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Long Non-Coding RNAs: Challenges for Diagnosis
and Therapies
Yolanda Sánchez and Maite Huarte

Long non-coding RNAs (lncRNAs) have emerged as one of the largest and more diverse classes of cellular
transcripts. The growing evidence suggests that lncRNAs are key regulatory molecules present at virtually every
level of cellular physiology, and their alterations are associated with multiple human diseases. Here we provide
a general overview of the known roles of lncRNAs in different diseases, as well as their imminent application as
biomarkers and therapeutic targets. We also discuss the challenges and possible strategies for these clinical
applications. It is unquestionable that our knowledge of lncRNAs not only adds a new dimension to the
molecular architecture of human disease, but also opens up a whole new range of opportunities for treatment.

molecular decoys for microRNAs (Yoon et al., 2012). It is not
surprising then that alterations in the expression of lncRNAs
are found in multiple diseases, making these RNAs emerge as
attractive therapeutic targets (see Table 1) (Esteller, 2011;
Wapinski and Chang, 2011).

Introduction

H

istorically the search for the origin of diseases has
focused on coding genes that are mutated or genetically
altered (amplifications, deletions, translocation, or epigenetic
modifications). Nevertheless there has been a recent paradigm shift boosted by the transcriptomic and genomic technological advances. In fact, we know now that while less than
2% of the genome encodes for proteins, at least 75% of its total
is actively transcribed into non-coding RNAs (Djebali et al.,
2012). However, it remains unclear how much of this transcriptional muddle is functional, and while a body of work
has demonstrated that microRNAs act as posttranscriptional
regulators with important roles in cellular differentiation and
development, much less is known about the larger and heterogeneous group of long non-coding RNAs (lncRNAs).
LncRNAs are transcripts longer than 200 nt that lack
functional open reading frames (Dinger et al., 2008). They are
highly diverse and actively present in virtually every aspect of
cell biology, including cellular differentiation, proliferation,
DNA damage response, dosage compensation, and chromosomal imprinting among others. Only a handful of lncRNAs
have been studied in some depth, showing their important
roles in many physiological processes that involve gene regulation. For instance, lncRNAs have been shown to act as
molecular scaffolds that hold and guide chromatin complexes, to enhance gene transcription, to interfere with the
transcriptional machinery, or even to maintain the structure of
nuclear speckles (Mercer et al., 2009; Wang and Chang, 2011;
Rinn and Chang, 2012). Additionally, lncRNAs have been
shown to work post-transcriptionally as regulators of splicing, messenger RNA (mRNA) decay, protein translation, or as

Long non-coding RNAs and Cancer
As discussed above, many lncRNAs play important roles in
multiple physiological processes that involve gene regulation.
Therefore, it seems likely that lncRNA deregulation constitutes one of the underlying causes of human diseases.
In particular, lncRNAs are emerging as new players in the
cancer paradigm, having regulatory functions in both oncogenic and tumor-suppressive pathways such as the p53, MYC,
and NF-kB pathways (Huarte et al., 2010; Hung et al., 2011).
Indeed, lncRNAs are an active part of the cellular response
concomitant to different cues and stresses. For instance, following DNA damage or oncogenic stress, the transcription
factor p53—one of the most commonly mutated tumor suppressors in cancer—initiates a program that involves the induction of many genes, including dozens of lncRNAs. One in
particular, the long intergenic noncoding RNA (lincRNA)-p21,
has been shown to mediate global gene repression and to induce apoptosis in a p53-dependent manner (Huarte et al.,
2010). However, several other lncRNAs are part of the p53
network (Huarte et al., 2010; Hung et al., 2011), and it is predictable that they play an active role in the tumor suppressor
response affecting cancer progression.
The epigenetic alterations that tumor cells undergo are also
a determinant factor for cancer development. A number of
studies suggest that many lncRNAs interface with the
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Table 1. Long Non-Coding RNAs Linked to Disease

Name

Function

Disease

MIAT
FMR4
SCA8

Function still unknown
Antiapoptotic function
Down regulates KLHL1 expression through
an antisense mechanism
Regulates expression of BACE1 mRNA
stability and generates additional BACE1
through a post-transcriptional feed-forward
mechanism
Metabolism and splicing. Metastasis.
Overexpressed in various tumor types
Oncogene and potential new target for
antitumor therapy
Gene silencing in trans. Metastasis in breast
cancer and colon cancer
Regulates DISC1 by antisense mechanism
Regulated by the insulin signaling PTEN
Gene silencing of CDKN2A, ARF
and CDKN2B
Overexpressed in prostate cancer
Protective role in cells exposed to stress

Cardiovascular disease
X-fragile syndrome
Spinocerebellar ataxia

(Ishii et al., 2006)
(Khalil et al., 2008)
(Chen et al., 2008)

Alzheimer’s disease

(Faghihi et al., 2008)

Cancer

(Lin et al., 2007; Tripathi
et al., 2010)
(Matouk et al., 2007)

BACE1-AS

MALAT1
H19
HOTAIR
DISC2
PINK1-AS
ANRIL
PCA3
PRINS

Cancer
Cancer

References

Schizophrenia
Diabetes
Cancer

(Kogo et al., 2011; Yang
et al., 2011)
(Chubb et al., 2008)
(Scheele et al., 2007)
(Cunnington et al., 2010)

Prostate cancer
Psoriasis

(Lee et al., 2011)
(Sonkoly et al., 2005)

BACE1, beta-secretase 1; DISC1, disrupted in schizophrenia 1; CDKN2A, cyclin-dependent kinase inhibitor 2A; ARF, alternative reading
frame; KLHL1, kelch-like 1; CDKN2B, cyclin-dependent kinase inhibitor 2B; and PTEN, phosphatase and tensin homolog.

epigenetic machinery, being active components of chromatin
complexes (Guttman and Rinn, 2012). An example that illustrates the importance of lncRNAs in tumor invasion and
metastasis formation is given by the lncRNA hox antisense
intergenic RNA (HOTAIR). It has been shown to be deregulated in different types of cancer (Kogo et al., 2011; Yang et al.,
2011) and its expression levels in primary breast tumors
positively correlate with metastasis and poor outcome (Gupta
et al., 2010). HOTAIR interacts with the polycomb repressive
complex 2 (PRC2) and the lysine-specific demethylase 1 (LSD1),
forming a macromolecular repressor complex that silences
specific gene loci leading to metastasis (Tsai et al., 2011). Besides HOTAIR, other lncRNAs have been suggested to regulate the epithelial-to-mesenchymal transition. For instance, a
strong association has been demonstrated between the expression of a particular natural antisense transcript (NAT) of
the Zeb2 gene and human tumors with low E-cadherin expression (Beltran et al., 2008). Zeb2 NAT overlaps with an
intronic 5’ splice site of the Zeb2 gene and prevents its splicing
resulting in higher levels of Zeb2 protein, which can subsequently function as a transcriptional repressor of E-cadherin
(Beltran et al., 2008). Another example of lncRNA involved
in cancer malignancy is metastasis associated lung adenocarcinoma transcript 1 (MALAT1), widely expressed in
normal human tissues ( Ji et al., 2003) but upregulated in
different types of cancer (Lin et al., 2007). More recently, its
involvement in the regulation of cell proliferation and invasion has been shown (Hudson et al., 2010) and has been
identified as a nuclear-retained lncRNA that regulates the
alternative splicing of a set of pre-mRNAs (Tripathi et al.,
2010). Interestingly, despite the high conservation between
human and murine MALAT1 sequences, MALAT1 knockout
mice do not present any apparent phenotype (Eißmann,
2012). Although this could be due to compensatory mechanisms, it may reflect a species-specific functional specialization of lncRNAs.

Apart from the described examples, several other lncRNAs
have been observed to be involved in cancer progression
(Gupta et al., 2010; Kogo et al., 2011), and they probably
represent only the tip of the iceberg. Nowadays, many research groups are reporting lncRNAs whose expression is
altered in different cancer types, such as glioblastoma (Han
et al., 2012), primary and metastatic pancreatic cancer (Tahira
et al., 2011), or oral premalignant lesions (Gibb et al., 2011),
correlating their studies with the presence of genetic alterations associated with malignancy. In conclusion, the catalogue of cancer-associated lncRNAs is rapidly increasing and
it seems clear that the future research will allow the identification of the best targets for diagnostics and therapies.
LncRNAs and Neurodegenerative
and Psychiatric Diseases
LncRNAs are especially abundant in the nervous system,
and it has been hypothesized that the brain complexity requires a high number of regulatory RNAs. Supporting this
idea, multiple lncRNAs playing roles in this context have
being identified and their malfunction linked to neural disorders. For instance, a recent study has detected over 200 differentially expressed lncRNAs in autism disorders, enriched
for genomic regions containing genes related to neurodevelopment and psychiatric disease (Ziats and Rennert,
2012), while another recent work has identified lncRNAs deregulated in Huntington’s disease ( Johnson, 2012).
Interestingly, several lncRNAs have been identified to be
transcribed antisense of genes with important roles in the
nervous system and to modulate the expression of their sense
counterparts. Among them is BACE1 antisense RNA (BACE1AS), a lncRNA transcribed antisense of BACE1 gene. BACE1
encodes for an integral membrane peptidase A1 glycoprotein
that plays a pivotal role in the accumulation of b-amyloid
plaques characterizing the Alzheimer’s disease. BACE1-AS
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has been shown to regulate the expression of BACE1 by increasing BACE1 mRNA stability and therefore BACE1 protein level through a post-transcriptional feed-forward
mechanism. Moreover, BACE1-AS concentration was found
increased in subjects with Alzheimer’s disease and in amyloid
precursor protein transgenic mice, supporting the involvement of the lncRNA in the disease progression (Faghihi et al.,
2008).
Other examples of neuron-specific antisense lncRNAs are
DISC2 (disrupted in schizophrenia 2), antisense of DISC1
gene, linked to schizophrenia and several other disorders
(Chubb et al., 2008); human accelerated region 1 (HAR1),
transcribed antisense of rheelin (RELN) gene and related to
schizophrenia and attention deficit disorder (Li et al., 2011);
and ubiquitin carboxyl-terminal esterase L1 (Uchl1) antisense, which positively regulates UCHL1 protein, possibly
involved in Parkinson’s and Alzheimer’s diseases (Carrieri
et al., 2012). In summary, it seems that evolution has created in
the nervous system a network of sense-antisense transcriptional crosstalk able to fine-tune gene expression.
LncRNAs and Other Diseases
LncRNAs are essential components of cellular regulatory
networks and can therefore affect every aspect of physiology.
This is consistent with the growing number of malignancies in
which lncRNAs are known to play a role, including systemic
lupus erythaematosus (Kino et al., 2010), psoriasis (Sonkoly
et al., 2005), uremia (Sui et al., 2012), brachydactyly (Maass
et al., 2012), facioscapulohumeral muscular dystrophy (Cabianca et al., 2012), a-Talasemia (Tufarelli et al., 2003), and
immune response to viral infection (Peng et al., 2010).
LncRNAs are likely involved in the regulatory processes that
control metabolic functions, but little is known about the role of
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lncRNAs in endocrine disease. A recent and comprehensive
study has shown that lncRNAs are components of the b cell
differentiation and maturation program, and many of them
have been shown to be deregulated in type 2 diabetes (Dunham
et al., 2012). A previously known lncRNA with a role in diabetes
is PINK1. LncRNA antisense of PTEN induced putative kinase
1 gene (PINK1-AS) is induced by the important inhibitor of insulin signaling phosphatase and tensin homolog (PTEN), and
its depletion has been associated with diabetes (Scheele et al.,
2007). Similarly, the H19/insulin-like growth factor 2 (IGF2)
and thyroid growth receptor a2 (ERBa2) loci harbor known
antisense transcripts that have the potential to regulate their
endocrine and metabolic function (Lottin et al., 2002). Besides
diabetes, lncRNAs have been implicated in other physiological
aspects of metabolism, such as appetite control (Seim et al.,
2007), although it is unclear what mechanisms may be involved.
Moreover, lncRNAs have been observed to influence cardiovascular diseases and hypertension. The altered expressions of antisense noncoding RNA in the INK4 locus (ANRIL)
and myocardial infarction associated transcript (MIAT)
lncRNAs have been correlated with stroke risk and recurrence
and myocardial infarction risk respectively (Ishii et al., 2006;
Zhang et al., 2012)). Finally, a role for lncRNAs has also been
shown in hypertension, where 7 blood pressure candidate
genes (ADD3, NPPA, ATP1A1, NPR2, CYP17A1, ACSM3,
and SLC14A2) have been found to be regulated in cis by a
lncRNA transcript (Annilo et al., 2009).
LncRNAS as Diagnostic and Therapeutic Tools
The discovery of deregulated lncRNAs not only represents
a new layer of complexity in the molecular architecture of
human diseases, but it also opens up the possibility to use
them as diagnostic markers and therapeutic targets. LncRNAs

FIG. 1. General overview of
the process of long non-coding
RNA (lncRNA) detection and
analysis for clinical application. Samples are collected
from patients, from either tumor tissue or body fluids. For
lncRNA detection, extracted
RNA is analyzed by microarray, next-generation RNA
sequencing, or real time PCR,
and computational analyses
determine differentially expressed lncRNAs. Selected
lncRNA candidates are subjected to functional studies
that can lead to the development of new drugs or other
clinical applications.
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can offer advantages as biomarkers, especially when they can
be readily detected in biological fluids. Furthermore, as opposed to mRNA, the lncRNA itself is a functional molecule
and its expression level may be a better indicator of the disease. Additionally, the highly specific expression patterns of
lncRNAs suggest that their expression signatures could successfully be used for accurate disease diagnostics and classification. Although this application is still under development,
the use of individual lncRNAs in clinical medicine has already
started. PCA3, a prostate-specific lncRNA markedly overexpressed in prostate cancer, has been reported to be clinically
used in a diagnostic assay for prostate cancer detection (Lee
et al., 2011). However, the emerging application of circulating
lncRNAs for disease diagnosis is restrained by the limited
knowledge that we have of their biology. For instance, it remains unclear whether lncRNAs contribute to the disease or if
they become altered as a consequence of the disease itself. In
any case, in order to make use of their potential as markers,
some other questions should be considered. For instance,
taking into account their nature as long RNA molecules: how
stable are circulating lncRNAs? Is their stability altered in
various disease states? Answering these questions will help
the implementation of lncRNA as biomarkers.
In addition to the imminent use of lncRNAs for diagnosis
and prognosis, the targeting of lncRNAs for therapy is already
being explored (Fig. 1). Companies and organizations such as
the Allen Institution for Brain Science, CuRNA, Regulus
Therapeutics, Miragen Therapeutics, and Santaris Pharma
among others are developing ncRNA-based strategies against
cancer, cardiovascular, neurological, and muscular diseases.
In principle, there are several possible approaches for targeting lncRNAs:
(1) Silencing of lncRNAs. LncRNA expression levels can be
inhibited through RNAi technology, although in some cases
this may not be possible due to their secondary structure or
intracellular localization. Alternatively, antisense oligonucleotides (ASOs) that block lncRNA activity, or induce their
degradation by RNaseH can be applied for lncRNA downregulation and silencing. An alternative strategy for silencing
of lncRNAs that avoids the off target effects of oligonucleotides is the genomic integration of RNA destabilizing elements. However, its potential application on patients is more
limited as it involves targeted genetic manipulation
(Gutschner et al., 2011).
(2) Functional block of lncRNAs. LncRNAS can be impaired by blocking their molecular interactions. This could be
possible via application of small molecule inhibitors that
mask the binding site in protein interacting partners or antagonistic oligonucleotides that bind to the ncRNA and inhibit
the protein binding. Although our understanding of the molecular mechanisms of lncRNA function is limited, some
known features of lncRNAs, including structural scaffolds for
protein complexes and complex RNA structural motifs, could
be targeted. For instance, preventing the interaction of HOTAIR with the PRC2 or LSD1 complexes using small molecular inhibitors may limit the metastatic potential of breast
cancer (Tsai et al., 2011).
(3) Structure disruption. Small molecule inhibitors could be
designed to bind to lncRNAs and change or mimic their secondary structure in order to compete for their binding partners. Alternatively, oligonucleotides could be used to target a
specific region of the ncRNA and block its correct folding. In
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line with this, undergoing studies are developing small molecules to adapt to the RNA secondary structure motifs in
disease (Colley and Leedman, 2009).
Besides the targeting of harmful lncRNAs, gene therapy can
be applied for the delivery of beneficial lncRNAs to specific cells,
such as tumor suppressor lncRNAs. Additionally, some strategies attempt to take advantage of the highly specific expression
of some lncRNAs in tumor cells to reduce the risk of affecting
normal tissues during treatment. For example, the plasmid BC819 (DTA-H19) has been developed to make use of tumorspecific expression of H19 lncRNA. This plasmid carries the
gene for the A subunit of diphtheria toxin under the regulation
of H19 promoter. The intratumoral injection of this plasmid
induces the expression of high levels of diphtheria toxin in the
tumor, resulting in a reduction of tumor size in human trials in a
broad range of carcinomas (Mizrahi et al., 2009).
The potential use of lncRNAs for therapies is tremendous
since it can take advantage of the multiple functional facets of
lncRNAs. However, before we might be able to use these new
therapeutic options routinely, more functional and structural
studies are necessary to better understand the biology of
lncRNAs.
It is unquestionable that the more we learn about lncRNA
expression patterns in disease, the higher the chances for an
improved diagnosis and better prognosis will be. Likewise,
the understanding of the mechanisms by which lncRNAs
function will inevitably help us to design better therapeutic
agents. Hopefully, the next future will satisfy our expectations
and bring more challenges to the application of lncRNA research to human health.
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