Comparative identification of novel human
structural RNA families
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Evolution constrained
by structure

Characteristic substitution pattern




EvoFold structure prediction

a) Human genome:
Conserved elements:

Pedersen et al., 2006, PLoS Computational Biology.
Knudsen & Hein, 1999, Bioinformatics.
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Screen of 3 |-way vertebrate alighments

Input: conserved alignment segments (5.6% of genome)

Phylogenetic tree of input species

Human
. Chimpanzee
B low coverage assmblies Rhesus
B high coverage assmblies Tarsier
. Mouse lemur
(draft and final) Bushbaby
Tree shrew
Mouse
Rat
Kangaroo rat
Guinea pig
Squirrel
Rabbit
Pika
Alpaca
Dolphin
Cow
Horse
Cat
Dog
Microbat
Megabat
Hedgehog
Shrew
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Elephant
Rock hyrax
Tenrec
Sloth
Opossum
Chicken
Tetraodon

Data from 29 mammals sequencing and analysis consortium: Kerstin Lindblad-Toh.A high-resolution map of human evolutionary constraint using 29 mammals. Nature (201 I).

Brian J. Parker, et al. New families of human regulatory RNA structures identified by comparative analysis of vertebrate genomes. Genome Research (201 1).
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Screen of 3 |-way vertebrate alighments

Input: conserved alignment segments (5.6% of genome)

Output: 37,381 predictions (0.05% of genome)

Phylogenetic tree of input species Genomic distribution
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Brian J. Parker, et al. New families of human regulatory RNA structures identified by comparative analysis of vertebrate genomes. Genome Research (201 1).



Significance evaluation using
additional vertebrate genomes

EvoP method

Question: how surprising is the observed number of
double substitutions!?

® Monte Carlo approach:

- Simulate iid substitutions across columns on
phylogeny.

- Count double substitutions given structure.

- Estimate P-value as fraction simulations with at
least as many double substitutions.

Ten vertebrates genomes not used for
structure inference

Human

B low coverage assmblies Chimpanzee

Rhesus

B high coverage assmblies Tarsier

Mouse lemur

(draft and final) Bushbaby

Tree shrew
B Not used for structure inference Wiouse
Kangaroo rat
Guinea pig
Squirrel
Rabbit
Pika
Alpaca
Dolphin
Cow
Horse
Cat
Dog
Microbat
Megabat
Hedgehog
Shrew
Elephant
Rock hyrax
Tenrec
Armadillo
Sloth
Opossum
Platypus
Chicken
Zebra finch
Lizard
X. tropicalis
Tetraodon
Fugu
Stickleback
Medaka  Scale
Zebrafish
Lamprey 0.1
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Brian |. Parker, et al. New families of human regulatory RNA structures identified by comparative analysis of vertebrate genomes. Genome Research (2011).
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Similarity measure

Build profile -SCFGs / co-variance models for every prediction

human AGCUUGC GCAGCU
chimp. AGCUUGC GCAGCU
mouse AGUUUAC GUAGCU

AGCUUAC GUAGCU
dog AGCAUAC GUGGCU
opossum GGCUUAC GUGGCC
chicken GGCUUAC GUGGCC
p. fish GGCUUAC GUGGCC

Al (CC-((Ceee2))))))

Prediction 3 |-way alignment profile structure model

Models made with Infernal tools from Sean Eddy’s group.

Structure model figure: Durbin et al, Biological Sequence Analysis, Cambridge University Press.
Nawrocki EP, Kolbe DL, Eddy SR. 2009. Infernal 1.0: inference of RNA alignments. Bioinformatics 25: 1335—1337.



(Dis)similarity measure

Initially, we wanted to use Kullback-Liebler divergence (KL):

P (i
DKL(Ml ”Mz)=23w,(i)log Ml(l.)

P, ()




(Dis)similarity measure

Initially, we wanted to use Kullback-Liebler divergence (KL):




(Dis)similarity measure

Initially, we wanted to use Kullback-Liebler divergence (KL):
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(Dis)similarity measure

Initially, we wanted to use Kullback-Liebler divergence (KL):

P, (i)
PM2 (i)

Dy, (M, | M,) = Y P, (i)log

We couldn’t compute and resorted to sampling:

Dy, (M, I M) = 1/ni1/z(su) (log(Py, (5,)) ~log(Py, (5,)))

Still slow. Approximated by one sample only - human sequence from training alignment.
Also replaced probabilities with (Infernal) normalized scores:

D KL . human (M 1 ” M 2) = 1/ l(S 1,human ) ) (S (Sl,human ’ M 1) - S (Sl,human ’M 2 )) .

Problem: Models of different complexities have different false positive rates.
Hence replace score with E-score.

D(Ml “ Mz) =E(S(S€q,1ummnaM2)) — E(S(Seq'{""’“",Ml))
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Initially, we wanted to use Kullback-Liebler divergence (KL):

P, (i)
PM2 (i)

Dy, (M, | M,) = Y P, (i)log

We couldn’t compute and resorted to sampling:

Dy, (M, I M) = l/nil/l(su) (log(Py, (5,)) ~log(Py, (5,)))

Still slow. Approximated by one sample only - human sequence from training alignment.
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D KL . human (M 1 ” M 2) = 1/ l(S 1,human ) ) (S (Sl,human ’ M 1) - S (Sl,human ’M 2 )) .

Problem: Models of different complexities have different false positive rates.
Hence replace score with E-score.
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Finally, be conservative and symmetrize by max:

~
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Graph-based clustering
into families

All pairwise comparisons
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Graph-based clustering
into families

Threshold on similarity significance
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Graph-based clustering
into families

Threshold on similarity significance
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Graph-based clustering

into families
|dentify highly connected subgraph (HCS)

Highly connected subgraph:
* edge connectivity < half number of vertices
5 subgraph size two Hartuv and Shamir (2000)
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Graph-based clustering
into families

ldentify highly connected subsets (HCS)
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Graph-based clustering
into families

Final family candidates
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Family prediction overview

No. of No. of RNAz DNAse Avg. correlation of '”tEFQE_”iG
No. of novel  No. of novel EvoFold overlap hypersensitivity tissue-specific expression expression
structures structures families families score enrichment (x) overlap (%) within families  enrichment (x)

EvoFold all (no CDS) 27,012 26,643 n/a n/a 14 13.5 25 (P = 5e-3) nfa 1.20(P=1e-3)
Unfiltered families 3293 3081 1254 1192 18 17.3 25 (P=7e-3) 0.14 (F=1e-3) 1.46 (P=<1e-3)
Filtered families 725 526 220 172 18 29.0 32 (P=4e-3) 0.17 (P=1e-3) 233 (P=1e-3)

Filtered families have either: Genomic distribution

® EvoP test <0.05 Sss:sz:fezas:sggr;:nd
® Region enrichment test < 0.005 | |eEEE
® GO enrichment test relative to -
EvoFold background < 0.0 |
® Mean structure length > || base pairs | :[[HM

proportion

intron intergenic

genomlc reglon
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Performance

48 of 220 families contain known members (88% known)

Name Total Conserved | EvoFold | EvoFam |EvoFam
count input input filtered |filt. families
families with paralogs

I S N N X
I SR ERE
0|
.
N
E
coLss |3 E
T R E
T X R L L

Single Promoter
= MALATT1 paralog (MEN )
MALAT1

MALAT1 GAUGCUGGUGGUUGGCACUCCUGGUUU--CCAGGACGGGGUUCAAAUCCCUGCGGCGUC
MALAT1 paralog (Men f) GGCGCUGGUGGU-GGCACGUCCAGCACGGCUGGGCCGGGGUUCGAGUCCCCGCAGUGUU

. . fold (CCCCCa((owoenns )) CCC(( ))))) O« )))))-))))))
Wilusz 2008; Sunwoo et al. 2009; Wilusz and Spector 2010 °




Performance

48 of 220 families contain known members (88% known)

Name Conserved | EvoFold | EvoFam |EvoFam
filtered [filt. families
families with paralogs

208
67

31 234
92 13
189
142

4
3

COL 5'SL

Estimated false positive rate:
o 27 % for similarity edges
e 34 % for families of size three or larger



Immune related regulatory networks!?

Families of short hairpins enriched in 3'UTRs of immunity related genes
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Immune related regulatory networks!?

Families of short hairpins enriched in 3*°UTRs of immunity related genes
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UTRP40

uccuuucC

UGUUUAAUA

by
GUUUC
,ugyCe

A

»

A

51 UU .‘“.

;UUUUCUA

cGuuuuc
UcC
UCULILITA
UGUUUAA
UGUUUAU
ucuuuuc

»
A

"UAAUA

AdL =i

GAAAGGA

GAAAALC
GAAALNCC
JUAGGCA

UIAAALGA

AUU!

A

GUAAACA
GAAAACA

(CCCC((e22)))))))




Family of six hairpins all within 3*'UTR MAT2A

85625000 | 85625500 |
Structural RNA families

ABE B B CBE pEl el FBE
P-values  0.013 0.037 0219 62e5 10 0022

UCSC Genes
MAT2A

Placental Mammal Basewise Conservation by PhyloP

o WWWW

Brian J. Parker, et al. New families of human regulatory RNA structures identified by comparative analysis of vertebrate genomes. Genome Research (201 1).



Family of six hairpins all within 3*'UTR MAT2A

85625000 | 85625500 |
Structural RNA families

A BER cBX DBl E F

P-values 0.013 0.037 0.219 6.2e-5 1.0 0.022
UCSC Genes

MAT2A
Placental Mammal Basewise Conservation by PhyloP

o WWWW

Vertebrate alignment for hairpin D Hairpin D

abcdefghijklm mlkji hgfedcba

CCCCCCCCeCeC( )))))-))))))))
Human UCUGGGGUAUGGC GCCAUCACCUCAGA
Guinea Pig UCUGGGGUAUGGC GCCAUCGCCUCAGA
Squirrel UCUGAGGUAUGGU GCCAUCACCUCAGA
Rabbit UCUGGGGGAUGGC GCCAUCUCCUCAGA
Hedgehog UCUGAGGUAUGGC GCCAUCACCUCAGA
Tenrec U-GGGGGUAUGGCU GCCCUCACCUCAGA
Sloth UCUGGGGUAUGGU GCCGUCACCUCAGA
Opossum UCUGGGGUGUGGCGUG GCUAUCACCUCAGA
Lizard U-UGGGACCGGGUGUG GCCCUUGUCUCAAA
X. tropicalis UCUAGGCUUGGGC GCCUUUGCCUU---
Tetraodon UCUGAGGCCCGGC GUCGGGCUUUCAGG
Fugu UCUGAGGCCCGGC GUCGGGCUGUCAGG
Stickleback UCUGAGACGCAGC GCUGUGGUUUCAGA
Medaka UCUGGAACUCGGC GCCGAUGUUUCAGA
Zebrafish CUUGAGCCUUGGCGUCG AAAGCCGGGAUCUCAAG

*kkkkk*k %%

-
|

C—G
G—C
G—C
U—A
A—U
U—A
G—C
G—C
G-U
G—C
U—A
C—G
U—A

($)]

Brian . Parker, et al. New families of human regulatory RNA structures identified by comparative analysis of vertebrate genomes. Genome Research (201 1).



Shared loop motif

Loop motif shared between human
members and down through vertebrates

U CUGGEGUAUGGC CCCAUCACCUCAGA. Human structures with conserved motif

UCCCAGACUUGGCGUAG GCCAAGCUCUGAGA
. . .GCCUUGUGAUGUC GUCAC-AGGGC. ..
'UCUGAARGCUGG GC CCA 'UUCAGA
....GGCCAAGG AAAACCUUGGGUU. ...

kkkkk*k **% *

abcdefghijklm mlkji hgfedcba

CCCCCCeeeeeC( )))))-))))))))
Human UCUGGGGUAUGGC GCCAUCACCUCAGA
Guinea Pig UCUGGGGUAUGGC GCCAUCGCCUCAGA
Squirrel UCUGAGGUAUGGU GCCAUCACCUCAGA
Rabbit UCUGGGGGAUGGC GCCAUCUCCUCAGA
Hedgehog UCUGAGGUAUGGC GCCAUCACCUCAGA
Tenrec U-GGGGGUAUGGCU GCCCUCACCUCAGA
Sloth UCUGGGGUAUGGU GCCGUCACCUCAGA
Opossum UCUGGGGUGUGGC GCUAUCACCUCAGA
Lizard U-UGGGACCGGGU GCCCUUGUCUCAAA
X. tropicalis UCUAGGCUUGGGC GCCUUUGCCUU---
Tetraodon UCUGAGGCCCGGC GUCGGGCUUUCAGG
Fugu UCUGAGGCCCGGC GUCGGGCUGUCAGG
Stickleback UCUGAGACGCAGC GCUGUGGUUUCAGA
Medaka UCUGG GGC GCCGAU UCAGA
Zebrafish UGAGCCUUGGCGUCG AARGCCGGGAUCUCA

*kkkkk k%

PCEren
C»0-0 OO0 » @0

» O
>
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cC-OHC-DD-D-D-C
o

L R s B - Bl B 2

A u
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Brian . Parker, et al. New families of human regulatory RNA structures identified by comparative analysis of vertebrate genomes. Genome Research (201 1).



Post-transcriptional regulation of MAT2A

SAM

MAT2A: methionine adenosyltransferase I, alpha
MAT catalyzes the synthesis of SAM (adoMet)

Half-life of MAT2A transcript depends on SAM concetration
(Martinez-Chantar et al. ] Biol Chem (2003))




Post-transcriptional regulation of MAT2A

SAM

MAT2A: methionine adenosyltransferase I, alpha
MAT catalyzes the synthesis of SAM (adoMet)

Half-life of MAT2A transcript depends on SAM concetration
(Martinez-Chantar et al. ] Biol Chem (2003))

SAM riboswitches in bacteria

homoserine
HO® metX metA O @
O-acetylhomoserine O-succinylhomoserine O SAM-I
BO® metB metBOO M ® SAM-II
—— O SAM-III
cystathionine

O® metC

Riboswitches

<
| SAM

B SAM-IV

A SAH

T
OO A metH|metEQ® ghey &

methionme
O e[ metK methylases

S-adenosylmethionine (SAM)

Wang and Breaker. Biochem Cell Biol (2008)



Human riboswitches?

Hairpin A No structure change shown by in-line probing

SAM SAH L-met
NR T1 OH - 01 1 0.1 1 0.1 1

Experiments done by Adam Roth & Ronald Breaker (Yale).



Human riboswitches!?
Apparently not...

No structure change shown by in-line probing

SAM SAH L-met
NR T1 OH - 0.1 1‘ 0.1 1 0.1 1

rEREEEREpT>

o o
v o

Experiments done by Adam Roth & Ronald Breaker (Yale).



Example of auto-regulation!?

POPI is a ribonuclease, which is part of RNaseP that processes tRNA:s.

tRNA-like structure in POPI intron

A Scale 200 bases
chrg: | 99222200l 99222300 99222400 ch%géz _UDI 99222600! 99222700! 99222800 99222900I
POP1{ s+rerrrrsni] 111 - N S P P T N SN P S A

EvoFold v.7b.3 Predictions of RNA Secondary Structure
34039 + 15 [ECERFEW
ENCODE Cold Spring Harbor Labs Small RNA-seq
K562 cyto tot +S — i

I
Selected ENCODE Caltech RNA-seq PolyA+ H1-hESC Rep 1 & Rep 2, HUVEC F‘&E?p 2, 2x75 Splice Aligns
- -
Erm—

K562 cyto tot -S

———
i
Placental Mammal Conservation by PhastCons

Mammal Cons

1 and Alignment Chains
3353333 53335333553553533333333333333333335333 330533 3 glegs >3 3283333333333 3333333333333333333 335 Lol

]
FIFFIFNIINININBNIND 3333 FRIFIIIIIIINIIIIDG )*i))!’)}))’l
1

GGUCUUGUGCU AGCCUCUGU ACAGA CCAGG CCUGGCAAGGCC
Tarsier GGUCUUGUGCU AGCCUCUGUCUA GCAGA CCAGG CCUGGCAAGGCC
Mouse GGUCUUGUGCU AGCCUCUGU ACAGA CCAGG CCUGGCAAGGCC
Alpaca GGUCUUGUGCU AGCCUCUGU CACAGA CCAGG CCUGGCAAGGCC
Microbat GGUCUUGUGCU J AGCCUCUGU AACAGA CCAGG CCUGGCAAGGCC
Hedgehog GGUCUUGUGCU AGCCUCUGUGUC ACAGA CCAGG CCUGGCAAGGCC
Tenrec GGUCUUGUGCU AGCCUCUGUUG ACAGA CCAGG CCUGGCAAGGCC
Opossum GGUCUUGU GCU AGCCUCUGUUUAGGUAUACAGA CCAGG CCUGGCAAGGCC
Platypus GGUCUUGUGCU AGCCUCUGUCUA ACAGA CCAGG CCUGGCAAGGCC
Chicken GGUCUUGUGCU AGCCUCUGU ACAGA CCAGG CCUGGCAAGGCC
Lizard GGUCUUGUGCU AGCCUCUGUUAA UGG UACAGA ccagg ccuggcGAGGCC
Tetraodon GGUUCUGUGCU GGGCCUCUG G CAGAUGUUCCAGG CCUGGCAGGACC
Stickleback GGUACUGUGCUCC GGGCCUCUG CAGAUGUUCCAGG CCUGGCAGGACC
Zebrafish GGCCCUGAGCU GAGCCGCUG : CAGA CCAGG CCUGGCAGGGUC
Medaka GGUUCUGUGCU GGGCCUCUG ; CAGAUCUUCCAGG CCUGGCAGGACC

(CCCCC 0 J3 )L G LKA JYEY) romma UL LK EIREREDOEY

POP1 (34089)

Parker et al. New families of human regulatory RNA structures identified by comparative analysis of vertebrate genomes. in revision.



Struture resembles tRNAs

POPI structure groups together with tRNAs

CCUGGCAAGGCC 34089
CCCGG GCGC 18875
CCCGG GCGC 12530

POP1 GGUCUUGU -GCU AGCCUCUGU

tRNA-Gly GCGC G UG GAIT
G

tRNA-Gly GCGC G UG CGAC
fold CECEUE - 0T .- ))))))))))))

1 —@=—=©)-70 1 -@=- 7
—6 =6
G—C
c—@ TWC arm
c—o

A A0

(2 (CxE)

Anti Codon arm Anti Codon arm
POP1 (34089) tRNA-Gly (18875) tRNA-Gly (12530)

Parker et al. New families of human regulatory RNA structures identified by comparative analysis of vertebrate genomes. in revision.



EvoFam pipeline overview

mUltiple alignment a) Human genome:

Conserved elements: —_---

(3 1 ve rtebrates) b) 31-way alignment: human GCAGCU
chimp. GCAGCU
mouse GUAGCU
rat GUAGCU
dog GUGGCU
opossum GUGGCC
chicken GUGGCC

¢) SCFG generated p. fish GUGGCC

secondary structure: . )l) ))) ... dfold:

e) Phylogenetic evaluation:

Predicted structural
RNAs (37,381)

model model

Paralogs
human GCAGCU
chimp. GCAGCU
mouse GUAGCU
rat GUAGCU
dog GUGGCU
opossum GUGGCC
chicken GUGGCC
p. fish GUGGCC
( <+2))))))
Profile structure models

Similarity graph

Highly connected
subgraphs (1251 GW)

Structural RNA family
predictions
(220 GW)




Future directions

® Make extensive use of deep genomic alignments
(10K vertebrates project, etc)

® Exploit structure genome-wide structure probing
data
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