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Regulatory�evolution�vs.�
comparative genomicscomparative�genomics

• Evolutionary�biologists�care�about�the�pufferfish!
• What�makes�the�pufferfish�special?

• What�are�the�genetic�differences�that�ensures�
that�one�genome�makes�a�pufferfish�and�another�
genome makes a snapper?genome�makes��a�snapper?

• Regulatory�evolution�considers�the�evolutionary�
changes in gene activity (as opposed to proteinchanges�in�gene�activity�(as�opposed�to�protein�
function)�

experiments begin 
to reveal the 
organization of 
regulatoryregulatory
information in the 
genome

Small�et�al.�1992



How�is�gene�regulation�encoded�in�the�

Cluster�of�cis�
regulatory

genome?�
regulatory�
sequences

+
Signals�from�
trans
regulators

Pattern�of�
regulation

Small et al. 1992
Space

Enhancers (or cis�regulatory modules)Enhancers�(or�cis regulatory�modules)

• 500bp�2000bp pieces of non�coding DNA500bp 2000bp�pieces�of�non coding�DNA�
carried�in�cis that�specify�patterns�of�gene�
activity

• Typically�contain�multiple�binding�sites�for�
multiple�trans�acting�transcription�factors�that�
together�specify�the�pattern

• These�modules�are�often�associated�with�
clusters�of�conserved�regions�in�non�coding�
DNA

Back to regulatory evolutionBack�to�regulatory�evolution

• Comparison of in situ hybridization patternsComparison�of�in�situ�hybridization�patterns�
from�related�species�shows�striking�
correlations between morphological evolutioncorrelations�between�morphological�evolution�
and�changes�in�gene�expression

• 3�examples

chick python

Cohn & Tickle Nature 1999



Observation:Observation:

Changes in gene expression of keyg g p y
developmental  regulators are associated 
with morphological differences between 
related organisms

I l th h i iIn general, the changes in expression
are of highly conserved regulatory 
proteins: Hox Bmp Shh etcproteins: Hox, Bmp, Shh, etc.

The big idea: cis�regulatory evolutionThe�big�idea:�cis regulatory�evolution

• Modular�nature�of�regulatory�information�
means that changes of cis regulatory modulesmeans�that�changes�of�cis�regulatory�modules�
could�alter�only�a�specific�part�of�the�gene�
expression with few pleiotropic effectsexpression�with�few�pleiotropic�effects.

• Mutations�in�the�protein�of�trans�acting�
factors�would�have�not�this�property��



Can�we�put�the�pieces�of�the�cis�regulatory�
l i d l h ?evolution�model�together?

• Identify the specific changes in DNA that areIdentify�the�specific�changes�in�DNA�that�are�
responsible�for�the�changes�in�gene�expression

• These DNA differences are responsible for the• These�DNA�differences�are�responsible�for�the�
evolutionary�differences�between�species!

• 4�(+1)�examples



All�of�these�cases�connect�chances�in�pigmentation�
b t i t ifi h i l t DNAbetween�species�to�specific�changes�in�regulatory�DNA

• None of them show evidence for naturalNone�of�them�show�evidence�for�natural�
selection�having�cause�the�changes�between�
speciesspecies

V f i i f l l i• Very�few�convincing�cases�of�natural�selection�
acting�on�regulatory�sequences



Evolution of regulatory sequencesEvolution�of�regulatory�sequences

• Should be easy to find more examples: justShould�be�easy�to�find�more�examples:�just�
look�for�known�enhancers�that�have�many�
sequence differences !sequence�differences�!

E l i f l DNA b• Evolution�of�regulatory�DNA�turns�out�to�be�
complicated…

Binding�sites�seem�to�have�
surprising�diversity…

But�expression�patterns�don’t�
hchange…

Compensatory�changes�preserve�function

eve stripe 2 enhancer

Binding siteBinding site
changes that 
don’t seemdon t seem
to change 
functionfunction

D. melanogaster D. pseudoobscura
Ludwig et al. Nature 2000



Compensatory�changes�preserve�function

ChimericChimeric
enhancers
don’tdon t
function
properlyproperly

More�studies�of�transcription�factor�
binding�site�evolution

• Dermitzakis & Clark studied human & mouseDermitzakis�&�Clark�studied�human�&�mouse�
binding�sites�in�promoters

• I�studied�binding�sites�in�yeast�promotersg y p
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Motifs evolve slower than
the surrounding sequence
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Systematic�analyses�of�binding�site�evolution

• Combine�large�sets�of�binding�sites�from�chip�
chip with genomic alignments of non�codingchip�with�genomic�alignments�of�non�coding�
regions
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Kim�et�al.�PLoS�Genetics�2009Evolutionary�distance

Binding site turnoverBinding�site�turnover

• Major�current�challenge�in�regulatory�
evolution�field

• Hard�to�distinguish�‘neutral’�binding�site�
changes that preserve functionchanges�that�preserve�function�
(stabilizing�selection)�from�those�that�lead�
to species specific differences into�species�specific�differences�in�
expression��

Systematic�studies�reveal�changes�y g
in�regulatory�networks

• Regulatory�networks�controlling�genes�with�highly�
conserved�functions�also�change�over�evolution

• E g ribosomeE.g.,�ribosome



Tanay et al. PNAS 2005



Ihmels et al. Science 2005

ConclusionsConclusions

• Regulatory�changes�underlie�evolutionary�
differences�in�function

• Both�cis�regulatory�regions�and�trans�
regulatory factors can change overregulatory�factors�can�change�over�
evolution�without�leading�to�differences�
in functionin�function


