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Abstract


4551 non-exonic conserved (NEC) elements were found in human-fish comparisons. Human-mouse and zebrafish-Tetraodon conserved regions were alined by BLASTZ to find these regions and all repeats and coding regions were filtered out.  Average length was 166bp with a range from 36-1017bp and the average GC content was about 39%. 16 of these NEC elements were found to intersect with experimentally validated enhancer regions from DACH, KIAA0010, SHH, HLXB9, SOX21 and PAX6 genes all of which are involved in development.  1040 elements were found to have possible transcription factor binding sites (TFBS) from the JASPAR database found using danMotifFind with a background model based on GC content of NECs.  Motifs were also identified in the DACH elements using Improbizer. 

1. Introduction


Genomes of many species including vertebrates are now being sequenced at a relatively rapid rate with the advent of better sequencing technologies.  These sequences provide a huge mine of information to be analyzed.  Humans are believed to have about 20,000-25,000 genes (considerably lower than the original estimate), which is not dissimilar to  the gene content for less complex organisms such as the worm Caenorhabditis elegans while Drosophila melanogaster has about 14,000 genes.  Increases in complexity of tissue types and organization does not seem to bring an increase in the number of genes in the genome.   Complexity may, therefore be due to phenomena such as alternate splicing of mRNAs, regulation by non-coding RNAs, and in the regulation of expression  of these transcripts in both temporal and spatial manners.  Moving from invertebrate to vertebrates, the methods of gene regulation are thought to become more elaborate (Levine and Tjian, 2003).


The human genome has about 97% of non-coding DNA.  Of this, about 3-3.5% is estimated to be under purifying selection in evolution (Bejerano, Haussler and Blanchette, 2004).  Gene expression is known to be regulated and controlled by cis-regulatory elements such as enhancers and silencers which may reside at locations thousands of bases upstream or downstream of the genes whose expression they regulate (Davidson et al., 2002; van Driel, Fransz and Verschure, 2003; Oliveri and Davidson, 2004).  They may even be located within the gene itself such as those discovered in the vertebrate Dlx bigene clusters (Dlx1/Dlx2 and Dlx5/Dlx6) (Ghanem et al., 2003). Such regions have transcription factor binding sites (TFBS) (Figure 1) and are part of the gene regulatory networks.  In this work and others, computational comparative genomics approaches have been used to identify regions of high conservation between species.  Conservation is used as an indicator of possible functional importance in these uncharted territories. This approach has successfully identified elements that have been experimentally validated as enhancers (Ghanem et al., 2003; Nobrega et al., 2003; Woolfe et al., 2005). 

 
Previous work has shown that there are 81 regions of longer than 200 bp that were found to be ultra conserved, having 100% identity with no insertions or deletions between the human, mouse and rat genomes (Bejerano et al., 2004).  Most of them were also found in dog and chicken and many of them were also highly conserved in fish.  More than half of these ultraconserved elements show no evidence of transcription based on the 
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Figure 1. Model of enhancer. Enhancers may reside at positions far away from the genes whose expression they regulate. Transcription factors binding to the enhancer region may be able to bind to transcription factors bound to the promoter of a distal gene. 

lack of homology to EST or mRNA sequences from any species so these are non-exonic.  There is some evidence that these elements are involved in vertebrate development because they cluster near developmental genes. 


Large subsets of such highly conserved genomic regions (non-exonic conserved elements or NECs) have been identified in human, zebrafish, sea squirt, Drosophila and worm (Caenorhabditis elegans) (G. Bejerano, personal communication).  These were found using the alignment nets from the UCSC Genome Browser (http://genome.ucsc.edu) by comparing each species to a related species e.g. human-mouse.  More than six thousand human/mouse NECs can be aligned to some of the zebrafish/tetraodon NECs.  These vertebrate-specific NECs are of great interest since they probably contain functional elements common to vertebrates.  In this work, these elements which, were found to be conserved between human (hg17, May 2004, UCSC Browser) and zebrafish (Danio rerio, danRer2, June 2004, UCSC Browser), were investigated for regulatory potential by comparison to experimentally validated enhancers and through comparison to known TBFS in the database, JASPAR(Sandelin et al., 2004) as well as de novo motif discovery. 

2. Methods

2.1 Generation of non-exonic coding (NEC) elements

For each species, a surrogate species was chosen.  For human (UCSC hg17, NCBI Build 35) this was mouse (UCSC mm5, NCBI Build 33) and for zebrafish (danRer2, Zv4 assembly) it was Tetraodon nigroviridis (green spotted pufferfish) (UCSC tetNig1, V7 assembly).  Alignment nets (Kent et al., 2003, see UCSC Genome Browser) were used to find regions of conservation between each species pair.  A sliding window of 50bp was used and a threshold of identical bases was used such that about 5% of the genome would be identified as conserved. This is in agreement with current estimates (Chiaromonte et al., 2004).  73% of the annotated coding regions were tagged as conserved in this way between human and mouse and this was used as a guide for identifying conserved regions in the other species pairs. So, thresholds were chosen such that 73% of their annotated coding regions were also tagged as conserved.  NECs were formed by removal of annotated exons, pseudogenes, RNA genes, gene predictions, mRNAs and ESTs from any species that align with high confidence, annotated repeats and for human, all regions that align to ten or more different genomic locations on the mouse from genomic sequence (the random chromsomes were not considered). This final filter is to removed unannotated repeat regions.  NECs from human/mouse were compared to those from zebrafish/Tetraodon using the BLASTZ (Schwartz et al., 2003) using parameters T=0 W=6 K=1800 L=3000 Q=HoxD55.q. W sets the word size to 6 in the alignment search (G. Bejerano, personal communication).  NECs were provided as an axt format file of alignments between the human conserved regions and zebrafish conserved regions (provided by G. Bejerano).  Human sequences were obtained from the axt alignment file and, using the BLAT alignment tool (Kent, 2002), they were mapped back to the chromosomes of the human genome and then merged and uniqued using the featureBits tool (Jim Kent).   

2.2 Comparison of NECs to experimentally validated enhancers.

Four datasets were compared to NEC regions using featureBits to compare chromosome co-ordinates:

1) Nine elements from the human DACH sequence and surrounding gene deserts (gene-poor regions > 500kb) were identified as being conserved between human, mouse, frog and pufferfish (Fugu) (Nobrega et al. 2003). Seven of these were experimentally validated as enhancers. 

2) CFTR (chromosome 13) region putative enhancers provided by Rick Myers group at Stanford. Elements were chosen using a sliding window along the region and then tested for enhancer activity. These were divided into a group of 35 high confidence elements and 39 moderate confidence elements.  

3) Chromosome 16 validate enhancers from the Vista enhancer browser (Mayor et al., 2000). There are 62 elements from regions between the following genes: CYLD-SALL1, FTS-IRX5, HMT-1-MGC2654, ICSBP1-FOXF1,IRX5-MMP2, MAF-DNCL2, MGC22001-LOC51659, MGC3020-VN1,PMFBP1-ATBF1,  PMFBP1-PSMD7, SALL1-FLJ12178 and WWOX-MAF. 

4) Enhancer elements validated for developmetally regulated genes: KIAA0010, HLXB9, SOX21, PAX6 and SHH (Woolfe et al., 2005). These were identified as being highly conserved between human and Fugu (Takifugu rubripes). 

Each set was mapped to the human hg17 genome (NCBI Build 35). For set (1), the primer sequences were provided so the isPcr (Jim Kent) tool was used to map these regions.  For set (2), the co-ordinates were for hg16 so these were mapped to hg17 using the liftOver tool.  Set (3) was already mapped to hg17. For set (4), Fugu sequences were provided and these were aligned to hg17 using BLASTZ (H=2000, Y=3400,K=2200 and the HoxD55.q scoring matrix).  BLAT was used also to map these sequences to the Fugu genome (UCSC fr1, v3.0 assembly).  These alignments were checked against human syntenic regions for Fugu using the ECR browser searching with the genomic locations found by the Fugu BLAT (Ovcharenko et al., 2004; http://ecrbrowser.dcode.org) – some alignments were found by the ECR browser only and some by BLASTZ only) and the ECR browser alignments were chosen if there were BLASTZ hits to multiple locations. 31out of 32 elements (one HLBX9 element did not align) were mapped in this way including 6 controls.  

2.3 Transcription factor binding sites (TFBS) search in Human NECs

The 4151 human NECs were analyzed for GC content and binned accordingly. For each bin, 50 random sequences were chosen and a Markov model for each was built using the PST program which uses probabilistic suffix trees for variable length Markov chain modeling  (Bejerano and Yona, 2001; Bejerano, 2004). The PST tool was used to emit 50 sequences of 300 bp in length for each GC content bin.  These sequences were used as negative background examples for the dnaMotifFind tool (Jim Kent).  The JASPAR database (Sandelin et al., 2004) of position-specific weight matrices (PSSM) for TFBS motifs was filtered for those for human TFBSs – there were 49 matrices remaining. These were reformatted for input to dnaMotifFind which takes a matrix of probabilities of bases for each position in the motif.  A second order Markov model was used for the background model created by dnaMotifFind.  Using the GC content based background models reduces the number of false positive predictions in regions of high GC biase.  The higher order model captures most dependencies in non-functional DNA and, in particular, the rarity of CpG pairs (G. Bejerano, personal communication).

If x = x1 .... xN is a motif for a TFBS, then dnaMotifFind scores a motif based on a log (natural log) odds score:

ln (P(x | PSSM) / P(x | null model) ) 

where the null model is the 2nd order Markov model built from the background sequences.

This means that the probability of each base depends on the preceding two bases.  The threshold for the significance level of a match based on the log odds score was  this set at 9. Searches were done on both strands. 

2.4 Transcription factor binding sites (TFBS) search in Validated Enhancers

The rVista2.0 tool (Loots and Ovcharenko, 2004; http://rVista.dcode.org) was used to examine TFBS in some of the validated enhancer regions.  Human regions were selected and then syntenic regions in Fugu were selected.  All TFBS with high-specificity matrices and a similarity of at least 0.9 were chosen.  TFBS searched were from the Transfac Professional database (Matys et al., 2003). Searches were done on both strands.

2.5 De novo motif searching using Improbizer and MotifMatcher

Improbizer and MotifMatcher (Jim Kent, http://www.cse.ucsc.edu/~kent/improbizer/commandLine.html) were run from the command line.  Improbizer uses the Expectation Maximization (EM) algorithm to locate possible motifs in a set of sequences.  A set of background sequences is provided and the order of the Markov model for the background can be set. The default is a zero order model. A set of 100 control runs were carried out for Improbizer on the same set of sequences and a histogram generated for the scores. When a control run is done, Improbizer scrambles the sequences and then looks for motifs. This was used to compare to the score found for the real data. If this score is similar to those found in the control runs then it is probably not significant.  MotifMatcher takes the consensus sequence and the PSSM generated by Improbizer and a set of background sequences and is able to search for the motif in a set of sequences.  It is the same program as Improbizer with the motifMatcher flag set to on.  Searches were done on both strands.

3. Results

3.1 Production of human NECs and their characteristics

There were 6190 aligned human-fish NECs produced.  After BLAT of the human aligned sequences to the human genome, and merging of overlapping regions, 4551 unique NECs were found. Some sequences mapped to multiple regions and some of these could be resolved knowing which strand on human that they should align to and the fact that the random chromosomes were not considered in this study. There were 16 sequences remaining that mapped to multiple locations.  Figure 1A shows distribution of NECs by chromosome.  Chromosome 2 and then chromosome 1 have the most NECs while chromosomes 21, 22  and Y have the least NECs. Figure 1B shows the length distribution among the 4551 uniquely mapped human NECs.  The mean length is 166.51 bases and the range of length is from 36-1017 bases.  The largest number of NECs fall in the 100 -149.99 bin followed by the 50-99.99 and the 150-199.99 bins.  Figure 1C shows the GC content distribution. This shows a normal distribution and has a mean GC content of 38.75% with a standard deviation of 8.89%.  
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Figure 1. Human NECs characteristics. Histograms x axis show lower end of bin range which is inclusive. A. Distribution of NECs by chromosome.

B. Distribution of NECs by Length.  Mean length = 166.51 bases. Range is from 36-1017 bases in length. C. Distribution of NECs by GC content.  Mean = 38.75% and Standard Deviation = 8.89%. 

3.2 Comparison of NECs to experimentally validated enhancers.

Only the DACH gene elements and the dataset from Nob et al. (2003) have experimentally validated enhancer elements that overlap with the NECs.  Four of the nine DACH elements map to NECs (Table 1A) while 8 of the set from Woolfe et al. (2005) map to NECs (see Table 1B).  

  
Enhancer Elements:


NECs:

Chrom  Start
End
   Enhancers
Chrom  Start
End      NEC 

chr13   70691422        70693335        Dc1     chr13   70691967        70692195        chr13.43

chr13   71323787        71326336        Dc3     chr13   71324949        71325377        chr13.71

chr13   71565848        71568199        Dc4     chr13   71566940        71567230        chr13.73

chr13   71591676        71593293        Dc5     chr13   71592707        71592991        chr13.74

chr13   71899083        71901054        Dc6     chr13   71899939        71900093        chr13.80

chr13   71979447        71981755        Dc7     chr13   71980421        71980889        chr13.82

chr13   71985012        71986822        Dc8     chr13   71985640        71986134        chr13.83

chr13   72122400        72123907        Dc9     chr13   72123107        72123525        chr13.84

Table 1A. NECs that map to DACH enhancer elements from Nobrega et al. (2003)

Enhancer Elements:


NECs:

Chrom  Start
End
   Enhancers
Chrom  Start
End      NEC 

chr7    155860597       155860736       SHH_2    
chr7    155860571       155860762       chr7.1

chr7    155906703       155907055       SHH_1   
chr7    155906733       155906882       chr7.2

chr7    156310948       156311107       HLXB9_2 
chr7    156310928       156311003       chr7.3

chr7    156537110       156537300       KIAA0010_3  chr7    156537020     156537309        chr7.4

chr11   31691207        31691317        PAX6_19 
chr11   31691201    3169133 chr11.1

chr11   31782984        31783229        PAX6_9-10   chr11   31783147   31783259 chr11.2

chr11   31803472        31803622        PAX6_4  chr11   31803479        3180359chr11.3

chr11   32009589        32009867        PAX6_1  chr11   32009545        3200984chr11.4

Table 1B. NECs that map to SHH, PAX6, HLXB9 and KIAA0010 enhancer elements from Woolfe et al. (2005). Chrom = chromosome.

3.3  Transcription factor binding sites (TFBS) search in Human NECs

Using a 2nd order Markov model for background sequences generated by PST (50 background sequences of 300 bases each so 15,000 bases total), dnaMotifFind was used to look for Jaspar database TFBS motifs in the NECs.  NECs were binned by GC content in 5% intervals (Figure 1C). The first interval was less than 25% and the last was 65-100%. Several bins were pooled as these did not have many NECs. There are 49 matrices for human TFBS in Jaspar.  There were 1040 of the 4551 elements that had TFBS found by dnaMotifFind.  When the number of TFBS hits were expressed as a unit of NEC length,the most common number is in the 0.05-0.0749 range of TFBS hits per unit length.  (Figure 3). 316 elements had more than 1 TFBS with one element having 8 TFBS and most commonly elements had no hits while 726 had 1 hit (Figure 4). 
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Figure 2. Distribution showing number of TFBS/base for NECs. Bin sizes are 0.0025. Range is 0 – 0.09.  
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Figure 3. Number of JASPAR TFBS motif hits found by dnaMotifFind per NEC.

9 NECs have 5 hits, 10 NECs have 6 hits and 1 NEC has 7 hits and 1 NEC has 8 hits. 

3.4 Transcription factor binding sites (TFBS) search in Validated Enhancers

The rVista tool was used to search for TFBS in the DACH enhancer elements (from Nobrega et al., 2003).  Only high-specificity matrices from Transfac Professional were chosen and the similarity threshold was set at 0.90.  Sites were chosen that were conserved between Human and Fugu (Table 2). Four of the DACH elements (Dc3, Dc6, Dc7 and Dc9) mapped to NECs that also had hits for a TFBS motif in the JASP database using dnaMotifFind (Table 3). 

Elements
TFBS found by rVista2.0

Dc1: STAT3(2), STAT1, STAT5A(6), PAX2, CEBP(2), STAT1

Dc2: P53(2),MEF2, EIS, TCF11, STAT3, OCT1, CEBP, STAT1, STAT3, STAT5A(2), AR

Dc3: STAT5A(5), P53, CHX10, OCT(2), CEBP (4), PAX2, E2F1. STAT5A, PBX1, STAT1

Dc4: TRF1, STAT5A and MEF2

Dc5: STAT1, STAT3, STAT5A, PBX1, PR, AR, GR, (PR and GR, 95) STAT1, STAT3, STAT5A, ETS

Dc6: PAX2, PBX1, STAT1, STAT5A 

Dc7: FOX04, P53, VMYB, STAT3, STAT5A(3), PAX2, PBX1, MEIS1, GR, STAT1,

IRF1

Dc8: PBX1, STAT3(2), STAT5A, OCT1, PBX1, TCF11

Dc9: AP4, MYOD, E2A, STAT5A, AR, GR, PAX2

Table 2. TFBS found by rVista2.0 in the DACH elements. Numbers in parentheses indicate the number of instances of that TFBS found in this region.

Element NEC        Start
  End
Jaspar AccessionStrand TF Name
TFClass

Dc3 
chr13.71       281     290     MA0003    -
AP2alpha        AP2


chr13.71       204     213     MA0003   -        AP2alpha        AP2 

Dc6     chr13.80       114     124     MA0101  +         c-REL            REL

Dc7     chr13.82        217     229     MA0018  -          CREB            bZIP

           chr13.82         58      66       MA0031  +       FREAC-4 FORKHEAD

           chr13.82       455     467      MA0048  -        Hen-1                bHLH

Dc9    chr13.84       179     189       MA0057  +      MZF_5-13        ZN-FINGER, C2H2

          chr13.84        408     418      MA0071  -     RORalfa-1          NUCLEAR 


                                                                                               RECEPTOR

Table 3. TFBS from JASPAR found in NECs that map to DACH enhancer elements. Start and End are the co-ordinates for the TFBS in the NECs. 

3.5 De novo motif searching using Improbizer and MotifMatcher

Improbizer was used to find motifs in the DACH enhancer element set using either a set of the Stanford chromosome 13 CFTR region control elements or using the set of sequences generated by PST with a similar GC content. The DACH elements have a GC content of 30-35%.  A 2nd order Markov model was used for the background.  Scores for the motifs were compared to control runs to assess their significance (Table 4). MotifMatcher was then used to search for this motif in the elements and to see if they which elements have the motif.  Examination of the regions where these motifs were found to be high scoring in DACH elements revealed that the MEIS1 TFBS found by rVISTA2.0 in Dc7 overlaps with this motif. 

Motif consensus
Motif Score 

DACH elements
Score for DACH

Stanford control set as Background

ACGTCGC

10.7771

Dc3


10.681







Dc6


11.662

 





Dc7


10.816

GCATTTGT

11.152


Dc6


13.976








Dc7


10.627







Dc8


10.698

Control Runs: 10.5-11.75

30-35% GC content sequences as Background

TTTCCTATTTCGCTT
15.0389
Dc6


12.302







Dc7


14.267

GCTCCACGCTTCCACCT
13.8802
Dc3

13.226







Dc6


12.182







Dc7


12.389







Dc8


14.307

Control Runs: 11.25-13.25

Table 4. Consensus sequences for Motifs found by Improbizer and Scores for searching for these motifs against DACH elements using MotifMatcher. 

4. Discussion and Future Work


In the construction of NECs, the threshold for the sliding window was 82% identity for human-mouse and 60% for zebrafish-Tetraodon when finding the conserved regions.  This resulted in 5% of the genome being tagged as conserved in each case (G. Bejerano, personal communication). 4551 NEC elements were found to be in the human-fish conserved regions. These exhibit a large range of length but most are around 100bp. The most NECs are found on chromosomes 1 and 2 which are the largest chromosomes and the least are found on 21, 22 and Y which are the smallest. 

Of the DACH elements (Dc1-9), all but Dc2 mapped to the NECs.  Dc1 and Dc5 were negative in the enhancer validation experiments (Nobrega et al., 2005). For the set of enhancer elements validated by Woolfe et al., (2005), 8 elements mapped to NECs (2 were from a region near SHH, 1 from HLXB9, 1 from KIAA0010 and 4 from PAX6). These are all regions thought to control genes involved in development. For the Stanford set, a sliding window was taking across the CFTR region so these were chosen by a different method. An analysis of the four datasets using featureBits showed that the Stanford data sets and the chromosome 16 Vista data sets both intersected to a large extent with introns and repeat regions both of which would have been removed from the NECs. This perhaps explains why these do not intersect with the NECs Both these sets of elements that map to NECs were identified in a similar manner by using human-Fugu conserved regions. It is possible that some of the elements in these sets do not map to NECs because the Fugu conserved regions are not found in zebrafish.  Also, the method for identifying NECs could be more stringent than methods used to create these data sets.


Only 49 TFBS for human are in the JASPAR database. Only 1040 NEC elements had hits in this database. It may be that this is because the database is small or that the threshold for dnaMotifFind was too high and this should be fine-tuned. The Transfac 8.3 (Matys et al. 2003) database has 409 human matrices and this was also reformatted for use with dnaMotifFind and will be used in the future to find TFBS in the NECs.  More TFBS were found using rVISTA2.0 and this does use Transfac.  Also, the NECs should be used to build a Markov model using PST and a large number of sequences emitted that should be used to find TFBS using dnaMotifFind. The results from this set of sequences will then be compared to that from the real data to assess the significance of the results and the likelihood that a TFBS is real.  It could also be used to assess whether the threshold being used is too stringent. The background set may not be large enough and this should be tested too – 15,000 bp were used here but a larger set would probably improve the background model. 


Consensus sequences for motifs found in the DACH elements data set by Improbizer seemed to score better compared to the control runs when the similar GC content sequences were used as the background rather than the Stanford data control set.  The GC content sequences probably allow a model to be built that captures the AT-rich bias of these sequences. Only one of these consensus sequences overlapped with a TFBS found by rVISTA2.0. Of the motifs found, they all seemed to score most highly for the DACH elements Dc3, Dc6, Dc7 and Dc8. This data set is small and an appropriate background model should be chosen.  Consensus motifs should be searched for in the other datasets and subsets of the data and various combinations. Motifs found could then be searched for in all the data sets and the NECs and compared to the Transfac and JASPAR databases to see if they coincide with any known TFBSs.


Some validated enhancer elements are found to be in the NECs. A larger data set of enhancers should also be considered. These regions that are conserved in vertebrates appear to be involved in gene regulation as shown when regions were identified in a similar manner and tested as putative enhancers. Further work is needed to analyze the function of these regions both computationally and experimentally.
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