Research Strategy
(A) Significance
The eukaryotic cell exhibits a remarkable level of compartmentalization imparted by internal membranes that delimit the nucleus and cytoplasmic organelles. Yet the nucleus is filled with a variety of small organelle-like structures, called nuclear bodies, which lack membranes. Nuclear bodies are often composed of multiple proteins and RNAs thought to be held together by multiple, weak binding interactions. Medical evidence implicates nuclear bodies in the aging process and in a wide range of human diseases, including cancer, spinal muscular atrophy and (1, 2). Experimental evidence increasingly points to important functions for nuclear bodies in genome function, though many remain to be discovered. For example, nucleoli are the sites of rDNA transcription, rRNA processing and modification, and RNP assembly (3). Cajal bodies (CBs) participate in the efficient assembly of snRNPs, required for the splicing of pre-mRNA, and this function is essential in vertebrate embryos (4-6). Histone Locus Bodies (HLBs) arise on active histone genes in S-phase and are involved in transcription termination and histone mRNA 3’ end processing. Each of these bodies thereby contains specific RNAs as well as trans-acting factors involved in RNA processing. The respective genes encoding these RNAs often occur in repeats on disparate chromosomes; these genes seem to cluster in the 3D space of the nucleus at the sites of nuclear body formation. Crucial, unanswered questions about nuclear bodies are: How do they arise? How do they contribute to chromosomal positioning within nuclei? And how do they impact genome function? Fig 1 Nuclear bodies

Taking advantage of increased sensitivity and resolution in fluorescence light microscopy as well as emerging molecular markers, numerous nuclear bodies have been identified. The common feature is the existence of punctate staining after immunofluorescent labeling of protein or RNA component. When appropriately stained, their appearance ranges from spherical to interconnected, irregular foci. For puncta to be considered bodies, an unwritten rule is that the apparent diameter of the object be greater than the wavelength of light (i.e. > 250nm). Although morphology is the starting point for defining a nuclear body, a lack of precise definitions creates ambiguity. Because their contents are not enclosed by lipid bilayers, bodies are in direct contact with their surrounding environment. Thus, molecular constituents exchange rapidly with nucleoplasm, and the bodies themselves are highly dynamic. Due to limits of resolution, fluorescent images of bodies can be hard to interpret; it is not clear whether signals come from mature, complete nuclear bodies or whether these could be sub-complexes. It is therefore hard to discern the point of body origin in time or space, especially if the cell is caught in the act of assembling a body. In particular, the size and molecular complexity of nuclear bodies vary throughout the cell cycle. What we therefore lack, but urgently need, is precise and dynamic information on the composition and chromosomal location of nuclear bodies.
The goal of this project is to define nuclear bodies as a set of molecular signatures, based on specific interactions among DNA, RNA and proteins and independent of imaging. In addition to nucleoli, CBs and HLBs, we plan to investigate nuclear speckles, PML bodies, and gems. Current details of the composition and function of each body are given in the Approach section, as this background justifies our experimental design. The significance of this proposal for the 4D Nucleome is the opportunity to generate comprehensive genome-wide datasets for a number of nuclear bodies and to integrate these with other datasets on chromatin profiles (e.g. comprehensive datasets generated through the ENCODE project) and data on chromosomal domains and positioning derived from mapping chromosomal contact maps (e.g. by HiC and related techniques ongoing in other labs). These integrative aspects will be achieved through the collaborative efforts of the Neugebauer and Gerstein labs, the latter of which will leverage expertise in advanced data analysis approaches designed to tackle these specific questions. In particular, we will be able to derive network relationships among nuclear bodies and genomic loci. Taken together, we believe that this project will contribute original concepts and tools to the study of nuclear and genome organization.
(B) Innovation
The notion of studying nuclear bodies through molecular signatures, as an alternative to imaging and image analysis, is highly original. Although the concept is reminiscent of the use of chromatin signatures to describe genomic regions (e.g. enhancers or transcription start sites), the latter genetic elements are not tied to cellular morphology. The molecular signatures we refer to include the crosslinking patterns of specific nuclear body proteins on RNA (iCLIP) and DNA (ChIP-Seq). Following proper validation, RNA-protein crosslinks can indicate the presence of a given nuclear body in cells, while ChIP-Seq can reveal the chromosomal locations at which nuclear bodies form. The nature of the data requires advanced bioinformatics, which ensure a properly processed and analyzed dataset as well as integration with other available datasets, such as ChIP-Seq of histone marks and chromosome contact maps (e.g. HiC). This aspect is extremely interesting, as the chromatin environment of nuclear bodies has simply not been addressed. 
The feasibility of this proposal is buoyed by the combined and complementary expertise of the co-PIs, Neugebauer and Gerstein. The Neugebauer lab has a long history of working on CBs, nuclear speckles, and HLBs, having used advanced fluorescence light microscopy methods – FRET, 3D reconstruction from wide field deconvolution and confocal microscopy in mammalian tissue culture cells and zebrafish embryos – to characterize their composition and function. Neugebauer has recently applied RNA-protein crosslinking to these nuclear bodies, finding that patterns of RNA-protein crosslinking can accurately report on RNA composition (7). For example, iCLIP of a crucial protein component of CBs (coilin) yielded a list of hundreds of small non-coding RNAs that were shown through validation to be present in these bodies. Moreover, the demonstration that proteins, like coilin, lacking predictable RNA binding domains display interaction with RNA under 0 Å UV-crosslinking conditions allows us to add them to the growing list of RNA interacting proteins identified in other scenarios (8, 9). The Gerstein lab has extensive experience in developing and applying computational tools for analysis and interpretation of genomic data generated by modern sequencing technologies. Gerstein will leverage the set of efficient tools we developed to conduct integrative analysis of the ChIP-Seq and RNA-Seq data generated in the project. The planned analysis includes inquiry into the chromatin environment, including the possibility for intra- and inter-chromosomal interactions that likely take place in nuclear bodies. Finally, we will seek to identify networks of interactions among the chosen nuclear bodies, which all play roles in RNA processing and thereby might be expected to “talk” to one another. Networks may reflect trafficking of components, shared dependency on components, or coordinated responses to perturbation. The planned experiments, including e.g. temporal sampling, will provide opportunities to detect such functional relationships computationally.Fig 2 Molecular Signatures of Nuclear Bodies. (schematic)

(C) Approach
The proposed work uses known proteins as molecular handles with which to probe RNA and DNA interactions in living cells. We have chosen proteins of interest, based on their unambiguous localization to the nuclear body of interest and, where available, prior evidence of nucleic acid binding. To determine RNA and DNA interactions, each protein will be employed for UV crosslinking, immunopurification and RNA-Seq (iCLIP) as well as formaldehyde crosslinking followed by ChIP-Seq. In order to avoid biases that could arise from the use of antibodies with different affinities and levels of specificity, we will employ a single tag (GFP) to which excellent antibodies have been developed for purification (10). The GFP tag will be introduced at the N- or C-terminus through recombineering of bacterial artificial chromosomes (BACs), and stable cell lines will be derived following BAC transformation. This system offers several other advantages (10). First, endogenous regulatory elements (enhancers, promoters, introns, etc) within each BAC and the integration of a low copy number (usually only 1) into the genome ensure that the tagged protein is expressed at endogenous or near endogenous levels. Second, the GFP tag is amenable to imaging, which is an important validation tool for this study. Third, the portability of BACs ensures that we can study any cell line we choose. Our previous work, which established a precedent for molecular signatures of CBs, relied on coilin-GFP expressed from a BAC in human HeLa and mouse P19 cell lines (7). The iCLIP datasets from these two cell lines were remarkably similar, suggesting that the molecular signatures of nuclear bodies may not be cell type specific. Indeed, chromosome contact maps derived from HiC showed a high degree of similarity in 7 different cell lines (11). Therefore, we feel confident our data will be generally applicable and choose to focus on human cell lines (HeLa and GM12878) that are the focus of many genome-wide studies, e.g. in the context of the ENCODE project. We have also previously established BAC transformed stable cell lines for the SR proteins present in nuclear speckles (7, 12-14). These, like many RNA binding proteins, autoregulate their levels such that the “third allele” provided on the BAC contributes to, but does not exceed, endogenous protein levels (12, 15).
A key feature of our proposal is the use of high-throughput technologies that allow the identification RNA targets of RBPs in a genome-wide manner. Previous data implicating nuclear body proteins in nucleic acid binding was taken into account in the selection of proteins to study; however the recent observation that proteins without recognizable RNA binding domains can and do bind RNA in cells leads us to include additional proteins (8, 9). Indeed, the CB protein coilin has no annotated RNA binding domain but binds hundreds of RNA targets (7). Methods for identifying direct interactions between RNA and protein in vivo rely on cross-linking of cells with ultraviolet (UV) light and provide a relatively unbiased, global approach for the derivation of target RNAs as well as in vivo binding sites (16, 17). UV light penetrates cells and induces covalent bonds between RNA bases and amino acid side chains at a distance of only several ångströms; the covalent bond permits stringent washing. Unlike formaldehyde, UV light does not induce protein-protein crosslinks, making UV preferable for addressing direct binding. UV crosslinking is relatively inefficient, but that can be overcome by using sufficient starting material. In crosslinking and immunoprecipitation (CLIP), fragmentation of the purified RNA permits sequencing of so-called “tags”. A further advance in cloning strategy and library preparation in iCLIP permits identification of the actual crosslink site with a resolution of a few nucleotides (18). A variation of CLIP, called PAR-CLIP (Photoactivatable-Ribonucleoside-Enhanced Crosslinking and Immunoprecipitation), utilizes incorporation photo-reactive ribonucleoside analogs, such as 4-thiouridine (4-SU) and 6-thioguanosine (6-SG) into RNA transcripts synthesized in living cells (19). The advantage of PAR-CLIP is that it may increase the efficiency of cross-linking (20); however a disadvantage seems to be elevated background over that detected by iCLIP (21). We have optimized iCLIP as well as ChIP protocols for the study of RNA binding proteins in our lab (7, 15, 22). 
Specific Aim 1.  Develop molecular signatures for nuclear bodies 
Employ UV crosslinking and immunoprecipitation followed by RNAseq (iCLIP) to catalog RNA-protein interactions that define nuclear bodies at the molecular level. Formaldehyde crosslinking and ChIP-Seq will capture their chromosomal locations. The “molecular signature” of each of the indicated nuclear bodies is the combined RNA and DNA interaction profile for critical protein components. Below, we describe the specific experiment for each body listed. Although approaches for the study of each body are separately described, the experimental steps towards there completion will be performed in parallel.
Aim 1a. 	Cajal bodies (CBs) and Gems 
Aim 1b. 	Histone Locus Bodies (HLBs)
Aim 1c. 	Nucleoli 
Aim 1d. 	Nuclear speckles
Aim 1e. 	PML bodies

Specific Aim 2.  Use molecular signatures to track nuclear body dynamics and function in cell cycle
Perform CLIP and ChIP throughout the cell cycle to identify time periods at which nuclear bodies form and function. Metabolic labeling of RNA, positive selection of RNA, followed by RNAseq will reveal function of nuclear bodies upon selected gene disruptions. Time series in the context of the following experiments will be performed:
Aim 2a. 	Cell synchronization 
Aim 2b. 	Metabolic labeling of RNA
Aim 2c. 	Disruption of nuclear bodies
Specific Aim 1. Develop molecular signatures for nuclear bodies
Here we will perform a series of RNA crosslinking experiments, using immunoprecipitation of nuclear body proteins following UV crosslinking (iCLIP) and formaldehyde crosslinking (ChIP-Seq), to identify RNA and DNA sequences associated with each body. 

Specific Aim 3. Create a computational framework for the characterization of nuclear bodies. 
We will first analyze ChIP-Seq and CLIP-Seq data to identify the molecular interactions of protein components of nuclear bodies with RNA and with chromosomal loci. To do this, we will employ our widely used ChIP-Seq analysis tools, PeakSeq and MUSIC. Leveraging our experience in ChIP-Seq analysis, we will develop a CLIP-Seq analysis pipeline that is sensitive to key relevant aspects of nuclear bodies, including distinction of nascent and mature RNA, mapping to repetitive RNAs, and correction for RNA expression levels. We will then integrate our data with publicly available CLIP-Seq, ChIP-Seq (e.g. comprehensive surveys of histone modifications), protein-protein interactions, and HiC data to characterize nuclear bodies as molecular networks, as opposed to optically imaged bodies, and explore their dynamic assembly across the cell cycle and the differential compositions of these bodies between organisms.	Comment by Karla CBG: ?

Aim 3a: Develop Apply analytical tools for ChIP-Seq and RNA-Seq data.
ChIP-Seq is the mainstream experimental method for genome-wide identification of transcription factor (TF) binding and chromatin modification sites, and will be fundamental to our aim to characterize the interactions of nuclear bodies with chromatin. We developed two ChIP-Seq peak calling tools: PeakSeq (23) and MUSIC (24). PeakSeq is a highly versatile and widely used tool for identification of TF binding sites in ChIP-Seq type experiments and, in particular, is one of the standard peak calling programs used by the ENCODE and modENCODE consortia for numerous ChIP-Seq datasets (25). PeakSeq constructs local thresholds using input signals from genomic DNA without an enrichment process to simulate the null process for the background. The variability in the background signal reflects the accessibility of the DNA due to the chromatin state of the genome. PeakSeq then locates protein binding regions by identifying peaks that are significantly enriched relative to the background signal. MUSIC is a recently introduced signal processing approach for identification of enriched regions in ChIP-Seq experiments. Utilizing multiscale decomposition of the ChIP-Seq signal profile in conjunction with mappability correction, MUSIC allows identification of broad enrichment domains (24). In addition, we introduced a probabilistic model-based method, Target Identification from Profiles (TIP) that can be used to identify a given TF’s target genes based on ChIP-Seq data (26),. 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. In particular, we were able to identify potential enhancers from regions classified as gene-distal regulatory modules (27). This achievement signals our ability to identify regulatory modules in the context of nuclear body formation and function. For example, intergenic DNA regions have been implicated in the formation of nucleoli and histone locus bodies (28, 29); we anticipate being able to detect these and other regions important for these and other nuclear bodies from the datasets generated. Moreover, the hypothesis that nuclear bodies may regulate the expression of the genes on which they form (e.g. do CBs regulate snRNA gene transcription?) will be investigated experimentally in Aim 2. The analysis carried out in this aim may independently reveal regulatory genomic regions distal to these “target” genes.	Comment by Karla CBG: OK?
For RNA-Seq analysis, we have developed RSEQtools, a computational package that enables expression quantification of annotated RNAs and identification of splice sites and gene models (30). In addition, we have developed IQseq, a computationally efficient method to quantify isoforms for alternatively spliced transcripts (31). Comparisons between RNA-Seq samples and other genome-wide data can be facilitated in part by our Aggregation and Correlation Toolbox (ACT), which is a general purpose tool for comparing genome signal tracks (32). An important challenge in RNA-Seq analysis is detecting unannotated transcription that may be hard to distinguish from noise. This topic has been central to many of our expression analysis tools (33-38). Our Database of Annotated Regions with Tools (DART) package contains tools for identifying unannotated genomic regions that are enriched for transcription, as well as a framework for storing and querying this information (39). To investigate newly transcriptionally active regions further, we developed incRNA, a method that predicts novel ncRNAs, using known ncRNAs of various biotypes as a gold standard training set (40). We have also developed specific tools to identify types of transcripts that are difficult to detect using standard analysis pipelines. We introduced FusionSeq, a pipeline to detect transcripts that arise due to trans-splicing or chromosomal translocations (41, 42). We also developed PseudoSeq to address the issue of quantification of pseudogene expression, which is difficult to separate from the transcription of parent genes with similar sequences (43). Another major area of interest in RNA-Seq analysis is linking expression variation to genotype. Our AlleleSeq tool (44) combines diploid genomic information with RNA-Seq data to identify transcripts showing allele specific expression. 	Comment by Mark Gerstein: IncrnaFig 8 Tools for RNA-Seq analysis









Fig 7 ChIP-Seq Analysis through MUSIC

We have extensive experience conducting integrated analyses of large sets of RNA-seq data, primarily through the ENCODE project (45). We played a lead role in the analysis of model organisms and human transcriptome studies within the consortium (36, 46, 47). We have also conducted extensive studies of the relationship between ChIP-Seq data for localization of transcription factors and histone modifications and gene expression through RNA-Seq (48, 49). Currently, we are active participants of the Brainspan project, which profiles RNAs in different parts of the human brain (http://www.brainspan.org) and we lead the data integration and analysis component of the data management and resource repository for the NIH extracellular RNA communication program consortium (http://commonfund.nih.gov/Exrna/). 	Comment by Mark Gerstein: psychencode

Aim 3b. Develop a flexible and statistically powerful CLIP-Seq analysis tool (iCAT)

CLIP-Seq is a family of powerful experimental tools to investigate protein-RNA interactions. In particular, iCLIP is a method that maps protein-RNA interaction sites to resolution that approaches a single base (50).  However, few tools exist to analyze iCLIP [[MRS: Okay to delete the introductory sentences above, which I wrote]].  To address this problem, we will develop a flexible and statistically powerful iCLIP-Seq Analysis Tool (iCAT). The iCAT pipeline begins with a read preprocessing module to effectively remove library primers and reads duplicated due to PCR amplification. The pipeline proceeds by considering the challenge of mapping posed by extensive short truncated reads.  To do this, iCAT employs a two-step mapping process: first it finds uniquely mappable reads and then uses these to guide allocation of the ambiguous reads. Specifically, during this step besides mapping to the genome, iCAT will also consider the known exon-exon junctions to maximize the mapping probability to accurately locate the binding sites. To better capture the binding affinity, we will further consider effects of other genomic features, like gene expression and GC content by effective covariant correction. In addition, iCAT also contains a peak annotation module to provide annotations to the peak sites. We will also perform motif analysis based on the claimed binding sites. Finally, our iCAT pipeline also allows differential binding analysis by quantitatively evaluating the mapping of multiple datasets.   	Comment by Mark Gerstein: intro?

Computational efforts to rescue the mapping of short reads. While iCLIP enables the identification of cross-linking sites at single nucleotide resolution (50), it also introduces several distinct computational challenges that necessitate the development of new pipelines for accurate binding site identification. For example, iCLIP utilizes a modified cDNA cloning procedure to capture truncated cDNAs that result in the presence of primers within the read sequences. In addition, PCR amplification bias can result in limited library complexity, with thousands of sequences arising from a single cDNA. Furthermore, it has been reported that up to 85% of the cDNAs in iCLIP experiment are truncated (51), resulting in large number of short reads that are difficult to map within the human genome. In view of these difficulties, we first propose a preprocessing step that contains primer removal and PCR amplification control based on our extensive previous experience in developing small RNA processing pipelines. After preprocessing, a large proportion of reads are often less than 30bp in length, making it difficult to uniquely map these reads to the genome or transcriptome. Many previous studies remove the multimappable reads or randomly/equally allocate them to numerous mapped sites (19, 51, 52). Such schemes may be problematic as they either discard a large percentage of sequenced reads or adopt a heuristic approach that may lead to a large number of false positives. Instead, we will implement a two-step mapping algorithm. In step one, we only map reads that can map uniquely to the genome (e.g. nascent snRNAs with templated 3’ end extensions) or the transcriptome (mature RNA including exon-exon junctions in the case of protein-coding genes). In step two, the remaining reads will be further mapped by allowing multi-hits, but weighting the mapping by using uniquely mapped reads as guides. By this two-step mapping approach, we will rescue short reads for downstream analysis in a dynamical [[MRS: word choice?]] manner for better biological interpretation.	Comment by Mark Gerstein: math?
Covariant correction for better binding affinity estimation. RNA-protein interaction sites are usually identified by performing an enrichment assessment of the mapped reads. Multiple factors may affect this process. For instance, some parts of the human genome are highly repetitive, so a smaller number of mapped reads is expected even after rescuing the very short reads. This mappability issue should be considered in the enrichment analysis. In addition, gene expression levels affect the expected number of crosslinking sites. It is possible for a highly expressed transcript with lower binding affinity to generate more iCLIP reads than less abundant transcripts with higher binding affinity. Furthermore, the sequenced reads from an iCLIP experiment may display GC or context bias. We propose a multivariate regression approach for better covariant correction. Considering the over-dispersed nature of iCLIP reads across the genome, we will compare several distributions that can handle over-dispersion, including negative binomial, generalized Poisson, or beta-binomial distributions, to choose the best fitting model for the iCLIP dataset. In the end, a p-value is provided for enrichment interpretation after correction.	Comment by Mark Gerstein: For instance 
Functional interpretation module for the identified binding sites. An important question to answer is whether the RNA-protein interaction happens on the nascent or mature RNA molecules. To address this question, for each identified binding site, we will include a module in our pipeline to look back into our mapped read files to search for reads that span the intron-exon or exon-exon junctions. The number of these two types of reads will be provided in the output file to uncover the exact timing of the interaction. In addition, we will provide additional supporting information for users to interpret each binding sites, such as whether they are located in introns, UTRs, exons, or other genomic features.

Motif analysis from identified binding sites. Binding motifs are critical to understanding the binding specificities and affinities of proteins of interest. After calling binding sites, our iCAT pipeline will employ external software, such as DREME and MEME, for accurate motif discovery. We will also provide motif discovery in specific regions as requested by users. 	Comment by Mark Gerstein: plugin

Differential binding analysis. Observing differential occupation of binding sites in iCLIP-Seq experiments across different biological samples is key to understanding the biological roles of protein-RNA interactions. Hence our iCAT pipeline will allow input of several datasets and build statistical methods to quantitatively measure how interactions change with time.	Comment by Mark Gerstein: how


Aim 3c. Create BodyMapper, a tool to characterize the components, interactions and dynamics of  nuclear bodies
To create comprehensive molecular pictures of nuclear bodies, we will develop BodyMapper.  This tool have three components. Module 1 will integrate, ChIP-Seq, CLIP-Seq and protein-protein interaction data to characterize the molecular components of nuclear bodies.  Module 2 will use Hi-C data to investigate the 3-dimensional organization of nuclear bodies using chromosome contact maps.  Finally, Module 3 will evaluate differential states of nuclear bodies, including the dynamics of assembly during the cell cycle, and could be used to investigate differences in nuclear body interactions between normal and diseased tissue.  To develop BodyMapper, we will apply our extensive experience in building network tools and in analyzing large regulatory networks [[MRS: Need to increase preliminary data!]].	Comment by Mark Gerstein: yes
Module 1: Molecular signatures of nuclear bodies.  The first module of BodyMapper will begin by using ChIP-Seq and CLIP-Seq experiments for core nuclear body proteins to identify genomic loci and RNA molecules that associate with the body (see Aim 3a-3b).  For nuclear bodies, such as Cajal Bodies, for which the core factor interacts with both RNA molecules and the genomic loci from which they are derived, we will consider these high confidence itneractions.  We will then use publically available data to build an expanded list of associated and putatively associated molecular factors.  We will use ChIP-Seq data from the ENCODE consortium and the Roadmap Epigenomics Mapping Consortium to investigate whether nuclear bodies are particularly associated with binding of chromatin features like transcription factor binding as well as histone modifications, and will build machine learning models to associate nuclear bodies with their chromatin context [[MRS: include italicized text?]].  We will also identify putative protein components of nuclear bodies through publically available protein-protein interaction databases [[MRS: which databases to cite?]].
Module 2: Investigate 3-dimensional nuclear body organization using chromosome contact maps.  The key defining feature of nuclear bodies is their focal 3-dimensional structure.  This leads to the enticing hypothesis that the factors associated with core nuclear body proteins themselves associate in 3D.  For example, our recent study of the Cajal Body factor Coilin showed that it targets 216 genomic loci, including many histone and U snRNA genes on different chromosomes (7).  Separate microscopy studies showed that both Cajal Bodies and U snRNAs cluster particularly at mid-interphase, suggesting that Coilin and its target genes may associate in 3D in a cell cycle dependent manner (53, please check citations!).  
Module 2 of BodyMapper will investigate the 3-dimensional association of genomic loci that interact with nuclear bodies, using chromosome contact maps generated by the 4D nucleome consortium using techniques like Hi-C.  The genome is known to be organized in 3-dimensional domains, so we will first assess whether nuclear body-associated loci tend to be located within the same domains.  We will then use distance constraints from chromosome contact maps to cluster our nuclear body associated genes.  For this analysis, we will take advantage of the ChIP-Seq data for hundreds of transcription factors that are available in HeLa cells from the ENCODE consortium, most of which are not thought to associate in three dimensional bodies.  This will allow us to calibrate our search for interactions of genomic loci for nuclear bodies.  We will also use distance constraints from chromosome contact maps to construct networks from our nuclear body associated loci.  We will highlight loci with high degree and betweenness centrality as potentially important components of nuclear bodies.  Finally, just as enhancers are well known to affect gene expression through long-range association with gene promoters, we will investigate the potential regulatory effects of nuclear body association with genomic loci.	Comment by Mark Gerstein: disc. Matrix
Module 3: Investigate nuclear body dynamics.  Many nuclear bodies, including Cajal Bodies, are known to associate at particular phases of the cell cycle and some may have different properties in disease states.  We will examine the dynamics of nuclear body association through differential analysis of body components and 3-dimensional associations between time points and using dynamic network theory \cite{doi:10.1016/j.physrep.2012.03.001}.  We will begin by using modules 1 and 2 to construct lists of molecular components and 3-D chromosomal contacts of our nuclear bodies at different time points.  We will then search for differential components between time points.  These differences, especially in 3-D contacts, should correspond to known microscopic observations of nuclear body formation.  Finally we will model both common and differential interactions as edges of a dynamic network.  Applying dynamic network theory to the temporal evolution of nuclear body interactomes may shed light on the mechanism of the assembly of these bodies, for instance, whether there are multiple pathways as a result of stochasticity or the assembly follows a single pathway via a hierarchical order.	Comment by Mark Gerstein: dyn net theory ?
Overall, BodyMapper will combine data for molecular interactions and chromosome contact maps to build a microscopy-independent molecular picture of nuclear bodies, including their dynamic formation.  This pipeline will be applicable to any nuclear body whose central factor has ChIP-Seq data, and particularly to those with both ChIP-Seq and CLIP-Seq data.  Because of the availability of ChIP-Seq data for over a hundred chromatin-associated proteins, the BodyMapper’s use of chromosome contact maps to investigate associated between genomic loci bound by chromatin factors may enable discovery of additional proteins that form nuclear bodies [[MRS: Should we cut this last sentence?]].


Old Aims 3c/3d.
Aim 3c. Characterize nuclear bodies via integration of functional genomic data.
To identify the location of various nuclear bodies, we propose to integrate ChIP-Seq data of defining protein specific to a particular nuclear body (for example coilin to Cajal body (CB)) with genomic resources generated by the ENCODE consortium and the Roadmap Epigenomics Mapping Consortium. Previous analysis of coilin showed the enrichment of ChIP-Seq peaks snRNA genes and histone genes (7), further integration of chromatin features like transcription factor binding as well as histone modifications will enable us to investigate the location not only in terms of genome annotation, but the co-localization of nuclear bodies with various transcriptional machineries (e.g. Pol II and other regulatory factors), as well as the co-localization of various nuclear bodies of interest, for instance HLBs and CBs.
Apart from locating various nuclear bodies in terms of the 1D genomics coordinates, we further plan to study their spatial location with respect to the 3D genome. Our Coilin ChIPseq data identified 216 gene loci bound by coilin, including many repetitive histone and U snRNA genes on disparate chromosomes (7). Yet HeLa cells have only 3-4 CBs in mid-interphase. This strongly suggests that coilin target genes cluster as the cell cycle proceeds, and an earlier FISH study is consistent with this (53). It would be extremely interesting to know if this clustering, representative of a nuclear body, is detectable within chromosome contact maps! This will be done by further integrating the ChIP-Seq data with 3D physical contact maps to be generated by the 4D nucleome consortium using techniques like Hi-C. Contact maps reveal how chromosomes are organized into domains and territories. We plan to investigate the location of nuclear bodies with respect to different domains and territories. Such integration further allows us to investigate how distant parts of the genome co-localize with particular nuclear bodies. As many distal connections are responsible for distant regulatory elements like enhancers, we plan to investigate if nuclear bodies play any role in the regulatory processes.
The iCLIP and ChIPseq data feed back on each other, because iCLIP often identifies RNAs that serve to nucleate nuclear bodies co-transcriptionally. Thus, in analyzing the iCLIP data for a number of nuclear body proteins, we can identify genome-wide all the annotated transcribed RNAs that the protein binds to and that potentially determine the chromosomal location of the nuclear body. One can similarly identify novel un-annotated transcribed regions or TARs (transcriptionally active regions (34)) of the genome, which may be transcribed into RNA and localized in the nuclear body of interest. These predictions can be queried by looking into the ChIP-Seq data and further tested (see Aims 1 & 2). [[MG: how to we integrate this look back ref.]] Additionally, we can make use of the 3D physical contact maps for further spatial orientation. Using genes that are known to be physical part of a nuclear body (U2 and U3 for the Cajal body), we can identify genic DNA regions in the genome, which are physically linked to the same nuclear body. By comparing the genes whose DNA is associated with the body with the transcribed RNAs specific to a nuclear body (identified from iCLIP), we also can distinguish the RNAs that are transcribed at the nuclear body from those that are transcribed in a different location but transported to the nuclear body of interest. Some genomic regions associated with a nuclear body could also contain genes, which are not transcribed which might be activated in response to a change in cellular state and may warrant further testing.
We have described how we intend to identify the DNA regions (and their constituent genes) and the transcribed RNAs that can be associated with different nuclear bodies. Furthermore with the use of protein-protein-interaction networks (PPIs) we intend to identify other as yet unidentified proteins that physically co-associate with the known proteins specific to nuclear bodies. We can compare these proteins to see if they correspond to the DNA genes and RNAs that we identify as being associated with the same nuclear body. Thus we intend to create a comprehensive initial molecular catalog of the constituent members of nuclear bodies at the DNA, RNA and protein level where possible.
Aim 3d. 4D network analysis	Comment by Karla CBG: Is this title OK?
Preliminary results Network representations can be applied consistently to many different types of biological data and therefore can be used as a powerful framework for integration of heterogeneous datasets (54-56). We have developed many novel approaches for studying biological networks. We developed methods to construct and analyze the regulatory networks of human and model organisms (46, 48, 57, 58, ) based on ENCODE and modENCODE datasets. We integrated regulatory networks with gene expression to uncover different types of functional modules (59-62). We constructed and analyzed hierarchical regulatory networks in model organism and humans (48, 63-66), discovering that that the hierarchy rather than centrality ("hubiness") better reflects the importance of regulators. We built a multi-layered network that incorporated information from heterogeneous data sources such as protein-protein interactions and metabolic, phosphorylation, signaling, genetic, and regulatory networks (67) and we used networks to improve our understanding of genomic variants (68) We also introduced several software tools for network analysis including Topnet, (69) tYNA (70) and PubNet (71). 	Comment by Karla CBG: Do we need this designation?	Comment by Mark Gerstein: Integ w new 
Capitalizing on the uniformly processed and matched experimental data obtained by ENCODE and modENCODE consortia, we have performed a series of comparative studies across distant metazoan phyla. A comparative analysis of human, worm, and fly revealed remarkable conservation of general properties of regulatory networks. (72). We discovered co-expression modules shared in animals and enriched in their developmental genes. To examine the degree of conservation on how chromatin features affect gene expression, we constructed a ‘universal model’ for quantitative prediction of coding and non-coding gene expression levels from chromatin features at the promoter. The model is based on a single set of organism-independent parameters and, in the three model organisms, achieved accuracy comparable to the organism specific models (47) We performed a multi-organism comparison of pseudogenes and found that they are much more lineage specific than protein-coding genes, reflecting the different genome remodeling processes in each organism (73). We also introduced a framework to quantify differences between networks and by comparing matching networks across organisms, found a consistent ordering of rewiring rates of different network types (74) We developed a new comparative genomics tool, OrthoClust, for simultaneously clustering data across multiple species (75) This integrates co-association networks of individual species utilizing the orthology relationships of genes between species.Fig 9 something about networks (left) and (right).

Comparison and Dynamics. The integration of ChIP-Seq and iCLIP data with various functional genomic resources essentially arrive at an interactome that characterize the constituent members of a nuclear body of interest. The comparison of such interactomes is of particular interest because it directly addresses important questions, such as: the differences of a nuclear body of interest between normal and disease states; how spatial organization changes in response to cellular conditions; and the degree of conservation across various species (e.g. human, mouse and zebrafish). We aim to understand how the interactome changes across tissues, cell types and organisms by quantifying the conserved and specific structures by a rewiring framework (74). As the interactome comprises of multiple types of edges (for instance, protein-protein interactions, protein-RNA interactions, protein-DNA interactions), we plan to extend the multi-layer network framework we developed for comparing the similarity and difference between the interactome (75). [[MG: we need a little more on what we'd do here w/ networks]]	Comment by Karla CBG: We have not made a final decision whether to include zebrafish.
Apart from comparing the localization and composition of a particular nuclear body in two states, we plan to further characterize the dynamics, for instance across the cell cycle. Previous results of using ChIP-Seq and iCLIP on Coilin hinted at the dependence of CB number and size on the cell cycle (7). We aim to continue the thread and generalize the investigation to other nuclear bodies. Practically, we plan to use a temporal network framework to integrate the interactomes obtained at different time-point of the cell cycle \cite{doi:10.1016/j.physrep.2012.03.001}. Understanding the temporal evolution of the interactomes shed light on the mechanism of the assembly of various nuclear bodies, for instance, whether there are multiple pathways as a result of stochasticity or the assembly follows a single pathway via a hierarchical order.  
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