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Structure-based Whole Genome Realignment
Reveals Many Novel Non-coding RNAs

Sebastian Will, Michael Yu, Bonnie Berger
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Previous Genome-wide Screens for Structural ncRNA

RNAz Washietl, Nat Biotech, 2005 Rose, BMC Genomics, 2007
EvoFold Pedersen, PLoS CB, 2006 Bradley, PLoS One, 2006

• predict thousands of putative structural ncRNAs

• energy model + comparative information:
WGAs, conserved stable structure

• for efficiency: only correctly aligned structure
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Challenges for ncRNA Screens

• WGA tools regularly misalign structural RNA

not predicted

RNAz

GUUA GUAUCG ACUAGCU

GU AGGUAGC AACCUGCU

GUUA GUAUCGAACUAGCU

Conjecture:

• underestimate true number of structural ncRNAs

• biased for ‘easy targets’
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Revealing Hidden ncRNA

Idea: patch mistakes by structure-based realignment

Structure-Based
Realignment

not predicted predicted

RNAz RNAz

GUUA GUAUCG ACUAGCU

GU AGGUAGC AACCUGCU

GUUA GUAUCGAACUAGCU

GUAGGUAGC AACCUGCU

GUUAGUAUCG ACUAGCU

GUUAGUAUCGAACUAGCU
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The REAPR Pipeline
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Estimate ncRNA Likelihood
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Realigned locus Prediction

conserved
structure

Stable

Apply RNAz

RNAz Score in [0,1]

recall: RNAz sees only correctly aligned conserved structure

Washietl et al. PNAS, 2005.

Gruber et al. PSB 2010. (RNAz 2.0)
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Making ncRNAs Visible for De Novo Predictors

2
Realign
based on
sequence
and structure

Stable locus Realigned locus

Apply “gold-standard” of structure-based RNA
alignment: simultaneous alignment and folding

• use Sankoff-algorithm? O(n6)

• use fast and accurate Sankoff-variant ?
e.g., LocARNA [Will et al., 2007], O(n4)
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Efficient Realignment: Novel Banding Algorithm

novel banding: compute realignment within
limited deviation ∆ from a reference alignment,
e.g., ∆ = 20 (±20 nt)

i

j j+Δj-Δ

main technical challenge: banding for multiple alignment
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Banding for Progressive Multiple Alignment
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Applying REAPR: Reaping ncRNAs in Fly

• First computational screen of a eukaryotic genome
that corrects structural misalignments

• control w/o realignment
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A Novel Putative Motif in the Long ncRNA roX1

original alignment realignment

________________
_

_
_

_
_

_
_

U
U
U
G
A
G
G
G
_
U
U
U
C

U
U

G
G

C U U C A U U A A G G U U U A A U
G

A
A

U
C
U
A
U G

G A G C
G A G

U A A
U G C G C

U
U G

A
A

GCU
GGGUG

UUU
CU

GGU
CACA

U
G
U
A
U
_

_
_

U
G

A
_

_
A

U
A

C
G G

U G
C

G
G

G
C

U
U

U
G
A

A__
_

_
_
_
CGUUUCU

UCGAUUCAUCAAG_
_
_ G U

U U A A__U
G A A U C U A U

G G A G C G
A

G U A A U
G

G G C U
U G A A G C

U G
U

_GUUUAUC
UGGUC

A
C
A

U
GUA

U
U
G
A _ _

_
_
_

____
_

A

UG

AA

G
C

G
U

A
U

G
U

U
C

C
G

U
A

A
U

A
U

A
C

C
G

U
A

............................................................
DMel -----------------------TTTGAGTG-TTTCTTGTGTTCATTAAGGTTTAATGAA 36
DSim -----------------------TTTTAGTG-TTTCTTGGGTTCATTAAGGTTTAATGAA 36
DYak -----------------------TTTGATGG-TTACTTTGCTTCATCAAGGTTTAATGGT 36
DEre -----------------------TTTGATGG-TTTCTTTGCTTCATCAAGTTTTAATGAT 36
DPse GGGCCATGGCCTCCTCTGATCGATTAG-GGGTTTTCTTGCTTGATTTATCGGTTGATGGA 59
DPer GGGCCATGGCCTCCTCTGATCGATTAG-GGGTTTTCTTGCTTGATTTATCGGTTGATGGA 59

.........10........20........30........40........50.........

....((..((.((...(((((........)))))...)).))..))..............
DMel TCTATGGAGCGAGTAATGCGCTTGAAGCTGTGTTTATCTGGTCACATGTAT---TGA--A 91
DSim TCTATGGAGCGAGTACTGGGCTTGAAGCTGGGCTTATCTGGTCACATGTAT---TGA--A 91
DYak TCTATGGAGCGAGTATTGGGCTTGAAGCTGTGTGTTTCTGGTCGCATGTAT---TGA--A 91
DEre TCTATGAAGCGAGTATTGCGCTTGAAGCTGTGTGTTTCTGGTCACATGTAT---TGA--A 91
DPse GCAATGGGGTG----ATGCTAGTGA--GTGGGTGATTCTGGCCATGGCCATAGGTGAATA 113
DPer GCAATGGGGTG----ATGCTAGTGA--GTGGGTGATTCTGGCCATGGCCATAGGTGAATA 113

.........70........80........90........100.......110........

.(((((......((((((.((((((((((((......))))..)))))))).))))))..
DMel UUUGAG------UGUUUCUUGUGUUCAUUAAG---GUUUAA--UGAAUCUAUGGAGCGAG 49
DSim UUUUAG------UGUUUCUUGGGUUCAUUAAG---GUUUAA--UGAAUCUAUGGAGCGAG 49
DYak UUUGAU------GGUUACUUUGCUUCAUCAAG---GUUUAA--UGGUUCUAUGGAGCGAG 49
DEre UUUGAU------GGUUUCUUUGCUUCAUCAAG---UUUUAA--UGAUUCUAUGAAGCGAG 49
DPse GGGCCAUGGCCUCCUCUGAUCGAUUAGGGGUUUUCUUGCUUGAUUUAUCGGUUGAUGGAG 60
DPer GGGCCAUGGCCUCCUCUGAUCGAUUAGGGGUUUUCUUGCUUGAUUUAUCGGUUGAUGGAG 60

.........10........20........30........40........50.........

.....((((.(((((....)))..)).))))......)))))...........
DMel UAAUGCGCUUGAAGCUGU-GUUUAUCUGGUCACAUGUAUUGA----------A 91
DSim UACUGGGCUUGAAGCUGG-GCUUAUCUGGUCACAUGUAUUGA----------A 91
DYak UAUUGGGCUUGAAGCUGU-GUGUUUCUGGUCGCAUGUAUUGA----------A 91
DEre UAUUGCGCUUGAAGCUGU-GUGUUUCUGGUCACAUGUAUUGA----------A 91
DPse CAAUGGGGUGAUGCUAGUGAGUGGGUGAUUCUGGCCAUGGCCAUAGGUGAAUA 113
DPer CAAUGGGGUGAUGCUAGUGAGUGGGUGAUUCUGGCCAUGGCCAUAGGUGAAUA 113

.........70........80........90........100.......110.

original consensus new consensus structure
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Novel Predictions due to Realignment
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Sensitivity for Rfam ncRNAs in D. melanogaster
REAPR vs. Controls

0 50 100 150 200 250 300

REAPR/Muscle control

Rfam Annotations

350

REAPR

� = common predictions of REAPR and control
� = novel predictions by REAPR
� = predictions only by control
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Sensitivity for Rfam ncRNAs in D. melanogaster
REAPR vs. Previous Screens
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RNA-seq (modENCODE) Confirms Predictions
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Combining Fly Embryo RNA-seq and REAPR
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Conclusions

• REAPR : “Realignment for Prediction of ncRNAs”

• First genome-wide ncRNA screen
that corrects structural misalignments

• Twice as many D. melanogaster ncRNAs
while less than doubling run-time

• Novel banding method for fast multiple realignment
implemented in the RNA alignment tool LocARNA

• Verified with annotations and modEncode RNA-seq

• REAPR + RNA-seq combined results in interesting
structural ncRNAs

• Future challenge: detect non-locally misaligned RNAs
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