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Foreword

In recent years, our functional understanding of the genome has changed dramati-
cally. The discovery of pervasive transcription and the prevalence of noncoding 
RNAs (ncRNAs) have challenged the traditional definition of genes and what should 
be considered a functional region of the genome. Noncoding RNAs are defined as 
transcripts that do not encode proteins. Formally, this classification includes compo-
nents of the translation machinery such as ribosomal RNA (rRNA) and transfer 
RNA (tRNA). However, the term ncRNA is also commonly used to describe other 
noncoding transcripts implicated in the regulation of gene expression. In particular, 
this category includes short regulatory ncRNAs (e.g., microRNAs, small interfering 
RNA) and longer transcripts about which much less is known. This book focuses on 
this latter class of long ncRNAs (lncRNAs).

The rise of modern genomics was fundamental for uncovering the diversity of 
lncRNAs, their omnipresence across the tree of life, and their varied mechanisms of 
action. lncRNAs regulate gene expression at all levels, from modifying the epigen-
etic status of chromatin to modulating the stability of protein-coding mRNAs in the 
cytoplasm. Some lncRNAs exert their effects locally (e.g., by regulating the expres-
sion of neighboring genes in cis), while others affect multiple loci across the 
genome. Sometimes the presence of an lncRNA is essential for its own functional 
impact. This is the case for lncRNAs acting as scaffolds for the assembly and 
recruitment of various functional elements to chromatin. In other situations, 
lncRNAs function through their own transcription. For example, antisense lncRNA 
transcripts (lncRNAs overlapping gene-coding regions on the opposite DNA strand) 
may inhibit or modulate the expression of the sense mRNA either by direct tran-
scriptional interference or by recruiting chromatin modifiers. Thus, even if lncRNAs 
are constantly removed by the cellular machinery, they may still have a functional 
impact on the transcriptome through their generation.

lncRNAs also have roles beyond chromatin. Some act as sponges sequestering 
diverse regulatory elements (e.g., miRNAs) and thus decreasing their impact on 
target mRNAs. Others modulate how the cell recognizes mRNA molecules and thus 
regulate translation efficiency, cellular localization, or stability. These examples 
illustrate the diverse mechanisms of action that lncRNAs use to regulate gene 
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expression. However, despite many examples describing functional roles of 
lncRNAs, for the vast majority, the mechanisms of action remain unknown.

lncRNAs have been found in nearly all organisms studied, suggesting that they 
are a fundamental component of gene expression. Interestingly, the ratio of lncRNAs 
(in comparison to canonical mRNAs) is higher in more complex organisms, sug-
gesting that they contribute to the increased regulatory complexity in higher eukary-
otes. In budding yeast, it has been shown that lncRNA expression can result in 
chains of overlapping sense and antisense transcripts that lead to the rewiring of 
regulatory gene expression networks. This process, in which lncRNAs spread regu-
latory signals across the genome, is thought to be even more complex in higher 
eukaryotes. Furthermore, the boundaries between coding and noncoding RNAs are 
often vague; in some cases, previously identified lncRNAs have been shown to 
encode short peptides with potential biological functions. This implies that lncRNAs 
may also serve as evolutionary intermediates for the generation of new genes.

The last decade of genomics has revealed a surprising diversity of lncRNAs with 
diverse mechanisms of action. However, we have so far only seen the tip of the ice-
berg in a whole new field of biology. In the coming years, the development of new 
tools such as high-throughput long-read sequencing promises to boost our ability to 
discover and characterize lncRNAs. The development of novel approaches to assay 
the functional impact of such lncRNAs will allow us to better understand their phe-
notypic consequences and mechanisms of action. In addition, the detailed biochem-
ical and molecular characterization of lncRNAs will be essential for our 
understanding of fundamental cell biology, evolution, health, and disease.

� Lars M. Steinmetz, PhD 
Professor of Genetics, Stanford University School of Medicine,  

Stanford, CA, USA
Co-Director, Stanford Genome Technology Center, Stanford, CA, USA

Principle Investigator and Senior Scientist, European Molecular Biology 
Laboratory (EMBL), Heidelberg, Germany

� Vicent Pelechano, PhD
Assistant Professor and SciLifeLab Fellow,  

Department of Microbiology, Tumor and Cell Biology,  
Science for Life Laboratory, Karolinska Institute,  

Solnavägen, Solna, Sweden 
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Preface

RNA has been an interesting molecule in biology displaying a multitude of func-
tions in all cellular systems. According to the RNA world hypothesis, it is proposed 
that RNA was the first macromolecule to arise in the universe even before DNA and 
proteins came into existence. However, modern biology has seen a great influence 
of DNA as the information storage house, while the proteins are really the final 
functional actors in various cellular functions. RNA was thought to have only a sup-
porting role in maintaining the functional homeostasis. Messenger RNA carries the 
information encoded in DNA. Ribosomal RNA organizes the ribosome structure to 
facilitate the translation of the messenger RNAs. Transfer RNAs carry the amino 
acids to be incorporated into the proteins. Other small RNA molecules like 5S RNA 
and 5.8S RNA contribute to ribosome function. Small nuclear and nucleolar RNAs 
(snRNAs and snoRNAs) play significant roles in splicing machinery. For a long 
period of time, it was a common notion that the entire DNA in eukaryotic cells is not 
transcribed, and the junk DNA hypothesis prevailed for a few decades. However, 
subsequent to the completion of the Human Genome Project and the advent of NGS 
technology, we have seen that much of the DNA is pervasively transcribed to gener-
ate a large repertoire of RNA molecules which are now being classified as non-
coding RNAs. This includes both short (22–33 nucleotides in length) and long RNA 
species (>200 nucleotides in length). Presently it is estimated that there are more 
genes coding for long noncoding RNA genes than the estimated ~25,000 protein-
coding genes in humans and mice. It is becoming increasingly clear that long non-
coding RNAs (lncRNAs) have ubiquitous biological function(s) in almost every 
aspect of cellular biology, regulating gene expression and contributing to the final 
functional output of protein-coding genes. lncRNAs are found in all eukaryotes 
from unicellular organisms to higher mammals. The present book is an attempt to 
briefly describe the most recent developments in the area of long noncoding RNA 
biology which is one of the emergent hot topics in the field of molecular and cellular 
biology today.

The first chapter by Jarroux, Morillon, and Pinskaya introduces the area of 
lncRNAs beginning with the history and their discovery. This is followed by a 
description of their characteristic features in comparison with messenger RNAs. 
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They also discuss the different classes of lncRNAs based on their genomic organi-
zation, cellular localization, and functions. This chapter lays an excellent founda-
tion for the ensuing chapters in the book. The second chapter by Kanduri and 
associates discusses the role played by lncRNAs in genome organization and chro-
matin organization and regulation along with their varied mechanisms of action. 
They also discuss the role of lncRNAs in nucleolar and centromere functions. This 
chapter is followed by an exhaustive description of lncRNAs in an invertebrate 
model system, Drosophila melanogaster, by Subhash Lakhotia (Chap. 3). This 
model organism, owing to its richness in genetics and genetic approaches, has con-
tributed significantly toward our understanding of the biology of lncRNAs. This 
chapter also includes a vast amount of information on the lncRNA hsrw that was 
discovered in the author’s laboratory. Zapulla et al. have focused, in the fourth chap-
ter, on the functions of lncRNAs in the widely studied unicellular eukaryote 
Saccharomyces cerevisiae. From transcription regulation to acting as a scaffold in 
the telomere region, the chapter sheds light upon how these single-celled organisms 
have evolved to add an extra layer of regulation in the form of lncRNAs. In the fifth 
chapter, Wang and Chekanova have categorized and detailed the lncRNAs involved 
in gene expression regulation in the plant kingdom. With an emphasis on the well
characterized plant Arabidopsis thaliana, the chapter deals with diverse roles that 
the lncRNAs play in plants. From acting as miRNA sponges and decoys to tran-
scriptional silencing, they are involved in the coordination of crucial physiological 
phenomena such as flowering.

The sixth chapter by Mishra and associates discusses the role of lncRNAs in 
genomic imprinting, dosage compensation, body patterning, tissue development, 
and organogenesis and also the role of lncRNA in the etiology of human diseases 
and disorders. The following chapter (Chap. 7) by Felley-Bosco and Arun 
Renganathan summarizes the recent developments on the role of lncRNAs in cancer 
and their therapeutic potential. It is becoming apparent that every type of human 
cancer is associated with one or several of the lncRNAs and expression of many of 
them is perturbed in any given cancer. Current efforts worldwide are being directed 
toward developing these lncRNAs as biomarkers as well as potential targets for 
molecular intervention. Chapter 8 by Debosree Pal and M. R. S. Rao discusses the 
role of long noncoding RNAs in the biology of stem cells both with respect to their 
pluripotent properties and cell fate specification and differentiation. Stem cells are 
increasingly perceived as promising candidates for regenerative medicine, and the 
importance of the long noncoding RNAs in the biological features of stem cells 
provides additional opportunities for better understanding of the players involved in 
the maintenance of stemness as well as their differentiation properties. It is likely 
that lncRNAs may play a significant role in the application of stem cell technologies 
in regenerative medicine in the near future. In Chap. 9, Clark and Blackshaw 
describe the present scenario of the role of lncRNAs in brain function and more 
particularly in nervous system development. At present, neuroscience is one of the 
most challenging areas of human biology, and in this context, our understanding of 
the functional role of lncRNAs in nervous system development will be very valuable 
in the future prospects of neural function and neurodegenerative diseases. 

Preface
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The concluding chapter by Tripathi and associates provides a detailed yet compre-
hensive view about the technologies and methods that have been developed in the 
last decade or so to decode the functions of these lncRNAs. Experimental methods 
related to sequencing of these transcripts, understanding their localization, and solv-
ing their complex structures have been dealt with in this chapter, along with a listing 
of the bioinformatic and computational methods as well.

I am extremely thankful to all the contributors for taking their valuable time off 
and assembling each of the chapters very eloquently. The field of long noncoding 
RNA biology is expanding very fast and is one of the areas wherein a large number 
of papers are being published in the scientific literature today. In this context, all the 
chapters have been written very lucidly incorporating very up-to-date information. 
In such a rapidly expanding area covering almost every aspect of cellular biology, it 
is difficult to avoid any overlap of some of the information between the chapters. I 
would urge the readers to bear with this.

I should also express my deep sense of gratitude to Steinmetz and Pelechano 
who have been in the forefront of human genomics sciences for consolidating their 
thoughts in this emergent area of lncRNA biology in their foreword. I would like to 
personally thank Ms. Debosree Pal who has been involved with me from the begin-
ning of the conceptualization of this book until the final execution of the project. 
Many of my former graduate students and postdoctoral fellows have contributed 
significantly toward the growth of long noncoding RNA biology in my laboratory to 
take the mrhl RNA biology to where it is today. I am extremely grateful for their 
efforts and the intellectual inputs in making mrhl RNA as one of the important mol-
ecules in epigenetically regulating gene expression during mammalian spermato-
genesis. Finally, I would like to acknowledge all the help I received at every step of 
the execution of this project from Dr. Suvira Srivastava and her colleagues at 
Springer, New Delhi.

Bangalore, India� M.R.S. Rao

Preface
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Chapter 1
History, Discovery, and Classification 
of lncRNAs

Julien Jarroux, Antonin Morillon, and Marina Pinskaya

Abstract  The RNA World Hypothesis suggests that prebiotic life revolved around 
RNA instead of DNA and proteins. Although modern cells have changed signifi-
cantly in 4 billion years, RNA has maintained its central role in cell biology. Since 
the discovery of DNA at the end of the nineteenth century, RNA has been exten-
sively studied. Many discoveries such as housekeeping RNAs (rRNA, tRNA, etc.) 
supported the messenger RNA model that is the pillar of the central dogma of 
molecular biology, which was first devised in the late 1950s. Thirty years later, the 
first regulatory non-coding RNAs (ncRNAs) were initially identified in bacteria and 
then in most eukaryotic organisms. A few long ncRNAs (lncRNAs) such as H19 and 
Xist were characterized in the pre-genomic era but remained exceptions until the 
early 2000s. Indeed, when the sequence of the human genome was published in 
2001, studies showed that only about 1.2% encodes proteins, the rest being deemed 
“non-coding.” It was later shown that the genome is pervasively transcribed into 
many ncRNAs, but their functionality remained controversial. Since then, regula-
tory lncRNAs have been characterized in many species and were shown to be 
involved in processes such as development and pathologies, revealing a new layer 
of regulation in eukaryotic cells. This newly found focus on lncRNAs, together with 
the advent of high-throughput sequencing, was accompanied by the rapid discovery 
of many novel transcripts which were further characterized and classified according 
to specific transcript traits.

In this review, we will discuss the many discoveries that led to the study of 
lncRNAs, from Friedrich Miescher’s “nuclein” in 1869 to the elucidation of the 
human genome and transcriptome in the early 2000s. We will then focus on the 
biological relevance during lncRNA evolution and describe their basic features as 
genes and transcripts. Finally, we will present a non-exhaustive catalogue of 
lncRNA classes, thus illustrating the vast complexity of eukaryotic transcriptomes.

Keywords  Non-coding RNA • Classification • RNA World • Central dogma

J. Jarroux • A. Morillon (*) • M. Pinskaya 
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The deep complexity of eukaryotic transcriptomes and the rapid development of 
high-throughput sequencing technologies led to an explosion in the number of 
newly identified and uncharacterized lncRNAs. Many challenges in lncRNA biol-
ogy remain, including accurate annotation, functional characterization, and clinical 
relevance. All these topics will be thoroughly discussed throughout the book. But to 
start with, we will detail the discovery of RNA as life’s indispensable molecule. The 
long journey for the biological characterization of non-coding RNAs is summed up 
in Fig. 1.1, and this history will be described over the first half of this chapter, from 
the DNA to the first non-coding transcripts. Then, we will discuss how global 
genomic and transcriptomic studies changed our view on the role of RNA in regula-
tory circuits, biodiversity, and complexity. Finally, we will include a summary of the 
extensive classification of lncRNAs.

1.1  �A Hundred-Years History of RNA Biology

Before the ever-expanding catalogues of lncRNAs that we have today, a long exper-
imental and theoretical journey was required to prove the importance of RNA mol-
ecules in cell biology. It began in 1869 with the discovery of nucleic acids, and it 
took over a hundred years for researchers to finally identify non-coding transcripts 
and begin proposing regulatory roles for them.

1.1.1  �From “Nuclein” to Nucleic Acids  
and to the Double Helix

At the end of the nineteenth century, a few pivotal discoveries foreshadowed the 
molecular biology era. In 1869, Friedrich Miescher isolated a material from nuclei 
that he called “nuclein” and which he described as highly acidic: in fact he had 
discovered DNA [1]. In contrast with proteins that were the main focus at the time, 
its content was low in sulfur and very high in phosphorus and could not be digested 
by protease treatment. Later, once the chemical composition of the “nuclein” iso-
lated from different organisms had been discovered, it was realized that “thymus 
nucleic acid” consisted of DNA, while “yeast nucleic acid” was composed of 
RNA. In the early 1900s, several scientists proposed the chemical composition and 
the first structures for DNA and RNA, though the biological differences between 
these two molecules were still not apparent. Ironically, the discovery of “nuclein” 
by Miescher happened only a few years after Gregor Mendel published his work on 
the laws of heredity in 1866, but nevertheless many scientists thought proteins were 
the carriers of genetic information. Thus, the link between Mendel’s model and 

J. Jarroux et al.
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Miescher’s “nuclein” remained missing until 1944 when Oswald Avery proposed 
DNA as a carrier of genetic information [2].

The link between DNA and RNA was established in the late 1950s as Elliot 
Volkin and Lawrence Astrachan thoroughly described RNA as a DNA-like mole-
cule synthesized from DNA.  This discovery was then further elaborated into a 
molecular concept of RNA and DNA synthesis [3, 4]. Indeed, following the X-ray 
crystallographic studies of Rosalind Franklin and the establishment of the double-
helix structure of DNA by James Watson and Francis Crick in 1953, it was pro-
posed in 1961 that RNA could be an intermediate molecule in the information flow 
from DNA to proteins [5]. First devised in 1958 by Francis Crick and then by 
François Jacob and Jacques Monod, the Central Dogma of Molecular Biology 
comprised transcription of a DNA gene into RNA in the nucleus followed by pro-
tein synthesis in the cytoplasm. It was also stated that the information flow can 
only proceed from DNA to RNA and then from RNA to protein, but never from 
protein to nucleic acids [5]. The mediating role of RNA became a new focus of 
research which has been pivotal for the development of modern molecular 
biology.

1.1.2  �A Central Role for RNA in Cell Biology:  
The RNA World Concept

In 1939, Torbjörn Caspersson and Jean Brachet showed independently that the 
cytoplasm is very rich in RNA.  They also showed that cells producing high 
amount of proteins seemed to have high amounts of RNA as well [5]. This was 
a first hint for the requirement of RNA during protein synthesis and its role as a 
link between DNA and proteins. In 1955, Georges Palade identified the very 
first ncRNA that makes part of the very abundant cytoplasmic ribonucleoprotein 
(RNP) complex: the ribosome. In his “Central Dogma” Crick also theorized that 
there was an “adapter” molecule for the translation of RNA to amino acids. This 
second class of ncRNAs was discovered in 1857 by Mahlon Hoagland and Paul 
Zamecnik: the transfer (t)RNA.  In 1960, François Jacob and Jacques Monod 
first coined the term “messenger RNA” (mRNA) as part of their study of induc-
ible enzymes in Escherichia (E.) coli. Indeed, they showed the existence of an 
intermediate molecule carrying the genetic information leading to protein syn-
thesis. Shortly after, the work of Crick helped establish that the genetic code is 
a comma-less, non-overlapping triplet code in which three nucleotides code for 
one amino acid. It was later deciphered in vitro as well as in vivo and shown to 
be universal across all living organisms [6]. In the late 1960s, rather different 
from mRNAs, a new class of short-lived nuclear RNAs was found: heteroge-
neous nuclear (hn)RNAs. These long RNA molecules, which were in fact pre-
cursors for mature rRNAs and mRNAs, led to the study of rRNA processing and 
the discovery of splicing [7, 8]. During that period, small nuclear (sn)RNAs 
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which are part of the spliceosome, the RNP machinery responsible for intron 
splicing from pre-mRNAs, were discovered [9]; as well as small nucleolar (sno)
RNAs, which are involved in the processing and maturation of ribosomal RNAs 
in the nucleolus [10].

Although Jacob, Monod, and Crick had already mentioned independently that 
RNA was not just a messenger, many scientists considered it as a mere unstable 
intermediating molecule, overlooking the active roles of other classes of ncRNAs. 
However, this view partially changed in 1980 when Thomas Cech and Sidney 
Altman discovered that RNA molecules could act as catalysts for a chemical reac-
tion. Initially, Cech’s group found an intron from an mRNA in Tetrahymena ther-
mophila that is able to perform its own splicing through an RNA-catalyzed cleavage 
[11]. Subsequently, Altman’s group showed that the RNA component of the ribonu-
cleoprotein RNase P is responsible for its activity in degrading RNA [12]. These 
RNA enzymes were called ribozymes and have been shown since then to be key 
actors of the genetic information flow, making part of both the ribosome and the 
spliceosome [13, 14].

The discovery of catalytic RNA also led scientists to develop the RNA World 
theory, which states that prebiotic life revolved around RNA, since it appeared 
before DNA and protein. Indeed, the extensive studies of its roles in cell biology 
revealed that RNA is necessary for DNA replication and that its ribonucleotides are 
precursors for DNA’s deoxyribonucleotides. Moreover, as it was previously men-
tioned, RNA plays an important role in every step of protein synthesis, both as 
scripts (mRNAs) and actors (ncRNAs: rRNAs, tRNAs, etc.) (Fig.  1.2) [15]. 
Remarkably, the latter ones are constitutively expressed in the cell and are necessary 
for vital cellular functions, constituting a class of housekeeping ncRNAs. Being 

Initial dogma of
molecular biology

(1958)

replication transcription translation

non-coding
RNA

Flow of information
Regulation

DNA mRNA Protein

Current
knowledge

(2017)

Fig. 1.2  Initial and current dogma of molecular biology
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extensively studied, housekeeping ncRNAs are the subject of many specialized pub-
lications and will not be described here. Instead, other classes of regulatory ncRNAs 
that were discovered in the early 1990s will be discussed. These ncRNAs are char-
acterized by very specific expression during certain developmental stages, in certain 
tissues or disease states, and play multiple roles in gene expression regulation.

1.1.3  �Bacterial sRNAs: Pioneers of Regulatory ncRNAs

The very first regulatory ncRNA to be discovered and characterized was micF 
from the bacteria E. coli. It was described as the first RNA regulating gene expres-
sion through sense-antisense base pairing in 1984 by the team of Masayuki Inoue 
[16] and represents the major class of bacterial regulatory ncRNAs, small (s)
RNAs. The micF ncRNA was shown to repress the translation of a target mRNA 
encoding a porin (outer membrane protein F, OmpF), involved in passive transport 
through the cell membrane. First discovered through multicopy plasmid experi-
ments, the transcript was isolated 3 years later and shown to be an independent 
gene. When transcription of micF is activated, it inhibits the expression of the 
ompF gene at both mRNA and protein levels. Subsequently, following the charac-
terization of the RNA duplex structure in vitro, micF was shown to bind to the 
ribosome-binding site (RBS) of the ompF mRNA, thus inhibiting ribosome bind-
ing and translation.

More recently, it was shown that the regulation of gene expression by micF 
through base pairing extends to other genes, among which is the lrp mRNA [17]. 
Lrp (leucine-responsive protein) is a transcription factor that vastly regulates gene 
expression in E. coli in response to osmotic changes and nutrient availability. 
Remarkably, Lrp regulates micF expression as well, thus creating a feedback and 
proving the important role of micF in global gene regulation and metabolism. The 
same mechanisms were also found in Salmonella, supporting the evolutionary con-
servation of this regulatory pathway [18]. Since then many other sRNAs ranging in 
length from 50 to 500 nucleotides (nt) have been discovered, including trans- or 
cis-encoded ncRNAs, RNA thermometers, and riboswitches. They all act by pair-
ing, thus inhibiting translation of targeted mRNAs and inducing their 
degradation.

1.1.4  �MicroRNAs and RNA Interference

In the early 1990s, several scientists observed independently and in different eukary-
otic organisms, through experiments of transgene co-expression or viral infection, 
an intriguing phenomenon of RNA-mediated inhibition of protein synthesis. The 
regulatory effects of these RNA molecules reshaped the views of RNA as a mere 
messenger. The very first studies described the phenomenon as “co-suppression” in 
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plants, as “posttranscriptional gene silencing” in nematodes, or as “quelling” in 
fungi, but none of them suspected RNA to be the key actor until the identification of 
the first micro (mi)RNA in the nematode Caenorhabditis (C.) elegans in 1993 by 
Victor Ambros and coworkers. Ambros discovered that the lin-4 gene produces 
small RNAs of 22 and 61 nt from a longer non-protein-coding precursor. The longer 
RNA forms a stem-loop structure, which is cut to generate the shorter RNA with 
antisense complementarity to the 3′-untranslated region (UTR) of the lin-14 tran-
script [19]. The lin-4 RNA pairing to lin-14 mRNA was proposed as a molecular 
mechanism of “posttranscriptional gene silencing”, thus decreasing LIN-14 protein 
levels at first larval stages of nematode development [20]. Michael Wassenegger 
observed a similar phenomenon occurs in plants which he described as “homology-
dependent gene silencing” or “transcriptional gene silencing”; this process is medi-
ated by the incorporation of viroid RNA which induces the methylation of the viroid 
cDNA and gene silencing [21]. Ultimately the entire process of RNA-mediated 
gene silencing was elucidated in 1998 by Andrew Fire and Craig Mello in similar 
experiments with the unc-22 gene of C. elegans.

In 2000, another essential miRNA was identified in C. elegans. This miRNA, 
let-7, was shown to have homologues in several other organisms, including humans 
[22, 23]. The biogenesis as well as the molecular mechanisms of miRNA-mediated 
gene silencing has been extensively characterized. In 2001, Thomas Tuschl showed 
that, in C. elegans, long double-stranded RNA is processed into shorter fragments 
of 21–25 nts. Since this discovery, it has been demonstrated that premature tran-
scripts in the nucleus are processed into hairpin-structured RNA by the Drosha-
containing microprocessor complex and then exported to the cytoplasm where they 
are cleaved into a double-stranded RNA by Dicer. One of the strands of this double-
stranded RNA is loaded to the RISC complex and then targeted to an mRNA mol-
ecule by complementarity, thus inducing translational repression [23]. This 
simplified scheme constitutes the mechanistic basis of RNA interference (RNAi) 
and presently unites all gene silencing phenomena at transcriptional and posttran-
scriptional levels, mediated by small ncRNAs including miRNAs, small interfering 
(si)RNAs, and Piwi-interacting (pi)RNAs, all of which are processed from double-
stranded RNA precursors [24, 25].

Although the focus on RNAi resulted in a breakthrough for modern biology and 
biotechnology, as well as provided a deeper understanding of gene regulation, 
development, and disease, the relevance of lncRNAs remained largely unexplored. 
Nevertheless, some lncRNAs were investigated in the late 1980s such as H19 and 
Xist, the milestones of dosage compensation in mammals.

1.2  �LncRNA Discovery in the Pre-genomic Era

In the 1980s, scientists were using differential hybridization screens of cDNA 
libraries to clone and study genes with tissue-specific and temporal patterns of 
expression. Initially, efforts were focused on genes producing known proteins; 
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subsequently, an a posteriori approach was adopted without regard to the coding 
potential of RNA. Through this approach, the first non-coding gene was discovered, 
H19, even though at that time it was first classified as an mRNA [26].

1.2.1  �H19: The Very First Eukaryote lncRNA Gene

In the late 1980s, elegant genetic and molecular studies discovered a phenomenon 
of genomic imprinting or parent-of-origin-specific expression which constitutes 
part of the dosage compensation mechanisms. Independently, two imprinted genes 
were identified: the paternally expressed protein-coding Igf2r and the maternally 
expressed H19. Both genes were localized to mouse chromosome 7 in proximity to 
each other forming the H19/IGF2 cluster [27, 28]. What made H19 unusual was the 
absence of translation even though the gene contained small open reading frames. 
H19 showed high sequence conservation across mammals, and the abundant tran-
script presented features of mRNAs: transcribed by RNA polymerase II, spliced, 3′ 
polyadenylated, and localized to the cytoplasm [29]. The expression of H19 in 
transgenic mice revealed to be lethal in prenatal stages, suggesting not only that the 
dosage of this lncRNA is tightly controlled but that it has an important role in 
embryonic development. However, the function of H19 as an RNA molecule in its 
own right remained a mystery until the functional characterization of another 
lncRNA involved in dosage compensation in mammals, Xist. Since that time, H19 
has been thoroughly investigated and represents the prototype of a multitasking 
lncRNA.

1.2.2  �X Inactivation: Existence of Xist

In living organisms, sex can be determined by many ways; it is defined in mammals 
by the X and Y chromosomes, while males only have one X and Y chromosome, 
females have two X chromosomes in their karyotype. However, the X chromosome 
carries many genes, most of which have functions that are not involved in sex deter-
mination. Hence, there is a need for dosage compensation between males and 
females. Although the mechanism of choice in Drosophila is to double the tran-
scription of the single X chromosome in males, it is the opposite in mammals: one 
of the female X chromosomes is inactivated. This phenomenon, called 
X-chromosome inactivation (XCI), was first discovered in mouse by Mary Lyon in 
1961 [30] and further generalized to other mammals. XCI is established early in 
development and is initiated by a unique locus, the X-inactivation center (Xic).

In the early 1990s, this locus was found to produce a long non-coding RNA, 
Xist (X-inactive-specific transcript). It is expressed at very low levels in both, 
male and female, mouse undifferentiated embryonic stem (ES) cells. Upon dif-
ferentiation Xist expression is activated in a monoallelic way in female cells, from 
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the future inactive X (Xi) to initiate the onset of random XCI. Being retained in 
the nucleus, Xist triggers gene silencing in cis by physically localizing and spread-
ing broadly on the future Xi [31–33]. In contrast to H19 and other lncRNAs 
involved in dosage compensation, Xist is highly unusual since it triggers the 
silencing of the entire chromosome. The propagation of Xist along the Xi, called 
“coating,” implicates the RNA wrapping around the X and the recruitment of mul-
tiple factors, including the polycomb repressive complexes 1 and 2 (PRC1 and 
PRC2). This triggers a cascade of chromatin changes and a global spatial reorga-
nization of the Xi and, ultimately, the stable repression of nearly all Xi-linked 
genes throughout development and adult life [34]. While Xist expression is criti-
cal for the initiation of the XCI, in somatic cells, Xist and the whole Xic were 
shown to be dispensable for the maintenance of silencing in mouse [35]. In 1999 
human XIST, ectopically expressed from the artificially inserted transgene on 
mouse autosomes, was demonstrated to function as Xic and to initiate XCI even in 
undifferentiated mouse ES cells, unlike the mouse counterpart. This result sug-
gested differences in the developmental regulation of Xist and in the initiation of 
the XCI process between mouse and humans. In addition, the inactivation by ecto-
pic human XIST was observed only in a portion of mouse male ES cells, thus 
confirming that Xist is not a unique actor of stable inactivation [36]. Indeed, the 
Xic was initially defined in mouse as the minimal region of the X chromosome 
that contains all sequences both necessary and sufficient for the initiation of 
XCI. Xic extends over 1 Mb, and transcriptomic studies revealed that this region 
contains several protein-coding and non-coding genes, including Linx, Ftx, and 
others. Remarkably, some non-coding genes within Xic and beyond show poor 
primary sequence conservation between human and mouse, and this includes the 
sequence of Xist itself [37]. In particular, the Tsix lncRNA is an antisense tran-
script which overlaps the whole Xist gene and its promoter in mouse. In humans, 
key regulatory elements are truncated, and the transcript overlaps XIST only at 3′ 
end. These differences abolish the TSIX function in transcriptional repression of 
XIST on the future active X in humans [38, 39]. Recently, another lncRNA, XACT, 
was discovered in human ES cells. This gene is located within the intergenic 
region, outside of Xic, and it is not conserved in mice. In female human ES cells, 
XACT is expressed from and coats both X chromosomes. This lncRNA seems to 
be specific to pluripotent cells and is proposed to ensure peculiar control of XCI 
in humans [40]. The biogenesis of Xist, its structure, and the molecular mecha-
nism of XCI have been the focus of many studies in different mammals and exten-
sively documented in other publications [34].

The pioneering studies of H19 and Xist revolutionized our view of non-protein-
coding gene functions and on the biological relevance of lncRNAs in general. These 
examples demonstrated the complexity and versatility of regulatory circuits orches-
trated by a single lncRNA. They also stimulated the discovery and suggested poten-
tial mechanisms for other, yet uncharacterized, non-coding transcripts. A global 
effort toward lncRNA identification and characterization began in the 2000s, as a 
plethora of novel non-coding transcripts during the sequencing of the complete 
human genome.
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1.3  �From Non-coding Genome to Non-coding 
Transcriptome: The Genomic Era

Our modern view of eukaryotic transcriptomes was preceded by comprehensive 
investigations of genomic DNA and the discovery that, in addition to protein-
coding (PC) sequences and regulatory elements essential for PC gene (PCG) tran-
scription, the majority of the genome contains sequences that were considered to be 
useless evolutionary fossils. To differentiate these sequences from PC sequences, 
this DNA was named non-coding and referred to as selfish or junk DNA for almost 
20 years [41].

1.3.1  �The Human Genome Project: Genomic  
DNA Is Mostly Non-coding

In 1978, using the sequencing technique he had developed, Frederick Sanger gener-
ated the first ever full genomic sequence: the viral genome of the bacteriophage 
ɸX174 [42]. Since then, Sanger sequencing has been routinely used worldwide, and 
its discovery and development earned the Nobel Prize in Chemistry for Sanger, 
along with Walter Gilbert. During the following years, several viral genomes were 
sequenced and by the end of 1990, a worldwide sequencing effort, the Human 
Genome Project (HGP), was established by the National Institute of Health (NIH, 
USA) to completely sequence the human genome. In parallel, the American bio-
chemist and entrepreneur Craig Venter founded his own company and sought pri-
vate funding to achieve the same goal. This put pressure on the public groups 
involved in the HGP, and the race to unravel the human genome began. The first 
bacterial genome was published in 1995 [43]. It was followed in 1999 by the 
sequence of the euchromatic portion of human chromosome 22 [44], which covered 
approximately 65% of what is now known to be the full chromosome 22. This 
sequence was thought to contain 545 protein-coding genes (whether known or pre-
dicted), with PC exons spanning a mere 3% of the full sequence.

Finally, using clone-by-clone methodology, the first draft of the complete human 
genome was published in Nature in 2001 covering 96% of the euchromatin [45], 
followed the next day by Craig Venter’s publication in Science of the whole-genome 
sequence obtained by the shotgun-cloning method [46]. Regular updates completed 
the human genome sequence in 2003. In the meantime, the genomes of several other 
organisms had already been released, notably yeast [47], pufferfish [48], worm [49], 
fruit fly [50], and mouse [51], thus allowing comparative studies to be performed.

The first surprise from this comprehensive genomic sequencing effort was the 
rather low number of PCGs compared to what was initially expected. Indeed, early 
studies that looked at the repartition of CpG islands predicted 70,000–80,000 genes 
in the human genome [52], a figure close to the well-admitted 100,000 genes from 
the mid-1980s. However, the HGP predicted around 31,000 PCGs in 2001 reduced 
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to 22,287 PCGs in 2004 [45, 53]. In general, only 1.2% of the human genome rep-
resents PC exons, whereas 24 and 75% were attributed to intronic and intergenic 
non-coding DNA.

1.3.2  �Pervasive Transcription and the Dark Matter  
of the Genome

The HGP also revealed that most of the genome is actually transcribed, whether it 
encodes proteins or not. Indeed, a tiling array with oligonucleotide probes spanning 
human chromosomes 21 and 22 revealed that 90% of detected cytosolic polyadenyl-
ated transcripts map to non-coding genomic regions and not to exons [54]. Similar 
results were found by the FANTOM and RIKEN consortia when analyzing the tran-
scriptome in both human [55] and mouse [56]. They sequenced more than 60,000 
full-length cDNAs from mouse in a standardized manner to generate accurate maps 
of the 5′ and 3′ boundaries of all transcripts, thus defining transcription start (TSS) 
and termination (TTS) sites. Remarkably, cap analysis gene expression (CAGE) 
sequencing, a technique that sequences 5′ ends of capped transcripts, revealed over 
23,000 ncRNAs originating from both sense and antisense transcription represent-
ing approximately two thirds of the mouse genome [57]. For the first time, antisense 
transcription was proposed to contribute to the regulation of gene expression at 
transcriptional level in mammals.

These results were later confirmed by even larger-scale studies conducted in 
humans by the ENCODE (Encyclopedia of DNA Elements) consortium. This proj-
ect compiled over 200 experiments in its pilot phase [58] and up to 1640 datasets 
from 147 different cell lines in its later release [59]. Through various sequencing 
techniques, landscapes of DNase I hypersensitive sites, histone modifications, tran-
scription factor binding sites, and the whole transcriptome were defined. Conclusions 
from these studies estimated that 93% of the human genome is actively transcribed 
and associated with at least one primary transcript (i.e., coding and non-coding 
exons and introns); among these transcripts, approximately 39% of the genome 
represented PCGs (from promoter to poly(A) signal) and 1% protein-coding exons, 
while the other 54% mapped outside of PCGs (Fig. 1.3). However, many lncRNAs 
overlap with PCG annotations in both sense, coding and antisense strands. More 
recently, the mouse counterpart of the ENCODE Consortium confirmed previous 
reports by publishing a similar analysis which showed that 46% of the mouse 
genome produces mRNAs while at least 87% of its genome is transcribed [60, 61].

Many studies aiming to characterize non-coding transcription were also per-
formed in other eukaryotes, including Saccharomyces cerevisiae. Even in this prim-
itive unicellular eukaryote, about 85% of the genome is transcribed [62]. 
This phenomenon is often referred to as “pervasive transcription” and is widespread 
among eukaryotes. An expanding body of literature details its function [63, 64]. The 
identification and characterization of non-coding transcripts as unique ncRNAs 
extended the former definition of a “gene” beyond its coding function. Furthermore, 
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the discovery of the non-coding genome and transcriptome gave rise to heated 
debates in the scientific community concerning the biological significance and func-
tional relevance of these non-coding DNA and RNA, still perceived as a junk [63, 
65, 66]. These debates challenged the Central Dogma of Watson and Crick, promot-
ing ncRNAs to the epicenter of the cellular processes as a driver of biological com-
plexity through evolution.

1.4  �Non-coding RNAs: Junk or Functional

Polemics around the biological and functional relevance of lncRNAs were oriented 
toward understanding the origin, conservation, and diversification of lncRNA spe-
cies across evolution.

1.4.1  �Origin of lncRNA Genes

Non-coding genes were proposed to arise through various mechanisms including 
DNA-based or RNA-based duplications of existing genomic sequences, the meta-
morphosis of PCGs by loss of protein-coding potential, transposable element exa-
ptation, or non-coding DNA exaptation [67]. Homologous non-coding genes arise 
from duplications of already existing lncRNA genes. Pseudogenes are an example 
of PCG metamorphosis during which a duplicated ancestral open reading frame 
had accumulated disruptions destroying its potential to be translated. Once tran-
scribed, pseudogenes often produce lncRNAs, as in the case of PTENP1. 

7%
Non transcribed

1.2%
PC exons

54%
Non-PCGs

39%
Introns +

UTRs of PCGs

Fig. 1.3  Proportion of 
transcribed protein-coding 
and non-coding sequences 
(introns, UTRs, and others) 
in the human genome 
according to ENCODE [59]
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Pseudogenization of a PCG, due to mutations deleterious to translation, can also 
produce lncRNA genes that do not have an apparent protein-coding “homologue”. 
An example is Xist which is derived from an ancestral Lnx3 gene and which has 
acquired several frame-shifting mutations during early evolution of placental mam-
mals [68]. Exaptation or co-option of RNA-derived transposable elements (TE) 
into non-coding genes is another frequent mechanism of lncRNA origination. In 
humans TEs constitute a large portion of the genome (40–45%) [45]. Most of them 
are genomic remnants that are currently defunct but are often embedded into non-
coding transcripts. TEs are considered as major contributors to the origin and 
diversification of lncRNAs in vertebrates [69]. Together with local repeats, they 
provide lncRNA genes with TSS, splicing, polyadenylation, RNA editing, RNA 
binding sites, nuclear retention signals or particular secondary structures for protein 
binding [70–72].

Finally, pervasive transcription of the genome may generate cryptic RNAs that, 
if maintained through evolution, can give rise to lncRNA genes with novel func-
tions. In particular, exaptation of non-coding sequences into lncRNAs can occur 
through the acquisition of regulatory elements within a silent region, thereby pro-
moting transcription. However, the de novo origin of lncRNAs remains difficult to 
prove and is represented by few examples, such as the testis-specific lncRNA Poldi 
[73]. Interestingly in humans, the testis and cerebral cortex are the most enriched 
tissues for the expression of PCGs and non-coding genes of de novo origin. This 
particularity was suggested to contribute to phenotypic traits that are unique to 
humans, such as an improved cognitive ability [74, 75].

1.4.2  �Evolutionary Conservation of lncRNAs

Genomic and transcriptomic studies across the eukaryotic kingdom allowed the 
analysis of the primary sequence conservation of protein-coding and non-coding 
loci. These studies revealed that the human genome is highly dynamic, and only 
2.2% of its DNA sequence is subjected to conservation constraints [76]. Remarkably, 
non-coding genes are among the least conserved with more than 80% of lncRNA 
families being of primate origin [77]. This finding raised skepticism regarding the 
functionality and biological relevance of lncRNAs and initiated a search for other 
conservation constrains [78, 79]. If the criterion of primary sequence conservation 
is too restrictive in regard to lncRNA genes, other features such as structure, func-
tion, and expression from syntenic loci constitute multidimensional factors that are 
more applicable for evolutionary studies of lncRNAs [80]. Recently, a study looking 
at the non-coding transcriptome of 17 different species (16 vertebrates and the sea 
urchin) showed that although the body of non-coding genes tends not to be con-
served, short patches of conserved sequences could be found at their 5′ ends. This 
confirmed a higher conservation of TSS and synteny, as well as expression patterns 
in different tissues, especially in those involved in development [81]. Indeed, the 
most conserved are developmentally regulated lncRNAs of the lincRNAs subfamily. 
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These lncRNAs have a remarkably strong conservation of spatiotemporal and syn-
tenic loci expression, suggesting that it is selectively maintained and crucial for 
developmental processes [77, 82, 83].

1.4.3  �Role of lncRNAs in Biological Diversity

The identification of new lncRNAs in the last decade continues to increase and, as 
anticipated in the past, largely exceeds that of protein-coding transcripts. The diver-
sity of the non-coding transcriptome is considered as an argument to explain the 
remarkable phenotypic differences observed among species given a relatively simi-
lar numbers of protein-coding genes among fruit fly (13,985; BDGP release 4), 
nematode worm (21,009; Wormbase release 150), and human (23,341; NCBI release 
36) [84]. In 2001, John Mattick and Michael Gagen proposed, for the very first time, 
that non-coding transcripts named “efference” RNA, together with introns, consti-
tute an endogenous network enabling dynamic gene-gene communications and the 
multitasking of eukaryotic genomes. In contrast to core proteomic circuits, this 
higher-order regulatory system is based on RNA and operates through RNA-DNA, 
RNA-RNA, and RNA-protein interactions to promote the evolution of developmen-
tally sophisticated multicellular organisms and the rapid expansion of phenotypic 
complexity. A direct correlation between the portion of non-coding sequences in the 
genome and organism complexity was hypothesized [85, 86]. Interestingly com-
parative genomics allowed the identification of a few regions in the human genome 
that have high divergence when compared to other species [87, 88]. These human 
accelerated regions (HAR) contain many lncRNA genes and have been suggested to 
be involved in the acquisition of human-specific traits during evolution. In 2006, a 
first lncRNA from these regions was shown to be expressed during cortical brain 
development [89]. Since then, many mutations involved in diseases were identified 
in these non-coding regions and shown to be associated with regulatory elements in 
the brain [90]. A more recent study showed that mutations of HAR enhancer ele-
ments could be involved in the development of autism, thus supporting the hypoth-
esis that some HAR could be involved in human-specific behavioral traits and 
cognitive or social disorders when mutated [91]. However, the functionality of non-
coding transcripts was and still remains hotly debated. Nevertheless, the conception 
of developmental and evolutionary significance has stimulated an exhaustive molec-
ular characterization of lncRNA genes and transcripts.

1.5  �The General Portrait of lncRNA Genes and Transcripts

lncRNAs have been identified in all species which have been studied at the 
genomic level, including animals, plants, fungi, prokaryotes, and even viruses. 
Genome-wide studies continue to enlarge the catalogue of lncRNAs continuously 
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reshaping the specific features of lncRNAs as transcription units. Here, we will 
summarize the main features of lncRNAs that distinguish them from mRNAs 
(Table 1.1).

Table 1.1  Comparison of lncRNA and mRNA features

Feature lncRNA mRNA

Transcription
RNA polymerase II RNA polymerase II
RNA polymerase III (B2-SINE;  
NDM29 [101, 102])
RNA polymerases IV and V  
(plants, [103])

Chromatin modifications
 � H3K4me3 Low (eRNA, PROMPTs) High

High (others)
 � H3K4me1 High (eRNA, PROMPTs) Low

Low (others)
 � H3K27ac High Low
 � H3K36me Moderate/high High
 � H3K79me2 Enriched (bidirectional lncRNAs) Low
 � H3K27me3 Present at bivalent and repressed 

promoters
Present at bivalent and 
repressed promoters

5′-Cap Present (7-methylguanosine, m7G) Present (m7G)
Poly(A) tail Present or not Present

Bimorphic
Length 200—>100 kb (10 kb mean) 5 kb mean
Exon-intron 
composition

Yes Yes
Exons are longer

Splicing Yes or less efficient Yes
No (macro lncRNA, vlincRNAs)

RNA stability Variable, globally lower than mRNA Variable
Highly unstable (eRNA, XUTs, CUTs, 
PROMPTs)

Evolutionary 
conservation

High (lincRNAs) High
Low or not conserved (others)

Protein-coding 
potential

Non or very low (sORFs) Yes

Structure Versatile, multi-modular Kozak hairpin at the 5′ end
Subcellular 
localization

Nucleus Cytosol
Cytosol
Mitochondria

Expression specificity high, including interindividual 
variability of expression

low to high

Transcript abundance Very low or low Moderate to high
High (for few)
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1.5.1  �Coding Potential of lncRNA Genes

As dictated by the acronym, lncRNA genes do not encode proteins. Cytosol-
localized lncRNAs were found associated with mono- or polyribosomal complexes 
[92], but this association is not necessarily linked to translation but rather proposed 
to determine lncRNA decay [93, 94]. Some lncRNAs include short open reading 
frames (sORFs) and undergo translation, though only a minority of such translation 
events results in stable and functional peptides [95, 96]. This is the case of DWORF, 
a muscle-specific lncRNA that encodes a functional peptide of 34 amino acids [97–
100]. Proteomic studies will undoubtedly introduce a new “coding” aspect to 
lncRNAs, expanding our conception of “coding” and leading to a possible concept 
of bifunctionality.

1.5.2  �LncRNA Transcription and Transcript Organization

The majority of eukaryotic lncRNAs are produced by RNA polymerase II, with 
some exceptions, for example, the murine heat-shock induced B2-SINE RNAs 
[101] or the human neuroblastoma associated NDM29 [102], which are synthesized 
by RNA polymerase III. However, the last two examples are not strictly considered 
as lncRNAs because the transcript length is below the arbitrary threshold of 200 nts. 
In plants, two specialized RNA polymerases, Pol IV and Pol V, transcribe some 
lncRNA genes [103]. Many lncRNAs are capped at the 5′ end, except those pro-
cessed from longer precursors (intronic lncRNAs or circRNAs). However, some 
ambiguities exist concerning the presence of a cap, especially for highly unstable 
and low-abundant transcripts, since they can’t be captured by the CAGE-seq tech-
nique. LncRNAs may or may not be 3′-end polyadenylated; in addition, they may 
also be present as both forms, such as bimorphic transcripts like NEAT1 and 
MALAT1 [104, 105]. LncRNAs with a polyadenylation signal have higher stability 
than those that are poorly or not polyadenylated, with the exception of lncRNAs 
bearing specific 3′-end structures as in case of MALAT1 [106]. Of note, poly(A)+ 
transcriptomic studies exclude the possibility of discovery of non-polyadenylated 
transcripts and introduce a quantitative bias in the identification of such lncRNAs. 
This point should be taken into account in comparative studies or in selection of 
RNA-seq strategies, favoring the use of total RNAs instead of the more customary 
used poly(A)+ RNA fraction.

Similar to PCGs, transcription of many lncRNA genes requires canonical factors 
assisting the RNA polymerase machinery such as the pre-initiation complex (PIC), 
Mediator, transcription elongation complex, and also specific transcription factors 
that in turn could define the specificity of lncRNA expression in different biological 
contexts. However, some particularities in lncRNA promoters have been demon-
strated. In humans lncRNA promoters are more enriched in A/T mono-, di-, and 
trinucleotide stretches and are characterized by reduced CG and almost depleted AT 
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skews (CG and AT compositional strand biases); this is contrary to PCGs suggesting 
a distinct regulation of transcription for these two groups of genes [107]. Promoters 
of PROMPTs are devoid of transcription initiation factors such as TAFI, TAFII, 
p250, and E2F1 and are believed to initiate transcription without the use of conven-
tional PIC [108]. eRNAs require the Integrator complex for the 3′-end cleavage of 
primary transcripts [109], and lncRNA precursors of small ncRNAs were shown to 
be processed by specific endonucleases [110, 111]. Some unstable lncRNAs such as 
yeast NUTs and CUTs are terminated by the Nrd1-dependent pathway, thus target-
ing them for rapid degradation by the exosome [112–114].

LncRNA genes can have a multi-exonic composition with similar splicing sig-
nals as PCGs and therefore could undergo splicing into several different isoforms 
with distinct functional outcomes and clinical relevance [115–117]. However, they 
usually comprise fewer and slightly longer exons than PCGs [118, 119].

1.5.3  �Chromatin Signatures of lncRNAs Genes

As RNA polymerase II transcribes most of the lncRNA genes, their genomic regions 
present a chromatin organization resembling that of PCGs, with some differences. 
This could be due to the globally low expression of lncRNAs, which is a conse-
quence of either low rate of transcription, lower stability, or both. Globally, lncRNA 
TSS reside within the DNase I hypersensitive sites suggesting nucleosome deple-
tion from this region. LncRNA promoters have lower levels of histone H3K4 tri-
methylation (H3K4me3), which is in accordance with their low transcription rate. 
eRNAs and PROMPTs present high levels of histone H3K4 monomethylation 
(H3K4me1) and K27 acetylation (H3K27ac) at promoters, which is considered as a 
specific signature of enhancer- and promoter-associated unstable transcripts; these 
signatures exist in the following ratios: H3K4me3 over H3K4me1 as a mark of 
PROMPTS and H3K4me1 over H3K4me2 as a mark of eRNAs [120]. The body of 
most lncRNA genes with the exception of eRNAs and PROMPTs is marked by his-
tone H3K36 trimethylation (H3K36me3). In yeast, sense-antisense transcription 
was reported to be associated with particular chromatin architecture: reduced his-
tone H2B ubiquitination, H3K36me3, and histone H3K79 trimethylation, as well as 
increased levels of H3ac, chromatin remodeling enzymes, histone chaperones, and 
histone turnover [121]. In mouse, bidirectional transcription, which is often associ-
ated with developmental genes and genes involved in transcription regulation, was 
found to harbor high H3K79 dimethylation (H3K79me2) and elevated RNA poly-
merase II levels. This signature is characteristic of intensified rates of early tran-
scriptional elongation within a region transcribed in both directions [122].

It is anticipated that single cell studies will resolve the problem of signal vari-
ability in a population of cells, allowing transcriptional events to be directly 
linked to specific chromatin modifications. Such efforts have already been initi-
ated for transcriptome profiling [123–125] but remain challenging for epigenomic 
studies [126].
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1.5.4  �Expression Pattern of lncRNAs: Stability, Specificity, 
and Abundance

Several genome-wide studies addressed lncRNA stability and, depending on the 
employed experimental approach, revealed some discrepancy for different species 
of lncRNAs. In mouse, the measurements of the lncRNA half-life (t½) and decay 
rates were performed through transcription inhibition by actinomycin B treatment. 
In this case, lncRNAs showed a half-life range from 30 min to 48 h, which is similar 
to mRNAs; however, a mean t½ of 4.8 versus 7.7  h for mRNAs suggests that 
lncRNAs possess a lower stability. A high percentage of lncRNAs was classified as 
unstable (t½  <  2  h), e.g., Neat1, and a few as highly stable (t½  >  12  h) [127]. 
Comparison of the stability of different lncRNA species revealed that intronic or 
promoter-associated lncRNAs are less stable than either intergenic, antisense, or 3′ 
UTR-associated lncRNAs. Single-exon transcripts, a class of nuclear-localized 
lncRNAs, are overrepresented among unstable transcripts. In human HeLa cells, the 
same approach of transcriptional inhibition was used and revealed that antisense 
lncRNAs are more stable than mRNAs (median t1/2 = 3.9 versus 3.2 h, respectively), 
whereas intronic lncRNAs included both stable (t1/2 > 3 h) and unstable (t1/2 < 1 h) 
transcripts with the t1/2 median of 2.1 h [128]. Recently discovered circular RNAs 
are examples of highly stable lncRNAs with the median t1/2 of 18.8–23.7  h and 
which is at least 2.5 times longer than their linear counterparts [129].

Nuclear and cytoplasmic exosomes, cytoplasmic Xrn1, and nonsense-mediated 
decay (NMD), as well as RNAi pathways, are known to control lncRNA abundance 
in the cell. Circular RNAs are intrinsically protected from any exonucleolytic- or 
polyadenylation-dependent decay pathways. Of note, actinomycin D treatment has 
a large impact on cells, and this can particularly influence lncRNA decay because of 
the very high sensitivity of lncRNAs to stress. Indeed, the measurements of t½ for 
single lncRNAs could significantly vary from one experiment to another, pointing 
to the necessity of multiple approaches including de novo RNA labeling to achieve 
more accurate and confident conclusions.

Multiple transcriptome profiling globally highlighted a highly specific spatio-
temporal, lineage, tissue- and cell-type expression patterns for lncRNAs com-
pared to PCGs; only a minority are ubiquitously present across all tissues or cell 
types, such as TUG1 or MALAT1 [105, 130, 131]. Curiously, the brain and testis 
represent a very rich source of uniquely expressed lncRNAs supporting the 
hypothesis that such transcripts are important for the acquisition of specific phe-
notypic traits [82, 130]. The ubiquitously expressed lncRNAs are often highly 
abundant, whereas specific lncRNAs present in one tissue or cell type tend to be 
expressed at low levels [132]. Moreover, interindividual expression analysis in 
normal human primary granulocytes revealed increased variability in lncRNA 
abundance compared to mRNAs [133]. Some disease-associated single-nucleo-
tide polymorphisms (SNPs) within lncRNA genes and their promoters were linked 
to altered lncRNA expression, thus supporting their functional relevance in 
pathologies [134].
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The high specificity of lncRNA expression argues in favor of important regula-
tory roles that these molecules can play in different biological contexts, including 
normal and pathological development.

1.5.5  �Subcellular Localization of lncRNAs

Globally, unlike mRNAs, many lncRNAs have nuclear residence with focal or dis-
persed localization pattern (NEAT1) [135]. However, others were also found both in 
the nucleus and in the cytosol (TUG1, HOTAIR) or in the cytosol exclusively 
(DANCR) [105]. Multiple determinants, such as a specific RNA motif (BORG) 
[136] or RNA-protein assemblies, may dictate the subcellular localization of 
lncRNAs and define their function [137]. Remarkably, environmental changes or 
infection can induce lncRNA delocalization (or active trafficking) from one cellular 
compartment to another, as in the case of stress-induced lncRNAs [138]. HuR and 
GRSF1 modulate nuclear export and mitochondrial localization of the nuclear-
encoded RMRP lncRNA [139].

1.5.6  �Structure of lncRNAs

RNA is a highly flexible and dynamic molecule that adopts complex secondary 
structures. The folding of lncRNAs defines their cellular decay and functional ver-
satility, enabling their nuclear localization, stability, and interaction with proteins 
[140]. A growing number of examples demonstrate that the RNA secondary struc-
ture constitutes the primary functional unit and evolutionary constraint bypassing 
poor interspecies lncRNA sequence conservation [141]. One such example is the 
lncRNA HOTAIR which exists only in mammals, sharing 58% of homology between 
human and mouse [142, 143]. Covariance analysis across 33 mammalian sequences 
of HOTAIR revealed a significant number of covariant base pairs and half-flips, 
which maintained a similar structure regardless of the changed sequence; this was 
especially true in regions surrounding proposed protein-binding segments of the 
lncRNA [144]. On the other hand, low sequence conservation that induces changes 
in structure can drive acquisition of new functions and specialization of the lncRNA-
mediated regulatory circuit. This is the case of human accelerated region 1 (HAR1)-
derived lncRNAs expressed in developing neocortex in primates where the capacity 
to form a stable cloverleaf-like structure has arisen only in humans [89, 145]. 
However, we are still far from understanding the function of this lncRNA in human 
brain development.

Numerous structure prediction tools, such as Rfold, have been developed to give 
guidance for further functional studies. Structural analysis of RNA has increased 
our understanding of mechanistic aspects of lncRNA action; however, X-ray crys-
tallography, nuclear magnetic resonance (NMR), and cryo-electron microscopy 
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require purified and stable, nearly static, molecules and are not adapted to highly 
dynamic and flexible RNA.  Very recently, new technologies based on high-
throughput sequencing have evolved enabling both an in vitro and in vivo view of 
RNA conformation [140].

1.6  �Classification of lncRNAs

Advances in deep sequencing technologies gave rise to a plethora of novel tran-
scripts requiring a universal standardized system for lncRNA classification and 
functional annotation. The state of lncRNA annotations is still at its beginning, and 
different classifications based on their length, transcript properties, location in 
respect to known genomic annotations, regulatory elements, and function have been 
proposed. Here, we review a non-exhaustive cataloguing of eukaryotic lncRNAs 
summarized in Table 1.2.

Table 1.2  Classification of lncRNAs (adapted from [279])

lncRNA category Abbreviation Examples Refs
Classification according to lncRNA length
Long non-coding RNA lncRNA [105, 118]
Large non-coding RNA
Very long intergenic ncRNA vlincRNA [280]
Macro lncRNA Xist, Airn, Kcnq1ot1 [148]
Classification according to lncRNA location with respect to PCGs
 � Intergenic lncRNAs

 �   Long intergenic ncRNA lincRNA MALAT1, NEAT1, 
GAS5, CYRANO

[83, 258, 
281, 282]

 �   Large intervening ncRNA Frigidair, lincRNA-
COX2, XACT

[40, 150]

 �   Long intervening ncRNA [283]
 � Antisense lncRNAs

 �   Natural antisense transcripts NAT ZEB2NAT

cis-NAT BACE1-AS

trans-NAT
 �   Antisense lncRNA asRNA

ancRNA
 �   SINE B2 containing RNAs SINEUP AS-Uchl1 [160]
Bidirectional 
lncRNAs

Long upstream 
antisense 
transcript

LUAT [122]

Upstream 
antisense RNA

uaRNA [170]
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 � Intronic lncRNAs

 �   Totally intronic RNA TIN [178]
 �   Circular intronic RNA ciRNA ci-ankrd52 [175]
 �   Circular RNA circRNA CDR1as/ciRS-7, 

cANRIL
[182, 184, 
285, 286] �   Exonic circRNA ecircRNA

 �   Exon-intron circRNA EIcircRNA
 �   Stable intronic sequence RNA sisRNA sisR-1 [287–289]
 �   Switch RNAs [177]
 � Overlapping sense transcripts Sense ncRNA HLXB9-lncRNA, 

SOX2-OT
[153, 181]

Classification according to lncRNA residence within specific DNA regulatory elements and loci
Pseudogenes PTENP1, Lethe [193, 265, 

290]
Telomeres and subtelomeres TERRA [203]

subTERRA [206–209, 
291]

Centromeres centromeric alpha-
satellite RNA

[210–212, 
214]

Transcripts from ultraconserved 
regions

T-UCR Uc.283+A [195, 196, 
200, 292]

Evf2

rDNA loci PAPAS [215]
Promoter-associated ncRNAs pancRNA CCND1-lncRNA [218, 223]

PALRs
 � Promoter upstream transcripts PROMPT [108]
 � Upstream antisense RNA uaRNAa [170]
Enhancer lncRNA eRNA IL1β-eRNA, FOXC1e [216, 293]
3′-UTR-associated RNAs uaRNAa [224]
Classification according to lncRNA biogenesis pathway
Stable unannotated transcript SUT [163]
Cryptic unstable transcripts CUT PHO84 CUT, 

PROMPT, eRNAs
[163, 225, 
228], [219]

 � Cytoplasmically degraded CUTs CD-CUT [229]
 � Meiotic unannotated transcripts MUT [230, 231]
Nrd1-unterminated transcripts NUT [113]
Xrn1-sensitive unannotated 
transcripts

XUT RTL, XUT1678 
(ARG1-AS)

[94, 226, 
227]

Classification according to lncRNA subcellular localization or origin
Nuclear lncRNAs NEAT1 [128]
 � GAA repeat-containing RNAs GRC-RNA [240]
 � Chromatin-enriched RNAs cheRNA [237]
 � Chromatin-associated RNAs CAR [238]
Mitochondrial ncRNAs mtncRNA ASncmtRNA-2 [243, 294]

(continued)
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1.6.1  �Classification According to lncRNA Length

By convention, a length of 200 nt constitutes a bottom line for discrimination of long 
or large ncRNAs from small or short ncRNAs. However, lncRNAs vary significantly 
in size, and those that exceed the length of 10 kb belong to the groups of very long 
intergenic (vlinc)RNAs and macro lncRNAs. These transcripts possess some par-
ticular features that distinguish them from other lncRNAs: they are poorly or not 
spliced, weakly polyadenylated at 3′ end, and are produced by particular genomic 
loci. The majority of vlincRNAs are localized in close proximity or within PCG 
promoters on the same or opposite strand and function in cis as positive regulators of 
nearby gene transcription. Interestingly, some vlincRNA promoters harbor LTR 
sequences that are highly regulated by three major pluripotency-associated transcrip-
tion factors, suggesting a possible role in early embryonic development [146]. Others 
are specifically induced by senescence and are required for the maintenance of 
senescent features that in turn control the transcriptional response to environmental 
changes [147]. Macro lncRNAs are often antisense to PCGs and are produced from 
imprinted clusters in a parent-of-origin-specific manner. Macro lncRNAs silence 
nearby imprinted genes either through their lncRNA product triggering epigenetic 
chromatin modifications or by a transcriptional interference mechanism [148].

Table 1.2  (continued)

Classification according to lncRNA function
Scaffold lncRNA HOTAIR, LINP1, 

NORAD
[251, 252, 
295]

 � Architectural lncRNAs arcRNAs NEAT1 [254]
Guide lncRNA MEG3, Khps1 [256, 257]
Ribo-activator ncRNA-a SRA, Lnc-DC, NeST [259, 260], 

[262, 263]
eRNAs FOXC1e [217]

Ribo-repressor or decoy GAS5, CCND1-
lncRNA, PANDA, 
Lethe

[168, 223, 
258, 290]

Competing endogenous RNA ceRNAs PTENP1, HULC, 
CDR1as/ciRS-7

[182, 265, 
267]

lncRNA precursors endo-si-lncRNA H19 (miR-675) [110, 268, 
270, 271]pi-lncRNA MALAT1 (mascRNA)

mi-lncRNA P5CDH-SRO5

Classification according to lncRNA association with specific biological processes
Hypoxia induced HINCUT [197, 275]
Senescence-associated lncRNAs SAL vlincRNAs, SALNR [147, 274]
Stress-induced lncRNAs si-lncRNA [138]
Non-annotated stem transcripts NAST [276]
Prostate cancer-associated 
transcripts

PCATs PCA3, PCAT1 [277]

aIn the literature, the term “uaRNA” has been attributed to two distinct groups of transcripts: 
upstream antisense RNAs and UTR-associated RNAs
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1.6.2  �Classification According to lncRNA Location 
with Respect to PCGs

This attribute is commonly used by the GENCODE/Ensembl portal in transcript 
biotype annotations, but also employed on an individual scale by consortia and lab-
oratories for newly assembled lncRNA transcripts. Initially transcripts are classified 
as either intergenic or intragenic (Fig. 1.4). Long or large intergenic non-coding 
(linc)RNAs do not intersect with any protein-coding and ncRNA gene annotations. 
This category also includes the adopted GENCODE and homonymous biotype of 
long or large intervening ncRNAs that were originally defined by specific histone 
H3K4-K36 chromatin signatures within evolutionary conserved genomic loci [149, 
150]. LincRNAs are usually shorter than PCGs, transcribed by RNA polymerase II, 
5′ capped, 3′ polyadenylated, and spliced. Although several highly conserved lin-
cRNAs exist, the majority possess modest sequence conservation comprising short, 
5′-biased patches of conserved sequence nested in exons [81]. Highly conserved 
lincRNAs are believed to contribute to biological processes that are common to 
many lineages, such as embryonic development [77], while others are proposed to 
assure phenotypic and functional variations at individual and interspecies levels. 
Many, if not most, lincRNAs are localized in the nucleus where they exercise their 
regulatory functions. One such example is lincRNA-p21 which is induced by p53 
upon DNA damage [151]. lincRNA-p21 physically associates with and recruits the 
nuclear factor hnRNP-K to specific promoters mediating p53-dependent transcrip-
tional responses.

Intragenic lncRNAs overlap with PCG annotations and can be further classified 
into antisense, bidirectional, intronic, and overlapping sense lncRNAs.

Antisense lncRNAs, asRNAs or ancRNAs, were first discovered in single gene 
studies, but the recent development of stranded tiling and RNA-seq technologies 
has identified them as a common genome-wide feature of eukaryotic transcrip-
tomes [152–154]. This group encompasses so-called natural antisense transcripts, 
NATs, which are in turn subdivided into cis-NATs, which affect the expression of 
the corresponding sense transcripts and into trans-NATs, which regulate expres-
sion of non-paired genes from other genomic locations [155–157]. A very recent 

Overlapping sense

Protein-coding

Intronic

Antisense

Intergenic

Bidirectional

Fig. 1.4  Annotation of non-coding transcripts according to their genomic position relative to a 
protein-coding gene (orange box, protein-coding exon; blue box, non-coding exon)
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study has pointed to a higher specificity of expression and an increased stability of 
asRNAs compared to lincRNAs and sense intragenic lncRNAs [128]. Due to 
sequence complementarity to sense-paired mRNAs or pre-mRNAs, asRNAs can 
act through RNA-RNA pairing, thereby ensuring specific targeting of the asRNA 
regulatory activity. This is the case of BACE1-AS that is highly expressed in 
Alzheimer’s disease patients. It stabilizes the BACE1 mRNA resulting in an 
increased expression of the BACE1-encoded beta-secretase and the accumulation of 
amyloid-beta peptides in the brain [158]. Antisense transcription across intron 
regions has been shown to regulate the local chromatin organization and environ-
ment, thus affecting co-transcriptional splicing of sense-paired pre-mRNAs [159]. 
Some NATs contain the inverted short interspersed nuclear element B2 (SINEB2), 
such as AS-Uchl1 [160]. These NATs, called SINEUPs, are able to stimulate sense 
mRNA translation through lncRNA-mRNA pairing thanks to a complementary 5′ 
overlapping sequence to the paired-sense protein-coding gene. Recently, SINEUPs 
were proposed as a synthetic reagent for biotechnological applications and in ther-
apy of haploinsufficiencies [161, 162]. In spite of the poor evolutionary conserva-
tion of sense-antisense transcription, some subgroups of lncRNAs, such as 
senescence-associated vlincRNAs and macro lncRNAs in mammals or XUTs in 
yeast, are mostly constituted of antisense transcripts, which suggests potential anti-
sense-mediated regulatory pathways in control of cellular homeostasis, stress 
response, and disease [154].

The discovery of bidirectional transcription as an intrinsic feature of the eukary-
otic transcriptional machinery has given rise to the identification of bidirectional 
lncRNAs [153, 163–166]. Originating from the opposite strand of a PCG strand, 
these transcripts do not overlap or only partially overlap with the 5′ region of paired 
PCGs, as is the case of promoter-associated (pa)ncRNAs, long upstream antisense 
transcripts (LUATs), and upstream antisense transcripts (uaRNA) [122, 167–170]. 
Presently, the number of bidirectional lncRNAs is largely underestimated not only 
because of the inaccurate annotation of transcriptional start sites (TSS) and promot-
ers in the genome but also because of the highly unstable nature of these ncRNAs 
and the corresponding difficulty to detect them. Genomic studies have revealed that 
bidirectional promoters display distinct sequences and epigenetic features; 
moreover, they can be found near genes involved in specific biological processes 
such as developmental transcription factors or cell cycle regulation [122, 168, 169, 
171, 172]. An imbalance in bidirectional transcription constitutes an endogenous 
fine-tuning mechanism that is particularly operative when facultative gene activa-
tion or repression is required [173, 174].

Intronic lncRNAs are restricted to PCG introns and could be either stand-alone 
unique transcripts or by-products of pre-mRNA processing. Examples of pre-
mRNA-derived intronic transcripts are circular intronic (ci)RNAs produced from 
lariat introns which have escaped from debranching [175] and sno-lncRNAs pro-
duced from introns with two embedded snoRNA genes [176]. Such lncRNAs are 
proposed to positively regulate the transcription of the host PCG or its splicing by 
accumulating near the transcription locus. Another example of intronic lncRNAs of 
lariat origin, named switch RNAs, is produced by transcription through the 
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immunoglobulin switch regions. They are folded into G-quadruplex structures to 
bind and recruit the activation-induced cytidine deaminase AID to DNA in a 
sequence-specific manner, thereby ensuring proper class switch recombination in 
the germ line [177]. Stand-alone intronic transcripts, expressed independently of the 
PCG hosts, are believed to be the most prevalent class of intronic lncRNAs, includ-
ing so-called totally intronic ncRNAs, TINs [178, 179]. Expression of a certain TIN 
is activated during inflammation, but the exact function of these lncRNAs is still 
poorly understood [180].

Overlapping sense transcripts encompass exons or whole PCGs within their 
introns without any sense exon overlap and are transcribed in the same sense direc-
tion. This annotation includes the GENCODE-adopted homonymous biotype and 
has been attributed to a number of transcripts, denoted as “GENENAME-OT.” One 
such example is SOX2-OT that harbors in its intron one of the major pluripotency 
regulators, the SOX2 gene. SOX2-OT is dynamically expressed and is alternatively 
spliced not only during differentiation but also in cancer cells where it was proposed 
to regulate SOX2 [181].

Intronic and overlapping sense lncRNAs could form circular lncRNAs (cir-
cRNAs) due to head-to-tail noncanonical splicing [182, 183]. Some sequence fea-
tures such as the presence of repetitive elements within introns could be decisive for 
activation of noncanonical splicing and generation of a circular RNA molecule 
[184]. For example, Alu elements within introns are proposed to participate in RNA 
circularization via RNA-RNA pairing [185]. Remarkably, such events seem to be 
tissue or cell type specific, restricted to a certain developmental stage or pathologi-
cal context [186, 187]. More generally, circRNAs function in the cytosol as miRNA 
sponges, as the case of CDR1as/ciRS-7 which is an RNA sponge of miR-7 [182, 
183]. Some circRNAs, termed exon-intron circRNAs (EIciRNAs), still contain 
unspliced introns and are retained in the nucleus, where they are able to interact 
with U1 snRNP and promote transcription of their parental genes [188]. The most 
remarkable property of circRNAs is their high stability which makes them eligible 
as potent diagnostic markers and therapeutic agents [189].

1.6.3  �Classification According to lncRNA Residence 
Within Specific DNA Regulatory Elements and Loci

In addition to PCGs, mammalian genomes contain tens of thousands of pseudo-
genes, which are genomic remnants of ancient PCGs that have lost their coding 
potential throughout evolution. Importantly, many of them are transcribed in both 
sense and antisense directions into lncRNAs. Given high sequence similarity with 
parental genes, pseudogene-derived lncRNAs can regulate PCG expression via 
RNA-RNA pairing by acting as miRNA sponges, by producing endogenous siR-
NAs, or by interacting with mRNAs [190–192]. PTENP1, a lncRNA pseudogene 
derived from the tumor-suppressor gene PTEN, was among the first reported non-
coding miRNA sponges with a function in cancer [193].
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Ultra-conserved regions (UCRs) are genome segments that exhibit 100% DNA 
sequence conservation between human, mouse, and rat. The human genome con-
tains 481 UCRs within intragenic (39%), intronic (43%), and exonic (15%) sequences 
[194]. These regions are extensively transcribed into T-UCR lncRNAs [195, 196]. 
Remarkably, expression of T-UCRs is induced by cancer-related stresses such as 
retinoid treatment or hypoxia. They are aberrantly expressed in different cancers and 
some are associated with poor prognosis [196–198]. Given high specificity of 
expression, T-UCRs were proposed as molecular markers for cancer diagnosis and 
prognosis [199]. The function of T-UCRs is still poorly understood. Evf2 (or Dlx6as) 
is an example of T-UCR which acts as a decoy. It interacts with the transcription 
activator DLX1 increasing its association with key DNA enhancers but also with the 
SWI-/SNF-like chromatin remodeler brahma-related gene 1 (BRG1) inhibiting its 
ATPase activity. As a result, Evf2 induces chromatin remodeling and Dlx5/Dlx6 
enhancers decommissioning with a final repression of transcription [200, 201].

Telomeres, which are protective nucleoprotein structures at the ends of chromo-
somes, are transcribed into non-coding telomeric repeat-containing RNAs, 
TERRA, in all eukaryotes. This family of transcripts is generated from both Watson 
and Crick strands in a cell cycle-dependent manner [202, 203]. Formation of RNA-
DNA hybrids by TERRA at chromosome ends promotes recombination and, hence, 
delays senescence. However, in cells lacking telomerase- and homology-directed 
repair, TERRA expression induces telomere shortening and accelerates senescence 
[204, 205]. Subtelomeric regions are also actively transcribed [206–208]. In bud-
ding yeast, this heterogeneous population of lncRNAs, named subTERRA, is tran-
siently accumulating in late G2/M and G1 phases of the cell cycle in wild-type cells 
or in asynchronous cells deleted for the Xrn1 exoribonuclease [209]. The exact 
function of subTERRA is not yet clear though it has been proposed to have a regula-
tory role in telomere homeostasis.

Recent findings in different eukaryotes including human revealed that centro-
meric repeats are actively transcribed into lncRNAs during the progression from 
late mitosis to early G1 [210–214]. These centromeric lncRNAs physically inter-
act with different centromere-specific nucleoprotein components, such as CENP-A/
CENP-C and HJURP, and are required for correct kinetochore assembly and the 
maintenance of centromere integrity.

Ribosomal (r)DNA loci were shown to be transcribed by RNA polymerase II, 
antisense to the rRNA genes, into a heterogeneous population of lncRNAs, called 
PAPAS (promoter and pre-rRNA antisense). Their expression is induced in quies-
cent cells and triggers the recruitment of histone H4K20 methyltransferase Suv4-
20h2 to ribosomal RNA genes for histone modification and transcriptional silencing 
[215]. PAPAS also allow heterochromatin formation and gene silencing in growth-
arrested cells.

Promoters and enhancers constitute fundamental cis-regulatory elements for the 
control of PCG expression, serving as platforms for the recruitment of transcription 
factors and transcription machinery and the establishment of particular chromatin 
organization. Remarkably, many, if not all, functional enhancers and promoters are 
pervasively transcribed, respectively, into eRNAs and PALRs, in both sense and 
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antisense directions. Transcribed enhancer and promoter regions possess particular 
histone modification signatures that distinguish them from other transcription units. 
Such signatures include increased histone H3K27ac and H3K4me1 as compared 
with other lncRNA and PCGs. The termination of enhancer-derived lncRNAs, 
eRNAs, depends on the Integrator complex which ensures 3′-end transcript cleav-
age. The result is that eRNAs are poorly or not polyadenylated and highly unstable. 
Their expression is specific to cell type, tissue, or stages of development and can be 
activated by external or internal stimuli. Enhancer transcription was proposed to 
mark functional, active enhancer elements. However, eRNA function as stand-alone 
transcripts is still controversial, and the function of only few eRNAs, such as 
FOXC1e or NRIP1e [216], has been demonstrated. Specifically, it is proposed that 
these eRNAs control promoter chromatin environment, enhancer-promoter looping, 
RNA polymerase II loading and pausing, and “transcription factor trapping”; all 
these events contribute to a robust transcription activation of nearby and distant 
genes [217].

Promoter-associated lncRNAs or PALRs are transcribed in sense and anti-
sense directions at promoter regions and can partially overlap the 5′ end of a gene 
[218]. This class of transcripts includes highly unstable PROMPTs (promoter 
upstream transcripts) and upstream antisense RNAs (uaRNAs) that are more eas-
ily detectable in a context where the nuclear exosome has been depleted [108, 170, 
219]. Polyadenylation-dependent degradation of PROMPTs was proposed to ensure 
directional RNA production from otherwise bidirectional promoters [220]. The 
presence of a splicing competent intron within uaRNAs was shown to facilitate gene 
looping placing termination factors at the vicinity of a bidirectional promoter for 
termination and thereby ensuring RNA polymerase II directionality toward a PCG 
[221]. Some PALRs were shown to negatively regulate transcription of the nearby 
genes. One such example is a PALR from the CCND1 gene promoter which 
represses transcription by recruiting TLS and locally inhibiting CBP/p300 histone 
acetyltransferase activity on the downstream target gene, cyclin D1 [222, 223].

The 3′-untranslated regions (UTRs) of eukaryotic genes can be transcribed into 
independent transcription units or UTR-associated (ua)RNAs [224]. They are 
generated either by an independent transcriptional event from the upstream PCG or 
by posttranscriptional processing of a pre-mRNA. Expression of uaRNAs is regulated 
in a developmental stage- and tissue-specific fashion and is evolutionarily conserved; 
nevertheless, the functional relevance of such transcripts has not yet been explored.

1.6.4  �Classification According to lncRNA Biogenesis Pathways

In budding yeast, since many lncRNAs are highly unstable or “cryptic,” the com-
monly employed classification of lncRNAs is based on their decay or biogenesis 
features. However, some so-called stable unannotated transcripts (SUTs) were iden-
tified in a wild-type genetic background [163]. Others are only detectable under 
specific stress conditions or in RNA-decay mutant strains. These latter transcripts 
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are roughly divided into three classes: cryptic unstable transcripts (CUTs), which 
are sensitive to the nuclear RNA decay pathway [163, 225]; Nrd1-unterminated 
lncRNAs (NUTs) [113]; and Xrn1-sensitive unstable transcripts (XUTs), which 
are degraded by the cytoplasmic 5′–3′ exoribonuclease, Xrn1 [226, 227]. The major-
ity of XUTs are transcribed antisense to PCGs. CUTs are often bidirectional or over-
lapping sense transcripts, but can also be antisense, as is the case of the PHO84 CUT 
[228]. Beyond each class definition, there is a considerable overlap between CUTs 
and NUTs but also XUTs and SUTs [94, 112]. Some CUTs have been reported to 
escape nuclear RNA decay and are exported to the cytoplasm where they are taken 
in charge by Xrn1 or by nonsense-mediated mRNA decay (NMD), as is the case of 
cytoplasmically degraded CUTs or CD-CUTs [229]. CD-CUTs bear a 5′ extension 
originating upstream from the bona fide promoter and which partially or completely 
overlaps PCGs. CD-CUT transcription is proposed to control the expression of a 
subset of genes from subtelomeric regions and, in particular, metal homeostasis 
genes. Another subclass of CUTs includes meiotically induced lncRNAs, meiotic 
unannotated transcripts (MUTs), that are degraded by the nuclear exosome Rrp6 
and the exosome targeting complex TRAMP [230, 231]. The key difference between 
CUTs, XUTs, and SUTs is determined by their distinct subcellular fates. CUTs are 
transcribed and degraded in the nucleus, while SUTs and XUTs are exported to the 
cytoplasm where many XUTs are degraded by Xrn1 unless they escape degradation 
by pairing to complementary mRNAs [94]. In this case, they could be protected from 
NMD-mediated degradation and eventually translated into peptides, giving rise to 
new putatively functional molecules [232]. Notably, CUTs and XUTs are conserved 
among yeast species [233], (Wery et al., unpublished).

In other eukaryotes, some highly unstable lncRNAs have been reported, for 
example, above mentioned PROMPTs and eRNAs which could be considered to be 
human analogues of CUTs, since they are highly stabilized upon RNA exosome 
depletion [108, 234]. The RNA exosome is proposed to play a role in resolving 
deleterious RNA/DNA hybrids (R-loops) arising from active enhancers to prevent 
recombination. So far, the existence of mammalian XUTs has not been reported; 
however, in humans, XRN1 was shown to be sequestrated by some RNA viruses 
[235, 236]. Their genomic RNA possesses a structured module in the 3′-UTR that 
traps and inhibits XRN1 catalytic activity. This action gives rise to the stabilization 
of the subgenomic flavivirus (sf)RNA which is important for the pathogenicity of 
the virus but could also result in a global stabilization of transcripts, including yet 
uncovered, highly unstable lncRNAs analogous to yeast XUTs.

1.6.5  �Classification According to lncRNA Subcellular 
Localization or Origin

Knowing the subcellular localization of a particular lncRNA provides important 
insights into its biogenesis and function. LncRNAs could be exclusively cytosolic 
(DANCR and OIP5-AS1) or nuclear (NEAT1) or have a dual localization (HOTAIR) 
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[128]. Several subgroups of lncRNAs with a precise subcellular localization have 
been defined, such as chromatin-enriched (che)RNAs [237] and chromatin-
associated lncRNAs, CARs [238]. Many nuclear and chromatin functions have 
been proposed for such lncRNAs, including the assembly of subnuclear domains or 
RNP complexes, the guiding of chromatin modifications, and the activation or 
repression of protein activity [239]. GAA repeat-containing RNAs, GRC-RNAs, 
represent a subclass of nuclear lncRNAs that show focal localization in the mam-
malian interphase nucleus, where they are a part of the nuclear matrix. They have 
been suggested to play a role in the organization of the nucleus by assembling vari-
ous nuclear matrix-associated proteins [240].

The mitochondrial genome is also transcribed into mitochondrial ncRNAs, 
ncmtRNAs [241–243]. Their biogenesis is dependent on nuclear-encoded mito-
chondrial processing proteins. After synthesis, some ncmtRNAs are exported from 
the mitochondria to the nucleus [244]. Importantly, expression of ncmtRNAs is 
altered in cancers promoting them as potential targets for cancer therapy [245, 246].

1.6.6  �Classification According to lncRNA Function

To highlight a regulatory role, lncRNAs are often classified based on their function. 
Several archetypal activities of lncRNAs are used for classification: scaffolds, 
guides, decoys or ribo-repressors, ribo-activators, sponges, and precursors of small 
ncRNAs. Here we present examples of functional lncRNA classifications that 
regroup several lncRNAs into subclasses with a common operating mode.

LncRNA scaffolds function in the assembly of RNP complexes. The structural 
plasticity of lncRNAs allows them to adopt complex and dynamic three-dimensional 
structures with high affinity for proteins [247]. LncRNA scaffolds are often actors 
of epigenetic and transcriptional control of gene expression regulation. In this case, 
a lncRNA can act in trans or in cis in respect to its transcription site [248]. They are 
known to associate with a multitude of histone- or DNA-modifying and nucleosome 
remodeling complexes [249, 250]. LncRNA-mediated assembly of these complexes 
reshapes the epigenetic landscape and the organization of chromatin domains, thus 
allowing the modulation of all DNA-based processes including transcription, 
recombination, DNA repair, as well as RNA processing [159, 177, 251, 252]. 
HOTAIR is one example of a scaffold lncRNA which recognizes numerous targets. 
HOTAIR adopts a four-module secondary structure [144] which interacts in the 
nucleus with the PRC2 and Lsd1/REST/coREST complexes through its 5′ and 3′ 
modules, respectively [253]; it then targets them to specific genomic locations to 
affect histone modifications and gene silencing. In the cytoplasm, HOTAIR associ-
ates with the E3 ubiquitin ligases, Dzip3 and Mex3b, facilitating ubiquitination and 
proteolysis of their respective substrates, Ataxin-1 and Snurportin-1, in senescent 
cells [251].

Architectural lncRNAs (arcRNAs) represent a subclass of lncRNA scaffolds 
that are essential for the assembly of particular nuclear substructures [254]. 
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Presently, five lncRNAs are classified as arcRNAs, and among them is NEAT1, 
which assembles more than 60 different RNA-binding proteins and transcription 
factors in paraspeckles [255]. ArcRNAs are highly enriched in repetitive sequences 
indicative of complex RNA folding that is essential for their scaffold function. They 
could be temporarily regulated by stress, during development, or in disease. 
ArcRNAs often sequester regulatory proteins, thereby changing gene expression. A 
detailed molecular role of scaffold and arcRNAs will be discussed in the forthcom-
ing chapter.

Guide lncRNAs can recruit RNP complexes to specific chromatin loci. 
Remarkably, a guide function of one and the same lncRNA depends on the biologi-
cal context (cell-/tissue-type, developmental stage, pathology) and often cannot be 
explained by a simple RNA/DNA sequence complementarity. For some lncRNA 
guides the formation of a triple helix structure between DNA and the lncRNA was 
experimentally proven, as in the case of Khps1 which anchors the CBP/p300 com-
plex to the proto-oncogene SPHK1 [256]. Another example is MEG3 which guides 
the EZH2 subunit of PRC2 to TGFβ-regulated genes [257].

lncRNA decoys play the role of ribo-repressors for protein activities through 
the induction of allosteric modifications, the inhibition of catalytic activity, or by 
blocking the binding sites. One classical example of a ribo-repressor lncRNA is 
GAS5 (growth arrest-specific 5), which acts as a decoy for a glucocorticoid receptor 
(GR) by mimicking its genomic DNA glucocorticoid response element (GRE). The 
interaction of GAS5 with GR prevents it from binding to the GRE and ultimately 
represses GR-regulated genes, thus influencing many cellular functions including 
metabolism, cell survival, and response to apoptotic stimuli [258].

lncRNAs can also act as ribo-activators essential for or enhancing protein activ-
ities. One such example is the lnc-DC lncRNA which promotes the phosphorylation 
and activation of the STAT3 transcription factor [259]. Another subclass is the 
lncRNA transcriptional co-activators, also called activating ncRNAs (ncRNA-a), 
which possess enhancer-like properties [260]. They were shown to interact with and 
regulate the kinase activity of Mediator, hence facilitating chromatin looping and 
transcription [261]. In addition to Mediator-interacting RNAs, other lncRNAs are 
able to upregulate transcription and could also be considered as ncRNA-a. Among 
them is the steroid receptor RNA activator SRA which interacts with and enhances 
the function of the insulator protein CTCF [262], and NeST which binds to and 
stimulates the activity of a subunit of the histone H3 Lysine 4 methyltransferase 
complex [263].

Competing endogenous RNAs (ceRNAs), also known as lncRNA sponges, are 
represented by lncRNAs and circRNAs that share partial sequence similarity to 
PCG transcripts; they function by competing for miRNA binding and posttranscrip-
tional control [264]. Pseudogene-derived lncRNAs represent an important source of 
ceRNAs as they are particularly enriched in miRNA response elements, as is the 
case of the already mentioned PTENP1 [265]. The subcellular balance between 
ceRNA, one or multiple miRNAs, and mRNA targets constitutes a complex network 
allowing a fine-tuning of the regulation of gene expression during adaptation, stress 
response, and development [266, 267].
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Many lncRNAs host small RNA genes and serve as precursor lncRNAs for 
shorter regulatory RNAs, in particular, those involved in the RNAi pathway (mi/si/
piRNAs). Many lncRNAs were identified and functionally studied before their pre-
cursor function was known. Such is the case for H19, one of the first discovered 
lncRNA genes and which contains two conserved microRNAs, miR-675-3p and 
miR-675-5p. In undifferentiated cells, H19 acts as a ribo-activator interacting with 
and promoting the activity of the ssRNA-binding protein KSRP (K homology-type 
splicing regulatory protein) to prevent myogenic differentiation [268]. During 
development, and, in particular, during skeletal muscle differentiation, H19 is pro-
cessed into miRNAs ensuring the posttranscriptional control of the anti-
differentiation transcription factors Smad [269]. Some piRNA clusters were found 
to map to lncRNA genes, mostly in exonic but also in non-exonic regions enriched 
in mobile elements thereby constituting putative pi-lncRNA precursors [270]. 
Putative endo-siRNAs can be produced from inverted repeats within lncRNA genes 
or  from any double-stranded lncRNA-RNA precursors originated from sense-
antisense convergent transcription [271, 272]. Endo-siRNAs have been documented 
in many eukaryotes, including fly, nematode, and mouse. Overlapping and bidirec-
tional transcription is an abundant and conserved phenomenon among eukaryotes 
[154, 218]. However, in mammals, processing of sense-antisense paired transcripts 
into siRNA and their functional relevance is still controversial and requires experi-
mental evidence, specifically at the single cell level. LncRNA processing into small 
RNA molecules could depend on different cellular machineries such as RNase P- 
and RNase Z-mediated cleavage of the small cytoplasmic mascRNA from MALAT1 
[110] or Drosha-DGCR8-driven termination and 3′  end formation for lnc-pri-
miRNAs [111]. The possible coexistence of two operational modes combining a 
long, precursor lncRNA and a derived small RNA adds additional complexity in 
lncRNA-mediated regulatory circuits.

1.6.7  �Classification According to lncRNA Association 
with Specific Biological Processes

Examination of the non-coding transcriptome in different biological contexts has 
resulted in the discovery of lncRNAs specifically associated with particular biologi-
cal states or pathologies. LncRNAs differentially expressed during replicative 
senescence represent senescence-associated lncRNAs, or SAL [273]. One such 
example, SALNR, is able to delay oncogene-induced senescence by its interaction 
with and inhibition of the NF90 posttranscriptional repressor [274]. Hypoxia, one of 
the classic features of the tumor microenvironment, induces the expression of many 
lncRNAs, in particular those from UCRs, named HINCUTs [197, 275]. Oxidative 
stress induces the production of stress-induced lncRNAs, si-lncRNAs, that accumu-
late at polysomes in contrast to mRNAs, which are depleted [138]. Deep sequencing 
transcriptome analysis of mammalian stem cells identified non-annotated stem 
transcripts, or NASTs, that appear to be important for maintaining pluripotency 
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[276]. Finally, with the progression of clinical and diagnostic studies, a growing 
number of specific disease-associated lncRNAs have been detected. An example is 
the prostate cancer-associated transcripts (PCATs), such as PCAT1, that were 
shown to have a role in cancer biology but also as potent prognostic markers [277].

1.6.8  �Future Challenges in lncRNA Annotation 
and Classification

Presently, the discovery of a novel lncRNA is an everyday occurrence, and proper 
annotation and classification are a necessity. In addition to catchy nicknames, vari-
ous classifications of lncRNAs that rely on certain properties of the transcript, its 
origin, or possible function are proposed in oral and written communications. 
However, and in the aim of universalization, a “gold standard” of annotation should 
be sought. Repositories such as RNAcentral and other consortia are working on the 
challenging task of integrating the unambiguous annotations of all transcripts and 
genes, including numerical identifiers in addition to unique transcript names such as 
“GENENAME”. Recently, John Mattick and John Rinn have proposed some rules 
for lncRNA annotation. In particular, it has been recommended to refer to intergenic 
lncRNAs as “LINC-X,” where X represents a number and to all intragenic lncRNAs 
as “GENENAME” corresponding to overlapping PCG annotations with a prefix 
“AS-” for antisense, “BI-” for bidirectional, “OT-” for overlapping sense, and 
“INT-” for intronic transcripts in order to provide them with a positional criterion 
[278]. Respecting this guideline, OT-SOX2-(1) would correspond to the first iso-
form of the SOX2-OT1 lncRNA overlapping in sense orientation the SOX2 gene, 
while HOTAIR should take the name of AS-HOXC11-(1) to designate the largest 
lncRNA antisense to the HOXC11 gene. However, the descriptive nickname of 
experimentally assigned lncRNAs should be preserved on condition of its unique-
ness as a gene name. To avoid confusion, the renaming of transcripts should be 
accurately marked in all lncRNA repositories.

Identification, annotation, and classification are the first steps toward unraveling 
lncRNA biology. This work is still in its early days and requires novel thinking and 
methodologies, in parallel with the development of new and more accurate tech-
nologies and improved tools for the discovery and assembly of transcripts. In par-
ticular, the twenty-first century has been marked by the emergence of new 
technologies in regard to genomics and integrative system biology. These new 
approaches will allow researchers to build a comprehensive framework of regula-
tory circuits embedding both coding and non-coding transcripts, thereby decipher-
ing a bit more the puzzle of life biodiversity and complexity.
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Chapter 2
Long Noncoding RNA: Genome Organization 
and Mechanism of Action

Vijay Suresh Akhade, Debosree Pal, and Chandrasekhar Kanduri

Abstract  For the last four decades, we have known that noncoding RNAs maintain 
critical housekeeping functions such as transcription, RNA processing, and transla-
tion. However, in the late 1990s and early 2000s, the advent of high-throughput 
sequencing technologies and computational tools to analyze these large sequencing 
datasets facilitated the discovery of thousands of small and long noncoding RNAs 
(lncRNAs) and their functional role in diverse biological functions. For example, 
lncRNAs have been shown to regulate dosage compensation, genomic imprinting, 
pluripotency, cell differentiation and development, immune response, etc. Here we 
review how lncRNAs bring about such copious functions by employing diverse 
mechanisms such as translational inhibition, mRNA degradation, RNA decoys, 
facilitating recruitment of chromatin modifiers, regulation of protein activity, regu-
lating the availability of miRNAs by sponging mechanism, etc. In addition, we pro-
vide a detailed account of different mechanisms as well as general principles by 
which lncRNAs organize functionally different nuclear sub-compartments and their 
impact on nuclear architecture.
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2.1  �Introduction

Noncoding RNA (ncRNA), once thought as a part of transcriptional noise, now 
represents a novel regulatory layer in the transcriptional and posttranscriptional 
gene regulation. Their rise from transcriptional noise to novel regulators of gene 
expression is well supported by their documented functional roles in various aspects 
of gene regulation, including epigenetic regulation, X chromosome inactivation, 
genomic imprinting, nuclear and cytoplasmic trafficking, transcription, and mRNA 
splicing [1, 2]. Latest genome-wide annotation studies based on high-throughput 
transcriptomics from single cell embryo to differentiated tissue cell types reveal that 
more than two-thirds of the mammalian genome is transcribed encoding tens of 
thousands of different classes of small and long noncoding RNA (lncRNAs). 
lncRNAs represent the largest class among the noncoding RNA subtypes, and 
according to the latest estimates, there are about more than 58,084 transcripts, 
which outnumber the protein-coding RNAs. lncRNAs have also emerged as key 
regulators in a wide range of biological processes such as cell proliferation, cell 
cycle, metabolism, apoptosis, differentiation and maintenance of pluripotency, etc. 
[3, 4]. They have not only shown to typically regulate gene regulation, but lncRNAs 
employ diverse mechanisms for their function, and these would be described below 
in detail.

2.2  �lncRNA and Chromatin Regulation

lncRNAs have emerged as crucial players in the regulation of transcription via mod-
ulation of chromatin [5–9]. lncRNAs regulate chromatin structure at different func-
tional steps which include histone modifications, DNA methylation, and chromatin 
remodeling. Execution of this function by lncRNAs across a broad evolutionary 
spectrum is suggestive of their conserved role in chromatin regulation despite lack 
of primary sequence conservation.

2.3  �lncRNAs Regulate Chromatin Structure 
via Histone Modifications

Interaction of lncRNAs with histone-modifying complexes is very prominent with 
respect to two polycomb repressive complexes, PRC1 and, in particular, PRC2, 
which mediates methylation of lysine 27 on histone 3 (H3K27me), a histone mark 
associated with poised or repressed transcriptional status. A general mechanistic 
representation of regulation of histone modifications by lncRNAs is depicted in 
Fig. 2.1a. The first documentation of lncRNA and PRC2 interaction was from the 
studies on mammalian X chromosome inactivation, where X-inactive specific 
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transcript (Xist), a lncRNA that is highly expressed from the inactive X chromo-
somes in females (Xi), mediates the recruitment of PRC2 to the Xi to silence gene 
expression [10–12]. Another prominent example is HOTAIR lncRNA, which is 
transcribed from the HoxC gene cluster but mediates transcriptional gene silencing 
in the HoxD locus in trans via targeting PRC2 complex and the histone H3K4me1/2 
demethylase LSD1 [13]. Recently, a murine lincRNA Pint (p53 induced noncoding 
transcript) was demonstrated to connect p53 activation with epigenetic silencing by 
PRC2 [14]. Pint controls cell survival and proliferation through regulating the 
TGF-β, MAPK, and p53 pathways. Pint mediates H3K27 trimethylation of target 
gene promoters via recruitment of PRC2. Also, the expression of PRC2 is required 
for the functional activity of Pint. Braveheart (Bvht), a heart associated lncRNA in 
mouse, is activated during early cardiac differentiation [15]. Bvht mediates epigen-
etic regulation of cardiac commitment through its interaction with SUZ12, a com-
ponent of PRC2 complex during cardiomyocyte differentiation. Another similar 
example is the Fendrr lncRNA (Foxf1adjacent noncoding developmental regulatory 
RNA) which is required for heart and body wall development in mouse. Fendrr acts 
by modifying the chromatin signatures of its target genes through binding to both 
the PRC2 and TrxG/MLL complexes. Fendrr interacts with WDR5 which is a com-
ponent of the MLL complexes that mediates H3K4 methylation associated with loci 
that are actively transcribed or primed for activation [16, 17]. lncRNA SRA (steroid 
receptor RNA activator) also participates in transcriptional regulation through com-
plex formation with trithorax group (TrxG) and polycomb repressive complex 2 
(PRC2) complexes [18]. Very recently, HoxB lincRNA is shown to be required for 
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HoxB gene activation and mesoderm specification (HoxB lincRNA cell reports ref-
erence). Mechanistically, HoxB lincRNA controls chromatin dynamics through the 
recruitment of Set1/MLL complexes. Interaction of WDR5 has been reported with 
more than 200 lncRNAs in mouse embryonic stem cells (mESCs) [19]. The impor-
tance of these interactions is reflected by the requirement of WDR5-lncRNA asso-
ciation for binding of WDR5 to chromatin. Taking into consideration more specific 
studies, two lncRNAs, HOTTIP and NeST, have been described to recruit WDR5 to 
their neighboring genes and thus enhance their transcription [20, 21].

Example of an lncRNA interacting with the PRC1 complex is FAL1 RNA 
(focally amplified lncRNA on chromosome 1) [22]. FAL1 interacts with BMI1, 
an essential subunit of PRC1. FAL1 not only regulates the protein stability of 
BMI1 but also regulates the association between BMI1 and the target promoter 
regions thereby modulating target gene expression. ANRIL, an lncRNA tran-
scribed from the INK4B-ARF-INK4A tumor suppressor locus, was discovered in 
a family with inherited melanoma-neural system tumors [23]. ANRIL recruits 
CBX7 (a PRC1 component) via a POL II-dependent mechanism to its locus in 
order to repress the neighboring INK4B-ARF-INK4A genes [23, 24]. CBX7 
binding to ANRIL contributes to CBX7 function, and disruption of CBX7-ANRIL 
interaction impacts the ability of CBX7 to repress the INK4b/ARF/INK4a locus 
and control senescence [24].

2.4  �lncRNAs Regulate Chromatin Remodeling

In addition to interaction with histone-modifying enzymes and covalently modify-
ing chromatin, lncRNAs also associate with chromatin remodeling complexes to 
regulate gene expression. The association of lncRNA SChLAP1 (second chromo-
some locus associated with prostate-1) with the chromatin remodeling complex 
SWI/SNF in human prostate cancer cells is one such example [25]. Knockdown of 
lncRNA SChLAP1 leads to impaired cell invasion and proliferation, while knock-
down of SMARCB1 (component of SWI/SNF) promoted cancer progression, thus 
revealing their opposite functions in human prostate cancer cell lines. Also, SChlAP1 
interacts with the SNF5 subunit of the SWI/SNF complex and antagonizes the 
genome-wide localization and regulatory functions of the SWI/SNF complex, 
thereby resulting in genome-wide derepression of gene activity. Similarly, the 
lncRNA Mhrt (myosin heavy chain-associated RNA transcripts or Myheart) binds 
to BRG1, the ATPase subunit of the SWI/SNF complex, and prevents Brg1 from 
recognizing its genomic DNA targets [26]. Recently, a very interesting study com-
prehensively identified the Xist lncRNA interactome which comprised of cohesins, 
condensins, topoisomerases, RNA helicases, chromatin remodelers, and modifiers 
[27]. Stable knockdown of the components of SWI/SNF complex demonstrated that 
the Xist-SWI/SNF interaction is required for proper maintenance of PRC2 function 
on the inactive X chromosome (Xi). The Evf2 lncRNA also interacts with SWI/
SNF-related chromatin remodelers Brg1 and Baf170 [28, 29]. In contrast to 
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SChlAP1, Mhrt, and Xist, Evf2 lncRNA increases the association of Brg1 with 
important regulatory enhancer regions but directly inhibits the ATPase and chroma-
tin remodeling activities of Brg1.

lncRNAs and the SWI/SNF complex are not only shown in the context of gene 
repression but also reported to mediate gene activation. lncTCF7, which promotes 
the self-renewal of human liver cancer stem cells by activating Wnt signaling, inter-
acts with and recruits the SWI/SNF complex to the TCF7promoter thereby activat-
ing TCF7 expression and subsequently Wnt signaling [30]. Linc-Cox2 is an 
important RNA for regulation of immune response genes, and its expression is 
highly induced in macrophages upon stimulation by LPS through the Toll-like 
receptors [31]. Recent studies have shed more light on the mechanism of transcrip-
tional regulation by linc-Cox2. Upon LPS stimulation in macrophages, linc-Cox2 is 
assembled into the SWI/SNF complex and promotes the assembly of NF-KB sub-
units into the SWI/SNF complex [32]. This ultimately leads to increased recruit-
ment of SWI/SNF complex and transactivation of the late primary inflammatory 
response genes. Linc-Cox2, also stimulated in response to TNF-α stimulation in 
murine intestinal epithelial cells, represses the transcription from the I12b promoter, 
a secondary late-responsive gene induced by TNF-α, through targeting Mi-2/NuRD 
repressor complex [33].

2.5  �eRNAs and Higher-Order Chromatin Organization

Enhancer-derived lncRNAs (eRNAs) are also documented in the control of regula-
tory contacts between enhancers and the cognate promoter through chromosome 
looping [34, 35]. Until recently, eRNAs were considered primarily as by-products 
of transcription from enhancer-promoter interactions. However, with several 
eRNAs functionally implicated in diverse biological contexts, they are being con-
sidered as independent transcriptional units [34, 36, 37]. The classical enhancer 
RNAs (eRNAs) are short, unspliced transcripts that are a product of bidirectional 
transcription [34, 38]. The locus control region (LCR) of the b-globin cluster is the 
very first identified example of enhancer-linked transcripts [39, 40]. The eRNAs 
control gene expression, possibly by affecting looping between enhancers and pro-
moters [41, 42]. For example, LUNAR1 is a T cell acute lymphoblastic leukemia 
(T-ALL)-specific lncRNA that is transcribed from the insulin-like growth factor 1 
receptor (IGF1R) locus and that exhibits pro-oncogenic characteristics, such as 
stimulating T-ALL cell growth [43]. LUNAR1 itself activates the IGF1R locus in 
cis via chromosome looping, thus leading to sustained IGF1 signaling in T-ALL 
cells. Likewise, the lncRNAs PRNCR1 and PCGEM1 regulate androgen receptor-
dependent gene activation programs by promoting enhancer-promoter looping in 
prostate cancer cells [44]. Also, there are lncRNAs with enhancer-like functions 
and are referred to as activating ncRNAs (ncRNA-a). These lncRNAs mediate DNA 
looping and chromatin enhancement via Mediator, a large transcriptional co-acti-
vating complex [45]. Two such eRNAs, ncRNA-a3 and ncRNA-a7, bring about the 
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recruitment and activation of Mediator complex. Activity of these eRNAs is com-
promised by the knockdown of Mediator components and conversely loss of the 
eRNAs led to the decreased recruitment of Mediator and Pol II to the target genes. 
The contacting of eRNAs by the Mediator subunits is essential for the chromosomal 
looping between the enhancer and the target gene, as demonstrated by chromosome 
conformation capture method. Recently, using mouse cortical neurons, it was 
shown that some eRNAs facilitate the release of the negative elongation factor 
(NELF), thus competitively derepressing paused Pol II and enabling productive 
elongation of the target RNA [46]. Similarly, eRNAs may also “trap” certain RNA-
binding transcription factors at enhancers, thereby sustaining transcription factor-
mediated regulation [47].

lncRNAs transcribed from enhancer regions can also have inhibitory effects on 
their target genes. The promoter deletion of the lncRNA Haunt (also known as linc-
Hoxa1) leads to upregulation of several genes of the neighboring HoxA gene cluster 
[48]. A similar mechanism was also found for Playrr (D030025E07Rik), an 
lncRNA-encoded upstream of the homeodomain transcription factor Pitx2 [49]. A 
CRISPR/Cas9-generated mutation resulting in Playrr RNA decay caused upregula-
tion of Pitx2 expression. An enhancer involved in Pitx2 regulation in the gut over-
laps the TSS of Playrr. The expression of Playrr interferes with the looping of the 
Pitx2 promoter to its enhancer at the Playrr locus and thus affecting the Pitx2 gene 
activation.

2.6  �Long Noncoding RNAs in Genomic Imprinting

Genomic imprinting is a phenomenon in which only of one of the alleles of an 
inherited parental pair is active, while the other one is maintained in an inactive 
state. This differential expression of the inherited parental alleles depends on the 
parent of origin; in some cases, an allele of a gene might be paternally imprinted, 
whereas in other cases it would be maternally imprinted. Imprinting is generally 
achieved by histone and/or DNA modification of the particular locus, and lately 
lncRNAs have been known to play a role in this phenomenon [50].

Airn lncRNA is 108 kb long, nuclear localized transcript, transcribed in an anti-
sense direction from 3.7  kb imprinting control element (ICE) in intron 2 of the 
insulin-like growth factor type-2 receptor (Igf2r) gene [51]. It has been shown to 
control the parent of origin-specific expression of three genes: Slc22a2, Slc22a3, 
and Igf2r. Paternal but not the maternal inheritance of 3.7 kb ICE deletion leads to 
biallelic expression of all three genes, including Igf2r, and reduction in birth weight 
of mice [52]. A similar phenotype was also observed when the Airn RNA was pre-
maturely truncated by the insertion of a polyadenylation signal 3 kb downstream of 
its transcription start site. By performing Airn RNA-TRAP experiments in mouse 
liver and placental cell types, it was observed that Airn interacts physically with the 
Scl22a3, which is situated >230  kb away from the Airn locus, and recruits G9a 
methyltransferase to the Scl22a3 promoter on the paternal chromosome in cis 
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[53,  54]. Based on these observations, the authors have hypothesized that Airn 
might act in a manner similar to XIST wherein direct interaction of the RNA with its 
target DNA loci in cis on the paternal chromosome would lead to the silencing of 
Scl22a3 through the enrichment of a repressive histone mark H3K9me3.

Kcnq1ot1 is another lncRNA whose role in genomic imprinting is well estab-
lished. It is a 91 kb RNA encoded from 1 Mb Kcnq1/Cdkn1c locus on chromosome 
7 that harbors several protein-coding genes [55, 56]. Kcnq1ot1 is expressed from 
the paternal chromosome, whereas it is repressed on the maternal chromosome by 
CpG methylation. Its expression on the paternal chromosome correlates with repres-
sion of eight to ten neighboring protein-coding genes which span over megabase 
region (reviewed in [57]). Like Xist and Airn, Kcnq1ot1 acts in cis on the paternal 
chromosome to silence Kcnq1, Cdkn1c, Phlda2, and Slc22a18 genes in all tissues, 
i.e., embryonic and extraembryonic (ubiquitously imprinted loci) and Osbpl5, 
Tssc4, and Ascl2 genes only in the extraembryonic tissues (placental-specific 
imprinted loci). Kcnq1ot1 also acts at the epigenetic level to impart silencing of the 
imprinted genes. Kcnq1ot1 mediates silencing of neighboring genes on the paternal 
chromosome through establishing paternal allele-specific repressive histone modifi-
cations (H3K9me3 and H3K27me3) and DNA methylation at the target imprinted 
gene promoters by interacting with chromatin (PRC2 and G9a) and DNA (DNMT1) 
modification enzymes and guide them specifically to the target imprinted gene pro-
moters in cis by acting as a scaffold. Previously, using episomal-based system cou-
pled with cell culture experiments, 890 nucleotide functional RNA sequence was 
identified at the 5′ end of the Kcnq1ot1 RNA. Using transgenic mouse model (Δ890 
mice) [57], it has been shown that the 890 RNA sequence at the 5′ end of Kcnq1ot1 
RNA is required for establishing the repressive histone modifications and DNA 
methylation at the promoters of ubiquitously imprinted genes Kcnq1, Cdkn1c, 
Slc22a18, and Phlda2. Interestingly, the Δ890 mice showed a phenotype similar to 
Dnmt−/− mice. On further analysis, it was seen that DNA methylation at the pater-
nal Cdkn1c and Slc22a18 loci was significantly reduced in the Δ890 mice. 
Surprisingly, Kcnq1 and Phlda2 did not show any changes in DNA methylation 
patterns in the wild-type or the Δ890 mice implying that their methylation status 
could be established at a very early stage of development and then transmitted as a 
memory. Thus Kcnq1ot1 lncRNA acts through two independent mechanisms: either 
by recruiting heterochromatic chromatin remodelers or by DNA methyltransferases 
specifically to imprinted genes in a locus- and tissue-specific manner [58].

In mouse chromosome 7, there exists a whole cluster of genes covering around 
600 kb on the genome which undergo the phenomenon of imprinting. H19 and Igf2 
are two genes belonging to this cluster; corresponding to the human locus 11p15.5, 
H19 is expressed maternally, whereas Igf2 is expressed paternally [59, 60]. This 
imprinted locus, also known as imprinted gene network (IGN), is regulated in 
expression by the H19 gene, and the network is itself involved in the development 
of the embryo. H19 encodes for a 2.3 kb lncRNA, and it has been shown that tar-
geted deletion of the gene induces an overgrowth phenotype and relieves imprinting 
on Igf2 and several other genes in the IGN [59, 61]. Monnier et al. addressed the 
mechanism of action of H19 and performed RNA immunoprecipitation experiments 
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wherein they found that H19 interacts with methyl-CpG-binding domain protein 1 
(MBD1) [60]. MBD1 binds to methylated DNA to recruit various histone deacety-
lases and lysine methyl transferases that impart histone modifications leading to 
gene silencing. Indeed it was observed that in MBD1 silenced cells, five of the IGN 
genes, i.e., Igf2, Slc38a4, Dcn, Dlk1, and Peg1 underwent derepression, whereas 
Gtl2, Cdkn1c, and Igf2r did not thereby implying that only for these five genes 
interplay of H19 and MBD1 is important for the imprinting to occur. Further ChIP 
experiments revealed that MBD1 binds directly to the DNA methylated regions 
(DMRs) of Igf2, Slc38a4, and Peg1and this interaction is hindered in the absence of 
H19. It was also observed that when H19 is expressed in trans in cells that harbor a 
deletion of the H19 transcription unit, Igf2 undergoes a loss of its imprinting status. 
Together these studies stated that H19 interacts with MBD1 to maintain transcrip-
tional repression and imprinting of the above genes through imparting repressive 
histone modifications such as H3K9me3 at these loci.

2.7  �Posttranscriptional Regulation by lncRNAs

lncRNAs as sponges: An interesting mechanism of action of lncRNAs that has come 
into focus is their activity as microRNA (miRNA) sponges (Fig. 2.1b). lncRNAs that 
are known to exert such an action harbor sequences complementary to miRNA 
sequences thereby sequestering them and preventing them from binding to their tar-
gets. Such lncRNAs can arise from pseudogenes or be in the form of circular RNAs or 
be common intergenic lncRNAs possessing miRNA binding sites. Cesana et  al. in 
2011 have studied for the first time one such lncRNA linc-MD1, a muscle-specific 
lncRNA implicated in muscle differentiation [62]. Bioinformatic analysis showed the 
presence of two binding sites for miR-135 and one binding site for miR-133 on linc-
MD1. Interestingly, both miRNAs target important transcription factors regulating 
myogenic differentiation: miR-135 targets MEF2C and miR-133 targets MAML1. 
Luciferase assay experiments, with the wild-type linc-MD1 sequence or its mutant 
derivatives containing mutations on the respective miR binding sites, cloned down-
stream of the luciferase gene and revealed that upon miR overexpression, luciferase 
activity for the wild-type MD1 sequence is depleted but not for the mutant derivatives. 
This suggests that it is sequestration of miR-133 and miR-135 by linc-MD1 that acts 
to maintain the expression of MAML1 and MEF2C during myogenic differentiation.

PTENP1 is a pseudogene that shares a high similarity with PTEN, its 3′-UTR 
being 1 kb shorter than PTEN itself [63]. PTENP1 possesses a binding site for miR-
499-5p which can target both PTEN and PTENP1. In a high-fat-diet-fed mice, it was 
observed that PTENP1 levels were upregulated with a reduction in Akt/GSK signal-
ing pathway and decreased glycogen contents. When high-fat-diet-fed mice were 
injected with shRNA against PTENP1, miR-499-5p levels did not change although 
Akt/GSK phosphorylation increased as did glycogen synthesis indicating a shift 
from the insulin resistance. However, the levels of PTEN, a target of miR-499-5p, 
were found to be significantly reduced that led to the activation of the Akt/GSK 
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signaling pathway. These studies proposed a mechanism whereby PTENP1 acts as 
a decoy for miR-499-5p to regulate the activity of PTEN in insulin resistance.

Studies by Liang et al. directed toward understanding the role of lncRNAs in 
osteogenesis revealed the involvement of H19 in promoting osteoblast differentia-
tion from human mesenchymal stem cells (hMSCs) in  vitro [64]. Bioinformatic 
analyses showed that the H19 sequence harbor binding sites for miR-141 and miR-22; 
however, their ectopic expression in cells did not affect the H19 levels. Subsequent 
luciferase reporter assays however showed a reduction in luciferase expression, and 
ablation of this effect when the miR binding sites were mutated thereby establishing 
that these miRs act through translational repression rather than degradation of the 
target. With respect to osteoblast differentiation, it was observed that miR-141 and 
miR-22 were both downregulated during in vitro differentiation, and ectopic expres-
sion of miRNA mimics of miR-141 and miR-22 prevented proper osteogenic dif-
ferentiation of hMSCs. Furthermore, β-catenin was validated as a common target of 
both these miRNAs. Interestingly, Wnt signaling plays a significant role during 
osteogenesis. When a luciferase vector containing the miR-141 and miR-22 binding 
sites were coexpressed with a H19 overexpression vector, the luciferase activity was 
found to be upregulated, suggesting that H19 is probably involved in decoying the 
miRNAs. H19 was also shown to activate Wnt signaling and increase β-catenin 
levels in cells. These experiments indicated that H19 may act as a sponge for miR-
141 and miR-22 which otherwise act as negative regulators of Wnt signaling, 
thereby causing Wnt-mediated osteogenic differentiation of hMSCs.

In a recent investigation, an interplay between BC032469, hTERT, and miR-
1207-5p and miR-1266 was investigated in the proliferation of gastric cancer (GC) 
cells [65]. It was found to be among the most differentially expressed panel of 
lncRNAs perturbed in hTERT positive versus negative gastric cancer tissues. hTERT 
is the rate-limiting subunit of telomerase, and its elevated expression is associated 
with several malignancies. Knockdown of BC032469 in gastric cancer cell lines 
results in significant downregulation of hTERT, and it also had a negative effect on 
the cell proliferation. It was shown that miR-1207-5p and miR-1266 can target both 
hTERT and BC032469. BC032469 knockdown resulted in hTERT downregulation, 
and this could be partially reversed by providing anti miR-1207-5p. Overexpression 
of miR-1207-5p attenuated the BC032469-mediated hTERT activation. These results 
indicate that lncRNA BC032469 acts a miRNA sponge to sequester miR-1207-5p, 
which otherwise binds to and degrades its target hTERT, leading to upregulation of 
hTERT activity in GC that contributes to growth and progression of gastric cancer.

2.8  �lncRNAs in Staufen-Mediated mRNA Decay

The half-life of an mRNA is vital to cell survival and disease manifestation in 
eukaryotes. In the cytoplasm, mRNA stability by nonsense-mediated mRNA decay 
(NMD), nonstop mRNA decay (NSD), and no-go mRNA decay (NGD) [66]. Cis-
regulatory elements in the 3′UTR of mRNAs also regulate their stability, one such 
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mechanism being through Staufen-mediated decay (SMD). STAU1 is an established 
protein effector of SMD, which binds to double-stranded RNA formed either by 
inter- or intramolecular base pairing. In the scenario of intermolecular base pairing, 
lncRNAs are known to play a function. Such lncRNA contains Alu elements within 
their sequences that base pair via partial complementarity to the 3′UTRs of target 
mRNAs, thereby activating STAU-mediated decay of mRNAs (Fig. 2.1c).

Studies by Gong and Maquat were focused on the identification of double-
stranded RNA structures in the 3′UTR of SMD targets that were similar to the 
STAU1 binding site (SBS) of ARF1 mRNA [67]. Two well-established SMD tar-
gets, plasminogen activator inhibitor 1 (SERPINE1) and FLJ21870 (or, ANKRD57), 
contain only a single Alu element in their 3′UTRs. In parallel, they also screened for 
lncRNAs that have a single Alu element in their sequences. They concentrated their 
studies on the lncRNA AF08799 that is derived from chromosome 11 of humans 
and potentially binds to the 3′UTRs of SERPINE1 and FLJ21870. This lncRNA 
was referred to as 1/2-sbsRNA1 and was found to be unaffected in expression in the 
STAU1-depleted conditions and was also found to be not processed by the Dicer or 
Drosha machineries. Interestingly, not only STAU1 depletion but knockdown of 
1/2-sbsRNA1 caused an upregulation in the levels of both SERPINE1 and FLJ21870 
mRNAs. Luciferase reporter assays in which the luciferase gene harbored the 
3′UTRs of either of the mRNAs showed an increase in activity when 1/2-sbs RNA1 
was knocked down in cells in comparison to no UTR luciferase vector control. 
Co-immunoprecipitation experiments in lysates of HeLa cells revealed that 1/2-sbs 
RNA1 interacts directly with STAU1 and SERPINE1 or FLJ21870 as well as UPF1, 
a protein involved in SMD. Furthermore, depletion of STAU1 reduced the interac-
tion of 1/2-sbs RNA1 with SERPINE1 or FLJ21870 mRNAs thereby proving that 
binding of 1/2-sbs RNA1 to these mRNAs generates a STAU1 binding site and the 
binding of STUA1 stabilizes the duplex for SMD.

Further characterization of lncRNAs involved in SMD by the same group led to 
the identification of three other lncRNAs such as lncRNA_BC058830 (1/2-sbsRNA2), 
lncRNA_AF075069 (1/2-sbsRNA3), and lncRNA_BC009800 (1/2-sbsRNA4). 1/2-
sbs RNA2 targeted CDCP1 mRNA, while 1/2-sbs RNA3 and 1/2-sbs RNA4 were 
found to target the 3′UTR of MTAP mRNA. Knockdown of these lncRNAs indi-
vidually resulted in an expected upregulation of their target mRNAs as did STAU1 
or UPF1 downregulation as well. Interestingly, none of these three lncRNAs tar-
geted SERPINE1 mRNA, revealing their specificity of action. This study was a 
novel one aimed at understanding the role of lncRNAs in SMD.

2.9  �Biology of Natural Antisense Transcripts

Natural antisense transcripts (NATs), as the name suggests, are endogenously occur-
ring transcripts that are coded from the opposite or antisense strand to the host gene 
locus. The host gene can itself be a protein-coding or a noncoding one. NATs were 
first discovered in prokaryotes, are classified under lncRNAs because of their length, 
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and are associated with ~7–30% of all genes in eukaryotes (reviewed in [68]). NATs 
can be either cis-NATs wherein they are encoded from the opposite strand of a gene 
and are complementary to the sense transcript of the same gene or trans-NATs 
wherein they are transcribed from a locus and show partial or full complementary to 
the transcript from a different locus on the same chromosome or different chromo-
some. Schematic representation of lncRNAs acting as NATs is depicted in Fig. 2.1d.

TSIX, the antisense transcript of X-inactive specific transcript (XIST), is a well-
investigated NAT. To give effect to dosage compensation between males and females 
(females have an extra X chromosome as compared to males), XIST acts to coat the 
future inactive X chromosome in females, the inactivation in all embryonic tissues 
being random [69]. In order to prevent XIST from inactivating both the chromo-
somes, the future active X chromosome transcribes TSIX, the antisense transcript of 
XIST, thereby precluding XIST from acting on this chromosome. Studies performed 
by Zhao et al. revealed that within Xist, another short repeat RNA termed as RepA, 
is generated. RepA targets the polycomb repressive complex (PRC2) to the future 
inactive X chromosome and causes the establishment of repressive histone marks 
thereby leading to its inactivation [12]. TSIX acts to inhibit this interaction on the 
future active chromosome thus providing effect to dosage compensation. In the 
studies by Ohhata et al., transgenic mice containing a multiple polyadenylation sig-
nal at exon 4 of Tsix gene were developed; these mice prematurely terminate the 
transcription of Tsix [70]. The premature transcription termination of Tsix led to 
inappropriate activation of Xist on the allele which would otherwise have undergone 
silencing, and this activation was achieved by the establishment of active histone 
marks and loss of DNA methylation at the Xist promoter. The Xist-Tsix sense-
antisense pair thus presents forth a wonderful paradigm for understanding the mode 
of action cis-NATs.

Faghihi et al. identified the antisense counterpart of β-secretase 1 (BACE1), an 
enzyme central to Alzheimer’s disease pathophysiology, and termed it as BACE1-AS 
[71]. A 2 kb-long transcript, it is encoded from the strand opposite to that of BACE1, 
and it acts to regulate the levels of BACE1 in a concordant manner. This implies that 
BACE1-AS positively co-regulates the activity of BACE1 which was evident from 
the observation that siBACE1-AS cells showed a downregulation of both BACE1-AS 
(as expected) along with BACE1 itself. The effect on BACE1 was indeed observed 
at both the mRNA and the protein levels, and it depended on the concentration of 
siBACE1-AS, implying that higher siRNA concentrations led to higher downregula-
tion of the BACE1 transcript. Interestingly, a similar effect was observed in vivo 
when mouse brain was subjected to a continuous infusion of siBACE1-AS. 
Furthermore, in vitro experiments, when cells were exposed to various types of cell 
stressors like high temperature, serum starvation, hydrogen peroxide, etc. (which 
are known to induce AD pathology), it was observed that BACE1-AS levels were 
upregulated anywhere between 30 and 130% with a concomitant increase in BACE1 
levels as well. In samples from patients undergoing AD, BACE1-AS was found to 
have significantly higher expression as was BACE1, supporting the fact that 
BACE1-AS forms RNA duplex structure with BACE1 and acts to stabilize the 
mRNA.  Such action of a NAT to stabilize its host mRNA in AD has important 
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implications because not only does it enhance the activity of BACE1 in AD patients 
thereby playing a role in AD pathology, but also it can serve as a biomarker to detect 
AD in patients.

Nkx2.2AS is yet another example of a NAT that exerts a positive effect on the 
levels of its corresponding sense transcript Nkx2.2 [72]. Nkx2.2 drives the differen-
tiation of neural stem cells toward the oligodendrocyte lineage (oligodendrocytes 
are a type of glial cells of the brain). Interestingly, when neural stem cell cultures 
were induced to differentiate by removal of Fgf-b, overexpression of Nkx2.2 AS led 
to the formation of a larger population of oligodendrocytes. It was also observed 
that Nkx2.2 AS overexpression in neural stem cells led to a significant increase in 
Nkx2.2 levels thereby proving that Nkx2.2 AS acts to stabilize and positively regu-
late Nkx2.2.

Brain-derived neurotrophic factor (BDNF) is a neurotrophin required for neuro-
nal growth, maturation, plasticity, axonal, and dendritic differentiation processes as 
well as in learning and memory. The antisense transcript of BDNF is referred to as 
BDNF-AS and is encoded 200 kb downstream of Bdnf locus [73]. Knockdown of 
BDNF-AS by siRNA treatment increased the mRNA and protein levels of BDNF 
although it did not affect the mRNA stability per se. When neurospheres (in vitro 
cultures of neural stem cells) were subjected to siBDNF-AS, it was observed that 
endogenous BDNF levels increased along with higher neuronal differentiation and 
neurite outgrowth. These results were also corroborated with in  vivo studies on 
mouse brain wherein antagoNAT (antagonist to NAT, in this case BDNF-AS) indeed 
caused increased cellular proliferation and upregulation of BDNF levels. 
Mechanistically, BDNF-AS acts to induce the establishment of repressive chromatin 
marks on the BDNF locus through the recruitment of EZH2 (a component of PRC2), 
exemplifying the action of regulation by a NAT through epigenetic modifications.

Genome-wide analysis by tiling arrays in Arabidopsis revealed the presence of 
around 37,000 NATs, and it was observed that almost 70% of the protein-coding 
genes are associated with potential NATs [74]. A custom synthesized array was 
designed to profile the expression of NATs in various organs of Arabidopsis like 
roots, leaves, and inflorescence which led to the identification of ~15,000 NAT pairs 
(sense-antisense transcript pairs) in all of the organs combined with some showing 
tissue-specific expression as well. In order to further understand the tissue-specific 
regulation of NATs in Arabidopsis, etiolated seedlings (seedlings grown in lack of 
light conditions) and de-etiolated seedlings (seedlings grown in continuous white 
light for 1 and 6 h) were subjected to expression analysis on arrays. Interestingly, 
many of the candidate NATs were regulated in expression by light. SPA1 which 
encodes for a light signaling repressor protein was upregulated after 1 h of light 
exposure to seedlings along with its concordant antisense transcript, AT2TU076050. 
Intriguingly, the upregulation was seen only in the cotyledons of the seedlings, 
establishing the organ-specific regulation of NAT expression. Again, the mRNA 
coding for the protein AT3G49970, a phototropic-responsive protein, was down-
regulated in hypocotyls, but its associated NAT, AT3TU075200, was seen to be 
upregulated. Such sense-antisense pairs in Arabidopsis were observed to be epige-
netically regulated in response to light. NATs upregulated under light conditions 
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displayed enrichment for active histone marks; the same was true for NATs that 
were induced under dark conditions. Based on that, it was proposed that light-
induced stimuli in Arabidopsis are brought about either by changes in histone modi-
fications on the loci of NATs themselves or by NAT-guided epigenetic changes on 
their corresponding sense loci.

2.10  �lncRNA-Mediated Regulation of Protein Activity

lncRNAs are also involved in regulation of activity of proteins involved in processes 
other than transcription. Hellwig and Bass (2008) reported the role of C. elegans 
lncRNA rncs-1 in the processing of small RNAs through binding and subsequent 
inhibition of the Dicer enzyme [75]. lncRNA rncs-1 is 800 nt long with its expres-
sion restricted to the hypodermis and intestine. It is transcriptionally regulated in 
response to food supply. rncs-1 per se is not a substrate for Dicer due to the presence 
of highly branched structures at its termini, but rather rncs-1 RNA competitively 
inhibits Dicer-mediated cleavage of dsRNA, as mRNA levels of several Dicer-
regulated genes vary with the changes in rncs-1 expression. An lncRNA termed as 
sfRNA (subgenomic flavivirus RNA) is produced by flaviviruses, such as West Nile 
virus, and is essential for the pathogenicity of the virus [76]. This lncRNA is a 
highly structured RNA of 0.3–0.5 kb, derived from the 3′ untranslated region of the 
viral genome as a product of incomplete degradation of viral genomic RNA by cel-
lular ribonucleases. The presence of highly conserved RNA structures at the start of 
the 3′ untranslated region render this RNA resistant to nucleases. Mechanism of 
sfRNA function involves inhibition of the host XRN1 enzyme (5′ to 3′ exoribonu-
clease) during the viral RNA genome degradation and is essential for virus-induced 
cytopathicity and pathogenicity. Very recently, two lncRNAs have been shown to 
execute their biological function by the regulation of protein activity. Marchese FP 
et al. demonstrate the role of lncRNA CONCR (cohesion regulator noncoding RNA) 
in the regulation of sister chromatid cohesion [77]. CONCR is an MYC-activated, 
cell cycle-regulated lncRNA required for DNA replication and cell cycle progres-
sion. CONCR interacts with and regulates the activity of DDX11, a DNA-dependent 
ATPase and helicase, thereby affecting DNA replication and sister chromatid cohe-
sion. Liu X et al. report the regulation of kinase signaling by lncRNA in the context 
of metabolic stress response. lncRNA neighbor of BRCA1 gene 2 (NBR2) is 
induced by the LKB1-AMPK pathway in the conditions of energy stress and also 
shown to interact with AMPK [78]. Interaction of lncRNA NBR2 with AMPK pro-
motes its kinase activity during energy stress. Loss of NBR2 attenuates AMPK acti-
vation, leading to defective cell cycling, altered apoptosis/autophagy response, and 
increased tumor development. The hypoxia-regulated lncRNA linc-p21was shown 
to bind HIF-1α and VHL and disrupt the VHL-HIF-1α interaction which leads to 
increased accumulation of HIF-1α [79]. This positive feedback loop between 
HIF-1α and lincRNA-p21 promotes glycolysis under hypoxia, indicating the impor-
tance of lincRNA-p21 in the regulation of the Warburg effect in tumor cells.
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In addition to the modulation of gene expression through effects on mRNAs, 
some of the lncRNAs also regulate the activity of transcription factors. For example, 
lncRNA Evf2 which is transcribed from the Dlx-5/6 ultraconserved region as an 
alternatively spliced form of Evf-1 RNA. lncRNA Evf2 forms a stable complex with 
the Dlx2 transcription factor and thereby enhances the transcriptional activation of 
the Dlx-5/6 enhancer mediated by Dlx2 [80]. A different dimension to the regula-
tion of protein activity by lncRNA emerges from the sequestration of transcription 
factors by lncRNA Gas5 which is induced under the conditions of nutrient depriva-
tion and cellular stress [81]. Gas5 binds to the DNA binding domain of glucocorti-
coid receptor (GR) and acts as a decoy by competing with GR-responsive elements 
(GREs) in gene promoters for binding to the DNA binding domain of the 
GR. Therefore, Gas5 lncRNA modulates the transcriptional activity of the GR and 
functions as a riborepressor of the GR. Another example is the Lethe lncRNA which 
is regulated by TNF-α. Lethe RNA interacts with NFkB effector subunit RelA in an 
inducible fashion and inhibits RelA from binding to the target gene promoter [82]. 
The NRON (non-coding repressor of NFAT) lncRNA binds the transport receptor 
importin-β, and knockdown of NRON leads to nuclear accumulation of the tran-
scription factor NFAT (nuclear factor of activated T cells) [83]. Thus NRON lncRNA 
competes for importin-β binding with NFAT and thus indirectly represses transcrip-
tion by inhibiting the nucleocytoplasmic shuttling of NFAT.

2.11  �Nuclear Architecture and Long Noncoding RNAs

The eukaryotic nucleus is a highly compartmentalized organelle with a complex 
dynamic organization. In order to retain the genetic material within very small 
nuclear volume, the cell has to package the genomic DNA into chromatin. The 
extensive packaging has to be performed without compromising the functional 
activities like transcription, DNA replication, and repair. In other words a high 
degree of genomic plasticity has to be maintained for efficient readout, processing, 
maintenance, and transfer of the genetic information which is essential for the cell 
to adopt different functional states. The highly condensed genomic DNA in the 
chromatin is associated with histone as well as nonhistone proteins. Other than reg-
ulating the function of proteins, the role of RNA in the organization of chromatin is 
also being investigated. In 1965, Bonner and Huang were the first to report the 
association of RNA with chromatin [84]. Using pea bud chromatin, they demon-
strated the association of small RNA approximately 40 nt in length with the native 
nucleohistone. In further studies spanning three decades, various architectural func-
tions were proposed for nuclear RNAs. These included chromatin-associated RNAs 
as a structural component of heterochromatin [85], role in eukaryotic chromosome 
structure [86], and RNA as a component of nuclear matrix and a putative role of 
RNA for the structural integrity of the nuclear matrix [87–89].

Scheme of nuclear architecture: The nuclear organization reflects different 
domains or sub-compartments which share regulatory functions. These domains 
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comprise of nuclear bodies and chromatin domains (reviewed in [90]). Nuclear bod-
ies are harbored in the interchromatin space. Many of the nuclear bodies were char-
acterized till date, including paraspeckles, cajal bodies, nucleoli, and polycomb 
bodies. These nuclear bodies are favorable sites for efficient biological functions. 
The organization of distinct nuclear bodies is similar to the organization of different 
organelles within the cytoplasm, and of note, the nuclear bodies lack a well-defined 
membrane separating them from their surroundings. Irrespective of the absence of a 
membrane, the nuclear bodies are structurally intact. Various studies are now shed-
ding light on the assembly, maintenance, and regulation of nuclear bodies and also 
implicated a crucial role for lncRNAs in these aspects which will be discussed in 
detail in this review.

The chromatin domains are subdivided into transcriptionally active and inactive 
chromatin regions based on their gene expression status. With recent technological 
advancements particularly the chromosome conformation capture (3C) and other 
3C-related methods such as 4C and HiC, it is clear that chromosomes occupy dis-
tinct areas in the nucleus termed as chromosome territories [91–93]. Gene-rich 
chromosomal regions tend to localize to the center of the nucleus and gene-poor 
regions near the periphery [94]. Chromatin domains with co-regulated genes often 
co-localize in vivo [95]. Genes located near the interphase chromosomal attachment 
regions to the nuclear matrix tend to be poorly transcribed [96]. Based on these 
observations, it can be inferred that an intimate relationship exist between the orga-
nization of genome in the nuclear space and gene activity.

2.12  �lncRNAs and Nucleolar Function

The nucleolus is the nuclear domain for the rRNA synthesis, processing, and ribo-
somal assembly. At the onset of mitosis, i.e., during early prophase nuclear envelope 
breaks down and reassembles during telophase, the final stage of mitosis. This pro-
cess is dependent on the RNA polymerase I transcription and the recruitment and 
activation of the pre-rRNA processing machinery [97]. The nucleolus contains a 
scaffold of tandem ribosomal DNA (rDNA) repeats. Each repeat comprises of an 
rDNA enhancer/promoter which is upstream of its ribosomal RNA (rRNA) coding 
sequence and separated by a large intergenic spacer (IGS) region. The IGS region 
contains a highly repetitive DNA.  Characterization of different proteins in the 
nucleolus has shown that only 30% of the protein components have functions related 
to rRNA maturation. In addition to the nucleolar changes during cell cycle, the 
nucleolus also undergoes dramatic reorganization in response to different types of 
cellular stress [98, 99] (Fig. 2.2a). During different kinds of cellular stress such as 
acidosis, DNA damage, ribosomal stress, and serum starvation, there is preferential 
retention of different proteins (VHL, MDM2, DNMT1, HSP70) to the nucleolus. 
Therefore, in addition to being the site of rRNA maturation, the nucleolus is vital in 
the cellular response to stress. The nucleolar detained proteins, interact with differ-
ent IGS regions downstream of the rRNA transcriptional start site. Interestingly, 

2  Long Noncoding RNA: Genome Organization and Mechanism of Action



62

noncoding RNAs are expressed from IGS regions in response to the cellular stress 
that leads to the retention of the sequestered proteins at IGS loci [100]. Different 
IGS lncRNAs were reported to be transcribed, and each RNA responds to specific 
stress stimulus. Heat shock induces the transcription of IGS RNA located 16 kb 
(IGS16RNA) and 22 kb (IGS22RNA) downstream of the rDNA transcription start 
site. Similarly, acidosis or reduced extracellular pH induces IGS28RNA located 
28 kb downstream of the rDNA transcription start site. These RNAs are transcribed 
by the RNA Pol I machinery and processed into 300–400 nucleotide products. 
Expression of each IGS transcript is independent from each other with respect to the 
different stress stimulus. They appear to have distinct functions as the ability of one 
IGS RNA to sequester its target proteins was not affected by knockdown of the 
other IGS RNA. Strikingly, the ectopic mislocalization of these IGS RNAs in other 
regions of the cell also results in protein retention which highlights their function in 
regulating protein dynamics or mobility. Furthermore, the functional role of these 
IGS lncRNAs is not only limited to protein sequestration but also in the remodeling 
of the nucleolus (Fig. 2.2a). Using different mammalian cell lines, Jacob MD et al. 
describe the involvement of IGS lncRNAs in bringing about the structural and func-
tional adaptation of the nucleolus upon heat shock or acidosis [101]. During the 
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latter stress conditions, the nucleolus undergoes reorganization involving de novo 
formation of the nucleolar detention center (DC). The DC is spatially, dynamically, 
and biochemically distinct sub-nucleolar structure with its architecture sustained by 
hydrophobic interactions among the IGS lncRNA-dependent sequestered proteins. 
Formation of DC leads to a reversible change in the distribution of nucleolar factors 
and also an arrest in the ribosome biogenesis. Formation of DC is correlated with 
the induction of IGS lncRNAs upon signal activation or exposure to environmental 
cues, and IGS RNA knockdown cells failed to form DC, and also they were unable 
to fully repress the nucleolar transcription upon heat shock. Therefore, the induction 
of IGS lncRNA by environmental cues acts as a molecular switch to regulate struc-
ture and function of the nucleolus.

Although RNA Pol I transcribes nucleolar rRNA genes, the inhibition of RNA 
Pol II also leads to downregulation of rRNA synthesis as well as disintegration of 
nucleoli [102–104]. This suggests a novel regulatory function for unknown RNA 
Pol II-dependent transcripts in the nucleolar organization and the Pol I transcrip-
tional activity. In this regard, recent studies have characterized the functional role of 
RNA Pol II transcribed lncRNAs such as lncRNA PAPAS. The lncRNA PAPAS has 
been shown to be transcribed in the antisense orientation to the pre-rRNA coding 
region by RNA Pol II, which upon quiescence, directs the histone methyltransferase 
SUV4-20H2 to rRNA genes to induce histone H4 lysine 20 trimethylation 
(H4K20me3) and chromatin compaction [105]. The H4K20me3-mediated chroma-
tin compaction was not just restricted to rRNA genes but was also present at other 
genomic elements like the IAP retrotransposons. In this case, the IAP retroelements 
were silenced by the IAP specific lncRNAs through the recruitment of Suv4-20 h2. 
In addition to quiescence, the PAPAS lncRNA also reinforces transcriptional repres-
sion of rRNA genes during hypotonic stress but by a different mechanism. During 
hypotonic stress, PAPAS lncRNA recruits the chromatin remodeling complex 
NuRD to the rDNA, leading to rDNA silencing. In another study, Herger MC et al. 
described the function of RNA Pol II transcripts originating from intronic Alu ele-
ments (aluRNAs) in nucleolar assembly and function. Earlier, Alu transcripts have 
been implicated in the regulation of gene expression and translation but not linked 
to the nucleolar organization [106, 107]. Through series of experiments, Herger MC 
et al. demonstrated that aluRNA interacts with the multifunctional nucleolar pro-
teins nucleolin (NCL) and nucleophosmin (NPM) and tethered to chromatin and 
this is sufficient to target large genomic regions to the nucleolus [108]. This strongly 
suggests that the interaction of NCL and NPM with aluRNA is important to build up 
a functional nucleolus.

2.13  �lncRNAs Are Critical Components of Paraspeckles

Paraspeckle is a prototypic example of mobile nuclear interchromatin sub-
compartments or nuclear bodies. Paraspeckles are observed in most mammalian cul-
tured cell lines as subnuclear granules averaging about 360 nm in diameter [109]. The 
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paraspeckle was first identified as a novel nuclear domain in a study to characterize 
the nucleolar proteome of different cultured human cells [110]. Paraspeckles are 
often located adjacent to splicing speckles and are marked by different proteins like 
PSPC1 (paraspeckle component protein 1), non-POU domain-containing octamer-
binding protein (NONO, p54nrb), and SFPQ [111]. The requirement of RNA or RNA 
Pol II transcription in the maintenance of paraspeckle integrity was demonstrated by 
studies using the inhibitors like actinomycin D or d-ribofuranosylbenzimidazole 
(DRB) [111–113]. Several independent investigations have identified NEAT1 lncRNA 
as the architectural RNA (arcRNA) of paraspeckles (Fig.  2.2b) [109–112]. 
Interestingly, ectopic nuclear accumulation of NEAT1 lncRNA by tethering NEAT1 
lncRNA in multiple copies to DNA leads to the de novo formation of paraspeckle 
[113]. In addition the role of NEAT1 lncRNA in the paraspeckle assembly was dem-
onstrated by the direct visualization of the recruitment of the paraspeckle proteins 
[114]. NEAT1 has two isoforms: NEAT1–1 (3.7 kb) and NEAT1–2 (23 kb). In Neat1 
knockout mouse embryonic fibroblasts, transient expression of Neat1–2, but not of 
Neat1–1, restores paraspeckle formation, demonstrating the architectural role of 
Neat1–2 in paraspeckle formation [115], which demonstrates a critical role for the 
NEAT-2 lncRNA in paraspeckle formation. However, overexpression of NEAT1–1 in 
cells expressing NEAT1–2 increases the number of paraspeckles, suggesting a 
supplementary role of NEAT1–1  in paraspeckle formation [115, 116]. Electron 
microscopy studies showed that the central region of NEAT1–2 is in the interior of 
the paraspeckle while the 5′ and 3′ terminus of NEAT1–2 at the paraspeckle periphery 
[109]. In contrast, NEAT-1 seems to localize primarily at the paraspeckle periphery. 
These observations collectively highlight an architectural role of NEAT1 transcripts 
in constraining the geometry of the paraspeckles.

2.14  �lncRNAs in Nuclear Speckles and Polycomb Bodies

Nuclear speckles are nuclear domains enriched in pre-mRNA splicing factors, 
located in the interchromatin regions of the nucleoplasm of mammalian cells [117]. 
The constituents of nuclear speckles are dynamic on account of their continuous 
exchange with the nucleoplasm and active transcription sites. MALAT1 lncRNA is 
found to be enriched in the nuclear speckles. The MALAT1 lncRNA interacts with 
serine/arginine (SR) splicing factors and modulates their phosphorylation and dis-
tribution to nuclear speckles, and knockdown of MALAT1 alters the splicing pat-
tern of a subset of endogenous pre-mRNAs [118]. More importantly, the MALAT1 
lncRNA has been shown to play an important role in large-scale nuclear architecture 
of the genome and consequently affect gene expression. This in part is achieved 
through lncRNA TUG1 which is localized to another distinct subnuclear body 
termed as polycomb group protein bodies (PcG bodies) (Fig. 2.2c). It has been pro-
posed that activation of growth control genes occurs via inter-exchange between 
nuclear speckles and nuclear polycomb bodies via protein polycomb 2 (PC2) [119]. 
TUG1 and MALAT1 selectively interact with methylated and unmethylated Pc2 
protein, respectively. Pc2 is present on growth control gene promoters. Under 
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conditions of reduced cell growth, TUG1 lncRNA specifically interacts with meth-
ylated Pc2. This interaction leads to the repression of growth control genes via their 
recruitment to PcG bodies (Fig. 2.2c). However, in the presence of growth signals, 
MALAT1 lncRNA interacts with unmethylated Pc2, leading to relocation of the 
growth control genes to the “active” environment of nuclear speckles. Hence, these 
lncRNAs act as key factors in the spatial regulation of specific chromatin loci.

2.15  �lncRNA and Topological Organization 
of Multichromosomal Regions

Multiple genes which are distributed on different chromosomes can often localize 
within shared regions of the nucleus. These regions located in the interchromosomal 
nuclear domains contain genes with shared functional roles or regulated by common 
distant regulatory elements [120–122]. A lncRNA termed linc-RAP-1 was first iden-
tified during a loss of function screen as being important for proper adipogenesis in 
the mouse adipocyte precursors [123]. This lncRNA was later termed Firre (func-
tional intergenic repeating RNA element) and shown to localize within a single 
nuclear domain containing many genes previously implicated in energy metabolism 
[124]. Firre RNA localizes across a 5 Mb nuclear domain around its site of transcrip-
tion on the X chromosome (Fig. 2.2d). This single nuclear domain not only includes 
the Firre transcription unit but also five other chromosomal loci located on different 
chromosomes in trans, including chromosomes 2, 9, 15, and 17. These trans chromo-
somal contacts require Firre RNA since deletion of the Firre locus results in the loss 
of spatial proximity between Firre and its trans chromosomal binding sites. Firre is 
localized in a punctate fashion in the nucleus. This localization is dependent on a 
unique 156-bp repeating RNA domain (RRD) in the Firre sequence which is also 
required for a physical interaction of Firre with the nuclear matrix factor hnRNPU 
(Fig. 2.2d). Knockdown of hnRNPU also leads to loss of spatial proximity between 
Firre locus and it trans chromosomal binding sites, an effect similar to the deletion of 
the Firre locus itself. Random integration of Firre into different chromosomal regions 
leads to the emergence of new nuclear foci, suggesting that Firre may be sufficient to 
create a nuclear domain at the integration sites [124]. Together, these observations 
suggest Firre lncRNA as a nuclear organization factor as it may serve to interface 
with and to modulate the topological organization of multiple chromosomes.

2.16  �lncRNAs and Centromere Function

Centromeres are the chromosomal regions which are the platform for the formation 
of kinetochore and chromosome attachment to the mitotic spindle during cell divi-
sion. Irrespective of their evolutionary conserved function, the centromere identity 
is established epigenetically rather than being defined by the underlying DNA 
sequence. CENP-A (also known as CID in Drosophila melanogaster) is a key 
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epigenetic determinant of centromere identity [125]. Loss of CENP-A from cells 
results in the impairment of chromosome segregation, while CENP-A overexpres-
sion leads to the formation of ectopic centromeres and mislocalization of kineto-
chore proteins [126–128]. Deposition of CENP-A onto chromatin is carried out in a 
replication-independent manner unlike the canonical histones. Several studies from 
fission yeast to mammals; a consensus theme is emerging that lncRNA appear to 
play an important role in CENP-A regulation and deposition (Fig. 2.2e) [129–131]. 
The centromeric DNA in most organisms contains repetitive sequences or satellite 
sequences and form basis for characteristic pericentromeric heterochromatin [127]. 
Upon transcription, these repetitive and satellite sequences generate long noncoding 
RNAs, and these long noncoding transcripts have been shown to be involved in the 
initiation and maintenance of pericentromeric heterochromatin in Drosophila, 
Maize, mouse, and human cells (reviewed in [132]).

The centromeres of D. melanogaster contain satellite sequences which are 
mostly simple 5–12-bp-long repeats except for the centromere of X chromosome 
that contains a complex satellite repeat called as satellite III (SAT III) or 359-bp 
satellite and covers several megabase pairs of the acrocentric X chromosome with a 
359-bp-long repeating unit [133, 134]. A recent study investigated the functional 
role of D. melanogaster SAT III region in the centromere regulation [135]. The SAT 
III region produces a long noncoding RNA (referred as SAT III RNA) that localizes 
to centromeric chromatin of the X chromosome as well as of autosomes during 
mitosis. SAT III RNA (~1.3 kb long) interacts with the inner kinetochore protein 
CENP-C and depends on CENP-C for its centromeric localization. Loss of SAT III 
RNA leads to mitotic defects and chromosome missegregation which is mostly 
attributed to the reduction of centromeric and kinetochore proteins during mitosis as 
well as the reduced levels of newly deposited CENP-A and CENP-C. Additionally, 
some SATIII RNA is also present at pericentromeres of mitotic chromosomes but 
not associated with chromatin. This pericentromeric SAT III RNA might also con-
tribute to overall kinetochore structure. Hence, SAT III RNA is an integral part of 
centromere identity in D. melanogaster that influences centromere regulation 
epigenetically.

Centromeric repeats in maize are called CentC which are transcribed to produce 
transcripts that are about 900 bp long. These transcripts upon transcription associate 
with the maize CENP-A orthologue CENH3 and remain bound to the kinetochore 
and are thought to participate in the stabilization of centromeric chromatin [136]. In 
another recent study, Du et al. performed detailed genetic and biochemical charac-
terization of maize inner kinetochore protein CENPC [137]. The DNA binding abil-
ity of CENPC is dependent on long single-stranded centromeric transcripts, which 
help in the recruitment of CENPC to the inner kinetochore.

The role of centromeric noncoding transcripts in mammalian models has been 
highlighted by many studies. Minor satellite repeats located on the mouse centro-
meres produce 4 kb-long transcripts and were implicated in regulating the centro-
meric function during stress response [138]. Knockdown of the transcribed 
murine centromeric minor satellite leads to defects in chromosome segregation 
[139]. These RNAs associate with CENP-A, as well as with components of the 
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chromosomal passenger complex (CPC): Aurora B, Survivin, and INCENP [140]. 
The CPC is crucial for the regulation of chromosome-microtubule attachment and 
the activation of the spindle assembly checkpoint. Importantly, an RNA compo-
nent is necessary for the observed interaction of Aurora B with CENP-A and for 
the Aurora B kinase activity. Interestingly, a very recent study by Michael Blower 
using Xenopus egg extracts showed that centromeric long noncoding RNAs bind 
to the CPC in vitro and in vivo [141]. His work demonstrates that the centromeric 
lncRNAs promote normal kinetochore function by regulating the localization and 
activation of the CPC.

In human cells, alpha-satellite repeats have been connected to centromere func-
tion [142]. Transcript derived from the alpha-satellite repeat is 1.3  kb long and 
mediates the localization of CENP-C and INCENP into the nucleolus in interphase 
cells, and subsequently during mitosis, there is relocation of CENP-C and INCENP 
to centromeres (Fig. 2.2e). In a recent report, Quenet and Dalal addressed the role 
of a centromeric long noncoding RNA in CENP-A loading [143]. This lncRNA co-
immunoprecipitates with CENP-A and its loading factor HJURP in the chromatin 
fraction. Downregulation of the lncRNA leads to the loss of CENP-A and HJURP 
at the centromeres and thus causing severe mitotic defects.

2.17  �Conclusion and Outlook

From the outlined literature, it is evident that lncRNAs influence gene expression at 
the transcription level in cis or trans either by acting as a molecular scaffold or a 
decoy. lncRNA, as a molecular scaffold, has been shown to influence gene expres-
sion by targeting chromatin remodelers to specific regions across the genome. 
Although this phenomenon is well characterized in several biological contexts, the 
reasons underlying the lncRNA-mediated targeting of chromatin remodelers to spe-
cific genomic regions across the genome are very poorly understood. Likewise, 
lncRNAs function as decoy, involves sequestering of chromatin remodelers and 
transcription factors from their site of action to regulate gene expression. Although 
the final outcome of lncRNA actions as molecular scaffold or a decoy on gene 
expression is similar, it is not clear about what molecular features of lncRNA that 
distinguish these contrasting functions. Besides, the scaffolding and decoy func-
tions of lncRNAs also seem to control architecture of nuclear bodies such as para-
speckles, thus influencing the global transcriptional regulation. In our view, this 
would be one of the most interesting aspects, needing greater insights. Similarly, 
lncRNAs are also considered as regulatory framework to regulate the catalytic 
activity of several chromatin remodelers and transcription factors through interfer-
ing with their posttranslational modifications. This raises an important question of 
what features of lncRNAs that impedes or promotes the catalytic activity of tran-
scription factors and chromatin remodelers. We propose that primary sequence 
together with its RNA secondary structures control various aspects of protein activ-
ity, probably by blocking the catalytically active sites. Though the technologies that 
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address the secondary structures of RNAs have begun to be optimized, their contri-
bution toward uncovering lncRNAs structures and their link to functions are still in 
their infancy. Hence, there is a greater emphasis required in optimizing technologies 
that can read physiological relevant secondary structures to understand their func-
tions in various biological contexts such as molecular scaffold or decoys. 
Nonetheless, a decade long research on lncRNAs enabled us to know the power of 
dark matter of the genome in diverse biological functions. Further work should pave 
the way for understanding of hitherto unknown functions of lncRNAs in develop-
ment and disease.
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Chapter 3
From Heterochromatin to Long Noncoding 
RNAs in Drosophila: Expanding the Arena 
of Gene Function and Regulation

Subhash C. Lakhotia

Abstract  Recent years have witnessed a remarkable interest in exploring the sig-
nificance of pervasive noncoding transcripts in diverse eukaryotes. Classical cyto-
genetic studies using the Drosophila model system unraveled the perplexing 
attributes and “functions” of the “gene”-poor heterochromatin. Recent molecular 
studies in the fly model are likewise revealing the very diverse and significant roles 
played by long noncoding RNAs (lncRNAs) in development, gene regulation, chro-
matin organization, cell and nuclear architecture, etc. There has been a rapid increase 
in the number of identified lncRNAs, although a much larger number still remains 
unknown. The diversity of modes of actions and functions of the limited number of 
Drosophila lncRNAs, which have been examined, already reflects the profound 
roles of such RNAs in generating and sustaining the biological complexities of 
eukaryotes. Several of the known Drosophila lncRNAs originate as independent 
sense or antisense transcripts from promoter or intergenic, intronic, or 5′/3′-UTR 
regions, while many of them are independent genes that produce only lncRNAs or 
coding as well as noncoding RNAs. The different lncRNAs affect chromatin orga-
nization (local or large-scale pan-chromosomal), transcription, RNA processing/
stability, or translation either directly through interaction with their target DNA 
sequences or indirectly by acting as intermediary molecules for specific regulatory 
proteins or may act as decoys/sinks, or storage sites for specific proteins or groups 
of proteins, or may provide a structural framework for the assembly of substructures 
in nucleus/cytoplasm. It is interesting that many of the “functions” alluded to het-
erochromatin in earlier cytogenetic studies appear to find correlates with the known 
subtle as well as far-reaching actions of the different small and long noncoding 
RNAs. Further studies exploiting the very rich and powerful genetic and molecular 
resources available for the Drosophila model are expected to unravel the mystery 
underlying the long reach of ncRNAs.
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3.1  �Introduction

“Studies of heterochromatic elements have suggested to one or another that ‘hetero-
chromatin’ possesses a remarkable and even inconsistent galaxy of attributes (reviews 
in: SCHULTZ 1941, 1944, 1948, 1952; PONTECORVO 1944; RESENDE 1945; 
DARLINGTON 1947; VANDERLYN 1949; GOLDSCHMIDT 1949, 1955; 
BARIGOZZI 1950; HANNAH 1951; SHARMA and SHARMA 1958). For example, it 
has been suggested that heterochromatin, even though largely inert genetically, never-
theless acts (1) on genes to control mutation, to modify specific gene action, pene-
trance, and specificity, and to quantitatively affect the action of some or all genes; (2) 
within chromosomes to stabilize kinetochores and chromosomal ends, to affect break-
ability and rejoinability, to bring about or prevent pairing of homologs at meiosis, to 
regulate crossing over and chiasma localization, to produce specific, nonspecific, and 
reversed pairing and conjunctive properties, and to cause variegation and chromo-
somal ‘stickiness’; (3) transchromosomally by controlling the dimensions of all chro-
mosomes of a nucleus, by regulating crossing over, pairing, and disjunction of other 
chromosomes, and by controlling variegation brought about by genes located in other 
chromosomes; (4) metabolically by performing or mediating special syntheses of 
nucleic acids, proteins, nucleolar material,cytoplasm’ , and energy-rich substances, 
and by controlling the transfer of substances across the nuclear membrane; (5) on the 
cell by playing a significant role in the control of cell size and by governing mitosis; (6) 
on development by regulating rates of growth and differentiation, by regulating the 
very nature of differentiation itself, and perhaps also by playing a role in sex determi-
nation; (7) in speciation by providing neutral (or genetically inert) anchorage and 
supplementary chromosomal parts for rearrangements, translocations, and increases 
in chromosomal arm numbers, no less also duplicate genes that may acquire new 
functions; and, finally, (8) in theory as the especialseat of the unorthodox’ in genetic 
systems. And so on.” K. W. Cooper [1]

The above attributes of heterochromatin listed by K. W. Cooper [1] in his classi-
cal paper on “general theory of heterochromatin” and heterochromatic elements in 
the genome of Drosophila melanogaster were suggested at a time (1959) when 
molecular biology was just incipient. These empirical suggestions about “func-
tions” of heterochromatin clearly implicated its wide roles in eukaryotic genome 
organization and function. Interestingly, all the “inconsistent galaxy of attributes” 
listed above [1] seem to be generally applicable today to the diversity of noncoding 
RNAs that are receiving increasing attention and appreciation in recent years. 
Fortunately, compared to Cooper’s times, we now have a much better understanding 
of the mechanistic underpinnings for “the especial ‘seat of the unorthodox’ in 
genetic systems.”

The “noncoding” part of the genome has an interesting history to which the 
Drosophila model has contributed substantially and significantly. Very soon 
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after the realization that the “Mendelian genes” are located at specific “loci” in 
a linear order on the fruit fly chromosomes [2], it was discovered that its large 
Y chromosome, although not involved in determination of sex, was essential for 
male fertility [3], and yet it was a “gene desert” with only the bobbed (now 
known to be the locus for rRNA genes) and the enigmatic k1 and k2 fertility 
factors mapping to this chromosome [1, 4–7]. Independent cytological studies 
by Heitz [8, 9] led to the discovery of heterochromatin as a distinct cytological 
entity, which remained condensed all through the cell’s division cycle. Within a 
short time, studies carried out mostly on the heterochromatic Y chromosome 
and the pericentric heterochromatin of other chromosomes of Drosophila estab-
lished a broad correlation between the “genetically inert” regions and hetero-
chromatin. In parallel, observations on puffing in polytene chromosomes of 
Drosophila and Chironomus provided some of the first evidences for a general 
necessity of chromatin fiber to open up for the underlying gene to become active 
[10–12]. The near permanency of condensed state of heterochromatin, its 
genetic “inertness” and yet its remarkable, albeit “inconsistent galaxy of attri-
butes” (see the quote from K. W. Cooper at the beginning), and its persistence 
in genomes of nearly all eukaryotes made heterochromatin an intriguing com-
ponent of the genome to geneticists, cytologists, and evolutionary biologists [1, 
13, 14].

Application of molecular biological methods to study gene activity in eukary-
otes, especially on the lyonized inactive X chromosome in somatic cells of female 
mammals [15, 16], the dipteran polytene chromosome puffing [17], and the lecanoid 
chromosome system in coccids [18], further strengthened the belief that condensed 
chromatin was transcriptionally silent. Since heterochromatin was generally charac-
terized by the absence of “Mendelian genes,” it was suggested by some investiga-
tors that heterochromatic regions were dispensable [19]. Persistence of 
heterochromatin in almost all eukaryotes, in spite of its perceived genetic inactivity, 
lack of correlation between the c-value and biological complexity, and the super-
abundance of DNA in any genome or even at any gene locus became increasingly 
perplexing and led to the formulation of C-value paradox [20, 21]. Findings in the 
early days of molecular biology that most of the RNA synthesized in the nucleus 
was destroyed without being released to the cytoplasm for protein synthesis [22–26] 
added to the puzzle in the context of mRNA-dependent synthesis of proteins in 
cytoplasm.

With regard to the pervasive RNA synthesized in nucleus but not released to 
cytoplasm, Brown [13] suggested “Such observations would make sense if the 
genes in higher organisms were required to build complex machinery for their own 
control.” Similarly, evolutionary biologists like Mayr, who were worried about the 
general and widespread belief implied in the “central dogma of molecular biology” 
[27, 28] that only the structural or protein-coding genes are of significance in organ-
isms’ lives and evolution, observed “day will come when much of population genet-
ics will have to be rewritten in terms of the interaction between regulator and 
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structural genes” [29]. While reviewing nature of heterochromatin, Shah et al. [14] 
commented “Genetic activity of DNA is usually studied in terms of transcription of 
specific RNA molecules, viz. mRNA, rRNA, tRNA. Is it necessary that DNA exerts 
its influence only through these RNA molecules? Probably not. Products of regula-
tory genes may not be translated into proteins, but the regulatory action is still 
achieved.” They further stated “These observations indicate that some DNA in the 
genome may function in ways other than the classically established pathways of 
transcription and translation. Constitutive heterochromatin DNA may be an exam-
ple in this category” [14].

Notwithstanding these early significant and prophetic, but mechanistically 
unclear, views about the importance of components of genome that did not code for 
proteins, concepts of “selfish” and “junk” DNA to explain the substantial presence 
of noncoding DNA in eukaryotic genomes [30–32] found almost immediate global 
acceptance because of the rather dogmatic belief in the “central dogma of molecular 
biology” [27, 28]. Consequently, significance of heterochromatin and the pervasive 
nuclear-restricted RNAs remained elusive. This obviously delayed the understand-
ing of real significance of noncoding components of genome.

It is interesting that while early studies in Drosophila contributed signifi-
cantly to the evolution of the general notion that genes function via their encoded 
proteins, some of the early challenges to the general belief that the “genetically 
inert” heterochromatic regions are transcriptionally silent also came from 
studies in Drosophila. The most remarkable was the discovery of intense tran-
scriptional activity of heterochromatic and “gene-poor” Y chromosome of 
Drosophila when a series of studies in the 1960s by O. Hess, G. F. Meyer, and 
colleagues (reviewed in [33–35]) revealed the presence of transcriptionally 
active special structures derived from the Y chromosome in primary spermato-
cytes (see Sect. 3.3.3). A few years later, Lakhotia and Jacob [36] reported that 
the classical beta-heterochromatin in polytene nuclei [9] was transcriptionally 
as active as the typical euchromatic regions. A repetitive sequence, Dm142, 
located adjacent to the 1.688 satellite DNA, was also found to be transcribed 
[37]. One of the first identified long noncoding RNA (lncRNA) producing 
“euchromatic” genes was the heat shock inducible 93D or hsrω gene [38–41]. 
The other early identified and better characterized lncRNAs in Drosophila were 
the roX1 and roX2 transcripts, which were found to be essential for the dosage 
compensation related hyperactivity of the single X chromosome in male flies 
[42, 43].

As the genomic studies progressed, the noncoding RNAs graduated from being 
“selfish” and trivial to real, and now they are widely recognized to be of great sig-
nificance for generating the diversity and complexity in eukaryotes through diverse 
regulatory mechanisms [44–70]. It is significant that like many protein-coding 
mRNAs, a large number of Drosophila lncRNAs have been found to show specific 
patterns of subcellular localization [71].

S.C. Lakhotia



79

With increasing diversity of known ncRNAs, a variety of names and classifica-
tions have been proposed [51, 60, 69]. A common empirical grouping is based on 
length of the transcripts such that those less than 100–200 nucleotides (nt) are 
grouped as small ncRNAs, while the longer ones are generally called long ncRNA 
(lncRNA). The lncRNAs have also been variously classified in relation to their 
genomic locations. Some lncRNAs overlap with protein-coding genes on the 
same or opposite strand and thus have been named sense or antisense lncRNA, 
respectively; those derived from introns of protein-coding genes have been 
grouped as intronic RNAs. Transcripts from the promoter regions of some genes 
have been named promoter RNA or pRNA. Bidirectional lncRNAs are oriented 
head to head with a protein-coding gene within ~1 kb, while intergenic lncRNAs 
(also called lincRNA) are transcribed from a region located in the interval 
between two protein-coding genes. Some lncRNAs which carry introns and/or 
polyA tails like in mRNAs but do not have recognized ORF have been grouped 
as mRNA-like ncRNAs or mlncRNAs [72, 73], while some RNAs that function 
as mRNAs as well as lncRNAs have been named coding and noncoding RNAs or 
cncRNAs [74]. A more recent suggestion [69] is that the different lncRNAs be 
named by their major mode of action at architectural, epigenetic, or translational 
levels in cells.

Widespread usages of bioinformatics and NGS technologies for RNA-sequencing 
[72, 75–84] have led to a continuous increase in the numbers of known or putatively 
identified Drosophila lncRNA genes and of the lncRNAs that are listed at the 
Flybase (www.flybase.org). Thus while the releases FB2014_03 (9 May 2014) and 
FB2015_05 (20 Nov 2015) listed 1778 and 2130 lncRNA genes, respectively, the 
recent Flybase release FB2016_03 (May 24, 2016) lists 2470 lncRNA genes and 
2910 lncRNAs in Drosophila melanogaster. While describing an earlier release of 
the version R6.03Flybase, it was pointed out [82] that some of those annotated as 
lncRNA may have short ORFs and, therefore, their annotations include the com-
ment “probable lncRNA gene; may encode small polypeptide(s),” while some 
protein-coding genes may, with more data, turn out to be also producing noncoding 
RNAs. There is also ambiguity in some cases about extended 3′UTR versus new 
lncRNA gene, and, therefore, several of the earlier proposed lncRNAs [72, 75, 76, 
78] may not have been annotated in the Flybase as lncRNA [82]. A recent computa-
tional study [85] combined 462 novel lncRNAs with 4137 previously published 
lncRNAs in Drosophila to provide a curated dataset. Another recent study [83] 
reported 1077 lncRNAs in late embryonic and larval transcriptomes, with 646 being 
novel. It is obvious that the identities of lncRNAs in Drosophila (and other organ-
isms) are in flux and many more lncRNAs are still awaiting discovery and adequate 
annotation.

Some of the better known lncRNA genes in Drosophila are reviewed here (see 
Table 3.1) to illustrate the diversity and complexity of their transcripts and the var-
ied roles that they play in cellular networks.

3  Varied Roles of Drosophila lncRNAs
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3.2  �Regulatory lncRNAs Affecting Enhancer/Promoter 
Activities and Chromatin Organization

A large number of lncRNA genes show tissue and developmental stage-specific 
expression [81, 86] with a greater proportion being expressed in Drosophila ner-
vous systems and gonads [81, 87]. Early developmental stages appear to show 

Table 3.1  Diversity of actions of the experimentally studied lncRNAs in Drosophila

Transcript Function/s
Section in 
this review

iab-2 through iab-8 in the 
Ubx-complex

Infra-abdominal domain (between AbdA and 
AbdB in the Ubx complex)specific expression in 
early embryos

3.2.1.1

bxd in the Ubx-complex Regulation of transcription of Ultrabithorax 3.2.1.1
lincX (overlapping the 
cis-regulatory elements of Scr)

Activation of Scr 3.2.1.1

Reverse and forward ncRNAs 
from vg promoter

PRC2 activity modulation 3.2.1.2

sxl promoter transcripts Regulation of sxlPm and sxlPe promoters of the 
sxl gene

3.2.1.4

rga (SIS RNA from ragena) Regulation of ragena gene transcripts 3.2.2
7SK Regulation of RNA polII activity via P-TEFb 3.2.3
CRG (3′UTR overlapping 
lncRNA from CASK gene)

Regulation of RNA polII binding at CASK gene 3.2.4

Acal Trans-acting regulator of JNK signaling 3.2.5
roX1 and roX2 “Paint” the single X chromosome in male 

somatic cells to organize its chromatin for 
hyperactivity required for dosage compensation; 
also involved in differential regulation of genes 
in heterochromatic regions in males and females

3.2.6

AAGAG repeat RNA Nuclear matrix constituent 3.3.1
Yar - intergenic RNA from 
yellow-achaete region

Regulation of sleep behavior 3.3.2

Y chromosome transcripts “Giant” transcripts from Y-chromosome loops in 
primary spermatocytes required presumably for 
spermiogenesis

3.3.3

hsrω transcripts Developmentally expressed and stress induced 
multiple nuclear and cytoplasmic transcripts 
from the hsrω or 93D gene; the large nuclear 
transcripts, together with diverse heterogenous 
nuclear RNA binding proteins (hnRNPs) and 
some other proteins, organize the nucleoplasmic 
omega speckles and modulate a variety of cell 
regulatory networks

3.3.6

Yar, hsrω-RA, oskar, CR43432 Dual function coding/noncoding RNAs 3.4
circMblRNA, Laccase2 
circRNA

Possible sponges/decoys for miRNAs and 
transcription factors

3.5
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greater abundance and diversity of ncRNA species [86]. Further, compared to pro-
tein coding genes, the expression profile of lncRNAs is highly temporally restricted 
since 21% and 42% were found to be significantly upregulated, respectively, at the 
developmentally critical late embryonic and larval stages [83]. Many of the lncRNAs 
show conservation across Drosophila species, reflecting a purifying selection [88]. 
The developmental tissue- and stage-specific expression and conservation obvi-
ously point to their important regulatory roles. It appears that the large number of 
uncharacterized lncRNAs may have roles in regulation of expression of their neigh-
boring adjacent genes [89].

3.2.1  �lncRNAs from Promoter/Enhancer Regions

The promoter and/or enhancer regions of many genes are transcribed [78, 90–94]. 
Some of the newly discovered lncRNAs are antisense to protein-coding genes, pro-
ducing short regulatory RNAs, while many of the pervasive intergenic transcripts 
seem to actually originate from the newly identified introns [81]. This is significant 
in view of the location of many enhancers in introns. Transcription of the promoter/
enhancer regions is believed to affect their activities. It has been suggested that 
many of the ncRNAs that overlap the various regulatory elements of other tran-
scripts may not have a specific function except to affect the regulatory regions 
through transcriptional interference since the act of transcription may displace RNA 
pol II from the promoter or may dislodge transcription factors or may delay the 
assembly of pre-initiation complex [95]. On the other hand, in some cases at least, 
transcription through the promoter/enhancer regions has been shown to specifically 
enhance the promoter/enhancer activity.

3.2.1.1  �Hox Gene Clusters

The promoter/enhancer regions of the Hox gene clusters (Bithorax-Complex (BX-C) 
and Antennapedia-Complex (ANTP-C)) have been extensively studied for their tran-
scriptional activities [88, 96–101]. A well-known feature of the Hox gene clusters in 
diverse taxa is the high degree of conservation of the sequential order of different 
genes in the cluster in relation to their spatial domains of developmental expression 
[102–104]. Another common feature of the Hox-gene clusters is the production of 
multiple noncoding transcripts. Thus, as characteristic of vertebrate Hox clusters, 
many intergenic noncoding transcripts arise from Drosophila BX-C and ANTP-C, 
exhibiting spatial colinearity in expression and function [101].

The BX-C of Drosophila melanogaster spans ~310 kb. However, exons for the 
four genes (Ultrabithorax (Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B) 
and one unrelated glucose transporter 3 (Glut3) gene) in this cluster account for only 
~16.5 kb, and yet much of the DNA in the BX-C is transcribed [100]. The pioneering 
work by Lewis [102] identified nine genetic domains in the BX-C; these were based 
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on locations of mutations affecting different parasegments (PS) in the fly body, start-
ing from the third thoracic (PS5) through the eighth abdominal segment (PS13). 
Depending upon the locations of mutants that affect a given parasegment, the domains 
are named as bithorax (bx), bithoraxoid (bxd), and infraabdominal-2 (iab-2) through 
infraabdominal-8 (iab-8). As elegantly shown by Lewis [102], these domains are 
aligned along the chromosome in the same order as the segments affected by them. 
Among these “genes” or domains in the BX-C, only three, Ubx, abd-A, and Abd-B, 
are protein coding, while others have regulatory roles and are known to be tran-
scribed. The bithoraxoid (bxd) domain produces lncRNA [96], while the iab-4 and 
iab-8 produce miRNAs [99]. In situ hybridization studies revealed that the iab-3 
through iab-8 domains, located between the Abd-A and Abd-B genes, transcribe first 
in blastoderm embryos at a time when the gap and pair rule genes establish the seg-
mental addresses of the BX-C domains [100, 105–109]. It is significant that the 
ncRNAs produced by a particular DNA domain are seen specifically in the body seg-
ments regulated by that domain. These transcribed regions are typically delimited by 
insulator elements so that a loss of insulator function permits transcription to proceed 
through these elements, which is associated with segmental transformations [101, 
110]. The 92 kb long iab-8 transcript, produced by the intergenic region between abd-
A and Abd- B genes in neural cells of the eighth abdominal segment at embryonic 
stage 14, represses abd-A through the miR-iab-8 embedded in its intron, and through 
transcriptional interference because of an overlap of the 3′ end of the iab-8 and the 
abd-A promoter [111]. It is interesting that the male and female sterility following 
knocking down of the iab-8 transcripts is due to behavioral phenotypes, which in 
males involve failure to bend the abdomen during mating, while in females there may 
be a peristaltic wave disorder so that eggs fail to pass through the oviduct [111].

The bxd mutant was first identified by C. B. Bridges in 1919 [88] and is now 
known to map to a cis-regulatory region of the BX-C, which is extensively tran-
scribed into lncRNAs. Despite the extensive studies on bxd lncRNAs, inferences 
about their roles have been contradictory [88, 100]. While Sanchez-Elsner et  al. 
[112] suggested the bxd transcription to activate transcription of the adjacent 
Ultrabithorax, Petruk et al. [98] found this gene’s transcriptional activity to repress 
Ultrabithorax. On the other hand, a more recent study manipulated the bxd region 
so that the embryos did not produce the normal bxd lncRNA and found that even in 
the absence of full-length bxd transcripts, regulation of the bxd domain remained 
unaffected and the flies looked normal. It was, therefore, concluded that the bxd 
lncRNA has no apparent function [100]. However, since the first exon of the bxd 
RNA was not affected by the manipulations, it remains possible that the absence of 
a phenotype may be due to an independent function of that exon or the act of tran-
scription at the enhancer by itself may be necessary/sufficient for the enhancer to 
function [100]. More studies are needed to ascertain if the bxd transcription is only 
a “transcriptional noise” or has hitherto unknown mode of action.

It is significant that some of the vertebrate lncRNAs and miRNAs show syntenic 
conservation in insects and, therefore, the Hox cluster ncRNAs may be an ancestral 
feature [101]. However, their mechanism/s of action and precise functions are as yet 
unclear.
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A novel lincX lncRNA from a region overlapping the distal cis-regulatory ele-
ments of Scr in the ftz-Antp interval at the ANTP-C has been found to be associated 
with activation of Scr in cis [113]; these transcripts also have a transvection effect 
[114], so that their expression on one chromosome affects expression on the homo-
log in a pairing-dependent manner.

3.2.1.2  �Vestigial Gene

Some promoter-associated transcripts switch between forward and reverse direc-
tions and thereby regulate the enhancer activity [93, 115]. An example is the for-
ward and reverse transcription covering the Polycomb/Trithorax response elements 
(PRE/TREs) of the vestigial (vg) gene, which switches the status of the PRE/TRE 
between silencing and activation, respectively [115]. While in vitro, the reverse as 
well as the forward ncRNAs inhibit the histone methyltransferase (HMT) activity of 
Polycomb Repressor Complex 2 (PRC2), only the reverse strand binds with PRC2 
in vivo [93, 115]. It has been suggested [115] that the PRC2 may not have inherently 
different affinities for different ncRNAs but it is the regulated availability of a given 
ncRNA for interaction with PRC2 that is important for inhibition of its HMT activ-
ity. Strand switching of noncoding RNAs is seen at many Polycomb binding sites in 
Drosophila and vertebrate genomes, leading to the proposal [115] that the PRE/
TRE may exist in a “neutral” state so that neither they nor their associated genes are 
transcribed, but in tissues where the gene can transcribe, the PRE/TRE transcription 
can be switched in forward or reverse mode to either silence or activate the gene 
through modulation of the PRC2 activity.

3.2.1.3  �Yellow and White Enhancers

Intergenic transcription through the yellow and white enhancers has been found to 
suppress enhancer action in transgenic model [90, 92]. It was found that the dis-
tances between regulatory elements like promoter and enhancer and the strength of 
pass-through transcription affect the degree of inhibition of yellow and white 
enhancers.

3.2.1.4  �sxl Promoter Transcripts

The sxl gene is the master regulator of sex determination and dosage compensation 
in Drosophila, acting through its two promoters which differentially switch its tran-
scriptional and splicing patterns in males and females [116, 117]. Responding to the 
X chromosome counting signal, the establishment promoter of sxl, sxlPe, is activated 
in female but not in male embryos; the Sxl protein from sxlPe -dependent transcripts 
affects the splicing of transcripts from the sxl maintenance promoter, sxlPm. This 
promoter is transcribed in both sexes after the initial expression of sxlPe decays in 
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females. However, in the absence of Sxl protein in male embryos, sxlPm-dependent 
transcripts undergo differential splicing to retain a translation-terminating exon so 
that male embryos fail to produce the full-length Sxl protein. It is reported [118] that 
dynamically expressed sense and antisense lncRNAs from regions R1 and R2, 
upstream of sxlPe, influence the X chromosome count sensitive sxlPe promoter. The 
R2 antisense lncRNA expression is regulated by the X chromosome counting genes 
and coincides with sxlPe promoter-dependent transcription. Experiments with trans-
genic lines revealed that the R1 and R2 lncRNAs can act in trans, having a negative 
and positive effect, respectively, in females presumably by affecting the Polycomb/
Trithorax chromatin marks which in turn influence the time and strength of sxlPe 
promoter activity [118].

3.2.2  �Stable Intronic Sequence RNAs

Although majority of intron transcripts are generally believed to be degraded 
after splicing, a few are known to give rise to snoRNAs, Cajal body-specific 
RNAs, or miRNAs [119, 120]. In addition, a number of intronic transcripts have 
been reported in diverse taxa to function as stable intronic sequence RNAs or 
sisRNA to regulate host gene expression or to act as molecular sinks or to regu-
late translation [120]. A 600 nt long RNA, corresponding to the single ~700 bp 
intronic region of the hsrω lncRNA gene (see Sect. 3.3.6 below) was suggested 
to be a putative stable intronic RNA in Drosophila [121, 122]. The spliced out 
intron of the Delta primary transcript is reported to accumulate near the site of 
transcription [123]. Functions of these stable intronic RNAs remain unknown. 
Thirty-four sisRNAs were identified in 0–2 h Drosophila embryos as linear or 
circular molecules; some of them continued to be present in larval and adult 
stages as well [124]. A more detailed study of transcripts from the ragena (rga) 
gene revealed an autoregulatory negative loop in which the stable intronic RNA, 
sisR-I derived from the ragena pre-mRNA, represses the cis-natural antisense 
transcript of ragena (ASTR); interestingly, ASTR transcripts seem to promote 
high ragena pre-mRNA synthesis during embryonic development so that repres-
sion of ASTR activity by sisR-I results in reduction of ragena pre-mRNA as well 
as sisR-I itself [124].

3.2.3  �7SK RNA Regulating RNA pol II Activity Via P-TEFb

The RNA pol III-transcribed 331 nt long 7SK RNA is relatively well studied in 
mammalian cells [125, 126]. The more recently identified Drosophila 7SK RNA is 
a 444 nt long snRNA which, like its mammalian counterpart, regulates the avail-
ability of the positive transcription elongation factor, P-TEFb, and thereby functions 
as a negative regulator of transcription [46, 125–128]. The high conservation of the 
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7SK snRNA and its associated proteins in vertebrates and insects suggests early 
evolutionary origin of this important regulatory molecule.

The Drosophila 7SK RNA sequesters P-TEFb, a cyclin-dependent kinase, and 
dHEXIM (homolog of mammalian HEXIM1 and HEXIM2) proteins. The dLARP7 
(homolog of mammalian La related protein) and the 7SK methyl phosphate capping 
enzyme (Bin3, homolog of mammalian MePCE) associate with the 7SK RNA and 
regulate the release of P-TEFb [46, 127–129]. Recent structural studies on mam-
malian 7SK snRNP suggest that LARP7, essential for function and stability of 7SK 
RNA, uses its N- as well as C-terminal domains to stabilize the 7SK RNA in a 
closed structure formed by joining the conserved sequences at the 5′-end with the 
foot of the 3′ hairpin [130]. Sequestration of P-TEFb by 7SK snRNP blocks phos-
phorylation of RNA pol II so that the transcriptional elongation is blocked and the 
RNA pol II may stay as paused polymerase [128, 129]. Contrary to earlier sugges-
tion of inducible recruitment of P-TEFb to gene promoters during transcriptional 
activation, recent studies suggest that the 7SK snRNP complex containing inactive 
P-TEFb remains localized, across the genome, to promoter-proximal regions prior 
to gene activation or may get localized during activation [131]. The strategic recruit-
ment of catalytically inactive but primed P-TEFb to gene promoters and enhancers 
promotes kinase activation to facilitate release of the paused RNA pol II.  It has 
recently been shown that SRSF2 binds to the promoter-associated nascent RNA and 
coordinates the release of P-TEFb from the 7SK and consequently the RNA pol II 
[132]. As expected, disruption of assembly of the 7SK snRNP has very severe 
effects at early developmental stages in vertebrates as well as insects [127–129].

It remains to be seen if the 7SK RNA-mediated sequestration of P-TEFb is also 
involved in the global inhibition of transcription observed in stressed cells [46]. 
Following the dissociation of 7SK snRNP from P-TEFb and HEXIM, it forms a 
complex with several hnRNPs (hnRNPA1, hnRNAPA2, hnRNPQ1, and hnRNPR). 
Whether the association of hnRNPs is only to stabilize 7SK RNA or this complex 
has other functions remains to be understood [128].

3.2.4  �CRG: A 3΄UTR Overlapping RNA Regulates RNA pol II 
Binding at the Upstream CASK Gene

Many of the lncRNAs overlap with 3′UTRs of protein-coding genes [82]. One such 
example is the predominantly neural tissue that expressed lncRNA from the Cask 
regulatory RNA gene (CRG) which participates in locomotor and climbing activity 
of Drosophila by positively regulating expression of the neighboring Ca2+/
calmodulin-dependent protein kinase (CASK) gene [133]. The CRG RNA is 2672 nt 
long, non-spliced, and polyadenylated lncRNA that is transcribed in the same direc-
tion as the adjacent protein-coding CASK gene. The CRG shows strong conserva-
tion in all the annotated Drosophila species’ genomes, and although partially 
overlapping with the 3′UTR of CASK gene, the CRG and CASK are transcribed 
separately with the CRG transcript extending beyond the CASK 3′UTR [133]. CRG 
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mutants show reduced CASK expression and defective climbing ability similar to 
the CASK mutant phenotype. The CRG mutant defects can be rescued by CASK 
overexpression. The CRG RNA is required for recruitment of RNA polymerase II to 
the CASK promoter and thus for its enhanced expression [133]. Genome-wide and 
whole-body expression profile in CRGD1877 mutants revealed that 491 genes were 
downregulated, while 329 genes were upregulated in the CRG mutant larvae. 
However, the most obvious phenotype of the CRG mutants, the defective locomotor 
behavior and inefficient climbing activity, is related to the reduced expression of the 
CASK gene in the absence of the CRG RNA [133]. How CRG RNA facilitates RNA 
pol II binding at the CASK promoter remains to be examined.

3.2.5  �Acal: A Trans-acting lncRNA That Regulates 
JNK- Signaling During Embryonic Dorsal Closure

The acal gene, located between lola and pcg genes and producing a 2336 nt long 
nuclear trans-acting lncRNA, acts as a negative regulator of JNK signaling during 
the dorsal closure in Drosophila embryos. This RNA is conserved in diverse dip-
teran species and is dynamically expressed and processed into 20–120 nt fragments 
which appear to be different from other small RNAs like miRNAs [134]. Expression 
of acal is regulated by raw, while the acal transcripts negatively trans-regulate 
Connector of kinase to AP1 (Cka) and anterior open (aop) genes in the embryonic 
lateral epidermis and thus restrain JNK activation in the leading edge cells during 
the dorsal closure stage. Since the acal transcripts show genetic interaction with 
Polycomb, a critical member of the PRC1 [134], it is possible that this RNA may 
regulate the PRC1 activity and thereby regulate Cka and aop. It remains to be seen 
if the acal action is through its processed smaller RNAs or the unprocessed and 
processed acal RNAs perform different functions.

3.2.6  �RNA on X (roX) Binds with Chromatin and Brings 
About Pan-Chromosomal Remodeling of X Chromosome 
in Male to Achieve Dosage Compensation

The phenomenon of dosage compensation is associated with chromosomal sex 
determination where one sex is heterogametic and the other is homogametic for the 
sex chromosomes. This results in an imbalance in the dosages of the sex chromosome-
linked genes in the two sexes and calls for dosage compensation [135, 136]. 
Eutherian mammals achieve the equalization of expression of X chromosome-
linked genes by a random inactivation of one of the X chromosomes in somatic cells 
of females [15], which is achieved through orchestrated cis action of several 
lncRNAs, including the better known X-inactive-specific transcript or XIST, 
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produced by the Xic locus on the X chromosome [47, 137–143]. On the other hand, 
dosage compensation in Drosophila is achieved through hyperactivation of the sin-
gle X chromosome in male somatic cells [144, 145], which involves chromatin 
remodeling along the length of the X chromosome so that its genes transcribe at 
nearly twice the rate of each of the two X chromosomes in female cells. It is in this 
pan-chromosomal remodeling that the two lncRNAs, the roX1 and roX2, play cru-
cial roles. The polyadenylated roX1 and roX2 transcripts were initially identified as 
male-specific lncRNAs that were more abundant in Drosophila brain and were later 
found, by RNA:RNA in situ hybridization, to exclusively “paint” the X chromo-
some in male polytene nuclei and hence the names RNA on X1 (roX1) and RNA on 
X2 (roX2) [42, 43, 146, 147]. The dosage compensation complex or DCC includes 
the roX1 and roX2 lncRNAs and at least five proteins, viz., male-specific lethal-1 
(Msl-1, scaffolding protein), Msl-2 (RING finger E3 ubiquitin-protein ligase), 
Msl-3 (chromodomain protein), Males-absent-on-the-first (Mof, histone acetyl 
transferase), and Maleless (Mle, DNA/RNA helicase). The DCC “paints” the entire 
X chromosome in male somatic cells and remodels its chromatin for hyperactivity 
[47, 142, 147–155]. The male-specific expression of Msl-2 protein keeps the 
X-linked roX1 and roX2 genes active only in males through gene-internal enhancers 
[156, 157]. The roX RNAs positively autoregulate their expression so that the pres-
ence of the newly assembled DCC complex around the roX genes sustains transcrip-
tion and X chromosome-specific spreading in males [158].

The X-linked roX1 and roX2 genes are believed to be functionally redundant 
since deletion of any one of them has little effect although the absence of both the 
genes causes male-specific lethality. In spite of their functional redundancy, they 
produce transcripts that are dissimilar in size and sequence. The current annotation 
of these two genes at Flybase (www.flybase.org) shows that roX1 produces five 
transcripts of 3758, 3460, 4421, 3785, and 483 nt, respectively, while the roX2 gene 
generates six transcripts of 1368, 693, 652, 602, 562, and 522 nt, respectively. The 
significance of such multiple transcripts is not clear.

In normal male cells, the roX transcripts specifically begin their association with 
the single X chromosome at several X chromosomal chromatin entry sites (CES) or 
high-affinity sequence (HAS) sites which are ~1.5 kb in length and recruit very high 
levels of DCC [159–161]. The HAS sites contain smaller 21 nt MSL recognition 
element (MRE) that is necessary for recruitment of the DCC.  The MRE motifs, 
although distributed through the genome, are ~twofold more enriched on the X 
[160]. The roX1 and roX2 gene sites themselves provide the first HAS for their tran-
scripts to bind, in association with protein members of the DCC. From the HAS, the 
DCC moves along the chromosome till the entire length of the chromosome is 
“painted.” The H3K36me3 active chromatin mark and association of JIL-1, a histone 
H3 serine 10 kinase, appear as predictive marks for the HAS on male X chromosome 
[155, 161, 162]. The specificity of DCC binding to X-chromosomal MREs seems to 
be mediated by chromatin-linked adapter for MSL proteins (CLAMP), a zinc finger 
protein, which specifically binds with the MRE sequences in the HAS sites, espe-
cially on the roX loci and the male X chromosome in general [163, 164]. Genomic 
and evolutionary studies indicate that GA-dinucleotide repeats expanded and accu-
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mulated on the X chromosome over evolutionary time, leading to enhanced density 
of CLAMP-binding sites on the X chromosome and thus driving the evolution of 
dosage compensation [165]. The siRNAs derived from X-linked long repeat 1.688 
satellite sequence elements have also been implicated in promoting the specific asso-
ciation of DCC components with the X chromosome in male via an unknown mech-
anism [166]. In another study, the 1.688 satellite-related sequences in D. melanogaster 
themselves have been suggested to play a primary role as recognition elements for 
the DCC and to be responsible for interspecific hybrid incompatibility [167].

The order of assembly of the DCC or association of its different components 
with the X chromosome is not fully understood, but it is believed that the HAS 
facilitate binding of Msl-1, Msl-2, and roX transcripts with male X chromosome 
[147, 148, 154, 155, 168–171]. It has recently [172] been suggested that MSL2 uses 
its two CXC and proline/basic-residue-rich domains for interaction with complex 
DNA elements on the X chromosome. The CXC domain binds a novel motif defined 
by DNA sequence and shape at a subclass of MSL2-binding sites, which are named 
as PionX (pioneering sites on the X) as they are the first chromosomal sites to be 
bound during de novo MSL-DCC assembly. This pioneering interaction of the 
MSL2–MSL1 sub-complex, without the other protein and RNA subunits, with the 
PionX sites is followed by occupation of the nearby non-PionX HAS sites as the full 
DCC is assembled after transcription of the roX RNAs.

The functional redundancy of roX1 and roX2, in spite of their different sizes and 
sequences, is due to the presence of conserved and multiple GU-boxes or roX-boxes 
in both the transcripts [173–175]. The Mle’s helicase activity [169, 176] is sug-
gested to remodel, in ATP-dependent manner, the roX box large stem-loop into two 
smaller stem loops with which Msl-2 binds, and this is followed by association of 
Msl-1, Msl-3, and MOF to make the full DCC [175, 177]. The DCC-associated 
MOF acetylates the H4K16 so that the chromatin assumes a more open conforma-
tion to permit the hyper-transcription of X-linked genes in male cells. The various 
chromatin organizers also play important roles through interaction with the DCC 
since the male X chromosome assumes a bloated appearance when chromatin 
remodeler components like Iswi, NURF301, Su(var)3-7 (suppressor of variegation 
3-7), and HP1 (heterochromatin protein 1) are downregulated or absent [178–182].

A recent study [70] on evolutionary dynamics of roX RNAs in different 
Drosophila species, diverged during the past ~40 million years, revealed 47 new 
roX orthologs. Interestingly, transgenic roX orthologs and engineered synthetic 
lncRNAs are claimed to rescue roX deficiency suggesting that the focal structural 
repeats (roX boxes) have been maintained during evolution to mediate the roX func-
tion [70]. Likewise, the genomic occupancy maps of roX RNAs in four Drosophila 
species revealed the individual binding site to turnover rapidly but remain within 
nearby chromosomal neighborhoods. Such differential evolutionary conservation 
and divergence of different parts of the same lncRNA agrees with the suggestion 
that the rapid evolutionary divergence of base sequence of lncRNAs, which at one 
time was taken as strong evidence for classifying them as “junk” or “selfish”, 
actually provides a good strategy for rapid evolution of adaptive changes [46, 70]. 
The divergent evolutionary trajectories of different parts of lncRNAs indicate the 
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critical roles of conserved structural motifs within the less conserved landscape of 
lncRNA sequences [44, 46, 69, 70, 183].

The roX transcripts have also been found to differentially regulate expression of 
genes located in heterochromatic regions of chromosomes in the two sexes [184, 185]. 
Following the observation that loss of HP1 protein differentially affects expression of 
genes located in heterochromatin regions in the two sexes, it has been found that the 
roX transcripts together with Msl1, Msl3, and Mle proteins are required for normal 
expression of autosomal heterochromatin genes in males but not in females [185]. 
Interestingly, the regions of roX transcripts that are important for dosage compensa-
tion and for male sex-limited heterochromatin functioning are separable and Mle, but 
not Jil-1 kinase, contributes to heterochromatic gene expression [185]. The roX 
lncRNAs thus participate in two distinct regulatory systems, viz., dosage compensa-
tion of X-linked genes and modulation of heterochromatin activity in male flies.

3.3  �Other lncRNAs

3.3.1  �AAGAG Repeat RNA Is an Essential  
Component of Nuclear Matrix

Several hundred nucleotide long transcripts from the pericentromeric AAGAG 
repeats have been found to be critical constituents of the nuclear matrix [186]. Both 
strands of these satellite DNA sequences are transcribed and are associated with 
nuclear matrix. The polypurine strand seems to be more abundant. The AAGAG 
RNA is essential for viability since global or tissue-specific RNAi for these tran-
scripts disrupted nuclear chromatin organization with lethality at embryonic or late 
larval/pupal stage, respectively. The specific roles of these transcripts are not known, 
but their association with nuclear matrix suggests that these lncRNAs may help in 
nuclear architecture [186].

Several other satellite sequences, besides those on the Y chromosome (see later), 
are also known to be transcribed to produce siRNA, piRNA, and other lncRNAs 
[187]. Functions of many of them are not yet known.

3.3.2  �Yellow-Achaete Intergenic RNA (yar)  
Regulates Sleep Behavior

The intergenic region between the yellow and achaete genes produces multiple non-
coding cytoplasmic transcripts, named as yar (yellow-achaete intergenic RNA) 
[188]. The Flybase (http://flybase.org) shows this gene to produce eight alterna-
tively spliced lncRNAs ranging in size from 841 to 1569 nt. The yar gene carries 
motifs in its sequence, including in its promoter, which are conserved across 
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Drosophila species representing 40–60 million years of evolution. Although the yar 
nulls show normal viability without any visible phenotype, their night time sleep is 
reduced and fragmented, with sleep rebound following sleep deprivation being 
diminished [188]. The yar transcripts carry <75 amino acid encoding ORFs, which 
leaves the possibility that they may produce small functional polypeptides. The 
cytoplasmic location of yar transcripts also suggests that their regulatory effects 
may depend upon stabilization or translational regulation of target RNAs [189].

3.3.3  �Y Chromosome Transcripts: Essential for Normal 
Spermiogenesis and Male Fertility

The Y chromosome in Drosophila melanogaster contains about 40 Mbp DNA but 
has only ~13 protein-coding genes [190, 191], which has justified the earlier noted 
conventional description of this entirely heterochromatic chromosome as “gene des-
ert.” As noted earlier, the only obvious function of the Y chromosome in Drosophila 
relates to male fertility as its absence renders the males completely sterile, although 
without any significant morphological phenotypes [1, 3, 190–192]. The transcrip-
tional activity of the Y chromosome in primary spermatocytes is cytologically visi-
ble as lampbrush loops (Fig. 3.1). These loops were estimated to produce unusually 
large transcripts ranging in size from 260 to 1500 kb [33, 35, 192]. It is interesting 
that while the Y chromosome remains highly condensed in all somatic cells of 
males, it opens up in the primary spermatocyte stage and develops chromatin loops 
of distinctive morphologies along its length [33, 192]. The Y chromosome loops 
have been studied more extensively in Drosophila hydei because of their distinctly 
larger sizes and uniquely distinctive morphologies (Fig. 3.1). Each of these loops is 
transcriptionally active, and their distinctive matrices contain variety of proteins 
produced by other chromosomal genes [34, 192]. Some of these large transcripts 
include small protein-coding parts, while the bulk of transcripts constitute noncod-
ing introns comprising of a variety of simple and other repetitive sequences and 
transposable elements [34, 190, 192]. The functional significance of the unusually 
large transcripts produced by the Y chromosome in primary spermatocytes has 
remained enigmatic and largely unexamined. Their unusually large size may simply 
reflect the lack of recombination in the Y chromosome, since it has been argued that 
intron size is inversely correlated with recombination rate [193]. Some of the satel-
lite sequences in Y chromosome have the potential to form triplex structures and the 
kl-3 and kl-5 loops on Y chromosome in Drosophila melanogaster spermatocytes 
indeed show immunostaining with anti-triplex antibody [191]. Significance of such 
triplex structure is not yet understood. The large transcripts may provide scaffolds 
for accumulation of a variety of proteins, which are required at later steps during 
spermiogenesis [34, 191, 194, 195]. A functional analysis of these unusually large 
transcripts remains challenging as they mostly contain repetitive and transposable 
sequences. However, their analysis is expected to provide novel insights about the 
roles of these giant lncRNAs and the unusual structures associated with them.
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3.3.4  �Male-Biased lncRNAs: Roles in Sexual  
Dimorphism and Species Divergence

A comparison between D. pseudoobscura and closely related D. persimilis revealed 
divergent expression of ten novel putative lncRNAs, and, significantly, these were 
overrepresented among the differentially expressed transcripts in males of the two 
species [73]. Notwithstanding their differential expression, all these lncRNAs show 
high sequence conservation in the two species. Significantly, seven of these ten 
lncRNAs do not show sequence homologies with the other ten Drosophila species 
whose genome sequence is available [73]. Three of the ten lncRNAs were found to 
be among the top 4% of highly and differentially expressed transcripts in male. 
Such lncRNAs may be important in sexual dimorphism and species divergence 
[73]. In a more recent study [196], 1589 intergenic lncRNA loci have been identi-
fied in D. pseudoobscura, which as in D. melanogaster, show prolific expression in 
male development, more so in testis. Another recent study [197] has reported a large 
number of testis-specific lncRNAs which affect spermiogenesis in males and show 
high evolutionary selection.
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Fig. 3.1  The Y chromosome derived lampbrush loops in the primary spermatocyte nucleus (stage 
II) of Drosophila hydei as seen under phase contrast optics (a); a schematic representation of the 
lampbrush loops is shown in (b). All loops are in duplicate, each representing one chromatid of the 
Y chromosome after replication in the first meiotic prophase. Cl clubs, Co cones, Ns nooses,  
Nu nucleolus (composed of X- and Y- chromosomal components), Ps pseudonucleolus, Th threads 
(Thp and Thd, distinguished by their associated matrix, are the proximal and distal regions, respec-
tively, of the Th loops) and Tr tubular ribbons. Images kindly provided by Prof. W. Hennig
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3.3.5  �Stress-Induced αγ/αβ-Transcripts of Unknown Functions

Of the five copies of stress-inducible hsp70 genes in Drosophila melanogaster, two 
are present in the 87A7 cytogenetic region, while three are located at the 87C1 cyto-
genetic region, with two copies being tandemly repeated and separated from the 
third reversely oriented copy by a ~38 kb intergenic region. This 38 kb intergenic 
region includes 10–14 copies of ~1.5 kb αγ/αβ (alpha-gamma/alpha-beta) elements, 
some of which are transcribed following heat shock as they are immediately down-
stream of the “gamma” elements homologous to the hsp70 promoter region [198]. 
Earlier northern analysis indicated that heat shock induces poly-A+ αγ/αβ-transcripts 
of 2.5, 1.8, 1.4, and 1.1 kb sizes [199, 200] which do not code for any polypeptide. 
A series of studies in my laboratory [201–205] indicated a complex interaction 
between the transcriptional activities of another stress inducible hsrω lncRNA gene 
(see Sect. 3.3.6 and Fig.  3.2e) and the stress inducible hsp70 and αγ/αβ genes 
located at the 87A and 87C cytogenetic regions. It is interesting that D. simulans, a 
sibling species of D. melanogaster, does not carry the αγ/αβ sequences in the hsp70 
gene cluster at 87C1 locus [198] and correspondingly, an interaction between tran-
scriptional activities of the hsrω locus and hsp70 genes was not seen in D. simulans 
[202]. Functional significance of the αγ/αβ transcripts remains unknown.

3.3.6  �Developmentally Active, Stress Inducible and Essential 
hsrω Gene Modulates Multiple Regulatory Networks

The heat shock RNA omega (hsrω) or 93D gene is one of the first identified and 
extensively studied lncRNA producing gene in Drosophila (reviewed in [46, 48, 
203–207]). This gene, located at the 93D cytogenetic region of polytene chromo-
somes, was shown during 1970–1980s to be actively transcribed but without any 
protein product [38, 41, 208–210]. Interest in this gene was triggered by the finding 
that it is uniquely induced in larval salivary gland polytene nuclei by a brief in vitro 
benzamide treatment [211], is developmentally active, is strongly induced (Fig. 3.2a) 
in cells exposed to thermal or other stresses [208], and is functionally conserved in 
different species of Drosophila [40, 41, 212] and yet does not produce any protein 
[38, 210]. Subsequently, it was found that this gene is singularly induced by all the 
amides that were tested [213]. Interestingly, despite the conservation of its functions 
and of its architecture (two exons, one intron, and tandem repeat units toward 3′ side 
of the gene) [205], its base sequence shows considerable divergence in different spe-
cies of Drosophila except for the near complete identity in regions around the junc-
tions of its single intron with exon 1 and exon 2, respectively, and a nonamer sequence 
motif within its unique tandem repeat units [41, 205, 214]. Early studies indicated 
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Fig. 3.2  Salient features of the hsrω gene, its different nuclear and cytoplasmic transcripts and its 
known functions/interactions. (a) Heat shock-induced 93D puff in polytene nuclei; (b) genomic 
coordinates and different transcripts of the hsrω gene as annotated at www.flybase.org; (c, d). 
Confocal images of fluorescence in situ hybridization (c) of hsrω 280 nt repeat riboprobe with 
nuclear RNA (red; DAPI stained DNA blue) and of immunostaining (d) for Hrb87F (red; DAPI-
stained DNA in white) in unstressed (c) or heat shocked (d) Malpighian tubule nuclei (arrowheads 
in (c, d) indicate the hsrω locus; arrow in (c) points to one nucleoplasmic omega speckle) (image 
in (c) by Dr. Sonali Sengupta and that in (d) by Dr. Anand Singh); (e) 3H-uridine autoradiograms of 
segments of polytene chromosomes showing unequal transcriptional activity at the 87A and 87C 
loci (87A > 87C in left and 87C > 87A in right panel) when transcription at the 93D site (not shown) 
is prevented during heat shock (images adapted from [202]); (f) schematic of interactions of hsrω 
nuclear transcripts with different proteins and networks as revealed by various studies (solid arrows 
depict direct interactions, dashed line arrows indicate the affected cascading downstream pathways 
while dotted-line arrows indicate the phenotypic consequences). See text for more details

3  Varied Roles of Drosophila lncRNAs

http://www.flybase.org


94

that this gene produces two independently regulated 1.9 kb (omega-pre-c) and >10 kb 
(omega-n) nuclear lncRNAs, the smaller one of which was spliced to produce a 
1.2 kb (omega-c) cytoplasmic transcript [121]. Some early studies indicated that the 
spliced out 700 nt intron also persisted in cells as a 600 nt RNA [121, 122]. Following 
recent NGS RNA-sequence data, the current annotation at the Flybase, however, 
shows this gene to produce seven transcripts, ranging in size from 1.2 to 21 kb and 
transcribed in same direction (Fig. 3.2b). It is notable that the Hsromega-RD tran-
script starts within the proximal promoter region of the other Hsromega transcripts 
(Fig.  3.2b). Little is known so far about the recently annotated Hsromega-RD, 
Hsromega-RH, and the 21 kb long Hsromega-RF transcripts.

The 280 nt repeats are unique to this locus. In situ localization of the 280 nt 
repeat units of omega-n transcripts by fluorescence RNA:RNA hybridization [215] 
led to discovery of the nucleoplasmic omega speckles (Fig. 3.2c) [216]. The 280 nt 
repeat containing omega-n1 and omega-n2 (a spliced product of omega-n1, [217]) 
nuclear transcripts have been more extensively studied in relation to their roles in 
organization and functions of the nucleoplasmic omega speckles [46, 205, 216–
222]. Preliminary observations in my laboratory suggest that the 21 kb Hsromega-RF 
transcripts are also exclusively nuclear and localize, like the omega-n1 and omega-
n2 transcripts, at the hsrω gene locus and in omega speckles. Omega speckles con-
tain (Fig. 3.2), besides the 280 nt repeat containing large nuclear omega transcripts, 
a variety of hnRNPs, viz., Hrb87F/Hrp36 (hnRNP A1/A2), Hrb98DE/Hrp38 
(hnRNP A), Squid/Hrp40 (hnRNP D), Hrb57A (hnRNP K), Rumpelstiltskin/Hrp59 
(hnRNP M), and some other RNA-binding proteins like NonA, Sxl, PEP, etc. [216, 
222, 223]. The CBP or P300 (histone acetyltransferase) also shows partial colocal-
ization with omega speckles [224]. It is not yet known if the different omega 
speckles present in a nucleus are heterogeneous with respect to the pool of associ-
ated proteins. The omega-n transcripts as well as the Hrb87F/Hrp36 protein are 
essential for the assembly of the omega speckles since, in the absence of either of 
these, omega speckles are not formed [217, 219, 221, 222].

A very unique feature of the omega-n transcripts and omega speckles is that the 
omega-n transcripts and all the hnRNPs and other proteins that are associated with 
omega speckles get rapidly and almost exclusively clustered at the 93D or hsrω 
gene locus following cell stress (Fig. 3.2c) [215, 216, 225]. Active transcription of 
hsrω gene is essential for the stress-induced accumulation of these proteins at its 
site [222]. In addition to the omega speckle-associated hnRNPs and other proteins, 
levels of several other proteins like Tpr/Megator, Snf (Sans-fille), SAF B, Hsp83, 
Ubiquitin Specific Protease-7 (USP7), GMP Synthase (GMPS), ISWI, HP1, etc. 
also increase at this gene site in stressed cells (reviewed by [48, 205]). It is interest-
ing that like the retention of hsrω-n transcripts in stressed cells at the site of synthe-
sis, the cell stress-induced human sat III lncRNAs also remain confined to the site 
of transcription and assemble the nuclear stress bodies containing a variety of RNA-
binding proteins, CBPs, and heat shock factor [226–228]. In view of such similari-
ties, the nuclear transcripts of hsrω gene are considered to be functionally analogous 
to the human sat III lncRNAs [218]. It may, however, be noted that while the stress-
induced global inhibition of transcription following heat shock in human cells 
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requires sat III transcripts [228], the stress-induced remobilization of active RNA 
pol II on heat shock gene sites in Drosophila polytene nuclei is not affected by 
hsrω-null condition [220], indicating that the global inhibition of transcription by 
heat shock may not be directly mediated by the hsrω lncRNAs.

Unlike heat shock which induces the 93D puff along with the other heat shock 
puffs, amides singularly induce the 93D puff. Both these treatments elicit global 
inhibition of chromosomal transcription and the near exclusive accumulation of 
hnRNPs, etc. at this gene site [205, 222]. It is interesting, however, that if heat shock 
and amide treatments are applied together, the 93D puff fails to be induced [203]. 
Further, the profiles of the hsrω transcripts induced by heat shock and amides are 
different [121], and, unlike after heat shock, Hsp83 does not localize at the 93D puff 
site [229]. It is also notable that unlike the presence of heat shock elements within a 
few hundred bp region upstream of the transcription start site [230], the amide-
response elements were mapped to be more than 21 kb upstream [231]. The differ-
ential expression of lacZ reporter gene placed under different lengths of the hsrω 
promoter also indicates the complexity of this gene promoter [232]. Further com-
plexity of this gene promoter is also evident in the fact that the Hsromega-D tran-
script overlaps the proximal promoter region of the other hsrω transcripts (Fig. 3.2b).

It is believed that the omega speckles function as storage sites for the different 
hnRNPs and other associated proteins, releasing them as and when required for 
transcriptional and/or RNA processing activities. Their sequestration at the hsrω 
gene locus in stressed cells is believed to ensure that these proteins remain unavail-
able for RNA processing and other activities under unfavorable conditions [205, 
206, 215, 216, 222]. Chaperones like Hsp83, which accumulate at the hsrω gene 
site in stressed cells [229], may maintain the various accumulated proteins in 
appropriate conformation so that they can initiate their normal activities as the cells 
recover from stress. Recent live imaging, FRET and FLIP studies [222], showed 
that hnRNPs are continuously exchanged between different nuclear compartments 
and the release of hnRNPs from omega speckles in the nucleoplasm is accompanied 
by disappearance of the speckle organization, presumably with concurrent break-
down of the associated omega-n transcripts. Therefore, hnRNPs and other proteins 
move to the hsrω gene site in normal and stressed cells in a diffuse rather than in 
speckled form. Interestingly, however, fully-formed omega speckles emerge from 
hsrω gene locus in unstressed as well as in cells recovering from stress [222]. 
Chromatin remodelers play significant roles in biogenesis of omega speckles since 
cells lacking Iswi, the ATPase subunit of several chromatin remodelers [233], fail to 
generate typical omega speckles [222, 223]. Other preliminary studies in my labora-
tory (Deoprakash Chaturvedi and Lakhotia, unpublished) suggest that downregula-
tion of several other chromatin remodelers and related proteins like Nurf301, 
Nurf38, Gcn5, etc. also lead to disappearance of omega speckles even in unstressed 
cells. It is significant that paraspeckles and nuclear stress bodies, dependent upon 
the NEAT-1 and satIII lncRNAs, respectively, also require SWI/SNF chromatin 
remodeling complexes for their assembly [234]. Therefore, it seems that like their 
roles in chromatin remodeling, these proteins assist in an orderly arrangement of the 
diverse proteins on the lncRNA scaffolds in different nuclear bodies.
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Biophysical considerations suggest that the membraneless nuclear speckles, like 
the paraspeckles in mammalian cells, may be organized on principles of liquid-
liquid phase separation to form droplet organelles [235] as they contain RNA asso-
ciated with low-complexity domain-containing hnRNPs. It is notable in this context 
that the variety of hnRNPs associated with omega speckles also show a continuous 
exchange between the speckle and other compartments; furthermore, even when the 
hnRNPs and some other proteins get aggregated in hsrω-transcript dependent man-
ner at the hsrω locus under conditions of cell stress (Fig. 3.2), some of the hnRNP 
molecules continue to move in and out of the aggregate [222]. These features sug-
gest that omega speckles are also organized as droplet organelles.

The hsrω gene is developmentally active in almost all cells of Drosophila [230, 
232] and is essential for survival since only about 30% of the hsrω-null embryos 
emerge as weak, short-lived, and relatively poorly fertile adults [217, 236, 237]. 
Such individuals show very poor thermotolerance as they fail to accumulate the 
omega-speckle-associated proteins at the hsrω gene locus and to redistribute them 
to their normal locations as the cells recover from the cell stress and, consequently, 
die during recovery [217, 220–222]. The hsrω is also sensitive to cold temperature 
[238, 239] and fungal infections [240]. Population genetic studies have shown cor-
relation between certain alleles of this gene with latitudinal and altitudinal clines in 
Australia [241–243]. Nullisomy for the hsrω gene is also reported to enhance rates 
of protein synthesis [237]. Several earlier studies in my laboratory (reviewed in 
[203, 205]) revealed an intriguing interaction between the transcriptional activity at 
the hsrω/93D puff and that at the 87A and 87C puffs, which are duplicated loci for 
stress-inducible Hsp70 [198]. As also noted in Sect. 3.3.5 above, whenever the 93D 
site failed to become active following heat shock, the puffing and 3H-uridine uptake 
at the twin Hsp70 encoding loci were unequal (Fig. 3.2e). This phenomenon has not 
been followed further, and, therefore, its basis and significance remain unknown.

Genetic interaction studies have shown that hsrω transcripts interact (Fig. 3.2f), 
directly or indirectly, with a variety of regulatory pathways including Ras-, Egfr-, 
and JNK-signaling [224, 244–246]. The ISWI protein physically interacts with the 
280 nt repeat units of the hsrω nuclear transcripts [223], while lamin C, DIAP1, and 
proteasome complex have been found to genetically interact with hsrω [217, 224, 
245]. Induction of the 93D puff in response to heat shock was found to be affected 
by levels of β-alanine [247]. cGMP has also been reported to accumulate at the 93D 
puff in heat-shocked cells [248]. In view of this gene’s singular induction with 
amides, which are potent inhibitors of poly(ADP-ribose) polymerase [249], and 
ribosylation of hnRNPs being important for their activities [250], it is possible that 
hsrω transcripts have a role in the poly(ADP-ribose) metabolism. Such interactions 
with very diverse regulatory pathways (Fig. 3.2f) suggest that lncRNAs like those 
produced by hsrω act as hubs to coordinate different regulatory networks that affect 
cell’s survival or death [46, 48, 205, 251]. Basis for such pleiotropic actions of hsrω 
and other similar lncRNAs lies in their being associated with a variety of RNA-
binding proteins, which themselves are involved in multiple regulatory events and 
pathways. Regulated sequestration and release of specific RNA-binding proteins by 
lncRNAs, like the hsrω-n transcripts, is a powerful mode of regulation with subtle 
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as well as far-reaching consequences [46, 48, 205, 206, 215, 218]. Deregulation of 
such interactions between the lncRNAs and their binding proteins can have severe 
pathological consequences [252–258]. The 1.2  kb cytoplasmic transcript of the 
hsrω gene may have a role in the global inhibition of translation in heat-shocked 
cells since its levels are enhanced in stressed cells [121], while hsrω-nullisomy is 
reported to enhance translational activity [237]. The multiplicity of transcripts pro-
duced through alternative splicing and/or alternative transcript start or termination 
sites by many of the lncRNA genes adds to the diversity of their actions.

A homolog of the hsrω gene has not yet been identified in other insects although 
one of the heat shock-induced telomeric Balbiani ring in Chironomus species shows 
properties that are reminiscent of the hsrω gene [203, 229, 259, 260].

3.4  �Coding-Noncoding (cnc) Bifunctional RNAs

The conventional operative definition of ncRNAs is that they do not have ORF/s, 
which can encode 75–100 or more amino acids. However, evidence has accumu-
lated in recent years that many small peptides are translated directly from short 
open-reading frames and have important biological functions [74, 261–265]. For 
example, the tarsal-less (tal) gene, which controls tissue folding in Drosophila, 
was earlier identified as lncRNA gene since its ∼1.5 kb transcript carries only very 
short ORFs. These ORFs are now shown [266] to be actually translated into mul-
tiple 11 AA peptides to carry out functions of this gene. It is likely that as smaller 
peptides are more deeply explored, several of the earlier identified ncRNA genes 
may indeed turn out to encode small peptides. The yar lncRNA (see Sect. 3.3.2 
above) may also be a cncRNA if its small polypeptide is found be functional. 
Revision of the annotation of different transcripts at the Flybase [82] led to reclas-
sification of 63 of the earlier identified lncRNAs as coding genes with 51 of them 
encoding polypeptides between 30 and 50 amino acids and 12 encoding polypep-
tides with less than 30 amino acids. Therefore, the bioinformatic identification of 
ncRNAs based on the absence of “sufficiently long” ORF may not always stand the 
experimental scrutiny. Ribosomal profiling of putative ncRNAs has in fact revealed 
actual coding functions of several ncRNAs [261–263, 267, 268]. However, despite 
their coding potential, many of them also function as ncRNAs, and, therefore, such 
transcripts have been termed as bifunctional ncRNA or coding-noncoding (cnc) 
RNAs [74, 262, 267].

As noted in Sect. 3.3.6 and Fig. 3.2, the 1.2 kb cytoplasmic (Hsr-RA or omega-c) 
transcript of the well-known lncRNA hsrω gene includes a short ORF (ORF-omega) 
that can potentially produce a 27 AA polypeptide. The location of this ORF is con-
served in different species of Drosophila although length of the ORF shows some 
variation [41]. In an early study [269], this ORF was shown to be translatable 
although the translated polypeptide was not detectable. Recent studies (Rashmi 
Ranjan Sahu and S. C. Lakhotia, unpublished) in my laboratory, using a transgene 
in which the ORF-omega is fused in frame with downstream GFP indicate that the 
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GFP-tagged ORF-omega polypeptide is indeed present in unstressed as well as 
stressed cells. A bioinformatic search indicates the presence of ORF-omega in exon 
1 of the hsrω gene in different Drosophila species, although the length and sequence 
of the encoded short polypeptide shows little conservation (Eshita Mutt and S. C. 
Lakhotia, unpublished). Function of the small hsr-omega polypeptide or of the 
1.2 kb RNA is not known although in view of its association with mono- or di-
ribosomes, and its rapid turnover [121, 269], it has been speculated that the act of 
translation of this short ORF may serve to monitor the “health” of cell’s transla-
tional machinery [205]. Since the nuclear transcripts of hsrω gene function as 
lncRNAs, while its cytoplasmic transcript is translated, this gene also may function 
as bifunctional lncRNA gene.

A large proportion of cytoplasmic lncRNAs in human cells are also reported to 
be associated with polysomes [270], and many of them with short ORFs are trans-
lated [271]. Functions of these small peptides, if any, remain to be known.

Some of the well-known protein-coding genes may also have independent func-
tion as lncRNAs [74, 272]. An example in Drosophila is the well-known protein-
coding gene oskar, whose protein product, Oskar, has distinct roles in determination 
of germ line and differentiation of posterior abdominal segments [273]. The 3′UTR 
of oskar mRNA, however, also plays independent roles since the absence of this 
region or mutation therein arrests oogenesis [274]. It appears that this noncoding 
function of the 3′-UTR of oskar RNA is mediated partly through sequestration of 
the translational regulator Bruno which binds to Bru response elements in its 
3′UTR [74].

Examination of transcriptomic changes in Drosophila cells following exposure 
to ecdysone, the molting hormone in insects, revealed that 4 (CR43432, CR43626, 
CR45391, and CR45424) of the 11 widely induced genes lacked GO annotations 
and were listed as lncRNA genes [84]. Unlike the known widespread expression of 
most lncRNAs in nervous system and in gonads [81, 87], each of these four genes 
is expressed at high levels in larval salivary glands and fat body. In addition, the 
CR43432 is also highly expressed, in response to the mid-embryological ecdysone 
pulse, in 4–14 h embryos. The CR43432 encodes three short, ultra-conserved ORFs 
and hence constitutes a candidate protein coding gene. Interestingly, the induced 
levels of this RNA parallel the well-known ecdysone responsive pri (polished rice) 
RNA, which encodes 11 AA peptides that are critical for ecdysone signal transduc-
tion in epidermis [275]. If the CR43432 RNA and its short peptides have indepen-
dent functions, this gene may also be an example of bifunctional or cncRNA.

The presence of short ORFs in many lncRNAs has implications for evolution of 
new protein-coding genes. Transcripts of young duplicated, orphan, and lncRNA 
genes are significantly enriched at specific developmental stages in D. melanogaster 
[276], suggesting that such genes may contribute to origin and evolution of specific 
phenotypes through evolution into new genes. Examination of evolution, function, 
and reconstruction of transcriptional histories of six putatively protein-coding de 
novo genes in D. melanogaster [277] revealed that two of them emerged from novel 
long noncoding RNAs at least five MY prior to evolution of an open reading frame. 
Interestingly, although these genes are more active in males than females with most 
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strong expression in testes, RNAi experiments revealed their essential requirement 
in both sexes during metamorphosis, suggesting that protein-coding de novo genes 
quickly become functionally important in Drosophila [277].

It may be mentioned that even the 5′- and 3′-UTRs of many of the typical mRNAs 
also serve important regulatory functions as RNA. In this respect, even these con-
ventional mRNAs may qualify to be named as bifunctional or cncRNAs. However, 
the lncRNAs encoding short polypeptides have special significance because of their 
dual functionality and their potential for evolving into protein-coding genes with 
novel functions.

3.5  �Circular RNAs

Circular RNAs (circRNAs), which have covalently joined 3′ and 5′ ends, are recent 
additions to the classes of lncRNAs [278–281]. The circRNAs are generated by 
back-splicing of a downstream splice-donor site with an upstream splice-acceptor 
site and depending upon choice of the donor and acceptor splice sites, they may 
include one or more exon/s. If more than one exon is included, the intervening 
intron(s) also become part of the exon–intron circRNAs or EIciRNAs [279–281]. In 
a study on Drosophila circRNAs, which involved analysis of >100 libraries and >10 
billion total RNA-seq reads, >2500 circRNAs were annotated [278]. These were 
more frequently derived from exons with long flanking introns and had a strong bias 
for exons containing conserved miRNA sites; many of these circRNAs were com-
mon in the nervous system, particularly in older flies [278]. One of the better known 
circRNA in Drosophila is the Muscle blind circular RNA (circMblRNA) whose 
production is catalyzed by binding of the Mbl splicing factor to its own introns 
[282]. Unlike circMblRNA, the biogenesis of Drosophila Laccase2 circRNA 
depends upon miniature introns (<150 nt) containing splice sites and inverted 
repeats, with several hnRNPs and SR-family proteins regulating the back-splicing 
events [283]. In this respect the Drosophila Laccase2 circRNA resembles many of 
the mammalian cirRNAs that depend upon intronic Alu repeats [279–281]. Circular 
intronic RNAs (ciRNAs) have also been identified in mammalian cells. Functions of 
circRNAs are not well understood, but these are believed to function as sponges/
decoys for miRNAs and transcription factors, while some of them may also directly 
regulate transcription [279–281].

3.6  �Parallels in Roles of Heterochromatin and ncRNAs

Reexamination of the classical studies on heterochromatin in the light of recent 
findings about the diverse ncRNAs (short and long ncRNAs) in different organisms, 
including Drosophila, reveals many parallels between them. As noted in the 
Introduction, the heterochromatic regions of chromosomes remained enigmatic 
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because in spite of their being recognized as “gene deserts,” heterochromatin not 
only persisted through evolution but has done so with remarkably rapid divergence. 
The varying perceptions about functions of heterochromatin and its varying defini-
tions [1, 9, 13, 14, 284, 285] further contributed to the enigma (see the quote from 
Cooper at the beginning of Introduction). In recent times, besides the cytological 
condensed state of chromatin being a parameter for identification as heterochroma-
tin, epigenetic modifications that bring about gene silencing are also taken as marks 
of heterochromatin [284–286]. Like the enigma of heterochromatin, the ncRNAs 
also remained enigmatic and, in the absence of knowledge about functions, were 
considered to be produced by “selfish” or “junk” DNA or as “transcriptional noise.” 
Now that we have begun to explore and appreciate the significance of diverse short 
and long ncRNAs, it is interesting to note that their varied and sometimes appar-
ently contradictory functional roles are reminiscent of those implied earlier for het-
erochromatin. Indeed recent studies indicate that heterochromatin and many 
ncRNAs are functionally and mechanistically interconnected.

Heterochromatin in Drosophila chromosomes is present as large pericentromeric 
blocks of condensed chromatin and as many small regions of intercalary hetero-
chromatin, which are spread across the euchromatin on all chromosomes. These 
intercalary heterochromatin regions are enriched in repetitive/satellite and transpos-
able element sequences [287] and show ectopic pairing [7] and late-replication, 
while many such regions also remain under-replicated in polytenized cells [288–
290]. The intercalary heterochromatin regions have also been characterized as 
“forum domains,” which are stretches of eukaryotic chromosomal DNA that get 
excised during spontaneous nonrandom chromosomal fragmentation [291]. Several 
of the regions under-replicated in endo-replicating nuclei are highly conserved and 
include important gene clusters like the BX-C which are characterized by distant 
regulator elements and widespread intergenic transcription [290]. In relation to 
these features of intercalary heterochromatin, it is notable that 20% of the annotated 
lncRNAs in D. melanogaster are associated with the heterochromatic and under-
replicated regions [290]. Interestingly, the boundaries of the under-replicated 
regions and forum domains too are enriched in short ncRNA-encoding sequences 
and in transcriptionally active but rapidly evolving transposable elements [290, 
291]. Late replicating heterochromatic regions, being enriched in conserved “non-
coding” elements (lncRNA or retroposed genes), may serve as hotspots and testing 
ground for evolution of novel genes through expression in testis or even as tran-
scriptional noise [290, 292]. It is notable in this context that the significant roles 
suggested to be played by heterochromatin and its associated highly repetitive/satel-
lite DNA sequences in speciation and reproductive isolation are paralleled by the 
propensity for rapid evolution displayed by the various ncRNAs, transposons, etc. 
The rapid evolution and acquisition of new functions by such DNA sequences play 
critical roles in reproductive isolation between related species through diverse 
mechanisms, including hybrid dysgenesis [167, 293–296].

Another interesting property of heterochromatin is “spreading” of the condensed 
state to neighboring euchromatic loci, and, therefore, the borders of heterochroma-
tin are generally occupied by boundary or insulator elements like Gypsy retroposon-
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derived sequences or the CTCF-binding sites, which are known, at least in some 
cases, to be regulated by ncRNAs [297]. The interactions between boundary ele-
ments and ncRNAs may help maintain the cell-type specific three-dimensional 
architecture of chromatin in the nucleus, a role that was also implied for heterochro-
matin [1]. The general inactivity of heterochromatin and its functions in specific cell 
types are closely related to ncRNA metabolism. The spreading of chromatin organi-
zation through facultative heterochromatinization of one of the Xs in somatic cells 
of female mammals is regulated by panoply of lncRNAs [47, 142, 143]. An oppos-
ing role of lncRNAs in determining the state of chromatin condensation and tran-
scriptional activity is exemplified by the roX transcripts in Drosophila (see Sect. 
3.2.6 above). The siRNA and piRNA pathways regulate transcription and hetero-
chromatin formation [265, 285, 298–300]. Transcription of the heterochromatin-
associated retroposons and other small ncRNAs like piRNAs has important roles in 
maintenance of chromatin state, chromatin stability, hybrid dysgenesis, etc. [295, 
301–303].

Transgenerational nongenetic inheritance is another emerging area in which 
ncRNAs and heterochromatin, as understood in terms of epigenetic modifications 
that affect chromatin organization and gene activity, also seem to be interconnected 
[265, 285, 298–300, 304–310].

The various ncRNAs thus display all the “inconsistent galaxy of attributes” 
ascribed to heterochromatin by Cooper [1] since they act:

	(a)	 On genes (regulation of gene activity at various levels, e.g., siRNA, piRNA, 
various promoter associated lncRNAs)

	(b)	 Within chromosomes (cis-regulatory chromatin modifying actions, e.g., roX1 
and roX2 transcripts)

	(c)	 Transchromosomally (trans-action in gene expression and chromatin organiza-
tion, e.g., lincX RNA, 7-SK RNA, Acal lncRNA, etc.)

	(d)	 Metabolically (acting as tethers, decoys or architectural units for various regu-
latory molecules and/or nuclear/cytoplasmic bodies, e.g., Y chromosome tran-
scripts, hsrω-nuclear lncRNAs, 3′-UTR of oskar mRNA, circMblRNA, 
Laccase2 circRNA, etc.)

	(e)	 On the cells (various regulatory steps through which the ncRNAs impinge on 
cellular activities, e.g., all the above examples and yar lncRNA, hsrω-c RNA, 
etc.)

	(f)	 On development (roles in cell differentiation, sex determination, e.g., promoter/
intergenic RNAs from UBx-C, Antp-C and sxl genes, yar, hsrω transcripts, etc.)

	(g)	 In speciation through rapid sequence divergence (repetitive and transposable 
elements-derived ncRNAs)

	(h)	 In theory as the especial “seat of the unorthodox” noncoding genes

The evolution of biological complexity obviously has been accompanied by 
increasingly complex regulatory networks, which operate at various levels ranging 
from basic developmental pathway selections to very subtle and rapid, but effective, 
moment-to-moment modulations of specific interactions within a cell. It is clear that 
noncoding RNAs, by virtue of their versatile regulatory and structural roles, play 
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crucial roles in these networks. It is also clear that as we learn more about RNA 
populations in diverse cells, novel and unexpected modes of their actions would 
come to light.

It is notable that while the classical cytogeneticists had to undertake rather labo-
rious and painstaking cytological and genetic studies to come out with empirical, 
but prophetic, inferences about heterochromatin, the currently available tools and 
reagents permit more direct studies and interpretations.

3.7  �Long Reach of ncRNAs Through Multiple Paths

The noncoding DNA, considered “junk” or “selfish” for several decades, is now 
well established as a critical, and perhaps the most important, component of cell’s 
functional repertoire that produces diverse small and lncRNAs. As indicated by the 
above discussion on some of the relatively better studied lncRNAs in Drosophila 
(Table 3.1), these entities, like heterochromatin, affect diverse cellular activities in 
qualitative as well as quantitative manner through widely varying modes. These few 
examples of lncRNAs already illustrate the diversity of processes and targets that 
are affected by them through equally diverse modes of actions. The production, in 
many cases, of multiple lncRNAs by a single gene, adds to the diversity as well as 
pleiotropy.

With a view to define functional commonality, it has recently been proposed [69] 
that the lncRNAs may be grouped into three broad categories, viz., (a) that affect 
cellular architecture by providing scaffolds for cellular substructures like the vari-
ous nuclear bodies and speckles, (b) that have epigenetic effects in cis or trans on 
promoters/enhancers of their own or other genes, and (c) that act at translational 
level through effects on stability or translatability of specific target mRNA/s [69]. 
However, such categorization of the various lncRNAs may not be mutually exclu-
sive. For example, the lncRNAs like the omega-speckle associated hsrω-n tran-
scripts (see Sect. 3.3.6 above) or the paraspeckle associated Malat-1 or Neat-2 
transcripts, besides having an architectural role in organizing the given nuclear 
speckles, also directly or indirectly affect activity of other genes through regulated 
release/sequestration of the associated regulatory proteins [46, 311–316]. Some of 
these effects can have epigenetic consequences. Likewise, some lncRNAs that have 
translational effects through modulation of stability of own or other mRNAs can 
also have epigenetic consequences especially if their target mRNAs encode regula-
tory proteins. Moreover, examples are now available where lncRNA also modulate 
pre-mRNA splicing [317]. It is clear that as we learn more, most of the lncRNAs 
would turn out to be pleiotropic because of the network effects that are so common 
in biology. Such pleiotropic consequences of lncRNAs would defy, as was experi-
enced in past with categorization of heterochromatin in different types, their clas-
sification into distinct categories. The propensity of ncRNAs for rapid evolution, 
like that of the heterochromatin associated DNA sequences, and acquisition of 
novel functions through changes in small sequence motifs [44–46, 69, 70, 183] also 
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add to the functional flexibility and pleiotropic actions of lncRNAs. Obviously, as 
ongoing and future studies unravel the intricate network of ncRNAs, it would be 
increasingly more difficult to apply a reductionist approach to characterize and clas-
sify them into discrete functional classes.

Notwithstanding the current widespread excitement about discovery of new 
lncRNAs and the consequent ever-increasing numbers of publications in recent 
years, it is obvious that we are beginning to just scratch the tip of huge iceberg, 
which the noncoding component of any genome is. As the concepts of “junk” and 
“selfish” DNA themselves become junk and selfish, the genome’s “dark matter” 
[318, 319] would indeed unravel its mysteries so that the diverse roles played by 
myriads of RNA types in maintaining the characteristic self-organization of biologi-
cal systems would no longer be considered “unorthodox.” The remarkable powers 
of fly genetics, combined with the newer approaches of genome engineering in vivo 
[320–325], provide unique opportunities for systematic genetic, molecular, and 
functional analyses of the dauntingly large number of lncRNAs that are known and 
remain to be known. While global and large-scale analysis of ncRNA/genes would 
continue to uncover more such genes in different genomes, application of the power 
of fly genetics to individual ncRNAs/genes would go a long way in deciphering 
functions and the underlying mechanism/s of action of specific ncRNA genes. 
Drosophila indeed has a lot to contribute.
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Chapter 4
Long Noncoding RNAs in the Yeast 
S. cerevisiae

Rachel O. Niederer, Evan P. Hass, and David C. Zappulla

Abstract  Long noncoding RNAs have recently been discovered to comprise a size-
able fraction of the RNA World. The scope of their functions, physical organization, 
and disease relevance remain in the early stages of characterization. Although many 
thousands of lncRNA transcripts recently have been found to emanate from the 
expansive DNA between protein-coding genes in animals, there are also hundreds 
that have been found in simple eukaryotes. Furthermore, lncRNAs have been found 
in the bacterial and archaeal branches of the tree of life, suggesting they are ubiqui-
tous. In this chapter, we focus primarily on what has been learned so far about 
lncRNAs from the greatly studied single-celled eukaryote, the yeast Saccharomyces 
cerevisiae. Most lncRNAs examined in yeast have been implicated in transcrip-
tional regulation of protein-coding genes—often in response to forms of stress—
whereas a select few have been ascribed yet other functions. Of those known to be 
involved in transcriptional regulation of protein-coding genes, the vast majority 
function in cis. There are also some yeast lncRNAs identified that are not directly 
involved in regulation of transcription. Examples of these include the telomerase 
RNA and telomere-encoded transcripts. In addition to its role as a template-encoding 
telomeric DNA synthesis, telomerase RNA has been shown to function as a flexible 
scaffold for protein subunits of the RNP holoenzyme. The flexible scaffold model 
provides a specific mechanistic paradigm that is likely to apply to many other 
lncRNAs that assemble and orchestrate large RNP complexes, even in humans. 
Looking to the future, it is clear that considerable fundamental knowledge remains 
to be obtained about the architecture and functions of lncRNAs. Using genetically 
tractable unicellular model organisms should facilitate lncRNA characterization. 
The acquired basic knowledge will ultimately translate to better understanding of 
the growing list of lncRNAs linked to human maladies.
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Recent advances in high-throughput technologies have revealed pervasive transcrip-
tion in humans [1–3], as well as in the unicellular yeasts S. cerevisiae and S. pombe, 
indicating that at least 75% of their genomes is transcribed [4–6]. Among the tran-
scripts are several classes of noncoding RNA (ncRNA). One class of ncRNAs are 
those that are longer than 200 nucleotides, which are referred to as long noncoding 
RNAs, or lncRNAs. While this broad definition includes many classically studied 
ncRNAs, such as spliceosomal snRNAs and ribosomal rRNAs, discussions of 
lncRNAs generally focus on the emerging class of transcripts involved in regulation 
and maintenance of the genome.

Most lncRNAs analyzed so far represent transcripts synthesized by RNA poly-
merase II, with many in yeast thought to arise from bidirectional promoters [7]. 
Multiple classes of lncRNAs in yeasts are unstable, including Xrn1 unstable tran-
scripts (XUTs), cryptic unstable transcripts (CUTs), and Nrd1-unterminated tran-
scripts (reviewed in [8]). Often, the function of these transcripts is unknown, although 
they can regulate gene expression, usually by influencing histone modifications or 
by interfering with transcription of nearby genes. In fact, transcriptional interference 
is a widespread phenomenon, occurring in organisms from bacteria to humans.

In unicellular organisms, lncRNAs are extensively used to regulate gene expres-
sion in response to environmental conditions. For example, there are additional 
classes of ncRNAs only expressed under specific circumstances, such as meiosis 
(MUTs, MeiRNA in S. pombe) [9, 10], or in the absence of nonsense-mediated 
decay (CD-CUTs) [11], underscoring the potential importance of ncRNAs in regu-
lating adaptive changes in yeasts.

4.1  �LncRNAs That Are Byproducts  
of Transcriptional Interference

Transcriptional interference is a phenomenon by which the transcription from one 
promoter, independent of the produced transcript, interferes with transcription from 
a second nearby promoter. Examples of transcriptional interference have been found 
in both bacteria and eukaryotes [12], including several instances in budding yeast. 
In many cases, the lncRNAs themselves appear to simply be byproducts of tran-
scriptional interference without functions of their own.

One well-studied example of lncRNA transcription-mediated transcriptional 
interference is repression of the SER3 gene by the upstream transcript SRG1 
(Table  4.1). SER3 encodes an enzyme required for serine biosynthesis that is 
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strongly repressed when cells are grown in serine-rich medium [13]. The finding 
that this repression was dependent on the SWI/SNF chromatin-remodeling complex 
prompted researchers to investigate the elements of the promoter more closely [14]. 
Chromatin immunoprecipitation (ChIP) experiments revealed that TATA-binding 
protein (TBP) and RNA polymerase II both bind to a site upstream of the SER3 
TATA box, where there is a second TATA sequence affiliated with the promoter for 
a noncoding transcript, SRG1 (SER3 regulatory gene 1). SRG1 is transcribed from 
this promoter on the same strand as SER3, and mutation of the SRG1 TATA box 
results in SER3 derepression. When a transcriptional terminator was inserted 
between the SRG1 and SER3 promoters, SRG1 lncRNA-mediated repression was 
abolished, indicating that transcription across the SER3 promoter is required for its 
repression. Furthermore, insertion of the SRG1 promoter upstream of a different 
gene (GAL7) was sufficient to mediate strong repression of that gene, indicating that 
SRG1 transcription, not the SRG1 transcript, is responsible for SRG1-mediated 
repression.

Subsequent studies revealed that histone modification and nucleosome-
remodeling factors play prominent roles in the SRG1-mediated SER3 transcrip-
tional regulation. SRG1 transcription was shown to be controlled by the 
serine-dependent transcriptional activator Cha4, which recruits the SAGA and 
SWI/SNF complexes to promote SRG1 transcription [15]. Additionally, SRG1 
transcription exerted its repressive effect on SER3 by altering nucleosome posi-
tioning on the SER3 promoter [16, 17]. In wild-type cells grown in rich medium, 
the nucleosome-free region typical of active promoters is absent at the SER3 
promoter. However, if the SRG1 TATA box is mutated or cells are grown in the 
absence of serine, a nucleosome-free region opens up at the SER3 promoter. 
Deposition of nucleosomes on the SER3 promoter during SRG1 transcription was 
shown to be dependent on Spt6 and Spt16, subunits of the Spt6/Spn1 and FACT 
complexes, respectively, as well as Spt2—all of which are involved in nucleo-
some deposition in the wake of transcription. Thus, the current model for SRG1-
mediated transcriptional interference is that in serine-rich conditions, Cha4, 
along with SAGA and SWI/SNF, promotes SRG1 transcription. The act of tran-
scription then results in deposition of nucleosomes across the SER3 promoter, 
occluding binding sites for transcription factors in what would otherwise be the 
SER3 nucleosome-free region and preventing SER3 transcription.

Table 4.1  LncRNA functional classifications in S. cerevisiae

LncRNA examples

Transcriptional regulation Transcriptional 
interference

SRG1, IRT1, RME2, 
pHO-lncRNA

Gene looping CDC28 lncRNA
Cis repression GAL10 lncRNA
Trans repression PHO84 lncRNA

Non-transcriptional functions  
(e.g., maintaining telomeres)

RNP scaffold TLC1 (telomerase RNA)
Telomere regulation TERRA

4  Long Noncoding RNAs in the Yeast S. cerevisiae



122

The general configuration of lncRNA transcription-mediated transcriptional 
interference described above—i.e., transcription of an upstream, sense-stranded 
lncRNA depositing repressive chromatin on a downstream mRNA promoter, as 
shown in Fig. 4.1a—is not unique to the SRG1-SER3 system. Recently, expression 
of the HO endonuclease was found to be regulated by transcription of an upstream 
lncRNA, termed pHO-lncRNA (Table  4.1), through a nucleosome-repositioning 
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mechanism very similar to SRG1 [18]. Furthermore, a gene encoding a master regu-
latory transcription factor for meiosis, IME1, is also regulated by transcription of its 
upstream sense-strand lncRNA, IRT1 (IME1-repressive transcript 1), although 
IME1 repression is ultimately caused by histone modification rather than nucleo-
some repositioning [19]. In haploid cells, the meiosis-repressive transcription factor 
Rme1 activates transcription from the IRT1 promoter, resulting in transcription 
across the IME1 promoter. This transcription recruits the chromatin-modifying fac-
tors Set2 and Set3, which deposit repressive histone modifications at the IME1 pro-
moter, preventing IME1 transcription, and ultimately meiosis (which would be 
lethal for haploid cells). However, Rme1 is a haploid-specific gene regulated by the 
diploid-specific a1/α2 repressor complex. Thus, in diploid cells, RME1 is repressed, 
IRT1 is not transcribed, and the IME1 promoter remains open for transcription fac-
tor binding, allowing the cells to enter meiosis and sporulate when in nutrient-poor 
conditions.

IME1 is not the only meiotic regulatory gene repressed via lncRNA transcription-
mediated transcriptional interference. Transcriptional expression of an RNA meth-
yltransferase also required for the meiotic pathway, IME4, is regulated by the 
noncoding transcript RME2 [20, 21]. Like the IRT1-IME1 system, RME2 is 
expressed only in haploid cells and IME4 only in diploid MATa/α cells. In contrast, 
RME2 is transcribed in the antisense orientation relative to IME4, and its promoter 
is located downstream rather than upstream, with the two convergent transcripts 

Fig. 4.1  LncRNAs involved in transcriptional regulation. (a) Transcriptional interference: 
upstream sense lncRNA. Transcription of the lncRNA by RNA polymerase II across the mRNA 
promoter results in deposition of nucleosomes (gray) or repressive histone modifications (cyan 
circle) which, in turn, result in occlusion of transcription factor binding sites in the mRNA pro-
moter. When the lncRNA is not transcribed, chromatin at the mRNA promoter remains in an open 
state, allowing for mRNA transcription. (b) Transcriptional interference: downstream antisense 
lncRNA. Transcription of the lncRNA interferes with and represses mRNA transcription. When 
lncRNA transcription is turned off (either due to the presence of a transcriptional repressor or the 
absence of an activator), the mRNA can be transcribed. (c) Transcriptional activation via gene 
looping. An environmental stimulus promotes transcription factor (TF) recruitment to the pro-
moter of a downstream antisense lncRNA. lncRNA transcription and recruitment of looping fac-
tors (LF) result in gene looping, stimulating recruitment of the transcription factor to the mRNA 
promoter and subsequent mRNA transcription. (d) Cis transcriptional repression via histone modi-
fication. When an antisense lncRNA is transcribed, the transcript recruits histone modifiers that 
deposit repressive chromatin marks at the mRNA promoter. The lncRNA is constantly turned over 
via a decapping-dependent mechanism, but turnover is outweighed by transcription when the 
lncRNA is being actively transcribed. However, when lncRNA transcription is downregulated, the 
small amount of the lncRNA that is present can be cleared from the locus via decapping-dependent 
degradation, allowing for transcription from the mRNA promoter. (e) Trans transcriptional repres-
sion via histone modification. When ectopically expressed, an antisense lncRNA represses mRNA 
transcription from the endogenous chromosomal copy via repressive histone modification. This 
repression in trans requires that the lncRNA has homology (black dotted lines) with the sequences 
upstream and downstream of the endogenous gene
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overlapping (Fig. 4.1b). A binding site for the diploid-specific a1/α2 repressor com-
plex was found downstream of the IME4 open reading frame (ORF), and mutating 
the binding site resulted in ectopic RME2 transcription and IME4 downregulation in 
diploid cells. Inversely, deleting the RME2 promoter entirely resulted in ectopic 
IME4 transcription in haploid cells. Additionally, the transcriptional interference 
between RME2 and IME4 was shown to act strictly in cis. Even when two 
IME4/RME2 genes were placed next to one another on the chromosome and were 
mutated such that one would constitutively express IME4 and the other would con-
stitutively express RME2, the latter gene did not repress the former, strongly sug-
gesting that RME2 represses IME4 through transcriptional interference. However, 
TBP binding at the IME4 promoter is not disrupted by RME2 transcription through 
it, suggesting a transcriptional interference mechanism distinct from those at the 
SER3 and IME1 promoters. Intriguingly, a 450-bp region within the IME4 ORF was 
shown to be required for transcriptional interference by RME2; premature RME2 
termination within this region, deletion of the region, or inversion of the region all 
result in IME4 derepression. However, the detailed mechanism for how transcrip-
tional interference works in the IME4-RME2 system remains to be fully 
elucidated.

4.2  �Functional lncRNAs

While transcriptional interference may be the best-characterized role of lncRNAs in 
unicellular organisms, some lncRNAs are known to function on their own. As is the 
case with lncRNAs broadly, most functional lncRNAs regulate gene expression. 
This class includes lncRNAs generated in both the sense and antisense direction 
relative to nearby genes that can utilize both cis and trans mechanisms [22, 23].

4.2.1  �Cis-Acting lncRNAs

One example of a functional lncRNA that acts exclusively in cis is the CDC28 
lncRNA. Upon osmotic stress, the stress-activated protein kinase Hog1 induces a 
set of lncRNAs, including an antisense transcript within the CDC28 gene [24], 
which encodes a master regulator cyclin-dependent kinase that controls the cell 
cycle in yeast. Induction of CDC28 promotes efficient reentry into the cell cycle 
in response to stress. The coordinated induction of both CDC28 and the antisense 
lncRNA prompted investigators to examine the relationship between the sense 
and antisense transcripts. ChIP experiments showed accumulation of Hog1 at 
both the 5′ and 3′ ends of CDC28 under conditions of osmostress. However, when 
transcription of the lncRNA was prevented, Hog1 accumulation was reduced at 
the 3′ end and completely abolished at the 5′ end of CDC28. Expression of the 
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lncRNA from a plasmid failed to promote CDC28 activation, suggesting the 
lncRNA functions in cis.

Notably, transcription of the CDC28 lncRNA alone is not sufficient to cause 
CDC28 induction. When the inducible GAL1 promoter was used to drive lncRNA 
expression, sense transcription of CDC28 was not increased. Conversely, if lncRNA 
expression was induced using a Hog1-dependent activator, CDC28 induction was 
restored. Thus, induction of CDC28 requires both transcription of the full-length 
lncRNA and Hog1 association at the 5′ and 3′ ends of the gene. The Hog1 associa-
tion pattern raised the possibility of gene looping in this region (Fig. 4.1c). In fact, 
when an essential looping protein, Ssu72 [25], is repressed, induction of CDC28 is 
severely reduced. Together these data suggest a model where Hog1 binding at the 3′ 
end of CDC28 induces expression of an antisense lncRNA, which then establishes 
gene looping, facilitating the distribution of Hog1 to both the 3′ and 5′ ends of 
CDC28. Hog1 association then promotes chromatin remodeling and ultimately 
increased CDC28 expression.

This pattern of regulation by lncRNA-mediated gene looping isn’t limited to 
CDC28. Chromatin conformation capture (3C) experiments show stress-induced 
looping at the MMF1 locus, which also exhibits lncRNA-dependent Hog1 accumu-
lation [24]. This general mechanism, schematized in Fig. 4.1c, has previously been 
observed in human cells [26], suggesting that this may be a conserved function of 
lncRNAs.

Another well-studied cis-acting long noncoding RNA, GAL10 lncRNA, regu-
lates the cellular response to growth on galactose. The set of yeast GAL genes, 
required for growth on galactose-containing medium, have been studied extensively 
and are considered a model for regulated gene expression in yeast. The GAL10 
lncRNA spans two divergently transcribed GAL genes, GAL1 and GAL10. 
Expression of the lncRNA induces deacetylation throughout the transcribed region, 
and levels of the lncRNA are inversely correlated with the overlapping mRNAs 
[27]. Interestingly, efficient galactose induction of GAL1 requires decapping of the 
GAL10 lncRNA [28]. Decapping plays a role in the regulation of over 100 lncRNAs, 
indicating that this may be a widespread phenomenon [28]. This finding is consis-
tent with a model where the lncRNAs themselves play a role in gene regulation 
(Fig.  4.1d), rather than control being achieved via transcriptional interference. 
However, this is not a forgone conclusion, since recent studies have shown that 
lncRNA degradation can be linked to transcription and termination [29], adding 
additional layers of complexity and nuance to lncRNA-mediated gene regulation.

4.2.2  �Trans-Acting lncRNAs

While most well-characterized lncRNAs in yeasts act as cis-regulators of gene 
expression, several lncRNAs can mediate changes in gene expression in trans. 
Interestingly, the yeast gene PHO84 is regulated by antisense lncRNAs that can 
function both in cis and in trans. PHO84 encodes a phosphate transporter and 
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shows decreased expression while S. cerevisiae cells age chronologically [23]. 
Concurrent with the decrease in PHO84 expression, two antisense lncRNA tran-
scripts spanning the PHO84 gene show increased expression as cells age. Both 
transcripts can be considered among the class of unstable transcripts, as their levels 
appear to be primarily regulated by the nuclear exosome component Rrp6 [23]. 
Rrp6 protein association with the PHO84 gene decreases over time, corresponding 
with the increased levels of both antisense lncRNAs. In addition to stabilization of 
the antisense lncRNAs, PHO84 repression also requires the Hda1/2/3 histone 
deacetylase machinery. As in previous examples given for transcriptional interfer-
ence, the PHO84 antisense lncRNAs regulate gene expression by influencing local 
chromatin. While early reports indicated cis-regulation of PHO84 may proceed via 
stabilization of the lncRNAs rather than transcriptional interference, more recent 
work has shown that Rrp6 promotes early termination of the lncRNA rather than 
degradation [29].

Strikingly, transcriptional expression of an additional copy of PHO84 in the cell 
also results in repression of the endogenous gene, indicating the lncRNAs can func-
tion in trans [22]. While the cis-acting mechanism requires histone deacetylation, 
the trans-acting machinery is instead promoted by the Set1 histone methyltransfer-
ase. Homology to both the 3′ portion of PHO84 and an upstream activating sequence 
(but not the coding sequence itself) is required for trans-silencing (Fig. 4.1e). This 
homology-based trans-acting mechanism is particularly striking in S. cerevisiae, 
which lacks the RNAi machinery [30].

The examples given above highlight the tendency of yeast lncRNAs to be 
involved in cellular responses to environmental and stressful conditions. A promi-
nent role for lncRNAs in cellular reactions to stressful stimuli may be due to the 
ongoing nature of lncRNA transcription and the lack of a requirement for their 
translation, which allows lncRNAs to regulate gene expression rapidly and specifi-
cally. Both S. cerevisiae and S. pombe extensively modulate lncRNA gene expres-
sion in response to nutrient availability, osmostress, and senescence [31–34]. 
Senescence-associated lncRNAs have also been identified in human cells [35], sug-
gesting they may be part of a conserved cellular response to senescence. It is not yet 
known what the roles of the senescence-associated lncRNAs in yeast are, but 
expression patterns indicate that some may act in cis and others in trans, highlight-
ing the versatility of lncRNAs in regulating cellular processes [34].

4.3  �LncRNAs That Assemble Ribonucleoprotein Complexes: 
Flexible Scaffolding by Telomerase RNA

LncRNAs, like many canonical noncoding RNAs, can bind to other factors in order 
to assemble complexes. Such lncRNAs typically have specific domains required to 
bind proteins, and therefore these portions of the lncRNA transcript tend to be well 
conserved. This contrasts with other portions of many such lncRNAs, which are apt 
to change in sequence very rapidly.
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The first and most mechanistically characterized lncRNA that scaffolds assem-
bly of a functional lncRNP complex is telomerase RNA. Telomerase is an RNP 
enzyme that performs a critical reverse transcription reaction to synthesize DNA at 
the ends of chromosomes to prevent them from eroding due to the “end-replication 
problem” [35, 36]. Telomerase RNA is considered to be a lncRNA because it does 
not encode a protein, is greater than 200 nucleotides (except in ciliates), is evolving 
rapidly in sequence, is typically expressed at a very low level, and is polyadenyl-
ated. Telomerase RNA differs from most other lncRNAs in that it is part of an 
enzyme, although it is probable that some identified lncRNAs will be ultimately 
discovered to participate in catalytic reactions. Irrespective of whether telomerase 
RNA should be technically classified as a bona fide lncRNA, what has been learned 
from studying telomerase RNA is directly relevant to understanding the mechanism 
of function of a significant fraction of lncRNAs (e.g., see reference [42]).

The telomerase RNA in the yeast S. cerevisiae has been shown to be a flexible 
scaffold for protein subunits [37–40]. What does “flexible scaffold” mean in the 
context of RNA that assembles an RNP complex? One can envision at least three 
major types of flexibility that an RNA could provide in this context, and RNPs could 
be built upon flexible scaffold RNAs that have some or all of these properties:

	1.	 Organizational flexibility. This form of flexibility refers to the ability of an RNA-
protein complex to function in vivo despite relative rearrangement of the sub-
units’ locations in the complex [37, 41]. As one can imagine, “organizational,” or 
“functional,” flexibility [38] does not predominate in RNP complexes that require 
precise positioning of subunits in order to function, such as the ribosome.

	2.	 Pliability. This refers to the degree of dynamic bending of the lncRNA in three-
dimensional space. To a large extent, pliability of large noncoding RNAs is 
determined by the extent to which loops and junctions interact (e.g., via forma-
tion of pseudoknots) to form stable tertiary structure, as opposed to these single-
stranded regions retaining their intrinsically dynamic nature, providing “hinges” 
between more rigid base-paired helices.

	3.	 Folded-state heterogeneity. Multiple native folded states represent a third form 
of flexibility, since a diverse array of final structures contributes diversity to the 
ensemble of molecules with the same sequence. This is very likely to impart a 
range of distances in three-dimensional space between functional elements, such 
as protein-binding domains, scaffolded by the lncRNA.

Whereas pliability and folded-state heterogeneity of telomerase RNA have yet to 
be tested extensively, it is clear that S. cerevisiae telomerase has pronounced orga-
nizational flexibility. This was shown first by repositioning an essential binding site 
for a critical holoenzyme-specific protein subunit, Est1, on the telomerase RNA, 
TLC1, and demonstrating that the RNP still functions [37] (Fig. 4.2). Retention of 
functionality despite protein-subunit repositioning along the RNA in the RNP com-
plex was a striking discovery, given that the critical Est1-interacting site was moved 
hundreds of nucleotides away from its native location. Such functional tolerance of 
subunit repositioning would not be expected in RNP complexes with defined higher-
order structure, such as the ribosome. Furthermore, the binding site for the Ku 
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subunit has been relocated with similar results [40], as well as the Sm7 complex via 
circular permutation experiments [38] (Fig. 4.2). Overall, these experiments dem-
onstrated that each of the three known holoenzymatic protein subunits of the telom-
erase RNP can be repositioned with retention of function in  vivo, and therefore 
telomerase RNA has impressive organizational flexibility, with respect to its organi-
zation of the RNP holoenzyme complex. In contrast, there is more limited organiza-
tional flexibility at the catalytic core of the S. cerevisiae telomerase RNA: 
repositioning of RNA elements in the core caused catalytic inactivation in vitro and 
loss of function in vivo, although more subtle mutations, such as some circular per-
mutations, still permitted functionality [38].

Flexible scaffold function by telomerase RNA in yeast has provided a paradigm 
for long noncoding RNAs more generally, including in Xist and other lncRNAs in 
humans [41, 42]. Thus, fundamental lncRNA functional features discovered and 
thoroughly tested by studying telomerase RNA in budding yeast can advance under-
standing and guide future studies of mammalian lncRNAs.

4.4  �TERRA lncRNA

Another kind of long noncoding RNA is transcribed from the ends of chromosomes, 
at telomeres. This telomeric repeat-containing RNA, “TERRA”—not to be con-
fused with the telomerase RNA—was first identified in human cells, but was shortly 
thereafter also identified in yeast [43–45]. By leveraging the genetic tractability and 
molecular biology tools in yeast, much has been learned about TERRA, as well as 
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Fig. 4.2  Organizational flexibility of the telomerase RNA in yeast. Regions of the S. cerevisiae 
telomerase RNA, TLC1, that bind to protein subunits of the RNP holoenzyme functioned despite 
being moved to the indicated positions. Est1 site, orange (Zappulla and Cech, PNAS 2004). Ku 
site, green (Zappulla et al., RNA 2011). Sm site, black (Mefford et al., EMBO 2013). In the case of 
moving the Sm-binding site, the ends of TLC1 RNA were also relocated (i.e., a circularly per-
muted RNA was constructed), since Sm7 functions in TLC1 3′-end processing
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other lncRNAs encoded by DNA near chromosome ends. TERRA has been found 
to be a widely conserved telomere-associated lncRNA among eukaryotes. 
Furthermore, it also has been found to have a role in telomere-length regulation and 
human diseases such as cancer [46].

TERRA promoters reside in subtelomeric regions, and therefore the 5′ regions of 
TERRA RNA transcripts are not telomeric repeats, but rather are encoded by 
sequences internal to the distal telomere repeats, i.e., in subtelomeric loci (see 
Fig. 4.3) [47, 48]. Since the 3′ ends of chromosomes are G-rich telomeric repeats, 
and the C-rich strand is the template during TERRA transcription, the TERRA RNA 
is therefore also G-rich. This permits TERRA to potentially hybridize with the 
telomerase enzyme’s RNA C-rich template that synthesizes telomeric DNA by 
reverse transcription, and, indeed, it has been demonstrated that TERRA can inacti-
vate telomerase RNPs by this RNA-RNA base-pairing in vitro [49, 50]. TERRA 
length is heterogeneous as a result of diverse RNA polymerase II promoter positions 
relative to the telomeres, as well as a variety of 3′ ends that are ultimately formed. 
A minority of TERRA RNAs are polyadenylated, although in S. cerevisiae it has 
been reported that the vast majority has a poly-A tail [44].

In ascertaining the fundamental functions of TERRA and other telomeric 
lncRNAs in eukaryotes, as with lncRNAs overall, it will be important to disambigu-
ate the roles of the RNAs per se from the act of transcription. It has been proposed 
that transcription of telomeres plays a role in remodeling individual telomeres dur-
ing alternative telomeric epigenetic states, such as in response to stress, DNA dam-
age, etc. Telomere transcription and/or telomeric lncRNAs could also play a role in 
regulating telomerase recruitment and access, perhaps even guiding telomerase to 
short telomeres in greatest need of extension.

4.5  �Concluding Remarks

Long noncoding RNAs continue to be discovered at a rapid rate, particularly now 
that their identification is being actively pursued and their roles are being more 
widely appreciated and studied. The current handful of examples of lncRNAs with 
ascribed functions will expand considerably, concomitant with the hard work of 

TERRA IncRNA transcripts

G-rich telomeric 3′ ends

3′

G-rich strand

Telomere repeatsSub-telomeric DNA

Fig. 4.3  TERRA lncRNAs are transcribed from the subtelomeric region into the telomeric repeats. 
TERRA RNAs have G-rich 3′ ends, like the chromosomes’ 3′ ends, since they are transcribed in 
the direction indicated, therefore using the C-rich 5′ end of the chromosome as the template during 
transcription by RNA polymerase II. Diversity of TERRA RNA lengths and sequences stem from 
use of multiple promoters, as well as differences in the 3′ ends
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characterizing lncRNA functions, architecture, mechanisms, binding partners, cel-
lular localization, and life cycles. In the coming years, the list of different functional 
classes of lncRNAs is apt to grow exponentially. Ultimately, the term “long noncod-
ing RNA” is very likely to be supplanted by categories based on functional classes, 
as functions are identified. The potential for model organisms—particularly those 
with facile genetics such as S. cerevisiae—to assist in lncRNA characterization is 
substantial, particularly given the great challenge that characterizing lncRNAs 
represents.
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Chapter 5
Long Noncoding RNAs in Plants

Hsiao-Lin V. Wang and Julia A. Chekanova

Abstract  The eukaryotic genomes are pervasively transcribed. In addition to 
protein-coding RNAs, thousands of long noncoding RNAs (lncRNAs) modulate 
key molecular and biological processes. Most lncRNAs are found in the nucleus and 
associate with chromatin, but lncRNAs can function in both nuclear and cytoplas-
mic compartments. Emerging work has found that many lncRNAs regulate gene 
expression and can affect genome stability and nuclear domain organization both in 
plant and in the animal kingdom. Here, we describe the major plant lncRNAs and 
how they act, with a focus on research in Arabidopsis thaliana and our emerging 
understanding of lncRNA functions in serving as molecular sponges and decoys, 
functioning in regulation of transcription and silencing, particularly in RNA-
directed DNA methylation, and in epigenetic regulation of flowering time.

Keywords  Plant lncRNAs • Noncoding RNAs • Epigenetics • Exosome • FLC  
• Transcriptional regulation

5.1  �Introduction

In eukaryotes, transcriptome studies showed that >90% of the genome is transcribed 
and a myriad of transcripts corresponds to noncoding RNAs (ncRNAs) [1, 2], 
including long ncRNAs (lncRNAs), which are classically >200 nt long and have no 
discernable coding potential [3–5]. Plant genomes produce tens of thousands of 
lncRNAs from intergenic, intronic, or coding regions. RNA Pol II transcribes most 
lncRNAs (from the sense or antisense strands); plants also have Pol IV and Pol V, 
the two plant-specific RNA polymerases that can produce lncRNAs [6, 7]. Majority 
of described up-to-date plant lncRNAs are polyadenylated, while in yeast and mam-
mals, there are many non-polyadenylated lncRNAs as well [8]. However, there are 
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several well-studied important functional non-polyadenylated lncRNAs [9–11]; and 
the recent work in Arabidopsis found that abiotic stress induced the production of 
hundreds of non-polyadenylated lncRNAs [12–14].

Most lncRNAs can be broadly classified based on their relationships to protein-
coding genes: (1) long intergenic ncRNAs (lincRNAs) (Fig. 5.1A); (2) lncRNAs 
produced from introns (incRNAs), which can be transcribed in any orientation rela-
tive to coding genes (Fig. 5.1B); and (3) antisense RNAs and natural antisense tran-
scripts (NATs), which are transcribed from the antisense strand of genes (Fig. 5.1C 
and D) [15]. Various types of lncRNAs are also transcribed near transcription start 
sites (TSSs) and transcription termination sites (TTSs) or from enhancer regions 
(eRNAs) (Fig. 5.1G) and splice sites. For example, yeast produces cryptic unstable 
transcripts (CUTs) and stable unannotated transcripts (SUTs) from around TSSs 
[16], Xrn1-sensitive XUTs [17], and Nrd1-dependent NUTs [18, 19], and mamma-
lian cells produce PROMPTs and upstream antisense RNAs (uaRNAs) [20] and 
others (Fig. 5.1E and F).

Information about TSS-proximal lncRNAs in plants remains scant. However, 
recent analyses of nascent RNA from Arabidopsis seedlings obtained using a 
combination of global nuclear run-on sequencing (GRO-seq), 5′ GRO-seq, and 
RNA-seq did not detect upstream antisense TSS-proximal ncRNAs [21]. These 
data suggest a possibility that divergent transcription is lacking in Arabidopsis 
(and likely maize), in contrast to the situation in many other eukaryotes, indicat-
ing that eukaryotic promoters might be not inherently bidirectional. In Arabidopsis 
TSS-proximal lncRNAs that were observed in the RNA exosome-deficient lines 
include the upstream noncoding transcripts (UNTs), which are transcribed as 
sense RNAs and are colinear with the 5′ ends of the associated protein-coding 
gene, extending into the first intron. The UNTs resemble yeast CUTs and mam-
malian PROMPTs [1].

TSS TSS

(A) Intergenic RNAs

(D) NATs
(F) Upstream
     antisense RNAs

(E) Promoter-
      associated
      sense RNAs

(G) eRNAs

(B) Intronic
      RNAs

(C) Antisense
      RNAs

TSS

intron

TSS

TSS
TSS

TSS TSS

TSS

Genic (sense)
RNAs

Enhancer

Fig. 5.1  Classification of lncRNAs based on their relationship to protein-coding genes. Orange 
boxes correspond to the protein-coding genes and pink lines correspond to lncRNAs. Arrows indi-
cate the direction of transcription. Each panel depicts a subtype of lncRNAs: intergenic or long 
intergenic noncoding RNAs (lincRNAs) (A), intronic RNAs (B), antisense RNAs (C), natural anti-
sense transcripts (NATs) (D), promoter-proximal sense (E) and upstream antisense RNAs (F), 
eRNAs (G)
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The exosome-sensitive enhancer RNAs (eRNAs) produced from enhancer regions 
make up a large proportion of non-polyadenylated lncRNAs in mammalian cells 
(Fig. 5.1G) [8]. However, information about plant enhancers has only recently started 
to emerge. An analysis of chromatin signatures predicted over 10,000 plant intergenic 
enhancers [22]. However, their potential roles as transcriptional enhancers in vivo 
will require follow-up experiments, and eRNAs have not yet been reported in plants.

5.2  �Recent Advances in Studying Plant lncRNAs

Mammalian lncRNAs are by far the best-studied. However, in recent years, identi-
fication of plant lncRNAs has largely caught up with mammalian field. The plant 
databases where the information on lncRNAs can be found are summarized in 
Table 5.1.

Table 5.1  List of plant lncRNA databases

Database Descriptions/features Website Ref

The Arabidopsis 
Information 
Resource (TAIR)

Comprehensive database of Arabidopsis 
thaliana genome, including annotated 
genome sequences (TAIR10), gene 
structures, and transcriptome data for 
coding and nonprotein-coding loci. TAIR 
has multiple analytical tools: interactive 
genome browser, BLAST, motif analysis, 
bulk data retrieval, and a chromosome map 
tool

https://www.
arabidopsis.org/

[23]

Araport11 A comprehensive database based on 
Arabidopsis Col-0 version 11 (Araport11) 
includes additional coding and noncoding 
annotations compared to TAIR10, such as 
lincRNAs, NATs, and other ncRNAs

https://www.
araport.org/

[24]

Plant long 
noncoding RNA 
database 
(PLncDB)

This database includes a curated list of 
>13,000 lincRNAs identified using 
RNA-seq and tiling array and their 
organ-specific expression and the 
differential expression in RdDM mutants. 
PLncDB has a genome browser for 
viewing the association of various 
epigenetic markers

http://chualab.
rockefeller.edu/
gbrowse2/
homepage.html

[3]

Green Non-coding 
Database 
(GREENC)

GREENC has >120,000 annotated 
lncRNAs from 37 plant species and algae. 
The user can access the coding potential 
and folding energy for each lncRNA

http://greenc.
sciencedesigners.
com/
wiki/Main_Page

[25]

NONCODE v4.0 NONCODE includes >500,000 lncRNAs 
from 16 species. Arabidopsis is the only 
plant species, as NONCODE focuses on 
non-plant species, including human and 
mouse

http://www.
noncode.org/
index.php

[26]

(continued)
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An examination of >200 transcriptome data sets in Arabidopsis identified 
~40,000 candidate lncRNAs; these included NATs (>30,000) and lincRNAs (>6000) 
[3, 4, 30]. Most of the lincRNAs did not produce smRNAs, and, like mammalian 
lncRNAs, the lincRNA transcript levels were 30–60-fold lower than that of tran-
script levels of the associated mRNA. Work in Arabidopsis found that NAT pairs, 
lncRNAs transcribed from opposite strands, occur widely: ~70% of protein-coding 
loci in Arabidopsis produce candidate NAT pairs 200–12,370 nt long (average 
length of 731 nt) [4]. Some NAT pairs show complete overlap (~60%), but others 
have complementary segments at their 5′ or the 3′ ends.

The expression levels of many lincRNAs differ significantly depending on the 
tissue and also change during stress; this indicates that lncRNAs undergo dynamic 
regulation and act in regulation of development and stress responses [30]. The 
expression levels of many NATs also are tissue-specific and change in response to 
biotic or abiotic stresses. For example, a recent study identified ~1400 NATs that 
respond to light; of the NAT pairs, about half respond in the same direction, and half 
respond in opposite directions. For the light-responsive NATs, the associated genes 
also showed peaks of histone acetylation; the acetylation levels changed with the 
changes in NAT expression in response to light [4].

Among the lncRNAs, Arabidopsis and rice have intermediate-sized ncRNAs 
(im-ncRNAs), which are 50–300 nt long [31, 32] and originate from 5′ UTRs, cod-
ing regions, and introns. The genes associated with 5′ UTR im-ncRNAs tended to 
have higher expression and H3K4me3 and H3K9ac histone marks, which are asso-
ciated with transcriptional activation. Plants that have reduced levels of some im-
ncRNAs showed developmental phenotypes or detectable molecular changes [31].

While we continue to gain better understandings of the mechanisms of lncRNA 
action, the mechanisms that regulate lncRNAs in plants remain limited. Like all 

Table 5.1  (continued)

Database Descriptions/features Website Ref

CANTATAdb CANTATAdb contains >45,000 plant 
lncRNAs from ten model plant species. In 
addition to tissue-specific expressions and 
coding potential, each lncRNA is also 
evaluated based on potential roles in 
splicing regulation and miRNA 
modulations

http://cantata.amu.
edu.pl/

[27]

Plant ncRNA 
database (PNRD)

PNRD has >25,000 ncRNAs of 11 
different types and from 150 plant species. 
It also includes analytical tools, such as an 
miRNA predictor, coding potential 
calculator, and customized genome 
browser

http://
structuralbiology.
cau.edu.cn/
PNRD/

[28]

Plant Natural 
Antisense 
Transcripts 
DataBase 
(PlantNATsDB)

A database for natural antisense transcripts 
(NATs) from 70 plant species, associated 
gene information, small RNA expression, 
and GO annotation

http://bis.zju.edu.
cn/pnatdb/

[29]
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transcripts, lncRNAs undergo transcriptional level regulation and regulation that 
affects lncRNA biogenesis, processing, and turnover. One of the players in this 
regulation is the exosome complex, which plays a major role in regulating the 
quantity, quality, and processing of various transcripts, including lncRNAs. The 
exosome complex is a conserved machinery with 3′–5′ exoribonuclease activity that 
consists of nine-subunit core associated with its enzymatic subunits, Rrp44 and 
Rrp6. The depletion of the Arabidopsis exosome allowed identification of a number 
of Arabidopsis ncRNAs as well as the genomic regions where the exosome is 
involved in their metabolism [1].

5.3  �Molecular Functions of Plant lncRNAs

lncRNAs are present at low levels and show little sequence conservation compared 
with mRNAs; therefore, early studies questioned their importance and necessity and 
also suggested that lncRNAs might result from transcriptional noise. Indeed, con-
siderable debate remains about the functionality of lncRNAs. However, evidence 
has emerged in recent years to indicate that many lncRNAs function in a large num-
ber of diverse molecular processes in eukaryotic cells; these include the regulation 
of yeast mating type [33, 34] and modulation of embryonic stem cell pluripotency 
and various diseases [35]. In plants, lncRNAs function in gene silencing, flowering 
time control, organogenesis in roots, photomorphogenesis in seedlings, abiotic 
stress responses, and reproduction [5, 11–14, 36–40].

For their effects on gene regulation, lncRNAs act at multiple levels and with 
simple or complex mechanisms. lncRNAs can act in cis or trans, function by 
sequence complementarity to RNA or DNA, and be recognized via specific sequence 
motifs or secondary/tertiary structures (Fig. 5.2a). At the most simple level, lncRNAs 
can serve as precursors to smRNAs (Fig. 5.2b), as in the case of RNA Pol IV tran-
scripts [6, 42–46]. Some lncRNAs keep regulatory proteins or microRNAs from 
interacting with their DNA or RNA targets by acting as decoys that mimic the tar-
gets (Fig. 5.2c). Some of the plant examples include the Arabidopsis microRNA 
target mimics IPS1 lncRNA and the decoy ASCO-lncRNA [38, 47].

In animal systems, some lncRNAs directly affect Pol II and its associated tran-
scriptional machinery by promoting phosphorylation of transcription factors (TFs) 
regulating their DNA-binding activity [48]. Many lncRNAs affect different processes 
related to transcription, including the initiation and elongation of transcripts, by 
affecting the pausing of RNA Pol II.  Other lncRNAs act as scaffolds to recruit 
enzymes that remodel chromatin and thus alter chromatin structure and nuclear 
organization (Fig. 5.2d) (reviewed in [49]). Examples of plant lncRNAs that regu-
late transcription have started to emerge; for example, HID1 binds to the promoter 
of PIF3 gene to downregulate its expression [39]. However, no plant lncRNAs have 
yet been implicated in regulation of transcription elongation or Pol II pausing.

Different types of lncRNAs associate with chromatin and act as scaffolds that 
allow the assembly of complexes of chromatin-modifying enzymes. Recruitment of 
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these proteins can require small RNAs or not. For example, the siRNA-directed 
DNA methylation (RdDM) pathway, which occurs specifically in plants, requires 
small RNAs [37]. Other lncRNAs can recruit complexes of enzymes that remodel 
chromatin but do not require smRNAs. The mechanism that provides targeting 
specificity for these lncRNAs remains to be discovered. Work in mammalian sys-
tems showed that lncRNAs can interact with proteins of the Trithorax group and 
activate transcription via trimethylation of histone H3K4 [50]. Other lncRNAs 
interact with proteins that modify histones with repressive marks, such as Polycomb 
Repressive Complex 2 (PRC2), to repress transcription via methylation of histone 
H3K27 [51]. The best-studied RNAi-independent pathway that relies on lncRNAs 
interacting with Polycomb is epigenetic regulation via histone modifications and 
expression of Arabidopsis FLOWERING LOCUS C (FLC).

Additional examples include enhancer RNAs (eRNAs), shown to be involved in 
regulation of transcription initiation. Enhancers are regulatory genomic regions that 
are shown to be involved in transcriptional regulation through targeting promoters 
of protein-coding genes in a tissue-specific and developmental manner as well as 

a

b

c

d

e

f

Fig. 5.2  Example lncRNAs and the mechanisms of their action. (a) Specific sequence motifs or 
secondary structures could be required for lncRNA function. (b) lncRNAs, specifically, the double-
stranded transcripts, can serve as precursors to smRNAs in the RNA interference (RNAi) pathway. 
(c) lncRNAs can function as scaffolds for the recruitment of chromatin-modifying factors or as a 
platform for assembly of protein complexes. (d) lncRNAs can function as molecular sponges or 
decoys for smRNAs and also act as decoys to titrate away RNA-binding proteins. (e) The eRNAs, 
which are expressed from enhancers, are regulated by the exosome and can interact with other 
regions of DNA, such as enhancers or promoters, affecting the topology of the local DNA and thus 
altering gene expression. Adapted from [41]. (f) lncRNAs that interact with several chromatin-
remodeling proteins and chromatin regions could affect higher-order nuclear structure
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modulating spatial organization of the genome [52]. Work in mammalian systems 
has shown that exosome-sensitive eRNAs function in activation of transcription, 
consistent with the enhancer function. Some eRNAs act in cis to recruit complexes 
of coactivator proteins that form chromosome loops that connect the enhancer with 
its promoter, thus activating gene expression (Fig.  5.2e) [41, 53]. However, no 
eRNAs have not been identified in plants yet. The exosome function of resolving 
R-loops, which are RNA-DNA triplexes, might also reduce genomic instability in 
the regions expressing eRNAs [41]. R-loops form during transcription and can per-
sist in regions that are divergently transcribed [54]. These results suggest that the 
exosome modulates the interactions among the key elements that regulate gene 
expression and the organization of the nucleus.

The examples of the well-studied plant lncRNAs with established functions and 
mechanisms of action are listed in Table 5.2.

Table 5.2  List of plant lncRNAs

lncRNAs Description and function References

ASCO-lncRNA Functions in lateral root development in Arabidopsis. 
Regulator of alternative splicing. Works as a decoy lncRNA

[38]

IPS1 Functions in regulating phosphate balance and phosphate 
starvation response in Arabidopsis. Competes with PHO2 
mRNA for interaction with miR399 and acts as non-
cleavable miRNA target

[47]

HID1 Functions in regulation of photomorphogenesis in 
Arabidopsis seedlings. Trans-acting lncRNA (236 nt) acts 
by associating with the PIF3 promoter and represses its 
transcription. Evolutionary conserved in land plants

[39]

COOLAIR Functions in regulation of flowering in Arabidopsis in both 
vernalization and autonomous pathways. Modulates FLC 
expression by multiple mechanisms

[55]

COLDAIR Functions in regulation of flowering in Arabidopsis in the 
vernalization pathway. Associates with Polycomb to mediate 
silencing of FLC and affects chromatin looping at FLC in 
response to vernalization

[9]

COLDWRAP Functions in regulation of flowering in Arabidopsis in the 
vernalization pathway. Participates in and coordinates 
vernalization-mediated Polycomb silencing of the FLC. Also 
affects formation of an intragenic chromatin loop that 
represses FLC

[11]

ASL Functions in regulation of flowering in the autonomous 
pathway in Arabidopsis. AtRRP6L regulates ASL to 
modulate H3K27me3 levels.

[10]

APOLO Functions in regulation of auxin signaling outputs in 
Arabidopsis. Participates in chromatin loop dynamics. 
Affects formation of a chromatin loop in the PID promoter 
region

[56]

(continued)
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5.4  �Plant lncRNAs Functioning as Molecular Sponges 
and Decoys

Work in Arabidopsis identified lncRNAs that compete with microRNAs (miRNAs) 
or mimic the targets of miRNAs; similar function was also identified in animal sys-
tems. For example, the IPS1 lncRNA plays a role in regulating phosphate balance 
and uptake by competing for binding the PHO2 mRNA. PHO2 negatively regulates 
phosphate transporters and is itself downregulated by miR399 cleavage of its 
mRNA; IPS1 serves as mimic that cannot be cleaved by miR399 due to the mis-
match but can titrate off miR399 [47]. Bioinformatics approaches also have pre-
dicted many additional miRNA target mimics in Arabidopsis, but the functions of 
many of these remain to be deciphered [63].

The Arabidopsis ASCO-lncRNA functions as decoy and regulates plant root 
development. ASCO-RNA competes with the binding of nuclear speckle RNA-
binding proteins (NSRs), regulators of alternative splicing, to their targets; hijack-
ing the NSRs changes the splicing patterns of NSR-regulated mRNA targets 
resulting in the production of alternative splice isoforms and leading to switch of 
developmental fates in plant roots (Fig. 5.3) [38].

5.5  �Plant lncRNAs Functioning in Regulation 
of Transcription and Silencing

5.5.1  �Regulation of PIF3 Transcription by HID1 im-ncRNA

One of the interesting Arabidopsis lncRNAs, HIDDEN TREASURE 1 (HID1), also 
classified in original study as im-ncRNA with a length of 236 nt, is involved in the 
regulation of transcription of the transcription factor PIF3, a member of 

lncRNAs Description and function References

Pol IV transcripts Technically shorter in length than the standard lncRNAs. 
Function in silencing of transposons (TEs) and repeats in 
RdDM pathway. Serve as precursors for siRNAs in RdDM 
pathway

[57–59]

Pol V transcripts Function in silencing TEs and repeats in RdDM pathway. 
Serve as a scaffold lncRNAs for assembly of siRNAs and 
proteins in RdDM pathway

[60]

ENOD40 Functions in regulation of symbiotic interactions between 
leguminous plants and soil bacteria in Medicago truncatula. 
Suggested to function in re-localization of proteins in plants

[38, 61]

LDMAR Regulates photoperiod-sensitive male sterility in rice by 
affecting DNA methylation in the LDMAR promoter region. 
The precise mechanism of LDMAR function and the 
interaction between LDMAR and siRNAs remain to be 
clarified

[62]

Table 5.2  (continued)
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“phytochrome-interacting factors” (PIFs), a family of basic helix-loop-helix 
(bHLH) transcription factors [39]. HID1 is evolutionarily conserved in land plants 
and functions in trans as a component of an RNA-protein complex. It interacts with 
the promoter region of PIF3 and suppresses PIF3 transcription. The HID1 im-
ncRNA is among rare examples of lncRNAs for which it was shown that its function 
requires its secondary structure. The secondary structure of HID1 in Arabidopsis 
and rice shows substantial conservation and expression of OsHID1 could comple-
ment the Arabidopsis hid1 mutant phenotype, indicating its importance in regula-
tion of photomorphogenesis in seedlings.

5.5.2  �Role of lncRNAs in RdDM

In plants, lncRNAs also function in epigenetic silencing, acting via siRNA-
dependent DNA methylation (RdDM) (Fig. 5.4). RdDM in plants has similar mech-
anisms to gene silencing mediated by siRNAs in S. pombe [64–67]. RdDM primarily 
functions to repress transcription of transposons and repetitive sequences and 
requires RNA Pol IV and Pol V, two plant-specific RNA polymerases [6], and per-
haps some involvement of RNA Pol II [68]. RNA Pol IV produces ncRNAs that 
serve as templates for 24 nt siRNAs, and RNA Pol V transcribes lncRNAs, which 
act as scaffolds that the AGO-siRNA complex recognizes through sequence com-
plementarity (reviewed in [37]). In Arabidopsis, most siRNAs are generated by Pol 
IV; however, Pol V and Pol II can also make siRNA templates, suggesting addi-
tional complexity involved in siRNA biogenesis [69–72].

Identification of the Pol IV- and particularly Pol V-produced lncRNAs has remained 
challenging until recently [57–60]. One of the recent genome-wide studies identified 
Pol IV/RDR2-dependent transcripts (P4RNAs) from thousands of Arabidopsis loci. 
Interestingly, these P4RNAs are transcribed mainly from intergenic regions; 65% of 
the P4RNAs overlapped with transposable elements or repeats, and 9% of the RNAs 
overlapped with genes [57]. The Pol IV/RDR2-dependent transcripts are non-polyad-
enylated and produced from the sense and antisense DNA strands. Surprisingly, 
instead of a 5′ triphosphate, the P4RNAs have a monophosphate [57].

Until very recently Pol V transcripts eluded detection on the genome-wide scale 
due to the very low levels of their accumulation, which made them difficult to detect 
using RNA-seq. Based on the analysis of the individual transcripts, Pol V lncRNAs are 
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non-polyadenylated and either tri-phosphorylated or capped at the 5′ ends [6]. Recent 
genome-wide study using RIP-seq identified 4502 individual Pol V-associated tran-
scripts [60]. It was previously annotated that the Pol V-transcribed regions have an 
average length of 689 nt. Surprisingly, it was found that experimentally identified Pol 
V lncRNAs are shorter than previously annotated, with their median size ranging from 
196 to 205 nt yet spanning the entire region. This data suggested that Pol V might not 
transcribe the entire regions continuously but is possibly controlled by internal pro-
moters situated within the annotated regions that lead to active Pol V transcription.

Unlike RNA polymerases I, II, and III, which use specific sequence elements that 
identify their promoters, no specific DNA sequence elements were found in Pol 
V-transcribed regions. Instead internal repressive chromatin modifications appeared 
to control Pol V transcription and contribute to initiation by internal promoters. 
Interestingly, Pol V produces lncRNAs bidirectionally on annotated Pol V tran-
scripts with no correlations in strand preference. However, despite Pol V that tran-
scribes both strands of DNA, a subset of Pol V transcripts on transposons was found 
to be enriched on one strand in a way that indicated that limited strand preference of 

Fig. 5.4  LncRNAs participating in the RdDM pathway. Transcripts produced by Pol IV are pre-
cursors for 24 nt siRNA; transcripts produced by Pol V are scaffolds and siRNA targets. SHH1 
reads the H3K9me status of chromatin and recruits Pol IV; then the chromatin-remodeling protein 
CLSY1 assists in the passage of Pol IV [73]. Pol IV transcripts are transcribed by RDR2 into 
double-stranded RNAs (dsRNAs) before they are processed by DCL3 into 24 nt siRNAs and sta-
bilized by methylation at the 3′ end by HEN1. These siRNAs associate with AGO and return to the 
nucleus as a part of the AGO-siRNA complex, which targets nascent Pol V scaffold transcripts. 
Pol V is recruited by SUVH2 or SUVH9 to its target genomic loci marked by DNA methylation 
[74], and Pol V transcription is facilitated by the DDR complex [75].The IDN2-IDP complex binds 
to Pol V scaffold RNAs and interacts with the SWI/SNF complex, which adjusts the position of 
nucleosomes [76]. The AGO4-siRNA complex interacts with Pol V; in this interaction, the siRNA 
in the complex base pairs with the transcript produced by Pol V to target a chromatin-modifying 
complex that catalyzes de novo methylation at the genomic loci. Then, the silencing mediated by 
DNA methylation is further amplified by methylation of histone H3K9 by KYP, SUVH5, and 
SUVH6 (reviewed in [37]). The silencing of solo LTRs requires the exosome, which does not act 
via siRNAs and DNA methylation. Rather, the exosome interacts with transcripts from a nearby 
scaffold-producing region and acts in silencing the solo LTR by altering chromatin structure via 
H3K9 histone methylation, suggesting this may function in parallel with RdDM
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Pol V in these loci may be involved in determining boundaries of heterochromatin 
on transposons.

Previous genome-wide studies using ChIP-seq identified Pol V-associated 
genomic regions and found Pol V may also function in pathways other than the 
RdDM pathway [6, 75–80]. About 75% of Pol V-occupied genomic sites are trans-
posons and repetitive sequences that also have 24 nt siRNAs and high levels of 
DNA methylation, indicating that Pol V induces RdDM at these sites. The other 
25% of Pol V-associated sites include many protein-coding genes that have lower 
methylation levels and do not associate with siRNAs. This indicates that Pol V may 
also function in other silencing pathways [77]. Pol II also can produce scaffold 
transcripts that recruit siRNAs bound by AGO [68]. However, it remains unclear 
how Pol II targets specific intergenic loci and how Pol II interacts with Pol IV and 
Pol V.

Interestingly, the exosome also appears to play some role in silencing of these 
regions. A genome-wide study that identified exosome targets found many polyad-
enylated substrates of the exosome complex that corresponded to ncRNAs from 
centromeric regions, repetitive sequences, and other siRNA-producing loci and 
undergo RdDM-mediated silencing [1]. However, when we explored the connection 
between the two silencing pathways, RdDM and the exosome in Arabidopsis, we 
found that mutants of the core exosome subunits only produce a small effect on 
smRNAs [81]. This differs from results found in studies of the exosome in fission 
yeast, as in this system, the exosome prevents RNAs from spuriously entering into 
smRNA pathways [65]. Instead, less H3K9me2 was observed at several loci con-
trolled by RdDM in exosome-deficient lines. The exosome interacts genetically 
with RNA Pol V and physically associates with polyadenylated Pol II transcripts 
from the regions generating Pol V scaffold RNAs [81]. These observations indicate 
that the exosome functions in lncRNA metabolism or processing in scaffold-
generating regions. The exosome may also mediate the interactions among Pol II, 
Pol V, and Pol IV, modulating transcriptional repression. One outstanding question 
is whether and how the exosome (possibly acting through lncRNAs) contributes to 
silencing of loci via fine-tuning histone modifications and if the same mechanism of 
action can be observed genome wide.

However, Arabidopsis exosome subunits have diverse functions [1]. The addi-
tional enzymatic subunit, AtRRP6L1, is independent of the exosome core functions 
[10]. Mutations in AtRRP6L1 effect siRNA metabolism and DNA methylation [82]. 
Therefore, the exosome and the additional enzymatic subunits played an important 
role in regulation of ncRNAs, including siRNAs, in the RdDM pathway.

5.6  �lncRNAs in the Regulation of Flowering

Because of the importance of flowering time regulation for plant adaptation to dif-
ferent latitudes, the lncRNAs that regulate flowering are among the best-studied 
functional plant lncRNAs. Work in Arabidopsis has shown that these lncRNAs 
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regulate the initiation of flowering by modulating the expression of FLOWERING 
LOCUS C (FLC), which encodes a MADS-box transcription factor. FLC represses 
downstream genes required for flowering and thus negatively regulates flowering, 
acting in a dose-dependent manner. FLC functions in the vernalization pathway, 
which modulates flowering time in response to prolonged low temperature, and in 
the autonomous pathway, which modulates flowering time independently of envi-
ronmental factors [83].

The regulation of flowering time involves epigenetic silencing of FLC, mainly 
via modification of histones. Repression of FLC requires PRC2, which is recruited 
to FLC and methylates histone H3K27. Alteration of chromatin, particularly 
changes in histone modifications that remove H3K4me3, H3K36me3, and H2Bub1 
and replace those modifications with H3K27me3, epigenetically represses FLC 
expression (reviewed in [36]).

The lncRNAs COLDAIR, COLDWRAP, and COOLAIR are transcribed from 
FLC and function in FLC epigenetic silencing (Fig. 5.5) [9, 11, 84]. Vernalization 
induces transient transcription of COLDAIR, a 5′ capped, non-polyadenylated 
lncRNA, transcribed from FLC intron 1, in the same direction as FLC (Fig. 5.5). 
CURLY LEAF (CLF), a homolog of mammalian EZH2 (an enzymatic component 
of PRC2), binds to COLDAIR, and knockdown of COLDAIR decreases CLF and 
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Fig. 5.5  Regulatory lncRNAs produced from the FLC locus. Diagram of the FLC locus [84]. The 
FLC transcriptional start site is indicated by black arrow, and the vertical bars indicate exons in 
the FLC sense transcript. During vernalization, the COLDAIR lncRNA (pink) is transcribed in the 
sense direction, starting in the first intron of FLC. Another sense lncRNA, COLDWARP, is tran-
scribed from the repressed promoter of FLC (green). The COOLAIR (blue) and ASL (red) lncRNA 
transcripts are transcribed from the indicated start sites (purple arrow) in the antisense direction; 
both result from alternative polyadenylation at poly(A) site either in the sense promoter region or 
intron 6. The ASL lncRNA also undergoes alternative splicing. Blue boxes indicate the exon of 
COOLAIR; red boxes indicate the exons of AS I and II; dotted lines indicate the spliced regions. 
ASL covers FLC intron I. Yellow dotted lines indicate the R-loops, in the COOLAIR promoter 
region, and repress COOLAIR transcription
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H3K27me3 enrichment at FLC in response to cold. This thus hampers the repres-
sion of FLC during vernalization and indicates that COLDAIR’s repression of FLC 
is essential for the vernalization response [9]. Previous work suggested that PRC2 
recruitment to FLC requires COLDAIR for the initiation of epigenetic silencing, 
analogous to the functions of the mammalian lncRNAs HOTAIR and Xist [51]. 
However, mammalian PRC2 shows high-affinity binding to unrelated RNAs; there-
fore, other factors, in addition to lncRNAs, may provide the specificity that targets 
PRC2 to FLC [85].

An additional Polycomb-interacting lncRNA, cold of winter-induced noncoding 
RNA from the promoter (COLDWRAP), was identified to be expressed from the 
upstream promoter region of FLC locus and shown to function in repression of FLC 
(Fig. 5.5) [11]. COLDWRAP is a 316 nt lncRNA that is transcribed in the sense 
direction with its transcription start located 225  nt upstream from the FLC 
mRNA. COLDAIR and COLDWRAP both have 5′ caps, but most transcripts of 
COLDWRAP appear to be non-polyadenylated. Interestingly, association of the 
Polycomb complex with COLDWRAP appears to be specific, as native CLF binds 
significantly to the sense strand of COLDWRAP but only weakly to the antisense 
strand. In addition, the 5′ half of COLDWRAP and several stable secondary struc-
tures identified in this region are needed for RNA-protein interactions. Importantly, 
COLDWRAP working in a cooperative manner with COLDAIR is necessary for 
vernalization-mediated FLC silencing. COLDWRAP functions to retain Polycomb 
at the FLC promoter through the formation of a repressive intragenic chromatin 
loop forming a stable repressive chromatin structure.

The COOLAIR is a set of lncRNAs transcribed from the 3′ end of FLC in the 
antisense direction, which are alternatively spliced and polyadenylated, proximal AS 
I and distal AS II [55]. In response to cold, the locus first produces COOLAIR, then 
COLDAIR, before H3K27me3 accumulates; therefore, initial studies indicated that 
COOLAIR may act early in vernalization [55]. However, knockdown of COOLAIR 
did not affect the vernalization response [86]. Rather, COOLAIR increases the rate 
of FLC transcriptional repression during vernalization, and its function does not 
require PRC2 or H3K27me3 [36, 87]. The COOLAIR knockdown desynchronized 
the change from H3K36me to H3K27me3 in FLC; therefore, this switch at FLC may 
require COOLAIR or transcription in the antisense direction [87].

COOLAIR represses FLC in the vernalization and autonomous pathways. In the 
autonomous pathway, COOLAIR 3′ end processing affects the FLC chromatin [84]. 
The autonomous pathway factors FCA, FY, and FPA, along with the polyadenyl-
ation cleavage factors CstF64 and CstF77, and the spliceosome component PRP8, 
favor the production of AS I by increasing usage of the proximal COOLAIR polyad-
enylation site [84, 88, 89]. This increases levels of the FLOWERING LOCUS D 
(FLD) histone demethylase at FLC leading to H3K4me2 demethylation of FLC [90].

Unraveling the functional importance of transcription of COOLAIR and the 
functions of COOLAIR transcripts remains challenging. Since it is difficult to 
determine whether it is the COOLAIR transcription, COOLAIR transcripts, or both 
that are functionally important, the secondary RNA structure of COOLAIR was 
recently determined experimentally [91]. It was found that even despite the rela-
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tively low sequence identity between Arabidopsis and evolutionarily divergent 
Brassicaceae species, the structures showed remarkable evolutionary conservation. 
This conservation applied to multi-helix junctions and through covariation of a non-
contiguous DNA sequence. The observed conservation of COOLAIR lncRNA 
structure in the Brassicaceae indicates that the COOLAIR lncRNA itself is very 
likely to function in regulation of FLC, although the process of antisense transcrip-
tion from FLC may also affect FLC regulation.

Recent work also discovered the Antisense Long (ASL) transcript in early-
flowering Arabidopsis ecotypes that do not require vernalization for flowering [10]. 
In contrast to the other lncRNAs transcribed from FLC, ASL does not get polyade-
nylated, although it is alternatively spliced. The ASL transcript is >2000 nucleotides 
long and is transcribed from the antisense strand, starting at the same promoter as 
COOLAIR. The 5′ regions of COOLAIR and ASL overlap, but ASL spans intron 1 
(important for maintenance of FLC silencing) and includes the COLDAIR region, 
which is transcribed in the sense direction. The ASL transcript physically associates 
with the FLC locus and H3K27me3 [10], suggesting that ASL and COOLAIR play 
different roles in FLC silencing and perhaps in the maintenance of H3K27me3.

It is interesting that the exosome again is involved in the regulation of the anti-
sense transcript and does so in a surprising way. Two of the exosome components, 
RRP6-Like (RRP6L) proteins, are involved in lncRNA-mediated regulation of flow-
ering. RRP6, one of the catalytic subunits, has both core-complex-dependent and 
core-complex-independent functions [92, 93]. In Arabidopsis, RRP6L1 and RRP6L2 
regulate COOLAIR and ASL expression or processing in the exosome core-complex-
independent way [10]. Mutations of RRP6L also derepress FLC; this delays flower-
ing. The AS I and II downregulation observed in RRP6Ls multiple mutants resembled 
the patterns that occur in CstF64 and CstF77 mutants, which are 3′ end processing 
factors [10, 84], indicating that COOLAIR 3′ end processing may require RRP6Ls.

Very surprisingly, emerging work indicates that RRP6Ls have a major role in 
regulation of the synthesis or biogenesis of ASL, as RRP6Ls mutants lack (or have 
minuscule amounts of) ASL transcript. This result finding is unexpected because 
RRP6 functions as a 3′–5′ exoribonuclease and RRP6 mutants generally fail to 
degrade or process certain RNAs; thus, these mutants usually overaccumulate cer-
tain RNAs. However, recent work found that the abundance of many yeast mRNAs 
also decreased in the rrp6Δ mutants [19]. Similarly, in humans, inactivation of the 
RRP6 homolog also causes a dramatic decrease in Xist levels [94].

Another function of RRP6Ls involves affecting the epigenetic marks at FLC; 
mutants of RRP6L have decreased H3K27me3 levels and decreased density of 
nucleosomes at FLC. These mutants therefore show increased expression of FLC 
and delayed flowering. RRP6L1 physically interacts with the ASL RNA and with 
chromatin at FLC; this indicates that RRP6Ls may regulate ASL to maintain 
H3K27me3 levels at FLC. Therefore, RRP6Ls regulate FLC lncRNAs, and their 
regulation of various antisense RNAs may affect FLC silencing [10].

R-loops that form over the COOLAIR promoter region affect COOLAIR tran-
scription, although effects of R-loop formation on FLC expression are not fully 
unclear [95]. Failure of the termination of transcription can often produce R-loops 

H.-L.V. Wang and J.A. Chekanova



147

[96], which can recruit the exosome co-transcriptionally through the noncanonical 
pathway for 3′ end processing [19]. Work in mammals showed that RRP6 can 
resolve deleterious R-loops [41]; thus, plant RRP6Ls may affect both the processing 
and expression of antisense transcripts from FLC in a similar manner.

In mammalian systems, lncRNAs have key roles in molding the three-dimensional 
organization of the nucleus (Fig.  5.2f) [97–99]. In plants, emerging research is 
beginning to reveal the role of lncRNAs in architecture of the nucleus, and some 
RNA studies also indicate that lncRNAs may have similar roles in 3-D nuclear 
architecture in plants and animals. Several studies have also addressed genome 
organization using Hi-C approach in Arabidopsis [100–104]. The RdDM pathway 
likely also affects the higher-order structure of chromatin by acting with MORC 
proteins. In Arabidopsis, MORC6 may have ATPase activity and interact with the 
DDR complex component DMS3; the action of this complex may be analogous to 
that of mammalian cohesin-like proteins that function in inactivation of the 
X-chromosome in mice. Consistent with this, MORC1 and MORC6 mutant plants 
have de-condensed pericentromeric heterochromatin [105]. The promoter and 3′ 
terminator of FLC form gene loops [106, 107], and COLDAIR and COLDWRAP 
lncRNAs participate in this process [11]. FLC alleles also undergo long-distance 
interactions, clustering during vernalization-mediated epigenetic silencing. This 
interaction requires VRN5 and VERNALIZATION 2, two PRC2 trans-acting fac-
tors [108]. However, we lack information on how lncRNAs function in long-distance 
interactions of the chromatin at FLC. As illustrated by FLC, plant lncRNAs carry 
out diverse, varied, and important functions. Our understanding of lncRNA func-
tions continues to emerge as new studies uncover the mechanisms controlling 
lncRNA transcription and processing.

5.7  �Concluding Remarks

The recent discovery that genomes undergo pervasive transcription opened many 
questions on the functions of these RNAs. Since then, studies in the various king-
doms of eukaryotes have broadened our understanding of the biogenesis and func-
tions of various lncRNAs. However, although various studies have identified and 
classified many categories of lncRNAs, the functions of lncRNAs, and how they 
carry out these functions, remain to be discovered. Work in plants identifying 
lncRNAs systematically has caught up with work in other systems. Plant studies 
have also discovered lncRNA functions in controlling flowering time and RdDM-
mediated silencing of genes. However, many other lncRNAs remain to be exam-
ined. The regulation of plant lncRNA synthesis and biogenesis also will require 
further work to elucidate. Understanding the mechanisms that control plant lncRNA 
expression and biogenesis will require integration of bioinformatics, genetic, and 
biochemical data to provide a complete understanding of lncRNA function and biol-
ogy. A complete understanding of the various facets of plant lncRNAs will recipro-
cally advance our understanding of lncRNAs in other species.
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Chapter 6
Long Noncoding RNAs in Mammalian 
Development and Diseases

Parna Saha, Shreekant Verma, Rashmi U. Pathak, and Rakesh K. Mishra

Abstract  Following analysis of sequenced genomes and transcriptome of many 
eukaryotes, it is evident that virtually all protein-coding genes have already been 
discovered. These advances have highlighted an intriguing paradox whereby the 
relative amount of protein-coding sequences remain constant but nonprotein-coding 
sequences increase consistently in parallel to increasing evolutionary complexity. It 
is established that differences between species map to nonprotein-coding regions of 
the genome that surprisingly is transcribed extensively. These transcripts regulate 
epigenetic processes and constitute an important layer of regulatory information 
essential for organismal development and play a causative role in diseases. The 
noncoding RNA-directed regulatory circuit controls complex characteristics. 
Sequence variations in noncoding RNAs influence evolution, quantitative traits, and 
disease susceptibility. This chapter presents an account on a class of such noncoding 
transcripts that are longer than 200 nucleotides (long noncoding RNA—lncRNA) in 
mammalian development and diseases.

Keywords  lncRNAs • Evolution of complexity • Epigenetic modifications  
• Imprinting • Chromosome inactivation • Body patterning • Nuclear architecture  
• Cellular differentiation

6.1  �Introduction

Recent technical advancements in high-throughput sequencing have revealed that a 
majority of eukaryotic genome is pervasively transcribed. Large-scale analysis 
(ENCODE project) has shown that ~75% of human genome is transcribed in various 
cell lines [1]. Why a cell spends so much of its resources on RNA production has 
captured the imagination of scientific community. Many of these RNAs are long 
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transcripts with no apparent protein-coding potential. Initially these transcripts were 
discounted as artifacts and were thought to be the result of expression “noise” rather 
than expression “choice.” But many features of these transcripts indicate a definite and 
important role. For example, transcription of lncRNAs is initiated from conserved 
promoters. Many of the transcripts are alternatively spliced and display predicted 
structures. They are dynamically expressed during differentiation and disease in a 
cell- and tissue-specific manner. However, the main argument posed against a func-
tional role is the lack of primary sequence conservation among these transcripts. But 
studies have shown that lack of conservation does not necessarily mean lack of 
function.

lncRNA molecules are involved in diverse biological processes like genomic 
imprinting, dosage compensation, epigenetic and transcriptional regulation, chromo-
some conformation, cell cycle regulation, stem cell differentiation/reprogramming, 
and allosteric enzymatic activity [2]. The structure and biogenesis of lncRNAs is 
very similar to that of mRNAs. Like mRNAs, they are transcribed by RNA poly-
merase II from genomic loci in the epigenetic context similar to protein-coding 
genes. They are 5′-capped and spliced and commonly have a polyadenylated tail. 
However, unlike mRNAs, they may undergo alternative forms of processing at 
3′-end. For example, an RNase P-assisted cleavage at 3′-end results in a lncRNA 
with stable 3′-terminal RNA triplex structure, instead of a polyadenylated tail [3]. 
Although lncRNAs lack coding capacity, they possess the intriguing ability to adopt 
a secondary/tertiary structure that may relate to their function. Depending on their 
position and direction of transcription in relation to protein-coding genes, lncRNAs 
may be classified as antisense, intergenic, intronic, bidirectional, processed, or pseu-
dogene transcripts [4, 5]. Mechanism of action of lncRNAs is also very diverse. They 
may regulate genes in cis (i.e., in close proximity to site of transcription) or in trans 
(at a distance from transcription site) [6]. They may act as scaffolds to bring a group 
of proteins into spatial proximity, as guides to recruit proteins to DNA, as decoys to 
titrate away proteins, or as enhancer RNAs involved in chromosomal looping in 
enhancer-like manner [2]. Some lncRNAs are precursor to smaller regulatory RNAs, 
like miRNA or piwi RNAs or they may bind to complimentary RNAs to affect their 
turnover [7].

Mostly the lncRNAs are expressed at low levels in a highly tissue-specific man-
ner, so much so that their expression profiles are important markers for disease or 
developmental state [8]. Many a times they are found next to protein-coding genes 
that are under tight transcriptional control, and often their expression pattern cor-
relates with tissue differentiation, development, and disease [9]. The widespread 
dysregulation of lncRNA expression in human diseases and the finding that many 
lncRNAs are enriched for SNPs that associate with human traits/diseases have high-
lighted the need to understand the functional contribution of these RNAs [10, 11]. 
However, the study of lncRNAs using model organisms is confounded by the fact 
that these RNAs exhibit poor primary sequence conservation. Exons of lncRNA 
evolve much faster than protein-coding gene sequence and most lncRNAs are lin-
eage specific [8, 12, 13].These RNAs rather show conservation along genomic 
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position (synteny), short sequence motifs, or secondary structure [14, 15]. Because 
of more likely structural than sequence conservation, functionality of lncRNAs 
could be organized into modular domains similar to proteins organized into func-
tional motifs.

Understandably organismal complexity correlates better with the expression rep-
ertoire of lncRNA than with that of protein-coding genes (Table  6.1) [16]. This 
presents a pressing need to explore the functional relevance of such transcripts in 
the context of evolution of developmental mechanisms. In most vertebrates, exhaus-
tive annotation of lncRNA is still not available, primarily due to incomplete genome 
sequences and partial annotation of protein-coding genes. Further, majority of the 
annotated lncRNAs remain functionally uncharacterized and only a small fraction 
have been explored for their biological relevance. In this chapter we give an over-
view of some of the characterized mammalian lncRNAs and their etiology in human 
diseases.

6.2  �Diverse Function of lncRNAs in Mammalian 
Gametogenesis and Development

A large number of mammalian lncRNAs (mostly in human and mice) have been 
discovered in recent genome-wide expression studies. They have been found to play 
important role in almost all stages of mammalian development, i.e., gametogenesis, 
embryogenesis (during preimplantation stages as well as in placenta), body axis 
patterning, pre-/postnatal tissue development, and organogenesis. In diploid organ-
isms, most genes are expressed from both alleles, but some are expressed from only 
one allele in a parent of origin-specific manner. Genomic imprinting and 
X-chromosome inactivation (XCI) are two such phenomena that lead to mono-
allelic expression of genes. These phenomena come into play during gametogene-
sis/embryonic development and have lncRNAs as a key player in the process. 
Similarly, spatiotemporally coordinated embryonic expression of Hox genes leads 
to body axis patterning in bilaterians. Epigenetic features and lncRNAs bring about 
this coordination of Hox gene expression. Several studies point to functional role of 
lncRNAs in mammalian development.

Table 6.1  Number of 
noncoding and coding 
transcripts in different 
organisms

Organism Genome size (Mb) lncRNAsa

Human 3300 141,353
Mouse 2800 117,405
D. melanogaster 120 54,819
A. thaliana 135 3853
C. elegans 100 3271
S. cerevisiae 12.5 61

awww.noncode.org
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6.2.1  �lncRNA in Genomic Imprinting

In mammals, some genes are epigenetically “imprinted” mainly by DNA methylation 
during gametogenesis by a process called “genomic imprinting.” This results in allele-
specific expression of either maternally or paternally inherited genes in developing 
embryo. The imprinting process happens during early gametogenesis and approxi-
mately 1% of mammalian protein-coding genes get imprinted. Initial cues to the phe-
nomenon came from early experiments where nuclear transfer in mouse zygotes 
reconstructed from two maternal pronuclei (gynogenones) or from two paternal pronu-
clei (androgenones) failed to develop, while zygotes carrying one paternal pronucleus 
and maternal pronucleus were able to develop [17, 18]. Later, genome-wide studies and 
deletion and transgenic approaches led to the identification of several imprinted genes 
most of which are essential and have been implicated in developmental process.

To date, more than 150 imprinted genes in mouse and about half that number has 
been identified in humans. Most imprinted genes are organized in clusters that con-
tain three or more genes. The size of the cluster spans from a few kilobases to several 
megabases on different chromosomes [19, 20] (www.mousebook.org). An imprinting 
control region (ICR) controls gene expression in each imprinted cluster. ICRs are rich 
in CpG dinucleotides and carry parental allele-specific germline-derived DNA-
methylated regions (gDMR). This pattern of gDMR is maintained throughout devel-
opment [21, 22]. The allele-specific expression of imprinted genes in a cluster in 
daughter cells after subsequent cell divisions is conferred and managed by histone 
modifications, insulators, and higher-order chromatin organizations [19, 20]. 
Surprisingly most imprinted clusters identified have one or more associated lncRNA 
that have been found to be inherently essential to the allele-specific expression. In 
general, lncRNAs show reciprocal parental allele-specific expression when compared 
to the imprinted genes in a cluster. ICRs are mostly located in or near the promoter of 
lncRNA. Further, by many overexpression and deletion experiments, it has been con-
firmed that lncRNA regulates imprinting of the locus in cis or in trans or both.

lncRNAs known to be involved in genomic imprinting are listed below (Table 6.2), 
and the mechanisms of action of two relatively better understood examples are dis-
cussed here. Although the imprinting-associated lncRNAs do not employ a common 
mechanism for epigenetic control, they do offer valuable insights into the biology of 
lncRNAs in general. Interestingly, most imprinted lncRNAs are relatively conserved 
at functional as well as sequence level between mice and humans. This makes 
genomic imprinting an attractive model system to study lncRNA-dependent epigen-
etic mechanisms during human development and diseases using mouse models.

6.2.1.1  �H19

H19 gene encodes for a 2.3-kb lncRNA. It is among one of the first discovered and 
widely investigated imprinted genes in mammals. In mouse, H19 is present along 
with insulin-like growth factor (Igf2) gene at distal segment of chromosome 7. This 
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region is syntenic to the locus 11p15.5 in human [23, 35]. A differentially methyl-
ated ICR, which lies in between the two genes, regulates mutually exclusive mono-
allelic expression of H19 and Igf2 at the locus. A common enhancer located 
downstream of H19 drives the expression of both the genes. The ICR and H19 
promoter are methylated in paternal allele. On the maternal allele, the un-methylated 
ICR binds to an architectural known as CCCTC-binding factor (CTCF) responsible 
for long-range chromatin interactions and chromatin looping. CTCF further triggers 
recruitment of cohesin to ICR, resulting in higher-order chromatin conformation 
that restricts the enhancer access to Igf2 promoter. A methylated, thus unoccupied, 
ICR on the paternal chromosome on the other hand poses no restriction, and 
enhancer interacts with the Igf2 promoter driving its expression (Fig. 6.1a) [36, 37].

Although expression of H19 is mostly studied in relation to imprinting of H19–
Igf2 locus, studies have been carried out to understand the functions of H19 lncRNA. 
H19 knockout mice are viable and fertile with growth defects and reduced muscle 
regeneration capacities [35, 38]. For example, H19 deletion on the maternally inher-
ited chromosome led to an increase in Igf2 expression and increased body weight 
that could be rescued by deletion of one Igf2 allele. Although H19 is highly 
expressed during embryogenesis, it is effective only in specific cell lineages. Apart 
from imprinting, deletion/overexpression of H19 affects embryonic growth. This is 
because H19 is part of an imprinted gene network (IGN), which consists of 16 co-
expressing imprinted genes that include many growth regulators such as Igf2, Igf2r, 

Table 6.2  lncRNAs involved in mammalian genomic imprinting

Imprinted 
cluster

lncRNA and 
expression  
(M or P)

Type of 
lncRNA

Cis-silencing 
function

Genes imprinted and 
expression (M or P) Refs

Igf2 H19 (M) Intergenic Yes Igf2 (P) [23, 24]
Kcnq1 Kcnq1ot1 Antisense Yes Kcnq1, Cdkn1c, 

Slc22a18, Phlda2, 
Ascl2, Cd81, Tssc4, 
Tspan32, Osbpl5 (M)

[25]

Igf2r Airn(P) Antisense Yes Igf2r, Slc22a2, Slc22a3 
(M)

[26]

Pws/As UBE3A-ATS Antisense Yes MAGEL2 (P), NDN (P), 
SNRPN (P),

[27–29]

Ipw Intergenic n.d. SNORD115 (P),
Pwcr1 n.d. Yes SNORD116 (P), 

UBEA3A (M)
Dlk1 Gtl2 (M) Antisense n.d. DLK1 (P), DIO3 (P), 

RTL1(P)
[30–32]

Rtl1as (M) Antisense Yes
Rian (M) Intergenic n.d.
Mirg (M) Intergenic n.d.

Gnas Nespas Antisense Yes Gnas (M), Nesp (M) [33, 34]
Exon1A Antisense n.d.

M maternal, P paternal, n.d. not determined
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Fig. 6.1  Imprinted regulation of genes of Igf2 and Kcnq1 cluster by H19 and Kcnq1ot1 lncRNAs, 
respectively. (a) H19 and Igf2 show reciprocally exclusive mono-allelic expression from maternal 
and paternal loci, respectively. A differentially methylated ICR between the two genes and down-
stream enhancers regulates parent of origin-specific expression of both the genes. The ICR and 
H19 promoter are methylated in paternal chromosome that represses H19 expression, while 
enhancer interacts with the Igf2 promoter driving its expression. On the maternal chromosome, the 
ICR is un-methylated and CTCF is bound to it. CTCF triggers recruitment of cohesin to ICR and 
higher-order chromatin conformation that restricts the enhancer access to Igf2 promoter. H19 
lncRNA also involves in regulation of genes of imprinting gene networks (IGN). H19 lncRNA 
shows dual function of anti-myogenic and pro-myogenic during mesenchymal stem cells (C2C12) 
differentiation into myocytes. (b) At Kcnq1 cluster Kcnq1ot1 expresses paternally, while all the 
imprinted protein-coding genes are maternally expressed. These imprinted genes are of two 
types—(1) placenta-specific imprinted genes (PIGs: Ascl2, Cd81, Tssc4, Tspan32, Osbpl5) which 
show imprinted silencing only in placental tissues and (2) ubiquitously imprinted genes (UIGs: 
Kcnq1, Cdkn1c, Slc22a18, Phlda2) which show imprinted silencing in both placental and embry-
onic tissues. The promoter for the Kcnq1ot1 coincides with the differentially methylated ICR 
(Kcnq1 ICR/ KVDMR1). The maternal allele-specific methylation of Kcnq1ot1 promoter restricts 
the expression of lncRNA from maternal chromosome. Paternally expressed Kcnq1ot1 lncRNA 
interacts with modifiers of chromatin (EZH2 and G9a) and DNA (DNMT1) that bind paternal 
alleles in cis and silence the imprinted genes by establishing higher-order chromatin compartment 
enriched in repressive histone and DNA modifications
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and Cdkn1c. The noncoding RNA acts in trans to bring about its effect on IGN. It 
interacts with methyl-CpG-binding protein (MBD-1) that methylates the DMRs of 
IGN members like Igf2, Slc38a4, and Peg1 via H3K9 methyltransferase [39]. This 
function of H19 lncRNA that leads to establishment of H3K9me3-associated repres-
sive chromatin occurs on both the parental alleles and is related to embryonic growth 
regulation.

After embryogenesis, H19 expresses at low levels in all tissues and at a very high 
level in muscle. During postnatal tissue differentiation, H19 has been implicated in 
contrasting pro- and anti-myogenic functions. Using mouse multipotent mesenchy-
mal cells (C2C12 cells), it has been shown that depletion of H19 accelerates muscle 
differentiation suggesting an anti-myogenic function. Two different mechanisms 
have been suggested for this function. In one of the studies, H19 from human as 
well as mice is reported to carry conserved binding sites of Let-7 microRNAs, a 
pro-myogenic factor. It thus acts as a competing endogenous RNA (CeRNA), a 
natural sponge that sequesters Let-7 and controls its level. In another study, H19 has 
been shown to interact with an RNA processing protein known as K homology-type 
splicing regulatory protein (KSRP). The resulting RNA–protein complex facilitates 
interaction between exosome and labile transcripts of protein “myogenin” promot-
ing its degradation and eventually restricting the differentiation of C2C12 into myo-
cytes. However, in contrast to the above findings, a pro-myogenic function of H19 
has been reported that is mediated by two microRNAs, miR-675-3p and miR-
675-5p, originating from the exon1 of the H19 transcript. H19 along with miR-
675-3p/miR-675-5p induces C2C12 differentiation into myocytes. Downregulation 
of H19 or blocking the action of miR-675-3p/miR-675-5p prevents C2C12 differen-
tiation [40–42]. The apparently contrasting functions can be reconciled with possi-
ble mechanisms that inhibit the primary role of H19 which is to prevent myogenesis. 
Once its function needs to be changed, the RNA gets degraded or processed in a 
way that miRNAs from its exon1 are generated to eventually promote myogenesis.

In conclusion, H19 lncRNA is an epigenetic regulator of transcription. It exe-
cutes its activity by behaving as a CeRNA, miRNA precursor, or scaffold to recruit 
proteins. It is involved in multitude of biological processes like imprinting, growth, 
differentiation, and myogenesis [43].

6.2.1.2  �Kcnq1ot1

Kcnq1ot1 is a 91-kb-long noncoding RNA that maps to Kcnq1 gene in antisense 
orientation. The imprinted cluster approximately ~1 Mb in length and encompass-
ing 12 genes is present at the distal end of the seventh chromosome in mouse. Its 
human orthologue is located on chromosome 11p15.5 [25, 44]. Promoter for the 
Kcnq1ot1 gene lies in the tenth intron of Kcnq1 host gene and coincides with the 
differentially methylated ICR (Kcnq1 ICR/KVDMR1). The maternal allele-specific 
methylation of Kcnq1ot1 promoter restricts the expression of lncRNA from paternal 
chromosome in antisense direction with respect to host gene. All the imprinted 
protein-coding genes are maternally expressed. These imprinted genes are of two 
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types—(1) placenta-specific imprinted genes (PIGs: Ascl2, Cd81, Tssc4, Tspan32, 
Osbpl5) which show imprinted silencing only in placental tissues and (2) ubiqui-
tously imprinted genes (UIGs: Kcnq1, Cdkn1c, Slc22a18, Phlda2) which show 
imprinted silencing in both placental and embryonic tissues [25, 45, 46] (Fig. 6.1b).

The antisense Kcnq1ot1 RNA is required for silencing of both UIGs and PIGs. 
Paternal silencing is lost when Kcnq1ot1 promoter is deleted or a prematurely trun-
cated RNA is produced [47, 48]. Interestingly, Kcnq1ot1 also employs lineage-
specific mechanism of action as after initiating imprinting of UIGs as well as PIGs, 
it is involved in the maintenance of silencing at UIGs alone [49]. To unravel the 
mechanism of action of the lncRNA, biochemical and genetic studies have been car-
ried out in cells and transgenic mice models. The studies show that Kcnq1ot1 lncRNA 
interacts with modifiers of chromatin (EZH2 and G9a) and DNA (DNMT1) to recruit 
them in cis to silence the imprinted genes [44, 46, 50]. The allelic silencing is achieved 
by establishment of higher-order chromatin compartment enriched in repressive his-
tone modifications such as H3K27me3, H3K9me2, and H2AK119ub [50, 51]. While 
silencing of UIGs is controlled by repressive histone modifications and maintained 
by methylation of somatic DMRs, silencing of PIGs is controlled by repressive his-
tone modification only. Recently, Kcnq1ot1 lncRNA has been shown to mediate tar-
geting of the entire repressed loci to distinct perinucleolar repressive compartment by 
virtue of a conserved 890-bp repeat-containing domain present at its 5′-end.

6.2.2  �lncRNA in Dosage Compensation

In higher eukaryotes, the number of sex chromosomes differs between the two 
sexes. Organisms have evolved different strategies to compensate for this discrep-
ancy by adjusting gene expression levels. To equalize transcription level of genes 
present on sex chromosome, the chromatin structure is modulated epigenetically. 
The epigenetic mechanism on one extreme leads to inactivation of one of the X 
chromosome in females (as observed in mammals) and on the other extreme leads 
to twofold higher expression of genes on the single X chromosome in males (as 
observed in Drosophila). The curiously opposite ways lead to equal level of expres-
sion of sex chromosome-associated genes in different organisms.

In female mammals, the epigenetic process of X-chromosome inactivation (XCI) 
regulates gene dosage of extra X chromosome. Initially the phenomena was noticed 
by Murray Barr in 1949 when he observed that female cat cells possess a condensed 
subnuclear structure which is now called as “Barr body” in his honor. Later studies 
demonstrated that the Barr body is nothing but a condensed X chromosome which 
is also transcriptionally silent [52–54]. Later a 17-kb noncoding murine transcript 
Xist was discovered that initiated the fascinating era of lncRNA biology [55]. 
Further discovery of its 40-kb-long antisense transcript Tsix highlighted the fact that 
untranslated RNAs dominate the regulation of XCI [56]. The process of XCI is 
similar to genomic imprinting as the silenced genes are clustered, are influenced by 
a long-distance master control region, and are associated with multiple lncRNAs.
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In eutherian mammals, the process of XCI occurs in two different ways. During 
early embryogenesis, paternal X chromosome is inactivated in preimplanted 
embryos. As the embryo reaches blastula stage and gets implanted into the uterus, 
the outer blastular cells (future placenta) retain paternal XCI, while imprinting is 
erased from inner cell mass (future embryo). As these inner blastular cells (epi-
blasts) differentiate, either of the parental chromosome has an equal chance of inac-
tivation (random XCI). The eutherian mammalian female is thus essentially a 
mosaic, with randomly active paternal/maternal X chromosome. In marsupials, 
however, the choice of inactivation is always fixed to paternal X chromosome.

Random XCI is a coordinated stepwise process that results in silencing of ~1000 
genes along the inactive X chromosome. The process is controlled by X-inactivation 
center (Xic) that codes for lncRNA with regulatory properties. The lncRNAs from 
Xic work in cis as well as in trans. In the first step which has been referred to as 
“counting,” X chromosome-to-autosome ratio (X:A) is measured. XCI is initiated in 
female cells where X:A = 1 and is blocked in male cells where the ratio is 0.5 [57, 
58]. Molecular details of this measurement remain elusive, but trans-activity of the 
two lncRNAs, Tsix and Xite, is implicated in the process [59]. The next step results 
in random “choice” of one of the X chromosome to remain active (Xa) and the other 
one to get inactivated (Xi). The final “sensing” is a permissive state for XCI, similar 
to the initial counting step but distinct from it. Eventually the Xi is epigenetically 
marked by repressive chromatin and DNA methylation to a transcriptionally inert 
state, while Xa remains open for transcription.

The Xic is a 100–200-kb region with at least seven lncRNA genes of which six 
have been shown to have specific function during XCI (Table 6.3, Fig. 6.2). Prior to 
initiation of XCI, the lncRNAs Xist, Tsix, and Xite are expressed from both the Xs at 
low levels. Mutually exclusive selection of Xa and Xi necessitates interchromosomal 
interaction and robust feedback mechanism. The 5′-end of Tsix gene binds to the 

Table 6.3  lncRNAs involved in XCI

lncRNA Functions Refs

Xist Initiation and spreading of XCI on Xi [66]
Tsix Negative regulation of Xist, dosage sensor (measurement of X:A 

ratio), and X-chromosome pairing for choice of Xi/Xa
[59]

Xite Positive regulation of Tsix, dosage sensor (measurement of X:A 
ratio), and X-chromosome pairing for choice of Xi/Xa

[59, 67, 68]

DXPas34 Involve in dual function as an enhancer and a repressor of Tsix, 
counting, and X-chromosome pairing for choice of Xi/Xa

[69]

Tsx Negatively regulates Xist and positively regulates Tsix [70]
Linx Co-expresses with Tsix and potentially involved in positive 

regulation of Tsix
[71]

RepA Play role in upregulation of Xist by recruitment of PRC2 and 
altering the chromatin structure at Xist promoter on Xi

[72]

Jpx/Enox Activates Xist upregulation by evicting CTCF binding to Xist 
promoter on Xi

[72, 73]

Ftx Positive regulator of Xist [74]
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protein CTCF that leads to a brief transient contact of the two Xs at Xic. However, a 
role for the two lncRNA transcripts (Tsix/Xite) is also envisaged in the process as 
inhibiting Pol II activity results in abrogation of X–X pairing suggesting that the pair-
ing requires new transcription. The contact of the two Xs results in establishment of 
an asymmetry and choice of Xi and Xa [60, 61]. The process of establishment of 
asymmetry is not clear, but it has been postulated that the proximity of Xs directs 
irreversible shift of proteins (Oct4 and CTCF) from one allele (future Xi) to the other 
(future Xa) [61–63]. Once chosen, Tsix is expressed in an allele-specific manner from 
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the Xa. As Tsix is antisense to Xist, its expression results in removal of latter from Xa 
in cis. lncRNAs Xite and DXPas34 positively regulate expression of Tsix from Xa. 
Finally to seal the active state permanently, Tsix lncRNA directs DNA methylation 
(by Dnmt3a) at the Xist promoter resulting in stable silencing of Xist allele on Xa. On 
the other hand, removal of transcription factors (Oct4 and CTCF) from Tsix/Xite 
promoter on Xi causes a drop in transcription of these lncRNAs. In the absence of 
Tsix, Xist lncRNA being transcribed from Xi becomes abundant and coats it in cis. 
Xist-coated Xi becomes enriched for repressive chromatin marks (H3K27me3), but 
Xist transcription continues unabated in otherwise heterochromatic environment. 
One of the first changes that follows depletion of Tsix on Xi is enrichment of poly-
comb repressive complex (PRC2) on Xist promoter. This is brought about by RepA 
lncRNA that recruits PRC2 to 5′-end of Xist. This creates a heterochromatic patch at 
Xist promoter, essential and stimulatory for its expression [64, 65].

In conclusion, the lncRNAs coded by the Xic perform versatile functions to coor-
dinate the process of XCI. They can uniquely define an address in the genome as 
they remain tethered to their locus of transcription and guide regulatory mecha-
nisms in cis. They can also function as transcript-level regulator by RNAi (Xist–Tsix 
pair) or act as tethers and guides to recruit chromatin modifiers (RepA recruitment 
of PRC2, Xist recruitment of Dnmt3a).

6.2.3  �Linc-ing RNAs to Body Patterning

Hox genes are the important group of transcriptional factors encoding genes, 
arranged in clusters in the bilaterian genomes. They define the body axis patterning 
through precisely coordinated spatiotemporal expression in the developing 

Fig. 6.2  lncRNA-mediated X-chromosome inactivation. (a) X-inactivation center (Xic) of mouse 
encompasses ~500 kb regions of X chromosome that has several lncRNA loci (Xist, Tsix, Jpx, Ftx, 
RepA, Xite, Tsx, Linx) as well as protein-coding genes (gray). lncRNAs are involved in positive 
(RepA, Jpx, and Ftx—green) or negative (Xite, Tsx, Linx—blue) regulation of Xist by activating 
Tsix, an antisense lncRNA and negative regulator of Xist. Other than lncRNA at the Xic, the 
protein-coding Rnf12 gene (green) which encodes an ubiquitin ligase is also known to promote 
Xist upregulation. Pluripotency factors (Oct4, Sox2, Nanog, C-Myc, Klf4, and Rex1) are thought 
to block Xist expression directly or indirectly through Tsix activation. During early embryogenesis 
before implantation, both the X chromosomes are active, and both express the Tsix lncRNA, which 
negatively regulates the Xist lncRNA. (b) At the onset of XCI during development or ESC differ-
entiation, several events such as decrease in pluripotency factor levels (OCT2, NANOG, SOX2, 
and REX1), chromosome pairing (involves pairing region), increase in Xist activator expression 
(jpx, Ftx, and RepA), and induction of mono-allelic expression of Tsix facilitate coordinated induc-
tion of Xist upregulation at XIC of random chosen future Xi chromosome from one of the two X 
chromosomes. At the Xic of the second X chromosome (Xa), Tsix expression is maintained and 
proposed to be regulated by its cis activator lncRNAs (DXPas34, Tsx, xite, Linx) which restrict Xist 
expression from Xa. (c) Upregulation of Xist initiates XIC by coating Xi chromosome in cis at Xic 
that spread to all over the Xi chromosome. Xist coating to the entire chromosome is accompanied 
by recruitments of DNA and histone modifiers which direct the series of epigenetic modification 
that progressively silence most of the X-linked genes
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embryo—a hallmark of Hox genes. While invertebrates have one set of Hox genes, 
vertebrates typically have four sets referred to as HoxA, HoxB, HoxC, and HoxD 
clusters due to the events of genome duplication during the course of evolution [75]. 
More recently many kinds of regulatory RNAs that are involved in Hox gene regula-
tion have been discovered. Large body of work in the last decade has discovered and 
studied the noncoding RNAs in the Hox clusters, and most of them have been found 
to be long intergenic noncoding (linc)RNAs. The expression of these intergenic tran-
scripts correlates with transcription of neighboring Hox genes. Very often these lin-
cRNAs show syntenic or positional conservation between mouse and humans 
suggesting a common function. Here we discuss the current understanding of the 
role and mechanism of action of some these lincRNAs in different mammalian Hox 
clusters. Table 6.4 enlists various lincRNAs involved in regulation of mammalian 
Hox genes.

Table 6.4  lncRNAs involved in regulation of mammalian Hox genes

lncRNA Expressed in Transcribed from Function Refs

HoxA
Halr1 and 
Halr1-os

Human, mouse 
ESCs

Region between 
Hoxa1 and Skap2, 
~50 kb from the 3′ 
end of Hoxa1

Retinoic acid-dependent 
regulation of HoxA 
genes

[76, 77]

Haunt (HoxA 
upstream 
noncoding 
transcript)

Human ESC, 
NPC, and NSC

40 kb upstream of 
HoxA cluster

Attenuates enhancer–
promoter contacts acting 
as RA-dependent brake 
during ESC 
differentiation

[78]

HOTAIRM1  
(Hox antisense 
intergenic RNA 
myeloid 1)

Human, 
mouse, and 
other 
mammals

Transcribed 
antisense to Hoxa1 
from a shared 
promoter between 
Hoxa1 and Hoxa2

Specific to myeloid 
lineage and involved in 
granulocyte maturation

[79, 80]

HOXA-AS2 
(HoxA cluster 
antisense RNA 2)

Promyelocytic 
leukemic cells 
and 
neutrophils

Isoforms of 339 to 
2045 nucleotides 
from intergenic 
region between 
Hoxa3 and Hoxa4

Induced by IFNγ in 
PMNs and TNF in NB4 
cells for negative 
regulation of ATRA-
induced TRAIL 
(TNF-related apoptosis-
inducing ligand) during 
myeloid differentiation

[81]

HOXA11-AS Human and 
mouse

Antisense 
transcript from 
promoter of 
Hoxa11

In gametogenesis. 
Knockdown results in 
male and female sterility 
due to uterine defects 
and failure of testes to 
descend from abdomen, 
respectively

[82]

(continued)
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6.2.3.1  �HoxA Cluster

Heater is one of the well-studied lncRNA loci in HoxA cluster. The coding poten-
tial of this region was discovered during analysis of RNA deep sequencing data in 
mouse ES cells (ESCs) [76]. Heater region encodes for two lincRNAs—halr1(linc-
Hoxa1) and halr1os1. Studies on the linc-Hoxa1 (transcribed in opposite direction 
to Hoxa1 and is 12 kb long) in mouse ESCs revealed that the linc-Hoxa1 has three 
isoforms of which the isoform 1 is most abundant. Hoxa1 and linc-Hoxa1 are sensi-
tive to retinoic acid (RA) and single transcript counting showed that their levels are 
antagonistic to each other. Indeed knockdown of linc-Hoxa1 increased the level of 
Hoxa1 mRNA, but the result was not reproduced when siRNA was used. To solve 
this mystery, the investigators checked for the levels of linc-Hoxa1 in the nucleus 
and cytoplasm using RNA FISH under both experimental conditions. The number 
of sites of active transcription of linc-Hoxa1 decreased by the use of antisense 

Table 6.4  (continued)

lncRNA Expressed in Transcribed from Function Refs

HIT18844 Human 
abdominal 
tissues like the 
colon, uterus, 
and prostate

265 bp from 5′-end 
of HOXA cluster, 
~1.8 kb from 
Hoxa13

Possess ultra-conserved 
short stretch that results 
in secondary structural 
motif. Function 
unknown

[83]

HOTTIP (HoxA 
transcript at the 
distal tip)

Human and 
mouse

3.7-kb 
polyadenylated 
transcript starting 
~330b upstream of 
Hoxa13

Spatiotemporally 
controls expression  
of 5′ HoxA genes

[84]

HoxB
Hobbit1 (HoxB 
intergenic 
transcript)

Human and 
mouse

Intergenic region 
between Hoxb4 
and Hoxb5

Retinoic acid-dependent 
regulation of HoxB 
genes

[85, 86]

HoxC
HOTAIR (Hox 
transcript 
antisense 
intergenic RNA)

Human 2158-bp, 
polyadenylated 
transcript from 
intergenic region 
between Hoxc11 
and Hoxc12

Regulates expression of 
HoxD genes by acting 
as a molecular scaffold 
for binding of LSD1/
CoREST/REST 
complex

[87–89]

HoxD
Hotdog and Tog 
(transcript from 
telomeric desert 
of HoxD cluster 
and twin of 
Hotdog)

Mouse Telomeric region 
downstream of 
HoxD cluster

Specific to development 
cecum, regulation of 
HoxD genes

[90]

HOXD-AS1 Human Intergenic between 
Hoxd1 and Hoxd3

Retinoic acid-induced 
cell differentiation

[91]
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oligonucleotides but not siRNAs, indicating the repression of Hoxa1 by linc-Hoxa1 
occurs only at the site of its transcription (not by overall cellular abundance) and 
requires the proximity of these two genes in cis (neighboring Hoxa2 levels were 
unaffected). Another interesting observation was that only when linc-Hoxa1 is <10 
molecules Hoxa1 transcripts are detectable highlighting the subtlety of transcrip-
tional regulation by these RNAs. In summary, in the absence of RA, Hoxa1 adopts 
a conformation that is physically proximal to linc-Hoxa1. Such conformation results 
in repression ofHoxa1 transcription by abrogating the binding of RA receptors to 
retinoic acid response elements (RAREs). When RA is present, it binds to RAREs 
in the Hoxa1 promoter and pulls it out from the regulation of linc-Hoxa1. This 
finely orchestrated regulation also requires the presence of protein factor purine-
rich element-binding protein B (PURB) that binds to linc-Hoxa1 as shown in 
Fig. 6.3a [77]. Thus the Heater region through its multiple RAREs regulates the 
effect of retinoids on the noncoding transcripts that in turn fine-tunes neighboring 
Hox gene expression.

Another noncoding transcript known as HOTAIRM1 was identified in HoxA 
cluster in human peripheral blood neutrophils of myeloid lineage, hence the name 
[79]. HOTAIRM1 is not conserved across species in terms of sequence, but similarly 
localizing transcripts are present in other species. HOTAIRM1 preferentially 
associates with CpG islands near the TSS(s) in all mammalian species. Knockdown 
of transcript results in lowering of expression of Hoxa1, Hoxa4, and subtly Hoxa5, 
but not Hoxa9, Hoxa10, and Hoxa11 (cis effect). HOTAIRM1 knockdown in all-
trans retinoic acid (ATRA)-induced human promyelocytic leukemic cells (NB4) 
also showed trans effect by abrogating G/S cell cycle progression by interfering 
with CD11b, CD18, and β2 integrin signaling pathways that are involved in granu-
locyte maturation [80].

The discovery of HOTTIP was spurred by the observation that 5′-end of the 
HoxA cluster in anatomically distal cells (foreskin and foot fibroblast) shows 
broad H3K4me3 peaks and abundant chromatin interactions in contrary to the 
H3K27me3 marks and no long-range interactions in proximal cells (lung fibro-
blast). HOTTIP has the presence of bivalent histone marks (H3K4me3 and 
H3K27me3) indicating its poised regulatory function at the diametrically opposite 
chromatin domain at 5′-end of HoxA cluster as compared to 3′-end. Knockdown 
of HOTTIP reduced the level of transcripts from distal genes Hoxa13, Hoxa11, 
and in lesser severity for more proximal genes Hoxa10–Hoxa7. Depletion of 
HOTTIP in distal limb bud of chicken embryos resulted in bending and shortening 
of distal bony elements. There was an increase in H3K27me3 and overall decrease 
in H3K4me3 marks over the 5′-end of HoxA cluster. These observations indicate 
that HOTTIP promotes transcription of 5′ HOXA genes in cis, in a proximity-
dependent fashion in distal tissues through the deposition of H3K4me3 marks. 
HOTTIP acts as a regulatory switch at the distal end of HoxA cluster by interact-
ing with WDR5 to recruit MLL complex that activates 5′HOXA genes. HOTTIP is 
an elegant example of how noncoding transcript couples 3D genome organization 
with chromatin landscape to spatiotemporally coordinate the developmental pat-
tern [84] Fig. 6.3b.
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Fig. 6.3  Schematic showing the mechanism of action of Hox lincRNAs. (a) Heater region encodes 
two lncRNAs halr1 and halr1-os. In the absence of retinoic acid, halr1/halr1-os binds to PURB and 
transcriptionally represses Hoxa1. When retinoic acid is present, it binds to RAREs (retinoic acid 
response elements) upstream of Hoxa1 and prevents halr1 from repressing Hoxa1 expression. (b) 
HOTTIP is a regulatory RNA at the distal end of HoxA cluster that interacts with WDR5 to recruit 
MLL complex proteins to activate 5′ Hoxa genes. (c) Hobbit1 regulates the expression of Hoxb 
genes in the presence of retinoic acid that acts on RAREs present in the regulatory regions. (d) 
HOTAIR is transcribed from HoxC cluster and regulates the expression of Hoxd genes by acting as 
a dual molecular scaffold that recruits PRC2 and LSD1/REST/coREST complexes at posterior 
Hoxd genes. (e) Hotdog and twin of hotdog, transcribed from the telomeric desert downstream of 
HoxD cluster, fold the Hoxd3–Hoxd11 and the enhancers (blue circles) into an active TAD to regu-
late the long-range interactions necessary for proper gene expression during cecum development
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6.2.3.2  �HoxB Cluster

Hobbit1, the only prominent lncRNA from HoxB cluster, is a noncoding transcript 
that activates gene expression following RA induction. Figure 6.3c shows early neu-
ral enhancer (ENE) and distal element-retinoic acid response element (DE-RARE) 
enhancer modulate the expression of Hoxb genes in neural crest during rostral 
expansion maintaining the distinct domains of anterior and posterior Hoxb genes 
[85]. DE-RARE can modulate RA response of Hobbit1 and anteriorize the 5′ Hoxb 
gene expression. This exemplifies the cross talk of cis regulatory DE-RARE with 
noncoding RNA Hobbit1 and subsequently the neighboring Hoxb genes in response 
to the developmental cues (RA gradient) during organogenesis [86].

6.2.3.3  �HoxC Cluster

HOTAIR is the most widely studied lncRNAs from Hox clusters (HoxC cluster). It 
was discovered in a microarray study of human Hox loci in primary fibroblast with 11 
different positional identities. Knockdown of HOTAIR had no effect on HoxC cluster 
genes on Chr12 but severely affected HoxD cluster genes spanning 40 kb on Chr2. 
This was a remarkable example of noncoding transcripts acting in trans [87]. 
Chromatin immunoprecipitation studies revealed that depletion of HOTAIR lowered 
the levels of H3K27me3 and Suz12 over the HoxD cluster. Later studies showed that 
HOTAIR interacts with Ezh2 (T345) and thus recruits the PRC2 complex at the HoxD 
[92]. Not only this, HOTAIR also acts a dual molecular scaffold, as its 5′-end binds 
PRC2 complex, while the 3′-end binds LSD1/CoREST/REST complex. Thus it teth-
ers the two complexes to coordinate H3K27 methylation (deposition of repressive 
marks) and H3K4 demethylation (removal of activation marks) as depicted in 
Fig. 6.3d [88].

Schoroderet and colleagues deleted the mouse Hotair region along with the 
HoxC cluster with surprisingly no discernable in vivo effects concluding that the 
long noncoding RNAs have evolved to perform species-specific function [89]. 
However, in an equally surprising report that followed this study, Li et al. showed 
that precise Hotair conditional knockout results in homeotic transformation of spine 
and metacarpal carpal bones. Interestingly depletion of Hotair also affects many 
other non-Hox genes including those from imprinted loci like Dlk1-Meg3 and 
Igf2-H19 [93]. Reanalysis of Schoroderet results indicated that HoxCΔ resulted in 
upregulation of all other Hox genes and removed genes that function antagonistic to 
Hotair leading to compensation of the deletion. The drastic difference in results of 
HoxCΔ knockout and Hotair knockdown on using different experimental approaches 
highlights the need of fine-scale experimentation to study intricate regulation of 
Hox lincRNAs.

HOTAIR mis-expression has also been implicated in many cancers [94–100] as it 
has been reported to have multiple protein partners like proteins involved in cyto-
skeletal and respiratory chain function [101].
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6.2.3.4  �HoxD Cluster

In HoxD cluster, Hotdog and Tog (Hotdog, lncRNA from telomeric desert of HoxD 
cluster; Tog, twin of Hotdog in opposite direction) are the noncoding transcripts 
specific to developing cecum. They arise from the telomeric region downstream of 
HoxD cluster. In cecum, Hoxd9, Hoxd10, and Hoxd11 are highly expressed, while 
Hoxd12 and Hoxd13 are repressed. These two lncRNAs were discovered while try-
ing to understand how closely spaced genes in HoxD cluster maintain a distinct 
chromatin/expression domain. Chromosome conformation capture and chromatin 
immunoprecipitation studies within the HoxD cluster showed that Hotdog and Tog 
fold the expressed Hox genes along with their enhancers and the telomeric desert in 
an active topological domain (H3K4me1/3 marked) as in Fig.  6.3e. The domain 
allows their precise expression during cecum budding. The repressed Hox genes 
remain out of the active domain. When the telomeric gene desert was separated 
from the HoxD cluster by chromosome inversion, the HoxD cluster genes were 
silenced, but the noncoding transcripts were still produced. Deletion of region from 
Hoxd9 to Hoxd11 abrogates this spatial configuration and abolishes Hotdog/Tog 
transcription as well. These results suggest a model of long-range enhancer sharing, 
and Hotdog/Tog are the example of how noncoding transcripts coordinate long-
range interactions connecting distal regulatory elements [90].

6.2.4  �lncRNA in Tissue Development and Organogenesis

Embryonic stem cells make cell-fate choices by gene regulatory programs. Terminal 
differentiation of cells results in patterning of tissues. The functionality of tissue 
throughout the life is maintained by adult stem cells. Functional studies have 
revealed that lncRNAs play an active role in gene regulation at virtually every stage 
of progression of differentiation of ESCs, namely, cell cycle, pluripotency, differen-
tiation, cell survival, apoptosis, etc. They coordinate exit from pluripotency to ter-
minal differentiation. After tissue differentiation, they have emerged as an important 
class of regulator for maintenance of adult stem cells [102].

Differentiation of skin is a regulated multistep process. Skin differentiation is 
well characterized at molecular level, to the extent that skin tissue can be regener-
ated ex vivo and grafted in vivo. It, thus, provides a robust system, where role of 
lncRNAs could be investigated. Two lncRNAs, ANCR and TINCR, expressed in 
epidermal tissue progenitor cells, play a crucial role in epidermal differentiation. 
They exhibit antagonistic function, where TINCR (terminal differentiation-induced 
noncoding RNA) promotes differentiation, and ANCR (antidifferentiation noncod-
ing RNA) inhibits differentiation [103, 104]. TINCR is a cytoplasmic lncRNA 
expressed at low levels in epidermal progenitor cells. Its expression is induced dur-
ing differentiation. A 25-nucleotide region in TINCR (TINCR-Box) interacts with a 
RNA-binding protein staufen1 (STAU1). The resulting TINCR-STAU1 complex 
mediates stabilization of many mRNAs that encode for proteins required for 
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differentiation of keratinocytes. Accordingly, downregulation of TINCR in human 
squamous cells leads to carcinoma. lncRNA ANCR on the other hand enforces 
undifferentiated cell state within the epidermis.

A few lncRNAs are responsible for maintenance of two different states. For 
example, lincRNA known as TUNA (a.k.a. megamind in zebrafish) is a highly con-
served noncoding RNA expressed in cells of neural lineages in the adult brain, spi-
nal cord, and eyes. It has been observed that under different cellular contexts, by 
virtue of its unique protein partners, TUNA may maintain pluripotency of ESCs or, 
in a contrasting role, coordinate neural lineage commitment. This is possible 
because TUNA operates through multiple molecular mechanisms at transcriptional 
or posttranscriptional level [105].

Recently generation of KO animal models have been used to elucidate the role of 
lncRNA in tissue patterning. For example, deletion of complete lncRNA Hotair in 
mouse led to skeletal deformities and homeotic transformation including abnormali-
ties in the wrist and spine [93]. The Mdgt KO mice showed abnormally low body 
weight and slower growth. KO of Fendrr or Peril led to peri-/postnatal lethality of 
the animal [106]. Apart from generation of KO models, extensive characterization of 
ESCs has revealed the role of many lncRNAs involved in enforcement of pluripo-
tency in these cells. The common mechanisms of action employed by these noncod-
ing RNAs though remain the same. A vast majority of them act via interacting with 
chromatin modifiers including the readers, writers, and erasers of histone marks. A 
subset acts as competing endogenous RNA by “sponging” out miRNAs. Table 6.5 
lists lncRNAs involved in mammalian tissue development and organogenesis.

6.3  �lncRNA in Nuclear Architecture and Chromosome 
Structure Maintenance

Genomes are hierarchically folded into complex higher-order structure that gives 
rise to chromatin fiber, chromosomal domains, and condensed chromosomes during 
cell division. In interphase nuclei, chromosomes occupy distinct territory that can 
be defined as the nuclear space taken up by the particular chromosome. During cell 
division, chromatin further gets compacted into distinct X-shaped condensed chro-
mosome, where centromere and telomere play an important role to maintain its 
integrity. The higher-order organization of chromatin is directly linked to gene regu-
lation, and any defect in the organization perturbs gene expression causing diseases. 
Several diseases arise as a result of aberrant chromosome numbers (aneuploidy) and 
chromosome instability during cell division. The role of specific proteins in chro-
matin organization is well established and lncRNAs have now emerged as new play-
ers in this domain. lncRNAs have been found to be an integral part of this global 
phenomenon of higher-order chromatin organization/modulation and chromosome 
structure maintenance. In this section we discuss the role played by lncRNAs in 
nuclear organization.
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Table 6.5  List of lncRNA involved in tissue development and organogenesis

lncRNA Expressed in Function Refs

Skin development
TINCR Human Epidermal differentiation by 

posttranscriptional mechanism
[104]

ANCR Human Suppresses differentiation pathway 
to maintain epidermal adult stem 
cell

[103]

Blood development
LincRNA-EPS Mouse

Hematopoietic organs
Prevents apoptosis in erythroid 
differentiation

[107]

alncRNA-EC1 Mouse
Fetal liver erythroid cell

Regulates erythropoiesis (enhancer-
associated RNA)

[108]

alncRNA-EC7 Mouse
Fetal liver erythroid cell

Regulates expression of Band3 
(enhancer-associated RNA)

[108]

DLEU2 Human and mouse Regulates erythropoiesis and B cell 
maturation
Represses of SPRYD7 gene

[108, 109]

elncRNA-EC1 Mouse Involved in erythroblast 
differentiation

[108]

lincRNA-EC9 Mouse Involved in erythroblast 
differentiation

[108]

Eye development
Tug1 Human, mouse, dog, 

cow, and rat
Retinal cells

Involved in cone photoreceptor 
specification
Associates with PRC2

[110]

RNCR2 (MIAT/
Gomafu)

Mouse
Retinal cells

Involved in retinal cell specification [111]

Six3 Mouse
Eye and retinal cells

Involved in neural specification in 
ES cells of the retina and eye 
(promoter-associated RNA)

[112]

Vax2os Human, other primates, 
and mouse
Retina (outer 
neuroblastic layer)

Involved in retina cell specification
Regulates cell cycle progression of 
photoreceptor progenitor cells in 
ventral retina

[113, 114]

Cardiac development
aHIF Human Associated with cardiac pathology

(Hypoxia-inducible factor 1A 
antisense RNA)

[115]

Kcnq1ot Human Involved in cardiogenesis
Regulates chromatin reorganization 
at imprinted loci

[116]

ANRIL Human Involved in atherosclerosis, 
carcinomas, and inflammatory 
response
Interacts with CBX7 of PRC1 
complex
(antisense noncoding RNA in the 
INK4 locus)

[117, 118]

(continued)
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Table 6.5  (continued)

lncRNA Expressed in Function Refs

SENCR Human Regulation of endothelial 
differentiation from pluripotent 
cells
Controls the angiogenic capacity of 
human umbilical vascular 
endothelial cells (HUVEC)
(Cytoplasmic lncRNA)

[119, 120]

LIPCAR Human Biomarker for myocardial 
infarction
(Mitochondrial lncRNA)

[121]

CARL Human Inhibits anoxia-mediated 
mitochondrial fission and apoptosis
Acts as mir-539 sponge
(Cardiac apoptosis-related lncRNA)

[122]

Mhrt (Myheart) Human
Adult heart

Protects against cardiomyopathy
A chromatin-remodeler and 
antagonizes Brg1 (myosin 
heavy-chain-associated RNA 
transcript)

[105]

MIAT Human Regulates diabetes mellitus-induced 
microvascular dysfunction
Regulates expression of vascular 
endothelial growth factor and 
miR-150-5p (myocardial infarction-
associated transcript)

[123–126]

Braveheart Mouse
Cardiac cells

Regulates cardiovascular lineage 
commitment
Epigenetic regulator that interact 
with Suz12

[127]

Fendrr Mouse Involved in differentiation of 
multiple mesenchyme-derived 
tissues
Associates with PRC2

[128, 129]

Immunological development
TMEVPG1 Human and mouse 

peripheral blood 
lymphocytes (NK+ cells, 
CD4+ and CD8+ T 
lymphocytes)

Involved in immunity modulation [130–132]

NeST Mouse Involved in immunity modulation
Regulates IFNγ transcription

[133]

lncDC Human Controls dendritic cell 
differentiation
Binds to STAT3

[134]

ZFAT-AS Human
CD19+ B cell

Regulates B cell function and 
implicated in autoimmune thyroid 
disease

[135, 136]

(continued)
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Table 6.5  (continued)

lncRNA Expressed in Function Refs

THRIL Human Regulates TNFα expression, 
immune response, and 
inflammation (heterogeneous 
nuclear ribonucleoprotein L-related 
immune-regulatory long noncoding 
RNA)

[42]

PCAER Human Modulates immune response
Prevents binding of p50 subunit of 
repressive NF-κB complex to 
COX-2 promoter (p50-associated 
COX-2 extragenic RNA)

[137]

KIR-AS Human
Hematopoietic 
progenitors
Myeloid precursors

Controls gene expression in 
progenitor cells (killer cell 
immunoglobulin-like 
receptor—antisense)

[138]

PRINS Primates Keratinocyte stress response and 
psoriasis pathogenesis
(Psoriasis-susceptibility-related 
RNA gene induced by stress)

[139]

Neuronal development
AK055040 Human Involved in neuronal differentiation

Interacts with polycomb group 
proteins
(Promoter-associated RNA)

[140]

AK091713 Human Involved in neurogenesis
Overlaps with miRNAs like 
Mir125B and LET7A

[140]

AK124648 Human
ES cells

Involved in promoting pluripotency 
and neuronal differentiation 
(promoter-associated RNA)

[140]

CDKN2B-AS/
ANRIL

Human
Many cell types

Involved in atherosclerosis, 
carcinomas, and inflammatory 
response
Interacts with CBX7 of PRC1 
complex (antisense noncoding 
RNA in the INK4 locus/CDKN2B 
antisense RNA)

[117, 118]

BACE1-AS Human and mouse Positive regulator of BACE1 
expression target for anisomycin-
mediated suppression of ovarian 
stem cell cancer

[141]

BC1/BC200 Human
Nervous 
system—dendrites

Regulates synaptogenesis
Interacts with FMRP and 
translational machineries to 
regulate spatially restricted synaptic 
turnover

[142]

BDNF-AS Human
Nervous 
system—neurites

Controls development of neurite 
elaboration
(Natural antisense transcript)

[142]

(continued)
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Table 6.5  (continued)

lncRNA Expressed in Function Refs

CDRas1 Human and zebrafish miRNA decoy and circular RNA [143]
Cyano Zebrafish miRNA (miR-7) decoy [144]
DALI Human

Neuroblastoma cells
Controls neural differentiation by 
direct interaction with POU3F and 
DNMT1

[145]

Dlx1AS Human Controls neural differentiation 
(enhancer-associated RNA)

[146–148]

Evf2/Dlx6AS Mouse
Central nervous system

GABAergic interneuron 
specification
Interacts with transcription factor 
DLX and methyl-CpG-binding 
protein MECP2 to epigenetically 
regulate expression of interneuron 
lineage genes

[149, 150]

GDNF-OS Human Transcriptional regulator of GDNF 
(promoter-associated RNA)

[142, 151]

GOMAFU Human and mouse
Dividing neural stem 
cells and neurons

Inhibits amacrine cell specification 
and Muller glia differentiation
Interacts with splicing factors to 
regulate alternative splicing of 
several neuronal genes

[152, 153]

Kcna2AS Human Involved in causation of pain and 
hypersensitivity
Inhibits Kcna2 expression that 
leads to decreased voltage-gated 
potassium current and increased 
membrane potential

[154]

Linc-Brn1a and 
LincBrn1b

Mouse
Neural stem cell

Differentiation of neural stem cells 
and cortical neuron development
Regulates basal cortical progenitor 
turnover

[106]

Linc00299 Human
All tissues, 
predominantly brain

Involved in neurodevelopment, 
particularly brain development

[155]

Linc00237 Human Causes MOMO (macrosomia, 
obesity, macrocephaly, and ocular 
abnormalities) syndrome

[156]

Peril Human
Brain and spinal cord

Controls the cell cycle, energy 
metabolism, and immune response 
genes
Transcribed from 110 kb 
downstream of Sox2

[106]

MSN1PAS Human Involved in synapse development [157]
MALAT1 Human and mouse

Neurons
Involved in synaptogenesis and 
synapse formation
Recruits splicing proteins to 
transcription sites

[158, 159]

(continued)
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Table 6.5  (continued)

lncRNA Expressed in Function Refs

Megamind Human, mouse, 
zebrafish

Involved in brain morphogenesis 
and eye development

[144]

Neat1 Human and mouse Induces of paraspeckle formation
(Architectural lincRNA)

[160]

Pantr2/BRN1B Human and mouse
Brain

Regulation of differentiation of 
delaminating neural progenitor 
cells

[161]

Paupar Neuroblastoma cells Interacts with Pax6 to regulate cell 
cycle and differentiation

[162]

PNKY Human and mouse
Brain

Regulates neural stem cell turnover
Balances self-renewal and 
differentiation of neural stem cells 
by regulation splicing regulator 
PTBP1

[163]

RMST Mouse
ESCs

Involved in neural differentiation
Recruits Sox2 to neurogenesis-
promoting genes

[140]

Sox2dt Mouse
Brain

Regulates Sox2 expression in 
neurogenic regions of the brain 
(enhancer-associated RNA)

[164]

SIX3OS Human
Eye

Specification of photoreceptors, 
bipolar cells, and Muller glia 
through SIX3 target genes

[112]

TUG1 Human
Retinal cells

Retinal cell-type specification and 
proliferation

[110]

TUNA Mouse and zebrafish Recruits RNA-binding proteins 
(NCL, PTBP1, and hnRNP-K) to 
neural gene promoters

[165]

utNgn1 Mouse Involved in neocortical 
development
Regulates transcription of 
neurogenin (enhancer RNA 
transcript)

[166]

VAX2OS1 Human
Retinal cells

Involved in retinal cell-type 
specification and proliferation

[114]

Skeletal muscle development
Yam-1 Mouse

Myoblasts
Regulator of myogenesis
Muscle-associated lincRNA 
positively regulated by YY1 and 
represses muscle differentiation 
genes like myogenin (YY1-
associated muscle lncRNA)

[167]

Linc-MD1 Human and mouse
Myoblasts

Regulator of myogenesis
Competing endogenous RNA that 
acts as a sponge for miR-133

[168]

(continued)
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6.3.1  �Interphase Chromatin

That RNA is a significant component of nuclear architecture is known for the past four 
decades [172]. Early studies have conceptualized nuclear matrix (NuMat—a skeletal 
framework in the nucleus) as a scaffold predominantly made up of RNA and protein 
components. NuMat serves as a platform for virtually all nuclear processes, namely, 
DNA replication, repair, RNA transcription, and splicing. Moreover it is suggested 
that NuMat plays a fundamental role regulating gene expression [173]. NuMat is sen-
sitive to RNase, indicating critical role of RNA in formation of the structure. Studies 
in recent years have shown that repeat-containing lncRNAs are involved in building up 
of the nucleo-skeleton. This phenomenon appears to be conserved across species. For 
example, AAGAG repeat-containing lncRNA is an important component of Drosophila 
NuMat, which when depleted leads to lethality at larval stages [174]. Similarly purine-
rich GAA repeat-containing lncRNA was found in mammalian cells [175]. Another 
study provides compelling evidence that RNA transcribed from LINE-1  
interspersed repeats form a significant component of interphase chromatin in human 
cells. Interestingly interspersed repeat sequences, which account for almost half of 
human genome, were abundantly transcribed, and the repeat lncRNAs were found 
associated with euchromatin. Adapter protein SAF-A, by virtue of its DNA- as well as 
RNA-binding domains, links the LINE-1lncRNA to chromatin. The lncRNA stably 
associates with chromatin and its removal leads to aberrant chromatin distribution and 
condensation [176]. Thus LINE-1 lncRNA and other lncRNA species directly associ-
ate with chromatin to add to its stability and functionality from a new class of lncRNAs 
known as chromatin-associated RNAs (caRNAs). However, studies on the role of the 
NuMat RNA in chromatin architecture and caRNAs are limited, and further explora-
tions are needed to unravel the mechanistic details of the process.

6.3.2  �Euchromatin/Heterochromatin

Based on its transcriptional property, interphase chromatin can be distinguished as 
euchromatin and heterochromatin. Euchromatin is loosely packed, replicates early, 
and is permissive to transcription, while heterochromatin is compact, replicates 

Table 6.5  (continued)

lncRNA Expressed in Function Refs

Other organogenesis
Mdgt Mouse Involved in embryonic development

Transcribed from a region close to 
Hoxd1

[106]

Manr, linc-Cox2 Human and mouse
Lungs

Involved in organogenesis of lung [169]

FIRRE Human Controls topological organization 
of multiple chromosomal region
Tethers inactive X chromosome to 
nucleolus

[170, 171]

P. Saha et al.



179

later, and is refractive to transcription. These chromatin states are epigenetically 
marked by differentially modified histones and DNA methylation. Several lncRNAs 
are known that mediate these epigenetic changes by recruiting chromatin remodel-
ing complexes to specific loci. For example, the lncRNA HOTAIR (described in 
Sect. 6.2.3) originates in HoxC but silences transcription at HoxD locus in trans by 
recruiting polycomb remodeling complex PRC2 to induce silent chromatin. Very 
recently, a novel lncRNA CAT7 has been identified in human neuronal cells, respon-
sible for fine-tuning stable gene silencing by guiding PRC1 activity [177]. Other 
remodeling complexes like MLL and G9a methyltransferases are similarly directed 
by their associated lncRNAs. Thus a small repertoire of chromatin remodeling com-
plexes with little DNA-binding specificity can be directed to a large number of 
genomic loci, in a spatially/temporally regulated manner, by the virtue of lncRNA 
molecules that act as guides. Even at constitutive heterochromatic regions (centro-
mere and telomere), lncRNAs play a role in directing heterochromatin 
organization.

Apart from heterochromatin, lncRNAs regulate the functionality of euchromatin 
as well. It is now established that to function effectively, regulatory elements like 
enhancers, promoters, and boundaries are transcribed. The initial cues to the finding 
came from a pioneer study where using tiling microarrays the authors found that 
transcripts arise from beginning and end of protein-coding genes [178]. Follow-up 
studies confirmed bidirectional transcription from CpG-rich, nucleosome-depleted 
regions at gene promoters using a separate pre-initiation complex. Such transcrip-
tion generates transcription start site-associated RNAs (TSSa-RNAs). These TSSa-
RNAs regulate transcription initiation events [179, 180]. Such TSSa-RNAs are not 
only responsible for turning genes on, but at times they are responsible for causing 
gene-specific repression also. For example, in human cell lines, DNA damage 
induces the expression of lncRNA from cyclin D1 promoter, which modulates the 
levels of RNA-binding protein known as translocated in liposarcoma (TLS). Protein 
TLS in turn modulates histone acetyl-transferase activity at the loci to silence the 
neighborhood [181]. Similarly enhancers are transcribed in cells where they are 
supposed to remain active, and this strategy is used for regulation of key develop-
mental genes [182]. According to a report, in human ESCs, ~19% of lncRNAs are 
enhancer RNAs (eRNAs) [183]. Interestingly, eRNAs are also often bidirectionally 
transcribed. Coming to another important class of regulatory elements known as 
boundaries/insulators, a classical example of lncRNA involved in creating a func-
tional boundary comes from the imprinted H19/IGF2 locus, described in detail in 
Sect. 6.2.1. While boundaries are technically described as elements that, when pres-
ent in between, prevent enhancer to promoter cross talk, insulators separate two 
distinct epigenetically modified chromatin domains, and when present at the junc-
tion, they may restrict the spread of heterochromatin into euchromatin. Most of 
mammalian boundaries and insulators are known to bind to protein CTCF [184]. 
CTCF further recruits cohesin complex to the loci, and this loading of cohesin is 
essential for insulator function. Some lncRNAs are known to act as scaffolds that 
stabilize interaction of CTCF along with other factors to boundaries/insulators. For 
example, a DEAD-box RNA helicase (p68) associates with lncRNA known as ste-
roid receptor RNA activator (SRA). This complex then recruits CTCF to execute 
insulator function at H19/IGF2 locus [185]. Many a time, transcription of tRNA 
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genes (tRNAs are also lncRNAs) results in establishment of a boundary [186, 187]. 
In yet another example, tissue-specific transcription of a retrotransposon repeat at 
murine growth hormone locus leads to establishment of a boundary that blocks the 
influence of neighboring repressive chromatin [188]. From these examples it thus 
becomes evident that lncRNAs function as master regulators that control the func-
tionality of euchromatic regulatory elements.

6.3.3  �Genomic Stability

In addition to the lncRNAs mentioned above that directly interact with chromatin, 
there are other noncoding transcripts that are indirectly involved in maintaining the 
genomic stability. One such lncRNA known as NORAD/LINC00657 (noncoding 
RNA activated by DNA damage) is a highly conserved and abundant transcript 
present in cytoplasm of human cells (more than 300–1000 copies per cell) [189]. 
The lncRNA was initially identified for inducing p53-mediated response to DNA 
damage in mouse and human cells [76]. Later investigations found that targeted 
inactivation of NORAD triggers changes in ploidy level and results in variable chro-
mosome numbers in karyotypically stable human cells. This suggested NORAD to 
have a role in chromosomal stability. NORAD has conserved binding sites that 
sequester the PUMILIO proteins (PUM1/2). PUMILIO are RNA-binding proteins 
that induce chromosomal instability by repressing mitosis, DNA repair, and DNA 
replication factors. Interestingly, in the human brain, expression of NORAD 
decreases with increasing age. These studies indicate multiple roles of NORAD by 
alternative mechanisms that are yet to be identified. However, the discovery of 
NORAD–PUMILIO genomic stability pathway has attracted scientific community’s 
attention to explore other unknown lncRNAs involved in genomic stability, mainte-
nance, and their link to chromosomal abnormalities.

6.3.4  �Nuclear Compartmentalization

Eukaryotic nucleus is very well compartmentalized at structural and functional level 
by mechanisms that are conserved across species. The mammalian nucleus contains 
discrete subnuclear bodies that carry out specific functions [190]. A distinguishing 
feature of the nuclear bodies that differentiates them from conventional cytoplasmic 
organelles is that a lipid membrane does not delimit them. Their structural integrity 
is entirely maintained by protein–RNA and protein–protein interactions. The 
nuclear bodies are highly dynamic as they assemble/disassemble during every cell 
division. They are rapidly formed as a response to specific cellular triggers [191]. 
Many nuclear bodies form around the site of transcription of lncRNAs. For exam-
ple, nucleolus forms around site of rRNA transcription and stress bodies form 
around transcribing satellite III repeats. The lncRNA transcripts at these loci act as 
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templates to assemble RNA-binding proteins that in turn result in the formation of 
nuclear bodies. In addition, lncRNAs can function as architectural element away 
from where they are transcribed. For example, the lncRNA NEAT1 is a polyadenyl-
ated nuclear-retained transcript, essential for the formation of paraspeckles [160]. 
Its causal role in the formation of paraspeckles is proven as in the absence of its 
transcription in human ESCs, paraspeckles are not formed [192]. Similarly, over the 
last decade, many noncoding RNAs like MALAT1 (for nuclear speckles), TUG1 (for 
polycomb bodies), U-snRNAs (for Cajal bodies), and U7-snRNA (for histone body 
locus) have been found that play an architectural role in nuclear body formation.

6.3.5  �Topological Domains

Chromosome conformation capture techniques have revealed that distally located 
DNA elements come in close proximity in three-dimensional nuclear space. Such 
contacts are cell and context specific with functional consequences. These contacts 
define chromatin loops that provide topological framework for co-regulated genes, 
commonly known as topological domains (TADs) [193]. Latest developments show 
that lncRNAs play a vital role in chromatin looping. A remarkable example of 
lncRNAs involved organization of genome into TADs is that of Firre (functional 
intergenic repeating RNA element) in humans and mouse. Firre is expressed from a 
macrosatellite locus in mouse and contains several cohesin- and CTCF-binding 
sites required for its functionality. Repeat domains in Firre through its interaction 
with hnRNPU (a nuclear matrix component protein) localize across a 5-Mb TAD on 
X chromosome. By serving as a scaffold, Firre mediates intra-chromosomal bridges 
to define the TADs. Thus Firre plays an architectural role in organizing the X chro-
mosome in TADs that have similar expression state [170]. This lncRNA also medi-
ates the X-chromosome tethering to nucleolar surface where the repressive state is 
maintained through H3K27 methylation. Obviously and interestingly enough Firre 
itself escapes X-inactivation.

6.3.6  �Centromere

Centromeres are specialized structures for proper segregation and equal partitioning 
of chromosomes during cell division. Centromere is functionally divided into two 
distinct domains, the core domain which specifies kinetochore formation and its 
flanking pericentric heterochromatin. DNA at the pericentric heterochromatic 
region is rich in α-satellite repeats. Core centromeric domain is characterized by the 
presence of histone H3 variant CENP-A. The pericentromeric heterochromatin con-
tains H3K9 and DNA methylation and associates with heterochromatic protein 
HP1. Observations suggest that lncRNA transcribed from the satellite repeats lead 
to heterochromatin establishment as well as proper kinetochore assembly. 
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Involvement of lncRNA in organization of centromere can be seen across all phyla, 
from plants, yeast, and invertebrates to vertebrates [194–196]. For example, maize 
centromeric repeats transcribed from both strands yields 900 nucleotide long tran-
scripts that bind to CENP-A ortholog CENH3 [197]. Frog centromeric repeat (Fcr1) 
noncoding RNA of ~175 nucleotides is required for normal Aurora-B (kinase) 
localization to centromere and kinetochore formation in Xenopus [198].

In mouse cell lines (MS5 and C2C12), transcripts of up to 4 kb from minor satel-
lite repeats at centromere have been detected under normal physiological condition. 
These transcripts accumulate during stress or differentiation. Forced accumulation 
or ectopic expression of the transcripts cause impaired centromeric function and 
chromosome segregation defects [194]. Human centromeric α-satellite repetitive 
DNA is transcribed by RNA polymerase II to produce noncoding RNAs of variable 
size containing repetitive unit 171-bp nucleotides [195, 199]. These α-satellite tran-
scripts have functional importance in chromosome stability and centromere regula-
tion as the RNA is essential for localization of the proteins CENP-C and INCENP 
to centromere. The centromeric proteins are sequestered in nucleolus during inter-
phase and relocated to centromere during mitosis. That RNA is responsible for 
proper localization of these proteins is confirmed by RNaseA treatment where RNA 
depletion abrogates their nucleolar and centromeric localization [195]. Further 
human studies have found that knockdown of α-satellite induces abnormal mitosis 
and formation of “grape-shaped” nuclei. The α-satellite transcripts recruit CENP-A 
and its chaperone HJURP into centromeric chromatin. In addition, α-satellite tran-
scripts can also interact with Shugoshin (Sgo1)—a cohesin protein chaperone that 
binds and protects cohesin at inner centromere. It is an essential effector for main-
taining centromeric cohesion, which if lost prematurely may result in mitotic dis-
ruption [200, 201].

Although the role of centromeric proteins in kinetochore assembly and chromo-
some segregation is well established, the α-satellite transcribed repeat lncRNAs 
have now emerged as new players in this domain. As these transcripts arise from 
pericentromeric heterochromatin, their abnormal accumulation reflects derepres-
sion of heterochromatin. Such a scenario is indicative of disease and stress. Higher 
abundance of α-satellite transcripts has been reported in pancreatic and epithelial 
cancers. Whether it is the cause or a consequence of global heterochromatin, dere-
pression during cancer is a matter still under investigation [202].

6.3.7  �Telomeres

Apart from centromeres, telomeres are special structures at chromosome ends that 
are vital for its integrity and stability during cell division. Telomeres have been 
termed as the cellular clocks that determine the replicative lifespan of normal 
somatic cells. This is because cellular senescence is associated with a gradual short-
ening of telomere length. Telomere shortening results because of limitations of 
semiconservative DNA replication machinery that cannot fully replicate the end of 
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a linear DNA. A specific ribonucleoprotein complex containing the enzyme telom-
erase (TERT) is required for DNA replication at the chromosome ends for telomere 
length homeostasis. TERT is a reverse transcriptase, which elongates telomeric 
DNA using associated RNA molecule as a template [203]. Majority of human can-
cer cells possesses active telomerase in contrast to normal somatic cells that have 
undetectable telomerase activity [204–206]. The RNA component of the telomerase 
complex is a lncRNA known as TERC (telomerase RNA component) that serves as 
the template for telomeric repeat synthesis and scaffold for assembly of associated 
factors. TERC knockout mice show short telomere, chromosomal instability, and 
premature aging suggesting its important role [207].

In addition to TERC, another novel lncRNA, TERRA (telomeric repeat-containing 
RNA), has been identified in mammals that are transcribed from sub-telomeric 
regions by RNA polymerase II and have variable lengths ranging between 100 and 
>9000 nucleotides [208, 209]. TERRA molecules play critical role in telomere 
maintenance as they regulate telomerase activity and heterochromatin formation at 
chromosome ends. One of the roles of TERRA is to recruit proteins including 
H3K9me3, HP1, and chromatin remodeling factors to promote heterochromatin 
formation at chromosome ends [210]. The other role envisaged for TERRA is in 
proper capping of the chromosome ends by binding to shelter in proteins (TRF1 and 
TRF2). Association of TERRA to telomeres is not only because of RNA–protein 
interaction, but recent evidences show that TERRA transcripts base pair with tem-
plate DNA forming RNA–DNA hybrids known as R-loops that are important for 
telomere stability [211]. As TERRA participates in capping, it prevents activation of 
DNA damage response (DDR) at chromosome ends. In replicating cells lacking 
telomerase, telomere shortens with every cell division, eliciting a DDR that results 
in cellular senescence. TERRA actively prevents DDR by recruiting lysine-specific 
demethylase (LSD1) and chromatin remodeling factors to the telomere [212].

Disruption of nuclear organization correlates with diseased states and in some 
cases the lncRNA has been found to be the aberrant molecule. For example, in an 
autosomal dominant disease known as facioscapulohumeral muscular dystrophy 
(FSHD), loss of lncRNA DBE-T results in topological reorganization of the locus 
derepressing several genes [213].

6.4  �lncRNA Etiology in Human Diseases and Disorders

As lncRNAs express in a precisely regulated pattern that is related to development/
function, it makes sense that their mis-regulation or mutation would cause disease/
disorder. Cancer, which poses a big challenge toward community health in the 
twenty-first century, is still unconquered. Most cancers arise due to somatic/germ-
line mutations that result in loss of cellular homeostasis. Recent evidences suggest 
that most of these mutations lie in genomic regions that lack protein-coding capac-
ity but express lncRNAs. Indeed genome-wide association studies (GWAS) and 
comparative transcriptomic studies have associated lncRNAs with cancer as well as 
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several other diseases. Almost half of all traits associated with SNPs in GWAS 
occur in intergenic sequences and only a small fraction lie in exons [214]. Another 
study found that lincRNAs are more than fivefold enriched for SNPs than non-
expressed intergenic regions which indicates the functional significance of these 
lncRNAs [215].

The growing awareness of lncRNA regulatory mechanisms and the mechanism 
of action of lncRNA themselves offers useful therapeutic targets. It is possible to 
manipulate the levels of these lncRNAs in vivo, using interventions such as treat-
ment with antisense oligonucleotides (ASO). One such example can be seen in a 
study where in a murine model of Angelman syndrome, ASO-based silencing of 
disease causing lncRNA Ube3a-ATS leads to activation of Ube3a. This restoration 
of Ube3a activity caused recovery from cognitive deficits associated with the syn-
drome [216]. Such use of ASO in treatment of a diseased murine model is a step 
forward toward use of lncRNA-based therapies in treatment of challenging dis-
eases like cancer. To this end, exploratory results obtained using cancer cell lines, 
mouse models, and nonhuman primates have been very promising. Table  6.6 
shows a list of lncRNA associated with various diseases and disorders. We have 
excluded lncRNAs associated with cancers as they are discussed in a separate 
chapter in the book.

Table 6.6  lncRNAs associated with human diseases/disorders/syndromes

Disease/disorder/syndrome lncRNA Refs

Immune system diseases and syndromes
Systemic lupus erythematosus FNDC1, TAGP, SOD2, WTAP, 

ACAT2
[217]

Rheumatoid arthritis Multiple lincRNAs [218]
Kawasaki disease THRIL [42]
Thyroid disease SAS-ZFAT [219]
Sézary syndrome SeCATs [220]
Skin diseases
Psoriasis PRINS (psoriasis-

susceptibility-related RNA)
[139]

Melanoma BANCR, SPRY4-IT1 [221, 
222]

Developmental disorders and syndromes
FSHD (facioscapulohumeral muscular dystrophy) 
syndrome

DBE-T [213]

Brachydactyly Type E DA125492 [223]
Immunodeficiency, centromeric region instability, 
facial anomalies, dyskeratosis congenital, aplastic 
anemia, idiopathic pulmonary fibrosis

TERRA [224]

Pseudohypoparathyroidism, McCune–Albright 
syndrome

NESP-AS [34]

Transient neonatal diabetes mellitus HYMAI [225]
Klinefelter’s syndrome XIST [226]

(continued)
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6.5  �Concluding Remarks

Soon after the announcement of human genome sequence, it became clear that 
protein-coding region constitutes only a tiny minority of the whole genome. 
Nonprotein-coding DNA increases with increasing evolutionary complexity, and 
surprisingly most of these sequences are transcribed. Investigations have revealed 
that many classes of lncRNAs are transcribed from ~75% of human genome that was 
previously regarded as nonfunctional “selfish DNA” and part of evolutionary junk-
yard. Interestingly the protein toolkit of organisms has remained the same through 
billion years of evolution. For example, human and mice share 99% of their protein-
coding genes. The phenotypic diversity appears to have been achieved primarily by 
modular use of a subset of the proteome. Thus spatial and temporal control of gene 

Table 6.6  (continued)

Disease/disorder/syndrome lncRNA Refs

Neurodevelopmental disorders, syndromes, and neural diseases
Fragile X syndrome FRM4 (FMR1-AS1), BC1 [227, 

228]
Schizophrenia BDNF-AS, Gomafu, DISC-2, 

Evf2
[152, 
229]

Prader–Willi syndrome SNORD116 (HBII-85), C/D 
box cluster, ZNF127AS

[230, 
231]

Angelman syndrome UBE3A-AS [232]
Autism spectrum disorders ST7OT1, ST7OT2, ST7OT3, 

PTCHD1AS1, PTCHD1AS2, 
PTCHD1AS3, SHANK2-AS, 
BDNF-AS, MSNP1-AS

[157, 
233, 234]

Rett’s syndrome AK087060, AK081227 [235]
Microphthalmia 3 syndrome SOX2OT [164]
2p15-p16.1 microdeletion syndrome FLJ16341 [236]
Down syndrome NRON [237]
Alzheimer’s disease BACE1-AS [238]
Beckwith–Wiedemann syndrome H19 and KCNQ1OT1 l [239, 

240]
Silver–Russell syndrome H19 [239]
McCune–Albright syndrome NESP-AS [34]
Neuropathic pain KCNA2-AS [154]
Cardiac diseases and disorders
Heart failure Mhrt [105]
Cardiac hypertrophy CHRF, Novlnc6 [241]
Myocardial infarction MIAT, LIPCAR [121, 

123]
Spectrum of cardiac disorders FENDRR, Braveheart, CARL, 

KCNQ1OT, MALAT1
[105]

Blood and circulatory system disorders and syndromes
HELLP (hemolysis, elevated liver enzymes, and 
low platelets) syndrome

HELLP [242]

Atheromatosis and atherosclerosis ANRIL [243]
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expression is instrumental in driving evolutionary diversity and lncRNAs have been 
found to play a key role in the process. This even challenges the central dogma 
where RNA was just thought to be a passive messenger between DNA and proteins 
and has brought regulatory role played by lncRNAs to center stage.

Deep transcriptomic analyses have begun to rediscover the RNA world and its 
relation with organismal complexity. Present evidences argue that evolutionary 
complexity results due to interactions of few and fairly similar proteins whose 
expression is spatially and temporally controlled by regulatory RNA network. The 
primary basis of higher complexity thus lies in the variation and expansion of this 
regulatory network. The regulatory network represented largely by lncRNAs is 
more plastic than the protein-coding sequences that are constrained by strict 
structure–function relationship. Any sequence variation in protein-coding region 
(mutations) can be toxic and thus deleterious, giving rise to severely compromised 
phenotype. But sequence variation in regulatory regions is often tolerated with mild 
consequences and no discernable phenotype. This “mutation” versus “variation” in 
nature provides the raw material for evolution.

Higher eukaryotes employ RNA-mediated regulatory mechanisms to control a 
plethora of molecular mechanisms. In the nucleus they regulate gene activity via 
chromatin remodeling, epigenetic processes, RNA transcription, splicing and pro-
cessing, etc. In cytosol they can effectively control RNA translation, RNA stability, 
and signaling. They virtually are the primary control axis of differentiation, devel-
opment, and diseases, and to find out the basis for complex human diseases, it is 
essential that all lncRNAs are identified, their expression pattern is unraveled, and 
mechanism of action is elucidated. A deeper transcriptomic analysis of different 
cells under physiologic and pathologic conditions may pave the way to understand 
complex human diseases and, thereby, help to improve the quality of human life.
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Chapter 7
Long Noncoding RNAs in Cancer 
and Therapeutic Potential

Arun Renganathan and Emanuela Felley-Bosco

Abstract  Long noncoding RNAs (lncRNAs) are the major elements of the mam-
malian transcriptome that is emerging as a central player controlling diverse cellular 
mechanisms. Most of the well-studied lncRNAs so far are found to be crucial in 
regulating cellular processes such as cell cycle, growth, and apoptosis that ensure 
homeostasis. Owing to their location and distribution in the genome, lncRNAs 
influence the transcription of a wide range of proteins directly or indirectly by tran-
scriptional and posttranscriptional alterations, which opens up the “LncRNA-cancer 
paradigm” in a context-dependent manner, i.e., either oncogenic or tumor suppres-
sive. Thus, this chapter is a consolidation of lncRNA association in exhibiting or 
suppressing the typical cancer hallmarks such as continuous proliferation, surpass-
ing apoptosis, genomic instability, drug resistance, invasion, and metastasis studied 
till date. In addition, special focus has been given on the efficient application of 
lncRNAs as potential targets for therapeutics that holds a great promise for future 
cancer therapy.
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7.1  �Introduction

Advanced sequencing methods and arrays identified that the human genome is com-
posed of only 2% of genes that encodes for proteins while the major portion of the 
genome is transcribed without any immediate definite purpose [1]. These noncoding 
RNAs (ncRNAs) have been classified based on their size into small ncRNAs—those 
smaller than 200 nucleotides such as small interfering RNA (siRNA), microRNA 
(miRNA), piwi-interacting RNA (piRNA)—and long ncRNAs, those larger than 
200 nucleotides [2, 3]. Long noncoding RNAs (lncRNAs) constitute the major class 
of ncRNAs as the mammalian transcriptome has revealed that there are nearly three 
times as many lncRNA genes as protein-coding genes [4, 5], and there has been a 
steep rise of research focus on the lncRNAs recently owing to their influence in 
several biological processes [6, 7].

Though a large portion is yet to be explored, the lncRNAs identified to date are 
classified as stand-alone lncRNAs (located in sequence space without overlapping 
coding genes), natural antisense transcripts (transcription from the antisense DNA 
strand of annotated transcription units), pseudogenes (replica of genes that have lost 
their coding capacity due to mutations), long intronic ncRNAs (long transcripts 
within introns), and divergent transcripts/promoter-associated transcripts/enhancer 
RNAs (transcriptional by-products that maintain the environment of open chromatin, 
or enhance or regulate biological processes) [8]. Gene annotations of lncRNAs show 
poorly defined boundaries, such as the absence of typical transcription initiation and 
termination hallmarks that distinguished them from coding regions [9–11].

Owing to their loci in the genome, lncRNAs are expected to play crucial roles in 
regulating the gene expression during differentiation and development that positively 
or negatively regulate or maintain cellular homeostasis [12, 13]. Though we are yet 
to completely understand the importance of all the lncRNAs known so far, most of 
them are identified to be associated with the transcription and post-transcription of 
coding regions, especially as competent RNAs regulating miRNA levels and mRNA 
stability and translation [14]. Since the identification of HOX antisense intergenic 
RNA (HOTAIR)—the lncRNA that interacts with the chromatin and represses tran-
scription of human HOX genes regulating development [15]—extensive studies 
revealed that some lncRNAs regulated chromatin organization, and their deregula-
tion heavily contributed to several pathological conditions especially cancer [16, 17]. 
Several lncRNAs have been identified to be involved in cell cycle alterations, evasion 
of apoptosis, and metastasis causing various cancers including lung, liver, prostate, 
breast, and ovarian cancers [18–20]. Searching Pubmed (https://www.ncbi.nlm.nih.
gov/pubmed) using “lncRNA and cancer” as keywords revealed that the number of 
published studies has increased dramatically in the last 6 years (Fig. 7.1).

The analysis of lncRNAs as novel drivers of tumorigenesis holds a strong plat-
form for the development of anticancer treatments targeting RNA molecules.

Hence, this chapter focuses on the functional perspective of possible lncRNA 
targets and consolidates their association in different genetic and cell signaling 
pathways that contribute toward cancer development and progression.
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7.2  �Long Noncoding RNA-Mediated Regulatory 
Mechanisms

LncRNAs operate through different modes of action (Table 7.1). Transcription from 
an upstream promoter of lncRNA can negatively or positively affect expression of 
the downstream gene by inhibiting RNA polymerase II recruitment or inducing 
chromatin remodeling, respectively. For example, lncRNAs from SINEs (a class of 
retrotransposon) block transcription of heat-shock genes by binding to Pol II to 
prevent formation of preinitiation complexes [21, 22].

Histone modifications and DNA methylation are essential for stable repression of 
genes and have been associated in cancer with deregulation of lncRNA expression. 
LncRNAs can modulate gene transcription through epigenetic modulation by guiding 
chromatin-modifying complexes to target genomic DNA loci. For example, lncRNAs 
such as HOTAIR and X-inactive specific transcript (Xist)/RepA associate with the 
chromatin-modifying factors EZH2 in PRC2 (a key methyl transferase) and the Pc/
Cbx family proteins in PRC1 (proteins that bind to trimethylated H3K27) [8, 23]. Xist 
interacts with EZH2 and SUZ12 of PRC2 complex via repeat A region (RepA) for the 
epigenetic repression of specific genes on the X-chromosome, and HOTAIR recruits 
PRC2 complex at a different locus (HOXD) to suppress specific genes [15, 24].
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An antisense transcript is able to hybridize to the overlapping sense transcript 
and block recognition of the splice sites by the spliceosome, thus resulting in an 
alternatively spliced transcript. In this context, the lncRNA metastasis-associated 
lung adenocarcinoma transcript 1 (MALAT1) and Gomafu/MIAT have been associ-
ated with alternate splicing and hindering the spliceosome formation, respectively 

Table 7.1  Long noncoding RNA-mediated regulatory mechanisms

LNC RNA Function Mechanisms

Gene expression control
Regulation of mRNA transcription

All Increased or decreased 
expression of nearby genes

Modification of PolII recruitment

XIST X inactivation Chromatin-mediated repression
HOTA1R Repression at the HOXD locus Chromatin-mediated repression
HOTT1P Activation at the HOXA locus Chromatin-mediated activation
ANRIL Repression at the lNK4bARF-

INK4a locus
Chromatin-mediated repression

AIRN Imprinting at the IGF2R cluster Chromatin-mediated repression, 
transcription interference

GAS5 Repression of glucocorticoid 
receptor-mediated transcription

DNA mimicry

NRON Repression of NFAT-mediated 
transcription

Inhibition of transcription factor 
nucleocytoplasmic shuttling

Modulation of mRNA posttranscriptional regulatory pathways

HULC Downregulation of miRNA-
mediated repression

Sequestration of miRNA

PTENP1 
pseudogene

Upregulation of PTEN Sequestration of miRNA

Regulation of mRNA processing

MALAT1 Ser/Arg splicing factor 
regulation

Scaffolding of subnuclear domains

Regulation of proteins
Regulation of protein activity

GAS5 Repression of glucocorticoid 
receptor-mediated transcription

DNA mimicry

SAMMSON Interaction with p32 Regulation of mitochondrial biogenesis
NRON Repression of NFAT-mediated 

transcription
Inhibition of transcription factor 
nucleocytoplasmic shuttling

Organization of protein complexes

HOTA1R Repression at the HOXD locus Recruitment of PRC2
ANRIL Repression at the INK4b–

ARF–INK4a locus
Recruitment of PRC1 and PRC2

TERC Addition of telomeric repeats 
to the ends of chromosomes

Organizational scaffold for telomerase 
components and template for repeat 
addition

NEAT1 Assembly of paraspeckles Nucleation of subnuclear domains
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[25, 26]. Antisense transcripts also affect the alternative polyadenylation site selec-
tion that influences the mRNA stability [27]. Certain lncRNAs such as natural anti-
sense from the 3′-UTR of inducible nitric oxide synthase have been found to 
stabilize its sense counterpart by aiding in the recruitment of stabilizing factors [28]. 
Alternatively, hybridization of the sense and antisense transcripts can allow Dicer to 
generate endogenous siRNAs.

By binding to specific protein partners, a noncoding transcript can modulate the 
activity of the protein, serve as a structural component that allows a larger RNA-
protein complex to form, or alter where the protein localizes in the cell. A recent 
example is SAMMSON, a lncRNA expressed in cutaneous melanoma, which, by 
binding a protein called p32, allows its localization in mitochondria and normal 
mitochondria biogenesis. Depletion of SAMMSON leads to stress associated with 
accumulation of mitochondrial peptide precursors and mitochondrial import defects 
and, consequently, p53-independent apoptosis [29].

Apart from chromatin remodeling, lncRNAs exhibit classic transcriptional regu-
lation by acting as decoys. Decoys for transcription factors may be like lncRNA 
promoter of CDKN1A antisense DNA damage activated RNA (PANDA) sequester-
ing NF-YA away from its pro-apoptotic target genes or lncRNA growth arrest-
specific 5 (Gas5) RNA competing for binding with transcription factors. Alternatively, 
by binding to protein, lncRNA can influence cellular localization as it is the case of 
lncRNA-noncoding repressor of NFAT (NRON) lncRNA that prevents NFAT trans-
fer into the nucleus hindering its interaction with the import in family of nuclear 
transport proteins [8].

Finally, lncRNAs can be processed to yield small RNAs, such as miRNAs, piR-
NAs, and other less well-characterized classes of small transcripts.

7.3  �Long Noncoding RNAs: A Cancer Association

Though the knowledge of identification, function, and deregulation of lncRNAs is 
still in its infancy, studies have documented the oncogenic and tumor suppressive 
functions of lncRNAs in several common cancer types. In this section, we document 
the involvement of lncRNAs at different levels in transcription and translation in 
cancer-associated alterations.

7.3.1  �Transcriptional Variations

Dysregulated lncRNAs have been largely associated with disease progression due 
to their influence on genes nearby (cis) or distant (trans-regulation) in addition to 
acting as enhancers [30]. The most widely studied ncRNA H19 is one of the best 
examples for lncRNA involved in transcriptional regulation as aberrant H19 
expression, observed in several solid tumors such as hepatocellular carcinoma, 
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shows direct activation of c-MYC-driven downregulation of P53, positively influ-
encing cell proliferation and clonogenicity [31, 32]. The lncRNA colorectal cancer 
associated transcript 1-long isoform (CCAT-1 L, also known as CARLo-5), tran-
scribed from an upstream super enhancer locus of Myc, functions as an enhancer 
RNA regulating Myc transcription [33, 34].

Some lncRNAs can associate with transcription factors (TF), and the dysregula-
tory lncRNA-TF-gene triplets have been associated with tumorigenesis [35]. For 
example, recent studies on glioblastoma-associated lncRNAs have shown involve-
ment of specific lncRNA-TF-gene triplets such as HOTAIR-MXI1-CD58/PRKCE 
and HOTAIR-ATF5-NCAM1 in enhancing their target gene expression and contrib-
uting to glioblastoma prognosis [35]. LncRNAs HOXA transcript located at the 5′ 
end of the HOXA cluster (HOTTIP) and HOX antisense intergenic RNA myeloid 1 
(HOTAIRM1) are other important lncRNAs known to be associated with myeloma 
and leukemia. Enhanced HOTTIP and HOTAIRM1 resulted in upregulation of 
myeloid differentiation and activation of HOXA genes associated with MLL-gene 
rearrangements causing leukemia [36, 37].

LncRNAs have also been shown to transactivate the steroid receptors. For exam-
ple, SRA (steroid receptor RNA activator) ncRNA has been observed to alter estro-
gen/progesterone receptor status contributing to breast carcinogenesis [38].

PANDA, which as mentioned above represses pro-apoptotic genes, showed 
p53-dependent induction after DNA damage [39]. Alu-mediated p21 transcriptional 
regulator (APTR) has been identified to repress the transcription of CDK inhibitor 
p21 by recruiting PRC2 complex to the p21 promoter [40].

7.3.2  �Posttranscriptional Modifications

Apart from transcriptional regulation, lncRNAs are also widely implicated in the 
posttranscriptional regulation of mRNAs such as splicing, transport, translation, and 
degradation.

As mentioned above, MALAT1 is known to be involved in splicing events and 
functions in the regulation of alternate splicing and modulates the activity of spli-
ceosome components contributing to tumorigenesis; it is, for example, necessary 
for correct splicing of B-Myb, a transcription factor involved in G2/M transition 
[41].

Natural antisense transcripts (NAT) may regulate splicing of overlapping sense 
transcripts through base pairing such as the alternative processing of Zeb2/Sip1, a 
transcriptional repressor of E-cadherin. The natural antisense prevents the splicing 
of pre-mRNA IRES, leading to increase in the levels of Zeb2 protein and decrease 
in E-cadherin mRNA and protein in different cancer types [42].

Some lncRNAs are involved in stabilizing and promoting the translation of 
mRNAs by extended base pairing with them. 5′aHIF-1α and 3′aHIF-1α are two 
antisense transcripts involved in different regulatory mechanisms. The 3′aHIF-1α, 
which lacks a 5′cap and a poly (A+) tail, is implicated in increasing instability of 
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HIF-1α mRNA, while 5′ aHIF-1α, which has a 5′ cap and a poly(A+) tail, has com-
plex and diverse functions [43]. Both transcripts serve as a marker of poor prognosis 
of breast cancer [44]. LncRNA Staufen1-mediated mRNA decay is another critical 
way of decreasing the stability of mRNAs [45].

7.3.3  �Decoy Elements and Competitive Endogenous RNA

Some lncRNAs function as competitive endogenous RNA and decoys by binding 
miRNA sponges and reducing their inhibitory effect on their natural targets [46], 
and lncRNA sponges are identified to be involved in cancer progression. For exam-
ple, the lncRNAs, highly upregulated in liver cancer (HULC) and papillary thyroid 
carcinoma susceptibility candidate 3 (PTCSC3), are examples of miRNA-lncRNA 
competitive interactions involved in hepatocellular carcinoma and thyroid cancer, 
respectively. The HULC transcript contains miR-372-binding sites, and its overex-
pression reduced miR-372 expression and activity in the liver cancer cell line Hep3B 
[47] and acts as a “molecular decoy.” In thyroid cancers, PTCSC3 is downregulated, 
and PTCSC3 overexpression leads to a decrease in miR-574-5p, causing growth 
inhibition, cell-cycle arrest, and increased apoptosis [48]. Similarly, urothelial can-
cer associated 1 (UCA1) upregulates a potent oncogene ERBB4 by binding miR-
193-3p in lung cancer [49]. In gastric cancer, maternally expressed 3 (MEG3) 
upregulates Bcl-2 by sequestering miR-181-a [50].

LncRNAs may follow other strategies to act as decoys, and some can modify 
the phosphorylation of proteins masking thereby other motifs, like long inter-
genic noncoding RNA for kinase activation (LINK-A) and HIF1a [51] where 
LINK-A-induced phosphorylation of HIF1a masks the hydroxylation site respon-
sible for HIF1a degradation, thereby leading to activation of HIF1α transcrip-
tional programs under normoxic conditions. In addition, some lncRNAs such as 
noncoding RNA activated by DNA damage (NORAD) act as sponges for a whole 
set of proteins, such as the PUMILIO family that would drive chromosomal insta-
bility by repressing mitotic, DNA repair, and DNA replication factors at alternate 
condition [52].

7.4  �Long Noncoding RNAs: Involvement in Cancer 
Hallmarks

In the past, cancer drivers have been searched within protein-coding genes residing 
in recurrent alterations in cancer genomes. However, the lack of protein coding 
genes in cancer-associated genetic alterations and the fact that only 2% of the human 
genome is translated into proteins together with the finding that about 70% of the 
human genome is transcribed into RNA are strong arguments supporting a role for 
noncoding RNAs in tumor development.
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Although only Xist and Malat1, described in details below, are the two lncRNAs 
for which a clear genetic link with tumorigenesis has been established [53, 54], in 
this section we summarize experimental evidence indicating how some specific 
lncRNAs are involved in the different hallmarks of cancer. According to Lnc2 
Cancer (http://www.bio-bigdata.com/lnc2cancer/), which is a manually curated 
database [55] that provides comprehensive experimentally supported associations 
between lncRNA and human cancer, there are 579 human lncRNAs linked to can-
cer. Therefore we decided to select lncRNA for which involvement was supported 
by functional studies using RNAi and in vitro short hairpin-mediated knockdown. 
For RNAi, we selected genes where at least three independent studies had been 
reported, and we will illustrate based on our own experience why such stringency is 
necessary. Since the database was last updated Jan 26, 2016, we then added lncRNAs 
selected with the same criteria and published after this date. We illustrate the 
involvement of these different lncRNAs in the different hallmarks of cancer [56, 
57]. Indeed cancer is a complex disease rising from altered intracellular regulatory 
networks and intercellular communication. Intracellular signaling networks are 
modulated in cancer to sustain proliferation, impair cytostatic and differentiation 
signals, enhance viability, and promote motility. As pointed out in some recent 
reviews [58–60], most of the hallmarks of cancer, as described by Hanahan and 
Weinberg in 2000, are modulated by the activity of multiple lncRNAs (Fig. 7.2).

7.4.1  �Sustaining Proliferative Signaling

Through one or the other mechanisms previously mentioned, several lncRNAs sus-
tain proliferative signaling. For example, multiple lines of evidence are now impli-
cating lncRNAs in Myc-driven cancers. Amplification of the 8q24 locus is a 
well-characterized oncogenic event in many types of human malignancies resulting 
in MYC amplification. In a mouse model of Myc oncogenesis, single-copy amplifi-
cation of Myc alone was insufficient to enhance tumor formation, whereas amplifi-
cation of a multi-gene segment encompassing Myc and the lncRNA plasmacytoma 
variant translocation 1 (Pvt1) promoted efficient tumor development [61]. 
Co-amplification of PVT1 and MYC increased Myc protein levels, while depletion 
of PVT1 in Myc-driven human colon cancer cells impaired proliferation.

Another example is the prostate-specific lncRNA prostate cancer gene expression 
marker 1 (PCGEM1), also residing at the 8q24 locus, which binds to Myc and 
enhances Myc’s transcriptional activation of several genes involved in various meta-
bolic processes required for growth of prostate cancer cells [62], while in gastric 
carcinoma myc mRNA is stabilized by gastric carcinoma high expressed transcript 1  
(GHET1) [63].

Epigenetic modifications can promote cancer growth. For example, lncRNA 
HOTTIP interacts with the WDR5/MLL complex, which enhances histone H3 
lysine 4 trimethylation to activate the expression of multiple 5′ HOXA genes [36] 
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and increases HOXA13 promoting growth, gemcitabine resistance, and metastasis 
in pancreatic cancer [64].

Alterations in DNA elements that regulate the 3D organization of chromatin 
have been suggested to result in aberrant promoter-enhancer interactions that drive 
cancer development. NOTCH1-orchestrated events bring together the lncRNA 
leukemia-induced noncoding activator RNA (LUNAR1) and the enhancer of 
IGF1R, which encodes a receptor for insulin-like growth factor that is essential for 
the survival of T-ALL cells. Silencing of LUNAR1 leads to inhibition of the growth 
of T-ALL cells due to the loss of IGF1R expression and loss of trophic signals [65].

Within the 19 lncRNAs identified as having cancer-associated genomic altera-
tions and correlated with patient survival, Yan et al. 2015 found that silencing breast 
cancer-associated lncRNA8 (BCAL8) significantly reduced the proliferation of 
breast cancer cells in vitro and in vivo. Decreased survival was significantly associ-
ated with higher expression of BCAL8 RNA and genomic gain of the BCAL8 gene. 
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Higher expression of BCAL8 RNA was also significantly correlated with poor clini-
cal outcome in other cancers [66].

HULC lncRNA is conserved across species [67], and it localizes within the ribo-
somes in liver cancer cells, suggesting it may modulate translational activity. Indeed, 
silencing of HULC in hepatocellular carcinoma (HCC) cells induced global mRNA 
changes in genes involved in hepatocarcinogenesis [67]. HULC levels are increased 
in liver cancer tissues but also in peripheral blood cells of HCC patients, suggesting 
modulation of the immune system. HULC expression positively correlates with that 
of hepatitis virus gene x (HBVx). HBVx was shown to upregulate HULC, which in 
turn promotes proliferation of hepatoma cells by suppressing the oncosuppressor 
p18 [68]. In other studies, HULC was shown to promote hepatoma cell proliferation 
by modulation of lipid metabolism [69].

Linc00152 promotes cell proliferation in gastric and renal cancer [70]. UCA1 
promotes the growth in vivo of bladder cancer cells [71] possibly through its prop-
erty of acting as sponge for different miR [72].

7.4.2  �Evading Growth Suppressors/Impairment of Cytostatic 
and Differentiation Signals

Several lncRNAs impair the function of tumor suppressors. For example, lncRNAH19 
serves as a microRNA precursor for miR-675 that promotes oncogenesis by targeting 
Rb [73, 74]. The oncogenic property of H19 is also attributed to its full-length pro-
cessed transcript that targets PRC2 (through binding to EZH2, the histone lysine 
methyltransferase component of PRC2) to genes that promote cancer metastasis 
[75].

INK4b-ARF-INK4a encodes three tumor suppressor proteins, p15(INK4b), 
p14(ARF), and p16(INK4a), and its transcription is a key requirement for replicative 
or oncogene-induced senescence and constitutes an important barrier for tumor 
growth. The antisense noncoding RNA in the INK4 locus (ANRIL) gene is transcribed 
in the antisense orientation of the INK4b-ARF-INK4a gene cluster and induces silenc-
ing of p15INK4b through heterochromatin formation, and elevated ANRIL expression 
is associated with low p15INK4b expression in leukemic cells [76].

Some lncRNAs regulate expression of tumor suppressors by influencing various 
parts of transcription and translation. lncRNA-p21, which is induced by DNA dam-
age in a p53-dependent manner, interacts with hnRNPK, a transcriptional repressor, 
to regulate p21 (CDKN1A) and arrest the cell cycle in a p21-dependent manner [77, 
78]. Interestingly, transcriptional activation of p21 tumor suppressor depends on the 
posttranscriptional silencing of a p21-specific antisense transcript [79] which allows 
epigenetically silencing of the sense transcript.

MEG3 binds to and activates p53-dependent transcription of a subset of p53-
regulated genes [80].

Poliseno and colleagues proposed a regulatory role for lncRNAs in the binding 
of miRNAs and revealed a mechanism that has significant implications in cancer 
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biology [81] after observing that the lncRNAPTENP1 (phosphatase and tensin 
homolog (PTEN) pseudogene) acts as a molecular sponge for miRNAs that target 
PTEN mRNA for degradation. They called this class of lncRNAs competitive 
endogenous RNAs (ceRNAs). The PTENP1-sequestered miRNAs also target other 
tumor suppressor genes, including CDKN1A, and silencing PTENP1 downregu-
lates CDKN1A and increased proliferation in PTEN-null cells. Consistent with the 
role of PTENP1 to act as a sponge, deletion of PTENP1 was associated with 
decreased PTEN expression levels in a cohort of colon tumor samples.

Prostate cancer gene 3 (PCA3) is an antisense intronic lncRNA that downregu-
lates an as yet unrecognized tumor suppressor gene, a human homolog of the 
Drosophila prune gene, PRUNE2, through a process that involves RNA editing 
mediated by a supramolecular complex containing adenosine deaminase acting on 
RNA family members [82].

The selective advantage of tumor cells is driven also by tolerance of nutrient 
stress and, in some cancers, preservation of an undifferentiated tumor cell popula-
tion. LncRNA Gas5 is induced in cells arrested by nutrient deprivation or with-
drawal of growth factors. A specific form of mature Gas5 transcript blocks 
glucocorticoid-responsive gene expression by binding to the DNA binding domain 
of the glucocorticoid receptor (GR) and acting as a decoy [83, 84]. This blockade of 
GR decreases expression of, e.g., the cellular inhibitor of apoptosis [84], thereby 
enhancing apoptosis under stressed conditions. However, we [85] and others 
(reviewed in [86]) have observed that cells can express various transcripts at the 
same time, not all of them being able to decoy GR. Thereby the effect on GR may 
depend on a specific and equilibrate balance of splicing. The presence of different 
variants makes it also difficult to interpret some published data based on quantita-
tive polymerase chain reaction detecting some but not all variants or functional 
studies using gene silencing targeting regions not conserved in all transcripts.

Several other lncRNAs have been implicated in apoptosis such as SPRY4 intron 
transcript 1 (SPRY4-IT1) [87]. BC200, also called brain cytoplasmic RNA 1 
(BCYRN1), is transcriptionally induced by estrogen in breast cancer cells, and it 
prevents apoptosis by modulating alternative splicing of a member of the Bcl-2 fam-
ily, Bcl-x [88].

7.4.3  �Enabling Replicative Immortality

In contrast to normal cells that are able to pass through only a limited number of cell 
division cycles, tumor cells show nearly unlimited replication. Replication potential 
is limited by the length of chromosome ends, the telomeres. Tumor cells have found 
two ways to circumvent the loss of telomeres: about 90% of all human cancers 
express a specialized enzyme, called telomerase, which is able to add telomeric 
repeats to the end of the chromosomes.

The telomerase consists of a protein component, a reverse transcriptase named 
telomerase reverse transcriptase (TERT), and an RNA primer, also known as 
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telomerase RNA component (TERC). Single nucleotide polymorphisms at the 
TERC locus are associated with telomere lengthening and an increased risk of devel-
oping high-grade glioma [89]. Furthermore, TERC copy-number gain strongly pre-
dicts the progression of premalignant oral cavity neoplasms to invasive cancer [90].

The telomeric repeat containing RNA (TERRA) transcribed from subtelomeric 
and telomeric DNA sequences exerts both telomerase-dependent and telomerase-
independent effects on telomere maintenance [91]. One role for TERRA involves its 
dynamic regulation during the cell cycle, which regulates the exchange of single-
strand DNA binding protein replication protein A by protection of telomere 1 (POT-1) 
and, thus, telomere capping [92].

7.4.4  �Maintenance of Genomic Stability

Recent reports have also identified a role for lncRNAs in the maintenance of genome 
stability. Several lncRNAs have been observed as essential for DNA repair by 
homologous recombination: prostate cancer-associated transcript 1 (PCAT1) and 
DNA damage-sensitive RNA1 (DDSR1). PCAT1 posttranslationally inhibits 
BRCA2 [93], while DDSR1 is suggested to interact with BRCA1 [94].

lncRNA-JADE is induced after DNA damage in an ataxia-telangiectasia mutated-
dependent manner. LncRNA-JADE transcriptionally activates Jade1, a key compo-
nent in the human acetylase binding to ORC1 histone acetylation complex. 
Consequently, lncRNA-JADE induces histone H4 acetylation in the DNA damage 
response. Markedly higher levels of lncRNA-JADE have been observed in human 
breast tumors in comparison with normal breast tissues, and knockdown of lncRNA-
JADE inhibits breast tumor growth in vivo [95].

Genetic evidence proved that nuclear enriched abundant transcript 1 (NEAT1) is 
engaged in a negative feedback loop with p53 and thereby modulates cancer forma-
tion in mice by dampening oncogene-dependent activation of p53. Silencing Neat1 
expression in mice, which prevents paraspeckle formation, sensitized preneoplastic 
cells to DNA-damage-induced cell death and impaired skin tumorigenesis. 
Consistent with this finding, NEAT1 targeting sensitized established human cancer 
cells to both chemotherapy and p53 reactivation therapy [96].

PANDA, which is one of the lncRNAs induced from the p21 promoter after DNA 
damage, inhibits DNA-damage-induced apoptosis by binding to the transcription 
factor NF-YA and blocking its recruitment to pro-apoptotic genes [39].

7.4.5  �Invasion and Metastasis

Most cancer deaths are caused by metastasis rather than the primary tumors. Several 
lncRNAs have been associated with invasion and metastasis. For example, overex-
pression of MALAT1, an evolutionarily conserved, abundant nuclear lncRNA, was 
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found to predict a high risk of metastatic progression in patients with early-stage 
non-small cell lung cancer [97]. While MALAT1 loss of function in mouse revealed 
that it is a nonessential gene in development or for adult normal tissue homeostasis 
[98, 99], depletion of MALAT1 in lung carcinoma cells impairs cellular motility 
in vitro and metastasis in mice [100], suggesting that MALAT1 overexpression in 
cancer may drive gain-of-function phenotypes not observed during normal tissue 
development or homeostasis, not only mediated by regulation of alternative splicing 
as mentioned above but also possibly through interaction with HuR [101], a mem-
ber of the ELAVL family, which has been reported to contribute to the stabilization 
of ARE-containing mRNAs.

LncRNAs also mediate metastasis programs through chromatin deregulation. 
Overexpression of the HOTAIR in breast cancer enforces a mesenchymal cellular 
phenotype which promotes breast cancer metastasis by reprogramming the chroma-
tin landscape genome-wide via recruitment of PRC2, a histone H3 lysine 27 meth-
ylase involved in developmental gene silencing and cancer progression [102].

The lncRNA second chromosome locus associated with prostate-1 (SChLAP1), 
associated with poor prognosis and metastatic prostate cancer progression [103], 
promotes prostate cancer invasion and metastasis by disrupting the metastasis-
suppressing activity of the SWI/SNF complex [104].

Recent identification of metastasis-suppressing lncRNAs has opened a new per-
spective on a link between the tumor microenvironment and lncRNA modulation of 
the metastasis phenotype.

The lncRNA NF-KappaB interacting lncRNA (NKILA), which is induced by 
nuclear factor kB (NFkB) in response to inflammatory signaling, mediates a nega-
tive feedback loop suppressing NF-kB signaling by binding the cytoplasmic NF-kB/
IkB complex and preventing IkB phosphorylation, NF-kB release, and nuclear 
localization [51].NKILA suppression in human breast cancer is linked to metastatic 
dissemination and poor prognosis.

The lncRNA low expression in tumor (LET) connects the hypoxia response to 
metastasis. Hypoxia-induced histone deacetylase 3 suppresses the LET promoter, 
decreasing LET expression and facilitating NF90 accumulation since binding of 
LET to NF90 drives its degradation. This event contributes to hypoxia-induced cel-
lular invasion [105].

Multiple lncRNAs increase invasiveness of cancer cells and facilitate metastasis. 
Examples of these are lncRNA regulator of reprogramming (RoR) in breast cancer 
[106] and lncRNA activated by transforming growth factor-β (ATB) in HCC. lncRNA-
RoR likely serves as a “sponge” for miR-145 that is important for regulation of ADP-
ribosylation factor 6, a protein involved in invasion of breast cancer cells [106]. 
Transforming growth factor-β was found to induce the expression of lncRNA-ATB in 
HCC cells, which facilitated epithelial to mesenchymal transition (EMT), cellular 
invasion, and organ colonization by HCC cells [107]. lncRNA-ATB competitively 
binds miR-200 to activate the expression of ZEB1 and ZEB2 during EMT, while inter-
actions with interleukin-11 mRNA enhance Stat3 signaling to promote metastasis.

Profiling EGF-induced changes in expression of lncRNAs in mammary epithe-
lial cells, which mirrors gene expression patterns in breast cancer patients, led to 
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the identification of a subset of 11 EGF-regulated lncRNAs, the expression patterns 
of which could be used to predict survival time of breast cancer patients. In vitro 
studies of the selected lncRNAs identified LncRNA inhibiting metastasis 
(LINC01089/LIMT), an EGF-downregulated lncRNA, as a regulator of mammary 
cell migration and invasion. Correspondingly, animal studies have shown that 
depletion of LIMT enhances metastasis formation in  vivo. Downregulation of 
LIMT characterizes breast cancer patients diagnosed with either basal-like or 
HER2-enriched tumors [108].

RNA pulldown after UV crosslinking, coupled to RNA immunoprecipitation 
experiments, demonstrated the direct and specific interaction between HOTAIR and 
Snail and validated in vivo the binding between HOTAIR and EZH2. The interac-
tion among Snail, HOTAIR, and EZH2 on epithelial genes was found instrumental 
for the execution of the EMT [109].

7.4.6  �Drug Resistance

The increase in the ability of cancer cells to repair DNA damage helps them to 
bypass the cytotoxicity of chemotherapeutics; therefore any of the lncRNA involved 
in genomic stability mentioned above can modulate drug sensitivity.

However, there are other mechanisms of chemoresistance that can be modulated 
by lncRNA (reviewed in [110]).

Enhanced drug efflux caused by overexpression of ATP-binding cassette (ABC) 
transporters is one of the main mechanisms of drug resistance. The members of 
ABC transporters regulate the absorption, distribution, and clearance of xenobiot-
ics. In hepatocellular carcinoma, upregulation of H19 and VLDLR lncRNAs induces 
the expression of MDR1/P-glycoprotein (P-gp) and ABCG2, respectively [111, 
112]. In gastric cancers, overexpression of PVT1 caused an elevation in the expres-
sion levels of MDR1 [113].

7.5  �lncRNAs as Therapeutic Targets

LncRNA biology has already suggested many promising therapeutic targets in can-
cer. In this section, we will review several strategies to inhibit the function of onco-
genic lncRNA or modulate their epigenetic effect. We also mention how specific 
expression pattern of lncRNA expression can be exploited for therapeutic purposes. 
Although for the time being there is only one trial involving lncRNAs (www.clini-
caltrials.gov, NCT02641847) and they are not targeted for therapy but are investi-
gated for validation of signature in breast cancer, there are no doubts that this will 
change in the near future.

As mentioned in previous sections, several lncRNAs work as natural antisense 
transcripts (NATs) to genes of therapeutic interest. NATs are RNA transcripts which 
overlap a sense protein-coding gene and often act to regulate the associated loci 
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through the recruitment of histone-modifying complexes and induction of transcrip-
tional silencing. Targeting these NATs with antisense oligonucleotides, also known 
as antagoNATs [114], results in loss of this epigenetic silencing and consequently 
transcription activation of the sense gene.

To select the best methodology to use for inhibiting lncRNA, a prior knowledge 
of lncRNA cellular localization is critical to achieve robust lncRNA modulation 
[115]. Indeed, while several strategies have been successfully employed to deplete 
lncRNAs, small interfering RNAs, upon loading in the RISC complex in the cyto-
plasm, can efficiently deplete cytoplasmic lncRNAs but have variable success in 
targeting predominantly nuclear lncRNAs. Antisense oligonucleotides (ASOs, 
described in details below) can, on the other hand, robustly deplete the transcripts 
regardless of their cellular localization.

Another important information is provided by genetic engineering of mice defi-
cient in a given lncRNA. As indicated in a previous section, MALAT-1 knockout 
mice show a minimal phenotype, indicating that toxicity resulting from disruption 
of MALAT-1 would be unlikely.

A number of nucleic acid chemical modifications have been developed in order 
to impart drug-like properties on nucleic acids used to target lncRNA by increasing 
the target binding affinity, reduce clearance, increase nuclease stability, and improve 
pharmacokinetic properties [116, 117]. For example, 2′-O-(2-methoxy) ethyl oligo-
nucleotides increase the life span of the oligonucleotide in the complex milieu of 
nucleases within the cell and reduce degradation products, which may also have 
effects on the cells [118].

7.5.1  �Antisense Oligonucleotides (ASOs)

ASOs are short DNA sequences complementary to RNA of interest. Typically, one 
of two ASO designs is used: gapmers and mixmers. Gapmers are short oligonucle-
otide molecules that consist of RNA-based flanking sequences and an internal DNA 
“gap” region. Binding to a complementary RNA target results in the formation of an 
RNA-DNA heteroduplex, which is a substrate for cleavage by the enzyme RNase 
[119]. RNase H is primarily located in the nucleus, and so gapmer technology is 
ideal for targeting noncoding RNA transcripts with nuclear functions.

Conversely, mixmers consist of alternating nucleic acid chemistries such as 
locked nucleic acid (LNA) in combination with other types of monomers, typically 
DNA but also RNA or 2′-OMe-RNA monomers. LNA comprises a class of RNA 
analogues in which the furanose ring of the ribose sugar is chemically locked in an 
RNA-mimicking conformation by the introduction of a O2’,C4’-methylene linkage 
providing higher thermal stability. Mixmers are designed to sterically block asso-
ciation of the target transcript with other nucleic acids or ribonucleoproteins [120]. 
Mixmers are designed so that they do not contain strings of consecutive DNA nucle-
otides and are therefore not RNaseH competent. Mixmers could be used to block 
direct association between a pseudogene transcript and its cognate parental mRNA 
or to inhibit the binding of proteins, such as epigenetic remodeling complexes.
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Though ASOs have yet to be proven as an anticancer therapy, MALAT-1 ASOs 
have shown efficacy in a preclinical mouse MMTV-PyMT breast cancer model 
where Malat1 drives tumor growth and metastasis. In this model, ASOs targeting 
Malat1 have demonstrated therapeutic efficacy in vivo by promoting cystic differen-
tiation, increased cell adhesion, and decreased migration [53] (Fig. 7.3).

Activation of gene expression by the use of LNA targeted specific PRC2-lncRNA 
interactions resulted in upregulation of the target genes [121].

7.5.2  �Aptamers

Many lncRNAs most likely form complex secondary structures, which could limit the 
access of the lncRNA to oligonucleotide targeting. The use of aptamers could provide 
a solution to this problem. Aptamers are structured oligonucleotides that are devel-
oped by in vitro- or in vivo-directed evolution and bind to protein or nucleic acid tar-
gets with high affinity and specificity. RNA aptamers can be generated against novel 
targets in vitro by using a combinatorial chemistry method termed SELEX (system-
atic evolution of ligands by exponential enrichment). That these aptamers can have 
therapeutic applications has been demonstrated by the expression of the short, stem-
loop HIV-derived TARncRNA in CD4+ T cells, where it bound and repressed the 
viral protein Tat and thereby inhibited HIV replication [122]. SELEX allows the 
incorporation of modified nucleotides so that RNA aptamers with high nuclease resis-
tance can be generated, which are therefore suitable for animal and clinical studies.

MALAT1 IncRNA

MALAT1 IncRNA

Malat1 ASOs

Pre mRNA

No Pre mRNA

SUZ12 EED

EZH2

SUZ12 EED

EZH2

Splicing regulation

Transcription start

Transcription repression

Tumor progression &
metastasis

Reduced Tumor
proliferation & metastasis

Fig. 7.3  Schematic representation of ASOs mediated knockdown of Malat1  in MMTV-PyMT 
breast cancer model
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7.5.3  �Exploiting lncRNA Expression Patterns

Another strategy takes advantage of the restricted expression of lncRNAs by using 
lncRNA regulatory elements. BC-819 is a plasmid containing the diphtheria toxin 
gene under H19 promoter control that has shown promising results as a cytoreduc-
tion agent in bladder, ovarian, and pancreatic tumors [123].

Cancer cells lacking the SWI/SNF component ATRX maintain persistent 
TERRA loci at telomeres as cells transition from S phase to G2. This results in 
persistent RPA occupancy on the single-stranded telomeric DNA preventing 
telomerase-dependent telomere lengthening. These cells therefore rely on the 
recombination-dependent alternative pathway of telomere lengthening which 
requires ATR, rendering ATRX-deficient cancer cells highly sensitive to ATR 
inhibitors [124].

7.6  �Conclusions

Although a large amount of data is indicating the involvement of many lncRNA 
in cancer, this will not immediately translate for most of them in clinical implica-
tion for treatment. Indeed for most lncRNAs, we have yet to understand the func-
tions better. Very informative functional studies rely on animal models. Modeling 
lncRNA function in mice is difficult. Indeed, lncRNAs are conserved at much 
lower rates than protein-coding genes; therefore many human lncRNAs have not 
been identified in mice. H19-, Malat-1-, and Neat-1-deficient mice show normal 
phenotype [125]. Deletion of Xist in hematopoietic progenitors causes hemato-
logic cancer [54]. Differing results were observed in Hotair knockout mice. 
Deletion of Hoxc locus, which includes Hotair, in mouse was reported to have 
little effect in vivo [126]. However, mild but reproducible homeotic phenotypes 
were observed in two more targeted Hotair knockout mice [127, 128]. These vari-
ances demonstrate the difficulty and importance of designing “clean” lncRNA 
mouse models. These difficulties could be potentially addressed by developing 
novel transgenic mouse models, wherein larger human genome portions, com-
prising whole chromosomes, are added to or exchange portions of the mouse 
genome [129].

In order to prioritize which lncRNA might be the most relevant in a given 
cancer type, it has been suggested that using the TCGA lncRNome information 
as a clinical filter, one would be able to generate a concentrated and clinically 
relevant lncRNA list that could be used for a candidate-oriented functional 
screening.

There is still much work in perspective; nevertheless based on current knowledge 
it is possible to predict that a better understanding of lncRNA in cancer has the 
potential to open a new way of intervention, possibly at the level of so-called cancer 
progenitor genes [130].
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Chapter 8
Long Noncoding RNAs in Pluripotency  
of Stem Cells and Cell Fate Specification

Debosree Pal and M.R.S. Rao

Abstract  Since the annotation of the mouse genome (FANTOM project) [Kawai J 
et al (2001) Functional annotation of a full-length mouse cDNA collection. Nature 
409(6821):685–690] or the human genome [An integrated encyclopedia of DNA 
elements in the human genome. (2012) Nature 489(7414):57–74; Harrow J et al 
(2012) GENCODE: the reference human genome annotation for the ENCODE 
project. Genome Res 22(9):1760–1774], the roles of long noncoding RNAs in 
coordinating specific signaling pathways have been established in a wide variety of 
model systems. They have emerged as crucial and key regulators of stem cell main-
tenance and/or their differentiation into different lineages. In this chapter we have 
discussed the recently discovered lncRNAs that have been shown to be necessary 
for the maintenance of pluripotency of both mouse and human ES cells. We have 
also highlighted the different lncRNAs which are involved in directed differentia-
tion of stem cells into any of the three germ layers. In recent years stem cell thera-
pies including bone marrow transplantation are becoming an integral part of modern 
medicinal practices. However, there are still several challenges in making stem cell 
therapy more reproducible so that the success rate reaches a high percentage in the 
clinic. It is hoped that understanding the molecular mechanisms pertaining to the 
role of these newly discovered lncRNAs in the differentiation process of stem cells 
to specific lineages should pave the way to make stem cell therapy and regenerative 
medicine as a normal clinical practice in the near future.
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8.1  �Introduction

The functional relevance of long noncoding RNAs, previously thought of as by-
products of transcription, is no longer a debatable topic. Even as the repertoire of 
lncRNAs is constantly on the rise, we ought to note that with increasing complexity 
of the living organisms, the percentage of the noncoding genome has also consider-
ably increased [1]. One may attribute this feature to a concomitant increase in the 
genome size and hence an explosion in the proportion of “junk sequences.” But, 
increasing amount of evidence suggests that these noncoding transcripts play indis-
pensible roles in the context of regulating developmental cues and signals, and their 
functional contribution becomes only more diverse when one moves up the evolution-
ary ladder. LncRNAs have been shown to participate in a wide variety of developmen-
tal processes like in regulating lineage commitment, specifying cellular identities and 
fates, in organogenesis, in imprinting of alleles during early development, and also in 
specification of the body pattern. A few of the first lncRNAs that were discovered 
through traditional gene mapping approaches are Xist [2] and H19 [3], and interest-
ingly enough they both play roles in regulating specific developmental processes, 
reiterating the aforesaid point that the evolution of the noncoding transcriptome in 
higher organisms has a functional significance and is not just an offshoot of the 
genomic size.

In the later part of the twentieth century, scientists were coalescing their 
efforts toward understanding how the genetic makeup of an individual regulates 
or predicts the development of various hereditary or familial diseases. While the 
field of genetics was resonating with breakthrough discoveries all over the world, 
cell biologists were not far behind in making discoveries that would ultimately 
form the basic model systems of study for the infinite complexities akin to the 
higher eukaryotes and mammals. In 1981, a report published by Martin Evans 
along with Matthew Kaufman [4] and another report published independently by 
Gail R. Martin [5] described the isolation of embryonic stem cells from the inner 
cell mass of blastocyst stage embryos and their subsequent maintenance under 
conditions of cell culture. These embryonic stem cells would, in the future, form 
the platform for carrying out research to understand the intricate signaling path-
ways and mechanisms governing mammalian development. They would further 
become the foundation for stem cell technology and stem cell therapy wherein 
damaged or defective tissues or organs would become replaceable due to the 
inherent properties of these cells (as will be discussed later). As a matter of fact, 
the groundwork for this technology was laid in the year 1995 by James Thomson 
and his colleagues at the Wisconsin Regional Primate Center (WPRC), University 
of Wisconsin-Madison, when they successfully isolated embryonic stem cells 
from the inner cell mass of rhesus monkeys making it the first report for the cul-
ture of nonhuman primate embryonic stem cells [6]. This led to the next achieve-
ment in 1998, whereby after an approval from bioethicists at the university, 
Thomson et  al. derived human embryonic stem cells from leftover in  vitro 
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fertilized human embryos [7] that won him the Science’s “1999 Scientific 
Breakthrough of the Year” award. At the same time, the group led by John 
Gearhart obtained embryonic or primordial germ cells from the gonadal ridge of 
5–9-week fetal tissue of electively aborted fetuses [8]. But ethical concerns over 
the use of human embryos for research purposes have paved the way for the 
generation of induced pluripotent stem cells (iPSCs), a groundbreaking discov-
ery made independently by Thomson in his own lab [9] and Shinya Yamanaka 
[10] at the Kyoto University. Prof. Thomson reprogrammed adult human somatic 
cells into induced pluripotent stem cells by using a cocktail of four genes that 
were sufficient to impart “stemness” to the somatic cells. Research on the same 
lines carried by Yamanaka led to the identification of what is popularly known as 
the Yamanaka factors, namely, OCT3/4, SOX2, c-MYC, and KLF4, that could 
reprogram adult or embryonic fibroblasts into pluripotent stem cells. This dis-
covery earned him the Nobel Prize for Physiology or Medicine in 2012. The 
implications of this discovery were immense because now theoretically, the cells 
from say, the skin of a person could be isolated and the clock turned backward to 
generate iPSCs which could be further differentiated to any cell type of the body 
and be used for the treatment of diseases like Parkinson’s, spinal cord injury, 
Duchenne’s muscular dystrophy, and so on, removing risks of transplants attack-
ing their hosts.

In lieu of the importance of stem cell research, it becomes paramount to delve 
deeper into the mechanisms and key pathways that regulate the pluripotent nature of 
stem cells or guide them toward differentiation into various lineages. The term “plu-
ripotency” has been derived from the Latin term plurimus meaning very many and 
potens meaning having power referring to the capability of stem cells to form vari-
ous types of cells pertaining to any of the three germ layers of the body, namely, 
ectoderm, mesoderm, and endoderm. They also possess the power to divide and 
self-renew through continuous cell divisions, theoretically indefinitely (Fig. 8.1). 
Embryonic stem cells are those which are present in the embryo within the inner 
cell mass of the blastocysts, whereas adult stem cells reside in mature organs like 
the brain, skin, muscle, and bone marrow which act to regenerate parts of the tissues 
lost during processes of wear and tear or injury.

Soon after the establishment of stem cell cultures, widespread studies began on 
elucidating the molecular features of these cells. What factors maintain the “stem-
ness” of these cells? What factors guide them into differentiation of either one or 
the other lineage? How can a bunch of similar cells give rise to an entire organism? 
While most of these questions have been addressed thoroughly by scientists around 
the world, nature never seems to exhaust us by posing new surprises and chal-
lenges. The discovery of noncoding RNAs revolutionized the understanding of the 
central dogma of biology and opened up a whole new avenue for exploration. 
Widespread studies that followed this discovery unraveled the ways in which these 
noncoding RNAs regulate crucial cellular pathways that govern the functioning of 
the individual cell and that ultimately manifests into functioning of the entire 
organism.
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8.2  �Long Noncoding RNAs in Pluripotent Embryonic  
Stem Cells

8.2.1  �Long Noncoding RNAs in Mouse Embryonic Stem Cells

As has been discussed in the previous chapters, lncRNAs play a significant role in 
modulating gene expression in several of the model systems. In this context, studies 
were initiated at a genome-wide level to unravel the cohort of long noncoding RNAs 
involved in the regulation of stem cell pluripotency. In biology, in order to under-
stand the functional relevance of a molecule, a common approach is to selectively 
deplete it from the cell and observe the downstream effects with the help of tech-
niques like microarray or RNA sequencing that shed light about the perturbations in 
expression of transcripts at the genome level. Guttman et al. [11] adopted such a 
methodology to address the function of a select class of lncRNAs known as long 
intergenic noncoding RNAs (lincRNAs) which as their name suggests are expressed 
from regions of the genomic segment present between two protein-coding genes. In 
this report, 226 lincRNAs were knocked down or depleted from embryonic stem 
cells by using short hairpin RNAs, and microarray was performed to analyze the 
effect. An interesting outcome of this study was that most of the lincRNAs act in 

Pluripotent Stem Cell

Multipotent Progenitor Cell

Type of progenitor
cells/lineage restricted
stem cells

Neural Hematopoetic Mesenchymal
(bone marrow
stromal stem
cells, skeletal
stem cells)

Epithelial
(stem
cells of
the gut)

Epodermal
(skin stem cells)

Neurons,
astrocytes,
oligodendrocytes

T-cells, Bcells,
granulocytes,
agranulocytes

Bone cells,
cartilage cells,
adipose cells

Absorptive cells,
goblet cells,
enteroendocrime
cells, Paneth
cells

Keratinocytes,
hair follicle

Fig. 8.1  A pluripotent stem cell upon asymmetric division gives rise to a multipotent progenitor 
cell which can be of various categories as illustrated. Each category of multipotent progenitor cell 
or, lineage-restricted stem cell, can again undergo limited rounds of cell division or differentiate 
into cells of the corresponding lineage
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trans, at locations that are genomically farther away from their own site of transcrip-
tion, adding a new dimension to the already known cis mechanism of action of 
lncRNAs. The more relevant outcome was, however, the discovery of 26 lincRNAs, 
knockdowns of which showed reduction in luciferase reporter activity, the expres-
sion of the luciferase gene being driven by the Nanog promoter. This observation 
established the fact that these lincRNAs contribute to the maintenance of pluripo-
tency. Further experiments showed that ES cells depleted of these lincRNAs lead to 
loss of ES cell morphology characteristic to their pluripotent state along with a 
reduction in the expression of the core pluripotency factors. The fact that lincRNAs 
directly maintain the pluripotency of stem cells was subsequently corroborated by a 
more detailed analyses wherein knockdown of these lincRNAs resulted in the dif-
ferentiation of stem cells toward one or the other lineage, recapitulating the phe-
nomena that occurs when OCT4 or NANOG themselves are depleted from stem 
cells. It is interesting to note that at the molecular level, the lincRNAs are them-
selves directly regulated by the occupancy of one or more of the core pluripotency 
transcription factors at their promoters, establishing the importance of lncRNAs in 
coordinating mechanisms to maintain the pluripotent state of stem cells or repress 
their differentiation into various lineages.

While such holistic approaches as above have turned out to be crucial in discern-
ing the function of the multitude of lncRNAs involved in ES cell circuitry, more 
direct studies with specific examples of lncRNAs have proved their indispensability 
for the proper functioning of ES cells. A study by Mohammed et al. [12] initiated at 
the genome level, to identify lncRNAs that are closely associated on the genomic 
loci serving as binding sites for OCT4 and NANOG, focused on two specific 
lncRNAs that play roles in fine-tuning the ES cell pluripotency/differentiation 
states. Directed knockdown of lncRNA AK028326, in essential a 3′ fragment of the 
annotated 9 kb long lncRNA GOMAFU/MIAT, results in downregulation of Oct4 
and other pluripotency markers and upregulation of markers of the trophectodermal 
and mesodermal lineages. Similar results were observed with lncRNA AK141205 
although in this case, it was only OCT4 whose expression was concomitantly down-
regulated but not of Nanog. In accordance with these observations, AK028326 
depletion in ES cells also resulted in a loss of ES cell colony morphology, suggest-
ing a loss of pluripotent state, hence proving the necessity of this lncRNA in main-
taining stem cell character. But an intriguing fact lay in the overexpression studies, 
wherein ectopic expression of these lncRNAs resulted in ES cells differentiating 
toward the neuroectodermal or mesodermal/ectodermal lineages, respectively. This 
suggests the diversity and complexity of functions of lncRNAs in stem cell biology. 
Basal levels of these lncRNAs might be important in maintaining the pluripotency 
of stem cells, whereas their overexpression may alter separate pathways altogether 
and guide the cells toward differentiation. Linc86023, named as Tcl1 upstream 
neuron-associated lincRNA (TUNA or MEGAMIND), was similarly identified by 
Lin et al. [13] as a crucial molecule necessary for maintaining the pluripotent state 
of mouse embryonic stem cells. Being conserved remarkably across vertebrates, its 
loss of function resulted in altered cell morphology, reduced expression of pluripo-
tency factors, and decreased cell proliferation, all of which are signatures of 
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differentiation of otherwise self-renewing stem cells. TUNA was shown to form a 
multi-protein complex with RNA-binding proteins PTBP1, hnRNP-K, and NCL 
which occupy promoters of Nanog, Sox2, and Fgf4 to maintain the pluripotent 
nature of stem cells. Again, in this case too, it was observed that TUNA is essential 
for the formation of neural precursors from stem cells in monolayer-adherent cul-
tures, and its knockdown abolished the capacity of the stem cells to progress toward 
the neural lineage, emphasizing the pleiotropic nature of regulation of stem cell 
pathways by lncRNAs.

In another study, Chakraborty et  al. [14] employed esiRNAs to downregulate 
around 594 previously annotated lncRNAs in mouse embryonic stem cells. The 
same esiRNA sequences, transcribed either in the sense or the antisense direction, 
were used to understand the cellular localization of the lncRNAs by FISH (fluores-
cent in situ hybridization). ES cells expressing GFP under the Oct4 promoter were 
transfected with the esiRNAs against the lncRNAs and scored for loss of GFP 
expression. Loss of GFP expression in the presence of esiRNA against a particular 
lncRNA would imply the probable involvement of that lncRNA in the maintenance 
of pluripotency. By this method, three lncRNAs were short-listed and were named 
pluripotency associated noncoding transcripts 1–3 or PANCT 1–3. Among them, 
PANCT 1 was characterized specifically because it showed the strongest effect on 
the expression of GFP.  It was observed that PANCT 1 levels decreased steadily 
when ES cells were subjected to differentiation, and this was further confirmed by 
PANCT 1 knockdown studies wherein the cells showed reduction in pluripotency 
markers, reduction in DNA synthesis (exit from the dividing pluripotent state), and 
upregulation of various lineage-specific markers, suggesting a role for PANCT 1 in 
ES cell pluripotency regulation.

8.2.2  �Long Noncoding RNAs in Human Embryonic Stem Cells

Studies on similar lines were performed in human embryonic stem cells by Ng et al. 
[15] who identified three lncRNAs, lncRNA_ES1 (AK056826), lncRNA_ES2 
(EF565083), and lncRNA_ES3 (BC026300) which had Oct4 or Nanog binding sites 
near their transcription start sites. OCT4 or NANOG RNAi experiments showed 
reduction in the expression of lncRNA ES1and lncRNA ES2 and ES3, respectively. 
Downregulation of any of these three lncRNAs also resulted in loss of OCT4 expres-
sion, decrease in expression of a panel of pluripotency markers, and upregulation of 
genes involved in the formation of neuroectodermal, endodermal, and mesodermal 
markers. In accordance with studies performed before, it was observed that the 
lncRNAs mentioned above interact directly with either the core pluripotency factors 
or components of chromatin remodelers like SUZ12 (of the PRC2 complex) to 
determine active or silenced states of genes required for the maintenance of pluripo-
tency or lineage differentiation. Linc-RoR (to be discussed in the next section) is yet 
another lincRNA that is necessary for the maintenance of the undifferentiated state 
of human embryonic stem cells [16]. Linc-RoR presents forth a unique example of 
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the diverse mechanisms of action of lncRNAs. It possesses binding sites for several 
of the microRNAs that target and reduce the expression of the core pluripotency 
factors. By binding to and sequestering these miRNAs, linc-RoR acts as a “sponge” 
and prevents these miRNAs from degrading their target mRNAs that is required for 
the proper self-renewal of the human stem cells (Fig. 8.2a). Interestingly, linc-RoR 
transcription is itself regulated by the core transcription factors OCT4, NANOG, 
and SOX2, conforming to the well-known biological phenomenon of autofeedback 
regulatory loop.

8.3  �LncRNAs in Induced Pluripotent Stem Cells

iPSCs (induced pluripotent stem cells) are being explored as a promising candidate 
for stem cell-based therapies, albeit scientists are still trying to understand the path-
ways and regulatory mechanisms governing the framework and functioning of these 

Increase in expression of core
pluripotent factors/ maintenance
of pluripotency

Reduction in expression of core
pluripotent factors/ loss of
pluripotent characteristics

Oct4/Nanog
/Sox2

3′ UTR

x
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miR miR

cot4/Nanog
/sox2

RISC/miR-
145

3′ UTR

LiLinLincLinLi -RoR

a
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Reprogramming
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b

Fig. 8.2  Mechanisms of 
action of linc-RoR. (a) In 
human embryonic stem 
cells, linc-RoR acts as a 
competing endogenous 
miRNA sponge and titers 
away miR-145 from its 
targets which include the 
core pluripotency 
transcription factors, Oct4, 
Nanog, and Sox2; (b) 
During reprogramming, 
linc-RoR acts to regulate 
p53 DNA damage and cell 
apoptotic pathways to aid 
the formation of induced 
pluripotent stem cells 
(iPSCs)
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cells. In 2011, 5 years after the groundbreaking discovery of iPSCs, Loewer et al. 
[17] generated iPSCs from adult fibroblasts and analyzed gene expression changes 
on a microarray platform probing ~900 lincRNAs encoded in the human genome. 
About 207 lincRNAs were found to be either induced or repressed upon iPSC for-
mation. One possible explanation for this observation is that reprogramming leads 
to changes in conformation of the chromatin genome wide, and opening up or com-
paction of protein-coding chromatin domains might directly affect the expression of 
the neighboring lincRNAs. However this possibility was ruled out because for each 
of the lincRNAs under consideration, there was no significant correlation between 
the neighboring protein-coding gene status. LincRNA-SFMBT2, lincRNA-VLDLR, 
and lincRNA-ST8SIA3 were found to be physically occupied at their promoters by 
Oct4, Sox2, and Nanog, indicating the functional intertwining of these lincRNAs 
and the core pluripotency factors in the formation of iPSCs. Furthermore it was 
observed that ES cells subjected to depletion of these lincRNAs by short hairpins 
showed a reduction in the formation of iPSC colonies in the case of lincST8SIA3, 
demonstrating the functional requirement of this lincRNA in iPSC formation. 
RACE (rapid amplification of cDNA ends) analysis recovered a transcript 2.6 kb 
long comprising four exons and no protein-coding activity. Overexpression of this 
lincRNA in fibroblasts followed by their reprogramming into iPSCs showed a two-
fold increase in the formation of iPSC colonies (Fig.  8.2b). When a microarray 
analysis was performed upon knockdown of lincST8SIA3, it was found that genes 
of the p53 DNA damage response, and cell apoptotic pathways were upregulated, 
consistent with the phenotype observed when the lincRNA is depleted from the 
cells. p53 knockdown under the lincRNA knockdown conditions partially rescued 
the phenotype. This was one of the first reports to establish the role of a lincRNA in 
the formation and maintenance of iPSCs, opening up a whole new avenue of stem 
cell therapy and research. The lincRNA was aptly named linc-RoR or regulator of 
reprogramming (Table 8.1).

8.4  �LncRNAs in Lineage-Restricted Stem Cells 
and Differentiation

While pluripotent stem cells can give rise to any of the cells specific to the three 
germ layers, multipotent cells are more specialized or committed in their differen-
tiation capacity and can generate cells of a particular lineage, for example, only the 
neural lineage or the hematopoietic lineage. Since they possess the ability to self-
renew and form a specific set of cell types, they are classified under stem cells. 
Multipotent stem cells exist both in the embryonic and the adult stages. In the 
embryonic stages, they act to generate nascent mature cells of the corresponding 
type, whereas adult stem cells are mainly responsible for the regeneration and repair 
of damaged adult tissues. In the following section, we discuss how multipotent stem 
cell networks are regulated by lncRNAs.
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8.4.1  �Long Noncoding RNAs in Neural Stem Cells 
and Differentiation

One of the most evolutionarily susceptible and complex organs, the brain, consists 
of neurons that impart the sensory and motor functions and glia that act more as a 
support system for the cells of the brain itself. In the mammalian embryo, the fore-
brain harbors the stem cells or the radial glia cells that divide and specialize to form 
both neurons and glia, i.e., astrocytes and oligodendrocytes. In the neonatal and 
subsequently in the adult stages, the quiescent neural stem cells are present in spe-
cific areas known as neurogenic niches which include the ventricular and subven-
tricular zones and the subgranular zone of the dentate gyrus in the hippocampus 
[19]. In one of the genome-wide studies by Ng et al. [15], 35 lncRNAs were found 
which were highly expressed in mature neurons when compared to human embry-
onic stem cells or neural progenitors, among which knockdown of RMST (rhabdo-
myosarcoma 2-associated transcript), lncRNA_N1, lncRNA_N2, and lncRNA_N3 
led to lack of neuron generation in vitro. Overexpression studies showed the genera-
tion of an increased percentage of neurons, underlining the importance of lncRNA 
RMST in neuronal differentiation of human embryonic stem cells. RNA pulldown 
experiments revealed that RMST physically interacts with SOX2. Subsequently an 
overlap of the microarray datasets for siRMST and siSOX2 cells showed that they 
both co-regulate a specific subset of genes which are important for neurogenesis 
[20]. In fact, in cells where RMST was depleted by siRNA, it was observed that 
SOX2 binding to the target genes was ablated, underlining the importance of this 
lncRNA in acting as a co-regulator of SOX2-mediated neurogenesis.

Pax6 upstream antisense RNA (PAUPAR) is a lncRNA [21] situated 8.5  kb 
upstream of the Pax6 gene which codes for Pax6, a crucial transcription factor 
involved in neural progenitor cell proliferation, subtype specification, and spatial 
patterning in the brain. Downregulation of PAUPAR in neuroblastoma cells revealed 
that this lncRNA acts to maintain self-renewal of neural progenitor cells since its 
depletion led to increased neurite growth and increased appearance of neuronal dif-
ferentiation markers in the cells. At the genic level, PAUPAR was found to be a 
large-scale regulator of gene expression in neural progenitor cells, affecting the 
expression of around 942 genes most of which belonged to synaptic regulation and 
cell cycle control. Interestingly, it was observed that Pax6 and PAUPAR not only 
co-occupy a common and distinct set of genes but also co-regulate several of them. 
Depletion of PAUPAR, however, does not affect the Pax6 occupancy at those genes, 
indicating that PAUPAR might act to recruit transcriptional coactivators at these 
sites of the genome and regulate their expression.

Much of the studies reported in the literature have focused on the functional 
significance of noncoding transcripts emanating from regions neighboring to 
protein-coding genes important for a specific developmental regime. LncRNA 
DALI [22], situated downstream from Pou3f3 locus, exhibits concomitant expres-
sion pattern in the embryonic brain and in retinoic acid-treated ES cells with respect 
to Pou3f3, a protein known to have a role in the development of the nervous system. 
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In neuroblastoma cells, depletion of DALI leads to reduction in neurite growth, 
indicating DALI is required for proper differentiation of these cells. Genome-wide 
studies showed that DALI regulates genes like E2f2, Fam5b, Sparc, and Dkk1 which 
are known to be pro-differentiation factors and negatively regulates genes that pre-
vent the formation of neurites. An intriguing feature of this lncRNA is that it acts in 
cis on the neighboring Pou3f3 gene where it physically contacts the gene at several 
locations as shown by 3C (chromosome conformation capture) technique. 
Simultaneously, it also acts in trans on genes involved in neuronal differentiation, 
cell cycle, neuronal projection formation, and intracellular signaling as shown by 
CHART-Seq (capture hybridization analysis of RNA targets). Furthermore, it also 
interacts with DNMT1, a DNA methyltransferase, and regulates DNA methylation 
at specific gene loci. DALI knockdown was shown to increase methylation at the 
CpG islands of Dlgap5, Hmgb2, and Nos1 promoters, revealing an intricate network 
of neuronal gene regulation by lncRNA DALI.

A more recent study characterized PINKY (PNKY) lncRNA [23], a nuclear 
restricted neural-specific noncoding transcript, that maintains the neural stem cells 
of the ventricular zone in embryonic brains or ventricular-subventricular zones in 
adult brains. PNKY is expressed in neural stem cells but upon differentiation gets 
restricted specifically to the GFAP+ astrocyte lineage. Knockdown of PNKY in 
monolayer cultures resulted in the generation of increased numbers of Tuj1+ neuro-
nal cells. When the shRNA construct of PNKY was electroporated into the embry-
onic brain and compared against the control brain, it was observed that the proportion 
of Sox2+ stem cells were reduced but that of TBR2+ transit-amplifying cells (an 
intermediate stage between stem cells and neurons) was not affected albeit there 
was an increase in Satb2+ young neurons, indicating that PNKY maintains neural 
stem cells in the embryonic brain. Further exploration into its mechanism revealed 
that PNKY interacted with PTBP1, a repressor of neuronal differentiation. PTBP1 
is known to regulate alternative splicing. Independently knocked down cells of 
PNKY and PTBP1 when subjected to RNA sequencing revealed that they regulate 
a common set of differentially perturbed genes and a common set of splice variants, 
suggesting a close coordination between these two molecules to maintain the neural 
stem cells in the brain.

8.4.2  �Long Noncoding RNAs in Hematopoietic Stem  
Cells and Differentiation

The hematopoietic system of our body comprises of blood cells and the cells of the 
immune system both of which are critical for maintaining the body homeostasis. 
While red blood cells are the central pivots of oxygen transportation in the body and 
platelets of blood coagulation, white blood cells act to protect the body from the 
millions of pathogens it gets exposed to everyday, thereby forming the pillars of 
the immune system. Till and McCulloch, back in the early 1960s, [24] probed into 
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the components of blood that leads to its regeneration which led to the discovery of 
hematopoietic stem cells (HSCs). Like any other multipotent stem cells, they too 
can self-renew and give rise to all cell types of the blood. A mouse that has received 
an irradiation dose to kill its own blood-producing cells can survive if injected with 
these stem cells. However, HSCs can be either long-term stem cells that can con-
stantly self-renew and support the blood system of an irradiated mouse (irradiation-
depleted blood-producing cells) over several divisions or short-term progenitor or 
precursor cells that are restricted by the number of divisions that they can undergo. 
Since there are many types of blood cells, the differentiation of the HSCs has been 
characterized in the following manner: each stem cell can give rise to a myeloid 
progenitor cell and a lymphoid progenitor cell. Myeloid progenitor cells form the 
red blood cells, platelets, and the white blood cells which can again be divided into 
granulocytes (eosinophils, neutrophils, basophils) or agranulocytes (lymphocytes/
macrophages). On the other hand, lymphoid progenitor cells give rise to 
T-lymphocytes, B-lymphocytes, and natural killer cells. HSCs have found wide-
spread applications in the clinic. They are used for the treatment of leukemia and 
lymphoma wherein the patient’s own blood cells are destroyed by radiation and 
replaced with a bone marrow transplant from a matched donor. Bone marrow trans-
plants are also used for the treatment of genetic disorders of the blood like anemia 
and thalassemia.

One of the first ever lncRNAs reported to be involved in the maintenance of the 
hematopoiesis, specifically erythropoiesis, is lincRNA-EPS. Hu et al. [25] isolated 
cells from embryonic liver, a site for active erythropoiesis with cells of the erythroid 
lineage forming >90% of the liver and performed RNA-Seq analysis to identify the 
repertoire of lncRNAs which might be involved in the erythroid lineage. They con-
centrated their efforts on three types of cells, burst-forming erythroids, colony-
forming erythroids, and Ter 119+ cells that represent the three key stages of 
erythropoietic development and found that greater than 400 lncRNAs are perturbed 
during erythropoiesis. Out of these, 163 putative lncRNAs are upregulated and 42 
are downregulated. They focused on those that show an increase in expression 
between colony-forming erythroids (progenitors) and Ter 119+-differentiated eryth-
roblasts with an aim to understand the regulation of erythroid differentiation by 
lncRNAs. A probe into the functional aspects of lincRNA-EPS revealed that its 
depletion in erythroid progenitors led to increased apoptosis and reduction in prolif-
eration of the progenitors in the presence of erythropoietin (erythropoietin promotes 
proliferation and subsequent differentiation of progenitors). This resulted in the 
reduced conversion of progenitors into terminally differentiated cells. On the other 
hand, under erythropoietin-starved conditions, progenitors that overexpressed 
lincRNA-EPS did not undergo apoptosis implying that lincRNA-EPS conferred 
anti-apoptotic phenotype to these progenitor cells. Microarray analyses in lincRNA-
EPS overexpressing progenitors revealed the repression of a proapoptotic gene 
Pycard, which under normal circumstances activates caspase in apoptosis. Thus, 
lincRNA-EPS acts as an anti-apoptotic regulator during erythroid differentiation 
and development.
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In a parallel study, Paralkar et al. [26] were interested in identifying the cohort of 
lncRNAs that are expressed in megakaryocyte-erythroid precursors from the bone 
marrow, megakaryocytes from cultured fetal liver progenitors, and fetal liver eryth-
roblasts in mouse as well as in human cord blood erythroblasts. This comparative 
analysis identified approximately 1100 lncRNAs expressed during murine erythro-
megakaryopoiesis, out of which about 85% are present both in fetal and adult eryth-
roblasts, suggesting the involvement of these lncRNAs in erythropoiesis. 
Interestingly, ~75% of the identified lncRNAs are expressed from promoter regions 
of genes, whereas ~25% are expressed from enhancer regions as evident from 
CHIP-Seq studies with transcription activation histone modification mark 
(H3K4me3) or enhancer modification mark (H3K4 me1). Further CHIP-Seq studies 
with key erythropoietic transcription factors GATA1 and TAL1 in erythroblasts and 
GATA1, GATA2, TAL1, and FLI1 in megakaryocytes showed occupancy of most of 
the lncRNA loci with these transcription factors. Knockdown studies with shRNA 
constructs against several of these lncRNAs inhibited enucleation and maturation of 
erythroblasts into reticulocytes when the erythroblasts were subjected to differentia-
tion in erythropoietin-containing medium. Lnc051, annotated previously as 
LINCRED1 along with ERYTHRA and SCARLETLTR, were a few of the candi-
date lncRNAs with potential roles in erythroid terminal maturation.

Eosinophils are another cell type that arise from the common myeloid progenitor 
and have a role to play in parasitic immunity and allergic diseases. CD34+ human 
hematopoietic stem cells supplemented with IL-5, an eosinophil-specific cytokine 
for 24 h, were subjected to gene expression profiling by microarray upon which a 
novel transcript encoded within an intron on the opposite strand of the inositol tri-
phosphate receptor type 1 (Itpr1) gene was discovered [27]. It was named as EGO 
for eosinophil granule ontogeny lncRNA. The EGO transcript has two splice variant 
transcripts, EGO-A and EGO-B, and both of them are highly overexpressed upon 
stimulation of umbilical cord blood cells or bone marrow cells (CD34+) with IL-5 
and only slightly induced in the presence of other cytokines like epoetin-α, SCF, 
GM-CSF, etc. RNA silencing experiments were performed in erythroleukemic cells 
to understand the functional significance of EGO lncRNA.  Interestingly, it was 
found that levels of the eosinophil proteins MBP (major basic protein) and EDN 
(eosinophil-derived neurotoxin) were concomitantly reduced. CD34+ umbilical 
cord blood cells expressing shRNA against EGO show incomplete development and 
die within 5 days of growth in IL-5 medium with respect to the control cells. Also, 
MBP and EDN levels were reduced considerably, suggesting that EGO lncRNA is 
necessary for the expression of these eosinophil proteins and hence normal eosin-
ophilosis although the exact mechanism of action remains to be elucidated.

In another study, transcriptome profiling by microarray was performed on human 
peripheral blood neutrophils and on NB4 and HL-60 cells treated with all-trans-
retinoic acid (ATRA) (cells directed toward granulocytic differentiation). This led to 
the identification of transcriptionally active regions between HoxA1 and HoxA2 
genes [28]. The transcript was identified as a 483 nt RNA-spliced product from a 
primary transcript consisting of two exons and was subsequently named as 
HOTAIRM1 (HOX antisense intergenic myeloid 1). The expression of HOTAIRM1 

D. Pal and M.R.S. Rao



237

was significantly induced when NB4 cells were treated with retinoic acid, but this 
phenomenon was not observed in the ATRA-resistant NB4r2 cell line. In fact, the 
expression of HOTAIRM1 was highly specific to the myeloid lineage as was evident 
by its specific upregulation in ATRA-treated NB4 or ATRA-treated K562 cells as 
compared to its baseline expression levels in the promyelocytic stages of NB4 cells. 
It was also found to exhibit low expression in hematopoietic stem or progenitor cells 
and was seen to be almost lacking expression in other organs like the brain, heart, 
pancreas, or skeletal muscle. In cells treated with shRNA against HOTAIRM1, 
induction of expression of HoxA1, HoxA4, and to some extent HoxA5 was signifi-
cantly attenuated in comparison to control cells, both the cell types being subjected 
to granulocytic differentiation by ATRA.  Induction of beta2 integrin molecules, 
CD11B and CD18 (hallmarks of granulocyte maturation), was also abrogated, 
implying important roles for HOTAIRM1  in myelopoiesis. Studies by Wei et  al. 
[29] provided insights into the mechanistic aspects whereby they observed that the 
transcription factor PU.1 binds to and regulates the levels of HOTAIRM1. PU.1 
itself is an important transcription factor involved during myeloid differentiation, 
reaching highest levels in mature granulocytes and monocytes. Indeed in acute pro-
myelocytic leukemic cells, dysregulation of HOTAIRM1 is due to the binding of 
PML-RARα to PU.1 and subsequent prevention of PU.1-mediated transactivation 
of various myeloid differentiation genes.

An extensive study carried out by Hu et al. [30] was aimed at cataloging the long 
intergenic ncRNAs involved in T-cell maturation and differentiation. They obtained 
42 subsets of T-cells which included CD4-CD8 double negative (DN), double posi-
tive (DP), single positive (SP) thymic T-cells, T-regulatory (Treg) cells from the 
lymph nodes of mice, and TH1, TH2, TH17 (T-helper cells), and induced Treg (iTreg) 
cells from in vitro cultures derived from naïve CD4+ T-cells. Across all of the T-cell 
types, they identified 1542 genomic regions that were expressing lincRNAs indi-
vidually or in clusters (more than one lincRNA expressed from the same locus). 
Quite intriguingly, when the data was classified based on the expression status of 
lincRNAs or protein-coding genes in specific subsets like only DN cells, DP+SP+Treg 
cells, and naïve CD4+ TH cells, it was observed that 48–57% of the expressed lin-
cRNAs were lineage specific as compared to 6–8% of mRNAs, and only 13–16% of 
lincRNAs were shared between subsets of T-cells in contrast to 70–80% of protein-
coding transcripts. When followed over a time scale of differentiation, many of the 
lincRNAs were downregulated at 4  h of T-cell differentiation from naïve CD4+ 
T-cells only to again regain the expression at 48–72 h implying their role in T-cell 
activation. Many of them, like LincR-Chd2-5′-74 K, remained mostly silenced after 
differentiation, while many others, like LincR-Sla-5′AS, were induced at 4 h of dif-
ferentiation with a gradual subsidence of expression at later stages. CHIP-Seq and 
knockdown studies of two important transcription factors STAT4 and STAT6 
revealed that STAT4 preferentially binds to and potentially regulates lincRNAs spe-
cific to TH1 cells and STAT6 for TH2 cells. Linc-Ccr2-5′-AS was further studied 
whereby it was found that depletion of this lncRNA resulted in reduction of expres-
sion of CCr 1, 2, 3, and 5 genes (chemokine receptors), all of which are located 
neighboring to the lincRNA genomic locus. Moreover, in  vivo depletion of this 
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lincRNA led to decreased migration of TH2 cells to the lung, a process which is 
dependent on chemokine signaling. This study along with a study conducted by 
Ranzani et al. [31] gives a comprehensive insight into the lincRNAs with potential 
regulatory functions during lymphocyte differentiation, maturation, activation, and 
functioning. On similar lines, Casero et al. [32] studied the lncRNA profile of ten 
cell types of the lymphoid lineage: (1) CD34+ CD38− Lin− cells enriched in hema-
topoietic stem cells and obtained from the bone marrow; (2) three lymphoid pro-
genitor populations such as common lymphoid progenitors, lymphoid-primed 
multipotent progenitors, and B-cell-committed progenitors from the bone marrow 
as well; (3) CD34+ but CD4 CD8 double negative populations (Thy1, Thy2, Thy3) 
from the thymus; and (4) T-cell-committed populations from the thymus again. A 
set of 9444 lncRNA genes were identified among which 3348 are known. Yet again, 
most of these lncRNAs showed a highly stage-specific manner of expression, being 
restricted to one or the other lineage in comparison to their protein-coding counter-
parts. They were also positively correlated in expression with several of the protein-
coding genes located either in trans or in cis to them, reinforcing the role of lncRNAs 
in the maintenance and/or differentiation of progenitors in the bone marrow and the 
thymus.

8.4.3  �Long Noncoding RNAs in Muscle Stem Cells 
and Differentiation

Skeletal muscle, a striated muscle tissue comprising about ~40% of the body 
weight, is composed of multinucleated contractile muscle cells known as myofi-
bers which in turn are generated by the fusion of progenitor cells or myoblasts 
[33]. Myofibers remain constant in number in the neonatal stages, but postnatally 
they grow in size by the fusion of a group of stem cells known as satellite cells. 
Satellite cells are the stem cell population of the adult muscle tissue, being quies-
cent under normal physiological conditions but quickly reenter active cell division 
in case of muscle injury to regenerate damaged or wounded tissue. Although the 
regenerative capacity of muscle tissue was observed as early as the nineteenth 
century, it was only in 1961 that two independent studies by Alexander Mauro and 
Bernard Katz actually proved their presence by electron microscopy in the sub-
laminar region of myofibers [34]. At the molecular level, quiescent satellite cells 
express Pax7, and only upon activation of mitosis, they start expressing myogenic 
transcription factors like MYOD, MYOGENIN, MYF5, and DESMIN [34]. About 
24 kb upstream of the gene-encoding transcription factor MYOD1, two regulatory 
regions are present for the gene itself, referred to as CE (core enhancer) and DRR 
(distal regulatory region). Through a series of RNA-Seq experiments, it was 
observed that these enhancer regions, characterized by the presence of histone 
modifications H3K4me1 and H3K27ac along with p300/CBP/RNAP II occupancy, 
are actually transcriptionally active, giving rise to enhancer RNAs or eRNAs [35]. 
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In an approach to dissect out the role of these eRNAs, a screening was done for ten 
siRNAs designed against various regulatory regions upstream of MyoD, and inter-
estingly enough it was observed that the levels of MyoD diminished drastically 
only in the case of siRNA targeting the CE region. It was further observed that 
CERNA acts in cis to regulate the transcription of MyoD1 by enhancing the occu-
pancy of RNAPol II at MyoD1 proximal regions. On a similar note (yet with a 
twist in the tale), it was discovered that DRRRNA acts in trans to enhance the 
expression of MyoG and Myh, thereby acting to promote myogenic differentiation. 
The role of eRNAs, a class of lncRNAs, was established in this study, and their 
mechanisms of function which mainly includes modification of chromatin organi-
zation by either causing nucleosome repositioning or by effecting recruitment of 
various chromatin modifiers were elucidated. Parallel studies by Mueller et  al. 
[36] on the MyoD upstream locus led to further characterization of a lncRNA 
MUNC (MyoD upstream noncoding) which initiates transcription in the DRRRNA 
locus. Downregulation and overexpression of MUNC in undifferentiated muscle 
cells in culture caused a respective decrease or increase in the levels of key myo-
genic transcription factors like MYOGENIN, MYH3, and MYOD itself to some 
extent. In vivo, when siRNA against MUNC was injected into the tibia anterior 
(TA) muscles of mice followed by muscle injury with cardiotoxin, it was observed 
that over a period of 2 weeks of muscle regeneration, the levels of MYOGENIN, 
MYH3, and MYOD were significantly lower in the siMUNC tissues. This was 
accompanied with a decrease in myofiber diameter and increase in inflammatory 
infiltrates in the regenerated tissue, reestablishing the importance of lncRNAs in 
myogenesis.

Analysis of the transcriptional start sites and promoter elements of the muscle-
specific miRNA loci, pre-miRNA-133, and pre-miRNA-206 revealed the presence 
of lincRNA linc-MD1 [37], which indeed was the first identified muscle-specific 
lincRNA.  Linc-MD1 is specifically activated when myoblasts, satellite cells, or 
MYOD-trans-differentiated fibroblasts (muscle cells derived from myoblasts) were 
subjected to differentiation. This lncRNA was found to be expressed in newly 
regenerating muscle fibers. Mechanistically, it acts as a competing endogenous 
RNA or ceRNA whereby it acts as a sponge or decoy to sequester miRNAs such as 
miR-133 and miR-135 which otherwise bind to their targets MEF2C and MAML1, 
both of which are important transcription factors required for myogenesis. In an 
independent study conducted by Legnini et al. [38], it was shown that another myo-
genically important RNA-binding protein, HuR, is involved in the cross talk between 
Linc-MD1 and miR-133. RNA interference experiments for HuR revealed a consis-
tent decrease in the cytoplasmic accumulation of linc-MD1 and increase in the 
pools of miR-133a/miR-133b. A series of experiments thereafter confirmed that it is 
the binding of HuR to linc-MD1 that increases its presence in the cytoplasm, aiding 
its miRNA sponging activity at the expense of miR-133 biogenesis (miR-133 being 
a result of processing of linc-MD1 by Drosha). In a positive feed-forward loop, linc-
MD1 and HuR regulate the differentiation of muscle progenitors and hence 
myogenesis.
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One of the first lncRNAs to be discovered with respect to muscle differentiation 
was SRA (steroid receptor RNA activator). MYOD co-immunoprecipitates with p68/
p72 DEAD box RNA helicases, and both of them were shown to interact with SRA 
in skeletal muscle cells through immunoprecipitation experiments followed by PCR 
to score for the associated RNA [39]. Luciferase reporter assay experiments were 
performed wherein the muscle-specific creatinine kinase enhancer was fused 
upstream of the luciferase gene and transfected into fibroblast cells along with p68, 
p72, or SRA expression vectors, individually or in combination. No effect was 
observed on the luciferase gene expression in any of the above cases. However, 
expression of MYOD either alone or in conjunction with either of the protein (p68/
p72) or RNA (SRA) interactors enhanced the luciferase reporter activity. The highest 
enhancement was observed when all the three (p68/p72, SRA, and MYOD) were co-
expressed, thereby establishing that p68/p72 and SRA act as transcriptional coactiva-
tors of MYOD. In fact RNA silencing experiments further proved that these three 
coactivators of MYOD are essential for the differentiation of muscle cells into myo-
tubes. In another interesting study, it was shown that the SRA transcript is actually 
alternatively spliced to give rise to a protein counterpart SRAP [40]. In undifferenti-
ated myoblasts versus differentiated myotubes, the ratio between the noncoding SRA 
and the coding SRAP is largely in favor of the noncoding counterpart. In primary 
human satellite cells subjected toward differentiation, a similar observation was 
made, SRA levels being observed to be higher than SRAP. Through a series of lucif-
erase and chromatin immunoprecipitation experiments, SRAP was found to physi-
cally bind to SRA and prevent it from acting as the coactivator of MyoD, thus 
unraveling a network of proteins and RNA, fine-tuning the regulation of myogenic 
differentiation.

A large imprinted locus known as the Dlk1-Gtl2 (delta-like 1 homolog-gene trap 
locus 2) contains many protein-coding, noncoding, and paternally/maternally 
imprinted genes, GTL2 being one of the noncoding RNAs [41]. It is also known as 
MEG3 in humans. A knockout mouse was generated, the knockout locus encompass-
ing the promoter region and exons 1–5 of the Gtl2 gene. It was observed that while 
the mice carrying the deletion at the paternal locus survived and were healthy, the 
mice carrying the same at the maternal locus did not survive. Intriguingly enough, 
while the Glt2 knockout embryos showed no abnormalities in organs like the brain, 
heart, liver, kidney, lung, or spleen, their skeletal muscles showed severe defects of 
formation. The myofibers of the paraspinal muscles were not only small and rounded 
with peripherally placed nuclei; they were also lower in number. It was one of the first 
evidences of a lncRNA being necessary in  vivo for the proper development of 
muscles.

Genome-wide binding studies for a transcription factor Yin yang 1 (YY1), a 
repressor of muscle differentiation genes in proliferating myoblasts, showed that it 
actually binds to many intergenic loci in the genome along with previously known 
or unknown protein-coding loci [42]. The potential linc RNA loci were 63 in num-
ber and were named as YAM (YY1-associated muscle lincRNA). One such loci, 
Yam-1, located on chromosome 17, was found to be positively regulated by YY1 in 
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proliferating myoblasts. It was observed that YAM-1 was present in abundance in 
proliferating myoblasts or in the limb muscles of young mice displaying active 
myogenesis, whereas it was downregulated during myogenic differentiation of 
myoblasts in  vitro or in  vivo in older mice with reduced perinatal myogenesis. 
These observations were further confirmed by RNA silencing experiments. A probe 
into the mechanisms revealed that YAM-1 positively regulates the expression of its 
downstream effector miR-715 which in turn negatively regulates Wnt7b. Wnt7b is 
known to promote muscle differentiation. YAM-1 knockdown led to the upregula-
tion of Wnt-7b, putting forth a mechanism whereby the anti-myogenic differentia-
tion capacity of YAM-1 might be mediated through miR-715-mediated repression 
of Wnt7b. A study of the other YAMs showed that while YAM-2 and YAM-4 are 
pro-myogenic factors during the early stages of muscle differentiation, YAM-3 is 
again anti-myogenic, providing ample evidence of the tight regulation of muscle 
differentiation by lncRNAs.

Klattenhoff et al. [43] analyzed RNA-Seq data for the expression of lncRNAs in 
mouse embryonic stem cells as well as in differentiated tissues and focused on one 
such lncRNA AK143260. They observed that this lncRNA exhibited higher expres-
sion in the heart and hence termed it as Braveheart (Bvht). BVHT was depleted from 
mouse ESCs by shRNA, and the cells were subjected to in vitro cardiomyocyte dif-
ferentiation by the embryoid body method. Cardiomyocytes are the muscle cells of 
the heart. It was observed that in the control cells, ~25% of the embryoid bodies 
displayed spontaneous rhythmic beating as compared to only ~5% of the knock-
down cells. Global gene expression analyses by RNA-Seq in BVHT-depleted cells 
revealed that a multitude of transcription factors coding genes like Mesp1, Hand1, 
Hand2, Nkx2.5, and Tbx20 were not activated when the cells were differentiated into 
the cardiac lineage, establishing the importance of BVHT in cardiac lineage speci-
fication. An ES cell line harboring a doxycycline-inducible MESP1 overexpression 
plasmid, when subjected to cardiac differentiation along with MESP1 induction, 
was able to rescue the BVHT depletion phenotype. This proved that BVHT acts 
upstream of MESP1 during cardiac differentiation of ES cells. Studies by Xue et al. 
[44] were aimed at unraveling the secondary structure of BVHT. It was shown that 
BVHT possesses a AGIL motif in its 5′ domain. With the help of CRISPR/Cas9 
system, they generated a 11 nt deletion in this motif (bvhtdagil). Interestingly, bvhtdagil 
ES cells showed significantly reduced beating during the cardiac differentiation as 
compared to the wild-type cells. As observed earlier with BVHT knockdown cells, 
bvhtdagil cells showed a lack of activation of major cardiac transcription factors like 
Nkx2.5, Hand2, Gata4, and Gata6. A protein microarray was employed to under-
stand the interaction partners of bvhtdagil wherein CNBP or ZNF9, a zinc finger tran-
scription factor, was found to be an interesting interacting candidate for bvhtdagil 
lncRNA. These studies suggested that the lncRNA protein interaction networks are 
crucial components of cell fate decisions and lineage commitment.

A brief representation of the various lncRNAs involved in the maintenance and/
or differentiation of stem cells for the neural, hematopoietic, and muscle linage has 
been depicted in Fig. 8.3.
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8.4.4  �Long Noncoding RNAs in Epidermal Stem Cells 
and Differentiation

The skin is one of the most sturdy and versatile organs of the body in that it not only 
acts as a protective barrier, providing protection to the body against microbes and 
dehydration, but also constantly participates in maintaining homeostasis through 
withstanding temperature changes and providing tactile sense to the body. The stem 
cell niche of the skin is involved in constantly regenerating the epidermal hair and 
also in regenerating epidermal tissue after an injury or a wound. In the embryo, 
post-gastrulation, it is the neuroectoderm that gives rise to the epidermis that essen-
tially starts as a single layer of uncommitted progenitor cells but finally forms a 
stratified structure, hair follicles, and the sebaceous glands or the apocrine (sweat) 
glands. In adults, the skin epithelium is made up of blocks, each block being made 
up of a pilosebaceous unit consisting of hair follicle (HF) and sebaceous gland 
along with the surrounding interfollicular epidermis (IFE). The HF contains multi-
potent stem cells that regenerate the hair as well as supply cells for replenishing 
damaged ones post injury for both the hair follicle and the epidermis. The IFE con-
tains progenitor cells too that maintain tissue integrity and self-renewal under 

Fig. 8.3  Representative examples of lncRNAs that either maintain the stem cell state of somatic 
stem cells or promote their differentiation/terminal maturation. The mechanisms can either be 
through interaction with protein partners, regulating gene loci in cis or trans, or acting as compet-
ing endogenous RNAs
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normal circumstances. Various types of signaling pathways including Wnt/β-
catenin, BMP, Notch, and Shh have been implicated in the self-renewal and/or dif-
ferentiation of the epidermal stem cells [45].

To understand the role of lncRNAs in keratinocyte differentiation from epider-
mal stem cells, Kretz et al. [46] performed high-throughput sequencing of human 
primary keratinocytes at various days of calcium-induced differentiation and uncov-
ered 295 annotated and 835 unannotated putative lncRNAs. Keratinocytes are the 
major cell type of the epidermis. At 3 and 6 days of differentiation, the lncRNA 
reads obtained were compared with that of 0 day (progenitor population), and it was 
observed that there were significant perturbations at each of the stages of differen-
tiation studied. To have a broader picture of previously unknown lncRNAs that may 
have a role to play in suppressing differentiation of various types of progenitors, 
RNA was obtained from keratinocytes, adipocytes, and osteoblasts in the progenitor 
and differentiated states and hybridized to tiling arrays. One interesting hit came in 
the form of the lncRNA NR_024031, termed hitherto as ANCR (antidifferentiation 
noncoding RNA) which was repressed in each of the model systems studied. ANCR, 
located in human chromosome 4, consists of three exons, miRNA4449-encoding 
sequence and a snoRNA-generating sequence in the introns 1 and 2, respectively. It 
codes for a 855-bp-long transcript that was found to be significantly downregulated 
at days 3 and 6 of keratinocyte differentiation. Interestingly, the ANCR lncRNA is 
expressed in multiple human tissues and is concomitantly repressed in many dif-
ferentiated cell types, indicating its functional relevance in the transition from pro-
genitor to differentiated states. RNAi against ANCR in progenitor keratinocytes 
induced the expression of many differentiation-related genes like filaggrin, loricrin, 
keratin 1, small proline-rich proteins 3 and 4, involucrin, S100 calcium-binding 
proteins A8 and A9, and ABCA12. Microarray analyses under such conditions 
revealed the perturbation of 388 genes including genes responsible for epidermal 
differentiation, keratinization, and cornification. Furthermore ANCR was depleted 
in regenerated, organotypic epidermal tissue, a system recapitulating most aspects 
of the human epidermis. Interestingly similar results were observed, with even the 
epidermal basal layer expressing differentiation genes which otherwise is not known 
to express such genes. Thus ANCR seems to be necessary to keep differentiation-
related genes from expressing in the progenitor cell niche of the epidermis and 
hence in maintaining the identity of keratinocyte progenitors.

This group also identified TINCR (terminal differentiation-induced ncRNA) on 
chromosome 19 of the human genome encoding a 3.7 kb transcript, highly expressed, 
by greater than 150-fold, during epidermal differentiation [47]. It was shown to be 
enriched in the differentiated layers of human epidermal tissue, indicating its role in 
the differentiation of keratinocytes. When TINCR was downregulated by RNAi in 
organotypic culture system, expression of key differentiation genes was perturbed 
in expression although the epidermis stratified normally. Transcript profiling 
revealed 394 genes to be affected in expression, including those involved in the 
formation of the epidermal barrier. Specifically, caspase-14 required for proteolysis 
during the formation of the barrier was reduced drastically, and protein-rich 
keratohyalin granules and lipid-rich lamellar bodies were ill-formed in the epider-
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mis. To elucidate the mechanism of action of TINCR, an interactome analysis was 
done using a protein microarray consisting of approximately 9400 recombinant pro-
teins. STAU1 protein showed the highest affinity of binding with TINCR. Although 
STAU1 has not been previously implicated in epidermal differentiation, it was 
found that STAU1 depletion recapitulated effects of TINCR depletion, and there 
was a significant overlap of regulated genes between siSTAU1 and siTINCR cells 
with a predominance of genes involved in keratinocyte differentiation. Together, 
TINCR and STAU1 were shown to bind to and functionally stabilize mRNAs encod-
ing key structural and regulatory proteins necessary for keratinocyte 
differentiation.

8.4.5  �Long Noncoding RNAs in Spermatogonial Stem Cells 
and Differentiation

Spermatogenesis is a physiological process which defines the formation of the sper-
matozoa through a series of differentiations undergone by progenitor cells referred 
to as spermatogonial stem cells (SSCs). In the embryonic stages, primordial germ 
cells (PGCs) represent a population of cells that arise in the epiblast at 7–7.5 dpc of 
development and migrate to the gonadal ridges at around 12.5 dpc. Once they reach 
the gonadal ridge, the erstwhile proliferating PGCs enter into a mitotic arrest and 
reenter the cell cycle only after birth. They populate the basement membrane of 
seminiferous tubules generating a niche comprising the Sertoli cells, Leydig cells, 
and surrounding interstitial cells. They undergo constant self-renewal to generate 
millions of spermatozoa daily. Three types of spermatogonia were initially identified 
based on the nuclear architecture [48]: type A consisting of a more decompacted 
chromatin structure, type B spermatogonia consisting of a more heterochromatic 
chromatin, and an intermediate type between the both. Type A spermatogonia are the 
undifferentiated cells further classified into three types: Asingle (As), Apaired(Apr), and 
Aaligned(Aal) depending on the arrangement on the basement membrane of the semi-
niferous tubule. A single division of As leads to the formation of either (1) a Apr that 
generates two As post-cytokinesis or (2) the two resulting cells remain connected by 
a cytoplasmic bridge that generates a chain of four Aal in the next round of division. 
The four Aal spermatogonia undergo mitotic divisions to generate 32 Aal spermatogo-
nia, and 4–16 such chains are finally committed to differentiation. The Aal spermato-
gonia give rise to the type B spermatogonia which generate primary spermatocytes 
that undergo meiosis. Two rounds of meiosis give rise to secondary spermatocytes 
and haploid spermatids. The haploid spermatids then undergo morphological 
changes through 16 steps (in mouse) finally forming the mature spermatozoa.

One of the first identified lncRNAs in our laboratory which was shown to have a 
functional role in spermatogonial physiology is MRHL (mouse recombination 
hotspot locus) RNA [49]. It is a 2.4 kb transcript, expressed in the adult mouse testis 
and processed in vitro by the Drosha machinery to a 80 nt processed transcript [50]. 
To gain an understanding of its function in the mammalian testis [51], the RNA was 

D. Pal and M.R.S. Rao



245

downregulated in the mouse spermatogonial cell line (Gc1-Spg). Subsequent micro-
array analyses revealed a host of signaling pathways being affected, a prominent 
and noteworthy one being the Wnt signaling. Mass spectrometry identified p68/
DDX5 helicase as one of the interacting proteins of MRHL following which it was 
shown that in mrhl RNA-depleted conditions, p68 translocates from the nucleus to 
the cytoplasm and aids the shuttling of Wnt signaling effector protein β-catenin into 
the nucleus resulting in subsequent activation of Wnt signaling. Thus, in mouse 
spermatogonial cells, mrhl RNA negatively regulates Wnt signaling through inter-
action with p68. Genome-wide occupancy studies of MRHL on the chromatin were 
performed through ChOP-Seq (chromatin oligoaffinity purification followed by 
sequencing) [52]. This study revealed that MRHL physically occupies 1400 loci 
among which 37 loci are regulated by this lncRNA. These loci are termed as the 
GRPAM loci (genes regulated by physical association of MRHL) which include 
genes involved in Wnt signaling, spermatogenesis, and differentiation. ChIP- and 
shRNA-mediated downregulation studies showed that Wnt signaling acts to down-
regulate MRHL RNA when spermatogonial cells are exposed to Wnt3a ligand. A 
detailed investigation into the mechanism of Wnt-mediated MRHL RNA downreg-
ulation revealed CTBP1 as the corepressor that increasingly occupies the promoter 
of Mrhl and establishes repressive histone modifications like H3K9me3 on the pro-
moter leading to repression of transcription of the RNA [53]. Interestingly, it was 
also observed that upon Wnt treatment of spermatogonial cells, various premeiotic 
(c-kit, Dmc1, Stra8, Lhx8) as well as meiotic markers (Zfp42, Hspa2, Mtl5, and 
Ccna1) were significantly upregulated. Rescue of MRHL in trans did not abrogate 
these changes indicating that additional factors are necessary for the upregulation of 
these meiotic markers which are activated only under Wnt conditions. These studies 
thus proved that mrhl RNA acts at the chromatin level to regulate key aspects of 
spermatogonial differentiation initiated by Wnt signaling (Fig. 8.4).

A comprehensive genome-wide study was recently carried out by Sun et al. [54] 
wherein they performed lncRNA microarray analysis from 6-day-old (neonatal) and 
8-week-old (adult) testis. They found that out of the ~14,000 lncRNA genes repre-
sented on the microarray, ~8000 (56%) exhibited expression above background, and 
37% of these (~3000 lncRNAs) showed differential expression between the two 
stages studied. They classified all lncRNAs perturbed into specific groups such as 
exonic sense or antisense, intronic sense or antisense, and bidirectional or intergenic 
based on their locations and directions of transcription and found interesting corre-
lations between the expression of theses lncRNAs and their neighboring protein-
coding counterparts. For example, Ccnd2-coding gene expression occurs primarily 
in spermatogonia and is important for their self-renewal. Both Ccnd2 and its associ-
ated sense lncRNA AK011429 were found to be downregulated in the adult testis 
tissue. Similarly, AK077193, expressed antisense to Sycp2 (synaptonemal complex 
protein 2), was upregulated in the adult testis, and the expression was positively 
correlated with that of Sycp2 itself, a gene required during meiosis in spermato-
cytes. LncRNA AK00574 was found to be specifically upregulated and highly 
expressed along with the protein-coding gene Spata17 from whose intron it is 
transcribed in an antisense direction. Spata17 is involved in male germ cell apoptosis 
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in the adult testis. Although the specific functions of these lncRNAs need to be elu-
cidated, this study has listed a cohort of lncRNAs with possible functions in male 
germ cell differentiation and testes development.

Similar high-throughput transcriptome analysis was performed by Li et al. [55] 
on primary Thy1+ spermatogonial stem cell cultures in various conditions such as 
(1) in the presence of the growth factor GDNF, (2) 18 h post-depletion of GDNF, 
and (3) post 8 h reexposure to GDNF in the depleted cultures. Interestingly, normal 
cultures growing in the presence of GDNF showed expression of twice the number 
of lncRNA transcripts as compared to protein-coding mRNAs, whereas in the 
depleted and replenished cultures, an equal proportion of both types of transcripts 
was perturbed. LncRNA 033862 was found to have the most significant expression 
changes upon GDNF withdrawal in SSC cultures. Its expression decreased upon 
GDNF withdrawal for 18 h, reappeared post 8 h of GDNF reexposure, and under-
went almost 97% reduction upon 30 h of GDNF removal from cultures. Tissue-
specific expression analysis revealed that this RNA is highly expressed in mouse 
testis and brain. In the mouse testis specifically, it was expressed during the immedi-
ate postnatal stages (P1–P3) with subsequent reduction in levels at P7 and P10, 
indicating its role in gene regulation in the spermatogonial progenitor cells of the 
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testis. Indeed, in situ hybridization showed expression of this lncRNA in the sper-
matogonial cells located in the basement membrane of seminiferous tubules of tes-
tis. Chromatin isolation by RNA purification (ChIRP) experiments revealed that 
lncRNA 033862 bound physically to the Gfra1 locus on mouse chromosome 19. 
LncRNA 033862 is transcribed in an antisense direction from exon 9 of Gfra1 
(GDNF family receptor). Knockdown experiments using lentiviral shRNA in SSC 
cultures led to increased apoptosis, significant changes in morphology with reduc-
tion in colony size and downregulation of SSC-associated self-renewal genes like 
Bcl6b, Ccnd2, and Pou5f1, and reduction in expression of Gfra1 itself. Differentiation 
genes like Stra8, Sycp1, and c-kit were however not affected, thereby establishing 
that lncRNA 033862 is necessary for SSC self-renewal and maintenance. 
Furthermore, in vivo transplantation of the lncRNA knocked down cells into testis 
showed lower colonization of testis from donor cells as compared to controls. Gfra1 
encodes the co-receptor for GDNF in SSCs. The above studies proved the necessity 
of lncRNA 033862 in SSC maintenance and indicated that absence of GDNF sig-
naling which led to reduction in expression of lncRNA 033862 might be the cause 
for transcriptional silencing of Gfra1, revealing an intricate role of this lncRNA in 
spermatogonial stem cell gene regulation.

TSX (testis-specific X-linked) is a lncRNA that is expressed from the highly 
characterized X-inactivation center in mammals being encoded upstream of the 
lncRNA locus Xite [56]. An expression pattern analysis revealed that while in 
female mice, TSX is expressed at higher levels in the brain than in the gonadal tis-
sue; it is the reverse in males. Male gonadal tissue showed 10–100 times higher 
expression as compared to the brain. Isolation of male germ cells and further analy-
ses showed that while in type A and B spermatogonia, TSX levels are comparatively 
lower; it is upregulated by 40-fold in the pachytene stage spermatocytes during 
meiosis with levels again decreasing thereafter, albeit maintaining steady-state lev-
els in the postmeiotic stages. Generation of Tsx knockout mice did not affect viabil-
ity of the offsprings or their Mendelian ratio although homozygous knockout female 
mice exhibited reduced fertility and preferred the birth of female offsprings. Closer 
inspection of 6-month-old testes of −/Y males showed smaller size in comparison 
to the wild-type ones. TUNEL experiments revealed increased apoptosis of germ 
cells, peaking at 14 days of development, coinciding with the first phase of pachy-
tene stage. Further staining with SCP1 (synaptonemal complex protein 1) confirmed 
that it was indeed the pachytene spermatocytes that were undergoing apoptosis, 
thereby suggesting that lncRNA TSX might be required for germ cells to enter the 
meiotic phase of differentiation although its function might be redundant in the 
maturation of haploid spermatids during spermiogenesis.

8.5  �Conclusions

Stem cells are an integral part of animal development. During the last two decades, 
we have seen an explosion in our basic understanding of stem cell biology. Stem 
cells are also being explored as an effective mode of human disease management 
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and treatment. The first stem cell therapy ever to be performed was in 1968 when 
clinicians successfully carried out bone marrow transplantation. Bone marrow con-
tains multipotent stem cells that can give rise to all the types of blood cells. Since 
then bone marrow transplantation has formed one of the major stem cell therapies, 
helping millions of patients suffering from cancers like leukemia. Not very far 
behind was the concept of using skin stem cells to replace burnt tissue in the form 
of skin grafts. Limbal stem cells in the eye have also huge potential in replacing 
lost corneal tissue by virtue of their stem cell properties. These are some of the 
successful stories of stem cell therapies. There are still a number of human diseases 
and disorders that need to be addressed via stem cell therapies. For example, 
Duchenne muscular dystrophy (DMD) is a genetic disease in which skeletal mus-
cles and often heart muscles weaken over time due to prevention of formation of 
dystrophin protein. As we know, muscle harbors stem cells known as satellite cells 
which serve as great contenders for curing such genetic diseases. On the other 
hand, iPSCs also possess immense potential because adult somatic cells can be 
reprogrammed into iPSCs which can then theoretically be directed into the genera-
tion of any type of cell such as neurons for replacement in neurodegenerative dis-
eases like Parkinson’s and Alzheimer’s diseases. One of the major challenges of 
stem cell therapies is the generation of a pure population of cells which can be 
transplanted into the human body without complications of tissue rejection and 
immune responses. In this direction, it is very important to understand the fine 
details of the molecular mechanisms of differentiation processes so that we can 
take care of every small detail that leads to the generation of the right type of cell 
with the expected phenotype. In this context, the emerging lncRNAs as key regula-
tors of lineage-specific differentiation might serve as an important tool to fine-tune 
the differentiation pathway. This field although very nascent provides us with 
potential hope in making regenerative medicine a highly successful strategy in 
clinical practice in the near future.
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Glossary

Microarray  It employs an array comprising of probes which can be DNA, 
cDNA, or oligonucleotides representing the sequences in a particular genome. 
Hybridization of query sequences to these probes can allow for the parallel anal-
ysis of gene expression for thousands of genes or for the identification of new 
genes.

ChIP-Seq  Chromatin immunoprecipitation is a technique in which chromatin is 
isolated from cells or tissues, fragmented by sonication, chromatin associated 
with a particular protein is pulled down with the help of an antibody specific 

D. Pal and M.R.S. Rao



249

against the protein of interest, and the DNA is subsequently recovered. This is 
followed by sequencing of the DNA to decipher genomic binding loci of the 
concerned protein.

RNA-Seq  RNA Sequencing uses a population of RNA (such as polyA+) to be con-
verted to a library of cDNAs using adapters at one or both the ends. The library is 
then subjected to high-throughput sequencing where each molecule is sequenced 
to obtain reads that are typically 30–400 bp long. The reads are then aligned 
to a reference genome or reference transcriptome or assembled to generate a 
transcriptome for the particular system used for the RNA-Seq. This accurately 
depicts not only the transcriptome but the expression level of each gene for that 
system [57].

CHART  In capture hybridization analysis of RNA targets, the RNA is cross-linked 
to its genomic binding sites on the chromatin, and the genome is isolated and 
fragmented. The RN-bound fragments are then enriched with the help of com-
plementary locked or O2’-methylated oligonucleotides which are immobilized 
by beads. The corresponding DNA or protein fractions are then eluted to analyze 
either loci of binding or interacting partners for the RNA of interest.

ChIRP/ChOP  Chromatin isolation by RNA purification or chromatin oligoaf-
finity purification. In this case, the complementary oligonucleotides are bio-
tinylated, and the RNA-bound chromatin fragments are enriched by magnetic 
streptavidin beads. The DNA associated with the RNA or the interacting pro-
teins can then be eluted for further analysis by sequencing or mass spectrom-
etry, respectively.

siRNA/shRNA Mediated Knockdown  Short-interfering RNAs are double-
stranded RNA molecules consisting of a 3′ 2 nt overhang that activates the RNAi 
machinery inside the cytoplasm of cells upon delivery. After processing, one 
of the strands of the siRNA binds to its complementary sequence on the target 
mRNA leading to degradation by the RISC (RNA induced silencing complex). 
Short hairpin RNAs are transcribed from a plasmid in the form of a stem loop 
primary RNA which is processed by the Drosha machinery in the nucleus to 
generate siRNA.

CRISPR/Cas9  The clustered regularly interspaced short palindromic repeats is 
a bacterial immune system that is used to cleave invading foreign DNA. This 
technique is now used for genome engineering. The CRISPR system consists of 
a guide RNA and a nonspecific endonuclease, Cas9. The guide RNA “guides” 
the Cas9 endonuclease to the target region in the genome wherein Cas9 creates 
double-stranded breaks. The DNA sequence is then repaired with the help of 
either NHEJ- or HDR-mediated repair generating indels or desired knockouts/
knockins.

Fluorescence In Situ Hybridization  FISH technique is used to label or local-
ize regions of interest in the genome or transcriptome with the help of short 
sequences known as probes. These probes are most often labeled with a fluo-
rescent tag. The probes bind to the target regions of interest by complementary 
hybridization, and signals can be detected by fluorescent microscopy to under-
stand the localization/copy number of the targets.

8  Long Noncoding RNAs in Pluripotency of Stem Cells and Cell Fate Specification



250

References

	 1.	Huttenhofer A, Schattner P, Polacek N (2005) Non-coding RNAs: hope or hype? Trends Genet 
21(5):289–297

	 2.	Brown CJ et al (1992) The human XIST gene: analysis of a 17 kb inactive X-specific RNA that 
contains conserved repeats and is highly localized within the nucleus. Cell 71(3):527–542

	 3.	Bartolomei MS, Zemel S, Tilghman SM (1991) Parental imprinting of the mouse H19 gene. 
Nature 351(6322):153–155

	 4.	Evans MJ, Kaufman MH (1981) Establishment in culture of pluripotential cells from mouse 
embryos. Nature 292(5819):154–156

	 5.	Martin GR (1981) Isolation of a pluripotent cell line from early mouse embryos cul-
tured in medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A 
78(12):7634–7638

	 6.	Thomson JA et al (1995) Isolation of a primate embryonic stem cell line. Proc Natl Acad Sci 
U S A 92(17):7844–7848

	 7.	Thomson JA et al (1998) Embryonic stem cell lines derived from human blastocysts. Science 
282(5391):1145–1147

	 8.	Shamblott MJ et al (1998) Derivation of pluripotent stem cells from cultured human primor-
dial germ cells. Proc Natl Acad Sci U S A 95(23):13726–13731

	 9.	Yu J et al (2007) Induced pluripotent stem cell lines derived from human somatic cells. Science 
318(5858):1917–1920

	10.	Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse embryonic 
and adult fibroblast cultures by defined factors. Cell 126(4):663–676

	11.	Guttman M et al (2011) lincRNAs act in the circuitry controlling pluripotency and differentia-
tion. Nature 477(7364):295–300

	12.	Sheik Mohamed J et al (2010) Conserved long noncoding RNAs transcriptionally regulated by 
Oct4 and Nanog modulate pluripotency in mouse embryonic stem cells. RNA 16(2):324–337

	13.	Lin N et al (2014) An evolutionarily conserved long noncoding RNA TUNA controls pluripo-
tency and neural lineage commitment. Mol Cell 53(6):1005–1019

	14.	Chakraborty D et al (2012) Combined RNAi and localization for functionally dissecting long 
noncoding RNAs. Nat Methods 9(4):360–362

	15.	Ng SY, Johnson R, Stanton LW (2012) Human long non-coding RNAs promote pluripotency 
and neuronal differentiation by association with chromatin modifiers and transcription factors. 
EMBO J 31(3):522–533

	16.	Wang Y et al (2013) Endogenous miRNA sponge lincRNA-RoR regulates Oct4, Nanog, and 
Sox2 in human embryonic stem cell self-renewal. Dev Cell 25(1):69–80

	17.	Loewer S et al (2010) Large intergenic non-coding RNA-RoR modulates reprogramming of 
human induced pluripotent stem cells. Nat Genet 42(12):1113–1117

	18.	Guttman M et al (2009) Chromatin signature reveals over a thousand highly conserved large 
non-coding RNAs in mammals. Nature 458(7235):223–227

	19.	Urban N, Guillemot F (2014) Neurogenesis in the embryonic and adult brain: same regulators, 
different roles. Front Cell Neurosci 8:396

	20.	Ng SY et al (2013) The long noncoding RNA RMST interacts with SOX2 to regulate neuro-
genesis. Mol Cell 51(3):349–359

	21.	Vance KW et al (2014) The long non-coding RNA Paupar regulates the expression of both 
local and distal genes. EMBO J 33(4):296–311

	22.	Chalei V et al (2014) The long non-coding RNA Dali is an epigenetic regulator of neural dif-
ferentiation. elife 3:e04530

	23.	Ramos AD et al (2015) The long noncoding RNA Pnky regulates neuronal differentiation of 
embryonic and postnatal neural stem cells. Cell Stem Cell 16(4):439–447

	24.	Till JE, Mc CE (1961) A direct measurement of the radiation sensitivity of normal mouse bone 
marrow cells. Radiat Res 14:213–222

	25.	Hu W et al (2011) Long noncoding RNA-mediated anti-apoptotic activity in murine erythroid 
terminal differentiation. Genes Dev 25(24):2573–2578

D. Pal and M.R.S. Rao



251

	26.	Paralkar VR, Weiss MJ (2011) A new ‘Linc’ between noncoding RNAs and blood develop-
ment. Genes Dev 25(24):2555–2558

	27.	Wagner LA et al (2007) EGO, a novel, noncoding RNA gene, regulates eosinophil granule 
protein transcript expression. Blood 109(12):5191–5198

	28.	Zhang X et al (2009) A myelopoiesis-associated regulatory intergenic noncoding RNA tran-
script within the human HOXA cluster. Blood 113(11):2526–2534

	29.	Wei S et al (2016) PU.1 controls the expression of long noncoding RNA HOTAIRM1 during 
granulocytic differentiation. J Hematol Oncol 9(1):44

	30.	Hu G et al (2013) Expression and regulation of intergenic long noncoding RNAs during T cell 
development and differentiation. Nat Immunol 14(11):1190–1198

	31.	Ranzani V et al (2015) The long intergenic noncoding RNA landscape of human lymphocytes 
highlights the regulation of T cell differentiation by linc-MAF-4. Nat Immunol 16(3):318–325

	32.	Casero D et al (2015) Long non-coding RNA profiling of human lymphoid progenitor cells 
reveals transcriptional divergence of B cell and T cell lineages. Nat Immunol 16(12):1282–1291

	33.	Yin H, Price F, Rudnicki MA (2013) Satellite cells and the muscle stem cell niche. Physiol Rev 
93(1):23–67

	34.	Yablonka-Reuveni Z (2011) The skeletal muscle satellite cell: still young and fascinating at 50. 
J Histochem Cytochem 59(12):1041–1059

	35.	Mousavi K et al (2013) eRNAs promote transcription by establishing chromatin accessibility 
at defined genomic loci. Mol Cell 51(5):606–617

	36.	Mueller AC et al (2015) MUNC, a long noncoding RNA that facilitates the function of MyoD 
in skeletal myogenesis. Mol Cell Biol 35(3):498–513

	37.	Cesana M et al (2011) A long noncoding RNA controls muscle differentiation by functioning 
as a competing endogenous RNA. Cell 147(2):358–369

	38.	Legnini I et al (2014) A feedforward regulatory loop between HuR and the long noncoding 
RNA linc-MD1 controls early phases of myogenesis. Mol Cell 53(3):506–514

	39.	Caretti G et al (2006) The RNA helicases p68/p72 and the noncoding RNA SRA are coregula-
tors of MyoD and skeletal muscle differentiation. Dev Cell 11(4):547–560

	40.	Hube F et al (2011) Steroid receptor RNA activator protein binds to and counteracts SRA RNA-
mediated activation of MyoD and muscle differentiation. Nucleic Acids Res 39(2):513–525

	41.	Zhou Y et al (2010) Activation of paternally expressed genes and perinatal death caused by 
deletion of the Gtl2 gene. Development 137(16):2643–2652

	42.	Lu L et al (2013) Genome-wide survey by ChIP-seq reveals YY1 regulation of lincRNAs in 
skeletal myogenesis. EMBO J 32(19):2575–2588

	43.	Klattenhoff CA et al (2013) Braveheart, a long noncoding RNA required for cardiovascular 
lineage commitment. Cell 152(3):570–583

	44.	Xue Z et al (2016) A G-rich motif in the lncRNA Braveheart interacts with a zinc-finger tran-
scription factor to specify the cardiovascular lineage. Mol Cell 64(1):37–50

	45.	Blanpain C, Fuchs E (2006) Epidermal stem cells of the skin. Annu Rev Cell Dev Biol 
22:339–373

	46.	Kretz M et al (2012) Suppression of progenitor differentiation requires the long noncoding 
RNA ANCR. Genes Dev 26(4):338–343

	47.	Kretz M et al (2013) Control of somatic tissue differentiation by the long non-coding RNA 
TINCR. Nature 493(7431):231–235

	48.	Luk AC et al (2014) Long noncoding RNAs in spermatogenesis: insights from recent high-
throughput transcriptome studies. Reproduction 147(5):R131–R141

	49.	Nishant KT, Ravishankar H, Rao MR (2004) Characterization of a mouse recombination hot 
spot locus encoding a novel non-protein-coding RNA. Mol Cell Biol 24(12):5620–5634

	50.	Ganesan G, Rao SM (2008) A novel noncoding RNA processed by Drosha is restricted to 
nucleus in mouse. RNA 14(7):1399–1410

	51.	Arun G et  al (2012) mrhl RNA, a long noncoding RNA, negatively regulates Wnt signal-
ing through its protein partner Ddx5/p68  in mouse spermatogonial cells. Mol Cell Biol 
32(15):3140–3152

	52.	Akhade VS et al (2014) Genome wide chromatin occupancy of mrhl RNA and its role in gene 
regulation in mouse spermatogonial cells. RNA Biol 11(10):1262–1279

8  Long Noncoding RNAs in Pluripotency of Stem Cells and Cell Fate Specification



252

	53.	Akhade VS et al (2016) Mechanism of Wnt signaling induced down regulation of mrhl long 
non-coding RNA in mouse spermatogonial cells. Nucleic Acids Res 44(1):387–401

	54.	Sun J, Lin Y, Wu J (2013) Long non-coding RNA expression profiling of mouse testis during 
postnatal development. PLoS One 8(10):e75750

	55.	Adriaens C et al (2016) p53 induces formation of NEAT1 lncRNA-containing paraspeckles 
that modulate replication stress response and chemosensitivity. Nat Med 22(8):861–868

	56.	Anguera MC et al (2011) Tsx produces a long noncoding RNA and has general functions in 
the germline, stem cells, and brain. PLoS Genet 7(9):e1002248

	57.	Wang Z, Gerstein M, Snyder M (2009) RNA-Seq: a revolutionary tool for transcriptomics. Nat 
Rev Genet 10(1):57–63

D. Pal and M.R.S. Rao



253© Springer Nature Singapore Pte Ltd. 2017 
M.R.S. Rao (ed.), Long Non Coding RNA Biology, Advances in Experimental 
Medicine and Biology 1008, DOI 10.1007/978-981-10-5203-3_9

Chapter 9
Understanding the Role of lncRNAs 
in Nervous System Development

Brian S. Clark and Seth Blackshaw

Abstract  The diversity of lncRNAs has expanded within mammals in tandem with 
the evolution of increased brain complexity, suggesting that lncRNAs play an inte-
gral role in this process. In this chapter, we will highlight the identification and 
characterization of lncRNAs in nervous system development. We discuss the poten-
tial role of lncRNAs in nervous system and brain evolution, along with efforts to 
create comprehensive catalogues that analyze spatial and temporal changes in 
lncRNA expression during nervous system development. Additionally, we focus on 
recent endeavors that attempt to assign function to lncRNAs during nervous system 
development. We highlight discrepancies that have been observed between in vitro 
and in  vivo studies of lncRNA function and the challenges facing researchers in 
conducting mechanistic analyses of lncRNAs in the developing nervous system. 
Altogether, this chapter highlights the emerging role of lncRNAs in the developing 
brain and sheds light on novel, RNA-mediated mechanisms by which nervous sys-
tem development is controlled.

Keywords  Development • Neuron • Brain • Transcription • Evolution

9.1  �Evolution of the Brain and Emergence of lncRNAs

The emergence of a true nervous system can be traced back to the evolution of the 
Bilateria, organisms that displayed two sides that are virtual mirror images, a hol-
low gut tube and a clustering of nerve cells into a nerve cord. The brain evolved 
from the clustering of the nerve cells at the anterior pole of the organism, connect-
ing to other clusters of nerve cells, or ganglia, distributed along the central nerve 
cord. With the evolution of the vertebrates, this ventrally located nerve cord 
evolved into the dorsally located spinal cord. Likewise, throughout evolution, ner-
vous system development is controlled by a largely conserved set of transcription 
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factors and signaling molecules [1, 2]. Many of the same gene sets are even pres-
ent and function orthologously in the more evolutionary primitive “nerve nets” of 
Cnidaria [3, 4]. These findings raise the question: How do the same gene sets 
function to control the great diversity of structures and cell types that are found in 
the nervous system across evolution? While some of this diversity is undoubtedly 
generated by gene duplications and repurposing of orthologous gene functions [5, 
6], other mechanisms are certainly at work. These questions are most pertinent for 
the development of highly complex mammalian brains, particularly those of 
higher primates. In this section, we explore the potential central role of lncRNAs 
in the evolution of the mammalian nervous system.

During vertebrate and more specifically hominid evolution, the brain has under-
gone an evolutionarily rapid expansion in size. In mammals with larger, more con-
voluted cortices, the expansion in size correlates with an expanded diversity of 
progenitor cells [7] that possess an increased proliferative capacity [8–14]. In pri-
mates, the greatly increased size of the cerebral cortex appears to result from a 
dramatic expansion of progenitors in the outer subventricular zone [15, 16]. 
Interestingly, when brain size is normalized to body size using the encephalization 
quotient (EQ), the expansion in size of the brain across mammalian evolution shows 
a strong, nonlinear correlation with the expansion in the numbers of individual 
lncRNAs (Fig. 9.1).

Consistent with the notion that lncRNAs have co-evolved with the expanded 
repertoire of brain functions, a majority of lncRNAs examined to date display spe-
cific expression within neuroanatomical regions or neuronal cell types in mouse 
[22, 23]. Many of these brain-enriched lncRNAs are co-expressed with, and display 
genomic localizations in close proximity to, known neurodevelopmental regulators 
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[24] and likely regulate similar processes during neurodevelopment. Together, this 
has led to the general hypothesis that the expanded diversity in lncRNAs is pivotal 
to the expansion in higher-order cognitive ability of humans and primates and the 
diversity of neuronal cell types and function. Accordingly, roughly one-third of 
~13,800 lncRNAs examined are specific to the primate lineage, with ~40% of the 
lncRNAs displaying nervous system-specific expression [19, 25–27]. The emer-
gence of brain-specific lncRNAs during primate/human evolution likely occurred 
through gene duplication, since brain-specific lncRNAs are more likely to originate 
from genomic regions that have undergone recent duplication than are more ubiqui-
tously expressed or non-brain-enriched lncRNAs [25, 28, 29]. With the continued 
annotation of genomes and transcriptomes of various species across evolution, we 
are better able to assess the evolutionary conservation of lncRNAs and their role in 
the emergence of human-specific traits [30].

Interestingly, although lncRNAs display poor overall primary sequence conserva-
tion when compared to protein-coding genes [29, 31], brain-specific lncRNAs dis-
play two interesting evolutionary attributes: (1) brain-specific lncRNAs display 
higher sequence conservation than lncRNAs expressed in other tissues [24, 32] and 
(2) the spatiotemporal expression patterns of orthologous brain-enriched lncRNAs 
are maintained across multiple species [32]. This suggests that the expansion in the 
number of lncRNAs has played a critical role in the development of brain structures 
throughout the mammalian lineage. To further support the hypothesis that lncRNAs 
are vital to the evolutionary expansion of relative brain size and cognitive ability, 
researchers have identified genomic loci that display high conservation throughout 
vertebrate evolution but have undergone rapid evolution in humans [33–36]. These 
sequences are postulated to, therefore, play a role in human-specific brain functions. 
~2700 “human accelerated regions (HARs),” which had selectively undergone rapid 
evolution following the divergence of the ancestors of humans and chimpanzees, 
were identified in these studies. Most HARs mapped to noncoding regions through-
out the human genome. Of these, an estimated 30% of HARs mapped to identified 
brain-specific enhancers. A total of 15 HARs mapped to sequences annotated as long 
intergenic noncoding RNAs [37]; however, the extent to which the majority of HARs 
overlap unannotated, intronic, or antisense lncRNAs remains to be analyzed.

Most notably, researchers identified one specific HAR, HAR1, which overlaps 
the HAR1F brain-expressed lncRNA [35]. HAR1 showed the most accelerated sub-
stitution rate of any genomic region examined (18 bp of substitution in 118 bp since 
the last common ancestor of humans and chimpanzees). The HAR1F lncRNA was 
further examined and is expressed developmentally in the Cajal-Retzius neurons of 
the cortex, the upper cortical plate, the hippocampal primordium, dentate gyrus, 
cerebellar cortex, and a handful of hindbrain nuclei. HAR1F expression in both 
cortical and extra-cortical regions overlapped with expression of reelin, a known 
regulator of neurodevelopment. Of particular interest are the Cajal-Retzius neurons. 
The Cajal-Retzius cells populate the subpial granular layer, a region of the brain that 
is enlarged in humans [38–41]. To date, the function of HAR1F, and many other 
HARs, remains unknown. It will be of great interest to determine the role of HAR1F 
in Cajal-Retzius cell development.
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Aside from HARs that overlap annotated lncRNA sequences, the degree of 
lncRNA contribution to the evolution of the brain is difficult to assess, given the 
poor degree of primary sequence conservation that is seen for most lncRNAs [42]. 
To further address the evolutionary emergence and contributions of lncRNAs in 
organisms with more complex brains, researchers examined “micro-synteny” of 
human genomic regions that contained lncRNAs across both large- and small-
brained species [43]. These efforts first identified 187 human lncRNAs that are 
differentially expressed in progenitors or mature neurons of the developing embry-
onic human brain. When comparing the degree of conservation in genomic archi-
tecture surrounding the lncRNA across 30 species (29 mammals plus the chicken), 
species with large brains (high gyrencephalic indices (GI) >1.5; corresponding on 
average to approximately one billion cortical neurons [11]) displayed higher than 
expected conservation of the syntenic genomic landscape surrounding the lncRNA 
[43]. Conversely, smaller-brained species, with fewer sulci and gyri, displayed 
lower than expected lncRNA gene-neighborhood conservation. There were, how-
ever, two key exceptions: (1) the marmoset, a low-GI primate thought to have 
recently evolved from a high-GI ancestor [44], and (2) the manatee, a large but lis-
sencephalic species [45]. Both of these species had higher than anticipated degrees 
of micro-synteny conservation. Importantly, when examining lncRNAs that are 
expressed in non-neuronal cells across all species, there was no similar correlation 
between the degree of micro-synteny and brain size [43]. This data suggests an 
evolutionary pressure to maintain the genomic architecture of regions that include 
lncRNAs, which in turn is likely to be important for regulation of neurogenesis and 
brain size. Further supporting this hypothesis, the researchers observed that the 
degree of micro-synteny conservation of lncRNAs was highest when the lncRNAs 
were positioned in close proximity to transcription factors that control neuronal 
development [43].

Additional research both identifying and characterizing nervous system-
expressed lncRNAs will continue to aid in our understanding of the evolutionary 
changes that have enabled the development of the human brain. Our current under-
standing of the identity (Sect. 9.2) and function (Sect. 9.3) of lncRNAs involved in 
nervous system development comprises the remainder of the chapter.

9.2  �Building a Catalogue of lncRNAs Expressed 
in the Developing Nervous System

While functional studies on lncRNAs in nervous system development are still lag-
ging considerably (see Sect. 9.3), transcriptomic analyses have identified thousands 
of lncRNAs. In fact, with much greater coverage of the developing and mature brain 
by RNA-Seq analysis, recent studies have identified numbers of lncRNAs within 
given species that approach, or even exceed, the number of protein-coding genes 
[46]. For example, the NONCODEv4 collection estimates ~56,000 or ~46,000 inde-
pendent lncRNAs for human and mouse, respectively [47].
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While these numbers likely overestimate the true number of lncRNA transcripts, 
we expect the number of validated lncRNAs to increase beyond the annotated num-
bers from GENCODE (~15,000 for human, ~9000 for mouse [19]) for two main 
reasons. First, recent analysis has revealed that lncRNAs show a higher degree of 
tissue- and cell-type specificity than protein-coding genes [22, 23, 48–52]. It is thus 
almost certain that large numbers of lncRNAs may have escaped detection in previ-
ous RNA-Seq experiments—in particular, many have likely been lost in libraries 
prepared from bulk tissue, due to highly specific expression in rare cell types and/or 
low levels of overall expression. This is especially relevant in the nervous system, 
where the numerous brain structures and nuclei are comprised of highly diverse 
neuronal subtypes. Advances in single-cell RNA sequencing (scRNA-Seq) along 
with systematic characterization of individual cell types through efforts such as the 
BRAIN Initiative [53] will overcome these technical limitations. The power of 
scRNA-Seq analysis was underlined in a recent study that identified >5500 novel 
lncRNAs from single cells of the mouse cleavage stage embryo [54]. In addition, 
experimental design may also be limiting our detection of lncRNAs. Many RNA-
Seq experiments are designed to capture only polyadenylated transcripts, in order to 
deplete the fraction of regulatory RNAs from the sequencing runs. While many 
lncRNAs are polyadenylated, significant fractions of lncRNAs persist as non-
polyadenylated transcripts [19]. Moreover, detection and identification of antisense 
lncRNAs remains difficult unless strand-specific RNA-Seq libraries are generated, 
a technique currently not employed for many publically available datasets.

The second reason is our rapidly advancing understanding of the immense com-
plexity of the mammalian transcriptome. Our current knowledge of the transcrip-
tome is substantially limited by the sequencing technologies we employ. Sequencing 
reads that do not map in a linear fashion to the reference genome are frequently 
discarded as aberrant or false sequences. The presence of circular RNAs is an exam-
ple of novel lncRNA species that have only recently been detected in large numbers 
through more rigorous analyses of RNA-Seq datasets [55–58]. Additional complex-
ity of the transcriptome is being uncovered through the use of targeted RNA-Seq or 
Capture-Seq [59]. This has identified intragenic splicing events and enabled reliable 
identification of novel lncRNAs, including lowly expressed or rare lncRNA variants 
[60–62].

Many studies have begun to examine the expression of lncRNAs in embryonic 
stem (ES) that have undergone controlled differentiation both in vitro and within 
progenitor and neural precursor cells within the native developing nervous system 
in vivo. Here, we summarize these results.

9.2.1  �Identification of lncRNAs from In Vitro Studies

Many exploratory studies characterizing lncRNA expression during neuronal devel-
opment, particularly those assessing human development, focus on analysis of neu-
ral progenitors generated through in vitro controlled differentiation from pluripotent 
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stem cells. These studies allow researchers to both easily obtain large quantities of 
relatively pure cells for in-depth analysis of transcript profiles and to control the 
precise developmental environment to analyze temporal changes in gene expres-
sion. The high degree of cell purity that can often be obtained using these approaches 
also aids in the detection of transcripts expressed at low levels, a category that 
includes many lncRNAs. A series of recent studies have shed considerable light on 
the identity of lncRNAs expressed in pluripotent stem cells and the highly dynamic 
patterns of lncRNA expression seen during directed differentiations toward specific 
neuronal cell type fates.

Initial studies of pluripotent stem cells reported that twice as many lncRNAs 
were selectively expressed in undifferentiated ES cells relative to more differenti-
ated stages [63]. This is consistent with previous observations that analyzed the 
number of protein-coding genes expressed during pluripotent stages [64–66] and is 
also consistent with the high overall fraction of the genome that is present as euchro-
matin in ES cells [67–69]. All told, studies have identified over 250 lncRNAs that 
are selectively expressed in pluripotent stem cells [63, 70, 71].

Other studies have aimed to identify lncRNAs that are candidates for controlling 
neuronal identity based on differential expression of lncRNAs during progressive 
differentiation of stem cells toward neuronal lineages. In one study, researchers 
examined the expression profiles of lncRNAs during the differentiation of mouse 
embryonic forebrain-derived neural stem cells using microarrays [72]. These stud-
ies examined the bipotent sonic hedgehog-responsive, Nkx2.1-positive stem cells 
that generate both cortical GABAergic interneurons and oligodendrocytes. 
Comparing the bipotent progenitor cells, GABAergic interneurons, oligodendro-
cytes, and oligodendrocyte progenitor cells to neural stem cells, the researchers 
identified 169 lncRNAs (out of 3659 probes on the arrays) with differential expres-
sion during neural progenitor cell differentiation. Of particular interest, four 
lncRNAs were selectively activated upon GABAergic neuronal commitment. One 
of these, Ak044422, appears to function as a pre-miR for miR-124a, which accounts 
for nearly half of all brain-expressed miRNAs [73]. miR-124a is known to promote 
neuronal differentiation at least in part through repression of Ptbp1 [74]. Consistent 
with this, Ak044422 shows complementary expression to Ptbp1 during neuronal 
differentiation [72]. However, the researchers suggest that expression of Ak044422 
transcript in the mature nervous system, and posttranscriptional modifications that 
include alternative splicing and polyadenylation, imply that the Ak044422 transcript 
may have additional functions in nervous system development independent of miR-
124a. This same study identified 100 additional lncRNAs that displayed differential 
expression upon oligodendrocyte progenitor specification [72].

Similar experiments profiling lncRNA expression were performed on the directed 
differentiations of human ES cells to dopamine neurons [75]. Microarray profiling 
of lncRNA expression in ES cells, neurogenic progenitors, and mature dopamine 
neurons were used to identify lncRNAs that were candidates for regulating mainte-
nance of pluripotency or neurogenic commitment. Over 900 lncRNAs were identi-
fied as differentially expressed during neurogenic commitment, with three lncRNAs 
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identified as exclusively expressed in undifferentiated ES cells and 35 lncRNAs 
highly enriched in neural progenitor cells.

Together, these studies have provided a foundation for examining the consider-
able diversity of lncRNA expression during neurogenic differentiation and neuronal 
cell fate commitment. However, in most cases, the extent to which the in  vitro 
expression of individual lncRNAs correlate with their in vivo expression patterns 
remains undetermined.

9.2.2  �LncRNAs Identified Through In Vivo Studies 
of Neuronal Differentiation

While in vitro studies of cultured cells have provided a wealth of data identifying 
lncRNA expression with respect to neuronal differentiation from pluripotent stem 
cells, the extent of lncRNA expression in the nervous system has been further 
advanced through the profiling of primary tissue samples. Techniques such as cus-
tomized microarrays for lncRNAs, serial analysis of gene expression (SAGE), and 
RNA-Seq analysis of primary nervous system tissue have identified thousands of 
lncRNAs expressed in the nervous system of multiple species [19, 20, 22, 23, 30, 
46–50, 61, 76–78]. Additionally, highly cell and tissue-specific lncRNAs can be 
identified by expression profiling of micro-dissected or sorted tissue and/or cell 
populations.

Early studies examined the global transcript expression across a time series of 
retinal development using SAGE [49], identifying multiple noncoding transcripts 
that showed both temporally dynamic and spatially restricted expression patterns. 
These analyses identified and examined the retinal expression patterns of lncRNAs 
including Six3os (Rncr1), Neat1 or Gomafu (Rncr2), and RncrR3 (the previously 
mentioned Ak044422). Importantly, these studies indicated that some lncRNAs dis-
play exceptionally high levels of expression during retinal development, including 
Rncr2 which comprised ~0.2% of all polyadenylated RNA transcripts in the neona-
tal retina [49, 79].

More recent studies have begun to examine the complexity of the transcriptome 
within defined progenitors and neuronal cell types. In one such study, researchers 
examined the diversity of transcript expression within three defined subtypes of 
cortical pyramidal neurons including the sub-cerebral projection neurons, callosal 
projection neurons, and corticothalamic projection neurons [80]. RNA-Seq analysis 
of FACS-sorted cells across neurodevelopment identified 806 lncRNAs with signifi-
cant differential expression between cell types and developmental stages. Four hun-
dred forty-nine of these lncRNAs were selectively expressed in one of these 
pyramidal cell subtypes, supporting the high degree of cell-type specificity of 
lncRNAs [23].

LncRNA expression in adult neural stem cells of the subventricular zone (SVZ) 
of the lateral ventricles and the subgranular zone (SGZ) has been profiled exten-
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sively. The first study to address this question was a large-scale in situ hybridization 
analysis conducted by the Allen Brain Atlas. This effort identified 849 brain-
expressed lncRNAs, a number of which were selectively expressed in adult neural 
stem cells [22]. Later studies have examined the expression of lncRNAs within 
neurogenic progenitor niches of the adult mouse subventricular zone [77]. Transcript 
profiles were compared to neurons of the mature olfactory bulb, to which the dif-
ferentiating cells of the SVZ migrate, neural stem cells of the SGZ, ES cells, and ES 
cell-derived neurogenic progenitors. This study identified 6876, 5044, or 3680 
novel lncRNA transcripts beyond those annotated in the RefSeq, UCSC, or Ensembl 
reference genome builds, respectively [77]. Consistent with previous reports, 
lncRNAs displayed more highly spatially and temporally restricted expression than 
protein-coding genes. To further profile these cell types, RNA Capture-Seq was 
used and identified an additional 3500 lncRNA transcripts within the SVZ, olfac-
tory bulb, and dentate gyrus [77].

As previously mentioned, additional lncRNAs continue to be identified as 
sequencing technology advances, particularly with the recent optimization of 
single-cell RNA-Seq [54]. Recently, researchers profiled the transcript profiles of 
both bulk tissue samples and individual cells from micro-dissected human neocor-
tices [78]. In bulk-sequencing experiments of tissue across human neocortical 
development, over 8000 novel lncRNAs were identified. When examining lncRNA 
expression across 276 individual cells, over 1400 lncRNAs were detected. 
Interestingly, when the expression levels of individual lncRNAs were analyzed in 
individual cells, it was found that lncRNAs displayed similar expression levels to 
protein-coding genes. However, when analyzing expression of the same lncRNAs in 
bulk tissue samples or within the pooled reads of the 276 individual cells, lncRNA 
expression levels were detected at much lower levels. This further supports the 
hypothesis that while lncRNAs are expressed at similar levels to protein-coding 
genes within individual cells, they display a much higher level of cell type-specific 
expression.

Numerous studies have now indicated the extensive expression of lncRNAs dur-
ing all stages of brain development. Global sequencing/profiling experiments have 
identified thousands of brain-specific lncRNAs. Large-scale efforts, including the 
Allen Brain Atlas, have begun to examine both the spatial and temporal expression 
of individual lncRNAs [22, 81]. Additional studies have complemented these large-
scale efforts, focusing on more discrete cell populations, including the primary 
auditory cortex and medial geniculate body [76] or restricted numbers of lncRNAs 
including, but not limited to, linc-RBE [82], linc-00320 [83], Dio3os [84], Evf1 [85, 
86], and Evf2 [87]. Other studies have observed changes in brain lncRNA expres-
sion that are associated with genetic mutants in neurological and psychiatric dis-
eases [88–94] and pharmacological treatments [95, 96] in the brain. Yet despite the 
large number of lncRNAs that show highly dynamic expression patterns during 
brain development, many researchers still remain skeptical of their functional 
importance. A key challenge moving forward is the need to carefully design studies 
to both address the function of lncRNAs in nervous system development and to 
identify the mechanisms by which they act.

B.S. Clark and S. Blackshaw



261

9.3  �LncRNA Function in Nervous System Development

We have previously conducted an extensive review of the role of lncRNAs in regula-
tion of neural development [97]. Here we will briefly discuss the major findings 
previously reviewed and highlight more recent studies that further demonstrate the 
importance of lncRNAs in nervous system development.

9.3.1  �Lessons Learned from In Vitro Studies

Most large-scale studies of lncRNA function have focused on identifying the regu-
lation of pluripotency states and neural induction. As previously mentioned, numer-
ous lncRNAs display dynamic expression during neural differentiation of ES cells. 
To identify regulatory role of these lncRNAs, researchers have performed loss of 
function studies using short hairpin RNA (shRNA)-mediated knockdown and ana-
lyzed effects on ES cell differentiation. In particular, inhibition of five lncRNAs 
resulted in a propensity of the stem cells to adopt a neuroectoderm lineage [98], 
suggesting a role of these lncRNAs in repressing neural commitment. Additionally, 
30% of lncRNAs with selective expression in ES cells interacted with chromatin-
modifying proteins, leading the authors to suggest that these lncRNAs function to 
promote pluripotency through regulation of chromatin architecture [98]. Similarly, 
further analysis of lincRNA1230 (linc1230) identified that this lncRNA is both nec-
essary and sufficient to repress neural commitment of mouse ES cells [99]. Linc1230 
modulates H3K4me3 accumulation on the promoters of the transcription factors 
Pax6 and Sox1 by interacting with the Trithorax complex component WDR5 [99]. 
Overexpression of linc1230 results in reduced WDR5 occupancy and H3K4me3 
histone marks at promoters of genes that promote neuronal differentiation, suggest-
ing that linc1230 inhibits neural induction by sequestering WDR5.

The lncRNA Tuna (also known as megamind [29]) and 19 additional lncRNAs 
were identified as regulators of pluripotency through a large-scale RNA-interference 
screen in mouse ES cells [100]. Interestingly, Tuna shows a high degree of sequence 
homology across vertebrates and is selectively expressed in the nervous system in 
zebrafish, mouse, and humans. In ES cells, knockdown of Tuna results in reduced 
proliferation, while overexpression of Tuna in ES cells resulted in the opposite 
phenotype, leading to increased proliferation. In differentiating neuronal cultures, 
loss of Tuna expression resulted in reduced expression of neural progenitor mark-
ers and genes involved in neural lineage commitment. Consistent with this, knock-
down of megamind in zebrafish resulted in embryos with small brains and eyes, a 
phenotype that was rescued by expression of the orthologous zebrafish, human, or 
mouse isoforms [29]. Further analysis showed that Tuna interacts with three RNA-
binding proteins (RBPs) [100]. Knockdown of each of these RBPs mimicked the 
loss of Tuna expression within ES cells. Further analyses indicated that Tuna 
expression is required to recruit the RBPs to the promoters of pluripotency factors 
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including Nanog, Sox2, and Fgf4. Chromatin isolation by RNA purification 
(ChIRP) was used to identify Tuna/DNA interactions [101]. ChiRP experiments 
revealed that Tuna was associated with the promoters of pluripotency factors in ES 
cells [100]. Similarly, the lncRNA LOC646329 was found to be expressed in radial 
glia, which functions as neural stem cells during brain development, and in both 
primary glioblastoma multiforme tumors and glioblastoma-derived cell lines [78]. 
Inhibition of LOC646329 expression reduced the propagation of the tumor cell 
line, identifying an additional lncRNA that regulates the proliferative capacity of 
stem cells [78].

Other studies have focused on the function of lncRNAs selectively expressed 
upon neuronal induction or in regulation of cell fate specification in subventricular 
zone neural stem cells (SVZ NSCs) [77]. Six3os expression is enriched in the stem 
cells of the SVZ relative to SVZ-derived neural precursors, and its knockdown 
resulted in fewer neurons and oligodendrocytes and an increase in astrocytes [77]. 
In contrast, Dlx1as also displays robust expression in the SVZ, and inhibition of 
Dlx1as expression inhibited neurogenesis and decreased astrocyte formation, but 
had no effect on oligodendrocyte production [77]. This phenotype, seen following 
Dlx1as knockdown, may result from altered expression of nearby protein coding 
genes, as this study observed a decrease in transcript levels of both Dlx1 and Dlx2. 
Short interfering RNA (siRNA) loss of function was used to analyze the function 
of four lncRNAs (Rmst, Ak124684, Ak091713, and Ak055040) that displayed 
enriched expression upon neuronal induction of human ES cells. In each case, 
knockdown of the lncRNA resulted a roughly fivefold decrease in the number of 
neurons generated, instead promoting oligodendrocyte production [75]. Further 
analysis of these lncRNAs suggests that they control neuronal fate specification 
through a variety of different mechanisms. These include regulation of chromatin 
structure through interactions with SUZ12 (Ak055040), regulating expression of 
the neurogenic miRNAs miR-125b and let-7 (Ak091713), interaction with the 
REST/coREST complex (Ak124684), and by functioning as a transcriptional co-
regulator, recruiting SOX2 to its transcriptional targets (RMST) [75, 102]. Further 
characterization of the lncRNA Rmst has discovered that the miRNA miR-135a2 is 
encoded in the last intron of Rmst [103]. Recent studies have identified a feedback 
loop where Lmx1b, in response to Wnt/beta-catenin pathway activation, increases 
expression of Rmst/miR-135a2 and miR-135a2, which in turn decreases Wnt1 
expression levels. This regulatory circuit thus controls the size of dopaminergic 
progenitor pool of the midbrain [103–105]. In light of this, it will be interesting to 
determine the extent of which Rmst regulates neural induction independent of miR-
135a2 expression.

LncRNAs have also been identified as regulators of oligodendrocyte specifica-
tion. While many lncRNAs have been identified as selectively expressed in interme-
diate neural progenitors prior to oligodendrocyte specification [72], relatively few 
have been directly identified in oligodendrocyte precursors. In one study, the regula-
tory function of the antisense transcript Nkx2.2as was identified to be a positive 
regulator of oligodendrocyte specification. Nkx2.2as overexpression resulted in an 
increased number of Nestin + stem cells and a bias toward oligodendrocyte lineage 
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during differentiation of neural stem cells [106]. As Nkx2.2 is required for oligoden-
drocyte specification [107], the result of overexpression of Nkx2.2as on Nkx2.2 tran-
script abundance was examined. It was determined that the sense-antisense pairing 
of Nkx2.2as and Nkx2.2 stabilized Nkx2.2 mRNA [106]. However, the effect on 
Nkx2.2 protein levels remains undetermined. In other studies, the expression of 
lncRNAs during the controlled differentiation of oligodendrocyte precursor cells 
(OPC) from neural stem cells was examined. These studies identified that lnc-OPC 
(long noncoding RNA-oligodendrocyte precursor cell) shows highly specific 
expression in OPCs [108]. Olig2, a transcription factor that is necessary and in some 
contexts sufficient, for OPC specification from neural progenitors [109–111], was 
found to bind the proximal promoter of lnc-OPC and induce its expression upon 
OPC specification [108]. These data implicate lncRNAs in the regulation of both 
neuronal and glial differentiation.

As many lncRNAs are primate or even human specific [52], studies of such 
lncRNAs remain limited to cultured cells. Recently, researchers identified the 
lncRNA LncND in a screen for lncRNA transcripts that may function as miRNA 
sponges during human brain development [112]. LncRNAs, along with transcribed 
pseudogenes and circular RNAs [58, 113–120], can fine-tune miRNA concentra-
tion by sequestering and stabilizing miRNAs within Argonaute protein complexes 
[121], thereby controlling translation during development [113, 116, 119, 122]. 
Interestingly, LncND is expressed from a genomic locus that is deleted in individu-
als with certain neurodevelopmental disorders [123–126]. Expression of LncND 
increases during neurogenesis and rapidly drops upon neuronal differentiation 
[112]. Similarly, LncND is expressed at high levels within the ventricular zone of 
the developing cerebral cortex [112]. In silico analysis predicted 16 putative miR-
143-3p seed sites within LncND, which were confirmed using luciferase assays 
[112]. Interaction of LncND with AGO2, a component of the RISC complex, fur-
ther supported the hypothesis that LncND functions as a miRNA sponge [112]. 
Analysis of mRNA transcripts for miR-143-3p binding sites identified putative 
binding sites of miR-143-3p in the 3′ UTRs of both Notch1 and Notch2 [112]. 
Consistent with a role in regulating the Notch signaling pathway, knockdown of 
LncND resulted in decreased Notch pathway activation and a corresponding 
increase in neurogenesis [112]. Overexpression of LncND in cerebral organoids 
resulted in expansion of the radial glial cell population [112], which phenocopies 
the effects of increased Notch pathway activation [127–129]. These results suggest 
that LncND functions to sequester and stabilize miR-143-3p within neural progeni-
tors, in order to maintain Notch signaling and prevent premature neuronal differen-
tiation [112].

Many lncRNAs, such as Meg3 and Dio3os, are expressed in the brain and other 
tissues from imprinted loci [84, 130]. The lncRNA Meg3 acts as a tumor suppressor, 
likely by regulating apoptosis and angiogenesis [130]. Dio3os is also expressed in 
the brain from an imprinted locus. In contrast to the usual pattern seen with imprinted 
lncRNAs and associated protein-coding genes, Dio3os and Dio3 are both expressed 
from the same chromosome [84, 131]. It will be interesting to determine if Dio3os 
facilitates imprinting of its locus through silencing of the opposite chromosome.
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9.3.2  �Lessons Learned from In Vivo Analysis of lncRNAs

9.3.2.1  �lncRNAs in Retinal Development

One neuronal tissue that has provided a wealth of information regarding lncRNA 
regulation of nervous system development is the developing retina. The retina serves 
as a simplified neural tissue that arises from a multipotent pool of progenitor cells 
capable of generating each of the seven major classes of retinal cell types (six neu-
ral—retinal ganglion cells (RGCs), amacrine cells (ACs), bipolar cells (BCs), rod 
photoreceptors, and cone photoreceptors; one glial cell—Müller glial cells (MG)). 
SAGE analysis, qRT-PCR, and in situ hybridization experiments on retinal tissue 
across mouse retinal development indicated the presence and abundance of lncRNAs 
and identified cell-type specific expression of many lncRNAs within discrete retinal 
cell types [49, 132]. Characterization of the function of these lncRNAs in retinal 
development has subsequently been performed through in  vivo gain and loss of 
function studies [49, 133–136].

The lncRNA Tug1 was identified in a screen examining genes upregulated after 
exposure of RPCs to taurine, which induces rod photoreceptor differentiation [133]. 
Knockdown of Tug1 resulted in abnormal inner and outer segments of photorecep-
tors, increased cell death, and an increase in the cone photoreceptor marker PNA, 
consistent with a role of Tug1 in promoting rod genesis and inhibiting production of 
cones [133]. Additional studies of Tug1 first indicated that Tug1 regulates cell fate 
decisions through its interaction with the polycomb repressive complex 2 (PRC2) 
and through regulation chromatin structure [137]. Interestingly, Tug1 expression is 
induced by p53, and loss of Tug1 expression resulted in an increase of cell-cycle 
regulator transcript expression, implying that Tug1 inhibits cell proliferation during 
cellular damage/stress [133].

The lncRNA Gomafu, also known as RNCR2 or Miat, is the most abundantly 
expressed lncRNA in the developing retina, comprising 0.2% of all polyadenylated 
transcripts in neonatal mouse retina [49, 135, 138, 139]. Functional studies indicate 
that Gomafu negatively regulates both AC and MG cell differentiation, with loss of 
function resulting in increased production of ACs and MG [135]. More recently, it 
was shown that Gomafu functions by regulating alternative splicing through interac-
tion with the splicing regulators QKI and SF1 [140]. It will be interesting to deter-
mine if Gomafu’s role in controlling retinal cell fate specification is mediated by 
regulation of alternative splicing.

Six3os is a lncRNA that is both divergently transcribed and co-expressed with the 
homeodomain transcription factor Six3. Six3os is shown to promote BC specifica-
tion and inhibit MG development [136]. Six3os regulates SIX3 transcriptional activ-
ity by acting as a transcriptional scaffold, stabilizing a complex including SIX3, 
EYA1, and EZH2 and directly regulating expression of SIX3 target genes [136, 
141]. In other studies, researchers characterized the expression and function of the 
natural antisense transcript Vax2os1. Overexpression of Vax2os1 indicates that it 
functions to maintain the proliferative potential of retinal progenitor cells and pre-
vents premature differentiation of rods [142].
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Finally, recent work in the retina has examined functional role of RNCR4. 
RNCR4 is divergently transcribed from a locus that contains the pre-miRNA cluster 
miR-183/96/182. The mature miR-183/96/182 and RNCR4 both display robust 
expression in photoreceptor cells, beginning at P5 and increasing into adulthood 
[134]. It was shown that RNCR4 expression results in increased processing of the 
pre-mIR-183/96/182 to the mature miRNAs by acting as a repressor to the pri-
miR-183/96/182 processing inhibitor Ddx3x [134]. Increases in the mature miR-
183/96/182 expression levels result in aberrant cellular organization of multiple 
retinal cell types and the appearance of whorls and rosettes in the outer retina as a 
consequence of premature miR-183/96/182 expression, which in turn disrupts outer 
limiting membrane formation by altering Crb1 expression [134]. This suggests that 
RNCR4 expression controls the timing of pri-miR-183/96/182 processing to guide 
retinal histogenesis and outer limiting membrane formation.

9.3.2.2  �lncRNAs in Brain Development

As our understanding of genome complexity expands, and tools to manipulate the 
genome to assess gene function improve, researchers are beginning to assess the 
requirement of lncRNAs in vivo during brain and nervous system development. In 
particular, genetic knockout or knockdown experiments are being used to assess the 
necessity of individual lncRNAs in control of nervous system development. 
Surprisingly, in many cases in vivo gain and loss of function analysis of individual 
lncRNAs gives discordant results when compared to in  vitro manipulations. 
Additionally, phenotypes observed following targeted deletions of large regions of 
DNA that include lncRNA transcript sequence have often been viewed skeptically, 
due to the potential loss of important cis-regulatory elements of neighboring genes. 
In this section, we will review our current understanding of the regulation of neural 
development by lncRNAs in vivo (Sect. 9.3.2.2.1) and highlight the functions attrib-
uted to lncRNAs resulting from genetic manipulations of lncRNA expression on 
nervous system development (Sect. 9.3.2.2.2).

Regulation of Nervous System Development, by lncRNAs In Vivo

Recent studies have identified the neural-specific lncRNA Pinky (Pnky) as a regula-
tor of neurogenesis in the embryonic and postnatal brain [143]. Pnky is expressed at 
high levels in the ventricular-subventricular zone of the adult brain, a neurogenic 
niche that is maintained into adulthood [143, 144]. However, Pnky expression is 
downregulated upon activation of the differentiation program of the neural stem 
cells [143]. Interestingly, when Pnky expression is decreased using shRNAs either 
in vitro or in vivo, the researchers observed an increase in neurogenesis, with a con-
comitant decrease in the fraction of cells expressing markers of neural stem cells. 
This likely resulted from an increase in proliferation of transient amplifying cells 
and decrease in cell death [143]. To further investigate the mechanisms by which 
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Pnky functions, the researchers analyzed its protein partners using RNA pulldown 
followed by mass spectrometry, demonstrating that Pnky interacted with PTBP1 
[143]. PTBP1 has previously been shown to function as a repressor of neuronal dif-
ferentiation by both regulating pre-mRNA splicing and by inhibiting expression of 
the neurogenesis-promoting gene Ptbp2 [145–150]. Like Pnky knockdown, Ptbp1 
knockdown also resulted in expanded production of neurons, regulating a highly 
overlapping gene set as Pnky [143]. The physical interaction between Pnky and 
PTBP1 interaction, the identical phenotype seen following loss of expression, the 
highly overlapping set of regulated genes, and additional epistasis experiments 
allowed the researchers to conclude that Pnky regulates neurogenesis of ventricular-
subventricular zone stem cells through regulation of PTBP1 function [143].

Genetic Loss of Function Studies of lncRNAs in Brain Development

While much of our knowledge about the mechanisms by which lncRNAs regulate 
neural development stems from in vitro studies, recent efforts have begun to increase 
the number of genetic models of lncRNA loss of function. Here we will highlight 
the importance of carefully designed loss of function studies (Fig. 9.2) and compare 
the results from in  vivo genetic manipulations to those seen in cell line-based 
in vitro studies.

One of the more thoroughly analyzed lncRNAs that regulates brain development 
is Evf2 (Dlx6as1) [87, 151–153]. Evf2 is expressed in the Shh-responsive cells of 
the ventral telencephalon during embryonic development and is transcribed from a 
region that partially overlaps ei, one of the two ultra-conserved enhancers (ei + eii) 
for the neighboring genes Dlx5 and Dlx6 [87]. Transcriptional initiation of Evf2 
occurs just 3′ to the eii enhancer [87]. Initial in vitro experiments suggested that 
Evf2 supplied in trans was required for DLX2 recruitment and activation of the 
Dlx5/Dlx6 enhancer sequence, which in turn activated Dlx5 and Dlx6 transcription 
[87]. However, when Evf2 expression was inhibited by targeted insertion of a pre-
mature polyadenylation signal, Dlx6 expression was actually increased, suggesting 
that Evf2 transcription can also function to inhibit Dlx6 expression [151]. 
Interestingly, the regulation of Dlx6 expression by Evf2 seems to occur in cis, as low 
levels of ectopic Evf2 expression fail to rescue Dlx6 expression in Evf2-mutant mice 
[151]. However, when high levels of Evf2 are ectopically expressed in Evf2 mutants, 
both Dlx5 and Dlx6 transcript levels increase, suggesting a trans-acting effect of 
Evf2 similar to those that are observed in vitro [87, 151]. Genetic disruption of Evf2 
expression initially resulted in a decrease in the number of hippocampal interneurons, 
which resolved as the mice matured [151]. However, although the number of inter-
neurons in the adult mice remained similar to wild-type controls, the researchers 
observed reduced inhibition of the CA1 pyramidal neuron activity [151], the post-
synaptic targets of the hippocampal interneurons, implying the presence of a persis-
tent functional defect in these cells.

Other experiments investigating Evf2 function suggested that loss of Evf2 expres-
sion resulted in a failure to recruit both DLX proteins and the transcriptional 
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repressor MECP2 to the Dlx5/Dlx6 enhancers [151]. Evf2 was found to prevent 
DNA methylation of enhancer ei, suggesting that regulation of ei methylation mod-
ulates the binding affinities of DLX1/DLX2 and MECP2 to the enhancer, which in 
turn regulates Dlx5/Dlx6 expression [152]. Since Evf2 is required for recruitment of 
DLX1/DLX2 to the Dlx5/Dlx6 enhancer, but does not bind DLX1/DLX2 directly 
[87, 151], the researchers employed immuno-affinity purification followed by mass 
spectrometry to identify additional proteins that are part of the Evf2-DLX1/DLX2 
complex, and which potentially contribute to the Evf2-mutant phenotype [153]. 
These experiments indicated that DLX1 interacts directly with the chromatin 
remodeling proteins BRG1 and BAF170 in the developing mouse forebrain [153]. 
DLX1-BRG1 complexes were found to associate with the Dlx5/Dlx6 enhancers and 
were enriched in the presence of Evf2, suggesting a functional role of the DLX1-
BRG1 complex formation in regulation of Dlx5/Dlx6 expression [153]. Furthermore, 
BRG1 was found to bind Evf2 through its RNA-binding domain [153]. Absence of 
Evf2 expression decreases DLX1-BRG1 complex formation at the enhancers that 
control Dlx5/Dlx6 transcription and also leads to a corresponding decrease in both 
H3AcK9 and H3AcK18 histone modifications locally [153]. Interestingly, Evf2 
inhibits the ATPase domain of BRG1, suggesting that Evf2 directs the BRG1-DLX1/
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Fig. 9.2  Examples of the effects of lncRNA deletion or insertion of a strong transcriptional stop 
(pA) on genomic architecture and neighboring gene expression. Careful design of genetic strate-
gies targeting lncRNA loss of function must be implored to ensure that resulting outcomes are the 
result of lncRNA function and not a consequence of changes to the genome architecture that result 
in unintended outcomes
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DLX2 complex to the Dlx5/Dlx6 enhancer but that high levels of Evf2 transcripts 
within the complex also inhibit the chromatin remodeling activity of BRG1, thus 
inhibiting Dlx5/Dlx6 enhancer activity [153].

Much like the approach used to generate Evf2 knockout animals, Dlx1as expres-
sion was genetically disrupted through targeted insertion of a premature polyade-
nylation sequence [154]. Contrary to in vitro reports, where loss of Dlx1as resulted 
in compensatory decrease in Dlx1 and Dlx2 expression [77], loss of Dlx1as in vivo 
results in a modest increase Dlx1 and Mash1 transcript expression [154]. Since 
Dlx1-mutant mice display profound defects in hippocampal GABAergic interneu-
ron specification [155–157], the researchers next examined expression of Gad67, a 
marker of GABAergic cells. However, the increase in Dlx1 expression induced as a 
consequence of Dlx1as loss had no effect on GABAergic interneuron number [154], 
consistent with previous reports where Dlx1 overexpression did not induce 
GABAergic interneuron specification, in sharp contrast to its paralogues Dlx2 and 
Dlx5 [158, 159]. While expression of genes that control GABAergic neuronal speci-
fication such as Dlx1, Mash1, and Lhx6 is altered within Dlx1as brains, no other 
neurological phenotypes were observed [154]. Instead, slight defects in the alico-
chlear commissure were observed in Dlx1as mutants [154]. Further investigations 
will be required to determine if any behavioral phenotypes are observed as a 
consequence of Dlx1as loss of function, akin to those observed for Evf2-mutant 
mice, despite the absence of altered GABAergic interneuron cell number [151].

Recently, a consortium of researchers generated a cohort of targeted deletions of 
individual mouse lncRNAs to explore their developmental function in vivo [160]. 
As many lncRNAs overlap protein-coding sequences, the researchers focused on 
intergenic lncRNAs, so as to investigate phenotypes not attributable to loss of 
protein-coding gene sequence. Using a combination of cell-based functional assays, 
RNA-sequencing and computational analyses, the group selected 18 lncRNAs, 
many with shared homology to human transcript sequences, for targeted deletion in 
mouse [160]. Of relevance to this review, 12 of the 18 lncRNAs display expression 
within adult mouse brain or ES cell-derived neural stem cells. Seven of the 12 brain-
expressed lncRNAs have human orthologues that display differential expression 
during human neuronal stem cell differentiation [160].

In order to generate the lncRNA knockouts, the entire lncRNA transcript 
sequence was replaced with a lacZ reporter cassette, allowing a highly sensitive 
assessment of lncRNA expression patterns using lacZ/beta-Gal staining [160]. 
Targeted inactivation of the lncRNA Peril, which is expressed at high levels in 
mouse ES cells, and shows both temporally and spatially restricted expression 
within the brain and spinal cord of developing mouse embryos, resulted in reduced 
viability relative to wild-type or heterozygous littermates [160]. RNA-seq and gene 
set enrichment analysis (GSEA) of Peril−/− brains revealed that genes involved in 
multiple essential processes including cell cycle regulation and energy metabolism 
were downregulated [160]. However, the mechanism by which Peril loss contrib-
utes to lethality remains unknown. The knockout of an additional lncRNA, Fendrr, 
which is expressed at low levels in the developing brain, likewise results in increased 
lethality. In two separate knockout models, either by gene replacement [160] or 
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insertion of premature polyadenylation signals [161, 162], lethality was observed, 
as a result of either cardiac [162] or respiratory defects [160]. The role of this 
lncRNA in brain development, however, remains unexplored.

Interestingly, the locus that encodes the transcription factor Brn1 (Pou3f3), a 
well-studied regulator of cortical development [163–165], also contains two 
lncRNAs (Pantr1, also known as linc-Brn1a, and Pantr2, also known as linc-Brn1b) 
that were both deleted as part of this knockout project [160]. Pantr1 and Pantr2 both 
have conserved human orthologues and were identified as differentially expressed 
during neural stem cell differentiations [160]. Pantr1 is transcribed from a region 
immediately upstream of the transcriptional start site of Brn1, and on the opposite 
strand. Deletion of Pantr1, therefore, may also delete portions of the proximal pro-
moter of Brn1 and is likely to lead to a decrease in Brn1 transcription. Pantr2, 
however, is transcribed from a region ~10 kb downstream of the Brn1 locus, again 
on the opposite DNA strand. Using the lacZ knock-in, it was shown that Pantr2 is 
expressed within neural progenitors of the mouse dorsal and ventral telencephalon 
at E13.5. Expression is maintained within both the subventricular and ventricular 
zones at E15.5, but more restricted expression is observed in the superior cortical 
layers by E18.5. Upon deletion of Pantr2, Brn1 transcript and BRN1 protein levels 
were both decreased by ~50%. Pantr1 expression, however, was increased [160]. 
Deletion of Pantr2 resulted in a reduction in the thickness of all cortical layers, 
likely the result of reduced proliferation of the intermediate progenitors of the sub-
ventricular zone that subsequently give rise to cortical neurons. Examination of the 
cortex of Pantr2−/− mice revealed that a subset of upper-layer cortical neurons were 
converted to deep layer neurons [160]. This cortical thinning phenotype is similar to 
what is observed for Brn1/Brn2 (Pou3f3/Pou3f2) double, but not single, mutants 
[163–165], suggesting that Pantr2 functions in the specification of upper cortical 
neuron identity independent of its role in regulating Brn1 expression [160].

To expand on the preliminary studies of each of the knockout lines, RNA-Seq 
was conducted at E14.5 and adult stages on brains from knockout and wild-type 
littermates for the 13 lncRNAs that displayed any brain expression [166]. 
Interestingly, loss of Pantr1 or Pantr2 did not affect Brn1 expression in whole brains 
at either time point. Conversely, Brn1 (Pou3f3), Brn2 (Pou3f2), and Brn4 (Pou3f4) 
all displayed increased expression in Pantr1 knockout brains at E14.5 [166]. 
Additionally, of the 13 lncRNA knockout lines studied in these experiments, only 
five showed significant differences in the expression levels of neighboring gene 
expression at either the time point [166]. Together, these data further suggest that 
brain-expressed lncRNAs may function to regulate gene expression both locally in 
cis but also in trans [166]. Further characterization of each knockout line will be 
required to determine the specific function of each individual lncRNA.

Some lncRNAs expressed during nervous system development, however, show 
no or very mild phenotypes following targeted inactivation. Two examples of brain-
expressed lncRNAs in which knockout models that fail to produce obvious pheno-
types are Malat1 and Visc2 [167–170]. Other lncRNA knockouts display only minor 
phenotypes. The lncRNA Neat1, which displays enriched expression in neurons 
compared to their neural precursors [72], is expressed in a nuclear subdomain 
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known as paraspeckles [171–173]. Paraspeckles are nuclear bodies composed of 
more than 40 RNA-binding proteins [174]. Neat1 is required for paraspeckle forma-
tion in both in vitro and in vivo studies [171–173, 175, 176]. However, the physio-
logical function of paraspeckle formation is unclear, as mice lacking Neat1 
expression and paraspeckle formation fail to display any clear developmental phe-
notype [176], with one notable exception. It was recently determined that Neat1 
knockout mice display a stochastic infertility resulting from corpus luteum dysfunc-
tion [177, 178]. However, the contribution of Neat1 and paraspeckle formation to 
brain development or nervous system diseases such as amyotrophic lateral sclerosis 
(ALS), where elevated Neat1 expression is observed during early stages of the dis-
ease [179], remains to be determined.

The lncRNA Gomafu (also known as RNCR2 or Miat) was previously identified to 
function in retinal cell fate specification [135], and decrease in Gomafu expression is 
associated with mRNA splicing defects in schizophrenia [140]. Knockout mice, how-
ever, display no gross developmental defects. Instead, behavioral tests performed on 
Gomafu knockouts suggest that these mice display a mild hyperactivity phenotype 
and enhanced hyperactivity to repeated psychostimulant exposure [180]. Analysis of 
extracellular dopamine within the nucleus accumbens revealed increased dopamine 
levels compared to wild-type controls, consistent with the observed hyperactivity 
[180]. Likewise, schizophrenia patients also exhibit hyperactivity, and Gomafu 
expression is downregulated in postmortem brain samples of schizophrenia patients 
[140]. However, RNA-Seq analysis of hippocampal cultures from wild-type and 
Gomafu knockout mice revealed only 18 transcripts that displayed differential expres-
sion [180]. As Gomafu is previously predicted to regulate mRNA splicing through its 
interactions with the splicing regulators QKI, SF1, and CELF3 [140, 181, 182], alter-
native splicing of a handful of transcripts was assessed in hippocampal cells of 
Gomafu knockout mice [180]. However, unlike the changes observed in postmortem 
brain samples from schizophrenia patients, where Gomafu showed decreased expres-
sion [140], Gomafu−/− mice displayed little change in alternative splicing [180].

Despite these studies, our knowledge of the in vivo contributions of lncRNAs to 
nervous system development remains clouded by emerging discrepancies between 
in vitro and in vivo results. To further complicate matters, the design of knockout 
targeting strategies for in vivo loss of function studies can significantly affect inter-
pretations of any phenotypes obtained (Fig. 9.2). For example, three different target-
ing strategies were used to generate Malat1 knockout mice. Importantly, while no 
gross phenotypes were observed in any of the studies [167–169], the effect of 
Malat1 loss of function on Neat1 expression depended on the mechanism by which 
Malat1 expression was inhibited. Deletion of either the promoter and proximal 5′ 
transcript sequence or the entire gene body of Malat1 resulted in an increase in 
Neat1 expression [167, 169]. However, insertion of lacZ and two premature polyad-
enylation sequences into the Malat1 locus resulted in decreased Neat1 expression 
[168]. Together, these data indicate the context-dependent sequence requirement for 
genome architecture. It remains to be determined, however, if Malat1-dependent 
regulation of Neat1 expression occurs solely by controlling the activity of cis-
regulatory elements or whether Malat1 also regulates Neat1 transcription in trans.
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9.4  �Conclusions

With the emergence of vastly improved sequencing technologies, we are beginning 
to understand the full complexity of the transcriptome. These analyses have 
revealed that the numbers of lncRNAs have expanded in parallel with the evolu-
tionary increase in brain complexity. Emerging experiments profiling the transcrip-
tomes of nervous system tissue continue to identify many novel lncRNAs. As we 
continue to identify and characterize the diverse cell types of the brain across 
development through single-cell RNA-Seq, and continue to explore the complexity 
of alternative splicing through Capture-seq profiling, we expect that the number of 
validated lncRNAs will expand dramatically. While considerable effort is now 
going into investigating the function of these lncRNAs during nervous system 
development, it is important to keep in mind exactly how these studies are per-
formed. In vitro studies expand the repertoire of mechanistic analyses that we can 
perform, but results from such studies require in vivo validation, as the lncRNAs 
are likely functioning in a cell type- and context-specific manner that is often only 
imperfectly recapitulated in cultured cells. Furthermore, in vivo studies of lncRNA 
function need to be carefully designed to directly examine the function of the 
lncRNA transcripts themselves. This is especially important for genetic loss of 
function studies, where changing the genomic locus that encodes the lncRNA in 
question may disrupt the activity of important cis-regulatory elements. Additional 
challenges remain in the design of efforts to address the function of natural-anti-
sense or opposite strand transcripts, due to their genomic proximity to protein-
coding genes.

Given the abundance of functions being attributed to lncRNAs, it is especially 
important to understand their mechanisms of action. Since lncRNAs in many cases 
function as molecular scaffolds—that bind DNA, RNA, protein, or combinations of 
these biomolecules—understanding the precise composition of these complexes 
will be pivotal. However, given the low cellular expression levels and/or scarcity of 
cell types in which the lncRNAs are expressed, traditional pulldown/mass spec-
trometry experiments will prove challenging. In any case, recent years have clearly 
shown that lncRNAs are central to regulation of neuronal differentiation, and our 
appreciation of their importance will likely grow substantially in the years ahead.
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Chapter 10
Technological Developments  
in lncRNA Biology

Sonali Jathar, Vikram Kumar, Juhi Srivastava, and Vidisha Tripathi

Abstract  It is estimated that more than 90% of the mammalian genome is tran-
scribed as non-coding RNAs. Recent evidences have established that these non-
coding transcripts are not junk or just transcriptional noise, but they do serve 
important biological purpose. One of the rapidly expanding fields of this class of 
transcripts is the regulatory lncRNAs, which had been a major challenge in terms of 
their molecular functions and mechanisms of action. The emergence of high-
throughput technologies and the development in various conventional approaches 
have led to the expansion of the lncRNA world. The combination of multidisci-
plinary approaches has proven to be essential to unravel the complexity of their 
regulatory networks and helped establish the importance of their existence. Here, 
we review the current methodologies available for discovering and investigating 
functions of long non-coding RNAs (lncRNAs) and focus on the powerful techno-
logical advancement available to specifically address their functional importance.

Keywords  lncRNA • Chromatin • lncRNA interactions • Secondary structure 
• Functional characterization • Genome-wide characterization • SAGE • RNA-Seq 
• CLIP • CHART • ChIRP

10.1  �Introduction

A large portion of the eukaryotic genome is transcribed into RNAs that do not code 
for proteins. These interesting molecules, formally known as non-coding RNAs 
(ncRNAs) that bypass the central dogma for flow of genetic information in cells, 
have been under constant scrutiny for their existence for several decades [1]. The 
notable exceptions during the initial discovery of this class of molecules have been 
the tRNAs and rRNAs owing to their abundance, which were further identified to 
have structural and regulatory roles in translational machinery [2]. These were 
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further accompanied by the discovery of a substantial number of other transcripts, 
e.g. miRNAs, siRNAs, etc. [3, 4]. Although the functions of these molecules were 
being deciphered gradually, a large part of the non-coding transcriptome was con-
sidered to be junk or transcriptional noise [2]. Beyond the abundant class, several 
large non-coding transcripts like RNaseP, H19, Xist and MALAT1 were identified 
much earlier, their prominence was not fully recognized and the possibility that 
these molecules could possess biological purpose was doubtful [5].

The emergence of high-throughput sequencing technologies had the greatest 
impact on the expanding world of non-coding RNAs. It is estimated that more than 
90% of the mammalian genome is transcribed, out of which only approximately 2% 
contributes towards the protein-coding function [6, 7]. The remaining non-coding 
genome can be broadly classified into small (18–200 nts) and long (200 nts to 
>100 kb) non-coding RNAs (lncRNAs) [8]. Although the discovery and functional 
characterization of small ncRNAs have dominated the field of RNA biology over 
past several decades, long non-coding RNAs (lncRNAs) are the least explored 
emerging regulatory molecules.

Although the physical and functional classification of lncRNAs has been very 
challenging, it has been observed that they share many common characteristics with 
mRNAs. For instance, majority of the lncRNAs display epigenetic marks like 
increased H3K4me3 at promoters and RNA Pol II binding sites similar to mRNAs, 
indicative of active transcription [9]. Additionally, several lncRNAs are polyadenyl-
ated and have 5′caps similar to mRNAs [8]. One of the unique features of many 
lncRNAs is presence of H3K4me1 marks suggestive of enhancer elements [8]. A 
large number of lncRNAs are developmentally and temporally regulated or restricted 
to particular tissues or organs indicating their role in specific cellular processes, ren-
dering their discovery more difficult [10–12]. Most importantly, lncRNAs generally 
show least sequence conservation across different species [13] unlike many protein-
coding genes. Therefore, their functional categorization based on functional domains 
or sequence conservation has not been possible so far. Apart from carrying informa-
tion in the sequence, RNAs can fold into intricate secondary or tertiary structures 
influencing their biological functions [14]. With the advent of computational struc-
ture prediction tools coupled with ultrahigh-throughput sequencing technologies, 
genome-scale RNA structural information appears feasible now [15–18]. This could 
provide great insights into the structural similarities of lncRNAs across species and 
could provide clues to evolutionary conservation of functional domains of lncRNAs.

Although the function of a large number of lncRNAs is still not known, there is 
clear evidence for their importance in physiology, embryology and development 
with numerous novel gene regulatory functions, including their role in contribution 
to high degree of complexity observed in multicellular organisms [3, 19]. Various 
studies have revealed active role of lncRNAs in controlling multiple regulatory lay-
ers including chromosome architecture, chromatin modulation and epigenetic mod-
ification, transcription, RNA maturation, splicing and translation [20–24]. In 
contrast to other types of regulatory ncRNAs, e.g. miRNAs, lncRNAs localize both 
in the cytoplasm and nucleus, which further suggests their important role in epigen-
etic modification and gene regulation [19]. Furthermore, their aberrant expression 
has been linked with a wide spectrum of disorders including cancer [25, 26]. Thus 
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a comprehensive knowledge of their function would greatly facilitate our current 
understanding of various cell regulatory networks and disease mechanisms.

Based on the current evidences, lncRNAs can perform their function by physically 
interacting with DNA (chromatin), RNA (mRNAs, miRNAs, circular RNAs) and pro-
teins, thereby regulating complex network of gene expression by acting as signals (for 
integrating spatiotemporal, developmental and stimulus-specific cellular information), 
decoys (the ability to sequester a range of RNA-dependent effectors and protein part-
ners), guides (for proper localization of chromatin-modifying complexes and other 
nuclear proteins to specific genomic loci to exert effects) and scaffolds (for bringing 
two or more proteins into discrete complexes) [27]. In short, lncRNAs are emerging as 
new exciting players in gene regulatory network, and their deregulation may provide 
opportunity for their use as prognostic markers for many complex diseases.

Elucidating the different mechanisms of action of lncRNAs will not only provide 
the basic biological understanding of cellular function but also a critical nexus for 
revealing the basis of lncRNAs in disease aetiology and their use as targets in sub-
sequent drug design. Most importantly, with the fact that mammalian transcriptome 
comprises several thousand lncRNAs with diverse signatures, the question that 
whether all of them have biological purpose still stands unanswered.

Extensive research and development of lncRNA identification and functional 
annotation tools have led to many successes and discoveries, the applicability of 
which has been still limited; however, over the past decade, with the emergence of 
ultrahigh-throughput technologies, development of newer strategies, accumulation of 
genome-wide experimental data and better optimization of existing algorithms have 
been able to bridge the knowledge gap. Here, we review the current methodologies 
available for discovering and investigating functions of lncRNAs. The attempt is to 
explain how to investigate an uncharacterized transcriptome systematically and to 
have a complete mechanistic understanding of the function of long non-coding RNAs.

10.2  �Identification and Characterization of Long  
Non-coding RNAs (lncRNAs)

An explosion of technologies over the recent years has greatly made it possible to 
discover and functionally analyse the plethora of large non-coding transcripts. 
Owing to their variable relative abundance as well as cell and tissue type specificity 
in expression, identification and subsequent characterization of lncRNAs was an 
extremely difficult task. However, with new tools in hand, a substantial progress has 
been made in uncovering the diverse and dynamic lncRNA world (Fig. 10.1). In 
simple terms, according to the relative position of protein-coding genes, lncRNAs 
have been categorized into four groups: intergenic, intronic/intragenic, antisense 
and overlapping [26]. There have been several modes of categorization of lncRNAs 
based on their genomic location, expression, mechanism of action, etc. However, 
the initial step towards the functional and mechanistic exploration of lncRNAs is 
individual lncRNA identification, which completely depends on the appropriate 
experimental strategy.

10  Technological Developments in lncRNA Biology



286

10.2.1  �Transcript Sequence Assembly: Tiling  
Arrays and SAGE

The Human Genome Project and development of high-throughput sequencing tech-
nologies had the greatest impact in the expanding world of non-coding RNAs. 
Numerous transcripts without protein-coding potential have been identified in sev-
eral species. During the initial period of lncRNA era, major discoveries of novel 
lncRNAs were facilitated by using cDNA cloning followed by Sanger sequencing 
(FANTOM project) or identifying chromatin signatures such as presence of K4-K36 
trimethylation marks and utilizing tiled microarrays across the non-coding region 
of the genome in a tissue- and cell-specific manner (Fig.  10.2) [8, 28–30]. The 
FANTOM project at RIKEN provided the first large-scale catalog of approximately 
16,000 novel transcripts in mouse (70% putative ncRNAs) by generating and 
sequencing cDNA libraries with almost 60,770 full-length cDNAs [28]. 
Additionally, this catalog also represented over 2000 sense-antisense pairs of tran-
scripts [31]. Subsequently, the catalog grew with increasing number of novel tran-
scripts in the list. The lncRNA-Uchl1 is among one of the first sense-antisense 
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transcript pairs discovered in this approach. It is expressed in an antisense orienta-
tion from the Uchl1 locus and overlaps with the 5′end of the Uchl1 mRNA. It regu-
lates the translation efficiency of Uchl1 RNA by binding to it without altering its 
expression level [24].

One of the first methods developed for global transcriptome assembly and analy-
sis was SAGE, which is based on the generation of short stretches of cDNA sequence 
tags containing restriction enzyme sites at the 3′end. The tags are concatenated 
followed by Sanger sequencing [29]. This methodology allowed for the identifica-
tion of several unannotated transcripts and also revealed that lncRNAs are broadly 
distributed across all chromosomes in humans [12] and show high tissue specificity. 
However, this method was soon replaced by more sensitive sequencing technologies 
that profile a larger number of transcripts in greater depth.

One of the classical discoveries in the lncRNA field has been the identification of 
HOX antisense intergenic RNA (HOTAIR), which was possible through probing 
transcripts on tiling arrays. This methodology employs hybridization of cDNAs to 
microarray slides carrying tiled oligonucleotides designed to cover an entire chro-
mosome or the entire genome [32]. HOTAIR has been shown to negatively regulate 
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transcription across 40 kb of the HoxD locus in cis by interacting with polycomb 
repressive complex 2 (PRC2) [32]. Further, Cheng et al. utilized a higher resolution 
approach to provide in-depth analysis by using arrays of 25mer oligonucleotides 
spaced every 5 bp to create transcriptional maps of ten human chromosomes [30]. 
This approach provided a high-resolution mapping of the RNAs. Additionally, by 
separating the poly (A)+ and (A)− RNA fractions from the cellular compartments 
during initial sample preparation, they further demonstrated the existence of a large 
number of unannotated transcripts, many of which were poly (A)− and enriched in 
the nucleus [30].

A major limitation of these array-based techniques is their reliance on existing 
knowledge of genome sequences, restricting the discovery of novel transcripts. 
Additionally, they also require a large amount of starting material (RNA) to perform 
experiments, and expression dynamic detection becomes difficult after a saturation 
point. Most importantly, weak binding or cross hybridization of transcripts to probe 
renders significant noise in the data, affecting the study of repetitive sequences.

10.2.1.1  �RNA Sequencing (RNA-Seq)

The idea of transcriptional units, transcriptional complexity and isoforms emerged 
and strengthened majorly due to the advent of RNA-Seq technology. RNA-Seq is a 
quantitative and exceptionally sensitive technique that revolutionized entire major 
discoveries in the lncRNA biology. It is based on the conversion of transcripts into 
a pool of cDNAs that will constitute the sequencing library. The library is prepared 
by RNA fragmentation, adapter ligation, cDNA synthesis, size selection and limited 
cycles of amplification. The libraries can be prepared from poly (A)+ enriched RNA 
by selectively depleting rRNA. However, this approach excludes non-polyadenylated 
or partially degraded RNAs, which may also result in exclusion of several novel 
transcripts from the sample under study. This drawback can be taken care of by 
using random priming methods or by selective exclusion of rRNA from the sample. 
Based upon the requirement, the sequencing can be ‘single end’ or ‘paired end’. 
Paired-end libraries allow sequencing from both the ends of the same molecule, 
providing additional information like splicing events and identifying the boundaries 
of transcription units especially for alternative start and polyadenylation sites. A 
high-throughput sequencing method provides approximately 20–40 million reads 
that is sufficient for transcript detection. However, majority of lncRNAs are low in 
abundance; therefore, the standard approaches provide a constraint for identifica-
tion of novel low-abundance transcripts. To overcome this issue, RNA can be frac-
tionated from different cellular compartments prior to sequencing, which increases 
the relative abundance of unique transcripts. In addition to transcriptome profiling, 
RNA-Seq has proven to be powerful approach for identification of alternatively 
spliced isoforms, novel splice junctions, SNPs and gene fusion events [33–36]. 
Using data from RNA-Seq, Guttman and colleagues, for the first time, developed a 
method to reconstruct the transcriptome of the mammalian cell without using the 
existing annotations and applied it to mESCs, neuronal precursor cells and lung 
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fibroblasts. Using this approach, they identified a substantial variation in the protein-
coding gene structure and also identified more than 1000 large intergenic ncRNAs 
(lincRNAs), majority of which were not reported earlier [37]. In a subsequent paral-
lel study by Rinn’s group, a reference catalog of more than 8000 lincRNAs was 
generated using an integrative approach of assembling data collected from approxi-
mately four billion RNA-Seq reads across 24 tissues and cell types [38]. This study 
also revealed the tissue-specific expression pattern of lncRNAs.

Several derivative approaches of sequencing-based genome-wide transcriptome 
analysis have been extensively used to identify thousands of lncRNAs from several 
species. For example, Rinn and Mattick’s group utilized targeted RNA sequencing 
(CaptureSeq) by combining tiling arrays with RNA-Seq technology to refine tran-
script annotations and achieve enriched read coverage, accurate measurement of 
gene expression and quantitative expression data [39, 40]. During transcript assem-
bly from large amount of short-read RNA-Seq data, it is likely that highly expressed 
transcripts will be represented more, and the transcripts with restricted or low 
expression might have a chance to be ignored. This problem was resolved by the use 
of targeted RNA capture sequencing [30, 34]. In a recent study, the members of 
Michigan Centre for Translational Pathology developed a database, MiTranscriptome, 
which is a catalog of human transcripts derived from computational analysis of 
high-throughput RNA-Seq data from over 6500 samples spanning diverse cancer 
and tissue types [41]. RNA-Seq libraries were curated from tumours, normal tissues 
and cell lines from 25 independent studies; ab initio assembly method was applied 
yielding approximately 91,000 expressed genes. More than 68% of these genes 
were lncRNAs, out of which almost 80% were unannotated. This catalog also 
revealed approximately 8000 lineage- or cancer-associated lncRNAs genes [41]. 
Since most lncRNAs share similarities in their characteristics with mRNAs, similar 
approaches have been adopted for their identification. Moreover, based on the 
experimental need, variations like ChIP/RNA-Seq (for transcription and epigenetic 
regulators), ChIA/RNA-Seq (Chromatin Interaction Analysis) and DNA/RNA-Seq 
(for genome assembly) have evolved and extensively used [42].

Another alternative approach based on RNA-Seq is Cap Analysis of Gene 
Expression (CAGE) that involves the simultaneous mapping and quantification of 
5′capped RNA expression [43, 44]. This is an effective approach for identifying 
Pol II-driven transcription start sites and active promoter regions. However, it 
requires a relatively large quantity of starting material and excludes transcripts 
driven through Pol III or devoid of 5′ caps. To overcome some of these limitations, 
Carninci’s group devised an upgraded version of the technology that could be used 
on highly refined samples obtained from tissue microdissections and subcellular 
fractions, referred to as nanoCAGE and CAGEscan [45]. These methods can be 
used to capture the 5′ends of RNAs from as little as 10 ng of total RNA. CAGEscan 
is a mate-pair adaptation of nanoCAGE that captures the transcript 5′ends linked 
to a downstream region and compensates for CAGE’s inability to detect the 3′end 
of transcripts. Carninci’s group in conjunction with the FANTOM consortium per-
formed a thorough profiling of nucleus- and cytoplasmic-enriched RNA fractions 
from a representative set of human and mouse stem cell and differentiated cell 
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lines using four complementary sequencing technologies (deep sequencing, 
CAGE, nanoCAGE and CAGEscan) and identified several thousand novel 
lncRNAs, which were principally enriched in nucleus. They also discovered that a 
large number of these novel transcripts originated from LTR elements [23]. 
Nevertheless, none of the high-throughput sequencing technologies are considered 
complete without further confirmation of transcript ends and structures through 
methods like quantitative RT-PCR, 5′ and 3′ RACE and cloning. Additionally, 
chromatin signatures play a very important role in further understanding of the 
accuracy of transcript assemblies [46].

10.2.1.2  �Single-Cell RNA-Seq

Most transcriptomic studies are performed on a population level in bulk cell sam-
ples where gene expression data is a result of both the expression levels of genes in 
each cell type and the relative abundance of each cell in the population. Since, 
majority of the lncRNAs show restricted expression pattern based on particular cell 
type/stage, current sequencing technologies, though highly powerful, may not be 
able to capture the subtle but potentially biologically meaningful differences 
between cells. Moreover, in some instances, sample size is insufficient for such 
large-scale analysis, like stem cells, patient’s samples, circulating tumour cells or 
flow-sorted cells for certain applications. In this scenario, single-cell transcriptome 
analysis provides tools for a new dimension and higher resolution for identifying 
and studying lncRNAs. Pioneering studies using single-cell RNA-Seq revealed 
additional layers of transcriptional differences between individual cells, like splic-
ing patterns and allelic random expression, which suggests that it could provide a 
great tool towards reconstituting temporal transcription networks during develop-
mental processes [37–39, 47]. For instance, using single-cell transcriptome analysis 
augmented by single-molecule RNA-FISH (smFISH), Kim et al. demonstrated that 
approximately 400 lncRNAs are differentially expressed during defined stages of 
reprogramming to pluripotency and showed how dynamic changes in the transcrip-
tome reprogram cell stage [48]. Similarly, single-cell profiling of early stages of 
embryonic development in C. elegans revealed extensive transcriptional activity at 
stages that were previously considered inactive [49]. In mouse blastocysts, it was 
found that the heterogeneity in the transcriptomes of individual cells was a prereq-
uisite for them to segregate into different lineages [50]. Transcriptome profiling of 
individual neocortex cells of developing brain revealed that several lncRNAs are 
abundantly expressed in individual cells and are cell-type specific. This discrete 
expression pattern of lncRNAs in individual cells reflects their important biological 
function in the development of particular neural cell types [51].

lncRNAs being remarkably cell type or tissue specific, single-cell transcrip-
tomics can be the ultimate approach for a comprehensive understanding of the tran-
scriptional landscape of individual cells. However, this approach has certain 
limitations and still requires significant development before it can be used for 
comprehensive understanding. Since it targets only poly (A)+ RNAs, the non-
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polyadenylated RNAs are currently underrepresented. Additionally, it is not possible 
to maintain strand specificity and detect isoform variants simultaneously. Most 
importantly, the sensitivity needs to be improved, as currently it is difficult to distin-
guish between noise and biological variability for low-abundance transcripts [52].

10.2.2  �Cellular Localization of lncRNAs

Understanding the mechanism of action of lncRNAs often relies on their subcellu-
lar localization or distribution. Information about tissue specificity or cellular dis-
tribution could provide important circumstantial evidence for experimental 
planning, for example, in what type of cells do particular lncRNAs express and in 
which cellular compartment they act. For instance, lncRNAs associated with spe-
cific subnuclear domains or chromatin are more likely to have regulatory or struc-
tural roles, like many chromatin-associated lncRNAs which have been found to be 
cis-acting transcriptional regulators. MALAT1 is a nuclear retained lncRNA that 
localizes to nuclear speckles, subnuclear domains involved in pre-mRNA process-
ing [53]. In speckles, MALAT1 regulates the activity and levels of SR splicing 
factors, thereby modulating alternative splicing of a subset of gene pre-mRNAs 
[53]. Additionally, MALAT1 levels are regulated during normal cell cycle progres-
sion, and it is required for proper G1/S and mitotic progression [54]. NEAT1 
lncRNA that localizes to paraspeckles acts as a structural component of these 
nuclear domains, and it is essential for the nucleation of paraspeckles in cells [55]. 
The identification of MALAT1 as a speckle component was the first step towards 
exploring its function in regulating alternative splicing. Similarly, cytoplasmic 
lncRNAs are mainly found to be involved in post-transcriptional gene regulation, 
translation or protein localization. Most importantly, unlike protein-coding genes, 
the transcribed lncRNAs are the final product of their genes; their subcellular local-
ization is directly linked to their physiological functions. Therefore, determining 
the cellular distribution of lncRNAs should be considered as the first step towards 
exploring the function in the cell.

10.2.2.1  �Fluorescence In Situ Hybridization (FISH)

Fluorescence in situ hybridization (FISH) is a powerful method to examine the spa-
tial distribution of lncRNAs at subcellular level, and it is extensively used for study-
ing structural and dynamic properties of cells and subcellular entities. RNA-FISH 
technique is utilized to visualize transcripts localized in the nucleus or cytoplasm, 
therefore allowing to monitor gene expression and transcriptional activity at an indi-
vidual cell level [56–61]. Basically, RNA-FISH involves the hybridization of fluo-
rochrome- or enzyme-labelled nucleic acid probes to RNA target sequences in cells 
followed by microscopic visualization. Over the years, this technique has been uti-
lized to answer various aspects of nuclear organization and gene expression at a 

10  Technological Developments in lncRNA Biology



292

single-cell level, facilitated through advancement in fluorescence microscopes, 
development of various labelling procedures and sensitive immunocytochemical 
detection systems. Using this method, it is possible to detect different RNA target 
sequences together with proteins or other cellular components simultaneously in the 
same cell; different components can be labelled using fluorochromes with different 
excitation and emission spectra. This combined detection of RNA and proteins has 
been widely used to study transcription, RNA processing and translation. RNA-
FISH analysis of MALAT1 lncRNA demonstrated that it localizes to nuclear speck-
les and co-localizes to bonafide speckle components like SRSF1 [21]. It modulates 
SR-protein-mediated alternative splicing in cells. Additionally, it was also shown 
that depletion of SON protein, a core component of the speckles, leads to redistribu-
tion of MALAT1 in the nucleus suggesting that its localization to speckles is depen-
dent on SON protein levels in the cell [21]. Similarly, RNA-FISH analysis for 
NEAT1 lncRNA confirmed its presence in paraspeckles and co-localization with 
paraspeckle proteins; however, depletion of NEAT1 RNA resulted in loss of para-
speckles from the nucleus as confirmed by immunolocalization of various speckle 
components [62]. Similarly, combining RNA/DNA-FISH in placental and embryo 
sections, it was shown that Kcnq1ot1 lncRNA establishes a nuclear domain to epi-
genetically inactivate genes in cis, whereas genes that are not regulated by this 
lncRNA are localized outside of the domain [63]. This was the first study to show 
that apart from Xist lncRNA, autosomal Kcnq1ot1 lncRNA can also establish 
nuclear domains that might create a repressive environment for epigenetic silencing 
of adjacent genes. Since most lncRNAs are not very abundant in the cell, RNA-
FISH cannot provide deep mechanistic insights of lncRNA localization or function 
due to its limited resolution.

Another finer variation of this technique, termed as single-molecule FISH 
(smFISH), has become a more popular tool to study gene expression by direct visu-
alization of individual RNAs [64–66]. This technique involves hybridization of a 
large number of (typically more than 30) fluorescently labelled short DNA 
oligonucleotides to different regions of target RNA, such that spatially separated 
RNA transcripts appear as individual diffraction-limited spots that are readily 
detectable using conventional wide-field fluorescence microscope.

10.3  �Methodologies for Exploring Functions 
and Mechanisms of Action of lncRNAs

In recent years, newer tools for probing the complexity of lncRNA research have 
made a substantial progress in unravelling the potential regulatory functions of 
lncRNAs. A synergistic convergence of cutting-edge technologies from different 
areas of expertise has shown potential in fast-paced characterization of lncRNA 
function. New RNA interactome methods, cross-linking in vivo purification strate-
gies, transcriptome-wide structure identification approaches and other RNA centric 
methodologies have opened up the new layers of complexity in lncRNA functions.
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Once the annotation of an uncharacterized transcriptome is done, it is necessary 
to determine if the transcripts indeed possess biological functions. There is no uni-
versal experimental approach for characterization of the function of lncRNAs as it 
is a multistep process where one has to first identify a candidate that contributes to 
a physiological function in the cell and further confirm that the observed effect is 
mediated through an RNA-based mechanism. One of the first steps towards under-
standing this is to determine if a target RNA has any functional consequence in a 
particular context by gain- or loss-of-function analysis. Several approaches have 
been adopted to effectively deplete target lncRNAs and further understand the out-
come of the depletion [53].

10.3.1  �Loss-of-Function Strategies for lncRNAs

One of the ways to study lncRNA function is by suppressing its expression and 
observing the resulting phenotypes. Two main approaches are followed to experi-
mentally achieve successful knockdown of a particular lncRNA: transient methods 
like RNA interference (RNAi)- and antisense oligonucleotide (ASO)-mediated 
depletion or in vivo loss-of-function strategies. However, certain considerations are 
important during the design of the experiment, for instance, the proximity of the 
lncRNA locus to protein-coding genes, its stability and copy number, its chromatin 
signatures and tissue expression profiles. Additionally, the cellular localization of 
the lncRNA could play an important role for the design of correct loss-of-function 
strategy. If the lncRNA is chromatin associated, it might be cis-acting, whereas if 
it’s nucleoplasmic or cytoplasmic, it might be trans-acting RNA. For a trans-acting 
RNA, RNAi- or ASO-mediated depletion would work efficiently. However, for a 
cis-acting RNA careful consideration of the genes in proximity should be given. 
Antisense oligonucleotide (ASO)-mediated depletion of lncRNAs has been widely 
used to understand lncRNA function in cell-based assays. They act by forming a 
DNA/RNA hybrid with the nascent RNA and triggering an RNase H-dependent 
degradation of the RNA in the nucleus. However, the extent of off-target effects is 
highly likely [67]. Therefore, a successful rescue of the phenotype is extremely 
important to prove that the phenotype is caused by the alteration of the lncRNA 
transcript.

Various studies have used common strategies of using RNAi-mediated loss-of-
function analyses to understand phenotypes mediated by functional lncRNAs 
(Table 10.1). The primary advantage of using these cell-based assays is the ability 
to directly test for the degradation of the target RNA itself. In one of the first large-
scale screens, Guttman and colleagues used lentiviral shRNA-mediated analysis to 
understand the depletion of 147 lncRNAs in mESCs [68]. In this study, almost 15% 
of the lncRNAs displayed significant downregulation of pluripotency marker genes 
upon knockdown, indicating their involvement in maintaining the pluripotency 
state. Similarly, in an effort to understand the role of Xist RNA in X-chromosome 
inactivation (Xi), Locked nucleic acids (LNAs) were used to block the binding ofX-
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Table 10.1  Role of lncRNAs in different biological processes

Biological process lncRNAs Mode of action References

DNA damage Linc p21 Gene repression by interaction with 
hnRNP-K

[133, 134]

PANDA Binds to NF-YA and prevents its binding 
to chromatin

[133, 135]

DINO Stabilizes p53 through RNA-protein 
interaction

[136]

DDSR1 Sequesters the BRCA1/RAP80 complex [137]
NORAD Sequesters PUMILIO protein [138]
lncRNA-JADE Upregulates expression of jade1 resulting 

in elevated histone H4 acetylation
[133, 139]

ANRIL Suppresses the expression of INK4a, 
INK4b and ARF

[133, 140]

Pluripotency lncRNA-ROR Transcriptional regulator [141]
Gomafu Binds to the SF1 and leads to the 

post-transcriptional regulation of splicing 
efficiency

[142]

Mira Epigenetic regulator of Hoxa6 and 
Hoxa7 gene

[142]

HOTAIRM1 Regulates the genes from HOXA cluster [142]
Xist Binds to PRC2 complex via RepA and in 

result inactivates X chromosome
[142, 143]

Tsix Epigenetic silencing of Xist expression [142, 143]
Xite Interacts with Sox2 and Tsix and results 

in epigenetic reprogramming
[142]

Jpx Removes repressive RBP CTCF from 
Xist promoter and activates Xist

[142]

NEAT1 Post-transcriptional regulator [142]
Rian Binds to chromatin-modifying complex 

PRC2
[142]

lincRNA-ES1–3 Regulates ESC differentiation [144]
lincRNA-
SFMBT2

Regulates embryoid body differentiation [145]

Cellular 
proliferation and 
senescence

ANRIL Regulates the level of cdk inhibitor p15, 
p16

[146]

MALAT1 Regulates the expression of transcription 
factor B-MYB

[54]

NcRNACCND1 Regulates cyclin D1 [135, 146]
SRA Regulates cdki p21 and p27 and 

phosphorylation of CDK1
[147]

HEIH Suppresses the action of cdki p16, p21, 
p27 and p57

[147]

HULC Regulates the expression of cdki18 [148]
MEG3 Reduces the level of MDM2 [149]
Gadd7 CDK6 mRNA decay by preventing its 

interaction with TDP-43
[150]

UCA1 Regulates cdk1 p57 level [147, 151]
7SL Regulates p53 mRNA level [147]
H19 Regulates p57 level [147]

(continued)
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Table 10.1  (continued)

(continued)

Biological process lncRNAs Mode of action References

Inflammation 
associated

Lethe Binds to RelA (subunit of NF-KB) and 
reduces the production of inflammatory 
protein

[152]

THRIL Interacts with hnRNP-L and binds with 
TNF-a promoter and regulates its 
expression

[153]

Lnc-IL7R Regulates the level of inflammatory 
mediators IL-6 and IL-8

[147]

17A Regulates GABA B alternative splicing 
and signalling

[147]

lincRNA-EPS Potent repressor of IRG [147, 154]
Telomere stability TERC Promotes telomere extension [155]

TERRA Suppresses telomere extension [156]
Proteostasis HULC Promotes cell proliferation and invasion 

and inhibits apoptosis
[147]

MEG3 Regulates p53 level by lowering MDM2 
expression level

[149]

7SL Regulates p53 mRNA translation [157]
GAS5 Inhibits glucocorticoid receptor-mediated 

gene expression
[158]

PANDA Interferes transcriptional activity of 
NF-YA

[159]

Gadd7 Destabilizes cdk6 mRNA by interfering 
the interaction of TDP-43 and cdk6 
mRNA

[150]

HOTAIR Promotes ubiquitination and degradation 
of Ataxin1 and snurportin1

[160]

lincRNA-p21 Inhibits the translation of 
CCNNB(encodes beta catenin) and 
JUNB mRNA (encodes JunB)

[147]

Epigenetic 
regulation

Xist Binds to PRC2 complex via RepA in 
result inactivate X chromosome

[143]

H19 Represses Igf2,Slc38a4 and Peg-1 by 
interacting with MBD1

[143]

PTENpg1-AS Represses expression of tumour 
suppressor gene phosphatase and PTEN

[161]

ANRIL Regulates CDKN2A/B(tumour 
suppressor)

[140]

PAPAS Increases trimethylation of H4K20 [162]
TARID Regulates the expression of tumour 

suppressor protein TCF21 by inducing 
promoter demethylation

[163]

pRNA Regulates transcription of rRNA through 
interacting with DNA at TTF1 target site

[99]

Haematopoiesis Linc HSCs Regulates HSC self-renewal [164]
Muscle 
differentiation

Linc-MD1 Functions as ceRNA for miR133 and 
miR135 and regulates expression of 
MAML1and MEF2C

[165]
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Table 10.1  (continued)

Biological process lncRNAs Mode of action References

Cardiac 
development

Bvht Interacts with SUZ12 and competes for 
PRC2

[166, 167]

Fendrr Functions as chromatin signature 
modulator upon its interaction which 
binds to PRC2 and TrxG/MLL 
complexes

[11, 167]

KCNQ1OT1 Silences UIGs and PIGs in cis by 
recruiting PCR2 complex members 
(Ezh2 and Suz12), G9a HMT and Dnmt

[135]

Ak011347 Targets the gene Map3k7 [168]
Neuronal 
differentiation

Pnky Interacts with PTPB1(splicing regulator) [169]

EMT lncRNA-HIT Regulates TGF-β [170]
UCA1 Enhances wnt/β catenin signalling 

pathway
[171]

Apoptosis GAS5 Riborepressor of glucocorticoid receptor [172]
SPRY4-IT1 Regulates MAPK signalling pathway [173]

ist to its target regions. This study showed if the Xist RNA is displaced from the Xi, 
it leads to loss of X inactivation [69]. Additionally, in a large-scale analysis to exam-
ine the effect of lncRNA depletion using siRNAs, Shiekhattar’s group revealed an 
unanticipated role for a class of lncRNAs in activation of critical regulators of 
development and differentiation. They showed that a subset of intergenic lncRNAs 
potentiated the expression of a protein-coding gene within 300 kb of the lncRNA, 
suggesting an enhancer-like function of lncRNAs. It was also proposed that the 
candidates that did not display any positive effect in the study might exert their 
action over longer distances, which was not assessed in the analysis [70]. This was 
the first study to report a new biological function in positive regulation of gene 
expression for a class of lncRNAs in human cells. The identification of scaffold 
function of HOTAIR lncRNA for distinct histone modification complexes was also 
demonstrated through RNAi-mediated depletion of HOTAIR from cells. HOTAIR 
RNA has distinct binding domains for PRC2 and LSD1 complexes, and its deple-
tion abrogates the interaction between the two suggesting that HOTAIR is required 
to bridge this interaction and serves as scaffold [20].

Recent developments in technologies for altering RNA levels in the cell, like 
CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa), have facili-
tated control over lncRNA transcription inhibition or activation efficiently [71–
74]. This involves Cas9-mediated modulation of gene transcription levels through 
coupling of nuclease-deficient Cas9 (dCas9) with a transcriptional repressor (e.g. 
KRAB) or an activator (e.g. VP64/p65/Rta). This approach is highly promising as 
it does not require any manipulation on the RNA locus or the RNA itself; how-
ever, care must be taken to avoid the effect of the factors on local transcription. 
Different strategies have been employed for determining the physiological 
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function of lncRNAs in  vivo. One of the approaches has been to genetically 
manipulate the lncRNA locus by inserting transcriptional terminator sequences or 
deleting the regulatory elements. Similarly, various studies have employed delet-
ing the complete lncRNA locus or mutating the putative functional domains or 
targeted inversions between the promoter and RNA. A large number of knockout 
models for lncRNAs have been tested for in  vivo functional roles; however, it 
appears that in many cases lncRNAs appear dispensable. For instance, MALAT1 
is a nuclear lncRNA that when depleted in cells shows deleterious phenotype in 
cells; however, the mouse knockout model for MALAT1 is viable and does not 
show any phenotype [75, 76]. Similarly, HOTAIR lncRNA that is transcribed 
from HOX C cluster guides the recruitment of chromatin modifiers to specific 
chromatin in HOX D cluster and inhibits transcription. However, a mouse in 
which the region of HOX C cluster spanning the entire HOTAIR was deleted 
showed normal viability and no defect in transcription or chromatin modifications 
[77]. To summarize, multiple approaches to achieve a significant depletion and 
carefully planned rescue experiments are extremely important to clearly demon-
strate the physiological function of a particular lncRNA.  For instance, using a 
premature termination signal in the Fendrr RNA sequence, it was shown that 
Fendrr lncRNA is required for viability in mice, and this phenotype could be res-
cued by a transgene expression [11]. In a parallel study, Sauvageau et al. (2013) 
performed a whole gene ablation strategy and identified similar phenotype of 
decreased viability [78].

Achieving a significant knockdown of lncRNAs is not always easy and straight-
forward; however, there are many factors that can lead to incorrect or uninterpreta-
ble results. The most crucial factor for achieving successful depletion of a lncRNA 
is directing well-designed reagents to the most effective target regions. It is 
challenging to identify the most potent target sites for oligos due to unavailability of 
predictive algorithms to determine target accessibility. Additionally, verification of 
off-target sites is extremely important during the selection of oligos. Some of the 
other considerations are secondary structure of the target lncRNAs, effective target 
length and splice regions.

10.3.2  �lncRNA-Interactome Analyses

To gain insight into the relationship between the function of lncRNAs and the 
complement of cellular factors with which they interact, several in  vitro and 
in vivo approaches have evolved over the recent years. With the advancement in 
various technologies, newer approaches exploiting the biophysical and biochemi-
cal characteristics of nucleic acids and proteins are being employed, which has 
made it possible to address ‘how’ of lncRNA function. Based on evidences, 
lncRNAs are suggested to act as signals, guides, decoys or scaffolds by physically 
interacting with chromatin, RNA or proteins, thereby facilitating various biologi-
cal processes.
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10.3.2.1  �RNA-Protein Interaction

Long non-coding RNAs perform their regulatory functions in association with pro-
teins, like chromatin-modifying complexes, transcription factors and RNP com-
plexes. The paramount factor in understanding the function of a lncRNA is the 
identification of its interacting protein partners. Most of the RNAs have structured 
and unstructured region that are bound with specific set of proteins. Based on pres-
ence of consensus primary or secondary or tertiary structure motifs, several sets of 
RNA-binding proteins have evolved to form ribonucleoprotein (RNP) complexes. 
Since lncRNAs are extremely diverse in function and sequence conservation, 
obtaining the complete interaction map of lncRNA-bound proteins is critical to our 
understanding of their function. Most importantly, this could also help in categori-
zation of lncRNAs based on their specificities to proteins linked with particular 
pathways. Various approaches have been employed to describe lncRNA-protein 
interactions for the characterization of their function in different cellular processes, 
which can be classified into two groups based on the target molecule (Fig. 10.3). In 
the first approach, the focus is on the particular lncRNA, and methods are devised 
to identify all the interacting proteins with the same. This can be achieved by using 
in vitro transcribed RNA to retrieve proteins from cell lysates, tagging the endoge-
nous RNA with affinity aptamers or using immobilized oligos to capture RNA-
protein complexes under native conditions [79–83]. The second approach is protein 
centric, where the protein of interest is immunoprecipitated using specific antibod-
ies and further RNAs associated with it are analysed through high-throughput tech-
nologies. Ideally, the method that allows the capture of in  vivo lncRNA-protein 
interactions with high yield and specificity should be followed, and strategies to 
achieve more comprehensive portraits of these interactions at a global scale should 
be devised.

One of the pioneering discoveries towards understanding protein partners of a 
ncRNA was the identification of spliceosomes associated with snoRNAs, which 
was performed in vitro by affinity pulldown of RNA as a bait and subsequent elution 
of associated proteins followed by mass spectrometry (MS) analysis [84]. Since 
then, numerous studies have often used cell lysates to incubate complete lncRNA 
sequence or an important region of the lncRNA as bait, on which RNPs can assem-
ble. Further, the associated proteins are eluted and subjected to MS for identification 
[85, 86]. However, there are certain limitations to this approach that need to be taken 
care of before any conclusion towards function is drawn. Firstly, most RNA-protein 
interactions are not merely sequence-specific interactions; rather the secondary and 
tertiary conformations of RNAs impart modular domains, which dictate its interac-
tion with proteins. Therefore, before using the lncRNA as bait, it must be con-
formed that it is accurately structured, which is often difficult to achieve under 
in vitro conditions. Secondly, usually the concentration of the RNA bait far exceeds 
the physiological levels of the RNA; therefore, the chance of post-lysis association 
of RNA with protein increases resulting in false-positive outcomes. It becomes 
essential to confirm any interaction by performing a reverse pulldown by incubating 
respective antibody with cellular lysate containing endogenous lncRNA.
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RNA Immunoprecipitation (RIP)

This technique is exactly similar to any other protein immunoprecipitation reac-
tion where an antibody specific to a particular protein is incubated with a nuclear/
cellular lysate to pull down the protein of interest along with the other proteins 
that interact with it in a complex. However, the major difference is the reaction 
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Fig. 10.3  Schematic representation of lncRNA-protein interaction techniques
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conditions are maintained to keep the cellular RNA intact. It is recommended to 
cross-link the endogenous RNA-protein interactions prior to lysate preparation, 
which helps to maintain the association of RNA-proteins intact during the strin-
gent washing conditions. Post-lysis chance binding of potential artefacts is 
reduced with stringent washing conditions before elution. Pretreatment of the 
lysate with DNase I or RNase H is suggested, which helps in distinguishing 
between indirect and direct binding. Even though RIP has become one of the 
conventional methods for identifying protein partners of lncRNAs, it was first 
used to investigate how the Xist lncRNA mediates/initiates X-chromosome inac-
tivation in females. Zhao and colleagues identified that the polycomb complex 
PRC2 is the direct target of RepA, which is a 1.6 kb lncRNA within Xist region. 
They further demonstrated that Ezh2, a component of PRC2, directly binds to the 
RNA and facilitates X inactivation as PRC2 deficiency compromises Xist upregu-
lation [87].

To reveal the composition and dynamics of specific non-coding RNA-protein 
complexes in vivo, Chu and colleagues developed a comprehensive identification of 
RNA-binding proteins by mass spectrometry (ChIRP-MS) [88]. This involves 
extensive cross-linking of cells with formaldehyde followed by retrieval of target 
RNA with biotinylated tiling oligo hybridization. The RNA-protein complexes are 
further captured on streptavidin beads and liberated using gently biotin-elution step. 
The enriched proteins are finally subjected to MS. Using this method to pull down 
Xist RNA-protein complex, it was discovered that Xist interacts with 81 proteins, 
many of which are involved in chromatin modification, nuclear matrix and RNA 
remodelling pathways. Specific interactors like hnRNP-K participate in Xist-
mediated gene silencing and histone modification, and Spen is required for gene 
silencing. Further characterization of interactions revealed that Xist lncRNA associ-
ates with different proteins in a modular and developmentally controlled manner to 
coordinate chromatin spreading and silencing [88].

Another classical method is RNA affinity in tandem (RAT), which is also a 
highly efficient RNA tag-based method for affinity purification of endogenously 
assembled RNP complexes. It involves genetically tagging RNAs with affinity 
sequences like naturally occurring RNA sequences that strongly bind to bacterio-
phage MS2 viral coat protein or addition of RNA aptamer tags in tandem with the 
lncRNA of interest. This construct is expressed in cells, and further endogenously 
assembled RNPs from crude cell extract are obtained through RNA tag-based affin-
ity purification. Hogg and Collins developed this approach to purify 7SK lncRNA-
associated protein complexes using RNA hairpins that bind PP7 coat protein for the 
first time [89]. Similarly, other derivatives of this approach include the use of MS2 
repeats as tag in the lncRNA of interest, which is purified with the help of MS2 
binding coat protein [90, 91]. The advantage of this technique is that the tagged 
RNAs are transcribed in vivo; therefore, the association of different proteins with 
these transcripts occurs in a more favourable environment biochemically. The only 
disadvantage with this approach is that tagging RNAs with exogenous sequence 
might interfere with its endogenous structure and function.
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Cross-Linking Immunoprecipitation (CLIP)

CLIP, HITS-CLIP or CLIP-Seq is a method to identify RNA-protein interaction by 
cross-linking cells using UV light. In this process, using UV radiation, RNA-
protein complexes are covalently cross-linked in vivo at the site where proteins are 
in direct contact with RNA.  After cross-linking and immunoprecipitation using 
antibody against known protein, the immunoprecipitate is subjected to RNase 
treatment followed by proteinase K digestion and purification. Finally, the purified 
RNA fragments are adapter ligated and sequenced following the same procedures 
as RNA-Seq. Further, the reads obtained are mapped to the reference genome, and 
the binding sites of the respective protein on the total transcriptome are analysed. 
Therefore, this technique identifies the RNA footprint of protein-binding sites on 
the basis of the precise site of RNA-protein cross-linking. Guil et  al. used this 
method to detect and identify direct PRC2-RNA interactions in human cancer cells. 
They observed that the PRC2 core component Ezh2 binds to a large number of 
intronic RNA sequences and regulates the transcriptional output of its genomic 
counterpart. They further demonstrated that overexpression of Ezh2-bound intronic 
RNA for SMYD3, which is a H3K4 methyltransferase gene, leads to a concomitant 
increase in Ezh2 occupancy throughout the corresponding genomic fragment 
resulting in reduced levels of the endogenous transcript and protein [92]. One of 
the most interesting recent findings is the exon-intron circRNAs or ElciRNAs, 
which were discovered through RNA Pol II CLIP followed by RNA-Seq in human 
cells. This class of circRNAs with exons ‘circularized’ and introns retained between 
exons is associated with RNA pol II in the nucleus. They interact with U1 snRNP 
and promote transcription of their parental genes [93]. One of the limitations of 
HITS-CLIP is that it does not provide a quantitative or structural understanding of 
RNA-protein interfaces owing to its low resolution and inability to provide full-
length sequence.

Photoactivable ribonucleoside-enhanced cross-linking and immunoprecipita-
tion (PAR-CLIP) is a modified version of CLIP with improved cross-linking effi-
ciency and higher resolution mediated through photoreactive ribonucleoside 
analogs, 4-thiouridine (4SU) and 6-thioguanosine (6SG). The photoreactive analogs 
are applied to living cells that get incorporated in the newly synthesized RNAs and 
in response to cross-linking with UV lights, undergo a structural change and develop 
specific sequence mutations like T to C in 4SU and G to A in 6SG [94]. Using this 
approach, specific sites for RNA-binding proteins can be detected with greater reso-
lution. The presence of the modified ribonucleotides provides an internal control for 
the binding events. Using this approach, it was found that the RNA-binding protein 
AUF1 associated with highly U- and GU-rich regions in 3′ UTRs of mRNAs [95]. 
Combining PAR-CLIP with several high-throughput analyses, it was further 
revealed that AUF1 influences the steady-state levels of mRNAs and several 
lncRNAs. Similarly, in order to understand the regulation of PRC2-mediated depo-
sition of repressive H3K27me3 marks on specific genes before and during differen-
tiation in ESCs, Kaneko et al. reported that the catalytic subunit of PRC2, EZH2, 
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directly binds the 5′ region of nascent RNAs transcribed from a subset of gene 
promoters and this binding event correlates with decreased H3K27me3 [96].

CLIP can be considered to be a powerful tool for studying protein-RNA interac-
tions on a genome-wide scale when combined with high-throughput sequencing 
technologies. However, despite the high specificity, CLIP experiments often gener-
ate cDNA libraries of limited sequence complexity due to the restricted amount of 
co-purified RNA. It has also been seen that several cDNAs truncate prematurely at 
the cross-linked nucleotide, which are lost in further experimental steps.

A recently developed, finer version of this method, individual-nucleotide resolu-
tion CLIP (iCLIP), captures the truncated cDNAs by introducing an intramolecular 
DNA circularization step. The sequencing of truncated cDNAs provides information 
about the cross-link sites at nucleotide resolution. In this method, immunoprecipita-
tion is directly followed by proteinase K treatment leaving the only amino acids that 
are cross-linked to the binding site. Unlike CLIP, RNAs are not subjected to 5′ RNA 
adaptor ligation but instead undergo RT directly. During RT, amino acids bound to the 
RNAs truncate the cDNA synthesis at their binding sites. RNAs that are not bound 
with proteins get converted into read-through cDNAs. Amplification and sequencing 
of both types of cDNAs and their further comparison provide insights in determining 
protein-binding sites at single-nucleotide resolution [97]. The precision and sensitiv-
ity of this method to provide nucleotide resolution information were first demon-
strated by determining the positions within uridine tracts that cross-link to hnRNP-C 
and the positions downstream of 5′ splice sites that cross-link to cytotoxic granule-
associated RNA-binding proteins (TIA1 and TIAL1) [97, 98]. Although this method 
is highly sensitive, it is very difficult to identify a problem if a particular experiment 
fails due to a diverse range of enzymatic reactions and purification steps involved.

10.3.2.2  �RNA-Chromatin Interactions

It is established that lncRNAs can regulate gene expression through interactions 
with various chromatin-modifying complexes in order to alter chromatin at promot-
ers of specific genes, thereby affecting their transcriptional output. In many cases, 
lncRNAs act like scaffolds to bring various complexes together at specific chroma-
tin sites [83]. However, how lncRNAs target specific chromatin regions or globally 
where lncRNAs bind at chromatin, what are the protein complexes that mediate this 
interaction and how their structure imparts their functionality in chromatin interac-
tion, is still not completely understood. Specific lncRNAs have been observed to be 
physically located to chromatin regions at low resolution through hybridization 
techniques like DNA-RNA FISH.  However, this method cannot be used for all 
lncRNAs due to their variability in the expression levels. Moreover, this approach 
does not provide mechanistic insights into the lncRNA-chromatin interaction. 
Several technologies for understanding the association of lncRNAs with chromatin 
have emerged over recent years, which have been instrumental in uncovering the 
mechanism of action of lncRNAs (Figs. 10.4 and 10.5). However, these methods 
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rely on mapping interactions of a particular lncRNA and chromatin, and it is still not 
possible to map such interactions in a genome-wide context [99–101].

Chromatin Isolation by RNA Purification (ChIRP)

lncRNAs harbour less sequence conservancy, and majority of their functional inter-
actions with their partners is imparted by their conformational domains. Therefore, 
identifying the functional domains of lncRNAs might provide a common theme of 
action of a subset of lncRNAs or domain-based functional classification of lncRNAs. 
The methodologies discussed above focus on the lncRNA-protein interactions 
where the goal is to determine lncRNAs bound to a protein of interest. However, in 
cases when the protein complexes associated with a particular lncRNA are not 
known, ChIRP has been employed that can identify associations between an RNA 
of interest and chromatin [102]. This method uses RNA domain-specific, non-
overlapping, biotinylated antisense oligonucleotides to identify RNA-RNA interact-
ing domains, protein-binding domains and chromatin-associated domains for a 
lncRNA. In this process, macromolecular interactions are cross-linked with formal-
dehyde, nuclei isolated and lysed followed by sonication to generate smaller frag-
ments. The sonicated lysate is passed through streptavidin bead-bound biotinylated 
antisense oligonucleotides, which specifically recognize target lncRNA under strin-
gent hybridization condition to avoid non-specific interaction. To ensure high speci-
ficity and sensitivity for the target lncRNA, the tiled oligonucleotides are designed 
to cover the entire length of the sequence of lncRNA. The lncRNA-DNA-protein 
complexes are then washed and purified and further subjected to sequencing 
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platforms to identify genomic regions associated with lncRNAs. Proteins associated 
with the target lncRNAs can be analysed using immunoblotting or mass spectrom-
etry [88, 102]. Quinn et al. employed this technique to study the interaction of a 
Drosophila melanogaster-specific lncRNA, roX1, with MSL proteins, chromatin 
and CLAMP [103]. roX1 plays an essential role in X-chromosome dosage compen-
sation. dChIRP revealed a ‘three-fingered hand’ ribonucleoprotein topology, 
wherein each RNA finger binds chromatin and MSL protein complex and can indi-
vidually rescue male lethality in roX-null flies, thus defining a minimal RNA 
domain for chromosome-wide dosage compensation [103]. When compared with 
other techniques, dChIRP was able to enhance the RNA genomic localization signal 
by >20-fold indicating the high precision and sensitivity of this technique. This 
technique was also used to identify HOTAIR-associated DNA regions by Chu et al., 
where they demonstrated that HOTAIR commonly nucleates at GA-rich DNA 
regions [102]. Additionally, Xist lncRNA-associated 81 new proteins were also 
identified using this technique [88].
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RNA Antisense Purification (RAP)

This technique is almost similar to ChIRP and can be used to identify lncRNA-
associated genomic regions; however, the antisense oligonucleotide probes used are 
approximately 120 nt long that ensure high-affinity binding to the target lncRNA 
and a reduced signal-to-noise ratio [104]. In this process, a library of overlapping 
tilling probes (DNA or RNA oligos) is designed throughout the RNA and is bioti-
nylated. Macromolecular interactions are captured using in vivo cross-linking meth-
ods. Cells are lysed and cellular lysate are mixed with antisense probes. Hybridization 
is performed under the stringent conditions. Probes are designed to have maximum 
interactions and reduce non-specific binding. Further, entire mixture is passed 
through streptavidin affinity column to purify interacting complexes. Purified com-
plex might have all possible interacting partners (RNA-RNA, RNA-DNA, RNA-
protein). RAP can be further conjugated with high-throughput sequencing 
technology as well with tandem mass spectrometry (MS/MS) to find novel interact-
ing RNA or protein partners. Based on its conjugation with new technologies, RAP 
assays have several other variant names like RAP conjugated with RNA-Seq, and 
mass spectrometry is known as RAP-Seq and RAP-MS, respectively [105]. With the 
help of this technique, McHugh et al. were able to identify ten proteins that specifi-
cally associate with Xist, three of these proteins—SHARP, SAF-A and LBR—are 
required for Xist-mediated transcriptional silencing [106]. The precise binding of 
Xist RNA to X chromosome during its inactivation was identified using this tech-
nique in mouse ES cells [104]. Further, by using a time course RAP analysis com-
bined with three-dimensional chromatin conformation capture data, it was shown 
that X-chromosome inactivation is initiated at distal regions of the X chromosomes 
and gradually spreads from each contact point [107, 108].

Capture Hybridization Analysis of RNA Targets (CHART)

CHART is a method to experimentally identify chromatin-associated RNA similar 
to ChIRP or RAP [109]. This method uses short affinity-tagged oligonucleotides 
(C-oligos) around the region of potential open binding sites instead of covering the 
entire length of the target lncRNA. These are detected beforehand by hybridization 
of oligos and RNase H mapping. So, basically the lncRNA-protein- or lncRNA-
chromatin-associated regions are inaccessible to the C-oligos, and they will only 
bind to open regions and will be further subjected to RNase H digestion. In this 
process, first RNA-binding sites on chromatin are identified either from computa-
tion prediction or from high-throughput RNA-DNA pull-down experiments. RNA-
chromatin interactions are UV cross-linked in vivo and cells are lysed. Cross-linked 
chromatin-associated RNA complexes are sonicated and fragmented into smaller 
fragments and passed through streptavidin bead-bound biotinylated antisense oligo-
nucleotides of about 22–28 nt length (C-oligo-linker-biotin). Purified complex is 
treated with RNase H. RNase H unwinds RNA-DNA hybrid and separates them. 
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RNA, DNA and associated proteins are isolated and can be analysed separately 
using qRT-PCR, reverse cross-linking and Western blotting, respectively [109, 110]. 
This technique was used to identify genome-wide localization of a well-known 
lncRNA-roX2, which is involved in dosage compensation in D. melanogaster. The 
CHART analysis demonstrated the binding of roX2 to specific genomic sites that 
overlap with the binding sites of protein from the male-specific lethal complex that 
affects dosage compensation [109]. CHART-Seq was employed to map the Xist-
binding sites on the X chromosome throughout the development. With the help of 
this technique, it was observed that during X-chromosome inactivation in the female 
cells, Xist functions in a two-step mechanism. First, it targets gene-rich islands and 
then spreads to the intervening gene-poor regions [111]. In another study, CHART 
pointed out the extensive genomic binding of NEAT1 and MALAT1 around hun-
dreds of genomic sites. Also, both the lncRNAs showed co-localization at most of 
the loci, but exhibited dissimilar binding patterns, implying independent but balanc-
ing roles [112].

10.3.2.3  �Interaction: RNA-RNA

RNA-RNA interactions could be direct or indirect via several accessory-bridging 
proteins. The functional role played by directly interacting RNA is different from 
the indirectly interacting RNAs. The direct RNA-RNA interactions are mediated 
through base pairing, like miRNA-mRNA interactions or mRNA-lncRNA sense-
antisense interactions. The indirect interactions are mediated through protein inter-
mediates. Several lncRNAs have been found to be associated with RNA processing 
factors [21, 113, 114], which suggests that these lncRNAs might target other RNAs 
in order to regulate them post-transcriptionally.

RAP-RNA

Several modifications of cross-linking and affinity capture techniques have been 
utilized to detect RNA-RNA interactions. By using different cross-linking methods, 
direct and indirect interactions between transcripts can be detected. For example, by 
utilizing the cross-linker 4′aminomethyltrioxalen (AMT), which generates specific 
uridine bases cross-links, RNAs that bind directly to each other without a protein 
intermediate could be captured [105]. On the other hand, using formaldehyde, 
RNA-protein interactions can be cross-linked allowing the capture of additional 
RNA species that bind to the target RNA in an indirect fashion. Similarly, combin-
ing formaldehyde along with disuccinimidylglutarate leads to stronger cross-links 
between proteins and allows the capture of RNAs bound to multiple protein inter-
mediates in larger complexes. Cross-linking is followed by sonication and protein 
digestion and, finally, captured with biotinylated antisense oligonucleotides and 
sequencing. Engreitz et al. developed this method to systematically map RNA-RNA 
interactions using two lncRNAs U1 snRNA and MALAT1 as targets. Using 
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different cross-linking strategies, they demonstrated that U1 RNA directly binds to 
5′ splice sites and 5′ splice site motifs throughout introns and confirmed that 
MALAT1 interacts with pre-mRNAs indirectly through protein intermediates. 
These interactions with nascent pre-mRNAs cause U1 and MALAT1 to localize 
proximally to chromatin at active genes [105].

Cross-Linking, Ligation and Sequencing of Hybrids (CLASH)

CLASH is an in vivo technique to identify RNA-RNA interactions globally. In this 
experiment, cellular RNA-protein interactome is cross-linked in vivo using UV irra-
diation (254 nm), and interacting RNA-RNA complexes are pulled under denatur-
ing condition by an affinity-tagged protein (which binds to either of them) using 
affinity chromatography. Limited RNase A/T1 is used for trimming RNA-RNA 
hybrids. Trimmed ends are prepared for ligation using T4 PNK (5′ phosphoryla-
tion). Hybrid RNAs are ligated to form chimeric guide (RNA1)-target (RNA2) mol-
ecules. Samples are treated with proteinase K and RNA is isolated. Further, RNA 
samples are prepared for RNA-Seq experiment. Reads obtained from RNA-Seq are 
mapped back to genome, and individual chimeric RNA is separated into individual 
RNA. Individual RNA obtained from a chimeric reads are considered to be interact-
ing RNAs. The main advantages of CLASH are it is an in vivo method therefore and 
kinetics of RNA-RNA interaction can be analysed by limiting UV cross-linking 
timing. RNA-RNA hybrids are pulled under the denaturing condition that denatures 
many other proteins, thereby increasing signal-to-noise ratio [115]. Identification of 
novel snoRNA-rRNA interactions in yeast was possible due to this technique [116]. 
Helwak et al. applied this technique to study the human miRNA interactome associ-
ated with AGO1. The CLASH analysis, in an unbiased manner, helped in uncover-
ing the occurrence of seed and non-seed miRNA-target interaction [117]. This 
technique has not still been used to map transcriptomes for lncRNA interactions due 
to the low ligation rate of RNAs, which appears to be the limiting step.

10.3.3  �Identification of lncRNAs Associated  
with Translation Machinery

The fact that lncRNAs share highly similar features with mRNAs has always cre-
ated a possibility to investigate whether lncRNAs are truly non-coding in nature and 
that no viable protein product could result from lncRNAs. Moreover, the observa-
tion of lncRNAs being associated with ribosome subunits further created a doubt as 
to if lncRNAs are truly non-coding in nature, then why do they associate with the 
translation machinery?

Ribosome profiling: Ribosome profiling is a method that enables global transla-
tional analysis and allows for the visualization of direct binding of transcripts to 
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ribosomes by exactly demarking the ORF boundary within a transcript using ribo-
some footprints (Fig. 10.6) [118]. Ribosome footprints are the regions (around 30 nt) 
of a transcript that are protected by translating ribosomes upon nuclease treatment. In 
this process, translating RNA-ribosome interactions are stabilized with cyclohexi-
mide treatment followed by digestion of free RNAs that are not engaged by ribo-
somes. The ribosome-protected RNA fragments, as ribosome footprints are further 
sedimented through a sucrose gradient based on size and density. Finally, the RNA 
fragments are sequenced. Ribosome profiling shows precisely where ribosomes are 
occupied on the mRNA and which open reading frames are translated. It gives an 
accurate average number of ribosomes occupied on single RNA (ribosome occu-
pancy) [118, 119]. The drawback of this methodology is that the ribosome footprints 
are short fragments, which results in mapping the accuracy extremely difficult. 
Additionally, due to the size limitation of the footprints, it is difficult to exclude RNA 
fragments protected by proteins other than ribosomal proteins. In a few studies, sev-
eral lncRNAs have also been found associated with ribosomes and observed to be 
encoding short peptides [120, 121]. However, it was later shown that the association 
of lncRNAs with ribosomes is comparable to that of 5′ UTRs of protein-coding genes 
[122] suggesting that mere occupancy of ribosomes to any RNA does not imply its 
translation. For example, the antisense RNA of Uchl1 interacts with its sense counter-
part to enhance its translational rate by directing it to the polysomal fraction. Therefore, 
the association of several lncRNAs with polysomes does not necessarily implicate 
their ongoing translation; it could also suggest that they might regulate translation. 
However, the exact mechanism and the relevance of this association is still not under-
stood. One of the studies supporting this argument was done by FANTOM3, where it 
was observed that many lncRNAs produced short ORFs; however, the peptides pro-
duced through these ORFs were without biologically active structures [3]. This sug-
gests that even if lncRNAs may encode some peptides, the likelihood of them having 
biological functions is debatable. In contrast to this, there have been a few studies 
highlighting the existence of functional peptides encoded by RNAs otherwise thought 
to be non-coding. For example, a muscle-specific lncRNA was found to encode a 
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Fig. 10.6  Schematic representation of ribosome profiling and TRAP assay
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highly conserved small peptide myoregulin (MLN), which act as a dominant negative 
regulator of the calcium pump SERCA in the sarcoplasmic reticulum [123].

Translating Ribosome Affinity Purification (TRAP): TRAP is a method for iden-
tifying translation rate of transcripts in cell-type-specific manner from a complex 
tissue. In this process, larger subunit of ribosomes L10a is tagged by enhanced 
green fluorescent protein (EGFP) expressed using cell-type-specific regulatory ele-
ments. Translating transcripts are halted using Cycloheximide treatment and cells 
are lysed (Fig. 10.6). EGFP-ribosome associated transcripts are pulled down using 
anti-GFP antibodies. Alternatively, cells can be sorted manually or using FACS, 
then RNA is isolated. Further, expression of transcript can be measured using 
Northern blotting, qRT-PCR, microarray or RNA-Seq [124]. An extensive and thor-
ough analysis of the proteome and transcriptome of embryonic brain and kidneys 
revealed that 85 previously thought ncRNAs from the brain and 60 from the kidney 
were indeed translated suggesting the importance of the approach towards assigning 
a non-coding function to a potentially coding RNA [125].

10.4  �Secondary Structure of lncRNA

To understand the function of lncRNAs, it is important to identify their secondary 
and tertiary structures because the specific interactions of lncRNAs with their pro-
tein partners or chromatin are not only dictated by their sequences but also by their 
conformations imparted by their structures [126]. Computational prediction to 
determine the secondary structure of lncRNAs is never successful because of the 
limitation of these approaches with the length of the transcripts. For example, a 
lncRNA of around 2.0 kb can have up to 10,000 possible secondary structures [127], 
suggesting that these calculations are practically difficult not only on a global scale 
but even at the level of an individual RNA.  Recently, several genome-wide 
approaches, using either chemical probing to acylate flexible RNA bases or specific 
enzymes to cleave structured and unstructured regions of RNAs, have been intro-
duced for identification of RNA secondary structures [14].

Fragment Sequencing (Frag-Seq) Technology: At a particular time, only a hand-
ful of RNA structures can be deduced using classical RNA structure determination. 
Frag-Seq technology uses combination of high-throughput sequencing technology 
and computation algorithms for global mapping of ssRNA regions in thousands of 
RNAs. Due to its high-throughput nature, it has extensively been used for determin-
ing lncRNAs structures and conformational changes. In this process, cells are 
treated with stimuli, and RNAs are isolated followed by limited treatment with P1 
endonuclease, which preferentially digests single-stranded regions of RNA and 
DNA.  RNA fragments are resolved and size fractionated on Bioanalyzer. 
Endonuclease removes 5′ phosphate and 3′ OH; therefore, it is being added chemi-
cally using polynucleotide kinase (PNK) and ATP. Size-selected RNAs (20–200 nt) 
are ligated with 5′ and 3′ universal sequencing adapters and reverse transcribed to 
form cDNA. cDNA are PCR amplified using universal primer-specific barcodes and 
sequenced using high-throughput sequencing technology. Sequencing reads are 
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mapped to the corresponding genome sequence and compared between two condi-
tions. Reads aligned to genomic coordinates corresponding to RNA of interest are 
calculated and cutting scores are assigned. A cutting score is a numerical value that 
depicts preferential P1 endonuclease activity. Higher cutting score corresponds to 
high probability of single-stranded region. P1 endonuclease is thermostable thereby; 
it is being used for determination of temperature-dependent conformation change in 
the RNA structure. Using this technique, the presence of single-stranded regions of 
previously studied ncRNAs has been identified [15]. Additionally, the structure of 
U15b C/D box snoRNA was also determined using Frag-Seq technology. Although 
Frag-Seq is a powerful tool for a genome-wide prediction, the major limitation is 
that it does not generate uniform size transcript that creates problems during calcu-
lation of transcript abundance and splice variant characterization [15].

Dimethyl Sulphate (DMS)-Seq: In vitro RNA structure determination does not 
account for the presence of various RNA-binding proteins (RBPs). Therefore, 
in vivo methods of RNA structure determination are required. Dimethyl sulphate 
(DMS)-Seq is an in  vivo high-throughput method for determining conformation 
changes in the RNA structure. DMS enters into the cells rapidly and binds only with 
unpaired bases (ssRNA). Binding of DMS to adenine (A) or cytosine (C) blocks 
reverse transcriptase resulting in premature cDNA formation. Initially cells are 
grown at various conditions to determine conformation of the RNA. Cells are treated 
with DMS, RNAs are isolated, size is fractionated before adapter ligation (60–
70 nt), and sequencing adapter is ligated at both ends and reverse transcribed. DMS 
bound to adenine and cytosine prematurely aborts reverse transcription; therefore, 
cDNA is again size selected. These fragments are ligated to form a circularized 
RNA, amplified and sequenced using RNA-Seq. Reads mapped to genome contain-
ing modified adenine and cytosine are calculated and called as DMS signals. The 
advantage of this method is that it is robust and reproducible and has less signal-to-
noise ratio. This technique was employed to review yeast and mammalian mRNAs, 
which were in accord with the well-studied mRNA structures. In addition, the tech-
nique suggested that as compared to the in vitro conditions, the rapidly dividing 
cells harbour limited structured mRNA under in vivo conditions [16].

Parallel Analysis of RNA Structure (PARS): PARS is another global approach 
for RNA structure determination at high resolution like Frag-Seq; however, it dif-
fers with Frag-Seq as to how the transcript folding is mapped [128]. In this pro-
cess, RNA is isolated, and samples are enriched for mRNA or non-coding RNA 
and digested with RNase VI and S1 nuclease. RNase VI and S1 nuclease digest 
RNA at single-stranded and double-stranded region, respectively. Further these 
larger fragments are randomly fragmented into smaller fragments, adapters are 
ligated and converted into cDNA, and PCR is amplified and sequenced using par-
allel high-throughput sequencing technologies. The reads are mapped back to 
their respective genome and PARS score are calculated. PARS score is the fre-
quency of digestion at each nucleotide by RNase VI and S1 nuclease separately. 
These two PARS scores are compared throughout the genome and plotted to 
demark various secondary structure profiles of the transcriptome. High PARS 
score is inferred as highly structured region and low PARS score is unstructured 
region. In an open reading frame (ORF), start and stop codon tends to have lower 
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PARS score as compared to other regions. 5′ and 3′ UTRs also tend to have lower 
PARS score which suggests that these regions are less structured or unstructured, 
further providing clues that these regions are more accessible for RNA-Protein, 
RNA-RNA and RNA-DNA interactions. In this way RNA secondary structure 
demarcation helps in determining coding nature of the transcripts and also sepa-
rates non-coding RNAs. The major disadvantage associated with this technique is 
that low abundant transcripts are barely detectable. PARS is an in vitro method; 
therefore, the role of RNA-binding proteins (RBPs) and various cellular stimuli 
that changes RNA secondary structure has not been accounted. It is evident from 
the various PARS experimental analyses that it fails to correctly determine sec-
ondary structure profile of most of physiologically regulatory RNAs like 18sRNA 
and tRNAs [17].

Selective 2′-Hydroxyl Acylation Analysed by Primer Extension (SHAPE): RNAs 
have an intrinsic propensity to form unique structures, and these structures play a 
key role in RNA regulatory mechanisms. SHAPE is an in vitro chemical probing 
method for the determination of RNA secondary structure, which employs an elec-
trophilic agent (NMIA) to acylate the nucleophilic 2′-OH group of the RNA nucleo-
tides yielding a 2′-O-adduct without being influenced by the base identity. In 
principle, the nucleophilicity of the 2′-OH group is affected by the adjoining 
3′-phosphodiester group. As compared to the conformationally constrained nucleo-
tides, the flexible nucleotides show a higher propensity to form a stable 2′-O-adduct. 
After the completion of the acylation reaction, the treated RNA is reverse tran-
scribed by priming it with an end-labelled cDNA. The modified sites in the treated 
RNA stop the primer extension, which is then determined by high-resolution gel 
electrophoresis, thus facilitating the determination of the local RNA backbone flex-
ibility [129]. This technique was utilized to determine the secondary structure of 
one of the most studied lncRNA-HOTAIR, suggesting that HOTAIR forms four 
independent structural domains with two of them to be the predicted protein-binding 
domains [130]. icSHAPE is a modified version of SHAPE (selective 2′-hydroxyl 
acylation analysed by primer extension) which catches the secondary structures of 
RNAs at a transcriptome-wide level in a living cell for all four bases. In icSHAPE, 
the previously used SHAPE reagent—2-methylnicotinic acid imidazolide (NAI)—
is modified to NAI-N3 by the addition of an azide group, rendering it suitable for 
probing RNA structure in vivo. The azide group is important for ‘click’ of biotin 
moiety to SHAPE reagent, facilitating the purification of the NAI-N3-modified 
RNA via streptavidin beads. The end result is the increased signal-to-noise ratio in 
sequence analysis of the modified RNAs. Methodologically, the cells are given a 
treatment of the icSHAPE reagent—NAI-N3—which leads to in vivo acetylation of 
flexible RNA nucleobases throughout the transcriptome. The modified (and mock-
modified) RNA is isolated, and further ‘click’ reactions add DIBO-biotin to the 
modified RNAs. The purified RNA is then fragmented and this is followed by the 
synthesis of cDNA. The reverse transcriptase reaction ‘reads out’ the NAI-N3 modi-
fication; subsequently only NAI-N3-modified molecules are selectively isolated and 
sequenced. With the help of computational analysis, flexibility scores are calculated 
for each base throughout the RNA population [18].
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10.5  �Bioinformatics Tools for Studying lncRNA Function

The advancement in various transcriptomic approaches and high-throughput 
sequencing technologies has facilitated the fast accumulation of a large amount of 
lncRNA dataset. Novel computing tools and information resources are required to 
enable the generation of new hypotheses about lncRNA functions and their associa-
tion with different disease phenotypes, which would greatly facilitate the unmet 
knowledge discovery needs of the research community. For the identification and 
characterization of lncRNAs in genomic studies, multiple high-quality resources of 
annotations are required which can also computationally predict relevant associa-
tions. For example, the Cancer Genome Atlas (TCGA) data analysis identified 
potentially clinically relevant non-coding transcripts. This comprehensive dataset 
explains the association of specific lncRNA expression with patient survival, copy 
number alteration or histological subgrouping in various cancers [131]. In continu-
ation, several databases have emerged that compile and integrate different types of 
lncRNA-related information [132]. Since the evaluation, usages, applications and 
key features of all the relevant resources and bioinformatics tools are beyond the 
scope of this review, we describe a few relevant resources in Table 10.2.

Table 10.2  Resources/databases for lncRNA studies

S. no. Database Website/link Application References

01 LNCipedia http://www.
lncipedia.org/

It provides information of structure, 
protein-coding potential, microRNA-
binding site and secondary structure 
of lncRNAs

[174, 175]

02 lncRNAdb http://lncrnadb.
com/

This database contains information of 
RNA related to nucleotide sequence, 
genomic context, gene expression 
data derived from the Illumina Body 
Atlas, structural information, 
subcellular localization, conservation, 
function with referenced literature

[176, 177]

03 starBase http://starbase.
sysu.edu.cn/

This database contains information 
related to Pan-Cancer and Interaction 
Networks of lncRNAs, miRNAs, 
competing endogenous 
RNAs(ceRNAs), RNA-binding 
proteins (RBPs) and mRNAs from 
large-scale CLIP-Seq (HITS-CLIP, 
PAR-CLIP, iCLIP, CLASH) data and 
tumour samples. It also provides 
information related to protein-
lncRNA, miRNA-lncRNA, miRNA-
mRNA, miRNA-sncRNA, 
protein-sncRNA, protein-mRNA, 
protein-pseudogene, miRNA-
circRNA, miRNA-pseudogene 
interactions and ceRNA networks 
from 108 CLIP-Seq (HITS-CLIP, 
PAR-CLIP, iCLIP, CLASH) datasets

[178, 179]

(continued)
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Table 10.2  (continued)

S. no. Database Website/link Application References

04 miRCode http://www.
mircode.org/

This database is useful in microRNA 
target prediction based on 
GENCODE annotation

[180]

05 TargetScan http://www.
targetscan.org/

This database predicts the microRNA 
target sites by presence of 8mer, 7mer 
and 6mer that match the seed region 
of each miRNA

[181]

06 Ensembl http://www.
ensembl.org/
index.html

This browser includes the BLAST/
BLAT BioMart and VEP tools. This 
database is helpful in comparative 
genomics, evolution, sequence 
variation and transcriptional 
regulation

[182–184]

07 CLIPdb http://lulab.life.
tsinghua.edu.
cn/clipdb/

It contains large data by integrating 
data from CLIP-Seq which helps to 
characterize the regulatory network 
between RNA-binding proteins and 
various RNA transcripts

[185, 186]

08 PARma https://drupal.
bio.ifi.lmu.de/
PARma/

This is complete data analysis 
software for AGO-PAR-CLIP 
experiments to identify the target site 
of miRNA as well as microRNA 
binding to these sites

[187]

09 lncRNAtor http://lncrnator.
ewha.ac.kr/
index.htm

It contains data collected from 
TCGA, GEO, ENCODE and 
modENCODE. It contains 
information related to expression 
profile, interacting (binding) protein, 
integrated sequence curation, 
evolutionary scores and coding 
potential

[188]

10 NONCODE http://www.
noncode.org/

This contains large data which 
provides details on annotation of 
lncRNA

[189, 190]

12 lnCeDB http://
gyanxet-beta.
com/lncedb/
index.php

This database provides information of 
lncRNA which can act as ceRNAs

[191]

10.6  �Discussion/Perspective

The biggest contribution of the post-genomic deep-sequencing technologies has been 
the revelation that the majority of the cellular transcriptome contributes to diverse 
types of ncRNAs. Among this group, lncRNAs emerged as subjects undergoing 
intense study due to the possibility of them being the key regulators employing mul-
tiple mechanisms to regulate mammalian homeostasis and development. Several 
thousand lncRNAs have been discovered till date and the list is still getting updated. 
This is because of the rapid development of the biochemical toolkit for the lncRNA 
research and the technological breakthroughs. However, the functional 
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characterization of lncRNAs has remained challenging because of the diversity in 
their occurrence and association with cellular function and partly because of the short-
age of genome-scale experimental techniques. The continuous increase in the discov-
ery of newer lncRNAs also presents a challenge in terms of definition and annotation. 
This also requires more and more comprehensive transcriptome analyses and tran-
script assemblies. One of the ways to categorize functional lncRNAs from the list of 
thousands discovered is to divide them into different classes based on their molecular 
signatures and characteristics shared with already characterized lncRNAs. However, 
there is a long road ahead that will require a more comprehensive understanding of the 
molecular mechanisms of action and in vivo functions of most of them. Having said 
that, technological breakthroughs are occurring simultaneously, for example, newer 
imaging methods with unparalleled resolution and sensitivity, genome-scale high-
throughput biochemical methods, gene knockout studies and, most importantly, 
update on newer and refined software for bioinformatics analyses. Finally, the conver-
gence of cutting-edge methods from interdisciplinary areas to resolve the true in vivo 
functions of these enigmatic transcripts is creating tremendous synergy; however, the 
strengths and weaknesses of available technologies need to be acknowledged.
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