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            Abstract
Despite continual progress in the cataloging of vertebrate regulatory elements, little is known about their organization and regulatory architecture. Here we describe a massively parallel experiment to systematically test the impact of copy number, spacing, combination and order of transcription factor binding sites on gene expression. A complex library of âˆ¼5,000 synthetic regulatory elements containing patterns from 12 liver-specific transcription factor binding sites was assayed in mice and in HepG2 cells. We find that certain transcription factors act as direct drivers of gene expression in homotypic clusters of binding sites, independent of spacing between sites, whereas others function only synergistically. Heterotypic enhancers are stronger than their homotypic analogs and favor specific transcription factor binding site combinations, mimicking putative native enhancers. Exhaustive testing of binding site permutations suggests that there is flexibility in binding site order. Our findings provide quantitative support for a flexible model of regulatory element activity and suggest a framework for the design of synthetic tissue-specific enhancers.
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                    Figure 1: Synthetic enhancer sequence design and controls.[image: ]


Figure 2: Homotypic amplification of expression is compatible with a subset of transcription factor binding sites, independent of their spacing.[image: ]


Figure 3: Heterotypic elements drive stronger expression than homotypic ones.[image: ]


Figure 4: Combinatorial effects in heterotypic clusters of two different transcription factor binding sites.[image: ]


Figure 5: Synthetic enhancers mimic mouse liver enhancers.[image: ]


Figure 6: Effects of binding site order in heterotypic enhancers.[image: ]
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