Research Strategy
(A) Significance

Cellular functions are often compartmentalized in membrane-delimited organelles. In contrast, numerous
cellular “bodies” support essential functions, by concentrating components above surrounding plasm without
membrane barriers. Recent evidence suggests that liquid phase separation by low complexity proteins
observed primarily in vitro underlies the formation and maintenance of cellular bodies (1). How body
formation occurs in a cellular environment crowded with many potentially interactive molecules is unclear.
Moreover, cellular bodies tend to contain multiple low-complexity proteins. Although total protein
concentration within bodies is similar to surrounding plasm (2), most bodies are highly enriched in RNA (3).
Many RNA binding proteins bind short, often repeated RNA sequences, making RNA one of the most
multivalent polymers in the cell. Low complexity domains and unstructured regions are often found in RNA
binding proteins that drive liquid phase separation under normal conditions and protein aggregation in
disease states, such as amyotrophic lateral sclerosis (ALS) (4). The RNAs bound by these proteins in vivo are
largely unknown. What role does RNA play in the formation of these dynamic cellular structures in vivo? Does
RNA determine the cellular position of bodies? Can RNA modulate normal and aberrant structures made by

low complexity proteins? Histone locus

In the cell nucleus, increasing evidence points to roles for bodies in genome
function (1). Gene loci from distinct chromosomes cluster at or near nuclear
bodies, raising the possibility that they determine chromosomal positioning
and impact gene expression (5). Among many important nuclear bodies, four
are critically important for mRNA biogenesis and are the focus of this
proposal (Fig 1). Cajal bodies (CBs) mediate the efficient assembly of yycear
spliceosomal snRNPs, required for pre-mRNA splicing, and this is an essential speckles
function in vertebrate embryos (6-8); Histone Locus Bodies (HLBs) arise on Paraspeckles
active histone genes in S-phase and are involved in histone mRNA 3’ end
processing (7, 9); nuclear speckles concentrate essential pre-mRNA splicing
factors near highly expressed intron-containing genes (10); paraspeckles
influence gene expression by retaining specific mRNAs in the nucleus and sequestering specific transcription
factors (11, 12). Each of these bodies contains specific RNAs and trans-acting regulatory factors, which
exchange rapidly with surrounding nucleoplasm (13). Nuclear bodies vary in number, size, morphology and
composition during cell cycle, development, and upon experimental perturbation. Therefore, research on
nuclear bodies in vivo has been mostly limited to interphase cells, leaving questions of their inheritance and
potential function as epigenetic features unaddressed. How do nuclear bodies target to distinct chromosomal
loci? How do different nuclear bodies remain distinct from one another, if they form by similar physical
principles? We propose that RN A-protein interactions drive this specificity.

Fig 1 Nuclear bodies organize
gene expression in 3D space.

Our proposal addresses the hypothesis that RNA is central to the formation and function of nuclear bodies.
We will use tissue culture cells and zebrafish embryos to image nuclear bodies and, in parallel, monitor the
interactions of nuclear body-specific proteins with RNA and DNA at molecular resolution. We will:
o identify RNAs and chromosomal loci that interact with low complexity nuclear body proteins, using
unbiased genome- and transcriptome-wide approaches.
o determine whether nascent RNA, produced by transcription of these loci, leads to nuclear body
formation, gene clustering, and changes in gene expression.
o develop novel bioinformatics tools that exploit well-annotated genomic information to aid the
detection, characterization and analysis of all cellular bodies.

The achievement of our aims will be significant, because we will discover RNAs and gene loci associated with
nuclear bodies, shed new light on how RNA regulates nuclear body formation together with low complexity
proteins, and determine how nuclear bodies impact nuclear organization during cell cycle and embryogenesis.
The development of these new methodologies, which overcome current obstacles in the field, will enable
further insights into the molecular mechanisms of nuclear body formation and function in vivo.

(B) Innovation

Most research on nuclear bodies has relied on imaging, which requires prior knowledge of morphology,
components, and genomic sites of localization. One goal of this project is to define nuclear bodies through a set
of specific molecular interactions among DNA, RNA and low complexity RNA binding proteins. This novel,
alternative approach will identify new RNA components of nuclear bodies and the chromosomal sites where
they assemble. The methods complement imaging and compensate for the fact that nuclear bodies are nearly




impossible to purify. Instead, we take advantage of the RNA richness of nuclear bodies and their proximity to
chromatin, through crosslinking of living cells and purification of key nuclear body-specific proteins.
Covalently linked RNA and DNA will be the templates for the preparation of next generation sequencing
libraries. The methods employed here — CLIP and ChIP-Seq — are already well established. CLIP is typically
used to identify RNA targets of RNA binding proteins (14). ChIP is commonly used to identify transcription
factor binding sites or histone modification profiles. Neither method has been exploited to systematically
define and track 3D structures in nuclear space. Moreover, the proteins we propose to profile are not typical
RNA binding proteins or chromatin interactors; they are nuclear body proteins that have low complexity
regions favoring hydrogel formation (15-17). A recent study by the Neugebauer lab achieved preliminary
proof of principle, by showing that the low complexity CB scaffolding protein, coilin, bmds directly to specific
Formaldehyde .

RNAs and associates with the genes that encode them (18, 19).
uv
‘ChlP-Seq ” CLIP-Seq‘

Ak ko .1 L

@B 11 1 IEg] 6 0 E D)

We refer to the detected set of molecular interactions specific for
a given nuclear body as a “body map” (Fig 2). Body maps
leverage well-annotated  information - genomes and
transcriptomes — to define nuclear body composition and
dynamics at molecular resolution and are complementary to
imaging. Body maps are reminiscent of chromatin signatures,
which can be used to describe genomic regions (e.g. enhancers
or transcription start sites) and have relevance to the functional
organization of the cell nucleus. We will integrate these
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molecular data with other datasets on chromatin profiles (e.g.
comprehensive datasets generated through the ENCODE
project) and on chromosomal domains and positioning (e.g.
chromosomal contact maps). The chromatin environment of

Fig 2 A body map defines a nuclear bodies (NB)
of interest through a set of interactions between
NB-specific proteins and chromosomal loci (black)
and RNA (red), detected by ChIP and CLIP. Body

maps inform on composition and molecular

nuclear bodies is an understudied potential source of regulation. - A
proximity, complementary to imaging.

Finally, the identification of a defined set of interactions
comprising a body map will establish a technique that is broadly applicable to all cellular bodies, economical,
and provides information that cannot be gleaned through microscopy or biochemistry. Further innovation is
seen in the development of CLIP and ChIP-Seq analysis tools suited to identifying body maps, applying them
to dynamic cellular events like cell cycle, and extending this information to other genome-wide data.

(C) Approach

We will use both microscopy and body maps to determine whether the formation of CBs, HLBs, nuclear
speckles, and paraspeckles is transcription dependent and to observe for the first time how chromosomal loci
are brought together within the nucleus in 4D. We will establish and validate body maps for these nuclear
bodies in mammalian cell lines, applying them to an analysis of nuclear body assembly, maturation and
disassembly throughout cell cycle. We will complement this initial series of experiments with a study of
zebrafish embryos, in which the rapid reductive cleavage divisions take place in the absence of transcription;
this is followed by a period of zygotic genome activation (ZGA), affording the opportunity to observe the
biogenesis of nuclear bodies before during and after transcriptional onset in the embryo at the level of
morphology and molecular interactions.
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Fig 3 HeLa cell cycle and zebrafish
embryogenesis enable analysis of nuclear bodies
in the context of natural transcriptional programs,
RNA-protein interactions, and gene positions.

of gene expression as gene expression programs unfold (Fig 3).
Interestingly, it takes 24 hours to progress from fertilization to
the full body plan in zebrafish embryos, the same amount of time
it takes for one cell cycle in HeLa cells. The transcriptional
changes that take place in the embryo, therefore, occur on a
backdrop of rapid cell divisions. Transcription inhibitors, such as
o-amanitin, can be injected into the embryo to prevent
transcriptional onset. The opportunity to analyze nuclear body
formation during natural programs of transcriptional activation
and shut-off allows us to identify principles of nuclear body
dynamics independent of the mechanics of cell division. Among
human cell lines, we chose HeLa cells, an ENCODE Tier2 cell line



with abundant genomic tools, for which a vast literature on nuclear bodies exists. We wish to produce high
quality data that can be integrated with other datasets (e.g. ChIP-seq data on chromatin marks, chromosome
capture data) to elucidate genome function and generate further testable hypotheses. We chose zebrafish
embryos, which the Neugebauer lab pioneered as a model system for the analysis of nuclear architecture due
to the external development of the embryos, their transparency and hence suitability for microscopy, and the
ability to inject 1-cell embryos with perturbing agents: function-blocking morpholinos, drugs, nucleoside
analogs, fluorescent protein-tagged constructs, and fluorescently labeled RNAs (6, 20, 21). As a vertebrate,
zebrafish is increasingly used as a disease model, including ALS (22), with clearly recognized orthologues of
key proteins and a higher rate of antibody cross-reactivity than other model organisms. This combination of
features is ideal for the proposed study.

CB HLB

Nuclear bodies and choice of proteins. The proposed work uses speckle  Paraspeckle

known nuclear body proteins as molecular handles to
identify RNA and chromatin with which nuclear bodies
interact. We have chosen four nuclear bodies, about which

we have sufficient knowledge to select protein components cjjin

(Fig 4). All are known to contain high concentrations of WRAP53,TGS1
specific RNAs (though additional RNAs may be discovered). NPAT, FLASH
All selected nuclear body proteins are low complexity and SRSF1&7
concentrated in the indicated nuclear body (Fig 4). Prior RBM14,FUS

evidence of nucleic acid binding was considered. However
the recent observation that proteins without recognizable
RNA binding domains bind RNA in cells (23, 24) leads us to
include additional proteins. Indeed, the CB protein coilin is a
low complexity protein with no annotated RNA binding

Fig 4 Nuclear bodies and proteins to be analyzed.
Two proteins per NB, suitable for imaging and body
mapping by iCLIP and ChIP-Seq, are listed. Specificity
for the indicated NB is denoted by (+). Coilin is found
in HeLa HLBs, due to CB/HLB overlap in this cell type.
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domain, yet it binds hundreds of RNA targets (18). Low See Aim 1 for details of eac and protein

complexity proteins are believed to contribute to nuclear body formation by promoting liquid phase
separation (15, 16) and have the potential to serve as interaction platforms. Therefore, amino acid composition
and annotated motifs were also considered. The properties of each protein are described in Aim 1A.

Methodologies. In vivo crosslinking strategies are well suited to protocols that aim for a high degree of specificity
through high stringency washing. We will employ two modes of cross-linking: UV crosslinking for RNA target
identification (CLIP) and formaldehyde for identification of interacting chromosomal loci (ChIP-Seq). In CLIP,
UV light penetrates cells and induces covalent bonds between RNA bases and amino acid side chains at a
distance of only several A. In both CLIP and ChIP, crosslinked antigen is immunopurified and libraries are
prepared for sequencing on the Illumina HiSeq2000 platform (14, 25). Two forms of CLIP are proposed here. In
iCLIP, UV crosslinking at 254nm samples all RNAs in the cell; iCLIP exploits the inability of reverse
transcriptase to pass the crosslinked nucleotide (nt), enabling identification of the crosslink site at nt resolution
(26, 27). After crosslinking, RN A-protein adducts are cut from the gel; this adds a purification step and reduces
background. In PAR-CLIP, metabolic labeling of RNA with 4-thio-U (4SU) enables 365nm UV crosslinking of
only those transcripts made during the labeling period (14, 28). Thus, PAR-CLIP will be used to distinguish
newly made transcripts (e.g. nascent RNA) from long-lived RNAs, using short 4SU labeling pulses in HeLa
and 4SU injection into zebrafish embryos (21, 29). These crosslinking strategies will be complemented by total
RNA-Seq and RNA-Seq of metabolically labeled RNA for normalization and analysis of transcription.

Analysis. The analysis of iCLIP and ChIP-Seq datasets requires advanced bioinformatics to ensure a properly
processed and analyzed dataset as well as integration with other valuable datasets, such as ChIP-Seq of
histone marks and chromosome contact maps (e.g. HiC). The Gerstein lab will leverage expertise in developing
and applying computational tools for analysis and interpretation of genomic data generated by modern
sequencing technologies. A comprehensive iCLIP analysis tool called iCAT, which can be applied to all
prominent CLIP methods (iCLIP, PAR-CLIP, and HITS-CLIP), will be developed with the aid of our datasets
and enhance analysis. The Gerstein lab will also develop BodyMapper, a research approach to integrate ChIP-
Seq, iCLIP and RNA-Seq data on nuclear bodies. 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,
many of which play roles in RNA metabolism and might be expected to “talk” to one another. Networks may
reflect trafficking of components, shared dependency on components, or coordinated dynamics. The planned
experiments, including e.g. temporal sampling, will provide opportunities to detect functional relationships
computationally. Constant interactions between the Neugebauer and Gerstein labs ensure constructive
feedback and innovation in implementing these approaches to the 3D and 4D organization of the cell nucleus.



AIM 1. Identify RNAs and chromosomal loci associated with low complexity nuclear body proteins

To identify RNA interactors of nuclear body proteins and associated chromosomal loci, we will carry out
iCLIP and ChIP-Seq in HeLa cells and validate the results by fluorescence microscopy. We will develop
analysis tools specifically designed to detect, quantitate and integrate the data. A powerful way of
representing the data is in terms of a body map (see Fig 2) of each nuclear body, which is the combined RNA
and DNA interaction profile for critical protein component(s).

1A. Profile low complexity nuclear body proteins in cycling HeLa cells using iCLIP and ChIP-Seq.

Establishment of BAC transgenic cell lines. In order to avoid biases that could arise from the use of antibodies
with differing affinities and specificities, we will employ a single GFP tag to which specific antibodies have
been developed for purification (30). 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 (30). First, endogenous regulatory elements
(enhancers, promoters, introns, etc) within each BAC and integration of a low copy number (usually only 1)
into the genome ensure that tagged proteins are expressed at or near endogenous levels. Second, the GFP tag is
amenable to imaging. Third, the portability of BACs permits us to study any cell line we choose. Our previous
work, which established a precedent for CB and HLB body maps, relied on coilin-GFP expressed from a BAC
in HeLa and P19 cell lines (18). In the event that recombineering is unsuccessful or the tagged protein is
mislocalized, we will evaluate commercially available antibodies (all presently listed in vendor catalogs) for
suitability to iCLIP and ChIP.

iCLIP, and ChIP-Seq. Each protein will be subjected to a simple pilot test, based on the early steps of the iCLIP
protocol, to determine whether UV-dependent RNA-protein crosslinking is detectable. This test allows us to
quickly and economically screen for proteins appropriate for iCLIP. In addition to the proteins listed in Fig 4,
other candidate proteins can be pursued. If possible, we will identify two proteins for each nuclear body for
which iCLIP and ChIP-Seq will be carried out in two biological replicates. Single-end 75bp reads will be
obtained on Illumina HiSeq 2000 at the Yale Center for Genome Analysis. A threshold of >0.9 (rank-based
Spearman correlation coefficient) will be used to A ChiP-seq CLIP-seq

decide whether additional replicates are necessary.
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Total RNA-Seq. Here we will develop a specific : -
method tailored to our downstream analysis, in
which we wish to relate our iCLIP data to transcript
abundance. In iCAT (Aim 1B), RNA-Seq data is
desired to perform expression correction to derive
apparent binding affinities. Therefore, we will purify
total RNA from HeLa cells and subject it to the same
library preparation protocol as the iCLIP samples
(immunoprecipitation excluded). This RNA will be a
faithful representation of the transcriptome sampled .
by UV crosslinking and will contain RNAs of us ]

different classes and sizes (e.g. pre-mRNA, mRNA, o *

rRNA, small non-coding RNAs). In iCLIP library
preparation, RNA is enzymatically fragmented
before adapter ligation and PCR. cDNA is size
selected by gel purification to protect against loss of
particular RNAs based on size. In our transcriptome
data, we will control for size biases with “spike in”
RNA size standards (e.g. 50,100, 200, 500, and 1,000
nt long); the resulting reads will be used as internal
controls and for normalization. In addition, we will
optimize total RNA-Seq to allow rRNA removal by
standard methods (Ribo-Zero, RiboMinus); this will
allow us to sequence fewer lanes but carries the
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Fig 5 Preliminary CB body map based on (A) coilin CLIP and

potential danger of depleting snoRNAs. We will
determine the effect of Ribo-Zero depletion on
snoRNA abundance, also using the “spike ins” for
normalization.

ChIP-Seq [18]. (B) A prior study showed by FISH that multiple U
snRNA loci cluster at or near CBs [36]. (C) Schematic
illustrating the model that nascent snRNA (red) binding by coilin
nucleates CBs at active U snRNA genes (black), which cluster.



Rationale, Experimental Plan and Preliminary Results

Cajal bodies (CBs). Most somatic nuclei contain 2-4 CBs, which require the low complexity protein coilin for
assembly and maintenance (6, 31). Coilin is conserved yet contains no annotated protein motifs or domains
(19). CBs contain high concentrations of all nuclear small non-coding RNAs: spliceosomal snRNAs, snoRNAs
en route to the nucleolus, and specialized snoRNAs (scaRNAs) that guide snRNA modifications in CBs (18).
CBs are the sites of snRNP and snoRNP maturation (18, 32, 33), suggesting that concentration of factors within
CBs makes RNP assembly more efficient (6, 34). Using iCLIP, we showed that coilin actually binds snRNAs,
suggesting that coilin binding to nascent snRNA accounts for CB occurrence at U snRNA gene loci (35-37), and
may contribute to later snRNP recruitment to CBs (18). Furthermore, coilin ChIP-Seq revealed robust detection
of >200 U snRNA genes, which are repeated and occur on disparate chromosomes. By microscopy, CBs occur
at or near U snRNA genes, and their limited numbers at interphase suggests that chromosomal loci cluster
together within the CB. Evidence supporting gene clustering (36) is incomplete, because the FISH probes were
mixed (Fig 5B). The combined coilin iCLIP and ChIP-Seq data represent a preliminary body map (Fig 5), and
the observed set of interactions corresponds to the description of CBs by imaging and functional studies.

We propose to profile TGS1 and WRAP53 (TCAB1, WDR79) by iCLIP and ChIP. TGS1 is 853aa long and
contains unstructured with low-complexity regions. We showed that TGS1, which hypermethylates 5" end
caps on RNA, is a strong coilin interactor (18), creating potential for networks of interactions. WRAP53 is
present in telomerase RNP and scaRNPs, owing to its interactions with the CAB box RNA element (38-42).
WRAP53 contains six WD40 repeats and low complexity regions and is required for CB integrity (38). Coilin
ChIP-Seq signal is not present on genes harboring scaRNAs or snoRNAs, consistent with evidence that these
RNAs concentrate in CBs after transcription (18). Therefore, detection of TGS1 and WRAP53 at U snRNA
genes by ChIP would further validate the
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(43). Histone genes occur in clusters on 0 pp——"
different chromosomes and in species-
specific numbers. During the G1/S transition,
replicative histone genes become active, and
HLB numbers increase (44-46). We identified
a preliminary HLB body map from our coilin
iCLIP and ChIP-Seq data (Fig 6). In HeLa
cells, CBs and HLBs are merged, explaining M e

why coilin  ChIP-Seq robustly identified Fig 6 Preliminary HLB body map based on coilin ChIP-Seq data [18],
individual genes within the two major  which robustly detects histone genes within clusters on disparate
human histone gene clusters (HIST1 and = chromosomes, as shown. Coilin CLIP detected U7 snRNA [18].
HIST2). Because U7 snRNA is a major target ~ Schematic diagram illustrates the model that nascent histone mRNA
of coilin by CLIP, U7 snRNP likely links (red) basepairs with U7 snRNA, which is in turn bound by coilin. Histone
coilin to active histone genes (18). This data loci cluster together with U snRNA loci in the HLB+CB in HeLa cells.
agrees with the previous suggestion that

histone loci can cluster with U snRNA genes at the composite HLB+CB body (Fig 6). Although HLBs and CBs
overlap in many transformed cell lines, HLBs are distinct from CBs for three reasons: 1) they have different
functions, 2) they are physically separate in stem cells, fly (D. melanogaster) and fish (D. rerio) cells (9, 20, 47),
and 3) HLBs do not depend on coilin; instead the protein FLASH is required for HLB integrity (48, 49). FLASH
seems to provide a platform for interactions among histone mRNA, U7 snRNP and the cleavage machinery
(50). Therefore, we will profile NPAT (1427aa) and/or FLASH (1982aa). Both proteins are enormous and almost
entirely comprised of low complexity regions. We will compare the ChIP-Seq patterns with coilin ChIP-Seq to
verify that coilin’s recognition of histone genes (Fig 6) reflects joined HLBs + CBs.
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Nuclear speckles and paraspeckles Nuclear speckles are irregularly shaped nuclear bodies that occupy
chromatin-poor regions within nuclei (5). They are marked by high concentrations of SR proteins (Fig 7), a
family of RNA binding proteins involved in all aspects of mRNA biogenesis (51). SR proteins are low-
complexity proteins with RNA binding domains capable of forming hydrogels in vitro (17). In vivo, they bind
pre-mRNA splicing targets (52-54) as well as the abundant, intronless IncRNA MALATI (metastasis associated
lung adenocarcinoma transcript 1). MALAT1 is predominantly nuclear and thought to regulate cell motility
and invasion of cancer cells through effects on gene expression (5). Whether SR protein interactions with
MALAT1 regulate liquid phase separation in vivo is unknown. Concentration of SR proteins by MALATI in
nuclear speckles regulates the phosphorylation state of SR proteins and may act as a molecular sponge to
titrate their concentrations (55, 56). SR proteins and MALAT1 associate with actively transcribed protein-
coding regions (52, 57-59). An adjacent nuclear structure, the paraspeckle (Fig 7), was found to contain a
second IncRNA, NEAT1 (60, 61). NEAT1 transcription is absolutely required for paraspeckle integrity.
Paraspeckles are involved in the retention of highly edited mRNAs as well as transcription factors and contain
two low-complexity proteins with RNA binding domains, RBM14 and FUS, which undergo liquid phase
separation and form aberrant aggregates in disease (11, 62).
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Fig 7 Preliminary nuclear speckle body map based on (A) robust detection of iCLIP tags for GFP-tagged SR proteins (SRSF1-7)
on MALAT1 but not NEAT1 IncRNA in P19 cells. No Coilin-GFP or GFP-NLS iCLIP tags mapped to either transcript. (B) NEAT1
defines paraspeckles, while (B&C) MALAT1 and SR protein co-localization defines nuclear speckles [images from ref. 55].

We previously established BAC transformed stable cell lines (HeLa and P19) for SR proteins and showed that
C-terminally tagged SR proteins are functional (52, 54, 63). We have carried out extensive iCLIP for the entire
SR protein family in P19 cells (unpublished). This experiment identifies MALAT1 but not NEAT1 as a major
target of all SR protein family members (Fig 7). In contrast, coilin-GFP or GFP-NLS crosslinks to these
abundant IncRNAs were not detected, showing that MALATI reads are not background contaminants. We
will focus on SRSF1 and SRSF7, the strongest interactors of MALATT in P19 cells (Fig 6). A remarkable number
of paraspeckle proteins are interesting for our study: RBM14, FUS, PSPC-1, and NONO all contain RNA
binding domains and low complexity regions, similar to SR proteins; each is important for the integrity of
paraspeckles and protein-protein interactions have been mapped (11). This is very auspicious for successful
iCLIP experiments with paraspeckle proteins. In addition, ChIP-seq is planned, and the data will be compared
with recent detection of genomic sites of MALAT1 and NEAT1 localization (58).

1B. Develop a flexible and statistically powerful CLIP-Seq

analysis tool (iCAT)_ Primers Removal I Duplicate QC
CLIP-Seq is a family of powerful experimental tools to ¥
investigate RN A-protein interactions. In particular, iCLIP maps PCR Duplicate Peak Calling
RNA-protein interactions interactions sites at single nucleotide Removal : 7
resolution (26, 64, 65), introducing distinct advantages and Unique Reads Peak Annotation
challenges regarding analysis. Few tools are specifically Mapping

designed to analyze iCLIP data. Here we will develop a flexible

and statistically powerful iCLIP-Seq Analysis Tool (iCAT) (see Multi-hits Motif = Nascent/ Differential
Fig 8 for workflow). After a read pre-processing to remove allocation ol e | Balinllicl | Bt

library primers and PCR duplicates, iCAT employs a two-step

mapping process (see below) and considers known exon-intron, Fgy e, e el el 1P emeFEls (o)



exon-exon, and snoRNA-intron junctions to maximize the read mapping probability. To better assess RNA-
protein binding affinities, we will further consider effects of other genomic features, such as gene expression
and GC content by effective covariate correction (see below). In addition, iCAT contains a peak annotation
module to provide annotations to the peak sites and will also perform motif analysis using external software
(e.g. DREME and MEME). Finally, iCAT allows differential binding analysis by quantitatively evaluating the
mapping of multiple datasets. Although we are capable of analyzing CLIP data with available tools (see Aim
1), iCAT will enhance the information content extracted from the data (e.g. nascent vs mature RNA) and
maximize statistical power when read number is limiting (e.g. when target transcripts are rare or when limited
numbers of cells or embryos are employed). Three unique modules of iCAT are discussed below:

Computationally rescue short reads. In iCLIP, reverse transcriptase terminates at the crosslink nucleotide,
identifying the site of RNA-protein interaction (65). Because of premature termination, up to 85% of reads are
short (<30bp) (64) and therefore difficult to map uniquely to the human genome. Most studies either remove

the multi-mapped reads or randomly/equally allocate them to  Reads Coming out —_— _
numerous mapped sites (28, 64, 66), which results in a loss in """ e - =
accuracy and statistical power. Instead, we will implement a SETT Gene Gene 2
two-step mapping algorithm. In step one, we only map reads ——" E  —

that map uniquely to the genome (e.g. nascent sSnRNAs with et corome

templated 3’ end extensions) or the transcriptome (e.g. mature Ref Gen
RNA including exon-exon junctions). In step two, the

remaining reads are mapped by allowing multi-hits,  atocate niquely
employing a weighting process guided by the relative "™*®

Gene 1 Gene 2

abundance of uniquely mapped reads through an expectation- Ref Gen oo ——
maximization (EM) algorithm. This approach allows us t0 e muimp Gene 2
rescue the short reads for downstream analysis and better —readstoughim —

biological interpretation. In our data (Aim 1A), 78% of the Ref Gen Gone 1 Gone 2

reads are short; of those, ~60% are uniquely mapped. Thus, up

to 40% of our reads are rescuable. Fig 9 Rescue of short reads through weighting.

Covariate correction for apparent binding affinity estimation. RNA-protein interaction sites are usually identified by
performing an enrichment assessment test of mapped reads. Multiple factors can affect this process. For
instance, fewer mapped reads are expected in highly repetitive regions of the human genome even after
rescuing short reads. This mappability issue should be considered in the enrichment analysis. Transcript
abundance also affects the expected number of crosslinking sites. It is possible that a highly expressed
transcript with lower binding affinity generates more iCLIP reads than less abundant transcripts with higher
binding affinity. Furthermore, the sequenced reads from an iCLIP experiment may demonstrate sequence or
context bias. We propose a multivariate regression approach for better covariate correction. Suppose Yy,
represents the total number of reads at position i, and X, denotes the covariate matrix, including parameters
like expression, GC content, and mappability. Then we have (Eq. 1):

ElyiJ =M= eXpJ[in}
where 1, and b are the mapped reads expectation and covariate vector. Considering the over-dispersed
nature of iCLIP reads across the genome, we will compare several distributions that can handle over-
dispersion in the regression (Eq. 1), including negative binomial, generalized Poisson, or beta-binomial
distributions, to choose the best fitting model for the iCLIP dataset. Numerical methods, such as Newton’s
method, can help us to estimate the parameters in (Eq. 1) by the method of maximum likelihood. In the end, a
p-value is provided for enrichment interpretation after correction by (Eq. 1).

Distinguishing nascent from mature RNA. Whether RNA-protein interactions occur on nascent or mature RNA
will be addressed in a functional interpretation module within iCAT that will identify reads spanning intron-
exon, exon-exon, snoRNA-intron junctions or DNA-templated reads beyond 3’ end cleavage sites. The number
of RNA processing-related reads uncovers the timing of interaction. iCAT also provides information regarding
the distribution of crosslink sites (e.g. in introns, UTRs, exons, across junctions).

1C. Create a computational framework for the investigation of nuclear bodies.

Nuclear bodies are defined by their constellation of RNA and protein constituents, their chromosomal
locations, and their focal 3D structure. This leads to the enticing hypothesis that factors associated with core
proteins associate in 3D and can be used to quantitatively characterize and analyze nuclear bodies. For
example, the CB protein coilin is detected by ChIP on many histone and U snRNA genes on different
chromosomes, binds most snRNAs and snoRNAs as well as a limited set of proteins (18); we would like



employ this combination of features as a molecular signature — a body map (Fig 2) — of CBs to enable analysis
in cells that are either not amenable to imaging or do not contain nuclear bodies with classical morphology (e.g.
M-phase). Furthermore, we would like to discover whether chromosomal features (e.g. a particular histone
mark we do not currently know about) correlate with body maps, thereby enabling us to further delve into the
mechanisms of nuclear body formation and function. In this aim, we will therefore integrate ChIP-Seq and
iCLIP experiments conducted in this study with publically available data on genomic features (histone
modifications, transcription factors and other DNA binding proteins, nucleosome positioning), chromosome
conformations (HiC), and protein-protein interactions. To do this, the Gerstein lab will develop BodyMapper,
leveraging extensive experience analyzing ChIP-Seq and RNA-Seq data (67-78).

Analytical tools for ChIP-Seq. ChIP-Seq is a mainstream experimental method for genome-wide identification of
transcription factor (TF) binding and chromatin modification sites and will be fundamental to characterizing
the interactions of nuclear bodies with chromatin. The Gerstein lab developed PeakSeq (68), a versatile tool for
identification of TF binding sites and a standard peak calling program used by the ENCODE and
modENCODE consortia for ChIP-Seq datasets (76). The proteins we will analyze by ChIP do not have DNA-
binding domains and likely do not associate directly with DNA; therefore, the characteristics of the ChIP-Seq
peaks we will obtain are uncertain. This problem is addressed by MUSIC, a peak caller that performs
multiscale decomposition of ChIP signals to enable simultaneous and accurate detection of enrichment at a
range of narrow and broad peak breadths (68, 78). Binding to genes with similar sequence characteristics (e.g.
snRNA genes for CBs, histone genes for HLBs) will be aided by MUSIC’s improved mappability correction.

Analytical tools for RNA-Seq. For RNA-Seq analysis, we will employ tools developed in the Gerstein lab to
handle challenges in read quantification: RSEQtools, enabling expression quantification of annotated RNAs
(72); tools that detect, store and query unannotated transcripts (67, 69, 74, 79-82); and methods (e.g. incRNA)
that predict and analyze novel ncRNAs, which may be discovered in the course of this project (83). Thus our
expertise in identifying and quantifying numerous transcript classes, including pseudogene transcripts (84-86)
that share sequence repetitiveness with RNA families in nuclear bodies (e.g. snRNAs and histone RNAs),
maximizes opportunities for discovery and analysis of novel RN As present in nuclear bodies.

Integration of ChIP-Seq and iCLIP data through BodyMapper. To advance our mechanistic understanding of how
nuclear bodies form and function, we plan to identify molecular components of nuclear bodies and explore the
chromatin context of their associated DNA loci. We also want to determine the extent to which nuclear bodies
organize the genome by clustering chromosomal loci. The pipeline begins by analyzing ChIP-Seq and iCLIP
data to identify RNAs and DNA loci. Nucleic acid targets showing high statistical enrichment will be
considered high confidence components, while moderately enriched loci will comprise a list of potential
nuclear body components to be pursued by validation. To build an expanded list of associated and putatively
associated molecular factors, we will mine publically available databases, including protein-protein interaction
and ChIP-Seq data from the ENCODE consortium and the Roadmap Epigenomics Mapping Consortium (87,
88). Previous studies have shown that the genome is organized into domains (89-91). We will assess whether
nuclear body-associated loci tend to be located within the same domains. We will use distance constraints
from chromosome contact maps (Hi-C) to cluster our nuclear body associated genes, using a similar procedure
to distance geometry in protein structure solution which has also recently been employed for reconstruction of
chromatin 3D structure (92). One attractive method is Clustering by Fast Search and Find of Density Peaks,
which automatically selects the number of clusters it identifies (93). We expect nuclear bodies to have fewer
total clusters than diffuse DNA-binding factors, indicating their high 3D connectivity.

Network Analysis. BodyMapper will build a combined network containing the RNA and DNA interactions of
nuclear body factors, chromosome contacts, and protein-protein interactions (Fig 10). With this network, we
will search for highly connected modules within the network, which may represent key components for body
formation or function. With this network, we will search for
highly connected modules, which may represent key
components for body formation or function. Our analysis Non.CB protein _ _ B
framework will build upon our previous work analyzing P Candidate CB Protein Coilin

biological networks, particularly work integrating ChIP-Seq
and RNA-Seq data with to understand transcriptional
regulation from ENCODE and modENCODE data (70, 77,

94, 95). To search for key groups, we will initially use .7 A8 candidateCBgene snRNAL  snRNA2
simple clique and defective-clique identification procedures W chpseq W icup EEHC [l Protein-Protein Interaction
(96). If these are insufficient, we will also employ well- : —
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BodyMapper: Searching for functional modules and
new molecular components of Nuclear Bodies




search for graph regions with high clustering coefficient (97). We will carefully consider how to weight the
contributions of our heterogenous data, similar to our work analyzing combined metabolic, phosphorylation,
signaling, genetic, and regulatory networks (98). Members of cliques or highly connected modules will become
additional candidate components of nuclear bodies, even if they are missing direct evidence from ChIP-Seq
and iCLIP of nuclear body factors (Fig 10). The predictions of these models will be validated with methods
described throughout this proposal.

Modeling of Nuclear Body Regulation. Because of their potential to concentrate regulatory factors, nuclear bodies
are an exciting specific context in which to apply predictive analytical frameworks that we have developed on
a genome-wide scale. For example, we developed machine-learning models that use binding profiles of
chemically modified histones and transcription factors at promoters to predict gene expression measured by
RNA-Seq (71, 77, 99). Using a similar framework, but targeted to nuclear body-associated genes, we may
observe higher predictive accuracy, or different regulatory patterns than seen more generally. Additionally,
nuclear body associated regions may constitute a class of genomic regulatory regions, similar to enhancers. We
will use analytical frameworks similar to our enhancer prediction tools in an attempt to identify with HeLa
ChIP-Seq data chromatin signals that are particularly associated with nuclear body association (87, 100). These
models may help identify nuclear body associated genes in cell lines where the molecular interactions of
currently known nuclear body factors have not been investigated.

1D. Validate CLIP, ChIP and bodymapper results through in situ hybridization.

We will image proteins through their GFP tags and by standard immunostaining combined with fluorescence
in situ hybridization (FISH) in order to validate the presence of RNA and DNA species detected by iCLIP and
ChIP-Seq in nuclear bodies. When antigens are sensitive to denaturing FISH protocols or when RNAs are
inaccessible to hybridization, injection of fluorescent in vitro transcribed RNAs is a viable alternative (18). From
the preliminary results in Aim 1A, we already know that the U snRNA and histone genes are of interest and
will be investigated in this context. It is currently unknown which, if any, chromosomal loci are clustered in
nuclear speckles or paraspeckles. However, the presence of MALAT1 and NEAT1 IncRNAs on a subset of
protein-coding genes suggests clustering (58), which will be investigated by FISH. ChIP-Seq results from Aim
1A and predicted associations from BodyMapper will guide selection of gene loci for analysis. This is crucial,
because inferences from independent chromosome capture experiments could reveal chromosomal loci in
nuclear bodies that are currently unknown to us. For examples, some loci may not be detectable by ChIP.

1E. Test whether perturbing nuclear bodies disrupts gene clustering and expression.

We will disrupt nuclear bodies through depletion or deletion of essential nuclear body components and test
for effects on mRNA biogenesis through RNA-Seq, using protocols elaborated above. Effects on transcription
will be ascertained through RNA-Seq. Additionally, we will determine the effects of nuclear body loss on the
clustering of chromosomal loci using multi-color DNA FISH. CBs and HLBs will be perturbed through the
deletion of both alleles of coilin, using an established HeLa cell line (101). Because HLBs may be resistant to
coilin depletion, we will test for the presence of HLBs in the coilin-/- cell line by immunostaining. If HLBs
remain, these cells will additionally be depleted of FLASH (see above),
using RNA interference; the key question for HLBs is whether repeated
histone gene loci on different chromosomes are clustered in the presence
and/or absence of HLBs. Paraspeckles will be perturbed through depletion
of NEAT1, NONO, RBM14 and/or FUS, each of which is required for
paraspeckle integrity (11). Speckles are difficult to perturb by depletion of
either MALAT1 or SR proteins. However, if gene clustering is observed in
Aim1D, we test whether gene clustering can be reduced or abolished by
MALATT1 or SR protein knockdown. Clustered genes detected in Aim 1D
will be localized relative to one another by FISH, imaging and
downstream image analysis.

mitosis

interphase

no CLIP no ChIP CLIP ChiP

Fig 11 Nuclear body dynamics in

AIM 2. Determine whether nascent transcripts specify nuclear body ) cycle may be determined by

assembly during cell cycle.

This aim uses existing knowledge as well as new findings from Aim 1 to
test expectations of our hypothesis that nuclear bodies form through
interactions of NB-specific low complexity proteins with nascent RNAs
and that nuclear bodies thereby cluster different chromosomal loci within
the 3D space of the nucleus over time (Fig 11).

transcription. Transcription is off in
mitosis, and NBs appear
disassembled (green). NBs are
mature in interphase, transcription is
on, and nascent RNA (red) is
present. Possible expectations for
body maps shown below panels.



Rationale. Transcription of a particular locus has places numerous RNA ligands for nuclear body components
at genes (7, 102). Morphological detection of CBs and paraspeckles is absolutely dependent on transcription (5,
103, 104), but it is unclear whether subcomplexes or small bodies remain. Whether HLBs are transcription-
dependent is controversial (102, 105). Interestingly, transcription inhibition does not cause speckles to disperse
but rather to round up (10); whether these speckles have different molecular features is an open question we
will address. In addition to exploring through cell cycle and transcription inhibitors, we will use metabolic
labeling to profile transcription through cell cycle (remarkably, there is no existing study) and use PAR-CLIP
to determine protein interactions with newly synthesized RNA.

2A. Test dependence of nuclear bodies on cell cycle through cell synchronization.

Changes in nuclear body morphology across the cell cycle are well known (3, 5, 7, 10, 106). CBs in human
tissue culture cells disassemble before mitosis and reassemble during G1 (Fig 12). The molecular events
underlying assembly and disassembly are completely unknown and are highly relevant to our understanding
of the 3D and 4D organization of nuclei. Because transcription is shut off in mitosis, roles for transcriptional
activity in the formation and maintenance of nuclear bodies have been proposed. In addition to the nucleating
potential of nascent RNA (see Fig 11), transcription factors and changes in chromatin state may independently
contribute to nuclear body integrity (105, 107). These issues are difficult to address, partly because of the
limitations of imaging during nuclear body formation and partly because we are blind to changes in nuclear
body composition during assembly and disassembly.

We will pursue two experimental approaches: First, we will create body maps at the 4 major phases of the cell
cycle M, GI1, S, G2) to i) determine whether known changes in the appearance of nuclear bodies by
microscopy translate into changes in body maps and ii) compare body maps at mitosis with the transcription
inhibition experiment in Aim 3b. This will address whether nuclear body disassembly at mitosis could be
purely due to transcriptional shut off (Fig 11) or whether other regulatory mechanisms contribute. Second, we
will sample the cell cycle in a higher density time course to i) determine whether body maps capture nuclear
body assembly and disassembly events and ii) use the time resolved data to develop BodyMapper4D (Aim 2B).

Experimental plan and preliminary results. We previously established synchronization of HeLa cells by double
thymidine block (Fig 12), and our coilin ChIP data indicate that CB and HLB body maps may disappear at
mitosis, reform in G1 and S, and disassemble in G2 (18). Coilin ChIP signals were low on histone (HLB) and U
snRNA (CB) genes at mitosis, suggesting a role for M Phase G1 Phase S Phase G2 Phase

transcription. Interestingly, coilin ChIP signals were 3-4
fold higher only 1 hour after S, suggesting rapid
transcriptional activation and/or nuclear body assembly.
The cell cycle dependence of coilin ChIP signals on U

snRNA genes raises the possibility of previously + coilin-GFP
unknown transcription regulation. Therefore, HelLa At
cells will be synchronized as shown and cell cycle 151 M Cell synchronization
position will be validated by FACS analysis, as before G1

(Fig 12 inset). We will choose 2-4 different proteins BS Time (h):
representing HLBs and CBs (e.g. coilin, WRAP53 and G2 J kl, —-‘r 33— a1
FLASH) for ChIP-Seq and iCLIP in 2 replicates and Tt "
analyze the data with iCAT and BodyMapper. We will 104 & 51,{ §:: :2
perform total RNA-Seq at each time point. Moreover,

metabolic labeling of RNA, followed by 4SU-RNA-Seq

(see Aim 2C) will be performed to determine global
transcriptional activity in M, G1, S, and G2.

To determine the time period with the greatest rate of
change in body maps, we plan to obtain higher density
time points. The above data set on M, G1, S, and G2 will
be used to determine the cell cycle phase with the
greatest alteration in body maps. To capture dynamics,
we would like to concentrate additional time points
during the period of greatest change. Note that M lasts
only 1 hour, while S lasts 8, G2 lasts 3 and G1 lasts at Fig 12 Cell cycle dependence of CBs and coilin ChIP
least 12 hours (Fig 12). We plan to generate single signals on histone and U snRNA genes in Hela cells [18].
replicates of ChIP-Seq and iCLIP, and analyze the single Inset, cell synchronization achieved by double thymidine
replicates, together with their neighbors, as duplicates block, with corresponding images above. Below, coilin ChIP.
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along a sliding window in the time axis. This should make efficient use of valuable replicates and support the
analysis of nuclear body dynamics over time by BodyMapper4D. For future applications, it will be important
to determine the analytical power of the data collected, in terms of time resolution and replicate number.

2B. Extend BodyMapper to analyze time series data.

Create BodyMapper4D investigate nuclear body dynamics and association between nuclear bodies. All nuclear bodies
are dynamic. We will evaluate differential states of nuclear bodies, including their dynamics over time,
specifically during cell cycle. Molecular changes in nuclear bodies and potential interactions between them are
highly interesting. Through BodyMapper4D, we will characterize nuclear bodies as dynamic molecular
networks. We will examine the dynamics of nuclear body association through differential analysis of body
components and 3D associations between time points (Aim 2A). We will begin by using BodyMapper (Aim
1C) to construct lists of molecular components and networks of nuclear bodies at different time points. We will
identify differential components and network characteristics between time points. In our network module
identification, some nuclear body-associated modules will likely be stable over time, while others may be
required for formation of 3D foci. We will use the temporal clustering of components (e.g. across the cell cycle)
as an additional factor to add components to putative bodies (as in BodyMapper). We will further formalize
comparisons of network characteristics between time points using dynamic network theory (108). Finally, we
will investigate the association of nuclear bodies by constructing joint molecular networks from multiple
ChIP/iCLIP/HiC experiments from the same cell cycle phase. Unbiased module finding will indicate possible
associations between nuclear bodies; we will compare these modules to those identified from interaction
networks that are restricted to a single body. These findings will be tested by fluorescence microscopy.

2C. Test nuclear body and nuclear organization dependence on transcription through perturbation.
Experimental plan. The drug a-amanitin will be used to inhibit RNA polymerase II in HeLa cells as described
(109). Body maps will be derived from iCLIP and ChIP data and compared to data already generated in the
absence of a-amanitin (Aim 1). To accompany analysis by iCAT, total RNA-Seq will be performed (Aim1). To
address transcriptional activity, we will employ 4-thio-uridine (4SU) metabolic labeling of RNA (29); a 30-
minute pulse of will be administered to cells in the presence or absence of a-amanitin. Newly transcribed RNA,
indicative of active transcription, will be biotinylated, purified on streptavidin beads and prepared for RNA-
Seq according to published protocols established in our lab (21, 29). Reads mapped to the nuclear genome will
be normalized to mitochondrial RNA reads, because transcription of the mitochondrial genome is insensitive
to a-amanitin (21, 110). Body maps will be compared to nuclear body morphology +/- a-amanitin as
determined by fluorescence imaging.

2D. Identify nascent RNAs associated with nuclear body proteins through metabolic labeling.

Experimental plan. 4SU pulse labeling of synchronized cells (Aim2A) as well as cycling cells +/- a-amanitin
(Aim 2C) will be followed by PAR-CLIP to identify newly synthesized RNAs associated with nuclear body
proteins. This strategy allows us to distinguish between nascent RNAs that pass through nuclear bodies after
transcription. For example, snoRNAs and snRNAs bind coilin and concentrate in CBs after transcription (18, 33,
111). Thus, we expect to detect snRNAs in coilin PAR-CLIP but not snoRNAs. This experiment will provide an
unprecedented glimpse of the dynamic association of RNA with nuclear bodies.

AIM 3. Profile nuclear bodies in zebrafish embryos before, during and after zygotic genome activation
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Stage (hpf)

The Neugebauer lab has blastula 8
pioneered the use of e T

zebrafish as a model system
for nuclear architecture. We
have identified CBs and
HLBs, addressed their
dynamics by imaging and

Ei‘r]lescgll;ifgreljl gfse,fclr’:ﬁlr}oguglf Fig 13. CB pumber in zebrafish embryos varies in cell cycle an.d development [20].

. ) Confocal sections of blastula (A) pre-ZGA and (B) ZGA, and differentiated muscle cells at
metabolic labeling, 30hpf (C). Live cell imaging and quantitative analysis (B) shows that CBs break down
identifying the first 592 genes  immediately before mitosis (M) and reform within 5 minutes. CBs visualized with YFP-coilin.
transcribed at the 256-cell

stage (6, 20, 21). Before this time, the genome is transcriptionally silent, offering a distinct biological context in
which to examine the transcriptional dependence of nuclear bodies and the clustering of chromosomal loci (see
Fig 4). Orthologs of all of the nuclear body proteins and IncRNAs discussed here are present in zebrafish. We
are in a unique position to apply all of the described approaches to zebrafish embryos.
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A. Determine the timing of nuclear body appearance relative to transcriptional onset.

Experimental Plan and Preliminary Results. We have complete knowledge of early transcription in zebrafish
embryos (21, 112). Transcription of histone and snRNA genes begins at the 256-cell stage. We have previously
shown that CBs are numerous in the early blastula, even in the absence of transcription, differing from tissue
culture cells (Fig 13). We presume that, like Xenopus, zebrafish may amplify CBs during oogenesis (3). This also
necessitates an examination of the constituents of each nuclear body, which can vary between pluripotent,
differentiated and germ cells. Here we will image each nuclear body, using fluorescence 2P confocal
microscopy and timed embryos. Expression of
fluorescently tagged proteins and fluorescent in vitro
transcribed RNAs will be used as imaging tools, as
previously described (6, 20). Using U2 snRNA as a
marker of CBs and U7 snRNA as marker of HLBs, we
found that HLBs arise at the 128-256 cell stage, when
histone gene transcription is activated (Fig 14A),
supporting our proposal that HLBs are nucleated by
gene transcription. Furthermore, a-amanitin treatment

Sl C
leads to abolition of HLBs (Fig 14B). Using similar
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transcription of MALAT1 and NEATI1, which are amanitn

maternally provided (data not shown). We will Fig 14. Zebrafish HLBs (U7, green) appear when histone
investigate the dependence on transcription through  genes become transcriptionally active (A), in contrast to CBs
a-amanitin treatment, as above. (red). HLBs disappear upon transcription inhibition (B).
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B. Establish CLIP in zebrafish embryos and analyze CBs, HLBs, nuclear speckles, and paraspeckles

.M B Establishment of iCLIP in embryos - We established 1CLIP 11’1 Zebl‘aflsh embryos (Fig 13),

iopul UV TV (Jem) utilizing the abundant low-complexity RNA binding

_ 02 202 04 204 08 208 protein hnRNP Al. In particular, UV dose had to be

B mavent  carefully adjusted to optimize crosslinking and

pre-ZGA post-ZGA i . weenewa  produce high quality libraries (Fig 13B). HnRNP A1 is

c ) - ‘ exclusively nuclear in pre-ZGA embryos (Fig 13A),

likely due to its binding of 3'UTR sequences in

maternal RNA (Fig 13C). We will use GFP and/or

FLAG-tagging of CB, HLB, speckle and paraspeckle

proteins (Aim 1) for iCLIP analysis in zebrafish

embryos. RNA-Seq data will be used for iCAT analysis

Fig 14 Establishment of iCLIP in zebrafish embryos (Aim 1B). These data will reveal the dynamic RNA
content of nuclear bodies relative to ZGA.
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To determine whether RNAs associated with zebrafish embryo nuclear body proteins are maternally inherited
or rather newly transcribed from the zygotic genome, we will employ metabolic labeling of zygotic RNA,
previously established in our lab for zebrafish embryos (21). We will use PAR-CLIP (see Aim 2D) to
specifically crosslink and identify newly transcribed RNAs. Controls include a-amanitin treatment.

C. Determine chromosomal sites of nuclear body formation consequences of functional perturbation

We will carry out ChIP-Seq experiments in zebrafish embryos according to published protocols (113). These
data will reveal candidate loci at which nuclear bodies assemble. In addition, candidate genes established in
Aim1 will be investigated. These will be validated through FISH, and BodyMapper will be implemented to
establish body maps and investigate potential chromatin and transcription factor signatures that may
participate in nuclear body formation and function.

For functional perturbation, we will initially use morpholinos to deplete nuclear body proteins and antisense
oligos to deplete IncRNAs (114). In future, genome engineering with CRISPR/Cas will be important. Cellular
phenotypes will be evaluated by confocal microscopy and developmental phenotypes will be determined (6,
20). We will perform RNA-Seq to determine whether these disruptions lead to alterations in gene expression
programs. Rescue of depletion phenotypes through injection of in vitro transcribed m- and Inc-RNAs will be
important controls as well as tools for expression of mutant proteins and RNAs. Finally, we will determine
whether these disruptions as well as transcription inhibition lead to a loss of the gene clustering using FISH.
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