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RÉGULATION ET CONSERVATION



Signaux de régulation de transcription

Motifs II ? IFT6299 A2006 ? UdeM ? Miklós Csűrös 2

éléments trans-régulateurs (facteurs de transcription) et séquences cis-régulatrices
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R E V I EW S

ORTHOLOGY

Two sequences are orthologous
if they share a common ancestor
and are separated by speciation.

PHYLOGENETIC FOOTPRINTING 

An approach that seeks to
identify conserved regulatory
elements by comparing genomic
sequences between related
species.

MACHINE LEARNING

The ability of a program to learn
from experience — that is, to
modify its execution on the basis
of newly acquired information.
In bioinformatics, neural
networks and Monte Carlo
Markov Chains are well-known
examples.

Identification of regions that control transcription
An initial step in the analysis of any gene is the identifi-
cation of larger regions that might harbour regulatory
control elements. Several advances have facilitated the
prediction of such regions in the absence of knowl-
edge about the specific characteristics of individual cis-
regulatory elements. These tools broadly fall into two
categories: promoter (transcription start site; TSS)
and enhancer detection. The methods are influenced
by sequence conservation between ORTHOLOGOUS genes
(PHYLOGENETIC FOOTPRINTING), nucleotide composition and
the assessment of available transcript data.

Functional regulatory regions that control transcrip-
tion rates tend to be proximal to the initiation site(s) of
transcription. Although there is some circularity in the
data-collection process (regulatory sequences are sought
near TSSs and are therefore found most often in these
regions), the current set of laboratory-annotated regula-
tory sequences indicates that sequences near a TSS are
more likely to contain functionally important regulatory
controls than those that are more distal. However, specifi-
cation of the position of a TSS can be difficult. This is fur-
ther complicated by the growing number of genes that
selectively use alternative start sites in certain contexts.
Underlying most algorithms for promoter prediction is a
reference collection known as the ‘Eukaryotic Promoter
Database’ (EPD)4. Early bioinformatics algorithms that
were used to pinpoint exact locations for TSSs were
plagued by false predictions5. These TSS-detection tools
were frequently based on the identification of TATA-box
sequences, which are often located ~30 bp upstream of a
TSS. The leading TATA-box prediction method6, reflect-
ing the promiscuous binding characteristics of the TATA-
binding protein, predicts TATA-like sequences nearly
every 250 bp in long genome sequences.

A new generation of algorithms has shifted the
emphasis to the prediction of promoters — that is,
regions that contain one or more TSS(s). Given that
many genes have multiple start sites, this change in
focus is biochemically justified.

The dominant characteristic of promoter sequences
in the human genome is the abundance of CpG dinu-
cleotides. Methylation plays a key role in the regulation
of gene activity. Within regulatory sequences, CpGs
remain unmethylated, whereas up to 80% of CpGs in
other regions are methylated on a cytosine. Methylated
cytosines are mutated to adenosines at a high rate,
resulting in a 20% reduction of CpG frequency in
sequences without a regulatory function as compared
with the statistically predicted CpG concentration7.
Computationally, the CG dinucleotide imbalance can be
a powerful tool for finding regions in genes that are
likely to contain promoters8.

Numerous methods have been developed that
directly or indirectly detect promoters on the basis of
the CG dinucleotide imbalance. Although complex
computational MACHINE-LEARNING algorithms have been
directed towards the identification of promoters, simple
methods that are strictly based on the frequency of CpG
dinucleotides perform remarkably well at correctly pre-
dicting regions that are proximal to or that contain the

does not reveal the entire picture. There is only partial
correlation between transcript and protein concentra-
tions3. Nevertheless, the selective transcription of genes
by RNA polymerase-II under specific conditions is cru-
cially important in the regulation of many, if not most,
genes, and the bioinformatics methods that address the
initiation of transcription are sufficiently mature to
influence the design of laboratory investigations.

Below, we introduce the mature algorithms and
online resources that are used to identify regions that
regulate transcription. To this end, underlying meth-
ods are introduced to provide the foundation for
understanding the correct use and limitations of each
approach. We focus on the analysis of cis-regulatory
sequences in metazoan genes, with an emphasis on
methods that use models that describe transcription-
factor binding specificity. Methods for the analysis of
regulatory sequences in sets of co-regulated genes will
be addressed elsewhere.We use a case study of the human
skeletal muscle troponin gene TNNC1 to demonstrate
the specific execution of the described methods. A set of
accompanying online exercises provides the means for
researchers to independently explore some of the meth-
ods highlighted in this review (see online links box).
Because the field is rapidly changing, emerging classes of
software will be described in anticipation of the creation
of accessible online analysis tools.

Distal TFBS

Proximal TFBS

Transcription
initiation complex Transcription

initiation

CRM
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Figure 1 | Components of transcriptional regulation. Transcription factors (TFs) bind 
to specific sites (transcription-factor binding sites; TFBS) that are either proximal or 
distal to a transcription start site. Sets of TFs can operate in functional cis-regulatory 
modules (CRMs) to achieve specific regulatory properties. Interactions between bound TFs
and cofactors stabilize the transcription-initiation machinery to enable gene expression. 
The regulation that is conferred by sequence-specific binding TFs is highly dependent on the
three-dimensional structure of chromatin.

TFBS : site de liaison de facteur de transcription ; CRM : module cis-régulatoire

Wasserman & Sandelin Nat Rev Genet 5 :276 (2004)
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animation (enhancer) : http ://www.maxanim.com/genetics/

http://www.maxanim.com/genetics/Transcription%20and%20Enhacers/Transcription%20and%20Enhacers.swf
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Comment peut-on mesurer le succès de recherche de sites de liaison ?

Validation experimentale [site connu] : vérifier la liaison pour les sites dans le labo
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On trouve beaucoup d’instances par un modèle de site de liaison de type PSSM.

Est-ce que c’est le modèle que n’est pas assez spécifique ou plutôt le facteur de
transcription ?

Tronche & al J Mol Biol 266 :231 (1997)
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C’est vraiment aussi non-spécifique (0.1% des instances avec un rôle régulatoire)

Tronche & al J Mol Biol 266 :231 (1997)
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Validation experimentale [prédiction de novo] : utiliser des sites connus, compiler
des données de test

nTP, nFN, nTN, nFP (nuclétoides, {false, true} × {pos, neg})
sTP, sFN, sFP (sites)

sensibilité (sensitivity) : xSn = xTP
xTP+xFN avec x=s (site) ou x=n (nucléotide)

valeur prédictive xPPV = xTP
xTP+xFP

coefficient de performance xPC = xTP
xTP+xFP+xFN

Problème : il y a des inconnus inconnus — on ne connaı̂t pas tous les sites de liaison
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(humain, souris, mouche, levure ; pas comparative)

Tompa & al. Nat Biotech 23 :137 (2005)
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In this study, we evaluated the accuracy of the best pre-
diction out of top five scoring predictions. This is because in
practice biologists can test five candidate motifs by experi-
ments if they know the correct sites are included in the top
five predictions with a reasonably high probability (accuracy).
But for comparison, we also reported the statistics of the
accuracy of the top-scoring motifs in Table 2.

First, it is evident that on average the top-scoring motif is not
the best prediction. For example, in the case of MotifSampler
the top-scoring motif corresponds to the best prediction in only
45% of the cases. Second, the discrepancy of the accuracy
between the best and the worst prediction is relatively larger
for AlignACE, MEME and MotifSampler, and the mean
accuracy of them are lower than the other two algorithms.
We found that this is resulted from the way these three
algorithms find the next best-scoring motifs: once the top-
scoring motif is found, its positions are masked out so that
no subsequent sites are overlapped with them. Therefore,
averaging the accuracy of the multiple top-scoring motifs is
disadvantageous for the three algorithms.

Scalability

The scalability concerns how the algorithm performance
changes with the increase of the number of sequences, the
motif width and the sequence length.

We generated eight types of datasets with different margin
sizes (extending on both sides of target motifs) of 20, 50, 100,
200, 300, 400, 500 and 800. Hence, the total sequence length is
the target motif width plus twice the margin size. Each type

has 70 motif groups with at least two sequences in a dataset.
We run the five algorithms with the same parameter settings as
in the previous section.

Figure 6 shows the prediction accuracy at the nucleotide
and binding site levels. First at the nucleotide level, the per-
formance of all the algorithms decreases significantly as the
sequence length increases (Figure 6a). When the margin size is
< 200 nt, all algorithms except for AlignACE showed a sim-
ilar performance. What is interesting is that when the margin
size becomes larger than 400 nt, BioProspector, MDScan and
MEME become the best algorithms, while MotifSampler and
AlignACE become quite ineffective. Note that AlignACE
and MotifSampler are all based on Gibbs sampling strategy
while MEME and MDScan have an enumerative component
in their search strategy. This performance discrepancy shows
that for long input sequences, Gibbs sampling strategy tends to
become too inefficient to identify the binding sites correctly.

At the binding site level, BioProspector, MDScan and
MEME are the best algorithms, especially when the sequence
length (double margin size) becomes >300 nt (Figure 6b).
Figure 7 shows the motif level success rates with respect

Table 2. The statistics of the top five predictions in terms of nPC on

ECRDB62A set

Algorithm Best Worst Mean Standard
deviation

Top-scored

AlignACE 0.128 0.029 0.072 0.045 0.083
BioProspector 0.174 0.097 0.124 0.041 0.130
MDScan 0.149 0.068 0.106 0.034 0.099
MEME 0.158 0.002 0.054 0.069 0.116
MotifSampler 0.153 0.010 0.062 0.065 0.069

Figure 6. Scalability in terms of Performance coefficient (PC)with respect to the input sequence length (margin size). (a) nPC at nucleotide level; (b) sPC at binding
site level.

Figure 7. Motif level success rate (mSr) with respect to the sequence length
(margin size).

4906 Nucleic Acids Research, 2005, Vol. 33, No. 15

(E. coli ; succès en fonction de la longueur de séquence)

Hu & al Nucleic Acids Res 33 :4899 (2005)
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Principe de génomique comparative : éléments fonctionnels sont plus conservés
(séléction négative) que les éléments non-fonctionnels (évolution neutre)

Miller & al. Annu Rev Genomics Hum Genet 5 :15 (2004)
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Est-ce que les signaux cis évoluent plus lentement ?

Evolution of Transcription Factor Binding Sites 1117

FIG. 1. (Continued)—b, Regulatory regions with available functional data for both human and rodent. Arrows indicate the species in which
the binding site is functional.

human-rodent analysis was done including alignment
gaps because we are interested in how different the se-
quences are in the species compared and not how the
substitutions occurred.

Comparative Functional Analysis for Human and
Rodents

Data were collected from the primary literature. We
restricted the analysis to studies that tested the function
and binding ability of binding sites with the same cri-
teria and methods. The criteria for the validity of the
function of transcription factor binding sites were as
strict as that for the human collection of binding sites.
From 20 genes we collected data on 64 binding sites
that align between human and rodent, 33 of which share
function between human and rodents, 14 that are func-
tional in humans only (human specific), and 17 that are

rodent specific (see Supplementary Data for references
and GenBank accession numbers of the regulatory re-
gion sequences).

Results

We analyzed 51 gene regulatory regions in which
sequence data are available for human and at least one
other primate species or rodent. We used a set of binding
sites in these 51 human gene regulatory regions that had
strong experimental evidence for a functional role, de-
rived from footprinting, gel-shift assays accompanied by
at least one other functional confirmation from either
promoter deletion experiments, directed mutagenesis as-
says, or ability to drive expression in reporter genes. For
each regulatory region we used interspecific sequence
alignments produced by ClustalW (for primates) or
PipMaker (for rodents) followed by manual optimiza-

Dermitzakis & Clark Mol Biol Evol 19 :1114 (2002)
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1. le taux d’évolution est variable

Evolution of Transcription Factor Binding Sites 1119

FIG. 2.—a, Distribution of divergence within binding sites for
human-macaque; b, Distribution of variance from 1,000 simulations of
a random Poisson process of substitution within binding site sequence
for the human-macaque divergence level; the observed value is indi-
cated with a vertical line.

FIG. 3.—Distribution of divergence within binding sites: a, for all
the data between human-rodents; c, for the binding sites with shared
function between human-rodents; d, for the binding sites with species-
specific function in human and rodents.

Our data collection method was not biased with
respect to functional conservation. Assuming that the
comparative studies available in the primary literature
are not biased either, we can estimate the proportion of
binding sites that do not have shared function between
human and rodents. An average of 15.5 sites are species
specific (average of 14 human specific and 17 rodent
specific) in a total of 33 ! 15.5 " 48.5 functional sites
present in each species. From this we can calculate that
32% (15.5/48.5) of the functional sites in either human
or rodents are not functional in the other species. This
is probably an underestimate because observation of the
primary literature suggests that most studies consider the
conservation in the mechanisms of regulation between
human and rodents as null hypothesis; therefore, a
strong pattern of functional divergence has to be present
so that it is observed and reported.

In order to bypass this bias, we used another meth-
od to estimate the proportion of species-specific binding
sites, this time taking into account the distribution of
divergence of each of the two functional classes of the
64 binding sites (shared function vs. species-specific
function). We used these distributions to define the prob-
ability of shared function of a binding site between spe-
cies, given a value of divergence of the functional se-
quence from the other species sequence. For each func-
tional class we counted the number of occurrences for
each interval of divergence equal to 0.1 (e.g., 0.00–0.10,
0.11–0.2, 0.21–0.3 etc) and calculated the proportion of
values that fall within this interval for each class. We
then estimated the probability that a site does not share

function in the two species compared, by dividing, for
each interval, the proportion of the species-specific val-
ues in this interval with the sum of proportions of spe-
cies-specific and shared values for the same interval. We
then used the data from the other subset of the data for
which there was functional information only for the hu-
man binding sites and computed the predicted number
of sites with species-specific function by multiplying the
probability defined above with the number of binding
sites observed within the same interval of divergence.
A total of 38 out of 96 binding sites were estimated to
be human specific (40%), similar to the experimental
estimate.

Discussion

The results of the present study shed light on long-
standing questions about the processes of evolution of

(comparaison de la variance de divergence entre séquences aléatoires et vraies)

2. divergence (Kimura 2P) entre humain et souris TF : 0.27± 0.18, synonyme :
0.47± 0.17, non-syn : 0.09± 0.1, background : 0.4± 0.18

3. turnover : à peu près 1/3 des sites sont spécifique à un des espèces (humain ou
souris)

Dermitzakis & Clark Mol Biol Evol 19 :1114 (2002)
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enhancer du gène eve dans Drosophila

!"##"$% #& '(#)$"

!"#$%& ' ()* +,- ' - .&/%$"%0 1,,, ' 22234567893:;< *+*

47<=98 54> ?@56A5B :;4CD7856A;4 ;E =A4>A4D ?A69? 2A6FA4 54
9B9<946G3

H4 5 :;<@58A?;4 ;E I- ?@9:A9?J 4;49 ;E 6F9 IK ?78L9M9> !"
#$%&'()&*+$, =A4>A4D ?A69? A? :;<@B969BM :;4?98L9> N.AD3 I5O3 P;?6
9Q@98A<9465BBM L98AC9> =A4>A4D ?A69? F5L9 5::7<7B569> @;A46 ?7=R
?6A676A;4?J 54> 6F899 589 89:;D4AS5=B9 A4 ;4BM 5 ?7=?96 ;E 65Q53 &5:F
T1& 5B?; >AEE98? A4 6F9 ?@5:A4D =962994 =A4>A4D ?A69?UJI,3 V9?@A69
6F9?9 >AEE9894:9?J ;78 @89LA;7? 9Q@98A<946? 2A6F 89@;8698 :;4?687:6?
;E 456AL9 T1&? ;E E;78 ?@9:A9? ?F;29> 6F56 95:F 94F54:98 >8AL9?
89@;8698RD949 9Q@89??A;4 56 6F9 A>946A:5B 6A<9 54> B;:56A;4 A4 958BM
!" #$%&'()&*+$, =B5?6;>98< 9<=8M;?U N?99 5B?; .AD3 IO3

V;9? 6FA?<954 6F56 6F9 ?7=?6A676A;45B >AEE9894:9? =962994 ?@9:A9?
589 E74:6A;45BBM A4:;4?9W7946A5BX #; 54?298 6FA? W79?6A;4J 29

E;:7?9> ;78 A4L9?6AD56A;4 ;4 :;<@58A?;4 ;E 456AL9 54> :FA<598A:
?68A@9 1 9B9<946? ;E !" #$%&'()&*+$, 54> !" -*$./((0*1.,&J 2F;?9
<;?6 89:946 :;<<;4 54:9?6;8 ;::7889> +,YK, <ABBA;4 M958? 5D;II3
#F9?9 ?@9:A9? 2989 :F;?94 E;8 6FA? 545BM?A? =9:57?9 ;78 :;<@5856AL9
=A4>A4DR?A69 @89>A:6A;4<96F;> N?99P96F;>?O A4>A:569> @;6946A5BBM
A<@;86546 >AEE9894:9? A4 6F9 T1&?J A4:B7>A4D 6F9 5=?94:9 ;E 6F9 =:>R
- ?A69J 6F9 @89?94:9 ;E 5 492 Z8 ?A69 54> 89>7:6A;4? A4 BA[9BAF;;>
@;6946A5B? E;8 =:>R+J =:>R1J Z8R+ 54> F=R- ?A69? A4 !" -*$./((0*1.,&
89B56AL9 6; !" #$%&'()&*+$,3

#F9 62; 456AL9 T1& ?9W794:9? T1&N<O 54> T1&N@OJ 2F989< 54> @
89E98 6; !" #$%&'()&*+$, 54> !" -*$./((0*1.,& 89?@9:6AL9BMJ 2989
@B5:9> A4 5 89@;8698RD949 :;4?687:6 6F56 5B?; A4:B7>9> 54 A469845B
:;468;B E;8 @;?A6A;4 9EE9:6UJI13 #F9?9 62; 456AL9 :;4?687:6? 9Q@89??9>

!"#$%& ' !"#$%&&'() (* )+,'-% +). /0'1+%$'/ !"! &,$'#% 2 %3%1%),& *$(1 #$ %!&'()*'+,!-

+). #$ .+!/0))1+2/-'4 (5 63'7)1%), (* !"! &,$'#% 2 %)0+)/%$ $%7'()& ') #$ %!&'()*'+,!-

81%39 +). #$ .+!/0))1+2/-' 8#&%94 :(,& ').'/+,% 7+#& ') +3'7)%. &%;<%)/%&4 =0% >').')7

&',%& ') #$ %!&'()*'+,!- *($ ,0% ,$+)&/$'#,'() *+/,($&5 >'/('. 8?@5 >3<%95 0<)/0>+/A 8B?5

$%.95 C$<##%3 8CD5 7$%%)9 +). 7'+), 8E=5 >3+/A95 +$% &0(F) +>(-% ,0% &%;<%)/%4 =0%

/()&%$-+,'-% G?3(/A HI F+& <&%. ,( /$%+,% ,F( /(1#3%1%),+$J /0'1+%$'/ %)0+)/%$&5

.%&'7)+,%. K2!81HL#29 +). K2!8#HL1295 F0%$% 83L49 /($$%&#().& ,( &#%/'%& 3 .'&,+3

&%71%), /())%/,%. ,( &#%/'%& 4 #$("'1+3 &%71%),4 K,+$& .%)(,% /()&%$-%. )</3%(,'.%& (*

HM #-)+).56&' &#%/'%& 8#$ %!&'()*'+,!-5 #$ +6%/&'(+5 #$ %'/-6,6'('5 #$ +!25!&&6'5 #$

!-!2,'5 #$ )-!('5 #$ 4'7/1'5 #$ ,!6++6!-65 #$ ,'7'5'+5665 #$ '('('++'!5 #$ .+!/0))1+2/-'5

#$ "6-6&6+5 +). #$ .62,62)-(6+94 =0% #$%.'/,%. #$ .+!/0))1+2/-' C$ &',% '& ').'/+,%. ') 7$%%)

,%",4 )N*5 @(1#+$'&() (* &'28 1DO6 %"#$%&&'() .$'-%) >J )+,<$+3 &,$'#% 2 %)0+)/%$&

*$(1 #$ %!&'()*'+,!- +). #$ .+!/0))1+2/-' F',0 ,0+, .$'-%) >J /0'1+%$'/ &,$'#% 2

%)0+)/%$& K2!81HL#29 +). K2!8#HL1294 !-%)L&A'##%. #$(,%') 8>$(F)9 +). &'28 1DO6

8#<$#3%9 +$% &'1<3,+)%(<&3J .%,%/,%. ') ,0% %1>$J(& ,$+)&*($1%. F',0 ,0% &,$'#% 2

%)0+)/%$& +). #$ %!&'()*'+,!- &,$'#% M! P %)0+)/%$N &'28 7%)% *<&'()4 !1>$J(& F%$%

&%3%/,%. ,( >% +, ,0% &+1% ,'1% #('), ') .%-%3(#1%), >J /0((&')7 ()%& ') F0'/0 ,0% )+,'-%

%-% #$(,%') &,$'#%& M +). P +). ,0% &'28 &,$'#%& /(')/'.%.5 +). >J (>&%$-')7 ,0% %",%), (*

/%33<3+$'Q+,'()4 )N+5 K,$'#% 2 %)0+)/%$ *$(1 #$ %!&'()*'+,!-R &N#5 &,$'#% 2 %)0+)/%$

*$(1 #$ .+!/0))1+2/-'R ,N-5 /0'1+%$'/ K2!8#HL129 %)0+)/%$R .N*5 /0'1+%$'/ K2!81HL

#29 %)0+)/%$4 )5 &5 ,5 .5 K+7',,+3 *(/<&R &5 /5 "5 05 0'70%$ 1+7)'S/+,'() ') &<#%$S/'+3 *(/<&

(* &,$'#%& 2 +). M *$(1 ,0% %1>$J(& ') )5 &5 ,5 .4 +5 #5 -5*5 K/0%1+,'/ #$%&%),+,'()& (*

,0% )+,<$+3 +). /0'1+%$'/ &,$'#% 2 %)0+)/%$& +). >').')7L&',% 3'A%3'0((. #$%.'/,'() (* ,0%

%)0+)/%$ /()&,$</,&4 K(3'. >3+/A 3')%& ').'/+,% ,0% #$ %!&'()*'+,!- %)0+)/%$ &%;<%)/%4

K(3'. #')A 3')%& ').'/+,% ,0% #$ .+!/0))1+2/-' %)0+)/%$ &%;<%)/%&4 T(&','-% +). )%7+,'-%

-+3<%& ') ,0% #3(,& /($$%&#(). ,( #<,+,'-% >').')7 &',%& () ,0% #3<& &,$+). +). 1')<&

&,$+).5 $%&#%/,'-%3J4 =0% ($.')+,% $%#$%&%),& ,0% 3(7L3'A%3'0((. -+3<% (* + 7'-%) &%;<%)/%

<).%$ ,0% TUV 1(.%3 (* >').')7L&',% <&+7% $%3+,'-% ,( $+).(1 >+&% <&+7%4 K,+,'&,'/+3L

1%/0+)'/ /()&'.%$+,'()& #$%.'/, + /($$%3+,'() >%,F%%) 3'A%3'0((. $+,'( &/($%& +). >').')7

+*S)',JHW4 =0% +>&/'&&+ $%#$%&%),& #(&','() ') ,0% /()&,$</, +). &0(F& .'**%$%)/%& ') ,0%

,(,+3 /()&,$</, 3%)7,0&4 T3(,,%. +$% #%+A& F',0 X(7"9#! 2 +). #%+A& (,0%$F'&% 3(/+,%. ')

/()&%$-%. >3(/A&4 E$%%)5 :-/..!&R >3<%5 162)60R $%.5 5/(251'274 !"#%$'1%),+33J -%$'S%.

>').')7 &',%& ') #$ %!&'()*'+,!- +$% 3+>%33%. ') (4 =0% /3<&,%$ (* 0'70 3'A%3'0((. >/. #%+A&
') + +$% )(, .%,%/,%. >J :O+&% *((,#$'),')7Y5 ><, ()% (* ,0%1 0+& %"#%$'1%),+33J 1<,+,%.

>J ()% )</3%(,'.% ,( + *<)/,'()+3 &',%P4 6 C$ &',% +, ,0% M! %). (* ,0% /()&,$</, 1+J +3&( >%

*<)/,'()+3 >%/+<&% ', '& /()&%$-%. >%,F%%) &#%/'%&4 =0% /()&%$-%. G?3(/A HI '& ').'/+,%.

>J ,0% ,$'+)73%4

© 2000 Macmillan Magazines Ltd
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Ludwig & al. Nature 403 :564 (2000)
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L’expression de eve est la même . . .

Est-ce que les différences dans l’enhancer ont des conséquences fonctionnels ?

Oui : si on remplace par des séquences chimeras (Dmel+Dpse), l’expression change.

Donc les mutations dans l’élément cis sont accompagnées par des mutations dans les
éléments trans



Phylo-HMM
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phastCons

elegans, and S. cerevisiae genomes serving as reference genomes
(see Methods and Table S2 in the Supplemental material). Using
the phastCons program, a two-state phylogenetic hidden Markov
model (phylo-HMM) (see Fig. 1) was then fitted separately to
each alignment by maximum likelihood, subject to certain con-
straints (see Methods). The estimated parameters included
branch lengths for all branches of the phylogeny and a parameter
! representing the average rate of substitution in conserved re-
gions as a fraction of the average rate in nonconserved regions
(Fig. 2). The tree topologies were assumed to be known (see
Supplemental material).

The estimated “nonconserved” branch lengths for verte-
brates were fairly consistent with recent results based on (appar-
ently) neutrally evolving DNA in mammals (Cooper et al. 2004),
but were not accurate representations of the neutral substitution
process in all respects. In particular, the branches to the more
distant species (chicken and Fugu) were significantly under-
estimated, because the genomes of these species are, in general,
alignable to the human, mouse, and rat genomes only in regions
that are under at least partial constraint. Similar effects were ob-
served with the insect, worm, and yeast phylogenies. Neverthe-
less, inaccuracies in the estimates of some (particularly longer)
nonconserved branch lengths do not appear to have strongly
influenced our results (see Supplemental material). Moreover,
our method has certain advantages over more traditional meth-
ods for estimating neutral substitution rates, such as by using
fourfold degenerate (4d) sites in coding regions—e.g., it does not
depend on 4d sites being free from selection or being suitable
proxies for neutrally evolving sites in general; and as an “unsu-
pervised” learning method (see Methods), it is not dependent on
possibly incomplete and/or erroneous annotations.

As an approximate way of calibrating our methods across
species groups, we constrained the model parameters such that
the coverage of known coding regions by predicted conserved
elements (i.e., the fraction of coding bases falling in conserved
elements) was equivalent in all groups. We chose a target cover-
age of 65% (!1%), as estimated from human/mouse compari-

sons (Chiaromonte et al. 2003). This number was adjusted for
alignment coverage in coding regions, yielding 56% for the
worm data set and 68% for the insects and yeasts. The degree of
“smoothing” of the phylo-HMM was also constrained by forcing
the expected amount of phylogenetic information (in an infor-
mation theoretic sense) required to predict a conserved element
to be equal for all data sets (see Methods). Our results are, in
general, not highly sensitive to the precise level of target cover-
age used in this calibration procedure (see Supplemental mate-
rial).

Based on the estimated parameters, conserved elements
were then identified in each set of multiple alignments, using the
phastCons program (see Methods). About 1.31 million conserved
elements were predicted for the vertebrate data set, about
472,000 for the insects, about 98,000 for the worms, and about
68,000 for the yeasts. Each predicted element was assigned a
log-odds score indicating how much more likely it was under the
conserved state of the phylo-HMM than under the nonconserved
state (see Supplemental material). A synteny filter, designed to
eliminate predictions that were based on alignments of nonor-
thologous sequence (especially transposons or processed pseudo-
genes), reduced the numbers of predictions for vertebrates and
insects to about 1.18 million and 467,000, respectively; align-
ments of nonorthologous sequence were less prevalent in the
worm and yeast data sets, so the filter was omitted in these cases.
The remaining predicted elements cover 4.3% of the human ge-
nome, 44.5% of D. melanogaster, 26.4% of C. elegans, and 55.6%
of S. cerevisiae. These numbers are somewhat sensitive to the
methods used for parameter estimation. Various different meth-
ods produced coverage estimates of 2.8%–8.1% for the verte-
brates, 36.9%–53.1% for the insects, 18.4%–36.6% for the worms,
and 46.5%–67.6% for the yeasts (see Supplemental material).
Note that the vertebrate coverage is similar to recent estimates of
5%–8% for the share of the human genome that is under puri-
fying selection (Chiaromonte et al. 2003; Roskin et al. 2003; Coo-
per et al. 2004), despite the use of quite different methods and
data sets.

(In the discussion that follows, specific estimates of quanti-
ties of interest will be given, rather than ranges of estimates. The
reader should bear in mind that, while these estimates are gen-
erally not highly sensitive to the method used for parameter
estimation, they do change somewhat from one method to an-
other. Further details are given in the Supplemental material.)

The 1.18 million vertebrate elements, in addition to cover-
ing 66% of the bases in known coding regions (approximately
the target level), cover 23% of the bases in known 5" UTRs and
18% of the bases in known 3" UTRs—15.5-fold, 5.3-fold, and
4.3-fold enrichments, respectively, compared with the expected
coverage if the predicted conserved elements were distributed
randomly across 4.3% of the genome (Fig. 3). Almost nine of 10
(88%) known protein-coding exons are overlapped by predicted
elements, as well as almost two of three known UTR exons (63%
of 5"-UTR exons and 64% of 3"-UTR exons; when an exon con-
tains both UTR and coding sequence, the UTR portion is consid-
ered to be a separate “UTR exon”). Regions not in known genes,
but matching publicly available mRNA or spliced EST sequences
(“other mRNA” in Fig. 3) show 9.2% coverage by conserved ele-
ments (a 2.1-fold enrichment), and regions not in known genes
or other mRNAs, but transcribed according to data from the Af-
fymetrix/NCI Human Transcriptome project (“other trans”; see
Methods), which presumably include a mixture of undocu-
mented coding regions, UTRs, noncoding RNAs, and other

Figure 1. State-transition diagram for the phylo-HMM used by phast-
Cons, which consists of a state for conserved regions (c) and a state for
nonconserved regions (n). Each state is associated with a phylogenetic
model ("c and "n); these models are identical except for a scaling pa-
rameter ! (0 # ! # 1), which is applied to the branch lengths of "c and
represents the average rate of substitution in conserved regions as a
fraction of the average rate in nonconserved regions (see Methods). Two
parameters, µ and $ (0 # µ, $ # 1), define all state-transition probabili-
ties, as illustrated. The probability of visiting each state first (indicated by
arcs from the node labeled “begin”) is simply set equal to the probability
of that state at equilibrium (stationarity). The model can be thought of as
a probabilistic machine that “generates” a multiple alignment, consisting
of alternating sequences of conserved (dark gray) and nonconserved
(light gray) alignment columns (see example at bottom).

Siepel et al.

1036 Genome Research
www.genome.org

 on November 9, 2006 www.genome.orgDownloaded from 

émissions : colonnes de l’alignement multiple, avec probabilités de transition eQt

(neutre) ou eρQt (sélection négative avec ρ < 0)

Siepel & al Genome Res 15 :1034 (2005)
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Modélisation par phylo-HMM
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Fig. 1. (A) State-transition diagram for DLESS. The probability of beginning with each
state (not shown) is taken to be that state’s probability at stationarity. (B) Neutral
phylogenetic model (ψn), with a branch i indicated, and derived phylogenetic models
for a “gain” (ψgi

) and “loss” (ψli
) of a conserved element on branch i.

sequences; these states are associated with two phylogenetic models, ψc and ψn,
respectively, which are identical except that the branch lengths of ψc are scaled
by a factor ρ ∈ (0, 1). Based on this two-state model, phastCons parses an align-
ment into likely “conserved” and “nonconserved” segments. DLESS works by the
same principle, but also allows for conserved elements that have been “gained”
or “lost” on any branch of the phylogeny. The new model has 2k + 2 states,
labeled c (the “fully conserved” state), n (“nonconserved”), g1, . . . , gk (“gain”),
and l1, . . . , lk (“loss”), where k is the number of branches in the tree in question
(Fig. 1A). (For a phylogeny of N present-day species, k = 2N − 3, assuming a
reversible model and an unrooted tree.).

To limit the number of parameters, the states are arranged in a “hub and
spokes” configuration (Fig. 1A). As a result, predicted conserved elements are
required to be separated from one another by at least one base of nonconserved
sequence. In practice, this is not a severe limitation, because, conserved ele-
ments in vertebrates are relatively sparse. In addition, conserved elements of all
classes are assumed to have the same (geometric) length distribution, and all
lineage-specific elements are assumed to occur with the same (prior) probability.
Three parameters—µ, ν, and φ—define all transition probabilities in the HMM
(Fig. 1A). For interpretability, it is useful to reparameterize µ and ν as ω = 1

µ ,
the expected length of conserved elements, and γ = ν

µ+ν , the expected fraction
of bases in conserved elements [6]. The third free parameter, φ, is the proba-

Siepel & al. RECOMB 2006
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ordre 5, alphabet de 10 symboles pour alignment de humain-souris-rat

and neutral DNA, especially considering the limited amount of
data on which the score is trained.

To verify the effectiveness of extending our scoring scheme
to multiple alignments, and assess the informational contribu-
tion of the rat sequence, we compare the performance of the
three-way RP score with that of the RP score computed on the
basis of two-way human-mouse alignments only (Elnitski et al.
2003). For comparability, we use here only human–mouse align-
ments extracted from the three-way alignments of regulatory re-
gions and ancestral repeats used for the three-way score. As a
consequence, we are using only 26,721 two-way alignment col-
umns from regulatory elements, whereas 35,206 were used in our
previous study. On these data, the 24 original states in

S = {ordered pairs composed of A, C, G, T, ! minus {!,!}}

are collapsed in the 5-symbol alphabet from Elnitski et al. 2003
(matches of A’s and T’s, matches of G’s and C’s, transitions, trans-
versions, and pairs containing one gap). The order t* = 3 (smaller
than the one used previously) is again selected on the basis of
cross-validation, and as to give a modeling complexity compa-
rable to that underlying the three-way score.

The blue curves in Figure 1 are the cumulative distribution
functions for the resulting two-way RP scores of human–mouse
alignment segments extracted from the C(W)REG and C(W)AR col-
lections, with the accompanying misclassification rates (false
positive ∼16.54%, false negatives ∼21.98%). Comparing these
curves and rates to those relative to the three-way score, we see a
clear increase in separation, as well as a small improvement in
cross-validation outcomes. Thus, a modest, but robust improve-
ment can be attributed to information carried by the rat.

Adjusting for Variation
in Local Evolutionary Rates:
The Localized RP Score
Motivated by the abundant evidence
of local variation in neutral evolu-
tionary patterns (International
Mouse Genome Sequencing Consor-
tium 2002; Hardison et al. 2003a), we
also implement an alternative ver-
sion of the three-way score, in which
AR transition probabilities are esti-
mated locally. This is possible in
terms of data availability because,
unlike alignments from known regu-
latory regions, alignments of ances-
tral repeats needed for this estima-
tion are abundant.

First, we partition the genome-
wide three-way alignments into
nonoverlapping windows u, each
containing 10,000 AR alignment
columns. These windows have dif-
ferent lengths, depending on the
local AR density (in terms of human
sequence, median = 440,200 bp, 1st

quartile = 307,500 bp, 3rd quar-
tile = 622,700 bp).

Next, for each window u, we
consider the AR content of the win-
dow itself, the one preceding it, and
the one following it, for a total of
30,000 alignment columns, which
form a local collection C(W)AR,u (see
Methods). This way, each local col-

lection matches approximately in size our previous C(W)AR and
C(W)REG. Considering the same 10-symbol alphabet S* and order
t* = 2, we then calculate local estimates of the transition prob-
abilities (pAR,u’s) using the data in each C(W)AR,u. The localized RP
score of a generic three-way alignment segment of fixed length is
thus given by

LRP = !
a

log! pREG"sa | sa−1,…sa−t* #

pAR,u"a#"sa | sa−1,…sa−t* #" (2)

where u(a) indicates the window in which position a falls, and
again a ranges over the positions in the segment.

Local estimation of the denominator terms in this log-odds
equation allows us to incorporate varying composition and short
pattern features of neutral DNA, as observed in ancestral repeats.
Localization results in an increased score for 106 of the
NREG = 273 segments in C(W)REG, circa 39% of the REG training
set. Also, the relative increase (LRP-RP)/RP exceeds 0.10 (i.e.,
10%) for 97 segments, circa 36% of the REG training set. This
demonstrates how reference to a localized neutral background
can sharpen our discriminatory signals. However, for many of
the regulatory elements in our training set, the LRP score is ap-
proximately the same, or lower, than the RP score. A preliminary
screening suggests that in regions of low-repeat density, the win-
dows defining the local collection C(W)AR,u extend very broadly
(in terms of human sequence, the largest window reaches
48,610,000 bp), which, in turn, may result in an increased re-
semblance between short alignment patterns in C(W)AR,u and the
randomly sampled collection C(W)AR. For these regions, differ-
ences between local and overall neutral background are minor. A
second interesting possibility, which warrants a more detailed

Table 2. Summary of the Final Collapsed Alphabet S* (10 Symbols)

In the triplets, first, second, and third positions correspond, respectively, to human, mouse, and rat.
(Underlined) one species and two gaps. (Black) very rare triplets; two mismatching species and one gap,
or three mismatching species. (Green) more triplets with two mismatching species and one gap, or three
mismatching species. (Brown) triplets with human matching one of the rodents, and the second rodent
mismatching or gapped. (Blue) triplets with rodents matching, and human mismatching or gapped.
(Red) matches of all three species. (tv and ts) Near triplets in Symbols #4, #5, #9, and #10 indicate
transversions and transitions, respectively.

RP Scores From Human–Mouse–Rat Alignments

Genome Research 703
www.genome.org

 on November 14, 2006 www.genome.orgDownloaded from 

Kolbe & al Genome Res 14 :700 (2004)
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RP score : RP =
∑

i log
pREG

(
S[i]

∣∣∣S[i−k..i−1]
)

pAR

(
S[i]

∣∣∣S[i−k..i−1]
)

pREG : paramètres estimés d’un échantillon de sites cis-régulatoires
pAR : paramètres estimés d’un échantillon d’éléments ancients répétés
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The reasons for Sn differing among data sets are of consid-
erable interest. Recent studies show that genes encoding proteins
involved in developmental and transcriptional regulation tend
to have highly constrained CRMs (Sandelin et al. 2004b; Plessy et
al. 2005; Woolfe et al. 2005). In contrast, the extensive studies in
the HBB gene complex, many of which were not driven by se-
quence conservation, may have revealed some types of regula-
tory elements that do not have as strong a conservation signal as
do those in developmental regulatory genes. Detailed analyses of
the evolutionary features of different types of regulatory ele-
ments are an important area for future research.

Improvements are expected in the predictive power of all
the scores being computed on multispecies alignments. The dis-
criminatory power of alignments increases as more sequences are
added, both for a particular locus (Thomas et al. 2003) and ge-
nome-wide (Gibbs et al. 2004). Indeed, all three of the methods
evaluated here perform better on three-way human–mouse–rat
alignments than on pairwise human–mouse alignment (data not
shown). Including the sequences of other species, such as dog
and opossum, should improve the discriminatory power. Other
studies that address statistical challenges in developing discrimi-

natory models (Kolbe et al. 2004) should also lead to improved
performance.

Methods

Reference sets of transcriptional regulatory regions
The !-globin gene (HBB) complex contains several regulatory re-
gions that have been well studied experimentally. A set of 23
experimentally determined CRMs was compiled from a literature
survey and mapped within a 95-kb interval (chr11:5185001–
5280000 in hg16), which encompasses the HBB complex and
terminates at the surrounding olfactory receptor genes (Bulger
et al. 2000). Several types of experimental data were used in
establishing that a CRM is functional, including naturally occur-
ring thalassemia mutations in humans, analysis of large DNA
constructs in transgenic mice, effects on expression of reporter
genes in either transient transfections or stably transformed
cultured cells, DNase hypersensitive sites in chromatin, and in
vivo footprints (see references in Table 1). Regions identi-
fied solely by electrophoretic mobility shift assays were not in-
cluded.

Of the 23 CRMs in this reference set, 19 can be found in
multiple alignments of the human, mouse, and rat sequences.
However, only 18 were available for the evaluation of the scores
computed on the multiple alignment of hg16, mm3, and rn3 (see
below) because much of the sequence of hypersensitive site HS4
(Stamatoyannopoulos et al. 1995) was masked as a repeat. Spe-
cifically, it is within an ERV1 transposable element, a member of
a family that was active around the time of the primate-rodent
divergence. This history makes it difficult to accurately deter-
mine whether to include the repeats in alignments (soft-
masking) or to exclude them entirely (hard-masking) (Schwartz
et al. 2003b). For the whole-genome multiple alignment set used
in this study, the ERV1 family was hard-masked, and conse-
quently, we could not include HS4 in the evaluations. However,
it is well-known that the sequence of HS4 aligns among mam-
mals, including humans and rodents (Stamatoyannopoulos et al.
1995; Hardison et al. 1997), and hence it is listed as conserved in
rat and mouse in Table 1.

A set of 40,000 predicted promoters were compiled by Trin-
klein et al. (2003). Of these, 152 were tested for promoter activ-
ity in transient transfection assays, with 138 verified (termed
functional promoters). The 93 known regulatory regions were
compiled from the literature and comprise the training set of
RP (Elnitski et al. 2003). The developmental enhancers are the
human homologs of a collection of 26 enhancers for mouse
genes whose products regulate early development (Plessy
et al. 2005). Other sets of functional sequences were the 176
miRNAs obtained from the miRNA Registry (Griffiths-Jones 2004;
http://www.sanger.ac.uk/Software/Rfam/mirna/index.shtml)
and the ∼200,000 coding exons from RefSeq (Pruitt and Maglott
2001).

Alignments
Three-way human–mouse–rat alignments were computed on
the July 2003 human genome assembly (hg16, NCBI build 34),
the February 2003 mouse genome assembly (mm3), and the
June 2003 rat assembly (rn3), using MULTIZ (Blanchette et al.
2004) on the relevant pairwise BLASTZ alignments (Schwartz
et al. 2003b). Of the 95,000 bp in the HBB gene complex, 33,642
bp (35%) are in the whole-genome human–mouse–rat align-
ments, similar to the fraction obtained genome-wide (Gibbs et al.
2004).

Figure 3. Cumulative distributions of RP and phastCons scores in func-
tional regions compared to the total aligned genomic DNA. The cumu-
lative fraction with a maximal score below a scoring threshold for RP (A)
and phastCons (B) is shown for each of six sets of functional sequences
(colored lines). The purple line is for the CRMs in the HBB gene complex,
gold is for the RefSeq coding exons (Pruitt and Maglott 2001), green is
for the regulatory element training set (Elnitski et al. 2003), red is for a set
of developmental enhancers (Plessy et al. 2005), brown is for miRNAs
(Griffiths-Jones 2004), and blue is for functional promoters (Trinklein et
al. 2003). The evaluation is based on the highest score within each in-
terval for the functional elements. The cumulative distributions of scores
for all the human–mouse–rat aligned positions are the black lines in each
graph. For RP, every fifth base pair in alignments was scored (as the
center of a 100-bp window), and for phastCons, all base pairs in align-
ments were scored. A vertical line is drawn at the optimal threshold for
discriminating intervals (Table 2).
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The reasons for Sn differing among data sets are of consid-
erable interest. Recent studies show that genes encoding proteins
involved in developmental and transcriptional regulation tend
to have highly constrained CRMs (Sandelin et al. 2004b; Plessy et
al. 2005; Woolfe et al. 2005). In contrast, the extensive studies in
the HBB gene complex, many of which were not driven by se-
quence conservation, may have revealed some types of regula-
tory elements that do not have as strong a conservation signal as
do those in developmental regulatory genes. Detailed analyses of
the evolutionary features of different types of regulatory ele-
ments are an important area for future research.

Improvements are expected in the predictive power of all
the scores being computed on multispecies alignments. The dis-
criminatory power of alignments increases as more sequences are
added, both for a particular locus (Thomas et al. 2003) and ge-
nome-wide (Gibbs et al. 2004). Indeed, all three of the methods
evaluated here perform better on three-way human–mouse–rat
alignments than on pairwise human–mouse alignment (data not
shown). Including the sequences of other species, such as dog
and opossum, should improve the discriminatory power. Other
studies that address statistical challenges in developing discrimi-

natory models (Kolbe et al. 2004) should also lead to improved
performance.

Methods

Reference sets of transcriptional regulatory regions
The !-globin gene (HBB) complex contains several regulatory re-
gions that have been well studied experimentally. A set of 23
experimentally determined CRMs was compiled from a literature
survey and mapped within a 95-kb interval (chr11:5185001–
5280000 in hg16), which encompasses the HBB complex and
terminates at the surrounding olfactory receptor genes (Bulger
et al. 2000). Several types of experimental data were used in
establishing that a CRM is functional, including naturally occur-
ring thalassemia mutations in humans, analysis of large DNA
constructs in transgenic mice, effects on expression of reporter
genes in either transient transfections or stably transformed
cultured cells, DNase hypersensitive sites in chromatin, and in
vivo footprints (see references in Table 1). Regions identi-
fied solely by electrophoretic mobility shift assays were not in-
cluded.

Of the 23 CRMs in this reference set, 19 can be found in
multiple alignments of the human, mouse, and rat sequences.
However, only 18 were available for the evaluation of the scores
computed on the multiple alignment of hg16, mm3, and rn3 (see
below) because much of the sequence of hypersensitive site HS4
(Stamatoyannopoulos et al. 1995) was masked as a repeat. Spe-
cifically, it is within an ERV1 transposable element, a member of
a family that was active around the time of the primate-rodent
divergence. This history makes it difficult to accurately deter-
mine whether to include the repeats in alignments (soft-
masking) or to exclude them entirely (hard-masking) (Schwartz
et al. 2003b). For the whole-genome multiple alignment set used
in this study, the ERV1 family was hard-masked, and conse-
quently, we could not include HS4 in the evaluations. However,
it is well-known that the sequence of HS4 aligns among mam-
mals, including humans and rodents (Stamatoyannopoulos et al.
1995; Hardison et al. 1997), and hence it is listed as conserved in
rat and mouse in Table 1.

A set of 40,000 predicted promoters were compiled by Trin-
klein et al. (2003). Of these, 152 were tested for promoter activ-
ity in transient transfection assays, with 138 verified (termed
functional promoters). The 93 known regulatory regions were
compiled from the literature and comprise the training set of
RP (Elnitski et al. 2003). The developmental enhancers are the
human homologs of a collection of 26 enhancers for mouse
genes whose products regulate early development (Plessy
et al. 2005). Other sets of functional sequences were the 176
miRNAs obtained from the miRNA Registry (Griffiths-Jones 2004;
http://www.sanger.ac.uk/Software/Rfam/mirna/index.shtml)
and the ∼200,000 coding exons from RefSeq (Pruitt and Maglott
2001).

Alignments
Three-way human–mouse–rat alignments were computed on
the July 2003 human genome assembly (hg16, NCBI build 34),
the February 2003 mouse genome assembly (mm3), and the
June 2003 rat assembly (rn3), using MULTIZ (Blanchette et al.
2004) on the relevant pairwise BLASTZ alignments (Schwartz
et al. 2003b). Of the 95,000 bp in the HBB gene complex, 33,642
bp (35%) are in the whole-genome human–mouse–rat align-
ments, similar to the fraction obtained genome-wide (Gibbs et al.
2004).

Figure 3. Cumulative distributions of RP and phastCons scores in func-
tional regions compared to the total aligned genomic DNA. The cumu-
lative fraction with a maximal score below a scoring threshold for RP (A)
and phastCons (B) is shown for each of six sets of functional sequences
(colored lines). The purple line is for the CRMs in the HBB gene complex,
gold is for the RefSeq coding exons (Pruitt and Maglott 2001), green is
for the regulatory element training set (Elnitski et al. 2003), red is for a set
of developmental enhancers (Plessy et al. 2005), brown is for miRNAs
(Griffiths-Jones 2004), and blue is for functional promoters (Trinklein et
al. 2003). The evaluation is based on the highest score within each in-
terval for the functional elements. The cumulative distributions of scores
for all the human–mouse–rat aligned positions are the black lines in each
graph. For RP, every fifth base pair in alignments was scored (as the
center of a 100-bp window), and for phastCons, all base pairs in align-
ments were scored. A vertical line is drawn at the optimal threshold for
discriminating intervals (Table 2).
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The reasons for Sn differing among data sets are of consid-
erable interest. Recent studies show that genes encoding proteins
involved in developmental and transcriptional regulation tend
to have highly constrained CRMs (Sandelin et al. 2004b; Plessy et
al. 2005; Woolfe et al. 2005). In contrast, the extensive studies in
the HBB gene complex, many of which were not driven by se-
quence conservation, may have revealed some types of regula-
tory elements that do not have as strong a conservation signal as
do those in developmental regulatory genes. Detailed analyses of
the evolutionary features of different types of regulatory ele-
ments are an important area for future research.

Improvements are expected in the predictive power of all
the scores being computed on multispecies alignments. The dis-
criminatory power of alignments increases as more sequences are
added, both for a particular locus (Thomas et al. 2003) and ge-
nome-wide (Gibbs et al. 2004). Indeed, all three of the methods
evaluated here perform better on three-way human–mouse–rat
alignments than on pairwise human–mouse alignment (data not
shown). Including the sequences of other species, such as dog
and opossum, should improve the discriminatory power. Other
studies that address statistical challenges in developing discrimi-

natory models (Kolbe et al. 2004) should also lead to improved
performance.

Methods

Reference sets of transcriptional regulatory regions
The !-globin gene (HBB) complex contains several regulatory re-
gions that have been well studied experimentally. A set of 23
experimentally determined CRMs was compiled from a literature
survey and mapped within a 95-kb interval (chr11:5185001–
5280000 in hg16), which encompasses the HBB complex and
terminates at the surrounding olfactory receptor genes (Bulger
et al. 2000). Several types of experimental data were used in
establishing that a CRM is functional, including naturally occur-
ring thalassemia mutations in humans, analysis of large DNA
constructs in transgenic mice, effects on expression of reporter
genes in either transient transfections or stably transformed
cultured cells, DNase hypersensitive sites in chromatin, and in
vivo footprints (see references in Table 1). Regions identi-
fied solely by electrophoretic mobility shift assays were not in-
cluded.

Of the 23 CRMs in this reference set, 19 can be found in
multiple alignments of the human, mouse, and rat sequences.
However, only 18 were available for the evaluation of the scores
computed on the multiple alignment of hg16, mm3, and rn3 (see
below) because much of the sequence of hypersensitive site HS4
(Stamatoyannopoulos et al. 1995) was masked as a repeat. Spe-
cifically, it is within an ERV1 transposable element, a member of
a family that was active around the time of the primate-rodent
divergence. This history makes it difficult to accurately deter-
mine whether to include the repeats in alignments (soft-
masking) or to exclude them entirely (hard-masking) (Schwartz
et al. 2003b). For the whole-genome multiple alignment set used
in this study, the ERV1 family was hard-masked, and conse-
quently, we could not include HS4 in the evaluations. However,
it is well-known that the sequence of HS4 aligns among mam-
mals, including humans and rodents (Stamatoyannopoulos et al.
1995; Hardison et al. 1997), and hence it is listed as conserved in
rat and mouse in Table 1.

A set of 40,000 predicted promoters were compiled by Trin-
klein et al. (2003). Of these, 152 were tested for promoter activ-
ity in transient transfection assays, with 138 verified (termed
functional promoters). The 93 known regulatory regions were
compiled from the literature and comprise the training set of
RP (Elnitski et al. 2003). The developmental enhancers are the
human homologs of a collection of 26 enhancers for mouse
genes whose products regulate early development (Plessy
et al. 2005). Other sets of functional sequences were the 176
miRNAs obtained from the miRNA Registry (Griffiths-Jones 2004;
http://www.sanger.ac.uk/Software/Rfam/mirna/index.shtml)
and the ∼200,000 coding exons from RefSeq (Pruitt and Maglott
2001).

Alignments
Three-way human–mouse–rat alignments were computed on
the July 2003 human genome assembly (hg16, NCBI build 34),
the February 2003 mouse genome assembly (mm3), and the
June 2003 rat assembly (rn3), using MULTIZ (Blanchette et al.
2004) on the relevant pairwise BLASTZ alignments (Schwartz
et al. 2003b). Of the 95,000 bp in the HBB gene complex, 33,642
bp (35%) are in the whole-genome human–mouse–rat align-
ments, similar to the fraction obtained genome-wide (Gibbs et al.
2004).

Figure 3. Cumulative distributions of RP and phastCons scores in func-
tional regions compared to the total aligned genomic DNA. The cumu-
lative fraction with a maximal score below a scoring threshold for RP (A)
and phastCons (B) is shown for each of six sets of functional sequences
(colored lines). The purple line is for the CRMs in the HBB gene complex,
gold is for the RefSeq coding exons (Pruitt and Maglott 2001), green is
for the regulatory element training set (Elnitski et al. 2003), red is for a set
of developmental enhancers (Plessy et al. 2005), brown is for miRNAs
(Griffiths-Jones 2004), and blue is for functional promoters (Trinklein et
al. 2003). The evaluation is based on the highest score within each in-
terval for the functional elements. The cumulative distributions of scores
for all the human–mouse–rat aligned positions are the black lines in each
graph. For RP, every fifth base pair in alignments was scored (as the
center of a 100-bp window), and for phastCons, all base pairs in align-
ments were scored. A vertical line is drawn at the optimal threshold for
discriminating intervals (Table 2).

King et al.
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On peut chercher des cas d’évolution ralentie partout dans le génome (et non pas
seulement près de gènes)

Élément ultra-conservé : 100% d’identité, longueur au moins 200pb (p.e., entre
humain-souris)

Il y en a 481, tout au long du génome, souvent en groupes

exonic elements are more randomly distrib-
uted along the chromosomes (Fig. 1).

There are 93 known genes that overlap
with exonic ultraconserved elements; we call
these type I genes. The 225 genes that are
near the non-exonic elements we call type II
genes (methods in supporting text, section
S3). We looked for categories of biological
process and molecular function defined in the
Gene Ontology (GO) database (19) that are
significantly enriched in type I and II genes
and also searched InterPro (20) for enrich-
ment in particular structural domains (Fig. 2).
The type I genes show significant functional

enrichment for RNA binding and regulation
of splicing (P ! 10"18 and 10"9, respective-
ly, against all GO annotated human genes)
and are uniquely abundant in the RNA rec-
ognition motif RRM (P ! 10"17, against all
InterPro annotated human genes). In contrast,
the type II genes are devoid of enrichment for
RNA binding or splicing or the RRM (P #
0.39, 0.44, and 0.77, respectively). However,
type II genes are strongly enriched for regu-
lation of transcription and DNA binding (P !
10"19 and 10"14, respectively), as well as
DNA binding motifs, in particular the Ho-
meobox domain (P ! 10"14). These three

attributes are enriched in type I genes as well
but 16, 8, and 9 orders of magnitude less
significantly, respectively. This suggests that
exonic ultraconserved elements may be spe-
cifically associated with RNA processing and
non-exonic elements with regulation of tran-
scription at the DNA level.

Non-exonic ultraconserved elements are
often found in “gene deserts” that extend
more than a megabase. In particular, of the
non-exonic elements, there are 140 that are
more than 10 kilobases (kb) away from any
known gene, and 88 that are more than 100
kb away. The set of 156 annotated genes that
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Fig. 1. Locations of the 481 ultraconserved elements on the 24 human
chromosomes. Each partly exonic element is represented by a thin
blue tick mark extending above the chromosome, each non-exonic
element by a green tick mark extending below the chromosome, and
each possibly exonic element by a black tick mark centered on the
chromosome. Purple boxes represent centromeres. By joining two
elements into a cluster when they are separated by less than 675 kb,
we obtained 89 local clusters of two or more elements, each of which
is boxed and named. Names are taken from a prominent gene or gene
family co-located with the cluster or from a Drosophila ortholog or

mRNA entry if no Human Genome Organization (HUGO)–named
gene was available. Among the cluster representatives, there is a
distinct enrichment for non-exonic elements and for developmental
genes, suggesting that many of these clusters may be part of distal
enhancers or “global control loci” analogous to those studied in
association with HOXD (38) or DACH (21). One possible such cluster,
near the ARX gene, is shown in more detail in the inset at the bottom
of the figure. There known genes are shown in blue (tall boxes for
coding exons, shorter boxes for UTRs, and hatched lines for introns),
and ultraconserved elements are shown below them.
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Peut–être en exons, en introns, ou en régions intergéniques
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Quelle est la fonction des éléments ultra-conservés ?

Possibilités : gènes ARN ou sites cis-régulatoires

Beaucoup d’entre eux s’alignent avec poulet et même poisson (Fugu)

Ils se trouvent souvent dans des déserts de gènes
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Éléments non-codants conservés (p.e. humain-souris au moins 70% identité et lon-
gueur 100pb)

Scanning Human Gene Deserts
for Long-Range Enhancers

Marcelo A. Nobrega,1,2* Ivan Ovcharenko,1,2*† Veena Afzal,1,2

Edward M. Rubin1,2‡

Approximately 25% of the genome consists
of gene-poor regions greater than 500 kb,
termed gene deserts (1). These segments have
been minimally explored, and their functional
significance remains elusive. One category of
functional sequences postulated to lie in gene
deserts is gene regulatory elements that have
the ability to modulate gene expression over
very long distances (2).

Human DACH, a gene expressed in numerous
tissues and involved in the development of brain,
limbs, and sensory organs (3, 4), spans 430 kb and
is bracketed by two gene deserts 870 kb and 1330
kb in length. A paucity of regulatory sequences
has been identified in the proximity of the DACH
promoter (5), suggesting that distal sequenc-
es, which could re-
side anywhere in a
sea of sequence
greater than 2630 kb,
are likely responsible
for the gene’s com-
plex expression char-
acteristics.

To identify evolu-
tionarily conserved
footprints correspond-
ing to putative DACH
enhancers, we com-
pared the human
DACH sequence and
the bracketing gene
deserts to orthologous
intervals in vertebrate
species (Fig. 1A).
Human and mouse
sequence compari-
sons revealed a simi-
lar genomic structure
within this region and
identified 1098 con-
served noncoding se-
quences (!100 bp
and with !70% iden-
tity) in the 2630-kb
targeted interval. To
identify those with a
greater likelihood of
containing biological
activity (6), we deter-
mined which of the
human-mouse con-

served sequences were also present in distant
vertebrates, including frog, zebrafish, and two
pufferfish (1). This decreased the number of
conserved sequences to 32 (Fig. 1B).

To examine the possibility that these se-
quences, conserved over 1 billion years of
parallel evolution, might represent enhancers,
we explored their in vivo ability to drive gene
expression with the use of a reporter assay
system in transgenic mice. Nine elements
were tested, representing a sampling of ele-
ments present in the two gene deserts and
DACH introns, spread over a 1530-kb region
surrounding the human DACH’s TATA box.
Each corresponding human element was in-
dividually cloned upstream of a mouse heat

shock protein 68 minimal promoter coupled
to "-galactosidase and injected in fertilized
mouse oocytes (7). Seven elements were
shown to reproducibly drive "-galactosidase
expression in a distinctive set of tissues in
transgenic mice, recapitulating several as-
pects of DACH endogenous expression (Fig.
1C) (3, 4).

Whereas the synteny of the orthologous
noncoding elements flanking DACH is main-
tained in mammals and fish, the genes flank-
ing DACH in these vertebrates differ (Fig.
1A). The failure of this chromosomal rear-
rangement to disturb the linear relation be-
tween the conserved noncoding elements and
DACH further supports a functional relation
between these sequences.

The demonstration that several of the en-
hancers characterized in this study reside in
gene deserts highlights that these regions can
indeed serve as reservoirs for sequence ele-
ments containing important functions. More-
over, our observations have implications for
studies aiming to decipher the regulatory ar-
chitecture of the human genome, as well as
those exploring the functional impact of se-
quence variation. The size of genomic re-
gions believed to be functionally linked to a
particular gene may need to be expanded to
take into account the possibility of essen-
tial regulatory sequences acting over near-
megabase distances.
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Fig. 1. (A) DACH locus in humans, mice, frog and pufferfish. Lines
linking each panel represent positions of orthologous sequences.
Genes are represented by their RefSeq name: DAC, DACH; K1, KLHL1;
F, FLJ22624; D, DIS3; P1, PIBF1; G, GPR-18; K, KLF5. H, human; M,
mouse; F, Frog; P, Fugu rubripes. (B) Sequence conservation plots
(alignments were obtained at www-gsd.lbl.gov/vista). Bars correspond
to sequence similarities between human and the species displayed.
Blue bars denote exons; red bars denote noncoding sequences. Gra-
dients of red indicate the number of conserved elements within 2500
bp windows. Asterisks denote elements with no detectable enhancer
activity in this developmental stage. Z, zebrafish; T, Tetraodon nigro-
viridis. (C) Transgenic expression results. The distance (in kb) between
each element and the human DACH TATA box is given in parenthesis.
Expression patterns from representative 12.5 and 13.5 days post
coitum mouse embryos are illustrated. Three or more independent
transgenic founders were generated for each element.
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CNEs and Vertebrate Development

(humain, souris, rat)
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leading us to believe that they interact in GRNs. Conse-
quently, it is extremely likely that the CNEs identified
compose at least part of the genomic component of GRNs
in vertebrates, acting as critical regions of regulatory control
for their associated genes. Such regions would mediate up- or
down-regulation of expression, effecting a cascade of down-
stream events.

In agreement with current GRN models, and given the
function of many of the genes we have identified in our
analysis, it is logical to speculate that CNEs consist of modules
of binding sites for transcription factors. However, the model
of CNEs as transcription factor binding sites, even for large
numbers of transcription factors, does not fully explain their
high sequence identity across vertebrates, given that tran-
scription factor binding sites are generally rather short and
exhibit a level of redundancy. Consequently, we have not

ruled out the possibility that the CNEs may have a completely
different mode of action or act in numerous different ways.
The relative positions and order of CNEs within a cluster is

completely conserved in all vertebrate genomes we have
analysed (generally mouse, rat, human, and Fugu) together
with some degree of proportional compaction in the Fugu
genome. This suggests that the CNEs might play a role in
structuring the genomic architecture around trans-dev genes,
which in turn may lead to an additional level of transcrip-
tional control. Further evidence that genomic architecture
may be important comes from the fact the trans-dev genes are
generally located in regions of low gene density.
Alternatively, despite the lack of EST data, it is possible

that CNEs are transcribed and work at the RNA level. A
number of other ideas on the evolutionary mechanisms
responsible for ‘‘ultra-conservation’’ have been suggested

Figure 5. Composite Overviews of GFP
Expression Patterns Induced by Different
Elements Tested in the Functional Assay

Cumulative GFP expression data, from
SOX21-associated elements (A), PAX6-
associated elements (B), HLXB9-associ-
ated elements (C), and SHH-associated
elements (D). Cumulative data pooled
from multiple embryos per element on
day 2 of development (approximately
26–33 hpf) are displayed schematically
overlayed on camera lucida drawings of
a 31-hpf zebrafish embryo. Categories of
cell type are colour-coded: key is at
bottom of figure. Bar graphs encompass
the same dataset as the schematics and
use the same colour code for tissue types.
Bar graphs display the percentage of
GFP-expressing embryos that show ex-
pression in each tissue category for a
given element. The total number of
expressing embryos analysed per ele-
ment is displayed in the top left corner
of each graph. Legend for the bar graph
columns accompanies the bottom graph
in each panel; ‘‘bloodþ’’ refers to circu-
lating blood cells plus blood island
region, ‘‘heartþ’’ refers to heart and
pericardial region (Please note: Some
cells categorised as heart/pericardial re-
gion may be circulating blood cells), and
‘‘skin’’ refers to cells of the epidermis or
EVL. s. cord, spinal cord.
DOI: 10.1371/journal.pbio.0030007.g005

PLoS Biology | www.plosbiology.org January 2005 | Volume 3 | Issue 1 | e70125

CNEs and Vertebrate Development

Woolfe & al PLoS Biology 3 :e7 (2005)
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Motifs II ? IFT6299 A2006 ? UdeM ? Miklós Csűrös 26

Dernier exemple (démonstration de rôle régulatoire)

(Fig. 1; Supplementary Table 1; the entire data set including the
sequence coordinates, conservation, and whole-mount embryo
digital imagery can be accessed and queried at the VISTA Enhancer
Browser, http://enhancer.lbl.gov). As an example of these data, we
present 23 elements meeting our selection criteria that were located
in a gene-poor 2.5Mb stretch bracketing SALL1, a gene encoding a
transcription factor expressed in early development and mutated in
Townes-Brocks syndrome19 (Fig. 2). Seven of the elements flanking
SALL1 directed tissue-specific reporter gene expression in the trans-
genic in vivo assay, recapitulating aspects of SALL1’s endogenous
expression characteristics at e11.520 and further supporting the pos-
tulated modular nature of distant acting gene enhancers21,22. In addi-
tion, we tested 30 ultraconserved non-coding sequences that lacked
identifiable conservation with Fugu of which 18 (60%) functioned as
enhancers, similar to the success rate observed for ultraconserved
elements that also have Fugu conservation (Fig. 1). Whereas the
average size of the human fragments tested was 1,270 bp, the positive
enhancers overlapped longer human–rodent conserved regions
(average length 1,630 bp versus 966 bp; t-test P-value50.0087; see
Supplementary Methods) and were more conserved among mam-
mals (human–rodent conservation score, t-test P-value50.0004; see
Supplementary Methods) relative to negatives in the assay.

These experimental results reveal the high propensity of extremely
conserved human non-coding sequences to behave as transcriptional
enhancers in vivo, and support both ancient human–fish conser-
vation and human–rodent ultraconservation as highly effective filters
to identify such functional elements. The large percentage of ele-
ments positive for enhancer activity is particularly surprising, con-
sidering the single time-point of investigation and the likely
possibility that a fraction of the negatives may be enhancers active
either earlier or later in development. An important question arising
from the significant fraction of ultra and Fugu conserved elements
functioning as enhancers is whether the tissue-specific enhancer
activity that we assess completely explains why these sequences are
so constrained. Overlaying our data set with results from a recent
ChIP-Chip study23 indicates that at least seven of the elements
reported here (including four that are enhancers at e11.5) presum-
ably function as gene silencers in embryonic stem cells. Such data
imply that functions in addition to tissue-specific transcriptional
activation are embedded in some fraction of extremely conserved

non-coding elements, thus potentially contributing to their extreme
level of constraint. However, the high efficiency of enhancer identifica-
tion through this approach nonetheless suggests that tissue-specific
transcriptional enhancer activity may be one of the predominant
functions of non-coding genomic regions under extreme con-
straint throughout vertebrate evolution.

We categorized all 75 identified enhancers by their general ana-
tomical patterns of expression using an existing standardized
nomenclature24 (Fig. 3). All positive enhancer annotations are based
on a minimum of three independent transgenic F0 embryos carrying
the same construct and demonstrating the same expression pattern,
though the majority (83%) had four or more supporting embryos.
We observed reporter gene expression in a variety of anatomical
regions, including embryonic structures that are subject to major
morphogenetic and remodelling events at e11.5, such as the devel-
oping limb, the somites, the heart and the branchial arches (Fig. 3).
Of the 16 distinct anatomical structures where expression was noted,
it wasmost frequently observed in the central and peripheral nervous
system, with the most prevalent patterns corresponding to forebrain,
midbrain, neural tube, and hindbrain (Fig. 3). This bias may be
partially explained by the intrinsic complexity of the genetic cascades
underlying vertebrate nervous system development25 as well as the
high percentage of all genes that are expressed in the nervous system.

The majority of the enhancers (50 elements, 66%) directed repro-
ducible expression only to a single anatomical structure at the reso-
lution of whole-mounts. This is consistent with the notion that
complex endogenous messenger RNA expression patterns com-
monly result from the combined effects of several independent cis-
regulatory sequences. The remaining one-third (25/75) of the enhan-
cers directed expression to two or more anatomical structures. We
speculate that these enhancer elements may be composed of two or
more adjacent functional modules that are too tightly linked to each
other to be resolved by our comparative approach, or that several
tissue-specific enhancer activities overlap within a single enhancer
element that is used in more than one developmental process.
Importantly, the enhancer data set reported here provides a sizeable
sequence-based substrate to begin to dissect these possible regulatory
mechanisms, as well as reagents for further in-depth biological
investigation.

To explore if our in vivo enhancer data set could be used to identify
sequence features associated with elements driving reporter gene
expression in specific anatomical structures, we focused on the fore-
brain as a test case and selected as a training set four of the strongest

Mb
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Figure 2 | A 3Mb region of human chromosome 16 enriched for
human–Fugu non-coding conservation flanking the SALL1 gene. The
coordinates and gene annotations located at the top of the diagram are based
on the hg17 assembly at the UCSC Genome Browser (http://
genome.ucsc.edu). The middle tracks depict human fragments that were
tested in the transgenic mouse enhancer assay, and their classification as
either ‘negative’ or ‘positive’ refers to their enhancer activity at e11.5. All
human elements testedwere conserved in the Fugu genome, and two of these
elements were also defined as ultraconserved (denoted by arrowheads). The
bottom panel indicates the positive enhancer activities captured through
transgenic mouse testing of human–Fugu conserved non-coding fragments
in this interval.
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Elements with reproducible staining inmore than one structure are included
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à peu près 45% des éléments conservés entre humain et Fugu ou ultra-coonservé
entre humain, souris et rat ont démontré d’être des enhancers

LETTERS

In vivo enhancer analysis of human conserved
non-coding sequences
Len A. Pennacchio1,2, Nadav Ahituv2, Alan M. Moses2, Shyam Prabhakar2, Marcelo A. Nobrega2{, Malak Shoukry2,
Simon Minovitsky2, Inna Dubchak1,2, Amy Holt2, Keith D. Lewis2, Ingrid Plajzer-Frick2, Jennifer Akiyama2,
Sarah De Val4, Veena Afzal2, Brian L. Black4, Olivier Couronne1,2, Michael B. Eisen2,3, Axel Visel2

& Edward M. Rubin1,2

Identifying the sequences that direct the spatial and temporal
expression of genes and defining their function in vivo remains
a significant challenge in the annotation of vertebrate genomes.
Onemajor obstacle is the lack of experimentally validated training
sets. In this study, we made use of extreme evolutionary sequence
conservation as a filter to identify putative gene regulatory ele-
ments, and characterized the in vivo enhancer activity of a large
group of non-coding elements in the human genome that are con-
served in human–pufferfish, Takifugu (Fugu) rubripes, or ultra-
conserved1 in human–mouse–rat.We tested 167 of these extremely
conserved sequences in a transgenic mouse enhancer assay. Here
we report that 45% of these sequences functioned reproducibly as
tissue-specific enhancers of gene expression at embryonic day
11.5. While directing expression in a broad range of anatomical
structures in the embryo, themajority of the 75 enhancers directed
expression to various regions of the developing nervous system.
We identified sequence signatures enriched in a subset of these
elements that targeted forebrain expression, and used these fea-
tures to rank all 3,100 non-coding elements in the human genome
that are conserved between human and Fugu. The testing of the top
predictions in transgenic mice resulted in a threefold enrichment
for sequences with forebrain enhancer activity. These data dra-
matically expand the catalogue of human gene enhancers that have
been characterized in vivo, and illustrate the utility of such train-
ing sets for a variety of biological applications, including decoding
the regulatory vocabulary of the human genome.

Significant progress has been made in the identification of core
promoter elements based on their defined position immediately
upstream of each gene and their nearly universal activation by
RNA polymerase II2,3. However, the identification of distant acting
gene regulatory sequences that direct precise spatial and temporal
patterns of expression has been limited, despite their established roles
in development4, phenotypic diversity5 and human disease6–8.
Comparative genomic-based approaches have proved to be useful
in identifying gene regulatory sequences, primarily on a gene-by-
gene basis. These studies involved sequence comparisons of human
(or other vertebrate) genomic intervals to orthologous regions from
organisms separated by varying evolutionary distances, ranging from
primates to fish9–12. From this work it has been implied that ancient
conservation (such as between human and fish) as well as ‘ultra’-
conservation amongmammals (sequences at least 200 base pairs (bp)
in length that are 100% identical among human/mouse/rat)1 may be
useful indicators of sequences with an increased likelihood of dem-
onstrating gene regulatory activity. These gene-centric investigations,

however, have identified only a relatively small number of distant-
acting enhancer sequences.

As one of the goals of this work was to assess the validity of a
genome-based approach, rather than a gene-centric one, we chose
non-coding target sequences based on one of two ‘extreme’ com-
parative genomic criteria: ancient conservation between human
and Fugu (separated by ,450million years of evolution) or ultra-
conservation among human/mouse/rat1. In total, 167 human DNA
fragments were assessed for spatial enhancer activity in a well-
established transgenic mouse enhancer assay that links the human
conserved fragment to a minimal mouse heat shock promoter fused
to a lacZ reporter gene10,13–16. We chose to determine tissue-specific
reporter gene expression at embryonic day 11.5 (e11.5), as this devel-
opmental stage allows for whole-mount staining and whole-embryo
visualization. Moreover, at this time-point many of the major tissues
and organs have been specified. We also expected this stage to be
particularly informative because ‘extreme’ conserved non-coding
elements tend to be enriched and clustered near genes expressed
during embryonic development1,12,17,18.

Overall, we found that 29% (24/83) of human–Fugu elements
alone and 61% (33/54) of human–Fugu elements that are also
ultraconserved were positive enhancers in this in vivo assay

1US Department of Energy Joint Genome Institute,Walnut Creek, California 94598, USA. 2Genomics Division,MS 84-171, Lawrence Berkeley National Laboratory, Berkeley, California
94720, USA. 3Molecular and Cellular Biology Department, University of California-Berkeley, California 954720, USA. 4Cardiovascular Research Institute, University of California, San
Francisco, California 94143-2240, USA. {Present address: Department of Human Genetics, University of Chicago, Chicago, Illinois 60637, USA.
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Figure 1 | A summary of all sequences tested for enhancer activity in
transgenic mice. a, A breakdown of the assayed non-coding sequences by
human–Fugu conservation and/or human–rodent ultraconservation:
Human–Fugu only, human–Fugu and human–rodent, or human–rodent
only. b, The total percentage of positive human enhancers broken down by
the same parameters as described in a. The total number of elements tested is
indicated within a, while the number of positives is found above the bars of
the graph in b.
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extraction des plus fréquents motifs (énumeration de 5-mers) + scoring d’autres
éléments fréquents par l’occurrence de ces motifs
→ mieux qu’utiliser seulement la conservation

Pennacchio & al Nature doi :10.1038/nature05295
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expérience de Fisher & al (2006) : séquences conservés en poissons, et en mam-
mifères (mais pas entre les deux !) dans la région régulatoire du gène ret

Although zebrafish transgenesis has been
used to evaluate the regulatory potential of
conserved noncoding sequences (2, 7, 22), its
efficacy is compromised by mosaicism in
injected (G0) embryos. We developed a
reporter vector based on the Tol2 transposon;
reporter expression in G0 embryos, driven
from the ubiquitous ef1a promoter, was ex-
tensive and was dependent on transposase
RNA (23).

All but one ZCS amplicon drove reporter
expression consistent with endogenous ret
expression (Table 1). As in the mouse,
zebrafish ret is expressed in sensory neurons
of the cranial ganglia, motor neurons in the
ventral hindbrain, cells of the hypothalamus
and pituitary primordia, sensory and motor
neurons in the spinal cord, and primary
sensory neurons in the olfactory pit (13, 14).
We discovered elements driving expression
consistent with all of these cell populations
(Table 1), including small groups of cells,
e.g., olfactory neurons (Fig. 2A) and lateral
line placode ganglion (Fig. 3, A and B). Al-
though ret is also expressed in amacrine and
horizontal cell layers of the retina, we did not
detect expression in the retina of G0 embryos
with any of the tested elements.

We found significant redundancy in the
control of ret expression in the pronephric
duct (Table 1; Fig. 2, C and D). Five elements
drove expression in the intermediate meso-
derm or pronephric duct; one was responsible
for transient early expression (Fig. 2C), one
for expression in the distal duct after 3 days
(Fig. 2D), and three apparently redundantly
control expression in the intervening period.
Although three amplicons lie within a 5-kb
region upstream of ret, they function indepen-
dently in our assay. Similarly all but two ZCS
amplicons drove expression in one or more
cell populations of the central nervous system
(Table 1), wherein ret is also dynamically
expressed.

Surprisingly, 11 out of 13 HCS ampli-
cons drove expression in cell populations
consistent with zebrafish ret (Table 1).
These included cells not present in mam-
mals, such as the afferent neurons of the
lateral line ganglia. We also observed multi-
ple sequences driving expression in the ex-
cretory system, despite its developmental
and anatomical differences between fish and
mammals (Fig. 2G). Two sequences con-
tained within a genomic interval deleted from
the rodent lineage also functioned in zebra-
fish, in one case driving expression in the
pituitary (Figs. 2E, 3E). Several pairs of
elements drove similar expression patterns,
despite lack of detectable sequence conser-
vation (Table 1). To rule out the possibility
that nonconserved sequences could fortui-
tously display enhancer activity, we analyzed
expression from vectors containing noncon-
served zebrafish (n 0 5) or human (n 0 3)

genomic DNA, from the RET intervals
(tables S1 and S2). None of these noncon-
served sequences provided reproducible pat-
terns of expression.

Through analysis of G0 expression, we
identified enhancers active in small cell pop-
ulations such as the cranial ganglia and ol-
factory neurons (Fig. 2), suggesting that

Fig. 1. Comparative sequence analysis of teleost ret loci reveals putatively functional noncoding
sequences. VISTA plot displaying the alignment of the zebrafish ret locus with the orthologous fugu
region. Red peaks represent conserved noncoding sequences; shaded green boxes represent ZCS
amplicons. Boxes bordered by dashed lines denote amplicons containing two or more conserved
sequences. ret exons are denoted by blue peaks. Red peaks boxed and shaded in blue denote 5¶
and 3¶ flanking genes pcbd and galnact2, respectively.

Table 1. Noncoding sequences from zebrafish ret or human RET direct expression consistent with
endogenous ret. The elements are described by their species of origin and distance in kilobases
from the translation start site, and (i.e., ZCS-50, HCSþ16). Abbreviations: CG, cranial ganglia; SC,
spinal cord; PND, pronephric duct; IM, intermediate mesoderm; NTC, notochord; OLF, olfactory
pit/placode; þ, present.

Constructs Brain SC CG ENS NTC OLF Retina Heart IM/PND Fin bud

ZCS-83 þ þ þ þ
ZCS-50 þ þ þ þ þ þ
ZCS-36 þ + + + + + + + þ* +
ZCS-34 þ + + + + + + + þ +
ZCS-31 þ + + + + + + + þ +
ZCS-19.7 þ þ þ þ þ þ
ZCS-14.7 þ þ
ZCS-9.5 þ þ þ
ZCSþ7.6 þ
ZCSþ35.5 þ þ þ þ
HCS-32 þ þ þ þ þ
HCS-30 þ
HCS-23 þ
HCS-12 + þ + + + + + + þ* +
HCS-8.7 þ
HCS-7.4
HCS-5.2 þ + + + + þ + + þ +
HCSþ9.7 + + + þ + + + + þ +
HCSþ16 þ
HCSþ19 þ þ
*Expression before 24 hours.

REPORTS

277www.sciencemag.org SCIENCE VOL 312 14 APRIL 2006

Fisher & al Science 312 :276 (2006)
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les séquences humaines implantées dans des embryos de poisson ont contrôlé l’ex-
pression du gène

Although zebrafish transgenesis has been
used to evaluate the regulatory potential of
conserved noncoding sequences (2, 7, 22), its
efficacy is compromised by mosaicism in
injected (G0) embryos. We developed a
reporter vector based on the Tol2 transposon;
reporter expression in G0 embryos, driven
from the ubiquitous ef1a promoter, was ex-
tensive and was dependent on transposase
RNA (23).

All but one ZCS amplicon drove reporter
expression consistent with endogenous ret
expression (Table 1). As in the mouse,
zebrafish ret is expressed in sensory neurons
of the cranial ganglia, motor neurons in the
ventral hindbrain, cells of the hypothalamus
and pituitary primordia, sensory and motor
neurons in the spinal cord, and primary
sensory neurons in the olfactory pit (13, 14).
We discovered elements driving expression
consistent with all of these cell populations
(Table 1), including small groups of cells,
e.g., olfactory neurons (Fig. 2A) and lateral
line placode ganglion (Fig. 3, A and B). Al-
though ret is also expressed in amacrine and
horizontal cell layers of the retina, we did not
detect expression in the retina of G0 embryos
with any of the tested elements.

We found significant redundancy in the
control of ret expression in the pronephric
duct (Table 1; Fig. 2, C and D). Five elements
drove expression in the intermediate meso-
derm or pronephric duct; one was responsible
for transient early expression (Fig. 2C), one
for expression in the distal duct after 3 days
(Fig. 2D), and three apparently redundantly
control expression in the intervening period.
Although three amplicons lie within a 5-kb
region upstream of ret, they function indepen-
dently in our assay. Similarly all but two ZCS
amplicons drove expression in one or more
cell populations of the central nervous system
(Table 1), wherein ret is also dynamically
expressed.

Surprisingly, 11 out of 13 HCS ampli-
cons drove expression in cell populations
consistent with zebrafish ret (Table 1).
These included cells not present in mam-
mals, such as the afferent neurons of the
lateral line ganglia. We also observed multi-
ple sequences driving expression in the ex-
cretory system, despite its developmental
and anatomical differences between fish and
mammals (Fig. 2G). Two sequences con-
tained within a genomic interval deleted from
the rodent lineage also functioned in zebra-
fish, in one case driving expression in the
pituitary (Figs. 2E, 3E). Several pairs of
elements drove similar expression patterns,
despite lack of detectable sequence conser-
vation (Table 1). To rule out the possibility
that nonconserved sequences could fortui-
tously display enhancer activity, we analyzed
expression from vectors containing noncon-
served zebrafish (n 0 5) or human (n 0 3)

genomic DNA, from the RET intervals
(tables S1 and S2). None of these noncon-
served sequences provided reproducible pat-
terns of expression.

Through analysis of G0 expression, we
identified enhancers active in small cell pop-
ulations such as the cranial ganglia and ol-
factory neurons (Fig. 2), suggesting that

Fig. 1. Comparative sequence analysis of teleost ret loci reveals putatively functional noncoding
sequences. VISTA plot displaying the alignment of the zebrafish ret locus with the orthologous fugu
region. Red peaks represent conserved noncoding sequences; shaded green boxes represent ZCS
amplicons. Boxes bordered by dashed lines denote amplicons containing two or more conserved
sequences. ret exons are denoted by blue peaks. Red peaks boxed and shaded in blue denote 5¶
and 3¶ flanking genes pcbd and galnact2, respectively.

Table 1. Noncoding sequences from zebrafish ret or human RET direct expression consistent with
endogenous ret. The elements are described by their species of origin and distance in kilobases
from the translation start site, and (i.e., ZCS-50, HCSþ16). Abbreviations: CG, cranial ganglia; SC,
spinal cord; PND, pronephric duct; IM, intermediate mesoderm; NTC, notochord; OLF, olfactory
pit/placode; þ, present.

Constructs Brain SC CG ENS NTC OLF Retina Heart IM/PND Fin bud

ZCS-83 þ þ þ þ
ZCS-50 þ þ þ þ þ þ
ZCS-36 þ + + + + + + + þ* +
ZCS-34 þ + + + + + + + þ +
ZCS-31 þ + + + + + + + þ +
ZCS-19.7 þ þ þ þ þ þ
ZCS-14.7 þ þ
ZCS-9.5 þ þ þ
ZCSþ7.6 þ
ZCSþ35.5 þ þ þ þ
HCS-32 þ þ þ þ þ
HCS-30 þ
HCS-23 þ
HCS-12 + þ + + + + + + þ* +
HCS-8.7 þ
HCS-7.4
HCS-5.2 þ + + + + þ + + þ +
HCSþ9.7 + + + þ + + + + þ +
HCSþ16 þ
HCSþ19 þ þ
*Expression before 24 hours.

REPORTS

277www.sciencemag.org SCIENCE VOL 312 14 APRIL 2006
Fisher & al Science 312 :276 (2006)
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Groupage d’éléments non-codant conservés

1. identification

Clustering non-coding DNA

Fig. 1. Definition of the conserved non-coding regions to be clustered. Starting from the 5%most conserved sequences with respect to mouse

and rat, the number of regions and their coverage of the human genome is given after each masking operation.

Annotation by homology has only recently been applied, at

a small scale, to putative non-coding functional elements. In

an analysis of the CFTR region (Margulies et al., 2003), it was

found thatmost of the regions of interest appeared to be unique

in the human genome (based on Blast similarity searches),

and thus homology searches within the genome added new

information only in a few cases. This may be because the

homology search tools used are not capturing properly the type

of sequence similarity most relevant for non-coding regions.

It may also be because the function of some of these regions is

genuinely unique in the genome. Still, this general approach

has allowed the classification of some RNA genes and regu-

latory elements (e.g. Griffiths-Jones et al., 2003, Sumiyama

and Ruddle, 2003).

Here, a first step is proposed to provide genome-wide

classification of conserved non-coding regions of the human

genome by homology. We start by comparing the human gen-

ome to the mouse and rat genomes, using stringent filters

to remove many annotated regions (such as genes, pseudo-

genes, repeats, etc.) to identify roughly 700 000 regions of

high conservation, dissimilar to any known coding sequences,

covering∼3.75% of the human genome. It is then shown that
even using a simple sequence similaritymeasure (the standard

affine-gap local sequence alignment method), it is possible to

cluster regions with similar sequences, and thus possibly sim-

ilar function. The many clusters identified have a number of

interesting properties that hint at a variety of possible func-

tions: some contain a hundred or more highly similar regions,

others are located near genes of a particular family; are loc-

ated predominantly in introns; or contain known or predicted

structural RNA genes, etc. It is our belief that this approach is

a first step in establishing a genome-wide annotation pipeline

focusing on non-coding functional regions.

2 METHODS

We start by identifying a set of putative functional non-coding

regions by detecting portions of the human genome that share

significant similarity with their syntenic homologs in mouse

and rat. To cluster these regions, we define a similarity graph

G = (V ,E)whose verticesV are this set of human conserved

regions and whose edges E are the pairs of regions that share

significant sequence similarity within human. We then define

a new algorithm for detecting dense clusters in this type of

graph and apply it to obtain clusters of highly similar, phylo-

genetically conserved regions of the human genome. Finally,

the clusters identified are evaluated for enrichment for an array

of attributes pointing to interesting putative functions.

2.1 Defining conserved elements

The process of defining the non-coding conserved regions

to be analyzed in this study is summarized in Fig. 1. To

detect regions of the human genome that are likely to be func-

tional, we identify portions that are highly conserved with

respect to their mouse and rat orthologs. A three-way mul-

tiple alignment between the genomes (NCBI human Build

34, NCBI mouse Build 32 and Baylor rat assembly version

3.1), produced by the HUMOR program (W. Miller, available

at http://bio.cse.psu.edu/) was obtained from the UCSC gen-

omebrowser (http://genome.ucsc.edu/), to establish orthology

between the three genomes. Some 40% of the human genome

is thus aligned to regions in mouse and/or rat.

The alignment was scanned with a 50 bp sliding window

and the conservation of each window was evaluated using a

method that calculates a p-value for the degree of conserva-

tion observed, under a null model of neutral evolution, taking

into consideration the phylogenetic relationships among the

species considered (Margulies et al., 2003). A conservation

threshold was chosen so that 5% of the whole human gen-

ome, the current estimate for functional sequences in the

genome, was marked as conserved, which resulted in a set

of 1055 823 regions of average size 140 bp. About 74%

of all bases in coding exons of known genes (as defined

in the knownGene annotation in Karolchik et al., 2003) are

within these regions, although they account for less than 13%

i41
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2. groupage

Clustering non-coding DNA
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Fig. 3. (A) Identification of dense subgraphs by our heuristic. Assuming all edges have weight 1, δc = 1 and δa = 0, the original graph

has no cut-of-cost less than 2 but has a vertex with local-articulation score zero. This vertex is first duplicated. The resulting graph has two

cuts-of-cost one, whose edges are removed. The resulting graph has three dense connected components. (B) Example of an actual cluster (ID

652.29, see text for details). Small vertices were those removed by the algorithm.

and articulation points (S.Kim, unpublished data) or use

a multi-stage approach (Enright and Ouzounis, 2000). The

approach we use here is a heuristic that borrows from all three

of the above approaches. To refine each connected component,

we define a vertex partitioning operation and a vertex duplic-

ation operation that, when applied recursively on a connected

component, yield a set of dense, edge-disjoint subgraphs.

Recall that a cut of a weighted graph G = (V ,E,w) is a

partition of the vertices into two disjoint non-empty subsets

A and B, with A ∪ B = V . The weight of a cut (A,B) is∑
(u,v)∈E,u∈A,v∈B w(u, v). A low-weight cut of the graph thus

separates a set of regions into two groups with little similarity

between them. We are going to use minimum-weight cuts to

detect false-positive edges and eliminate them.

Two approaches are used to detect and break-up multi-

functional regions. First, to break-up a putative such region

u, the Blastz local alignments between u and all other regions

it connects to in the graph are mapped on u’s sequence. If

the alignments stack-up in two or more disjoint portions of

u, the region u is divided into its non-overlapping portions.

This is sometimes not sufficient to break all multi-functional

regions and we introduce the notion of local-articulation point

to handle more difficult cases. We define the local-articulation

score of a vertex v as follows. LetN(v) be the set of neighbors

of v (excluding v itself), let G|X be the subgraph spanned by
a subset of vertices X, and let C = (A,B) be a minimum-

weight cut of the induced subgraph G|N(v) spanned by the

vertices ofN(v) (withN(v) = A∪B). Then, we define local-

articulation(v) = weight(C)/|N(v)|. In other words, vertex
v will have a low local-articulation score if, when ignored, its

neighbors can be partitioned into two sets with little similarity

between them. Vertices with low local-articulation score are

likely to correspond to conserved regions containing more

than one functional unit. When such a vertex v is found,

with a minimum weight cut C = (A,B), it is duplicated

and one copy is connected to the regions in A while the other

is connected to the regions in B (Fig. 3). This approach is a

generalization of the simpler articulation points method used

by (S.Kim, unpublished data). For example, in Fig. 3, graph

A has no good cut and no standard articulation vertex, yet

the black vertex is clearly joining two different clusters and is

detected as such.

To decompose a connected component into its dense

clusters, the min-cut removal and local-articulation duplica-

tion operations are executed recursively on each connected

component produced until the clusters left are sufficiently

dense (see an example in Fig. 3). Here we use two heuristic

Blastz score thresholds δc = 2000 below which a cut is per-

formed, and δa = 200 belowwhich a local-articulation vertex

is duplicated. The details of the algorithm are described below.

Algorithm CUT(V ,E,w)

Input: A weighted graph G = (V ,E,w).

Output: Theminimumweight cut (A,B) ofV , and itsweight.

Implements the Fiduccia-Mattheyses heuristic (Fiduccia and

Mattheyses, 1982; Kawaji et al., 2004).

Algorithm BEST-LOCAL-ARTICULATION(V ,E,w)

Input: A weighted graph (V ,E,w).

Output: The vertex v ∈ V with be best local-articulation

score, together with the partition (A,B) of the neighbors of

v, and the weight of the cut induced.

smin ← +∞
for each vertex v ∈ V do

(A,B, s) ←CUT(G|N(v))

if (s < smin) then (vmin,Amin,Bmin, smin)←(v,A,B, s)

return (vmin,Amin,Bmin, smin)

Algorithm GRAPH-PARTITIONING(V ,E,w, δc, δa)

Input: A connected weighted graph G = (V ,E,w)

i43
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Groupes

- gènes ARN

- nouveaux gènes codant

- éléments de régulation de transcription ou épissage



Origines
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D’où viennnent les éléments cis-régulatoires ?

une théorie ancienne : Britten & Davidson (1971)

activator
(≈TF) regulator

(≈site de liaison)

Britten & Davidson Q Rev Biol 46 :111 (1971)



Transposition
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Animation : http ://www.maxanim.com/genetics/Transposition/Transposition.swf

http://www.maxanim.com/genetics/Transposition/Transposition.swf


Validation récente
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Cordaux & al. PNAS 103 :8101 (2006) ; Jordan PNAS 103 :7941 (2006)
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éléments cis-regulatoires provenant de l’insertion d’éléments répétés

Cytogenet Genome Res 110:333–341 (2005) 339

CTTACCGCACTTGGGCCCTCCGCCTCGAACGTCACTCGGCTCTAGCGCGGTGACGTGAGGTCGGACCCGCTGTCTCGCTCTGAGGCAGAGTTTTTTTTTTYulA
8DC sH α CTTACCGCACTTGGGCCCTCCGCCTCGAACGTCACTCGGCTCTAGCGTGGTGACGTGAGGTCGGACCCGCTCTATCGCTCTGAGGCAGAGTTTTTTTTTT

TGATTTTTATGTTTTTTAATCGGCCCGCACCACCGCCCGCGGACATCAGGGTCGA------------------------TGAGCCCTCCGACTCCGTCCTYulA
8DC sH α TGATTTTTATGTTTTTTAATCGGCCCACAACACCGCCCACGGACATCAGGGTCGACCCGCCCACGGACATCAGGGTCGATGAACCCTCCAACTCCGTCCT

GAGTGCGGACATTAGGGTCGTGAAACCCTCCGGCTCCGCCCGCCTAGTGCTCCAGTCCTCTAGCTCTGGTAGGACCGATTGTGCCACTTTGGGGCAGAGAYulA
8DC sH α GAGTGCGGATATTAGGGTCGTGAAACCCTCCGGTTCCGCCCGCCTAGTGCTCCAGTCCTCTAGCTCTGGTAGGACCGATTGTGCCACTTTGGGGCAGAGA

ACCTGGTCCCACCACCGTCA---CCTCCACCACTCTTCACCAGCCT---AAGACCTATATAA-AACT-TCCATCTCGGTTGTCCTAAACGACTACCTAAC        2L
ACCTGATCGTGCCACCATCA---TCTCTACCCCATTT-------CT---AAGTTCTCTGTAGTAACTATCCGTCTTGGTTATCCTGTACCATTATTTGA-bIIPG sH
-CCTGAAAGTGTCACTGTCTCCTTCTCTTTCTCTTTC-------CCCTAACGGCCCGAACACCGACTCTTTGTCTCTGTTGTCCTGTACCTCCACTCGA-bIIPG mM

CTCTT-ATC-TGACNTCCCCCCGTTCCCACC--TTCGTCCCTCTGGTC--------AATCCTCCGATAACGTCATTAGGTCCGCTCTCTACTACCACCGA        2L
CTCTA-ATCTTGACAT----CCGATCTCATCTGTTCATAC--CTGGTC--------AAGTGT----TAGTGCGATAGGGTTCGTCTTTCACTACCACCGAbIIPG sH
CTCGACATGTTGACAC----CCGGTACCGTTT-----CAC--TCGGTCCGTCGCTTAAGTAC----CAATATGAAAGGGTCCGTCTTTCCCTACCACCGAbIIPG mM

CCCGTGATTAGGGTAATACTCCCGGGGCGGGAGTACTGGAGTAGATTAGGATTAGTGGAGGGTTTCCGGGGTGGAGGATTATGGTAGTGTAACCCCTAATRLaM
CCTTTTATTAAAATACTAC-CCCTAGACGAGAATACTCGAGTCGATTTGGATTAATGAAAAGTTTTCGGAGGGGGTGTCTATTCCAGT-CAACCCTCAACnibolg sH

CACTCCCGAGTAAGGGACCAAGCATCTGCCG-CGGAAGAGTGACACAGGAGTGTACCGCCTTCCCCGTTCCC---TCGAGAGACYCCAGAGAAAA-TATTRLaM
CAGTCCCAAGAGAAGGACCTAACGTCTACCGCCTGAAGAGTGACACAGGAGTGGCCCTCCTTTCTCTTTACCGAACAGAGAGAC------GAAGACTATTnibolg sH

A

B

C

Fig. 3. Sequence alignments that show the relationship of TE-derived
sequences, host promoter sequences and experimentally characterized cis-
binding sites. TE family consensus sequences are aligned with host genome
sequences. Cis-binding sites are characterized for human sequences and their
locations in the alignments are boxed. (A) An Alu element that inserted after
the diversification of the human and mouse lineages donated three cis-bind-
ing sites to human (Hs) CD8· gene regulatory sequences. (B) A L2 element

that inserted prior to the diversification of the human (Hs) and mouse (Mm)
lineages, and was then conserved, donated three cis-binding sites to the
GPIIb gene regulatory region. (C) A MaLR element that inserted prior to the
diversification of the human and mouse lineages but was only conserved in
the human (Hs) lineage donated four cis-binding sites to the ÁA-globin
enhancer region.

certainly result in a low complexity sequence region. In addi-
tion, core promoter sequences where the transcriptional start
sites are located are known to be enriched for CpG islands and
this too is probably reflected in the abundance of low com-
plexity sequences detected in this region. The prevalence of low
complexity sequences in core promoter regions suggests that
error-prone mechanisms such as DNA replication may play an
important role in generating regulatory sequence variation.

One way to make definitive inferences about the contribu-
tion of TEs to regulatory sequences is to start with experimen-
tally characterized sites that are known to contribute to the reg-
ulation of host genes and then search for cases where such sites
can be shown to have been donated by TEs. This approach has
been employed successfully to identify TE-derived cis-regulato-
ry sequences as well as TE-derived S/MARs that regulate gene
expression in a more global manner (Jordan et al., 2003; van de
Lagemaat et al., 2003). We combine a similar approach here,
employing the identification of experimentally characterized
cis-regulatory sites that overlap with TE sequences, with hu-
man-mouse sequence comparisons to evaluate the level of evo-
lutionary conservation of regulatory sites that have been de-
rived from TEs.

The TRANSFAC database (Matys et al., 2003) was used to
identify experimentally characterized human regulatory se-
quences. The data that were taken from TRANSFAC (profes-
sional version 7.1) are cis-binding sites that have been identi-

fied with a number of different experimental procedures in-
cluding footprinting, gel-shift assays, promoter deletion experi-
ments and mutagenesis. A total of 1,145 of these cis-regulatory
sites were mapped to the complete human genome sequence
(National Center for Biotechnology, build 33, ftp://ftp.ncbi.
nih.gov/genomes/H_sapiens/). The locations of the regulatory
sites in the human genome sequence were compared to the
location of TE sequences detected using the program Repeat-
Masker (http://ftp.genome.washington.edu/RM/RepeatMask-
er.html). A total of 38 cases where experimentally characterized
regulatory sites overlapped with TE-derived sequences were
identified in this way (Table 1 and Fig. 3). Next, the locations
of experimentally characterized regulatory sites mapped to the
human genome were compared with the sequence alignments
between orthologous aligned regions of the human and mouse
genomes (Schwartz et al., 2003) found at the UCSC genome
browser (Karolchik et al., 2003). The alignments used were
made between the April 2003 assembly of the human genome
(build 33) and the February 2003 assembly of the mouse
genome (MGSCv4 or mm3, http://genome.cse.ucsc.edu/golden
Path/10april2003/vsMm3/). These alignments cover only
F40% of the human genome sequence, but almost 90% (1,026
out of 1,145) of the experimentally characterized regulatory
sites mapped to the human genome can be found in the regions
that align to the mouse genome. To a great extent, this may
reflect the fact that the characterized regulatory sites are more

Mariño-Ramı́rez & al Cytogenet Genome Res 110 :333 (2005)
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©!2006!Nature Publishing Group!

!

©!2006!Nature Publishing Group!

!

slowly than would be expected assuming neutrality (Supplementary
Information S3). This indicates that most detectable instances of the
LF-SINE in tetrapods might have been exapted into cellular roles
benefiting the host, subjecting them to purifying selection. In some
cases the exapted tetrapod instance is remarkably close to the
coelacanth SINE, indicating that the active LF-SINE in coelacanth
might have changed very little over more than 410Myr of indepen-
dent evolution. The dispersion of coelacanth instances over many
subclades in the evolutionary tree for these elements (Fig. 1c)
precludes the possibility of recent horizontal transfer from tetrapods
to coelacanth.
Most human instances of LF-SINEs are either intergenic (163 of

245; 66%; 107 more than 100 kb from a known gene) or intronic (68;
28%), and a smaller subset (14; 6%) overlap documented exons. We
cannot find transcriptional evidence or predictions indicating that
the human LF-SINEs are active as small RNAs or are involved in
antisense regulatory transcripts. However, LF-SINE instances are
found preferentially near genes involved in transcriptional regulation
and neuronal development, indicating possible exaptation to form
distal cis-regulatory regions (Supplementary Information S4).
To test this hypothesis, we picked a likely enhancer candidate and

tested it in vivo using mouse transient transgenics. The ISL1 gene
encodes a LIM homeobox transcription factor that is required for
motor neuron differentiation12 and is expressed in motor and
sensory neurons during vertebrate embryogenesis13. An ISL1 proxi-
mal LF-SINE instance, significantly conserved between mammals,
chicken and frog, lies 488 kb downstream of ISL1, in a 1.4-Mb gene
desert that is home to two confirmed distal enhancers13(Fig. 3a). The
relative ordering and proximity to ISL1 of the previously character-
ized enhancers and the LF-SINE instance represent an ancient
organization that is invariant in frog, chicken, opossum, mouse
and human (Supplementary Fig. S8).
The human ISL1 proximal LF-SINE instance was cloned upstream

of a mouse minimal heat shock 68 (Hsp68) promoter coupled to the
b-galactosidase (lacZ) reporter gene and injected into the pronuclei

Figure 1 | Coelacanth SINE, human ultraconserved PCBP2 exon and ISL1
proximal enhancer share a common origin. a, Anatomy of the LF-SINE and
its relation to an exapted tetrapodal distal enhancer near ISL1, and the
ultraconserved exon of PCBP2, exonized from the reverse strand. SS, splice
site. b, Alignment of multiple species instances of the PCBP2 exonized
element, and ISL1 proximal LF-SINE enhancer, with the reconstructed
coelacanth SINE. Filled squares (matches) and white spaces (tetrapodal
inserts) are with respect to the coelacanth sequence. c, A maximum-
likelihood joint phylogeny of selected LF-SINE instances from multiple
species. The orthologous copies are shown to form monophyletic subtrees,
whereas the additional instances serve to demonstrate the remarkable
overall similarity between human and coelacanth instances.

Figure 2 | Phylogeny of chordate genomes searched for instances of the
LF-SINE. LF-SINE copies were found in the draft genomes of all terrestrial
vertebrates shown and in genomic regions available from two coelacanth
species. The LF-SINE was not found in very partial genomic data from
lungfish, nor in any available draft genome of non-sarcopterygian
vertebrates and invertebrates, including the two shown here. Temporal
estimates are taken from ref. 4 and later sources. One tick, 25–700 copies in
genome draft; three ticks, 59 copies in 1Mb of DNA; question mark, no
copies in less than 300 kb of DNA; cross, no copies in genome draft.
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chevauchant un élément exonique ultra-conservé
Base Position
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mouse
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52143000 52143500 52144000 52144500 52145000 52145500 52146000
latMen_v5 blastz (L=5500)

UCSC Known Genes (June, 05) Based on UniProt, RefSeq, and GenBank mRNA

10-Way Vertebrate Multiz Alignment & Conservation

Ultraconserved Elements (200 bp 100% ID in rat/mouse/human)

Human Chained Self Alignments

latMen_v5

AB188306
PCBP2
PCBP2

AB208825
PCBP2

uc.338

chr2 + 70226k
chr21 - 39464k

chr8 - 75677k
chr5 - 91175k

chr1_random - 139k
chr1 - 109358k
chr21 + 46158k
chr3 - 158430k

chr3 - 51968k

chr1 - 63319k

chr3 - 25634k
chr15 - 84661k
chr20 - 50532k

chr12 - 128179k
chr19 + 11005k

chr7 + 86458k
chr2 - 175782k
chr1 + 90879k
chr5 + 13584k
chr3 - 89174k
chr9 + 80284k

chr6 + 126028k
chr12 - 50654k

chr1 - 82445k
chr2 - 28268k

chr10 - 87362k
chr5 + 145869k

chr8 - 77808k
chr6 - 126742k
chr14 + 93173k
chr2 - 218394k
chr2 + 192372k
chr8 - 116786k
chr15 - 58756k
chr6 - 163688k
chr2 + 206851k
chr17 - 72228k

chr5 - 88312k
chr10 + 104777k

chr8 - 65770k
chr3 + 47834k
chr14 - 29140k

chr5 + 145870k

chr21 + 46161k

Figure S1: Distinctive accumulation of short human paralogs to the PCBP2 exonized instance con-
taining uc.338. A UCSC genome browser shot (http://genome.ucsc.edu) of the PCBP2 exonized instance and the
two exons flanking it (3.6kb region). Tracks (top to bottom) show: The region conserved with coelacanth; PCBP2
(whole and fragmented) isoforms, showing the alternatively-spliced nature of the exonization event; Multi-species
conservation track (Siepel et al., 2005); Location of uc.338 within the exapted SINE; Chained (Kent et al., 2003)
human paralogs to this genomic region. The top seven paralogs conserve, alongside the exonized instance, other
portions of PCBP2. All are PCBP2 retro-genes, of which the top (on chr. 2) is PCBP1, a functional retroposed copy
of PCBP2 (Makeyev and Liebhaber, 2002). All other paralogs, similar to the exonized SINE alone, are other human
instances of the LF-SINE.
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dans un désert intergénique proche de gène ISL1 impliqué dans le développement
de neurones
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of fertilized mouse oocytes. The resulting embryos were analysed at
embryonic day 11.5 (E11.5) by whole-embryo staining for lacZ
activity (see Methods). Eight of nine independent ISL1 proximal
LF-SINE transgenic embryos showed consistent expression in the
head and spinal cord region, the dorsal apical ectodermal ridge and
genital eminence; in addition, four of nine embryos showed staining
in the trigeminal ganglion (Fig. 3). Horizontal sections demonstrate
specific colocalization of the ISL1 proximal LF-SINE-driven lacZ
reporter and murine Isl1 RNA in neural tissues (Fig. 4). These
expression patterns clearly recapitulate aspects of Isl1 expression in
developing motor neurons at this developmental stage13,14. The novel
and the two previously described enhancers in this region drive a very
similar pattern of reporter gene expression at E11.5. They may drive
expression distinctively at a different time point, perhaps later in
development, as data for the two known enhancers seem to indi-
cate13. Our combined functional and evolutionary analysis indicates
that this LF-SINE instance might have been exapted as an ISL1
enhancer before the divergence of the tetrapods and still functions in
this capacity today. This constitutes a proof thatmobile elements give
birth to distal enhancers.
The ISL1 proximal LF-SINE instance and the instance overlapping

ultraconserved region uc.338 have conserved a very similar portion
of the ancient LF-SINE (Fig. 1). However, one serves as a distal
enhancer, and the other as an alternatively spliced exon. To gain a
better understanding of exonization, we examined all 19 LF-SINE

instances that were exapted into protein-coding mRNAs (Sup-
plementary Table S6). The affected proteins, encoded by PCBP2,
SMARCA4, EEF1B2, TCERG1, PTDSR, RORA, GRID1, ATF2,
FLJ22833, ARHGAP6, KIAA1409, NT5C2, LRP1B, DHX30,
gg-DMTF1, gg-PPP2R2C, gg-SHFM1, xt-MBNL1 and JGI-49280,
are unrelated. Only a single pair of them shares a structural domain
(helicase). All 19 derived exons are antisense to the original LF-SINE
transcript. In 17 of 19 cases a new exon is formed in the middle of the
coding region. Only canonical splice sites are used, similarly yet
distinct from primate specific Alu-SINE exonization15 (Supplemen-
tary Information S5). Exapted exons start in all three possible reading
frames. Sixteen of 17 are alternatively spliced, potentially leaving the
original functional isoforms intact while evolution optimized the
function of the novel isoform16. Eleven of 17 introduce an early stop
codon, predicted to trigger nonsense-mediated decay17. Often the
most evolutionarily conserved regions are the LF-SINE-derived
intronic regions immediately flanking the exons, indicating the
possible presence of exapted regulatory elements. Taken together,
these observations do not indicate a common protein structural
modification induced by exonization of the LF-SINE. Rather, LF-SINE
exaptation might be used to regulate the protein levels, including in
PCBP2, in which the ultraconserved exon might be involved in
cellular localization18, dimerization19 and post-transcriptional
auto-regulation20, as well as in SMARCA4 (BRG1; ref. 21) and
LRP1B (ref. 22; Supplementary Information S5).

Figure 3 | A SINE-derived distal enhancer near ISL1. a, A 1-Mb
pericentromeric neighbourhood of ISL1 holds three previously confirmed
enhancers13 (hCREST1, hCREST2 and hCREST3 ¼ uc.152), and the novel
LF-SINE-derived enhancer, 488 kb downstream of ISL1. The genomic
organization of ISL1 and the four enhancers is conserved between human
and frog (Xenopus tropicalis). b, Expression pattern of a representative
reporter gene construct driven by the human ISL1 proximal LF-SINE in a
transient transgenic mouse at E11.5. c, This pattern recapitulates major
aspects of the expression pattern of the mouse Isl1 gene at E11.5, assayed
with whole-mount in situ hybridization. Enlargements show the genital
eminence and arrows indicate the staining of the dorsal apical ectodermal
ridge.

Figure 4 | Neural-specific expression driven by ISL1-proximal-LF-SINE
recapitulates Isl1 expression. Horizontal sections through E11.5 mice.
a, c, e, LacZ staining in blue from the ISL1-LF-SINE-LacZ transient
transgenic embryos with a neutral red counterstain. b, d, f, In situ RNA
hybridization of Isl1 in wild-type embryos. Matched level sections show
corresponding expression patterns in the developing thalamus (Th) and
basal plate (BP) in the brain (a, b), the trigeminal (V) ganglion and facio-
acoustic (VII/VIII) ganglia in the head region (c, d), and the dorsal root
ganglion (DRG) and the lateral region of the ventral horn (VH) of the spinal
cord (e, f; thoracic sections). In a–d posterior is up; in e and f dorsal is up.
Scale bars, 0.5mm.
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c’est en fait un enhancer (démontré en embryos de souris transgéniques)
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