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Abstract

Long non-coding RNAs (lncRNAs) represent a major fraction of the transcriptome in multicellular organisms.
Although a handful of well-studied lncRNAs are broadly recognized as biologically meaningful, the fraction of
such transcripts out of the entire collection of lncRNAs remains a subject of vigorous debate. Here we review
the evidence for and against biological functionalities of lncRNAs and attempt to arrive at potential modes of
lncRNA functionality that would reconcile the contradictory conclusions. Finally, we discuss different strategies
of phenotypic analyses that could be used to investigate such modes of lncRNA functionality.

Introduction
At the beginning of this century, the central dogma of
biology that posits genetic information flow from DNA to
RNA to protein was challenged by the discovery of pervasive
transcription in the human genome [1, 2]. Long non-coding
(lnc) RNAs account for most of the complexity of human
transcriptome [3] and represent transcripts over 200 nucleo-
tides in length [4] with no obvious protein-coding potential
and a number of additional features (i.e., abundance,
sequence conservation, splicing efficiency, subcellular
localization, and others) that distinguish them from the
canonical realm of protein-coding mRNAs [3, 5–7]. In the
past decade, biological functions and molecular mechanisms
of lncRNAs have attracted significant interest from the scien-
tific community [8–12]. Although a number of lncRNAs
have been associated with diverse biological processes and
functions [13–15], for most part, these transcripts remain en-
igmatic. The most critical and yet the most controversial
issue centers on biological significance of the lncRNA class
of transcripts and the fraction of truly functional members it
contains. Indeed, there is a growing body of contradictory
evidence based on reverse-genetics assays that either
supports or questions the broad biological functionality of

this class of RNAs as described below. This leads to a great
deal of confusion while also fueling the debate about func-
tionality of these transcripts. One side in this debate argues
that most of the currently annotated lncRNAs are not func-
tional and represent spurious byproducts of mRNA biogen-
esis, leaky transcription, or other processes that confer no
fitness advantage [16–20]. Consistent with these views,
recent in vivo studies with knockouts of multiple lncRNAs
reported no observable phenotypes [21–31]. Moreover, the
biological functions of lncRNAs observed in different studies
are often controversial, even with regard to some transcripts
that are considered as the “gold standards” by the commu-
nity (see below for details). Here, we will review these contro-
versial observations and attempt to provide a theoretical
framework that could potentially reconcile them. Finally, we
will review emerging solutions based on the lessons learnt
from previous reverse-genetics studies and novel experimen-
tal approaches that could answer the question of the bio-
logical relevance of lncRNAs.

Evidence supporting the biological roles of
lncRNAs
Ample body of research based on a variety of techniques
supports the notion that lncRNAs do play biological
roles in a variety of biological processes. Below, we at-
tempt to review and summarize the main outcomes of
these studies in the context of the different reverse-
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a cytosolic lncRNA SPRY4-IT1 has showed the role of this
transcript in modulation of apoptosis [108]. Inhibition of
a spliced lncRNA ARLNC1 localized in the nucleus and
cytosol using either RNAi or ASO technologies has re-
vealed its roles in androgen receptor signaling and growth
of prostate cancer cells [109]. Knockdown of a spliced
DGCR5 lncRNA that also localized in both cellular com-
partments using a mixture of siRNAs and ASOs has dem-
onstrated involvement of this lncRNA in regulating a
number of schizophrenia-related genes [110]. Overall,
these techniques provided tremendous amount of support
for functionality of various known types of lncRNAs. We es-
timate, based on the analysis of PubMed records, that appli-
cations of RNAi and ASO technologies have demonstrated
functionality of lncRNAs in > 1500 reports, with RNAi used
in the vast majority of those studies. Annotation and func-
tional characterization status of a particular lncRNA could
be obtained by querying manually curated databases such as
Lnc2Cancer [111], LncRNADisease [112], or LNCipedia
[113]. An important note to RNAi- and ASO-based lncRNA
functional studies is that most of them have been performed
in cultured cells. Nonetheless, the vastness of the lncRNA
universe for which the knockdown-associated phenotypes
have been shown even led to discussions of potential clinical
applications of lncRNA targeting based on these techniques
[114].

Genome targeting
Evidence of lncRNA functionality has also come from
other experimental strategies, most notably those that
create a complete knockout by altering the DNA se-
quence of an lncRNA locus [115, 116] (Fig. 1). Applica-
tion of the CRISPR/Cas9 genome-editing technology has
provided support for biological functions of a number of
lncRNAs, also predominantly in various cell line models
at least in mammalian systems. Genome-editing ap-
proaches typically rely on deleting the whole lncRNA se-
quences or their regulatory regions, since subtle
sequence changes require detailed knowledge of func-
tional motifs and domains absent for most lncRNAs. In
fact, successful targeted deletions have been achieved
over a wide range of DNA sizes. For example, CRISPR/
Cas9-mediated hemizygous deletion of a relatively small
(~ 700 nt) lncRNA SPRIGHTLY (also known as SPRY4-
IT1) resulted in a decrease in anchorage-independent
proliferation rate of cancer cells and the rate of tumor
growth in a xenograft model [117]. On the other end of
the spectrum, deletion of a 1.1-Mbp region on the hu-
man chromosome 6 containing a cluster of vlincRNAs
in a fibrosarcoma cell line also using CRISPR/Cas9 has
implicated one of them, vlinc273 or ASAR6-141, in con-
trol of replication timing of that chromosome [118]. In
fact, lncRNA knockouts using genome-editing tech-
niques in cultured cell models implicated lncRNAs in

metabolism control [119, 120], cell growth [119, 121–
123], metastasis [124], and migration and invasion of hu-
man cancer cells [119, 122, 123, 125].
Furthermore, genome editing has also demonstrated

functionality of lncRNAs in whole-animal in vivo studies
in different animal models (Table 1). In mice, for ex-
ample, knockout of the Charme lncRNA by CRISPR/
Cas9-mediated insertion of a polyA cassette into one of
its exons resulted in homozygous mice with a specific
heart remodeling phenotype (changes in size, structure,
and shape of the organ) and reduced lifespan [71]. In
nematode and fruit fly, systematic knockouts of multiple
lncRNAs resulted in a significant fraction of the mutant
animals exhibiting obvious phenotypes. Knockouts of 33
out of 105 testis-specific lncRNAs in fruit fly exhibited a
partial or complete loss of male fertility [126]. Import-
antly, a number of the knockout phenotypes could be
rescued by expression of the targeted lncRNAs, strongly
arguing that loss of function of the corresponding tran-
scripts caused the observed defects [126]. In Caenorhab-
ditis elegans, knocking out 155 out of 170 annotated
long intergenic RNAs (lincRNAs) could associate 23 of
those with at least one of the 6 analyzed traits [127]. Just
like in the previous example, the phenotypes could be ei-
ther fully or partially rescued by ectopic expression of
respectively 9 and 7 of the targeted transcripts [127].
More recently, knockouts of 10 out of 143 multi-exonic
lncRNAs via CRISPR/Cas9-mediated deletions in the
same species resulted in fertility or growth rate defects
in 7 out of the 10 mutants [128]. Furthermore, loss of
transcript as the cause of the phenotypes was shown by
independent RNAi-mediated knockdowns for 2 out of
the 6 tested loci [128].
Recent strategies based on targeting of transcriptional

silencers or activators to specific promoters using
the CRISPR/dead (d)Cas9 strategy (CRISPR interference
(CRISPRi) or activation (CRISPRa)) have also contrib-
uted to phenotypic analyses of lncRNAs [129–132]
(Fig. 1). For example, CRISPRi-mediated lncRNA knock-
down revealed that a radial glia-specific lncRNA
LOC646329 can regulate proliferation in human glio-
blastoma cells [129]. CRISPRa-mediated upregulation of
4 lncRNAs potentially involved in early cortical cell fate
specifications confirmed their roles in regulating genes
involved in this process [130].

High-throughput screening
The abovementioned approaches can also be scaled to
a whole-genome level analysis in a population-like
setting (Fig. 2). In such scenarios, each cell gets
tagged or barcoded by an shRNA or a guide (g) RNA
sequence targeting a specific transcript and stably in-
tegrated into the genome of the cell. Cells harboring
tags against transcripts essential for survival would
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Table 1 In vivo phenotypic studies of lncRNAs

lncRNA Knockout strategy In vivo phenotype RNA-
based rescue1

Phenotype
not attributed
to lncRNA2

Knockout
technique3

Reference

H19 Replacement of a 3-kb gene region
and 10 kb of 5′ flanking sequence of
the lncRNA with a neomycin resistance
cassette

Overgrowth in the animals inheriting
the H19mutation from their mothers
compared to those inheriting it from
their fathers

N Y4 HR [32]

H19 Replacement of the entire lncRNA
transcription unit with a neocassette

Overgrowth (8%) N Y5 HR [33]

H19 Same as above Overgrowth in the lncRNA knockouts
reflected in general (up to 20%)
increase in weight. Corresponding
decrease in weight was observed in
knockout animals overexpressing the
lncRNA.

Y HR [34]

H19 Same as in Ripoche et al. [33]. The E6.5
embryos were grafted into the wild-
type or Igf2� /� recipient mice to induce
teratocarcinomas.

Increased weight of experimental
teratocarcinomas

N HR [35]

Knockout animals from Ripoche et al.
[33] were bred with Apc� 14/+ mice

Increased number of adenomas
compared with their Apclittermates

N HR

Maternal heterozygotes of the H19
knockout mice same as in Leighton
et al. [32] were bred with CRP-Tag 60-3
male mice.

Acceleration of liver tumor
development

N HR

H19 Same as in Ripoche et al. [33] Muscle hypertrophy and hyperplasia. A
50% reduction in the number of
satellite cells

Y HR [36]

H19 Same as in Ripoche et al. [33] Increased tumor development after
carcinogen diethylnitrosamine
treatment

N HR [37]

H19 Same as in Ripoche et al. [33]. The H19
heterozygous male knockout mice
were bred with the wild-type mice to
generate paternal and maternal
knockouts.

Increased liver weights immediately
after birth

N HR [38]

roX1/26 Deletion of the roX2gene, transposon
insertion inactivation, or partial deletion
of the roX1gene

Male-specific reduction in viability in
the animals lacking both roX1and roX2
genes

Y [39]

Xist Replacement of most of the lncRNA
transcription unit with a neocassette
while leaving the promoter intact

Females carrying the Xistknockout on
the paternal chromosome exhibited
severe growth retardation and early
embryonic lethality.

N HR [40]

Xist Inversion of the exon 1 and deletion of
the exon 4

Embryonic lethality in paternal
knockout mice

N HR and
Cre

[41]

Xist Mice with loxPsites inserted into Xist
intron 3 and 5 kb upstream of the
somatic cell promoter (Xist2lox/2lox) were
bred with Vav.Cremice to conditionally
delete Xistin murine hematopoietic
stem cells.

Females developed a highly aggressive
myeloproliferative neoplasm and
myelodysplastic syndrome with 100%
penetrance.

N Cre [42]

Xist The Xistfl/fl or Xist� /fl mice generated
using the same knockout strategy as
above were crossed with Sox2-Cremice
to conditionally delete Xistin the
epiblast lineage.

Females exhibited retarded growth,
abnormal development of some
organs, and failure to survive past
weaning age.

N Cre [43]

Xist Xistlox/loxmice generated using the
same knockout strategy as above were
crossed with MMTV-Cremice to
generate animals with a mammary-
specific knockout of Xist.

Acceleration of primary tumor growth
in mammary glands and metastases in
the brain

N Cre [44]
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