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Conserved Non Coding Regions

coding known
Human exons function
Genome 1.5%
2.9Gb

u _‘ & \ ;& [Science 2004 Breakthrough of the Year, 5" runner up]
40% DNA alignable of the 5% 1/3 coding
95% coding genes shared 2/3 non coding
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What To Do?

Assay! Which Assay? Which elements?

¥ UCsC Genome Browser Home - Mozilla Firefox

Fle Edit View Go Bookmarks Tooks Help L

Qa - L") - %‘ O @ [ http:igenome ucsc.edur 11

| L] ucsC Genome Browser Home |

LUCSC Genome Bioinformatics

Genomes - Blat - Tables - Gene Sorter - PCR - Proteome - FAQ - Help

T PROTOCOL |

ENCODE

3 E(l)JE[gISSI!"-IREI[I)\I(IBNHPI:\SRSB%CR!TLII;)(I;IRMXT%EIY PRESS one million elements
genome wide...

Table
Browser

Gene Sorter
In Silico PCR

Proteome

e Computational screening of conserved
- genomic DNA in search of functional
noncoding elements
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Archives California 95064, USA. Correspondence should be addressed to G.B. (jill@soe.vcsc.edu).

Credits

‘ Publications D

The sequencing of the mouse genome allowed, for the first time, the large-scale estimation of the extent
of sequence conservation within our own genome. In particular, it suggested that in mammals there is at
least twice as much conserved genomic DNA as there is protein coding DNA'. The abundance of conserved
noncoding regions holds even for so-called ultraconserved elements at the very tip of the mammalian

[Bejerano et al., Nature Methods 2005]

http:/iwww.nature.com/naturemethods

Training
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DNA Replication is Imperfect

Small Scale: bases are mutated, deleted, inserted
Medium Scale: regions are duplicated, deleted, inverted
Large Scale: whole chromosomes are duplicated, merged

junk functional

..ACGTACGACTGACTAGCATCGACTACGA...

duplication / \

functional functional

LCACGTACGACTGACTAGCATCGACTACGA......... TCTGACTAGCATCGACTACGA...
divergence f : , i :
unctional | functional”
CG : _AA

...ACGTACGACTG\CTAGCATCGAC?ﬂCGA ........ TCTGYACTAGCATCGA\{TAGGA...
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Computational Approach

human DNA ..... ACGTGCATGACTGACTAGCATCAGACGACTAC. .GATAATACGCTACGACTAGCTAC

chri: 188759500] lea7cagan] Lea7Easaa| 1ea7e1000] 188761588
Chromosome Bands Localized bH FIZH Mapping Clones
EC16

Chromosame Band

UCEC Knowhn Genes 1D (June 85, Based on M217 UCSC Khoun Genes)
Human mRHAS from GenBank
Humah mRMAS

Humar ESTS0MNC TUuding UnSesdced
Human EZT=

Humah /Chimp /Mouse /Rat /O cken MUItiz Alignmenys & FhaloHMM Cons

Conservartion

1 e s o ol
AC T
.. TGACTAGCATCGHCTAG . GATAATACGAC. . . . . .CATCGACMC. _GATAATACGACGGTTGGT. . .
HumansChimpsHose sEat Chi cken MUY Alignments & Fhg ToHMM fChimpSMouse FRat SChhcken MU lgiz Aligsnment=s & FhaloHMM Cons
7 " A‘
I l T I17 1 Jr7 ] ./ ! £ /! 1 _yri1 y [ ] I |
TR T T PN BT (T T TTT T T T A e T T IIIIII_--‘I_II-_._-IIII--I-I--l
10 AT T i [ [T I [ Hnm NN NS (RN A 00D A A o

LI A
[T TR III III“ I III--IIII A

Group them into paralog families of human
functional regions of common origins:
« Annotated members induce function on all.
e Examine core, substitutions in family.
 Test for “guilt by association”. [Bejerano et al., ISMB 2004]
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Conserved Element Clustering

conserved J“L
element

evolutionary edit distance IVE

conserved
element

similarity

vertex %, edge
l splitting ‘l removal |[Beierano et al., ISMB 2004]
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Functional Annotation by Families

chre: 1687595 848] 1ea76a06E] 16a7E160E]| 1ea7615a048]
Chromosome Eand 1 e b‘:l FIZH Mapp N Clones
Chromosomne Eand ﬂ
{yfuliily] e 95 B ed on hal? UCEC N Genes
Human mREMHAS F om GenBank
H FHMA:
man EETs Including Unspliced
H EST

oEe fRat/Chicken MUItiz Alighments & FhaloHgiM Cons

mmmmm

chicken : / i
Puzzling News: Good News: ® = Q
96% of the 700,000 We still find

are unique(!) 12,027 families > > "') 8
&

novel putative ncRNAS, cis-regulatory elements, etc.

After removing from top 5% Human all annotated regions,and more:

700,000 elements, covering 3.5% Human Genome
o
&) @
L/

\/

[Bejerano et al., ISMB 2004]
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Families of Novel ncRNASs

fold

human
chimp.
T mouse

— rat
—— dog
chicken

— 7. fish
— 1 5. figsh

loop & bulge (L)

()0 T
AGCTTGCTTTGGCAGCT T G
AGCTTGCTTTGGCAGCT P
AGTTTGCTTTGGCAGCT i
AGCTTACTTACGTAGCT :> Y
AGCATACTAAGGTGGCT T4
GGCTTAC GTGGCC ot
GGCTTACAATTGTGGCC G=C
GGCTTAAAAATTTGGCC A=T

Gl

stochastic context

/\ffgl"?
free grammar model j/Q
E>} Q

[Pedersen, Bejerano et al., PLoS CompBio, 2006]
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Genes, Proteins and Gene Control

| |exon (how to)

[] control region

) distal: in 10° bases (when & where)

DNA

classical: in 103 bases

protein
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Cis-Requlatory Families

€ o o > > o ™
early IRX1 IRX2 IRX3 IRX-4 IRX5 IRX6
RI’a‘II:T - (—\ cf-\
body s & ) ) L
atternin | T
P R I U O " W GO
RepeatMasker ]
chr1 - 61942k chr5 + 63999 K chrsl olesk
Hs.chr16 IRX-3 IRX-5 /IRX—6
w -
_ 70-80%id
IRX-1 gl RX2 S~  IRX-4
—o— = ( —oo—

Hs.chrb5
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Ultraconserved Elements

Base Position | 71566500 | 71567000 | 71567500 | 71568000 |
Chromaosome Bands Localized by FISH Mapping Clones
Chromosome Band ¢I
RefSeq Genes
HufChimp/Mouse/Rat/DogiChick/FuguiZfish Multiz Alignments & Conservation

Consenation

|
chimp

dog
MoUsSe T
chick::n FHAT
fugu y
s Uliraconserved M D in ratfmouse/human)
uec.351 “
: ; = bl ||| | | ] I | | 1 |
G p Humanlﬂh|mleume!HaﬂCh|d<enJFugu}ZEbraﬁsh iz A||gnrn&nts | PMUHMM LE QUEY: PP G A BASH 55 RMKTNP LKA KKK HRRNG il GJ“ RPFi “ B ELVAQRT YA TRSRRPEGGNKS PN
i e i e et
P CAATGT TAAGANGCAAT TTARATGAANTTCATT TARATGICAGG TCTCATGET TGLGATTTTTCTATAATTGGTTATTTAAT
g CAATGT TARGACCATTTAARTGAANTTCAT T TARATGTCAGETCTCATCUTTGCOATTTTTCTATAATTGOTTATTTAAT
T AR A A T A AT AT ARG LA T A TRAT AT AT T e
ol CAATGT TAAGAAGCAAT T TARATGAAATTCAT TTARATGTCAGCTCTCATGLTTGUGATTTTTCTATAATTCOTTATTTAT ;; '; :: ;:_ ; | i ‘j”ﬂ
cken CAATOTTARGAACCAAT TTARATGARATTCATTTARATGTCAGTGTCATCUTTGCGATTTTTCTATAATIGTIATTIAAT @ . | 1'11 T
g CAATGTTCAAARGCAATTTARAT CAATTCATTTAARTGTCAATTCTCATG:TTATGATTTTTCTATANTTGECTATTTAT STV T
2l CAATCT TCARAACCAAT TTARAT IAAATTCAT TTARATGTCAA TCTCATGATTACGATTTTTCTATAATTCGLTATTTAT

[Bejerano et al., Science 2004]
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No known function requires this much conservation

chimp
mouse
rat
chicken

The genetic code

Chromosome Bands Localized by FISH Mapping Clones

Known Genes Based on SWISS-PROT, TrEMBEL, mRNA, and RefSeq

Human mRNAs from GenBank

Human ESTs That Have Been Spliced

'::'_'-.._,.__ Human/Chimp/Mouse/Rat/Chicken Multiz Alignments & PhyloHMM Cons
Conservation n

CDS

U

C A G

U Phe
Leu
C Leu

A Ile
MET

G| \val

Cuu"»
CuC
CUA

CuG ./

>Leucine |_

Glu

OrOcCcOH>OcCcO>»OCODIDOC

NcRNA

GU

fast

.

GC

seq.

BRPR
s NHOLONAUAWNK

TFBS

————————— A+
9876543210123456789
GTATCACCGCCAGTGGTAT
ATACCACTGI CCGGTGATAC
TCAACACCGEGCCAGCAGATARA
TTATCTCTGEGCGGTGTTGA
TTATCACCCCAGCGATCGTTA
TAACCATCT  CCCTGCATAA
CTATCACCGCCAACGCCGATAA
TTATCCCTTECCGTGATAG
CTAACACCCTCCCTCTTGCA
TCAACACGCACCCETCTTAC
TTACCTCTGCOCGGTGATARA
TTATCACCECCACACCETARM
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Ultraconserved Elements

481 regions perfectly conserved over 200bp or more,
between human, mouse and rat (P<10-%2 neutrally evolving)

» 20-fold fewer SNPs than human average.
 Most do not overlap coding DNA. g

 The non-exonic tend to cluster spatially,
In or near DNA binding proteins. o —3 : O
Dozens validated as enhancers by now. conservation

* The exonic tend to overlap alternatively
spliced exons, in RNA binding proteins.

* The ultras cannot be found beyond vertebrates.
* The tip of a continuum of very slowly evolving elements.

[Bejerano et al., Science 2004
Chicken Consortium, Nature 2004]
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Similar Phenomena in Flies

Vertebrate |
(H. sapiens) 300,

rich injconserved non-coding

fly-specifi¢ ultraconserved elements

Il cos
Il surr
B :urr

- other mRNA

50% -

40% |
(D. My Ister) 30%

20%

| | other trans
I:I intron
=

Worm unannotated

(C. elegans) 3()

g ma
s 5% b3 mkaaa =

13 —
i jaessiy

Yeast
(S. cerevisiae) 30%

[Glazov, ..., Bejerano, Mattick,
[Siepel, Bejerano et al., Genome Research 2005] Genome Research 2005]
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Mammalian Ultras - Genomic Distribution

eexonic

spossibly

chri chr? chrid
' P: ' L : Ha — —
[ l T ]l [ i J T [
POU3IF1 LMCId- PEX1 SP4/SPE AUTSZ  DLXE ROVAT WK
FLIOSET PTEF2 TRAZA FOXP, FOXGIB
FAFT HOXA HICITFEC COCH
castor-arholog  AUTLY HPAS3
GARNL1IGARMLZ
MIPOLI
p PRFF38
chr2 chrg chrid
| | ||= = ! I_l_‘l. » I | |' I 1|
T 1 l 1 ] 1 T
BCL11A ZFHX1E STiE TFPMZ MEIS2 M"’.P’K‘
Nﬁféﬂm BHLHES
FIGH chri
HAT1/DLX1/DLXZ)
SPHPTDO04
HOXD
chr3 z
3 IRKINRESAREE
L NF.ﬁTS
] ATEFT  chr17
1 T
SHTEA FOXFA L1 1]
._
1
chrig LEKALHAVAATF
T R "y L e
chrd [ ) il =
[ end | e
| l = PAXZ EHZF TCF4
T i Cloemi1 FLI3188 TAF4B ZNFADT
I BUBS BRUMOLT
LREA EBF3
chri1 chri1g chr2o
— s || l P -
chra | 2
1
| [N [ {1 LMo IF‘A\.E KIAAT4TA
L ) SO55
[ ’
KPNBz] I RANBP1T chr12 chr21 chr22 chry
othopadia-oihaleg
MEF2C . | - | |
MR2F1 s T & & —=
. T
chrg chr13 HOEC chrx
I L1y . Ly , PR L1
[ 1 T T T )
TFAP2E/PEHDY POIIEFD DCH POLAARY MLGMN3 GRIAZSTAGZ
DOX3X
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Ultraconserved Element uc.338

Base Position | 52142000 | 52123500 | 52144000 | 52144500 | 52145000 | sz14z500 | 52145000 |

UCEC Known Genes (June, 05) Based on UniProt, RG=q, and GenSank mRRNA
AB182308 3

PCBP2

10-Way Vertebrate Mukiz Al

Uttraconserved ments (200 bp 100% ID inl=t'mouss/human

Human Chained Self Alignmé

chr2 + 70226k HIER

uc.338 paralog family
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Coelacanth Homologs Closer than Human Ones

Searching....10....20....30....40....50....60....70....80....90....100% done

Smallest
Sum
High Probability
Sequences producing High-scoring Segment Pairs: Score P (N) N

EM HUM:ACO023509 AC023509.42 Homo sapiens 12 BAC RP11-793H... 1315 3.6e-351 1
EM MUS:AC137156 AC137156.3 Mus musculus BAC clone RPZ3-11... 1297 2.3e-50 1
EM MUS:AFZ36844 AF236844.1 Mus musculus alpha-CPZ -

EM OV:AC151571 AC151571.1 Latimeria menadoensis cl

EM PAT:AR237520 AR237520.1" sequence b2 rLrom patent

EM OV:AC150308 AC150308.1 Latimeria menadcoensis cl

EM HUM:AC006127 AC006127.1" Homo Saplens CHIomMosome

EM HUM:AF254822 AF254822.1 Homo sapiens SMARCA4 is

EM OV:AC150309 AC150309.1 Latimeria menadoensis cl

EM_OV:AC150283 AC150283.1 EStimeria menadoensis. cl

EM OV:AC150284 AC150Z284.1 Latimeria menad@ensls cl

EM OV:AC147788 AC147788.1 Latimerias menadoensis cl

EM_HUM:AC005076 AC005076.2 Home Saprens BAC clone

EM OV:AF131253 AF131253.1 Latimeria chalumnae rhoc _ )

EM MUS:MMNUABPRCO L19661.1 Mus musculus (clones pB1001, pB... 4598 1.Z2e-14

EM RO:BC0O78909% BC078909.1 Rattus norvegicus poly(rC) bind... 458 1.3e-14

[Bejerano, Lowe et al., Nature, 2006]
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Coelacanth “the Living Fossil” Fish

&
5

. N & > o
“ O o Fon &S
0 S X O SR N
& o 2P F KB

& & \"‘3\1@3"}% S (8

Human
Chimp
Mouse Euarchontoglires

Rat

Dog

Placental Mamm

Mamm
Opossum A

Chicken

] .
Coelacanth rebrates

Zebrafish
Sea Squirt —

0 100 200 300 400 500 600
Million Years Ago

Appeared in Fossil Record >360Mya; Peaked 240Mya;
Disappeared 80Mya; Rediscovered (by science) in 1938.
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Coelacanth Repeat

Region Of BACs Non-overlapping |uc.338 like
Homology Length (bp) Instances
Protocadherin | AC150310 609,120 21
1 M b Seq uenced - Cluster AC150283
. - AC150284
4 genomic regions. Nelnn
. AC150308
Instances in all. Hox Cluster | ACI51571 187,302 o1
Hox Cluster AC147788 168,364 4
Genomic AC140159 02,794 13
\ Total \ 8 | 1057670 | 59 |

aaaaaaaaaaaaa

E]
nnnnnnnnnnnnnn

human
consensus
481bp repeat =
59 copies/1Mb e ==
. . . coelacanth
Highly similar copies

_ : self comparison
Unlike any known repeat | e —
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Coelacanth Repeat Distribution

A 4

?

Dog
Opossum
Chicken
Frog
Lungfish

W Coelacanth

X

|

Zebrafish
Sea Squirt

I
N
Ry ' &

0 &L
o @ Lo &P @
& & ;,\"@ oﬂ‘ 0«\& &

(?Q & \\’\\‘Q""% S

Euarchontoglires

Placental Mammals

/

s =

0 100 200 300 400 500 600
Million Years Ago

Reconstruct ancestral coelacanth repeat.

Search all available genomes.

Species

UCSC

Species

Ucse

rtebrates

repeat repeat
Assembly | Detected Assembly | Detected

Homo sapiens hgl7 Yes Danio rerio danRer2 No

Pan troglodytes panTrol Yes Tetraodon nigroviridis tetNigl No

Macaca mulatta rheMacl | Yes Takifugu rubripes frl No

Mus musculus mm6 Yes Ciona intestinalias cl No

Rattus norvegicus mJ Yes || Strongylocentrotus purpuratus | strPurl No

Canis familiaris canFaml |  Yes Drosophila melanogaster dm2 No

Bos taurus bosTaul Yes Anopheles gambiae anoGaml | No

Monodelphis demestica | monDoml | Yes Caenorhabditis elegans ce2 No

Gallus gallus galGal2 Yes Saccharomyces cerevisiae | sacCerl No
Xenopus tropicalis | xenTrol Yes

Similar distribution in GenBank, Trace Archives.

Gill Bejerano
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Interim Summary

= N

| NEW CUYAMA |
Po ulation 562

480bp recently active repeat

Fi abnue sea level 2|E S i 80%Id t_o 360bp incl. uc.338
st Established 51 “‘-l " | 10° copies/genome
TOTAL 4663 Unlike any known repeat

I " e S ,
-fil AR TR .. . a?‘m wﬁ N
R\ e/ .

y W Vi e o g 1

k’,;."'-; ’-I}.I:‘}.“.'.I:-; I.,. Iy ) I"_;:?" !- h‘\\s *l' liﬂ'..':l ‘-.-:_tfl.? -."llf.:-.,.'l“-" ¥ .
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Repeats are a Major Force In Vertebrate Evolution

g DNA OGN DGr b O o DErOFrOC OGRS O OE

Cytoplasm g
g LINE mRNA
LINE - :
protein
>y
#
Ribosome

L |

Original location of LINE LINEs &

LINE MANA /" © Two LINE proteins
N o
P OO Gl U O S OO OOR OGO Ol

>l the human genome
consists of relics of
self-replicating DNA

7\

mANA oy -
POOOE DU OO0 '-Lq?t%;w&;ﬂ"$ iy

B i N WP I T N S T ) W S Y W e T T
Original copy New copy

Gill Bejerano
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The LF SINE (for Lobefin Fish / “Living Fossil")

ABox &B Box TEECNNAGTG GTTCEANNCC

Rat Serine tRNA . . .ERrcaR cifeleldiciXe clleT T2 2 G cFEE A cfic C TARTEEA R o T CBRTG ¢ A C G TG YNNI ldc A T R TC
e R HceceacTeeATEECTCAGTCGAATTGETAATCGGGATATGEACCCT TTCACCTCTACCTCAC TGEGTTCAAATCCAGCCCACETCA

el

A BDX‘E_‘ B Box oo\ WA AAARAATTTAAARAAAAAAARAAAAARA
Rat Serine tRNA
Coelacanth SINE
Reconstruction
Fiieaa] Fiiiaa] I EL] ini_asszéé?sal Fii4ea] Fiisaal Fiieaa] Fii7eal
100 110 120 130 140 _— S
LF-SINE GAAAGTCA-TTACCATCTGATGGCTGTTCAGTGGCCTA-—-TGTGAAATGAG e —————

............. lathen Elastz Self Hits
3

Core Domain  GCAAGTCACTTAACCTCTCTGAGCC--TCAGTTTCCTCATCTGTAAAATGGG
100 110 120 130 140

90 100 110 120

o
I
=
+
0
m
=

90 100 110 120 130

A RARARARRRRRAR
)
=

!|ll
=
=

target site
duplications

chri + Si6k EESEEEs
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>360My Old and Going Strong

Ny

Upto 80%id between Coelacanth SINE

# &0"4,\ L,\c@“oo“o«&iéw\%““ and some human instances, inc uc.338.

@
(?Q @ \‘Q""%\Qo"‘%\ Vo ol

4 Human Species UCSC | LE-SINE Species UCSC | LF-SINE
Chimp "\ primates Assembly | Detected Assembly | Detected
Mouse ., /4Euarchontogires Homo sapiens hgl7 Yes Danio rerio danRer2 No
Pan troglodytes panTrol Yes Tetraodon nigroviridis tetNigl No
J Rat Placenizgamg Macaca mulatta rheMacl |  Yes Takifugu rubripes frl No
Dog Mus musculus mmé Yes Ciona intestinalias cil No
Opossum Rattus norvegicus mJ Yes || Strongylocentrotus purpuratus | strPurl No
e Canis familiaris canFaml |  Yes Drosophila melanagaster dm?2 No
Bos taurus bosTaul Yes Anopheles gambiae anoGaml | No
M Frog Monodelphis demestica | monDom1 | Yes Caenorhabditis elegans cel No
? Lungfish Gallus gallus galGal2 Yes Saccharomyees cerevisiae | sacCerl No
W Coelacanth s Xenopus tropicalis | xenTrol |  Yes

St "::l:,u d,{b.; LS these -« ;@w

X Zebrafish

\ Sea Squirt —0 B

0 100 200 300 400 500 600
Million Years Ago
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Co-Option (Exaptation) of ahobile Elements

e

i M ‘)
I I I
I I [N——11}
V) : —[T—11}

R ==
¥ % ¥ %
'"AW A"

! B Y
fi |
i B
| '.
Ill 2 f
| {1
| | )
| |
]

OPEN 6am |
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Exapted Into Which Cellular Roles?

No evidence for Transcription (Tx) as small RNAs,
‘:
Foos @Q \(,e #no orientation preference in introns, not in antisense Tx.
)

e
0 0 W Lo £

Qm ec\"% L’\\&\\ o 6‘
@ & Y& o o‘

4 Human xon
Organism 5 UTR | 3 UTR . Exomc - Intronic | Intergenic || Total
Chlmp Alt-Spliced  Total _ _
Homo sapiens 1 0 12 13 68 163 245
Mouse Pan troglodytes - - Q—_-—) L - 210
R Macaca mulatta - - - - - - 229
- at Canis familiaris - - - - - - 235
M} Dog Bos taurus - - - - - - 169
Mus musculus 0 1 7 3 25 57 91
Opossum Rattus norvegicus - - - . - i, 87
. Monodelphis domestica - - - - - - 394
sallus gallus . 1 45
Chicken Gallus gall 0 1 2 3 244 451 699
d Frog Xenopus tropicalis 0 0 1 2 10 14 26
2 Lungfish

[\ Coelacanth

/ rtebrates B
X Zebrafish 3

Human instances cluster together,
found <1Mb from 35 TFs (P<3*10°).

SeaSquwt/ Jene
0 100 200 300 400 500 600 e Downstream
Million Years Ago o TATA por{ INRI Jowral DPE
Proximal promoter +1
elements Core promoter
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Transient Transgenic Enhancer Assay

Eddy Rubin’s Lab, LBNL

— He)

in situ

Célrésrﬁz\rﬁd Minimal Promoter Reporter Gene
transgenic Construct is injected into 1 cell embryos

Taken out at embryonic day 10.5-14.5
Assayed for reporter gene activity

Gill Bejerano 28



Instance 500kb Downstream of ISL1

ICTECTEANE N | 438 111

A/\

amePostion | oo | sesooon | sosoooon | soroooon | soecooon | soooond | stooomon | stoonom | sionoom |
Confitmed Enhancers
HGRESTA| ACRESTH] HCRESTY| LF‘EIMErEIaxedl

Ref3eq Genes
Utranonsened F ements (200 bo 100% 10 in rat mausa/human)

. topicalls [Oct, 2004xenTrot] Algrment Net

w1 %

Lavel |

1Mb
ISL1 is a neuro-developmental gene, also expressed in testis.

Three previously known enhancers are conserved in all vertebrates.

Gill Bejerano 29



LF SINE Transgenic (B) vs. Mouse Isl1 in situ (C)

B C ™
4 . £ 1

T 3 |; ¢ --
% ' k Tee W
B P gt
P
L]
[}

Matched staining
In dorsal apical
ectodermal ridge
(part of limb bud)

Matched staining in
genital eminence

Nadav Ahituv, Eddy Rubin
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Matched Level Sections

transgenic in situ

"
< i (, " p
*

a

Corresponding expression patterns in:

(a, b) the developing thalamus (Th)
and basal plate (BP) in the brain.

(c, d) the trigeminal (V) ganglion and
facio-acoustic (VII/VIII) ganglia
in the head region.

(e, f) the dorsal root ganglion (DRG),

and the lateral region of the ”
ventral horn (VH) of the spinal cord
in thoracic sections.

Bryan King, Sofie Salama, Nadav Ahituv, Eddy Rubin
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Mobile Elements Give Birth to
Distal Cis-Regulatory Elements: Implications

Gene numbers do not correlate with organism complexity.

Many gene families are surprisingly old.

“Regulatory sequence evolution must be the major contribution
to the evolution of form.” [Sean Carroll, PLoS Bio 2005]

fly i
worm |
human

weed __J ;
fish | 4’\
_J

rice

T T T 1 1
0 10,000 20,000 30,000 40,000 50,000
Approximate number of genes

*—o E o-mm- =
D. melanogaster \ I
wing  body bristle
.* .* & : o= yellow =
; : D. biarmipes
wing wing  body bristle
spot
%ﬁ?%eﬁ%b\r;te@ygjg
thymus  hind- neuro- olfactory Pt/
limb  mast pit marine

stickleback

thymus hind-  neuro- olfactory
limb  mast pit

pelvic reduced  \
stickleback

Gill Bejerano
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uc.338 Has Undergone Exonization

Base Position

52144500

52145500

Conservation

chimp
dog ]
“mmmml W' o' Tl mwmmmmnl '
rat
Uttraconserved Elements (200 bp 100% 1D inglst'moussihuman
uc.338
- Human Chained Self Alignmd

chr2 + 70226k |HN
chi§ -9
c'r'_':mcc" -
chri - 10%
chr3 - 155430k [
he2 - 51062k| O

PCBP2 is an RNA binding protein.
Involved in mRNA processing. B
Two Isoforms: with/out exonized SINE. e e
Exon is mammal specific, E
iInvolved in post-transcriptional regulation. |-
=
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Exonized LF SINE Instances

A Box &B Box
Rat Serine tRNA. .

19 different tetrapod exonizations

A Box & B Box
Rat Serine tRNA tene Exon | Alt- | CDS/ | Ins. | Ins. | Trig. 3'88. 5 5.5,
Coelacanth SINE Name Sp.| No. | Spl. | UTR | FS. | Stop | NMD | ext’ Seq. ex3’ Seq.
PCBP?2 Exonization I — > | PCBP?2 H| o + C - - - | 31 cacagGACAG | 280 TAGAGgtgag
Ultraconserved Element uc.338 M + | C 381 cacagGACAG | 280 TAGAGgtgag
Region Overlapping PCBP2 Exon SMARCA4 H| 27 + C - 381 cacagAGCAG | 280 TAAAGgtgag
M + C - - 381 cacagAGCAG | 280 TAAAGgtgag
EEF1B2 H 3 + C - + | +* | 376 aacagGTAGA | 101  TCATAgtgag
TCERGI H| 22 | + C |+ | + | +* | 469 tatagTTAAT | 377 AACAGgtaca
M + C + | + | +° | 469 tatagTTAAT | 377  AACAGgtaca
. PTDSR H| & + cC |+ |+ + | 376 aacagATACA | 280 TCGGGgtaag
M + C + | + + | 376 aacagATACA | 280 TCGGGgtaag
T h e 1 9 p rOte I n S are u n re | ate d RORA H 3 + C + | + + | 366 cgeagGGCAG | 280  AGGTGgtaag
. M + C + | + + | 366 cgeagGGCAG | 280  AGGTGgtaag
GRID1 H| | + | 5U 280 GTAGGgtaag
1 9/1 9 eXO n antl S e n S e to S I N E ATF2 H 14 + C + + +2 | 450 taaagTGAAT | 377 ACCAGgtaca
. M + | vt
FLJ22833 H 4 + C + | + + | 381 cacagTCTAG | 280 GTAAGgtaat
1 7/ 1 9 n Ove I C O d I n g eXO n ARHGAPG | H | 13 | + C - + + | 381 cecagAACAA | 280 TAAGGgtgag
. . M + C + + | 381 cacagAACCA | 280 TAAGGgtgag
16 / 17 al ternative |y- S p li ce d KA | H | 31 | - | - 381 cacagAACAG | 281 GAGAGgttag
M - C 381 cacagAACAG | 281  GAGAGgttag
. C - C 381 cacagAGCAG | 281 CAGAGgttag
11/17 introduce e arly Sto p CO don* NIscz [ H |0 |4 [ C | 4|+ | + |40 taagTGAAT | 107 GGATGgaat
M + cC |+ |+ + | 450 taaagTGAAT | 240 GGGAGgtttg
. . . LRP1B H| o | + C - - - | 381 tacagGCCAG | 280 CTGGGgtgag
p ost-transcri pt| onal re gu lation DHX30 | H| 4 |+ | € | - | - | - |3 ccagATCGG | 289 TCGAGgtang
o-DMTF1 cl 12 | 4+ C + | + + | 450 tetagTGAAT | 377 AACAGgtaca
gr-PPP2R2C | C | 2 + C + | + + | 381 cacagGAGAG | 280 TGGAGgtgag
og-SHFM1 cl 3 + | 3ut
xt-MBNL1 Fl 4 + C - - - | 381 cacagGCCAG | 280 TATGGgtgag
JGI-40280 F| 5 + C |+ | + | +* | 450 tetagTGATT | 377 AACAGgtaaa

* The 6 read-thru exons all match a 93bp
internal LF-SINE region, (still!) free of stop codons in all 3 frames (p~0.002)
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Unexpected Kin: Enhancer, Exon, Repeat

A

ABox&B Box
Rat Serine tRNA

A Box & B Box
Rat Serine tRNA

Coelacanth SINE PCBP2 Human
PCBP2 Exonization C PCBP2 Chimp ISL1 Human
Ultraconserved Elemen PCBP2 Mouse ISLT Chimp
Region OverlappjfG PCBP2 Exon PCBP2 Rat I SLT Mouse
Region Overlapp PCBP2 Dog ISL1 Rat
50 PCBP2 Opossum L I5L1 Dog
B I ISL1 Opossum
%Eg% gﬁman I5L1 Chicken
Im ISLT Fro
i mﬂz DACH! Human g
i | D
055UM ouse
Coelacanlih g e
5L H#,man & :
L1 Chimp | DACHT Dog 0.1 subs/site
I5L1 Molise W ||||||||| Coelacanth 1 DACH1 Opossum
la}] fat Coelacanth 2
[SLT Opossum
IBL1 Chicken Tl Coelacanth 3
Dl Coelacanth 4
Coelacanth 5

PCEP2 Human BN GGG TCCCTCCAGGCAGEGTTGAGGCACATE CHCEaCOIEETCT GAGGARRG)

BP2 Chimp B TGO COCTCCACERCACEETTGACGCACAT RO o TeTaeCeAM Coelacanth 6 | h

BP2 Do B GTGGTCCCTCCAGGICAGEGTTGAGGCACATE L rcTececands Coelacanth 7

B2 GGTGGTCCCTCCAGGICAGGGTTGAGGCACATE B reTacocanlG -|

%Eg% wa(% . AGETGETCCCTCCAGGHCAGGETTGAGCCACATE M roroaceanls Coelacanth 8
PCBP2 Opossum (Gt GETGETCCCTCCAGGCAGEETTGAGGCACATE EETcTececAds
Coelacanth SINE caach B: coTceTCoCTCORGGECAGEETTGAGECACATTGECAGEGCAATETGECEAN)G

L1 H#man T B corcotcdiEccacecaMaricacoilicaRiFRAccec ANNNE
[SLT Chimp A seTeeTcaeccacencA e TR cAc ol cARTENAGGET
it b . R E%%T%ﬂﬁgﬁﬂﬁiﬁﬁﬁ ; f29 h inst

olise A A .G e AGGaC A

ISL1 Rat NecorceTcoeccacacaMaTscaccilc AN ACCC AN one o uman Instances
ISL1O pﬁsum . GELGEETe MU NEET W 1 Al ENEET . AHAAT GGGCAANNNN .
K01 Fiog CCro AR T e croorc i concaN aakonc ol calilocacclc Rt spanning coelacanth SINE
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Some Challenges

 What molecular mechanisms lead to ultra conservation?

 Which ultraconserved elements (ultras) were seeded
by transposons? When? Origins of the others?

 How do ultras evolve: all by purifying selection, or is
there some reduced mutation or hyper-repair?

« Why the strong association with DNA binding and
RNA binding genes? Transcription/splicing enhancers?

 What information do ultras encode and how?

* Are ultras part of delicate self-regulating gene networks
that are critical in development?

« Are they related to human disease?
* Are vertebrate and fly ultras related?
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