The dimensions, dynamics and relevance of the noncoding transcriptome
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Abstract

The combination of pervasive transcription and prolific alternative splicing produces a mammalian
transcriptome of great breadth and diversity. The majority of transcribed genomic bases are
intronic, antisense or intergenic to protein-coding genes, yielding a plethora of short and long non-
protein-coding regulatory RNAs. Long noncoding RNAs (IncRNAs) share most aspects of their
biogenesis, processing and regulation with mRNAs. However, IncRNAs are typically expressed in
more restricted patterns, frequently from enhancers, and exhibit almost universal alternative
splicing. These features are consistent with their role as modular epigenetic regulators. Here we
describe the key studies and technological advances that have shaped our understanding of the
dimensions, dynamics and biological relevance of the mammalian noncoding transcriptome.
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Appreciating transcriptome diversity

Mammals possess roughly the same number and a similar repertoire of protein-coding genes as
nematode worms. By contrast, the intergenic and intronic regions of the mammalian genome are
far greater. Indeed, while the number of protein-coding genes is largely static across the animal
kingdom, noncoding genome content increases in size with developmental complexity [1].

Initial studies of the mammalian transcriptome were prefaced on the assumption that most
genes encode proteins and that mRNAs constitute the bulk of non-ribosomal RNA in cells. It was
therefore a surprise to discover that there are many transcripts, albeit usually of lower abundance,
that are not protein-coding. In mammals, almost the entire genome is pervasively transcribed to
generate not only mRNAs but many small and large non-protein-coding RNAs that are antisense,
intronic or intergenic to protein-coding genes [2]. The mammalian transcriptome is further
diversified by prolific alternative splicing of both protein-coding and noncoding RNAs.

The breadth and complexity of mammalian transcription was not obvious before scalable cDNA
hybridization [3] and sequencing [4], and the subsequent incorporation of next-generation
sequencing to create modern RNA sequencing (RNA-Seq) [5]. The proliferation and evolution of
RNA-Seq, including the advent of methods for targeted [6], single-molecule [7,8] and single-cell
sequencing [9], continues to enlarge our understanding of transcriptional diversity. Nevertheless,
the true dimensions of the mammalian transcriptome remain unknown and the spatiotemporal
dynamics of gene expression and splicing demand further attention.

This is especially true for the noncoding transcriptome. Long noncoding RNAs (IncRNAs)
constitute a large portion of the mammalian transcriptome but are mostly poorly cataloged and
characterized. Moreover, the relatively weak evolutionary constraint on their primary sequences,
compared to protein-coding genes (noting enigmatic exceptions, such as transcribed
ultraconserved elements [10,11]), their low abundance in tissue samples and their incompatibility
with a purely protein-centric model of gene regulation has caused many to question the biological
relevance of IncRNAs.

The rapid evolution of IncRNA sequences has been reviewed extensively elsewhere [12,13] and
is not necessarily indicative of non-functionality, since it is also consistent with plastic structure-
function relationships in regulatory molecules and positive selection for phenotypic variation
during adaptive radiation [14]. Likewise, accumulating evidence shows that IncRNAs are not simply
lowly expressed but transcribed in highly specific patterns [15,16]. This, in addition to their
complex alternative splicing [17], suggests that many IncRNAs may fulfill regulatory roles in the
mammalian developmental program.

While the number of well characterized IncRNAs is relatively small (but growing), the rise of
CRISPR-Cas9 targeted genome manipulation, the development of high-throughput forward genetic
screens based on this technology [18], and the proliferation of precise, scalable methods for
resolving RNA structure and RNA-protein interactions [19] are enabling the community to address
longstanding challenges in IncRNA biology.



The reality of pervasive transcription

The first clear evidence that the mammalian transcriptome included large numbers of non-
protein-coding intergenic and antisense RNAs, as well as many stable intronically-derived RNAs,
came from genome-wide tiling arrays [20—22] and sequencing of cloned cDNAs [4,23-25]. These
unexpected findings garnered controversy and when very few reads obtained in early RNA-Seq
experiments aligned outside of known protein-coding genes the evidence for ‘pervasive
transcription” was questioned [26].

However, such claims stemmed from misinterpretation: the reason RNA-Seq reads from
intergenic regions were scarce in the relatively low-depth assays of that time is because
sequencing fragments are competitively sampled from a common pool, wherein transcripts of
varied abundance are proportionally represented [27,28]. Highly abundant mRNAs dominate the
pool and obscure noncoding transcripts, which are generally less abundant [29] (or rather, more
precisely expressed; see below). To detect lowly expressed genes and rare isoforms and, even
more so, to accurately resolve their spliced architectures, a sample must be sequenced deeply
(Box 1).

As increasing numbers of cell types and tissues have been profiled at increasing depth it has
become clear that the majority of the mammalian genome is dynamically transcribed [4,24,30—-
33]. Activity was recorded at 75% of genomic bases in a survey of 15 human cell lines by the
ENCODE consortium [30]. Moreover, only around half of this activity was observed in any
individual sample, implying further activity would be observed in additional samples [30].
Comparable results were obtained for mouse [34].

The advent of targeted RNA-Seq has allowed the noncoding transcriptome to be surveyed at
higher resolution [6]. This technique has unearthed widespread, regulated transcription in
intergenic regions (previously considered ‘gene deserts’) below the limit of detection for genome-
wide RNA-Seq [6,17]. Hence, even the detailed transcriptional profiles generated by ENCODE are
incomplete.

Nonetheless, in the 27 years since the first documentation of a discrete and biologically
relevant IncRNA, H19 [35], the catalog of known IncRNAs has rapidly grown [36—39]. Mammalian
IncRNA loci now comfortably exceed protein-coding genes in number, with the MiTranscriptome
annotation alone listing 58,648 IncRNA loci, compared to 21,313 protein-coding genes [11].
Moreover, the descriptors ‘gene’ and ‘locus’ are not entirely appropriate for IncRNAs, as the
mammalian transcriptional landscape is largely continuous, containing densely interleaved clusters
of noncoding and protein-coding transcripts [4,22].

The similar life histories of mRNAs and IncRNAs
Aside from several minor idiosyncrasies (reviewed elsewhere [40]), many if not most IncRNAs are
regulated, transcribed and processed in a similar fashion to mRNAs [41].

LncRNAs and mRNAs are roughly comparable in size and structure [37,42], though some
IncRNAs are very large, in excess of 100kb [43]. Like mRNAs, many IncRNAs are transcribed by RNA
Pol Il, regulated by morphogens and conventional transcription factors, dysregulated in disease,
capped at their 5’ends and polyadenylated at their 3’ends [12,41], although some IncRNAs are
transcribed by RNA Pol lll [44] or processed from intronic sequences [22]. Like protein-coding
genes, IncRNA transcription arises from recognizable promoters, which show strong sequence



conservation in many cases [4]. LncRNA promoters are enriched for transcription factor binding
sites [45,46] and the canonical marks of active gene expression, H3K4me3, H3K9ac and H3K27ac
[36,37,47].

Expressed IncRNA promoters are also enriched for the repressive H3K9me3 mark and exhibit
lower transcription factor binding densities than protein-coding gene promoters [46,48]. This may
be consistent with a recent report suggesting that most intergenic IncRNAs originate from
enhancer-type transcription start sites rather than conventional promoters [39].

HuR and U1snRNP (regulators of transcript stability) associate with similar frequency to
IncRNAs and mRNAs at matched expression levels, which also exhibit comparable stabilities in
human cell lines following transcriptional inhibition [46]. Other studies have shown that IncRNAs
have a lower average but similar range of half-lives as mRNAs [49,50].

LncRNA expression is highly precise and dynamic

One of the key concerns about the biological relevance of INcRNAs has been their low abundance
in tissue samples, sometimes argued to be simply the manifestation of ‘transcriptional noise’ [51].
However, accumulating evidence suggests that this reflects heightened spatiotemporal precision,
rather than low background expression.

It is clear that, while some such as MALAT1 and NEAT1 are widely expressed [52], most
IncRNAs are highly tissue-specific, more so than protein-coding genes [4,30,36,37,53]. For
example, one survey classified 78% of detectable IncRNAs as tissue-specific, compared to just 19%
of mRNAs [36]. Importantly, this difference was observed for IncRNAs and mRNAs at matched
expression levels, and highly expressed IncRNAs in fact displayed the strongest tissue specificity
[36].

In this survey, IncRNAs were detected at around an order of magnitude lower, on average, than
MRNAs [36]. Expression measurements from homogenized tissue (analogous to analyzing a
smoothie) report a population average among pooled cells, regardless of differences between, or
even within, specific cell populations (Box 2). Such heterogeneity might be biologically relevant,
especially in tissues where well-defined substructures exist.

The brain is the most complex organ and harbors the largest transcriptional diversity of any
somatic tissue. Using in situ hybridization to visualize the spatial distribution of transcription in
mouse brains, an early study showed IncRNAs to be highly abundant in specific cells but spatially
precise, often restricted to particular brain regions, structures or cell types [15]. The authors
proposed, therefore, that the low abundance of IncRNAs observed in bulk tissue experiments
reflects their highly cell-specific expression.

With the emergence of single-cell RNA-seq [9], this matter has been scrutinized in more detail
(Box 2). In one recent investigation, individual transcriptional profiles were obtain from 276 cells
in developing human neocortex [16]. On average, detectable IncRNAs were lower in abundance
than mRNAs by an order of magnitude, consistent with measurements from whole tissue [36].
However, the median IncRNA/mRNA ratio in single cells among detectable transcripts exceeded
one (i.e. IncRNAs were present at greater median abundance than mRNAs) in one-third of the
cells, even approaching the levels of housekeeping genes in some instances [16]. Hence, many
IncRNAs were expressed at low levels in pooled cells but high levels in a subset of individual cells.

This phenomenon was not recapitulated in cultured K562 cells, which are more uniform [16].



Similarly, 61 IncRNAs profiled by RNA fluorescence in situ hybridization showed no more
heterogeneity than mRNAs within any of three cell-lines [54]. That IncRNAs and mRNAs exhibit
equivalent cell-to-cell heterogeneity in cultured cell lines suggests that the heightened
heterogeneity of INcRNA expression in the neocortex reflects biological differences between cells
therein, rather than sporadic expression among homogenous cells.

Even more so than mRNAs, IncRNAs also show precise patterns of subcellular localization
(reviewed elsewhere [55]). NEAT1, for instance, can be found in nuclear paraspeckles (and is
essential for their formation) [56,57], while XIST localizes to the inactive X-chromosome (and is
essential for its silencing) [58]. As a population, IncRNAs show stronger nuclear localization than
MRNAs; 17% of IncRNAs and 15% of mRNAs show relative enrichment in the nucleus, compared to
4% and 26% respectively in the cytoplasm [37]. LncRNAs that are retained in the nucleus may
accumulate at their own sites of transcription, or localise elsewhere. HOTAIR, for instance, is
transcribed from the mammalian HOXC locus but accumulates in trans at the HOXD locus (where it
facilitates gene silencing) [59].

LncRNA expression is also highly dynamic during development. This has been demonstrated in
differentiating embryonic stem cells [60], muscle [57], T cells [60], mammary gland [61] and
neurons [62—64], among other systems. One recent study leveraged single-cell RNA-Seq to resolve
the transcriptional repertoire of early human embryo development [65]. Compared to mRNAs,
IncRNA abundances were found to be higher within individual cells than in pooled data from
multiple cells and developmental stages. However, at the 4-cell or 8-cell stage, when the cells of
an embryo are highly similar, a large proportion of detected IncRNAs were expressed in every cell,
further indicating that IncRNA expression was not simply ‘leaky’ [65].

Prolific alternative splicing diversifies the transcriptome

Extensive alternative splicing of human mRNAs was recognized many years ago [66,67], but the
scope of its influence on the mammalian transcriptome was not fully appreciated before the
advent of RNA-Seq. Early systematic analyses of alternative splicing with RNA-Seq showed that 92-
94% [68] or 92-97% [69] (i.e. probably all) multi-exon human protein-coding genes undergo
alternative splicing. Unique isoforms may be deployed in specific contexts, remolding the
transcriptome during development and evolution [70-72].

Most genes express a dominant spliced isoform, accounting for around 80% of transcription in
an individual tissue, and multiple minor alternative isoforms [30,73]. In the ENCODE survey of 15
cell lines, an average of 10-12 isoforms were detected per gene, per cell line [30]. However,
because high sequencing coverage is required to resolve low-level alternative isoforms (Box 1),
this is a conservative estimate of isoform diversity. Targeted RNA-Seq highlights this limitation, in
one instance unearthing novel isoforms encoding up to three new open reading frames (ORFs) of
TP53, which is among the most extensively studied of all human genes [6].

An additional limitation is imposed by RNA-Seq read length, since the computational assembly
of full-length alternative isoforms from short reads is difficult. With the emergence of long-read
sequencing technologies it is now possible to read full-length isoforms as single molecules,
negating the challenges of transcript assembly (Box 1). Leading studies in this space have resolved
complex and precisely organized alternative splicing events, including the coordinated
inclusion/exclusion of distant exons and allele-specific isoform expression [7,8,74].



Early evidence from single-cell RNA-Seq experiments suggests that such features reflect the
organization, as opposed to random distribution, of alternative isoforms within a heterogeneous
tissue, potentially reflecting biological differences between cells [75-78]. In one example, a single
alternative splicing event in NINEIN is sufficient to trigger differentiation of individual human
neural progenitors from a purified population into neurons [78]. We anticipate that the
confluence of single-cell and single-molecule sequencing, now feasibly executed in tandem [79],
will profoundly advance our understanding of splicing organization.

Many alternative splicing events at protein-coding loci generate isoforms that lack an extended
ORF. For example, one survey found that the major isoform for up to 20% of protein-coding genes
was noncoding (though we note that this result is highly dependent on the quality of transcript
assembly) [73]. Noncoding isoforms are often the product of intron retention, a regulated process
that may dampen gene expression by inducing nonsense mediated decay [80,81] or nuclear
transcript detention [82]. However, noncoding (or even coding) RNAs derived from protein-coding
loci can also transact regulatory functions. For instance, the human B-globin mRNA can convey
epigenetic information independently of its translation [83] and a UV-induced noncoding isoform
of ASCC3 facilitates transcriptional recovery after DNA damage in a manner independent of, and
antagonistic to, this gene’s protein-coding function [84].

Near-universal alternative splicing of noncoding exons

LncRNAs also undergo alternative splicing, though their relatively low abundance in homogenized
tissues hinders accurate resolution of these events. The GENCODE v7 noncoding RNA catalog lists
alternative isoforms for only around a quarter of IncRNA loci, and indicates that IncRNAs generally
have fewer exons and shorter mature transcripts than mRNAs [37]. However, a subsequent
detailed characterization of 398 IncRNAs from the same catalog by rapid amplification of cDNA
ends and long-read sequencing showed these to be at least equivalent to protein-coding genes in
splicing complexity, indicating that insufficient coverage was the reason for the previous
underestimate [42].

Targeted RNA-Seq has been similarly applied to obtain more complete models of IncRNA
architecture. By targeting exons of annotated IncRNAs, many previously unassembled exons were
incorporated into existing IncRNA loci and many were shown to be fragments, with splicing
unifying multiple annotated loci [85]. Even the extensively studied IncRNA HOTAIR exhibited
alternative splicing events that were undetected by conventional RNA-Seq [6].

The splicing of IncRNAs and mRNAs is regulated by local sequence elements that are highly
similar, with canonical splice donor (GT) and acceptor (AG) dinucleotides demarcating intron-exon
boundaries in both [37,85]. The binding motif for U1snRNP, which initiates spliceosome
recruitment [86], also has the same density and positional distribution in both [46]. Canonical
poly-pyrimidine enrichments upstream of splice acceptor sites tend to be slightly weaker in pre-
IncRNAs than pre-mRNAs, and branch point nucleotides are slightly more distant [46], features
that correlate with heightened alternative over constitutive splice site selection. CLIP-seq data also
shows a relative depletion of U2AF65, which promotes branch point selection [86], near IncRNA
splice acceptor sites, compared to those in nascent mRNA [46].

The latter features may explain, at least in part, a global reduction in splicing efficiency [46,87]
and/or splice site selection [79] that more clearly distinguishes IncRNAs from protein-coding



genes. Retarded splicing kinetics observed in IncRNAs similarly distinguish spliced exons in
untranslated regions (UTRs) of protein-coding genes from those within ORFs [87]. In this context it
is interesting that many protein-coding loci also express their 3’UTRs separately from their
normally associated protein-coding sequences, in highly cell-specific patterns and with clear
genetic activity in trans [88].

Recently, a high-resolution transcriptional cross-section of human and mouse chromosome 21
was generated by targeted transcript enrichment, followed by single-molecule and saturating
short-read RNA-Seq [17]. This approach revealed that IncRNAs are, contrary to the impression
from more shallow surveys, enriched for alternative splicing, with internal exons being near-
universally classified as alternative. Human splicing profiles were recapitulated in the Tcl mouse
strain (which carries a copy of human chromosome 21), indicating that they are robustly encoded
in the local chromosome sequence, not the manifestation of non-specific splicing activity.
Extensive alternative splicing was also observed for untranslated exons at protein-coding loci,
suggesting that this is a general feature of noncoding regulatory RNA [17].

LncRNAs therefore exhibit a highly modular or exon-centric architecture; unlike protein-coding
genes, whose central exons are constrained by the requirement to maintain continuous ORFs,
IncRNA exons behave as discrete units, recombined with maximum flexibility. It is currently
unclear whether this reflects precisely organized cell-to-cell heterogeneity (as for mRNAs; above)
or uniformly promiscuous usage of alternative isoforms. Single-cell (probably in conjunction with
single-molecule) approaches will be required to resolve this dichotomy.

Functional characterization of IncRNAs: unique challenges and emerging solutions

Many well-characterized IncRNAs function as regulatory molecules in the epigenetic control of
gene expression and fulfill roles in differentiation and development [2,89]. These roles are easily
reconciled with the distinctive features of IncRNA biology just described, namely their precise
expression and complex alternative splicing, providing a conceptual framework to guide further
discovery and characterization.

We owe much of what we know about IncRNA function to the characterization of flagship
examples, such as XIST and NEAT1, whose biological roles and modes of action are now relatively
well understood. While the knowledge garnered has been vital to the development of the field, it
should be borne in mind that many of these well-known representatives are atypical. XIST, for
instance, is more highly conserved than most [13], partly reflecting its derivation from an ancestral
protein-coding gene [90], and both XIST and NEAR1 are highly and constitutively expressed, unlike
most IncRNAs.

This consideration is important because the characteristic aspects of IncRNA biology described
above, in addition to their mechanistic diversity and the subtle and/or context-specific phenotypes
that many IncRNAs exhibit, pose challenges to their functional characterization. Strategies that
have worked well for protein-coding genes are often inapplicable for IncRNAs (reviewed
elsewhere [91]) and the relatively small number of examples for which clear biological roles have
been determined probably represent the lowest hanging fruit.

Knock down of IncRNAs in culture, using si/shRNAs, has frequently resulted in altered cell
growth or behavior (see [41]), suggesting that perturbation of IncRNAs disturbs epigenetic state.



Several studies have generated IncRNA deletions in vivo, with varied success (see [92]). Using
classical gene replacement techniques, and targeting mouse IncRNAs with identifiable human
orthologs, one investigation reported developmental defects for 5 out of 18 knockout mice [93].
The relatively low frequency of gross phenotypes observed (even for conserved IncRNAs), may
reflect a combination of dispensable exons, redundancy in regulatory systems and/or more subtle
phenotypes, especially cognitive phenotypes, which are not usually polled [94]. Indeed, since most
IncRNAs are expressed in the brain and many are primate-specific [37], it may be that much of the
IncRNA-mediated genetic information in mammals is devoted to brain function, and not easily
detectable in developmental screens. For example, knockout of the IncRNA BC1 causes no visible
anatomical consequences but leads to a behavioral phenotype that would be lethal in the wild
[95].

We anticipate that the key to rapidly expanding our understanding of IncRNA biology lies in
high-throughput forward genetics. However, until recently there has been no robust, scalable
strategy for agnostic phenotype-to-genotype interrogation of IncRNAs (Box 3).

Recently, two breakthrough investigations have answered this call [96,97]. Both did so by
pairing the CRISPR-Cas9 system with large guide-RNA libraries (Box 3). In one approach, paired
guide-RNAs were used to induce large genomic deletions in 700 individual IncRNA loci, of which 51
had a positive or negative influence on cancer cell growth [96]. Reasoning that genomic deletions
may affect local regulatory elements, the second study instead used CRISPR interference (CRISPRi;
wherein transcription is locally inhibited at targeted sites) to knock down 16,401 IncRNA loci
across seven human cell lines. Perturbation of 499 of these targets affected cell growth and the
overwhelming majority (89%) of these expressed a phenotype in just a single cell type,
emphasizing the context-specificity of IncRNA activity [97]. Both results imply widespread IncRNA
functionality, and that the design of elegant, well-directed paradigms for phenotypic screening will
lead to further success (Box 3).

The CRISPR-Cas9 system also enables detailed examination of individual IncRNAs by targeted
genomic manipulations and/or transcriptional perturbation. The removal or modification of
specific promoter elements, splice sites, sequence motifs or RNA domains is now relatively facile.
Additionally, CRISPRi (and related techniques) can be used to disentangle regulatory effects
enacted in cis and trans to be clearly distinguished. In a recent investigation, 12 IncRNA loci were
dissected, individually deleting promoters, exons and introns or inserting premature
polyadenylation signals to prevent transcript elongation. The effects of each modification on local
gene expression were assessed [98]. Illustrating the power of the CRISPR-Cas9 system for IncRNA
characterization, this approach identified instances in which: (1) the act of transcription but not
the mature IncRNA molecule itself and; (2) DNA sequences in the INcRNA promoter but not the act
of transcription; were sufficient to elicit a cis-regulatory effect on a neighboring gene. While these
examples highlight the ability for IncRNAs to enact cis-regulatory effects, we note that these do
not preclude independent trans-regulatory functions.

The community also now possesses increasingly precise and scalable methods for resolving
RNA structure, RNA-protein and RNA-chromatin interactions (reviewed elsewhere [19]). Advances
in the biology of XIST, for which the secondary structure [99], protein binding partners [100-102]
and sites of chromatin localization during X-inactivation [103,104] are now known, demonstrate



how these techniques could be used to help resolve the structure-function relationships and the
mode of action for any IncRNA.

LncRNAs as modular epigenetic regulators

The phenomena interrogated by the techniques just mentioned are central to understanding
IncRNA functionality; namely, the ability of IncRNAs to form specific and multilateral RNA-protein,
RNA-DNA and RNA-RNA binding interactions. Their diverse binding properties and flexibility in size
and structure, means IncRNAs are ideally suited to facilitate interactions between other
biomolecules, and thereby organize and regulate cellular processes [105].

It is unsurprising then that many IncRNAs participate in the epigenetic regulation of gene
expression. LncRNAs commonly interact with chromatin remodeling enzymes/complexes,
including PRC2 [106] and MLL/TrxG [107] complexes, histone demethylase LSD1 [108], DNA
methyltransferase DNMT1 [109] and demethylation regulator GADD45a [110]. These possess
enzymatic activity to alter chromatin state but lack the capacity for site-specific DNA/chromatin-
binding. In numerous examples, IncRNAs confer this site-specificity, guiding effector complexes to
appropriate genomic targets. LncRNAs may select genomic targets by interacting with additional
protein binding partners (e.g. [111]), via direct interaction between IncRNA and DNA/chromatin
(e.g. [52]), orin cis at the site of IncRNA transcription (e.g. [112]).

Consistent with guidance of epigenetic processes, many IncRNAs play roles in cell-fate
determination (reviewed elsewhere [89]). However, the more profound challenge for the genetic
programming of complex organisms is to organize the growth and differentiation of trillions of
cells into precisely structured organs and tissues, including bones, muscles and the brain. While
protein factors clearly play a role, epigenetic remodeling, guided by regulatory RNAs, appears
increasingly important to the developmental program [2,89]. The fact that the native program can
be trumped by ectopic expression of transcription factors is not inconsistent with this model;
indeed, developmental programs can also be changed by ectopic expression of regulatory RNAs
[113].

We are far from understanding how the mammalian developmental program operates but one
can imagine a scenario in which every cell (or local group of cells) expresses a unique molecular
profile that defines its identity and position during ontogeny and at maturity. This fits with the
observations of ordered, not random or sporadic, cell-specific IncRNA expression [15,16]. Indeed,
recent data from single-cell RNA-Seq suggest that few (if any) cells in a mammalian tissue would
express a IncRNA population redundant with a neighbor (see above).

The exon-centric architecture of IncRNAs, in which exons are recombined into a dizzying
diversity of isoforms, can also be reconciled with an RNA-driven developmental program. This
implies that exons may act as discrete functional domains, each with a unique and specific affinity
for external biomolecules (specific protein domains, DNA motifs etc.). Modular recombination of
IncRNA exons may enable diverse and dynamic interactions, for instance, delivering a particular
chromatin remodeler to particular sites in the genome at specific moments in development.

Moreover, the evolution of RNA modification and editing, which expands markedly in
mammalian and especially primate evolution, may have provided the means to superimpose
epigenetic plasticity on an otherwise hardwired genome and transcriptome, enabling physiological
and cognitive adaptation [114].



Box 1: A matter of length and depth - limitations and advances in RNA-Seq
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This is best illustrated by analysis of spike-in controls for RNA-Seq, which are formulated into a staggered mixture
spanning the quantitative range of the human transcriptome [27,28]. Typically, spike-in transcripts at high and
moderate abundances are robustly quantified. However, among spike-ins of lower abundances, stochastic sampling
leads to quantitative variability and, ultimately, the loss of linearity between expected and observed abundances (B).
Due to their low abundance, compared to mRNAs, IncRNAs are detected with lower sensitivity and quantified with
lower accuracy [28].

Targeted RNA-Seq may be used to alleviate this issue. By magnifying coverage in specific genome regions, targeted
sequencing enables more sensitive gene/isoform discovery and more precise measurements of expression than is
feasible with conventional RNA-Seq. This enables improved detection and quantification of lowly expressed genes and
IncRNAs [6,85].

Another limitation of traditional RNA-Seq is the reliance on computational assembly of full-length isoforms from short
(~100-150 bp) sequencing reads. This is a difficult task, particularly when alternative splicing generates multiple
partially redundant isoforms at an individual locus. Because saturating coverage is required for high-quality assembly,
the expression dependent bias of RNA-Seq strongly affects this process [28], ensuring rare transcripts, such as
IncRNAs, are often poorly resolved (C). Targeted RNA-Seq [85] and the coupling of sequencing to rapid amplification of
cDNA ends (RACE-Seq) [42] have both been used to better resolve the spliced architecture of specific IncRNAs.

However, even with saturating coverage, long-range exon connectivity within an alternatively spliced locus cannot be
established unambiguously using short-read RNA-Seq. Short reads may be used to designate individual exons as
constitutive or alternative but the relationship between distant exons cannot be judged, since these are never
represented on the same sequencing fragment (D; upper).

With the emergence of technologies for long-read sequencing it is now possible to read full-length isoforms as single
molecules, negating the challenges posed by transcript assembly [7,8]. Single-molecule techniques have been used to
resolve complex, organized alternative splicing events, such as mutually exclusive or inclusive relationships between
distant exons (D; lower) [8]. However, these techniques are currently expensive, meaning depth remains a constraint
and rare transcripts may fall below the limits of sampling.
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Box 2: Averages lie - transcriptomic insights from single-cell RNA-Seq
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Until recently, all RNA-Seq experiments were
performed on bulk tissue or cell samples. These
experiments have been instrumental in
advancing our understanding of mammalian
transcription and have generated hugely
valuable resources, such as the ENCODE [32]
and Genotype-Tissue Expression (GTEx) [115]
transcription catalogs.

However, the analysis of a homogenized tissue
can be likened to the analysis of a smoothie;
measurements of gene expression or
alternative splicing report a single population
average among pooled cells, ignoring
heterogeneity between cells (A; left). For
instance, a measurement from bulk tissue
cannot discriminate between the possibilities
that Gene X is expressed at a moderate level in
all cells or, alternatively, that Gene X is
expressed in just a subset of cells but at a high
level. Likewise, an observed increase in the
expression of Gene X could be attributed either
to a uniform increase in its transcription across
all cells or, alternatively, an increase in the
number of cells expressing Gene X.

Single-cell RNA-Seq, by contrast, provides
information about the population structure of
gene expression within a sample and can
simultaneously measure the proportion of cells
expressing Gene X and the magnitude of its
expression in each (A; right panel). Single-cell
RNA-Seq commonly reveals bimodality in gene
expression and alternative isoform usage
within cell populations, which is overlooked in

pooled experiments. For instance, Shalek et al used single-cell RNA-Seq to resolve bimodal responses in the
expression of key immune genes among mouse dendritic cells stimulated with lipopolysaccharide [75].

Heterogeneity in gene expression within a sample might be biologically relevant. Most obviously, it might reflect
diversity of cell-types or indicate that unresolved subtypes are present in a seemingly homogenous population (as
speculated in the study just mentioned [75]). These might be intermixed (e.g. in blood), spatially organized (e.g.
among cortical layers) or temporally organized (e.g. among differentiating cells) (B). Partnering single-cell RNA-Seq
with modern histology and microscopy provides powerful insight into the physical and transcriptomic architecture of
complex tissues [116,117].

Long before the advent of single-cell RNA-Seq, highly precise spatial organization of IncRNAs had been observed by in
situ hybridization, which showed that the expression of many IncRNAs is restricted to individual brain regions,
structures or cell types (C) [15].

Evidence from single-cell RNA-Seq supports this hypothesis. Profiling individual human neocortical cells, Liu et al
recently found IncRNAs to be expressed at comparable levels to mRNAs in individual cells but expressed in fewer cells
overall. This explained parallel measurements from pooled cells, in which mRNAs were considerably more abundant

(D) [16].
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Box 3: High-throughput forward genetics for IncRNA characterization

CRISPR CRISPRi transcriptional CRISPRa transcriptional Until recently there has been no

a repressor (eg. KRAB) activator (eg. VP64)
() robust, scalable strategy for the
cononte (195N dGas \ dCas \ genetic interrogation of IncRNA
4SDNA ...../—'“‘“‘“"“hm m e N i functionality. Traditional
D A mutagenic screens generate
o tocus frame-shift mutations to
b sgRNAs agnostically tiled across noncoding regions knockout protein-coding genes
(R [ngl - and are therefore inappropriate
== "= - - for IncRNAs. Likewise, RNA
C paired guide RNAs for deletion of annotated IncRNA loci interference is plagued by off-
: —m—- E'_ S - .4-.l : —_——— _1 target activity (exacerbated in
s e S o " "— " instances of low target
d SgRNASs targeting annotated IncRNA promoters for CRISPRi stoichiometry), incomplete
> g . i knockdown and the difficulty of
= = = =  targeting nuclear-localized,
highly  alternatively  spliced

sansdnge it 2 IncRNA transcripts [18,91].

Cas9-expressing

Relative
abundance

selection —} ! L.
Therefore, it is noteworthy that

cells
o @ . several laboratories have
— 3 recently  developed high-
@ throughput phenotypic screens
& - --

Sontrol that utilize the CRISPR-Cas9
system, rather than mutagens
or si/shRNAs, to interrogate
putative functional elements in
the genome [18].

sgRNA synthesis

Relative
abundance

sgRNA quantification
by deep sequencing

The Cas9 nuclease is delivered to a specific genomic location by a single guide RNA (sgRNA), based on the latter’s
complementarity to the target (A). By introducing a large library of different sgRNAs to a pool of cells expressing Cas9,
with different cells taking up different sgRNAs, many genomic sites may be independently targeted, in parallel (B-D).
Cells are cultured and may be subject particular selective conditions. The frequency of sgRNA markers in the pool can
then be measured using deep sequencing, revealing biases in cell survival/proliferation specific to individual sgRNAs.
Most sgRNAs should not change in relative frequency, however deleterious sgRNAs will be relatively depleted and
those that have a positive influence enriched. In this fashion, transcripts or genomic elements whose perturbation has
functional consequences relevant to the selection paradigm may be identified.

CRISPR-Cas9 introduces double-stranded DNA breaks at precise genomic locations, often generating small indels at
these sites (A; left). This is effective for the perturbation of functional protein-coding genes or noncoding elements
(e.g. enhancers), which have been identified agnostically by tiling sgRNAs across noncoding regions (B) [118].

However, this approach is not well suited to IncRNAs, since the small indels generated by Cas9 rarely have a strong
effect on their function. One strategy [96] that can be used to overcome this is to use paired guide RNAs (pgRNAs) to
induce large genomic deletions between the two targeted sites, thereby removing entire IncRNA domains and/or loci
(C). An alternative [97] is to use CRISPR interference (CRISPRi), wherein a catalytically inactive Cas9 enzyme (dCas) is
fused to a transcriptional repressor (e.g. KRAB) in order to inhibit gene expression at genomic target sites (A; right).
The initial success of these approaches implies widespread IncRNA functionality and that the design of elegant, well-
directed paradigms for phenotypic screening will lead to further success.

Recently, pooled CRISPR screens have been combined with single-cell RNA-seq, directly linking sgRNA expression to
transcriptome responses in thousands of individual cells and, thereby, enabling more subtle, context specific effects to
be polled [119-121].
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Trends Box

The mammalian transcriptome is hugely diverse, thanks to pervasive transcription and alternative
splicing. Advances in RNA-Seq (e.g. targeted, single-molecule and single-cell techniques) continue
to shape our understanding.

LncRNA diversity remains under-appreciated, and dynamics of expression, splicing and functional
roles poorly characterized.

High-resolution and single-cell studies show IncRNAs are not lowly expressed but expressed with
heightened spatiotemporal precision. LncRNAs are also enriched for splicing, with noncoding
exons near-universally alternative.

Emergence of high-throughput forward-genetic screens utilizing CRISPR-Cas9 targeted genome
manipulation and precise, scalable methods for resolving RNA structure and RNA-protein
interactions accelerate IncRNA characterization.

Precise, dynamic expression and complex splicing fit with central role of IncRNAs in mammalian
developmental program.
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Outstanding Questions

The true breadth and complexity of the mammalian transcriptome remains unrealized. Targeted
RNA-Seq experiments continue to unearth widespread transcription below the limit of detection
for RNA-Seq. Single-molecule technologies reveal complex, organized patterns of alternative
splicing that cannot be resolved with short reads. A genome-wide single-molecule transcriptome
survey at saturating depth has yet to be achieved, even for a single tissue or cell-line.

Although in relative infancy, single-cell RNA-Seq has shown instances of organized, biologically
relevant heterogeneity of gene expression between, and even within, cell populations. Further
experiments are necessary to resolve the distribution of alternative isoforms between cells. Are
alternative isoforms distributed uniformly or in an organized fashion, potentially reflecting
biological differences between cells? This question is especially pertinent for IncRNAs, which
exhibit highly cell-specific expression and enriched alternative splicing.

High-throughput forward genetic screens utilizing the CRISPR-Cas9 system have vyielded initial
success in identifying functional IncRNAs. However, selection has been limited to relatively crude
(cell growth) phenotypes. The challenge now is to design elegant, well-directed paradigms for
phenotypic screening that are appropriate for the subtle and highly context-specific roles enacted
by many IncRNAs.

The ultimate challenge for developmental genetics is to understand not just how cell identity is
defined but how cells are organized into precisely structured organs and tissues. It appears
increasingly that the developmental program in complex organisms is epigenetically orchestrated
and guided by regulatory RNAs. To reconcile the characteristic aspects of IncRNA biology (precise
expression, promiscuous alternative splicing) with their proposed role in this program remains a
key challenge for the community.
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Glossary

LncRNA: Long noncoding RNA; i.e. an RNA molecule longer than ~200 nucleotides that does not contain a
substantial open reading frame.

RNA-Seq: Massively parallel sequencing of cDNA molecules (typically fragmented into short sequencing
fragments) derived by reverse transcription from RNA transcripts.

Targeted RNA-Seq; aka CaptureSeq: Sequencing of cDNA molecules (as per RNA-Seq) selected by
hybridization to specific oligonucleotide baits. Allows enriched coverage of specific genes or genomic
regions.

Forward genetics: An approach used to identify genes responsible for a particular phenotype of an
organism (as opposed to reverse genetics, which studies the phenotype of an organism following disruption
of a known gene).

Ultraconserved element: A region of DNA that is identical in multiple different species. Some
ultraconserved elements have been found to be transcriptionally active.

Adaptive radiation: An evolutionary process in which organisms diversify rapidly from an ancestral species
into a multitude of new forms.

CRISPR: Clustered regularly interspaced short palindromic repeats. A genetic element found in prokaryotes,
which forms the basis of a recent genome engineering technology (CRISPR-Cas9) that enables permanent
modification of genes in vivo.

Tiling array: A subtype of microarray chips, which probe intensively for sequences known to exist in a
contiguous region.

Gene deserts: Genomic regions thought to be transcriptionally silent.
Morphogens: Signaling molecules that control cell fate specification in developing tissues.

Paraspeckles: Relatively recently discovered sub-nuclear bodies that are formed by the interaction of the
IncRNA NEAT1 and various proteins.

Transcript assembly: The process of reconstructing full-length RNA transcripts from short sequencing
reads.

Intron retention: A mode of alternative splicing in which a sequence that is normally intronic is retained in
the mature mRNA transcript.

Nonsense mediated decay: A surveillance pathway that exists in eukaryotes whose function is to reduce
errors in gene expression by eliminating mRNA transcripts that contain premature stop codons.

Branch point: A genetic element involved in splicing located near the 3’ end of the intron and just upstream
of the poly-pyrimidine tract.

Ectopic expression: Abnormal gene expression in a cell type or developmental stage.

MiTranscriptome (http://mitranscriptome.org/): A catalog of human long poly-adenylated RNA transcripts
derived from computational analysis of high-throughput RNA sequencing (RNA-Seq) data from over 6,500
samples spanning diverse cancer and tissue types.

Gencode catalog (https://www.gencodegenes.org/): The reference human genome annotation for The
ENCODE Project.
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