Jaroslav Juracek, Robert lliev, Marek Svoboda,
and Ondrej Slaby

J. Jurdcek, BS ¢ R. Iliev, MS

Abstract

Human genome mapping has revealed that protein-coding genes represent
less than 2 % of the total genome sequence, and simultaneously more than
75 % of the genome is actively transcribed into RNA. Recent studies of the
human transcriptome led to the discovery of new heterogeneous group of
transcripts—noncoding RNAs. The major part of these ncRNAs consists
of long noncoding RNAs (IncRNAs), which differ in size, location on
genome, and biological functions. Generally, through distinct mecha-
nisms, they affect a number of biological processes, such as modulation of
protein activity, alternative splicing of mRNA, and epigenetic regulation
or microRNA silencing, and play a key role in transcriptional and post-
transcriptional gene expression regulation. Deregulated levels of IncRNAs
were observed with a wide range of tumors, including breast cancer. Gene
expression patterns of IncRNAs are able to distinguish normal and tumor
tissue or even various breast cancer stages, which makes them a potential
diagnostic and prognostic biomarkers or therapeutic targets.
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Introduction

Breast cancer is the most frequently diagnosed
cancer and also the leading cause of cancer death
among females worldwide [1]. It is a heteroge-
neous disease, which can be divided by various
approaches into many molecular subgroups.
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therapy, a significant number of breast cancer
patients with the same diagnostic profile indi-
cate distinctly different clinical outcomes [2, 3].
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This diversity presents a challenge for better
molecular classification and personalized ther-
apy. Therefore, one of the current goals in breast
cancer research is to find sensitive and specific
noninvasive biomarkers, which can be used for
early stage breast cancer detection, as well as for
monitoring of the disease and response to therapy
[4]. Such biomolecules include long noncoding
RNAs, recently described in various types of can-
cer, including breast cancer.

Despite the central dogma of molecular biol-
ogy, which understands RNAs as a tool for pro-
tein synthesis, there is a large number of RNAs
which, instead of coding the protein, act as func-
tional RNA. Moreover, with development of
transcriptome analytical methods, it was found
that these noncoding RNAs constitute the major
part of the human genome [5]. Originally, these
RNAs were considered as waste, but now it is
clear that they significantly affect diverse cellu-
lar pathways. An important and biggest group of
noncoding RNAs are the long noncoding RNAs,
endogenous cellular molecules with a length of
200 nt to 100 kb [6]. IncRNAs are often caped,
polyadenylated, and spliced, yet do not overlap
other protein-coding genes [7]. Recent research
has shown that IncRNAs plays a key role in tran-
scriptional and posttranscriptional regulation
of gene expression [8]. Unsurprisingly, as with
other noncoding RNAs, different expressions of
IncRNAs were observed in tumor and non-tumor
tissue as well. This fact confirms involvement of
long noncoding RNAs in tumorigenesis [9].

The regulatory function of RNAs was
described in 1961 by Francgois Jacob and Jacques
Monod [10], whereas first individual IncRNAs
H19 and XIST (X-inactive-specific transcript),
which is critical to X chromosome inactivation,
were identified a few decades later [11, 12].
However, these RNAs were only discovered to
be non-protein coding; therefore, a true milestone
was a study by Okazaki et al., who studied mouse
genome using large-scale sequencing and defined
IncRNAs as a separate class of transcripts [13].
It is estimated that the number of IncRNAs is
7,000-23,000; nevertheless, the list of function-
ally validated IncRNAs is much shorter (approxi-
mately 200IncRNAs) [14].
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The aim of this chapter is to provide a short
introduction to long noncoding RNAs classifi-
cation and biology. We also describe basic
methods for high-throughput and functional
analysis of IncRNAs. The main part is focused
on the roles of IncRNAs in pathogenesis and
diagnosis of breast cancer and their potential
usage in prediction of prognosis or targeted
therapy.

Classification and Biology of Long
Noncoding RNAs

A growing number of newly annotated long
noncoding RNAs together with their varied
length and biological functions explain the need
for a clear categorization. Some classification
approaches, like categorization by position rela-
tive to coding genes, splicing, and polyadenyl-
ation status or by molecular mechanism [15-17],
are not accurate because individual IncRNAs
may represent more subgroups. Although we
currently lack satisfactory classifications for
these transcripts, here we summarize recently
discovered groups of IncRNAs as long inter-
genic noncoding RNAs, long intronic noncod-
ing RNAs, long ncRNAs with dual functions,
telomere-associated IncRNAs, pseudogene
RNAs, and transcribed-ultraconserved regions
[18] (See Table 7.1).

Long noncoding RNAs are a diverse group of
transcripts, which differ in size, location in the
genome, and other biological properties. Such
diversity is also the reason why a wide range of
functions was observed in IncRNAs. Long
ncRNAs can affect gene expression via RNA
polymerase II inhibition (B2 SINE) or chromatin
modification (COLDAIR). They can also serve as
precursors of siRNAs (H19) and other small
ncRNAs (GASS). By forming complexes with
proteins, they may modulate its activity (SRA),
influence structural and regulatory functions
(XIST), change protein localization, or affect epi-
genetic processes (HOTAIR). They are also
involved in alternative splicing of mRNA
(MALAT-1) and are responsible for microRNA
silencing (HULC) (See Fig. 7.1).
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Table 7.1 Classification of IncRNAs: their characteristics and meaning in biological processes and diseases

Ranging from hundreds to
within the genomic intervals

transcriptional cis-regulation

evolutionary conserved; tissue
and subcellular expression

strand; polyadenylated; form
inter-molecular G-quadruplex
structure with single-stranded

functionally regulatory RNA

Gene copies that have lost the
ability to code for a protein;

homologous protein-coding

Class
Symbol Characteristic
Long intergenic lincRNAs
noncoding RNAs tens of thousands nts; lie
between two genes;
of neighboring genes
Long intronic noncoding Lie within the introns;
RNAs
specific
Telomere-associated TERRAs 100 bp—-9 kb; conserved
IncRNAs among eukaryotes;
synthesized from C-rich
telomeric DNA
Long noncoding RNAs Both protein-coding and
with dual functions
capacity
Pseudogene RNAs
potential to regulate their
genes; made through
retrotransposition; tissue
specific
Transcribed- T-UCRs

ultraconserved regions

Longer than 200 bp;
absolutely conserved between
orthologous regions of human,
rat, and mouse; located in
especially intra- and intergenic
regions

Disease/biological function
associations

Involved in tumorigenesis and
cancer metastasis/involved in diverse
biological processes such as dosage
compensation and/or imprinting

Aberrantly expressed in human
cancers/possible link with
posttranscriptional gene silencing

Possible impact on telomere-
associated diseases including many
cancers/negative regulation of
telomere length and activity through
inhibition of telomerase

Deregulation described in breast and
ovarian tumors/modulate gene
expression through diverse
mechanisms

Often deregulated during
tumorigenesis and cancer
progression/regulation of tumor
suppressors and oncogenes by acting
as microRNA decoys

Expression is often altered in some
cancers; possible involvement in
tumorigenesis/antisense inhibitors
for protein-coding genes or other
ncRNAs

Long Intergenic Noncoding RNAs

Long intergenic noncoding RNAs (also known as
lincRNAs) were originally identified by Guttman
et al., who used methods to reconstruct the tran-
scriptome of a mammalian cell [19]. They
described an evolutionary conserved group of
noncoding RNAs with a range in length from a
few hundred to tens of thousands of bases. Genes
of lincRNAs are localized in regions of DNA
between two protein-coding genes, but they lack
any protein-coding capacity and open reading
frames. To date, more than 8,000 lincRNAs have
been identified, but most of them remain unan-
notated [8, 20], and therefore the functions of

lincRNAs are largely unknown. However, the
involvement of lincRNAs in biological processes
has been found, including cell-cycle regulation,
imprinting, embryonic stem cell pluripotency,
and cell proliferation [21, 22].

The most unclear part of lincRNAs biology is
the basis of their molecular mechanism of action.
In this context, targeting of chromatin modifica-
tion complexes (i.e., histone-modifying enzymes)
is frequently mentioned, which directly leads to
gene expression regulation [8]. Some lincRNAs
interact with numerous effector proteins and
thus control their levels (i.e., XIST). Others can
affect alternative splicing (MALAT-1) by con-
trolling levels of splicing factors [23]. Recently,
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Fig.7.1 Schematic illustration of IncRNAs functioning.
IncRNA transcribed from an upstream noncoding pro-
moter can negatively (/) or positively (2) affect expres-
sion of the downstream gene by inhibiting RNA
polymerase II recruitment and/or inducing chromatin
remodeling, respectively. IncRNA is able to hybridize to
the pre-mRNA and block recognition of the splice sites
by the spliceosome, thus resulting in an alternatively
spliced transcript (3). Alternatively, hybridization of the

it has been demonstrated that lincRNAs can act
as competitive inhibitors of microRNAs termed
“microRNA sponges.” Such molecules contain
binding sites for specific miRNAs and thus may
regulate their level [24].

As mentioned, lincRNAs regulate significant
number of genes, but their expression is under
genetic control as well [25]. Individual lincRNAs
are transcriptionally regulated by important tran-
scription factors such as p53, NFkB, Sox2, Oct4,
and Nanog [19]. Interestingly, Juan et al. sug-
gest that some miRNAs may bind lincRNAs and
cause their repression [26].

Relevance for translational medicine stems
from the fact that long intergenic noncod-
ing RNAs are remarkably tissue specific and
deregulated within a large number of diseases,
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sense and antisense transcripts can allow Dicer to gener-
ate endogenous siRNAs (4). The binding of IncRNA to
the miRNA results in the miRNA function silencing (5).
The complex of IncRNA and specific protein partners can
modulate the activity of the protein (6), is involved in
structural and organization roles of the cell (7), alters the
protein localizes in the cell (8), and affects epigenetic
processes (9). Finally, long ncRNAs can be processed to
the small RNAs (/0)

including cancer. Different levels of lincRNAs
were observed at various stages of breast cancer,
so based on these gene expression patterns they
may serve as potential prognostic markers [9].

Long Intronic Noncoding RNAs

More than one-third of conserved noncoding
regions in human genome consist of intronic
regions. John Mattick first suggested that
sequence of introns is not random and that
introns may be involved in gene regulation [27].
According to this, it was found that about 81 %
of human protein-coding genes have transcrip-
tionally active introns [28]. Finally, discovery
of numerous evolutionarily conserved regions
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in introns that match the size of IncRNAs led to
the identification of a new class of transcripts—
long intronic noncoding RNAs. These RNAs are
exclusively expressed in the nucleus, and it is
expected that intronic ncRNA expression would
be responsive to common physiological signals,
e.g., hormones [29]. The biogenesis is poorly
understood, but involvement of RNA poly-
merase II (RNAP II) is assumed. The presence of
poly(A+) tail may serve as indirect evidence [18].

The main role of intronic noncoding RNAs is
posttranscriptional regulation of gene expression.
In his study, Louro et al. described some mecha-
nisms by which RNAs can regulate gene expres-
sion [30]. Interestingly, it was found that intronic
ncRNAs can serve as precursors of smaller non-
coding RNAs. Another mechanism is a direct
interaction with promoters, which decrease the
expression of the protein-coding RNA. Intronic
ncRNAs can also affect RNA alternative splicing
by forming RNA-RNA duplexes. Finally, they
are probably able to stabilize protein-coding
RNA localized on the same locus [28].

Some oncogenes or tumor suppressor genes
have noncoding RNAs transcribed from their
introns. This might be one of reasons why altered
expression of intronic ncRNAs with various
malignancies was detected. Moreover, level of
long intronic ncRNAs significantly correlates
with different degrees in renal, prostate, and pan-
creatic carcinoma [31-33].

Long ncRNAs with Dual Functions

According to the central dogma of molecular biol-
ogy, RNA was considered as an intermediated
molecule required for the formation of protein.
After the discovery of noncoding RNAs, which in
many aspects resembled the mRNA, but lack pro-
tein-coding capacity, it was obvious that RNA can
act either as a functional or protein-coding mole-
cule. Hence, it was a big surprise when bifunc-
tional RNAs were found. Such RNAs serve both
as intermediate molecules translated into protein
and as functional RNA [34].

Functions of RNAs are dependent on their sec-
ondary and tertiary structure, so the presence of
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isoforms can be important for bifunctional char-
acter [35]. Well described is the steroid receptor
RNA activator (SRA), whose RNA is a noncod-
ing RNA that coactivates several human hor-
mone receptors like progesterone, estrogen, and
androgen. Moreover, isoforms of SRA are also
expressed to produce proteins. SRA transcripts
have been identified in normal human tissues,
and increasingly SRA RNA is expressed in breast
and ovarian tumors. Interestingly, higher levels
of noncoding isoforms of SRA were observed in
tumor tissue [36, 37].

Telomere-Associated IncRNAs

Telomeres—heterochromatic complexes located
on linear chromosome ends—are formed by tan-
dem repeats of the TTAGGG sequence. With
each run of cell division, one telomeric hexanu-
cleotide is lost, which finally leads to chromo-
some destabilization. Therefore, telomeres
protect chromosomes from degradation and
repair activities [38, 39]. Until recently, it was
assumed that telomeres are transcriptionally
silent, but a recently discovered group of long
noncoding RNAs confirmed that telomeres are
transcribed into telomeric repeat-containing RNA
(TERRA or Tel RNA). TERRA transcripts range
between 100 bp and 9 kb and originate in the sub-
telomeres of telomeric C-rich strand [40, 41].
Based on RNA-FISH techniques, it was identified
that TERRA associates with telomeric chromatin
[42]. Other studies have suggested a likely role of
TERRA in the enzyme telomerase regulation
[43]. Finally, TERRA seems to be involved in
negative regulation of telomere length [44].

Pseudogene RNAs

For a long time, pseudogenes were considered as
failed copies of coding genes that had lost the capa-
bility to produce proteins. Nevertheless, recent
research has revealed the ability of pseudogenes
to regulate homologous protein-coding genes
[45]. Pseudogenes may arise as a result of simple
mutations or be generated by retrotransposition,
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during which reverse-transcribed RNAs are inte-
grated into the genomic sequence [46, 47]. Many
pseudogenes are transcribed into RNA, which can
be later processed into smaller RNAs. Thus, gene
expression regulation is based on an RNA interfer-
ence process. Interestingly, pseudogenes can affect
gene expression regulation by acting as miRNA
decoys [48]. Some studies provide evidence that
pseudogenes (i.e., MYLKPI) are involved in can-
cerogenesis and suggest them as potential diag-
nostic and therapeutic targets in cancer [49].

Transcribed-Ultraconserved Regions

The last newly discovered class of ncRNAs is
known as transcribed-ultraconserved regions
(T-UCRs). Overall, 481 T-UCRs were anno-
tated—all of them are genomic segments of more
than 200 base pairs [50]. They are extremely evo-
lutionarily conserved among mammals [51] and
are localized especially in intra- and intergenic
regions [52]. The degree of conservation may have
a fundamental functional importance for ontogeny
and phylogeny of mammals. Untranslated UCRs
may serve as distal enhancers [53]; on the contrary
transcripts they are involved in gene expression
regulation as antisense inhibitors for protein-
coding genes. Calin et al. found that the expres-
sion of many T-UCRs is altered in some types of
cancer, especially in adult chronic lymphocytic
leukemias, colorectal and hepatocellular carci-
nomas, and neuroblastomas [54]. Accordingly, it
was found that T-UCRs are often located at frag-
ile regions of chromosomes. Specific transcribed-
ultraconserved regions are also associated with
prognosis and response to therapy, which makes
them promising targets in cancer research [53, 55].

Methods for High-Throughput
Analysis of Long Noncoding RNAs
in Cancer

The human genome mapping has revealed that
more than 90 % of the genome is transcribed.
Application of high-throughput techniques high-
lighted the complexity of mammalian transcriptome
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and led to the discovery of long noncoding RNAs, a
class of regulatory noncoding RNAs [16, 56]. As a
transcriptional class, IncRNAs were first described
during the large-scale sequencing of full-length
cDNA libraries in the mouse [13]. Such large-scale
cDNA analysis and genome annotations can detect
or predict thousands of IncRNAs, but their biologi-
cal functions remain, in most cases, unknown [57].
Methods used in the study of IncRNAs can be thus
divided by purpose into (1) high-throughput meth-
ods designed for IncRNAs identification (microar-
rays, RNA sequencing), (2) methods designed for
verification of high-throughput data (qQRT-PCR,
northern blot, FISH, RNAi), and (3) methods
designed for detection of RNA-—protein interac-
tions (RIP, RIP-CHIP); see Fig. 7.2 [58].

Microarrays

The structure and expression of long noncod-
ing RNAs is very similar to mRNAs, even
though IncRNAs lack open reading frames
and other properties necessary for them to be
translated into proteins [59]. One of the most
common methods of identification is the micro-
array-based approach. Microarrays are based
on nucleic acid hybridization between target
molecules and probes and enable simultaneous
monitoring of thousands of genes in a single
experiment. However, this method shows only
whether or not IncRNA is expressed and is there-
fore not suitable for the identification of novel
transcripts [60]. On the other hand, microarrays
allow us to detect differences in transcriptional
profiles between different tissues and cell types
or identify possible targets of IncRNAs [21, 58].

RNA Sequencing

The transcriptome includes all RNAs synthesized
in an organism, including protein-coding, non-
coding, alternatively spliced, alternatively polyade-
nylated, alternatively initiated, sense, antisense, and
RNA-edited transcripts [13]. The most widely used
method for qualitatively and quantitatively profil-
ing the full set of transcripts is RNA sequencing
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Fig. 7.2 Methods used in the study of IncRNAs can be
divided into (1) high-throughput methods designed for
IncRNAs identification (microarrays, RNA sequencing),

(RNA-seq), which is based on next-generation
sequencing (NGS) [61]. RNA-seq works on a
genome-wide scale at single nucleotide resolu-
tion and is not limited to detecting already known
sequences. Thus, it can be used to discover previ-
ously unknown IncRNAs [62]. Considerable dis-
advantages of this approach are the time and cost
related to the downstream analysis of the RNA-seq
data [60]. After sequencing, the generated reads
are used to assemble the transcriptome, and then
novel IncRNAs can be identified and annotated
via bioinformatic databases (i.e., FANTOM or
ENCODE) [63]. After that, novel IncRNAs often
undergo further scrutiny to verify that they are not
transcriptional noise and that they indeed do not
encode proteins. In the same way, candidate targets
are required to be verified by other molecular biol-
ogy methods as well.

(2) methods designed for verification of high-throughput data
(qQRT-PCR, northern blot, FISH, RNAi), (3) methods designed
for detection of RNA—protein interactions (RIP, RIP-CHIP)

qRT-PCR and Northern Blot

Quantitative real-time polymerase chain reac-
tion (qRT-PCR) allows amplification and
quantification of selected segments of the
genome. This highly sensitive method is used
for gene expression studies, but qPCR can be
used even for analysis of IncRNAs. For this
purpose, qPCR is combined with reverse tran-
scription (RT), which ensures transcription
of RNA into cDNA. For the verification of
high-throughput data, qRT-PCR is frequently
followed by northern blot analysis, which is
the only direct method to prove the presence
of RNA without the need of amplification.
This combination was used to demonstrate the
lengths of detected IncRNAs and their level of
expression [64].
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Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) is a
type of hybridization that uses a fluorescently
labeled complementary DNA or RNA strand to
localize a specific sequence on a chromosome,
section of tissue (in situ) fixed on a slide or even
cell [65]. In IncRNAs research, FISH was used to
detect individual IncRNA or their localization
within the cell [23, 66].

RNA Interference (RNAI)

The process of RNA interference involves the
binding of short interfering RNA molecules to
mRNAs, which leads to expression—repression of
a gene of interest. The use of synthetic dsSRNA
allows also effective knockdown of specific
IncRNAs and is very important for studying their
functions [67].

RNA Immunoprecipitation
and RIP-Chip

Long noncoding RNA may affect the regula-
tion of gene expression also through the modi-
fication of chromatin via interactions with
various proteins (i.e., transcription factors).
Such RNA-protein interactions are easy to
detect with RNA immunoprecipitation (RIP).
It is an antibody-based technique in which the
RNA-binding protein of interest immunopre-
cipitates together with its associated RNA and
allows localize RNA-binding sites on the
genome [68]. A number of IncRNAs, such as
Xist and Tsix, were identified through this
approach [69].

Major advances in the global analysis of sub-
sets of mRNAs bound to RNA-binding proteins
brought combinations of RIP and microarrays
calledRNA-bindingproteinimmunoprecipitation-
microarray (Chip) profiling or RIP-Chip [70].
Using this high-throughput method, it was
revealed that a large number of lincRNAs associ-
ate with chromatin-modifying complexes to
affect gene expression [8].
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Long Noncoding RNAs
in Pathogenesis of Breast Cancer

IncRNAs were found to be deregulated in several
human cancers and show analogically to protein-
coding genes tissue-specific  expression.
Functional studies elucidated a large range of
molecular mechanisms used by IncRNAs in can-
cer cells. Till now, only a few IncRNAs were
observed to have altered expression in breast can-
cer, including HOTAIR, MALAT-1, GASS,
ZFAS1, LSINCT5, SRAI1, H19, XIST, and
BC200, which are characterized in detail in
Table 7.2. Here we discuss molecular functioning
of these IncRNAs mainly in the context of typical
hallmarks of cancer. Some important molecular
mechanisms used by particular IncRNA are men-
tioned although they are observed in cancer types
other than breast cancer.

HOTAIR

HOX transcript antisense intergenic RNA
(HOTAIR) has very important role in cancer
metastasis. It was discovered as a 2.2 kb-long
ncRNA transcribed in antisense direction from the
HOXC gene cluster [71]. HOTAIR functions in
trans by interacting and recruiting the polycomb
repressive complex 2 (PRC2) to the HOXD locus,
which leads to transcriptional silencing across
40 kb. PRC2 complex consisted of H3K27 meth-
ylase EZH2, SUZ12, and EED (see Fig. 7.3) [72].
Polycomb group proteins are involved in repres-
sion of transcription of large groups of genes. This
pathway influences differentiation, pluripotency,
and cancer development [73]. Later it was found
that HOTAIR interacts with a second histone mod-
ification complex, the LSDI1/CoREST/REST
complex, which coordinates targeting of PRC2
and LSDI1 to chromatin for coupled histone
H3K27 methylation and K4 demethylation [72].
Overexpression of HOTAIR in epithelial cancer
cells alters H3K27 methylation via PRC2 and
therefore alters target gene expression. This leads
to increased cancer invasiveness and metastases.
Therefore, HOTAIR depletion inhibits breast can-
cer invasiveness [73].
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Table 7.2 Characteristics of IncRNAs deregulated in breast cancer

Gene Length

Locus (kb) Function in cancer
HOTAIR 12q13 22 Oncogene
MALAT-1 11q13 8.4 Oncogene
GAS5 1925 53 Tumor suppressor
ZFAS1 20q13 0.5 Tumor suppressor
LSINCTS5 5pl5 2.6 Oncogene
SRA1 5q31 0.87 Oncogene
XIST Xql3 42 Oncogene
HI19 11pl5 3.5 Oncogene, tumor

suppressor

BC200 2p21 0.26 Oncogene

Association in hallmarks References
of cancer Tumor types

Activating invasion and BC, CRC, [73]
metastasis PaC, HCC

Activating invasion and BC, BlaC, [76, 107, 108]
metastasis; evading growth HCC

Suppressors
Evading growth BC,M, Ly, [81,83,111]
Suppressors PC

Evading growth BC [84]
SUppressors

Sustaining proliferative BC, OC [85]
signaling

Sustaining proliferative BC, OC, PC [90, 92, 93]
signaling
Activating invasion and BC, Ly, OC, [96, 98]

metastasis CRC
Sustaining proliferative BC, BlaC, [100, 101]
signaling CerC, CRC,

HCC, LC,

M
Activating invasion and BC [105]
metastasis

BC breast cancer, CerC cervical cancer, CRC colorectal cancer, PC pancreatic cancer, HCC hepatocellular cancer, BlaC
bladder cancer, M melanoma, Ly lymphoma, PC prostate cancer, OV ovarian cancer

Fig. 7.3 Association  of
HOTAIR with the polycomb
repressive complex 2 (PRC2)
and LSD1/CoREST/REST
complex

PRC2

MALAT-1

Metastatic-associated lung adenoma transcript
1 (MALAT-1) is abundant in many human cell
types. It is probably a very important tran-
script because its sequence is very conserved
across many species. MALAT-1 is an 8,708 nt-
long transcript occurring in the nucleus and

Methylation

o

H3K27me3 H3K27me3 .
Metastasis

suppressor
! genes

H3K4me2 H3K4me2

Demethylation

frequently localized in nucleus speckles [74].
These structures play a role in pre-mRNA pro-
cessing. Recently MALAT-1 has been shown to
regulate alternative splicing of pre-mRNA by
modulating the levels of splicing factors. These
factors regulate tissue-specific alternative inter-
actions with SR splicing factor, SRSF1, which
affects the distribution of these and other splicing
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factors in nuclear speckle domains. Depletion
of MALAT-1 with antisense oligonucleotides
or transient overexpression of SRSF1 changes
the alternative splicing of the endogenous pre-
mRNAs. Importantly, MALAT-1 controls cellu-
lar phosphorylation status of SR proteins, thereby
regulating cellular ratio of phosphorylated ver-
sus dephosphorylated form of SR proteins [23],
suggesting that MALAT-1 regulates pre-mRNA
processing by modulating the levels of active SR
proteins. Depletion of MALAT-1 alters the pro-
cessing of a subset of pre-mRNAs, which play
important roles in cancer biology [75].

Recent studies indicate additional functions
for MALAT-1 in the nucleus. MALAT-1 was
shown to interact with the unmethylated form
of CBX4, which controls relocation of growth-
control genes between polycomb bodies and
interchromatin granules, places of silent or active
gene expression, respectively. Altered expression
levels of MALAT1 were detected in breast can-
cer tissue compared to normal breast tissue. Also
MALAT-1 locus is frequently altered in breast
cancer and other tumor types [76].

GAS5

Growth arrest-specific 5 (GASS) is the host gene
for many snoRNAs, which were found in GASS
introns, dedicating GASS to be involved in the
important cellular activities [77]. It was proved
that GASS transcripts displayed many different
patterns of alternate splicing, but there is no puta-
tive open reading frame [78]. GASS5 functions as
“riborepressor” of the glucocorticoid receptor
(GR), influencing cell survival and metabolic
activities during starvation by modulating the
transcriptional activity of the GR. Its transcript
interacts with the DNA-binding domain of GRs
and reduces the probability of steroids’ interac-
tion with their receptors [79]. In this way, GASS
suppresses expression of several genes including
cellular inhibitor of apoptosis 2 (cIAP2) and thus
sensitizes cells to apoptosis. This induction of
apoptosis is independent of other stimuli in sev-
eral breast cancer cell lines [80]. It was also
shown that silencing of endogenous GASS levels
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in breast cancer cells leads to resistance to
apoptosis and various GASS transcripts stimulate
apoptosis through different cellular signaling
pathways [81]. Moreover, in leukemia cell mod-
els, GASS is required for normal functioning of
mammalian target of rapamycin (mTOR) path-
way that controls cell growth and proliferation
also in breast cancer [82]. In addition, GASS
locus was found to be frequently altered in many
types of cancer (e.g., melanoma, lymphoma,
prostate cancer) [83].

Zfas1/ZFAS1

Zinc finger antisense 1 (Zfasl) is a mouse anti-
sense RNA to NFX-1 type containing zinc fin-
ger. Zfasl is located close to a protein-coding
gene and in its introns hosts three small nucleolar
RNA (snoRNA) genes: Snord12, Snord12b, and
Snord12c¢ [84]. Knockdown of Zfasl in a mam-
mary epithelial cell line resulted in increased cel-
lular proliferation and differentiation. But this
knockdown did not substantially alter the levels of
the SNORDs. Functional role for Zfas1 in the reg-
ulation of alveolar development and epithelial cell
differentiation in the mammary gland, together
with its dysregulation in human breast cancer, sug-
gests ZFAS| as a putative tumor suppressor gene.
ZFAS1 is highly expressed in the mammary gland
and is downregulated in breast tumors compared
to normal tissue. While there is relatively low level
of primary sequence conservation between Zfas1
and its human ortholog ZFAS1, secondary struc-
tures of Zfas1 and ZFASI transcripts share several
similar features. It was proved that from ZFAS1
mRNA originates at least five different isoforms
through alternative splicing.

LSINCT5

Long stress-induced noncoding transcript 5
(LSINCTS) is greatly overexpressed in many of
the breast cancer cell lines [85]. LSINCTS is poly-
adenylated RNA that is transcribed from the neg-
ative strand by RNA polymerase III with no open
reading frame. When nuclear and cytoplasmic
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LSINCTS levels are compared, LSINCTS indi-
cates higher expression in the nuclear fraction.
Instead of decrease in cellular proliferation,
knockdown of LSINCTS in cancer-derived cell
lines causes expression deregulation of several genes
including important kinase (PDPK1), nuclear
assembly genes (NEAT1 and PSPCl), genes
involved in membrane transport (HERC1), tran-
scription factor (ANKF41), and genes associated
with carcinogenesis (EPPK1), cellular stress
(PRKAA1/AMPK), motility (ACTR2), and
T-cell differentiation (CXCR4, MAPK9/JINK?2)
[86]. Moreover, LSINCTS is overexpressed in
breast and ovarian cancer tissue.

SRA1

Steroid receptor RNA activator (SRA) modulates
activity of steroid receptors and other transcrip-
tion factors both at the RNA (SRA) and the protein
(SRAP) level [87]. SRA appears highly expressed
in the liver, skeletal muscle, adrenal gland, and
the pituitary gland, whereas intermediate expres-
sion levels are seen in the placenta, lung, kidney,
and pancreas. Interestingly, brain and other typi-
cal steroid-responsive tissues such as the prostate,
breast, uterus, and ovary contained low levels of
SRA RNA [88]. SRA is a component of ribonu-
cleoprotein complexes recruited to the promoter
of regulated genes. These complexes may contain
positive regulators, such as the steroid receptor
coactivator 1 (SRC-1), the DExD/H box family of
RNA-helicase members p68 and p72, or the pseu-
douridine synthases Puslp and Pus3p. Negative
regulators, such as SMRT/HDACI1-associated
repressor protein (SHARP) and the recently iden-
tified SRA stem-loop interacting RNA-binding
protein (SLIRP), can also interact with SRA to
decrease its activity [89]. Elevated levels of SRA
are found in breast tumors and the increased SRA
levels might contribute to the altered ER/PR
action that occurs during breast tumorigenesis.
The SRA1 gene might not only act as an ncRNA
but also codes a protein that acts as a coactivator
or corepressor. The ratio between noncoding and
coding transcripts of SRA1 characterizes specific
tumor phenotypes but might also be involved in
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breast tumorigenesis and tumor progression by
regulating the expression of specific sets of genes
[90]. The sequence of the protein encoded by
SRA, referred to as SRAP, is highly conserved in
Chordata. The most conserved amino acids define
two distinct domains (N- and C-terminal) that rep-
resent the typical signature of this new family of
proteins, and which are likely both participating
in SRAP function [91]. This protein is also ubig-
uitously found in human cancer cell lines derived
from the breast [92], the prostate [93], and other
tissues, even though levels of expression appear to
vary from one cell type to another.

XIST

X-inactive specific transcript (XIST) is tran-
scribed from the inactivated X chromosome, is
involved in its inactivation, and exists in many
types of isoforms [94]. On the active X allele,
XIST is repressed by its antisense RNA, TSIX
[95]. XIST contains a double-hairpin RNA motif
in the RepA domain. It is located in the first exon,
which is crucial for its ability to bind polycomb
repressive complex 2 (PRC2) and propagate
epigenetic silencing of the X chromosome [69].
Subsequently, the inactive X (Xi) acquires the
typical features of heterochromatin: late repli-
cation, hypoacetylation of histones H3 and H4,
methylation of histone H3 lysines 9 and 27, lack
of methylation of H3 lysine 4, and methylation of
DNA CpG islands. Initial studies suggested a role
for XIST in hereditary BRCA1-deficient breast
cancers [96], whereas data indicated that BRCA1
was not required for XIST to function in these
cells [97]. Aberrant XIST regulation was also
observed in other cancers, including lymphoma
and male testicular germ-cell tumors [98].

H19

H19 is located in a cluster of imprinted genes on
the human chromosome 11. The regulation of H19
is related to its closely linked and reciprocally
imprinted neighbor IGF2. They are studied inten-
sively both because of their role in human diseases
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and as a model for understanding imprinting con-
trol mechanisms. Thereby H19 is transcribed only
from the maternal allele, whereas IGF2 expres-
sion is exclusively paternal. H19 is considered a
regulatory RNA [12]. It has been suggested that
H19 functions in many different processes, rang-
ing from transcriptional and posttranscriptional
regulation of expression [99] to tumor suppression
and oncogenesis, including breast cancer [100].
The expression of H19 is high during vertebrate
embryo development, but is downregulated in
most tissues shortly after birth with the exception
of skeletal tissue and cartilage [101]. In breast
cancer cell lines, c-Myc induces the expression
of the H19 ncRNA and binds directly to DNA
sequence elements called E-boxes close to the
imprinting control region (ICR). Thus, c-Myc spe-
cifically binds and regulates the active maternal
H19 allele and does not bind or affect the expres-
sion of the silenced paternal allele. In addition,
c-Myc downregulates transcription of the recip-
rocally imprinted gene IGF2 [103]. HI9 was also
shown to be directly activated by the oncogenic
transcription factor c-Myc in colon cancer, sug-
gesting H19 may be an intermediate functionary
between c-Myc and downstream gene expression
[102]. The upregulation of H19 by c-Myc and cor-
relation of c-Myc and H19 levels were observed in
primary and established tumor cells derived from
breast cancer patients [103]. The tumor suppres-
sor gene p53 has been shown to decrease H19 lev-
els. H19 transcripts also serve as a precursor for
miR-675, the miRNA involved in the regulation of
developmental genes. MiR-675 is processed from
the first exon of H19 and leads to a decrease in the
levels of tumor suppressor retinoblastoma gene 1
(RB1) [104].

BC200

BC200 RNA is a 200 nt-long RNA that is selec-
tively expressed in the primate nervous system
where it has been identified in somatodendritic
domains of a subset of neurons [105]. BC200
RNA is not normally expressed in nonneuronal
somatic cells [110]. It has been shown that it is
expressed in germ cells and in cultured immortal
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cell lines of various nonneural cell types. In order
to investigate whether the neuron-specific expres-
sion of BC200 RNA is also deregulated during
tumorigenesis in nonneural human tissues, 80
different tumor specimens, representing 19 dif-
ferent tumor types, were screened for the pres-
ence of this RNA [106]. BC200 was detected in
carcinomas of the breast, cervix, esophagus,
lung, ovary, parotid, and tongue, but not in cor-
responding normal tissue. BC200 was not detect-
able in bladder, colon, kidney, or liver carcinoma
tissues examined in this study. These results
demonstrate that BC200 expression is deregu-
lated under certain neoplastic conditions. The
expression of BC200 RNA in nonneural tumors
may indicate a functional interrelationship with
induction and progression of these tumors [106].

Long Noncoding RNAs in Diagnosis
of Breast Cancer

HOTAIR levels were up to a 2,000-fold increase in
primary and metastatic breast cancer tissue com-
pared with normal breast tissue [73]. In breast can-
cer tissue, moderate or high levels of MALAT-1
were also observed [76]. MALAT-1 levels were
increased also in bladder cancer and hepatocellu-
lar carcinoma [107, 108]. LSINCTS5 had increased
expression in breast and ovarian cancer cell line
and tumor tissue [85]. Elevated levels of SRA are
found in breast tumors and the increased SRA lev-
els might contribute to the altered ER/PR action
that occurs during breast tumorigenesis. Relative
expression of SRA varies between breast cancer
cell lines with different phenotypes [91].

Another type of oncogenic IncRNA is XIST,
which is typically expressed by all female
somatic cells. But XIST expression has been
found to be lost in female breast, ovarian, and
cervical cancer cell lines [97]. There is a substan-
tial body of evidence to suggest the occurrence of
X chromosome inactivation alterations in breast
cancer cells. Interestingly, in cell lines derived
from the duct carcinoma of the kidney, XIST
gene, along with several other chromosome X
genes, was found being amplified [109]. BC200
was expressed in carcinomas of the breast, cervix,
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esophagus, lung, ovary, parotid, and tongue but
not in corresponding normal tissues [106]. In an
independent study, it was shown that BC200
RNA is detectable at significant levels in a num-
ber of human tumors, including infiltrating ductal
carcinoma of the breast, squamous cell carci-
noma of the lung, and lung metastasis of mela-
noma. Corresponding normal tissue obtained
from the same patient was found to be BC200
negative. BC200 RNA is expressed at high levels
in high-grade ductal carcinoma in situ (HG
DCIS) but not in non-high-grade ductal carci-
noma in situ (NHG DCIS) [105]. High expres-
sion of BC200 RNA in carcinoma in situ is thus
indicative of high grade.

H19 is upregulated by c-Myc and H19 levels
were observed in primary and established tumor
cells derived from breast cancer patients [103]. In
comparison with normal breast epithelial tissue,
reduced levels of GASS were detected in cancer
tissue [80]. ZFASI is highly expressed in the
mammary gland and is downregulated in breast
tumors compared to normal tissue [84]. ZFAS1
expression is decreased in ductal carcinoma rela-
tive to normal epithelial cells.

IncRNAs with diagnostic potential in breast
cancer are summarized in Table 7.2. The majority
of IncRNAs that were identified as deregulated in
breast cancer are oncogenes, and their levels in
cancers are increased: HOTAIR, MALAT-1,
LSINCTS, SRAL1, XIST, BC200, and H19. Only
two studied IncRNAs indicate properties of
tumor suppressors: GASS5 and ZFASI1. At the
moment, independent studies in large cohorts of
breast cancer patients enabling detailed clinico-
pathologic correlations are needed to prove and
define potential diagnostic usage of these promis-
ing IncRNAs.

Long Noncoding RNAs
as Prognostic and Predictive
Biomarkers in Breast Cancer

From the IncRNAs studied in breast cancer only
five indicate the potential to be prognostic bio-
markers. In human breast cancer, HOTAIR
expression is increased in primary tumors and
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metastases, and its expression level in primary
tumors positively correlates with the develop-
ment of metastasis and poor outcomes [72, 73].
Also, MALAT-1 expression was remarkably
increased in primary tumors that subsequently
metastasized in contrast to primary tumors of
patients with better outcomes [107].

Invasive breast cancer cell lines were shown to
have higher levels of noncoding SRA than less
invasive ones. This suggests that the expression
of noncoding SRA in breast cells is probably
associated with the ability for invasion [91].
Interestingly, the apparent overexpression of
SRAP in some cases correlated with an overall
survival in the breast cancer patients [93]. This
also suggests that an increase in SRAP expres-
sion might characterize a less aggressive pheno-
type and it is possible that this protein contributes
to the improved outcome after tamoxifen anties-
trogen therapy [93].

Several studies noted that aggressive breast
tumors do not show a detectable Barr body due
the cytological examination of the Xi [111].
Decreased levels of XIST lead to reduced sensi-
tivity to treatment with Taxol in ovarian cancer
cell lines, suggesting that the expression of XIST
may serve as a predictive biomarker of therapy
response [112].

Only the level of GASS expression in the
breast cancer cell lines showed a general inverse
correlation with tumorigenic behavior [82].
Interestingly, in head and neck squamous cell
carcinoma, a high level of GAS5 was associated
with a good prognosis [113].

Recent evidence suggests that some IncRNAs
deregulated in breast cancer tissue may serve as
prognostic or predictive biomarkers in breast
cancer patients, indicating their potential in trans-
lational oncology.

Long Noncoding RNAs as Potential
Therapeutic Targets

Besides the imminent use of our knowledge of
cancer-associated long ncRNAs for diagno-
sis, therapeutic applications may be possible
in a more distant future. The use of IncRNAs
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as therapeutic agents is only beginning to be
explored. Although our understanding of the
molecular mechanisms of IncRNA function is
limited, some features of IncRNAs make them
ideal candidates for therapeutic intervention.
Many IncRNAs appear to have protein-binding
or functional potential that is dependent on sec-
ondary structure; this may provide a means of
intervention [114]. Preventing the interactions
of HOTAIR with the PRC2 or LSD1 complexes,
for example, may limit the metastatic potential of
breast cancer cells [73]. The progress in the use
of RNAi-mediated gene silencing for the treat-
ment of different diseases is encouraging and
could be applied to selectively silence oncogenic
IncRNAs. Gene therapy could also be applied for
the delivery to specific cells of tumor suppres-
sor IncRNAs for the treatment of breast cancer.
However, many technical challenges have to be
overcome for a wider use of therapeutic RNAi
and gene therapy [114]. The expression of the
IncRNA HI9 is increased in a wide range of
human cancers, including breast cancer [100].
One promising therapeutic approach presents a
plasmid vector carrying the gene for the diphthe-
ria toxin, which is under the control of the H19
promoter. Intratumoral injections of this plas-
mid induced high expression levels of diphtheria
toxin specifically in the tumor cells, resulting in
a reduction of tumor size in human trials [115].
GASS5 expression induces growth arrest and
apoptosis independently of other stimuli in some
breast cancer cell lines [82]. Therefore, develop-
ment of technology inducing GASS5 expression in
tumors—or designing a vector that would induce
the expression of GAS5 when delivered into the
tumor cells—might provide an attractive thera-
peutic approach. Collectively, these advances
indicate the significant potential in developing of
IncRNAs-mediated therapies.

Conclusion and Future Perspective

There is much research still on the way toward a
deeper understanding of regulation processes, in
which IncRNA is one of the important players.
Although long noncoding RNA expression
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profiles in tumor tissue highlighted the potential
value of this class of noncoding RNAs as tumor
biomarkers in diagnosis and prognosis of breast
cancer patients, only studying the mechanisms of
IncRNA involvement in oncogenic and tumor
suppressive pathways could lead to the establish-
ment of new diagnostic biomarkers and figure
their potential usage as novel therapeutic targets.
As the catalog of IncRNAs still grows, it will also
become important to elucidate the genetic net-
works and signaling pathways regulated by the
IncRNAs, which are abnormally expressed in
breast cancer cells, to understand the role of these
IncRNAs in the processes of malignant
transformation.
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