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Abstract Comparative sequence analyses have identified

highly conserved genomic DNA sequences, including

noncoding sequences, between humans and other species.

By performing whole-genome comparisons of human and

mouse, we have identified 611 conserved noncoding

sequences longer than 500 bp, with more than 95% identity

between the species. These long conserved noncoding

sequences (LCNS) include 473 new sequences that do not

overlap with previously reported ultraconserved elements

(UCE), which are defined as aligned sequences longer than

200 bp with 100% identity in human, mouse, and rat. The

LCNS were distributed throughout the genome except for

the Y chromosome and often occurred in clusters within

regions with a low density of coding genes. Many of the

LCNS were also highly conserved in other mammals,

chickens, frogs, and fish; however, we were unable to find

orthologous sequences in the genomes of invertebrate

species. In order to examine whether these conserved

sequences are functionally important or merely mutational

cold spots, we directly measured the frequencies of ENU-

induced germline mutations in the LCNS of the mouse. By

screening about 40.7 Mb, we found 35 mutations, includ-

ing mutations at nucleotides that were conserved between

human and fish. The mutation frequencies were equivalent

to those found in other genomic regions, including coding

sequences and introns, suggesting that the LCNS are not

mutational cold spots at all. Taken together, these resultsElectronic supplementary material The online version of this
article (doi:10.1007/s00335-008-9152-7) contains supplementary
material, which is available to authorized users.
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suggest that mutations occur with equal frequency in

LCNS but are eliminated by natural selection during the

course of evolution.

Introduction

Comparative genomics has revealed that a large number of

noncoding DNA sequences are conserved between humans

and other species. However, there is little information

about the functional roles of these conserved noncoding

sequences (CNS), which, surprisingly, are often much

more highly conserved than nucleotide sequences encoding

well-conserved proteins. Comparisons of genomic

sequences among various vertebrate species have revealed

many CNS, which are known by various names (Ahituv

et al. 2005; Bejerano et al. 2004; Dermitzakis et al. 2002;

Margulies et al. 2003; Persampieri et al. 2008; Prabhakar

et al. 2006; Sandelin et al. 2004; Shin et al. 2005; Siepel

et al. 2005; Thomas et al. 2003; Venkatesh et al. 2006;

Visel et al. 2008; Woolfe et al. 2005). For instance, 2262

CNS (conserved nongenic; length C100 bp and iden-

tity C70%) were found by comparing human chromosome

21 and the syntenic mouse region (Dermitzakis et al. 2002).

Nearly 5000 CNS have been found in comparisons between

human and fish (Sandelin et al. 2004; Shin et al. 2005;

Venkatesh et al. 2006; Woolfe et al. 2005). In addition,

Bejerano et al. (2004) have identified 481 ultraconserved

elements (UCE) of more than 200 bp with 100% identity

among the human, mouse, and rat genomes. The definition

of UCE is not restricted to noncoding sequences, so UCE

can include coding sequences as well as CNS.

Several studies have suggested that these conserved

sequences transcriptionally regulate developmental genes.

Indeed, some CNS have tissue-specific enhancer activity

(Bailey et al. 2006; Nobrega et al. 2003; Pennacchio et al.

2006; Prabhakar et al. 2006; Shin et al. 2005; Visel et al.

2008; Woolfe et al. 2005). CNS have also been associated

with the long-range regulation of gene expression (Loots

et al. 2000; Nobrega et al. 2003; Sabherwal et al. 2007;

Sagai et al. 2005). Some studies have even provided

genetic evidence that CNS have biological functions; for

example, point mutations in a CNS are responsible for

mouse and human preaxial polydactyly with mirror-image

digit duplications (Masuya et al. 2007; Sagai et al. 2004).

On the other hand, deleting megabases of the mouse gen-

ome, including many CNS, did not induce an abnormal

phenotype (Nobrega et al. 2004). Therefore, additional

studies are needed to determine whether CNS are generally

functional.

Two hypotheses are proposed to explain the high con-

servation of CNS. One hypothesis is that they are

selectively constrained, and the other hypothesis is that

CNS are merely mutational cold spots. A recent analysis of

genotype data in human SNP projects implied that CNS are

not mutational cold spots (Drake et al. 2006; Katzman et al.

2007). However, the hypothesis that CNS are mutational

cold spots, regardless of their functional importance, has

not been experimentally examined.

To directly examine whether CNS are mutational cold

spots, we have identified a new class of CNS that we call

long conserved noncoding sequences (LCNS). We exam-

ined the frequency and positions of LCNS and UCE in the

mouse genome and investigated the conservation of these

elements across species. We also studied LCNS mutation

rates in the mouse and have excluded the ‘‘cold spot’’

hypothesis by directly assessing the mutation frequency of

N-ethyl-N-nitrosourea (ENU)-induced substitutions in

CNS.

Materials and methods

Extraction of LCNS: sequence data and alignment

We compared and extracted conserved noncoding

sequences from human and mouse genomes three times

between 2002 and 2007 using the latest data set at each

time point. A total of 611 sequences were extracted.

First extraction To compare human and mouse genomic

sequences, whole genomic sequences of Golden Path

(repeat masked) in human build 34 (hg16) and mouse build

32 (mm4), which had masked repetitive regions as ‘‘N,’’

were retrieved from the UCSC genome browser (http://

genome.ucsc.edu/). The genomic sequences were aligned

using BLAST. To exclude coding sequences, the resulting

fragments were searched with ‘‘mrna.fa,’’ which is a data

set of mRNAs from the selected species in GenBank.

Matching fragments were removed. We identified 444

sequences longer than 500 bp with more than 95% identity

between human and mouse. The number of LCNS was

reduced to 411 after several updates of the genomic

sequence data, whose latest versions were hg18 and mm9.

Second extraction Whole genomic sequences of Golden

Path (repeat masked) in human build 36 (hg18) and mouse

build 35 (mm7) were retrieved from the UCSC genome

browser. We masked all of the coding sequences in the

human and mouse genomic sequences as ‘‘N,’’ referring to

Ensembl information (www.ensembl.org) to identify genes,

transcripts, exons, and coding sequences. By aligning the

masked genomes using BLAST, we obtained 508 LCNS

(C500 bp and C95% identity). We used TSUBAME

(Tokyo-Tech Supercomputer and Ubiquitously Accessible

Mass-Storage Environment), which is a supergrid com-

puter cluster at the Tokyo Institute of Technology, to
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search these sequences with BLAST. Of the 508 sequences,

298 were identical to those from the first extraction. Thus,

210 new sequences were extracted. After renewal of the

database (from mm7 to mm8) and detailed inspection of

conformation to the definition of LCNS, the number for the

newly extracted sequences was 194.

Third extraction We obtained a new data set of mouse

genomic sequence (build 36, mm8) and extracted LCNS by

almost the same method as the second extraction. Six new

sequences were extracted. We used RSCC (Riken Super

Combined Cluster system) instead of TSUBAME for this

extraction.

The location information of the identified sequences in

the human and mouse genomes are listed in Supplementary

Table 1, which includes the links to the genomic infor-

mation on the UCSC genome browser (http://genome.

ucsc.edu). It provides the actual nucleotide sequences and

additional information about each sequence. The informa-

tion is based on human build 36 (hg18) and mouse build 37

(mm9).

Annotation of LCNS

The information about the nearest-neighboring coding

genes was obtained from the Ensembl database. The

position and other information for each coding gene were

obtained from BioMart or Application Program Interface

(API) in Perl.

For comparing LCNS among multiple species, whole

genomic sequences of dog (Canis familiaris), chicken

(Gallus gallus), frog (Xenopus tropicalis), fugu (Takifugu

rubripes), tetraodon (Tetraodon nigroviridis), zebrafish

(Danio rerio), two Ascidiacea species (Ciona intestinalis

and Ciona savignyi), and fruit fly (Drosophila melanogaster)

were obtained from the UCSC genome browser or Ensembl

website. BLAST searches of each genomic sequence were

conducted using the 611 mouse LCNS as queries.

Measurement of the mutation frequency

We used the RIKEN mutant mouse library to measure the

frequency of ENU-induced mutations using temperature-

gradient capillary electrophoresis as described previously

(Sakuraba et al. 2005). Primers used in the screening are

listed in Supplementary Table 3. The 35 mutant mouse

lines obtained in this analysis are available from RIKEN

BioResource Center (http://www.brc.riken.jp/lab/mutants/

genedriven.htm).

Comparison of LCNS and visualization

The VISTA program (Frazer et al. 2004a; Mayor et al.

2000) was used to compare LCNS among human, mouse,

chicken, frog, and zebrafish. We used a 100-bp window

and 70% conservation level for mouse–human, mouse–

chicken, mouse–frog, and mouse–zebrafish comparisons.

Results

Identification of LCNS

We compared whole genomic human and mouse sequences

by BLAST searching and then extracted CNS using the

parameters of C95% identity and C500 bp in length. As

described in the Materials and methods section, we sear-

ched for CNS three times in different versions of the

database since 2002. We identified a total of 611 long

conserved noncoding sequences (LCNS; Supplementary

Table 1). To check for redundancy among the 611 LCNS,

we examined the similarities between all the sequences

with a self-BLAST search. Six pairs of 12 sequences were

found to be highly homologous (Supplementary Table 2).

The remaining 599 sequences were unique and no obvious

consensus sequences were found.

Distribution and locations of the LCNS

The LCNS were distributed among all of the chromosomes

except for the Y chromosome in both the human and mouse

genomes (Supplementary Table 1, Figs. 1 and 2). How-

ever, the numbers of LCNS on each chromosome varied

and were not proportional to the length of the LCNS

extractable sequences (noncoding and nonrepetitive

sequences; Fig. 2). In addition to the interchromosomal

bias, the intrachromosomal distributions of LCNS were

uneven as well. Mouse chromosome 7 was a typical case,

with the LCNS concentrated in several areas of the chro-

mosome rather than distributed randomly (Fig. 1),

indicating that many LCNS exist as clusters.

Based on the information in the Ensembl mouse genome

database, we classified each LCNS as ‘‘intronic,’’ ‘‘inter-

genic,’’ or ‘‘untranslated region (UTR)’’ (Supplementary

Table 1). About 55% of LCNS were located in intergenic

regions and 41% were within introns. Only 4% of LCNS

were in UTRs.

Comparison of LCNS with UCE

The extraction parameters for the LCNS (C95%

and C500 bp) were extremely stringent, which is very

comparable to those for the UCE [100% and C200 bp (Be-

jerano et al. 2004)]. This was indicated by the fact that similar

numbers of LCNS (611) and UCE (481) were extracted.

Although the extraction stringencies were equivalent, the

characteristics of the LCNS were quite different from those

Y. Sakuraba et al.: New conserved noncoding sequences 705

123

http://genome.ucsc.edu
http://genome.ucsc.edu
http://www.brc.riken.jp/lab/mutants/genedriven.htm
http://www.brc.riken.jp/lab/mutants/genedriven.htm


of the UCE. Unlike the LCNS, which are extracted from

noncoding and nonrepetitive sequences, UCE do not

exclude coding sequences. Therefore, 69 and 9 UCE

overlapping coding sequences and repetitive sequences,

respectively, were subtracted from the sequence compar-

ison, for a total of 403 UCE and 611 LCNS. We first

examined whether the individual sequences of LCNS

overlapped those of UCE. One hundred fifty (37%) of the

403 UCE overlapped with 138 (23%) of the 611 LCNS.

By definition, LCNS are usually larger than UCE, and 12

LCNS included 2 different UCE. The remaining 63% of

the UCE and 77% of the LCNS were unique in the data

sets. We have therefore identified 473 new highly con-

served LCNS sequences that do not overlap with UCE.

We examined the positional relationships of the 611

LCNS and the 472 nonrepetitive UCE, excluding the 9

Fig. 1 Distribution of LCNS on mouse chromosomes. The Y axis of

each panel indicates the distance from the centromere terminus in Mb.

The X axis indicates the cumulative number of LCNS. No LCNS have

yet been found on the Y chromosome. Dots parallel to the X axis

indicate highly clustered LCNS

706 Y. Sakuraba et al.: New conserved noncoding sequences
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UCE overlapping repetitive sequences from the 481 total

UCE. Both LCNS and UCE were scattered all over the

genome, with some forming clusters (Supplementary

Fig. 1). Each cluster was composed of both LCNS and

UCE, indicating that the distribution profiles of the LCNS

and UCE were similar at this resolution. Next, we exam-

ined the neighboring coding genes for both UCE and

LCNS. Of the 472 UCE, the neighboring genes of 435 were

identical to the neighboring genes of LCNS; the neigh-

boring genes of 513 of the 611 LCNS were identical to

those of UCE. These results suggest that highly conserved

sequences, such as LCNS and UCE, are concentrated in the

same intergenic regions or in the introns of the same gene

and that these regions are distributed throughout the

genome.

LCNS tend to be in regions of low gene density

For both intronic and intergenic LCNS, the distance to the

nearest coding exon was often very long. Of the 611

LCNS, 402 were 10 kb or more from the nearest coding

sequences. Moreover, 150 LCNS were 100 kb or more

away and 4 were 1 Mb or more away (23 were C500 kb

away). Interestingly, despite the long distances, the genes

nearest to a LCNS were usually the same in human and

mouse and were oriented in the same direction, indicating

their long syntenic conservation. We determined the

number of coding genes within ± 1 Mb of LCNS or genes.

Although there was an average of 30.0 genes within 1 Mb

of a given gene, there was an average of only 10.0 genes

within 1 Mb of a LCNS. These results suggest that, like the

UCE, LCNS tend to exist in regions with a low density of

coding genes.

Conservation in other species

We examined the conservation of LCNS in various verte-

brates and invertebrates. Using the 611 human-mouse

LCNS as queries, we searched the genomic databases of

nine species (dog, chicken, frog, fugu, tetraodon, zebrafish,

two Ascidiacea [Ciona intestinalis, Ciona savignyi], and

fruit fly) by BLAST analysis (e-value = 1e-50, C100 bp;

Table 1). Almost all of the LCNS (606/611) were also

conserved in the dog. Chicken and frog had 81% (493/611)

and 65% (397/611) of the LCNS, respectively. The three

fish species had 9–14% (58-83 of 611) of the LCNS.

Fig. 2 Number of LCNS on each chromosome. The size of LCNS

extractable genomic sequences (noncoding and nonrepetitive

sequences) and number of LCNS extracted from human (a) and

mouse (b) chromosomes. The total bp of coding and repetitive

sequences (upper white bars) and noncoding and nonrepetitive

sequences (lower gray bars) are shown for each chromosome. The

total bp (left axis) represents the length of each chromosome. The

numbers of LCNS on each chromosome are indicated by the black

dots and numbers on the right axis. The number of LCNS per 100 Mb

of LCNS extractable area in human (c) and mouse (d) chromosomes.

The horizontal dotted lines represent the average values (Avg)
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However, the searches found no LCNS in the two Ascid-

iacea species or fruit fly. These results indicate that the

LCNS that are common to human and mouse exist widely

in vertebrates but not in invertebrates.

Mutation frequency

To examine whether LCNS are mutational cold spots, we

compared the mutation frequencies in LCNS with other

genomic regions. For this purpose, we measured the fre-

quency of ENU-induced germline mutations in mice. We

used the RIKEN mutant mouse library, a collection of

genomic DNA from F1 progeny (G1) of ENU-mutagenized

C57BL/6 J males and untreated females (Sakuraba et al.

2005). Because ENU-induced mutations are heterozygous

in the G1 mice, all mutations, except for dominant lethal

mutations, can be detected by sequence-based screening of

the RIKEN library. In our previous study, we found 148

ENU-induced mutations in a 197-Mb screening (Table 2a),

for an overall mutation frequency of 1 per 1.33 Mb (Sak-

uraba et al. 2005). In this experiment, we found 12

mutations in a 16.4-Mb screening of nine randomly chosen

LCNS (Table 2b), for a mutation frequency of 1 per

1.37 Mb, which is equivalent to that of other genomic

regions, including coding sequences and introns.

After we published the previous report (Sakuraba et al.

2005), we improved our screening method by using a high-

resolution gel system to increase the mutation detection

rate. We found 230 new mutations from an extensive

screening of 248 Mb, including 48 genes and 7 LCNS, for

a mutation frequency of 1 per 1.08 Mb (Table 3a). Using

this new system, we found 23 mutations from a 24.2-Mb

screening of 7 LCNS (Table 3b), including 3 amplicons

from our previous report (Sakuraba et al. 2005) and 4 new

amplicons. The mutation frequency from the LCNS

screening was 1 per 1.05 Mb, which was equivalent to that

from the total screening even in two independent screens.

We thus examined the mutation frequency of a total of

12 LCNS in two analyses using different gel systems and

found no difference in the frequencies between the LCNS

and the other genomic regions. As shown in Fig. 3, we

found mutations even at nucleotides that were conserved

between human and zebrafish. These results indicate that

ENU-induced mutations were equally likely to occur in

Table 1 Conservation of

LCNS in other vertebrates and

invertebrates

Species No. of conserved LCNS Avg identity (%) Avg length aligned (bp)

Human-mouse 611 96.4 690.3

Dog 606 95.6 661.7

Chicken 493 94.1 564.6

Frog 397 91.6 409.5

Fugu 82 90.8 272.0

Tetraodon 58 90.9 290.7

Zebrafish 83 90.8 289.6

Ciona intestinalis 0

Ciona savignyi 0

Fruitfly 0

Table 2a Genome screening for ENU-induced mutations from a

previous studya

Total bp screened No. of mutations

54 genes and 9 LCNS 197,481,338 148

Table 2b LCNS screening for

ENU-induced mutations from a

previous studya

bp = base pairs
a Sakuraba et al. 2005
b Amplicon length minus

primer length
c Base pairs in target sequence

multiplied by the number of G1

mice screened

LCNS ID overlapped UCE bp in target sequenceb bp screenedc No. of mutations

49 493 828,733 0

112 558 4,169,376 4

124 uc.240? 461 3,444,592 1

242 454 750,916 1

348 516 3,853,488 3

354 564 946,392 3

395 522 879,048 0

403 uc.426? 376 632,432 0

418 uc.439 ? , uc.440? 563 944,714 0

Total 16,449,691 12
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LCNS, and therefore LCNS are not mutational cold spots.

Five of the 12 LCNS in this experiment overlapped with 6

UCE (Tables 2b and 3b), and 9 of 35 LCNS mutations

were found in sequences that overlapped between LCNS

and UCE. This suggests that like LCNS, UCE are also not

mutational cold spots.

Discussion

We have identified 611 noncoding sequences that are longer

than 500 bp and have more than 95% identity between the

human and mouse genomes. These LCNS are distributed

throughout the genome except for the Y chromosome.

Similar to other CNS, LCNS have several interesting

characteristics: (1) They form clusters and are concentrated

in specific genomic regions. (2) They tend to be located far

from coding sequences. Even intronic LCNS are often

separated from neighboring coding exons by more than

10 kb. As yet, we cannot explain why they are separated

from coding sequences, but the distance may be important

for their mechanism of action, such as long-range regulation

of gene expression (Kleinjan and van Heyningen 2005;

Loots et al. 2000, 2005; Masuya et al. 2007; Nobrega et al.

2003; Sabherwal et al. 2007). (3) In addition to sequence

conservation, the distances and orientations between LCNS

and neighboring coding sequences (genes) are also con-

served among multiple species, i.e., the syntenic

relationship is conserved. These characteristics of LCNS

are consistent with previous observations of CNS (Bejerano

et al. 2004; de la Calle-Mustienes et al. 2005; Dermitzakis

et al. 2002; Margulies et al. 2003; Sandelin et al. 2004; Shin

et al. 2005; Thomas et al. 2003; Venkatesh et al. 2006;

Woolfe et al. 2005). We have extracted the LCNS as a very

small fraction of the CNS using extremely stringent

conditions. Thus, potentially, the nature of the LCNS could

be quite different from the general characteristics of CNS;

or at least LCNS could consist of a very biased fraction of

CNS. However, the above-mentioned similar characteristics

between LCNS and CNS indicate that the LCNS are not an

extreme fraction of CNS; rather, we consider that the LCNS

are very typical members of CNS. Therefore, the LCNS

should provide a general resource for the functional studies

of CNS. It is not practical to conduct functional studies on

thousands of CNS one by one; however, it is very feasible to

experimentally examine the function of 611 LCNS and/or

481 UCE (Bejerano et al. 2006; Chen et al. 2007; Derti et al.

2006; Gardiner et al. 2006).

We found sequences orthologous to human-mouse LCNS

in this study, not only in chicken and frog, but also in fish.

However, we did not find these sequences in the inverte-

brates Ascidiacea and fruit fly. Woolfe et al. (2005) have

identified 1400 highly conserved noncoding sequences

through sequence comparisons between human and fugu, but

they also did not find any similar sequences in invertebrate

genomes. These results suggest that the functions of CNS

identified by sequence comparisons among vertebrate spe-

cies may be specific to vertebrates. Although no orthologous

sequences of vertebrate CNS have been found in inverte-

brates, there are independent sets of CNS, not only in insects,

but also in nematode, yeast, and plant genomes (Glazov et al.

2005; Guo and Moose 2003; Inada et al. 2003; Siepel et al.

2005). Furthermore, the categories of genes neighboring

insect CNS are similar to those near vertebrate CNS (Glazov

et al. 2005). The most common feature of eukaryotic CNS,

including those from vertebrates, invertebrates, and plants, is

their abundance near genes encoding transcriptional factors.

Thus, the regulation of gene expression is a universal can-

didate for CNS function. In vertebrates, several experiments

have shown that a portion of CNS actually have enhancer

activity (Frazer et al. 2004b), particularly tissue-specific

enhancer activity (Bailey et al. 2006; Nobrega et al. 2003;

Pennacchio et al. 2006; Prabhakar et al. 2006; Shin et al.

2005; Visel et al. 2008; Woolfe et al. 2005).

Recently, it was shown that some UCE are associated

with alternative splicing coupled with nonsense-mediated

Table 3a Genome screening for ENU-induced mutations with new

system

Total bp screenedb No. of mutations

48 genes and 7 LCNS 248,096,645 230

Table 3b LCNS screening for

ENU-induced mutations with

new system

bp = base pairs
a Amplicon length minus

primer length
b Base pairs in target sequence

multiplied by number of of G1

mice screened

LCNS ID overlapped UCE bp in target sequencea bp screenedb No. of mutations

49 493 2,851,019 0

152 uc.195? 484 3,593,700 3

161 465 3,452,625 6

276 uc.64? 615 4,551,000 4

354 564 3,261,612 5

403 uc.426? 376 2,174,784 1

418 uc.439 ? , uc.440? 586 4,338,744 4

Total 24,223,484 23
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decay (Lareau et al. 2007; Ni et al. 2007), and Choi et al.

(2006) have shown that tissue-specific transcription factors

generally have the greatest conservation in their noncoding

regions. These data suggest that CNS are associated with

strict spatial and temporal regulation of gene expression.

However, the mechanisms of the regulation associated with

UCE remain to be elucidated. CNS are likely to have

various biological functions in addition to transcriptional

regulation. Further genetic and molecular analyses of CNS

will be needed to reveal the functions and mechanisms.

In general, we expect that nucleotide sequences have

been conserved as a result of natural selection during

evolution and that the conserved sequences are biologically

important. Several previous studies have suggested that the

conservation of CNS is due to purifying selection and that

CNS are likely to be functional (Keightley et al. 2005;

Kryukov et al. 2005). However, a mechanism might exist

to protect specific DNA sequences from mutations, leading

to conservation of the sequences. In this case, two possi-

bilities may be considered. One is that the DNA within

CNS is more strongly protected from mutagens than the

DNA in other genomic regions, and the other is that DNA

damage in CNS is more likely to be repaired than in other

regions. Although there is no evidence for either possibil-

ity, the hypothesis that such conserved sequences are

mutational cold spots had not previously been ruled out. In

this study, we observed ENU-induced mutations in both

LCNS and UCE (Fig. 3, Tables 2b and 3b). We found a total

of 35 mutations in LCNS from a 40.7-Mb mutation screening,

a mutation frequency equivalent to that in other genomic

regions (Tables 2a, 2b and 3a, 3b). This result indicates that

LCNS are not mutational cold spots and that mutations appear

to have occurred equally in LCNS and other regions during

evolution. It would be ideal to measure the spontaneous

mutation rate in LCNS with the same experimental flow;

however, it is not practically possible to conduct such exper-

iments. The analysis using ENU mutagenesis is one of the best

assessments to evaluate the susceptibility of whole chromatin

structures and genomic DNA sequences against any muta-

genic agents. Our direct experimental evidence is consistent

with the results of human SNP analyses, which have indirectly

implied that these CNS are not mutational cold spots (Drake

et al. 2006; Katzman et al. 2007). Taking this information

together, we propose that, in general, CNS, LCNS, and UCE

are highly conserved not because they are mutational cold

spots but because of functional constraints during evolution.

Our next objective will be to investigate the biological

functions of CNS using genetic analysis of CNS mutants.

However, it might be difficult to detect phenotypic differ-

ences between wild types and mutants by general laboratory

experiments, because mutations in these conserved

sequences might be only slightly deleterious despite the

Fig. 3 Examples of mutations found in LCNS. A typical LCNS and

its mutations. (a) LCNS ID 418. The conservation levels among

multiple species are presented as a VISTA graph. Gray bars represent

two UCE within the LCNS. Vertical blue arrows indicate nucleotide

substitution sites due to ENU mutagenesis. Horizontal arrows indicate

primer pairs used in the mutation screening. (b) Sequencing

chromatograms of the mutation sites are shown in the upper part of

each panel and sequence alignments of the mutation sites in multiple

species are shown in the lower part of each panel. The upper and

lower chromatograms are reference and mutant sequences, respec-

tively. Arrowheads indicate the mutation sites. ‘‘K,’’ ‘‘W,’’ and ‘‘R’’

indicate G/T, A/T, and A/G, respectively, based on IUB code
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high degree of conservation (Chen et al. 2007; Keightley

et al. 2005; Kryukov et al. 2005). Indeed, large deletions of

genomic sequences containing many CNS did not affect the

mouse phenotype (Nobrega et al. 2004). In addition, some

lines of mice lacking UCE failed to reveal any critical

abnormalities (Ahituv et al. 2007). On the other hand, several

lines of genetic evidence have indicated that deletions of

CNS can lead to specific phenotypes. For example, patients

with Leri-Weill dyschondrosteosis have an intact SHOX

coding gene, but a region located downstream of the gene,

including the CNS, is deleted (Sabherwal et al. 2007). A

patient with Van Buchem disease has a deletion of a large

noncoding region, including seven CNS, located down-

stream of the SOST coding gene (Loots et al. 2005). The

deletion of a conserved noncoding region in intron 5 of the

Lmbr1 locus, 1 Mb away from the sonic hedgehog (Shh)

coding sequence, resulted in a complete loss of Shh expres-

sion in the limb bud and degeneration of skeletal elements

distal to the stylopod/zygopod junction (Sagai et al. 2005). In

addition, point mutations in this region affect Shh expression

and are responsible for mouse and human preaxial poly-

dactyly (Lettice et al. 2002, 2003; Sagai et al. 2004). These

results suggest that in addition to mouse deletion mutants,

mouse point mutations could be useful for functional anal-

yses of CNS. All 35 of the ENU-induced germline mutations

that we identified (Tables 2b and 3b) are preserved in frozen

sperm, which can be used to reproduce the mice with these

mutations (Sakuraba et al. 2005). These mutant lines are

available from the RIKEN BioResource Center. Using this

RIKEN mutant mouse library, we have already shown that

the gene-driven system for ENU-induced mutations is an

effective approach for exploring the functions of CNS and

potential cis-regulatory elements (Masuya et al. 2007). We

hope that genetic analyses using this resource will reveal the

functions of CNS and the mechanisms of their conservation.
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