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Introduction
Identification and functional characterisation of regulatory modules in the human genome is a challenging task. Regulatory regions that control gene expression act
through the sequence-specific binding of transcription factors, proteins that generally bind to short and often redundant motifs. Given the limited DNA alphabet, putative
transcription factor binding sites (TFBSs) occur frequently even in relatively short stretches of the genome, yet only a tiny fraction of them are functional in any tissue at
any given time. Thus, the presence of single TFBSs is a poor predictor of function; however, combinations of multiple TFBSs co-occurring in close proximity have been
found to be good predictors both of regulatory activity and of biological function. Analysis of the co-occurrence of TFBSs is complicated by the fact that binding sites
overlap.

In this work, we looked at the enrichment of co-occurring binding sites of 31 transcription factors associated with developmental patterning in a set of over 5000
conserved non-coding elements (CNEs). We used a a graph-based approach which allows us to handle overlapping TFBSs efficiently.

Graph Representation of CNEs
Given a conserved non-coding sequence over the alphabet ,
its graph representation is constructed in the following steps:

● Assign a symbol to each TFBS identified in to obtain the partially ordered multiset

● For each symbol in , create a vertex and label it with that symbol 

● Add an edge between two vertices if their corresponding symbols are consecutive in 

CGTAATAAAACCCTGATCAATAAAACAATA     

GCAACATATTTTAAAGGTTAGAAACCCTTT 

TTACTGTGTTTGTGTATACAATTATAATCA 

TTGACCTCATAAATCTGAGATTGTAACAAT

Directed acyclic graph representing the sequence of TFBSs identified in a CNE
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Aligning Partial Order Graphs 
The optimal alignment between a pair of CNEs was found using dynamic programming over
the product of their corresponding graphs (see Grasso and Lee, 2004 for an equivalent
algorithm in the context of multiple sequence alignment). Given two CNEs and their
corresponding graphs and :

● Find their strong product graph 

● Compute the alignment score at each vertex 

with substitution score and gap penalty 

● Backtrack the optimal alignment path

Two alignment scores, one for each relative orientation of graphs were computed. The
higher score was chosen as the final score.
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Measuring the Enrichment of TFBSs
Relative enrichment of short (2-4 binding sites) sequences of aligned
TFBSs in the alignments of CNEs (denoted by was computed with
respect to those found in the alignments of a background distribution
(denoted by ) containing TFBSs identified in shuffled conserved non-
coding sequences.

The relative enrichment of a TFBS alignment is:

⋃
| |

where is the number of occurrences of in . is computed
in a similar way to . To account for unseen TFBS alignments,
constant was added to all counts.

Results

 The shared sequence signature (θβ) composed of spatially co-
occurring Pbx-Hox and Meis has been functionally validated in this
set of CNEs and is associated with coordination of gene expression in
the developing hindbrain (Grice et al., 2015).

Meis and Zic (υβ) are involved in the patterning of both the brain and
spinal cord, and are likely to be co-expressed spatially and
temporally in the embryo (Biemar et al. 2001 and Nagai et al. 1997).

 The obtained relative enrichments of TFBS alignments are stable (in
terms of being over-represented or under-represented) irrespective
of the choice of alignment type (global or semi-global).

 TFBS alignments of length 3 and 4 are rare ( ).

Aligned Symbols Motif(s) Relative Enrichment

υβ Zic, Meis/Tgif/Pknox 34.75

ββ Meis/Tgif/Pknox 32.41

θβ Pbx-Hox, Meis/Tgif/Pknox 19.97

βν Meis/Tgif/Pknox, Hoxd10,d13 18.34

βγ Meis/Tgif/Pknox, Pou/Oct 18.31

ττ Homeodomain 17.85

γθ Pou/Oct, Pbx-Hox 15.04

υα Zic, Maf 13.21

τγ Homeodomain, Pou/Oct 13.20

γα Pou/Oct, Maf 11.90

Top 10 co-occurrences of TFBSs with the highest relative enrichment in globally aligned CNEs
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