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ABSTRACT 

Identification of lineage-specific innovations in genomic control elements is critical for 

understanding transcriptional regulatory networks and phenotypic heterogeneity. We 

analyzed, from an evolutionary perspective, the binding regions of seven mammalian 

transcription factors (ESR1, TP53, MYC, RELA, POU5F1-SOX2 and CTCF) identified 

on a genome-wide scale by different chromatin immunoprecipitation approaches and 

found that only a minority of sites appear to be conserved at the sequence level. Instead, 

we uncovered a pervasive association with genomic repeats by showing that a large 

fraction of the bona fide binding sites for five of the seven transcription factors (ESR1, 

TP53, POU5F1-SOX2 and CTCF) are embedded in distinctive families of transposable 

elements. Using the age of the repeats, we established that these Repeat-Associated 

Binding Sites (RABS) have been associated with significant regulatory expansions 

throughout the mammalian phylogeny. We validated the functional significance of these 

RABS by showing that they are over-represented in proximity of regulated genes and that 

the binding motifs within these repeats have undergone evolutionary selection. Our 

results demonstrate that transcriptional regulatory networks are highly dynamic in 

eukaryotic genomes and that transposable elements play an important role in expanding 

the repertoire of binding sites.  
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INTRODUCTION 

Although cross-species conservation has been successfully used to identify functional 

regulatory sequences in genomes (Boffelli et al. 2004; Thomas et al. 2003; Wang et al. 

2006), there is growing evidence that changes in cis-regulatory elements are important in 

determining key phenotypic differences, as shown in yeast (Ihmels et al. 2005), pufferfish 

(Tumpel et al. 2006), Drosophila (Gompel et al. 2005; Marcellini and Simpson 2006) and 

human (Rockman et al. 2005). Moreover, a number of studies have shown that 

evolutionary turnover of regulatory elements is a common feature of eukaryotic genomes 

with examples in yeast (Borneman et al. 2007; Tanay et al. 2005; Tuch et al. 2008), 

Drosophila (Moses et al. 2006), zebrafish (McGaughey et al. 2008) and mammals 

(Birney et al. 2007; Chabot et al. 2007; Dermitzakis and Clark 2002; Jegga et al. 2008; 

Odom et al. 2007). 

To gain additional insights into eukaryotic transcriptional regulation and to further 

quantify the significance of species-specific regulation, we analyzed, from an 

evolutionary perspective, seven whole-genome occupancy data sets obtained in vivo by 

ChIP (see Table 1). The studied transcription factors (TFs) are: ESR1 (also known as 

ER), TP53 (also known as p53), MYC (also known as c-MYC), and RELA (also known 

as the p65 subunit of NFkB) in human and POU5F1-SOX2 (also known as OCT4-SOX2) 

and CTCF in mouse. These TFs were selected because they play critical roles in a wide 

spectrum of biological systems. For instance, ESR1 and TP53 are determining factors in 

cancer while POU5F1 and SOX2 are both required to maintain pluripotency of 

embryonic stem (ES) cells. CTCF is a methylation-sensitive protein that is important for 

gene imprinting (Hark et al. 2000) and X chromosome inactivation (Lee 2003). It is also 
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known to act as a chromatin insulator (Bell et al. 1999). Our results extend previous work 

and show that for these seven TFs, the majority of the genome-wide binding regions do 

not display signs of sequence conservation even between closely related mammals.  

In looking for a mechanistic explanation for this limited cross-species 

conservation, we studied the frequency of repeats within the binding regions since repeats 

are known to account for a large fraction of the sequence differences between human and 

mouse (Waterston et al. 2002). Although repeats have been hypothesized to play an 

important role in transcriptional regulation (Brosius 2003; Davidson and Britten 1979; 

Kidwell and Lisch 1997; McClintock 1984), have been reported to harbor transcription 

factor binding motifs (Polak and Domany 2006) and have been shown to be bound in a 

number of cases (Bejerano et al. 2006; Johnson et al. 2006; Laperriere et al. 2007; Wang 

et al. 2007), the extent of their impact on the evolution of regulation remains elusive. 

Interestingly, in the current study, we report that hundreds, and in some cases thousands, 

of binding sites for five of the seven TFs are embedded in distinctive repeat families. Our 

results quantitatively demonstrate that transposable elements have mediated substantial 

regulatory expansions throughout the mammalian phylogeny. 
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RESULTS 

Limited evolutionary conservation of transcription factor binding regions  

Assessing the conservation of TF binding regions can be challenging especially 

with the added complexity that conserved cis-regulatory elements can be locally shuffled 

which prevents their detection by alignment-based algorithms (Pollard et al. 2006; Sanges 

et al. 2006). We make a distinction between a binding region, a region that is observed to 

be bound (typically a few hundreds of base pairs depending on the detection technique), a 

binding site, the actual point of contact between the TF and the DNA and a binding motif, 

the recognition sequence that mediates this interaction. To evaluate the conservation of 

the regions detected to be bound, we relied on two metrics: 1) overlap with a PhastCons 

Conserved Element (Siepel et al. 2005) and 2) presence of conserved binding motifs 

across multiple species (see Methods). The first metric looks for the presence of a good 

quality whole-genome alignment of vertebrates within the TF binding region as an 

indirect measure of the conservation of the binding site. The second metric is more 

targeted and looks for the presence of binding motifs in the region observed to be bound 

and in its homologous counterparts in other genomes. Although limited by the quality of 

the binding motifs used and their applicability across species, this second metric allows 

for more flexibility within the local alignments in the conservation assessment.  

Consistent with previous reports (Borneman et al. 2007; Odom et al. 2007), we 

found that for these seven TFs, the underlying sequence conservation was limited with 

evolutionary similarity detected in only 10-40% of the binding regions (Fig. 1A and 

Supplementary Table 1). Nonetheless, we also observed that for some TFs (e.g. ESR1 

and CTCF), this evolutionary pressure was not limited to sites in proximity to genes (Fig. 
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1B). Overall and as expected, the assessment that relied on binding motifs rather than 

sequence alignment was more specific with background levels below 5% in all cases. For 

TP53, we also note that the targeted approach relying on conserved motifs was able to 

detect significantly more conserved sites than the untargeted approach relying purely on 

good quality alignments. 

 

Pervasive association between transcription factor binding regions and repeats 

In looking for a mechanistic explanation for this limited cross-species conservation, we 

tabulated the frequency of the different repeat families within the binding regions for the 

various TFs. We found that specific families were strongly overrepresented in the 

experimentally bound regions as compared to randomly selected fragments (Fig. 2A, see 

Methods). Specifically, ESR1 binding regions overlapped an inordinate number of MIR 

repeats (19.8% versus the expected 13.3%, p-value = 1.5 x 10-10), TP53 regions showed 

an association to ERV1 repeats (39.6% versus the expected 6.1%, p-value = 1 x 10-70), 

POU5F1-SOX2 regions showed a predominance of ERVK repeats (23.8% versus the 

expected 8.7%, p-value = 1 x 10-68) and B2 repetitive sequences were overrepresented in 

CTCF binding regions (33.8% versus the expected 12.4%, p-value < 1 x 10-100). These 

associations were not due to biases in library preparations since the non-enriched and 

random immunoprecipitated fragments showed no such preference (Fig. 2A). Two 

examples of binding regions overlapping repetitive sequences are shown in Fig. 2B. We 

had initially observed that all TFs under study appeared to bind a common set of 

pericentromeric satellite DNA sequences but since these regions are known to be 

incompletely assembled, they were removed from downstream analyses to avoid likely 
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mapping artifacts (Supplementary Text). The association between ESR1 and MIR repeats 

would have been challenging to detect in the ChIP-chip dataset because of the difficulty 

in designing probes covering repetitive sequences (Supplementary Text). 

The enrichment for ESR1, TP53, POU5F1-SOX2 and CTCF binding in repeats 

was even more pronounced within the subtypes of the major repeat families. In the case 

of CTCF for instance, there were 10,084 binding regions overlapping B3 and B3A 

repeats (two subclasses of the B2 family) corresponding to 8,234 more than expected by 

chance (Table 2). To this point, all binding regions that have been described were 

ascertained by digital counts of sequenced fragments. Previous work showed high 

validation rate (~95%) for precise sites within regions identified by these genomic 

approaches. We further validated the TF binding on the repetitive sequence fragments 

described here using quantitative PCR and confirmed that between 86-100% of 

designated sites could be confirmed (Supplementary Figure 1, see Methods). This verifies 

that a large fraction of the binding sites of some TFs are embedded in highly restricted 

classes of repetitive sequences. Collectively, we call these sites Repeat-Associated 

Binding Sites (RABS).  

 

Transposable elements harbor progenitor sequences for ESR1, TP53, POU5F1-

SOX2 and CTCF binding motifs 

The specificity of TFs to be found within distinct repetitive sequence families suggests 

that there may be intrinsic sequence signatures embedded in these transposable elements 

that can predispose them to becoming TF binding sites. Given that a majority of the 

RABS had sequence binding motifs associated with ESR1, TP53, POU5F1-SOX2 and 
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CTCF (Supplementary Table 2), we scanned all the MIR, ERV1, ERVK and B2 repeats 

in the genome and looked for instances of the associated motifs. We observed that 

specific regions of the repeat consensus consistently harbor the TF binding motifs (Fig. 

3A and Supplementary Figure 2). Given that one of the strengths of the ChIP sequencing 

approaches is that the precise TF binding site is frequently found in the area of maximal 

overlap of the sequenced clones (Chen et al. 2008; Lin et al. 2007), we were interested in 

mapping the section of the repeat consensus actually observed to be bound by the TF. 

This analysis confirmed a surprising specificity of binding to the same regions of the 

repeat consensus (Fig. 3A and Supplementary Figure 2). This validates that these TF-

repeat associations are mediated by sequence binding motifs and are highly targeted. Fig. 

3B shows an alignment of the 17 bound instances of the RTRL11B repeat verifying the 

presence of the POU5F1-SOX2 motif. 

To evaluate further whether MIR, ERV1, ERVK and B2 repeats represent a good 

source of binding motifs, we assessed the similarity between their ancestral sequence (as 

estimated by the consensus sequence) and motifs for ESR1, TP53, POU5F1-SOX2 and 

CTCF respectively. We then compared this similarity to the one between random 

promoter sequences and the same binding motifs. For all 4 families of repeats we found 

that, in a majority of cases, a good binding motif was embedded in the ancestral repeat 

sequence, a property present in less than 10% of the random promoter sequences for 

ESR1 and POU5F1-SOX2 and less than 4% for TP53 and CTCF (Supplementary Table 

3, see Methods). This confirms that the cognate ancestral repeats were poised to generate 

the appropriate binding motifs more readily than if random promoter fragments were 

used as an alternative starting template. Also consistent with the idea of sequence drift in 
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transposable elements towards functional binding sites, we found that repeat instances 

empirically observed to be bound were more likely to harbor a strong TF binding motif 

than repeats of the same class that were not observed to be bound. Specifically, for TP53, 

POU5F1-SOX2 and CTCF, the difference in the motif scores between the bound repeats 

and the whole population of repeats was statistically significant (p-value < 0.001 for 

ERV1, p-value = 0.005 for ERVK and p-value < 0.001 for B2, Supplementary Figure 3, 

see Methods).  

 

Transposable elements have facilitated species-specific binding sites 

Novel TF binding sites can be acquired directly by point mutations or, when good 

binding motif precursors exist within transposable elements, they can be facilitated by the 

insertion of such elements (Fig. 4A). Having demonstrated that a significant fraction of 

the observed TF binding sites are directly embedded into special classes of repeats, we 

determined an upper bound for the emergence of these RABS by timing the expansion of 

the repeat families themselves. By measuring the average divergence from the consensus 

and consistent with previous reports (Waterston et al. 2002), we find that the expansion 

of MIR repeats took place approximately 130 million years (Myrs) ago, that for the 

ERV1s it occurred between 56 and 81 Myrs ago, that for the ERVKs it is between 32 and 

53 Myrs ago and that for the B2s it is between 13 and 57 Myrs ago (Supplementary Table 

4, see Methods). Overlaying the emergence of these repeats unto the species tree 

demonstrates that the RABS identified for ESR1 are likely to be ancestral to mammals, 

that the ones for TP53 are primate-specific, that the ones for POU5F1-SOX2 are rodent-
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specific and that the ones for CTCF are either rodent-specific or even mouse-specific 

(Fig. 4B).  

When we initially examined the proportion of bona fide binding regions that did 

not appear to be evolutionarily conserved at the sequence level under either metrics (Fig 

1 and Supplementary Table 1), we surmised that a major contributing factor for 

evolutionary TF binding site diversity could be retrotranspositional dispersion (Fig. 4A). 

By calculating the proportion of non-conserved regions that are now identified as RABS, 

we find that 43% (96 out of 223), 28% (280 out of 1017) and 41% (10048 out of 24499) 

of the evolutionary variance in TP53, POU5F1-SOX2 and CTCF binding regions 

respectively can be explained by this mechanism (Fig. 4C). For ESR1, this effect is offset 

by the fact that the MIR repeat expansion predates the divergence time of the species 

used in the current study to assess conservation.  

The availability of a genome-wide binding map of CTCF in human T cells 

(Barski et al. 2007) allowed further validation of the sequence-based conservation 

classification of the binding regions (Fig 1 and Supplementary Table 1) and, more 

importantly, that RABS are implicated in lineage-specific regulatory expansions. Indeed, 

we find that 48% (7310 out of 15110) of the regions bound in mouse and predicted to be 

conserved have a homologous region that was also observed to be bound experimentally 

in human (Fig 4C, see Methods). In contrast, only 6% (634 out of 11243) of the mouse 

CTCF RABS were observed to be bound in human. 

 

Binding motifs within repeats are under selection 
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We have established that repeats harbor better binding motif progenitor sequences 

compared to typical promoters and that many RABS are lineage-specific. This, however, 

still leaves unanswered whether there has been selection in the use of these repeats as a 

template for generating binding motifs. To answer this, we measured the enrichment of 

binding motifs observed among the repeat families as compared to the expected number 

should the repeat instances be mutated randomly. We performed a series of simulations 

generating artificial repeat instances using comparable rates of mutations and counted the 

number of binding motifs found among them (Supplementary Table 5, see Methods). Our 

results showed that 4 out of the 5 repeat subclasses for TP53 and 9 out of 11 for 

POU5F1-SOX2 contained significantly more binding motifs than expected by chance (p 

< 0.001). The fact that mutations within these repeat families are not distributed 

randomly is also illustrated in the alignment of the instances of the RLTR11B repeat that 

were functionally bound by POU5F1-SOX2 (Fig. 3B). In this alignment, the region 

associated with the binding motif is highly preserved compared to other parts of the 

repeat.  

Next, we looked at the fraction of functionally bound motifs within the enriched 

repeat subfamilies and compared it to the fraction of bound motifs from randomly 

selected fragments from the genome. Interestingly, we found that the older the repeat, the 

higher the enrichment in the fraction of bound motifs within the subfamily (Fig 5A). For 

CTCF for instance, while 7.9% of randomly selected motifs were observed to be bound, 

34.2% of the motifs within the B3A subfamily were observed to be bound. In contrast, in 

the younger B2_Mm1a subfamily, this percentage drops to 0.2% (Supplementary Table 

6). Together, these results strongly suggested that the repeat instances were subjected to 
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evolutionary selection towards good binding motifs and that, as expected, this selection is 

most visible in the older repeats which had more time to evolve to bona fide binding 

sites. 

 

RABS are associated with regulated genes 

Finally, though it is difficult to globally ascertain whether Repeat-Associated 

Binding Sites (RABS) are directly controlling transcriptional regulation, we sought to 

address this by assessing the association of RABS to genes regulated by the specific TFs. 

The hypothesis is that if RABS are involved in gene regulation, then they should be more 

likely to be in the proximity of genes regulated by their cognate TF. To evaluate this 

possibility, we sought coordinated binding and gene expression datasets that used the 

same cell lines and similar treatments. Of the experimental datasets, the ones for ESR1 

and POU5F1-SOX2 had detailed and well-defined expression matching the binding data. 

In this analysis we found that, for both TFs, RABS were more likely to be adjacent to 

regulated genes than to randomly selected genes: for ESR1, the fold enrichment is 

approximately 4 fold, and for POU5F1-SOX2, the enrichment is approximately 2 fold 

(Fig. 5B, Supplementary Tables 7-8). Interestingly, for POU5F1-SOX2, the level of 

association was comparable, and in the case of ESR1, superior, to that of other non-repeat 

associated binding regions. Looking at randomly selected but unbound instances from the 

same family of repeats showed no specific proximity to regulated genes (see Methods). 

Taken together, these results suggest that RABS are functional at the level of TF binding 

and are likely to regulate many associated genes.  
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DISCUSSION 

Although cross-species conservation can be a powerful tool to identify regulatory 

sequences in genomes (Boffelli et al. 2004; Thomas et al. 2003; Wang et al. 2006), we 

have now shown using seven whole-genome in vivo occupancy data sets that only a 

minority of the TF binding regions appears to be evolutionarily conserved (Fig. 1). This 

result extends on previous reports (Birney et al. 2007; Chabot et al. 2007; Dermitzakis 

and Clark 2002; Jegga et al. 2008; Odom et al. 2007) and implies that a significant 

proportion of true TF binding regions would have been missed by in silico approaches 

relying exclusively on cross-species sequence conservation.  

By leveraging on the ability of the ChIP sequencing platforms to detect TF 

binding even in repeat-rich regions, we showed that, for five of the seven TFs, a 

significant proportion of the binding sites are embedded in specific families of repeats 

(17.7% within MIR for ESR1, 32.1% within ERV1 for TP53, 19.0% within ERVK for 

POU5F1-SOX2 and 28.4% within B2 for CTCF). We demonstrated that progenitor 

sequences for the motifs were not only included in these repeats but that in many cases 

binding motifs were overrepresented within the repeat instances suggesting some 

evolutionary selection. Interestingly, MIR repeats have recently been reported to be under 

strong selection (Kamal et al. 2006), their association to ESR1 binding could now explain 

in part this selection. Also supporting a functional role of RABS in transcriptional 

regulation was the trend that the older the repeat, the higher the enrichment in the fraction 

of motifs observed to be bound (Fig 5A) and their overrepresentation in proximity to 

regulated genes (Fig 5B). Methodologically, our findings also suggest that approaches 
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detecting TF occupancy that mask repeats (e.g. ChIP-Chip) could miss a significant 

subset of bona fide functional elements for at least some of the TFs. 

Why do some transcription factor binding sites (ESR1, TP53, POU5F1-SOX2 and 

CTCF) reside on repeats whereas others (e.g., MYC and RELA in this study) do not is 

unclear. One possibility is that no repeat class harbors MYC or RELA progenitor 

sequences. Alternatively, we noted that ESR1, TP53, POU5F1-SOX2 and CTCF involve 

complex recognition motifs that span 10-20 base pairs. In contrast, MYC and RELA 

binding motifs used shorter 6-11mer recognition sequences. Thus, though binding site 

diversity enhances robustness, the mechanism for binding site dispersion may be 

dependent on constraints imposed by the relative sequence complexity of the response 

elements. Whereas simple binding motifs (as in MYC and RELA) can be generated by 

mutation of random fragments, such de novo motif construction is not as probable for 

complex motifs. In the latter case, an alternative mechanism, retrotranspositional 

dispersion, was linked to the creation of new binding sites. 

Finally, using the age of the repeat families we showed that RABS have been 

associated with significant regulatory expansions throughout the mammalian phylogeny 

(Fig 4) with, for instance, an example predating the mammalian radiation (ESR1 on MIR) 

and a more recent example on a class of transposable elements currently active in rodents 

(CTCF on B2). Our findings raise important questions about the similarity of the 

transcriptional regulatory networks between human and mouse in central biological 

processes ranging from cancer to stem cell. For instance, the fact that a large fraction of 

the bona fide CTCF binding sites in mouse are associated with rodent-specific 

transposable elements is likely to have profound functional implications. We note that at 
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the Xist locus, a repeat element bound by CTCF was recently shown to have also 

descended from an ancient retrotransposon (albeit different from B2). At this particular 

locus, the bound repeat was also shown to directly regulate random and imprinted X 

inactivation (Cohen et al. 2007). In another well-studied locus where CTCF acts as a 

chromatin insulator, the H19/Igf2 locus (Hark et al. 2000), it was recently reported that 

the developmentally regulated expression of the B2 repeat itself acts as a chromatin 

domain boundary in organogenesis (Lunyak et al. 2007). These examples combined with 

the fact that we now report thousands of repeat elements bound by transcription factors 

help confirm the hypothesis that repeats act as critical “control elements” in eukaryotic 

genomes (Brosius 2003; Davidson and Britten 1979; Gentles et al. 2007; Kidwell and 

Lisch 1997; McClintock 1984). 

Changes in regulatory elements can have important phenotypic effects across 

species (Gompel et al. 2005; Ihmels et al. 2005; Marcellini and Simpson 2006; Rockman 

et al. 2005; Tumpel et al. 2006) and within populations with examples from various 

human diseases, such as Alzheimer (Theuns et al. 2000), obesity (Esterbauer et al. 2001) 

and cancer (Bond et al. 2004). Using genome-wide in vivo TF binding data, our study 

quantitatively substantiate the link between repeat expansions and regulatory evolution in 

mammalian genomes.  
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METHODS 

Whole-genome chromatin-immunoprecipitation datasets 

We used 7 whole-genome occupancy datasets: 5 used a ChIP-PET assay, one used a 
ChIP-Chip assay and one used a ChIP-Seq assay (Table 1 and Supplementary Tables 9-
15). Only the POU5F1-SOX2 dataset required some additional experiments and 
processing different from the ones reported in the original publications. Because POU5F1 
and SOX2 function as a heterodimer based on precise juxtaposition of the two binding 
sites (Loh et al. 2006), we treated these two transcription factors as one regulatory unit. 
Specifically, an additional ChIP-PET library for SOX2 binding sites also in mouse 
embryonic stem cells was generated under the same conditions reported in (Loh et al. 
2006). Realtime PCR validation showed that clusters with more than 4 PET overlaps 
have more than 95% validation rate (data not shown). All clusters with at least 2 
overlapping PETs from both libraries were used as binding regions. In effect, this 
increased the stringency of the binding motif analysis because of the greater specificity of 
the dual recognition sequences. 

 

Observed and expected overlap with Conserved Elements 

To assess the evolutionary conservation of the binding regions we first looked for the 
presence of conserved elements identified from global alignments of vertebrate genomes 
(Siepel et al. 2005). PhastCons Conserved Element files were downloaded from the 
UCSC Genome Browser (Kent et al. 2002) for both human (hg17) and mouse (mm5). For 
this analysis, we only report the results of overlapping the conserved elements with 200 
base pairs (bps) windows centered around the middle of the binding regions since larger 
windows lead to higher background levels and fold enrichments below 2 for all TFs (data 
not shown). To account for the conservation bias associated with proximity to coding 
regions, expected levels were estimated independently for each library using 1000 Monte 
Carlo simulations where the number of simulated regions falling into 4 categories with 
respect to the proximity to genes was fixed to the actual number of binding regions 
falling into the same categories. The 4 mutually exclusive categories are: adjacent – 
within 250 base pairs (bps) of the coding region of a Known Gene (KG), proximal – 
within 5 kilo bps (Kbps) of a coding region, distant –intragenic or within 100 Kbps of a 
KG, and desert – more than 100 Kbps from any KG. The analysis for CTCF was similar 
but based on the mm8 assembly. 

 

Observed and expected binding motifs in multiple species 

The binding regions (using centered windows of size 200, 500, 1000 and 2000 bps) were 
scanned for the motifs reported in the original publications: ERE consensus motif 
(GGTCAnnnTGACC) with up to two mutations for ESR1 (Lin et al. 2007), position 
weight matrix for TP53 (Wei et al. 2006), RELA (Lim et al. 2007), POU5F1-SOX2 (Loh 
et al. 2006) and CTCF (Chen et al. 2008), and finally perfect Ebox consensus motif 
(CACGTG) for MYC (Zeller et al. 2006). Homologous binding regions were identified 
using liftOver, a tool that relies on BlastZ whole-genome alignments available through 
the UCSC Genome Browser (Kent et al. 2002; Schwartz et al. 2003), and scanned for 
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motifs. Specifically, for the human TF ChIP experiments, windows observed to be bound 
in human (hg17) were converted into homologous regions in chimpanzee (panTro1), 
macaque (rheMac2), mouse (mm5) and dog (canFam2) using a 10% base pairs match 
cutoff and the multiple hits option. A region was said to contain a cross-species 
conserved motif if a motif was found in two out of the three primates and either mouse or 
dog. Similarly, for the mouse TF ChIP experiments, windows observed to be bound in 
mouse (mm5) were converted into rat (rn3), human (hg17) and dog (canFam1) and the 
motif was required to be found in both rodents and either human or dog. Expected levels 
were measured using similar distribution-matched simulated data sets as described above. 
Numbers reported in Fig. 1 and Supplementary Table 1 are from 2 Kbps windows (except 
for the ESR1 data sets where they are from 500 bps windows) because significant motif 
enrichment was observed to extend to these homologous neighborhoods (Supplementary 
Text). The reference assemblies used for the analysis with CTCF were mm8, rn4, hg17 
and canFam2. 

 

Association with repeat elements 

RepeatMasker data files (Smit 1996-2007) were downloaded from UCSC for both human 
(hg17) and mouse (mm5). Repeat content of the binding regions was measured in 
windows centered on the middle of the overlap. In all cases, the size of the windows used 
was 500 bps and the proportion of windows overlapping a specific type of repeat was 
reported and compared to the expected proportion observed in 1 million random locations 
selected on the appropriate genome from which gaps in the assembly had been removed. 
ChIP-PET background was estimated by intersecting repeat elements with centered 
windows for all singletons PETs (i.e. clusters of size 1) of the individual TF libraries. 
ChIP-Chip background was estimated using 1 million randomly selected probe locations 
based on the array design and obtained from Affymetrix (www.affymetrix.com). ChIP-
Seq background was estimated using singleton tags mapped outside binding clusters. The 
analysis for CTCF was based on the mm8 assembly. P-values were computed using a 
one-sided binomial test.  

 

Validation of RABS using quantitative PCR 

Quantitative PCR values of RABS for TP53 and ESR1 were extracted from the original 
publications (Lin et al. 2007; Wei et al. 2006). Additional RABS for POU5F1-SOX2 
were tested by POU5F1 ChIP and quantified by realtime PCR as described previously 
(Loh et al. 2006). 

 

Repeat sequences as binding motif progenitors 

The susceptibility of a piece of DNA sequence to generate a good binding motif solely 
through a series of random single nucleotide mutations can be approximated by the 
minimum Hamming Distance (minHD) between any of its substrings and a good binding 
motif. For each repeat, we computed the minHD of its consensus sequence (as defined in 
RepBase (Jurka 2000)) to a good binding motif of the associated transcription factor. 
Following that, we extracted all promoter sequences (and matched the length to the repeat 
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consensus sequence) in the genome, based on the UCSC Genome Browser knownGene 
database, and similarly computed the minHD of each promoter to a good binding motif. 
A repeat consensus sequence whose minHD fell within the extreme lower tail of the 
promoter-based minHD distribution can create a good binding motif with fewer point 
mutations than most promoters – and can probably act as a motif progenitor. 

 

Estimating the age of repeat families 

The RepeatMasker output and align files for the human genome sequence (hg17) and 
mouse genome sequence (mm5) were downloaded from UCSC Genome browser. We 
calculated the age of the repeats using the formula: age = divergence/(substitution rate). 
We used the substitution rates: 2.2 × 10-9 for the human genome and 4.5 × 10-9 for 
mouse genome (Lander et al. 2001; Waterston et al. 2002). We computed the age of the 
repeat subfamily using three methods: (i) Jukes Cantor method, (ii) Kimura 2-distance 
and (iii) PAML. For the Jukes-Cantor method, we used the divergence rate (number of 
mismatches) from the RepeatMasker output file, while in the Kimura 2-distance, we 
extracted the transitions and transversions rates from the align files. We followed a 
similar approach to the one described in (Pace and Feschotte 2007) to calculate the 
sequence divergence using PAML(Yang 1997). We generated a single concatenated 
sequence for each chromosomal repeat with the corresponding consensus sequence. The 
process was repeated with and without masking the CG dinucleotides (for + strand) and 
GC dinucleotides (for – strand) and as well as all non-ATGC characters removed. The 
combined sequences were analyzed using PAML version 3.15 using the REV model 
(Tavare 1986) using the global clock option. The corrected divergences (with and without 
GC masked) were extracted to calculate the age of the MIR, ERV1, ERVK and B2 
repeats (Supplementary Table 5). 

 

Comparison between mouse and human CTCF binding regions 

We used the top 21373 CTCF binding regions detected in a study of human T cells 
(Barski et al. 2007). As before, 2Kbs windows associated with CTCF binding regions in 
mouse were converted into human homologous regions using the tool liftOver (Kent et al. 
2002).  Converted regions falling within 1Kb of regions bound in human were said to be 
bound in both mouse and human. 

 

Enrichment of binding motifs within the repeat families 

The enrichment of good binding motifs in the repeats was estimated by comparing the 
number of good binding motifs found in the repeat instances in the genome to the 
expected number of good binding motifs had the repeat instances undergone random 
single nucleotide mutations uniformly across the instance. Sequences of the repeat 
instances were extracted from the genome and then scanned for motifs. A series of Monte 
Carlo simulations was run to estimate the expected number of good motifs. In each 
Monte Carlo iteration, we reconstructed the generation of each repeat instance by (i) 
extracting the aligned portion of consensus sequence as a seed sequence and (ii) mutating 
its basepairs with the probability r, the mismatch rate reported in the RepeatMasker 
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output file. Following which, the artificial repeat instances were scanned for good motifs 
as before and the total number of good motifs found was noted. The average number of 
good motifs was reported as the expected count of good motifs and the fraction of time 
artificial repeat instances contained as many or more good motifs than observed was 
reported as the p-value. We note that the effectiveness of this test will be limited by the 
fraction of functional sites within the repeat family that is directly under selection for the 
cognate TF binding motif. 

 

Enrichment of bound binding motifs within the repeat families 

The enrichment of bound motifs in the repeats was estimated by comparing the fraction 
of motif observed to be bound in the different repeat subfamily to the fraction of motifs 
observed to be bound in 1 million 100bp fragments randomly extracted from the 
respective genomes. 

 

Association with regulated genes 

A list of 1638 affy probes corresponding to 1187 differentially regulated genes following 
E2 treatment was extracted from (Lin et al. 2007). A similar list of 1847 affy probes 
corresponding to 1719 differentially regulated genes following POU5F1 or SOX2 
knockdown was extracted from (Ivanova et al. 2006). Binding regions were partitioned 
into two groups: the ones with and without the cognate repeat. A binding region was said 
to be associated with a regulated gene if it was within 10Kb or internal to this gene. 
Expected levels were measured in 100 Monte Carlo simulations using the same procedure 
but where the set of regulated probes was replaced by a random set of the same size. In 
the final control, the set of bound repeat instances was replaced by random samples of 
instances coming from the same repeat family. 
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FIGURE LEGENDS 

 
Figure 1. Limited evolutionary conservation of transcription factor binding regions. 

A) Gray bars show the percentage of binding regions that are conserved based on either 

an overlap with a PhastCons Conserved Element (left panel) or the presence of a 

conserved binding motif (right panel). ESR1 is the ESR1 ChIP-PET data set (Lin et al. 

2007) while ESR1-CC is the ESR1 ChIP-Chip data set (Carroll et al. 2006). Conservation 

levels expected by chance are shown in white and are computed from simulated binding 

data sets (see Methods). B) Gray bars show the percentage of binding regions for ESR1, 

MYC and CTCF that have a conserved binding motif where the regions are further 

partitioned into four categories: adjacent (within 250 base pairs (bps) of the coding 

region of a gene), proximal (within 5 kilo bps (Kbps) of a coding region), distant 

(intragenic or within 100 Kbps of a gene), or desert (more than 100 Kbps from any gene). 

Conservation levels expected by chance are shown in white. Error bars are for one 

standard deviation. 

 

Figure 2. Pervasive association between transcription factor binding regions and 

transposable elements. A) Enrichment of specific repeat families in the binding regions 

of distinct transcription factors. Heatmap shows the percentage of instances of a specific 

family of repeats that is in excess (yellow) or in deficit (blue) as compared to expected 

levels. Values were computed for the 7 binding data sets but also for background data 

sets (labeled with “-B”) consisting of only singleton PETs (for ChIP-PET), random 

selected affymetrix probes (for ChIP-Chip) or singleton tags (for ChIP-Seq). The specific 

repeats from the four repeat families showing enrichment are highlighted on the right. 

These four repeat families are: MIR (mammalian interspersed repeat, a SINE repeat), 

ERVK (mouse endogenous retrovirus K, an LTR repeat), ERV1 (human endogenous 

retrovirus 1, an LTR repeat) and B2 (a rodent-specific SINE repeat). B) Two examples 

showing ChIP sequencing clusters detecting binding regions in repeat-rich genomic 

sequences. In the first example, the binding region is identified with 3 fragments from the 

POU5F1 ChIP-PET library and 4 fragments from the SOX2 ChIP-PET library. In the 

second example, only the tag density is shown for the CTCF ChIP-Seq library. 
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Figure 3. Transposable elements harbor progenitor sequences for ESR1, TP53, 

POU5F1-SOX2 and CTCF binding motifs. A) The same regions of the repeats harbor 

sequence binding motifs and are observed to be bound by the transcription factor. Filled 

areas represent the number of instances, at a given position relative to the consensus 

sequence, observed to be bound by ESR1, TP53, POU5F1-SOX2 and CTCF respectively. 

Similarly, the green, purple, red and orange curves show the number of instances of the 

ESR1, TP53, POU5F1-SOX2 and CTCF motifs at a given position across all instances of 

that repeat in the genome. B) Multiple sequence alignment of the 17 bound instances of 

the RTRL11B repeat. Columns with more than 90% identity are in blue and highlight two 

regions of high sequence similarity. The first region is where the POU5F1-SOX2 motif 

(Loh et al. 2006) is detectable. Genomic positions of the repeat instances are shown on 

the right. 

 

Figure 4. Evolution of the mammalian transcription factor binding repertoire via 

transposable elements. A) Two evolutionary models for the gain of transcription factor 

binding sites: 1) via point mutations only or 2) by the insertion of a transposable element 

in which the seed of a binding motif is embedded. B) Overlaying the age of the repeats on 

the species tree determines the age of the Repeat-Associated Binding Sites (RABS). 

Time-scale is in million of years and divergence times are from (Murphy et al. 2007). C) 

RABS constitute a large fraction of the non-conserved binding regions of TP53, 

POU5F1-SOX2 and CTCF. Venn diagrams show the number of conserved and non-

conserved binding regions that also correspond to RABS. The CTCF binding regions, 

which were detected in mouse embryonic stem cells, are also compared to a set of CTCF 

binding regions detected in human T cells (Barski et al. 2007). 

 

Figure 5. Transposable elements are enriched for bound motifs and are associated 

with regulated genes. A) Ratio between the fraction of motifs within a given repeat 

subfamily that are observed to be bound and the fraction of motifs that is expected to be 

bound. X-axis represents the estimated age of the repeat subfamily (in Myrs). Two 

subfamilies of the B2 repeat associated with CTCF are highlighted: B3A and B2_Mm1a. 
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B) Gray bars indicate the percentage of ESR1 and POU5F1-SOX2 binding regions with 

and without repeats that are within 10Kb of a regulated gene. Expected levels based on a 

random set of genes are shown in white. An additional control is shown using a random 

sample of instances from the same repeat families. Error bars are for one standard 

deviation. 
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 TABLES 

 

Dataset Organism Cell line ChIP assay Reference 
Number of 

binding 
regions 

ESR1* Human MCF-7 ChIP-PET (Lin et al. 2007) 1234 

ESR1-CC Human MCF-7 ChIP-Chip 
(Carroll et al. 

2006) 
3665 

TP53 Human HCT116 ChIP-PET (Wei et al. 2006) 336 

MYC Human 
Burkitt’s 

lymphoma 
ChIP-PET 

(Zeller et al. 
2006) 

660 

RELA Human 
Leukemia 

T cells 
ChIP-PET (Lim et al. 2007) 617 

POU5F1-
SOX2 

Mouse 
Embryonic 
stem cells 

ChIP-PET (Loh et al. 2006) 1507 

CTCF Mouse 
Embryonic 
stem cells 

ChIP-Seq 
(Chen et al. 

2008) 
39609 

Table 1. Whole-genome chromatin-immunoprecipitation datasets (see Methods). *The 
use of ESR1 by itself will refer to this particular dataset. 
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Repeat family  
and name 

Number of 
bound regions 

with repeat 

Number 
expected 

p-value 

MIR 219 146.7 1.3 x 10-09
 

MIRb 111 74.3 2.3 x 10-05
 

MIR3 39 18.9 2.8 x 10-05
 

ESR1 

MIRm 21 8.0 8.2 x 10-05
 

ERV1 108 16.8 < 1 x 10-10 
MER61E 22 0.03 < 1 x 10-10 
LTR10E 17 0.02 < 1 x 10-10 

MER61C 16 0.03 < 1 x 10-10 
LTR10D 11 0.02 < 1 x 10-10 

TP53 

LTR10B1 11 0.02 < 1 x 10-10 
ERVK 286 106.0 < 1 x 10-10 

RLTR13D6 49 0.8 < 1 x 10-10 
ETnERV2 21 2.4 < 1 x 10-10 

RLTR9E 20 0.7 < 1 x 10-10 
RLTR11B 17 0.8 < 1 x 10-10 

RLTR17 15 1.4 < 1 x 10-10 
RLTR9A 13 0.9 < 1 x 10-10 

RLTR12B 13 1.2 < 1 x 10-10 
RLTR11A2 12 1.5 4.9 x 10-08

 

RLTR11A 12 1.5 5.5 x 10-08 
RLTR25B 11 1.8 2.5 x 10-06

 

POU5F1-
SOX2 

RLTR25A 9 1.5 3.1 x 10-05
 

B2 11243 2642.9 < 1 x 10-10
 

B2_Mm1a 244 146.5 < 1 x 10-10
 

B2_Mm1t 267 193.5 3.1 x 10-07
 

B2_Mm2 1977 692.4 < 1 x 10-10
 

B3 6554 1143.5 < 1 x 10-10
 

CTCF 

B3A 3530 706.4 < 1 x 10-10
 

Table 2. Specific transposable elements from the MIR, ERV1, ERVK and B2 repeat 
families are over-represented in the regions bound by ESR1, TP53, POU5F1-SOX2 and 

CTCF. 
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