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a b s t r a c t
Over the last decade, long noncoding RNAs (lncRNAs) have emerged as a fundamental molecular class whose members play pivotal roles in the regulation of the genome. The observation of pervasive transcription of mammalian genomes in the early 2000s sparked a revolution in the understanding of information ﬂow in eukaryotic cells and the
incredible ﬂexibility and dynamic nature of the transcriptome. As a molecular class, distinct loci yielding lncRNAs are
set to outnumber those yielding mRNAs. However, like many important discoveries, the road leading to uncovering
this diverse class of molecules that act through a remarkable repertoire of mechanisms, was not a straight one. The
same characteristic that most distinguishes lncRNAs from mRNAs, i.e. their developmental-stage, tissue-, and cellspeciﬁc expression, was one of the major impediments to their discovery and recognition as potentially functional
regulatory molecules. With growing numbers of lncRNAs being assigned to biological functions, the speciﬁcity of
lncRNA expression is now increasingly recognized as a characteristic that imbues lncRNAs with great potential as
biomarkers and for the development of highly targeted therapeutics. Here we review the history of lncRNA research
and how technological advances and insight into biological complexity have gone hand-in-hand in shaping this revolution. We anticipate that as increasing numbers of these molecules, often described as the dark matter of the genome, are characterized and the structure–function relationship of lncRNAs becomes better understood, it may
ultimately be feasible to decipher what these non-(protein)-coding genes encode. This article is part of a Special
Issue entitled: Clues to long noncoding RNA taxonomy1, edited by Dr. Tetsuro Hirose and Dr. Shinichi Nakagawa.
© 2015 Elsevier B.V. All rights reserved.

1. Technological history of RNA biology
The ability to measure gene transcription provided access to a fundamental molecular layer in the transaction of genomic information into
biological function. As with many other sciences, the emerging understanding of these processes has been driven by technological advances
that built on and addressed limitations of precursors (Table 1). The
Northern blot ﬁrst allowed researchers to identify the size and approximate expression levels of RNA species in the 1970s [1]. Advances in cloning and the advent of the polymerase chain reaction in the 1980s [2–4]
facilitated an explosion in the characterization of RNAs. These candidate
approaches were eclipsed in the late 1990s with the development of
cDNA arrays, which for the ﬁrst time allowed researchers a glimpse
into the expression of thousands of RNAs in a single experiment. Researchers using arrays quickly realized major limitations — particularly
imprecision at low transcript copy numbers and dependence on a priori
knowledge of transcript sequence. Massively parallel sequencing technology fundamentally addressed this latter limitation and drastically
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improved the former. Two landmark projects (using arrays [5] and
then sequencing [6]) made a number of surprising observations, including (i) that most of the genome was transcribed into RNA, the majority
with little or no protein coding potential, (ii) that alternate transcript
isoforms arising from alternate splicing and alternate promoters was
prevalent throughout the genome and (iii) that this previously undetected transcriptional complexity often occurred rarely or at low levels.
Together, these observations prompted a re-evaluation of our understanding of the information encoded in the genome, how transcription
was regulated, and challenged existing concepts of the deﬁnition of
the gene [7,8]. Indeed, later evidence of a continuum of protein
coding/transcript-driven function within the transcriptome [9] further
challenged these deﬁnitions [10]. Despite continued controversy over
the biological signiﬁcance of these new perspectives on the transcriptome, the advent of next generation sequencing has challenged numerous long-standing assumptions in the role of RNA across all life and
has led to profound new understandings of the regulatory functions of
RNA, including the discovery of entirely new functional classes of RNA.
2. Biological history of RNA technology
The main role of RNA in cells has historically been divided into noncoding and coding functions. The most ubiquitous RNA species in the
cell are noncoding, mostly comprising transfer and ribosomal RNA.
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Table 1
Comparison of technologies described in this review.
Technique

Transcript and transcriptome
coverage

Dependence on gene annotation

Sensitivity

Comments

Northern blot

Single region of gene but gives
transcript size, not multiplexed
Single region of gene, easily
multiplexed
Multiple regions of tens of
thousands of genes
Full transcript, up to the whole
transcriptome
Full transcript, up to whole
transcriptome
Full or partial transcript, deﬁned by
allowable capture space
Captures small area of transcript
binding speciﬁc protein
Up to full transcript in one read, up
to whole transcriptome

Yes

High

Low throughput

Yes

Down to single copy

Moderate throughput, high precision

Yes

Poor at low copy

No

Poor at low copy

Comprehensive but subject to
evolving annotation, low precision
Comprehensive but low precision

No; limitations in de-novo
assembly
No; limitations in de-novo
assembly
Partial; small fragment gives little
insight into transcript structure
No; excellent for transcript
assembly, improving read
accuracy
No; limitations in de-novo
assembly
Yes

Dependent on depth, typically
(~30E6 reads) superior to arrays
Orders of magnitude greater than
RNA-seq, also depends on depth
Greater than RNA-seq, depends on #
copies bound to protein
Currently dependent on depth and
cost-beneﬁt

Current standard, ﬂexible and
improved precision
Excellent for identifying and deﬁning
low-copy transcripts
Superior for characterizing
RNA-protein interactions
Offers full-length transcripts

Currently poor at low copy

Captures cell speciﬁc transcripts

Down to single copy

High precision, low throughput;
provides subcellular localization

RT-PCR
Expression arrays
Tiling arrays
Short-read
RNA-seq
Short read RNA
CaptureSeq
HITS-CLIP
Long read
SMRT-sequencing
Single cell sequencing
RNA FISH

Full transcript, up to whole
transcriptome
Multiple regions of single genes

These “structural” RNAs are highly evolutionarily conserved, and occur
in all known forms of life. Since the discovery of genes as a principle
unit of heritability, the concept of RNA as a signaling molecule has typically been dominated by understanding that messenger RNA (mRNA)
transduced information from DNA for translation into protein (thusprotein coding). This understanding of RNA biology has dominated molecular biology for decades, with speciﬁc coding RNA providing a cellular identity through protein, and ubiquitous noncoding RNA providing a
structural basis for basic cellular functions [11]. Discoveries of other
ubiquitous noncoding RNA such as XIST (stabilizing X chromosome inactivation) reinforced this picture.
The ancient origins and central role of RNA in the evolution of life [12]
prompt the idea that RNA continued to evolve functions in parallel to its
more obvious and ubiquitous roles as core components of the ribosome
(as opposed to purely messenger functions). This hypothesis predicts diverse functions for noncoding RNAs utilizing the extensive repertoire of
biochemical processes that RNA can participate in to inﬂuence cellular
behavior. Indeed early characterization of small noncoding RNAs known
as microRNAs (miRs), which modulate gene expression by a variety of
common pathways, showed that the expression of microRNAs more
accurately deﬁned the tissue of origin in cancer than coding RNAs [13].
The implication of noncoding RNA as a major determining factor of cellular phenotypic identity challenged the central dogma of molecular biology, where cell phenotype was driven by the process of DNA → RNA →
protein [14]. These ﬁndings hinted at a higher order regulatory architecture for controlling gene expression at the transcript level, and that RNA
was able to play the role of message, target and regulator.
3. The convergence of technology and biology
Historically, technology has driven scientiﬁc endeavor as much as
understanding has shaped technology (Box 1). Much like revolutions
in optical technology drove revolutions in the understanding of the
very small (microbiology) and the very distant (astronomy), technological developments in molecular biology are driving our view of the sophistication and prevalence of DNA transcription.
Akin to the incredulity that traditionally faced new technologies in
other scientiﬁc domains, early evidence of pervasive transcription of
the mammalian genome as noncoding RNA led to comparisons with evidence of pervasive dark matter in the universe [15–17]. Despite extensive subsequent experimental evidence [5,6,18,19], the observation of
pervasive transcription is still met with dismissal of the phenomena as

a technical artifact, transcriptional noise or leaky transcription of nonfunctional genome regions [20]. The main reasons for this can be attributed to observed low levels of transcription (Fig. 1A); sometimes
calculated at less than one copy per cell (e.g. from the ENCODE studies
[21]), appearing stochastic by some measures, and an apparent lack of
sequence conservation of these regions [11]. However, in parallel, growing numbers of studies showed that such conclusions were poorly substantiated [22]. These investigations revealed that long noncoding RNA
(lncRNA; operationally deﬁned as N 200 nt transcripts lacking long open
reading frames) species showed highly speciﬁc spatial and temporal expression patterns [23,24] and were often regulated in the same fashion
at the (epi)genome [25,26] and RNA processing levels [27,28] as their
protein coding cousins.
The apparent lack of sequence conservation for lncRNAs remains a
heated area of debate. Some researchers question whether this lack argues against functionality [29], while others argue for structural conservation [30,31] and highlight how noncoding transcription scales with
organismal complexity [32] and that lack of conservation does not necessarily imply lack of functionality [33]. Indeed analyses of RNA structural
conservation present evidence for an ancient and plastic evolutionary
process at the RNA level [34]. Regardless of the controversy surrounding
lncRNA as a class (including long intergenic ncRNA (lincRNA), intronic,
antisense & processed transcripts, emerging types such as enhancer associated RNAs [35] as well as repressive [36] & activating [37] promoter
transcripts; with other types likely to still be described [11]) and the relative few that have been functionally studied and annotated (Fig. 1B)
[38], the pioneering work in the discovery and classiﬁcation of lncRNAs
has resulted in a veritable explosion of research into – and recognition
of – these molecules [38] (Fig. 2). Much of this work is allowing researchers to redeﬁne molecular biology paradigms that have dominated
the zeitgeist for decades [39].
An area of controversy and experimental challenge facing researchers studying lncRNA revolves around ascertaining the biological
relevance of low expression levels and infrequent splicing events [26,
40]. The observation of low expression of lncRNAs is commonly
oversimpliﬁed by assuming that all cells in a population, even in complex tissues, possess uniform transcriptomes. Although this assumption
is practical for differential expression analyses, it is biologically unlikely
to be the case. There are a variety of scenarios that could yield the observed average low expression levels of lncRNAs, such as small numbers
of cells with high expression or transient bursts of high expression
(Fig. 3). With the applications of new sequencing technologies and
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Box 1
Technology driven discovery.

applications, it is becoming increasingly apparent that the lncRNA
transcriptome is at least as large and complex as the coding transcriptome and that gene-splicing plays a huge role in the cell (transcript numbers in Fig. 2) [41]. Thus, as understanding and technology
are progressing, lncRNAs are taking a center stage in understanding
the molecular basis underlying the complexity of life, particularly
complex life.
4. lncRNA expression is often tissue- and cell-type speciﬁc
Much of the pioneering work in characterizing lncRNAs was focused
on differential expression studies. These studies revealed a surprising

degree of tissue-type and developmental-stage speciﬁcity of lncRNA
transcription [6,23,24,42,43]. And in recent years, the speciﬁcity of
lncRNA expression has surpassed that of protein coding transcripts [44,
45]. This characteristic of lncRNA speciﬁcity can be illustrated using the
Illumina Body Atlas RNA sequencing data (Fig. 1B). Half of lncRNA
genes are expressed in fewer than half of the tissue types tested, whereas
protein-coding genes are much more frequently expressed in different
tissue types. Indeed, the speciﬁc cell type speciﬁcity of lncRNA has been
shown most elegantly in complex (brain [24], testes [44,46]) and primordial (stem cells [23]) systems (see Table 2). These observations suggest
that lncRNA transcription is intimately linked with complex and plastic
cell phenotypes [47].

Fig. 1. lncRNAs are more lowly expressed (A) and more tissue speciﬁc (B) than protein coding genes. (A) Illumina body atlas data was aligned to hg19 with GENCODE 18 gene annotations.
For each tissue, FPKM values for protein coding and lncRNAs (lincRNA and antisense biotypes) classes were compared; genes with FPKMs of 0 were omitted. The corresponding median
expression of protein coding genes for each tissue is, on average, ~40-fold (range: 22 to 59-fold) higher than lncRNAs. (B) For each class, median expression for each tissue was calculated
and genes were binned as highly (above median) or lowly expressed in each tissue. Genes were then ranked by number of tissues in which they were highly expressed and the median was
plotted for protein coding (blue) and lncRNA (red) genes, compared to annotated functional lncRNAs (yellow; from lncRNAdb v2).
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coding genes [50–52] (Table 3). Together, these observations highlight
how much of lncRNA expression patterns remain to be elucidated. Interestingly, the interaction of U1snRNP and promoter-proximal poly(A) sites
of a transcript has been shown to be a critical determinant of transcript
stability in preventing spurious bidirectional transcription [53]; this may
provide valuable insight into the longevity of transcripts, particularly in
the nucleus.
6. lncRNAs are commonly lowly expressed

Fig. 2. The rise of noncoding RNA: ENSEMBL gene annotations from 2009 (version 54) to
present (version 79) are presented broken down by designated gene type and compared
to the observed number of unique transcripts with each compilation.

5. lncRNA expression is highly dynamic
Not only do lncRNAs exhibit cell type speciﬁcity, but also it is becoming clear that their expression can be highly context and time dependent.
That transcriptomes are subject to large-scale variation in even well controlled systems is not a new idea and the impact of handling and conditions on cellular transcriptomes can be far reaching [48]. This highlights
the dynamic nature of transcriptomes and argues against assumptions
of steady state gene expression; a typical, yet ﬂawed assumption
(Fig. 3) commonly made when interpreting results from these technologies. Temporal and cell cycle speciﬁc processes have long been studied
in speciﬁc contexts, but the potential impact in broader contexts have,
until recently, been difﬁcult to access and not well considered. Certain
lncRNAs, such as HOTTIP [49], have been shown to exert an extremely
short-lived function (providing a scaffold to initiate assembly of a chromatic remodeling complex) necessitating only a brief burst of expression.
More broadly, lncRNAs, including those with known cellular functions,
have on average signiﬁcantly shorter transcript half-lives than protein

Despite advances in the understanding and identiﬁcation of lncRNAs
in various systems, lncRNAs remain difﬁcult to detect with conventional
sequencing approaches [54]. This has two outcomes; that existing studies may not necessarily be considered comprehensive and that identiﬁcation of novel transcripts is an ongoing and improving process. The
collateral of these limitations is that despite the growing interest in
lncRNA expression patterns, most published RNA-seq investigations remain focused on protein coding genes.
In addressing issues of comprehensiveness, observed low levels of
transcription are currently considered to be due to the cellular speciﬁcity
that is becoming a hallmark of these molecules, and due to the highly dynamic nature of their expression and action, most existing techniques of
transcriptomic enquiry lack the power to effectively elucidate their expression. Indeed, current whole transcriptome sequencing approaches
still lack the breadth in dynamic range to probe lncRNA expression [54],
and researchers are turning to ever deeper sequencing or to emerging
complementary techniques (Table 1) to address this limitation.
A promising technique for overcoming the high dynamic range of
RNA expression, especially in the characterization of the extent of lncRNA
expression, is RNA-capture sequencing (RNA CaptureSeq) [41,55,56].
Using a similar approach to exon capture sequencing, RNA CaptureSeq
employs oligomer baits to enrich a sequencing library (in this case
cDNA) for sequences of interest before sequencing. The technique yields,
on average, a 2–3 log10 increase in signal over traditional sequencing,
thereby providing a vital tool for the lowly and speciﬁcally expressed
lncRNAs present in more common bulk RNA samples. RNA CaptureSeq
studies have shown that the complexity of lncRNA and even coding
RNA expression, especially in RNA processing patterns, is only starting
to be appreciated. Indeed a single RNA CaptureSeq experiment in 20 tissue samples reported an increase of 20.6% in observed long-noncoding
exons as well as a 13.5% increase in splice junctions than had previously
been annotated — with similar improvements on existing coding

Fig. 3. Comparison of models of transcriptional activity in cell culture and tissue. For any given gene, a low (orange) signal is often interpreted as low transcription in all cells contained in
that sample (simplistic). However, the same value would be measured if the gene were off in most but low or high in others (differential) or in the process of switching on or off in some
(transient). This is even more likely in tissue samples where more complex cell type mixtures are likely to be present.
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Table 2
Speciﬁcity of lncRNA expression.

annotations. Signiﬁcantly, this study doubled the observed alternative
splicing per locus from 1.8 to 3.6 [41], highlighting the transformative nature of this technology. That “bait” oligonucleotides can be tiled over large
genomic regions gives researchers signiﬁcant power to resolve lncRNA
Table 3
Dynamics of lncRNA expression.
Study

Method

Observations on stability

Clark 2012

Actinomycin D RNA
polymerase inhibition
Custom array analysis
Time course

Tani 2012

5′-bromo-uridine pulse
Immunoprecipitation seq
Time course

12,670 transcripts (823 lncRNAs)lncRNA half-life is less than protein coding
(median 3.5 vs. 5.1 h)240 lncRNAs with half life b2 h (including
Neat1)51 lncRNAs with high stability (including
Zfas1)lncRNAs not overlapping protein coding
genes are more stableunstable lncRNAs are enriched in the
nucleusDecay rates are not consistent between
human and mouse
11,052 mRNAs + 1418 ncRNA (highly
expressed)Identiﬁcation of 795 short lived noncoding
transcripts based on observed short half life
of regulatory lncRNAsUnstable lncRNAs enriched in nucleus
Some validated in Wang et al. 2014
(actD validation)10 lncRNAs half-life N 4 h7 lncRNAs half-life b4 h

expression and sequence. However, the total capture space allowed and
design and analytic techniques still present limitations owing to the relative early days of the technology. Complementary techniques such as
HITS-CLIP [57] and RIP-Seq [58] address some of these limitations by
employing the protein-binding nature of some lncRNAs to enrich
transcript-sequencing pools for transcripts interacting with speciﬁc protein complexes and thus also can overcome the low copy-number limitation for studying lncRNAs. These methodologies, despite being limited to
the speciﬁc protein being assayed, also provide crucial insight into how
expressed lncRNAs may exert a biological effect.
This increasing complexity highlights another active area of research, namely the accuracy of transcript identiﬁcation. The vast majority of lncRNA research has used short read sequencing, and the most
common tool for assembling novel transcripts is the cufﬂinks [59] or
trinity [60] tools. Researchers familiar with these tools will be aware
that conﬁdence in de novo assembled transcripts drops alarmingly at
low levels [61]. Recent advances in the computational tools available
have improved this level of conﬁdence but the central limitation
remains. Short read sequencing of low abundance transcripts does not
appear to adequately capture or deﬁne these transcripts. More comprehensive transcript characterization methods such as 3′ & 5′ RACE and
cDNA sequencing lack the throughput for comprehensive coverage, especially for lowly expressed genes. It is still widely considered that even
with large-scale studies such as ENCODE [62,63], the extent and complexity of lncRNA transcription remain to be deﬁned [55]. Excitingly,
long-read sequencing such as the PacBio platform [64] offers great
promise for resolving this shortcoming and comprehensively cataloging
full-length coding and noncoding transcripts.

B.S. Gloss, M.E. Dinger / Biochimica et Biophysica Acta 1859 (2016) 16–22

7. Resolving lncRNA speciﬁcity
Returning to the notion of technology driving innovation, it is clear
that, while great inroads have been made into understanding the role of
lncRNAs in determining cellular phenotype, much remains to be done. Indeed, it is apparent that the very hallmarks of lncRNA expression – cell
and subcellular speciﬁcity, rapid action, short duration of existence
and complex splicing patterns – demand that greater precision and comprehensiveness of investigations will be required for its adequate
characterization.
Future research will require substantial effort to elucidate the precise molecular contexts in which lncRNA expression occurs. The
Roadmap Epigenome [65] will provide an invaluable chromatin map
to begin to investigate this in different cell states. Elucidation of the
mechanism of how lncRNA interacts with and guides chromatin states
[66] will reﬁne the understanding of this roadmap. Fine temporal resolution will be required to capture short lived and cell-state/cell-cycle
speciﬁc transcripts. The complementary RNA-Seq and RNA CaptureSeq,
possibly in combination with long read sequencing techniques, will
continue to bring the lower expressed transcripts to light. Single molecule RNA FISH, allowing subcellular localization of single RNA molecules
can [67] and will continue to be required to probe very lowly expressed
and cell or subcellular speciﬁc transcripts. Interestingly, this technique
demonstrated – in cell culture – that observed low levels of lncRNA expression can indeed be due to uniformly lower numbers of RNA molecules in cells. Thus the characterization of the nature of lncRNA
speciﬁcity will likely enable an improved understanding of the functional importance of these molecules.
8. Resolving lncRNA function
Currently, a signiﬁcant challenge in understanding the speciﬁcity of
lncRNA transcription is that the vast majority of lncRNAs remain to be
functionally characterized. Indeed, at the time of writing, of the 15,900
annotated human lncRNA genes in GENCODE version 22 [40,68], less
than 1% have been individually characterized [38]. Those that have
been examined display the same signatures of low primary sequence
conservation and tissue- and cell-type-speciﬁcity observed in the
broader pool of lncRNAs (Fig. 1B). This suggests that lncRNA function
is intimately tied to the cellular or tissue context in which they are
expressed [69]. Therefore, high-throughput screens that have enabled
large-scale inroads in understanding coding transcript function, may
not be as fruitful in understanding lncRNA function because these
methods are dependent on the cell-line being used and the assay for
function being robust. Moreover, as lncRNAs are typically cell-typespeciﬁc and often exert functions with a subtle phenotype that may be
short-lived and highly condition-speciﬁc, existing high throughput
methods may be limited in deﬁning lncRNA function. However,
ongoing improvements in molecular tools for lncRNAs (such as the
Dharmacon Lincode siRNA library) as well as advances in high content
imaging and software will bring more analytical power to these investigations and the functional characterization of lncRNAs will continue. A
central challenge to overcome will lie in the designs required to biochemically identify lncRNA function, which can be transacted in many
and varied ways.
Furthermore, it is vitally important that the structure–function relationship of lncRNAs is elucidated fully in order to facilitate the functional characterization of their biological roles. It is known that lncRNAs
display conservation of structural domains [30,33] but how these relate
to function is unclear. Some lncRNAs act as “guides” to direct or provide
speciﬁcity to protein–protein and DNA–protein interactions, whereas
others acts as more generic scaffolds for such interactions [70]. It is
also important to note that the coding–noncoding distinction is not
yet fully resolved, with identiﬁcation of functional short peptides [71],
evidence of designated lncRNAs encoding peptides [72] and observation of transcript-mediated activity of protein coding genes [73].
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Understanding the distinction between transcript- and proteinmediated effects [9,10] and elucidating the nature of RNA structures
and interactions will be essential in deﬁning how lncRNAs exert this
function [11], which will ultimately enable prediction of lncRNA function based on sequence. Insight into this relationship remains elusive
and will likely depend on further technological advances to resolve [74].
The ﬁeld of lncRNA biology is still in its infancy and research to date
has been predominantly observational, focusing largely on mapping the
landscape and cherry-picking only those lncRNAs with the most distinct
expression patterns. In trying to unravel insights into lncRNA biology,
screening studies employ complex biological systems (such as brain or
development) to maximize the pool of potentially functional lncRNAs
and seek to assign putative functions using expression with genes of
known function. This approach simultaneously identiﬁes candidate
molecules and a system in which to examine their role. This approach
is valuable because it raises the potential for moderate throughput functional screening, a process more amenable to dissecting the speciﬁc
functions of the transcript. The CRISPR-Cas9 system [75] promises unprecedented power in the systematic functional testing of lncRNAs
[76] and will likely gain more traction as the tool of choice for characterizing the function of lncRNAs [77].
9. The future
As our understanding of the speciﬁcity and complexity of the lncRNA
transcriptome increases, new technologies will be required to appropriately probe their patterns of expression. Spatial-transcriptomes, where
whole tissue mounts can be applied to high-throughput RNA sequencing in a space-dependent fashion [78] offers an unprecedented chance
to delve into the complexity of tissue-speciﬁc transcription. Single cell
RNA sequencing is already beginning to unravel differences between individual cells in complex populations (e.g. cancer [79]), but thus far
lacks the precision at low expression levels [80,81] to adequately
probe lncRNA expression. Single cell qPCR arrays may aid this process,
but current annotations and continuing identiﬁcation of novel noncoding transcripts suggests that this technique lacks the throughput to systematically probe the complex and widespread transcription patterns
beginning to emerge. Understanding the regulatory architecture surrounding lncRNA transcription, processing, actions and turnover is likely to shed light on how this vast transcriptional network is orchestrated
in cells. Perhaps, most excitingly, these new technologies will hint at yet
more elegant and complex processes underlying biology. It is likely that,
as it has before, technology and understanding will converge and a
wider survey of lncRNA function and regulation across an organism's
tremendous repertoire of cellular phenotypes will be feasible. When
such studies become possible, we should again be prepared to challenge
and reevaluate existing assumptions and dogmas of genome biology.
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