Aim 4 (Integrative analysis: Integrating contact maps with existing genomic annotation resources)
[bookmark: h.3dhxdwj99g71]
[bookmark: h.nmkec39khk5z][[Maybe change "Gerstein Lab" to "We"]]

Preliminary Results: (~1 page)

[bookmark: h.qxcdj9rbvfc5]I. Identifying regulatory interactions, enhancers, and constructing regulatory networks
[bookmark: h.uvcsp0gyvi41]The Gerstein lab developed a set of computational tools to identify gene regulatory elements and analyze regulatory networks. PeakSeq \cite{19122651} and MUSIC \cite{25292436} are efficient ChIP-Seq data processing algorithms that can be used to locate transcription factor (TF) binding sites. In order to establish regulatory relationships between TFs and target genes, we introduced a probabilistic model-based method, TIP (Target Identification from Profiles) \cite{22039215}. We have applied machine-learning methods that integrate multiple genomics features to classify human regulatory regions from ENCODE data of more than 100 transcription factor binding sites. A computational pipeline was developed to identify potential enhancers from regions classified as gene-distal regulatory modules. \cite{22950945}.[[add funseq2 references]]

Networks are a powerful framework to study various regulatory interactions in a system-wide level. We have developed many approaches for studying biological networks. We developed methods to construct and analyze the regulatory networks of human and model organisms \cite{20439753,21177976,22125477,21430782,22955619} based on ENCODE and modENCODE datasets. We constructed and analyzed a hierarchical regulatory network \cite{22955619,17003135, 21045205, 20523742, 20351254}. Overall, we found that the hierarchy rather than centrality ("hubiness") better reflects the importance of regulators and that in E. coli, yeast, and human the highest degree of collaboration is between regulators from the middle level. We integrated regulatory networks with gene expression to uncover different kinds of functional modules \cite{15372033}[[More refs]]. We also introduced several software tools for network analysis including Topnet, \cite{14724320} tYNA \cite{17021160} and PubNet \cite{16168087}.

[[maybe we should mention rewiring paper]]
[bookmark: h.7b5zxc9pbaw1]
[bookmark: h.q41ftm33afgl][bookmark: h.ocax7igdn2l1]II. Determining Structural Variations in the Human Genome 
[bookmark: h.406c4mmp031z]The Gerstein lab has much experience in large-scale variant calling through being active members of the 1000 Genomes Consortium, especially in the analysis working group and the structural variant (SV) and functional interpretation (FIG) subgroups of the consortium where the majority of the variant calling tools are developed and used \cite{21787423,21293372,20981092,23128226}. We have developed a number of SV calling algorithms, including BreakSeq, which compares raw reads with a breakpoint library (junction mapping) \cite{20037582.}, CNVnator, which measures read depth and estimates copy number variation \cite{21324876}, AGE, which refines local alignment \cite{21233167}, and PEMer, which uses paired ends \cite{19236709}. We have also developed array based approaches \cite{19037015} and a sequencing-based bayesian model \cite{21034510}. Applying some of these methods to skin samples we are were able to detect clonal mosaicism \cite{23160490} and a new type of genetic variation \cite{24026178}. 

[bookmark: h.ygfx4t4z4czd]III. Relating genomics and chromatin features with gene expression
[[rewrite to mention HM model & TF model separately & then universal model]]

Transcription factors and histone modifications are two interrelated components that regulate the transcription level of a gene. To quantify the relationship between TF binding and gene expression, the Gerstein lab and the Weng lab have constructed linear and non-linear models that utilize the binding signals of multiple TFs in the transcription start site (TSS) proximal to genes as the input to “predict” expression levels of protein coding genes and non-coding genes. We applied these models to a number of models organisms: yeast \cite{22060676}, C. elegans \cite{21177976,21324173}, fly [[add ref]] and mouse \cite{21926158}. Similarly, we have also constructed models to predict gene-expression levels based on histone modification signals at different positions proximal to the TSS of different genes in humans \cite{22950368,22955978}. 

IV. Relating Genome Annotation & Genome Variation 

[[consolidate this in a single sect]]

We have also investigated the relationships between networks and variants. Networks are frameworks for integrating a great variety of genomic variation/mutation data across individuals and organisms and studying their impact on biological systems. We have found that functionally and highly conserved genes tend to be more central in interaction and regulatory networks (i.e. more connectivity is associated with more constraint) -- but not in metabolic pathways, where the highly central genes have more duplicated copies and are more tolerant to loss-of-function mutations \cite{16859507,23505346,19521505}. Moreover, we examined the impact of adaptive evolution to protein interaction networks, and found that proteins under positive selections tend to locate at network periphery \cite{18077332}. We also have demonstrated that networks can be used practically to prioritize the most deleterious variants in cancers \cite{24092746}.
[bookmark: h.8rjyy1q7prks]
[[we need to intro the personal genome in the next para]]

Apart from chromatin features, we have previous studied how single nucleotide variants and polymorphisms can create cis-regulatory variants that are associated with allele-specific binding (ASB), particularly of transcription factors or DNA-binding proteins, and allele-specific expression (ASE) \cite{20567245,20846943}. We have previously developed a tool, AlleleSeq \cite{21811232}, for the detection of candidate variants associated with ASB and ASE. Using AlleleSeq, we have spearheaded allele-specific analyses in several major consortia publications, including ENCODE and the 1000 Genomes Project \cite{22955619, 24092746, 22955620}. By constructing regulatory networks based on ASB of TFs and ASE of their target genes, we further revealed substantial coordination between allele-specific binding and expression \cite{22955619}. 

V. Comparative Genomics: comparing model organisms to human

[bookmark: h.hk1bv42i7fb5]Capitalizing on the vast amount of uniformly processed matching experimental data obtained by ENCODE and modENCODE consortia for human and model organisms, the Gerstein lab has performed a series of large-scale comparative genomics studies across distant metazoan phyla. A comparative analysis of basic principles of transcriptional regulatory features in diverse human, worm, and fly cell types (at different developmental stages and conditions) revealed remarkable conservation of general structural properties of regulatory networks despite extensive divergence of individual network features. \cite{25164757} We reported a large-scale transcriptome analysis \cite{25164755} across the three species and discovered co-expression modules shared in animals and enriched in their developmental genes. We performed a multi-organism comparison of pseudogenes and found that pseudogenes are much more lineage specific than protein-coding genes, reflecting the different genome remodeling processes in each organism’s evolution. \cite{25157146} We developed a new comparative genomics tool, OrthoClust, for simultaneously clustering data across multiple species. OrthoClust \cite{25249401} integrates the co-association networks of individual species utilizing the orthology relationships of genes between species and has been used to obtain co-expression modules from worm and fly RNA-Seq expression profiles.
[bookmark: h.yn9hh0o0mkn9]
VI. Performing Technology comparison & Developing QC metrics 
The Gerstein lab and the Weng lab have done extensive work on comparing the quality of data obtained from arrays and next generation sequencing, and have developed ChIP-Seq and ChIP-chip standards for the previous ENCODE and modENCODE consortia \cite{22955991}. We have vast experience in developing quality control metrics and uniform processing pipelines in a consortium setting (e.g. exRNA and ENCODE). For example, Weng currently leads to Data Analysis Center (DAC) of the ENCODE consortium and Gerstein is a major participant in ENCODE DAC. The ENCODE DAC has established quality control metrics and uniform processing pipelines for major types of data generated by the ENCODE consortium: RNA-seq; ChIP-seq of transcription factor, histone marks, and histone remodelers; DNA methylation; CLIP-seq, fRIP-seq of RNA-binding proteins; and DNase-seq. Each submitted dataset must pass quality control metrics and then processed by the appropriate pipeline. 

[[Shouldn't we mention the peak caller comparison, IDR & other specifics]]

[bookmark: h.v5pu4ff6uoj7][bookmark: h.yfxf0qgg53kf]Research Plan: (~1.5 page)

[bookmark: h.wgkgbc6826p2]1. Combine contact maps with ENCODE and RoadMap annotation to generate decorated contact maps and a refined regulatory network
[bookmark: h.jn9tsxb1rjd0]
[[in the below we need to def'n TF prox & dist]]
The ENCODE and Epigenome RoadMap consortia have performed thousands of ChIP-Seq experiments to examine TF bindings and histone modifications. The ChIP-Seq data have been extensively used to annotate the 1D genome, ranging from local peaks to mesoscopic structures like enhancers, insulators and HOT regions. We plan to integrate the 1D annotations with the proxy of 3D organization (the contact map), arriving at a more comprehensive data structure: the decorated contact map. The decorated contact map will be used as a starting point for many downstream analyses. First of all, it is a valuable resource for identifying targets of particular enhancers. Second, by locating the peaks of a TF in the decorated map, we could potentially identify TF-proximal linkages and TF-distal linkages. The statistical significance for these predictions obviously depends on the actual frequencies captured in the contact map. We plan to develop algorithms and statistical frameworks for the quantification. 
[bookmark: h.e824rvnkrouj][[in the below we need to expl how we get from TF prox & dist to reg net]]
Linkages between individual TFs and targets then form a refined regulatory network, with distal and proximal regulatory edges. We plan to extend our previous work in transcriptional regulatory networks to study the topological features of the refined regulatory network. Topological structures in the novel network may point to new design principles of transcriptional regulation. For instance, one may detect transcription factories [[add ref]] by examining certain motifs in the refined regulatory network. Apart from unsupervised methods, we are aiming to employ various experimental validations and imaging results as gold standards for learning the required parameters.
[bookmark: h.wwlk1u15myu5]Previously Hi-C data have been used to construct the so-called topological associating domains (TAD) \cite{22495300}, the basic building blocks of chromosome. We plan to further analyze the decorated contact map examining how various chromatin features decorate the TADs. We will employ machine learning techniques to investigate distinctive patterns within TADs or near the boundaries. These analysis will point to open questions like the establishment of TAD boundaries.
[bookmark: h.y6jkxgt5x0qm]2. Compare contact maps between organisms, tissues, cellular conditions, normal and cancer cells

[bookmark: h.lw0hge3whzym]The comparison of contact maps are of particular interests because it directly address important questions such as the differences of chromatin structure between normal and cancer cells; how spatial organization changes in response to cellular conditions; and cellular heterogeneity in single-cell Hi-C experiments. Nevertheless, a formal statistical approach for examining whether two contact maps are significantly different, or which parts of the maps are significantly different, is rather lacking. We plan to develop a statistical framework for comparing contact maps based on spectral analysis of the contact matrices. As demonstrated in contexts like gene expression analysis, the eigenvalue spectra of many correlation matrices can be captured by the random matrix theory. We plan to use random matrices as noise model for interpreting the Hi-C data.
[bookmark: h.epp7hrnsspy2]Apart from comparing the original contact maps, we plan to compare decorated maps and thus the resultant refined regulatory networks across tissues, cell types and organisms. As each refined regulatory network comprises of multiple types of edges (distant, proximal), we plan to extend the multi-layer network framework we developed \cite{25249401} for comparing the similarity and difference between the refined regulatory networks. We aim to quantify the conserved and specific structures across tissues, cell types and organisms. 
[bookmark: h.wq4fz3n2nei7]
[bookmark: _GoBack]3. Incorporating Genomic Variants onto Contact Maps

[bookmark: h.5bt8edgljaiy]We first would like to extend the analysis of allele-specific (AS) effects to investigate the interaction between AS regulation and expression. We have previously shown that proximal AS regulation is correlated with AS expression \cite{21811232, 22955619} and would like to study the consistency of trans AS behavior incorporating distal regulatory interactions. Unlike cis AS interactions where there is an expectation of consistent AS for activating TFs it is not clear that this would necessarily occur in trans.
[bookmark: h.2qe63z3w9irw]
[bookmark: h.hsqr7vppbje6]Beyond this we would like to study the AS behavior of contact maps: Using phased heterozygous SNPs or indels we can distinguish reads that arise from either the maternal or paternal allele corresponding to either of the sister chromatids of autosomes. Thus reanalyzing the paired-end reads that were used to construct the contact maps (such as from HiC) we can see whether interactions in the contact maps occur within just a single chromatid (i.e. allele-specific 3D contacts) within both chromatids (homozygous contacts) or contacts between the two chromatids (such as in the centromere of the chromosome).
[bookmark: h.jakpbiki3ywj]
[bookmark: h.5d5jpanrrpo8]Lastly we would like to study the effects of SVs such as genomic rearrangements or copy number variants. Comparison of SVs within a personal genome sequence with the matching contact map should reveal that some seemingly long-range contacts are really the result of SVs such as deletions or rearrangements which bring distal regions of the genome in close proximity to each other. We plan on analyzing the SVs within the same genome as which the contact maps are constructed in order to perform this comparison.
[bookmark: h.sxo7mcami7pe]
[bookmark: h.md54q2y800y6]4. Better Predicting Gene Expression using Contact Maps

We aim to extend our earlier work on building models to predict gene expression levels using in addition to the chromatin and transcription factor binding signals in promoter proximal regions to additionally incorporate the effects of distal regulation using the regulatory maps constructed from the 3D contact maps. Using methods such as generalized linear regression models we plan on incorporating features such as available chromatin marks (such as H3K27ac and H3K4me1) as well as transcription factor binding (such as P300) at distal enhancer sites in addition to the signals in the promoter regions of the target genes which they can be associated with, in order to even better predict target gene expression. The chromatin modification and transcription factor binding signals will be taken from all available public sources such as ENCODE and the Epigenome Roadmap Project.
 
We have previously shown that promoter proximal models of gene expression are conserved between organisms and different classes of RNA genes \cite{25164755}; we would like to extend this analysis to see whether this behavior continues when distal regulation is incorporated into the model. We also plan on using the model to compare the difference between cellular conditions or disease states (such as cancer vs normal) to predict the differential expression of target genes incorporating distal regulation.
[bookmark: h.kcivykl7a7f][bookmark: h.owtmtv8zayur]
[bookmark: h.77roilvgzc6h]5. Developing QC metrics and Doing Technology comparisons for Contact Maps 
We will facilitate the development of quality metrics and data standards for each major data type in the 4DN consortium. This will be carried out in the format of a working group composed of representatives from each experimental lab that generate data in that type, as well as representatives from computational groups that perform analyses on such data. The EDCIC will organize and participate in the activities of the working group until the quality metrics and data standards are established for each data type. Using the chromosome conformation capture based technology Hi-C as an example, the workgroup will consider all aspects relevant to the quality of Hi-C data: (1) formaldehyde concentration and time of fixation condition; (2) the choice of restriction enzyme and digestion condition; (3) ligation condition (4) DNA purification condition; (5) size distribution of purified DNA fragments (6) sequencing depth (7) fraction of reads due to PCR overamplification (with the same begin and end mapping locations in the genome) (8) fraction of self circles and dangling ends in sequencing reads (8) fraction of uniquely mappable reads representing valid interaction pairs (9) correlation between interaction frequencies in biological replicates, etc.

We will perform systematic comparison between related technologies used by the 4DN consortium. Such comparisons will help calibrate the quality metrics and data standards for the data types in comparison. For example, DNA fluorescence in situ hybridization (FISH) experiments with probes specific to given loci can yield the 3D distance between the loci in individual cells, and we will examine whether such distances are on average inversely proportional to the corresponding signal of chromosome conformation capture based technologies on the same cell type. Signals of single-cell Hi-C experiments \cite{24067610} may be compared with DNA FISH signal on the same cell. The long-range chromatin interactions detected by ChIA-PET enrich for chromatin bound by a protein of interest \cite{19890323}, thus we can compare how much these interactions overlap with the interactions detected by 5C or Hi-C on the same cell type.

We will ensure that the quality metrics we establish are consistent with the quality metrics of the same data type in other consortia. ENCODE has generated Hi-C data in 12 cell types. Although this is not a major data type for ENCODE, there are some discussions within ENCODE regarding data quality. A number of consortia (ENCODE, Epigenomic Roadmap, the International Human Epigenome Consortium or IHEC etc.) have developed data standards for ChIP-based technologies and DNA methylation technologies. We will take these into consideration while developing quality metrics and data standards for 4DN data types.


[bookmark: h.kkkf95853n08]
