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The discoveries of microRNAs and riboswitches, among others, have shown functional RNAs to be biologically more

important and genomically more prevalent than previously anti

ipated. We have developed a general comparative

genomics method based on phylogenetic stochastic context-free grammars for identifying functional RNAs encoded in
the human genome and used it to survey an eight-way genome-wide alignment of the human, chimpanzee, mouse, rat,
dog, chicken, zebra-fish, and puffer-fish genomes for deeply conserved functional RNAs. At a loose threshold for
acceptance, this search resulted in a set of 48,479 candidate RNA structures. This screen finds a large number of known
functional RNAs, including 195 miRNAs, 62 histone 3'UTR stem loops, and various types of known genetic recoding
elements. Among the highest-scoring new predictions are 169 new miRNA candidates, as well as new candidate
selenocysteine insertion sites, RNA editing hairpins, RNAs involved in transcript auto regulation, and many folds that

form singletons or small functional RNA famil

s of completely unknown function, While the rate of false positives in

the overall set s difficult to estimate and is likely to be substantial, the results nevertheless provide evidence for many
new human functional RNAs and present specific predictions to facilitate their further characterization.

Gittior: Pedersen J5, Bejerano G, Siepel A, Rosenbloorn K, Lindblad-Toh K, et al. 2006 Idertifcation and dassfication of corservel RNA secondary stuctures n the human

genorne. PLoS Comput Biol 24} 33, DOI: 101371 journal pchi 0820033

Introduction

Many new classes of functional RNA structures (fRNAs}
such as snoRNAs, miRNAS, splicing factors, and riboswitches
[1-9], have been discovered over the last few years. These
structures function both as independent molecules and as
part of mRNA transcripts. These vecent discoveries verify
that fRNAs fulfill many important regulatory, structural, and
catalytic oles in the cell, and suggest that perhaps only a
small fraction of these fRNAs are currently identified [1,3,4).

The development of computational methods that can
efficiently identify fRNAS by comparative genonics has been
hampered by the fact that fRNAs often exhibit only weakly
conserved primary-sequence signals [3]. Fortunately, the
stem-pairing regions of fRNA structures evolve mostly with
a characteristic substitution pattern such that only substitu
tions that maintain the pairing capability between paired
bases will be allowed. This leads to compensatory double
substitutions {eg, GC « AU) and to a few types of
compatible single substitutions (eg, GG + GUj; the latter
made possible by RNA's ability to form a non-Watson-Crick
pair between G and U. This evolutionary signal can be
exploited for comparative identification of [RNAs 6-12).

The many non-human vertebrate genomes now sequenced
can be aligned against the human genome, leading to a
multiple alignment with considerable information about the
evolutionary process at every position [13-15] Given a
diverse enough set of genomes, comparative methods that
can make effective use of this evolutionary

conserved human IRNAs. We have developed a comparative
method called EvoFold for functional RNA-structure identi-
fication in multiple sequence alignments. EvoFold makes use
of a recently devised model construction, a phylogenetic
stochastic context-free grammar (phylo-SCFG) [10,16,17)
which s a combined probabilistic model of RNA secondary
structure and sequence evolution. Phylo-SCFGs use stochastic
context-free grammars (SCEGs) [1819] to define a prior
distribution over possible RNA secondary structures, and a

set of phylogenetic models [20-22] to evaluate how well the
substitution pattern of each alignment column conforms with
its secondary-structure annotation. EvoFold uses a very
genexal model of RNA secondary structures that allows it to
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should in principle be able to efficiently identify the
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We mapped all available human and non-human mRNAs
and STs to the human genome and determined the
enrichment of hits to our set of candidate RNA folds relative
to the background hit rate in genomic DNA. These were
found to vary from 36X {cDNA from humans) to 114X (non-
human EST}. This issignificandy higher than the enrichments
observed for the full set of conserved elements from which
these candidates were chosen (Figure $4).

We also found that predictions at known fRNAs generally
score higher on the strand of the fRNA compared to its
reverse complement ithis is, eg, the case for 89% of the
known miRNAs we predict). The asymmetry is primarily
caused by the ability of GU {or UG) to pair, but not its reverse
complement AC (CA}. Since the most common types of
substitutions in RNA stems involve GU {or UG) pairs, this can
have a pronounced effect on the EvoFold score, thus allowing
the strand association of a fold to be inferred by comparing
the score of an alignment with the score of its reverse
complement. In cases where the candidate RNA is contained
in aknown transcript, the EvoFold score for the sense strand
(ie, the strand complementary to the template strand for
transcription) is often significantly higher than for the anti-
sense strand (Table 83). Because this is similar to the effect
observed for known fRNAs, this provides circumstantial
evidence that many of these predictions are new fRNAs
However, part of this effect may be due to compositional
asymmetries, possibly due to transcription-mediated repair
[30], or the influence of other sense-strand associated
functional elements (see Protocol S1;

Using a shuffling approach, we estimate that the set of
48,479 candidates contain 18,500 partially correct fRNAS (see
Materials and Methods, Validation section). However, this
estimate is associated with huge uncertainties inherent to the
shuffling approach and should only be viewed as a first
approsimation based on the available data (see Discussion;
Based on the shuffling approach and the genomic distribu
tion of the candidates, we estimate, conditional on the above-
mentioned uncertainties, that our predictions comprise
about 10,000 human RNA transcripts: 2200 of which are
transcripts of protein-coding genes that harbor functional
RNAs in their UTRs or overlapping their coding region, and
the remainder being fRNA genes. After correcting for the
shuffling-based estimates of false-positive rates, the folds
break down into the different sizes, locations, and shapes as
shown in Figure 2

Thiee quarters of the predicted folds are short. These are
likely to represent a mi of small complete folding units and
partial predictions of larger folds, where only a small core
element had sufficient evolutionary covariation to be
detected by our method. Among the long folds, abour 82%
are intergenic or intronic, 5.5% are in $'UTRs, 0.5% in

BUTRs, and a surprising 12% (550 folds) overlap known
coding regions. These are discussed further below. As
expected. the small folds are predominantly single hairpins,
there are usually not enough paired bases in these to support
more complex stable structures. The long folds show a more
varied shape distribution, but are also dominated by simple
hairpins. Again, since these are often partial structural
predictions, this breakdown is likely to be somewhat hiased
toward the simpler fold types

Because EvoFold is designed to Took for RNAs that are
conserved in structure and remain in the same genomic

PLeS Computational Bology | wivploscompbiolorg

ion

0253

Identification of Human RNA Structures

a)Size
.short
(2% llong
5%
allfolds

b) Genomic location

¢ée

short long  background
¢ Fold type
2%
1h
» — -shaped
[P T Y-shaped
N --l--shared
[ complex shapes
short long

Figute 2. Breakdown of Types of RVA Folds Detected in the Human
Genome Based on True Positive Estimates

See Materials and Methods, Validation section.

Folds are classiied according to {A) size inumber of pairing bases), &)
location in the genome, and (C) shape. The relative abundance of each
class of folds is indicated. For (B}, also shown is the genomic span of the
conserved segments relative to their genomic location, for comparison.
DO 10.1371/journal.pcbi.0020033.9062

context in all vertebrates, there are likely to be additional
RNAs not detected in this survey. There are some classes of
known functional RNAs that are too mobile or rapidly
evolving for EvoFold to detect, such as IRNAs and snoRNAs
The vertebrate tRNAs spawn many lineage-specific copies
that land in different places in the genome, most of which are
pseudogenes, so that the remaining functional copies often
end up in a different genomic context in diffevent vertebrate
lineages [27). As a result, more than 99% of the functional
human (RNAs fail the filter we applied that removes
nonsyntenic matches between human and mouse, and hence
are absent in our set of predicted folds. Tn contrast, most
snoRNAs are missing from our set of predicted folds either
because they have too few base pairs (bp), e.g, 4-5 bp in the
CD-hox snoRNAs, or have experienced too many structural
changes in vertebrate evolution, We observe that 32% of the
bp of known deeply conserved snoRNAs could not be formed
in fish or chicken, causing a conflict with the overall
structural signal EvoFold is designed to detect. The signal
recognition particle RNA and the Y RNAs are also missed due
1o their evolutionary mobility. On the other hand, RNase P
RNA and both the UL and U12 spliceosomal RNAs are well
conserved and detected by this screen. Based on our current
methods, we cannot predict how many more, as-yet-undis-
covered, classes of highly mobile or rapidly evolving RNAs
there are in vertebrate genomes.

For other known classes of RNAs, such as miRNAs, FvoFold
achieves a high rate of sensitivity, finding nearly all known
members. To evaluate EvoFold's sensitivity, we performed a
b-fold cross-validation test using various curated sets of

known RNAs. These tests showed that EvoFold is quite good
at detecting some known classes of RNAs, such as miRNAs
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Figure 5. 5°'UTR miRNA-Like Hairpin and Coding Hairpin in Gene [DGCRS} Involved in miRNA Processing

{A) Gene structure and EvoFold predictions are shown around the first exon

of DGCRS.
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complete definition of the families is given online (hutpihes.
chsesc.edufspiEvoFold)

Discussion

We have conducted a survey of the human genome to
identify functional RNA structures through comparative
genomics using an eight-way whole-genome sequence align
ment, While this alignment contains considerably move
evolutionary information than has been previously available,
these currently available genomes ave still quite limited in
terms of their statistical power to detect negative selection
5], a situation that will change in the coming ears as more
vertebrate genomes ave sequenced. Nevertheless, this study
shows that we alveady have sufficient evolutionary informa-
tion for efficient discovery of many classes of fRNAs. Further
information from additional genomes and additional experi-
ments should be able to weed out many of the false-positive
predictions and refine the individual candidate structures.
This initial survey suggests that there are many more
functional RNAs in the human genome than are represented
in the current RNA sequence databases. We estimate that
these databases annotate 1,207 RNA genes in the human
genome (see Materials and Methods}, Our results suggest that
there may be 10-fold more functional RNAs there, and 7-fold
more RNA genes. However, these values depend on the ability
of the shuffling experiments to correctly estimate the false-
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positie rate. It i not clear how well shuffling experiments
can estimate false-positive rates, and thus our current
estimates are associated with very large and difficult to
quantify uncertainties. Previous scans for ncRNAs based on
pair-vise alignments have found that only a small fraction of
the predictions are experimentally verifiable 3657) thus
caution is warranted. Further experimental work will be
necessary to veliably characterize the number of human
fRNAs. However, combined with the presence of additional
evidence (sense-strand bias, transeription evidence, biolog-
ically plausible folds, and existence of paralogous families),
our vesulis do suggest that there are many additional RNAs to
be found. The exploration of RNA genes and RNA structural
elements within protein-coding genes represents a huge
opportunity, and 2 huge challenge, as we try to fully explore
the key functional elements of the human genome sequence.
The RNA folds we predict with the highest confidence
include many known IRNAs, such as miRNAs and genetic
recoding signals, as well as thousands of new fRNA
candidates, a large fraction of which are supported by the
presence of compensatory substitutions. Some of these new
fRNAs enlarge existing families while others group into small
new families. Detailed analysis of individual candida
vevealed additional supporting evidence and has
specific functional hypotheses to be formulated in some cases,
including the new SECIS elements, RNA editing hairpins,
vegulatory hairpins, and miRNA candidates discussed above:

April 2006 | Volume 2 | Issue 4 | €33

Using our manual classifications as training
data, we attempted to use Stanford's etcML
to automate the classifications of each

Full results are available at

http://dx.doi1.0org/10.6084/m9.figshare

928642

M

KIAA0924 wL_SH?Qu‘ 0AZ1 wPS«lScsv 0AZ2 {095190), SCN2A2
A (QENYA6), SCN6A (QIUQD) SEPNT (QNZVS),

SELT | wyzim M’F'[ ST 1. WHSCILT (575

{0436

Identification of Human RNA Structures

Genome Browser staf for the UCSC browser and their help with
alignments and data management; and Jane Rogers for providing the
sebra-fish genome.

Data

> Corpus of articles from the field of

>

>

The ocnmm betp:fhwww.nckinlm nik accedlon

number for cDNA of UBEIG gene is BC022853,

perimenis. JSP and GB performed the experiments. JSP analyzed
the data JSP. A8, KR, KLT, ESL, JK, and Whf contributed reagents!

Acknowledgments

tools. JSP and DH wrote the paper.

Funding. This wotk was supported by NHGRI (Grant

We thank Todd Lowe, Terry Furey, and Charles Sugnet for tewarding
discussions; Katherine Pollard for siatistical advice; the UCSC

References
By SR (40 Non o 204 gens ad he o
919-9;

Brosius J (2003} The contibutio
tionary noveltis. Genetica 118; 0
5 Rivas  Eddy §

statistically signifs

6 585605,
Nolle HF, s a( 981} Secondazy structure of 165 ribosomal RNA.
Science 212 403
Rivas E, Eddy m*’nm Noncoding RNA gene cetection using comparative
sequence amalysis BMC Bioinformatics 2§

g
5
4
=

Coventry A, Kleitman D), Berger 3 {2004) MSARL Multple sequence
aligaments for statistical a..(~.,nn of ma sccondary structure. Proc Natl

=g X, Simmonds P, Hein ) (2004 A
i and folding RNA secon ures
witkin i coding regions. Nucleic Acids Res 3% 4635-40

, Hofacker I (2004) Consensus folding of aligned sequences as
tion of fenctional RNAs by comparative

E e 1L, Sales F (2003 Fa drelitlepraiion f

noncoding RNAs Proc Natl Acad Sci U'S A 102 2

Blanchette M, Kent W], Riemer C, Elnitski L, Smit ,\ L mmummm.

multiple genomic sequences with the threaded Hlockset aligner. Genome
s

Cooper GM, Kim M5, Davycov E, et al. {2003) LAGAN
ffcient tools for hrge-scalemuliple ahgnmcm of

genomic DNA. Genome Res 13; 721-73

Sicpel 4, Bejerano G, Pedersen J5, Hinrichs AS, Hou M, et al. (2003)

Evolutianarily conserved elements in vertehrare, insect, worm, and yeast

genomes Genome Res 15 1034-1050,

6 Knudsen 3, Hein ] (1965 RNA Secondary Structure Prediction U
ctochastic context-free grammars and evolutionary history. Bioinformatic

n 3, Hein ] (2005) Pfold: RNA sccondary structure prediction using
stochastic context-free grammazs. Nucleic Acids Res 31: 3423-342.
8. Salakibara Y, Brown M, Undervood R, Mian 15, Havssler D (1094)
Stockastic Context-Free Grarmars foz Modling RNA. In: Proceedlings of
the $h Hawaii Intemmationsl Conference on System Sciences; 1094 47
Jansary, i, Mok, Ui, Ses. Los Alamits {Gaomni: TEE
Computer Society Press. pp. 384-205,
19, Eddy SR, Durbin R (1994) RNA seguence analysis using
Ncleic
20, Jukes TH, Cantor ian Protein Metabolism. Nex York:
Acacemic Press, chapter 24, pp. 21-132
22, Felenstein ) (1931 Ex by DNA sequences: 2 mazimum
likelihood approach. | Mol Evol 17: 56
22, Telenstein | (2003) Infersing Phylogenics. Sunderland. (Massackusetts)
Simacer Assoc. 661 py
. ntematonal Human Genonae Sequencing Consortium (1004 Fisting
the enckromati sequence of the heman genome. Narure 431: 95154
24, Chimpanzee Sequencing and Analysis Consortium (2005) Initial sequence
of the thmpamu genome and comparison with the umin genome
. 66-87
RH, Lindblac-Tok K. Bieney 2, Rogers J, Abril J, et al (2002)
Initial sequencing and comy alysis of the mouse genome. Nature
52

riance mocels.

2. Gibbs RA, Weinstock GM, Metzke ML, Muzmy D, Sodergren £, et al
2004) Genome cequence of the Biovn Norway sat yilds lnsights into
‘mammalian evolution. Natere 46 405
Hiller LW, Mille: W, Birvey £, Warren W, Hascison %C, et al. (2004

. PLoS Computational Biokogy | v ploscompbiolorg

INSTITUTE of
U Seumand

0261

Librar

SERVICES

T
Gompeting inerests. The autbors e deared tat
interests exist

< on vertebrate evolution. Nature 43
Chapman ), Stwpa E, Putnam N, Chia i ml (202 Whole

Sequence and comparative analysis of the chicier
pespecti

komas 2, Green ED § [um(,lpum\
ociated mutational asymmetry in mammalian evolution, Nat Genet 55

aroy 'y Aharonor R, Gilad 5, et al (2085
X m conserved and nonconserved hurman micro

e e Belt ], Wienholds &, Plasterk RH, et al (2035)
adowing and computational identification of human
el 120: 21-24,

2000) Double-stranded RNA aden
we overlapping specificites.

ine deaniinases
ochemistry 30

3. Dawson TR, Sansam CL, Zmeson W (2004] Structuze an
ceterminanis required for the RNA eNgg of ADARS suost
Chem 276; 46414951

57, Higucki M, Mas S, Single PN, Hartner |
futation in an AMPA recepto: gene rescues le
the RNA-editing enzyme ADARY. Nater

36, Namy O, Rousset. ,\ﬂp'lm( 5, i
decoding in cellu

36, Pedersen JS, Forsbe: R Myer B, Hn..]ma.n An ol

protein-coding regions with conserved RNA structure. Mol

191

40, Matsufuji §, Matsufuji T, Miyazaki Y, Muraiami Y, Atkins JF, et al
Autoregulstory Gameshifting in decoding mamcalian o-nitiine dec
boxplase antiayme, Cell 0: 51-

41, Stefanovic 3, Brenn )5 stem lﬂopo[mllaenzlpha 10 mRNA
inhibits L\amlnuan in vitro but is for triple helical collagen

synthesis in vivo. ] Biol Chem 2
Lagos-Quintana ' Rachon R, Yalein A, Meger ], Lendeckel W, et al.
Identification of tisue-specific microRNAS from mouse. Curr Biol

43, Griffubi-Jones § (2004) The microRNA Registry. Nucleic Arids Res 32
D109-DIl1
ov G, Castellano S, Novosclov SV, Lodanoy AY, Zehiab O, ct al.
(2003) Characterization of mammalian sclenoproteomes. Science 300
1459-1443.
45, Serry M), Banu L, Chen YY, Mandel §], Kietfer D, et al.(1991) Recognition
of UGA ¢ a selenocysteine codon in type I celodinase reguices sequences
in the 3’ untranslated region. Nature 355
4. Zinoni ¥, Heider J, Bock A (1990; Features of the formate dehydogenase
A ey on dec i nf m UGA codon as selenocysteine. roc
Natl Aca A 8T 4650
1, GriibJones §
&

Mo\ona frne) M, Kkanna A, Edéy SR, et al
Annotating non-coding RNAs in complete genomes. Nucleie Ac
5: D121-D124,

5. Hmmm Aggarwal G, Anderson C; anigan KM, et ol
Recoding clements locates adjacent t0 2 subset of cukaryal selenocysteine-
specifying UGA cocon:

49, Angrand PO, Apiou I, Stewart AF, Dutrillaux B, Losson R, et al.
NSD3, a new SET dormain-containing gene, maps to 8p12 and is amplifiec.

in human breast cances cell lincs. Genomics T4 79-85

Shiohama 4, Sasaki T, No inoshicia S, Shimizu N (2008) Molecular

cloning and expression anslysis of 2 novel gene DGCRE bocated in the

DiGeorge syndrome chromosomal region. Biochem Biophys Res Commun

304: 184-190.

51. Gregory RL, Yan K2, Amuthan G, Chendrimada T, Doratotaj B, et al. (2004)

£

April 2006 | Volume 2 | Issue 4 | €33

y . CIRSS

Bioinformatics (n= 9741

Extracted authorship statements and
acknowledgments (see below) for each
article

Manually classified a subset 300) of
each paratext using the Scholarly

ontributions and Roles Ontology (Shotton
and Peroni, 2013

Authorship

Author contributions. [SP, GB, and DH conceived and designed the
experiments. JSP and GB performed the cxpcrimcms. JSP ana]yzcd
the data. JSP, AS, KR, KLT, ESL, JK, and WM contributed reagents/
materials/analysis tools. JSP and DH wrote the pape

cknowledgement

We thank Todd Lowe, Terry Furey, and Charles Sugnet for rewarding
discussions; Katherine Pollard for statistical a(lvncc, the UCSC
Genome Browser staff for the UCSC browser and their help with
alignments and data management; and Jane Rogers for providing the
zebra-fish genome

Works Cited

Shotton, D. and Peroni, S. (2013). SCoRO, the Scholarly
Contributions and Roles Ontology. Retrieved on Nov 25,
2013 from: http://www.essepuntato.it/lode/http://purl.org/
spar/scoro


http://dx.doi.org/10.6084/m9.figshare.928642
http://dx.doi.org/10.6084/m9.figshare.928642

