Chapter 1
Transcriptional and Posttranscriptional
Programming by Long Noncoding RNAs

Radha Raman Pandey and Chandrasekhar Kanduri

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

1.1 Introduction

A major portion of the eukaryotic genome is occupied by DNA sequences, whose
transcripts do not code for proteins. It has been proposed that the size of the
noncoding portion of the genome is linked to the development of complex organ-
isms (Mattick 2004; Taft et al. 2007), as the protein-coding portion of the genome,
by and large, has remained constant while the noncoding portion has grown
significantly during the evolution of more complex organisms from simpler life-
forms (Mattick 2004). This hypothesis indicates that these sequences are not “junk”
but perhaps play a major role in the generation of organismal complexity. In the
initial attempt to define the mouse transcriptome by sequencing of mouse full-
length cDNA clones, it was found that the majority of the nonprotein-coding DNA
region is transcribed but produces RNA with little or no protein-coding potential
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(Okazaki et al. 2002; Carninci et al. 2005). Moreover, the development of new
highly sensitive and ultra high-throughput techniques such as second generation
sequencing in combination with preexisting classical molecular biology techniques
such as CAGE (Cap Analysis of Gene Expression) (Shiraki et al. 2003), 5" and 3’
SAGE (Serial Analysis of Gene Expression) (Velculescu et al. 1995), ASSAGE
(Asymmetric Strand-specific Analysis of Gene Expression) (He et al. 2008), and
GRO (Global Run On Analysis) (Core et al. 2008) have provided us with a detailed
overview of the extent of transcription in eukaryotes (Nagalakshmi et al. 2008). The
results were surprising in that most of the eukaryotic genome is transcribed and
produces a plethora of noncoding RNA (ncRNA) species during various stages of
cellular differentiation (Kapranov et al. 2007a, b and references therein; Birney
et al. 2007).

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

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

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

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

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

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

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

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

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

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

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

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

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

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

1.3 Transcriptional Silencing by Noncoding Transcription
via Transcriptional Interference

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

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

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

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

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

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

1.4 Heritable Epigenetic Gene Inactivation via Noncoding
Transcription

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Epigenetic gene activation by IncRNAs is also implicated in the regulation of
Hox genes during the primitive streak phase of embryoid body (EB) differentiation
in mice (Dinger et al. 2008). Evxlas and Hoxb5/6as IncRNAs show concordant
expression with the Evx/ and Hox5/6 genes, respectively. The Evxlas and Hoxb5/
6as IncRNAs are enriched in the active chromatin compartment (H3K4me3) and
also interact with MLL1 (a histone methyltransferase responsible for H3K4me3
methylation), which suggests that these IncRNAs activate flanking genes through
the establishment of active chromatin structures (Fig. 1.3) (Dinger et al. 2008).



1 Transcriptional and Posttranscriptional Programming by Long Noncoding RNAs 17

%% Activating histone di- - Target mRNA TSS
and it- mahaiation I—b Moncoding RNATSS I—’ g

Fig. 1.3 Epigenetic gene activation through the targeting of activator complexes to the gene
regulatory regions. Intergenic IncRNAs have been shown to associate with H3K4me3 histone
methylatransferases such as ASHI1 in Drosophila, and MLL1 in mammals, and target them to the
promoters of nearby genes to activate their transcription through establishing active chromatin marks

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

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

1.7 Transcriptional Regulation of Heat Shock Response
by IncRNAs

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

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

1.8 LncRNAs Regulate Transcription by Modulating Protein
Activity

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

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

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

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

1.9 LncRNAs Regulates mRNA Splicing, Stability,
and Translation

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

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

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

1.10 Conclusions and Future Perspectives

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

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