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Abstract

Long noncoding RNA or IncRNA have been in the spotlight in
recent years, due to their abundance in the human genome
and the crucial regulatory roles they play in diverse biological
processes. The mode of action by which IncRNA regulate
biological processes is not fully understood however, in many
cases it was found that they function by regulating the
expression of neighboring genes in cis. To date, IncRNA have
received little attention from the Caenorhabditis elegans
research community. In particular, IncRNA functions in cis have
not been thoroughly investigated. Here we review the known
functions of IncRNA in mammals and C. elegans. To promote
IncRNA studies in C. elegans, we provide a catalog of IncRNA
neighbor genes in C. elegans, their human homologs and the
biological categories they belong to. We propose that

C. elegans could be a powerful model for studying these
enigmatic non-protein coding genes.
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Introduction

LncRNA are a large and diverse class of transcripts
ranging from 200 to 100,000 bp in length which do not
code for proteins. LncRNA have been identified in
plants, invertebrates and mammals [1]. Most IncRNA
gene structure resembles protein coding mRNAs with
regards to promotor CpG islands, RNA Poly II tran-
scription, a multiexonic structure and, in some cases the
transcript is decorated with a 3’ poly A tail and a 5
m7GTP cap [2,3]. Although particular transcripts
depicted as IncRNA were found to encode short open
reading frames [4—6], in most cases there is no evidence
that they do code for peptides [7]. LncRNA are

classified by their location relative to the nearby protein
coding genes, as long intervening non coding RNA (the
genomic loci does not overlap the exons of protein
coding genes), antisense IncRNAs (the loci present in
the opposite strand of protein coding genes) and inter-
genic IncRNAs (the loci present between two protein
coding genes) [8]. Genome based studies have revealed
several functional roles for IncRNA in chromatin struc-
ture regulation, gene transcription, development and
disease [9].

Evolution of IncRNA may have promoted
complexity

LncRNAs have evolved from either partial or total
duplication and divergence of consequent sequences
[10,11]. They are linked to a wide range of develop-
mental processes and are found in a diverse range of
species, from sponges to primates [10]. A recent sys-
temic investigation in demosponge has identified 2935
IncRNAs, most of them overlapping with protein coding
genes [12]. Similarly, a large-scale evolutionary study of
IncRNA repertoires and expression patterns in 11
tetrapod species has identified almost 11,000 primate-
specific IncRNAs, some of which originated more than
300 million years ago [13].

An interesting possibility regarding IncRNA functions is
that by fine tuning gene expression, IncRNA facilitated
the increase in complexity found in the late stages of
mammalian evolution and in humans in particular [14].
"This notion is supported by the finding that there are a
significant number of IncRNA associated with human
complex traits and, importantly, these IncRNA are
suspected of regulating the expression of neighboring
protein-coding genes with significant enrichment for
chromatin regulators [15]. From a systems biology point
of view, one of the major challenges of the IncRNA field
is to infer IncRNA function from their sequence [16]. Of
note, recent efforts promoted our understanding of the
information embedded in IncRNA sequences enabling
prediction of their localization [17], protein binding
[18] and binding to small RNA [19].

Mammalian IncRNA function to regulate
chromatin

The functions of IncRNA in chromatin regulation have
been the focus of IncRNA research from the inception of
the field [20,21] with XIST, a IncRNA which promotes X
inactivation maintenance by recruiting chromatin mod-
ifier proteins to the X chromosome [22,23], serving as a
classic example for such IncRNA functions in ¢s [10].
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Other IncRNA have been shown to play a role in regu-
lation of chromatin states in #7a#zs by binding chromatin
regulating proteins and targeting them to particular re-
gions of the genome [24—28]. HOTAIR, yet another well
studied IncRNA, was shown to be expressed from the
human and mouse HOXC cluster and promote silencing
of genes within the HOXD cluster by recruiting and
targeting chromatin modifying enzymes to the HOXD
locus, thus functioning in z7ans [29,30]. Recent analysis
of the HOTAIR sequence, chromatin state and expres-
sion pattern revealed that it may function both in #ans
and «s to regulate gene expression within the HOX
clusters [31]. These findings have raised the attractive
hypothesis that IncRNA target chromatin regulator
proteins to specific regions of the genome to regulate
chromatin structure and thus regulate gene expression.
Whether these IncRNA chromatin regulatory functions
in trans are mediated by specific sequences within the
IncRNA is still debated. One major chromatin regulating
protein, PRC2, was shown to bind promiscuously to
RNA [32,33] supporting an alternative model where the
genomic location of the IncRNA, rather than the specific
sequence, is the major determinant of its functions [33].

IncRNA regulate neighboring genes in cis
Progress has been made in better understanding the
functions of IncRNA as regulators of adjacent genes in ¢is
[34]. Upperhand is a IncRNA gene neighbor of the
transcription factor Hand? coding gene which is essen-
tial for heart development. To test if Upperhand regu-
lates Hand? in cis, Anderson et al. used TALEN to
introduce either a transcription terminator or a fluores-
cent protein coding sequence into the second exon of
the Upperhand gene and found that transcription
termination, but not sequence swapping, eventuated in
reduced Hand? expression and defective heart devel-
opment in mice [35], supporting the model where the
IncRNA functions in a sequence independent manner to
activate an adjacent gene in ¢zs. Similarly, this principal
was demonstrated by using CRISPR to insert tran-
scription termination sequences into mouse IncRNA
and protein coding genes and analyzing the expression
of the adjacent genes [36]. In both cases, inhibiting the
transcription of a gene often resulted in reduced
expression of the neighboring genes.

"To functionally interrogate the role of 10,000 IncRNA in
melanoma tumor cells drug resistance, Joung et al. used
CRISPR activation and a pooled screen by which they
identified 11 IncRNA promoting resistance [34]. In this
study, most identified functional IncRNA promoted
drug resistance by regulating one, or more, adjacent
genes. Similarly, Bester et al. performed a CRISPR
activation screen to identify both protein-coding and
IncRNA genes promoting drug resistance in acute
myeloid leukemia tumor cells and found that the
IncRNA GAS6-AS2 promotes resistance by activating
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the adjacent GAS6 protein coding gene [37]. Interest-
ingly, in a guilt-by-association analysis, IncRINA
protecting tumor cells from chemotherapy were
enriched for fatty acid metabolism and oxidative phos-
phorylation categories, suggesting that IncRNA are also
involved in regulation of metabolism related genes [37].
Indeed, an earlier study showed that IncRNA tran-
scription negatively regulates the adjacent DHFR gene
activity [38].

How IncRNA promote or inhibit the expression of
neighboring genes is still not completely clear [39].
Using computational and experimental analysis, Lou
et al. investigated the functions of divergent IncRNA-
protein coding gene pairs (as illustrated in the graph-
ical abstract) which represent 20% of human IncRNA
[14], and found that these IncRNA regulate the
expression of adjacent genes, by a mechanism which
includes binding of the IncRNA to the boarders of active
chromosomal regions and to chromatin regulating pro-
teins [39].

IncRNA in Caenorhabditis elegans

Despite the fact that many major discoveries in RINA
biology have come from studying the small worm
Caenorhabditis elegans (C. elegans) [40,41] less in known
about IncRNA in this model organism. Nam et al.
identified 170 IncRNAs in C. elegans [42], of which 25%
have sequence conservation with endogenous micro
RNA, and theoretically, could serve as templates for
these small RNA species. The other IncRNA were more
conserved and exhibited transcription patterns impli-
cating them in developmental process and differentia-
tion of worms. These IncRNA transcriptional patterns
are linked to male identity, sperm formation, and
interaction with sperm-specific mRNAs [42].

A recent study attempted to infer biological function of
IncRNA in C. elegans by following their spatiotemporal
expression pattern [43]. Using a GFP knock-in
approach, the spatial expression patterns of 68
IncRNAs were examined in 18 tissue categories
throughout eight developmental stages. This study
found that IncRNA and miRNA promoters are less
active at the embryonic stage, as compared with the
promotors of transcription factors (TFs), but become
comparable to TFs after embryogenesis. Finally, the
expression pattern of this IncRNA gene set is similar to
that of miRNAs and TFs in mature animals [43].

Several IncRNAs were also identified in the muscle
transcriptome profile of dauer and aging worms [44].
Using tissue-specific RNA-seq, splicing-based RINA
tagging (SRT), the authors detected 461 novel RNA
transcripts in worm muscles, most of which are predic-
ted to be IncRNA. Using reporter assay, 5 out of 8 tested
transcripts were shown to be expressed in muscle. It is
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therefore clear that the we do not yet know the full
repertoire of IncRNA in C. elegans.

The C. elegans 800 bp IncRNA rzes-1 is expressed in the
hypodermis and intestine of the adult worm. Its double
stranded structure facilitates rues-1 in vitro binding to
Dicer, a major component of the RNA interference
pathway, and thus 7mcs-1 may compete with endogenous
double stranded RNA (siRNA or miRNA) involved in
gene silencing, for Dicer [45]. This is an early example
of a functional IncRNA in C. elegans.

Recently, a study revealed ribosomal association of the
IncRNA 75-1 [46]. In C. elegans, daf-2, clk-1 or ear-2 mu-
tations extend the worm lifespan [47]. Depletion of #s-7
in daf-2 or k-1, but not in ewr-2, mutants increased
ribosome levels and significantly decreased life span.
Thus, 7£5-1 is required, at least in some cases, for the life-
extension phenotypes of C. elegans [46]. Together, these
studies demonstrate that IncRNA do function in #7ans in
C. elegans, however, whether worm IncRNA function in ¢zs
is still an open question.

The protein coding neighbors of C. elegans
IncRNA

"To gain some clues regarding the possible ¢zs functions of
IncRNA in C. ¢legans we asked some basic questions:

1. Do worm IncRNA have neighbor coding genes?

2. Do these protein-coding neighbors have human ho-
mologs and do the homologues have a neighbor
IncRNA in the human genome?

3. Do the worm protein-coding genes with IncRNA
neighbors share common biological functions?

To answer these questions, we performed a bioinfor-
matics analysis (Figure 1; all data available in Table S1-
6). We used the 172 genes annotated as IncRNA in the
C. elegans genome by ENSAMBLE and asked if there is a
coding gene within 5000 bp of each IncRNA. Using the

Figure 1

Table 1

C. elegans protein-coding neighbors of IncRNA which have
human homologs that are neighbors of IncRNA in the human
genome. As detailed in Table S6.

Worm Human
IncRNA Protein Human IncRNA neighbor
neighbor homolog

LINC-85 SCPL-3 CTDSPL2 ENSG00000179523
LINC-105 TAT-3 ATP10A ENSG00000259011
LINC-80 FASN-1 AC106795.1 ENSG00000250101
LINC-108 LSM-5 ACSF2 ENSGO00000275897
LINC-61 HIS-1 HIST2H3C ENSG00000272993
LINC-73 UNC-104 THAP4 ENSG00000273113
LINC-4 F13H8.2 HLCS ENSG00000224790
LINC-96 RHR-1 RHBG ENSG00000237390
LINC-135 ANT-1.4 SLC25A6 ENSG00000236871
LINC-65 HIL-4 HIST1H1A ENSG00000272810
LINC-113 CEH-6 POUS3F2 ENSG00000283010
LINC-37 CEEH-1 EPHX3 ENSG00000269635
LINC-81 GLY-4 GALNT16 ENSG00000258520
LINC-35 FLCN-1 FLCN ENSG00000266498
LINC-50 FKH-7 FOXP1 ENSG00000270562
LINC-63 PGK-1 MRC2 ENSG00000277463
LINC-2 PCF-11 PCF11 ENSG00000269939
LINC-58 JPH-1 JPH3 ENSG00000226180
LINC-110 KLP-3 KIFC3 ENSG00000187185
LINC-133 KLP-3 KIFC3 ENSG00000187185

5000 bp cutoff (as in Ref. [14]), we found that the vast
majority (162; 94.2%) of worm IncRINA have at least one
neighbor protein-coding gene (Table S2; 64% are in the
divergent orientation [14]). Out of these 162 worm
protein-coding genes with IncRNA neighbors, 78
(48.1%) have human homologs (Table S4) where 21
(26.9%) of these human protein-coding genes have a
IncRNA neighbor in the human genome as well (Table 1
and Table S6). Interestingly, two of these IncRNA,
LINC-35 and LINC-2 were found to be specifically
expressed in muscle [44].

We performed gene ontology (GO) analysis using the list
of the protein-coding genes which are neighbors of the
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Analysis of C. elegans IncRNA, their protein-coding neighbors and their human homologs. First we listed the protein-coding genes which are
IncRNA neighbors in worms (Table S2). Next, we listed those which have human homologs (Table S4). Finally, we list the human homologs with INcRNA
neighbors in the human genome (Table S6). We used OrtholList [49] (http://www.greenwaldlab.org/ortholist/) for worm to human orthologs information, we
considered only genes that were identified as orthologs in at least two out of the four orthology prediction programs reported in OrthoList.
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GO analysis of C. elegans protein-coding genes that are IncRNA neighbors and have human homologs
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GO analysis of protein-coding neighbors of IncRNA in C. elegans which have a human homolog. Gene ontology (GO) analysis was performed
using the Gene Ontology Consortium website (http://www.geneontology.org/) and PANTHER [50] (http:/pantherdb.org/). Fold enrichment and p value
using false discovery rate (FDR) are depicted. Red = chromatin related categories; Blue = metabolism related categories. Genes listed in Table S4 and

results of analysis in Table S5.

worm IncRNA and found that they are enriched for
metabolic and catabolic processes (Table S3). We also
performed a GO analysis on the list of worm protein-
coding genes with IncRNA neighbors who have human
homologs and found enrichment for more categories
including metabolic categories and chromatin related
processes (Figure 2 and Table S5). Finally, we interro-
gated the list of human homologs which have a IncRNA
neighbor in the human genome (Table 1 and Table S6)
and found that this group of genes was not enriched for
specific biological categories.

The genome of C. elegans is ~30 times smaller than
the human genome and 82.8% of the C. elegans open
reading frames have a gene neighbor within the
5000 bp [48] raising the question of what is ‘close’ or
‘gene neighbor’ in C. elegans? We argue that if the
molecular mechanism by which IncRNA regulate the
activity of gene neighbors in C. e¢legans is similar to the
human one, then the 5000 bp cutoff would be appro-
priate however, if such molecular mechanism evolved
to match the genome size of the organism than a
‘neighbor’ would be expected to be 30 times closer, a
size that will encompass mostly the promoters of the
genes [48]. We performed neighbor analysis using the
1500 bp cutoff, of which 52.4% of the C. elegans genes
have a gene neighbor [48], and found 53 protein
coding gene neighbors which have human homologs
(Table S7). In accord with our analysis using the
5000 bp cutoff, GO analysis showed enrichment for
both metabolic and chromatin related processes
('Table S8).

Conclusion

Whether in C. elegans IncRNA regulate neighboring
genes in ¢zs is not known. The finding that the C. elegans
protein-coding genes which are neighbors of IncRNA
and have human homologs are enriched for chromatin
regulators and metabolic genes raises some fundamental
questions: are chromatin regulators and metabolic genes
more likely to be regulated by neighboring IncRNA? If
yes, is this regulation conserved in evolution? Do these
types of genes require a more sophisticated regulation as
compared with other genes? Is this regulation important
in development or stress tolerance? And finally, what
might be the molecular mechanism by which IncRNA
regulate adjacent genes?

We believe that C. elegans may serve as a powerful tool to
answer these and other questions regarding the func-
tions and mechanisms of action of IncRNA, and, in
particular, unravel their functions in activating neigh-
boring genes in ¢zs.
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