Our experience
In sum, this project will result in a large and comprehensive dataset of comparable EGIs from many species, as well as functional data such as scRNA-seq data, of multiple cell types and species. Analyses of such datasets will substantially improve our understanding of the evolution of enhancers and EGIs. In turn, these results will elucidate how enhancers regulate gene expression and paralog generation. Taken together, these discoveries will be enormously useful for studying human health and disease. Particularly, EGIs that are conserved across mammals could represent potential targets for disease-causing mutations. Such conserved EGIs cannot be identified from sequence comparisons or non-comparative analyses. We have extensive experience with processing and analyzing Hi-C data(1, 2), identifying enhancers(3) and their target genes(4, 5), and conducting comparative analyses(6, 7), for which we have developed many pipelines that are readily available for this project(6, 8).
From whole-genome sequencing of multiple dogs and wolves, Axelsson et al. analyzed the resultant single nucleotide variants (SNV) and found that ten genes with key roles in starch digestion and fat metabolism show signals of selection in dogs(9). We analyzed SNVs between dog and wolf, and found that these SNVs are enriched in liver-specific enhancers. The genes close to the enhancers with SNV enrichment tend to work in biological pathways such as “cellular response to toxic substance” (Bonferroni p-value = 4.8E-6, FDR=0.038), “positive regulation of response to external stimulus” (Bonferroni p-value = 5.5E-6, FDR=0.038), and “wound healing” (Bonferroni p-value = 5.4E6, FDR=0.038). Accurate EGIs will provide better SNV-gene linkage for such functional analyses. Moreover, compared to individual SNVs, EGIs are a more powerful and direct regulator of gene expression. Therefore, we will use the systematically identified EGIs to probe for their connections with gene constraints and functions. 

Background Introduction
Regulatory function and health importance of enhancers
An enhancer is a stretch of DNA (~100-1,000 bp) that dramatically boosts the transcription of its target genes(10). Enhancers can regulate gene expression independent of their orientation, location, and distance to the gene(11, 12). Enhancers as cis-regulatory elements (CREs) were first discovered nearly 40 years ago in simian virus 40, and later found in almost all eukaryotic genomes(11, 13). A typical mammalian gene is controlled by several enhancers, which can fine-tune gene expression based on developmental stage, cell type, and signaling cues(14). As a result, enhancers play central roles in many phenotypes and human diseases. Consistent, enhancers tend to be enriched for disease-associated genetic variants(15). Roughly 847 disease-associated enhancers have been reported in 143 human diseases in the DiseaseEnhancer database(16), and more are expected to be discovered given that the field is developing rapidly. Therefore, understanding how enhancers modulate gene expression and identifying conserved EGIs in humans will be enormously important to human health.

Identifying enhancers and enhancer-gene interactions (EGIs) at a genomic scale
Many efforts have been made over the past several decades to identify enhancers. Initially, the highly conserved non-coding sequences in the genome were identified as enhancers(17-19). About half of the hundreds of conserved sequences identified can activate gene expression in transgenic mouse reporter assays(18, 20). However, a substantial number of enhancers have modest or no conservation across species(21, 22); such enhancers would be missed by conservation detection. Moreover, conservation alone does not indicate at which developmental stage and cell type the enhancer carries out its function. To address these gaps, another approach to identify enhancers is by the epigenetic marks associated with enhancer functions, such as p300 binding(23), H3K4me1(24), and H3K27ac(25). These and other histone marks have proven useful for enhancer identification by in vitro(24) or in vivo(23) experimental validation. The epigenetic marks have been integrated by machine learning, especially deep learning, algorithms to further improve enhancer detection(26). However, these many histone marks are mainly determined for human and mouse cell types.
Compared to enhancer detection, it is even more difficult to identify EGIs because they are mediated by genome looping, and thus require knowing the contacts of genomics regions in three-dimensional (3D) space. Such contacts at a genomic scale were first identified using the Hi-C technique(27); however, the 5-20 kb resolution of this method is usually much longer than an enhancer or sometimes even a gene, and thus usually cannot identify individual EGIs(28). To this end, capture Hi-C (CHi-C) combines Hi-C with capture probes usually targeting promoters to focus only on the genomic contacts with promoters involved, and thus increase the average resolution to ~3 kb on average using a six-cutter enzyme(29, 30). Probes targeting enhancers can be also designed according to enhancer sequences to capture enhancer-enhancer interactions. With a four-cutter enzyme, we successfully identified EGIs in mouse(31) and human(32) at an average ~1 kb resolution. A DNase Hi-C protocol have been developed to obtain even higher enhancer resolution (less than 1 kb)(33). Moreover, because this new protocol uses DNase instead of RE to fragmentize genomes, this avoids potential differences in enzyme site frequencies across organisms, rendering the EGIs more comparable.  

Evolution of enhancers and EGIs
Researchers have been intrigued by the evolution of enhancers and EGIs since they were first discovered. Case studies have demonstrated that by gain or loss of enhancers, a gene changes its expression level and developmental time to evolve new phenotypes(34). However, the evolutionary rate of EGIs at a genomic scale is unknown due to a lack of comparable data across multiple species. Although many enhancers and EGIs have been identified by high-throughput methods such as chromatin immunoprecipitation sequencing (ChIP-seq), Hi-C(27), and CHi-C(30, 31, 35), most are restricted to human and mouse. Moreover, the known EGIs were generated from different tissues by different labs with different protocols. These mismatches and potential batch effects further impede comparative analyses. In previous work, Villar et al. used H3K27ac as the signal of active enhancers to identify enhancers in the liver of humans and other mammals(36). These researchers observed that in mammalian genomes enhancers evolve rapidly by ancestral DNA exaptation. To identify EGIs, due to a lack of 3D genomic data, they made a compromise and assigned enhancers to neighboring genes. A large fraction of the EGIs are expected to be false positives or negatives. From this dataset, Villar and colleagues found that recently evolved enhancers could be associated with genes under positive selection(36). However, this weak trend is likely due to potential biases in the EGI assignment. 
Impact of enhancers on paralog formation
[bookmark: _GoBack]Gene duplications are a major source of new genes and ultimately of new biological functions(37). Upon duplication, the two copies are expected to increase the dosage of the gene product, and this dosage imbalance is usually deleterious. And thus one of the copies will be purged out quickly by selection. Even the duplicate is not deleterious and reach fixation in the population by chance. This duplicate is subject to neutral evolution and eventually becomes a pseudogene. Occasionally, the two copies become stable paralogs by neofunctionalization (one copy gains new functions)(38) or subfunctionalization (the two copies divide the ancestral functions between them)(38-41). Increasing evidence indicates that, in many cases, the two paralogs reduce their respective expression to restore the dosage balance(39-41), which is a special case of subfunctionalization. The formation of such paralogs can be explained by the duplication-degeneration-complementation process, in which the two copies acquire mutations in the CREs to reduce their respective expression and thus retain dosage balance(39).
Lan et al. proposed that the dosage balance could be maintained by enhancer sharing between the two copies(41). The divided usage of enhancers reduces the expression of both copies. As supportive evidence, the authors observed that – in the GM12878 cell line – the promoters of neighboring paralogs in the human genome have more contacts in terms of Hi-C reads than neighboring singleton genes(41). This suggests that paralog genes tend to be co-regulated by enhancers. However, the difference in contacts is quite small, which could be due to the low resolution of Hi-C data or other confounding factors. For example, with similar promoters, neighboring paralogs are more likely to express with the same spatial and temporal pattern than neighboring singletons, and thus paralog promoters are expected to have more contacts by chance. In addition, due to the low resolution of Hi-C data, the paralog pairs these authors analyzed are at least 20 kb away in the chromosome; thus, many informative pairs might be excluded from these analyses.

Impact of enhancers on gene expression levels and dynamics
It is clear that enhancers activate and increase the transcription of a gene. Many studies indicate that enhancers serve as centers for the assembly of the pre-initiation complex for transcription(42-46). Moreover, some case studies also suggest that enhancers have a role in RNA polymerase II elongation(47-49). Researchers have studied the impact of the existing EGIs on gene expression in particular cell types. However, it is still controversial how multiple enhancers collaboratively modulate gene expression(50-52). Subsequently, Osterwalder et al. found that deleting one or even several enhancers of a gene results in unnoticeable or subtle phenotypic changes in mice(53), suggesting enhancer redundancy. However, redundant enhancers are subject to neutral evolution and thus are expected to deteriorate rapidly.

Generalizability and potential contribution of the project
Enhancers play a pivotal role in gene expression. In addition, enhancers evolve much more rapidly than promoters. These together indicate that enhancers can contribute substantially to gene expression changes(36). However, to modulate gene expression, enhancers as distal regulatory elements need to interact with their target genes by DNA looping(54). Our CHi-C data can identify the set of enhancers used by each gene in the genome. An understanding of gene regulation by enhancers is important to human development and health, as differences in gene regulation are a primary cause responsible for human physiology and behavior(55, 56). Moreover, many enhancers and EGIs have been identified in human diseases(16). 
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