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AGGAAGGGAAAGCGCAAGAGAGAGCGCACACGCACACACCCGCCGCGCGCACTCGCGCACGGAC

 
CCGCACGGGGACAGCTCGGAAGTCATCAGTTCCATGGGCGAATGCTGCTGCTGGCGAGATGTCTG

 
CTGCTAGTCCTCGTCTCCTCGCTGCGGTATGCTCGGGACTGGCGTGCGGACCGGGCAGGGGGTTC

 
GGGAAGAGGAGGCACCCCAAAAAGCTGACCCCTTTAGCCTACAAGCAGTTTATCCCCAATGTGGCC

 
GAGAAGACCCTAGGCGCCAGCGGAAGGTATGAAGGGAAGATCTCCAGAAACTCCGAGCGATTTAA

 
GGAACTCACCCCCAATTACAACCCCGACATCATATTTAAGGATGAAGAAAACACCGGAGCGGACA

 
GGCTGATGACTCAGTAGGAACCCAGCGCCGGGGCGTGGAATGTGTGGCTTTCCAGGGGGTTACGA

 
GAAGCCGAACACTTCCAGACTTAACTCTGTTTGCTCTTCGGGCAGATGAAGGTGATTTCACCCGCTC

 
CTTCCCCACCCACCTGCCCGCCCCCCATTCTTCCTCTTCCTGGAGGAGAATGGAGGTCAAGGGTCC

 
AGCTGGAGAAGTTAGGGTGTGGTGGGGGTGAGGACGGTAACAGACGTGGTTCATTATGGCCTGATT

 
TGATGAGTCTTGCTACAATGGCCTTCCCCATCCTACCTCTGCCTGGCTTGTAACTTGGGGAGACCTT

 
CACTTTGGGGGCGTCGGCCCTTTCCAGTCAGGAGTGGAAATGGAAGGAGAGGCTGGGAATCCCCC

 
TCCCACAAACATGAAGTGGTCTCCTGGTACTGTACGAACGAACGAACGTAGCCTTGGGCTTGGAGC

 
TCAGAGCCCCCACGTTTCCCGTTGCCTCTGTGGTTTTCTTTCCACCACTACCCCCACCCTGCACCTC

 
CCCACCAAAGAATTCTCAACTGGAAAAGCCAGGAGGCGGTTCTGACAAAAGGCAGGGGCTCCAGG

 
GGAGACTCCCCCGTCCCTGGGTGGCTGGCTGTATCGCAGAGCTGGCTTTGCGATTGCGTGTCCGCA

 
ATTGTGCCCATCAGAGTGTGAATGTATTGATATTTCTTTAAGGATGCTCTTTCGTTCTTCCAAGCCCG

 
AGGTACCTTAGGGGAGGGACTTAGAACTTATTGGCATTGCATCACTTTAGTTTTCAACCTGCTTGCA

 
TAAGAATTAAGAGCGAATAAATATTAGTGTGGGGGGAGGGGAAGCTAAGCAAAATATGAATTCCTC

 
TCTCTCTCCCCACCTCCTTTGAGATTTCTGAGCTGCCAATCTCCCAGCCAATTCTAGACTTTCTGAAA

 
CTCCATGCACGTATAACTGAAGCCAGAAATGGGTTTCCTTGCAAATATAGGTCAACATCCTTTTTATT

 
GCCCTATTAAAATATTCAAGTCCTACCTTTAGGGCTAGGTGCGTACAGCGGCTGATGGAGTGGCGC

 
TGGTGGGGCGCAAGTGCAGGGGGAGGGTACTGACGGCAGAGAGAGAGGAGCTACCTCCGTGCCG

 
CCCTGCTTCCCGACCCGATTCCCAGGCTTGCTTGAGGCCGAGAAAGGCGAGGGGCAGGCAAGGTA

 
GCCTGCTCCAGCTGTCGGAAGGGAGAGGAATGGGAAATGGTCCTGATTTCCTTGCTCTCCCTCATC

 
TGCTCCCGACCACCTTAAATCTGGACCGCGAGTGTGGACGCGCGCGCCAGTGCCAGACAGCAGCG

 
CGATCCACAATTAACTCTGCACGGGCCATGGGGTGCCCGTTGCGTGCAGCTGGCTGGAGGGAGTTC

 
TCCGGCTAGCCCGAGGCGCCCATCCTCTCGTCACCCTCACTCCCCGCGGAGGAGGGGCCTTGCCA

 
GGGTCCCTCGGAACCCGAGAGGAGGGAGGCACTGCGGAGAGAGCGGCGGGGGCGTGGATACCC

 
GAGGTCCCAGAGCCAGAGTGGGTCAGCTTCTGACCTGCTCTGCGGGAGGCCAATACCGCAGAAGG

 
GGTCCTGGGCTCGCACACCTTCCCAGGGCTTGAGCCTTGCAGCCCTGCTGCAATAACTACCCGTGA



AGGAAGGGAAAGCGCAAGAGAGAGCGCACACGCACACACCCGCCGCGCGCACTCGCGCACGGAC

 
CCGCACGGGGACAGCTCGGAAGTCATCAGTTCCATGGGCGAATGCTGCTGCTGGCGAGATGTCTG

 
CTGCTAGTCCTCGTCTCCTCGCTGCGGTATGCTCGGGACTGGCGTGCGGACCGGGCAGGGGGTTC

 
GGGAAGAGGAGGCACCCCAAAAAGCTGACCCCTTTAGCCTACAAGCAGTTTATCCCCAATGTGGCC

 
GAGAAGACCCTAGGCGCCAGCGGAAGGTATGAAGGGAAGATCTCCAGAAACTCCGAGCGATTTAA

 
GGAACTCACCCCCAATTACAACCCCGACATCATATTTAAGGATGAAGAAAACACCGGAGCGGACA

 
GGCTGATGACTCAGTAGGAACCCAGCGCCGGGGCGTGGAATGTGTGGCTTTCCAGGGGGTTACGA

 
GAAGCCGAACACTTCCAGACTTAACTCTGTTTGCTCTTCGGGCAGATGAAGGTGATTTCACCCGCTC

 
CTTCCCCACCCACCTGCCCGCCCCCCATTCTTCCTCTTCCTGGAGGAGAATGGAGGTCAAGGGTCC

 
AGCTGGAGAAGTTAGGGTGTGGTGGGGGTGAGGACGGTAACAGACGTGGTTCATTATGGCCTGATT

 
TGATGAGTCTTGCTACAATGGCCTTCCCCATCCTACCTCTGCCTGGCTTGTAACTTGGGGAGACCTT

 
CACTTTGGGGGCGTCGGCCCTTTCCAGTCAGGAGTGGAAATGGAAGGAGAGGCTGGGAATCCCCC

 
TCCCACAAACATGAAGTGGTCTCCTGGTACTGTACGAACGAACGAACGTAGCCTTGGGCTTGGAGC

 
TCAGAGCCCCCACGTTTCCCGTTGCCTCTGTGGTTTTCTTTCCACCACTACCCCCACCCTGCACCTC

 
CCCACCAAAGAATTCTCAACTGGAAAAGCCAGGAGGCGGTTCTGACAAAAGGCAGGGGCTCCAGG

 
GGAGACTCCCCCGTCCCTGGGTGGCTGGCTGTATCGCAGAGCTGGCTTTGCGATTGCGTGTCCGCA

 
ATTGTGCCCATCAGAGTGTGAATGTATTGATATTTCTTTAAGGATGCTCTTTCGTTCTTCCAAGCCCG

 
AGGTACCTTAGGGGAGGGACTTAGAACTTATTGGCATTGCATCACTTTAGTTTTCAACCTGCTTGCA

 
TAAGAATTAAGAGCGAATAAATATTAGTGTGGGGGGAGGGGAAGCTAAGCAAAATATGAATTCCTC

 
TCTCTCTCCCCACCTCCTTTGAGATTTCTGAGCTGCCAATCTCCCAGCCAATTCTAGACTTTCTGAAA

 
CTCCATGCACGTATAACTGAAGCCAGAAATGGGTTTCCTTGCAAATATAGGTCAACATCCTTTTTATT

 
GCCCTATTAAAATATTCAAGTCCTACCTTTAGGGCTAGGTGCGTACAGCGGCTGATGGAGTGGCGC

 
TGGTGGGGCGCAAGTGCAGGGGGAGGGTACTGACGGCAGAGAGAGAGGAGCTACCTCCGTGCCG

 
CCCTGCTTCCCGACCCGATTCCCAGGCTTGCTTGAGGCCGAGAAAGGCGAGGGGCAGGCAAGGTA

 
GCCTGCTCCAGCTGTCGGAAGGGAGAGGAATGGGAAATGGTCCTGATTTCCTTGCTCTCCCTCATC

 
TGCTCCCGACCACCTTAAATCTGGACCGCGAGTGTGGACGCGCGCGCCAGTGCCAGACAGCAGCG

 
CGATCCACAATTAACTCTGCACGGGCCATGGGGTGCCCGTTGCGTGCAGCTGGCTGGAGGGAGTTC

 
TCCGGCTAGCCCGAGGCGCCCATCCTCTCGTCACCCTCACTCCCCGCGGAGGAGGGGCCTTGCCA

 
GGGTCCCTCGGAACCCGAGAGGAGGGAGGCACTGCGGAGAGAGCGGCGGGGGCGTGGATACCC

 
GAGGTCCCAGAGCCAGAGTGGGTCAGCTTCTGACCTGCTCTGCGGGAGGCCAATACCGCAGAAGG

 
GGTCCTGGGCTCGCACACCTTCCCAGGGCTTGAGCCTTGCAGCCCTGCTGCAAAAAAAAAAAAAAA

98%



CCTCCCTACTTCC CCCGCCCTACCAG  

ProProTyrPheProProProTyrGln

C
T
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Differences in gene expression

nucleotide
changes

Human variation Pharmacogenetics Human disease



AGGAAGGGAAAGCGCAAGAGAGAGCGCACA

 
CGCACACACCCGCCGCGCGCACTCGCGCAC

 
GGACCCGCACGGGGACAGCTCGGAAGTCAT

 
CAGTTCCATGGGCGAATGCTGCTGCTGGCGA

 
GATGTCTGCTGCTAGTCCTCGTCTCCTCGCTG

98% of the genome
Comparative 

Genomics

NO CODE



Evolutionarily Conserved Sequences 
are Functionally Important.

Last common Last common 
ancestorancestor

AACTGAAGCCTATAAAAATGGATCTGATGGAGCAGGTGGCCCTGCGCGTGAACTGAAGCCTATAAAAATGGATCTGATGGAGCAGGTGGCCCTGCGCGTG

AGTTGAAACCTATAAATGCGGAGCTGATGGAGCAGGTGGGCCTGAGTGTGAGTTGAAACCTATAAATGCGGAGCTGATGGAGCAGGTGGGCCTGAGTGTG

TGTTGTTAGCTATAAATGCGCAGTATCGCGTCCACAACCGCGTCAGTCCCTGTTGTTAGCTATAAATGCGCAGTATCGCGTCCACAACCGCGTCAGTCCC

TGTTCTTAGGTATAAAAGCTCGGTATCGCCTCTCCAACCGGGTCACTCCCTGTTCTTAGGTATAAAAGCTCGGTATCGCCTCTCCAACCGGGTCACTCCC

Non-Coding Sequence

Evolutionary conservation can find regulatory elements



AGGAAGGGAAAGCGCAAGAGAGAGCGCACA

 
CGCACACACCCGCCGCGCGCACTCGCGCAC

 
GGACCCGCACGGGGACAGCTCGGAAGTCAT

 
CAGTTCCATGGGCGAATGCTGCTGCTGGCGA

 
GATGTCTGCTGCTAGTCCTCGTCTCCTCGCTG

98% of the genome
Comparative 

Genomics

NO CODE
High-Throughput 
Characterization



Distant cis-regulatory element: Enhancer

Promoter Genelimb neural
tube brain



Extremely conserved non-coding sequences tested

AACTGAAGCCTATAAAAATGGATCTGAAACTGAAGCCTATAAAAATGGATCTGA

AGTTGAAACCTATAAATGCGGAGCTGAAGTTGAAACCTATAAATGCGGAGCTGA

TGTTGTTAGCTATAAATGCGCAGTATCTGTTGTTAGCTATAAATGCGCAGTATC

TGTTCTTAGGTATAAAAGCTCGGTATCTGTTCTTAGGTATAAAAGCTCGGTATC

1. Human-Fish (N=3,124) 2. Ultraconserved
 

(N=256)

AACTGAAGCCTATAAAAATGGATCTGAAACTGAAGCCTATAAAAATGGATCTGA

AACTGAAGCCTATAAAAATGGATCTGAAACTGAAGCCTATAAAAATGGATCTGA

AACTGAAGCCTATAAAAATGGATCTGAAACTGAAGCCTATAAAAATGGATCTGA

100% & ≥200bp Human-Mouse-Rat

~50% enhancer positive success rate

70% & ≥100bp Human-Fugu



AACTGAAGCCTATAAAAATGGATCTGAAACTGAAGCCTATAAAAATGGATCTGA

AACTGAAGCCTATAAAAATGGATCTGAAACTGAAGCCTATAAAAATGGATCTGA

AACTGAAGCCTATAAAAATGGATCTGAAACTGAAGCCTATAAAAATGGATCTGA

Reporter GeneMinimal PromoterConserved
Element

Mouse  Enhancer AssayMouse  Enhancer Assay

Injection into mouse fertilized eggs Harvest E11.5 embryos, LacZ

 

stain

Zebrafish

http://images.pennnet.com/articles/bow/thm/th_286693.bmp


Tissue-Specific Expression is Highly 
Reproducible and Specific

4/44/4 9/109/10 10/1410/14
(triangular distal wedge)(triangular distal wedge) (apical (apical ectodermalectodermal

 

ridge)ridge) (forelimb(forelimb--specific, singlespecific, single
medial dorsal spot)medial dorsal spot)



The Jewish EnhancerThe Jewish Enhancer



346 human enhancers out of 849 tested

http://http://enhancer.lbl.govenhancer.lbl.gov



SALL1



chromosomal
location

neighboring
genes

result of assay
blue=positive

white=negative

conserved species 

ultra







Bins of Enhancer ActivitiesBins of Enhancer Activities

Pennacchio

 

L.A., Ahituv N. Nature 2006, 444: 499-502



1.  Gene/Genome annotation

2.  Reagent to drive tissue specific expression

3.  EvoDevo

4.  Exploring the regulatory code

5.  Role of regulatory sequences in human disease

Applications

500kb

1.

enhancer Isl1

Cre/GFP/Etc

2.

enhancer



Hoxc9 Hoxc8Early 
Enhancer

3. 3. EvoDevoEvoDevo

Mouse

Baleen 
whale

Shashikant

 

et al. PNAS 1998



4. Exploring the regulatory code

Pennacchio

 

L.A., Ahituv N. Nature 2006, 444: 499-502



Alan Moses, Mike Eisen

Forebrain Predictions

•CNS injected= 5% 3-fold 
Training Set

Element 1

Element 2

Element 3Element 3

Element 4Element 4

Prediction=17% (4/23)
Predictions

Element 1

Element 2

Element 3Element 3

Element 4Element 4

Over-representation
6 different motifs

ATTAA CANNGGC
GATTA        TTNNAAA
TANNTGA   TTNNTTT



1.  Gene/Genome annotation

2.  Reagent to drive tissue specific expression

3.  EvoDevo

4.  Exploring the regulatory code

5.  Role of regulatory sequences in human disease

Applications



Human phenotypes studied in the lab

•Limb malformations

•Pharmacogenomics

•Obesity



LIMB MALFORMATIONS

• 1 in 500 births. 

• Appear in numerous syndromes

MUTATIONS

•Brain

•Neural tube

•Limb

Promoter Genelimb neural
tube brain

MUTATIONS

•Brain

MUTATIONS

•Neural tube

MUTATIONS

•Limb

• Well characterized and good human-mouse correlations



Mutations

Holoprosencephaly
Limb
Other 

Limb enhancer with substantial evidence for 
involvement in human disease

KO

Sagai

 

et al. Development 2005 132: 797-803

SHH LMBR11Mb Limb

1MbHuman-
Fugu

Lettice

 

et al. HMG 2003 12: 1725-35



>40 limb enhancers discovered



•Computational approaches

-Comparative genomics around limb associated genes.

-Limb specific signatures.

•Mutation analysis in humans

Limb malformations outline

•Limb enhancer assays

Find Additional Limb Enhancers



Mt. Everest

UltraconservedUltraconserved elementselements



Human TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60 
Mouse TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60 
Rat   TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60 
 
Human AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120 
Mouse AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120 
Rat   AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120 
 
Human TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180 
Mouse TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180 
Rat   TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180 
 
Human TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240 
Mouse TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240 
Rat   TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240 
 
Human ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300 
Mouse ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300 
Rat   ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300 
 
Human TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360 
Mouse TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360 
Rat   TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360 
 
Human AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420 
Mouse AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420 
Rat   AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420 
 
Human AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480 
Mouse AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480 
Rat   AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480 
 
Human CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540 
Mouse CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540 
Rat   CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540 
 
Human TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600 
Mouse TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600 
Rat   TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600 
 
Human TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660 
Mouse TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660 
Rat   TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660 
 
Human TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720 
Mouse TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720 
Rat   TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720 
 
Human TGATTGCTTTT731 
Mouse TGATTGCTTTT731 
Rat   TGATTGCTTTT731 

Bejerano

 

G et al. Science 2004 304: 1321-5

UltraconservedUltraconserved elementselements
((100% identity and 100% identity and ≥≥ 200bp human200bp human--mousemouse--rat)rat)

Non-coding
Coding
Possibly 
Coding

Distribution of 481 elements in the genome

•Significantly less SNPs
 

within these elements 
(Drake J.A. et al. Nature Genetics 2006, 38: 223-7

Katzman

 

et al. Science 2007, 317: 915)

•Significantly depleted in segmental duplications 
and copy number variants                         

(Derti

 

A. Nature Genetics 2006, 38:1216-20)



~50% function as enhancers in mice at E11.5~50% function as enhancers in mice at E11.5



Human TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60 
Mouse TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60 
Rat   TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60 
 
Human AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120 
Mouse AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120 
Rat   AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120 
 
Human TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180 
Mouse TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180 
Rat   TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180 
 
Human TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240 
Mouse TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240 
Rat   TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240 
 
Human ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300 
Mouse ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300 
Rat   ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300 
 
Human TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360 
Mouse TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360 
Rat   TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360 
 
Human AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420 
Mouse AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420 
Rat   AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420 
 
Human AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480 
Mouse AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480 
Rat   AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480 
 
Human CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540 
Mouse CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540 
Rat   CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540 
 
Human TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600 
Mouse TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600 
Rat   TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600 
 
Human TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660 
Mouse TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660 
Rat   TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660 
 
Human TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720 
Mouse TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720 
Rat   TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720 
 
Human TGATTGCTTTT731 
Mouse TGATTGCTTTT731 
Rat   TGATTGCTTTT731 

UltraconservedUltraconserved elementselements
((100% identity and 100% identity and ≥≥ 200bp human200bp human--mousemouse--rat)rat)

Extreme Sequence ConstraintExtreme Sequence Constraint
==

Extreme Functional Constraint?Extreme Functional Constraint?



DMRT1 DMRT2uc248

PAX6 WT1RCN1

chr. 9

chr. 11

chr. X

chr. X

POLA ARX

SOX3uc482ATP11C

DMRT3

uc467

0610012H03Rik 
uc329

Increasing the likelihood of observing a phenotypeIncreasing the likelihood of observing a phenotype

Selected elements were:

•Positive in our enhancer assay

•Near genes that when mutated 
lead to either a lethal or sexual 
development phenotype

•Near genes that exhibit dosage 
sensitive abnormalities

Mouse KO: Sexual and pituitary 
development abnormalities 

Heterozygous deletion of 
region in humans: XY females



Human AGCCCCTTGTTCTGAAAGGCTTTCTGCTGGGATCCCATTATGTGCTTGAATAAACCCTTT60
Mouse AGCCCCTTGTTCTGAAAGGCTTTCTGCTGGGATCCCATTATGTGCTTGAATAAACCCTTT60
Rat   AGCCCCTTGTTCTGAAAGGCTTTCTGCTGGGATCCCATTATGTGCTTGAATAAACCCTTT60
 
Human CTGCAAACAGAAATGGGACTCGGGGTTGTCAGGTGTTGGGTTACAATAGACTTTGAGGCA120
Mouse CTGCAAACAGAAATGGGACTCGGGGTTGTCAGGTGTTGGGTTACAATAGACTTTGAGGCA120
Rat   CTGCAAACAGAAATGGGACTCGGGGTTGTCAGGTGTTGGGTTACAATAGACTTTGAGGCA120
 
Human GGGGACATTTTACCAACATAAATACAAACCTGTCCCTATAGGGAGATGTTGTCAAATACT180
Mouse GGGGACATTTTACCAACATAAATACAAACCTGTCCCTATAGGGAGATGTTGTCAAATACT180
Rat   GGGGACATTTTACCAACATAAATACAAACCTGTCCCTATAGGGAGATGTTGTCAAATACT180
 
Human GGGATATGGAAAACATTCCCATCAAATATGAGAAAAGGATTA222 
Mouse GGGATATGGAAAACATTCCCATCAAATATGAGAAAAGGATTA222 
Rat   GGGATATGGAAAACATTCCCATCAAATATGAGAAAAGGATTA222 

uc248 (222bp)

Human TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60
Mouse TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60
Rat   TATTTCTTTTTGTCCTTTCCCATGAAGAGTAATTTATTTCCCTTTTTAAAGTGTGGGCAG60
 
Human AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120
Mouse AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120
Rat   AATGATTACTAGCGCACTGTAATGTAATTGTGTTGCATTGATAAAATAAAAATTGTCCTT120
 
Human TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180
Mouse TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180
Rat   TATCTGTGTCCTGATAATGTTCAATTTACAGGCTGGCTTCTCTGCCACCTCTTCAGTGCT180
 
Human TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240
Mouse TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240
Rat   TTGAGTATTCCAGTTCTCCTCCCTTCCTGCTCTGAGAGCGCACAGAACTGTTTGAAATCC240
 
Human ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300
Mouse ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300
Rat   ACTGGTACAATTGTCAAATCAATTATTCATTCTCTGCAATTATGCTCGCACAAAGAACAT300
 
Human TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360
Mouse TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360
Rat   TTTGCTGGTCTGAATGATGATTAAATTAACAGCTATTCCAGCTGCCTGATAACATCTAAT360
 
Human AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420
Mouse AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420
Rat   AGAATATTCATAAGCCCAAAATGGAATGAATTATCTCCATTAACTTCATCATGCTCACTT420
 
Human AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480
Mouse AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480
Rat   AATTACATGCTTGTTATTGTATTTACACCTTGTTAGATACCGCTGAAGCTGATCCAGTGG480
 
Human CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540
Mouse CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540
Rat   CTGGCCGGGAATTGGAAGCGTCTGTCATGGGGCAGTTGGAGCGCGTTTTGTAGGAAATGC540
 
Human TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600
Mouse TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600
Rat   TATTTATTTTAAATGCTCCACCTGCTGGGAGCCGAGGTTAGTCAGCAGCACTGAGATGAA600
 
Human TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660
Mouse TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660
Rat   TTGGGAAACGGGGTGTAAAAAGAAATAATGTGCTTCTGACAGGCTCCGTGGCTTTTAAGT660
 
Human TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720
Mouse TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720
Rat   TGCTCTCATTCAGCCACTTCACAAAAAATTATTTTATTCCATCTCTCAGTGATGATGACA720
 
Human TGATTGCTTTT731 
Mouse TGATTGCTTTT731 
Rat   TGATTGCTTTT731 

uc467 (731bp)

Human CGCATTAAATGATTTCAGTAAAGGAATGTGCAGCATTAATTAGAATTTGTTAGCAGATAC60 
Mouse CGCATTAAATGATTTCAGTAAAGGAATGTGCAGCATTAATTAGAATTTGTTAGCAGATAC60 
Rat   CGCATTAAATGATTTCAGTAAAGGAATGTGCAGCATTAATTAGAATTTGTTAGCAGATAC60 
 
Human CAAGGGGAAAAGTTTCTTCACAACAACTATAGGAGGTGTCATTTGTACAAAGACTTTTTT120 
Mouse CAAGGGGAAAAGTTTCTTCACAACAACTATAGGAGGTGTCATTTGTACAAAGACTTTTTT120 
Rat   CAAGGGGAAAAGTTTCTTCACAACAACTATAGGAGGTGTCATTTGTACAAAGACTTTTTT120 
 
Human GTTTTCTTTCCCCATTACATTATCACTGCAATATGTAAGGTAGTGATTCTTTTCATTTAA180 
Mouse GTTTTCTTTCCCCATTACATTATCACTGCAATATGTAAGGTAGTGATTCTTTTCATTTAA180 
Rat   GTTTTCTTTCCCCATTACATTATCACTGCAATATGTAAGGTAGTGATTCTTTTCATTTAA180 
 
Human ATTAAGTGGAAAGCTACTAAATCTTGTTTTATTCTCCAAAAAGAATAAGGTCCTTAACAC240 
Mouse ATTAAGTGGAAAGCTACTAAATCTTGTTTTATTCTCCAAAAAGAATAAGGTCCTTAACAC240 
Rat   ATTAAGTGGAAAGCTACTAAATCTTGTTTTATTCTCCAAAAAGAATAAGGTCCTTAACAC240 
 
Human TTATCTTTTAACTTCTTTCATTTCCTAAGGTTGGTGTTTACTTTTGCTTTCAGTC295 
Mouse TTATCTTTTAACTTCTTTCATTTCCTAAGGTTGGTGTTTACTTTTGCTTTCAGTC295 
Rat   TTATCTTTTAACTTCTTTCATTTCCTAAGGTTGGTGTTTACTTTTGCTTTCAGTC295 

uc482(295bp)

Human ATGCACTTGTCGGCCTTCTTATTACATCATGAATTTTGATAAGCCCATTAGCCAGCCAGG60 
Mouse ATGCACTTGTCGGCCTTCTTATTACATCATGAATTTTGATAAGCCCATTAGCCAGCCAGG60 
Rat   ATGCACTTGTCGGCCTTCTTATTACATCATGAATTTTGATAAGCCCATTAGCCAGCCAGG60 
 
Human CAGCCAGGAGGAGGATGTCTTTCTCACTTGATGACTACACAATGAGGAGTAATATATTTT120 
Mouse CAGCCAGGAGGAGGATGTCTTTCTCACTTGATGACTACACAATGAGGAGTAATATATTTT120 
Rat   CAGCCAGGAGGAGGATGTCTTTCTCACTTGATGACTACACAATGAGGAGTAATATATTTT120 
 
Human AATTTAAACACCATAAACCTATTGAGTGCTTAATTAACTTTAACCGTCTTTAGGGGAATG180 
Mouse AATTTAAACACCATAAACCTATTGAGTGCTTAATTAACTTTAACCGTCTTTAGGGGAATG180 
Rat   AATTTAAACACCATAAACCTATTGAGTGCTTAATTAACTTTAACCGTCTTTAGGGGAATG180 
 
Human AAGCCAATTTGAGGGGGTCAAAAGGAGTTGTTTCAATATCAAACAGTTTTACATAGTCAA240 
Mouse AAGCCAATTTGAGGGGGTCAAAAGGAGTTGTTTCAATATCAAACAGTTTTACATAGTCAA240 
Rat   AAGCCAATTTGAGGGGGTCAAAAGGAGTTGTTTCAATATCAAACAGTTTTACATAGTCAA240 
 
Human TCCATTCATTCGGCCTACAGCTACTGATTAACACACAAAATTAACATGTTAGTAAAAATT300 
Mouse TCCATTCATTCGGCCTACAGCTACTGATTAACACACAAAATTAACATGTTAGTAAAAATT300 
Rat   TCCATTCATTCGGCCTACAGCTACTGATTAACACACAAAATTAACATGTTAGTAAAAATT300 
 
Human CATATTC307 
Mouse CATATTC307 
Rat   CATATTC307 

uc329 (307bp)
Variable sizeVariable size



NO APPARENT PHENOTYPENO APPARENT PHENOTYPE

Chimeras

Blastocyst

 

injections

ES cells

Heterozygous KOs

Generation of nonGeneration of non--coding coding ultraconservedultraconserved
 

mouse knockoutsmouse knockouts



General General PhenotypingPhenotyping
 

Reveals No Apparent AbnormalitiesReveals No Apparent Abnormalities

•Fertility: No reduction in 
Homozygous KO numbers

•Body weight measurements

•Longevity: up to 6-12 months

•Pathology

•Clinical Chemistry
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248

Human
chr. 9

uc248 KO PHENOTYPING
-Male sexual development
-Dental

DMRT1

•Dmrt1 KO: -Male sexual development (Genes & Dev 2000, 14:2587-95)

Gene Specific Gene Specific PhenotypingPhenotyping
 

Reveals No Apparent AbnormalitiesReveals No Apparent Abnormalities

DMRT3

•Dmrt3 KO: -Death from starvation due 
to dental malocclusions

-Male sexual development
(N. Ahituv, unpublished)



SUMMARY

•Using comparative genomics we can find distant 
regulatory elements.

•We can do functional assays to test their function.

•Distant regulatory elements are candidates for human 
disease and other phenotypes.

•Future work will link nucleotide changes within these 
elements to human disease and other phenotypes.
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