Chapter 2
The Working Modules of Long Noncoding
RNAs in Cancer Cells

Ling Li and Xu Song

Abstract It is clear that RNA is more than just a messenger between gene and
protein. The mammalian genome is pervasively transcribed, giving rise to tens of
thousands of noncoding transcripts, especially long noncoding RNAs (IncRNAs).
Whether all of these large transcripts are functional remains to be elucidated, but it
is evident that there are many IncRNAs that seem not to be the “noise” of the tran-
scriptome. Recent studies have set out to decode the regulatory role and functional
diversity of IncRNAs in human physiological and pathological processes, and accu-
mulating evidence suggests that most of the functional IncRNAs achieve their bio-
logical functions by controlling gene expression. In this chapter, we will organize
these studies to provide a detailed description of the involvement of IncRNAs in the
major steps of gene expression that include epigenetic regulation, RNA transcrip-
tion, posttranscriptional RNA processing, protein translation, and posttranslational
protein modification and highlight the molecular mechanisms through which
IncRNAs function, involving the interactions between IncRNAs and other biologi-
cal macromolecules.
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2.1 Introduction

A large range of biological processes involved in cancer progression, such as cell
differentiation, proliferation, apoptosis, and metastasis, are widely reported to be
associated with long noncoding RNAs (IncRNAs), which are thought to work in cis
on neighboring genes or in trans to regulate distantly located genes or molecular
targets in the nucleus and cytoplasm. It has been clear that IncRNAs can function
through quite diverse mechanisms and that their interaction with DNA, RNA, or
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protein is a well-established action mode [1]. On the basis of the intermolecular
interactions, most of the characterized IncRNAs are shown to function in gene
expression control by acting as decoys, guides, or scaffolds [2, 3]. The “guiding”
IncRNAs, like Kenqlotl [4] and lincRNA-p21 [5], are associated with chromatin
regulatory protein complexes or transcriptional co-regulators and recruit them to
specific genomic DNA regions to regulate transcription; “decoying” IncRNAs, such
as GASS [6], Lethe [7], and PANDA [8], mimic and compete with their consensus
DNA-binding motifs for binding nuclear receptors or transcriptional factors in the
nuclei; “scaffolding” IncRNAs, including HOTAIR [9], XIST [10], and NRON [11],
bring specific regulatory proteins into proximity with each other to function as a
unique complex. Furthermore, many IncRNAs are exclusively expressed in specific
stages of tissue differentiation and development or present apparent cell-type-
specific expression patterns and distinct subcellular localization [12, 13]. Although
some of such IncRNAs are merely by-products of transcription that don’t possess
any regulatory function, they can faithfully reflect the action of gene expression or
activation of signaling pathway and therefore act as “signaling” molecules [3].

Altogether, the current studies suggest that IncRNAs could be involved in almost
each step of gene expression, such as epigenetic regulation, RNA transcription,
posttranscriptional RNA processing, protein translation, and posttranslational pro-
tein modification, through in cis or in trans manner, and the dysregulation of
IncRNAs could cause broad changes in cell signaling pathways.

2.2 Epigenetic Regulation

2.2.1 IncRNAs Involved in Histone Modification

Epigenetic regulation of gene expression, which is characterized as the altered
transcription without any change in gene sequence, is generally reported to play
roles in organism development as well as in tumorigenesis. Recently, the involvement
of IncRNAs in epigenetic regulation has been widely documented. Kcnqlotl, a
nuclear-retained IncRNA with the length of 91.5 kb, is transcribed by RNA
polymerase II (RNAPII) from the intron 10 of Kcnql gene in an antisense orientation
to Kenql [14]. Kenqlotl was first found to be associated with the lineage-specific
silencing of dozens of genes within the Kcnql locus [14, 15], and the subsequent
studies further indicated that its silencing effect was achieved by the interactions
with chromatin and with the H3K9- and H3K27-specific histone methyltransferases
G9a and polycomb repressive complex 2 (PRC2) [4]. HOTAIR and Air are the other
two well-characterized IncRNAs involved in chromatin remodeling, which exert
function through a similar fashion, including accumulation at the chromatin regions
of silenced genes and the subsequent mediation of repressive histone modification
through recruiting specific histone modifiers such as G9a, PRCI1, and PRC2 [9,
16-18].
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2.2.2 IncRNAs Involved in DNA Methylation

Although interaction with histone modifiers is a major mechanism through which
IncRNAs function in epigenetic regulation, some IncRNAs are also implicated in
establishment and maintenance of DNA methylation patterns. DNA methylation is
mediated by the members of the DNA methyltransferase (DNMT) family,
conventionally classified as de novo (DNMT3a and DNMT3b) and maintenance
(DNMT1) DNMTs. The ecCEBPA represents one of the IncRNAs that modulate
DNA methylation by interacting with DNMT1, which functions as a decoying
transcript to sequestrate DNMT1, resulting in prevention of CEBPA gene locus
methylation [19]. The best characterized DNMT3a- and DNMT3b-binding IncRNA
is Dum, which recruits both de novo methylation and maintenance DNMTs to
silence its neighboring gene in cis [20].

Interestingly, some IncRNAs, especially the antisense IncRNAs, have been
identified to simultaneously mediate DNA and histone modifications at the loci of
silenced genes [21]. TMS1/ASC is a tumor suppressor gene that encodes a pro-
apoptotic signaling factor operating in the intrinsic and extrinsic cell death pathways
[22]. TMS1/ASC was originally identified as a downstream target of DNA
methyltransferase-1 (DNMT1), and subsequent studies further showed that it was
subjected to the hypermethylation-mediated epigenetic silencing in a wide range of
human tumors [23-27]. In addition to DNA methylation, the inactivation of TMS1/
ASC is also controlled by certain other epigenetic events such as the G9a-mediated
histone H3K9 methylation [28], which is commonly linked to the methylation of
nearby CpG sites [29, 30]. Biochemical interactions between DNA and histone
methyltransferases were thought to provide a molecular explanation, at least in part,
for the combinatorial pattern of DNA and histone modifications in chromatin [29—
32]. In a recent study, an antisense IncRNA of TMS1/ASC, termed TMS1AS, was
further revealed to regulate outputs of its sense counterpart by interacting with the
DNMT1/G9a complex and aiding in recruitment of the complex to the sense
promoter (see Fig. 2.1). This interesting finding not only highlighted the significant
involvement of IncRNAs in epigenetic regulation of gene expression but also
revealed a potential crosstalk between DNA methylation and histone modification
established by IncRNA. Kcnqlotl is another example of such antisense IncRNAs.
In addition to its role in regulating histone modification, Kcnqlot1 was also reported
to be required for the silencing of ubiquitously imprinted genes (UIGs) through
guiding and maintaining the CpG methylation at methylated regions flanking the
UIGs [33].
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Fig.2.1 TMSI1AS regulates TMS1/ASC at the epigenetic level. Upon being transcribed, TMS1AS
can act in cis to recruit the chromatin repressor proteins DNMT1 and G9a to TMS1/ASC
promoter

2.2.3 Correlation Between the Sense and Antisense Transcripts

The antisense IncRNAs described above represent guiding transcripts that modulate
their sense counterparts negatively. However, sense-antisense pairs are frequently
revealed to express in a concordant manner [34, 35]. TARID is one of the antisense
IncRNAs that positively correlate with their sense counterparts. The underlying
mechanism implicates its simultaneous association with sense promoter and the
regulator of DNA demethylation GADDA45A, which in turn recruits thymine-DNA
glycosylase along with members of TET family to induce sense promoter
demethylation [36]. Thus, it can be speculated that although many antisense
IncRNAs regulate their sense counterparts through a general mechanism serving as
a genomic address label for specific epigenetic modification enzymes, they may
exert completely opposite effect on gene expression on the basis of property of the
associated enzyme partner.

Certainly, certain IncRNAs involved in epigenetic regulation also possess the abil-
ity to control multiple targets in addition to their sense counterparts. It has been spec-
ulated that IncRNAs recruit epigenetic modification complexes by binding to target
sites through three mechanisms: tethering to its nascent transcription locus, directly
hybridizing to genomic targets, or interacting with a DNA-binding protein [37].

2.3 RNA Transcription

Transcription is a tightly regulated process in eukaryotes. In addition to the well-
known protein factors such as RNAP, general transcriptional factors, and gene-
specific transcriptional factors, it is also suggested that ncRNAs, which include
small ncRNAs and IncRNAs, exert regulatory functions in the complicated network
to make gene expression more symphonic. Thus, a current central issue is to obtain
a full understanding of the potential role of IncRNAs in regulated gene transcription
programs, possibly through diverse mechanisms.
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2.3.1 Role of NcRNAs in Controlling Initiation
and Elongation of Transcription

The expression of protein-coding genes in mammalian genomes begins with the
assembly of the preinitiation complex (PIC) that brings RNAP II to gene promoters.
Following this step, Ul snRNA can induce transcriptional initiation by specifically
binding to and stimulating TFIIH to phosphorylate the C-terminal domain of RNAP
II [38]. However, after transcriptional initiation and promoter clearance, RNAP I is
frequently paused near the transcription start site on numerous genes, and the
regulation of RNAP II pause release has been recognized as a critical step in
activation of gene transcription [39].

The transition of RNAP II to productive elongation requires active recruitment of
P-TEFb, a cyclin-dependent kinase responsible for phosphorylation of the
C-terminal domain of RNAP II and other key transcription elongation factors. The
7SK RNA is able to repress transcription elongation by, in combination with
HEXIM1/2, forming an inactive complex that sequesters P-TEFb and then prevents
its active recruitment [40, 41]. The SR-splicing factor SRSF2 is a newly identified
component of 7SK complex assembled at gene promoters. Upon its binding to
promoter-associated nascent RNA, SRSF2 can mediate the switch of P-TEFb from
the 7SK complex to RNAP II, making the paused transcription elongation reactive
[42].

2.3.2 IncRNAs Regulate Transcription of Specific Genes

Through recruiting and modulating the activities of co-regulators, IncRNAs may act
as selective ligands to prevent the transcription of target genes. DNA damage has
been reported to induce the production of several IncRNAs from the 5’ regulatory
region of cyclin D1 (CCNDI1). These induced IncRNAs specifically bind and
allosterically modify TLS, a regulatory sensor of DNA damage, leading to the
interaction of the modified TLS with CREB-binding protein (CBP) that thereby
inhibits the transcription of CCNDI1 [43]. Martianov et al. have reported another
example of inhibitory IncRNA that is induced by serum starvation and functions as
a promoter-specific transcriptional repressor. Upon being transcribed from the
upstream minor promoter of DHFR gene, this IncRNA not only bonds transcriptional
factor II B (TFIIB) to prevent its association with the major promoter but also
formed a stable complex with the major promoter that interfered with the promoter-
directed recruitment of TFIIB [44].

In addition to the inhibitory effects on transcription, IncRNAs can also act as
activators or coactivators to upregulate gene expression. For instance, steroid
receptor RNA activator (SRA) is an IncRNA that acts as a eukaryotic transcriptional
coactivator for steroid hormone receptors [45]. Another IncRNA, called Evf-2,
which is transcribed from one of the two DIx-5/6 conserved intergenic regions,
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Fig. 2.2 Regulation of gene transcription by PSF protein and PSF-binding IncRNAs. The first
diagram on the left shows the PSF binding to the promoter (P) of a gene via the DNA-binding
domain (DBD), which represses transcription of the coding region (C). The second diagram in the
center shows the binding of an IncRNA to the RNA-binding domain (RBD) of PSF. The third
diagram on the right shows the release of PSF from the promoter and initiation of transcription

activates transcriptional activity of homeodomain proteins by directly influencing
DIx-2 activity [46]. The functional importance of gene enhancers in regulated gene
expression has been well established, and the subsequent identification of
bidirectional IncRNAs transcribed from enhancers, termed as enhancer RNAs
(eRNAs), adds another functional layer to the transcriptional regulatory elements
[47—49]. A subtype of eRNAs, which are derived from enhancers adjacent to
E2-upregulated coding genes, has been observed to contribute to E2-dependent
gene activation by stabilizing E2-/ERa-/eRNA-induced enhancer-promoter looping,
suggesting that eRNAs are not merely a reflection of enhancer activation but a
functional player [50].

Based on the ability to repress proto-oncogenes, PSF functions as a tumor
suppressor protein, whose oncogenesis suppression activity, however, is impaired
by the enhancement of its RNA-binding ability [51, 52]. The subsequent studies
identify several PSF-binding IncRNAs from mice and humans, which include
retroposon-derived IncRNAs such as VL30 as well as frame-disrupted and
tumorigenesis-related noncoding transcripts such as MALAT1. All the IncRNAs
promote tumorigenesis in mice and humans through a mechanism of reversible
regulation on proto-oncogene transcription, including the protein PSF that binds to
the regulatory region of a proto-oncogene and represses transcription and PSF-
binding IncRNA that binds to PSF, forming a PSF-IncRNA complex that dissociates
from a proto-oncogene, activating transcription [53-57] (see Fig. 2.2).

2.3.3 IncRNAs Join P53 Network by Regulating Transcription

P53 is considered to be one of the most common denominators in human cancer that
plays a central role in regulatory networks responsible for cancer-related stress [58—
60]. It seems controversial to explain pS3 pathway only from the perspective of
protein-coding genes [61-63]. As expected, a large number of miRNAs and
conserved miRNA families are found to be direct transcriptional targets of p53 that
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mediate the pS3 function or serve as the upstream regulators of p53 [64]. In addition
to the small ncRNAs, several studies further illustrate the linkage between IncRNAs
and p53 pathway from the perspective of molecular biology. Among these IncRNAs,
pS3-activated lincRNA-p21 serves as a repressor, through interacting with
heterogeneous nuclear ribonucleoprotein K (hnRNP-K), in p53-dependent
transcriptional response. Inhibition of lincRNA-p21 results in a global change in
expression of hundreds of gene targets, a majority of which are downstream targets
repressed by p53 and responsible for p53-mediated apoptosis [5]. PANDA RNA is
another downstream target of p53. Upon being induced by p53, PANDA RNA acts
as a decoy through an interaction with the transcriptional factor NF-YA that prevents
NF-YA from activating expression of pro-apoptosis genes, leading to cell cycle
arrest [8].

2.3.4 Circular Intronic RNA (ciRNA)

During the process of pre-mRNA splicing, the 5’ splice site within intron sequence
undergoes a nucleophilic attack by the downstream branch point to form a circular
structure called the lariat, and the resultant free 5’ exon then attacks the 3’ splice site
within intron, leading to the joint of two exons and the release of the intron lariat. In
general, the intron lariats are debranched and degraded rapidly. However, a
debranching failure, which seems to be determined by the presence of specific
elements near the 5’ splice site and the branch point site, can result in the formation
of the circular intronic RNAs, referred to as ciRNAs [65-67].

ciRNAs are prominently found in the nucleus and are often more stable than their
parent linear mRNAs [67]. Once generated, ciRNAs seem to function in cis to regu-
late the transcription of their parent genes. For example, a relatively abundant
ciRNA called ci-ankrd52 was found to interact with elongating RNAP II and
facilitate transcription. Many ciRNAs remain at their “sites of synthesis” in the
nucleus. However, a portion of ciRNAs do localize to additional sites in the nucleus,
suggesting that they may have certain transacting effects other than regulating the
transcription of their parent genes [67].

2.4 Posttranscriptional RNA Processing

2.4.1 Alternative Splicing

For all eukaryotes, one of the most versatile processing steps in the life of an mRNA
molecule is pre-mRNA splicing, through which the noncoding introns are removed
and the neighboring exons are ligated together before protein translation. Although
the spliceosome functions in splicing catalysis, some additional transacting protein
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factors, such as the serine-/arginine-rich (SR) nuclear proteins (SR proteins), the
SR-related proteins, the small nuclear ribonucleoproteins (snRNPs), and the
heterogeneous nuclear ribonucleoproteins (hnRNPs), are well characterized to be
required for the choice of splice sites, where spliceosome assembles and the
following splicing occurs [68—70]. More than 90 % of human multi-exon-containing
genes are speculated to be alternatively spliced in tissue- and cell-specific manners
[71, 72], and in some spectacular examples, thousands of distinct gene products
(protein isoforms) can be generated from a single gene [73], pointing to alternative
pre-mRNA splicing as a common mechanism in regulation and diversification of
gene function. Interestingly, several recent studies have highlighted the significant
implication of IncRNAs in the regulation of pre-mRNA splicing.

24.1.1 MALAT1

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), also known as
nuclear-enriched autosomal transcript 2 (NEAT2), was originally identified as a
prognostic marker in non-small cell lung cancer [74], and the subsequent studies
showed that it was also overexpressed in many other human cancers [75-79].

This nuclear-enriched noncoding transcript predominantly localizes to nuclear
speckles, the highly dynamic nuclear subdomains that are enriched with pre-mRNA
splicing factors and are thought to serve as sites for the assembly, modification, and/
or storage of the pre-mRNA processing machinery [80, 81]. Another nuclear-
enriched autosomal noncoding transcript, referred to as NEAT1, has been shown to
be significantly implicated in the structural maintenance of paraspeckles, the nuclear
subdomains that control mRNA nuclear export [8§2—-85]. MALAT1, however, does
not possess a similar capacity to establish or maintain the functional nuclear
subdomains since its depletion does not disrupt the architecture of nuclear speckles
[86]. Nevertheless, MALAT1 is required for proper localization of several SR
proteins to nuclear speckles [86], and its depletion has been reported to compromise
the recruitment of SR proteins from nuclear speckles to the sites of transcription,
where splicing occurs [87]. Furthermore, it has been demonstrated that MALAT1
can act as a “molecular sponge” by interacting with SR proteins, especially SRSF1,
and thereby modulate the concentration of “splicing-competent” SR proteins in
cells [86]. Altogether, these studies suggest that MALAT1 regulates pre-mRNA
splicing by influencing the localization and/or activity of SR proteins. This “sponge”
mechanism is also applicable to the untranslated region (UTR) of certain protein-
coding genes. For instance, the repeat-containing RNA from the CTG expansion in
3’UTR of DMPK gene accumulates in the nucleus and affects the activity of splicing
factors; similarly, CGG repeats occurred in FMR1 gene can recruit a set of splicing
regulators into nuclear inclusions [88].

It has been suggested that the MALAT lenrichment in nuclear speckles occurs
only when RNAP II-dependent transcription is active [87]. Since nuclear speckles
do not represent the major sites of transcription or splicing, this finding seems
contrary to the recent studies showing that MALAT 1 binds many nascent pre-mRNAs
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derived from actively transcribed gene loci [89, 90]. Although the subcellular
location of MALAT1 remains puzzling, these studies highlight the significant
involvement of IncRNAs in the control of pre-mRNA splicing and the potential
contribution of IncRNAs to the links between gene transcription and pre-mRNA
splicing.

MALATT has a strong influence on pre-mRNA splicing patterns in human HeLa
and fibroblast cells [86, 91, 92]. However, significant splicing changes were not
observed when MALAT1 gene was knocked out in human lung cancer cells or in
MALAT1 knockout mice [93, 94]. Although some other aspects of gene expression
such as transcription have been shown to be affected in these cases, these studies
still implicate that human and mouse genomes may encode certain functionally
redundant products that possess the ability to regulate pre-mRNA splicing and
compensate the loss of MALAT1. Certainly, we cannot exclude the possibility that
MALAT1 only exerts the regulatory function in pre-mRNA splicing under a
particular cell state or in specific cellular contexts.

2.4.1.2 sno-IncRNAs

The sno-IncRNAs (snoRNA-related long noncoding RNAs), a class of newly
identified nuclear-enriched IncRNAs, are derived from the intron sequences and
terminate in either box C/D or box H/ACA small nucleolar RNA (snoRNA)
structures at their 5° and 3’ ends [95]. At least 19 endogenous sno-IncRNAs have
been identified in human, rhesus monkey, and mouse [96]. Most of them have been
demonstrated to present apparent tissue- and species-specific expression patterns.
Furthermore, their terminal snoRNA structures, but not the internal sequences, are
highly conserved across species evolution.

The sno-IncRNAs encoded by the ql11-q13 region of human chromosome 15
have been well characterized [95]. During exonucleolytic trimming, the terminal
snoRNA structures protect the internal sequences between them from degradation,
leading to the accumulation of these sno-IncRNAs to high levels (expression similar
to that of some histone mRNAs). Although sno-IncRNAs and snoRNAs are
processed by the same machinery and both of them are generally originated from
the introns of protein-coding genes, sno-IncRNAs mainly accumulate near their
sites of synthesis but do not co-localize with nucleoli or Cajal bodies, where
snoRNAs reside [95, 97]. The difference in their cellular distribution strongly
indicates that these sno-IncRNAs do not have a similar function as snoRNAs, which
play roles in the modification of other noncoding RNAs including rRNAs and
snRNAs. Indeed, these sno-IncRNAs strongly associate with RbFox2, a member of
Fox family splicing regulators that is known to regulate many posttranscriptional
events including alternative splicing. Moreover, these sno-IncRNAs can significantly
influence the RbFox2-regulated splicing events through acting, at least in part, as
molecular sinks that prevent RbFox2 from targeting its mRNA targets [95].
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2.4.2 IncRNAs Function as miRNA Sponges

On the basis of direct base pairing to target sites within untranslated regions of
mRNAs, the small regulatory ncRNAs such as miRNAs and endo-siRNAs can
function as important posttranscriptional regulators that trigger mRNA degradation
or translational inhibition. Since IncRNAs achieve their functions through employing
quite diverse strategies, they are generally considered to be a class of regulatory
RNAs fundamentally distinct from the small RNAs. Nevertheless, current studies
have revealed that IncRNAs can serve as the precursors of certain small ncRNAs,
such as miR-675 derived from the H19 IncRNA [98, 99]. Furthermore, the link
between IncRNA and miRNA has been presented by the finding that several
IncRNAs possess the ability to affect the miRNA activity, which is attributed to the
internal miRNA-matching sequence. For instance, in human hepatocellular
carcinoma metastases, the IncRNA activated by TGF-f, termed as IncRNA-ATB,
was reported to act as a sponge for miR-200 family. The sponge effect was mediated
by the selectively conserved miRNA target sites contained in IncRNA-ATB, which
strongly bond miR-200 s to suppress their activities, resulting in increased levels of
ZEB1 and ZEB2, two miR-200 s targets, and the ultimate induction of epithelial-
mesenchymal transition (EMT) and invasion [100]. Moreover, identification of
other sponge IncRNAs, such as tumor-suppressive PTEN competitive endogenous
RNAs (ceRNAs) and muscle-specific linc-MD1 that targets miR-133 and miR-135,
suggests that the IncRNA-mediated miRNA sponge effects can be a general
phenomenon in diseases as well as in normal physiology [101-106].

In addition to the canonical linear mRNAs, it is now clear that thousands of
protein-coding genes can also be processed to generate circular RNAs (circRNAs),
which are resistant to exonuclease-mediated degradation due to the fact that they do
not have 5’ and 3’ ends and the two ends have been joined together [107—113].
Distinct from ciRNAs that are derived from introns and reside in the nuclei,
circRNAs are almost exclusively encoded by exons and predominantly localize in
the cytoplasm. circRNAs are produced by noncanonical splicing events called
“backsplicing,” in which a splice donor site is jointed to a splice acceptor site further
upstream in the primary transcript [111]. The strategy employed by circRNAs to
exit the nucleus remains to be elucidated. Since the nuclear envelope breaks down
during mitosis, it seems reasonable to hypothesize that circRNAs exit the nucleus
during this phase of the cell cycle. However, expression of certain circRNAs such as
ciRS-7 is also detected in neuronal tissues, where mitotic division occurs at a low
frequency [110, 114].

CiRS-7 and Sry are the two well-characterized circRNAs [110, 114]. These
particular circRNAs contain many binding sites for specific miRNAs (miR-7 and
miR-138, respectively). Following their accumulation in the cytoplasm, they can act
as sponges that titrate the miRNAs from their other RNA targets, thereby modulating
the miRNA activities. Although current attention has been focused on circRNA’s
sponge effects, several lines of evidence also suggest their other functional
possibilities. For instance, expression of ciRS-7 but not miR-7 has been detected in
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some areas of the mouse adult hippocampus, suggesting that ciRS-7 may have
certain roles other than interacting with the miRNA [110]. Furthermore, most other
circRNAs have been identified to contain few miRNA binding sites, indicating that
they may achieve their functions through other strategies such as binding to RNA-
binding proteins to form RNA-protein complexes [108, 113].

2.5 Protein Translation

lincRNA-ROoR is one of the few IncRNAs whose detailed function in the regulation
of p53 pathway has been characterized. Distinct from the p53-regulated lincRNA-p21
and PANDA, lincRNA-RoR acts as an upstream regulator of p53 in response to
DNA damage. MDM2 is a well-known upstream negative p53 regulator, which
causes p53 degradation through the ubiquitin-proteasome pathway. LincRNA-RoR,
however, has been demonstrated to function via a different mechanism, involving its
direct interaction with hnRNP-I that suppresses p53 translation and inhibits p53-
mediated cell cycle arrest and apoptosis [115].

As described above, lincRNA-p21 was initially revealed to be induced by p53
during DNA damage and recruit hnRNP-K via physical interaction to facilitate p53-
mediated repression of gene transcription [5]. Interestingly, the subsequent study
showed that it possessed an additional role in translational control, the output of
which was determined by the presence or absence of RNA-binding protein HuR
[116]. In the presence of HuR, the association of HuR with lincRNA-p21 facilitates
the recruitment of let-7/Ago2 to lincRNA-p21, leading to lower lincRNA-p21
stability. On the contrary, lincRNA-p21 is stable and accumulates when HuR is
absent. It then interacts with the mRNAs CTNNB1 and JUNB and translational
repressor Rck, repressing the translation of the targeted mRNAs.

The IncRNA-mRNA gene pairs have been found to be prevalent in mammalian
genomes, and the cluster of natural antisense transcripts (NATs) is revealed to
constitute a surprisingly large fraction of IncRNAs [34, 35]. Unlike the nuclear-
retained NATS such as Tsix, Airn, and HOTAIR that guide the epigenetic modification
complexes to the target loci, some NATs can form RNA duplexes with the mRNA
of paired gene, leading to the change in mRNA translation. Zeb2/Sipl is a
transcriptional repressor of E-cadherin. After the Snaill-induced EMT, expression
of the Zeb2/Sipl NAT leads to an increase in Zeb2/Sipl protein level without any
change at the mRNA level. The Zeb2/Sipl NAT is complementary to the 5 splice
site of an intron in the 5’ UTR of Zeb2 mRNA. Expression of the Zeb2/Sipl NAT
upon EMT can mask the spice site, preventing deletion of the intron. As a result, the
translation machinery can then recognize and bind to an internal ribosome entry site
(IRES) in the retained intron, resulting in more efficient Zeb2/Sipl translation
[117]. The Uchll NAT is another antisense IncRNA that promotes translation of the
paired mRNA. The Uchl1 contains a region that overlaps with the first 73 nucleotides
of Uchll mRNA. Under stress conditions in which cap-dependent translation is
inhibited, the Uchll NAT moves from the nucleus to the cytoplasm and hybridizes
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Fig. 2.3 Proposed model of TMS1AS-mediated regulation of TMS1/ASC expression. TMS1AS
is transcribed from the opposite strand of TMS1/ASC gene. Following transcription, a fraction of
TMSI1AS transcripts act in cis by recruiting the chromatin repressor proteins DNMT1 and G9a to
TMS1/ASC promoter, and other transcripts interact with TMS1/ASC mRNA through direct base
pairing, forming intermolecular duplexes that suppress TMS1/ASC translation by interfering with
the ribosome assembly on TMS1/ASC mRNA. This novel mechanism results in a target-specific
regulation of TMS1/ASC at both epigenetic and translational levels by its antisense counterpart

with Uchll mRNA to switch on its cap-independent translation; that is, the Uchll
NAT acts as an internal ribosomal entry element to promote selective translation
[118]. Although the above RNA duplexes work in promoting mRNA translation, the
RNA-RNA pairing between TMSIAS and TMSI/ASC mRNA has been
demonstrated to suppress TMS1/ASC translation by interfering with the ribosome
assembly on TMS1/ASC mRNA. As described above, TMS1AS also regulates
TMS1/ASC expression at the epigenetic level. Thus, this NAT links different
effector mechanisms to simultaneously operate in the different aspects of TMS1/
ASC regulation, contributing to establishing a more strict fashion of gene expression
and enhancing the efficacy of gene expression control (see Fig. 2.3).

2.6 Posttranslational Protein Modification

Upon being synthesized by ribosomes, the nascent polypeptide chains undergo
posttranslational modification (PTM) to form the mature protein product. In
addition, PTM is also an important strategy employed to control protein activity.
The initial evidence for a function of IncRNAs in PTM comes from the research on
the IncRNA-mediated epigenetic gene silencing. As described above, IncRNAs
have been associated with gene silencing through guiding enzymes involved in
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chromatin remodeling, such as PRC2 and G9a, to specific genomic DNA regions. In
other words, IncRNAs can function in the recruitment of histone posttranslational
modification machinery.

The function of most IncRNAs depends on their ability to interact with proteins,
implying that IncRNAs may also directly interact with functional domains of sig-
naling proteins and thus regulate signal transduction. NF-«xB is a critical link
between inflammation and cancer, and its aberrant activation has been observed in
many tumors. Despite the classical negative regulators that include kB, an IncRNA
termed NKILA has been recently reported to play a significant role in regulating
NF-«B signaling and repressing cancer-associated inflammation. NKILA binds to
NF-kB/ IkB complex and inhibits NF-xB signaling by masking the phosphoryla-
tion sites of IxB and stabilizing the complex. Importantly, NKILA expression is
significantly decreased in many breast cancers and is associated with cancer metas-
tasis and poor patient prognosis [119]. This action mode is also applicable to Inc-
DC. This transcript has been reported to regulate STAT3 signal transduction by
interacting with STAT3 in the cytoplasm of dendritic cells and modulating its phos-
phorylation [120].

2.7 Summary and Perspectives

The discovery that IncRNAs are central to numerous pivotal biological processes
may reflect ancient connections between IncRNAs and the regulation of
developmental and physiological decisions, whose disruption can lead to
physiological disorders as well as many types of diseases. Comparison of gene
expression profiles of tumor and normal cells has revealed a linkage of IncRNAs
with tumorigenesis. Most of the oncogenic and tumor suppressor IncRNAs are
characterized to function in gene expression control, and their interaction with
DNA, RNA, or protein is a well-established action mode [1]. However, there are
only limited studies decoding the detailed molecular mechanism of these cancer-
related IncRNAs. It has long been acknowledged that IncRNAs contain functionally
redundant sequences. Nevertheless, their core functionality relies heavily on the
cooperative action of their dispersed functional domains [121]. Similar to miRNAs,
IncRNAs can also serve as the potential molecular targets for diagnosis and treatment
of cancer. Thus, it is important to decode the molecular features of IncRNAs, which
include the consensus motif and structural element that determine the intermolecular
interactions, to help understand the involvement and significance of IncRNAs in
tumor biology.
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