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ABSTRACT

Our inability to associate distant regulatory elements with the genes that they
regulate has largely precluded their examination for sequence alterations contributing to
human disease. One major obstacle is the large genomic space surrounding targeted
genes in which such elements could potentially reside. In order to delineate gene
regulatory boundaries we used whole-genome human-mouse-chicken (HMC) and human-
mouse-frog (HMF) multiple alignments to compile conserved blocks of synteny (CBS),
under the hypothesis that these blocks have been kept intact throughout evolution at least
in part by the requirement of regulatory elements to stay linked to the genes that they
regulate. A total of 2,116 and 1,942 CBS >200 kb were assembled for HMC and HMF
respectively, encompassing 1.53 and 0.86 Gb of human sequence. To support the
existence of complex long-range regulatory domains within these CBS we analyzed the
prevalence and distribution of chromosomal aberrations leading to position effects
(disruption of a gene’s regulatory environment), observing a clear bias not only for
mapping onto CBS but also for longer CBS size. Our results provide a genome wide
dataset characterizing the regulatory domains of genes and the conserved regulatory

elements within them.



INTRODUCTION

With the availability of the human and other vertebrate genomes, the annotation
and analysis of distant regulatory elements using comparative genomics was greatly
facilitated (1, 2). Studies using this approach suggest that cis-regulatory elements may lie
in very distant regions from the genes that they regulate (3, 4), eluding to one of the
difficulties in associating alterations within them to human disease. Primary insights into
the ability of these alterations to cause human disease were obtained through
chromosomal rearrangements causing position effects. Position effects lead to a
phenotype similar to that resulting from mutations within the gene, thought to be brought
about by removal of a gene’s regulatory environment (5, 6), and thus provide evidence
that disruption of distant regulatory architecture can lead to human disease. However, the
association of human disease with nucleotide changes amongst these distant regulatory
elements is hindered by the unavailability of a regulatory code and by the inability to link
them to particular genes.

One mechanism by which evolutionary constraints against chromosomal breakage
are thought to be maintained is the need for distant cis-regulatory elements to remain in
the vicinity of the genes they act on. Based on this assumption, synteny blocks
(chromosomal segments in which all sequences are in the same order and orientation in
the species analyzed) can be used to delimit borders for distant cis-regulatory elements
regulating a given gene, a strategy that has been minimally explored (3, 7, 8). To identify
syntenic blocks on a whole-genome scale we generated multiple alignments of the
human, mouse, and chicken genomes as well as alignments of the human, mouse, and

frog genomes. We reasoned that these genomes would be the most suitable to carry out



this analysis allowing adequate evolutionary divergence. Characterization of these
conserved blocks of synteny revealed a decrease in gene density and increase in the
density and evolutionary conservation of conserved non-coding sequences with block
size. In order to validate the existence of distal regulatory networks within these blocks

we assessed the prevalence and distribution of position effects within them.



RESULTS

To identify syntenic blocks on a whole-genome scale we generated multiple
alignments of the human, mouse, and chicken genomes as well as alignments of the
human, mouse, and frog genomes. Alignments were carried out by locally aligning the
genomes to one another and then applying a computational algorithm to cluster all these
alignments into an n-dimensional segmental map (materials and methods). HMC and
HMF were found to have 2,116 and 1,942 conserved blocks of synteny (CBS;
Supplementary Material, Table S1), the largest being 5.68 and 2.93 Mb respectively with

a cumulative length in human of 1.53 and 0.86 Gb (Table 1).

Characterization of conserved non-coding sequences and genes within CBS

We then characterized these CBS in order to assess whether they have any unique
sequence attributes. Analysis of their conserved non-coding sequences (CNSs) was
carried out using Gumby (S. Prabhakar, manuscript in preparation), a tool for detecting
statistically significant conserved regions in pairwise or multiple alignments of DNA
sequences (materials and methods). Gumby identified a total of 37,191 CNSs for HMC
and 9,884 CNSs for HMF, with a conserved Gumby P-value of < 0.01 [at this threshold
Gumby assigns 3% of the human genome to human-mouse conserved regions compared
to the 5% quoted in ref. (9)].

Analysis of the distribution of conserved non-coding sequences and genes within
our CBS shows that CBS size is directly correlated with the median CNS density (8-fold
difference between the shortest and longest CBS; Fig. 1A) and inversely correlated with

gene density (decreasing from 0.9 genes per 100 kb in the shortest segments of both



multiple alignments to 0.4 and 0.3 genes per 100 kb in the longest HMC and HMF CBS;
Fig. 1A). We also found CBS size to be directly correlated with the degree of CNS
conservation, with median Gumby P-value dropping from 107 and 10 for the smallest
segments to 10™* and 107" for the largest segments in HMC and HMF respectively (Fig.
1B). This indicates that longer CBS harbor fewer genes and denser evolutionarily
conserved non-coding sequences. As an example of these trends, our analysis of
chromosome 16 shows a long CBS covering 5.6 Mb with a gene and non-coding density
per 100 kb of 0.5 and 7.5, compared to a shorter CBS covering 894 kb with a gene and
non-coding density per 100 kb of 1.5 and 1.0 (Fig. 2).

To examine whether there is a functional uniqueness to the genes that are located
near conserved non-coding sequences within the CBS we analyzed their biological
processes and molecular functions using the GO database (10, 11). We identified the
genes closest in distance to each CNS, and when many CNSs had the same closest gene,
this gene was counted only once. Overall, we observed that the set of genes flanking
these conserved non-coding sequences is enriched for transcription factors involved in
developmental processes, with 40% (P-value = 10"") and 69% (P-value=10"") more such
genes than expected for HMC and HMF respectively. This indicates that these clusters of
highly conserved non-coding sequences tend to reside in the vicinity of developmental

transcription factors and are likely to regulate them.

Mapping and distribution of position effects within CBS
In order to validate that our CBS harbor distant regulatory structure we analyzed

the prevalence and distribution of position effects within them. We searched the literature



for position effects leading to human disease where the regulatory elements were
removed from the postulated regulated gene; for the 17 that fit these criteria (Table 2) we
used the target gene as an anchor for our alignments. As control groups we chose the
entire set of known genes in the human genome and the deleted subset of large-scale
copy number polymorphisms (CNPs) (12), chromosomal deletions leading to no apparent
phenotype, encompassing 44 alignable CNPs. Due to the incomplete nature of the frog
genome, several of these regions were absent in the HMF alignments, so this analysis was
performed using only HMC. In terms of prevalence we observed a skew where 88%
(15/17) of position effects mapped to our CBS versus ~50% of CNPs and all known
genes (Table 3). It is worth noting that the two genes that did not map to our >200 kb
CBS are alpha-globin and beta-globin, most likely due to the extensive genomic
variations between species in these regions (13). Interestingly, these are the only non-
developmental genes in our position effect list and other than SOST they are the only
genes that are not transcription factors.

We next analyzed the size of the CBS of only the ones that mapped within the
HMC alignment. This examination revealed that while 80% (12/15) of the position
effects fall within the top half of CBS in terms of length only 47.6% (10/21) of CNPs and
43.6% (4,598/10,546) of all known genes are in this upper 50" percentile of CBS (Fig.
3). Combined, these results confirm the existence of long-range regulatory elements
within our CBS and suggest that disruption of long syntenic blocks is more likely to lead

to a more striking and observable phenotype.



DISCUSSION

By examining multiple alignments between several vertebrates we characterized
conserved blocks of synteny on a whole-genome scale. CBS size showed an inverse
correlation with gene density and a direct correlation with the density and evolutionary
conservation of non-coding sequences. These findings are in accordance with those from
the chicken genome analysis (14) where it was observed that many of the human-chicken
CNSs appear in clusters far away from genes. Combined, these observations suggest that
longer regions of unbroken synteny are enriched for regulatory information.

Our analysis of the genes in the vicinity of these conserved non-coding sequences
displayed enrichment for transcription factors involved in developmental processes. This
is consistent with the characterization of human gene deserts (the 3% longest intergenic
intervals in the human genome with the shortest one covering 640 kb), where stable gene
deserts, deserts whose sequence harbors substantially greater human-chicken CNSs, were
shown to be enriched for developmental transcription factors (15). In addition, a recent
study using the D. melanogaster and C. elegans genomes (16) demonstrated that
transcription factors and developmental genes are flanked by significantly more
intergenic DNA than other genes with simpler functions. In our study, a similar theme
was observed in vertebrates, in addition to the observation that these regions have more
dense and evolutionary conserved non-coding sequences. This further supports the theory
proposed in the metazoan study (16) that an expansion of intergenic regions occurred
during evolution in order to accommodate numerous cis-regulatory elements. The
drawback in this evolutionary scenario is the increased probability of a random

chromosomal rearrangement event that would disrupt the cis-regulatory architecture and



would lead to developmental defects. Thus, the complex architecture of regulatory
domains may be one of the major constraints on chromosomal rearrangement during
evolution.

Position effects are an ideal subset of chromosomal aberrations to study
disruption of long-range regulatory domains. Using this subset we were able to validate
that our CBS harbor distant regulatory architecture which when disrupted may lead to
human disease. One such example is SALLI, a gene that maps to the longest CBS in our
dataset, 5.6 Mb in size (Fig. 2). Mutations in SALLI lead to Townes-Brocks syndrome
while a translocation in one patient ~180 kb telomeric to SALL/ leads to the same
syndrome (17) (Table 2). Analysis of this region in our CBS list (Supplementary
Material, Table S1) suggests that removal of this 3.1 Mb region encompassing 241 CNSs
(Fig. 2) is the cause for Townes-Brocks syndrome in this patient. In addition, transgenic
mouse data indicate that a significant percentage of non-coding sequences conserved
between human and fugu in this segment behave as enhancer elements with expression
patterns recapitulating those of SALLI (Ahituv N., manuscript in preparation).

An important point regarding the disruption of regulatory architecture as a cause
for human disease is that the phenotype caused by this disruption may only be a subset of
the phenotype brought about by mutations in the coding region of the gene, thus making
it difficult for clinicians to associate it to that disease/gene. One such example is the
postulated SHH limb enhancer located 1Mb away from the gene. Mutations in the coding
region of SHH lead to a large spectrum of phenotypes among which the most prominent
is holoprosencephaly (18), while both a chromosomal breakpoint and single nucleotide

changes within the limb enhancer are suggested to cause preaxial polydactyly (PPD) (19,



20). Analysis of both the gene and the limb enhancer in our data set show that they both
map to the same CBS totaling 1.94 Mb in size (Table 2); moreover, additional position
effects leading to holoprosencephaly (21) also map within this block. We could thus
speculate that numerous genetically unaddressed phenotypes some even leading to
embryonic lethality could be caused by disruption of distant regulatory elements of
genes, which would likely also map to our CBS.

In general, using syntenic blocks to delineate boundaries of regulatory domains
would seem an obvious approach when undertaking a comparative genomics endeavor,
though it is not usually taken advantage of. The SALLI and SHH examples show that this
approach provides one with the ability to obtain a better understanding of the boundaries
of regulatory domains surrounding these genes and the CNSs within them. One could
query a gene of interest for its CBS using our list (Supplementary Material, Table S1) and
get a better sense of the domains and the conserved non-coding sequences within them.
One major limitation to this method is when the gene of interest lies within blocks
smaller than our 200 kb cutoff size, as we observed with the alpha- and beta-globin
genes. A way around that is to use the UCSC browser chained BLASTZ alignments (11),
with the limitations being that these are pairwise alignments that use less stringent filters,
and consequently tolerate very large insertions and deletions. Another limitation in the
usage of our CBS list is that HMC and HMF may not have enough evolutionary
information to define a sufficiently precise cis-regulatory domain map, an obstacle which
may be addressed in the future by the completion of several additional vertebrate
genomes. In summary, our results provide a regulatory terrain for researchers around

their gene of interest, highlighting evolutionary conserved non-coding sequences and

10



delimiting their borders, in order to facilitate the search of regulatory mutations leading to

human disease.
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MATERIALS AND METHODS

Data source

Human (hg17, May 2004), mouse and chicken genomes and associated data (genes
annotations, spliced EST, mRNA, repeats) were downloaded from the UCSC Genome
website (11) (http://genome.ucsc.edu). The Xenopus Tropicalis v3.0 was downloaded
from the JGI website (http://jgi.doe.gov). Gene Ontology (10) data was obtained from
http://www.geneontology.org and http://genome.ucsc.edu. The human gene set and their
GO data used in this work is from the ‘Known Genes’ set developed at UCSC and

available at http://genome.ucsc.edu.

Segmental Map

The segmental homology map was computed using a clustering algorithm which takes
BLASTZ (22) local alignment as an input. All pairwise alignments were merged into n-
dimension anchors and then clustered by PARAGON (23). The n-dimensional segmental
map problem was resolved in a graph-theoretic framework. Conserved BLASTZ anchors
comprised the vertices of the graph and these were connected by edges if the distance
between the anchors was less than 150 kb in all the aligned genomes. Each connected
subgraph represents a conserved block of synteny. Human segments shorter than 200 kb
were disregarded. We then realigned all the conserved blocks of synteny using the global
aligner MLAGAN (24). We filtered out 3-way syntenic segments with a human-mouse
non-coding nucleotide mismatch rate higher than two standard deviations above the
whole-genome average, since these are likely to result from alignment artifacts and

paralogy, rather than true orthology.
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Identification of conserved regions.

MLAGAN alignments of synteny blocks were scanned for evolutionarily conserved
regions using Gumby (v1.5; S. Prabhakar, manuscript in preparation). Gumby goes
through the following three-step process to identify statistically significant conservation
in the global alignment input: 1) non-coding regions in the alignment are used to estimate
the local neutral mismatch rates between all pairs of aligned sequences (25). The rates are
used to derive a log-likelihood scoring scheme for slow versus neutral evolution, where
the slow rate is set to 2/3 times the neutral rate. 2) each alignment position is then
assigned a conservation score using a phylogenetically weighted sum-of-pairs scheme; 3)
Conserved regions of any length are identified as alignment blocks with a high
cumulative conservation score, and assigned P-values using Karlin-Altschul statistics
(26). We used a threshold P-value of 0.01 in a baseline human sequence length of 100 kb.
Transcribed sequences in the conserved set were filtered out using known genes, spliced

ESTs, and mRNA annotations obtained at the UCSC genome browser.

Analysis of gene functionality
Each CNS was coupled to the closest gene. The distribution of GO terms of these genes
was then compared to the overall GO term distribution of all the genes in the human

genome.
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Analysis of chromosomal aberrations

We searched the literature using PubMed
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=File&DB=pubmed ) and OMIM
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=omim) for position
effects leading to human disease where the regulatory elements were removed from the
postulated regulated gene and that gene was used as an anchor for our alignments. As
control groups we used all ‘Known Genes’ from the UCSC Genome website (11) and
large-scale copy number polymorphisms (CNP) corresponding to deletions (loss) (12),
under the assumption that deletions have a greater potential to disrupt regulation
networks. We were only able to map 44 of these CNP deletions to the human May 2004
freeze using the coordinate conversion webtool at http://genome.ucsc.edu. and used those

as our dataset.
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Table 1. Characteristics of the human-mouse-chicken and the human-mouse-frog CBS.

Human-Mouse- Human-Mouse-
Chicken Frog
number of segments 2,116 1,942
length on human (Gb) 1.53 0.86
N50 length (Mb) 1.02 0.48
max length (Mb) 5.68 2.93
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Table 2. Characterization of position effects within human-mouse-chicken CBS.

Gene Disease Synteny Human-mouse-chicken Reference
size positions on human hg17

FOXC1 Glaucoma/autosomal dominant 1,848,302 chr6:249245-2097547 (27)
iridogoniodysgenesis

FOXC2 Lymphedema-distichiasis 982,755 chr16:84885116-85867871 (28)

FOXL2 Blepharophimosis/ptosis/epican 414,470 chr3:140135506-140549976 (29)
thus inversus syndrome

GLI3 Greig cephalopolysyndactyly 2,775,157 ¢hr7:39760342-42535499 (30)

HBA a-thalassemia _ _ (31)

HBB yB-thalassemia _ _ (32)

HOXD mesomelic dysplasia and 2,444,711 chr2:175489049-177933760 (33)
vertebral defects

MAF Cataract, ocular anterior 1,529,488 chr16:76704419-78233907 (34)
segment dysgenesis, coloboma

PAX6 Aniridia 2,624,266 ¢chr11:30308118-32932384 (35)

PITX2 Rieger syndrome 1,976,829 ¢chr4:111754180-113731009 (36)

POU3F4 X-linked deafness 536,809 chrx:82130470-82667279 (37)

SALL1 Townes-Brocks syndrome 5,681,989 chr16:48615828-54297817 (17)

SHH Holoprosencephaly 1,946,088 <¢hr7:154763593-156709681 (21)

SIX3 Holoprosencephaly 2,363,759 <chr2:43430275-45794034 (38)

SOST Van Buchem disease 339,143 chr17:38973638-39312781 (39)

SOX9 Campomelic displasia 3,898,059 ¢chr17:65045536-68943595 (40)

TWIST  Saethre-Chotzen syndrome 2,529,763 <¢chr7:16989836-19519599 (41)

17



Table 3. Prevalence of known genes, copy-number polymorphism (CNP) deletions, and

position effects in human-mouse-chicken CBSs.

Known CNP Position

genes  deletions effects
Total 20,399 44 17
Map on HMC" 10,546 21 15
Ratio 51.7% 47.7% 88.2%

* Human-Mouse-Chicken

18



FIGURE LEGENDS

Figure 1: CBS size is directly correlated with CNS density and evolutionary
conservation and inversely correlated with gene density in human-mouse-chicken and
human-mouse-frog multiple alignments. (A) Median CNS and gene density compared to
CBS size (B) Median Gumby P-value of the evolutionary conservation of CNS compared

to CBS size.

Figure 2: Human chromosome 16 as an example of CBS trends. (A) Human-mouse-
chicken CBSs (colors of blocks indicate the different chicken and mouse chromosomes
that the sequence is derived from). (B) Normalized density of human-mouse-chicken
conserved non-coding sequences, densities are normalized so that the darkest shade in
each track denotes 3.5 times the genomic average. (C) Conservation plot of two human-
mouse-chicken syntenic segments. Conserved regions with a Gumby P-value <0.01 are
depicted as blue (exonic) and magenta (non-exonic) bars (bar height is directly correlated
with evolutionary conservation), with the gene structure shown bellow them. The longer
CBS is 5.6Mb in human, containing 428 human-mouse-chicken CNSs and 27 genes
including SALL1, with a non-coding and gene density per 100 kb of 7.5 and 0.5
respectively. The shorter CBS is 894kb long in human, contains 9 human-mouse-chicken
CNSs and 13 genes, giving a non-coding and genes density per 100 kb of 1.0 and 1.5
respectively. The red arrow depicts the approximate region of the chromosomal

translocation leading to Townes-Brocks syndrome in one patient '°.
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Figure 3: Over-representation of position effect genes compared to deleted copy number
polymorphisms (CNPs) and known genes in human-mouse-chicken CBS (blue = all
genes, purple = deleted CNPs, red = position effects). The Y-axis represents the

percentage of blocks proportional to CBS size, which is the X-axis.
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ABBREVIATIONS

HMC= human-mouse-chicken HMC
HMF= human-mouse-frog

CBS= conserved blocks of synteny
CNSs= conserved non-coding sequences
Mb= Mega base

kb= kilo base

CNPs= copy number polymorphisms
PPD= preaxial polydactyly

ESTs= expressed sequence tags
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	 One mechanism by which evolutionary constraints against chromosomal breakage are thought to be maintained is the need for distant cis-regulatory elements to remain in the vicinity of the genes they act on. Based on this assumption, synteny blocks (chromosomal segments in which all sequences are in the same order and orientation in the species analyzed) can be used to delimit borders for distant cis-regulatory elements regulating a given gene, a strategy that has been minimally explored (3, 7, 8). To identify syntenic blocks on a whole-genome scale we generated multiple alignments of the human, mouse, and chicken genomes as well as alignments of the human, mouse, and frog genomes. We reasoned that these genomes would be the most suitable to carry out this analysis allowing adequate evolutionary divergence. Characterization of these conserved blocks of synteny revealed a decrease in gene density and increase in the density and evolutionary conservation of conserved non-coding sequences with block size. In order to validate the existence of distal regulatory networks within these blocks we assessed the prevalence and distribution of position effects within them.  
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