
acetylation of histone H3 and H4 (H3K9Ac and H4K5Ac, H4K8Ac and
H4K12Ac, respectively) and trimethylation of histone H3 lysine 4 (H3K4me3)
and histone H3 lysine 36 (H3K36me3), which are all hallmarks of euchromatin
(Jeppesen and Turner 1993; Belyaev et al. 1996; Boggs et al. 1996, 2002; Keohane
et al. 1996; Heard et al. 2001; Chaumeil et al. 2002; Chadwick and Willard 2003).
Probably, a set of histone modifiers, including histone deacetylases (HDACs) and
histone demethylases (HDMs), are attracted by H3K27me3 and Xist and colocalize
with the Xi to direct the chromatin toward a heterochromatic state. Among the late
epigenetic changes are macroH2A incorporation (Costanzi and Pehrson 1998;
Mermoud et al. 1999), CpG island methylation, and late replication (Priest et al.
1967; Mohandas et al. 1981; Norris et al. 1991). MacroH2A is a H2A variant with a
large C-terminal domain (Nusinow et al. 2007) that replaces H2A histones on the
Xi after approximately 7 days of differentiation, forming a macrochromatin
body (MCB) in a significant proportion of the cells (Costanzi and Pehrson 1998;
Rasmussen et al. 2001). Xist expression is sufficient for initiation of H2A replace-
ment by macroH2A and MCB formation (Rasmussen et al. 2001), and conditional
deletion of Xist leads to loss of the MCB (Csankovszki et al. 1999). CpG methyla-
tion is also a late Xi mark and is put in place by de novo methyltransferase 3A
(DNMT3A) (Hansen 2003) and maintained by DNMT1 (Sado et al. 2000).

Recently, several other factors have been shown to be involved in the mainte-
nance phase of XCI. First, the DNA binding hinge-domain protein SmcHD1 plays a
role in DNA methylation of the Xi. Loss of SmcHDI results in depletion of DNA
methylation at the X-linked CpG islands and reactivation of the Xi (Blewitt et al.
2008). It was postulated that SmcHDI1 targets DNMT3A to the Xi, although no
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direct evidence in that direction was presented. Second, ATRX, encoded by an
X-linked gene, has been shown to be involved in XCI. ATRX is a chromatin
remodeler and a member of the SWI/SNF2 helicase family, which is enriched at
the Xi, and the accumulation of ATRX can be regarded as a late mark of the Xi
(Baumann and De la Fuente 2008). Interestingly, ATRX does repress not only
X-linked genes on the Xi but also pseudo-autosomal genes that have translocated
to an autosome, implicating that a (former) X chromosomal sequence is required to
attract ATRX to a gene (Levy et al. 2008). Also, SATB 1, which has been implicated
in nuclear organization and involved in many forms cancers, has been identified as
an important factor in Xist-mediated gene silencing (Agrelo et al. 2009). Expression
of SATB1 allows Xisr-mediated gene silencing even after the developmental
window where Xist silencing is normally restricted to, indicating that SATBI
plays a key role in the establishment of the Xi. SAF-A is another factor involved
in nuclear organization which plays an important role together with the tritorax
protein Ashl, in the establishment of the Xi (Pullirsch et al. 2010). Both proteins,
together with macroH2A, are involved in chromosome-wide histone H4 hypoace-
tylation, Interestingly, recruitment of most of the mentioned factors including
components of PRC1 and PRC2, and SATB1, Ashll, and SAF-A is not dependent
on the A repeat of Xist, which is required for Xist mediated silencing of the Xi. This
suggests that chromatin changes evoked by these proteins and protein complexes
provide a repressive nuclear compartment, which may be required for subsequent
gene silencing on the Xi mediated by the Xist A repeat. The recent discovery of
these factors indicates that silencing of the Xi is more complex than initially
thought and involves multiple factors, of which many are probably not yet revealed.

All these features of the Xi are important to lock-in the silenced state of the
X chromosome. Together, they ensure that the Xi is nearly impossible to reactivate.
The redundancy of the Xi hallmarks is demonstrated by conditional deletion of Xist
after establishment of XCI, which causes loss of the macroH2A (Csankovszki et al.
1999) but still only leads to minor reactivation of the Xi, even when it is combined
with loss of DNA methylation and inhibition of hypoacetylation (Csankovszki et al.
2001; Hernandez-Muifioz et al. 2005).

3.6 Xist Spreading, Xi Organization, and Nuclear
Organization

After Xist is upregulated on one of the two X chromosomes, it starts to spread in cis
over the entire chromosome (Clemson et al. 1996; Hall and Lawrence 2003). Xist
RNA is restricted to the inactivated X chromosome and does not localize to
neighboring autosomes (Brown et al. 1992; Jonkers et al. 2008). Furthermore,
studies on X:autosome translocations show that endogenously expressed Xist
preferentially binds the X chromosomal part of the chromosome (Duthie et al.
1999; Keohane et al. 1999; Popova et al. 2006), and spreading into the autosome
seems to be correlated with the density of LINE repeats (Popova et al. 2006).
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This observation has led to the LINE repeat hypothesis (Lyon 1998), in which it is
stated that spreading of Xist is mediated by binding to LINE repeats. Indeed, LINE
repeats are enriched twofold on the human X chromosome compared to autosomes,
and the distribution of LINE repeats seems to correlate with the degree of XCI on
the X chromosome (Boyle et al. 1990; Bailey et al. 2000; Ross et al. 2005). Also,
computational studies of the DNA sequence surrounding genes escaping XCI
compared to silenced X-chromosomal genes indicate a depletion of LINE repeats
around escaping genes (Carrel et al. 2006; Wang et al. 2006).

Not all computational studies on the DNA sequence of the X chromosome find a
clear correlation between LINE repeats and XCI (Chureau et al. 2002; Ke and
Collins 2003). Also, Xist RNA does not spread over the X chromosome homo-
genously but appears to have a banded pattern when detected on a metaphase Xi and
an open circle shape at the periphery of the Xi in interphase cells (Fig. 3.2a, left)
(Duthie et al. 1999; Chadwick and Willard 2004; Smith et al. 2004). Curiously, this
Xist RNA localization pattern does not seem to correspond to the density of
underlying LINE repeats, but rather to the gene density on the X chromosome
(Smith et al. 2004; Clemson et al. 2006). The banded pattern on the metaphase Xi
of Xist RNA and gene rich regions can also be observed with histone marks
H3K27me3, macroH2A and ubH2A, while histone marks H4K20me3 and
H3K9me3 are enriched on the gene-poor regions of the Xi metaphase chromosome
(Fig. 3.2a, b) (Gilbert et al. 2000; Chadwick and Willard 2004; Smith et al. 2004;
Chadwick 2007). Therefore, the importance of the DNA sequence in the silencing
process remains elusive as a direct interaction of LINE repeats or another specific
DNA motive with histone marks and/or Xist RNA has not yet been reported.

Together, these data suggest a three-dimensional organization of the Xi, in
which the gene-poor regions enriched in histone marks H4K20me3 and
H3K9me3 are more internally located and the gene rich-regions, enriched in Xist
RNA, H3K27me3, macroH2A, and ubH2A are present on the outer rim of the Xi
territory (Chadwick and Willard 2004; Chaumeil et al. 2006; Clemson et al. 2006).
Overall, the Xi becomes more spherical but retains a similar volume to the Xa (Eils
et al. 1996). This Xi organization corresponds to DNA-FISH analysis of escaping
and silenced X chromosomal genes, which shows that all analyzed genes are
localized at the periphery of the Xi territory, but that active genes seem to “loop-
out” of the chromosome territory (Dietzel et al. 1999; Chaumeil et al. 2006;
Clemson et al. 2006). Early during the XCI process, Xist accumulation results in
transcriptionally silent compartment devoid of RNA polymerase II and enriched for
heterochromatin marks (Chaumeil et al. 2006). Interestingly, at this stage, only
repetitive DNA is repressed and located within this silent compartment, and
subsequent silencing of X-linked genes is accompanied by a shift in the localization
of these genes toward a more internal localization. This change in localization and
silencing of X-linked genes requires the presence of the Xist A repeat, in contrast to
the RNA polymerase II excluded silent compartment that is also formed without the
A repeat. Whether relocalization of X-linked genes upon XClI is the consequence of
the XCI process itself or is directly involved in enforcing gene inactivation remains
to be determined.
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The Ximight not only have an intrinsic three-dimensional organization but is also
specifically positioned within the nucleus. After inactivation, the Xi is preferentially
located either at the periphery of the nucleus (Bourgeois et al. 1985; Belmont et al.
1986) or near the perinucleolar region (Bourgeois et al. 1985; Zhang et al. 2007). The
specific positioning of the Xi could be mediated by the components of nuclear
matrix. For instance, nuclear matrix scaffold protein SAF-A colocalizes with the
Xi, which seems to be dependent on the RNA binding domain of the protein (Helbig
and Fackelmayer 2003, Fackelmayer 2005). Furthermore, cells expressing mutated
LaminA show depletion of heterochromatic marks H3K27me3 and H3K9me3 at the
Xi, and the peripheral localization of the Xi is lost (Shumaker et al. 2006). These
results indicate that the localization of the Xi in the nuclear periphery is either a
consequence of its heterochromatic state or affects the heterochromatic state of the
Xi (Shumaker et al. 2006; Fedorova and Zink 2008). However, the perinucleolar
localization of the Xi is less easy to comprehend, especially because the Xi seems to
preferentially colocalize with the perinucleolar region during S phase (Zhang et al.
2007). The S phase-specific localization is dependent on Xist, as autosomes contain-
ing an Xist transgene are also repositioned to the perinucleolar region in S phase, and
conditional Xist knockout cells loose the preferential perinucleolar localization of
the Xi. Interestingly, heterochromatin replication occurs late during S phase, at
which point replication can only be observed around nucleoli and at the periphery
of the nucleus (O’Keefe et al. 1992; Kennedy et al. 2000). Thus, perhaps, hetero-
chromatin characterized by H3K27me3 needs a specialized nuclear compartment
for replication and/or maintenance of the silenced state after replication.

3.7 Other Functional ncRNAs

The discovery of Xist provided a powerful model system to study the role and
function of long ncRNA'’s. Besides Xist, several other ncRNAs have been described
to be involved in gene silencing in cis and in trans, and several parallels can be
drawn between the action of these RNAs. Air and Kcnglotl are two well-studied
imprinted genes, both encoding noncoding transcripts involved in silencing in cis.
Air encodes a 108-kb long unspliced transcript, which is transcribed antisense to the
protein coding gene Igf2r (Lyle et al. 2000). Air expression is exclusively paternal,
whereas Igf2r is maternally expressed. Besides Air-mediated silencing of the over-
lapping Igf2r gene, silencing also involves genes, including Slc22a3, located more
than 200 kb away from Air, suggesting a direct role for the Air transcript in long
range gene silencing. In cis silencing by Air involves the recruitment of G9A,
required for H3K9 mono and dimethylation, and similar to Xist spreading (although
less robust) the Air RNA appears to form a silent nuclear domain that envelops the
paternal Slc22a3 locus. Interestingly, G9A appears to be needed for the silencing of
Slc22a3 but not for the repression of Igf2r (Nagano et al. 2008). This finding
indicates that different mechanisms may be involved in the regulation of antisense
transcribed overlapping genes (Air/Igf2r) and long range gene silencing in cis
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(Air/Slc22a3). This is reminiscent of findings obtained with the regulation of the
Xist/Tsix locus and silencing of X-linked genes in cis, which also supports the
presence of different mechanisms involved in these processes.

Expression of Kcnglotl is also imprinted, and the 91 kb paternally expressed
gene is transcribed antisense to, and partially overlaps with Kcng/ (Fitzpatrick et al.
2002; Pandey et al. 2008). Kcnglotl is involved in the regulation of a cluster of
imprinted genes on mouse chromosome 7 (Mancini-Dinardo et al. 2006). In cis
silencing of Kcnglotl spans a region of 400 kb in the embryo and 780 kb in the
placenta and involves recruitment of several chromatin modifiers including G9A
and PRC2 (Pandey et al. 2008; Redrup et al. 2009). Similar to Xist and Air, RNA
FISH studies indicate that Kcnglotl appears to form a silent nuclear domain, which
is larger in the placenta than in the embryo. Interestingly, the Kcngl domain is also
found in close proximity to the nucleolus in a high percentage of cells, suggesting a
lineage-specific localization of this locus with the nucleolus (Pandey et al. 2008).
Whether there is a functional role for this localization close to the nucleolus and
whether the localization is dependent on spreading of Kcnglot! remain to be
determined.

In contrast to Kcnglotl and Air, which invoke silencing in cis, HOTAIR has
recently been identified as an ncRNA involved in silencing in trans (Rinn et al.
2007). HOTAIR is a 2.2-kb RNA expressed from the HOXC locus, which represses
transcription of different Hox genes in the HOXD locus, which is located on a
different chromosome. HOTAIR associates with PRC2, which mediates silencing
of HOXD genes in trans, through H3k27me3 of target genes. HOTAIR expression
is increased in several tumors, and loss of HOTAIR expression inhibits cancer
invasiveness (Gupta et al. 2010). Interestingly, overexpression of HOTAIR results in
genome-wide changes in the targeting of PRC2 and increased cancer invasiveness.
This indicates that HOT AIR plays a much broader role in targeting of PRC2, besides
regulation of the HOXD locus.

Recently, a genome-wide study indicated the presence of more than 3,300 large
ncRNAs (Guttman et al. 2009; Khalil et al. 2009). About 20% of these ncRNAs
associate with PRC2 and other chromatin modification complexes, indicating that
findings with Xist and other well-studied ncRNAs including Air, Kcnglotl, and
HOTAIR may be extrapolated to explain the function of these newly identified
ncRNAs.

3.8 Conclusion

The discovery of Xist exemplified the importance of ncRNAs in cellular function.
Xist was the first identified mammalian large ncRNA involved in gene silencing,
providing a powerful model system to study RNA-mediated gene silencing. New
advances in RNA sequencing indicate that many more ncRNAs will soon be
identified as functional RNAs, and unraveling the role of Xist in XCI will help in
understanding the function of these ncRNAs in the regulation of gene expression.
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Nevertheless, despite a lot of progress in understanding the role of Xist in XCI,
many questions remain. For instance, how is the binding specificity of RNA binding
proteins and complexes generated, which proteins are involved in fixing Xist to the
chromatin, and why are so many proteins implicated in XCI dispensable for the XCI
process? We are hopeful that the quickly advancing technology allows these
questions to be addressed in the near future.
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Chapter 4
TERRA: Long Noncoding RNA at Eukaryotic
Telomeres

Rajika Arora, Catherine M. C. Brun, and Claus M. Azzalin

Abstract Telomeres protect the ends of linear eukaryotic chromosomes from being
recognized as DNA double-stranded breaks, thereby maintaining the stability of our
genome. The highly heterochromatic nature of telomeres had, for a long time,
reinforced the idea that telomeres were transcriptionally silent. Since a few years,
however, we know that DNA-dependent RNA polymerase II transcribes telomeric
DNA into TElomeric Repeat-containing RNA (TERRA) molecules in a large
variety of eukaryotes. In this chapter, we summarize the current knowledge of
telomere structure and function and extensively review data accumulated on
TERRA biogenesis and regulation. We also discuss putative functions of TERRA
in preserving telomere stability and propose future directions for research encom-
passing this novel and exciting aspect of telomere biology.

4.1 Eukaryotic Telomeres

In 1938, almost 20 years before James D. Watson and Francis Crick described the
double helix structure of DNA, Hermann J. Muller made the seminal discovery that
the ends of linear eukaryotic chromosomes behaved differently from the remainder
of the chromosomes. By exposing flies to ionizing radiations, he obtained mutants
carrying diverse chromosomal aberrations, such as inversions, deletions, and trans-
locations, encompassing different genomic regions but sparing chromosome ter-
mini. He surmised that, although chromosomes appeared as homogenous
cytological entities, their extremities, which he named telomeres (from the Greek
nouns telos “end” and meros “part”), might exert the unique function of “sealing”
(Muller 1938).
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Further evidence for a protective role of telomeres was obtained in the early
forties when Barbara McClintock observed that forced breakage within chromo-
somes resulted in chromosomal fusions, while intact chromosome ends failed to
fuse. She also demonstrated that cells harboring fused chromosomes accumulated
“anaphase bridges” during mitosis and that breakage of these DNA bridges gener-
ated new protective (“healed”) chromosome termini, inducing a complete cessation
of the breakage-fusion-bridge cycle (McClintock 1941).

Starting in the late seventies, Elizabeth H. Blackburn isolated and defined the
DNA sequence of Tetrahymena telomeres (Yao et al. 1979, 1981). Together with
Jack W. Szostak, she also experimentally confirmed the protective role of telo-
meres, as previously hypothesized by Muller and McClintock, by showing that
telomeric repeats from Tetrahymena stabilized linear DNA transformed into yeast
cells (Szostak and Blackburn 1982; Shampay et al. 1984). Soon after, Blackburn
and Carol W. Greider identified telomerase, a specialized enzyme capable of
extending single-stranded (ss) telomeric DNA molecules by addition of newly
synthesized telomeric repeats, thus providing further clues on how telomeres are
maintained (Greider and Blackburn 1985). In recognition of their work in telomere
biology, Blackburn, Szostak, and Greider were awarded the Nobel Prize in Physio-
logy and Medicine in 2009.

Although we have come a long way since their initial description, telomeres
continue to intrigue scientists. Recent research in this field has essentially focused
on characterizing details of telomere structure and function. A new twist occurred
in 2007, when the longstanding dogma that telomeres are transcriptionally silent
was overturned by the discovery that noncoding (nc) RNA molecules, named
TElomeric Repeat-containing RNA (TERRA), were found to emanate from and
associate with telomeres (Azzalin et al. 2007; Schoeftner and Blasco 2008). In this
chapter, we provide an overview of telomere structure, function, and biology and
extensively review the current knowledge about TERRA biogenesis, regulation,
and potential functions (Table 4.1).

4.1.1 Saccharomyces cerevisiae Telomeres

Structurally, telomeres are made of ribonucleoprotein complexes containing both
DNA and protein components. In budding yeast, the DNA component consists of
tandem arrays of short 5’ to 3’ G-rich repeats with the consensus sequence TG_; or
TG,_3(TG),_g, varying in size between ~250 and 400 base pairs (bp) (Wang and
Zakian 1990; Vega et al. 2003; Teixeira and Gilson 2005). The G-rich strand is also
referred to as the G-strand and the complementary one as the C-strand. The double-
stranded (ds) repeat sequence terminates with a single-strand G-rich 3’ overhang,
the G-overhang, which ranges in length between 12 and 14 nucleotides (nt) during
most of the cell cycle, while it reaches 30 nt or more during S-phase. Upon
completion of telomere replication, the G-tail is thought to be shortened by end
resection activities (Wellinger et al. 1993; Larrivee et al. 2004).
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The bulk of telomeric repeats are synthesized together with the rest of the
genome by the conventional DNA replication machineries. Nevertheless, the full
replication of linear DNA molecules, such as linear eukaryotic chromosomes, poses
several challenges altogether referred to as “the end replication problem.” To begin
with, DNA polymerases are only capable of adding nucleotides in a 5’ to 3
direction. They extend the 3’-hydroxyl end of a short RNA primer deposited by a
specialized RNA polymerase, called primase, at specific genomic loci. This RNA
primer is then degraded and replaced by DNA synthesized through extension of an
upstream primer. However, during replication of the 3’ chromosomal terminus by
lagging-strand synthesis, removal of the RNA primer leaves a gap behind the newly
synthesized DNA, causing loss of the corresponding sequences. In addition, the
5'-end-containing parental strand is recessed and cannot provide a template for
the synthesis of a 3’ overhang, implying that generation of the G-overhang on the
leading strand telomere requires postreplicative nucleolytic events. Taken together,
sequence loss from chromosome ends is hence expected to occur at every replica-
tion cycle both at the lagging and leading strand telomeres, ultimately leading to
loss of entire stretches of telomeric DNA as well as to potential loss of genetic
information (Watson 1972; Olovnikov 1973; Bianchi and Shore 2008). Several
mechanisms have indeed evolved to counteract such sequence attrition, the most
common, evolutionary conserved one being represented by telomerase. The core
telomerase holoenzyme essentially consists of a reverse transcriptase catalytic
subunit and an RNA moiety comprising a short region complementary to the
G-rich telomeric repeats, which is used as template during reverse transcription
(Bianchi and Shore 2008; Artandi and DePinho 2010).

Budding yeast core telomerase consists of the Ever Shorter Telomeres 2 (EST2)
gene product, which codes for the reverse transcriptase enzyme Est2p (Lundblad
and Szostak 1989; Lundblad and Blackburn 1990; Lingner et al. 1997) and an RNA
template encoded by the Telomerase Component 1 (TLCI) gene (Singer and
Gottschling 1994). Other telomerase subunits include Estlp and Est3p (Hughes
et al. 2000; Seto et al. 2002). Yeast telomerase-deficient deletion mutant strains
(such as tic1 A4, est2A, estl A, and est3A) are initially viable but progressively lose
telomeric DNA, ultimately entering cellular senescence (Vega et al. 2003).
A plethora of other proteins [for example, the Ku70p—Ku80p heterodimer (Peterson
et al. 2001) and the Sm protein complex (Seto et al. 1999)] have also been found to
associate with telomerase and modulate its activity in vivo.

Repressor/activator site-binding protein (Raplp) binds directly to ds telo-
meric repeats, regulates telomere length homeostasis, and prevents telomere
fusions (Fisher and Zakian 2005). An increase in average telomere length is
observed in cells that harbor a truncation in the C-terminus of Raplp (Kyrion
et al. 1992). Rapl-interacting factors Riflp and Rif2p are also involved in
telomere length maintenance, and mutations in these genes result in moderate
telomere elongation. Because telomere length is directly proportional to the
number of DNA-bound Raplp molecules, it has been speculated that Raplp
regulates telomere length by establishing a counting mechanism (Marcand
et al. 1997).
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The budding yeast G-overhang is protected by the binding of Cell division
control protein 13 (Cdc13p); its functional impairment causes degradation of the
telomeric C-strand and cell-cycle arrest (Garvik et al. 1995; Lin and Zakian 1996;
Bourns et al. 1998). In addition, Cdc13p forms a complex with two other ss DNA-
binding proteins: Suppressor of Cdc thirteen (Stnlp) and Telomeric pathways with
Stnl (Tenlp) (Gao et al. 2007). This multiprotein complex (referred to as the CST
complex) maintains yeast telomere length and integrity by regulating telomerase
activity at chromosome ends. In particular, Cdc13p interacts with Estlp and
promotes recruitment of telomerase to telomeres (Nugent et al. 1996). Stnl, on
the other hand, inhibits the Cdc13p-mediated recruitment of telomerase (Grandin
et al. 2000). All three proteins have also been implicated in facilitating the recruit-
ment of DNA polymerase o, which mediates synthesis of the C-strand (Qi and
Zakian 2000; Chandra et al. 2001; Petreaca et al. 2006)

4.1.2 Schizosaccharomyces pombe Telomeres

Telomeres in S. pombe consist of ~300 bp long tandemly repeated GGTTA-
CA(_1Cy_1Go_g sequences, with the GGTTAC repetitive unit being the most com-
monly found (Sugawara 1989). The >30 nt long G-overhang of wild type fission
yeast can only be detected during S-phase by native gel analysis (Tomita et al.
2003). The catalytic subunit of telomerase is encoded by the gene trt1” (Nakamura
et al. 1997) and the RNA subunit by terl™ (Leonardi et al. 2008; Webb and
Zakian 2008).

The protein Taz1p binds to ds telomeric repeats and shares homology with the
Myb domain of human Telomere Repeat binding Factors 1 and 2 (TRF1 and TRF2;
see Sect. 4.1.5) (Cooper et al. 1997). tazl gene deletion results in a dramatic
telomerase-mediated elongation of telomeres and replication fork stalling within
the telomeric tract, indicating that Tazlp facilitates telomere replication (Cooper
et al. 1997; Miller et al. 2006). In addition, Tazlp also prevents unwanted DNA
repair activities, including nonkomologous end joining (NHEJ) and homology-
directed repair (HDR), from acting at telomeres (Ferreira and Cooper 2001).
Raplp and Riflp are interacting partners of Tazlp, and telomeric fusions are
observed in rapl A but not rifl A mutants (Miller et al. 2005). Also, Raplp, but
not Riflp, is required to regulate 3’ overhang formation in conjunction with Tazlp
(Miller et al. 2005). In addition, the ss DNA-binding protein Replication Protein A
(RPA) appears to play arole in telomere maintenance by acting synergistically with
Tazlp (Kibe et al. 2007).

Protection of felomeres (SpPotlp) binds to the ss G-overhang via its Oligonu-
cleotide/oligosaccharide Binding (OB)-fold domain and interacts with Tpzlp
(TPP1 homolog in Schizosaccharomyces pombe) to prevent telomeric fusions
(Miyoshi et al. 2008). Tpz1p also interacts with Poz1p (Potl-associated in Schizo-
saccharomyces pombe) and Coiled-coil protein guantitatively enriched (Ceqlp;
Miyoshi et al. 2008). Poz1p bridges the Pot1p—Tpz1p complex to the Tazlp—Raplp
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complex (Miyoshi et al. 2008). It has been speculated that Potlp exists in two
alternative complex conformations at telomeres with different lengths. The
increased association of Potlp with ds DNA of longer telomeres, mediated by
Pozlp’s interactions with Taz1p and Rap1p, supposedly restrains telomerase action
(Miyoshi et al. 2008). When telomeres shorten, Potlp dissociates from the Taz1p/
Raplp complexes and thus facilitates telomerase activity (Miyoshi et al. 2008).
Ccqlp is recruited to telomeres by Tazlp, and ccql deletion results in telomere
shortening as well as subtelomeric rearrangements (Tomita and Cooper 2008).

4.1.3 Plant Telomeres

In most plants, the telomeric DNA consists of TTTAGGG tandem repeats. In
Arabidopsis thaliana, telomere length usually varies between 2 and 9 kilobases
(kb), with size heterogeneity observed among different telomeres within the same
cell as well as among different cell types (Richards and Ausubel 1988). Longer
telomeres, up to 150 kb in length, are observed in tobacco plants (Fajkus et al.
1995). The G-overhang in Arabidopsis varies in length between ~20 and 30 nt and
is only found on half of the telomeres in seedlings and less than 35% of the
telomeres in leaves (Riha et al. 2000).

Plant telomerase expression correlates with cellular proliferation capacity (Riha
and Shippen 2003). High levels of telomerase expression are observed in undiffer-
entiated cells of meristematic tissues, root tips, flowers, calli, and embryos, while
little to no activity is detected in differentiated tissues (Fitzgerald et al. 1996; Killan
et al. 1998; Riha and Shippen 2003). Typically, very short telomeres are lengthened
by telomerase until they regain a favorable size range, while longer telomeres are
shortened at a rate of 200—500 bp per generation due to the end replication problem
(Shakirov and Shippen 2004). Although they accumulate widespread cytogenetic
damage upon ablation of telomerase activity, Arabidopsis mutant strains are able to
survive for up to ten generations, after which they arrest in a vegetative state (Riha
et al. 2001). While the catalytic subunit of telomerase has been isolated from many
plant species, the identity of the RNA component remains a mystery (Shippen
2006). The protein Ku80 also regulates telomere length since ku80 mutant Arabi-
dopsis strains undergo progressive telomere lengthening, possibly due to enhanced
access of the free telomeric 3’-end to telomerase (Gallego et al. 2003; Zellinger and
Riha 2007).

Only few telomeric proteins have been isolated in plants based on their affinity for
ss G-rich or ds telomeric DNA repeats or based on their sequence homology
to mammalian and yeast telomeric polypeptides. Interestingly, different telomere-
binding proteins also bind to the telomeric-like sequence AAACCCTAA found in the
promoter region of a number of plant genes (Shippen 2006). The protein Nicotiana
tabacum G-strand-specific single-stranded Telomere-Binding Protein (NtGTBP1)
binds to the telomeric G-overhang and is similar to the proteins Thirteen complemen-
tation gene 1 (Tcglp) and G-strand binding protein 2 (Gbp2p), which have been
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shown to rescue the G2/M cell-cycle arrest induced upon Cdcl3 impairment in
S. cerevisiae (Zellinger and Riha 2007). NgTRF1, which shares homology with the
Myb domain of mammalian TRF1 and TRF2 (see Sect. 4.2.5) as well as of Tazlp,
binds ds telomeric repeats in vitro and is a negative regulator of telomere length (Yang
et al. 2004). The A. thaliana protein Single-stranded TElomere-binding Protein 1
(STEP1) binds ss telomeric repeats and inhibits telomerase activity in vitro (Kwon and
Chung 2004). A homology search for the OB-fold domain of Potl retrieved two
proteins in Arabidopsis: AtPotl and AtPot2 (Shakirov et al. 2005). AtPotl physically
associates with telomerase and positively regulates telomere length (Surovtseva et al.
2007).

4.1.4 Drosophila melanogaster Telomeres

Drosophila telomeric sequences consist of a mixed array of variably 5’ truncated
retrotransposons. Three telomeric retrotransposons have been identified in flies:
HeT-A, TART, and TAHRE (HTT). Telomeres comprise multiple copies of HTTs
at their terminal ends, while their most proximal parts consist of complex subter-
minal repeat arrays, termed Telomere Associated Sequence (TAS). Like in other
eukaryotes, the telomeric terminus is capped by a multiprotein complex, although
capping of Drosophila telomeres does not require sequence-specific binding, as
demonstrated by the fact that chromosomes devoid of retrotransposons can also be
correctly capped (Rong 2008b). Heterochromatin Protein 1 (HP1) binds to telo-
meres either by direct interaction with histone H3 dimethylated at lysine 9
(H3K9me?2) via its chromodomain or directly with telomeric DNA via its hinge
domain (Vermaak and Malik 2009). In the absence of HP1, Drosophila telomeres
undergo fusion events (Fanti et al. 1998). Other proteins found to be deposited at
Drosophila telomeres include the Ubiquitin conjugating enzyme (UbcD1) (Cenci
et al. 1997), a putative transcription factor named WithOut Children (WOC) (Raffa
et al. 2005), the H2A.Z histone variant (Rong 2008a) and HipHop (Gao et al. 2010).
Drosophila cells do not possess telomerase activity. Instead, telomeres are
maintained by two telomerase-independent pathways: gene conversion and retro-
transposition. In the gene conversion pathway, the 3’ end of one chromosome
terminus invades another chromosome, and the sequence of the invaded strand is
used as a template to extend the invading 3’ end (Mikhailovsky et al. 1999; Kahn
et al. 2000). Second strand synthesis followed by ligation results in the extension of
the invading chromosome end (Mason et al. 2008). The retrotransposition pathway
relies on reverse transcriptase and Gag proteins encoded by HTTs. Mature Gag
proteins bind to cytoplasmic RNA molecules emanating from the retrotransposons
and shuttle them back into the nucleus in close proximity to telomeres. The reverse
transcriptase then carries out first-strand synthesis by extending the 3’ OH of the
chromosome terminus using the RNA moiety as a template (Mason et al. 2008).
In addition to larger HTT transcripts, small RNAs from HTT loci, ranging from
26 to 30 nt in length, have also been identified in the germline (Saito et al. 2006) and
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during embryogenesis (Aravin et al. 2003). These RNA species, termed repeat
associated small interfering RNAs (rasiRNAs), are bound by the P-element induced
wimpy testis (PIWI) protein family members PIWI, ArGOnaute3 (AGO3), and
AUBergine (AUB) and have been implicated in a feedback loop regulating HTT
transcript levels (Brennecke et al. 2007). A recent study revealed that the protein
encoded by the gene PROliferation Disrupter (PROD) regulates the cellular levels
of transcripts originating from HeT-A elements (Torok et al. 2007). Also, hinge
domain-mediated binding of HP1 to telomeric DNA increases transcription from
Het-A and TART retrotransposons (Perrini et al. 2004). On the other hand, flies
heterozygous for HP1 mutant alleles defective in H3K9me?2 binding exhibit elon-
gated telomeres and increased transcript levels both from TART and HeT-A
(Perrini et al. 2004).

4.1.5 Mammalian Telomeres

As an example for mammalian telomeres, a sketch illustrating the core molecular
components of a human telomere is depicted in Fig. 4.1. In mammalian cells,
telomeres consist of ds (TTAGGG)n sequences, with length varying approximately
from 5 up to 50 kb amongst different organisms, cell types, and different chromo-
some ends within the same cell. The G-overhang ranges in length between 50 and
500 nt. The telomerase reverse transcriptase TERT and the RNA moiety TR
represent the minimal components required for telomerase activity in vitro (Bianchi
and Shore 2008). Accessory telomerase-associated factors include the Estlp-like
proteins hEST1A and hEST1B (Reichenbach et al. 2003; Snow et al. 2003), the

| (S )
CpG-island
subtelomere

genic unit

Fig. 4.1 Cartoon depicting the core molecular composition of human telomeres. The terminal
chromosomal region comprising telomeric repeats and TERRA CpG island promoters (61-29-37
repeats) constitute a complete genic unit. Methylated histone variants are indicated by meH.
The black arrow shows the direction of transcription from the TERRA promoter
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ATPases reptin and pontin (Venteicher et al. 2008), dyskerin (Mitchell et al. 1999a, b),
and Telomerase CAjal Body protein 1 (TCAB1) (Venteicher et al. 2009).

In healthy human individuals, telomerase is normally expressed in proliferative
tissues such as bone marrow, skin, gastrointestinal epithelium, testis, activated
lymphocytes, and germ cells. On the contrary, in most human somatic cells,
telomerase activity is virtually absent due to silencing of the hTERT promoter
(Kim et al. 1994). This leads to progressive shortening of telomeres upon cell
division (Harley et al. 1990), essentially due to the above-described end replication
problem (see Sect. 4.1.1). Ultimately, telomeres reach a “critical length,” which
evokes a persistent DNA damage response, triggering p53- and pRb-dependent
cellular senescence and/or death (Shay et al. 1991; Bianchi and Shore 2008).
Telomeres are hence envisaged as cellular clocks that set the lifespan of normal
somatic cells. Induction of cellular senescence appears to be important both in
organismal aging and in counteracting cancerogenesis and cancer progression
(Campisi and Yaswen 2009). Indeed, immortal cancer cells rely on reactivation
of telomere-lengthening mechanisms to maintain their telomeres at a constant
length indefinitely. While telomerase reactivation is the most common cancer-
associated telomere lengthening mechanism (Shay and Bacchetti 1997), a limited
number of human mesenchymal tumor cells maintain telomere length through the
homologous recombination-based Alternative Lengthening of Telomere (ALT)
pathway (Bryan et al. 1997; Cesare and Reddel 2010).

A multiprotein complex named shelterin binds mammalian telomeres and is
essential for both telomere protection and telomere length maintenance (Palm and
de Lange 2008). Specificity of binding for telomeric sequences is conferred via the
subunits TRF1 and TRF2 (Fig. 4.1), which directly interact with ds telomeric
repeats. Both proteins recruit TRF1-Interacting Nuclear protein 2 (TIN2) (Kim
et al. 1999) through direct protein—protein interactions. TRF2 also recruits hRapl,
the human homolog of yeast Raplp (Li et al. 2000). Finally, human POT1 is
tethered to telomeres via TPP1, which, in turn, associates with telomeres through
interaction with TIN2 (O’Connor et al. 2006). In addition, in vitro studies showed
that POT1 binds specifically to ss G-rich telomeric DNA repeats (Lei et al. 2004),
giving rise to the accepted idea that POT1 associates with telomeres also through
direct interactions with the G-overhang (Fig. 4.1).

Because telomeres closely resemble DNA ends generated at sites of DNA ds
breaks, a major question in the field of telomere biology is why telomeres are not
perceived and processed as DNA damage and how major repair pathways, such as
NHEJ and HDR, are prevented from acting at functional telomeres. One current
model proposes that the G-overhang loops towards and invades the ds telomeric
repeat tract, giving rise to a lasso-like structure known as the T-loop. T-loop
formation is speculated to be a major mechanism by which the ss telomeric
terminus is hidden from the DNA damage detection and repair machineries (Palm
and de Lange 2008; Bianchi and Shore 2008; Riethman 2008).

In addition, TRF2, Rapl, POT1, and TPP1 have been identified as crucial
players in protecting telomeres from unwanted DNA repair in ways that do not
necessarily depend on T-loop formation. In vivo ablation of TRF2 leads to
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accumulation of DNA damage factors such as p53 Binding Protein 1 (53BP1) and
gamma (y)-H2AX at telomeres, giving rise to the so-called Telomere dysfunction-
Induced Foci (TIF) (Takai et al. 2003). TIF formation is accompanied by cell death
or occurrence of covalent fusions among different telomeres mediated by DNA
ligase IV-dependent NHEJ (van Steensel et al. 1998; Smogorzewska et al. 2002).
Loss of TRF2 also activates the Ataxia Telangiectasia Mutated (ATM) kinase-
mediated DNA damage signaling pathway (Celli and de Lange 2005). This,
together with the fact that TRF2 physically interacts with ATM (Karlseder et al.
2004), has fostered a model where TRF2 functions at telomeres by preventing
activation of ATM (and downstream DNA damage detection and repair activities)
locally. Therefore, in the absence of functional TRF2, telomeres are recognized as
ds breaks. Because TRF2 recruits Rapl to telomeres, it is possible that not only
TRF?2 but also Rap1l might prevent NHEJ at telomeres, an idea further supported by
the observation that artificial tethering of hRapl to TRF2-depleted telomeres in
HeLa-S3 cell lines is sufficient to prevent end-to-end fusions (Sarthy et al. 2009).
Nevertheless, recent analysis of mouse knock-out models showed that Rapl dele-
tion does not cause telomere-damage or telomeric fusions, disproving the afore-
mentioned hypothesis at least for murine model systems (Sfeir et al. 2010).

POT1 also contributes to prevent activation of DNA damage machineries at
telomeres, presumably by inhibiting the ATM-alternative Ataxia Telangiectasia and
Rad3-related (ATR) signaling pathway (Denchi and de Lange 2007). It is hypothe-
sized that POT1 competes with RPA binding to telomeric ss DNA, therefore
preventing RPA-mediated activation of the ATR signaling pathway (Denchi and
de Lange 2007).

Some shelterin proteins have also been implicated in regulating telomere length
and telomerase activity. Overexpression of TRF1 results in a continuous shortening
of telomeres upon successive population doublings (van Steensel and de Lange
1997). Conversely, expression of a dominant negative mutant form of TRF1
induces telomere elongation (van Steensel and de Lange 1997). Changes in telo-
mere length upon deregulation of TRF1 levels have been hypothesized to be due to
its impact on telomere replication rather than on telomerase action. Consistently,
TRF1 does not affect telomerase activity in vitro (Smogorzewska et al. 2000), and
TRF1 dysfunction leads to severe replication fork stalling within telomeric tracts
during replication (Sfeir et al. 2009). A crosstalk between TRF1 and the helicases
BLooM syndrome helicase (BLM) and Regulator of Telomere ELongation helicase
1 (RTELT1) has been shown to be essential in order to assure processive replication
of telomeric repeats (Sfeir et al. 2009).

Ectopic overexpression of POT1 in telomerase-positive human cancer cells
results in an increase in average telomere length (Colgin et al. 2003). Such an
increase is not observed when exogenous POT 1 is expressed in telomerase-negative
human cells, while lengthening of the shorter telomeres is observed upon concomi-
tant ectopic expression of POT1 and hTERT in the same cells (Colgin et al. 2003).
Expression of various truncated versions of POT1 also results in telomere elonga-
tion, possibly due to the dominant negative effects exerted on the recruitment of
endogenous POT1 to telomeres (Loayza and De Lange 2003; Liu et al. 2004;
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Kendellen et al. 2009). Finally, short hairpin (sh) RNA-mediated knockdown of
POT1 or TPP1 gives rise to elongated telomeres (Ye et al. 2004). Together, these
studies suggest that POT1 (and TPP1) are negative regulators of telomerase activ-
ity, although they might also promote telomerase function in some contexts, as
suggested by the fact that TPP1 and POT1 increase the processivity of telomerase
by slowing its dissociation rate as well as aiding in the translocation process in vitro
(Latrick and Cech 2010).

Besides shelterin proteins, which are exclusively found at telomeres, telomeric
chromatin is also enriched for heterochromatin marks such as histone H4 trimethy-
lated at lysine 20 (H4K20m3) and histone H3 trimethylated at lysine 9 (H3K9m3)
(see Fig. 4.1), the latter functioning as a platform for HP1 recruitment (Lachner
et al. 2001; Garcia-Cao et al. 2004; Blasco 2007). The histone methyltransferases
SUV39H1-H2 and SUV4-20H1-2 directly generate these histone modifications
(Garcia-Cao et al. 2004; Schotta et al. 2004). Also, subtelomeric DNA is highly
methylated at CpG dinucleotides by the concerted action of the DNA MeThyltrans-
ferases DNMT1, DNMT3a, and DNMT3b (Gonzalo et al. 2006). Finally, both
subtelomeric and telomeric regions display a low density of acetylated histones
H3 and H4 that are generally enriched at euchromatic loci (Fraga et al. 2005).

4.2 TERRA: TElomeric Repeat-Containing RNA

4.2.1 TERRA Discovery and Biogenesis

Due to their repressive chromatin state and low gene density, chromosome ends
were considered for a very long time to be transcriptionally silent genomic loci.
This longstanding dogma was overturned by the discovery of TERRA, a nuclear
localized RNA deriving from the active transcription of telomeric sequences
(Azzalin et al. 2007; Schoeftner and Blasco 2008). To date, telomere transcription
has been reported in humans, rodents, birds, budding yeast, and zebra fish, indicat-
ing an extensive evolutionary conservation of this cellular feature (Solovei et al.
1994; Azzalin et al. 2007; Luke et al. 2008; Schoeftner and Blasco 2008).

TERRA comprises heterogeneously long (100 to up to more than 9,000 bases in
mammals; see Fig. 4.2) molecules that are transcribed using the telomeric C-strand
as template, thus generating RNA species comprising G-rich RNA repeats
(UUAGGG in mammals). Transcripts from the complementary strand are undetect-
able with standard hybridization-based techniques, suggesting that telomere tran-
scription occurs only using the C-rich telomeric strand as a template or that RNAs
derived from transcription of the G-rich strand are rapidly degraded (Azzalin et al.
2007; Schoeftner and Blasco 2008).

Experimental evidence demonstrates that DNA-dependent RNA polymerase 1T
(RNAPII) plays a major role in TERRA biogenesis. Treatment of human and mouse
cells with the specific RNAPII inhibitor a-amanitin leads to a substantial decrease



4 TERRA: Long Noncoding RNA at Eukaryotic Telomeres 77

in total TERRA steady-state levels within a few hours (Schoeftner and Blasco 2008;
Azzalin and Lingner 2008). However, because some TERRA molecules are still
detectable even after prolonged o-amanitin treatments, one cannot exclude that
RNA polymerases other than RNAPII could participate in telomere transcription.
Indeed, mass spectrometric analysis of purified human telomeric chromatin identi-
fied subunits of all three RNA polymerases (RNAPI, II, and III) (Déjardin and
Kingston 2009). Further strengthening the idea of a major role for RNAPII in
telomere transcription is the observation that RNAPII associates with mammalian
telomeres in vivo as well as with TRF1 (Schoeftner and Blasco 2008; Fig. 4.1). In
addition, at least a fraction of TERRA is 3’-end polyadenylated (Schoeftner and
Blasco 2008; Azzalin and Lingner 2008) as the majority of RNAPII products. The
UUAGGG sequence present in mammalian TERRA molecules does not resemble
canonical polyadenylation signals, thus rendering unclear which factors promote
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Fig. 4.2 Detection of TERRA in different mammalian cells. (a) Northern blot hybridization of
nuclear RNA prepared from the indicated cell lines using radioactively labeled TERRA probes.
HCT116: telomerase-positive human colon carcinoma cell line; Dnmtl—/—, Dnmt3b—/—, and
DKO: HCT116-derived cell lines singly knocked-out for the indicated DNA methyltransferases or
concomitantly knocked-out for both enzymes (double KO — DKO); HeLa telomerase-positive
human cervical cancer cell line, U20S ALT human osteosarcoma cell line, HLF human lung
primary fibroblasts. Hybridization with small nuclear RNA Ul probes was used to demonstrate
equal RNA loading. Molecular weights are on the left. (b) TERRA detection by RNA fluorescence
in situ hybridization using fluorescently labeled TERRA probes. TERRA is shown in green while
DAPI-stained DNA is shown in red. Mouse EF mouse ear primary fibroblasts, RenCa mouse renal
carcinoma cell line
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TERRA polyadenylation. However, in budding yeast, TERRA bears sequences that
strongly resemble the canonical U-rich 3’-end processing signal that is known to be
polyadenylated by Poly-A polymerase 1 (Papl) (Luke et al. 2008). Interestingly,
papl deletion leads to disappearance of TERRA molecules, indicating that the
poly-A tail could stabilize TERRA (Luke et al. 2008).

Northern blot and RT-PCR experiments demonstrated that individual TERRA
molecules contain both a telomeric and a subtelomeric RNA tract, indicating that
TERRA transcription starts within subtelomeres (Azzalin et al. 2007). This hypoth-
esis was confirmed by the discovery of subtelomeric promoter regions dedicated to
the transcription of TERRA from several human chromosome ends. TERRA
promoters are located ~250 bp away from the subtelomere-to-telomere transition
and contain three repetitive DNA tracts: the most centromere-proximal tract com-
prises tandemly repeated 61 bp units, the middle tract comprises 29 bp tandem
repeats, and the most distal tract comprises tandemly repeated 37 bp units (Fig. 4.1).
These repetitive DNA elements have been referred to as “61-29-37 repeats” and are
found immediately upstream of transcription start sites of several TERRA mole-
cules (Nergadze et al. 2009). In addition, the 29 bp and 37 bp repeats display a high
content in CpG dinucleotides, similar to the large majority of mammalian RNAPII-
associated promoter regions. Indeed, total and phosphorylation-activated RNAPII
was found to associate with TERRA promoter DNA in vivo (Nergadze et al. 2009).

BLAST and DNA fluorescence in situ hybridization (FISH) analyses localized
61-29-37 repeats at 20 different subtelomeres in human cells: 1p, 2p, 3q, 4p, 5Sp, 6p,
8p, 9p, 9q, 10q, 11p, 12p, 15q, 16p, 17p, 19p, 20p, 21q, Xq, and Yq (Nergadze et al.
2009). Among the remaining human subtelomeres, at least two (11q and Xp/Yp) are
also transcribed (Azzalin et al. 2007), implying that different promoter types might
contribute to the biogenesis of total human TERRA. However, it is also possible
that ill-defined subtelomeric sequences available in the databases might have led to
an underestimation of the actual number of human subtelomeres carrying 61-29-37
repeats.

4.2.2 TERRA Localization

RNA FISH analysis using fluorescently labeled telomeric probes revealed that
TERRA forms discrete foci in the nucleus of mammalian cells during interphase
(Azzalin et al. 2007; for some examples, see Fig. 4.2). RNA FISH combined with
indirect immunofluorescence analysis using antibodies against telomeric proteins
showed that most TERRA molecular foci colocalize with telomeres (Azzalin et al.
2007; Schoeftner and Blasco 2008). The number of TERRA foci varies among
different tested cell lines, with 3—7 detectable TERRA foci in human cervical
cancer cells and human primary lung fibroblasts and 20—40 foci in human osteosar-
coma cells and murine renal cancer cells (Azzalin et al. 2007). Importantly, TERRA
foci are also detected at the physical tips of chromosomes during mitosis, when
transcription is paused, suggesting that at least a fraction of TERRA remains stably
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bound to telomeres even in the absence of ongoing transcription (Azzalin et al.
2007). Thus, we infer that posttranscriptional mechanisms might have been estab-
lished during evolution to retain TERRA at chromosome ends. It is important to
note that not all telomeres colocalize with detectable TERRA, nor do all TERRA
foci localize to telomeres (Azzalin et al. 2007). While the absence of detectable
TERRA molecules at several telomeres might reflect different levels of transcrip-
tional activity at individual telomeres, the nature of the TERRA-associated non-
telomeric loci remains to be elucidated.

Some hints about this last issue derive from the observation that, in immortalized
mouse embryonic fibroblasts, the most intense TERRA foci partially overlap with
the X Imactive-Specific Transcript (XIST) RNA, which coats the inactive X chro-
mosome (Schoeftner and Blasco 2008). In addition, TERRA is enriched on both
mouse sex chromosomes in a developmentally specific manner. In male- and
female-derived mouse embryonic stem cells, TERRA accumulates at both sex
chromosomes. Upon cellular differentiation, TERRA undergoes a change in locali-
zation and associates only with the telomeres of the heterochromatic (inactive) sex
chromosome of each sex (Ogawa et al. 2008). It will be important to determine
whether such a phenomenon is peculiar only to mouse cells and whether TERRA
molecules marking the sex chromosomes are transcribed from these same chromo-
somes or from other telomeres. Indeed, it remains unknown whether TERRA
localizes to telomeric heterochromatin in cis or in trans. In the aforementioned
study (Ogawa et al. 2008), TERRA foci were not detected at telomeres of auto-
somes, possibly due to less sensitive oligonucleotide probes as compared to those
used to detect TERRA foci in other studies (Azzalin and Lingner 2008; Schoeftner
and Blasco 2008).

Different sets of data are also starting to unravel potential pathways regulating
TERRA localization. The human Suppressors with Morphogenetic defects in Geni-
talia (SMG) proteins UP Frameshift 1 (UPF1), hEST1A/SMG6, and SMG1 are best
characterized as effectors of Nonsense-Mediated mRNA Decay (NMD), an evolu-
tionary conserved, cytoplasmic RNA quality control mechanism, which recognizes
and immediately degrades faulty mRNA molecules carrying premature termination
codons (Nicholson et al. 2010). In addition, the three SMG proteins have also been
independently implicated in different DNA metabolism pathways (including
S-phase progression, DNA damage detection and/or repair, telomere capping,
telomerase regulation, and apoptosis), which seem not to depend on their function
in cytoplasmic RNA surveillance (Reichenbach et al. 2003; Snow et al. 2003;
Brumbaugh et al. 2004; Azzalin and Lingner 2006; Redon et al. 2007; Oliveira
et al. 2008). ShRNA-mediated downregulation of these three factors results in an
increase in the number of telomere-associated TERRA foci, without affecting total
TERRA steady-state levels or half-life, and in sudden loss of entire telomeric tracts
(Azzalin et al. 2007). A direct role for these factors in negatively regulating TERRA
localization to telomeres and in maintaining telomere integrity is substantiated by
the fact that these polypeptides localize, although at low levels and probably in a
transient manner, to telomeric heterochromatin in vivo (Azzalin and Lingner 2006).
It remains to be determined whether these proteins perform their telomeric
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functions in a complex, as it is the case for NMD, and whether the telomeric defects
observed upon depletion of these factors are causally linked to TERRA mislocali-
zation. Although it is tempting to speculate that UPF1, hEST1A/SMG6, and SMG1
actively displace TERRA molecules from telomeres, one cannot exclude that
increased TERRA binding to telomeres might be an indirect consequence of the
telomere damage occurring in these settings.

Another observation worth noting comes from overexpression experiments, with
a mutant version of TRF2 harboring a deletion of the N-terminal basic domain
(TRF2AB) (Deng et al. 2009). TRF2AB, ectopically expressed in U20S cells,
retains its ability to associate with telomeric DNA and to protect telomeres from
NHE]J, although it promotes excision of T-loop-sized telomeric circles by homolo-
gous recombination. This leads to dramatic loss of telomeric DNA and eventually
senescence (Wang et al. 2004). Interestingly, TERRA transcripts no longer form
discrete foci in cells overexpressing TRF2AB (Deng et al. 2009). However,
TERRA steady-state levels were not measured in these cells, thus making it unclear
whether TRF2AB expression affects only TERRA localization or global TERRA
levels.

4.2.3 TERRA and Interaction with Proteins

In a recent study, biotinylated TERRA-like RNA oligonucleotides were used to
purify putative TERRA-binding factors from human nuclear extracts (Deng et al.
2009). This screening identified, among other factors, the shelterin proteins TRF1
and TRF2. RNA immunoprecipitation assays performed using antibodies against
endogenous or ectopically expressed epitope-tagged shelterin proteins confirmed
that TRF1 and TRF?2 are able to interact with cellular TERRA (Deng et al. 2009; see
Fig. 4.1). On the contrary, hRap1, POT1, and TPP1 appear not to bind TERRA in
these assays (Deng et al. 2009). Furthermore, immunoprecipitation and electropho-
retic mobility shift assays performed using recombinant TRF2 deletion mutants
revealed that the basic aminoterminal GAR domain of TRF2, which is implicated in
telomere stability and in the recruitment of the Origin Recognition Complex (ORC)
to telomeres, and, to a lesser extent, the carboxyterminal DNA-binding myb/SANT
domain are involved in TERRA binding (Deng et al. 2009).

Other human nuclear proteins that were found to interact with TERRA include
the telomerase-interacting partners hEST1A and dyskerin, the ORC subunits
ORC1, ORC2, and ORC4, the Methyl CpG-binding Protein (MeCP2), and proteins
involved in DNA metabolism such as DNA-dependent Protein Kinase catalytic
subunit (DNA PKcs), the Poly(ADP-Ribose) Polymerase 1 (PARP1) enzyme, BLM
helicase, topoisomerase I, the ss DNA-binding protein RPA1, and Mediator of DNA
Damage Checkpoint protein 1 (MDC1). In addition, the chromatin modifier COR-
EST and several heterogeneous RiboNucleoProteins (hnRNPs) were also identified
in this study (Deng et al. 2009). In particular, hnRNPA1 seems to represent a very
good candidate for a TERRA-interaction partner at telomeres: it possesses two
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RNA-Recognition Motifs (RRMs) and binds with very high specificity to ss G-rich
telomeric DNA and RNA in vitro (McKay and Cooke 1992; Ishikawa et al. 1993).
In addition, hnRNPA1 physically associates with telomeres, where it is thought to
positively regulate telomerase-mediated telomere elongation (LaBranche et al.
1998; Zhang et al. 2006). It will be worth establishing loss-of-function experiments
in order to test whether the RRMs of telomere-bound hnRNPA1 mediate TERRA
localization to telomeres.

4.2.4 Regulation of TERRA Levels

The heterochromatic state of telomeres seems to impact on TERRA transcript
steady-state levels. Treatment of human cells with trichostatin A, an inhibitor of
classes I and II histone deacetylases, results in an increase in TERRA levels
(Azzalin et al. 2007). Similarly, in cell lines derived from mice deficient for the
histone methyltransferases Suv3-9h and Suv4-20h, the cellular levels of TERRA
are elevated as compared to cells from wild-type mice (Schoeftner and Blasco
2008). These results suggest that TERRA is epigenetically regulated and that an
open chromatin structure favors TERRA transcription. On the contrary, in mouse
cells knocked-out for the telomerase RNA component Terc, TERRA levels are
found to decrease (Schoeftner and Blasco 2008). The same cells also exhibit
shortened telomeres, decreased levels of telomeric and subtelomeric methylated
H3K9 and H4K?20, and increased levels of acetylated histones H3 and H4 (Benetti
et al. 2007a), suggesting that telomere shortening promotes the establishment of an
“open” chromatin structure at both telomeric and subtelomeric regions and nega-
tively regulates TERRA cellular levels. The apparent contradiction in terms of
TERRA regulation as deduced by these different scenarios might be ascribed to
multiple functions associated to the knocked-out polypeptides. For example, so far
unknown functions of mouse telomerase RNA could be directly responsible for
maintaining elevated TERRA levels.

The mouse Retinoblastoma (Rb) family of proteins consists of the three factors
Rbl1, RbL1, and RbL2. In humans, the Rb family includes pRbl, p107, and p130
(Longworth and Dyson 2010). Members of the Rb family function as tumor
suppressors and affect gene expression by regulating the activity of the E2F family
of transcription factors (Gonzalo and Blasco 2005). They also impact on gene
expression by recruiting chromatin-modifying factors such as the histone methyl-
transferases Suv4-20h1 and Suv4-20h2 (Gonzalo et al. 2005). Three different Rb-
deficient Mouse Embryonic Fibroblast (MEF) cellular systems (Rb—/—, Rb—/—
pl07—/— and Rb—/—p107—/—p130—/—) display increased TERRA levels as com-
pared to wild type controls (Gonzalez-Suarez et al. 2009). Importantly, concomitant
deletion of all three Rb members leads to decreased H4K20 trimethylation at
constitutive heterochromatin loci, and this change in histone modification is not
due to a decrease in transcript levels of Suv4-20hl and Suv4-20h2, although
it could be rescued by overexpressing a full-length EGFP-tagged Suv4-20h
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(Gonzalo et al. 2005; Benetti et al. 2007b). In addition to changes in histone
methylation, Rb triple KO cells also exhibit decreased methylated cytosine levels
(Gonzalo et al. 2005). Thus, alteration of TERRA transcript levels in Rb-deficient
cells may be due to their impact on chromatin compaction through histone modifi-
cation as well as DNA methylation.

The nuclear lamina consists of a dense fibrillar network that lines the inside of
the nuclear envelope. Its two major components are class V intermediate filaments,
called lamins, and the lamin-binding proteins. In vertebrates, lamins include A/C-
or B-type /amins (LMNA/C and LMNB), which are involved in nuclear organiza-
tion and regulation of gene expression (Towbin et al. 2009). LMNA-deficient MEFs
display a decrease in global H4K20me3 and markedly reduced TERRA levels
(Gonzalez-Suarez et al. 2009), although it still remains to be determined whether
this decrease is due to impaired TERRA transcription or augmented degradation.
Interestingly, as pointed out by the authors of this study (Gonzalez-Suarez et al.
2009), Rb levels are also decreased in LMNA-deficient cells, indicating that
TERRA upregulation observed upon Rb deletion might require intact lamins.
Furthermore, the misregulation of TERRA levels in LMNA-deficient cells is
accompanied by an altered positioning of telomeres within the nucleus, with an
apparent nonrandom redistribution towards the nuclear periphery (Gonzalez-Suarez
et al. 2009). Although the nuclear periphery is considered to be essentially tran-
scriptionally silent (Kumaran et al. 2008), recent studies showed that, in mammals,
transcription of a transgene can be induced even upon targeting to the nuclear
periphery (Kumaran and Spector 2008). It is thus possible that changes in nuclear
localization of telomeres are responsible, at least in part, for the reduced levels of
TERRA transcripts. In this light, it will be interesting to analyze the rate of
transcription of transgenic telomeres experimentally tethered to different compart-
ments of the nucleus.

In a more recent study, the deposition of the histone variant H3.3 onto chromatin
was indirectly linked to TERRA regulation. Histone H3.3 is specifically enriched at
transcriptionally active gene promoters and at regulatory elements in pluripotent
cells (Elsaesser et al. 2010). Chip-seq analysis additionally revealed H3.3 enrich-
ment at telomeres (Goldberg et al. 2010). Deposition of H3.3 is generally mediated
by the protein Hira, which acts in conjunction with the chromatin remodeler
Chromodomain-Helicase-DNA-binding protein 1 (CHD1) (Elsaesser et al. 2010).
Surprisingly, H3.3 deposition at telomeres was found to be Hira independent but
dependent on the new H3.3-interacting partner Alpha rhalassemia/mental retarda-
tion syndrome X-linked (Atrx), which is also enriched at telomeric loci (Goldberg
et al. 2010). In Atrx-deficient mouse ES cells, a 1.7-fold increase in TERRA levels
is observed, independent of changes in H3K4 and H3K9 trimethylation levels
(Goldberg et al. 2010), although the density of other heterochromatin marks still
needs to be measured. An attractive, yet to be tested hypothesis is that the TERRA
deregulation observed in Atrx-deficient cells might be due to improper H3.3
deposition at telomeres.

Dnmt-mediated methylation of cytosines at promoter CpG-dinucleotides is
generally associated with transcriptional gene silencing (Esteller 2007). The 29 bp
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and 37 bp repeats comprised in the identified TERRA promoters are methylated in
different human cell lines, including cancer cells (HeLa, HCT116 and U20S) and
primary lung fibroblasts (Nergadze et al. 2009). In a HCT116-derived cell line
deficient for both Dnmt1 and Dnmt3b (double KO — DKO), DNA methylation at
TERRA promoters is absent, while single deletion of only one of the two Dnmts
does not perturb methylation levels substantially (Nergadze et al. 2009;
Fig. 4.2). Thus, at least in the HCT116 cellular background, Dnmtl and
Dnmt3b cooperatively sustain methylation of TERRA promoter CpG dinucleo-
tides. Importantly, the decreased methylation at TERRA promoters is accom-
panied by a dramatic increase in TERRA transcripts and by augmented binding
of phosphorylation-activated RNAPII to TERRA promoters, suggesting that
CpG methylation negatively regulates transcriptional activity of TERRA pro-
moters (Nergadze et al. 2009). Similarly, treatment of different human cultured
cells with 5-azacytidine, an inhibitor of Dnmts, results in increased TERRA
levels (Nergadze et al. 2009). Interestingly, in peripheral blood mononuclear
cells derived from infants, the levels of CpG methylation at subtelomeric CpG
islands located on chromosomes 2p, 4p, and 18p are similar to those observed in
cells derived from 69- to 89-year-old adults, while a significant decrease in
telomere length is observed in the latter cells (Ng et al. 2009). The presence of
61-29-37 promoter sequences at 2p and 4p subtelomeres suggests that telomere
shortening associated with aging does not affect TERRA promoter methylation
state (Nergadze et al. 2009). It would be interesting to directly measure TERRA
promoter CpG methylation and TERRA transcript levels in individuals of dif-
ferent ages.

Another intriguing connection between TERRA and methylation of subtelo-
meric regions emerged from the comparison of telomerase-positive cancer cells
with cancer cells that resort to the ALT pathway to maintain telomere length. ALT
cells exhibit overall decreased and more variable density of methylated CpG
dinucleotides at subtelomeric loci as compared to telomerase positive cancer cells
(Ng et al. 2009). Consistently, higher total TERRA levels are also observed in ALT
cell lines (Ng et al. 2009; and Fig. 4.2). Importantly, telomeres within the same
ALT cells are very heterogeneous in size (Cesare and Reddel 2010), suggesting that
the methylation of each individual telomere might correlate with different telomere
lengths as well as with different transcription rates of TERRA from individual
promoters.

In another study, higher TERRA transcript levels were observed in primary cells
derived from patients affected by /mmunodeficiency, Centromere instability, and
Facial anomalies (ICF) syndrome, which, at the molecular level, is characterized by
hypomethylated subtelomeric DNA arising from mutations in Dnmt3b (Yehezkel
et al. 2008), further strengthening the idea that CpG methylation represses TERRA
transcription. An apparent conundrum is nevertheless posed by the observation that
mouse cells knocked-out for Dnmtl or Dnmt3a/b display decreased TERRA levels
as compared to wild type animal cells (Schoeftner and Blasco 2008). It is possible
that different regulatory mechanisms exist amongst mice and humans, thus result-
ing in these contrasting observations.
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As already mentioned, TERRA has been the object of studies also in nonmam-
malian eukaryotes. In S. cerevisiae, TERRA is kept at very low levels by the 5 to 3
RNA exonuclease Ribonucleic acid frafficking (Ratlp). Indeed, while TERRA is
almost undetectable in wild type yeasts, it can be easily detected in a rat/-1 mutant
background using northern blot hybridization or RT-PCR (Luke et al. 2008).
Interestingly, rat/-1 telomeres are approximately 150 bp shorter than wild type
counterparts. This telomere shortening is not incremented by concomitant deletion
of telomerase components and is rescued by over-expression of RNase H, which
specifically digests RNA molecules engaged in DNA/RNA hybrids (Luke et al.
2008). Altogether, these results suggest that increased TERRA expression might
inhibit telomerase activity at telomeres, possibly by forming RNA-DNA hybrids
with ss C-rich telomeric DNA exposed during DNA replication. Alternatively,
TERRA might prevent telomerase action at telomeres by directly inhibiting its
activity (see Sect. 4.2.5).

Alteration of different shelterin components seems also to impact on TERRA
levels. Overexpression of TRF2 in mouse cells results in telomere shortening
accompanied by a decrease in histone H3 and H4 abundance at telomeres and
increased nucleosomal spacing (Benetti et al. 2008). Despite this open chromatin
structure, a decrease in TERRA levels is observed (Benetti et al. 2008). On the other
hand, depletion of TRF2 leads to an increase in TERRA transcript in a p53-
dependent manner (Caslini et al. 2009). Although these observations seem to
point to TRF2 as a negative regulator of TERRA abundance, one has to keep in
mind that TRF2 depletion leads to accumulation of DNA damage at telomeres,
raising the possibility that TERRA upregulation might be part of a physiological
cellular response to telomere-specific DNA damage events.

SiRNA-mediated knockdown of TRF1 in human ALT cells has been shown to
downregulate TERRA transcript levels. In addition, TRF1 physically associates
with RNAPII, although TRF1 depletion does not result in impaired RNAPII
recruitment to telomeres (Schoeftner and Blasco 2008). Thus, the impact of TRF1
depletion on TERRA levels seems not to depend on RNAPII recruitment to
telomeric DNA but rather on a yet unidentified mechanism. On the contrary,
conditional deletion of TRF1 in mouse embryonic fibroblasts gives rise to a severe
block of replication fork progression through the telomeric tract without affecting
TERRA steady-state levels (Sfeir et al. 2009). The differences between these two
studies could again reflect differences between mice and humans in terms of
TERRA regulatory circuits.

Recently, a connection between TERRA and small RNA species was uncovered.
Three major classes of small RNA molecules have been discovered so far (1) short
interfering RNA (siRNA); (2) micro RNA (miRNA); and (3) PIWI interacting
RNAs (piRNA) (Jinek and Doudna 2009). In mammalian cells, the siRNA pathway
mediates gene silencing prevalently by degrading target mRNAs, while miRNAs
have been implicated in regulating gene expression through translational inhibition.
The protein Dicer, an endoribonuclease belonging to the RNAselll family, med-
iates the cleavage of ds RNA and pre-miRNA molecules into siRNA and miRNA
duplexes that are 20-25 nt long (Jinek and Doudna 2009). On the other hand,
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piRNAs are 24-31 nt long, and their biogenesis, which is Dicer independent, and
function remain poorly defined. Interestingly, in mouse ES cells with compromised
Dicer activity, dot blot analysis showed a decrease in TERRA levels (Schoeftner
and Blasco 2008). On the contrary, in an independent study, northern blot analysis
of RNA from Dicer-deficient mouse ES cell showed elevated TERRA levels
(Zhang et al. 2009). In a third separate study, 23-24 nt long TERRA-like RNA
species were identified in mouse ES cells as well as in human somatic cells,
although at much lower levels (Cao et al. 2009), and no change in this RNA species
was observed in Dicer-deficient cells. Functional ablation of the H3K4 methyl-
transferase Myeloid/Lymphoid Leukemia, alternatively named Mixed Lineage Leu-
kemia (MLL), which promotes deposition of the euchromatic mark H3K4me3,
leads to a twofold increase in TERRA-like small RNA (Cao et al. 2009) and
concomitant decrease in long TERRA species in different cells (Caslini et al.
2009). This is accompanied by a decrease in H3K4me3 and, surprisingly, an
increase in H3K9me3 density at telomeres (Caslini et al. 2009). In addition,
diminished binding of RNAPII to telomeres was also observed (Cao et al. 2009).
Altogether, these studies raise some important questions about TERRA RNA
metabolism and the role of TERRA-like small RNAs in telomere biology. In
particular, are the 23-24 nt long TERRA transcripts generated via the degradation
of the longer TERRA molecules or via alternative pathways? Have the two tran-
script families independent roles? Do the smaller RNA species regulate transcrip-
tion of the longer TERRA molecules or vice versa?

4.2.5 TERRA-Associated Functions

The characterization of TERR A-associated putative functions still remains a major
challenge for current and future research. Given the exclusive localization of
TERRA to the nucleus and the cytoplasmic localization of the siRNA machinery,
one would predict that TERRA is unlikely to be knocked-down using canonical
siRNA-mediated approaches. Unexpectedly, however, transfection of human can-
cer cells with siRNA molecules against TERRA UUAGGG repeats resulted in a
40% reduction in TERRA levels and in a substantial decrease in the number of
TERRA nuclear foci (Deng et al. 2009). TERRA siRNA transfection was accom-
panied by loss in cell viability, TIF formation, telomeric aberrations, diminished
recruitment of ORC to telomeres, and decreased density of telomere-bound di- and
trimethylated H3K9 (Deng et al. 2009). Although this set of data makes it tempting
to speculate that TERRA could play fundamental roles in maintaining telomere
integrity and in telomeric heterochromatin establishment, it still remains possible
that at least some of the observed phenotypes could result from secondary effects
exerted by the TERRA-like siRNA molecules, independently of TERRA down-
regulation and mislocalization. Indeed, transfection of short (TTAGGG)n oligonu-
cleotides in human cells generates a severe DNA damage response at telomeres, perhaps
by sequestering POT1 molecules from the G-overhang (Milyavsky et al. 2001). It is
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also conceivable that the observed phenotypes (including TERRA down-regulation
itself) might derive from a so far unforeseen function of TERRA-like small RNA
molecules at telomeres rather than from direct downregulation of TERRA through
noncanonical nuclear RNAi1 machineries. In addition, transient transfection of
random siRNA molecules into mammalian cells induced heterochromatinization
of telomeres and upregulation of TERRA transcripts (Ho et al. 2008), rendering
even more problematic to unequivocally interpret results obtained using siRNA-
based approaches.

It has been proposed that TERRA negatively regulates telomerase-mediated
telomere elongation. Indeed, telomerase-positive cells exhibit higher methylation
levels of TERRA promoters and lower TERRA levels as compared to telomerase-
negative cell lines (Ng et al. 2009). Similarly, TERRA levels are diminished in
high-grade tumor cells as compared to cells from low-grade tumors, and low
TERRA levels are observed during mouse embryonic development when telome-
rase is highly active (Schoeftner and Blasco 2008). In addition, RNA oligonucleo-
tides comprising the TERRA-like sequence (UUAGGG); inhibit telomerase
activity in vitro (Schoeftner and Blasco 2008; Redon et al. 2010). Finally, rat/ 4
yeast strains display high TERRA levels and short telomeres (Luke et al. 2008; see
Sect. 4.2.4), and forced transcription of a yeast chromosome end leads to shortening
of its telomeric tract (Sandell et al. 1994). Because telomeric TERRA repeats are
complementary to the template region of telomerase RNA, it is likely that TERRA-
mediated inhibition of telomerase occurs through competitive base-pairing. Indeed,
short UUAGGG RNA sequences seem to prevent telomerase action at telomeres
also in vivo, when overexpressed from transgenic retroviral promoters integrated in
the genome (Bisoffi et al. 1998).

4.3 Conclusions and Future Directions

The discovery of TERRA is fuelling research in a previously unforeseen aspect of
telomere biology and promises to generate new and exciting data, thus adding to the
complexity and pleiotropic nature of telomeres. One crucial aspect that urgently
needs to be clarified is what functions TERRA and/or transcription exert at telo-
meres. As already mentioned, proper TERRA binding to telomeres seems to be
essential for telomere integrity, telomere replication, and heterochromatin deposi-
tion. Independent loss- or gain-of-function systems need to be developed in order to
dissect TERRA roles in these different aspects of telomere biology.

How eukaryotic cells assure proficient TERRA transcription also needs to be
further characterized. With the isolation of TERRA promoters, the way has been
paved for the identification of TERRA transcription factors and for the characteri-
zation of the roles played by such factors in TERRA biogenesis and in maintaining
correct telomere structure and functions. Also, a possible involvement of different
transcription machineries in TERRA biogenesis remains to be carefully tested.
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Finally, once the molecular details of TERRA biogenesis and functions are
elucidated, it will be essential to place TERRA in the wider context of telomere-
associated functions during cellular senescence, organismal aging, and cancer-
ogenesis. A direct involvement of TERRA in these crucial aspects of human
biology could, in the long term, open the way for new therapeutic approaches for
curing age-associated diseases and cancer. The landing on “TERRA,” the Latin
noun for planet Earth, has indeed marked the beginning of a new era in telomere
biology.
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Chapter 5
Transcription of Satellite DNAs in Mammals

Claire Vourc’h and Giuseppe Biamonti

Abstract Centromeric and pericentric regions have long been regarded as
transcriptionally inert portions of chromosomes. A number of studies in the
past 10 years disproved this dogma and provided convincing evidence that
centromeric and pericentric sequences are transcriptionally active in several
biological contexts.

In this chapter, we provide a comprehensive picture of the various contexts (cell
growth and differentiation, stress, effect of chromatin organization) in which these
sequences are expressed in mouse and human cells and discuss the possible
functional implications of centromeric and pericentric sequences activation and/or
of the resulting noncoding RNAs. Moreover, we provide an overview of the molecu-
lar mechanisms underlying the activation of centromeric and pericentromeric
sequences as well as the structural features of encoded RNAs.

5.1 Introduction

In eukaryotic cells, correct segregation and inheritance of genetic information rely
on the activity of specialized chromosomal regions called centromeres, which
ensure that during mitosis, each daughter cell receives one copy of each chromo-
some. Defects in chromosome segregation are associated with human disease.
Defects in meiosis lead to aneuploid embryos and cause genetic syndromes while
mitotic errors contribute to tumor formation. One major centromeric function is to
dictate the site of assembly of the kinetochore, a critical structure that mediates
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binding of chromosomes to the spindle, monitors bipolar attachment, and pulls
chromosomes to the poles during anaphase. The centromere region also contri-
butes to sister chromatid cohesion function via a second centromeric domain,
namely the pericentric heterochromatin structure, which surrounds the kineto-
chore. Although centromeres have been identified more than a century ago as
the primary constriction of condensed metaphase chromosomes, their molecular
characterization was hampered for a long time by its unusual enrichment
in highly repetitive satellite DNA sequences. Two types of repetitive DNA
sequences are usually associated with centromeres: major satellite repeats that
are located pericentrically (PCT) and the minor satellite repeats that coincide
with the centric (CT) constriction. The poor evolutionary conservation of all
these elements underscore the fact that in most eukaryotes, including mammals,
centromere identity and function is not simply specified by DNA sequence. This
finding has led to the concept of an “epigenetic” component in centromere
function that can be inherited throughout multiple divisions. An increasing
number of epigenetic marks have been uncovered that are associated with
the constitutive heterochromatic state of centromeric regions, which remain
condensed during the entire cell cycle. Clear examples of epigenetic control
come from the analysis of neocentromeres, where new centromeres are formed
on noncentromeric DNA, and inactivation of one centromere in dicentric chro-
mosomes. Current centromere models indicate that, once formed, centromeres
are specified epigenetically and maintained at the same locus, cell division after
cell division. Centromeric protein A (CENPA) has emerged as the best candidate
to carry the epigenetic centromere mark, while specific histone modifications and
heterochromatin protein 1 (HP1) are distinguishing features of pericentric het-
erochromatin.

A number of studies in the last 10 years have shown that the epigenetic status at
centromeres is controlled by the concerted action of several mechanisms involving
nucleosome remodeling, the histone variant CenH3, and histone modifications.
More recently, a role of transcription and RNA in establishing the correct centric
and pericentric chromatin status has emerged. In this chapter, we give a compre-
hensive view of the different aspects controlling the expression of pericentic and
centric RNAs and discuss the role of unscheduled expression on the centromere
function.

5.2 General Organization of Centromeric and Pericentric
Regions in Mouse and Human Chromosomes

In mouse and human cells, centromeric and pericentric regions are formed by
tandem repeats of DNA sequences, also known as “satellite” DNA. Beyond this
generic appellation, the term “satellite” embraces different types of DNA repeats
with different sequences. The repetitive units of centromeric (CT) and pericentro-
meric (PCT) regions of human chromosomes are given in Table 5.1.
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Table 5.1 Sequence of human and mouse centromeric and pericentric repetitive units

Mouse

Centromeric — minor satellite 120 bp
From Wong and Rattner (1988)
GGAAAATGATAAAAACCACACTGTAGAACATATTAGATGAGTGAGTT
ACACTGAAAAACACA
TTCGTTGGAAACGGGATTTGTAGAACAGTGTATATCAATGAGTTACAA
TGAGAAACAT

Pericentric — major satellite (234 bp)
From Manuelidis (1982)
GGACCTGGAATATGGCGAGAAAACTGAAAATCACGGAAAATGAGAAATACACAC
TTTAGGAC
GTGAAATATGGCGAGGAAAACTGAAAAAGGTGGAAAATTTAGAAATGTCCACTG
TAGGACGTG
GAATATGGCAAGAAAACTGAAAATCATGGAAAATGAGAACATCCACTTGACGAC
TTGAAAAAT
GACGAAATCACTAAAAAACGTGAAAAATGAGAAATGCACACTGAA

Human

Centromeric — alphoid (171 bp)
From Vissel and Choo (1987)
CTTCTGTCTAGTTTTTATATGAAGATATTCCCGTTTCCAACCAAGGCCTCAAAGCG
GTCCAAATATC
CACAAGCTGATTCTACAAAAAGAGTGTTTCAAAACTGCTCTATGAAAAGGAAGGT
TCAACTCTGTG
AGTTGAATGTATACATCACAAAGAAGTTTCTGAGAATG

Pericentric — satellite I, 11, I11
From Prosser et al. (1986)
Satellite 1: alternating arrays of A (17bp) and B (25 bp) motives
A: ACATAAAATAT(G/C)AAAGT
B: AC(AT/CC)CAAATATA(G/T)ATT(A/T)TAT(A/T)CTGT
or ACCCAA(AGT/GCC)AT(AT/GC)ATT(A/C)TATACTGT
Satellite 2: Poorly conserved 5 bp repeat GGAAT
Satellite 3: CAACCCGA(A/G)T(GGAAT),

5.2.1 Mouse Chromosomes

The repetitive units composing centromeric and pericentric regions are known as
minor and major satellite (Sat) sequences, respectively, and represent 0.5% and
5% of the genome, respectively. Minor satellite units are 122 bp long. They
probably result from a head-to-tail duplication of a 60 bp motif containing the
17 bp CENPB box (Wong and Rattner 1988). Different from what observed in the
fission yeast Schizoccharomyces pombe (S. pombe), in mouse, all chromosomes
are acrocentric with pericentric heterochromatin present only on q arms. For this
reason, “pericentric heterochromatin” is also referred to as “juxtacentric hetero-
chromatin.” Major satellites are 234 bp long A/T-rich sequences that are present
on all mouse chromosomes. In interphase nuclei, they often appear as large
chromocenters.
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5.2.2 Human Chromosomes

In humans, centromeric regions are acro-(chromosomes 13, 14, 15, 21 and 22),
meta-, or submetracentric. Centromeres are composed of diverged alphoid AT-rich
171-bp motives repeated in head-to-tail fashion, to form a higher-order unit that, in
turn, is reiterated several times to generate 500 kb to 1.5 Mb arrays (Vissel and
Choo 1987). As in mouse, pericentric regions are positioned on long q chromosome
arms, juxtaposed to the arrays of alphoid sequences. Important interchromosomal
and interindividual differences exist concerning the size of pericentric regions. In
chromosomes 1,9, 16, and Y, pericentric regions are particularly large, of the order
of several megabases. Perice