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This is “the Century of Biology”

EDITORIAL

Unification in the Century of Biology

cientific progress is based ultimately on unification rather than fragmentation of knowl-
edge. At the threshold of what is widely regarded as the century of biology, the life sci-
ences are undergoing a profound transformation. They have long existed as a collection
of narrow, even parochial, disciplines with well-defined territories. Now they are un-
dergoing consolidation, forming two major domains: one extending from the molecule
to the organism, the other bringing together population biology, biodiversity studies, and
ecology. Kept separate, these domains, no matter how fruitful, cannot hope to deliver on the full

www.sciencemag.org SCIENCE WVOL 303 27 FEBRUARY 2004 1257
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We can now cast Biology in “our” terms

BN GGTGGTCCCTCCAGGHCAGGETTGAGGCACATE CHICEnCoEE TETEEEGAARG
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Grand Challenge: Understanding Embryonic Development
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Enter DNA (“Merely the Secret of Life”) ...
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DNA: Functional and Non-Functional

DNA = linear molecule that carries instructions for making
living organisms ~ long string(s) over a small alphabet

Alphabet of four {A,C,G,T}  Strings of length 104-10""

..ACGTACGACTGACTAGCATCGACTACGACTAGCAC...

“unk” DNA Junk” DNA

http://bejerano.stanford.edu



One Cell, One Genome, One Replication

Every cell holds a single copy of all its DNA = its genome.
The genome is replicated every cell division.
The human body is made of ~10'* cells.

All originate from a single cell through cell division.

DNA
. €99
string

cell -_:’

cell
division

all DNA \w
» Hiry chicken = 10" copies €99
(DNA)  of egg (DNA)@%
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Comparative Genomics

“Nothing in Biology Makes Sense

Except in the Light of Evolution”
Theodosius Dobzhansky
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DNA Replication is Imperfect

Small Scale: single letters are substituted, erased, added

junk functional

..ACGTACGACITGACTAGCATCGACTACGA...

chicken TT CAT
egd(D) ... ACETACGACTGARTAGCATCGACTACGA. ..
< “anything many changes

-
-
-
-
-
-
-
~ o~ -
o -—
e - —

thus, sequence conservation over generations = function!
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Sequence Conservation implies Function

Comparative Genomics of Distantly related species:
functional region!

human @ .. -CTTITGCGA-TGAGTAGCATCTACTATTT . . .

mammalian
ancestor

TGGGACTGACTA-CATCGACTACGA. .

(but which function/s?...)

http://bejerano.stanford.edu



The Human Genome is Full of Mysteries

Human
Genome: 1.5%
3*10° letters known compare to other species

function  >90%

junk @

>5% human genome functional

3x more functional DNA than known!

But what do these ~10’ substrings do??

[Science 2004 Breakthrough of the Year, 5 runner up]

http://bejerano.stanford.edu 10



Genes = How to make Proteins

gene

DNA

“the workhorses of every living cell”

http://bejerano.stanford.edu
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DNA Replication is Imperfect (contq)

Medium Scale: substrings are duplicated, deleted, inverted
Large Scale: whole DNA strings are duplicated, deleted

junk functional

..ACGTACGACTGACTAGCATCGACTACGA...

SUbString / \
duplication

functional functional
...ACGTACGACTGACTAGCATCGACTACIGA........ TCTGACTAGCATCGACTACGA...
functional |
divergence functional’ i functional”

v —_—
...ACGTACGACTG\C?KGCATCGACTACGA ........ TCTGA@TAGCATC‘,’GA\TACGA...

So...More Genes...More Complexity!...Right?

http://bejerano.stanford.edu 12



Genes & Complexity

Gene numbers do not correlate with
organism complexity.
Many gene families are surprisingly old.

V4 1 ?3 104 cells
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Gene regulation = when/where to make protein

gene (how to)

[] control region
(when & where)

DNA

~103 letters

protein

http://bejerano.stanford.edu 14



Vertebrate Gene Regulation

gene (how to)

[] control region
~106 letters!! (when & where)

DNA

~103 letters

crucial regulation
many thousands
previously invisible

protein
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Regulatory regions drive morphological diversity

Gene numbers do not correlate with “Regulatory sequence evolution must be
organism complexity. the major contribution to the evolution of
Many gene families are surprisingly old.  form.” [carroll, Wilson memorial lecture, PLoS Biol, 2005]
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Embryonic Development and the Genome
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Many thousands of human conserved elements

congregate en-masse near developmental genes.
[Eg, Dog Genome Paper, Nature, 2005; Bejerano et al., Nature Methods, 2005]

gene desert

regulatory jungle
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DNA Replication is Imperfect (reminder)

Medium Scale: substrings are duplicated, deleted, inverted
Large Scale: whole DNA strings are duplicated, deleted

junk functional

..ACGTACGACTGACTAGCATCGACTACGA...

SUbString / \
duplication

functional functional
...ACGTACGACTGACTAGCATCGACTACIGA........ TCTGACTAGCATCGACTACGA...
functional |
divergence functional’ i functional”

v —_—
...ACGTACGACTG\C?KGCATCGACTACGA ........ TCTGA@TAGCATC‘,’GA\TACGA...
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The Power of Computation

sequence
similar

human

genome
* similar function

- tale telling differences

» figure out one and you have
a working hypothesis for all

http://bejerano.stanford.edu 19



The Power of Computation

sequence
similar

human

genome
* similar function

- tale telling differences

» figure out one and you have
a working hypothesis for all

“thing”
family

http://bejerano.stanford.edu 20



The Power of Computation

human

genome
* similar function

- tale telling differences

» figure out one and you have
a working hypothesis for all

* “guilt by association” anchoring
to genes (annotated landmarks)

“thing” gene
family family

http://bejerano.stanford.edu 21



Families of Conserved Non Coding Elements

Cast as clustering problem
Find 12,000 novel families

human
genome

7
TULUE AR IR \/
» »
»
\V/ :
“thing” [Bejerano et al., ISMB 2004]
family

http://bejerano.stanford.edu



A Computational Question

related elements ated
(75%|d over 200bp) related genes

human
mouse
rat
same element same element
96%id over 200bp 95%id over 200bp

Classical Biological approach: experiment to understand these regions
Computational approach: how many regions like this are there?

http://bejerano.stanford.edu 23



Ultraconserved Elements

Hundreds of long substrings identical between human-birds ﬁ-
=» they must have rejected many different changes.

. . fm o
But... all functions we understand in our genome are L=

encoded using redundant codes.

E.g. Protein Coding Genes:

DNA — 108 letters
over alphabet of 4.

Protein — 102 |etters
over alphabet of 20

http://bejerano.stanford.edu [Bejerano et al., Science 2004] 24



Computational Hypotheses

Based on public domain genome wide data:

one subset
codes protein

ultraconserved
elements
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Computationally Driven Biology simplified
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Origins of Ultraconserved Elements?
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Genomic Distribution of Ultraconserved Elements
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Uniquely Abundant in Coelacanth

Dog
Opossum
Chicken

v Frog

Lungfish

W Coelacanth

X Zebrafish
j Sea Squirt

&
Yoo EdE S
0 (.. (..
¢ o“" % «\\q@ c? 0"‘ o‘ @

Upto 80%id between Coelacanth instances
and some human instances, inc uc.338.

Euarchontoglires

Placental Mammals

Species UCSC | LF-SINE Species UCSC | LF-SINE

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
Monaodelphis demestica | monDoml | Yes Caenorhabditis elegans ) No
Gallus gallus galGal2 Yes Saccharomyces cerevisioe | sacCerl No

Xenopus tropicalis | xenTrol Yes

0 100 200 300 400 500 600
Million Years Ago

J 100 diverged copies in a Gigabase
W 60 highly similar copies in a Megabase

http://bejerano.stanford.edu
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Repeats / mobile Elements ('seifish DNA")

| P
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N 11y N
n— M—nm
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Human
Genome: 1.5%

3*10° letters known
function ~ >50%

/ junk
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The LF SINE (for Lobefin Fish / “Living Fossil")
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>360My Old and Going Strong

)

Y k‘oo $
0 i \'P £
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Upto 80%id between Coelacanth SINE
and some human instances, inc uc.338.

4 Human Species UCSC | LF-SINE Species UCSC | LF-SINE
Chimp ™\ primates Assembly | Detected Assembly | Detected
Mouse . /YEuarchontogires Homo sapiens hgl7 Yes Danio rerio danRer? No
Pan troglodytes panTrol Yes Tetraodon nigroviridis tetNigl No
J Rat Placentalfgami Macaca mulatta rheMacl Yes Takifugu rubripes frl No
Dog Mus musculus mm6 Yes Ciona intestinalias cl No
Opossum Rattus norvegicus m3 Yes || Strongylocentrotus purpuratus | strPurl No
Chicken Canis familiaris canFaml |  Yes Drosophila melanogaster dm2 No
Bos taurus bosTaul Yes Anopheles gambiae anoGaml | No
M Frog Monaodelphis demestica | monDoml | Yes Caenorhabditis elegans ) No
Lungfish / Gallus gallus galGal2 Yes Saccharomyces cerevisioe | sacCerl No
Xenopus tropicalis | xenTrol Yes

W Coelacanth~ f j ) B rtebrates
X Zebrafish

j Sea Squirt —0 B

0 100 200 300 400 500 600
Million Years Ago

Stl cuny afeo abl these ans
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Cis-reg & Ultra elements from @hobile Elements

[N
T an

I M ‘0
M || I
I M [N——11}
—_— —[T—11}

\

All other copies
are destined to

decay over time
at a neutral rate

Co-option event,
probably due to
favorable genomic
context

e —————— ——— =53

[Yass is a small town in
New South Wales, Australia.]
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Exapted Into Which Cellular Roles?
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Instance 500kb Downstream of ISL1
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ISL1 is a neuro-developmental gene, also expressed in testis.

Three previously known enhancers are conserved across vertebrates.
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Repeat made Regulatory Region
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From junk DNA to pathway recruitments?

127

REPETITIVE AND NON-REPETITIVE DNA
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The Co-Optionome

guantify co-option
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bjective: Marry Development & Genomics
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Bejerano Lab: Research Interests

Many thousands of human conserved elements
congregate en-masse near developmental genes.

y

A\ 4

A4

Origins & Evolution

Functions & Encoding

Break regulatory code

Contribution to
Human Disease

http://bejerano.stanford.edu
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Bejerano Lab: Research Interests

Many thousands of human conserved elements
congregate en-masse near developmental genes.

A4

y A\ 4

Contribution to

Origins & Evolution Functions & Encoding

Human Disease

Break regul atory code Bt Tabls Gene Sorter PR DNk Conve
Provide tools to community UCSC Genome Browser o Human Mar. 2006 Assembly

move | ¢ ...I.. i .... om it ...
s TR 0SE o o seS0003t0 rge|

ik (id)

thousands and thousands of
page requests served daily
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Bejerano Lab: Research Interests

Many thousands of human conserved elements
congregate en-masse near developmental genes.

A4

y A\ 4

Contribution to

Origins & Evolution Functions & Encoding

Human Disease

Break regulatory code
Provide tools to community
Improve human health
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== Kudos

UC Santa Cruz | McGill U.

David Haussler Mathieu Blanchette
Sofie Salama, Jim Kent, Craig Lowe,

Bryan King, Adam Siepel, Jakob Pedersen  penn State U.
Katie Pollard, Courtney Onodera Webb Miller's group
Rachel Harte, Genomics/Browser Group

Lawrence Berkeley Labs U. Queer.]SIand
Eddy Rubin John Mattick’s group

Nadav Ahituv

Genome Sequencing Consortia
All GenBank contributors
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