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Abstract

Background: Only 1.5% of the human genome encodes proteins, while large part of the remaining encodes
noncoding RNAs (ncRNA). Many ncRNAs form structures and perform many important functions. Accurately
identifying structured ncRNAs in the human genome and discovering their biological functions remain a major
challenge.

Results: Here, we have established a pipeline (CM-line) with the following features for analyzing the large genomes
of humans and other animals. First, we selected species with larger genetic distances to facilitate the discovery of
covariations and compatible mutations. Second, we used CMfinder, which can generate useful alignments even
with low sequence conservation. Third, we removed repetitive sequences and known structured ncRNAs to reduce
the workload of CMfinder. Fourth, we used Infernal to find more representatives and refine the structure. We
reported 11 classes of structured ncRNA candidates with significant covariations in humans. Functional analysis
showed that these ncRNAs may have variable functions. Some may regulate circadian clock genes through poly (A)
signals (PAS); some may regulate the elongation factor (EEF1A) and the T-cell receptor signaling pathway by
cooperating with RNA binding proteins.

Conclusions: By searching for important features of RNA structure from large genomes, the CM-line has revealed
the existence of a variety of novel structured ncRNAs. Functional analysis suggests that some newly discovered
ncRNA motifs may have biological functions. The pipeline we have established for the discovery of structured
ncRNAs and the identification of their functions can also be applied to analyze other large genomes.
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Background

The Human Genome Project shows that only 1.5% of
the human genome encodes proteins. The subsequent
ENCODE project showed that approximately 75% of the
human genome can be transcribed into RNAs, of which
74% are non-protein-encoded RNAs (ncRNAs) [1-3].

Some of these ncRNAs form complex structures that
perform important biological functions. tRNA [4] forms
a clover structure, and carries amino acids to participate
in protein synthesis; ribosomal RNA (rRNA) [5] and
RNase P [6] are also structured ncRNAs, which catalyze
peptide bond formation and process tRNA precursors
respectively; SRP (Signal recognition particle) RNA [7],
also known as 7SL is also a structured ncRNA, which di-
rects the traffic of proteins within the cell; riboswitches
[8] also regulate gene expression by forming complex
structures that bind to metabolites or other small
molecules.

Different methods and algorithms have been devel-
oped to search for structured ncRNAs. One approach is
to look at large gaps between protein-coding regions
and highly conserved sequences among closely related
bacterial species [9]. Another approach is to look for
structured ncRNAs from guanine and cytosine rich (GC-
rich) regions in an organism with a high adenine and
thymine (AT) genomic sequence [10]. Similarly, orphan
promoters or terminators that are not directly related to
the coding regions have been used to identify structured
ncRNAs [9, 11].

Recently, several algorithms including QRNA [12],
RNAz [13], CMfinder [14], and Evofold [15] have
been successfully developed or applied to search for
structured ncRNAs. In 2004, RNAz was used to dis-
cover conserved noncoding elements from humans,
mice, rats, Fugu and zebrafish [13]. In 2006, Evofold
was used to find 48,000 structured ncRNAs in eight
vertebrates (estimated false-positive rate reached 62%)
[15]. In 2008, CMfinder was applied to search the
ENCODE [2] regions of vertebrate multiple align-
ments, and 6587 candidates were found (estimated
false positive rate reached 50%) [16]. In 2010 and
2011, Evofam was applied (a pipeline driven by Evo-
fold) to find 220 groups of structured ncRNAs in 29
mammals and the function of several groups were
predicted [17]. In 2013, RNAz and SiSSiz were used
for the prediction of structured ncRNAs in 35 mam-
malian genomes and many candidates were found
[18]. In 2017, CMfinder was used to predict the RNA
structure of 17 mammalian genomes and 510,000 hu-
man structured ncRNAs were predicted [19].

As early as 2004, the group of Breaker [20-27] began
using CMfinder to discover structured ncRNAs called
riboswitches. To date, they have discovered hundreds of
structured ncRNAs and verified more than 35 classes of
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riboswitches [8, 28]. In 2017, a pipeline containing
CMfinder [14], Infernal [29] and other algorithms (such
as RNAcode [30]) was used to discover new structured
ncRNAs from fungal genomes [31]. 15 well-structured
RNAs were found, including variant HDV self-cleaving
ribozymes, atypical snoRNAs, and motifs associated with
various protein-encoding genes (ribosomal proteins,
HexA and others). It was demonstrated that among
these motifs, the SDC RNA motif could reduce gene ex-
pression. In addition, similar pipelines were applied to
discover three novel classes of self-cleaving ribozymes
[26]. These examples show that CMfinder is a powerful
algorithm for finding stable structured ncRNAs.

In the current study, we have modified the old pipeline
which was driven by CMfinder and had been used for
fungal ncRNA discovery [31] to find structured ncRNAs
from large genomes such as the human genome. We
compared the human genome to the genomes of 26
eukaryotic species, including some protist species and
metazoan species, to increase the evolutionary distance
to facilitate the discovery of covariations. We also used
WindowMasker [32] to remove repeat sequences to re-
duce the data volume. The structure quality of each can-
didate has been assessed based on the identification of
significant covariations by R-scape [33], and the identifi-
cation of compatible mutations and the complexity of
the structure predicted by CMfinder and R2R [34]. The
best structured ncRNA candidates were selected for fur-
ther functional analyses.

The functional analyses include the assay of the
genomic location of the motif and its associated up-
stream and downstream genes, the RegRNA assay
[35], the RBPmap assay [36], the TCGA analysis [37,
38], the STRING analysis [39], and others. The goal
is to find out whether they are riboswitches, ribo-
zymes, transcription and translation regulators, and so
on. For example, the discoveries of the long-distance
regulation of alternative splicing by fungal TPP ribos-
witches [40], the eukaryotic fluoride channel proteins
[41, 42], ligands for the yjdF riboswitch [43], and
three novel classes of natural ribozymes (Hatchet,
pistol and twister sister) [26, 44, 45] were all based
on functional analyses.

Through our pipeline, many structured ncRNA candi-
dates in humans were discovered, and 11 of the selected
candidates are reported here. These ncRNAs have many
different functions. Some may regulate circadian clock
genes by cooperating with poly (A) signals (PAS), some
may regulate elongation factors by cooperating with
RNA binding proteins, some may regulate T-cell recep-
tor signaling pathways. Importantly, our pipeline can
also be applied to analyze other large genomes to dis-
cover structured ncRNAs and the identification of their
functions.
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Results

Identification of candidate structured ncRNAs

Promising ncRNA candidates were identified by applying
our computational pipeline to compare the human ge-
nomes with selected 23 metazoan and three protist ge-
nomes (Table S1 in the additional file 1). The selection
includes a wide range of species to increase the genetic
distance and thereby facilitate the discovery of covari-
ation. Briefly, the process (Fig. 1) involved extracting
noncoding intergenic regions (IGRs) and intronic se-
quences based on genomic annotations, using BLAST
[46] to align similar sequences to form clusters, and fil-
tering to remove known ncRNAs, mis-annotated coding
RNAs and transposable elements such as Short Inter-
spersed Elements (SINEs) sequences. The remaining
clusters were subjected to analysis with CMfinder [14]
to find variations and compatible mutations in the
aligned sequences and predict the secondary structure of
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RNA candidates. Finally, Infernal [29] was used to search
for additional representatives from a database including
all metazoan (vertebrates and invertebrates) and proto-
zoan genomes (Table S3 in the additional file 1) and re-
fine the consensus model.

Selection of RNA candidates with structures

After the prediction of RNA structures by CMfinder, we
analyzed the RNA candidates based on structure-related
information such as covariations, compatible mutations
and continuous base-pairings in the stem regions, the
number of loops or stems to indicate the structural com-
plexity (Fig. S2 a in the Additional file 2). In addition,
the number of representatives and gene association with
each candidate was investigated when considering its
biological function. Covariation refers to those pairings
in which when one nucleotide on one side is mutated,
the nucleotide on the other side is mutated
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correspondingly to maintain the pairing of the two nu-
cleotides [14]. Compatible mutations refer to those pair-
ings in which one side nucleotide mutation is sufficient
to maintain nucleotides pairing (for example, changing
A-U pairing to G-U pairing) [14](Fig. S2 a in the Add-
itional file 2). The goal is to select some ncRNAs that
have conserved structures.

Through the pipeline containing CMfinder (which
we call CM-line), 15,151 candidates were discovered
(during the process, Rfam RNA homologues and
SINE RNA homologues were removed). Then, R-
scape [33] which used a statistical approach to spe-
cifically evaluate the significance of covariations in a
given alignment was applied to detect significant co-
variations in these motifs. R-scape predicted that 11,
763 motifs (78% of total) (Fig. S2 b in the Additional
file 2 and Stockholm files in the Additional file 19,
20, 21, 22 and 23) possessed at least one statistically
significant covariation with an e-value less than 0.05
(with -s --fold) (Statistically significant covariations
are marked with stars beside the base-pairings).
From the 11,763 candidate motifs predicted by CM-
line, we performed the following steps to select some
of the most promising motifs. First, we manually
screen RNAs with covariations and compatible muta-
tions (the more the better); Second, we selected mo-
tifs with a certain structural complexity (several
stem-loops). Many functional RNAs such as ribos-
witches, ribozymes, tRNAs have complex structures.
RNA candidates with complex structures and covari-
ations will be retained. After the selection, we are
left with thousands of candidate RNAs. Third, we
use Infernal to search for more representatives with
similar structure and sequence conservation. Please
note that Infernal requires a lot of computer re-
sources and runs for a long time. Therefore, we de-
cided to perform Infernal at this stage to save time,
rather than at an earlier stage. The main purpose is
to find more representatives from the large genome
database. We choose motifs that are representative
and widely distributed among different species. The
number of candidates dropped further (down to
hundreds). Fourth, we look at gene locations to find
their gene association and functional assays. In this
stage, in order to ensure that the candidate is not
part of the known ncRNA (or overlapped too much),
we searched in NONCODE and ENCODE to find
the functional elements in the motif and whether
they belong to NONCODE. If so, we would drop
them. RegRNA2.0 also helps to identify functional
elements in these candidates and whether they are
known ncRNAs. Finally, we reported 11 RNA candi-
dates that we believe they are most likely to serve as
structured ncRNA candidates.
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Structural and functional assays of RNA candidates

Below are described the most promising 11 candidate
motifs that likely serve as functional ncRNAs. The align-
ments including sequences and species for each se-
quence for these motifs in Stockholm format are
presented in the Additional files 3, 4, 5, 6, 7, 8, 9, 10, 11,
12 and 13 and the Additional file 17 (pictures for each
alignment). Their sequences in fasta format are in the
Additional file 18. files The motif name is usually as sim-
ple as motif 70,236. The number 70236 was produced
by the pipeline CM-line during the discovery process.
However, if the associated genes for the motif are
known, the name for the motif is composed of a gene
name and a number such as EEF1A2-70,236.

Structured ncRNA candidates

The EEF1A2-70,236 motif

The EEF1A2-70,236 motif (Fig. 2 a) is represented by
105 examples from 77 species (humans and other
metazoans) (Stockholm files for each motif are listed
in the Additional files 3, 4, 5, 6, 7, 8, 9, 10, 11, 12
and 13; the basic information of each motif is listed
in Table S3 (in the additional file 1), including spe-
cies, related genes, and genomic location. The dia-
gram of genomic locus for human motifs is in Fig. S3
(in the additional file 14)). The motif is typically
forming a three-stem junction (Fig. 2 a) with many
covariations in the P2 stem, four of which are signifi-
cant covariations detected by R-scape [33].

This motif in many other species appears to be in the
intron of the gene EEFIA2 (eukaryotic translation elong-
ation factor 1 alpha 2). The human example of this motif
is located in the 2th intron of the gene EEFIA2 on the
chromosome 20 (NCBI BLAST (version 2.2.25) [46]),
which is expressed in many tissues and is likely to be
critical in the development of ovarian cancer [47].

In order to analyze RNA regulatory elements that are
embedded in the RNA motif, we used a web-based
RegRNA [35] system to identify the functional RNA mo-
tifs and sites in an input RNA sequence by integrating
many analysis algorithms such as Infernal and MiRanda
[48]. RegRNA analysis predicted a conserved intron spli-
cing enhancer (ISE) 5’AGCUGAU residing between the
P1 and P3 stems.

Here, we used RBPmap [36] to show the conserved
RNA binding sites on the RNA motif. RBPmap used an
algorithm for mapping the motifs, based on a Weighted-
Rank approach, which considers the clustering propen-
sity of the binding sites. We used the web-based
RBPmap to analyze many sequences of the RNA motif
and found that the RNA binding protein SRSF2 can bind
to the conserved sequence (5'UGCCCUC) in the P1
stem of the motif. SRSF2 is a member of the serine/ar-
ginine (SR)-rich family of pre-mRNA splicing factors
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[49]. In the UCSC browser [50, 51], the RNA motif is
about 300 nucleotides (nts) away from the nearest spli-
cing site. One hypothesis about the function of this
motif could be that the RNA motif cooperates with
SRSF2 to regulate gene expression by regulating the al-
ternative splicing of the introns.

The ZNF516-12356 motif

The ZNF516—12356 motif consensus model is based on
120 examples from 102 species. Note that some of the
examples have the same sequences although they are
from different species. The secondary structure includes
two hairpins with the support of seven covariations,
three of which are significant covariations detected by R-
scape [33], indicating that this motif might form a struc-
tured RNA (Fig. 2 b).

The human example of this motif is located in the 3rd
intron of the gene ZNF516 on the chromosome 18, en-
coding a zinc finger protein, which is a transcriptional
regulator that binds to the gene promotor to control
brown adipose tissue (BAT) differentiation, thereby
regulating thermogenesis [52]. The cancer genome atlas
(TCGA) [37, 38] analysis showed that the ZNF516 gene
is highly expressed in certain cancer types and is a po-
tential suppressor of EGFR, which is related to breast
carcinogenesis [53]. RegRNA2.0 analysis [35] showed
that the 3" end of the motif contained a polyadenylation
signal (PAS) such as 5° ATTAAAAGAAAGATTTGC.
RBPmap [36] predicted that protein TARDBP (TAR
DNA Binding Protein) can potentially bind to the con-
served region (5" UGUGCU) of the motif. TARDBP is a
nuclear DNA/RNA-binding protein involved in RNA
metabolism, and is a pathological hallmark of

amyotrophic lateral sclerosis (ALS) [54]. One hypothesis
about the function of this motif could be that this bind-
ing protein may cooperate with the RNA motif to regu-
late the availability of the polyadenylation signal domain
to regulate mRNA processing.

The MYH7-3778 motif

A total of 72 sequences of the Motif-3778 motif have
been identified from 34 species. The consensus se-
quence and secondary structure model based on these
sequences reveal that this motif may form a long
hairpin structure with several bulges (Fig. 2 c). P1 re-
gion contains several compatible mutations while P2
stem region contains five covariations and two of
them are significant covariations, indicating that this
motif might form a structured RNA.

The human example of this RNA motif is in the in-
tron of the gene encoding myosin heavy chain 7
(MYH?7) on the chromosome 14. According to UCSC
browser, this intron is alternatively spliced. It is com-
plementary to part of the NONCODE [55] RNA tran-
script  NONHSAT233552.1.  This heavy chain
constitutes the fundamental contractile subunit of
skeletal and cardiac muscle [56]. Mutations in this
gene might lead to distal myopathy [56].

RBPmap [36] predicted that the RNA binding protein
SRSF1 can bind to the conserved region of the motif at
5'GGAGGG in the P1 stem. SRSF1 encodes an arginine/
serine-rich splicing factor, and binds to purine-rich RNA
sequences to constitute a powerful splicing enhancer
[57]. Therefore, one hypothesis about the function of
this RNA motif may regulate the availability of the bind-
ing site for SRSF1.
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The ACVR2B-21,548 motif

The ACVR2B-21,548 motif includes 33 examples
from 18 species. The predicted secondary structure
includes three hairpins with a three-way junction,
which is supported by a few covariations and some
compatible mutations (Fig. 3 a). One of the
covariations is statistically significant at an E-value
of 0.05.

Two human examples of this motif are both lo-
cated in the 5th intron region of the ACVR2B gene
on the chromosome 3 (by NCBI BLAST), which en-
codes a transmembrane serine/threonine kinase acti-
vin type-2 receptor, transducing the activin signal
from the cell surface to the cytoplasm to regulate
many biological processes [58]. According to USCS,
this is not an alternatively spliced intron, but the
exon right next to it can be alternatively spliced. In
addition, a small part (10 nts) of the human exam-
ples appears to overlap a SINE element shown on
UCSC browser.

Both RegRNA and RBPmap predicted that some of
the sequences of the motif might have transcrip-
tional regulatory [59] motifs and RNA binding pro-
tein binding sites. However, since these regions are
not highly conserved, we did not further investigate
these elements.
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The ANTXR2-33250 motif

The ANTXR2-33250, represented by 75 sequences from
53 species (humans and other metazoans). The consen-
sus sequence and secondary structure model based on
these sequences reveal that this motif may form a struc-
ture with a three-stem junction, supported by several co-
variations and compatible mutations (Fig. 3 b). The
human example of the motif is located in the intron of
the gene (on the chromosome 4) encoding ANTXR cell
adhesion molecule 2 (ANTXR2), which is a receptor for
anthrax toxin and may be involved in extracellular
matrix adhesion and tissue remodeling [59]. According
to UCSC browser, the instance on the human chromo-
some 4 can be alternatively spliced, but the alternative
“intron” encompasses a few exons, including the RNA
Motif-33,250 roughly in the middle.

The ICE2-92051 motif

A total of 20 sequences of the ICE2-92051 motif have
been identified from 11 species. The consensus sequence
and secondary structure model based on these sequences
suggest that this motif may form a long hairpin with
some bulges and internal loops (Fig. 3 ¢). The human
example of this motif is in the gene encoding interactor
of little elongation complex ELL subunit 2 (ICE2). ICE2
plays a role in small nuclear RNA (snRNA) transcription
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Fig. 3 Candidates for structured RNA motifs (group Il). Consensus sequence and secondary structure of five ncRNAs are shown in the figure. a.
ACVR2B-21,548. b. Motif-33,250. c. ICE2-92051. d. Motif-59,232. e. DPH1-85951. Annotations are as described in the Fig. 2
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by enhancing both RNA Polymerase II occupancy and
transcriptional elongation [60]. According to UCSC
browser, the intron of the human example is alterna-
tively spliced (with many different outcomes in terms of
final mature RNAs).

RegRNA predicted that 13 sequences of the motif con-
tain polyadenylation signal sequences (PAS). If the pre-
dicted PAS is true and it is used by the RNA motif, it is
likely that RNA spliced isoforms use this PAS as polya-
denylation processing signals and therefore the RNA
motif may interact with this PAS to regulate gene
expression.

The Motif-59,232 motif

Represented by 55 distinct examples from 43 species,
the motif typically forms a long hairpin structure with
one internal loop (Fig. 3 d), supported by several covari-
ations in the middle of the structure. One of them is a
significant covariation. Many examples are located in a
region about 3000 base-pairs away from a gene called
DLX4, which encodes a protein that is postulated to play
a role in forebrain and craniofacial development in dros-
ophila [61].

Both RegRNA and RBPmap predicted that some of the
sequences of the motif might have transcriptional regu-
latory motifs, intron splicing enhancers (ISE) and RNA
binding protein binding sites. However, since these re-
gions are not highly conserved, we did not further inves-
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The DPH1-85951 motif

The DPH1-85951 motif is represented by 19 examples
from 15 species, typically forming a simple hairpin with
two bulges (Fig. 3 e). The human example of this motif
is located in the 4th intron of the gene encoding an en-
zyme involved in the biosynthesis of diphthamide, a
modified histidine found only in elongation factor-2
(EEF2) [62]. According to USCS, the human instance on
chromosome 17 can be alternatively spliced.

RBPmap [36] predicted that the RNA binding protein
PTBP1 (Polypyrimidine Tract Binding Protein 1) can
bind to the conserved region of the human motif at 5’
GUUUUCU around the loop region. PTBP1 plays a role
in pre-mRNA splicing by regulating alternative splicing
events [63].

The ARNTL-1638 motif
Represented by 215 distinct examples from 170 species,
the motif typically forms a four-hairpin structure (Fig. 4
a). All examples are located in the 3" UTR (untranslated
region) of the gene ARNTL, which encodes a core clock
protein called BMALL. BMALL is a helix-loop-helix do-
main that interacts with CLOCK to form heterodimers
and regulates the expression of other core clock genes
PER1, PER2, PER3, CRY1 and CRY2 [64]. ARNTL gene
dysfunction may lead to changes in gluconeogenesis,
fatty acid production, sleep patterns and immune re-
sponses [65, 66].

According to RegRNA2.0 [35] analysis, the ARNTL motif
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polyadenylation signal sequence (PAS), which forms the P3
hairpin of the RNA motif, indicating that this motif can con-
trol the availability of PAS. The fact that ESTs of what ap-
pears to be the most abundant 3’ end show that the poly
(A) is found immediately after this PAS further supports
that this is the most used PAS for this gene.

The CD247-2015 motif

The CD247-2015 motif includes 42 examples from 31
species. The predicted secondary structure includes two
hairpins with one internal loop, which is supported by
seven covariations and three compatible mutations, one
of which is a significant covariation (Fig. 4 b). The motif
is located in the second intron region of the CD247
gene, which encodes T-cell receptor zeta, a protein that
forms the T-cell receptor-CD3 complex [67]. According
to UCSC browser, this intron can be alternatively spliced
(in some version of mature mRNA, the intron is in-
cluded in the final mRNA). The receptor zeta plays an
important role in coupling antigen recognition to several
intracellular signal-transduction pathways [67].

RBPmap analysis predicted that the human sequences
of the motif might contain a conserved binding site (5°
UGGUGGC in the P2 stem) for RNA binding protein
SRSF1. Since SRSF1 is an arginine/serine-rich splicing
factor and is a powerful splicing enhancer [57], the func-
tion of this RNA motif could be that it may regulate the
availability of the binding site for SRSF1 and affect alter-
native splicing, as hypothesized for motif-3778, which
also has a binding site for SRSFI.

The CAPN6-33096 motif

The consensus model of the CAPN6-33096 motif is
based on 79 examples from 60 species. Its secondary
structure includes two stems and one big internal loop,
of which the formation of P1 and P2 stems is supported
by seven covariations and five compatible mutations.
One of the covariations is significant (Fig. 4 c). The hu-
man example of this motif is located in the second in-
tron of the gene CAPNG6 (Calpain 6), which lacks the
active-site catalytic cysteine residue of a protease, and is
involved in microtubule stabilization and cytoskeletal
organization during embryogenesis [68].

RegRNA analysis predicted that most of the examples
of the CAPN6-33096 motif contain polyadenylation sig-
nal sequences at the end of the RNA motif. If the predic-
tion is true, then this PAS may be used to determine the
formation of short (partial) or long mRNA (full length).

Expression of selected motifs

To investigate whether these RNA motifs are expressed
in the cells, whether these motifs affect the splicing pat-
terns of their pre-mRNAs and whether their gene ex-
pression levels are as high as those of house-keeping
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genes, we use Reverse transcriptase (RT) PCR to detect
the gene expression.

RT-PCR results showed that the primers targeting the
ZNF516-12356 motif and the exons adjacent to the
motif could produce the expected PCR products, indi-
cating that the cell can produce this motif and the exon
RNAs (Fig. 5a, b and Fig. S4 [Additional file 15. Please
note that Fig. S4 showed the full length of gel pictures of
Fig. 5.]).

Similarly, RT-PCR showed that the primers targeting
the ARNTL-1638 motif and the exons next to the motif
produced the expected PCR products, indicating that the
cell can also produce this motif and its associated exon
RNAs (Fig. 5¢, d and Fig. S4 [see Additional file 15]).
More in-vivo experiments are required to test whether
this motif is involved in the circadian clock regulation.

In addition, real-time PCR showed that the expression
of the RNA motif was much lower than the house-
keeping gene (B-actin) in the case of the ARNTL-1638
motif (Fig. 5e) and the NPTN-6924 motif (Fig. S5 in the
Additional file 16, the full-length of the original gel is in
the Fig. S6 (in the Additional file 25)). The real-time
PCR for the ZNF516-12356 motif was not available (not
cycle threshold (C, was detected) due to unknown
reasons.

Regarding the effect of RNA motifs on pre-mRNA
splicing patterns, we did not observe alternative splicing
products during the RT-PCR for the motif ZNF516-
12356 and the NPTN-6924 motif, which are located in
the introns. However, during my previous discovery of
the fungal RNA motifs, RT-PCR of the intronic RNA
motif (the rpl7 motif) produced an alternative splicing
product [31].

In order to better understand the mechanism of RNA
function, further experiments such as Northern blotting,
RNA structural analysis (in-line probing [69], SHAPE
[70], etc), and in-vivo reporter construction will be
required.

Discussion

Establishing a pipeline to explore the human genome for
structured ncRNAs

About 20 years ago, the first metabolite sensing struc-
tured RNA which was coined as riboswitch was dis-
covered by Breaker’'s lab [23]. Later several
riboswitches were discovered by solving the puzzles in
some published papers which reported mysterious
RNAs involved in metabolite-dependent regulation of
gene expression without the need of proteins [24, 71—
74]. With the help of bioinformatics, notably with
CMfinder, prokaryote genomes were screened for
structured RNA motifs. Remarkably, hundreds of new
structured ncRNAs were discovered, from which at
least 35 classes of riboswitches and five new classes
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of ribozymes were verified [20-22, 26, 75, 76]. These
discoveries indicate that structured ncRNAs play an
important role in fundamental biological processes.
Around 2009, a pipeline similar to the bacteria bio-
informatics procedure that includes the CMfinder al-
gorithm was established to discover structured
ncRNAs from fungal genomes [31], and 15 candidate
structured noncoding RNA motifs and their functions
were identified. In the current study, we further
modified the pipeline (which we now call “CM-line”)
to be suitable for the discovery of structured ncRNAs
from higher organisms such as humans and other
metazoans. We have established the pipeline by com-
paring the human genome with 26 selected eukary-
otes to include sufficient genetic distance to reveal
covariations and compatible mutations which could
indicate the presence of a structured RNA. Then, we

used infernal to find more representatives that have
similar structures in protists and metazoans.

Discovery of structured ncRNA candidates and identifying
their functions
Over the past few years, other groups also have applied
CMfinder [14] and other algorithms such as Evofold [15]
to discover structured ncRNAs and conserved elements
in human and certain vertebrates. We noticed that most
of their effort was to find as many candidates as possible.
However, our main goal is to establish a pipeline to dis-
cover conserved structured RNA candidates with add-
itional layers of bioinformatics analysis to help
determine their functions.

To identify the function of an RNA motif, one of the
important steps is to identify the RNA regulatory ele-
ments that are embedded inside or near the RNA motif.
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These regulatory elements in eukaryotes include RNA
processing sites, poly (A) signals (PAS), splicing sites,
binding sites for RBPs, intron or exon enhancers or re-
pressors, miRNA target sites, etc. These elements could
be utilized by RNA motifs to fulfill their functions,
therefore identification of these elements will help infer
the functions of RNA motifs.

Another important step is to find genes that are asso-
ciated with these RNA motifs. Riboswitches are often in-
volved in genes involved in metabolite pathways directly
related to their cognate ligand. The ribosomal protein-
associated RNA motifs found in fungi are usually located
in noncoding regions of genes encoding ribosomal pro-
teins [31]. Ribozymes are commonly not associated with
a single type of gene, with the exception of the glmS
ribozyme [76], which is both a riboswitch and a ribo-
zyme and is associated mostly with cell wall synthesis
genes.

Through the study of the functions of riboswitches, we
speculate that many of the motifs we identified in
humans may bind to proteins to regulate gene expres-
sion in a manner similar to riboswitch regulation. How-
ever, in these cases, one RBP could bind to the RNA
motif, and the binding could alter the conformation of
the expression platform, such as an alternative splicing
site or a poly (A) signal sequence to regulate the gene
expression.

Covariations reported by R2R and R-scape

The covariations reported in many earlier studies [21,
26, 31, 75] were based on the structure (described in
a Stockholm file) predicted by CMfinder [14] and re-
ported by R2R. Although R2R doesn’t use a statistical
method to test the significance of the covariations, it
helps draw the secondary structures of the RNAs and
show the covariations, compatible mutations, as well
as base-pairs without mutations [34]. CMfinder and
R2R have helped to discover many structured ncRNAs
such as riboswitches, ribozymes and many other can-
didates [20, 21, 26, 27, 75, 77]. In 2017, R-scape [33]
used a statistical approach to specifically evaluate the
significance of covariations in an alignment by using
a random model to look for phylogenetic signals.
There is a detailed discussion about the difference of
the approaches to report covariations by R2R and R-
scape in Weinberg’s paper [78].

However, other subtle mutations can also be used to
indicate the formation of RNA structures, especially for
those closely related species. Covariations in the struc-
tured RNAs are produced during evolution [79]. They
can be produced from the G-C pair to the A-U pair, or
from the A-U pair to the G-C pair. Both pathways may
be intermediated by the G-U pair [79]. Therefore, it is
easier to form compatible mutations than covariations. If
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the evolutionary distance between species was too short,
covariations will not be observed, but compatible muta-
tions will be observed. For structured ncRNA searches
in eukaryotes, if we only look for ncRNAs with signifi-
cant covariations, we may lose the opportunity to find
many interesting structured ncRNAs, because the evolu-
tionary distance between eukaryotes may be too short.
This will result in the inability to observe covariations,
and there are not many sequenced eukaryotic species.
We did observe some motifs potentially forming com-
plex structures with pseudoknots although there were
no significant covariations predicted (data not shown).

Hence, we used both R2R and R-scape to report co-
variations because we believe each has its advantage es-
pecially when we compared these two methods to
predict covariations for purine and TPP riboswitches.
However, eleven ncRNA candidates reported here all
contain at least one significant covariations.

Discovery of important functions for new structured
ncRNA motifs

We found that the ARNTL-1638, ZNF516-12356, ICE2—
92051 and CAPN6-33096 motifs contain a poly (A) sig-
nal (PAS) embedded in their structure. These motifs
might regulate the availability of the PAS to regulate the
stability of mRNAs. The CD247-2015 motif may regu-
late the formation of T-cell receptor-CD3 complex to
recognize intracellular signals. However, at this stage,
more bioinformatics data and the use of more extensive
biological experimental procedures are still needed to
further understand their functions.

Conclusions

Many ncRNAs have been identified in the three domains
of life. Many ncRNAs form structures and perform a di-
versity of important biological functions. However, iden-
tifying structured ncRNAs in the human genome and
discovering  their biological functions are still
challenging.

In this work, we have established the CM-line with
a CMfinder algorithm, making it suitable for analyz-
ing large genomes of humans and other animals.
Through CM-line, we have discovered many struc-
tured ncRNA candidates in humans, and report 11 of
the selected candidates here. These ncRNAs have
various functions. Some may regulate circadian clock
genes by cooperating with poly (A) signals (PAS),
some may regulate elongation factors by cooperating
with RNA binding proteins, some may regulate T-cell
receptor signaling pathways. The pipeline we have
established for the discovery of structured ncRNAs
and identification of their functions can also be ap-
plied to analyze other large genomes.
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Methods

Identification of candidate RNA motifs

The human genome, 23 metazoan and three protist
genomes (Table S1 in the additional file 1) were
downloaded from NCBI [80]. Since a large part of hu-
man and eukaryotic genomes are repetitive elements,
to avoid the discovery of many repetitive elements,
the NCBI WindowMasker [32] was applied to mark
the repetitive sequences in genomes. The pipeline
(Fig. 1) established in this study was similar to that
used previously to identify numerous structured
ncRNAs in fungi [31]. Briefly, the intergenic regions
(IGRs) and introns of each annotated gene were ex-
tracted from all genomes by applying a Perl script.
IGRs and introns were then aligned by NCBI BLAST
(version 2.2.25) [46] using parameters —W7 —e le—6.
Similar sequences forming clusters were identified by
a Perl script based on the BLAST results. Each cluster
was initially filtered using BLAST against the Rfam
database (version 14.1) [81] (Later, for those final
candidates, Infernal was used to search the Rfam
database) and the SINE database [82] to remove any
known RNAs with parameters —e 1le-9. RNAcode
[30] was used to further filter candidate clusters to
remove those candidates with a P-value cutoff of
0.001, indicating that they are unlikely to encode pro-
teins. The remaining clusters were fed into CMfinder
[14] to predict RNA structures. Based on the pre-
dicted structure including covariations (evaluated by
R-scape [33]) and compatible mutations, as well as
the number of representatives and the complexity of
the structure, some candidate RNA motifs were se-
lected for further analyses. Infernal [29] was used to
search for more homologs of these RNA motifs
among genomes of protozoan and metazoan species
(Additional file 1 Table S2) according to both se-
quence and structure similarity and to refine the
structure of these RNA motifs. The list of species for
each motif is included at the top part of the
Stockholm file after Infernal search (Additional files
3,4, 5 6,7, 8 9, 10, 11, 12 and 13). Identical se-
quences from different species found by Infernal were
kept in the Stockholm files. To make sure the novelty
of the motifs, each selected motif was checked by
Rfam webpage server [81] to get rid of those having
homologous RNAs in Rfam. We then performed a
functional analysis for these selected motifs. We ana-
lyzed the genomic location of each motif, its associ-
ated upstream and downstream genes, RNA
regulatory elements or conserved elements in the
motif, conserved RBP binding sites, and others as
listed in the flow chart in Fig. 1 (Flow chart steps
containing the configuration information of each soft-
ware program are in the Additional file 24). The goal
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is to evaluate which type of genetic element these
structured ncRNA motifs may be, such as ribozymes,
alternative splicing or translational regulators.

Covariation evaluation

Several algorithms have been developed to assess the co-
variations in sequence alignments. However, currently
available algorithms cannot consistently handle prob-
lems such as incorrect alignments which could predict
invalid covariation [78]. We have previously evaluated
covariation manually, including with the help of CMfin-
der and R2R [31]. R2R [34] reports covariation when
there are at least two Watson-Crick or G-U base pairs
and more than 90% of the sequences contain the canon-
ical Watson-Crick base pairs at those positions. How-
ever, R2R’s annotations are not statistically validated,
and were therefore not used to draw conclusions about
candidates [78]. Recently, R-scape [33] has used a statis-
tical approach to evaluate the significance of covariations
in an alignment by using a random model to look for
phylogenetic signals that can be used for covariation
analysis at a given E-value (such as 0.05). We analyzed
all motifs using R-scape v1.5.1 with the -s option.

When using both R-scape [33] and R2R [34] for
reporting covariations for the purine riboswitch (Fig. S1)
[see Additional file 2], R-scape reported five significant
covariations in P1 stem, while R2R reported four covari-
ations. Three of these covariations were the same. In
addition, both R-scape and R2R report similar covaria-
tions in P2 and P3 for the purine riboswitch. For the
TPP riboswitch, covariations in P2 were the same, while
R-scape reports more covariations in P1, P3 and P5
stems. However, R-scape did not report any covariations
in the P4 stem but R2R did. These two cases indicated
that the predictions of covariations by these two algo-
rithms are similar and can cooperate with each other in
some degree. So, for the diagrams, we also use both R-
scape and R2R to depict potential covariations. To allow
manual or other analyses of our predicted RNA candi-
dates, we provide our sequence alignments in Stockholm
format (see Additional files 3, 4, 5, 6, 7, 8, 9, 10, 11, 12
and 13).

Assessing the novelty of motifs

To determine whether the predicted structured RNA
candidates were reported previously, we used Infernal to
compare them with known RNA motifs in the Rfam
database [81]. Novel RNA candidates are those that are
not found in Rfam, or highly homologous to any known
RNAs in other known databases such as SINEBase [82].
If a motif belongs to NONCODE [55] (mostly lincRNAs)
or CRS-regions (sequence-conserved elements) [16], it
will be annotated. Notably, a structured RNA motif
appearing frequently in our search was later found to be
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an Alu element in the SINEBase but it was not anno-
tated in the genome databases we downloaded.

Cell cultures

Cell culture follows standard protocol [83]. Briefly, cell
lines HEK-293 (human embryonic kidneys) (purchased
from Conservation Genetics CAS Kunming Cell Bank,
Kunming, Yunnan, China) were passaged twice before
collecting cells for RNA extraction. HEK293 were cul-
tured in DMEM medium and supplemented with 10%
fetal bovine serum, 100 mg/mL penicillin, and 100 units/
mL streptomycin (Gibco, ThermoFisher Scientific). Cells
were maintained in a humidified 37 °C incubator with
5% CO,.

RNA extraction

RNA extraction was performed by using the TIANGEN
RNAprep Kit (TITANGEN Biotech Co., LTD) and follow-
ing the manufacturer’s protocol.

Reverse transcriptase polymerase chain reaction (RT-PCR)
RT-PCR was performed as previously described [31]. For
motifs in an intron, we used one pair of primers to tar-
get the motif and used another pair of primers to target
exons upstream and downstream of the motif. Table S4
(in the Additional file 1) lists the primer sequences and
the expected sizes of the RT-PCR products. During RT-
PCR, a negative control, in which the RT reaction lacked
reverse transcriptase, was included to ensure there is no
DNA contamination. RT-PCR used RNA extracted from
the HEK293 cell line.

Real-time PCR

Real-time PCR was performed on the Agilent Mx3000P
real-time PCR system using the TransStart® Top Green
qPCR SuperMix kit according to the manufacturer’s in-
structions (Transgen Biotech, Beijing, China).
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