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Abstract

The recent re-annotation of the transcriptome of human and other model organisms, using next-generation
sequencing approaches, has unravelled a hitherto unknown repertoire of transcripts that do not have a potential
to code for proteins. These transcripts have been largely classified into an amorphous class popularly known as
long noncoding RNAs (lncRNA). This discovery of lncRNAs in human and other model systems have added a
new layer to the understanding of gene regulation at the transcriptional and post-transcriptional levels. In recent
years, three independent studies have discovered a number of lncRNAs expressed in different stages of zeb-
rafish development and adult tissues using a high-throughput RNA sequencing approach, significantly adding to
the repertoire of genes known in zebrafish. A subset of these transcripts also shows distinct and specific
spatiotemporal patterns of gene expression, pointing to a tight regulatory control and potential functional roles
in development, organogenesis, and/ or homeostasis. This review provides an overview of the lncRNAs in
zebrafish and discusses how their discovery could provide new insights into understanding biology, explaining
mutant phenotypes, and helping in potentially modeling disease processes.

Introduction

Understanding the complexity of the mammalian
transcriptome has hugely improved over the past decade

owing to the technologies that revolutionized the throughputs
of nucleotide sequencing and, thus, enabling genome-scale
annotation of transcriptome at single base pair resolution.
The scrupulous investigation of the mammalian RNA rep-
ertoire has revealed a large number of transcripts that do not
get translated into functional proteins and, thus, do not seem
to have any ‘‘recognizable purpose.’’1,2 These transcripts
were initially thought to constitute transcriptional noise
and were largely annotated as junk transcripts.3,4 Over the
past decade, evidence from sequencing of full-length cDNA
libraries, as well as dedicated high-throughput sequencing
activities such as the FANTOM project for mouse, ENCODE
project for human, and projects modeled on similar lines such
as the modENCODE for model systems such as the fly and
worm have systematically annotated an increasingly dynamic
and hitherto uncharacterized set of transcripts with no obvi-
ous potential to encode for functional proteins.2,5,6 These
transcripts have been shown to play important roles in reg-
ulation and maintenance of homeostasis. Hence, these non-
protein-coding transcripts have largely been categorized in a
diverse and mostly poorly characterized class of RNAs called

the noncoding RNAs (ncRNAs). This has also significantly
strengthened the concept of a larger role of ncRNAs as cru-
cial functional elements in eukaryotic genomes.

ncRNAs can be largely classified into the housekeeping
ncRNAs and regulatory ncRNAs depending on their func-
tions in the cell.7–9 Housekeeping ncRNAs are expressed
constitutively in cells and are necessary for vital cellular
functions. The best-known examples for this class of ncRNAs
are the tRNAs.7 The regulatory ncRNAs form a larger class
and are specifically expressed during certain developmental
stages and in specific tissues or disease conditions.7,8 Based on
their transcript size, regulatory ncRNAs can be further grouped
into two subclasses: small ncRNAs (20–200 nt) and long
noncoding RNAs (lncRNAs, >200 nt).10,11 The small regu-
latory ncRNAs are exemplified by short interfering RNAs
(siRNA), small nucleolar RNA (snoRNA), piwi-interacting
RNAs (piRNAs), and microRNAs (miRNAs). siRNAs form
complexes with argonaute proteins and are involved in post-
transcriptional gene regulation; snoRNAs direct the methyla-
tion and pseudouridylation of ribosomal RNA; and piRNAs
are mostly restricted to germline, associate with PIWI-clade
Argonaute proteins, and regulate the silencing of transposable
elements in the germline.10,12 Among the small ncRNAs,
miRNA are the best-studied class, having vital functions in
normal physiological processes of an organism.13–17 On the
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other hand, lncRNA forms the biggest class of ncRNAs.18 The
discovery of lncRNA H-19 and Xist in the early 1990s with
their roles in genomic imprinting revealed the involvement of
lncRNA in regulation of genome as well as in development
and functioning of an organism.19,20 In later years, several
independent reports have identified lncRNA expression in
mammalian and non mammalian organisms, including hu-
mans.21–24 The dedicated high-throughput lncRNA annotation
projects such as GENCODE have identified 13,870 lncRNA
loci and 23,898 lncRNA transcripts in humans.25 Initiatives
such as the NONCODE have already catalogued 210,831
lncRNA in mammals.26 Similarly, the FANTOM consortium
has identified more than 11,000 lncRNA in the mouse ge-
nome.27 With greater availability of transcriptome datasets in
the public domain, the repertoire of vertebrate lncRNAs has
been constantly increasing over the last few years.

In recent years, three independent studies have discovered a
number of lncRNAs expressed in zebrafish using high-
throughput RNA deep sequencing approaches.28–30 The initial
two studies revealed lncRNAs in early developmental stages
with potential functions in vertebrate embryogenesis.28,29 The
latter study catalogued the lncRNA expression in specific tis-
sues or cell types during adult stages and suggested a poten-
tial role for these lncRNA transcripts in tissue maintenance
and repair.30 In this article, we provide a concise overview of
the field on lncRNAs with specific emphasis on zebrafish
lncRNAs and its implications in understanding and modeling
phenotypic variations. This article also discusses the potential
towards understanding the functional roles of lncRNAs in
development and disease.

lncRNAs: Definition and Genomic Context

By definition, lncRNAs are transcripts with more than 200
nucleotides in length and do not have an obvious potential to
code for a functional protein.31 The former criterion based on
length differentiates it from the smaller housekeeping or reg-
ulatory RNAs. Some recent reports have also considered
transcript length as a parameter to classify lncRNA as small
lncRNA (200–950 nt), medium lncRNA (950–4800 nt), and
large lncRNA ( >4800 nt).32 Based on such classification,
it appears that the majority of human lncRNAs consists of
small-length lncRNAs unlike the mouse that has medium-
length lncRNAs, but these findings need to be further validat-
ed.32 By definition, lncRNA class also encompasses ncRNAs
previously annotated as antisense transcripts, intronic tran-
scripts, processed pseudogenes, long intergenic noncoding
RNAs (lincRNAs), and isoforms of protein-coding transcripts
that do not encode for a functional protein.33–43 The long
or large intergenic noncoding RNAs, popularly called the
lincRNAs, form the largest class of lncRNAs discovered in
higher organisms.38

lncRNAs are generally thought to be transcribed such as
messenger RNAs by RNA Polymerase II, but with exceptions
where they have been shown to be potentially encoded by
RNA Polymerase III.31,32,44 Similar to mRNA, the lncRNA
transcripts have features such as 5¢-capping, splicing, and
poly-adenylation.31,32,44 On the basis of their origin and
orientation with regard to protein-coding genes, lncRNA are
classified into (a) Intronic lncRNAs that are transcribed from
the introns of protein-coding genes, for example, lncRNA
COLDAIR, which is induced by cold temperature for epi-

genetic silencing of floral repressors and subsequent flower-
ing in spring and lncRNA ‘‘51A,’’ whose levels have been
found to be upregulated in Alzheimer’s patients34; (b) Sense
overlapping lncRNAs, which are noncoding transcript vari-
ants of messenger RNA with absent or non functional
open reading frames (ORFs), for example, lncRNA ‘‘FMR5’’
that has a potential application in the diagnosis of fragile
X syndrome and Fragile X-associated tremor/ataxia syn-
drome9,25,35; (c) natural antisense transcripts that are tran-
scribed from the opposite strand of either protein-coding
genes or the noncoding genes, for example, lncRNA ALC-1
that is induced in hypertropic ventricles and b-MHC which is
induced during pathophysiological condition and reduces the
contraction force of the heart37,38; (d) lincRNA that are
polyadenylated ncRNA transcribed by RNA pol II with a
transcript length of approximately 20 kb. They have charac-
teristic histone methylation signatures in their promoter and
transcribed regions, exhibit greater sequence conservation,
and display tissue-specific expression; for example, Cyrano
that is known to function during neurogenesis in zebrafish
and megamind, which is involved in the brain morphogenesis
and eye development in zebrafish21,28,38; and (e) Ultra-
conserved region encoding lncRNAs (T-UCRs) originating
from exonic and inter-genic ultraconserved regions that are
100% conserved between the orthologus regions of human,
rat, and mouse. They act as co-activators within transcrip-
tionally active sites and as enhancers in splicing, for example,
T-UCR ‘‘uc.73’’ and ‘‘uc.388’’ whose expression levels have
been correlated with the patho-physiological features of co-
lorectal cancer39,40; (f) LncRNAs encoded by 3¢ untranslated
regions (uaRNAs) that originate from full-length transcripts
of 3¢ untranslated regions but are incapable of independent
transcription due to lack of the pol II occupancy sites in their
promoter, for example, uaRNA from 3¢ UTR region of the
myocyte enhancer factor 2C41; (g) LncRNAs with enhancer-
like functions (eRNAs) that are produced by the RNA pol II
activity on the enhancer sequences bi-directionally, are
mostly non poly adenylated with a short half life, and are
actively involved in promoting mRNA synthesis, for exam-
ple, eRNA ‘‘Nctc1’’ that originates from insulin-like growth
factor 2/H19 enhancers and is known to derive promoter
transcription as well as its association with tissue-specific
transcription factors.42,43

Biological Function and Disease Associations

LncRNA are envisaged to regulate gene expression in
numerous ways and by several mechanisms. Nevertheless,
the present understanding of lncRNA-mediated regulation is
derived from a few well-studied candidate examples, while
the entire spectrum of biological mechanisms through which
lncRNAs mediate their functional roles remains largely un-
characterized.31,32,44 Briefly, the well-studied examples of
lncRNA functions could be summarized as (a) chromatin
regulation, in which an lncRNA such as Xist and Air acts in
either cis or trans to orchestrate epigenetic changes by re-
cruiting chromatin modifying complexes and/or DNA
methylases to bring about gene activation or repression;31,45

(b) LncRNAs such as PANDA and DHFR, which can affect
transcriptional regulation directly by regulating the activity
of RNA pol II, or by associating with transcriptional co-
activators or co-repressor complexes;44,45 (c) LncRNAs such
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as MALAT1 beget post-transcriptional regulation of mRNAs
by modulating their splicing, transportation, translation, and
degradation.44,46,47

lncRNA functions could also be summarized as an out-
come of its molecular interactions with other biomolecules in
the cell such as the DNA, other RNA species, and proteins. A
number of distinct examples of each of these interactions and
their biological regulatory outcomes have been reviewed in
the literature.48,49 A number of recent papers also suggest that
a subset of lncRNAs could interact with smaller RNAs, in-
cluding miRNAs, and modulate their regulatory effect.50,51

Our group has validated one such regulatory interaction be-
tween a conserved pair of miRNA and lncRNA in zebrafish.50

Conservation and Variation in lncRNAs

Deciphering lncRNA function based on comparative se-
quence analysis has been largely limited by the fact that a
very few lncRNAs display sequence conservation across
species.28,31 Recent reports have suggested that lncRNAs
follow different criteria of conservation than their protein-
coding counterparts.21,22,31 Protein-coding genes have strin-
gent functional restrictions in terms of their length and
number as well as sequence of amino acids, in addition to the
preservation of the ORF.31 On the contrary, lncRNAs exhibit
high conservation over short stretches of their length to pre-
serve their functionality as well as secondary structures.9,31,52

Researchers have also estimated the rates of sequence vari-
ation, in terms of change in the nucleotide numbers in
lncRNA sequences over evolutionary timescales and have
suggested that lncRNA sequences evolve rapidly in com-
parison to the sequences of protein-coding genes.31,53 This
provided the basis for the general notion that nucleotide se-
quence conservation is not a fundamental necessity for
preservation of lncRNA functionality. Recently, our group
has analyzed functional elements in lncRNAs, characterized
by experimental datasets of RNA-protein, RNA–RNA inter-
action sites, and small RNA processing sites.49,54 Our anal-
ysis hints that the functional elements in lncRNA are
characterized by a lower variation frequency, almost com-
parable to that of protein-coding genes, suggesting that a
comparison of sequence divergence based on whole lncRNA
transcripts may be misleading. Nevertheless, other studies
have also identified a small number of lncRNAs with rec-
ognizable degrees of sequence conservation between verte-
brates.28 In addition, a number of lncRNAs also show close
sequence conservation in the promoter regions, suggesting a
conserved mechanism of regulation of lncRNAs.9,31 Overall,
the evidence seems to suggest conservation rather than vari-
ation being a dominant force shaping the functional and
regulatory domains of lncRNAs, and a further examination
of this new proposition could be gained immensely from
analysis of structural, regulatory, and interacting elements of
lncRNAs.

In a recent study, Kapusta et al. highlighted the importance
of transposable elements in evolutionary origin and diversi-
fication of lncRNA genes, which, in addition, could also
explain to a fair extent the reason behind the low nucleotide
sequence conservation of lncRNA. It revealed that trans-
posable elements, because of their inherent characteristic to
introduce regulatory sequences on chromosomal insertion
and to move and spread in genomes in a lineage-specific

fashion, have played an important role in the lineage-specific
diversification of lncRNA pool across human, mouse, and
zebrafish.55

Zebrafish lncRNAs

The existing mammalian lncRNAs have been largely an-
notated by genomic studies on cultured cell lines and adult
tissues.21,22,56 Although these studies effectively discovered
a large number of cell type-specific lncRNAs, they overlooked
the ones being expressed during specific developmental stages.
Comparative functional studies and sequence investigations of
protein-coding and non protein-coding genes in zebrafish have
greatly augmented our knowledge about their mammalian
counterparts. Therefore, zebrafish has emerged to be a com-
petent model organism for decoding the mysteries of the
mammalian lncRNA functions and mechanisms.

A handful of lncRNA transcripts have been previously
studied in zebrafish. This includes antisense transcript ty-
rosine kinase containing immuno-globulin and epidermal
growth factor homology domain-1 antisense (tie-1AS) in-
volved in vascular development.57 The antisense transcript
binds to tie-1 mRNA, thereby regulating the gene expres-
sion leading to defects in endothelial cell contact junctions
and resulting in vascular anomalies.57 Recently, another
antisense lncRNA PU.1 AS has been shown to regulate the
expression of genes involved in development of the im-
mune system.58 Tcl1 upstream neuron-associated lincRNA
(TUNA) has also been reported to be important for its neu-
rological and locomotor role in the organism, as knockdown
of TUNA resulted in impaired locomotor functions.59

Apart from the antisense transcripts, a number of lncRNAs
have been documented to be involved in zebrafish embryo-
genesis-like sox2-ot lncRNA and cyrano lncRNA, both of
which are involved in the neurogenesis in zebrafish.28,60

LncRNA megamind has been studied in relation to brain
morphogenesis and eye development.28 Similarly, lncRNA
MALAT1 was found to be essential for vertebrate develop-
ment and also shows association with cancers, corroborating
with a number of evidences from human studies on its as-
sociation with cancer metastasis.28,47 Another conserved
class of lncRNAs studied in zebrafish has been the Y RNAs, a
component of the Ro ribo-nucleoprotein that are conserved
across the vertebrate species.61 Zebrafish zY1 RNA shows
conservation at structure as well as sequence level with that
of human Y1 RNA. The zY1 RNA could substitute the
function of initiating chromosomal DNA replication similar
to that of hY1 RNA.61

The availability of the reference genome of zebrafish along
with sequences of wild-type strains has enabled a much required
template and impetus for annotation of transcriptome at a ge-
nome scale.62–65 The corpus of annotated lncRNAs in zebrafish
has been majorly derived from three recent publications, with
each characterizing a distinct subset of the lncRNome.28–30

While Pauli et al. characterized the lncRNome of eight devel-
opmental time points,29 Ulitsky et al. annotated the lncRNome
from three developmental time points of zebrafish.28 In a very
recent analysis, Kaushik et al. annotated the lncRNome derived
from five major tissues from adult zebrafish.30 However, the
studies have largely relied on RNA-sequencing approach, with
major differences in the time points or tissues considered and
limited differences in the experimental protocols and analysis
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pipelines. Nevertheless, the three studies have a few over-
lapping lncRNA candidates, suggesting the existence of a po-
tentially larger uncharacterized lncRNA repertoire in zebrafish.

LncRNA Expression in Early Zebrafish Development

The process of organism development is intriguing and is
driven by a complex and dynamic network of gene expres-
sion and regulation in a spatiotemporal fashion. Recently,
with the discovery of pervasive noncoding transcription, the
role of ncRNA in early vertebrate development has also been
contemplated. Since the hallmarks of early and late embry-
onic development are significantly different, one expects a
discrete change in the coding and noncoding transcriptome
expression profiles. With this background, Pauli et al. per-
formed RNA deep sequencing to explore the lncRNA ex-
pression profiles in eight early embryonic developmental
stages of zebrafish, that is, 2–4 cell, 1000 cell, dome, shield,
bud, 28, 48, and 120 hour post fertilization (hpf).29 It is im-
portant to note that each selected stage corresponded to a
developmental hallmark. A total of 56,535 high-confidence
transcripts across 28,912 loci were assembled, out of which
1133 unique multi-exonic embryonic lncRNAs, including 397
lincRNAs, 184 intronic overlapping lncRNAs, and 566 anti-
sense exonic overlapping lncRNAs, were identified. Another
subset of 41 lncRNA was identified as potential precursors for
generation of miRNAs, snoRNAs, and other small RNA of an
unknown category.29

The time-dependent expression profiles of lncRNA and
protein-coding transcript loci were subdivided into three
categories (a) transcripts present specifically in two to four
cell embryos that were deposited by the parents and undergo
decay within the first few hours of embryogenesis; (b) tran-
scripts that were transcribed zygotically and were present at
low levels during early cleavage and at high levels in the
dome, shield, and bud stages; and (c) transcripts which
were induced during organogenesis and were transcribed
during 1 day post fertilization. Expression dynamics of
lncRNA and protein-coding genes showed stark differ-
ences.29 First, lncRNA transcripts were more likely to be
parentally supplied than the protein-coding genes; that is,
42% of lncRNAs were found to be provided by parents as
compared with 34% of the protein-coding transcripts.29

Second, the lncRNAs were found to have stringent temporal
expression dynamics in comparison to the protein-coding
genes and relative alterations in transcript levels of lncRNA
between two consecutive stages were greater than the
protein-coding genes.29 The study also evaluated the asso-
ciation between the expression dynamics of each protein-
coding gene with each lncRNA locus in order to allocate
putative functional roles to them. The study identified 33% of
the lncRNA linked to the loci which are rich in develop-
mental functions and also linked to other important loci that
are involved in signaling as well as cell cycle, indicating the
developmental roles of lncRNA.29

In order to determine the tissue-restricted spatial expression
of the lncRNA during early developmental stages, in situ hy-
bridization was performed for a selected set of 32 lncRNAs.29

Specific expression patterns were observed for hoxAa-lncRNA
in a fertilized two-cell stage embryo and for myo18a-lncRNA
in developing somites at 28 hpf. LncRNAs such as miR-9-7
lncRNA and st18 lncRNA had restricted expression in cells

of the developing nervous system at 48 hpf. Similarly, the
myo18a-lncRNA was distinctly expressed at the myoseptum,
overlapping the expression domain of dystrophin, and was
anticipated to have a function in cell–cell contact formation
and a structural role in cell adhesion. The hoxAa lncRNA was
observed in nuclear regions in early cleavage stage embryos
and was later found to be associated with chromatin in mi-
totically dividing cells at 4 cell stage and 16 cell stage, re-
spectively. The lncRNA mprip was observed at the bud stage
embryo and was later found to accumulate specifically around
the large nuclei of the yolk syncytical layer and the least
around the small nuclei of neighboring cells.29

The RNA-seq experiments were complemented by ChIP-
sequencing in the shield stage to annotate chromatin-wide
presence of tri-methylated lysine 4 on histone 3 (H3K4me3)
marks on promoters and tri-methylated lysine 27 on histone
H3 (H3K27me3) marks on transcribed regions and compared
them with protein-coding transcripts as well as mammalian
lncRNA.29 Only 29% of lncRNA were marked with both
H3K4me3 and H3K27me3 domains as compared with 63%
of zebrafish protein-coding genes. Analysis also revealed that
the fraction of H3K4me3-marked zebrafish lncRNA genes
was close to that observed in human lncRNA, suggesting a
conserved mechanism of epigenetic regulation in vertebrate
lncRNAs.29

LincRNA Expression Profile During Zebrafish
Late Developmental Stages

Ulitsky et al. discovered a large number of lncRNA tran-
scripts across three developmental stages in zebrafish and
also deciphered the functional roles for a few of these tran-
scripts.28 Precisely, they performed RNA deep sequencing
with poly(A)-site mapping and genome-wide chromatin
histone H3 modifications mapping on 24 and 72 hpf zebrafish
embryos as well as the adult zebrafish to identify 550 distinct
lincRNA loci with 691 transcripts and 66,895 poly(A)-sites.
Out of these 550 distinct lincRNA loci, only a small frac-
tion had a detectable sequence similarity with mammalian
lncRNAs.28 This study also provided the comparative anal-
ysis of expression correlation between zebrafish and mam-
malian lincRNAs with their neighboring protein-coding
genes. It was also observed that zebrafish lincRNAs such as
mammalian lncRNAs were present within <10 kb of protein-
coding genes and the distances being approximately equiv-
alent to two adjacent protein-coding genes.28 The lincRNAs
also showed relatively high expression and conservation as
per the RNA seq and phastCons analysis. LincRNAs such as
linc-mipep, linc-tbx2b, linc-gtf2f2b, and linc-arid4a were
found to be specifically expressed in different parts of the
central nervous system, whereas linc-trpc7 and linc-cldn7a
expression was found to be restricted to non-neuronal tissues
such as notochord and pronephros, respectively.28

Since tissue-restricted expression is often linked to funda-
mentally important function, the study further explored the
functional roles of two lincRNAs ‘‘cyrano’’ and ‘‘megamind’’
during zebrafish development.28 These two lincRNAs were
chosen for experiments based on their tissue-specific expres-
sion profiles and conservation with mammalian lincRNAs.
The lincRNA olp5 ‘‘cyrano’’ was explicitly expressed in the
nervous system and notochord of zebrafish, whereas lincRNA
birc6 ‘‘megamind’’ was expressed in eyes and the brain. For
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functional analysis, morpholino antisense oligos (MO) were
targeted against the cyrano and megamind splice sites as well
as its conserved sites. Zebrafish embryos injected with these
MOs displayed developmental defects because of diminished
levels of cyrano and megamind transcripts. The develop-
mental defects produced by splice site MOs were rescued by
spliced cyrano/megamind RNA and also by mature human or
mouse cyrano/megamind RNA.28 These results implicated
that mammalian orthologues could also function in zebrafish,
suggesting conserved functions of lincRNAs in vertebrate
embryonic development.

LncRNA Expression in Adult Zebrafish

Embryogenesis and early development is more about how
regulatory networks act in time and space to contribute to
the development of various organs and tissues. In contrast,
adulthood demands a different set of gene expression, more
to do with the maintenance of form and function of what is
already established by developmental programs. It is, thus,
expected that adult tissue transcriptome would have dis-
tinct patterns significantly different from the developmental
profiles. Previous microarray based studies comparing de-
velopmental and adult tissue profiles of messenger RNAs
corroborate this difference in gene expression profiles.66,67 In
order to discover lncRNA players in adult tissues, our
group performed an RNA-seq-based study of adult zebrafish
tissues.30 We used Poly-A RNA sequencing followed by
computational analysis to identify tissue-restricted lncRNA
transcript signatures from five different tissues of adult zeb-
rafish, namely, brain, heart, blood, liver, and muscle. The five
tissues were chosen based on their cell type constituency.30

The brain was selected, as it is a heterogeneous organ with
varied cell types, and also an organ in which most transcripts
are expressed. The heart and blood being a part of the car-
diovascular system have lesser cell types than the brain, while
the liver and muscle are relatively more homogeneous or-
gans, dominated mostly by one or two cell types and spe-
cialized for a single physiological activity. Our analysis
revealed 442 lncRNA transcripts from adult zebrafish tissues,
out of which 419 were novel lncRNA transcripts. Of these, 77
lncRNAs showed predominant tissue-restricted expression
across the five major tissues investigated. As expected,
the brain as a tissue with diverse cell types consisted of the
largest number of tissue-restricted lncRNAs (n = 47), while
the heart and blood constituted 12 lncRNA transcripts each.
Very few lncRNAs were found to be expressed in homoge-
neous tissues such as the liver (n = 2) and muscle (n = 4). A
subset of these tissue-specific lncRNAs was further validated
by real-time polymerase chain reaction confirming the pre-
dominant expression of lncRNAs in corresponding tissues.
Two of the lncRNAs expressed in the brain were quali-
tatively evaluated by whole mount in situ hybridization in
early developmental stage and adult brain. The transcript,
lncBrHM_035, displayed distinct localization in the eye, mid
and hind brain of 24 hpf zebrafish embryos; whereas in adult
zebrafish brain, the expression was restricted to the cerebel-
lum.30 Another lncRNA transcript, lncBrM_002 could be
detected in the mid and hind brain of 24 hpf zebrafish em-
bryos and in adult zebrafish brain, the expression was re-
stricted to the cerebellum and eminentia granularis.30 Both
the lncRNAs showed overlapping but varied expression in

the developmental stage (24 hpf), while in the adult brain
they were present in very specific domains, suggesting that a
lncRNA can have diverse and specific functions in embryonic
as well as adult tissues. This body of work constitutes a useful
genomic resource towards understanding the expression of
lncRNAs in various tissues in adult zebrafish in the context of
maintenance of organ form and function.30

Similarities and Differences

While the three studies uncovered a hitherto unknown
repertoire of zebrafish lncRNAs, there have been major sim-
ilarities and differences in the analysis outcomes. A number of
lncRNAs overlap between the three studies. A total of 131
lncRNAs overlapped between Pauli and Ulitsky datasets,
while 14 overlapped between Kaushik and Pauli and 9 be-
tween Kaushik and Ulitsky datasets, respectively (Fig. 1).
None of the lncRNAs overlapped in all the three datasets. All
the datasets put together, a total of 2,266 lncRNAs were dis-
covered, many of which have distinct spatiotemporal profiles.
The major differences stem from the tissues/time points con-
sidered, the stringency of the analysis protocols, and therefore
the outcomes. These studies have covered themes ranging
from documenting the conserved function of lncRNAs,28 their
roles in early vertebrate development29 and their occurrence
in adult zebrafish tissues as well.30 While Ulitsky et al.
identified the conserved lincRNAs across mammalian ge-
nomes by synteny block analysis, Pauli et al. have catalogued
lncRNAs in eight developmental stages of zebrafish using a
slightly altered approach. They chose all transcripts of a
length more than 160 bp and used four different filters for
distinguishing noncoding transcripts from coding transcripts.
First, they aligned all transcripts phylogenetically and calcu-
lated their phylogenetic codon substitution frequency; then,
they retained the transcripts of less than 20 PhyloCSF only.
The retained transcripts were further checked for their simi-
larity to known protein-coding domains using blastx, blastp,
and pfam; consequentially, the transcripts with similarity to

FIG. 1. Illustration of long noncoding RNA (lncRNA)
overlaps in three recent reports of zebrafish.
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the protein-coding domain were eliminated from the study.
The remaining transcripts were checked for their ORF length.
Only those transcripts that have ORF <100 were selected at
this stage. In addition, out of all the transcripts that did not
show sequence alignments in PhyloCSF and had ORF <30,
amino acids were also considered. Finally, both the datasets
were combined and the transcripts that overlapped with sense
exons of protein-coding transcripts were eliminated.29 In a
recent study by our group, we have assembled and merged
five tissue-specific datasets obtained after poly-A seq. All the
known protein-coding transcripts were removed and tran-
scripts with a length of > 200 bp only were retained, which
were further checked for their protein-coding capacity by
coding potential calculator (CPC) and ORF length. At this
stage, the transcripts that had a CPC score of less than - 1 were
retained and checked further for their ORF length. The ma-
jority of the protein-coding transcripts have an ORF >100
amino acids; however, since there are 405 known human
functional proteins that have an ORF of 30–100 amino acids,68

we retained transcripts with an ORF length of <30 amino
acids only. These transcripts were further checked for any
overlap with protein-coding transcripts and known lncRNAs in
zebrafish. Finally, the retained transcript pool was checked for
unique expression in only one of the tissues giving 77 tissue-
specific lncRNAs.30 Albeit the major differences, ample sim-
ilarities exist between the analysis pipelines considered, which
includes transcript assembly and utilization of almost similar
cut-offs for length of transcripts and ORFs. The highlights of
the analysis protocols followed by each of the individual
studies are summarized in Fig. 2. A comparative analysis of
the tissue lncRNome using the ORF criteria used by other
groups revealed a significantly larger repertoire of lncRNAs.30

Analysis of the three datasets also revealed that the majority of
lncRNAs were intergenic to the protein-coding genes, whereas
a small proportion of these transcripts were mapped to introns
on annotated protein-coding genes. We also found that *35%

lncRNA transcripts discovered by Pauli et al. overlapped with
known protein-coding genes, while 13% of the lncRNA tran-
scripts identified by Ulitsky et al. overlapped with protein-
coding genes (Fig. 3).

The lncRNAs discovered by these studies in zebrafish have
a number of similarities to lncRNAs discovered in other
mammalian species. First, similar to mammalian lncRNAs,
Zebrafish lncRNAs are about a third in length compared with
their protein-coding counterparts and have a comparatively
lesser number of exons per transcript. Second, they have been
shown to be expressed at lower levels than the protein-coding
genes.21,22,28,29 Third, the preferential locations of zebrafish
antisense exonic lncRNAs were observed to be in close
proximity to genes with important developmental functions
such as transcription factor activity, cell fate specification, as
well as embryonic development and morphogenesis.29 On the
contrary, certain classes of lncRNA such as lincRNAs and
intronic overlapping lncRNAs did not show this preference.28

However, the physical propinquity of the lncRNAs with genes
of important developmental functions, in general, neither has
any functional link nor shows a relationship in their expres-
sion. The only exception are the sense intronic overlapping
lncRNAs that positively associate with neighboring protein-
coding genes in terms of their expression.28,29

The identification of lncRNAs as well as the distinction of
lncRNAs from protein-coding mRNAs largely depends on
the computational and bioinformatics algorithms employed.
These algorithms characterize transcripts by their ORF
lengths, coding potential and synteny conservation but still a
certain degree of uncertainty remains with regard to the true
noncoding potential of these predicted lncRNA transcripts.
The computational algorithms employed can also potentially
misidentify the lncRNAs containing short conserved regions
as protein-coding transcripts or protein-coding transcripts
containing short or weakly conserved ORFs as noncoding
transcripts. These uncertainties have been further intensified

FIG. 2. Summary of the RNAseq analysis pipeline for lncRNA discovery utilized by the three recent reports.
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by some recent ribosome profiling studies that have identified
the protein-coding characteristic in a number of putative
lncRNA transcripts. Ingolia et al. have performed ribosome
profiling of mouse embryonic stem cells and have identified a
wide range of unannotated ORFs as well as highly translated
short ORFs among previously annotated lincRNAs that had
been earlier described as not having canonical ORFs.69 On
similar lines, Chew et al. performed ribosome profiling on eight
early developmental stages of zebrafish and identified that
a number of earlier proposed developmental lncRNAs have
protein-coding contaminants. They further validated the find-
ings on embryonic stem cells and obtained similar results
for numerous putative mammalian lncRNAs.70 They also de-
veloped translated ORF classifier (TOC) as a filter for distin-
guishing the ORFs of coding sequences from ORFs in 5¢ leaders
and from ORFs in 3¢ trailers. TOC classifier, when applied to
published developmental zebrafish lncRNome, predicted that
*50% of lncRNAs could potentially be classified as protein-
coding mRNA.70

These results also hint that RNA could potentially function
at multiple levels both as ncRNA performing regulatory roles
and as mRNA for protein synthesis. The steroid receptor
RNA activator (SRA)/steroid receptor RNA activator protein
(SRAP) has been documented to have overlapping function,
as both RNA and protein. Further, these findings hint toward
the dual functional roles of a transcript in different devel-
opmental stages.71,72 Nevertheless, these atypical protein-
coding transcripts could be considered an important resource
for identification of novel proteins. Recently, Bazzini et al.
have used ribosomal foot printing to identify the micropep-
tide-encoding genes that code for transcripts with small ORFs
(£100 amino acids) in vertebrates. They identified numerous
translated small ORFs across five developmental stages of
zebrafish transcriptome and also detected several hundred
small ORFs in the annotated lncRNAs with previously un-
defined coding sequences.73 These observations are further
justified by the recent example of Toddler, which was an-

notated as ncRNA in zebrafish but was later found to encode a
short, conserved, secreted peptide that activates APJ/Apelin
receptor signaling, acts globally as a motogen, and promotes
gastrulation movements.74 In summary, RNA-sequencing
and ribosome profiling could be employed to derive high-
confidence annotations for genuine noncoding lncRNAs.
However, studies in recent years have also provided evidence
for ribosomal associations with ncRNAs (see review by
Ulitsky and Bartel38). Therefore, caution should be exercised
when employing ribosomal profiling as the sole criterion for
defining protein-coding function.

How the Understanding of lncRNAs
Will Influence Zebrafish Biology

Historically, zebrafish has been employed for understand-
ing functions of protein-coding genes. A number of reports
in recent years have utilized the power of next-generation
sequencing toward understanding the landscape of zebrafish
transcriptome.28–30,64,75,76 The recent discovery of a large
number of ncRNAs in zebrafish, including small ncRNAs
and lncRNAs, has opened up a completely new repertoire of
biological regulation, which is yet to be comprehensively
understood. The discovery of lncRNAs in zebrafish is sug-
gested to impact the understanding of zebrafish biology in a
variety of ways. The first obvious way is that it extends the
possibility of explaining phenotypes of mutants, which oc-
curred in previously un-annotated loci in the zebrafish ge-
nome. Second, it could potentially influence zebrafish biology
through understanding novel regulatory pathways involved in
embryonic development, organogenesis, and tissue mainte-
nance. Many of the lncRNAs discovered from the genome-
wide screens show extremely restricted expression levels,
suggesting a well co-ordinated regulatory mechanism oper-
ating at the transcriptional or the post-transcriptional levels. A
better understanding of the landscape of lncRNA transcrip-
tion in the zebrafish genome would also enable one to draw

FIG. 3. Genomic mappings and annotations of zebrafish lncRNA transcripts discovered by the three studies.
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parallels from the Human lncRNome, and provide a useful
opportunity to model ncRNA mutations in zebrafish. This
gains more importance in the light of the recent discovery of a
number of variants with disease/human traits from genome-
wide association studies mapping to potential lncRNA loci,
suggesting a hitherto unexplored significance of lncRNAs in
disease biology.77,78 Zebrafish is also poised to be a fantastic
complement to other vertebrate model systems for under-
standing the biology of ncRNAs, given the ease and economy
of generation of mutant animals using either chemical, in-
sertional, or genome editing tools such as the transcription
activator-like effector nuclease (TALEN) and clustered,
regularly interspaced, short palindromic repeat (CRISPR)
technology.79–82 TALEN and CRISPR technologies have
emerged as robust genome editing tools for generating precise
and heritable genomic deletions as well as knockout of both
protein-coding and noncoding genes, including lncRNAs
with high accuracy, opening up new avenues for study of
noncoding genome. It has not escaped our notice that a
number of zebrafish retroviral insertions map83,84 to currently
annotated lncRNAs (Kapoor et al., unpublished results), of-
fering a readily available template to study lncRNA biology
in zebrafish. This provides an unprecedented opportunity to
link zebrafish phenomics to ncRNA biology, as currently
most of the functionality assays for lncRNAs are largely re-
stricted to cell lines. Phenotypic effects have not been largely
explored for lncRNAs, with a few exceptions in mouse and
zebrafish. Recent initiatives toward assembly of the genomic
variations, epigenome, and transcriptomes in line with the
human ENCODE project would definitely add to the under-
standing of zebrafish transcriptome and its regulatory corre-
lates.64,65,85 Thus, understanding zebrafish lncRNome would
open up new possibilities toward understanding its effects in
modulating the developmental processes and homeostasis.
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