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Capturing a Long Look at Our Genetic Library
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Long-read sequencing, coupled to cDNA capture, provides an unrivaled view of the transcriptome of chro-
mosome 21, revealing surprises about the splicing of long noncoding RNAs.
In his story ‘‘The Library of Babel,’’ Jorge

Luis Borges imagines a library of books

with every conceivable permutation of let-

ters. Every story told, or to be told, is

found there. Similarly, our genome con-

tains every gene and transcript, coding

and noncoding, to be expressed during

the human lifetime. But our catalog

of this genetic library remains unsat-

isfactory—our books miss entire chap-

ters, and many are completely unac-

counted for.

In this issue of Cell Systems, Mercer,

Mattick, and colleagues mark an impor-

tant step in overcoming this by reporting

a deep survey of the transcriptome

of long noncoding RNAs (lncRNAs) and

mRNAs on human chromosome 21

(Chr21) (Deveson et al., 2018). This is

made possible by coupling two power-

ful techniques: cDNA capture and

sequencing on a Pacific Biosciences

(PacBio) instrument. This work joins

several recent studies harnessing the

unrivaled power of third-generation sin-

gle-molecule sequencing to accurately

survey the transcriptome (Sharon et al.,

2013; Lagarde et al., 2017). This tech-

nology frees us from our dependence

on short-read technology and opens

fundamental questions about lncRNA

biology.

Until now, researchers have relied

heavily on assembly of short reads from

Illumina-based RNA sequencing (RNA-

seq) experiments to map lncRNAs. Pro-

grams such as Cufflinks have enabled

labs to create catalogs in their favorite

cell type or organism (Trapnell et al.,

2010). But accurately assembling the

exons of long transcripts from much

shorter reads is a daunting algorithmic

challenge. Sensitivity is low (entire genes

are missed), false positives are frequent
(i.e., nonexistent transcripts are assem-

bled), and almost all transcripts fall

short of the true 50 and 30 ends (Lagarde

et al., 2017; Steijger et al., 2013). This

is particularly acute for lncRNAs due

to their low expression and sparse

read coverage. Nevertheless, the canon

of lncRNA knowledge rests largely upon

these catalogs.

Deveson et al. and others have real-

ized that long-read technology can

overcome these issues. It can confi-

dently report exon connectivity, while

30 ends are identified by encoded polyA

tails, and 50 are also frequently reached

(Lagarde et al., 2017; Sharon et al.,

2013). However, the low sequencing

depth of PacBio (�50,000 reads per

lane versus �300 million for Illumina),

coupled to lncRNAs’ low expression,

introduces a new challenge (Sharon

et al., 2013).

To address this challenge, Deveson

et al. coupled long-read sequencing

to cDNA capture. The latter method, pio-

neered by the authors themselves, fo-

cuses sequencing firepower onto known

or suspected RNA-producing loci –

particularly valuable for low-expressed

lncRNAs (Mercer et al., 2014). Using

oligonucleotide capture, cDNA libraries

are first enriched for regions of inter-

est—here, the entire human Chr21, rep-

resenting 1.5% of the genome (Deveson

et al., 2018). Captured cDNA, of which

>70% originates from Chr21, is then

sequenced by both long- and short-

read technologies. In this way, the

length of PacBio is harnessed to

map exon connectivity, while deeper

short reads can accurately quantify

expression and splicing. A similar

approach was recently employed by

the GENCODE consortium to improve
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annotation of known lncRNAs (Lagarde

et al., 2017).

Bycoupling third-generationsequencing

to cDNA capture, the authors produce

one of the deepest ever transcriptional

maps of a human chromosome. They

report a dataset of 387,029 reads from

K562 cells and testis, revealing altogether

1,589 lncRNA transcript models. Approxi-

mately half of identified exons are novel.

Simulation experiments suggest that, at

least in the tissue panel sampled, the

number of cataloged exons is approach-

ing saturation.

These confident transcript models

enable us to revisit old questions about

lncRNAs, as well as formulate completely

new ones. For example, we can ask to

what extent lncRNA genes or products

differ from protein-coding genes—the

answer seems to be surprisingly little (La-

garde et al., 2017). In terms of mature

length, or promoter chromatin, previously

observed differences don’t hold up to

scrutiny afforded by full-length struc-

tures. In addition are myriad instances

where incorrect gene annotations are

extended to their full length or when

separate fragmentary annotations are

united to form a single, correct gene

model (Lagarde et al., 2017; Deveson

et al., 2018).

Deveson et al. extend these observa-

tions to splicing. It is known that lncRNA

splicing exhibits some distinct proper-

ties compared to coding genes: it is

less efficient (Tilgner et al., 2012), and

their splice sites are less conserved

(Nitsche et al., 2015). But now, Deveson

et al. have identified another poten-

tially more interesting hallmark of

lncRNA: high rate of alternative splicing.

Comparing the ‘‘percent spliced in’’

(PSI), a measure of frequency with
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Figure 1. Generating Long Noncoding RNA Diversity
Deveson et al. propose that extensive alternative splicing may generate long noncoding RNAs (lncRNAs)
with diverse functions through the differential inclusion of modular elements mediating nuclear localization
or chromatin-, protein-, miRNA-, or mRNA-binding.
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which exons are included in transcripts,

they show that lncRNA exons tend to be

alternative far more than those of coding

genes. In other words, a given lncRNA

transcript tends to choose just a subset

of available exons. The authors name

this ‘‘universal alternative splicing.’’

Universal alternative splicing, if vali-

dated, could have profound implications

for our understanding of lncRNA func-

tions. LncRNAs are thought to be

modular: composed of combinations of

functional elements and analogous to

protein domains (Guttman and Rinn,

2012). There is growing interest in identi-

fying such elements, but so far, relatively

few are known (Marı́n-Béjar et al., 2017).

The differential inclusion of such ele-

ments through exon splicing could be

a mechanism of producing lncRNAs

with diverse functions (Figure 1). Indeed,

without the constraint to maintain an

open reading frame, lncRNAs could

exploit this mechanism more freely

than mRNAs.

Of course, as is often the case for

lncRNAs, one can interpret most obser-

vations equally as evidence for function

or the lack of function. Does widespread

alternative splicing reflect modularity, or

simply relaxed constraint? This joins

other features of lncRNAs—such as

tissue-specific expression, nuclear local-

ization, and lower evolutionary conserva-

tion—as features that can be interpreted

in polar opposite ways. While Deveson

et al. articulate an attractive argument

for a ‘‘functionalist’’ interpretation, we

would argue that one should adopt
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non-functionality as a null hypothesis to

be falsified. The authors also showed

that low PSI is a property of other tran-

scribed noncoding sequences, namely

untranslated regions, suggesting that

splicing constraint is relaxed when an

open reading frame is not present.

Nevertheless, natural selection tends

to make good use of available biolog-

ical variation. It is entirely likely that,

once better maps of lncRNA elements

become available, compelling examples

of alternatively spliced isoforms with

demonstrably different functions will be

uncovered.

On a more practical level, if lncRNA

splicing really is as complex as sug-

gested, it will have quite serious ramifi-

cations for how we annotate these

genes. Is there value to users in individ-

ually annotating a vast assembly of

splice variants? Or will we have to find

more economical and abstract ways of

annotating the splicing structure of a

lncRNA?

Either way, long-read sequencing will

likely lead to rapid improvements of

lncRNA (and even protein-coding) gene

annotations in coming years. Re-

searchers will no doubt have to revisit

more long-held assumptions about

lncRNAs and re-quantify old short-read

RNA-seq datasets using these new an-

notations. Differential gene expression

studies can be carried out to find new

targets in old data.

PacBio technology still suffers from

several drawbacks that limit its use-

fulness in mapping lncRNAs. These
include its high cost, low throughput,

and cDNA read lengths that still do not

exceed �3 kb (Lagarde et al., 2017;

Sharon et al., 2013). On the horizon is

a technology that promises to resolve

all these issues: direct RNA-seq by

nanopore. The MinION from Oxford

Nanopore Technologies offers direct

RNA-seq with essentially no length limit

(Garalde et al., 2018). Now, the race is

on to apply this approach to lncRNAs.

By containing every possible book,

Borges library held vastly more

nonsense books than meaningful ones,

including every possible error-contain-

ing version of any real book. The chal-

lenge for us now is to understand

whether this applies to splicing of

lncRNAs. Are they Borgian nonsense

produced in an absence of selective

pressure? Or a powerful mechanism for

generating functional diversity through

combinatorics?
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