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Abstract
Our genomes encode the molecular information that gives rise to life, yet we are just beginning
to unravel how this information is organized, interpreted, and regulated. While the human
genome contains -20,000 protein-coding genes, mammalian genomes also produce thousands of
long non-coding RNAs (lncRNAs), some of which are now known to play essential roles in
diverse biological processes including cellular differentiation and human disease. Recent studies
show that many lncRNAs localize to the nucleus and interact with chromatin regulatory
complexes, suggesting that some lncRNAs may represent a crucial missing component in our
understanding of genome regulation.
To test whether lncRNAs localize to and regulate specific sites in the genome, we developed
genome-wide approaches to map lncRNA interactions with chromatin. Through studies of three
conserved lncRNAs, we demonstrate that lncRNAs can exploit the three-dimensional
architecture of the genome to identify their regulatory targets and, in turn, actively manipulate
genome architecture to form subcompartments containing co-regulated genes. Thus, lncRNAs
have unique capabilities as dynamic regulators that can locally amplify epigenetic signals.

-

We next explored whether this model might apply to other long noncoding RNAs, many of
which are not conserved across species and thus whose functions remain unclear. Through
genetic dissection of their local regulatory functions, we show that many of these genomic loci
participate in the local regulation of gene expression, but that these functions do not involve the
IncRNA transcripts themselves. Instead, multiple mechanisms associated with RNA production
including their promoters, the process of transcription, and RNA splicing - act in local networks
of regulatory connections between spatially proximal genes, both protein-coding and noncoding.
These findings reveal novel mechanistic explanations for the functions and evolution of
noncoding transcription in mammalian genomes.
Together these studies suggest a model in which mammalian gene regulation is organized into
local neighborhoods defined by the spatial architecture of the genome. Within these
neighborhoods, lncRNAs and DNA regulatory elements may function cooperatively to
coordinate local gene expression. Dissecting this fundamental model for genome regulation may
enable manipulation of the processes that interpret our genome sequence and galvanize efforts to
develop new treatments for human disease.
Thesis Supervisor: Eric S. Lander
Title: Professor of Biology
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Chapter 1 - Introduction

Chapter 1.
Introduction:
Transcriptional regulation by long noncoding RNAs
Overview
RNA is an essential macromolecular component of the cell, playing ubiquitous roles in both
protein-coding and non-protein-coding (noncoding) capacities (Figure 1). In its proteincoding capacity, RNA serves as the messenger that transmits and translates genetic information
from the language of DNA to the language of protein. In its noncoding capacities, RNA plays a
diverse array of structural and regulatory roles, both in core cellular processes such as
translation and in specific regulatory processes in development and disease. In accomplishing
these functions, RNA utilizes its capacity to adopt both the language of nucleic acid sequence
complementarity as well as the complex three-dimensional structures involved in interactions
with proteins. As such, RNA is a unique evolutionary substrate with a complement of
molecular capabilities distinct from that of protein or DNA.
Long noncoding RNAs (lncRNAs) are recent additions to the diverse cast of functional
noncoding RNA. While the first examples were discovered over 25 years ago, the application of
high-throughput sequencing technologies in the last ten years revealed that our genomes
encode and transcribe thousands of different lncRNAs. Early examples included conserved
lncRNAs such as the X-inactive specific transcript (Xist), which orchestrates X-chromosome
inactivation in females, and Malati, which associates with nuclear speckles and correlates with
metastasis in lung cancer. Building on these early examples, systematic studies of lncRNA
conservation and loss-of-function phenotypes have suggested that lncRNAs have myriad
noncoding regulatory roles.
An emerging hypothesis for how lncRNAs accomplish at least some of these diverse functions
is that many lncRNAs participate in epigenetic regulation of transcription. For example, Xist
enacts X-chromosome inactivation by recruiting chromatin regulatory complexes to the X-
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Figure 1. RNAs can have protein-coding and noncoding functions. RNA genes are encoded
in specific locations in the genome. Messenger RNAs are exported to the cytoplasm and
translated to produce proteins. Noncoding RNAs can function in the nucleus or in the
cytoplasm and carry out their functions by interacting with other cellular components,
including proteins, other RNAs, or genomic DNA.
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chromosome. Many other lncRNAs have also been reported to affect gene expression and
interact with various transcriptional regulatory complexes, suggesting a model where lncRNAs
may directly recruit these complexes to specific sites in the genome. However, at the outset of
this thesis, this hypothesis remained controversial because we did not know whether IncRNAs
localize to specific sites on genomic DNA.
In this thesis, I present our contributions to test this mechanistic model for lncRNA function.
In the first section of this thesis (Chapters 2-5), we develop biochemical techniques for
mapping endogenous RNA-containing complexes, which enable genome-wide mapping of
RNA-chromatin and RNA-RNA interactions. Using these methods, we map the chromatin
localization patterns of three conserved lncRNAs - Xist, Malati, and Firre - revealing distinct
patterns and mechanisms of lncRNA localization to chromatin and demonstrating that
lncRNAs can alter genome architecture to identify their regulatory targets. In the second
section of this thesis (Chapters 6-7), we test the hypothesis that many other lncRNAs localize to
specific genomic targets to regulate gene expression. We find that most lncRNAs interact with
chromatin exclusively in cis, correlating with the proximity contacts of their genomic loci. Yet,
contrary to our initial hypothesis, we do not find evidence that these interactions lead to
functions on chromatin by the specific lncRNAs themselves. Instead, we find that multiple
mechanisms associated with RNA production - including of both lncRNAs and mRNAs - can
act to regulate spatially proximal genes, revealing alternative mechanistic explanations for the
evolution of noncoding transcription in mammalian genomes.
To frame this work, I first review properties of classical functional noncoding RNAs such as
transfer RNA (tRNA), which illuminate the unique properties of RNA that enable its regulatory
functions. Next, I describe the discovery and classification of lncRNAs, which, in lieu of
evidence for their functions, are largely classified based on genomic position relative to other
genes and regulatory elements. I examine evidence for lncRNA function, which has emerged
through analyses of conservation and loss-of-function phenotypes. I review the proposed roles
for IncRNAs in the regulation of transcription, highlighting the lncRNA Xist as an illustrative
example. Finally, I summarize the contributions of this thesis toward testing and characterizing
this model for lncRNA function.
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Functional principles of noncoding RNA: A historical perspective
LncRNAs are relative newcomers to the world of functional noncoding RNA. From studies of
classical noncoding RNAs like transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), we have
known for over 50 years that noncoding RNA plays a central role in the molecular
machinations of the cell. Despite this knowledge, the discovery that our genomes encode not
dozens but thousands of lncRNAs came as a surprise, vastly altering our appreciation for the
functional importance of RNA in human biology. We now know that some of these lncRNAs
play essential roles in development and disease, motivating a systematic characterization of the
many thousands of recently discovered transcripts. As a prelude to reviewing our current
knowledge of lncRNA functions, I will first review the properties of these classical examples of
functional noncoding RNAs. These early examples reveal principles that inform our
understanding of why our genomes might potentially encode thousands of regulatory RNAs.

Functions of ubiquitous noncoding RNAs
RNA plays essential and ubiquitous roles in the cell, including both protein-coding and
noncoding capacities. This diversity of essential functions is most evident in the central cellular
process of protein synthesis. RNA serves as the messenger (mRNA) that carries genetic
information from DNA in the nucleus to the site of protein synthesis in the cytosol (the
ribosome) (1, 2). There, mRNA templates the production of protein by engaging a noncoding
RNA adapter called transfer RNA (tRNA), which pairs three-nucleotide codons with the
appropriate amino acids (3, 4). The ribosome, a multi-subunit complex containing both
proteins and noncoding ribosomal RNAs (rRNAs) (5, 6), catalyzes the addition of amino acids
to a growing polypeptide chain. The elucidation of these processes in the early 1960s
established the mechanistic basis for the central dogma of molecular biology (7), in which
genetic information is translated unidirectionally from the language of nucleic acids to the
more complex alphabet of amino acids. Thus, RNA serves both as the protein-coding
messenger and the noncoding adapter in the conversion of information from DNA to protein.
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Beyond the roles of RNA in protein synthesis, noncoding RNAs participate in many other
essential and ubiquitous cellular functions. Small nuclear RNAs (snRNAs) including UI
coordinate the splicing of pre-messenger RNAs, providing a mechanism by which "split genes"
are processed into mature transcripts (8, 9). Small nucleolar RNAs (snoRNAs) such as U3
direct the processing and modification of pre-ribosomal RNA (10, 11). The RNA component of
RNase P, a ribonucleoprotein complex involved in the maturation of tRNAs, coordinates the
enzymatic function of the complex (12). These classical examples of noncoding RNAs, many of
which are common to all domains of life, set a precedent for noncoding RNAs as essential
functional components of the cellular machinery. Indeed, the breadth of the molecular
capabilities of RNA led to the theory that self-replicating RNA-only systems (13) predated the
evolution of DNA and protein and thus represent the origin of all life on Earth (14),
underscoring the profound evolutionary significance of RNA.

Initial discovery of regulatory noncoding RNA
Despite this early evidence for the diverse molecular functions of RNA, proteins have been
regarded as the major functional macromolecules in mammalian cells. Prior to completion of
the human genome project, it was estimated that our genomes encoded tens of thousands of
proteins (15, 16) and only a few dozen noncoding RNAs including tRNAs, snRNAs, and
rRNAs. Because these few noncoding RNAs functioned in ubiquitous and essential processes,
they were considered exceptional relics of earlier stages of evolution (14): tRNAs, for example,
may descend from primitive RNA hairpin structures that existed before proteins emerged and
multiplied as the primary purveyors of enzymatic function (17, 18). The rest of the noncoding
genome, accordingly, was largely dismissed as junk (19, 20).
Nevertheless, the properties of these early noncoding RNAs offered several clues that RNA
might have important roles beyond these core cellular functions. (i) The small chemical
difference between RNA and DNA monomers (the 2' hydroxyl) yields distinct biochemical
properties at the polymer level, enabling the formation of myriad two- and three-dimensional
RNA structures that can assume specialized functions. Transfer RNAs, for example, adopt a
conserved clover-leaf secondary structure, and minor variations in the resulting three13
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dimensional structure allow the recognition of different tRNA species by their corresponding
aminoacyl transferases (21-23). (ii) Noncoding RNAs often form important structural
components of macromolecular complexes, directly interacting with many proteins and/or
other RNAs. For example, ribosomal RNAs serve as integral structural components of the
ribosome, interacting with multiple proteins as well as coordinating the site of peptide bond
synthesis (24). (iii) The functions of many ribonucleoprotein complexes are guided by nucleic
acid sequence complementarity. For example, U1 snRNA forms direct RNA-RNA hybrids with
pre-mRNAs to guide the spliceosome to 5' splice sites (25-27), demonstrating how the
nucleotide code can control the specificity of RNA function beyond templating protein
synthesis. Together, these three properties demonstrate the ability of RNA to adopt both the
language of nucleic acid sequence complementarity as well as the intricate three-dimensional
conformations of proteins. This combination of properties suggested that RNA provides a
unique evolutionary substrate with the potential to play unique mechanistic roles compared to
proteins or DNA.
Several pioneering discoveries in the early 1990s opened a new window into the RNA world
and supported the notion that RNA could serve unique functions beyond the capabilities of
either DNA or protein. One of the first regulatory RNAs identified was H19, which is
positionally conserved to chicken and yet lacks conserved open reading frames (28). Soon
afterward, the XIST lncRNA was found to orchestrate X-chromosome inactivation in female
mammals (29). XIST localizes to the nucleus and binds to chromatin in order to silence
transcription across the inactive X (29, 30). Notably, XIST regulates the single X-chromosome
from which it is expressed (in cis), accomplishing a regulatory feat that could not be achieved
by a protein, which has no memory of its allele of origin because it is produced in the
cytoplasm (29).
Separate studies in C. elegans identified a 22-nucleotide small RNA (lin-4) that is required for
proper timing of postembryonic development (31). Lin-4 directly interacts with the
endonuclease Dicer (32), targeting its nuclease activity against the lin-14 mRNA through
sequence complementarity (31). Thus, lin-4 activity depends on both the formation of tertiary
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structures as well as the specificity of the nucleotide code to perform a specific developmental
function.
Together, these discoveries proved that our genomes indeed encode regulatory RNAs,
heralding the arrival of a new cast of noncoding RNAs.

Mammalian genomes encode thousands of noncoding RNAs
These surprising examples suggested that mammalian genomes might encode many more
noncoding regulatory RNAs, prompting a search for new noncoding genes. In the early 2000s,
the completion of a draft human genome sequence (33) and the availability of high-throughput
DNA sequencing catalyzed these efforts by allowing for de novo characterization of
mammalian transcriptomes, which quickly revealed a diverse cast of noncoding RNAs, both
large and small.
These systematic studies first revealed the existence of many small noncoding RNAs similar to
lin-4 (microRNAs) (34-36). These microRNAs negatively regulate target mRNAs through a
conserved RNA interference (RNAi) pathway (32), with specificity defined by RNA sequence
complementarity (31, 37). We now know that our genomes encode thousands of these small
regulatory RNAs, including both microRNAs (38) and endogenous short interfering (siRNAs)
(39).
These approaches also uncovered pervasive transcription that suggested the presence of many
longer noncoding RNAs. Initial work using tiling arrays (40-42) detected polyadenylated RNAs
emanating from many uncharacterized regions of the genome (outside of the -1.2% that
encodes protein or the -40% that comprises introns of protein-coding genes (43)). Indeed,
current estimates suggest that 100% of the human genome may be transcribed to at least some
low level in some cell type (44). The low expression of many of these transcripts raises doubts
about whether these noncoding transcripts have cellular functions; some of this pervasive
transcription may represent "transcriptional noise" (45, 46), perhaps resulting from random
engagement of RNA polymerase (47). However, application of improved genomic technologies
such as high-throughput RNA sequencing (48, 49), chromatin immunoprecipitation
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sequencing (50), and transcriptome assembly (51-53) revealed that at least a few thousand of
these transcripts have consistent structures and are governed by precise regulatory programs.
These so-called large or long noncoding RNAs (lncRNAs) emanate from specific promoters
(44, 54), show context-specific expression patterns (55), and are transcribed, capped,
polyadenylated, and spliced in a manner similar to mRNAs (56, 57). Indeed, dozens of
lncRNAs have now been assigned regulatory roles in diverse biological processes (see below).
The discovery of vast numbers of noncoding RNAs has ushered in a new understanding of the
complexity of mammalian genome regulation. Far from simply serving as a messenger to
convert genetic information from DNA to protein, RNA has myriad noncoding regulatory
roles. Here I review lncRNA features, functions and mechanisms, which suggest that lncRNAs
are fundamental components of the regulatory programs encoded in our genomes.

Properties and classification of long noncoding RNAs
LncRNAs are broadly defined as RNAs that are longer than 200 nucleotides and do not encode
proteins. The length component of this definition is arbitrary but excludes most known small
RNAs (such as microRNAs and snRNAs). The second part of this definition excludes
transcripts with extended or conserved open reading frames (ORFs) that could potentially
produce proteins. In practice, computational algorithms detect coding potential by comparing
the amino acid sequence of putative ORFs to known proteins within and across species (58,
59). These methods can detect even short peptides, including 92% of known peptides less than
100 amino acids long (55). A prediction about the noncoding nature of an RNA can be
experimentally supported by the absence of predicted peptides in proteomic mass spectra (60)
or by lack of production engagement with ribosomes (61).
Systematic efforts to identify these RNAs based on sequencing in mammals have yielded
catalogs containing tens of thousands of lncRNA transcripts (62-66). Many of these transcripts
are polyadenylated and spliced, similar to mRNAs. On average, lncRNAs are less abundant
than mRNAs, exhibit more tissue-specific patterns of expression, and are slightly shorter in
length. These characterizations belie a wide variance: expression levels span orders of
16
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magnitude and a few exceptional lncRNAs, such as Xist and Malati, are highly abundant and
broadly expressed. Yet, these features reveal little about the potential functions of lncRNAs,
with the possible exception of abundance: very rare transcripts may be less likely to have
important biological functions, and so each of these catalogs makes arbitrary cutoffs to remove
transcripts that are very lowly expressed (e.g., less than 0.5 copies per cell).
Lacking additional information about their functional properties, we operationally classify
lncRNAs by their genomic positions in relation to other genes and regulatory elements, a more
tractable feature that might have implications for function.
Antisense and overlapping RNAs. A large class of lncRNAs overlaps with protein-coding
genes, in either a sense or antisense direction. These lncRNAs have distinct promoters and
termination sites from their overlapping protein-coding genes. Early examples of these RNAs,
such as Kcnq1 overlapping transcript 1 (Kcnqlotl), were found in regions with parent-oforigin-specific patterns of expression (genomic imprinting), suggesting potential role for such
RNAs in cis regulation (see below). In several cases, transcription of a lncRNA from an
imprinted locus is required for epigenetic silencing of its overlapping protein-coding transcript
(67-69). Importantly, however, these effects in some cases depend on transcription but not the
RNA transcript itself (see below). Thus, many of these antisense and overlapping lncRNAs
have the potential to regulate their overlapping genes, but it remains unclear how frequently
this regulation might result from a molecular function of the RNA (RNA-mediated function)
as opposed to the process of transcription itself (transcription-mediated function).
Intergenic or intervening IncRNAs. Intergenic or intervening lncRNAs are defined as lncRNA
transcripts that do not overlap protein-coding genes. Depending on the definition used in a
given study, this class may or may not include some divergently transcribed lncRNAs that
originate from mRNA promoters but do not overlap the protein-coding gene itself (70, 71).
Because their function could not be easily explained by a transcription-mediated mechanism
(in contrast to antisense or overlapping IncRNAs), intergenic lncRNAs have been proposed to
be strong candidates for having RNA-mediated functions (63). Numerous early examples of
functional RNAs (e.g., XIST, TERC) did not overlap protein-coding genes and emanated from
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canonical promoters. These examples suggest that many intergenic lncRNAs may carry out
RNA-mediated functions.
LncRNAs divergently transcribed from mRNA promoters. Many lncRNAs are divergently
transcribed from the promoters of protein-coding genes. Divergent or bidirectional
transcription is a widespread phenomenon observed at 75-80% of eukaryotic RNA polymerase
II promoters, leading to assembly and initiation of polymerase in both the sense and antisense
directions (72-74). While most of the transcripts produced in the antisense direction are
rapidly terminated and degraded, a subset of these produce spliced, polyadenylated RNAs
including both mRNAs and lncRNAs. Expression of divergent lncRNAs often positively
correlates with that of their divergent mRNAs (71), similar to divergent mRNA-mRNA gene
pairs (75). However, it is unclear whether many of these transcripts serve functional roles or are
simply the byproducts of the intrinsic bidirectional nature of most mammalian promoters.
Enhancer RNAs and enhancer-associated lncRNAs. Similar to promoters, many enhancers
also recruit RNA polymerase II and initiate transcription in both directions (76, 77). Most of
the transcripts emanating from enhancers (eRNAs) are not polyadenylated or spliced (77).
While most eRNAs are rapidly degraded, some enhancer transcripts harbor the necessary
splicing and polyadenylation signals to produce stable RNAs. For example, enhancers in
introns can serve as alternative promoters for protein-coding genes, producing noncoding
transcripts that contain the downstream exons of the gene in which they reside (78). Similarly,
a small subset of intergenic enhancers produces spliced and polyadenylated lncRNAs (44, 71)
(enhancer-associated lncRNAs). Supporting a role for these RNAs in enhancer function, eRNA
transcription correlates with the expression of neighboring mRNAs (54, 76, 79) and with the
establishment of physical loops between enhancers and promoters (80). Indeed, a handful of
enhancer-associated lncRNAs have been reported to activate the expression of neighboring
genes (81, 82) (see below). However, it remains unclear how many eRNAs participate in
enhancer functions (83).
Circular RNAs. A recent addition to the expanding lncRNA catalog is a class of naturally
occurring circular RNAs, which are produced from the introns and exons of other protein-
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coding or noncoding transcripts through regulated intramolecular splicing. Circular exonic
RNAs (circRNAs) result when the 3' end of a downstream exon "backsplices" into the 5' end of
an upstream exon (84, 85). Circular intronic RNAs (ciRNAs) result from intron lariats that are
not properly debranched (86). Analysis of these unusual splice junctions in RNA sequencing
data revealed the existence of thousands of well-expressed, stable circRNAs (87) and ciRNAs
(86). Some of these have very long half-lives (>48 hours) (88), presumably due to the lack of 5'
or 3' ends that could be recognized by RNA exonucleases (85, 89). Circular RNAs can localize
to the cytoplasm, where some have been reported to act as sponges for microRNAs (87, 90), as
well as the nucleus, where they may play roles in regulating gene expression (86, 91).
Reclassification of lncRNAs based onfunction. As discussed above, this position-based
classification scheme aggregates lncRNAs that are heterogeneous with respect to abundance,
stability, and processing. This heterogeneity undoubtedly extends to lncRNA function, as well.
As one example, numerous lncRNAs (and mRNAs) serve as host genes for small RNAs such as
microRNAs or snoRNAs, a function that is independent of the position-based classification
scheme above. Indeed, host genes include both intergenic lncRNAs (e.g., most snoRNA host
genes) as well as antisense overlapping transcripts (e.g., Meg3). In some cases, it is clear that
both the host lncRNA and its small RNAs have distinct functional roles: the lncRNA Gas5
serves as a host gene for multiple snoRNAs, but the lncRNA product also directly interacts with
and inhibits the glucocorticoid receptor (92). In other cases, the small RNAs (encoded in the
introns of the lncRNA) have been proposed to entirely explain the function of the locus,
suggesting that the lncRNA itself does not have a function other than to control the production
and processing of its small RNAs (e.g., H19) (93). Thus, as we uncover the details of lncRNA
mechanisms, new functional classification schemes will group lncRNAs that are heterogeneous
in genomic origin.
Features of lncRNAs studied in this thesis. In this thesis, I focus on a set of intergenic lncRNAs
defined by a chromatin signature characteristic of protein-coding genes: trimethylation of
lysine 4 of histone H3 (H3K4me3) at promoters and trimethylation of lysine 36 of histone H3
(H3K36me3) along the length of the transcribed region (63) (Figure 2). Because H3K4
trimethylation versus monomethylation largely distinguishes promoters from enhancers (94),
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this class of intergenic lncRNAs does not include transcripts classified above as eRNAs (77, 95).
Indeed, IncRNAs marked by this chromatin signature are polyadenylated and more abundant
than those encoded by loci without this signature. As a whole, these IncRNAs are
approximately an order of magnitude less abundant than mRNAs and have expression patterns
that are more tissue-specific than protein-coding genes (63, 96). In a given cell type (e.g., mouse
embryonic stem cells), approximately 200 such lncRNAs are expressed (70).

IncRNA

Protein-coding

(intergenic)

RNA: Spliced, polyA

Chromatin signatur
H3K4rne3 H3K36me3

Figure 2. Genomic characteristics of intergenic long noncoding RNAs. Like most
messenger RNAs, the lncRNAs discussed in this thesis are spliced, 5'-capped, and
polyadenylated, and also share a chromatin signature of H3K4me3 at gene promoters and
H3K36me3 in gene bodies.

Figure credit: Mitchell Guttman and John Rinn.
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Evidence for long noncoding RNA function
Accumulating evidence suggests that the diversity of functions encoded by lncRNAs matches
the vast heterogeneity in their genomic positions and expression. In theory, two types of
evidence can support the function of a genomic element like a lncRNA: (i) evidence of
purifying selection, such as conservation of transcription and primary sequence across species;
and (ii) direct loss-of-function experiments in mammalian cells or organisms. Pioneered by
early studies of individual lncRNAs, these two lines of inquiry have now been conducted on
much larger scales, arguing for functional roles for many lncRNAs. Together, these studies
demonstrate that the noncoding functions of RNAs are not limited to ubiquitous cellular
processes; instead, regulatory lncRNAs participate in a vast of array of specific cellular
functions.

Conservation

Numerous conserved lncRNAs have essential roles in mammalian biology. In addition to XIST,
these examples included H19 (97), Air (67), and other cis-acting RNAs involved in genomic
imprinting; steroid receptor activator 1 (SRA 1), which selectively enhances the activity of class
I nuclear receptors (98); taurine upregulated gene 1 (Tugi), which is required for retinal
differentiation (99); noncoding repressor of NFAT (NRON), which regulates the activity of a
lymphoid transcription factor (100); and HOX Antisense Intergenic RNA (HOTAIR), which
represses the expression of the HOXD cluster in fibroblasts (101). Beyond these cellular
phenotypes, rare mutations or translocations affecting lncRNA loci can cause human genetic
diseases, including cartilage-hair hypoplasia (mutations in RMRP) (102), dyskeratosis
congenital (mutations in TERC) (103), and brachydactyly (translocation affecting CISTRACT) (104). All of these lncRNAs are found across mammalian species, and, with the exception
of the lncRNAs involved in genomic imprinting, the primary RNA sequences of these lncRNAs
are strongly conserved. This combination of sequence conservation and loss-of-function
phenotype provide ample evidence that IncRNAs have essential roles in mammalian biology,
and motivated more expansive characterization of lncRNA function.
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Applying these same criteria to the many thousands of recently discovered lncRNAs has
proved challenging: the majority of lncRNAs are not conserved across mammals (96, 105, 106).
Prior to the availability of RNA sequencing data across many species, initial studies noted that
the promoters of many lncRNAs show sequence conservation comparable to that of proteincoding gene promoters (62). For lncRNAs with syntenic sequence in other organisms, the
lncRNA exons show moderate levels of sequence conservation: lower than UTRs of proteincoding genes but higher than introns (62, 63). However, efforts to catalog transcription across
mammals revealed that most lncRNAs lack corresponding transcripts in syntenic locations
across mammalian species (96, 105-107). For example, of the >14,000 lncRNAs observed across
eight organs in human, only 17% show evidence of polyadenylated transcription in any of the
same eight organs in mouse (106). Detailed studies of individual cell types across species have
produced similar results. Thus, a minority of lncRNAs shows clear evidence of conserved
transcription across mammals.
Several additional considerations argue against using conservation as the sole criterion for
studying lncRNA function. First, functionally conserved lncRNAs like XIST and TERC have
relaxed primary sequence constraint (108, 109), reflecting a substantially different sequencestructure-function relationship than the rigid, periodic genetic code of codons and amino
acids. Second, non-conserved, species-specific IncRNAs might indeed have species-specific
functions (110). LncRNAs specific to certain lineages (e.g., rodents, primates) show weak but
significant evidence of purifying selection in these lineages (105, 106). Other noncoding
elements like enhancers show rapid evolutionary turnover and yet have critical functions in
transcriptional regulation (111). Thus, lack of detectable conservation does not necessarily
imply a lack of function.

Loss-of-function approaches

To directly address the functions of lncRNAs, including both conserved and non-conserved
transcripts, recent studies have applied loss-of-function approaches to hundreds of lncRNAs. A
systematic RNAi screen of 147 intergenic lncRNAs in mouse embryonic stem cells found that
93% significantly impacted cell state as assayed by microarray-based transcriptional profiling.
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Over half of these lncRNA knockdowns affected the expression of hundreds of genes (112),
implicating dozens of lncRNAs in maintenance of pluripotency and lineage-specific
differentiation processes. Similar RNAi-based studies have identified lncRNAs essential for
adipogenesis (113), erythropoiesis (114), and reprogramming (115). Numerous lncRNAs have
been implicated in tumorigenesis either as tumor suppressors or oncogenes (116). In addition
to these RNAi-based studies, genetic approaches have also linked numerous RNAs to
organism-level phenotypes: for example, genetic knockout of 18 lncRNAs in mice identified
five associated with lethality or growth defects (117). Together, these direct loss-of-function
approaches have assigned putative functions to hundreds of lncRNAs, including many that are
not conserved across species.
The apparent successes come with some caveats related to each loss-of-function technique.
RNA interference, for example, can produce artifacts resulting from off-target knockdown
(118, 119), raising questions about whether this technology can distinguish a non-functional
IncRNA from one that has minor effects on gene expression. Genetic knockouts theoretically
alleviate this problem, but require manipulating DNA sequences that could serve as cis
regulatory elements for neighboring genes; thus, it is not easy to discern whether the effects are
due to loss of the RNA or due to loss of the cis regulatory DNA elements (120). Highlighting
this challenge, three independent groups used different targeting approaches to knock out the
same conserved IncRNA, Malatl, and reported three different phenotypes related to the
expression of neighboring genes (121, 122). Rescue or gain-of-function experiments through
expression of lncRNAs from heterologous vectors can be employed to allay these concerns.
Thus, while the importance of lncRNAs as a class is clear, it remains unknown how many of the
thousands of lncRNAs have functional roles. Application of multiple perturbation technologies
to the same set of lncRNAs will help to address this question. Ultimately, however, the best
proof of lncRNA function is to characterize the RNA-mediated molecular mechanisms by
which they accomplish their functions. In the following section, I review recent work
describing mechanisms of IncRNA-mediated functions, which together point toward an
important role for lncRNAs in the regulation of transcription. Testing the generality of these
lncRNA mechanisms may help us to more accurately assess lncRNA function.
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Mechanistic Theme: Transcriptional Regulation
Mechanistic studies reveal that lncRNAs utilize many of the same strategies as ubiquitous
noncoding RNAs (e.g., tRNA, rRNA) to encode their molecular functions: lncRNAs can form
secondary and tertiary structures, interact with other molecular entities (including DNA,
proteins, and other RNAs), and use the nucleotide complementarity to guide their specificity.
These mechanistic building blocks combine to create lncRNAs that function as scaffolds,
allosteric regulators, and competitive regulators. For example, TERC is required for the
structural integrity of the telomerase complex, serving as a flexible scaffold for the various
protein components of the complex (123). Noncoding RNAs encoded upstream of CCND1
serve as allosteric regulators of FUS to modulate its ability to repress transcription (124). The
circular lncRNA ciRS-7 serves as a molecular sponge for microRNAs in the miR-7 family (90),
and Gas5 competitively inhibits the function of glucocorticoid receptor by interacting with its
DNA binding domain (92). While lncRNAs share design principles with classical noncoding
RNA, they combine these strategies to accomplish many distinct tasks, including functions in
both the nucleus and cytoplasm.
Despite this functional and mechanistic heterogeneity, an emerging hypothesis is that many
(but not all) lncRNAs accomplish their functions through epigenetic regulation of
transcription. Here I review principles of transcription regulation and the evidence for this
mechanistic model of lncRNA function.

Principles of transcription regulation

In eukaryotes, transcription is regulated at multiple steps, including the formation of a
preinitiation complex at the promoter, initiation of transcription, promoter-proximal pausing,
elongation, and termination (125). These processes are regulated by a vast interconnected
machinery of transcription factors, the transcriptional apparatus, and chromatin (126), which
incorporate both genetic and epigenetic information. Genetic information is encoded by
regulatory DNA elements: promoters and enhancers interact with and recruit combinations of
sequence-specific DNA-binding transcription factors (127). Epigenetic information consists of
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factors beyond the primary DNA sequence that are heritable between cell divisions, including
DNA methylation and chromatin structure (128). These genetic and epigenetic factors together
control the transcriptional activity of a given promoter.
Many of the epigenetic mechanisms controlling transcription involve the regulation of
chromatin, which encompasses changes in nucleosome subunit composition, histone posttranslational modifications ("chromatin marks"), and nucleosome positioning and compaction.
Dynamic regulation of histone modifications by chromatin-modifying complexes regulates the
recruitment of specific effector complexes that recognize these marks (129). Nucleosome
positioning and compaction modulate the physical accessibility of DNA to the transcriptional
machinery (130). Archetypal profiles of histone modifications and DNA accessibility are
observed at genomic regions with specific functions, such as enhancers and promoters,
providing a histone "code" that both marks and participates in the functions of DNA
regulatory elements (129, 131). These profiles, observable at a genome-wide scale using
techniques like chromatin immunoprecipitation and DNase hypersensitivity assays, enable
systematic characterization of chromatin state across the linear genome (43).
Beyond the positioning and modifications of histones, three-dimensional spatial contacts
between specific DNA sites (chromosome conformation) also regulate chromatin and
transcription (132). On a local level, transcriptional activation requires physical contacts
between promoters and distal regulatory DNA elements that can reside up to several
megabases away in linear distance. On a broader level, nuclear subcompartments comprise
concentrated spatial regions dedicated to particular cellular tasks. Some of these
subcompartments are present in every cell. For example, the nucleolus, serves as the central
location for ribosome production, anchoring interactions between the numerous locations in
the genome that encode ribosomal RNA. Proximity-based interactions create additional
nuclear "compartments" when considering aggregate measurements across ensembles of cells,
wherein genomic regions with similar activity or chromatin states frequently contact other
regions with similar properties (133). How these compartments are established and their
functional impacts remain largely unknown.
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Accumulating evidence suggests an important role for at least a subset of lncRNAs in
regulating transcription. The subcellular localization of IncRNAs as a class is biased toward the
nucleus (96, 134, 135), and indeed many lncRNAs are tightly associated with chromatin (59,
136). Many of the characterized lncRNAs affect expression of the genes neighboring their own
genomic loci, consistent with a plausible mechanism by which lncRNAs would directly regulate
chromatin similar to canonical examples such as XIST. Many lncRNAs have been reported to
interact with chromatin regulatory complexes, supporting a direct role for lncRNA
involvement in transcriptional regulation. Finally, several lncRNAs have been implicated in the
formation of nuclear subcompartments. Together, these observations suggest a model where
lncRNAs interact with specific target sites on chromatin and recruit chromatin regulatory
complexes to act on these sites (95).

X-chromosome inactivation: A paradigm for lncRNA regulation of transcription
The X-inactive specific transcript (Xist) provides an illustrative example of RNA-mediated
regulation of transcription (Figure 3). Indeed, studies of Xist over the past twenty years played
a key role in establishing the paradigm of lncRNAs in epigenetic regulation. Xist orchestrates
X-chromosome inactivation during mammalian embryogenesis, during which one of the two
X-chromosomes in females (XX) is silenced to achieve dosage compensation with males (XY).
At the onset of X inactivation, Xist is expressed from the future inactive X and coats the entire
chromosome (137) to establish a nuclear compartment that is large enough to be observed by
light microscopy (the Barr body (138)). This nuclear compartment is devoid of transcriptional
activity (as observed by exclusion of RNA polymerase II, polyadenylated RNA, and splicing
factors (137, 139)), and spatially coincides with a high concentration of epigenetic factors
involved in gene silencing, including DNA methylation (140) and Polycomb Repressive
Complex 1 and 2 (PRCl and PRC2) (141). Both the Xist RNA (142) and these repressive
chromatin complexes (143, 144) are required for transcriptional silencing during the onset of
X-chromosome inactivation. Xist expression during early development is temporally correlated
with the concentration of PRC2 over the Barr body (141, 145, 146), which provided initial
evidence that Xist might play a direct role in recruiting them to the inactive X. These
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observations set a precedent for a correlation between lncRNA function and epigenetic
regulation.
Recent mechanistic studies have shown that Xist indeed regulates transcription through
interactions with chromatin regulatory complexes. Specifically, Xist directly interacts with the
SPEN-family repressor SHARP, which is required for Xist-mediated transcriptional silencing
(147). SHARP interacts with the SMRT component of the nuclear co-repressor complex (148),
which in turn interacts with and activates HDAC3 deacetylation activity (149); both SMRT and
HDAC3 are required for Xist-mediated silencing (147). Xist also recruits PRC2 to the inactive
X, although it is debated whether this is mediated through direct interactions between Xist and
PRC2 (150) or indirectly through recruitment of SHARP (147). Thus, Xist enacts Xchromosome inactivation through direct recruitment of transcriptional repressors, triggering a
cascade of epigenetic changes across the X-chromosome.
In addition to its interactions with transcriptional repressors, however, Xist encodes a second
molecular function critical to its role in X-chromosome silencing: the ability to interact with
chromatin. To accomplish this, Xist directly binds to hnRNP U (56, 147), a bi-functional RNAand DNA-binding protein that serves as a bridge between Xist and genomic DNA. Knockdown
of hnRNP U causes Xist to release from chromatin and disperse throughout the nucleus,
abrogating silencing on the X chromosome (56, 147). Thus the ability of Xist to regulate gene
expression requires both a mechanism for localizing to chromatin and a means to recruit
transcriptional regulators.
These two molecular functions are encoded by distinct regions of the Xist transcript. The Arepeat interacts with SHARP (151) and is necessary for transcriptional silencing, but not for
localization to chromatin (152). Interactions with chromatin are mediated by the redundant
actions of several other regions of the transcript (152, 153). This suggests that Xist acts as a
modular scaffold, physically linking together the functions of separate protein complexes to
accomplish a unique task.
Thus Xist (i) regulates gene expression by (ii) localizing to specific sites on chromatin and (iii)
recruiting regulatory protein complexes to chromatin (Figure 3). In the following sections, I
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review evidence that many other lncRNAs exhibit one or more of these three molecular
functions, supporting a more general role for this model of lncRNA-mediated regulation.

SH ARP

XIST

X chromosome

Figure 3. XIST interacts with hnRNP U to bind to chromatin and recruits SHARP to silence
gene expression across the X chromosome.

LncRNAs can regulate transcription in cis
A key feature of Xist that linked its mechanism to the regulation of gene expression was its
ability to act in an allele-specific manner in cis (i.e., the physical chromosome from which it is
transcribed) and not in trans (i.e., another chromosome, including but not limited to the other
homolog of the same chromosome). Numerous other examples of cis regulatory IncRNAs,
including both repressive lncRNAs involved in genomic imprinting and activating lncRNAs
involved in enhancer function, suggest that many lncRNAs accomplish their functions through
regulation of transcription.
LncRNAs are often found in regions subject to genomic imprinting, a phenomenon affecting
hundreds of genes where expression is restricted to one of the two parental chromosomes
(154). The expression of lncRNAs in these imprinted regions often occurs on the opposite allele
from the expression of the transcribed mRNAs. This observation suggests that these lncRNAs
may repress gene expression in cis, a hypothesis that has been confirmed in some cases by
genetic experiments. For example, truncation of the Air lncRNA through insertion of a
premature polyadenylation signal leads to loss of silencing at three neighboring genes (only one
of which overlaps the Air genomic locus) (67). Similar truncation experiments suggest that
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Kcnqlotl (68) and Nespas (69) also repress gene expression in cis. An important caveat to
these findings is that genetic truncation experiments cannot distinguish between functions
carried out by the RNA transcript itself and effects resulting from the process of transcription
that do not involve the RNA (see below). These possibilities are not necessarily mutually
exclusive: Air has been proposed to silence two of its neighboring genes through an RNAmediated mechanism (155) and the remaining imprinted gene through transcriptional
interference (156). While in many cases the specific mechanisms remain unclear, the properties
of lncRNAs encoded in imprinted regions support the hypothesis that many lncRNAs directly
regulate transcription in cis.
The discovery of lncRNAs that activate gene expression in cis expanded the model for lncRNAmediated regulation of transcription. One landmark study used short interfering RNAs
(siRNAs) to knock down the expression of 12 lncRNAs that showed differential expression
following keratinocyte differentiation (81). In 7 of 12 cases, lncRNA knockdown led to reduced
expression of a gene within 300 kb of the IncRNA genomic locus, suggesting that these
IncRNAs function as transcriptional activators in cis. One of these lncRNAs, ncRNA-a7, could
activate expression of a plasmid-based reporter gene, similar to classical enhancers, and thus
must work in cis. The activating function of this lncRNA depended on Mediator (157), a
ubiquitous co-activator complex that binds to promoters and enhancers (158). Two of these
activating lncRNAs were required for proximity contacts between their genomic loci and the
neighboring gene (157). Together with a handful of additional examples of cis-activating RNAs
(159-161), these studies suggest that many lncRNAs (and eRNAs) might regulate transcription
by mediating the function of enhancers (162).

LncRNAs may regulategene expression in trans
While many lncRNAs act in cis, numerous lncRNAs have been proposed to localize to and
regulate chromatin at sites across the genome (in trans). An early example of this mechanism
came from TERC, the constitutive RNA component of telomerase, which localizes to the ends
of all chromosomes to guide telomere maintenance (163, 164). The U 1 small nuclear RNA
localizes to many genes across the genome to coordinate splicing (165), but also directly
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regulates transcription through at least two mechanisms: enhancing transcription re-initiation
(166) and preventing premature transcription termination (167). Both TERC and UI are
abundant, have well-defined functions on chromatin, and can be visualized by in situ imaging
to localize to their specific target sites on chromatin. Thus, these examples demonstrate that, in
principle, noncoding RNAs can directly regulate specific genomic sites in trans.
Many other lncRNAs have been proposed to regulate transcription in trans, but the evidence
supporting these claims is less clear. Several studies have examined IncRNAs that apparently
have trans functions when over-expressed from plasmids or ectopic genomic sites. For
example, Jpx, another lncRNA encoded in the X-inactivation center, is required for Xchromosome inactivation and is thought to regulate expression of Xist in cis, but the effect of
its knockout can be rescued by expression of Jpx in trans from an autosome (168). Evf2
IncRNA, upon over-expression in trans, regulates the transcription of plasmid reporters (169)
as well as the genes neighboring its endogenous locus (170). These studies highlight the
capability of these RNAs to work in trans upon over-expression, but it is unclear that their
physiological roles in vivo involve this mode of action.
Loss-of-function studies through RNA knockdown have suggested that many other IncRNAs
might function in trans. Knockdown of HOTAIR, a IncRNA encoded in the HOXC locus on
chromosome 12, caused to changes in gene expression at the HOXD cluster on chromosome 2.
This led to a model where HOTAIR localizes to the HOXD cluster to directly silence gene
expression by recruiting PRC2 (101). Since this initial finding, numerous lncRNAs have been
proposed to work in a similar manner based on knockdown experiments (171, 172). In one
systematic study, knockdown of 140 lncRNAs in embryonic stem cells found that less than 5%
showed gene expression changes in cis but 95% showed gene expression changes in trans,
similar to knockdown of protein-coding genes (which must act in trans) (112). This result led
to the proposal that most lncRNAs do not function in cis and instead function in trans (112).
A limitation to these RNAi-based studies, however, is that knockdown experiments cannot
distinguish between direct effects of a lncRNA and indirect, downstream effects of its
regulatory functions. As one example, an initial characterization of lincRNA-P21 (encoded
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adjacent to Cdkn 1 a / P21) found that knockdown resulted in down-regulation of PRC2 target
genes in trans and suggested that lincRNA-p21 directly regulated the expression of these genes
through interactions with hnRNP-K (171). A following study attempted to use FISH to
determine whether lincRNA-P21 co-localized with any of these DNA sites, but could not detect
localization of the lncRNA to its putative DNA targets (173). To resolve this discrepancy, the
authors used genetic approaches to knock out lincRNA-p21 and found that the previously
reported transfunctions of lincRNA-p21 could be explained by downstream effects of
regulation of the neighboring P21 gene: the changes in gene expression in cis were direct effects
of the RNA, while the changes in gene expression in trans were indirect effects (173). Thus, the
frequency at which lncRNAs might directly regulate transcription in trans remains unclear.

LncRNAs interact with protein complexes involved in transcriptional regulation
Similar to Xist, many lncRNAs are reported to physically interact with protein complexes
known to be involved in transcriptional regulation. These protein complexes range from
chromatin regulatory complexes to transcription factors, including both transcriptional
activators and repressors. While some of these interactions are well supported by both
biochemical and genetic evidence, recent studies using genome-wide biochemical purification
approaches have questioned the specificity of some of these reported interactions.
Numerous chromatin regulatory complexes have been reported to interact with lncRNAs.
Initial work motivated by cis regulators like Xist focused on the role of PRC1 and PRC2, which
establish and maintain a repressive chromatin structure at developmentally regulated genes
(174-176). The Ezh2 subunit of the PRC2 complex binds Xist RNA in vitro (177), and multiple
subunits bind RNA in vivo (178-180), including many lncRNAs (101, 172, 181, 182). The Cbx7
subunit of PRC1 binds RNA in vitro, and a lncRNA encoded in the INK4a/Arf locus interacts
with Cbx7 in vivo to recruit PRC1 to chromatin in cis (183). Beyond PRC1 and PRC2, many
chromatin regulatory proteins have now been reported to bind RNA in vitro or in vivo,
including proteins involved in histone modification (G9a (155), LSD1 (184), SHARP (147, 148,
151), WDR5 (159), and others), DNA methylation (DNMT1 (185)), and nucleosome
remodeling (SWI/SNF (186)).
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Noncoding RNAs also interface with the core transcriptional apparatus and other factors
associated with transcription. Small noncoding RNAs UI and 7SK directly interact with
general transcription factor TFIID or transcription elongation factor PTEF-b, respectively, to
modulate transcription initiation (166, 187) or pause release (188, 189). Human Alu RNA
directly binds and inhibits RNA polymerase II during heat shock (190). Several lncRNAs
reportedly serve as co-activators for sequence-specific transcription factors: RMST is required
for proper localization of SOX2 during neurogenesis (191), and SRA1 co-activates steroid
receptor-dependent transcription (98). The abundant and conserved lncRNA Malatl interacts
with multiple SR splicing proteins (192-195), some of which are known to also have roles in
regulating transcription.
Thus, an emerging hypothesis is that a diverse array of regulatory complexes bind RNA, and
that lncRNAs can interact with these complexes to guide, modulate, or combine their functions
(95). Indeed, individual lncRNAs can interact with multiple regulatory complexes, potentially
serving as scaffolds similar to Xist. HOTAIR interacts with both PRC2 (which writes the
repressive H3K27me3 histone modification) and LSD1/CoREST/REST (which erases the
activating H3K4me2 histone modification), coordinating two distinct yet functionally related
chromatin-modifying activities (184). Kcnq1ot1 interacts with both PRC2 and G9a, a histone
methyltransferase that writes a different repressive modification, H3K9me3 (196). A large-scale
study found that -30% of lncRNAs in mouse embryonic stem cells interact with at least one of
12 chromatin regulatory complexes, and many of these interact with multiple complexes (95).
Therefore lncRNAs might explain, in part, how the functions of these regulatory complexes are
targeted in different combinations to different genomic sites.
Although many lncRNAs have been reported to interact with transcriptional regulatory
complexes, additional work will be necessary to prove that (i) these interactions occur in vivo
and (ii) these interactions are functionally important. The study of PRC2 interactions with
RNA provides an illustrative example. Initial studies used variants of an RNA
immunoprecipitation (RIP) protocol to demonstrate that the A-repeat domain of Xist copurifies with PRC2 in non-crosslinked lysate (177). This interaction was supported by in vitro
electric mobility shift assays (EMSA) as well as in situ imaging. However, multiple other
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mechanisms could explain PRC2 recruitment to the X-chromosome: knockdown of SHARP
reduces recruitment of PRC2 at the onset of X-inactivation, suggesting indirect recruitment by
SHARP (147), and indeed PRC2 can be recruited to the X chromosome even in the absence of
the A-repeat and transcriptional silencing (141, 145, 197). These results prompted more careful
biochemical analysis of PRC2-RNA interactions using in vitro reconstitution and ultraviolet
(UV)-crosslinked immunoprecipitation (CLIP) of PRC2. These studies revealed that PRC2
interacts promiscuously with many RNAs in vivo and in vitro, including many mRNAs (180,
198). While PRC2 is likely involved in RNA-mediated silencing in some circumstances (143), it
remains unclear whether this function is targeted by direct interactions between PRC2 and
lncRNAs (199,200).

More generally, many of the interactions between lncRNAs and transcriptional regulators
described above are supported primarily by RIP experiments. These approaches are known to
suffer from artifacts due to in vitro re-association between RNAs and proteins (non-crosslinked
RIP) (201) or from confounding by indirect, protein-mediated interactions (formaldehydecrosslinked RIP) (95, 199). Thus, establishing the generality of functional interactions between
RNA and transcriptional regulators will require further characterization, including UV CLIP to
examine direct RNA-protein interactions and perturbation approaches to disrupt interactions
domains on both the RNA and interacting protein.

LncRNAs are associated with nuclear compartments

The nucleus contains numerous spatial subcompartments that contain high concentrations of
co-regulated factors that carry out distinct functions. These include the Barr body (the inactive
X-chromosome), the nucleolus (the center for ribosomal RNA transcription and ribosome
assembly), the Cajal body (a site for snRNP biogenesis, histone processing, and telomere
maintenance), and the nuclear speckle (a repository of transcription and splicing factors).
Several lncRNAs besides Xist localize to specific nuclear subcompartments and in some cases
are involved in the structural integrity of the subcompartment. NEAT 1 scaffolds the formation
of RNA-binding protein aggregates called paraspeckles (202). MALAT1 localizes to nuclear
speckles and facilitates the proper localization of some but not all protein components of the
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nuclear speckle (203, 204). Like Xist, the imprinted lncRNAs Kcnqlotl and Air are necessary
for the establishment of silenced, compacted nuclear domains (205). As a further link to
nuclear architecture, numerous lncRNAs have been reported to interact with proteins involved
in chromosome conformation including Ctcf (206), hnRNP U (56), and YY1 (57). In most
cases, the functional implications of these nuclear compartments and interactions with
architectural proteins remain poorly understood.

Contributions of this thesis: Transcriptional regulation by lncRNAs
Together, these studies suggest a general model for RNA regulation of chromatin: lncRNAs can
regulate gene expression by interacting with transcriptional regulators to either recruit or
modulate their function at specific DNA target sites (Figure 4). Mechanistically, lncRNAs
might accomplish these molecular functions through direct interactions with proteins, other
RNA molecules, and DNA sites, serving as scaffolds to coordinate the activity of multiple
molecular complexes. In this model, lncRNAs represent a missing component in our
understanding of genome regulation that might explain how ubiquitous protein complexes
regulate different targets in different cellular contexts.

transcriptional regulator

DNA target

Figure 4. Model for transcriptional regulation by lncRNAs
At the outset of my graduate work, this model served as an attractive explanation for how
lncRNAs might accomplish their diverse biological functions. However, a fundamental

34

I

Chapter 1 - Introduction

mechanistic component of this hypothesis remained untested: Do lncRNAs in fact localize to
and regulate specific target sites on chromatin? Existing evidence was primarily limited to in
situ imaging of cis regulators, which showed that lncRNAs like Xist physically colocalized with
the broad regions of DNA that they regulate. Even in the case of X-chromosome inactivation,
however, the precise sites at which Xist interacts with chromatin remained unknown. Of the
IncRNAs proposed to directly regulate transcription in trans, only telomerase had been
observed to directly localize to its target sites on telomeric DNA (163, 164). Accordingly, it
remained unknown whether other lncRNAs indeed directly regulated gene expression in cis or
in trans. We reasoned that addressing this central question could establish the precise role of
IncRNAs in the cellular circuitry and enable a mechanistic understanding of how IncRNAs
identify and regulate specific targets across the genome.
In addition to these mechanistic questions, it remained unclear how many of the thousands of
newly discovered lncRNAs might function at the level of chromatin, or indeed function at all.
In particular, it appeared challenging to reconcile the low expression and rapid evolutionary
turnover (96, 105, 106, 207) of most lncRNAs with the important cellular functions to which
lncRNAs were increasingly assigned. These observations, together with the limitations of the
functional and biochemical studies discussed above, challenged the potential generality of this
model for lncRNA function.
In this thesis, I present our work to test and characterize this mechanistic model for IncRNAmediated regulation of transcription. Together, these efforts have produced novel biochemical
methods for dissecting lncRNA biology, established general principles for how lncRNAs
localize to and regulate specific targets on chromatin, and revealed new mechanisms by which
lncRNA loci regulate the expression of neighboring genes.

RNA Antisense Purification (RAP)for dissecting IncRNA complexes
We first set out to determine where lncRNAs localize on chromatin. At the outset, the major
obstacle to addressing this question was the lack of biochemical techniques for mapping the
interactions of a specific RNA with other cellular complexes. While immunoprecipitation-
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based approaches could map in vivo DNAs, RNAs, and proteins that interact with a target
protein, the equivalent RNA-centric techniques did not exist. Existing approaches for
identifying RNA-chromatin or RNA-protein interactions relied on observation of interactions
in vitro, which do not necessarily reliably represent interactions that occur in vivo (201), or on
in situ imaging, which requires specific hypotheses for interaction targets and thus cannot
identify RNA interactions de novo.
To address these limitations, we developed a general biochemical technique for purifying
endogenous lncRNA complexes called RNA Antisense Purification (RAP) (55, 208, 209). In
this method, we crosslink cells to fix endogenous RNA-containing complexes and capture these
complexes with biotinylated antisense oligos. This approach allows de novo, unbiased
identification of the components of RNA complexes - including interacting DNA sites, RNAs,
and proteins - using high-throughput DNA sequencing or mass spectrometry. RAP provided a
powerful tool for systematic studies of RNA biology, enabling us to begin to characterize the
mechanisms by which lncRNAs interact with and regulate chromatin.

Xist exploits 3-D proximity to guide its localization and regulatory functions
To discover how lncRNAs localize to chromatin, we first examined Xist, the canonical model
for transcriptional regulation by lncRNAs. Previous work established that Xist initiates Xchromosome inactivation by spreading in cis across the future inactive X chromosome,
recruiting transcriptional repressive complexes, and forming a transcriptionally silent nuclear
compartment. Despite two decades of research into this process, it remained unclear how Xist
localizes to chromatin and spreads across the X-chromosome.
To address this question, we mapped the chromatin localization of Xist at high resolution,
using RAP coupled with DNA sequencing (RAP-DNA) (55). During the maintenance phase of
XCI, we found that Xist binds broadly across most of the X-chromosome, excluding genes that
are known to escape Xist-mediated silencing. Modeling the initiation of XCI, we showed that
Xist initially transfers to distal regions across the X chromosome that are not defined by
specific sequences. Instead, Xist identifies these regions by exploiting the three-dimensional
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conformation of the X chromosome, initially spreading to the sites that most frequently contact
the Xist genomic locus. Spatial proximity controls not only the initial patterns of Xist
localization but also its regulatory functions, which occur concomitantly with Xist spreading.
This strategy for regulatory specificity capitalizes on the unique ability of a lncRNA to function
immediately upon transcription (63), in contrast to an mRNA, which requires export and
translation in the cytoplasm.

LncRNAs can form nuclear compartments containing specific genomic sites in cis and trans
Although proximity guided Xist spreading at the initiation of X-chromosome inactivation, it
remained unclear how Xist might eventually spread across the entire chromosome to form the
repressive compartment containing the inactive X. We hypothesized that lncRNA spreading
across chromatin might involve the regulatory function of the lncRNA itself, rather than spatial
proximity alone. Indeed, our high-resolution maps of Xist localization revealed that Xist
displayed a subtle preference for transcriptionally inert regions over transcriptionally active
regions. An Xist mutant that lacked the A-repeat (the RNA domain required for transcriptional
silencing), displayed an even more profound detect in spreading over transcriptionally active
regions. These observations suggest a model whereby Xist spreads through an iterative process
involving searching in three dimensions, actively modifying chromatin state and chromosome
architecture, and spreading to newly accessible locations in cis (55).
While Xist regulates chromatin exclusively in cis, we found that this model for IncRNAmediated nuclear compartments can also include interactions in trans. In collaboration with
Ezgi Hacisuleyman, Loyal Goff, and John Rinn, we mapped the chromatin interactions of a
recently identified lncRNA, Firre, and found that, in addition to spreading in cis, Firre also
contacted specific sites on other chromosomes. In situ hybridization experiments showed that
these trans sites colocalized with a Firre RNA compartment centered on the Firre genomic
locus, and that this pattern of inter-chromosomal positioning required the Firre RNA (210).
Together, these findings suggested that many lncRNAs might form nuclear compartments
anchored on their genomic loci. Through a proximity-mediated search strategy, lncRNAs can

37

Chapter 1 - Introduction

identify genomic targets in both cis and trans. LncRNAs not only exploit chromosome
conformation to identify target sites, but also can actively modify the spatial localization of
their targets, leading to spatial consolidation of co-regulated genes.

LncRNAs can use RNA-RNA interactions to localize to specific sites on chromatin
While Xist and Firre form nuclear compartments anchored on their genomic loci, other
lncRNAs may identify and interact with DNA targets throughout the genome through
mechanisms not mediated by spatial proximity. The highly conserved Malatl lncRNA provided
an attractive candidate for this mode of localization: from in situ imaging studies, Malati was
known to localize to discrete speckle-like structures in the nucleus (203, 211). Malatl interacts
with multiple SR splicing proteins (192-195) and regulates gene expression and alternative
splicing in some contexts (121, 122, 195, 212), suggesting Malatl might interact with specific
sites on chromatin.
We sought to define Malati interactions with chromatin and to determine how Malatl
achieves affinity for these specific sites. Upon purification of Malatl with RAP-DNA, we found
that MalatI localizes to chromatin at the 3' ends of most active genes (208). MalatI lost its
interactions with chromatin upon treatment with a transcriptional inhibitor, demonstrating
that Malatl requires active transcription to localize to DNA. Because Malati is known to
interact with many SR splicing proteins that can form homo- and heterotypic aggregates, we
wondered whether Malati localization to DNA was mediated by nascent pre-mRNA
transcripts, which accumulate at the 3' ends of genes. To test this hypothesis, we extended the
RAP protocol to interrogate RNA-RNA interactions. Using different crosslinking reagents to
distinguish direct hybridization from indirect contacts, we found that Malati interacted
indirectly through protein intermediates with many nascent transcripts. Malatl preferentially
interacted with intronic sequences that are associated with complex splicing events. We
propose that Malatl localizes to chromatin via indirect, protein-mediated interactions with
nascent pre-mRNAs, thus identifying its localization targets through an affinity-mediated
search strategy. Together with similar findings for the U 1 snRNA, these results suggest that
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other lncRNAs may also associate with specific nascent RNAs to coordinate pre-mRNA
processing and chromatin regulation.

Many IncRNAs localize to chromatin in cis guided by spatial proximity
Through these studies of conserved, abundant lncRNAs (Xist, Firre, and Malatl), we identified
diverse patterns of lncRNA localization to chromatin, including both in cis and in trans, and
uncovered novel mechanisms for how lncRNAs identify specific targets on chromatin. We next
set out to test the generality of these findings with respect to other intergenic lncRNAs, most of
which were much less abundant than our initial targets and many of which were not conserved
across species.
To this end, we mapped the chromatin localization of 10 additional nuclear-localized lncRNAs
in embryonic stem cells, spanning a 100-fold range of expression levels. While we previously
identified trans interactions for several abundant RNAs (Firre and Malati), we found that these
ten novel RNAs co-purified with chromatin exclusively in cis. These interactions in cis
correlated with spatial proximity, similar to our previous findings for Xist, suggesting that this
is a general property that guides IncRNA localization. Two features of lncRNAs influenced the
extent to which they spread across chromatin: intrinsic RNA affinity for chromatin and
lncRNA abundance. Importantly, however, these interactions with chromatin were not unique
to lncRNAs: mRNAs and mRNA introns also interacted with chromatin in close spatial
proximity to their genomic loci, indicating that further experimental approaches are required
to determine whether these interactions of lncRNAs are functional. Nevertheless, these
localization patterns helped to guide our subsequent studies of lncRNA function: if these
IncRNAs do act on chromatin, their regulatory targets likely reside in close spatial proximity to
their genomic loci.

Many promoters of lncRNAs and mRNAs act as enhancers in gene regulatory networks
Having demonstrated that many lncRNAs localize to chromatin in cis, we sought to determine
how many directly regulate the expression of neighboring genes. We dissected the cis
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regulatory functions of 14 nuclear, intergenic lncRNAs expressed from canonical H3K4me3marked promoters. Upon knocking out the promoters of these IncRNAs, we found that
promoter knockouts for 6 of these loci affected the expression of neighboring genes. However,
none of these regulatory functions involved the IncRNA transcripts themselves. Instead, the
promoters, transcription, or splice structures of lncRNAs directly regulated the expression of
neighboring genes through mechanisms that did not involve the specific lncRNA sequence. By
similarly knocking out the promoters of mRNAs, we found that promoter-promoter regulatory
connections are a general property of the cis architecture of transcription and are largely
predictable based on spatial proximity and chromatin environment. These results highlight the
functional commonalities between promoters and enhancers and suggest that gene regulation
is locally organized into neighborhoods defined by the linear and spatial architecture of the
genome.
Importantly, we examined the effects of these lncRNA knockouts in a single cellular context
(mouse embryonic stem cells), and therefore we cannot rule out that these lncRNAs carry out
RNA-mediated roles in other contexts (e.g., during differentiation). However, the diversity of
potential cis regulatory functions associated with lncRNA transcription - including actions by
promoters, transcription, or splicing - suggest that RNA-mediated mechanisms may not be
required to explain the existence of these transcripts. Indeed, these alternative regulatory
mechanisms can explain some of the features of lncRNAs that were previously interpreted to
indicate lncRNA function, including their defined promoters, expression patterns, and exonic
structures. Thus, the RNA molecules encoded by some of these loci may not have specific
cellular functions, and instead may represent byproducts of other evolutionarily constrained
processes.

Conclusion and Future Directions
Together these studies suggest that mammalian gene regulation is organized into local
neighborhoods defined by the spatial architecture of the genome. Within these neighborhoods,
regulatory elements (promoters and enhancers) communicate promiscuously. Some of these
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neighborhoods are "quiet" and have just a few (or sometimes no) active regulatory elements.
Some of neighborhoods are "loud" and have many active genes that collectively contribute to
increasing the activity of the neighborhood. While each gene has individually tunable
expression levels determined by its unique complement of cis sequence signals, neighboring
genes collectively contribute to and, in turn, are influenced by the aggregate activity of the
neighborhood.
Together, this neighborhood model might serve as a basis for cooperative regulation of gene
expression. In quiet neighborhoods, cooperative activation of promoters might enable rapid
transitions in activity during cellular differentiation; in loud neighborhoods, these interactions
might buffer against strong activation or silencing of an individual gene. Further work will be
required to understand the mechanistic underpinnings for the aggregate activity of a
neighborhood, the topological features of the genome that define neighborhood boundaries,
and the combinatorial signals including DNA elements and noncoding RNAs that dynamically
regulate the activity of these neighborhoods.
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Chapter 2.
RNA Antisense Purification (RAP) for mapping RNA
localization to chromatin

Parts of this chapter were first published as:
Engreitz JM, Pandya-Jones A, McDonel P, Shishkin A, Surka C, Sirokman K, Kadri S, Xing J,
Goren A, Lander ES*, Plath K*, and Guttman M*. The Xist lncRNA exploits threedimensional genome architecture to spread across the X chromosome. Science 341:1237973
(2013).
Engreitz JM, Lander ES, and Guttman M. RNA antisense purification (RAP) for mapping
RNA interactions with chromatin. Methods Mol Bio 1262:183-197 (2015).

Abstract: Mammalian genomes encode thousands of large noncoding RNAs (IncRNAs), many
of which regulate gene expression, interact with chromatin regulatory complexes, and are
thought to play a role in localizing these complexes to target loci across the genome. Despite wide
speculation, the mechanisms by which lncRNAs localize to DNA remain unknown due to
technical challenges in identifying their direct regulatory targets. To gain insight into the
regulatory mechanisms of lncRNAs, we developed a method, RNA Antisense Purification (RAP),
to biochemically purify specific RNAs and identify their molecular interaction partners,
including proteins, other RNAs, and genomic DNA. As proof of principle, we demonstrate that
RAP enables unbiased, genome-wide mapping of the localization of the Xist lncRNA on
chromatin (RAP-DNA). Importantly, this method achieves high specificity for target RNAs,
provides high-resolution mapping of RNA-chromatin interactions, and is generally applicable to
many RNAs with minimal optimization. Thus, RAP provides a powerful tool for systematic
interrogation of noncoding RNA functions and mechanisms.
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Introduction
Long noncoding RNAs (lncRNAs) - a class of RNAs >200 nucleotides long that do not encode
proteins - are emerging as critical regulators of gene expression in mammals (1-5). Inspired in
part by classical examples such as the X-inactive specific transcript (Xist), a popular hypothesis is
that many lncRNAs regulate gene expression by interacting with chromatin-regulatory proteins
and recruiting them to specific DNA target sites. Indeed, recent work indicates that lncRNAs can
interact with diverse chromatin regulators (6-9) and in some cases localize to specific nuclear
subcompartments that contain co-regulated gene loci (10, 11). Despite wide speculation, where
and how IncRNAs localize to DNA remain unknown, and the precise mechanisms by which
lncRNAs might regulate gene expression at these DNA targets are poorly understood.
A general strategy for addressing these questions would be to identify the molecular components
of the cell that interact with a specific IncRNA, including proteins, other RNAs, and genomic
DNA sites (Figure 1): this information might reveal testable hypotheses for how lncRNAs
interact with the rest of the cellular circuitry to achieve their regulatory functions. Yet, current
biochemical techniques for identifying RNA-chromatin or RNA-protein interactions are limited
to observations of interactions in vitro, which do not accurately represent interactions that occur
in vivo (12). Similarly, in situ imaging techniques require specific hypotheses for interaction
targets and thus cannot map RNA interactions de novo. These limitations indicate a need for new
methods to define the molecular components of lncRNA complexes in vivo.
Here we develop a method, termed RNA Antisense Purification (RAP), for purifying and
dissecting endogenous lncRNA complexes. In this method, we capture a target RNA of interest
through hybridization with antisense biotinylated oligos. By covalently crosslinking live cells
prior to cell lysis and RNA capture, this approach allows for identification of macromolecular
complexes that interact with the target RNA in vivo. We demonstrate that RAP can detect known
RNA-DNA, RNA-RNA, and RNA-protein interactions, including Xist interactions with the X
chromosome and ribosomal RNA interactions with other ribosomal components. As proof of
principle that RAP can identify previously unknown interactions, we extend this method to
enable genome-wide, de novo mapping of RNA-chromatin interactions (RAP-DNA) and present
a high-resolution map of Xist localization across the X chromosome. RAP-DNA achieves high
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specificity for target RNAs, provides high-resolution mapping of RNA-chromatin interactions,
and is generally applicable to many RNAs with minimal optimization. Thus, RAP provides a
powerful tool for systematic studies of IncRNA function and mechanism.
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RNA-Protein

RNA-DNA

RNA-RNA

Figure 1. LncRNAs interact with proteins, genomic DNA, and other RNAs to accomplish their
functions. The IncRNA complex illustrated at the bottom represents the telomerase RNA TERC,
which interacts with multiple proteins and templates the extension of telomeres through direct
base-pairing with DNA.
Credit: Sigrid Knerneyer, Mitch Guttman, and Jesse Engreitz
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A method for identifying the molecular components of lncRNA complexes
We conceived a general method to identify the molecular components of endogenous RNA
complexes (Figure 2A). In this method, we first fix live cells with covalent crosslinking reagents,
preserving RNA interactions that occur in vivo. To capture specific RNAs from cellular extracts,
we exploit the predictable properties of nucleic acid hybridization and design antisense capture
probes targeting an RNA of interest. We covalently tag the probes with biotin, enabling selective
capture with streptavidin-coated magnetic beads following hybridization between the antisense
probes and target RNA. Following elution of IncRNA complexes from the beads, the components
of these complexes - which might include proteins, genomic DNA, or other RNAs - can be
identified in an unbiased manner through application of high-throughput DNA sequencing or
mass spectrometry. These processes serve as the conceptual framework for a method we termed
RNA Antisense Purification (RAP).
While conceptually straightforward, robust capture of target RNAs with antisense probes
required careful design. Specifically, the probe design strategy needed to account for the many
features of an endogenous RNA - including secondary structure, RNA-protein interactions, and
potentially RNA-DNA interactions - that might obstruct probe hybridization and capture. To
accomplish this, we design pools of overlapping capture probes that tile across the entire lncRNA
sequence, enabling hybridization to any accessible region within the IncRNA (Figure 2A). We
further perform the purifications in highly denaturing hybridization conditions, increasing the
accessibility of regions of the RNA that form secondary structures in cellular conditions. These
strategies enable robust capture of any RNA without optimization of probe design.
As proof of principle, we validated that RAP can successfully capture target RNAs and identify
the components of known RNA complexes. To demonstrate that this approach specifically
enriches for target RNAs, we purified the Xist lncRNA from female mouse lung fibroblasts
(mLFs), a differentiated cell line in which Xist is expressed from and coats the inactive X
chromosome. We used probes targeting (i) the Xist lncRNA ("antisense" probes), (ii) the reverse
complement of Xist, which should not result in capture of the Xist RNA ("sense" probes), or (iii)
a sequence that does not exist in the mouse genome ("random" probes). Using qPCR to measure
the yield and enrichment of Xist RNA, we observed a >100-fold enrichment of the Xist RNA
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Figure 2. RNA Antisense Purification identifies known RNA-DNA, RNA-RNA, and RNAprotein interactions. (A) Schematic diagram of RAP. Biotinylated probes (blue) are hybridized
to the target RNA (red) crosslinked to proteins and DNA. Gray inset: 120-mer antisense capture
probes are designed to tile across the entire target RNA. (B) RNA qPCR for Xist and 18S
following RAP with antisense probes against Xist, sense probes against Xist, or probes against a
random sequence. Yield is calculated by comparing the eluted RNA to input RNA. (C) DNA
qPCR for three sites on the X chromosome and three sites on autosomes following purification
of Xist RNA. Enrichment values represent the average of three replicates. (D) RNA qPCR for
18S, 28S, and Gapdh following purification of 18S RNA. Enrichment values represent the
average of three replicates. (E) Western blot for Rpl7 following RAP with probes targeting 18S,
28S, or a random sequence (ctrl).
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compared to either negative control (Figure 2B). In contrast, we did not observe enrichment for
the 18S ribosomal RNA in any of these purifications, demonstrating that RAP specifically
captures the intended RNA.
We next verified that RAP accurately identifies known components of RNA complexes,
including DNA target sequences, other RNAs, and proteins. To examine the ability of RAP to
identify known RNA-DNA interactions, we measured the DNA co-purified with Xist in the
experiments described above. Using quantitative PCR, we observed that RAP enriched for three
sites on the X chromosome >10-fold versus input DNA, whereas it did not significantly enrich
for three sites on autosomes (Figure 2C). Thus, RAP accurately detects the known localization of
Xist to the X chromosome.
To test the ability of RAP to identify known RNA-RNA complexes, we designed a set of probes to
capture the 18S ribosomal RNA, which scaffolds the small ribosomal subunit and interacts
indirectly with the 28S ribosomal RNA through protein intermediates. We purified 18S from
crosslinked cellular lysate and found that 18S RAP enriched not only for 18S (>35-fold
enrichment versus control RAP) but also for the indirectly interacting 28S rRNA (>20-fold
enrichment versus control RAP, Figure 2D). In contrast, 18S RAP did not enrich for Gapdh, an
abundant mRNA, demonstrating that the enrichment for 28S does not result from nonspecific
interactions between different RNAs.
To determine whether RAP can capture known RNA-protein interactions, we performed RAP
using probes targeting either 18S or 28S ribosomal RNAs and tested for co-purification of Rpl7, a
ribosomal protein that interacts directly with 28S and indirectly with 18S. In RAP experiments
from crosslinked material, Rpl7 co-purified with both 18S and 28S RNAs (Figure 2E). We did
not detect Rpl7 in purifications with probes targeting the sense strand of 18S or in purifications
from non-crosslinked lysate, demonstrating that this enrichment does not result from nonspecific interactions of Rpl7 with the probe or beads.
These results demonstrate that RAP accurately identifies some of the known molecular
components of lncRNA complexes. However, further methodological optimization is required to
extend this general framework into a method that can identify previously unknown interactions.
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In the following sections, we describe the design and application of a genome-wide method for de
novo mapping of lncRNA interactions with chromatin.

RAP-DNA: A generalizable method to map 1ncRNA interactions with chromatin
Motivated by the hypothesis that many lncRNAs might localize to specific sites on chromatin, we
set out to develop a generalizable method to map lncRNA interactions with chromatin on a
genome-wide scale (RAP-DNA). We defined two criteria for this protocol, beyond the general
framework described above: RAP-DNA should (i) specifically purify chromatin associated with a
target lncRNA, and (ii) achieve high resolution mapping of the associated DNA target sites. In
the following sections, we describe the design choices that enable RAP-DNA to achieve these
goals. We also compare our protocol with two other approaches that were developed
concurrently, chromatin isolation by RNA purification (ChIRP) and capture hybridization and
analysis of RNA targets (CHART) (13, 14). We note that while our method has certain
conceptual advantages, a systematic comparison of the three methods will be required to evaluate
their respective strengths in different experimental contexts.

RAP-DNA achieves high specificity for the target RNA and associated DNA
The most important feature of a method to map lncRNA target sites is the ability to specifically
enrich the target RNA and its associated chromatin while avoiding off-target RNAs or DNAs. To
accomplish this, any method designed to capture RNAs by hybridization must account for the
possibility of nonspecific hybridization between the capture probes and off-target nucleic acids.
In particular, methods to investigate IncRNA-chromatin interactions must distinguish between
false signals that result from nonspecific probe-DNA hybridization and true signals that reflect in
vivo RNA-DNA interactions. Indeed, a previous study using ChIRP identified a lncRNA binding
motif that matched the sequence of the lncRNA (13). Because direct RNA-DNA hybridization
represents a possible mechanism by which lncRNAs bind to chromatin, we wanted to develop a
method that could easily distinguish this from potential direct hybridization artifacts.
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In designing RAP-DNA, we addressed this challenge by using 60-120-nucleotide capture probes
that allow more specific purification of target RNAs compared to the 20-25-nucleotide probes
used in other methods (13, 14). The stronger interaction between the probes and target RNA
allows for hybridization and washing in 3 M guanidine thiocyanate at 45'C, drastically increasing
the stringency of nucleic acid hybridization (15) and thus reducing the potential for false
positives due to direct probe-DNA hybridization.
Beyond direct hybridization between the probes and genomic DNA, other potential sources of
artifacts include capture of off-target RNAs or protein complexes and their associated target sites
through nonspecific interactions with the probes or bead (Figure 3). We note that this is a wellrecognized but poorly characterized problem for RNA-protein interactions (12). To account for
these possibilities, we used a highly denaturing hybridization buffer and incorporated a preclearing step to remove molecular complexes that might directly interact with the beads. These
features should enable strong enrichment of the target RNA while avoiding nonspecific
interactions.
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Figure 3. Controls for RAP to ensure specific purification of IncRNA-chromatin interactions.
Schematic shows three potential sources of artifacts. RNA, DNA or proteins may interact
nonspecifically with (1) the streptavidin bead surface (sphere), (2) the RNA probes (blue), or (3)
the captured target RNA (red).
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To test this approach, we used the RAP-DNA protocol to purify the Xist lncRNA and map its
interactions with DNA on a genome-wide scale. We designed antisense probes tiled every 15
nucleotides across the 17-kilobase (Kb) Xist transcript, excluding those that showed any
complementarity to other RNAs or genomic DNA regions. This yielded a pool of 1,054 unique
probes. We performed RAP and observed a >100-fold enrichment of the Xist RNA compared to
either input or a control purification using 'sense' probes from the same strand as Xist itself
(Figure 4A). When we sequenced all RNAs in the purified fraction, we found that the Xist RNA
comprised ~-70% of alignable reads despite representing <0.1% of the polyadenylated input RNA.
The remaining reads were broadly distributed across -7,500 expressed transcripts, with no single
transcript exceeding 2% of the total purified RNA (Figure 4B). We sequenced the genomic DNA
that co-purified with the Xist RNA and observed a strong enrichment with >70% of the DNA
sequencing reads from the Xist purification originating from the X chromosome, compared to
-5% from the input DNA samples (Figure 4C). The enrichment of RAP-DNA sequencing reads
versus input was highly reproducible across biological replicates (Pearson's correlation = 0.91,
Figure 4D).
To ensure that the DNA purified by Xist RAP reflected the endogenous localization of Xist as
opposed to artifacts resulting from the capture process, we performed three controls (Figure 3).
(i) To confirm that captured chromatin reflected pre-existing interactions occurring in vivo, we
purified Xist from non-crosslinked cellular extracts. In this condition, we did not obtain any
detectable DNA signal by qPCR despite obtaining comparable enrichments of the Xist RNA. (ii)
To rule out the possibility that RAP captured genomic DNA through nonspecific hybridization
with the probes or the target RNA, we tested whether sites with higher enrichment in Xist RAP
showed complementarity to sequences present in the probes or Xist RNA sequence. We observed
no relationship between sequence homology and RNA localization either on the X chromosome
or on autosomes, indicating that these regions were not likely captured through direct
hybridization between the probes and genomic DNA (Figure 5). (iii) To further exclude the
possibility of direct probe-DNA interactions, we examined DNA captured in a control
purification with sense probes which should capture double-stranded DNA with the same
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RNA captured using antisense probes for the Xist RNA (right). (C) DNA sequencing reads
aligning to each chromosome after purification with antisense probes (Xist RAP, black) sense
probes (Control RAP, light gray), and input genomic DNA (dark gray) in mLFs. (D) RAP was
performed in independent biological replicates. Units represent log2 Xist enrichment in 100-Kb
windows across the X chromosome (red) and autosomes (gray). Xist localization is highly
reproducible across biological replicates at this resolution. (E) Enrichment for Xist and control
RAP-DNA experiments in mLFs, compared to input in 100-Kb windows. Light gray enrichments
represent interpolations over unmappable regions. The control RAP experiment appears to have
"spiky" regions of enrichment due to the very limited amount of DNA recovered from this
experiment; because of the low total unique read count, any 100-Kb window with more than five
reads appears "enriched" over input.
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Figure 5. RAP enriched regions do not show sequence homology to probe sequences. We
wished to exclude the possibility that enriched regions were captured through direct probe-DNA
hybridization. The Xist RNA sequence and probe sequence were aligned to the most highly
enriched regions defined by RAP. For each region, the percent identity of the best alignment
between the sequence (probe or RNA) and the window (enriched or permuted) was computed
(see Methods). A quantile-quantile plot is shown for the scores of the best alignment between the
Xist RNA sequence (top) or probe sequence (bottom) against Xist-enriched regions (y-axis)
compared to randomly permuted regions (x-axis) in two different cell lines: TetO-Xist male ES
cells (pSM33) after 1 hour of Xist induction (left) or mLFs (right). (A) Xist-enriched regions and
permuted regions defined across autosomnes. (B) Xist-enriched regions and permuted regions
defined across the X chromosome.
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efficiency, but will not hybridize to the target RNA. Using the sense probes, we observed no
enriched regions across the entire genome with the sole exception of a low-level enrichment at
the Xist locus itself (Figure 4D), likely reflecting perfect hybridization with the RNA probes. Yet,
the amount of Xist genomic DNA purified in the control was <5% of the amount in the Xist
purification, suggesting that >95% of the signal in Xist RAP-DNA resulted from RNA-mediated
interactions.
Together, these results demonstrate that RAP-DNA avoids potential artifacts resulting from offtarget capture, enabling purification of target RNAs and their associated genomic DNA with high
specificity.

RAP-DNA provides high resolution mapping of target sites
In addition to designing RAP to achieve high specificity for target RNAs, we also sought to map
lncRNA localization to chromatin at high resolution. For all methods used to map chromatin
interactions, resolution is achieved through digestion of genomic DNA priorto purification of
specific regions. The resolution of the assay is dependent on the size of these fragments. For
example, chromatin immunoprecipitation (ChIP) experiments are performed after generating

-100-500 bp fragments of genomic DNA through the use of either heavy sonication or
micrococcal nuclease (MNase) digestion. However, these techniques cannot be applied to
capture RNA-chromatin complexes because both sonication and MNase digestion also fragment
RNA, thereby reducing the efficiency of RNA capture. To avoid this problem, CHART utilizes
light sonication to avoid extensive degradation of the RNA. However, this approach produces
DNA fragments that are -2-3 Kb in size (14), effectively limiting the resolution of mapped DNA
target sites. Conversely, the ChIRP method digests DNA to much smaller sizes through heavy
sonication; this enables higher resolution mapping but likely leads to more extensive RNA
degradation and decreased efficiency of RNA capture.
To achieve high resolution mapping while maintaining high RNA integrity, we used a
combination of light sonication and DNase I, an enzyme that specifically cleaves DNA but not
RNA, to digest genomic DNA to an average size of -150 bp. After treatment with DNase I, we
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detect little RNA fragmentation based on examination of the 18S and 28S ribosomal RNAs. The
high RNA integrity of this approach enables robust mapping of the RNA while achieving high
resolution to target locations.
Because different regions of the genome have differing levels of sensitivity to DNase digestion, we
verified that our use of DNase I did not affect our ability to quantitatively map lncRNA
localization across the genome. To accomplish this, we sequenced input samples prepared with
sonication alone (DNase-, ChIP input) or with sonication plus DNase I treatment (DNase+,
RAP-DNA input). We found that the genomic DNA representation of the ChIP and RAP-DNA
inputs showed very similar magnitudes and patterns of enrichment and depletion across the
entire genome. In both RAP-DNA and ChIP input samples, we observed higher DNA coverage
in regions of active chromatin (Figure 6) - consistent with the notion that these regions are more
amenable to both enzymatic digestion and sonication-induced fragmentation. To control for this
modest variation as well as for differences in coverage due to read mappability, we normalized all
RAP-DNA data to the relative coverage in the input (see Methods), thus allowing comparisons
between regions with differing mappability and DNase sensitivity.
To test this approach, we examined the distribution of Xist RAP-DNA sequencing reads across
the X chromosome in mLFs. We found that Xist broadly enriched for X chromosome DNA but
showed focal enrichment at specific sites across the inactive X chromosome (Figure 4E). As a
technical demonstration, these results show that RAP-DNA achieves high resolution mapping of
RNA-chromatin interactions. We discuss the implications of this interaction pattern in the next
chapter.
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Figure 6. Read coverage variation due to mappability and DNase sensitivity. (A) Mappability,
input read coverage (fragment counts), and density of DNase-hypersensitive (DHS) sites across
the X chromosome. Mappability and input coverage tracks represent the log2 ratio of mappable
reads in each window compared to the average across the chromosome. Input coverage shows a
-4-fold dynamic range across the chromosome, and mappability shows a -1.2-fold dynamic
range. Regions of the chromosome with high density of DHS sites have high coverage in DNA
sequencing libraries from both RAP and ChIP input samples; in contrast, regions with low
density of DHS sites have low coverage in the input samples (gray boxes). (B, C) Read coverage
normalized for mappability in 100-bp windows for the 4 Kb surrounding transcription start sites
(TSSs) and transcription end sites (TESs) of genes on the X chromosome. Lines show the average
across all active genes (red) and inactive genes (blue). Shaded regions represent the 95%
confidence interval (CI) for the mean. At this resolution, RAP input samples have lower coverage
at the transcription start sites, while ChIP input samples have higher coverage at transcription
start sites. Input samples come from mLF ChIP and RAP experiments.
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Conclusion
The recent discovery that mammalian genomes encode thousands of noncoding RNAs has
reinvigorated efforts to study RNA regulatory mechanisms. These efforts, however, reveal a
critical gap in our biochemical toolkit: the ability to purify specific RNAs from cells. While
immunoprecipitation-based approaches can identify DNAs, RNAs, and proteins that interact
with a target protein in vivo, the equivalent RNA-centric techniques did not previously exist.
Here, we solve this technical challenge with the introduction of RAP, which enables RNA-centric
biochemical purification of specific RNAs and de novo identification of the molecular
components of RNA complexes. Importantly, our tiled probe design strategy enables
generalizable and robust purification of any RNA with minimal optimization. We demonstrate
that this method can specifically identify known components of endogenous IncRNA complexes,
including Xist interactions with DNA on the X chromosome and ribosomal RNA interactions
with other ribosomal components. We extend this technique to enable de novo identification of
lncRNA-chromatin interactions and demonstrate that purification of Xist enables unbiased, high
resolution mapping of Xist localization across the X chromosome.
This work provides the foundations for a suite of tools that enable systematic studies of lncRNA
biology (16-18), and in this thesis we apply these techniques to understand the mechanisms by
which lncRNAs interact with and regulate chromatin. We note, however, that RAP is more
generally applicable to studying any aspect of RNA biology. We anticipate that broader
utilization of these RNA-centric biochemical approaches will lead to insights into diverse fields
including the functions and mechanisms of small noncoding RNAs, regulation and evolution of
RNA viruses, and the targeted regulation of mRNA trafficking and translation.
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Materials and Methods
Here, we present an annotated protocol for performing RAP-DNA. Specific experimental and
analytical details for Xist RAP-DNA will be discussed in the following chapter.

Materials
Prepare all buffers and solutions with nuclease-free water. Follow appropriate regulations when
handling chemicals (e.g., guanidine thiocyanate) and disposing waste.

Equipment
1. Sonication instrument (e.g., Branson Sonifier with microtip) and chiller
2. Magnetic rack for 1.5 mL tubes (e.g., Invitrogen DynaMag-2)
3. PCR machine and real-time quantitative PCR machine
4. Microcentrifuge
5. NanoDrop Spectrophotometer
6. Glass dounce
7. Heated mixer with 1.5 mL rack (e.g., Eppendorf Thermomixer)

Solutions
Make stock solutions and store up to 6 months at room temperature, unless otherwise noted.
1. Scraping Buffer: PBS, 0.5% BSA Fraction V. Store at 4"C.
2. Cell Lysis Buffer: 10 mM HEPES pH 7.5, 20 mM KCl, 1.5 mM MgCl 2, 0.5 mM EDTA.
Before use, add fresh 1 mM tris(2-carboxyethyl)phosphine (TCEP) and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF). Store at 4*C.
3. Nuclear Lysis Buffer: 20 mM HEPES pH 7.5, 50 mM KCl, 1.5 mM MnC 2, 1% IGEPAL
CA630 (NP-40), 0.4% sodium deoxycholate, 0.1% N-lauroylsarcosine. Before use, add
fresh 1 mM TCEP and 0.5 mM PMSF. Store at 4*C.
100x DNase Cofactor Solution: 250 mM MnC 2, 50 mM CaCl 2

.

4.

5. 25x DNase Stop Solution: 250 mM EDTA, 125 mM EGTA.
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6. Hybridization Buffer (1x): 20 mM Tris-HCl pH 7.5, 7 mM EDTA, 3 mM EGTA, 150 mM
LiCl, 1% NP-40, 0.2% N-lauroylsarcosine, 0.1% sodium deoxycholate, 3 M guanidine
thiocyanate, 2.5 mM TCEP. Prepare both 1x and 1.4x stock solutions.
7. Wash Buffer: 20 mM Tris-HCl pH 7.5, 10 mM EDTA, 1% NP-40, 0.2% Nlauroylsarcosine, 0.1% sodium deoxycholate, 3 M guanidine thiocyanate, 2.5 mM TCEP.
8. RNase H Elution Buffer: 50 mM Tris-HCl pH 7.5, 75 mM NaCl, 3 mM MgC 2 . Before use,
add fresh 0.125% N-lauroylsarcosine, 0.025% sodium deoxycholate, 2.5 mM TCEP.
9. NLS Digestion Buffer: 20 mM Tris-HCl pH 7.5, 10 mM EDTA, 2% N-lauroylsarcosine,
2.5 mM TCEP.

Additional Materials and Reagents
1. NEBNext High-Fidelity PCR Master Mix (NEB)
2. T7 RNA Polymerase and 10x Buffer (NEB)
3. Murine RNase Inhibitor (NEB)
4.

100 mM ATP, CTP, GTP, UTP

5. DNA purification kit: DNA Clean and Concentrator-5 (Zymo)
6. RNA purification kits: RNA Clean and Concentrator-5 (Zymo), RNeasy Mini (Qiagen)
7. TURBO DNase (Invitrogen)
8. Multiple-temperature reverse-transcription reagents (e.g., AffinityScript Reverse
Transcriptase and Buffer from Agilent)
9. Cell scraper
10. Disuccinimidyl glutarate (Pierce)
11. 16% Formaldehyde solution in 10-mL ampules (Pierce)
12. 2.5 M Glycine solution
13. BSA Fraction V
14. MyONE Streptavidin C1 magnetic beads (Invitrogen)
15. MyONE SILANE magnetic beads (Invitrogen)
16. 100 mM dithiothreitol (DTT)
17. 10x RT Random Primers (Applied Biosystems)
18. RT-qPCR reagents and PCR primers
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19. NEBNext Ultra DNA Library Prep Kit and Multiplex Primers (NEB)

Methods
Assay Design
1. Choose a target RNA of interest.
2. Choose appropriate negative control target sequences. For example, scramble the
sequence of the target RNA to create a GC-content-matched control that does not exist in
the cell. Alternatively, purify mRNAs, which likely do not interact with chromatin outside
of their own genomic loci.
3. Choose appropriate positive control targets to aid in optimizing lysis and purification
conditions (see Note 1).

Probe Design
1. Design 90- to 120-nucleotide capture probes antisense to the target RNA sequences.
Shorter probes (50-90 nucleotides) can also be used, provided GC content is >50%.
Probes can be tiled across the entire transcript (e.g., each 120-nucleotide probe overlaps
the next probe by 105 nucleotides), or they can be divided into two non-overlapping
probe pools (even and odd) for additional specificity (see Note 2).
2. Omit probes that may hybridize to off-target sequences. Remove probes that contain
more than 8 bases of any repetitive or low-complexity sequences as defined by
RepeatMasker and Tandem Repeat Finder (these annotations can be viewed on the UCSC
Genome Browser at http://genome.ucsc.edu). Remove probes that contain homopolymers of more than 8 bases. Remove probes that align to other regions in the genome
with 25 or more matching bases (e.g., with BLAT).
3.

Choose and validate RT-qPCR primers spanning a short amplicon (<90 bases) on the
target RNA and omit probes that overlap this region. This will enable qPCR measurement
of purification yields and enrichments without confounding signal from residual
amounts of the probes themselves.

Probe Generation
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The protocol below uses oligonucleotide library synthesis technology to simultaneously generate
pools of ssDNA probes targeting many different RNAs. Each probe set is tagged with unique
PCR primers that allow for enrichment of specific probe sets from the total pool. Probe sets are
in vitro transcribed and then reverse transcribed with biotinylated primers to generate singlebiotin ssDNA probes (see Note 3). For alternative probe synthesis and amplification strategies,
see Note 4.

1. For each probe set, design unique PCR tags (20 base-pairs) with 65 *C annealing
temperatures (hereafter, Left Tag Primer and Right Tag Primer). Append the PCR tags to
the ends of each probe in a given probe set such that the Left Tag Primer is on the 5' end
of the oligo sequence and the Right Tag Primer is on the 3' end of the oligo sequence
(which is itself antisense to the target RNA).
2. Order the pool of ssDNA oligos from an oligo library synthesis company (e.g.,
CustomArray, Inc.).
3. Resuspend the lyophilized oligo pool in water to a final concentration of 10 nM. Aliquot
and store at -20 'C.
4. Order primers: for each probe set, order (i) Left Tag and Right Tag primers; (ii) T7-Left
Tag and T7-Right Tag Primers, which are comprised of Left Tag and Right Tag Primers
each following a T7 promoter sequence (e.g., GGATTCTAATACGACTCACTATAGGGLeft Tag Primer); and (iii) 5'-biotinylated Left Tag and Right Tag Primers.
5. For each probe set, enrich the component probes from the oligo pool using the unique
PCR tags. Set up PCR reaction on ice:
e

1 iL of Oligo Pool (10 nM)

*

1 ptL of Tag Primer Left (25 [tM)

*

1 .L of Tag Primer Right (25 tM)

* 25 ptL of NEBNext High Fidelity 2x Master Mix (NEB)
*

22 iL H 2 0

6. Run PCR program:
*

98 'C for 30 sec

*

25-35 cycles of 98 'C for 10 sec, 65 'C for 20 sec, 72'C for 20 sec
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7.

*

72 'C for 60 sec

-

4 C hold

Clean the PCR product using a DNA purification column according to manufacturer's
protocol. Measure DNA yield using a NanoDrop spectrophotometer. Examine the
dsDNA product on an agarose gel. If necessary, repeat PCR varying the annealing
temperature, oligo pool amount, or number of cycles until the reaction produces a single
clean band of the appropriate size (see Note 5).

8. For each probe set, perform a second round of PCR amplification to add the T7 promoter
sequence (GGATTCTAATACGACTCACTATAGGG). Set up two PCR reactions to add
the T7 promoter sequence onto one or the other end of the dsDNA template, allowing for
generation of both sense and antisense probes. To generate antisense ssDNA probes that
capture the target RNA, for example, use Tag Primer Left with T7-Tag Primer Right.
*

1 [tL of diluted enriched dsDNA (-1 nM)

e

2 ptL of primer mix (mix contains 25 1 iM of each primer)

*

25 [tL of NEBNext High Fidelity 2x Master Mix

*

22 iL H 2 0

9. Run PCR program:
*

98 'C for 30 sec

*

12-15 cycles of 98 0C for 10 sec, 65 'C for 20 sec, 72'C for 20 sec

*

72 'C for 60 sec

-

4 *C hold

10. Clean the PCR product using a DNA purification column according to manufacturer's
protocol. Measure DNA yield using a NanoDrop spectrophotometer. Examine the
dsDNA product on an agarose gel. If necessary, repeat PCR varying the annealing
temperature or number of cycles until the reaction produces a single clean band at the
appropriate size. If necessary, perform multiple PCR reactions to generate >250 ng of
dsDNA T7 template for in vitro transcription.
11. For each probe set, set up a 40 [tL in vitro transcription reaction:
*

24.2 tL T7 DNA template (250 ng total)
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*

4 tL 10x RNA Polymerase Reaction Buffer

*

2 1iL each 100 mM ATP, CTP, GTP, UTP

*

3 tL T7 RNA Polymerase

*

0.4 L 100 mM DTT

*

0.4 1iL Murine RNase Inhibitor

12. Mix well by pipetting. Incubate at 37 'C overnight.
13. Next day, transfer reaction to 85 'C for 3 minutes. Afterward, place immediately on ice
for 1 min.
14. To digest dsDNA templates, add 42 [tL H 20, 10 ptL TURBO DNase Buffer, and 8 IL
TURBO DNase (100 tL total volume). Incubate at 37 'C for 15 minutes.
15. Purify RNA, using sufficient ethanol to precipitate the -150-nucleotide RNA fragments.
For example, use an RNeasy Mini column (maximum capacity 100 'g RNA): Add 3.5x
RLT (350 L) to sample and mix well. Add 1.5x 100% ethanol (775 ptL) to sample-RLT
mixture and mix well. Transfer 700 1 iL to the RNeasy Mini column, and spin for 15
seconds at >8,000x g. Discard flow-through and repeat with remaining sample. Add 500
tL Buffer RPE to column and spin for 15 seconds. Discard flow-through. Repeat wash
step. Transfer column to fresh collection tube and spin for 2 minutes to remove residual
Buffer RPE. Transfer column to 1.5 mL tube; add 30 1 L H 2 0 and spin for 1 minute to
elute.
16. Measure RNA yield with a NanoDrop and dilute to a convenient concentration (e.g., 1
[tg/pL). Ideally yield should be >50 tg for a 40 ptL reaction.
17. Run RNA on gel to confirm the correct size of the in vitro transcription product.
18. To generate ssDNA, set up a 200 [tL reverse transcription reaction:
*

120 pL RNA template (10 gig) + H 2 0

* 20 ptL 100 pM 5'-biotinylated Left Tag Primer
* 20 [tL 10x AffinityScript Buffer
* 20 pL 100 mM DTT
*

8 [tL 100 mM dNTP (25 mM each)

*

10 [tL AffinityScript Reverse Transcriptase Enzyme
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0

2.5 pL RNase Inhibitor

19. Incubate at 55 'C for 50 minutes, then 75 'C for 5 minutes.
20. To degrade RNA templates, add 0.1x (20 pL) 1 M NaOH. Incubate at 75 'C for another
10 minutes.
21. Add 0.1x (20 p) 1 M acetic acid to neutralize.
22. Clean up the ssDNA product and eliminate the unused primer by size selection. For
example, use a Zymo RNA Concentrator-5 column: Add 2x volume RNA Binding Buffer
(480 1 iL) and mix well; add 1.9x original volume 100% ethanol (456 L) and mix well.
Transfer 700 l to column; spin at 12,000x g for 1 minute. Discard flow-through and
repeat with remaining sample. Add 400 1 L RNA Prep Buffer; spin for 30 seconds and
discard flow-through. Add 700 [tL RNA Wash Buffer; spin and discard flow-through.
Repeat the wash step with 400 [tL RNA Wash Buffer. Transfer column to clean collection
tube and spin for 2 minutes. Transfer column to a 1.5 mL tube, add 30 pL of water, and
spin at 10,000x g for 1 minute to elute.
23. Measure the yield with a NanoDrop. Ideal yield should be -3 'g ssDNA for a 200 pL
reverse transcription reaction.
24. Freeze biotinylated ssDNA probe until use.

Cell Harvesting and Crosslinking
This protocol describes the steps for adherent cells. To adapt for suspension cells, spin cells
between steps and decant supernatant to exchange buffers.
1. Before starting, heat one aliquot PBS at 37 'C and chill one aliquot at 4 *C (see below for
volumes).
2. Grow adherent cells on 15-cm tissue culture plates. Before crosslinking, carefully split and
count one plate (see Note 6).
3.

Resuspend 50 mg of disuccinimidyl glutarate (DSG) in 306 l room-temperature DMSO
to create a 0.5 M stock solution.

4. Dilute DSG to 2 mM in room-temperature PBS. Prepare 7 mL of 2 mM DSG for each 15cm plate.

79

Chapter 2 - RNA Antisense Purification

5. Remove media from cells. Rinse cells in plate with 10 mL room temperature PBS. Discard
PBS.
6. Add 7-10 mL of 2 mM DSG solution and rock plates gently at room temperature for 45
minutes to crosslink (see Note 7).
7. Immediately before using, prepare a 3% formaldehyde solution in PBS preheated to 37
0

C. Use a fresh ampule of 16% formaldehyde (Pierce).

8. Remove DSG solution from cells and rinse once with room temperature PBS.
9. Add 7 mL warmed 3% formaldehyde solution to cells. Incubate at 37 'C for 10 minutes,
gently rocking by hand every 3 minutes.
10. Quench formaldehyde crosslinking by adding glycine to a final concentration of 500 mM.
Incubate at 37 *C for 5 minutes.
11. Discard formaldehyde waste in appropriate disposal container.
12. Rinse cells three times with cold PBS. Avoid dislodging cells from plate.
13. After last wash, add 2 mL of ice-cold Scraping Buffer to each 15-cm plate. From this
point, keep cells at 4 *C.
14. Scrape cells from plate and transfer to a 15-mL Falcon tube.
15. Centrifuge at 1,000x g at 4 'C for 5 minutes to pellet cells.
16. Discard supernatant and resuspend pellet in 1 mL ice-cold Scraping Buffer to break up
the pellet. Add more Scraping Buffer if necessary for convenient aliquoting (e.g., add 1
mL of Scraping Buffer for every 20 million cells).
17. Aliquot cells into microcentrifuge tubes (20 million cells each) and spin at 2,000x g at
4 'C for 5 minutes.
18. Remove supernatant and flash freeze pellets in liquid nitrogen. Store until cell lysis at -80
0 C.

Cell Lysis
All steps and buffers should be cooled to 4 "C.
1. Thaw cell pellets by completely resuspending 20 million cells in 1 mL Cell Lysis Buffer
(add TCEP and PMSF fresh) in a 1.5 mL microcentrifuge tube.
2. Pellet cells by spinning at 3,300x g for 7 minutes. Remove supernatant.
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3.

Gently resuspend swelled cells in 1 mL ice cold Cell Lysis Buffer pre-mixed with 0.1%
NP-40. Incubate on ice for 10 minutes.

4. Transfer to an ice-cold glass dounce of appropriate size (e.g., 2 mL). Homogenize cell
lysate by douncing 20x.
5. Transfer cells back to a microcentrifuge tube and pellet nuclei by spinning at 3,300x g for
7 minutes. Remove supernatant.
6. Resuspend nuclei in 1 mL of Nuclear Lysis Buffer (add TCEP and PMSF fresh). Incubate
on ice for 10 minutes.
7. Sonicate using a Branson Sonifier fitted with a microtip using 5 Watts of power for 2
minutes in pulses: 0.7 seconds on, 3.3 seconds off (see Note 8).
8. Split sample into two separate microcentrifuge tubes, each with 500 ptL lysate.
9. To each, add 6 pL of 100x DNase Cofactor Solution and 50-100 1iL TURBO DNase (see
Notes 9 and 10). Mix by pipet.
10. Transfer to a 37 *C heat block and incubate for 10-15 minutes (see Note 10).
11. Return sample to ice and immediately halt DNase reaction by adding 24 tL of DNase
Stop Solution. Mix immediately by pipetting.
12. Remove and save a 5 [tL aliquot of lysate (pre-clear).
13. Mix ~600 1iL of lysate with 1.5 mL of 1.4x concentrated Hybridization Buffer.
14. Clear lysate by spinning at maximum speed (16,000x g) for 10 minutes.
15. Remove and save a 5 1 L aliquot of lysate (post-clear).
16. Flash-freeze aliquots of lysate in liquid nitrogen and store at -80 *C.
17. To check quantities and sizes of RNA and DNA in saved aliquots of lysate (Steps 12 and
15 above), first add 40 1 L of NLS Digestion Buffer, 2.5 ptL of 5 M NaCl, and 2.5 1iL
Proteinase K (see Note 11), and incubate at 65'C for 60 minutes.
18. Clean and purify nucleic acids as desired (e.g., ethanol precipitation).
19. Split in half; treat half with DNase and half with RNase, and incubate for 37 'C for 10
minutes.
20. Clean and purify nucleic acids. Elute in 10 1iL H 2 0.
21. Quantify DNA yields with a NanoDrop spectrophotometer (see Note 12).
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22. Assess fragment sizes with the Agilent Bioanalyzer (High-Sensitivity DNA and RNA Pico
kits).

Lysate Preparation
1. Thaw lysate corresponding to 5 million cells for each sample (see Note 13).
2. Aliquot out 100 1iL MyONE Streptavidin C1 magnetic beads for each purification from 5
million cells.
3. Wash beads twice in 0.5x original bead volume Hybridization Buffer, using a magnetic
rack to capture beads and remove wash buffers each time. When separating magnetic
beads from solution, place sample on magnet and wait 1-2 minutes before proceeding to
allow beads to completely separate.
4. Resuspend beads in 0.25x bead volume Hybridization Buffer. Add beads to lysate (i.e., 25
ptL concentrated beads to 1 mL of lysate containing 5 million cells).
5. Incubate at 37 'C for 20-30 minutes, shaking.
6. Magnetically separate and transfer supernatant (streptavidin-cleared lysate) to a clean
tube. Repeat this step to completely remove beads.
7. Save 5 1iL of pre-cleared lysate (0.5% total input) on ice as DNA input.
8. Re-warm lysate to 37 C, then proceed immediately to hybridization.

Hybridize, Capture, Wash, Elute
Prepare wash and elution buffers beforehand. Equilibrate solutions to the indicated temperatures
before adding to samples.
1. Aliquot out 50 pmol of biotinylated ssDNA probe for each purification from 5 million
cells.
2. Denature probe in H 2 0 at 85 'C for 3 minutes and then transfer immediately to ice.
3. Add probe to lysate, mix, and immediately transfer to a 37 'C Thermomixer.
4. Incubate at 37 'C for 2-3 hours, shaking at 1,200 r.p.m.
5.

Just before use, aliquot out 500 ptL of Streptavidin C1 magnetic beads for each sample.
Wash twice in 0.5x bead volume Hybridization Buffer, then resuspend in 0.25x bead
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volume Hybridization Buffer. Add beads to sample and incubate at 37 'C for 15-30
minutes, shaking.
6. Magnetically separate and then remove supernatant. Optional: save supernatant for
quality control steps (see Note 14).
7. Resuspend beads in Ix original bead volume (500 tL) Wash Buffer, then incubate at 45
'C for 3-10 minutes while washing other samples. Wash a total of 6 times. When
removing final wash: place on magnet, remove liquid, spin down tube briefly, and remove
the last drops of wash buffer with a fine tip.
8. Wash with 1x bead volume RNase H Elution Buffer (add TCEP and detergents fresh).
9. Wash with 100 tL RNase H Elution Buffer (add TCEP and detergents fresh). Transfer
samples to new tube before removing the final wash.
10. To elute, add 55 1 L RNase H Elution Buffer and 7.5 VL RNase H to each sample.
11. Incubate at 37 'C for 30 minutes, shaking.
12. Remove and save eluate.
13. Add 62.5 ptL Hybridization Buffer and incubate at 37 0C for 5 minutes, shaking.
14. Remove eluate and combine with previous eluate.
15. Magnetically separate the combined eluates once more and transfer to a new tube to
remove any residual beads and attached ssDNA probe.
16. Add 312.5 NLS Digestion Buffer, 50 [tL 5 M NaCl, and 12.5 1 L Proteinase K to each
sample and to the saved input sample. Proceed to DNA or RNA analysis section.
Alternatively, divide sample for both RNA and DNA analysis (see Note 15); for example,
use 50 tL for RNA analysis and 450 pL for DNA analysis.

RNA Analysis
1. Mix well, and incubate tubes for 1 hour at 65 'C to digest protein and reverse
formaldehyde crosslinks.
2. Clean and purify nucleic acids (e.g., using Zymo RNA Concentrator-5 columns). Elute in
15 iL H 2 0.

3. Add 2 [tL 10x TURBO DNase Buffer, 2 1iL TURBO DNase to digest genomic DNA, and 1
1iL

Exonuclease I to digest residual ssDNA probe. Incubate at 37 'C for 15 minutes.
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4. Clean and purify nucleic acids (e.g., using Zymo RNA Concentrator-5 columns). Elute in
12.2 1iL H 2 0.

5. Set up reverse transcription reaction:
*

12.2 pL RNA

e

2 pL 10x RT Random Primers

0

2 1 iL 10x AffinityScript Buffer

*

2 pL 100 mM DTT

*

0.8 iL 100 mM dNTPs (25 mM each)

*

1 pL AffinityScript RT Enzyme

6. Mix. Incubate at 25 'C for 10 minutes, 55 'C for 50 minutes, and 70 *C for 15 minutes.
7. Place samples on ice. Dilute cDNA by adding 180 [tL H 0.
2

8. Analyze cDNAs using quantitative real-time PCR to determine enrichment and yield of
the target RNA (see Note 16). Primers should include one or more primer pairs for the
target RNA as well as multiple primer pairs targeting other abundant RNAs (e.g., 18S
rRNA, UI snRNA).
9. Calculate enrichment as the ratio of the amount of the target RNA in the target
purification versus negative-control purification, normalized to the ratio of the signal of
abundant RNAs in the target purification versus negative-control purification. Calculate
yield as the ratio of the amount of the target RNA in the target purification versus the
input, accounting for the fraction of input saved in Section 3.6 Step 7.

DNA Analysis
1. Mix well, and incubate tubes overnight at 60 'C to digest protein and completely reverse
formaldehyde crosslinks.
2. Clean and purify DNA.
3. If desired, analyze genomic DNA using quantitative real-time PCR to determine
enrichment and yield of target DNA (see Note 17).
4. Generate DNA sequencing libraries for high-throughput DNA sequencing using the
NEBNext Ultra DNA Library Prep Kit for Illumina using the manufacturer's protocol.
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Sequence the DNA libraries to generate -20 million reads for the RAP samples and 30-80
million reads for the input samples (see Note 18).

Notes

1.

As a positive control, we suggest purifying the highly abundant U 1 snRNA. In mouse
cells (Mus musculus), use the following three 5'-biotinylated probes: (1)
CAGGGGAGAGCGCGAACGCAGTCCCCCACTACCACAAATTATGCAGTCGA,

(2)

GTTTCCCGCATTTGGGGAAATCGCAGGGGTCAGCACACCCCAAAGTGCAA,

(3)

TGGGTGAGCCTCGCCCTGGGAAAACCACCTTCATGATCATGGTATCTCCC.
2. Nonspecific hybridization of probes to off-target RNAs or DNA loci is a major concern
for hybridization-based purification strategies. RAP uses highly denaturing and stringent
hybridization conditions to ensure capture specificity. However, nonspecific interactions
are difficult to predict and will be different for each new target RNA, and so we
recommend using two independent probe sets in an even/odd design to provide
additional confidence in RNA-chromatin interactions identified with RAP.
3. Single-stranded DNA probes provide better specificity than the RNA probes used in
previous iterations of this protocol (16).
4. An alternative strategy for obtaining RAP probes is to order 5' biotinylated oligos from a
commercial supplier. Compared to the protocol presented above, ordering ready-to-use
biotinylated probes from a commercial supplier potentially provides a faster and cheaper
alternative for obtaining large amounts of a smaller number of probes.
5. In some cases, specific amplification of subsets of the oligo pool can be challenging,
depending on the quality of the oligo synthesis and the complexity of the oligo pool. We
typically order oligo pools with 12,000 unique sequences from Custom Array, Inc. and
achieve robust amplification of full-length product.
6. Accurate cell counts are critical for maintaining consistency between cell and lysate
batches because cell numbers affect the efficiency of the sonication and DNase treatment
during lysis. We typically harvest and crosslink 100-200 million cells in parallel and freeze
multiple 20-million cell pellets; one of these pellets is spent to optimize lysis conditions,
and the rest are used for purification experiments.
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7. For some cell types, reducing the crosslinking amount (e.g., to 2% formaldehyde) or
reducing the length of the DSG treatment may allow for better lysis and solubilization.
8. Samples should be kept cold during sonication, for example by holding the sample in a
4 'C chilling rack or ice bath. Depending on the length of sonication and the efficiency of
the cooling strategy, longer breaks between sonication pulses may help to keep samples
cool.
9. TURBO DNase is preferred to standard DNase I here because it works more robustly in
high-salt solutions, has higher affinity for the DNA substrate, and can be inactivated by
cation removal.
10. Optimization of the lysis conditions (amount of sonication and amount/timing of DNase)
is a critical step in establishing the protocol for the first time. The length of sonication
might vary from 1-4 minutes, and DNase treatment might vary from 10 to 20 minutes,
depending on cell number, ploidy, and crosslinking strength. To optimize DNase timing
and conditions, remove 5 tL lysate aliquots every 2-4 minutes, quench with EDTA and
EGTA on ice, and assay RNA and DNA sizes for each time point as described in the
protocol. In optimizing the lysis conditions, the goals are (i) to solubilize as much
chromatin as possible (assayed by comparing DNA concentrations from lysate before and
after the clearing spin in Section 3.5 Step 14), (ii) to digest the DNA to appropriate
fragment sizes for DNA sequencing (with a significant fraction of fragments in the range
of 100-600 basepairs as assayed by gel electrophoresis or Bioanalyzer High Sensitivity
DNA assay), and (iii) to avoid severe degradation of cellular RNA (assayed by gel
electrophoresis or Bioanalyzer RNA Pico assay). We recommend trying several different
lysis conditions and comparing the results obtained when performing RAP on a positive
control target RNA. If an appropriate combination of solubilization and RNA/DNA
fragment sizes cannot be obtained by varying the amount of sonication or DNase, then
reducing the strength of the crosslinking may be necessary.
11. The Hybridization Buffer contains 3 M guanidine thiocyanate, which precipitates sodium
dodecyl sulfate (SDS) detergent; do not use SDS in buffers in place of N-lauroylsarcosine.
High concentrations of guanidine thiocyanate at high temperature will denature dsDNA
fragments: in order to avoid denaturing dsDNA, dilute final guanidine thiocyanate
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concentration 8-fold (to less than 375 mM final concentration) during any Proteinase K
digestion.
12. Accounting for the dilution of the lysate between the pre-clear and post-clear aliquots, we
typically find that the post-clear aliquot contains >50% of the DNA of the pre-clear
aliquot, indicating successful solubilization of chromatin.
13. We have found that 5 million cells per sample is more than enough to map RNAchromatin interactions for abundant noncoding RNAs like Xist or Ul; for lowerabundance RNAs, more cells may be necessary. In this case, scale up probe amounts and
reaction volumes accordingly.
14. When establishing and troubleshooting the assay, it may be useful to save the
supernatant, treat with Proteinase K, and isolate RNA and/or DNA to examine (i) the
integrity of the RNA at the end of the hybridization, (ii) the amount of target RNA/DNA
remaining in the supernatant after capture, and (iii) the amount of probe remaining in
the supernatant after capture.
15. RNA analysis should be used initially to validate capture of the target RNA. After
establishing the reproducibility of the assay, RNA analysis can be skipped and the entire
sample can be used for DNA analysis.
16. RNA enrichments are typically in the range of 100- 1,000-fold versus negative controls.
RNA yields are typically in the range of 10-80%, depending on the target RNA. If low
RNA (or DNA) enrichments are observed with high yield, one possible reason is that
crosslinked macromolecular complexes are too large due to over-crosslinking or
insufficient sonication; try decreasing crosslinking or increasing sonication. If low RNA
(or DNA) enrichments are observed with low yield, then there are multiple possibilities to
consider. First, RNA may be degraded throughout the process, leading to poor capture; to
address this, examine RNA integrity and yields at each intermediate step by RT-qPCR
and/or visualization of RNA sizes with the Bioanalyzer. Second, the probe set may not
properly capture the target RNA even with acceptable RNA integrity; to test this, use the
same probe set to capture the target RNA in purified total RNA using the same protocol,
and/or test the protocol in lysate using an abundant positive control RNA.
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17. In initial experiments, measure DNA yields and enrichments using quantitative PCR to
validate that the experiment worked before moving immediately to DNA sequencing.
Primers should include one or more primer pairs that measure genomic DNA close to
but not overlapping the target gene locus; these regions should be strongly enriched
(>100-fold) compared to input after normalizing to other locations in the genome. An
appropriate negative control for this assay is comparing RAP with antisense probes to
RAP with sense probes, which will capture DNA at the target locus but not RNA; the
antisense probes should enrich more strongly for genomic DNA close to the target gene
locus. Depending on the abundance of the target RNA, it may be necessary to use the
entire DNA sample for qPCR, rather than saving some for DNA sequencing, to ensure
that the DNA levels are high enough to meet the threshold for qPCR quantification.
18. Proper analysis of the data, including identification of RNA-chromatin interaction sites
and calculation of enrichments across different regions of the genome, requires deep
sequencing of the input library because DNA fragment density can vary substantially
across the genome (16).
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Chapter 3.
The Xist lncRNA exploits three-dimensional genome
architecture to spread across the X chromosome

Most of this chapter was first published as:
Engreitz JM, Pandya-Jones A, McDonel P, Shishkin AA, Surka C, Sirokman K, Kadri S, Xing
J, Goren A, Lander ES*, Plath K*, and Guttman M*. The Xist lncRNA exploits threedimensional genome architecture to spread across the X chromosome. Science 341:1237973
(2013).

Abstract: Many large noncoding RNAs (lncRNAs) regulate chromatin, but the mechanisms by
which they localize to genomic targets remain unexplored. Here we investigate the localization
mechanisms of the Xist lncRNA during X-chromosome inactivation (XCI), a paradigm of
lncRNA-mediated chromatin regulation. During the maintenance of XCI, Xist binds broadly
across the X chromosome. During initiation of XCI, Xist initially transfers to distal regions across
the X chromosome that are not defined by specific sequences. Instead, Xist identifies these
regions by exploiting the three-dimensional conformation of the X chromosome. Xist requires its
silencing domain to spread across actively transcribed regions and thereby access the entire
chromosome. This suggests a model where Xist coats the X chromosome by searching in three
dimensions, modifying chromosome structure, and spreading to newly accessible locations.
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Introduction
Mammalian genomes encode thousands of large non-coding RNAs (lncRNAs) (1-5), many of
which play key functional roles in the cell (6-9). One emerging paradigm is that many lncRNAs
can regulate gene expression (6, 8-11) by interacting with chromatin regulatory complexes (6, 1214) and localizing these complexes to genomic target sites (15-17). Despite the central role of
RNA-chromatin interactions, the mechanisms by which lncRNAs identify their genomic targets
remain unexplored.
The Xist ncRNA provides a model to investigate the mechanisms of lncRNA localization (11, 18,
19). Xist initiates X-chromosome inactivation (XCI) by spreading in cis across the future inactive
X chromosome (20, 21), recruiting the polycomb repressive complex 2 (PRC2) (14, 22, 23), and
forming a transcriptionally silent nuclear compartment (24, 25) enriched for repressive
chromatin modifications including H3K27me3 (22, 23). These functions of Xist - localization to
chromatin and silencing of gene expression - are mediated by distinct RNA domains (26):
transcriptional silencing requires the A-repeat domain (26), which interacts with the PRC2
chromatin regulatory complex (14), while localization to chromatin requires several distinct
domains (26-28) and interactions with proteins associated with the nuclear matrix (29-31).
Despite these advances in our understanding of Xist, we still do not understand the process by
which Xist localizes to chromatin and spreads across the X chromosome.
In the previous chapter, we presented a biochemical method that enables high-resolution
mapping of lncRNA localization (RAP-DNA). Using this method, we explored Xist localization
during initiation and maintenance of XCI. During maintenance, Xist localized broadly across the
entire X chromosome, lacking focal binding sites. During initiation of XCI, Xist transferred
directly from its transcription locus to distal sites across the X chromosome that are defined not
by specific sequences but by their spatial proximity in the nucleus to the Xist transcription locus.
Furthermore, we show that Xist initially localized to the periphery of actively transcribed regions,
but gradually spread across them through a mechanism dependent on the A-repeat domain.
Together, these results suggest that Xist initially localizes to distal sites across the chromosome by
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exploiting chromosome conformation, and may spread to new sites through its ability to modify
chromatin structure.
Xist binds across the inactive X in differentiated female cells
To determine the genomic localization of Xist across the X chromosome, we used RAP-DNA to
purify the Xist RNA and associated DNA from female mouse lung fibroblasts (MLFs). In this
differentiated cell line, Xist is expressed from and coats the inactive X chromosome. We designed
antisense probes tiled every 15 nucleotides across the 17-Kb Xist transcript, excluding those that
showed any complementarity to other RNAs or genomic DNA region. This yielded a pool of
1,054 unique probes. Performing RAP with this probeset, we enriched for Xist RNA by a factor of
>100 and for X chromosome DNA by a factor of 14 (see Chapter 2). We sequenced the copurified DNA and explored the localization of Xist at high resolution across the X chromosome.
We found that Xist showed enrichment broadly over the entire X chromosome as opposed to
showing punctate enrichment at specific locations (Figure lA-C). Indeed, >95% of 10-Kb
windows on the X chromosome were enriched more than 10-fold compared to the input. In
comparison, not a single window on an autosome reached this enrichment level (Figure 1C).
This broad localization pattern contrasts sharply with the roX2 ncRNA in Drosophila,which,
despite its similar function of regulating gene expression across an entire chromosome, binds at
discrete sites (32, 33).
While Xist showed enrichment across the entire X chromosome (average enrichment = 23-fold),
we observed differences in the precise levels of enrichment across the chromosome (Figure 1A),
which were highly reproducible between replicates (Pearson's correlation = 0.94). To characterize
this variation, we correlated Xist enrichment with other genomic features. We found that Xist
enrichment strongly correlated with H3K27me3 across the entire chromosome (Pearson's
correlation = 0.69, Figure lA-B), consistent with the known role for Xist in the recruitment of
PRC2 (14, 22, 23). Xist levels also showed a strong correlation with gene density (Pearson's
correlation = 0.44) and a negative correlation with the density of LINE repeats (Pearson's
correlation = -0.25) which tend to reside in gene-poor regions.
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Figure 1. High-resolution mapping of Xist localization on the inactive X chromosome in
differentiated female cells. (A) Xist enrichment over input (dark gray), H3K27me3 enrichment
over input (red line), and gene density (blue line) across the entire X chromosome in female
MLFs. (B) Zoom in on a highly-enriched Xist region (light-red box, chrX:95,000,000-99,000,000)
shows Xist (black) and H3K27me3 (red) enrichments. (C) Cumulative distribution plot
comparing Xist enrichment across all 10-Kb windows on the X chromosome (black) and on
autosomes (gray). Dashed lines demarcate the least- and most-highly enriched regions on the X
chromosome. (D) Correlation between Xist enrichment and the ratio of expression from the
inactive X (Xi) and active X (Xa) for known escape genes (39). (E) Xist enrichment
(chrX:17,031,000-19,901,000) across two of the least-enriched regions (blue boxes). (F) Xist
enrichment around the Xist genomic locus including a least-enriched region (blue box). Xist
enrichment at the Xist locus (gray arrow) extends above the y-axis maximum.
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To further explore this variation, we examined the most-enriched (>30-fold) and least-enriched
(<15-fold) regions of the X chromosome (Figure IC, see Methods). The most-enriched regions
show higher H3K27me3 occupancy in MLFs (1.7-fold) and higher gene density (3-fold) than the
chromosome average, consistent with the chromosome-wide correlations. The least enriched
regions contained genes known to escape XCI (36). Consistent with their preferential positioning
outside of the Xist domain (37, 38), escape genes displayed a -50% reduction in Xist occupancy
compared to silenced X chromosome genes, with the level of Xist enrichment roughly reflecting
the previously reported ratio of expression from the inactive versus active X chromosome
(Pearson correlation = -0.66, Figure ID) (39). Closer examination of Xist localization at some
escape genes sometimes revealed sharp boundaries separating escaped and non-escaped domains
(Figure lE). One of the least-enriched regions resided immediately distal to the Xist locus and
included the lncRNA genes Jpx and Ftx, both of which have been previously reported to escape
XCI and act as positive regulators of Xist (40, 41) (Figure IF).

Altogether, the least-enriched regions contain 53 genes with more than 40% depletion for Xist
compared to the chromosome average (Table 1). Twenty-four of these genes have been
previously reported to partially escape inactivation, including ten microRNA genes (42) and
three lncRNAs (Table 1). Three of these genes represent novel candidate escape genes in MLF,
displaying on average 50% depletion of Xist compared to other genes on the X chromosome. The
remaining genes are not expressed in MLF or are located within 300-Kb of a known escape gene
and thus likely do not escape XCI in this cell type.
Thus, the Xist RNA localizes broadly across the entire inactive X chromosome in differentiated
cells, preferentially localizing at gene-rich regions (43, 44) but excluding genes that are expressed
on the inactive X chromosome. This broad localization pattern suggests that Xist localizes to
chromatin in a degenerate fashion, possibly through interactions with the nuclear matrix (29, 30,
44).
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escape XCI escape gene miRNA
FALSE
TRJE
FALSE
FALSE
fT
RU
FALSE
FALSE
TRUE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
ElRu
FALSE
[UlE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
TRIiE
FALSE
TRUE
TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
TRUE
TRUE
FALSE
TRUE
TRUE
FALSE
TRuP
TRUE
FALSE
TRUPL
TRUE
FALSE
TRUE
FALSE
ITT
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
FALSE
TRuf
FALSE
FALSE
TRUE
TRUE
FALSE
FALSE
FALSE
FALSE
TRE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
i RIE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
TRUE
FALSE
FALSE
FALSE
TRUE
I TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
ThU.
TRl
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRME
FALSE

TRITE

Novel
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE

Not
expressed
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRIUE
TRLE
Tq1 RE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
FALSE
TRUE
FALSE

Reference
Yang et al 2010
Song et al. 2009
Yang et al. 2010
Tian et al. 2010
Chureau et al. 2011
Song et al. 2009
Song et al. 2009
Song et al. 2009

I
Calabrese et al. 2012
Calabrese et al. 2012

Song et al.
Song et al.
Songet al.
Song etal
Song et axl
Yang et at,

2009
2009
2009
2009
2009
2010

Wanget al- 2010
Song et al. 2009
Carrel and Willard 2005
Calabreseetal. 2012
Yang et al, 2010
Calabrese et al. 2012

Carrell and Willard 2005

TRUl

FALSE
FALSE
FALSE
FALSE
FALSE

Yang ot al- 2010

Table 1. Genes contained in regions of low Xist enrichment in MLFs. RPKM: expression levels,
where available, from previously published RNA-sequencing data (3). Novel: genes that are
expressed in MLFs and do not lie within 300 Kb of a previously reported escape gene.
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Figure 2. Characterization of TetO Xist male ES cells (pSM33 cell line).
(A) RT-qPCR quantification of Xist and Oct4 RNA expression in pSM33 cells after dox
induction. Fold-change is normalized to the qPCR measurement at zero hours. (B)
Quantification of the Xist RNA signal at times after addition of dox (h=hour(s)). Figures 3B and
2J present corresponding representative FISH images. We categorized Xist RNA FISH patterns as
pinpoints, spots, small clouds, and large clouds (see Methods). Representative images of (C) Ezh2
and (D) H3K27me3 enrichment on the X chromosome and (E, F) RNA Pol II exclusion under
the Xist RNA signal after Xist induction. PolII exclusion is discernible after one hour of
induction under Xist RNA spots as shown in (E), but is more obvious at later time points under
larger clouds as in (F). (G-I) Quantification of Ezh2 and H3K27me3 enrichment and Poll
exclusion over the Xist compartment in Xist-RNA positive cells. For the quantification in (G-I)
all cells displaying an Xist RNA signal were considered positive irrespective of the size of the
signal. (J) Representative FISH images of an Xist RNA (red) pinpoint and spot in relation to the
corresponding Tsix signal, which forms a single pinpoint in male ES cells. (K) Quantification of
cells expressing the antisense Tsix RNA in the same cells as (B) shows silencing of Tsix over time.
n=number of cells counted originating from at least 25 different colonies.

98

Chapter 3 - Xist exploits 3D genome architecture

Xist initially localizes to defined regions across the X chromosome
To gain insights into how Xist establishes this broad localization pattern during the initiation of
XCI, we examined Xist localization upon activation in mouse embryonic stem (ES) cells (20). In
the pluripotent state, Xist is not expressed and both X chromosomes are active (20, 21, 45, 46).
Induction of differentiation triggers Xist activation on one allele, leading to the silencing of the X
chromosome in cis (20, 21, 45). To synchronize the initiation of XCI, we engineered a
tetracycline-inducible promoter to drive Xist expression from its endogenous locus in a male
mouse ES cell line. Upon induction with doxycycline, these cells increased Xist expression -120fold over a period of six hours (Figure 2A). RNA FISH showed that after one hour of induction
Xist appeared as a strong focal point and grew to a characteristic cloud over time (Figure 2B-F),
accompanied by exclusion of RNA polymerase II and accumulation of PRC2 and H3K27me3
over the Xist RNA compartment (Figure 2C-I). Cells expressing Xist concurrently silenced
expression of the Tsix RNA, which negatively regulates Xist in ES cells (Figure 2J-K) (47).
To observe the process by which Xist initially spreads across the X chromosome, we used RAP to
generate high-resolution maps of Xist localization across four time points between zero and six
hours after Xist induction (Figure 3A,B). After one hour of Xist induction, we observed a strong
-5-Mb peak centered at the Xist transcription locus, corresponding to the spot of Xist
localization observed using RNA FISH (Figure 3C, Figure 2). Over the time-course, this peak
declined while Xist levels across the chromosome increased. These patterns mirrored the
emergence of the large Xist cloud observable by FISH at these time points. By six hours, the
pattern of Xist localization began to resemble stable XCI in MLFs, where Xist localizes broadly
across the X chromosome and is preferentially enriched at gene-dense regions.
Two models have been proposed to explain how Xist accomplishes this rapid spreading across
the entire X chromosome (Figure 3D) (44, 48): either Xist spreads uniformly from its
transcription site until it coats the entire chromosome, or Xist first localizes to "early" sites that
are far from the Xist transcription locus (44). To distinguish between these models, we examined
Xist localization by RAP after one hour of Xist induction. We identified 28 distal sites of Xist
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Figure 3. High-resolution view of Xist spreading during initiation of XCI. (A) We replaced
the 1,027 bases upstream of Xist with a tetracycline-responsive (TetO) promoter in male mouse
ES cells. (B) Representative FISH images for the Xist RNA (red) and DAPI staining of the
nucleus (blue) after Xist induction with doxycycline. Xist FISH signals were classified into
categories - including no signal, spot, small cloud, and large cloud - at each time point. (C) Xist
RAP enrichments over input across the X chromosome for the same time points as in (B). The yaxis scale (0-50) is the same for all time points. Xist enrichment at the Xist locus extends above yaxis maximum. (D) Two proposed models for Xist spreading (gray arrows) from its transcription
locus (tick mark) across the chromosome. (E) A zoom in on the y-axis of Xist enrichment after
one hour of Xist induction. (F) Xist enrichments from RAP in wild-type female ES cells after 6
hours of differentiation. Early sites are defined by significant deviations (P < 0.05) above the local
(10-Mb) average.
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occupancy across the chromosome (P < 0.05, Figure 3E). These sites comprised broad domains
(average size 367 Kb) that were concentrated in 15 regions spaced across the entire X
chromosome. These sites initially showed an -2-fold enrichment compared to neighboring
regions, but this enrichment decreased over time (Figure 3C), suggesting that Xist preferentially
localizes to these sites early during the initiation of XCI. We also performed the RAP experiment
across a differentiation time-course in wild-type female ES cells. We found that Xist localized to
these same distal sites across the X chromosome in female ES cells (Figure 3F), demonstrating
that Xist also targets these early sites in a normal developmental context. Thus, Xist initially
transfers from its transcription locus to distal early localization sites to initiate spreading across
the X chromosome.

3-D chromosome conformation guides Xist to early localization sites
To determine how Xist identifies and targets these early localization sites, we considered two
possible explanations (Figure 4A). (i) Early sites may have higher affinity for the Xist RNA,
enabling them to recruit Xist as it diffuses away from its transcription locus ('affinity transfer')
(48-51). (ii) Alternatively, early sites may be defined not by affinity for Xist RNA but by spatial
proximity to the site of Xist transcription ('proximity transfer') (44, 49).
We first explored the affinity transfer model. Early sites were not enriched for specific sequence
motifs that could play a role in recruiting Xist (see Chapter 2). We further compared Xist
enrichment to >250 genomic annotations, including features such as repeat element density and
ChIP-Seq experiments in ES cells. We did not observe a significant relationship between Xist
localization and LINE 1 repeat elements (Pearson's correlation = -0.17) (see Note 1). Instead, Xist
early localization sites displayed modest enrichments (<2-fold) for gene density. Yet, the
chromosome-wide correlation between Xist localization and gene density was relatively modest
(Pearson's correlation = 0.34), suggesting that gene density alone does not explain early Xist
localization patterns.
In the proximity transfer model (Figure 4A) the early Xist localization sites would be in close
spatial proximity to the Xist transcription locus prior to Xist RNA induction, allowing direct
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Figure 4. Early Xist localization correlates with the 3-D proximity contacts of the Xist
transcription locus. (A) Two models for how Xist spreads to early initiation sites (marked by
gray arrows in all panels). Gray boxes on the left model represent hypothetical high-affinity
interaction sites. (B) Correlation between Xist RNA localization (red) after one hour of Xist
induction and Hi-C contact frequencies (blue) between distal sites and the Xist genomic locus
(dashed line). Black arrows point to selected regions with lower Xist RNA enrichments than
would be expected from the Hi-C contact frequencies. (C) Correlation between Xist transgene
RNA localization (red) after three hours of induction of the Xist cDNA transgene in the Hprt
locus and Hi-C contact frequencies (blue) between distal sites and the Hprt integration locus
(dashed line). Correlation calculations exclude the shaded gray regions (10-Mb on each side).
Contact frequencies represent normalized Hi-C interaction counts in male ES cells between each
window and the window containing the Xist or Hprt locus (see Methods).
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transfer upon transcription of Xist RNA from its genomic locus to linearly distant chromosomal
regions. To test this hypothesis, we examined the conformation of the X chromosome using a
previously published male mouse ES cell dataset (52) generated by genome-wide chromosome
conformation capture (Hi-C (53)). Because of the sparseness of the Hi-C contact maps, we
binned the data into 1-Mb regions based on the distance from the Xist genomic locus. We found
a strong correlation between Xist RNA localization across the X chromosome and the frequency
at which distal sites contact the Xist genomic locus (Pearson's correlation = 0.69, Figure 4B). We
note that this correlation is not driven by the strong peak in both datasets centered at the Xist
genomic locus because we considered only sites further than 10 Mb from Xist itself (see
Methods). This strong correlation was also observed upon differentiation of female ES cells
(Pearson's correlation = 0.69). These correlations exceeded that of any of the >250 genomic
annotations that we tested in ES cells.
One possible explanation for this correlation is that RAP might be capturing distal sites due to
their proximity-mediated contacts with the Xist DNA locus, rather than due to interactions with
the Xist RNA. This is possible because in Xist RAP the Xist DNA locus is enriched -10-fold
compared to the rest of the X chromosome (Figure 4B). By capturing the Xist DNA locus
through purification of Xist RNA, we might indirectly enrich other distal sites that are
crosslinked to the Xist DNA locus, thereby yielding a pattern of enrichment similar to a standard
chromosome conformation capture assay. However, if we observed a similar correlation between
early Xist localization and chromosome conformation in the absence of a strong localization
peak at the Xist genomic locus, then the pattern of Xist enrichment across the chromosome
cannot be explained by proximity-induced crosslinking effects. To test this, we used our
inducible system to turn off Xist transcription after 1 hour of induction and profiled Xist
localization. We found that Xist RNA enrichment at its DNA locus declined from 102-fold to 14fold over input, showing a level comparable to the rest of the X chromosome. Xist remained
enriched at the same distal regions and showed a comparable correlation with proximity contacts
to the Xist DNA locus (Pearson's correlation = 0.59), arguing that the Xist RNA interacts directly
with these spatially proximal sites.
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These data demonstrate that early Xist localization correlates with spatial proximity, but do not
demonstrate a causal relationship between Xist localization and chromosome conformation. If
initial Xist localization is controlled by proximity-mediated contact with the Xist genomic locus,
then altering the conformational context of the Xist transcription locus should lead to an early
localization pattern defined by the proximity contacts of the new integration site. To test this
directly, we utilized a male ES cell line that expresses an Xist cDNA from a Tet-inducible
transgene incorporated at the Hprt locus, a genomic locus -50 Mb proximal to the endogenous
Xist locus (26). When we examined these cells at early time points after induction, we found that
early Xist localization correlated strongly with proximity contacts at the Hprt integration site
(Pearson's correlation = 0.92, Figure 4C) but not with those at the endogenous Xist locus
(Pearson's correlation = -0.02). While these results do not exclude the possibility that additional
chromatin features may be important for creating a permissive environment for Xist RNA
localization, it is clear that chromosome conformation plays a dominant role in determining the
early localization sites of the Xist RNA on the X chromosome.
Thus, spatial proximity to the Xist transcription locus guides early Xist RNA localization. This
proximity-guided search may explain several of our other observations about Xist localization. (i)
Because Xist is actively transcribed, it will be located within the 'active compartment' of the
nucleus (53). This may explain our observations that Xist preferentially localizes to gene-rich
regions. (ii) Because chromosome conformation is heterogeneous in a cell population (54, 55),
the precise order by which Xist spreads to distal sites is likely to differ between individual cells.
This may explain why Xist shows low-level early enrichment across the entire X chromosome as
all regions of the chromosome may contact the Xist genomic locus at some low frequency.

Xist spreading to active genes depends on its silencing domain
Although early Xist localization correlated strongly with proximity contact frequency across the
chromosome, we noticed several large chromosomal domains where Xist occupancy was lower
than would be expected based on the observed proximity contacts (e.g., black arrows in Figure
4B). These depleted regions contained many genes that are actively transcribed in ES cells; we
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termed these "active gene-dense regions". In contrast, the early-enriched Xist localization sites
were also gene-dense but were enriched for genes that are inactive in ES cells. The depleted
regions neighbored the early Xist localization sites such that Xist accumulated on the periphery
of active gene-dense regions.
To test whether actively transcribed genes generally showed reduced Xist occupancy, we explored
Xist localization across all genes on the X chromosome three hours after Xist induction. Indeed,
Xist showed on average a 15% focal depletion over active genes (P= 0.006, Mann-Whitney test),
but was not depleted across inactive genes (Figure 5A,B). The level of Xist occupancy across
active genes roughly reflected the level of expression in ES cells, with highly transcribed genes
showing the lowest Xist occupancy (Pearson's correlation = -0.33). Furthermore, this focal
depletion across active genes was temporary: Xist enrichment at genes expressed in ES cells
increased over time and upon stable inactivation in MLFs was comparable to neighboring
intergenic regions and inactive genes. Together, these results suggest that the initial localization
of Xist is hindered by some feature of actively transcribed genes but that Xist can eventually
overcome this barrier to spread across these regions.
We hypothesized that the ability of Xist to spread across active genes is dependent on its ability
to alter chromatin structure and silence gene expression. To determine if early Xist localization
leads to concomitant changes in chromatin structure, we measured H3K27me3 and RNA
polymerase II occupancy across the X chromosome after three hours of Xist induction. Averaged
across the entire chromosome, H3K27me3 ChIP-seq signal increased and RNA polymerase II
ChIP-seq signal decreased, consistent with regulatory changes to the X chromosome even at this
early time point (Figure 5C). At higher resolution, the patterns of H3K27me3 gain and RNA
polymerase II loss correlated with the localization of Xist, suggesting that three-dimensional
proximity guides not only early Xist localization but also its ability to recruit PRC2 and evict the
transcriptional machinery. Thus Xist alters chromatin state progressively as it spreads across the
chromosome, potentially enabling it to spread across active gene-dense regions.
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Figure 5. The A-repeat deletion of Xist cannot spread over the active regions of the X
chromosome. (A) Xist enrichment over representative genes at chrX:45,252,000-45,408,000.
Dashed line denotes the average enrichment for the entire region. Solid line represents the
smoothed enrichment in sliding windows across the region. (B) Xist enrichment averaged over
all active genes (red line, N = 608), inactive genes (blue line, N = 595), and randomly permuted
regions across the X chromosome (black line) (see Methods). Shaded regions represent 95%
confidence intervals for the average enrichment. (C) Left: H3K27me3 and RNA polymerase II
ChIP-seq enrichment on each chromosome (pSM33 +dox for 3 hours versus 0 hours). Right:
Difference in ChIP enrichment (IP versus input) across the X chromosome at 1-Mb resolution.
The additive difference is used rather than an enrichment ratio because some sites across the X
chromosome (i.e., gene-dense regions), have more RNA Pol II or H3K27me3 at time 0. Pearson's
correlations compare each ChIP track with Xist localization (RAP-DNA versus input) at 3 hours.
(D) Localization of wild-type Xist (wt Xist, top) and Xist lacking the A-repeat (AA Xist, bottom)
by RNA FISH (left) and RAP (right) across the X chromosome. (E) Comparison of wt and AA
Xist enrichment across a representative region at chrX:44,600,000-47,100,000. Gray boxes mark
regions that are depleted for Xist localization in AA versus wt Xist. All panels present data from
three hours after Xist induction in undifferentiated male ES cells, where Xist is expressed from its
endogenous locus (A-B) or from the Hprt locus (E-F). Genes were classified as active or inactive
using RNA-Seq data from undifferentiated male ES cells (see Methods). (E) Model: in the
presence of the A-repeat (left), Xist localizes across the entire X chromosome (red cloud) but is
initially excluded from active genes (red arrows). In the absence of the A-repeat (right), Xist
accumulates on the periphery of active gene-dense regions but cannot spread to actively
transcribed genes (red arrows) or inactive genes (blue arrows) that lie within these regions.
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To directly test whether Xist spreading requires the ability of Xist to silence gene expression, we
noted that previous genetic studies identified the A-repeat within Xist as an RNA domain that is
necessary for silencing gene expression but that is not required for the formation of the Xist RNA
compartment (25, 26). We therefore repeated the RAP-DNA experiments using an Xist RNA in
which the A-repeat had been deleted (AA Xist) (26). We found that the localization of AA Xist
over the whole X chromosome looked broadly comparable to that of wild-type Xist (Figure 5D),
consistent with previous observations by FISH (25, 26). However, at high resolution, we observed
a -2-fold depletion for AA Xist occupancy compared to wild-type Xist over active gene-dense
regions, with AA Xist instead accumulating on the edges of these regions (Figure 5E). This
depletion extended across the entire region including active and inactive genes as well as
intergenic sequences, suggesting that active gene-dense regions may loop out of the AA Xist
compartment such that even inactive genes remain physically inaccessible to AA Xist spreading
(Figure 5F).
These results demonstrate that Xist initially localizes to the periphery of active gene-dense
regions through a mechanism independent of its A-repeat domain, but requires the A-repeat to
efficiently spread across active genes and access these regions. Notably, the A-repeat domain
interacts with the PRC2 chromatin-modifying complex (14) and enables the spatial repositioning
of active genes into the Xist compartment (25). Consistent with these findings, we observe that
PRC2 is recruited and RNA polymerase II is excluded concurrently with Xist spreading across
the chromosome. Together, these observations suggest that the A-repeat may allow Xist to access
and spread across active gene-dense regions by modifying chromatin and altering chromosome
architecture to reposition these regions into the Xist compartment (Figure 5F).
A model for how Xist spreads across the X chromosome
Our data suggest a model for how Xist can integrate its two functions - localization to DNA and
silencing of gene expression - to exploit and alter nuclear architecture to spread across the X
chromosome (Figure 6). In this model, at the initiation XCI, Xist exploits the pre-existing threedimensional conformation of the X-chromosome to search for target sites across the
chromosome. Upon encountering a new site, Xist transfers to this region through a mechanism
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that allows it to localize to any region of the X chromosome, possibly through its interaction with
proteins in the nuclear matrix (29-31). Initially, Xist accumulates at spatially proximal sites on
the periphery of active gene-dense regions, positioning itself to silence neighboring genes.
Through the A-repeat domain, Xist leads to transcriptional silencing (26) and repositioning of
these genes into the growing Xist silenced compartment (25), possibly through recruitment of
PRC2 (14) and other proteins (56) that lead to chromosomal compaction (57, 58). By
repositioning previously active regions into its growing compartment, Xist effectively pulls new
regions of active chromatin closer to the Xist transcription locus, thus allowing Xist RNA to
spread to new sites by proximity transfer. Since Xist is actively transcribed throughout XCI, it
will remain spatially close to other actively transcribed genes (59) - the precise targets required
for propagating Xist-mediated silencing. This process - involving searching in three dimensions,
modifying chromatin state and chromosome architecture, and spreading to newly accessible
locations - would explain how Xist can silence the entire X chromosome reproducibly, such that
silencing occurs in each cell, despite the fact that chromosome conformation and thus the early
Xist localization sites may vary between individual cells in a population.
This coordinated interplay between lncRNA localization and chromosome conformation may
have broader implications beyond Xist. Other lncRNAs may similarly take advantage of
chromosome conformation to identify target sites in close spatial proximity (9, 17, 60); thus, the
unique genomic location from which a lncRNA is transcribed provides critical information for
guiding the functional specificity of the RNA itself. This search strategy capitalizes on the ability
of a lncRNA to act while tethered to its transcription locus (63), in contrast to an mRNA which
requires export and translation to carry out its function. Because chromosome conformation is
nonrandom, a proximity-guided search strategy might explain how low-abundance lncRNAs can
reliably identify their genomic targets. Upon binding these targets, lncRNAs may in turn alter
chromosome conformation through their interactions with various chromatin regulatory
complexes (15, 16). These alterations would allow localization to and regulation of previously
inaccessible chromatin domains, and might even establish local nuclear compartments that
contain the co-regulated targets of lncRNA complexes.
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Figure 6. A model for how Xist exploits and alters three-dimensional genome architecture to
spread across the X chromosome. Upon induction of expression in ES cells (left), Xist (red)
spreads to spatially proximal sites on the periphery of active gene-dense regions (black). Genepoor regions (blue, purple) contact the Xist transcription locus infrequently, leading to slower
spreading to these regions. When encountering a new region (left inset), Xist interacts with
chromatin through a degenerate localization mechanism, possibly through the matrix protein
hnRNP U (30, 34), and uses its A-repeat domain to spread over active genes. Xist may then
recruit PRC2 (14) and other proteins (56) to modify and compact chromatin, thereby
repositioning nearby chromosomal regions into the Xist RNA compartment (red cloud, right
inset). These structural changes may propagate Xist spreading (right) by pulling new regions
(green, yellow) of the chromosome into closer proximity to the Xist genomic locus and the
growing Xist compartment.
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This work demonstrates how lncRNAs can exploit three-dimensional proximity to identify
regulatory targets. Indeed, Xist attains affinity for chromatin through interactions with hnRNP
U, which is widely distributed across chromatin; thus, targeting specificity is achieved primarily
through genomic positioning. In the next chapter, we explore a different model for lncRNA
targeting to chromatin, involving several noncoding RNAs that travel throughout the nucleus to
search for high affinity sites.
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Note 1. The role of LINE1 repeats in Xist localization and spreading
Previous studies have found that Xist can spread over and silence autosomal DNA in the context
of an X;autosome translocation or when Xist is expressed from a transgene on an autosome.
However, Xist-mediated silencing on autosomes is variable and not as efficient as on the X
chromosome (43, 66), suggesting the existence of "booster" elements that promote Xist spreading
specifically on the X chromosome (67). In 1998, Mary Lyon proposed that the interspersed
repetitive elements LINE is (LIs) may represent these booster elements (68) based on the
observation that mammalian X chromosomes show -2-fold enrichment for Lis compared to
autosomes (68). Indeed, subsequent work showed that genes in LI-poor regions are more likely
to escape Xist-mediated silencing (66) and that transcription of a subset of young Lis temporally
correlates with Xist RNA coating (69). However, it still remains unclear whether Lis enhance
Xist spreading.
We reasoned that the ability to look at Xist localization at high resolution might provide insight
into this question. Specifically, if Lis play a role in facilitating Xist spreading, we might expect
that Xist localization would be significantly enriched at LI elements compared to other regions
on the X chromosome. To test this, we explored the correlation between Xist and Li density
across the X chromosome. In both female MLFs and male ES cells after one hour of Xist
induction, Xist localization negatively correlated with LI density (I-Mb resolution, Pearson's
correlation = -0.34 in MLF and -0.17 in TetO Xist ES cells). This relationship reflects the
preferential localization of Xist to regions with high gene density since LINE elements are
negatively correlated with gene density across the entire genome (70).
While the analysis above included all Li subfamilies, different subtypes have been suggested to
have different functional properties related to XCI (69). Indeed, we found several mammalianspecific LI subfamilies that showed modest positive correlations with Xist localization (e.g.,
LiMB7, i-Mb resolution, Pearson's correlation = 0.38 in MLF and 0.27 in TetO Xist ES cells).
However, the relationship of Xist localization with these Li subfamilies was not as significant as
that with gene density or chromosome conformation. Furthermore, at higher resolution we did
not observe focal enrichment of Xist over individual uniquely mappable Lis.
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To ensure that this observation was not due to the difficulty in uniquely mapping individual Lis,
we aligned all sequencing reads to the consensus sequences of Li subfamilies. As a control, we
also aligned all reads directly to the SINE subfamilies (see Methods). After correcting for the
skewed representation of various subfamilies on the X chromosome, we found that most Li and
SINE subfamilies were not enriched in Xist RAP-DNA compared to input, with the exception of
several mammalian-specific Li subfamilies (Figure 7). These mammalian-specific Li
subfamilies showed modest enrichment (less than 2-fold) in MLFs but did not show notable
enrichment after one hour of induction in the male ES cell model.
Thus, while our data do not exclude the possibility for the involvement of Li s in the spreading of
Xist across the X chromosome, we do not find strong evidence to support it.
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Figure 7. Enrichment of repeat subfamilies in Xist RAP-DNA sequencing data. Enrichment
of reads mapping to the consensus sequences of Li and SINE subfamilies in Xist RAP-DNA
compared to input for (A) TetO Xist male ES cells after one hour of induction and (B) MLFs.
Enrichments are corrected for the relative representation of each subfamily on the X
chromosome versus the rest of the genome (see Methods). The subfamilies with the highest
enrichments are labeled.

114

Chapter 3 - Xist exploits 3D genome architecture

Methods
ES cell lines
Male ES cells expressing Xist from the endogenous locus under control of a tet-inducible
promoter (pSM33 ES cell line). We created an ES cell line in which 1,027-bp of the wild-type Xist
-

promoter were replaced with a TetO promoter. To this end, male mouse ES cells (V6.5 line
derived from blastocysts of a C57BL/6 x 129SV-Jae mouse cross) harboring the reverse

tetracycline transactivator (M2rtTA) in the Rosa26 locus were electroporated with a targeting
cassette containing a 2.93-Kb 5' homology arm and a 2.99-Kb 3' homology arm, encompassing a
lox-Hygro-TK-lox selection cassette and a minimal CMV promoter that carries several tetresponse elements. Homologous recombinants were selected for Hygromycin resistance after
electroporation. Subsequent transient expression of Cre-recombinase led to excision of the
selection cassette leaving only the TetO promoter upstream of the Xist gene, replacing the
endogenous Xist promoter. Correct targeting and excision of the selection cassette were
confirmed by Southern blotting. Upon induction with doxycycline, the majority of ES cells
induce Xist expression as detected by FISH (Figure 3C). Non-expressing cells do not affect the
RAP experiments, which will capture Xist RNA-mediated chromatin interactions only when the
Xist RNA is present.
Male ES cells carrying a wild-type or DA cDNA Xist transgene in the Hprt locus under
control of the tet-inducible promoter. These transgenic male mouse ES cell lines harbor the
mouse Xist cDNA with and without the A-repeat, respectively (cell lines DX, clone F6 and DSX,
clone C9), under the control of a tet-responsive promoter within the Hprtlocus on the X
chromosome, and have the reverse tetracycline transactivator (M2rtTA) integrated into the
Rosa26 locus. For the A-repeat deletion, 957 nucleotides between SacII to XhoI in Xist Exon 1
were deleted. These cell lines are subclones of previously published wild-type and DA repeat Xist
cDNA lines (26), which were generously provided by Dr. Anton Wutz. We note that 50-60% of
cells displayed Xist FISH signal after three hours of induction with doxycycline. Similar to the
pSM33 ES cell line, cells not expressing Xist will not affect RAP. We do not detect expression of
the endogenous Xist allele by RAP or FISH in these Hprt transgenic ES cell lines.
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Female ES cells (F1 2-1 line). This wild-type female mouse ES cell line is derived from a 129
x castaneous F1 mouse cross and undergoes skewed X-chromosome inactivation, preferentially
silencing the 129 X chromosome (-70%) due to genetic differences between the two
chromosomes.
Throughout the text, the term "Xist transcription locus" refers to the site of active Xist
transcription in that specific cell type: the Xist locus in pSM33s, MLFs, and FL 1-2s; and the Hprt
locus in the Xist transgenic lines.

Cell culture
For RAP, mouse lung fibroblasts (MLFs) were cultured in DMEM High Glucose (Life
Technologies) supplemented with 10% fetal calf serum (GlobalStem) and female ES cells and
TetO-Xist male pSM33 ES cells were grown on plates coated with 0.2% gelatin in serum-free
2i/LIF media composed as follows: 1:1 mix of DMEM/F-12 (Gibco) and Neurobasal (Gibco)
supplemented with Ix N2 (Gibco), 0.5x B-27 (Gibco 17504-044), 2 mg/mL bovine insulin
(Gemini BioSciences), 1.37 ig/mL progesterone (Sigma), 5 mg/mL BSA Fraction V (Gibco), 0.1
mM 2-mercaptoethanol (Sigma), 5 ng/mL murine LIF (GlobalStem), 0.1 1 iM PD0325901 (Axon
Medchem 1408) and 0.3 1 M CHIR99021 (University of Dundee Division of Signal Transduction
Therapy). 2i inhibitors were added fresh with each medium change. Fresh medium was replaced
every 24-48 hours depending on culture density, and passaged every 72 hours using StemPro
Accutase (Life Technologies), rinsing dissociated cells from the plates with DMEM/F12
containing 0.038% BSA Fraction V. For RAP, the AX-F6 and ASX-C9 ES cell lines were
maintained in knockout DMEM (Life Technologies) - supplemented with 15% FBS (Omega), 2
mM L-glutamine (Life Technologies), 1x NEAA (Life Technologies), 0.1 mM BetaMercaptoethanol (Sigma), lx Penicillin/Streptomycin (Life Technologies), and 1000 U/mL
murine LIF - on gelatinized plates covered with irradiated male DR4 feeders. For FISH on
undifferentiated ES cells, cells were maintained under the same conditions on glass coverslips. To
induce Xist expression in the pSM33, AX-F6 and ASX-C9 ES cell lines, we added doxycycline to a
final concentration of 2 [ig/mL at a defined time before harvesting or fixing for RAP or FISH.
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Female ES cell differentiation time course
For RAP on differentiating female ES cells (Fl 2-1s), we cultured these cells in ES medium
containing Knockout DMEM (Life Technologies) supplemented with 15% fetal calf serum
(GlobalStem), Ix NEAA (Life Technologies), 2 mM L-glutamine (Life Technologies), and 0.1
mM beta-mercaptoethanol (Sigma) with or without 1000 U/mL LIF (GlobalStem) on a
mitotically inactivated male MEF feeder layer. At the start of the experiment, the ES cells were
passaged using 0.05% trypsin and pre-plated for 45 minutes in ES medium onto plates treated
with 0.3% gelatin to deplete MEFs from the culture. ES cells were then collected and seeded onto
plates coated with 0.3% gelatin at a density of 15,000 cells/cm 2 in ES medium + LIF. Cells were
cultured for 48 hours and all-trans retinoic acid (RA) (Sigma) was added at different time points.
At each time point, medium was removed from the culture and replaced with ES medium lacking
LIF and supplemented with freshly diluted 1 iM RA. For the 48-hour timepoint, RA was added
directly to the plated cells and fresh RA-containing ES medium (no LIF) was replaced after 24
hours. For FISH, differentiating female ESCs (F1 2-1) were passaged with 0.25% trypsin and
plated in ES media onto 15-cm plates pre-coated with 0.3% gelatin to deplete feeder cells. After
45 minutes, the ES cell enriched-supernatant was harvested and then plated (25,000 cells/cm 2) on
glass coverslips pre-coated with 0.3% gelatin and left overnight to adhere. The following morning
(t=0 hours), the ES medium was replaced with differentiation media (High glucose DMEM (Life
Technologies) supplemented with 10% FBS (Omega), 2 mM L-glutamine (Life Technologies), Ix
NEAA (Life Technologies), 0.1 mM beta-mercaptoethanol (Sigma), lx Penicillin/Streptomycin
(Life Technologies)) containing 1 1 M RA. The cells were maintained in this differentiation media
until fixation at specific times after addition of RA.

Fluorescence In Situ Hybridization (FISH) and immunostaining
FISH for Xist and Tsix RNA was performed as previously published (71) using strandspecific RNA probes generated by in-vitro transcription in the presence of Cy3-UTP (Xist)
(Perkin Elmer) or AlexaFluor488-UTP (Tsix) (Life Technologies) using a T3 riboprobe synthesis
kit (Promega) from Xist exon 1 and exon 7 templates, respectively. To detect Xist, we labeled its
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antisense strand and for Tsix detection the Xist sense strand. At each time point after addition of
doxycycline or RA, coverslips were transferred to a new culture dish containing Ix PBS with
calcium and magnesium. The cells were then fixed in 4% paraformaldehyde (PFA) (EMS) in 1x
PBS (lacking calcium and magnesium) for 10 minutes at room temperature (RT) under standard
laboratory safety practices. After fixation, the cells were stored in 70% ethanol at -20*C until
samples from all time points had been collected. Prior to hybridization with probe, cells were
brought back to RT and serially dehydrated by 5-minute incubations in 80%, 95% and 100%
ethanol at RT. Coverslips were removed from ethanol and allowed to air dry prior to incubation
with probe for 12-18 hours at 37'C. Next day, coverslips were washed three times for 5 minutes
in 50% formamide (Fisher) / 2x SSC (Ambion), three times for 5 minutes in Wash Buffer 11 (10
mM Tris, 0.5 M NaCl, 0.1% Tween-20), prior to a 45 minute incubation with 25 [g/mL RNase A
(Life Technologies) in Wash Buffer II at 37*C. After RNase A treatment, coverslips were washed
twice for 5 minutes in Wash Buffer II, twice for 5 minutes in 50% formamide / 2x SSC, three
times for 5 minutes in 2x SSC and three times for 5 minutes in Ix SSC before briefly absorbing
excess SSC with a kimwipe and mounting with prolong Gold antifade media (Life Technologies).
All FISH washes were conducted at 42 0 C.
In cases where immunostaining and FISH were combined, immunostaining preceded FISH.
In this case, cells were fixed in 4% PFA in Ix PBS for 10 minutes at RT under standard safety
procedures. Cells were permeabilized in 0.5% Triton X-100 (Acros) in Ix PBS for 5 minutes at
RT, followed by a 5 minute incubation in 0.2% Tween-20 (Acros) at RT prior to incubation in
block (Ix PBS, 0.2% Fish Skin Gelatin (Sigma), 0.2% Tween-20, 1 / 2 0th (v/v) Goat Serum (Vector
Labs), 1 mg/mL yeast tRNA (Sigma) and 0.2 U/mL RNase Inhibitor (Life Technologies)) for 30
minutes at RT. Cells on coverslips were incubated in primary antibody in block for 1 hour at RT,
washed 3x for 5 minutes in 0.2% tween-20 / Ix PBS, incubated with an Alexafluor-488
conjugated secondary antibody (Life Technologies) in block for 30 minutes (light-protected) at
RT, prior to another round of washes. After the final immuostaining wash, cells were re-fixed for
FISH in 4% PFA in 1x PBS, then dehydrated through a 70-85-95-100% ethanol series prior to
overnight incubation with probe. At the end, cells were mounted in Prolong Gold antifade
mounting media (Life Technologies). Primary antibodies were used at dilutions of 1:1000 (Pol II,
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Clone CTD4H8, Millipore Cat# 05-623), 1:400 (H3K27me3, Active Motif Cat# 39155), 1:200
(Ezh2, BD Pharmingen Cat# 612667).
We categorized Xist FISH signals as pinpoints, spots, small clouds, and large clouds. The
pinpoint Xist signal was defined as a signal smaller than that of Tsix. The Xist Spot signal was
larger than that of Tsix. Small Xist clouds displayed a small degree of spreading and within which
a bright foci, likely the site of transcription, was easily discernible. The large Xist clouds were
characterized by a large uniformly bright Xist RNA signal.

RNA Antisense Purification (RAP)
Probe design. To capture target RNAs, we designed sets of 120-nucleotide oligos tiled every
15 nucleotides across the entire RNA sequence. To avoid off-target hybridization, we excluded
sequences that contained a perfect 30 base-pair match or an imperfect (90% identity) 60 basepair match with another transcript or genomic region. We further excluded all probes that
contained more than 30 bases that originated from a repetitive region, regardless of its unique

mapping.
Probegeneration.For each probe-set (e.g. the set of all probes targeting Xist), we added a
unique pair of PCR tags that allowed amplification of the DNA oligo templates. We employed
microarray-based DNA synthesis (Agilent Technologies, Inc.) to synthesize an oligo pool (72)
containing the probe-sets for multiple genes. Following DNA synthesis, we resuspended the
lyophilized DNA pellet in water and enriched for particular probe-sets by 20-25 cycles of PCR

(Phusion High-Fidelity PCR Master Mix (New England Biolabs), 2.5 pmol left and right primers,
10 fmol DNA template). We incorporated a T7 promoter sequence

(GGATTCTAATACGACTCACTATAGGG) in a second round of 10-15 cycles of PCR,
switching the strand position of the T7 promoter to allow for generation of sense or antisense
RNA probes. In vitro transcription by T7 RNA polymerase was carried out in the presence of

25% 16-biotin-UTP (Ambion). Following in vitro transcription, we eliminated template DNA
with TURBO DNase (Ambion) and purified RNA probes with RNeasy columns (Qiagen). While
for this study we generated the probesets using custom microarrays, RAP can also be performed
using in vitro transcribed fragments. We recommend in vitro transcription of full-length
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antisense RNA clones followed by controlled fragmentation (e.g., by heating in the presence of 10
mM ZnCl at 72'C for 10 minutes) to generate -60-120mer RNA probes.
Crosslinking. We crosslinked adherent cells on plates by first rinsing with room
temperature PBS and then adding PBS + 2 mM disuccinimidyl glutarate (DSG, Pierce) for 45
minutes at room temperature. Cells were washed in PBS, then further crosslinked in PBS + 3%
formaldehyde at 37*C for 10 minutes. Glycine was added to 250 mM final concentration and
incubated at 37 0 C for an additional 5 minutes. We washed the cells in the plate twice in ice-cold
PBS, then added ice-cold PBS + 0.5% BSA Fraction V and harvested cells by scraping. We washed
cell pellets in ice-cold PBS + 0.5% BSA Fraction V, spun to remove supernatant, and snap-froze
cell pellets in liquid nitrogen.
Lysate Preparation. We lysed batches of ten million cells on ice in 1 mL Lysis Buffer 1 (10
mM HEPES pH 7.5,20 mM KCl, 1.5 mM MgCl 2 , 0.5 mM EDTA, 1 mM Tris(2-

carboxyethyl)phosphine (TCEP), 0.5 mM PMSF), then spun pellets at 3,300x g for 10 minutes.
We resuspended cell pellets in 1 mL Lysis Buffer 1 plus 0.1% NP-40 and dounced 20 times.
Following another spin, we lysed nuclei in 550 FL Lysis Buffer 2 (20 mM Tris pH 7.5, 50 mM
KCl, 1.5 mM MgCl 2 , 2 mM TCEP, 0.5 mM PMSF, 2.5% Murine RNase Inhibitor, 0.4% sodium
deoxycholate, 1% NP-40, 0.1% N-lauroylsarcosine) for 10 minutes. To solubilize chromatin, we
sonicated samples with a Branson Sonifier at 5 watts for 1 minute at 4*C. To obtain DNA
,

fragments of approximately 100-300 bp, we treated samples with 2.5 mM MnCl 2, 0.5 mM CaC 2

and 200 U TURBO DNase (Ambion) at 37*C for 10-20 minutes. We halted DNase digestion by
addition of 10 mM EDTA and 5 mM EGTA on ice. We diluted the lysate to hybridization
conditions by adding 1.4x RAP Hybridization Buffer (Ix: 20 mM Tris pH 7.5, 7 mM EDTA, 3
mM EGTA, 150 mM LiCl, 1% NP-40, 0.2% N-laroylsarcosine, 0.1% sodium deoxycholate, 3 M
guanidine thiocyanate, 2.5 mM TCEP). We cleared the lysate by spinning samples at 16,000x g
for 10 minutes, then snap-froze batches of lysate in liquid nitrogen.
Purification. The following purification describes RAP-DNA for 200,000, but we performed
purifications on 500,000-5,000,000 cells and scaled the protocol accordingly. This approach
provided sufficient yield of the Xist RNA and was amenable to 12-well format, but we note that
RNA and DNA yields can be improved without compromising enrichments by increasing the
amounts of probe and bead. For each purification, we heated 80 1 L of lysate in hybridization
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buffer to 45'C, then pre-cleared by adding 12 ptL streptavidin-coated C1 beads (Invitrogen) and
incubating at 45'C for 20 minutes. Approximately 20 ng (350 fmol) of biotin-labeled RNA
capture probes were denatured in water for 2 minutes at 75'C, then snap-cooled on ice. We
mixed denatured probes with the heated lysate and incubated at 45 0C for 2 hours to capture
target RNAs. We captured the biotinylated probes by addition of 4 iL Streptavidin CI beads for
15 minutes. We transferred samples to a magnetic rack and washed six times with RAP Wash
Buffer (20 mM Tris pH 7.5, 10 mM EDTA, 1% NP-40, 0.2% N-laroylsarcosine, 0.1% sodium
deoxycholate, 3 M guanidine thiocyanate, 2.5mM TCEP) at 45'C for 4-5 minutes. At this point,
we used two different elution methods for examining associated DNA or RNA.
Elutingfor RNA qPCR and RNA sequencing. We eluted twice in 22 1iL RAP Elution Buffer
(20 mM Tris pH 7.5, 10 mM EDTA, 2% N-laroylsarcosine, 2.5 mM TCEP) by heating to 94'C for
5 minutes. We pooled the resulting eluates and reversed crosslinks by incubating at 65'C for two
hours after addition of 250 mM sodium chloride and 1 mg/mL Proteinase K (New England
Biolabs). We purified nucleic acids by isopropanol precipitation onto SILANE beads
(Invitrogen) and treated with TURBO DNase (Ambion) before proceeding to RT-qPCR or
library preparation for RNA-Seq.
Elutingfor DNA sequencing. We eluted captured chromatin complexes and reversed
crosslinks by adding 80 [tL RAP Elution Buffer plus 250 mM NaCl and 1 mg/mL Proteinase K to
the oligo-bead complexes and incubating overnight at 65 0 C.
RNA RT-qPCR. To quantify RNA yield and enrichment, we first treated eluted samples
with TURBO DNase. Next, we converted eluted RNA to cDNA using random primers and
AffinityScript Reverse Transcriptase (Agilent). We performed qPCR using LightCycler 480
SYBR Green I Master Mix (Roche). Since the RNA samples used here contain both the target
RNA as well as the RNA capture probes, we needed to avoid amplifying the probe sequence when
performing qPCR. To accomplish this, we designed qPCR primers with amplicons greater than
160 bp on the target RNA. Because any given probe contains only 120 bp of the target RNA
sequence, this primer design scheme ensured that only the target cDNA would exponentially
amplify during qPCR measurement. In some cases where linear amplification of probe cDNA
interfered with accurate qPCR quantification, we used strand-specific reverse-transcription
primed with a target-specific primer followed by qPCR with long-amplicon primers.
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RAP RNA sequencing. While we observed excellent RNA enrichments by qPCR, we wanted
to ensure that RAP did not enrich for nonspecific RNAs through off-target hybridization. To
accomplish this, we sequenced all of the RNA purified in Xist RAP in TetO-Xist male ES cells
(pSM33) after three hours of induction with doxycycline. However, sequencing the eluted RNA
proved challenging because our RNA capture probes comprised a large proportion of the RNA in
the sample. Since the probes are antisense to the RNA of interest and contain unique PCR tags
on the ends, it is easy to distinguish probe reads from that of the captured RNA. However, the
high ratio of probes to endogenous RNAs would overwhelm our ability to detect other RNAs
without a method for reducing the representation of probe sequences in our RNA-seq library.
To accomplish this, we used a custom strand-specific library preparation protocol that removed
probe-cDNA hybrids immediately after reverse-transcription as follows.
To prepare eluted RNA for RNA-sequencing, we first treated with TURBO DNase at 37'C
for 10 minutes. We then dephosphorylated eluted RNA (including probe RNA) with FastAP
Thermosensitive Alkaline Phosphatase (Thermo Scientific) at 37*C for 10 minutes, then added
&

25 mM EDTA and heated at 68'C for 2 minutes. We cleaned the reaction using RNA Clean

Concentrator 5 columns (Zymo Research). We combined dephosphorylated RNA with 20 pmol
RiL-19 adaptor, denatured at 70 0C for 2 minutes, then snap-cooled by transferring to ice. We
ligated the adaptor to the RNA using T4 RNA Ligase 1 (New England Biolabs) at 23'C for 75
minutes, shaking frequently. We cleaned the ligation reactions by adding 3x volume Buffer RLT
(Qiagen) and 0.58x volume ethanol, precipitating onto SILANE beads, washing twice in 70%
ethanol, and eluting in water. Following clean-up, we added 12 pmol AR17 RT primer and
synthesized first strand cDNA using AffinityScript Reverse Transcriptase (Agilent), incubating at
55'C for 5 minutes followed by 40 C hold. Here, we omitted the heat-inactivation step in order to
preserve RNA-cDNA hybrids. Next, we removed probe RNA and newly-synthesized cDNA by
adding Streptavidin Cl beads with 250 mM LiCl and 25 mM EDTA, incubating at 60*C for 15
minutes, then removing the beads and associated probe-cDNA hybrids from the cDNA mixture.
For the remaining cDNA sample, we degraded RNA by adding 100 mM sodium hydroxide and
incubating at 70 0 C for 10 minutes. Base was neutralized with addition of 100 mM acetic acid,
then cleaned using SILANE beads as described above. We added a second adaptor to the cDNA
by adding 40 pmol 3Tr3 DNA adaptor and ligating with T4 RNA Ligase I (high-concentration,
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New England Biolabs) at 23'C overnight. Following clean-up with SILANE beads, we amplified
the cDNA library for 10 cycles using barcoded primers. We cleaned amplified libraries with
AMPure XP beads (Agencourt) and quantified library yield using an Agilent Bioanalyzer. We
sequenced these libraries (Illumina MiSeq, 25-bp paired-end) and for Xist RAP obtained
-300,000 reads that mapped to the transcriptome, of which -70% mapped with the correct
strand to the Xist RNA.
RAP DNA sequencing. From eluted DNA, we generated standard Illumina sequencing
libraries using the ChIP-Seq Library Prep Master Mix Set (New England Biolabs). We used
barcoded adaptors to allow multiplexed sequencing, and amplified RAP libraries with 10-16
cycles of PCR. We sequenced pooled libraries on the Illumina HiSeq to generate >5 million 25-bp
paired-end reads per sample.
For additional protocols and information, visit http://lncRNA.caltech.edu/RAP/.

Additional RAP controls
RAP in non-crosslinked extracts. We performed RAP in non-crosslinked TetO-Xist male
ES cells (pSM33) using light sonication and DNase for lysis. Although the RNA was enriched, X
chromosome DNA levels were undetectable after 45 cycles of qPCR.
RAP using random probes. As an additional control for nonspecific interactions with RNA
probes, we used probes tiled across a scrambled Tugi sequence. Purifications with this probeset
typically purified RNA and DNA amounts that were undetectable by qPCR after 40 cycles.
RAP of mRNA controls. To confirm that we did not capture Xist RNA nonspecifically with
any purified RNA, we designed a probeset targeting the abundant ES mRNA Oct4. Oct4 RAP
enriched for the Oct4 RNA but did not enrich for the Xist RNA.
RAP in cells that do not express Xist. To confirm that we did not pull down X chromosome
DNA nonspecifically, we performed RAP in pSM33 male ES cells prior to induction, when Xist is
not expressed. We found that Xist RAP does not enrich X chromosome DNA except for the Xist
genomic locus itself.

DNA sequencing alignment and analysis
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Sequencing reads were aligned to the Mus musculus genome (mm9) using BWA version 0.5.9
with default parameters (73). Reads were removed if they had mapping qualities less than 30 or
were flagged as PCR duplicates for both read pairs. We calculated alignment statistics for each
library using the Picard package (http://picard.sourceforge.net). All calculations were performed
using fragment counts, which were defined using the read-pairs.

Defining "unmappable" regions
To define regions across the chromosome which were unmappable or showed biased mapping
statistics, we excluded from our analysis regions if they showed >50% "unmappable" bases based
on one of two properties. (i) We examined the input sample containing >100 million reads (25bp paired end) and flagged all 100-bp windows that contained fewer than two reads. (ii) We
simulated 100 million random paired end reads using the same fragment-length distribution as
our experiment. We then mapped these random reads to the genome, flagging all 100-bp
windows that contained fewer than two reads. All bases contained in any of these flagged
windows were defined as unmappable. These unmappable regions were removed from
subsequent analyses as described below.

Calculating and plotting RAP enrichments
To account for differences in input coverage of different genomic regions, we calculated an
enrichment ratio between fragment counts in the RAP sample and in the input. This ratio was
+

defined as (fragment counts in the RAP sample + 0.1) / (fragment counts in the input sample
0.1), where adding the extra fractional counts prevented division by zero. This normalized

enrichment ratio was used in all further computational analysis. We note that an alternative to
this approach would be to normalize using the control RAP experiment instead of the input;
however, this approach was not practical because the control sequencing libraries had extremely
low coverage and library complexity owing to the low amount of DNA captured, and thus
resulted in noisy enrichment ratios dominated by sampling error. To plot RAP enrichments (as
well as other continuous data tracks), we calculated an enrichment or score in sliding windows
across the genome, where each window overlapped the previous one by 75% (e.g. 100-Kb
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windows tiled every 25-Kb). We plotted each of these data points for the region of the interest.
For windows containing >50% unmappable bases, we performed a linear interpolation from the
closest mappable windows and plotted these interpolated enrichments in light gray in all figures.

Defining significantly enriched or depleted sites
We used a permutation-based approach to identify regions that show strong enrichment or
depletion relative to the rest of the genome. We scanned across the genome with overlapping
windows of various sizes. We excluded all windows with >50% unmappable bases, as defined
above. For each window, we counted the number of fragments overlapping the window in both
the Xist RAP sample (nxist) and in the input (ninp) We calculated a binomial p-value for each

window, asking if the number of reads mapping to that window in the Xist sample (nxit)
represents a significantly large or small fraction of the total number of reads mapping to that
window (nxi,, + ninp t)given the total number of reads in each library. We compared these p-

values to a null distribution. To generate a null distribution of p-values, we first permuted reads
in the RAP library to other mappable regions on the same chromosome. We then calculated
binomial p-values in windows across the genome as above. We repeated this process for 100
permutations of the reads and combined the permuted ratios to create a null distribution. We
called windows as significant if they exceeded the 99.9' percentile of the null distribution.
To call significantly enriched or depleted sites in MLF, we scanned the X chromosome using
a window size of 100 Kb. To call peaks across the genome for homology and de novo motif
analysis, we used a window size of 500 bp.

Motif analysis on initiation sites
To identify de novo motifs, we tested 500-bp peaks using MEME-ChIP (74)
(http://meme.nbcr.net/meme) with the default parameters and a DREME E-value cutoff of 0.001.
We used the 500 peaks with the highest binomial p-values since MEME-ChIP limits the number
of input regions. We used this protocol for finding de novo motifs in Xist RAP data from three
experiments: MLFs, TetO-Xist male ES cells before induction, and TetO-Xist male ES cells six
hours after induction. We considered peaks on autosomes and the X chromosome separately in
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order to distinguish artificial motifs on autosomes from potentially real ones on the X
chromosome. In these six runs of MEME-ChIP (three RAP experiments, two sets of peaks for
each experiment), we identified no significant motifs.

Sequence homology to probes
To determine whether RAP nonspecifically enriched some regions of the genome due to offtarget complementarity between the probes or Xist RNA and genomic DNA, we examined the
sequence homology between significantly enriched genomic regions and the probes or Xist RNA
sequence. We first identified the most significantly enriched 500-bp regions and computed the
enrichment in these regions as described above. We then aligned each of these 500-bp regions to
the Xist RNA sequence or to the probe sequences using the Jaligner implementation of the
Smith-Waterman algorithm (match score = 1.0, mismatch score = -1.0, open gap penalty = 2.0,
extended gap penalty = 1.0). For each region, we took the best local alignment and calculated an
identity score, defined as the percentage of bases in the region that locally align with the probe or
Xist RNA sequence. For alignments to the probes, we used the maximum identity score across
all probes as the score for each region.
As a control, we permuted these 500-bp regions ten times across the mappable portions of
their respective chromosomes as described above. We computed the distribution of identity
scores for the real and permuted regions, and found that these distributions were highly similar
both on autosomes and on the X chromosome (see Chapter 2). This finding was true for Xist
localization in MLFs and in male ES cells one hour after induction. These results demonstrate
that regions with high Xist enrichment do not have significantly higher sequence homology to
the Xist RNA or probes.

Defining early localization sites
To identify early sites in the time-course experiments, we looked for windows with
enrichments that exceeded the local mean. We used a local enrichment statistic so that we could
find preferential contacts even on the distant ends of the chromosome; such sites might not be
enriched when compared to the entire chromosome, but would deviate significantly from the
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local background expected from the observed slope away from the Xist locus. To accomplish this,
we calculated input-normalized enrichment ratios as described above and compared each
window to neighboring windows within 10 Mb on the chromosome. We calculated a z-score
based on enrichments to the neighboring windows, and called initiation sites as windows with z
> 1.65 (P < 0.05). We used a 100-Kb window size to define initiation sites (Figure 3D).

Correlation analysis
We downloaded genome annotation tracks from the UCSC Genome Browser, NCBI GEO,
and authors' web sites (3, 48, 52, 75, 76). These annotations included sequence annotations such
as repeat elements as well as functional genomics datasets generated in embryonic stem cells,
mouse lung fibroblasts, or related cell types such as mouse embryonic fibroblasts. For discrete
annotation tracks (e.g., BED files containing positions of LINE elements), we counted the
number of annotations contained in a given window on the genome. For continuous annotation
tracks (e.g., BEDGraph files containing continuous measurements of lamin binding in a given
window), we calculated the sum of the scores for all entries contained in each window. We
calculated correlations between these scores and input-normalized Xist enrichment in
overlapping windows across the genome at various resolutions, where each window overlapped
the previous by 75%. For all analyses (except in MLF, where the Xist locus is not a strong outlier),
we excluded regions within 10-Mb of the Xist transcription locus from the correlation
calculation.
The pattern of Xist enrichment after one hour of induction in TetO-Xist male ES cells is
dominated by an upward slope towards the Xist transcription locus. To account for this trend
and search for features that might recruit Xist localization, we computed a z-score representing
the local enrichment for each window compared to neighboring windows on the chromosome, as
described above. We then correlated this z-score with the various genomic features. For
correlations with a 1-Mb window size, we compared each window to others within 10-Mb on the
chromosome. For correlations with a 10-Kb window size, we compared each window to others
within 1-Mb on the chromosome. All correlations involving the TetO-Xist male ES cells (except
for correlations with Hi-C data) compare genomic features to these local enrichment z-scores
rather than the standard input-normalized Xist enrichment.
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Annotation enrichment analysis
To determine the enrichment of features within defined sites, we computed a score for each
region. In the case of discrete features, we computed the density of the features within the region.
For continuous features, we computed the sum of the scores of all regions within the window. To
assign a normalized score to each window that is comparable across feature classes, we permuted
the regions across the chromosome 100 times and calculated scores observed for these random
regions. We compared the scores for the real set of regions to those for the permuted set of
regions to calculate an average fold enrichment. To compute the significance of the enrichments
across the entire set of features, we took all permuted values and all real values and tested for a
significant difference between them using the nonparametric Mann-Whitney test.

Analysis of Hi-C data
We downloaded Hi-C data from male mouse ES cells (GEO GSE35156) (52). We used the
"HindIIIcombined" table containing normalized Hi-C interaction counts between all 40-Kb
bins across each chromosome. An interaction count is defined by a pair of reads mapping in two
different 40-Kb bins. Because of the sparseness of the data, we further binned it into 1-Mb bins
by summing all 40-Kb windows within the 1-Mb region. We examined the interaction counts
between the bin containing the Xist transcription locus and all other bins across the X
chromosome. For the correlation analysis, we excluded all bins within 10 Mb on either side of the
Xist transcription locus, which would otherwise dominate the correlation calculation due to the
strong local peaks in both the Hi-C and RAP datasets.

Correlation between escape frequency and Xist localization
To approximately quantify escape gene frequency, we used data from a previous study that
calculated the RNA allelic expression ratio between the inactive and active X chromosomes using
RNA sequencing (39). We plotted values for the relative levels of Xi and Xa expression for the 13
known escape genes directly from Table 1 in Yang et al. (39). To compare these ratios to the level
of Xist enrichment observed by RAP, we compute Xist coverage over the entire gene (including
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introns). We note that the frequency that a gene escapes XCI appears to vary somewhat between
cell types and studies.

Aggregate gene analysis
For Figure 5, we analyzed previously published RNA-Seq data from embryonic stem cells
using Scripture (3), and defined "active" genes as those expressed with P < 0.00 1. We averaged
Xist enrichments in 1-Kb windows for the 100 Kb upstream and downstream of a gene, the 10
Kb starting at the beginning and end of a gene, and the 20 Kb centered at the middle of a gene.
Genes within 5 Mb of the Xist transcription locus were excluded from the analysis because they
represent outliers in terms of average Xist enrichment.

Enrichment of Li and SINE subfamilies in RAP sequencing data
We aligned all sequencing reads to subfamily consensus sequences from RepBase 17.03 (77)
and did not filter duplicate reads or reads with low alignment scores. To determine whether
specific subfamilies were over-represented in the Xist RAP sequencing data, we performed two
normalizations. First, we compared the number of reads mapping to a subfamily in Xist RAP
versus input DNA. Second, we accounted for differences in the representation of this subfamily
on the X chromosome versus the rest of the genome. This last normalization is important
because Ls are enriched 2-fold on the X chromosome compared to the rest of the genome, so
that if we purified the X chromosome evenly across its entire sequence we would see a 2-fold
enrichment for Lis. To accomplish this, we counted the frequency of each subfamily on the X
chromosome and across the genome using repeats annotated in RepeatMasker (77), and
incorporated this information into a final enrichment score for each subfamily:

x

= fraction of repeat instances that are located on chrX

fobserved

= fraction of all reads that map to the subfamily consensus in Xist RAP

finput

= fraction of all reads that map to the subfamily consensus in the input

RxistRP

= fraction of all uniquely mapping reads that align to chrX in Xist RAP

Rinpat

= fraction of all uniquely mapping reads that align to chrX in the input
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OchrX

= enrichment of chrX reads in Xist RAP versus input
= RxistRAP

OnonX

=

R/nPut

enrichment of non-chrX reads in Xist RAP versus input

= (1 - RxisRAP) /
fexpected

=

(1 - Riut)

fraction of all reads expected to map to chrX based on enrichment for
chrX in the purification and representation of repeat subfamily on chrX

=finput x [(x x OcarX) +

Enrichment

((1

-

x) x OnonX)]

= fobserved I fexpected

Resolution for figures and analyses
To visualize dense enrichment data, all figures displaying chromosome-wide enrichments
were plotted at 100-Kb resolution, and all figures showing a subset of the chromosome are
plotted at 10-Kb resolution. In the text and in Figure 4, we reported all correlations at 1-Mb
resolution so that these values can be compared directly to correlations with the Hi-C data, which
has limited resolution.

Data visualization
We plotted genomic data using Bioconductor and Gviz (78).
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Chapter 4.
RNA-RNA interactions enable specific targeting of noncoding
RNAs to nascent pre-mRNAs and chromatin sites

Most of this chapter was first published as:
Engreitz JM, Sirokman K, McDonel P, Shishkin A, Surka C, Russell P, Grossman SR, Chow
AY, Guttman M*, and Lander ES*. RNA-RNA interactions enable specific targeting of
noncoding RNAs to nascent pre-mRNAs and chromatin sites. Cell 159(1):188-199 (2014).

Abstract: Intermolecular RNA-RNA interactions are used by many noncoding RNAs (ncRNAs)
to achieve their diverse functions, but comprehensively identifying these interactions is
challenging. We develop a method based on RNA Antisense Purification to systematically map
RNA-RNA interactions (RAP-RNA). We apply RAP-RNA to investigate two ncRNAs implicated
in RNA processing: U1 snRNA, a component of the spliceosome; and Malati, a IncRNA that
localizes to nuclear speckles. We show that UI and MalatI interact with nascent transcripts
through distinct targeting mechanisms: UI directly hybridizes to 5' splice sites and 5'-splice-site
motifs throughout introns, while Malatl interacts with pre-mRNAs indirectly through protein
intermediates. Interactions with nascent pre-mRNAs cause U1 and MalatI to localize to
chromatin at active genes. Thus, Malati uses an affinity-based search strategy to identify its
genomic targets. Together, these results demonstrate that ncRNAs can use RNA-RNA
interactions to target specific pre-mRNAs and genomic sites. RAP-RNA is generally applicable
for investigating the interactions and mechanisms of many ncRNAs.

137

Chapter 4 - RNA-RNA Interactions

138

Chapter 4 - RNA-RNA Interactions

Introduction
Mammalian genomes encode thousands of noncoding RNAs (ncRNAs), many of which are
implicated in diverse biological processes (1-5). While functional studies have begun to elucidate
the cellular or organismal roles of many ncRNAs (6-8), the molecular mechanisms by which they
accomplish these functions are harder to characterize. One general approach to gain insights into
these mechanisms is to identify the cellular components with which ncRNAs interact, including
proteins, DNA sites, and RNAs. Notably, many classical ncRNAs interact with other RNAs either
directly through base-pairing (e.g., microRNA-mRNA or snRNA-pre-mRNA hybridization) or
indirectly through protein intermediates (e.g., the multiple ncRNA components of the ribosome)
(Figure 1A). In addition to these examples, numerous large ncRNAs (lncRNAs) associate with
proteins that regulate RNA processing (9-11), suggesting that they may target other RNAs as part
of their regulatory function. These observations suggest that RNA-RNA interactions may
represent a general strategy used by many ncRNAs and that comprehensively mapping these
interactions may provide insight into ncRNA function and mechanism.
Recent RNA-centric biochemical purification techniques, such as RNA Antisense Purification
(RAP) (12), have enabled the comprehensive mapping of RNA-DNA interactions in vivo (12-14).
Despite progress in mapping RNA-DNA interactions, mapping RNA-RNA interactions remains
challenging. Classical RNA-RNA interactions, such as U1 snRNA interactions with pre-mRNAs,
were identified through observations of sequence complementarity (15) followed by targeted
genetics and in vitro affinity experiments (16, 17). Recently, computational and experimental
methods have been developed to search more systematically for RNA-RNA interactions (18-21).
However, these methods do not identify or distinguish between direct and indirect RNA-RNA
interactions and have limited resolution for studying a specific RNA.
To address this challenge, we developed a general method based on RAP to identify the
intermolecular RNA-RNA interactions of a target RNA (RAP-RNA). RAP-RNA identifies
endogenous RNA-RNA complexes through in vivo crosslinking, RNA capture with antisense
oligonucleotides, and high-throughput RNA sequencing. This approach provides a systematic
view of other RNAs that interact with an RNA of interest, and furthermore can distinguish
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Figure 1. Comparison of RAP-RNA protocols and validation of AMT crosslinking.
(A) Intermolecular RNA-RNA interactions can be categorized as direct through hybridization
(purple) or indirect through protein intermediates (blue). Known examples (gray text) involve
small nuclear RNAs (snRNAs), messenger RNAs (mRNAs), transfer RNAs (tRNAs), small
nucleolar RNAs (snoRNAs), and ribosomal RNAs (rRNAs).
(B) We developed three RAP-RNA protocols that vary with respect to crosslinking, RNA
fragmentation, and timing of protein digestion, each of which is best suited to specific
applications. Crosslinking: AMT specifically crosslinks direct RNA-RNA interactions, provided
that the resulting hybrid contains opposing uridine bases (RNA 1). FA crosslinks RNA-protein
and protein-protein interactions, thus capturing indirect RNA-RNA interactions that occur
through protein intermediates as well as direct interactions that are flanked or caged by proteins
(RNA 2). The addition of DSG provides stronger protein-protein crosslinking than FA alone,
allowing recovery of RNA-RNA interactions that occur through multiple protein intermediates
(RNA 3). Fragmentation:The AMT and FA protocols use strong RNA fragmentation prior to
capture, allowing high resolution mapping of RNA-RNA interactions. The FA-DSG protocol, in
contrast, preserves RNA integrity prior to capture, thus potentially improving capture of intact
lncRNAs. As a consequence, the FA-DSG method provides the most inclusive protocol to
identify RNAs that interact either directly or indirectly with a target RNA, but does not provide
high resolution for specific regions within interacting transcripts. Digest protein: The AMT
protocol digests protein and DNA prior to capture to eliminate any possibility of capturing
indirect RNA-RNA interactions. In contrast, the FA and FA-DSG protocols digest protein after
capture in order to capture indirect as well as direct interactions.
(C) Nucleotide-resolution mapping of intramolecular AMT crosslinks for two RNAs with known
structures: U1 and (D) 7SK. Counts (left) represent second-strand reads mapping to each RNA
for AMT-crosslinked (+AMT) and mock-crosslinked (-AMT) input RNA. Each read contributes
one count in the position of the 5' end of the read, corresponding to the 3' end of the reversetranscribed cDNA. Peaks represent common positions where reads end and largely correspond
to the sites of crosslinks predicted based on the secondary structure (right). Orange arrows
represent positions predicted to be crosslinked by AMT (uridines on opposing strands that do
not occur in the middle of a stretch of complementary base-pairs). For 7SK, only the subsection
of the RNA shown has predicted AMT crosslinks. RNA structures are adapted from (22) (for Ul)
and (23) (for 7SK). We note that some of the peaks in either +AMT or -AMT that do not
correspond to predicted AMT crosslinks occur near U-U dinucleotides and perhaps result from
UV-induced intrastrand crosslinks (e.g., U1 positions 72-74, 7SK positions 246-248).
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between direct and indirect RNA-RNA interactions through the use of crosslinking reagents with
different specificity for proteins and nucleic acids.
To demonstrate the utility of this approach, we investigate the RNA-RNA and RNA-chromatin
interactions of two ncRNAs implicated in RNA processing: UI snRNA and Malati IncRNA. U1
is a core component of the spliceosome that makes direct base-pair contacts with 5' splice sites
(16, 17) and has also recently been reported to prevent premature cleavage and polyadenylation
(PCPA) of nascent transcripts through interactions outside of 5' splice sites (24). Malatl is a
highly conserved lncRNA that localizes to nuclear speckles (25) and interacts with multiple
serine/arginine (SR) RNA splicing proteins (9, 26-28). While these data suggest that Malatl may
regulate RNA processing, the exact molecular function of Malati remains elusive (29).
Here, we show that U1 and Malati interact with many nascent pre-mRNAs through distinct
mechanisms: U1 directly hybridizes to 5' splice sites and at similar binding motifs throughout
introns, whereas Malatl interacts with pre-mRNAs indirectly via protein intermediates. These
RNA-RNA interactions cause U1 and Malati to localize to chromatin at active genes. Both RNAs
localize to DNA in a manner dependent on transcription, but UI also contacts the 5' end of
active genes in the absence of active transcription. Our findings demonstrate that mapping
RNA-RNA interactions provides insight into the regulatory roles of ncRNAs and reveal a
strategy by which lncRNAs can localize to specific genomic sites.

Results
We set out to adapt RAP to identify direct and indirect RNA-RNA interactions. To this end, we
developed three related protocols: RAP-RNAAMTI, RAP-RNA[FA], and RAP-RNA[FA-DSG] (Figure
1B). In the RAP-RNA[AMT] protocol, we fixed direct RNA-RNA hybrids in mouse embryonic
stem (ES) cells with 4'-aminomethyltrioxalen (AMT), a psoralen-derivative crosslinker; AMT
generates inter-strand crosslinks between uridine bases in RNA but does not react with proteins
(30, 31). In the RAP-RNA[FA protocol, we used a different crosslinking strategy to capture both
direct and indirect RNA-RNA interactions: we fixed ES cells using formaldehyde (FA), which

I
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crosslinks protein-RNA and protein-protein interactions and thus can capture both indirect
interactions as well as direct interactions that are caged or flanked by proteins. In the RAPRNA[FA-DSGI protocol, we fixed with both FA and disuccinimidyl glutarate (DSG), a strong
protein-protein crosslinker, to more efficiently capture RNAs linked indirectly through multiple
protein intermediates (Figure 1B). In each protocol, we purified target RNAs with biotinylated
antisense oligonucleotides and sequenced co-purifying RNAs (Experimental Procedures).

RAP-RNA Captures U1 snRNA in Complex with 5' Splice Sites

We first developed RAP-RNA[AMT] to identify direct RNA-RNA interactions at high resolution
(Figure 1). To test this approach, we purified U1 snRNA, a core component of the spliceosome
that makes base-pair contacts with pre-mRNAs at 5' splice sites (Figure 2A). RAP-RNA[AMT]
enriched for Ul by a factor of 54 versus input and strongly enriched for intronic sequences
located 8 nucleotides (nt) downstream of 5' splice sites (Figure 2B), precisely where an AMT
crosslink would be expected to occur in a canonical U1-pre-mRNA interaction (Figure 2A). This
enrichment extended 200 nt into the intron, likely caused by intramolecular crosslinks in the premRNA that blocked reverse transcription before it reached the 5' splice site (5'ss) (Figure 2A).
To test whether RAP-RNA[AMT] could specifically detect these interactions de novo without prior
knowledge of 5' splice sites, we looked for enriched 8-mers in the pre-mRNA sequence upstream
of each sequencing read: the most enriched 8-mer exactly matched the consensus 5'ss motif (17fold enrichment versus input, Figure 2C). To confirm that RAP-RNA[AMT] did not capture
indirect RNA-RNA interactions, we examined the enrichment of U2 snRNA, which indirectly
interacts with U1 as part of the spliceosome: U2 was not enriched (0.93-fold versus input). Thus,
RAP-RNA[AMT] can accurately and specifically identify RNA-RNA interactions mediated by direct
hybridization.
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Figure 2. U1 Binds Throughout Nascent Transcripts at 5'-Splice-Site Motifs.
(A) Schematic diagram of U1 RAP-RNA[AMT]. AMT forms covalent crosslinks (orange) between
opposing uridine bases in the U1 snRNA (red) and target pre-mRNA (gray). Consensus
sequences show canonical base-pairing interaction. To avoid capturing indirectly associated
RNAs, we digested protein and DNA before purifying UI with biotinylated antisense probes
(blue). To map RNA-RNA interaction sites at high resolution, we fragmented RNA prior to
capture and performed reverse transcription (RT) without reversal of crosslinks, leading to
complementary DNA (cDNA, purple) that terminates at or near the site of a crosslink (see also
Figure S1). Ligation of a second adapter to the 3' end of the cDNA enabled sequencing and
mapping the positions of RT termination.
(B) Read counts aggregated over all 5' splice sites. Each read-pair contributes a count in the base
corresponding to the 5' end of the original RNA fragment. Cells were crosslinked with AMT
(+AMT, red) or mock-crosslinked with DMSO (-AMT, blue). Crosslinked input RNA (black) is
shown for comparison.
(C) Enrichment for every 8-mer RNA motif close to RAP-RNA sequencing reads. Colored dots
represent 8-mers that are significantly enriched in UI RAP-RNA versus input (P < 0.001 after
Bonferroni correction, enrichment >= 4). Red, orange, and yellow dots correspond to 8-mers
that have a Levenshtein edit distance from the 8-mer consensus motif of 1, 2, or >2, respectively.
(D) Enrichment for sequencing reads in U1 RAP-RNAf"TI versus input at 5' splice sites and at
5'ss motif matches >200 bases away from exons. Enrichments are normalized to the enrichment
at random intronic sites >200 bases away from exons. 5'ss motif matches were classified as
strong, medium, or weak as previously described (32). Strong AS = strong motifs on the
antisense strand, which should not be bound by UI.
(E) Same as (C), but considering only reads that map to introns >200 bases away from exons.
(F) U1 RAP-RNA[AMT] coverage and enrichment across the Malatl transcript (10-nt resolution),
representing the ratio of U1 RAP +AMT and the maximum of U1 RAP -AMT and Input +AMT.
Black bars represent significantly enriched windows (P < 0.001 after Bonferroni correction).
Conservation represents the phyloP30wayPlacental track from the UCSC Genome Browser.
(G) and (H) Zoom-in on two significant U1 binding sites. Scales on y-axes are the same as in (F).
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U1 snRNA Binds Throughout Nascent Transcripts at 5'-Splice-Site Motifs
In addition to its well-characterized role in splicing, UI has also recently been implicated in
preventing premature cleavage and polyadenylation (PCPA) of nascent transcripts. In particular,
previous studies have reported that 5'ss mutations alter the location of transcription termination
and that loss-of-function of U1 leads to premature termination of many pre-mRNAs (24). These
observations led to the hypothesis that Ul blocks PCPA by binding to pre-mRNAs at many
locations in addition to 5' splice sites. However, where UI localizes on transcripts outside of 5'
splice sites and whether the same binding motif is responsible for this interaction remain
unknown.
To address this question, we used RAP-RNA[AMT] to determine whether U1 interacts throughout
nascent transcripts. Indeed, UI RAP-RNA[AMT enriched for 5'ss motifs in introns, with a level of
enrichment that correlated with the strength of the motif match (Figure 2D). When we analyzed
all U1 RAP-RNA[AMT] reads mapping within introns, the most enriched 8-mer near these reads
exactly matched the 5'ss motif (14-fold enrichment, Figure 2E). To confirm that UI interacts
with these motifs independent of splicing, we examined U1 interactions with the single-exon
Malati IncRNA, a 7-kilobase (kb) unspliced transcript that might require multiple exonic U1
interaction sites to block PCPA (Figure 2F-H, Experimental Procedures). Indeed, UI RAPRNA[AMT] enriched for numerous sites on Malati, several of which occurred near conserved 5'ss
motifs (e.g., Figure 2G). Because U1 co-localizes with Malati in nuclear speckles (33), we note
that these interactions might occur with both nascent MalatI transcripts and mature transcripts
that have been released from chromatin. Together, these results indicate that U1 binds directly to
the 5'ss motif at many sites throughout introns and unspliced transcripts.

RAP-RNA Captures Direct and Indirect RNA-RNA Interactions
We next explored whether capturing both direct and indirect RNA-RNA interactions would
yield broader information about RNA-RNA interactions. In particular, we aimed to use RAPRNA to study lncRNAs whose molecular mechanisms are unknown and thus may interact with
other RNAs indirectly. Accordingly, we developed RAP-RNA[FA-DSG] based on our previously
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published RAP-DNA protocol, using FA and DSG to crosslink molecular complexes that include
both nucleic acids and proteins.
To test RAP-RNA[FA-DSGI, we purified U1 complexes from ES cells crosslinked with FA and DSG.
U1 RAP-RNA[FA-DGI enriched for U2 snRNA (4-fold versus input) and Malatl (20-fold versus
input), but did not enrich for abundant RNAs, such as U3 snoRNA, that should not interact with

U 1 (Figure 3A). Consistent with the role of U 1 in pre-mRNA splicing, U1 RAP-RNA[FA-DSG]
enriched more strongly for introns than exons across nearly all genes in the genome (Figure
3B,C). When we examined individual genes, Ul enrichment extended broadly across entire
transcripts and showed only weak enrichment at 5' splice sites (Figure 3D-F), likely because of
the strong protein-protein crosslinking and large RNA fragment sizes (-1000 nt) in RAPRNA[FA-DSG] (Figure 1B). Despite this, some of the most strongly enriched introns showed a very
high density of Ul motifs (Figure 3D,E). Introns across the genome with the highest density of
U1 motifs (9 5 th percentile, >30.7 motifs per kb) had on average 14% stronger U1 RAP-RNA[FADSGJ enrichment than other introns (P < 10-", Mann-Whitney test). Together, these data show
that RAP-RNA[FA-DSG] accurately identifies transcripts that interact both directly and indirectly
with U1.
To map specific binding sites within interacting transcripts at higher resolution while capturing
both direct and indirect interactions, we employed a third method, RAP-RNAFA , which uses FA
crosslinking without DSG and stronger RNA fragmentation prior to capture (-150 nt) (Figure
1B). Applying the RAP-RNA[FA] approach to U1, we observed strong enrichment at intronic sites
immediately adjacent to 5' splice sites (Figure 3F). In contrast to the AMT approach, U1 RAPRNA[FA] also enriched for intronic sites adjacent to 3' splice sites, which interact indirectly with
U 1 upon formation of the spliceosome complex. Because U1 binds nearly all nascent transcripts,

we confirmed the specificity of the RAP-RNA[FAI approach by purifying U12 snRNA, a
component of the minor spliceosome that processes a more limited class of -500 introns with
alternative splice-site recognition sequences ("U12 introns"). U12 RAP-RNA[FA] specifically
enriched the 5' and 3' splice sites of U12 introns, while U1 RAP-RNA[FA] did not (Figure 3G).
Thus RAP-RNA[FAI incorporates the strengths of both the RAP-RNA[AMT] and RAP-RNA[FA-DSG]
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Figure 3. RAP-RNA Captures Both Direct
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methods: high resolution for interaction sites and the ability to identify both direct and indirect
interactions.
To test the generality of RAP-RNA to study lower-abundance ncRNAs, we purified the snoRNAs
U3 and Snora73a/UI7a, which directly hybridize to specific sites on the pre-ribosomal 45S
transcript to guide pre-rRNA processing. U3 and Snora73a are -5- and 200-fold less abundant
than Ul, respectively (Figure 4A). RAP-RNA[FA] and RAP-RNA[AMT] correctly identified known
interactions between these snoRNAs and 45S, including four sites for U3 and one site for
Snora73a (Figure 4B,C). Interestingly, U3 RAP-RNA[FA] identified additional, previously
unknown binding sites on the 45S pre-rRNA (Figure 4B), suggesting that U3 may form both
direct and indirect contacts with specific sites on the ribosomal RNA precursor.
Together, these results highlight the utility of RAP-RNA for exploring different types of RNARNA interactions, with each of the three RAP-RNA protocols providing distinct but
complementary information (Figure IB). The AMT protocol provides information about direct
RNA-RNA interactions at high resolution, but does not identify indirect interactions and is
limited to direct interactions that contain nucleotides that can be crosslinked by psoralens. The
FA protocol provides high resolution for both direct and indirect interactions using a broadly
applicable crosslinker, but may not capture indirect interactions involving multiple protein
intermediates. Finally, the FA-DSG protocol does not map binding sites at high resolution, but
provides the best approach for identifying RNA transcripts that interact indirectly through
multiple protein intermediates. More generally, the RAP-RNA method can be combined with
additional crosslinking reagents or protocols to fix direct or indirect RNA-RNA interactions.
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Figure 4. RAP-RNA is a general method for mapping RNA-RNA interactions at high
resolution.
(A) Relative expression of small RNAs examined in this study (mean of three replicates + s.d.)
spans several orders of magnitude. Abundance is measured in reads per million and is not
normalized by kilobase because all RNAs are approximately the same size (range: 150 to 215 nt)
and many sequenced fragments represent the entire, intact transcript.
(B) Comparison of RAP-RNAA MTJ versus RAP-RNA[FAI for U3 and (C) Snora73a, which directly
hybridize to specific sites on the pre-ribosomal 45S transcript to guide pre-rRNA processing.
Graph shows the significance of enrichment (-log,, binomial P-value) across the entire 45S preribosomal RNA transcript (13.4 Kb) at 20-nucleotide resolution. Each read-pair contributes a
count at the position corresponding to the 5' end of the original RNA fragment. Known sites of
direct RNA-RNA hybrids for U3 (34,35) and Snora73a (36) are highlighted in gray. For U3, the
AMT approach captures three known direct interaction sites with 45S but misses the fourth; in
comparison, the FA approach identifies all four known sites and highlights several additional
enriched sites at approximately positions 1,250 and 1,850 in the 18S transcript. Because the four
previously known sites were found using psoralen crosslinking (37-39) or genetic analyses (35),
these new contacts found by RAP-RNA[FA] may represent direct or indirect contacts inaccessible
by previous methods.
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Malati Interacts with Pre-mRNAs Encoding RNA-Binding Proteins
Having developed three general methods for examining RNA-RNA interactions, we next used
them to study Malati, a highly conserved IncRNA that localizes to nuclear speckles (25), interacts
with multiple SR splicing proteins (9, 26-28) and can regulate gene expression and alternative
splicing in some contexts (27, 40-43). Although these data suggest that Malati may regulate RNA
processing, it remains unclear whether this occurs indirectly through global modulation of SR
protein activity (27) or whether Malati may itself interact with pre-mRNAs to more directly
guide RNA processing. To test this, we purified Malatl using RAP-RNA[AMT], RAP-RNA[FA], and
RAP-RNA[FA-DSG], and achieved >1000-fold enrichment for MalatI compared to input in all
experiments (Figure 5A).
We first examined RAP-RNA[AMT] data for evidence of direct Malatl interactions with other
RNAs. Consistent with our finding that RAP-RNA[AMT] for U1 enriches for Malati, RAPRNA[AMT] for MalatI significantly enriched for UI snRNA in crosslinked (7-fold versus
crosslinked input) but not mock-crosslinked RNA (0.06-fold versus mock-crosslinked input).
We were unable to find any other enriched RNAs or sequence motifs using this method. This
suggests that either MalatI does not interact directly with other RNAs (besides U1) through
specific RNA elements or that these interactions do not contain the sequences required for
psoralen crosslinking.
Accordingly, we focused on Malati interactions identified by the most inclusive protocol, RAPRNA[FADSG]. Consistent with the localization of Malati in nuclear speckles (33), we observed
strong enrichments for both snRNAs and mRNAs (>5-fold), which are also present in nuclear
speckles (Figure 5A). In contrast, Malatl RAP-RNA[FA-DSG] strongly depleted other abundant
RNAs, such as ribosomal RNAs (>4-fold), that are not localized in nuclear speckles. Because
Malatl associates with SR splicing proteins, we next asked whether Malati interacts with nascent
pre-mRNAs. Indeed, introns showed stronger enrichment than coding exons (average 5.7-fold
versus 1.6-fold, respectively) across the transcriptome (Figure 5A,B). We confirmed that this
enrichment for introns versus exons did not result from differences in GC-content, which might
affect crosslinking efficiency. Notably, Malatl RAP-RNA[FA showed only weak enrichment for
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introns and snRNAs compared to Malatl RAP-RNA[FADSG , suggesting that MalatI may interact
with these RNAs indirectly through multiple protein intermediates that are more efficiently
crosslinked with DSG (Figure 1B).
We next examined genes with the strongest enrichment (>14-fold versus input) in Malatl RAPRNA[FA-DSG]. This gene set was enriched for transcripts encoding proteins involved in RNA
binding and splicing (FDR < 0.001, Figure 5B). Amongst these highly enriched genes, we
observed several remarkable examples where the strongest enrichment occurred in introns near
alternatively spliced exons (e.g., Figure 5C,D). These highly-enriched introns contained
conserved noncoding elements that are known to control the generation of unproductive splice
isoforms (i.e., isoforms containing premature stop codons that are subject to nonsense-mediated
decay), a frequent mode of auto-regulation for RNA-binding proteins in which the protein
regulates the alternative splicing of its own transcript (44-46). Based on these examples, we
explored whether Malati more generally enriches for alternatively spliced transcripts. Indeed, the
introns of genes that have alternatively spliced isoforms were significantly more enriched for
Malati binding than introns of genes that do not have alternative isoforms (22% higher
enrichment, P < 1016, Mann-Whitney test).

To determine whether these patterns were unique to Malati, we directly compared the RNA
interactions of Malati and U1. We ranked nascent transcripts based on their enrichment in
Malatl RAP-RNA[FA-DSG] versus UI RAP-RNA[FA-DGI and found that the most enriched
transcripts were similarly enriched for genes encoding RNA-binding proteins (P < 0.001). To
further demonstrate that Malatl had a unique pattern of RNA-RNA interactions that did not
reflect nonspecific binding to other nuclear transcripts, we purified Xist, another abundant
nuclear IncRNA. While Xist RAP-RNA[FA-DSG] strongly purified Xist, it did not show significant
enrichment for nascent pre-mRNAs (1.03-fold, P = 0.17, Mann-Whitney test). Together, these
results demonstrate that Malatl interactions are distinct from those of other nuclear RNAs.
Thus, Malatl specifically interacts with many pre-mRNAs and most strongly enriches for
alternatively spliced transcripts, including those that encode RNA-binding proteins.
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MalatI Localizes to Chromatin at Active, Spliced Genes
Because Ul and Malatl both interact with nascent transcripts, we next explored the relationship
between RNA-RNA interactions and RNA localization to chromatin. To map RNA-DNA
interactions, we isolated and sequenced DNA that co-purified with Malati in cells crosslinked
with FA and DSG (RAP-DNA). In a sliding window analysis at 10-kb resolution, Malatl RAPDNA significantly enriched for 4,177 sites across the genome (Figure 6A). As negative controls,
we performed the same analysis for Xist, which should only localize to the X-chromosome, and
Hdac2 mRNA, which as a coding transcript is unlikely to interact with chromatin outside its own
locus on chromosome 10. As expected, Xist RAP-DNA did not enrich for any regions outside of
the X-chromosome and Hdac2 RAP-DNA did not enrich for any regions outside of the Hdac2
locus (Figure 6A), demonstrating the specificity of the RAP method and confirming that Malati
localizes to thousands of sites across the genome.
Upon examining the patterns of Malatl localization to chromatin, we discovered a strong
relationship between Malatl DNA localization and active transcription. Malati was focally
enriched over the bodies of genes that are actively transcribed (Figure 6B), and levels of Malati
RAP-DNA enrichment correlated with levels of transcription as defined by the abundance of
chromatin-associated RNA in cell fractionation experiments (Figure 6C, Pearson's R = 0.63).
Malatl RAP-DNA enrichment similarly correlated with the amount of intron RNA captured in
the Malatl RAP-RNA[FA-DSG] experiment (Pearson's R = 0.64). At these active genes, Malatl was
not uniformly enriched across gene bodies but rather showed enrichment that increased toward
and peaked -500 bases downstream of the annotated polyadenylation signal (PAS) (Figure 6D),
similar to patterns seen for RNA polymerase II occupancy (47).
Because Malati RAP-RNA highlighted Malati interactions with alternatively spliced transcripts,
we wondered whether Malatl localization to chromatin might depend not only on transcription
but also on splicing. To study this, we compared Malatl RAP-DNA enrichment at single-exon,
multi-exon, and alternatively spliced genes. Because approximately half of the single-exon genes
encode histones, which are processed differently from other RNAs, we considered histone and
non-histone single-exon genes separately. As noted above, multi-exon genes displayed Malati
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RAP-DNA enrichment that correlated with the expression level of that gene. In contrast, singleexon histone genes were significantly depleted in Malatl RAP-DNA compared to other genes,
regardless of their expression level (Figure 6C). Single-exon non-histone genes were more
enriched than histone genes, but their enrichment levels did not strongly correlate with
expression levels (Figure 6C). Similar to our observations for RAP-RNA[FADSG , Malati RAPDNA preferentially enriched for genes annotated as having alternative isoforms (9% higher
enrichment) and genes encoding proteins involved in RNA binding (20% higher enrichment) (P
< 0.001, Mann-Whitney test), even after controlling for expression level (P < 10').

Malati Interactions with Chromatin Depend on Transcription at Its DNA Targets
We considered two models to explain these patterns of Malatl RAP-DNA enrichment at active,
spliced genes. First, Malati might localize to DNA through recognition of specific chromatin
elements or DNA signals independent of the presence of the nascent transcript. In this model,
the enrichment for nascent RNAs might simply reflect proximity to the DNA localization sites of
Malati. Alternatively, Malatl might localize to chromatin as a secondary effect of interactions
with the nascent pre-mRNA and associated RNA-binding proteins. We reasoned that halting
transcription and repeating the RAP-DNA experiment would directly distinguish between these
two possibilities. If the nascent pre-mRNA were a key intermediate, then Malati would lose its
contacts with chromatin upon transcriptional inhibition. Conversely, if Malati localized to gene
loci independent of the nascent transcript, then RAP-DNA enrichment at gene loci would be
maintained.
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To test this, we repeated the Malatl RAP-DNA experiment after treating ES cells with an
inhibitor of transcription elongation (flavopiridol) or a control (DMSO). After one hour of
treatment, the abundance of introns in input nuclear-enriched RNA was reduced by on average
40% across all genes and up to 95% for some genes, consistent with previous reports (47). We
note that the abundance of Malati itself did not measurably decrease during this one-hour
interval. When we examined Malatl localization across the genome, we found that Malatl RAPDNA enrichment at formerly active genes was significantly reduced (Figure 6D). These results
indicate that Malati localization to chromatin depends on transcription of its DNA targets.
These results demonstrate a strong relationship between the RNA and DNA interactions of
Malati and suggest a model where Malatl localization to chromatin occurs through interactions
with nascent pre-mRNAs (Figure 7A). Through these interactions, Malati is brought in
proximity to chromatin and thus purifies DNA at active gene loci. This model explains our
observation of RAP-DNA enrichment accumulating over active gene loci, as the amount of
Malatl associated with a position along a gene locus would depend on the length of the premRNA tethered to that location, which increases from the 5' end to the 3' end.

U1 Localizes to Chromatin in Two Distinct Ways
We next explored whether the chromatin localization of U 1 also depends on transcription of its
DNA targets. We found that UI was indeed enriched over the bodies of active genes and showed
a level of enrichment that correlated with the abundance of chromatin-associated input RNA
(Figure 6E, Pearson's R = 0.70). At higher resolution across active genes, however, U1 RAPDNA enrichment showed a striking bimodal pattern: U1 showed elevated enrichment both at the
5' and 3' ends of genes (Figure 6F). Because these peaks appeared to extend over several kilobases
and might be confounded by the inclusion of shorter genes, we performed the same analysis
using only genes that are longer than 20 kb. In these genes, U1 RAP-DNA exhibited a sharp peak
at the 5' end (average of 0.8 kb) and a broader peak at the 3' end (average of 4 kb).
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Based on this bimodal pattern of enrichment, we hypothesized that Ul might interact with
chromatin by two distinct mechanisms: one that would lead to enrichment at the 3' ends of genes
dependent on interactions with the nascent pre-mRNA, similar to Malati; and one that would
lead to its localization to DNA at the 5' ends of genes near the transcription start site (TSS),
possibly independent of interactions with the nascent transcript (Figure 7B). To gain insight into
these mechanisms, we performed Ul RAP-DNA in cells treated with flavopiridol. Under these
conditions, the Ul RAP-DNA peak at the 3' ends of genes largely disappeared, similar to our
results for MalatI (Figure 6F). At the 5' ends of genes, however, U1 enrichment was maintained
even in the absence of transcription elongation (Figure 6F), suggesting that UI may interact with
these sites through a mechanism that does not involve interactions with pre-mRNAs. Indeed, we
found that U1 localization to the 5' ends of genes did not depend on the presence of a 5'ss motif
in the short nascent RNA produced by transcription initiation. These results demonstrate that
U1 localizes to chromatin in two ways (Figure 7B). First, Ul binds nascent RNAs and through
these interactions co-purifies active gene loci. Second, Ul binds chromatin at the 5' ends of genes
through a mechanism that does not depend on transcription elongation or on 5'ss motifs near
the TSS.

Discussion
Here we developed RAP-RNA, a method to comprehensively characterize in vivo RNA-RNA
interactions, and applied it to investigate two ncRNAs implicated in RNA processing: Ul and
Malati. We show that RAP-RNA can map RNA-RNA interactions at high resolution and
distinguish between hybridization- and protein-mediated binding, providing a powerful tool for
exploring RNA function across a wide range of applications including identifying microRNAs
that bind a specific mRNA, characterizing transcripts associated with ribosomes, or illuminating
the regulatory functions of the many uncharacterized large and small ncRNAs implicated in gene
regulation and human disease.
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Figure 5. Malati and U1 Interact with Pre-mRNAs and Chromatin Through Different
Mechanisms.

(A) MalatI interacts indirectly with nascent RNAs at splicing regulatory elements, like the
conserved noncoding elements in Hnrnpdl and Tiall, possibly through its known interactions
with SR splicing proteins (27). These interactions enable Malatl to localize to chromatin at active
gene loci. Malatl RAP may co-purify DNA through tethering of the nascent transcript to
chromatin by RNA polymerase.
(B) U1 interacts with pre-mRNAs through direct hybridization, both at 5' splice sites and
throughout introns. U1 interacts with chromatin through two different mechanisms: (i) Ul
localizes throughout active gene loci as a secondary result of its direct interactions with the
nascent pre-mRNA, and (ii) UI localizes at the 5' ends of genes through a mechanism that does
not depend on transcriptional elongation, perhaps via known interactions with the cyclin H
subunit of TFIIH (48, 49). While these figures depict interactions with chromatin-associated premRNAs, U1 and Malatl may also interact with pre-mRNAs after their release from chromatin.
snRNP: small nuclear ribonucleic particle.
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Using RAP, we find that Ul and Malati interact with many nascent RNAs and chromatin loci.
Ul binding is pervasive throughout the transcriptome including introns and unspliced genes,
and occurs through direct hybridization with the canonical 5'ss motif (Figure 7B). Together with
the recent evidence that Ul acts to prevent PCPA (24), our results suggest that Ul may play a
ubiquitous role in protecting the integrity of the transcriptome through direct engagement of
nascent transcripts. We also found that U1 can localize to DNA near TSSs independent of its
interactions with nascent RNA. Notably, previous studies have reported that UI directly binds
TFIIH, a general transcription factor, and that this interaction enhances transcription initiation
and reinitiation in reconstituted transcription assays in vitro (50, 51). Furthermore, promoterproximal 5' splice sites can enhance transcription in vivo by recruiting basal transcription factors
(52). In light of these previous observations, our results suggest that Ul may regulate
transcription initiation throughout the genome.
Our data also provide new insight into the molecular function of Malati. While some previous
studies have shown that Malatl depletion can affect alternative splicing (27) and reduce
recruitment of SR proteins to a gene locus (53), the molecular functions of Malatl remain
unclear (29). Our data demonstrate that Malatl interacts with many nascent pre-mRNAs at
active gene loci, raising the possibility that Malatl may influence RNA processing through
recruitment or modification of other proteins localized to these sites. Notably, Malatl interacts
indirectly with numerous alternatively spliced, auto-regulated transcripts encoding RNA-binding
proteins, including some that are thought to physically interact with Malati (9, 54). Based on
these observations, we propose that Malati may interact with pre-mRNAs through its physical
associations with SR splicing proteins (Figure 7A) (27). Indeed, previous work has shown that
tethering SRSF1 to a transgenic chromatin locus is sufficient to recruit MALAT1 to that locus
(55). Thus, interactions with sequence-specific SR splicing proteins may provide a mechanism
for Malatl recruitment to specific alternatively spliced pre-mRNAs and active gene loci on
chromatin.
More generally, our observations suggest that nuclear-localized lncRNAs can recognize nascent
pre-mRNAs to guide their regulatory functions. LncRNAs might achieve specificity for these
nascent transcripts through direct hybridization or sequence-specific RNA-binding proteins,
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enabling localization to specific pre-mRNAs or chromatin sites. In some cases, these lncRNAs
may directly target nascent RNAs to control RNA processing. In other cases, this recruitment
may enable IncRNA-mediated regulation of chromatin or transcription at the gene locus. These
two possibilities are not mutually exclusive: numerous lncRNAs interact with chromatin
regulatory complexes and RNA processing proteins, suggesting that these lncRNAs may also
associate with specific nascent RNAs to control pre-mRNA processing and/or regulate
chromatin. In contrast to other mechanisms for lncRNA localization such as interactions with
DNA-binding proteins (56), IncRNA targeting through sequence-specific RNA-RNA
interactions might enable integration of co-transcriptional (on-chromatin) and posttranscriptional (off-chromatin) regulatory signals. Future work will be required to determine the
prevalence and functions of these IncRNA-RNA interactions. RAP-RNA provides a powerful
tool to investigate these possibilities and to further dissect the relationship between RNA-RNA
interactions, RNA localization to chromatin, and transcriptional regulation.
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Experimental Procedures
Detailed RAP protocols are available at the authors' web site:
http://www.Incrna.caltech.edu/RAP. Sequencing data are available at the NCBI Gene Expression
Omnibus (accession number GSE55914).
Cell Culture and Flavopiridol Treatment. For most RAP experiments, we used V6.5 male
mouse ES cells grown in 2i + LIF on plates pre-coated with 0.2% gelatin and 3.5 Ig/mL laminin.
For Xist RAP-DNA, we used pSM33 male mouse ES cells induced with doxycycline for three
hours to activate Xist expression as previously described (12). For Xist RAP-RNA, we used
pSM33s induced with doxycycline for six hours to increase total Xist abundance and thus
provide a control with expression better matched to that of Malati. For transcription inhibition,
we treated pSM33s (in the absence of doxycycline) for one hour with 1 1IM flavopiridol or vehicle
only (DMSO). We first made a 1 mM flavopiridol stock solution by resuspending flavopiridol
hydrochloride hydrate (Sigma) in DMSO, and then added flavopiridol to 1 1 iM in cell culture
media. We harvested cells after one hour to minimize effects due to flavopiridol toxicity. We note
that replicate RAP experiments across the two male mouse ES cell lines (V6.5 and pSM33)
produced similar data.
Probe Design and Generation. To generate tiled probesets to capture target RNAs, we
synthesized barcoded oligo pools as described previously for Malati, Xist, and Hdac2 (12). To
capture the 165-nt U1 snRNA, we designed three 50-nt ssDNA oligos that did not overlap the U1
sequence that hybridizes to pre-mRNAs. We find that these oligos capture all of the mouse U1
homologs (Rnulbl, Rnulb2, Rnu1b6, Rnulal) despite small sequence differences. We ordered
the UI oligos with a 5' biotin from Integrated DNA Technologies (IDT) and mixed them at
equimolar concentrations for a total of 1 1 M probe stock solution in H 2 0. We used a similar
strategy to design 50-nt probes for U12 (Rnul2), U3 (Rnu3bl), and U17a (Snora73a).
To generate ssDNA probes from oligo pool templates, we used in vitro transcription to generate
ssRNA as previously described (12) and then performed reverse transcription with AffinityScript
Reverse Transcriptase (Agilent Technologies) and a 5'-biotinylated primer (IDT) to generate
single-biotin-labeled ssDNA probes. We destroyed template RNA by adding 0. IM sodium
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hydroxide and incubating at 75'C for 10 minutes, neutralized the solution with 0. 1M acetic acid,
then cleaned up the ssDNA using RNA Clean & Concentrator-5 columns (Zymo Research) using
2x sample volume RNA Binding Buffer and 1.9x sample volume 100% ethanol during the
binding step to remove residual RT primer. We resuspended ssDNA probes in H 2 0 at 100 ng/[L.
RAP with FA-DSG Crosslinking. We performed RAP-RNA[FA-DG] and RAP-DNA similar to
Engreitz et al., 2013, with modifications to improve the sensitivity and specificity. First, we
increased the amount of probe used in the hybridization reaction to improve the efficiency of
capture for low abundance transcripts. Second, we used DNA probes instead of RNA probes to
reduce background resulting from direct, artificial interactions between the RNA probes and
proteins. Finally, we used RNase H to specifically elute captured complexes off of the
streptavidin-coated beads, similar to previous approaches (14).
We crosslinked mouse ES cells with 2 mM disuccinimidyl glutarate (DSG) for 45 minutes at
room temperature followed by 3% formaldehyde (FA) for 10 minutes at 37'C. We lysed
crosslinked or non-crosslinked cells and solubilized chromatin using a combination of sonication
and DNase treatment as previously described (12), except that we increased sonication time from
one minute to two minutes to improve chromatin solubilization. For each RAP experiment, we
used lysate from 5 million cells, 50 pmol of ssDNA probe, and 625 tL streptavidin-coated beads.
We performed the hybridization at 37'C and washed six times in 1x original bead volume at
45'C using high-stringency buffers containing 3 M guanidine thiocyanate (12). To elute using
RNase H, we washed the streptavidin-coated beads once in Ix original bead volume RNase H
Elution Buffer (50 mM Tris-HCl pH 7.5, 75 mM NaCl, 3 mM MgCl 2 , 0.125% N-lauroylsarcosine,
0.025% sodium deoxycholate, 2.5 mM tris(2-carboxyethyl)phosphine (TCEP)) and once in 100
iL RNase H Elution Buffer. Following these washes, we resuspended the streptavidin-coated
magnetic beads in 55 [tL RNase H Elution Buffer and 7.5 tL RNase H (New England Biolabs) and
incubated at 37'C for 30 minutes mixing at 1200 r.p.m. to digest ssDNA-RNA hybrids. Following
RNase H digestion, we removed and saved the eluate. We eluted a second time by resuspending
the beads in 62.5 1iL RAP Hybridization Buffer (20 mM Tris-HCl pH 7.5, 7 mM EDTA, 3 mM
EGTA, 150 mM LiCl, 1% NP-40, 0.2% N-lauroylsarcosine, 0.125% sodium deoxycholate, 3 M
guanidine thiocyanate, 2.5 mM TCEP) at 37'C for 5 minutes shaking at 1200 r.p.m., then
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removed the eluate and combined it with first eluate. Finally, we added 312.5 piL NLS Elution
Buffer (20 mM Tris-HCl pH 7.5, 10 mM EDTA, 2% N-lauroylsarcosine, 2.5 mM TCEP), 50 [tL 5
M NaCl, and 12.5 iL Proteinase K (New England Biolabs) to digest protein.
For DNA sequencing, we incubated the Proteinase K reaction at 60'C overnight to completely
reverse crosslinks and isolated DNA using silane-coated magnetic beads as previously described
(12), eluting in 12.5 tL H 0. We used the NEBNext Ultra DNA Library Prep Kit (New England
2

Biolabs), scaled to

volume in the manufacturer's protocol, to generate DNA sequencing

libraries.
For RNA sequencing, we incubated the Proteinase K reaction at 60*C for two hours to reverse
crosslinks as completely as possible without excessive fragmentation of captured RNAs. We
purified nucleic acids using silane-coated magnetic beads. We eluted in 31 1 L H 2 0, then added
10 1iL5x FNK Buffer (50 mM Tris-HCl pH 7.5,5 mM MgCl 2 , 0.6 mM CaCl 2, 50 mM KCl, 10
mM DTT, 0.01% Triton X-100), 1 tL Murine RNase Inhibitor (New England Biolabs), 3 ptL
FastAP Thermosensitive Alkaline Phosphatase (Thermo Scientific), 3 1 iL T4 Polynucleotide
Kinase (New England Biolabs), 1 [tL TURBO DNase (Life Technologies), and 1 1 L Exonuclease I
(New England Biolabs). This reaction digests residual ssDNA probe and genomic dsDNA and
repairs the 5' and 3' RNA ends for adapter ligation. We incubated this reaction at 37'C for 30
minutes, then cleaned the reaction with silane-coated magnetic beads and eluted in 6 1 L H 2 0.
From this point, we used the strand-specific RNA sequencing protocol described previously (12),
starting with 3' adapter ligation.

RAP-RNA with Formaldehyde Crosslinking. For RAP-RNA[FA], we made slight modifications
to the crosslinking and lysis protocols. We crosslinked V6.5 mouse ES cells with 2%
formaldehyde for 10 minutes at 37'C (no DSG). We enriched nuclei as above, but prior to
sonication we resuspended nuclei from 20 million cells directly in 1 mL of RAP Hybridization
Buffer. We solubilized chromatin and fragmented RNA by sonicating for 7 minutes at 10 watts,
omitting the DNase treatment step used above. This resulted in RNA fragments that averaged
-150 nucleotides. Following sonication, we increased the total volume of RAP Hybridization
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Buffer to match the lysate concentration used in RAP-RNA{FA-DSG. Further steps were identical to
RAP-RNA[FADsG]
RAP-RNA with AMT Crosslinking. We modified the RAP protocol further for RAP-RNA[AMT.
First, we fixed in vivo RNA-RNA interactions using 4'-aminomethyltrioxalen (AMT), a psoralen
crosslinker (Sigma). We note that because psoralens require opposing uridines to generate
interstrand crosslinks, direct RNA-RNA interactions that do not contain opposing uridines are
likely inaccessible when using a psoralen crosslinking reagent (including -5% of annotated 5'
splice sites that deviate from the consensus motif and do not contain AU or UA dinucleotides).
We washed adherent ES cells (approximately 25 million in a 15-cm tissue culture dish) in room
temperature PBS. We trypsinized and pelleted the cells, then washed the cells once more with
PBS. We made a 0.5 mg/mL AMT solution in PBS by first resuspending AMT in water at a
concentration of 1 mg/mL and then adding an equal volume of 2x PBS. We chilled this solution
in the dark on ice, then resuspended the cells in 4 mL of ice-cold AMT solution (or ice-cold PBS
alone for -AMT control). We incubated the cells on ice for 15 minutes in the dark to allow the
AMT to permeate the cells. Next, we transferred samples to a pre-chilled 10-cm tissue culture
dish and placed the cells on ice under a long-wave UV bulb (350 nm) in a UV Stratalinker 2400
(Stratagene). The cells were positioned so they were approximately 3-4 centimeters underneath
the light bulb. We exposed the cells to UV light at maximum power for 7 minutes with mixing
every 2 minutes, thus activating the AMT crosslinking. We transferred irradiated cells to cold
tubes and spun at 330 x g for 4 minutes to pellet cells. We isolated crosslinked RNA using TRIzol
reagent (Life Technologies) following by two chloroform extractions and ethanol precipitation.
To provide high resolution of U1 binding sites, we fragmented RNA to a median size of -100 nt
by incubating at 70'C for 3 minutes in 1x Fragmentation Buffer (Ambion). Finally, we digested
residual DNA with TURBO DNase and re-cleaned the samples before beginning the RAP
protocol. The removal of both protein and DNA from the hybridization eliminated potential
sources of background as well as RNA-RNA interactions mediated by protein or chromatin
intermediates.
For each RAP-RNA[A M T] experiment (+/- AMT), we used 2 ptg of input RNA, 15 pmol ssDNA
probe, and 200 1iL streptavidin-coated magnetic beads (Life Technologies). We denatured input
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RNA and probes separately in 5 [tL water at 85'C for 3 minutes, then mixed the probe and input
RNA in 300 [tL of LiCl Hybridization Buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 500 mM
LiCl, 1% Triton X-100, 0.2% SDS, 0.1% sodium deoxycholate, 4 M urea) preheated at 55'C. We
incubated the hybridization reaction for two hours at 55'C, shaking at 1200 r.p.m. We captured
the magnetic beads and associated complexes, and washed the beads by resuspending completely
3x in 250 piL of Low Stringency Wash Buffer (0.lx SSPE, 0.1% SDS, 1% NP-40, 4 M urea) and 3x
with 250 [tL of High Stringency Wash Buffer (Ix SSPE, 0.1% SDS, 1% NP-40, 4 M urea) for a
total of six washes, each for 6 minutes at 60'C. We eluted using RNase H, purified RNA using
silane-coated magnetic beads, and proceeded to RNA sequencing as described above.
Negative Controls for RAP. To ensure that enrichment in RAP-RNA and RAP-DNA did not
result due to technical artifacts, we performed numerous negative controls to eliminate potential
sources of background. For RAP-RNAAMTI, these include off-target hybridization between the
probes and other RNAs, and interactions between other RNAs and the streptavidin beads. To
control for these potential issues, we performed the experiment in parallel with a -AMT control,
which was treated identically to the +AMT sample except that AMT was not added prior to UV
irradiation. When comparing the two experiments, 5' splice sites and UI motifs were enriched in
Ul RAP-RNA +AMT but not -AMT.
For RAP-DNA and RAP-RNA[FA-DSG], the potential sources of background additionally include
off-target hybridization with DNA and nonspecific interactions between the probes and proteins
that might be crosslinked to RNA. To account for these potential issues, we performed two
controls. First, we performed the RAP-RNA and RAP-DNA experiments in non-crosslinked
lysate to control for off-target capture through direct probe-RNA hybridization. Second, we
purified Xist (an abundant nuclear RNA) and Hdac2 (a randomly selected mRNA expressed in
ES cells) from crosslinked lysate to control for nonspecific capture mediated by protein
interactions with the ssDNA probes or streptavidin-coated beads. In RAP-DNA, non-crosslinked
purifications did not generate DNA libraries with sufficient yield to quantify, and sequencing of
this tiny amount of DNA did not yield peaks in any regions of the genome except for the
endogenous locus (data not shown).
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In RAP-RNA[FA-DSGI, the control purifications strongly enriched for the target RNA (which
typically comprised >90% of the total sequencing reads). These controls did not significantly
enrich for any regions of the transcriptome with the exception of certain GC-rich simple or
tandem repeats and the surrounding RNA sequences. We note that these artificial signals are
clearly recognizable as off-target hybridization artifacts due to the presence of RNA fragments on
either side, but not spanning, the 10-20-nucleotide repeat elements; this fragment pattern is
produced during the elution step through RNase H cleavage of hybrids formed between the
ssDNA probes and the off-target RNA.

To ensure that these signals did not affect our results or conclusions for U1 or Malatl RAPRNA[FA-DSG], we examined the regions found enriched in non-crosslinked purifications and found
that this enrichment was not present in the crosslinked purifications. We also performed
enrichment analyses after removing reads mapping to these regions and did not observe
significant changes in enrichments. Thus, these regions of nonspecific capture in noncrosslinked RAP-RNA did not affect our results for crosslinked RAP-RNA. In future
experiments, these signals may be controlled through inclusion of a non-crosslinked purification,
or might be precluded by stringent filtering of GC-rich sequences during probe design.
RNA Sequencing Alignment. To analyze RNA sequencing data, we first used Bowtie2 (version
2.1.0) to filter out reads mapping to the PCR tags on the capture probes, where applicable
(Malati, Xist, and Hdac2). All reads passing this initial probe filter were included in the total
read count for each experiment. We next filtered reads aligning to highly abundant RNA
transcripts, including ribosomal RNAs, snRNAs, and repetitive elements, as defined by RefSeq
and RepeatMasker. A FASTA file containing these sequences is available at the Gene Expression
Omnibus (GSE55914). We aligned all remaining reads to the mouse transcriptome (RefSeq) and
genome (mm9) using Tophat (version 2.0.8) and discarded reads with MAPQ < 30.
RAP-RNA Enrichment Calculations. To calculate the enrichment for a target RNA (e.g., UI),
we divided the fractions of all reads mapping to the target RNA in RAP-RNA and input (e.g.,
(reads mapping to U1 in RAP-RNA / all RAP-RNA reads) / (reads mapping to U1 in input / all
input reads)). To calculate the enrichment for all other non-target RNAs or sets of RNAs (e.g.,
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U2, introns), we performed the same calculation, except that we subtracted the number of reads
mapping to the target RNA from the total read counts (e.g., (reads mapping to introns in UI
RAP-RNA / all RAP-RNA reads that do not map to Ul) / (reads mapping to introns in input / all
input reads that do map to Ul). This adjustment was performed because a substantial fraction of
reads in RAP-RNA experiments map to the target RNA, skewing the enrichment calculations.
We note that in Figure 6A, the enrichment for U 1 (11-fold versus input) was lower than the
enrichment for Hdac2 (6,500-fold) not because the U1 purification was less efficient but because
U1 is much more abundant, representing 1/60 of the sequencing reads from nuclear-enriched
input RNA, and thus cannot be enriched more than 60-fold versus input.
RAP-RNA[AMT] and RAP-RNA[FA1 Read Count Analysis. To accurately map the positions of
crosslink sites in RAP-RNA[AMT], we examined the 5' base of the second read in each pair; in our
RNA-sequencing protocol, this corresponds to the last nucleotide added by RT. Theoretically, RT
could halt due to many reasons, including reaching the end of an RNA fragment, reaching the
site of UV-induced RNA damage, or reaching the site of an AMT crosslink (either
-

intramolecular or intermolecular). To focus on sites of AMT crosslinks, we normalized to the
AMT RAP-RNA control, which has RT stops due to all of the same reasons except for AMT

crosslinks. For each read-end, we calculated the distance to the nearest 5' splice site (defined by
RefSeq). In Figure 4, read-pairs for snoRNA RAP-RNA[FA] experiments are counted and plotted
in the same manner to allow direct visual comparison of AMT and FA results; for RAP-RNA[FA]
however, the fragment ends do not necessarily correspond with crosslink sites because
formaldehyde crosslinks are reversed prior to reverse transcription.
RAP-RNA[IMTI N-mer Analysis. To identify motifs enriched in RAP-RNA[AMT, we counted all 8

mer sequences contained within 30 bases upstream of the second read of each read-pair (i.e.,
upstream of the original RNA fragment). We extended 30 bases upstream to account for RT
stops due to intramolecular crosslinks or UV damage. We compared the fraction of reads
containing each 8-mer between RAP-RNA[AMT and input. Significant 8-mers were defined using
Fisher's exact test (P < 0.001 after Bonferroni correction for multiple hypothesis testing). We
considered either all reads (Figure 2C) or all reads mapping to introns that are greater than 200
nucleotides away from the nearest exon (Figure 2E). We chose 200 nucleotides because it
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represented the distance from the 5' splice site at which U1 RAP-RNA^MT1

no longer showed

enrichment over input (Figure 2B).
5'-Splice-Site Motif Analysis. We enumerated and scored all 5'ss motifs as strong, medium, or

weak matches using a maximum-entropy model trained on all known 5' splice sites as described
previously (32). For Figure 2D, we considered all 5'ss motif matches that occur in introns greater
than 200 nucleotides from the nearest exon and counted the number of reads mapping within 30
nucleotides of the motif in RAP-RNA and input. An equal number of random sites matching the
same characteristics (intronic, >200 nucleotides from exons) were chosen as negative controls.
We note that the same proportion (>95%) of strong, medium, and weak 5'ss motif matches
contained AU or UA dinucleotides and thus were potentially discoverable with psoralen
crosslinking.
RAP-RNA Peak Calling. To call significant peaks in the Malati transcript for U1 RAPRNA[AMT], we compared read-end counts in 10-nucleotide windows in U1 RAP-RNA +AMT to
two controls, Ul RAP-RNA -AMT and Input +AMT. Each window was scored using a binomial

test parameterized by n (the number of read-ends occurring in the window in RAP-RNA
+AMT), k (the number of read-ends mapping to the window in the control), and p (the total
number of reads in RAP-RNA +AMT divided by the sum of the totals for RAP-RNA +AMT and
control). U1 RAP-RNA +AMT was compared separately to each of the two controls, and the
least significant P-value of the two was chosen to represent the P-value for a given window.
Windows with a Bonferonni-corrected P-value <0.001 were called significant and adjacent

significant windows were merged. We used a similar approach to identify significant peaks in
FA-crosslinked and non-crosslinked RAP-RNA experiments.

RAP-RNA[FA-DSG] Enrichment in Introns and Exons. To calculate the enrichment in introns and
exons, we used gene definitions from RefSeq. To focus on annotations with sufficient read
coverage to confidently calculate enrichment ratios, we considered introns or exons with a read
count >= 10 in the input library. For gene-level enrichment calculations, we calculated the ratio
of all reads mapping to introns or exons in a given gene in RAP-RNA versus input. Because both
MalatI and U1 significantly enriched for introns across most active genes, we defined highly
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enriched genes as those with enrichment in the top 5% of expressed genes. To compare introns
with high density of UI motifs, we considered only strong 5'ss motif matches (32) and
normalized the number of strong motif matches to the length of the intron.
Gene Set Enrichment. We searched for significantly enriched Gene Ontology (GO) categories
using DAVID 6.7 (57). We used the list of all genes expressed in ES cells as background. We
reported all GO categories with a false discovery rate (FDR) < 0.001.
DNA Sequencing Alignment. We first filtered out reads mapping to the PCR tags on the
capture probes, where possible (Malatl, Hdac2, Xist). We aligned remaining reads to the genome
(mm9) using Bowtie2, removed duplicate read pairs with Picard (http://picard.sourceforge.net),
and discarded reads with MAPQ < 30. For subsequent data analysis, we connected read-pairs
into fragments defined by the span of the two reads.
RAP-DNA Data Analysis. To identify regions of the genome significantly enriched in RAPDNA versus input, we used a sliding window approach at 2-kb resolution using 10-kb windows.
In each window, we counted the number of fragments mapping to that window in RAP-DNA
and in input and calculated a P-value using a binomial test parameterized by n (the number of
fragments mapping to the window in RAP-DNA), k (the number of fragments mapping to the
window in input), and p (the total number of fragments in RAP-DNA divided by the sum of the
totals for RAP-DNA and input). We ignored windows containing significant repeat content as
previously described (12). We also ignored windows where the number of fragments in the input
library was more than 100x the average across the genome (these windows represented
subtelomeric or other repetitive regions that are not annotated in RepeatMasker). We counted a
window as significant if the RAP-DNA experiment contained >= 10 fragments and if the
Bonferroni-corrected P-value was less than 0.001. For Figure 6A, windows that did not pass these
filters were not plotted. For RAP-DNA enrichment figures for specific genomic sites, signal was
interpolated over repeat-masked windows as previously described (12).
Transcription Abundance Defined by Chromatin-Associated RNA. To estimate the level of
transcription at each gene in the genome, we isolated chromatin-associated RNA as previously
described (58, 59). We sequenced chromatin-associated, soluble nuclear, and cytoplasmic RNA
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fractions using the strand-specific RNA-sequencing protocol described above. Known
chromatin-associated RNAs like Tsix were strongly enriched in the chromatin fraction (data not
shown). To estimate transcription levels, we calculated the number of reads per kilobase per
million (RPKM) in the chromatin-associated fraction at each RefSeq gene, including both introns
and exons. To correlate RAP-DNA enrichment with chromatin-associated RNA abundance, we
calculated the enrichment of reads within the gene locus, including both introns and exons, in
RAP-DNA versus input.
Controlling for Transcript Abundance in Gene Set Analyses. For Malatl RAP-DNA, we
wished to determine whether specific gene sets were preferentially enriched. We calculated the
DNA enrichment across the entire gene body, and used a Mann-Whitney test to first compare
enrichments in genes in a given gene set with enrichments at all other active genes. Because
much of the variance in DNA enrichment at genes is determined by expression level, however,
we performed a second analysis to normalize for this factor. We used a linear regression to
predict log2 RAP-DNA enrichment from log2 RPKM of chromatin-associated RNA and a binary
variable indicating whether each gene is a member of the gene set of interest. Both RNA binding
and alternative spliced genes scored in this linear model as positively associated with RAP-DNA
enrichment level with an F-test P-value < 0.05.
We used a similar approach to test whether U1 RAP-DNA enrichment at the 5' ends of genes
depended on the distance to the first 5'ss motif: the linear regression included a binary variable
that indicated whether the first 5'ss motif occurred greater or fewer than 200 base-pairs away
from the transcription start site.
Relationship Between U1 Localization and 5' Splice Sites Near TSS. We considered two
possibilities to explain how U1 localizes to DNA at the 5' ends of genes. First, because
transcription initiation produces a short -50 nucleotide transcript at the 5' ends of genes before
proximal polymerase pausing (60), Ul localization to chromatin might occur through this short
nascent RNA, which would exist even after inhibiting transcription elongation. In this case, U1
localization to chromatin at 5' ends of genes might depend on the presence of 5'ss motifs in this
short nascent RNA. Alternatively, U 1 might interact with chromatin independent of this short
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nascent transcript, perhaps through associations with protein complexes at the 5' ends of genes.
To inform these possibilities, we examined active genes where the first 5'ss motif occurs >200
bases downstream of the transcription start site (n = 1,001) and thus should not be present in the
short nascent RNA. These genes showed the same pattern of 5' U1 RAP-DNA enrichment as
genes with 5'ss motifs closer to the transcription start site, both with and without flavopiridol
treatment. This analysis suggested that Ul localization to the 5' ends of genes may not depend on
interactions with U 1 motifs in the short nascent RNA.
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Chapter 5.
Topological organization of multi-chromosomal regions by
the IncRNA Firre

Parts of this chapter were first published as:

Hacisuleyman E, Goff LA, Trapnell C, Williams A, Henao-Mejia J, Sun L, McClanahan P,
Hendrickson DG, Sauvageau M, Kelley DR, Morse M, Engreitz JM, Lander ES, Guttman M,
Lodish HF, Flavell R, Raj A, and Rinn JL. Topological organization of multi-chromosomal

regions by Firre. Nat Struct Mol Bio, 21(2):198-206 (2014).

Abstract: RNA, including long noncoding RNA (lncRNA), is known to be an abundant and
important structural component of the nuclear matrix. However, the molecular identities,
functional roles and localization dynamics of IncRNAs that influence nuclear architecture remain
poorly understood. Here, we describe a conserved nuclear lncRNA, Firre, that localizes across a
5-megabase domain on the X chromosome. Firre identifies its cis localization sites through
proximity-mediated search, specifically contacting distal regions that interact with the Firre
genomic locus through CTCF-mediated chromatin loops. We further observed Firre localization
across five distinct trans-chromosomal loci, which reside in spatial proximity to the Firre
genomic locus on the X chromosome. Genetic deletion of the Firrelocus resulted in loss of
colocalization of these trans-chromosomal interacting loci. Expression of Firre from ectopic sites
is sufficient to form new nuclear domains and to activate the expression of neighboring genes.
Thus, our data suggest a model in which lncRNAs such as Firre can interface with and modulate
nuclear architecture across chromosomes.
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Introduction
It has become clear that mammalian genomes encode many lncRNAs with diverse functions in
development and disease (1-6). Recent work has begun to identify lncRNAs' myriad roles,
including but not limited to formation of ribonucleoprotein complexes with epigenetic
regulatory machinery, transcriptional and post-transcriptional regulation of gene expression and
the formation of subcompartments in the nucleus to mediate higher-order chromosomal
architecture (7-12). Examples of these phenomena can be observed in X-chromosome dosage
compensation in mammals. Several lncRNAs have been shown to recruit epigenetic regulatory
complexes (for example, the Polycomb complex) (13, 14), some of which are brought to the
future inactive X chromosome (15, 16). Specifically, the lncRNA Xist binds to multiple proteins
as a 'scaffold' to mediate the silencing of genes on the X chromosome and to affect the higherorder chromosomal architecture needed to establish proper epigenetic silencing (17-19).
RNA molecules have long been known to be key constituents of the nuclear matrix (20, 21), and
several noncoding RNAs (ncRNAs) are involved in the formation of nuclear subcompartments
(22, 23), such as the nucleolus and paraspeckles (24), and of higher-order chromosomal
architecture (18, 25). However, lncRNAs' mechanistic diversity, their influence on nuclear
architecture and their consequent cellular roles remain unresolved.
Here we characterize and map the genome-wide localization of the newly discovered Firre
IncRNA, a nuclear transcript conserved across mammalian species. Firre forms a distinct nuclear
compartment encompassing -5 megabases of the X chromosome. Firre localizes across this
region guided by three-dimensional proximity, particularly by CTCF-mediated looping between
distal sites and a repeated CTCF boundary element in the Firre genomic locus. In addition to
interacting with the X chromosome in cis, Firre also interacts with specific sites on other
chromosomes (in trans), which frequently co-localize with the Firre RNA cloud anchored on the
Firregenomic locus. Firre RNA is required for these inter-chromosomal contacts. Expression of
Firre from ectopic sites is sufficient to form new nuclear domains and to activate the expression
of neighboring genes. Together, these data establish a new role for RNAs in the manipulation of
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genome structure, enabling coordination of multiple co-regulated genes in a spatial
compartment.
Firre is a nuclear-retained and chromatin-associated IncRNA
We previously identified Firre (previously referred to as linc-RAP-1) as being required for proper
adipogenesis in a loss-of-function screen in mouse adipocyte precursors (26). A detailed
subsequent analysis of Firre revealed many interesting and distinguishing features: (i) a diverse
expression pattern of Firre in vivo, with enrichment in neural-crest tissues as shown by in situ
hybridization; (ii) a conserved intergenic human ortholog located on the X chromosome; (iii) a
unique 156-bp repeating RNA domain (RRD) that occurs 16 and 8 times in Mus musculus
(mouse) and Homo sapiens (human) transcripts, respectively, with 96% sequence identity within
species and 68% across species (Figure 1A); (iv) numerous alternatively spliced isoforms with
differential inclusion or exclusion of RRD sequences; and (v) stability of Firre transcripts even
after 6 h of actinomycin D treatment (27). To further determine the subcellular localization of
Firre, we used single-molecule RNA fluorescence in situ hybridization (RNA FISH) targeting
Firre (28). We adopted a dual labeling strategy to independently target the introns and exons of
Firre, thus marking the site of transcription on the X chromosome (intronic probes) and the
location of the mature transcripts (exonic probes) separately (Figure 1B). RNA FISH analysis
revealed an exclusively nuclear and focal distribution for Firre (Figure 1B) in all cells tested.
Notably, Firre exhibited strong expression foci near its site of transcription in both male and
female mouse embryonic stem cells (mESCs) (Figure 1B). We also note that the Firre RNA was
localized around its site of transcription but extended slightly beyond this site in all six human
and mouse cell lines tested. Subcellular localization and expression of Firre in cell lines with and
without inactive X chromosomes was similar to those observed in mESCs (27). Thus, Firre is
nuclear localized and forms expression foci on both X chromosomes before and after Xchromosome inactivation.
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Figure 1. Firre is a nuclear RNA with a repetitive genomic structure. (A) The mouse Firre
locus. The unique repetitive domain RRD (purple), CTCF (blue), lamin BI (orange),
H3K27me3 (red) and H3K4me3 (green) and Xist RAP (black) are shown. Lamin BI and Xist
are plotted as log fold change on the y axis relative to input, and chromatin modifications are
shown as raw counts. (B) Single-molecule RNA FISH of introns in green (A594), exons in red

(Cy3) and nuclei (4',6-diamidino-2-phenylindole (DAPI)) in male and female mESCs. Scale
bar, 20 rim.
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The Firre locus escapes X-chromosome inactivation
Our observation from RNA FISH in HEK293 cells led us to hypothesize that Firremight escape
X-chromosome inactivation. To test this, we analyzed the local chromatin environment
withinthe Firrelocus, using existing chromatin immunoprecipitation (ChIP) data for numerous
histone modifications and transcription factors. Several of these data are consistent with Firre
escaping X-chromosome inactivation: First, we observed an appreciable depletion of lamin B1
across the mouse Firre locus and across the human FIRRE locus in various cell lines (Figure 1A).
Lamin B1 is a matrix protein involved in nuclear stability and chromatin organization, and it is
known to mark heterochromatin. The domain of lamin BI depletion extends precisely across the
body of the Firregene but not into the upstream or downstream regions. Second, the Firrelocus

was specifically and significantly (P < 1.0 x 10-8) depleted of trimethylated histone H3 K27
(H3K27me3) in differentiated mESCs and in human cells before and after X-chromosome
inactivation (Figure 1A). Third, the Firre locus was enriched for trimethylated histone H3 K4
(H3K4me3) with and without Firre transcription (Figure 1A). Finally, we observed a striking
localization pattern of CCCTC-binding factor (CTCF) (Figure 1A) - which can function as an
insulator between chromatin domains and facilitate interchromosomal interactions-adjacent to
almost every exon of Firre (29).
To further test the hypothesis that Firre escapes X-chromosome inactivation, we investigated
whether Xist RNA itself localizes on the Firre locus upon X-chromosome inactivation.
Specifically, we examined the localization of Xist on DNA by using data generated by RNA
antisense purification (RAP-DNA) in mouse lung fibroblasts (mLFs). In contrast to the
enrichment of Xist previously observed across most of the X chromosome (18), a strong and
focal depletion was present in Xist binding at the Firrelocus; this was similar to what was
observed at genes known to escape X-chromosome inactivation (Figure 1A). Interestingly, the
Xist-depleted boundaries are consistent with the previously identified boundaries for the lamindepleted regions. Collectively, these data indicate that the Firrelocus escapes X-chromosome
inactivation and has a notable enrichment for CTCF and H3K4me3 and depletion for

H3K27me3 and lamin Bi.
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Firre forms a nuclear compartment including 5 megabases of the X chromosome
The focal nuclear localization of Firre near its transcription site led us to identify the direct
interactions between Firre and chromatin in the nucleus. To resolve the DNA localization sites of
Firre in a genome-wide fashion, we performed RAP-DNA using two sets of 120-bp antisense
probes targeting Firre, and two sets of sense probes as negative controls (see Methods). Upon
sequencing the co-purified DNA, we first examined the interactions of Firre in the proximity of
its genomic locus on the X chromosome. Firre RAP-DNA most strongly enriched for chromatin
the Firregenomic locus, consistent with strong purification of DNA via nascent transcripts (18).
Firre also strongly enriched for a -5-Mb domain surrounding its genomic locus (Figure 2A).
This strong enrichment in cis appeared similar to the pattern of Xist localization during early
differentiation (18); however, unlike Xist, Firre did not spread across the entire chromosome.
This entire 5-Mb region was enriched >10-fold compared to input, but Firre localized
particularly strongly to 13 specific sites (>50-fold enrichment). These Firre localization peaks
showed broad enrichment spanning over -10 kb.
Based on our previous study of Xist (18), we wondered whether Firre identifies these sites
through proximity-guided search. To test this, we compared the localization of each IncRNA to
the proximity-mediated contacts of its genomic locus, measured through genome-wide
chromosome conformation capture (Hi-C) in mESCs (see Methods). Indeed, we found that both
the Firre RNA and Firregenomic locus contacted many of the same sites on chromatin, such as
the promoter of Enox2 and the 3' end of Hs6st2 (Figure 2B, arrows). Across the entire sixmegabase region, Firre RAP-DNA correlated with the proximity contacts of the Firrelocus
(Pearson's R = 0.76). Therefore Firre, like Xist, also appears to exploit the spatial architecture of
its genomic locus to identify its localization targets on the X chromosome.
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Figure 2. Firre localizes to chromatin in cis guided by spatial proximity. (A) Comparison of
Firre RNA localization (RAP-DNA enrichment versus input at 10-kb resolution) and threedimensional proximity contacts (Hi-C read counts at 5-kb resolution). For RAP-DNA
enrichment, data extends beyond the y-axis maximum at each lncRNA locus; scale is chosen to

compare with Hi-C data. Light regions represent interpolated data over unmappable regions of
the genome. Hi-C bar graph shows normalized read counts for a 100-kb region centered on the
Firrelocus. (B) Heatmap shows raw read counts from the same Hi-C experiment. Arrows
indicate regions of elevated contact between the Firrelocus and distal loci, including the
promoter of Enox2 and the 3' end of Hs6st2.
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Figure 3. Firre RNA mediates inter-chromosomal contacts. (A) Schematic showing the trans
localization sites of Firre. (B) Co-RNA FISH. Introns of Firre are labeled in green and the introns
of its trans targets in red. Nuclei are labeled by DAPI. Colocalization of Firre with Ppp1r1O,
Ypel4 introns. (C) Co-RNA FISH of Pou5fl and Nanog introns. Green and red arrows indicate
nonoverlapping genomic loci, and yellow arrows indicate colocalization of both loci. (D) RNA
FISH colocalization of the trans-interacting loci PpplrIO and Ypel4 in wild-type and Firre
knockout cells. Scale bars, 40 am.
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The Firre RNA compartment interacts with specific sites on other chromosomes (in trans)
While lncRNAs that form nuclear compartments are thought to work primarily in cis, we
wondered whether Firre might also localize to specific sites in trans. To search for significant
Firre localization sites genome-wide, we performed a sliding window analysis comparing Firre
RAP-DNA to sense-probe controls and input. Strikingly, we found five significantly enriched
peaks (Cuffdiff2; 1% false discovery rate (FDR)) of Firre located on chromosomes 2, 9, 15 and 17

that overlap known genes including Slc25a12, Ypel4, Eeflal, Atf4 and Ppp1r10 (Figure 3A).
Notably, four out of five of these genes have previously described regulatory roles during
adipogenesis (30-33), results consistent with our previous study showing the role of Firre in
adipogenesis (26). Expanding this search to regions not overlapping mRNAs, we observed a total

of 34 additional significant localization sites for Firre (Cuffdiff2: 1% FDR).
Collectively these data suggest that Firre is localized on multiple chromosomes yet has only one
predominant nuclear localization site in male and two in female cells around its site of
transcription. These observations suggest two possible models. One possibility is that Firre could
be shuttled from its site of transcription to these sites on other chromosomes. Alternatively, the
focal localization of Firre to its own genomic locus could mean that it serves as a regional
organizing factor to bring the trans-interacting sites into the three- dimensional proximity of the
Firrelocus on the X chromosome.
In order to determine the nature of the trans-chromosomal interactions for Firre, we performed
single-molecule RNA FISH in mESCs on the transcription sites of Firre and three of the trans-

interacting genes (Slc25a12, Ypel4 and PpplrO) (Figure 3B and (27)). For negative controls, we
performed similar RNA FISH for Firre and several genes with high expression in mESCs that
were not detected by RAP as trans targets (for example, Pou5fl (also known as Oct4), Nanog and
Sox2) (Figure 3C and (27)). Remarkably, we observed colocalization between Firre and all three

trans sites tested (Slc25a12, 73.9% of cells; Ypel4, 79.4% of cells; and PpplrO, 78.1% of cells)
(Figure 3B) and between these trans sites (Figure 3D). Conversely, we did not observe any
colocalization of Firre and unbound targets Pou5fl, Nanog or Sox2 (Figure 3C and (27)). Thus,
these results are consistent with the latter model, in which the Firrelocus resides in three-
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dimensional proximity to these trans-chromosomal binding sites.
Firre RNA is required for inter-chromosomal contacts
To test the functional contribution of Firre to trans-chromosomal colocalization, we generated a
Firre knockout male mESC line by deleting the entire Firrelocus on the X chromosome (AFirre).
Briefly, we introduced loxP sites 5' and 3' of the Firrelocus by a two-step targeting strategy. Then
we infected the cells that contained this locus with a Cre plasmid and clonally selected the cells
with the proper deletion. We repeated the co-FISH experiments between the trans sites in male
AFirre mESCs. Strikingly, the PpplrOand Ypel4 gene loci no longer colocalized in the absence of
Firre (Figure 3D) (15% colocalization in AFirre relative to 72% in wild type), thus suggesting a
requirement for the Firre gene locus in facilitating the formation of cross-chromosomal
interactions in mESCs. Furthermore, we did not observe colocalization of trans sites in mLFs that
did not express Firre (27). Collectively, the above results suggest a potential role for Firre in
either maintaining or establishing higher-order nuclear architecture.
Firre regulates key pluripotency pathways
To determine the functional role of Firre, we characterized the AFirre knockout mESCs.
Comparison of wild-type and AFirre growth rates revealed a marked retardation in growth rate
and colony formation in the knockout (27). We also note an intermediate growth defect when
the cells were grown on a mouse embryonic fibroblast feeder layer (27). The AFirre cells on
feeders were able to form bigger and more colo- nies in the same amount of time as compared to
the AFirre cells grown without feeders (27). To identify the gene pathways and molecular
signatures that are altered upon deletion of Firre, we conducted massively parallel RNA
sequencing (RNA-seq) comparisons between wild-type and AFirre. Briefly, we isolated RNA
from three wild-type and two AFirre replicate cultures and subjected it to paired-end Illumina
sequencing to a mean depth of -9 x 106 fragments aligned per replicate. We identified 1,077
genes with significant differential expression (Cuffdiff2; 5% FDR) between the wild-type and
AFirre mESCs (27). Preranked gene-set enrichment analysis (GSEA) demonstrated that AFirre
cells were significantly enriched (P < 0.01) for genes involved in extracellular- matrix
organization and cell-surface receptor-ligand interactions. Conversely, AFirre mESCs, relative to

187

Chapter 5 - Topological organization by Firre

wild type, were depleted for genes involved in mRNA processing, nuclear export and electron
transport chain-mediated energy metabolism. Notably, we observed an increase in transforming

growth factor TGF-P signaling in the AFirre mESCs (27). Interestingly TGF-

signaling is

known to be a potent inhibitor of adipogenesis (34). This is consistent with our previous
observation that knockdown of Firre strongly inhibits adipogenesis in mouse preadipocytes (26)
and growth defects observed in mESC cultures.
We next tested whether the Firre cis and trans localization sites were affected by the absence of
Firre. We did not observe a global enrichment for the five trans-site genes in the list of
significantly differentially expressed genes (P < 1.0; hypergeometric test). We did observe one key
exception, PpplrIO,one of the three validated trans sites, that was significantly decreased

(Cuffdiff2; 1% FDR) in the AFirre cells relative to wild type. Similarly, genes located in the 5megabase domain on the X chromosome showed a variety of changes, with some increasing and
some decreasing in the AFirre cells. Indeed, this is consistent with the global transcriptional
changes observed in these cells, which conflate the direct effects of the Firre RNA with
downstream, indirect effects. Thus, while Firre contacts multiple genomic targets in cis and trans,
the broader effects on cell state and gene expression may obscure the regulatory effects of Firre
localization at these targets.
Spatial proximity guides the localization of Firre in ectopic loci
To determine whether Firre can regulate gene expression guided by spatial proximity, we tested
whether Firre can localize to and regulate ectopic loci in the genome. We expressed Firre via
random retrovirus-mediated integration into human and mouse lung fibroblasts, which do not
normally express Firre. We observed many sites of focal accumulation of Firre of FISH, reflecting
multiple viral integration sites per cell (Figure 4). These focal spots varied in size but were often
larger than observed for mRNA transcription loci. We obtained similar results upon ectopic
expression of Firre in human cells that endogenously express this lncRNA (HEK293 and HeLa)
(27). Thus, Firre RNA can form focal nuclear domains in many locations in the genome.
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Figure 4. Firre localizes to chromatin at ectopic loci. Single-molecule RNA FISH visualizing
viral overexpression of Firre (red) in human and mouse lung fibroblasts (hLF and mLF) that do
not express Firre. Scale bars = 15 lm. OX = overexpression.
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Discussion
Here, we identified and characterized a new lncRNA-encoding gene, Firre,that has important
roles in both cell physiology and nuclear architecture. Firre RNA forms a nuclear compartment
containing -5 megabases of sequence on the X chromosome. Firre interacts with specific distal
sites in cis, guided by the unique spatial architecture of the Firregenomic locus involving CTCFmediated chromatin looping. Firre also contacts specific genomic sites in trans, and is required
for inter-chromosomal contacts between these trans sites and the Firregenomic locus. Spatial
proximity is sufficient, in several ectopic contexts, to specify Firre localization to chromatin.
Together, these observations suggest an intriguing model in which Firre, and potentially many
other IncRNAs (8, 21, 35-37), function as nuclear organization factors. While we previously
showed that Xist uses spatial proximity to identify regulatory targets in cis, Firre demonstrates
that proximity-mediated search can also include genomic targets on other chromosomes. We
propose that Firre has high affinity for these specific sites on chromatin, which, through
diffusion-mediated processes, occasionally encounter and become anchored to the Firre RNA
compartment centered on the X chromosome. This may enable spatial consolidation of coregulated genes; indeed, many of the trans localization targets of Firre are involved in energy
metabolism and adipogenesis, consistent with the previously described role of Firre in regulating
adipogenesis (26). Underscoring the physiological relevance of such a model, either genetic
deletion or transcriptional depletion of Firre in mESCs and adipocytes, respectively, results in the
perturbation of cell physiology (26). Future studies will determine the precise mechanisms and
direct endogenous targets that enable Firre to regulate transcription, chromosomal architecture,
and cellular physiology.
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Methods
Repetitive sequence analysis (FSA). The sequence for Firre was scanned for repetitive elements
with the ab initio repeat-detection algorithm RepeatScout47. This sequence was then aligned
-

back to the genome (mm9 or hg19) with BLAT49 with the following parameters: -stepSize=5

repMatch=2253 -minScore=50 -minldentity=0. Genomic DNA for the hits was extracted and
multiply aligned with the Fast Statistical Aligner, a probabilistic multiple alignment tool
specifically engineered to accommodate multiple alignment of sequences with potentially
nonuniform evolutionary constraint (38). Fast Statistical Alignment uses pair hidden Markov
models to estimate gap and substitution parameters for the multiple alignment-scoring function,
improving alignment robustness.
Cloning Firre. Total RNA (1 ptg) was reverse transcribed according to the instructions in the
Superscript III kit (Life Technologies, cat. no. 18080-051). The thermocycling conditions were 25
'C for 10 min, 55 'C for 1 h, 70 *C for 15 min and 4"C final. 2 pL of the cDNA was mixed with 21
tL of water, 2 ptL of 10 [tM primers and 25 pL 2x Phusion Mastermix (New England BioLabs, cat.
no M053 1S). The PCR conditions were: (i) 98 *C for 30 s, (ii) 98 'C for 10 s, (iii) 66 'C for 30s,
(iv) 72"C for 3min, (v) 720C for 5 min and (vi) 4*C final, with 45 cycles repeating steps 2-4. The
extension time varied with the length of the lincRNA. The products were checked on 1% agarose
gel. Nested PCR was performed when necessary with purified PCR products instead of cDNA.
Longer isoforms were gel-purified and then subjected to the following cleaning steps. The PCR
products were purified with SPRI beads (Beckman Coulter, cat. no. A63880), according to the
instructions in the manual. SPRI beads were added to the PCR product and incubated at room
temperature for 2 min. The mix was put on a magnet for 4 min, and the supernatant was
removed. The beads were washed with 100 jiL of 70% EtOH for 30 s twice and placed at 37 "C for
5 min until the beads appeared dry. The PCR product immobilized on the beads was eluted with
30 pL of water on the magnet for 5 min.
The purified PCR product was quantified and used in BP reactions. The amount of DNA to be
added was calculated as described in the Gateway cloning manual (Invitrogen). The BP reaction
was set up according to the BP Clonase II instructions (Life Technologies, cat. no. 11789020).
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For transformations, 1 vial of Omnimax 2T1R (Life Technologies, cat. no 8540-03) cells was used
for four BP reactions. The steps outlined in the Omnimax 2T1R manual were followed. The
transformation plates were incubated at 37 'C overnight, and the colonies were sequenced
through Genewiz. When the inserts were verified, the plasmids were prepared with the Qiagen
miniprep kit (Qiagen, cat. no. 27104).
Cellular fractionation. The cells grown in 15-cm dishes were washed with 5 mL of 1x PBS and
trypsinized with 3 mL of TrypLE (Invitrogen) at 37 'C for 3-5 min. The trypsin was quenched
with five volumes of ice-cold growth medium (DMEM (Invitrogen), 10% FBS (Invitrogen), 1%
pen-strep (Invitrogen), and 1% 1-glutamine (Invitrogen)), and the cells were pelleted at 200g for 3
min and resuspended in 1 ml of ice-cold 1x PBS. The resuspension was centrifuged at 200g for 10
min at 4 'C. The supernatant was carefully removed without disturbing the pellet; the remaining
packed pellet volume was estimated for the next steps. The pellet was resuspended in five packed
pellet volumes of ice-cold cytoplasmic extraction buffer (20 mM Tris, pH 7.6 (Ambion), 0.1 mM
EDTA (Ambion), 2 mM MgCl2 (Ambion), 1x protease inhibitors (VWR) and 0.5 U/1 iL
RNaseOUT (Invitrogen)). The cells were incubated first at room temperature for 2 min, then on
ice for 10 min. The cells were lysed by addition of CHAPS to a final concentration of 0.6%. The
sample was then homogenized by passage through a 1 -ml syringe and was centrifuged at 500g for
5 min at 4 'C. The 70-80% of the supernatant was taken and saved at -80 'C; this was the
cytoplasmic fraction. The remaining supernatant was carefully removed, and the pellet was
washed with cytoplasmic extraction buffer supplemented with 0.6% (w/v) CHAPS. The sample
was centrifuged at 500g for 5 min at 4 'C, and the entire supernatant was discarded. The wash
step was repeated one more time. The pellet was then resuspended in two packed pellet volumes
of nuclei suspension buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 0.15% (v/v) NP-40, Ix protease
inhibitors and 0.5 U/ L RNaseOUT). The nuclear suspension was layered on five packed pellet
volumes of sucrose cushion (10 mM Tris, pH 7.5, 150 mM NaCl, 24% (w/v) sucrose, Ix protease
inhibitors and 0.5 U/[L RNaseOUT) and pelleted at 14,000 r.p.m. for 10 min at 4 'C. The
supernatant was discarded, and the pellet was washed with ten packed pellet volumes of ice-cold
1x PBS supplemented with 1 mM EDTA. The sample was then centrifuged at 500g for 5 min at 4
*C. The pellet constituted the nuclear fraction.
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Fluorescence in situ hybridization (FISH). The FISH protocol was performed as described
previously (28). Briefly, oligonucleotide probes targeting and tiling the intron of Firre were
conjugated to Alexa594 fluorophores, and the probes targeting and tiling the exon were
conjugated to tetramethylrhodamine (TMR) and purified by HPLC. Before the hybridization, the
adherent cells were fixed (10 min with 4% formaldehyde) and permeabilized with 70% EtOH in
two- chamber cover glasses. mESCs and hESCs were fixed in solution after they were collected
from the plate: the cells were incubated at room temperature in 2% formaldehyde solution for 10
min, and this was followed by centrifugation at 1,000g for 3 min. The cells were washed with 1x
PBS twice with centrifugation at 1,000g for 3 min in between. The cells were permeabilized with
70% EtOH. The ESCs were then plated on gelatinized cover glasses. Prior to the hybridization,
the cells were rehydrated with wash buffer containing 10% formamide (Ambion, cat. no.

AM9342) and 2x SSC (Ambion, cat. no. AM9765) for 5 min. Then the probes (0.5 ng/IL final)
were hybridized in 10% dextran sulfate (Sigma, cat. no. D8906), 10% formamide and 2x SSC at
37 *C overnight. After hybridization, the cells were washed in wash buffer at 37 'C for 30 min
twice (with the addition of DAPI in the second wash) and then in 2x SSC twice. The imaging was
done immediately after with 2x SSC as the mounting medium.
The same protocol was followed for the co-FISH experiments. The probes targeting and tiling the
introns of the trans sites (Slc25a12, Ypel4, and PpplrlO) were conjugated to Quasar570. Co-FISH
assays were conducted as indicated in wild-type male mESCs, AFirre male mESCs or mLFs.
Quasar670 was used as an additional fluorophore when working with three colors and trans sites;
Quasar570 and Quasar670 were used together when staining for trans sites.

RNA antisense purification (RAP) analysis. RAP was performed as described (18). Briefly, the
RNA of interest was tiled with 120-bp antisense nucleotides that had been biotinylated. Two
distinct pools of antisense probes targeting Firre and one pool containing sense probes (negative
control) were generated. The hybridization was done in duplicate and cross-linked, and 20 ng
(350 fmol) of oligos were added to the precleared lysates and the mix was rotated at 4 'C. The
oligos were then captured by streptavidin beads, and the elutions for RNA and DNA were
performed. As with standard ChIP-seq assays, duplicate pulldowns were performed and
sequenced to control for technical variability.
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For X-chromosome enrichment analysis (Figure 1A), the X chromosome was divided into 10-Kb
bins, and a linear regression of counts per bin was performed against each replicate and the input
control. The slope of the linear regression was used as a normalization factor (alpha) between the
two libraries. Enrichment levels relative to input were calculated by division of the experimental
counts for each bin by the input counts times alpha. Firre localization peaks in cis were chosen as
10-Kb windows with greater than 50-fold enrichment versus input DNA.
To identify regions bound by the Firre RNA in trans, we used the Scripture peak-calling
algorithm (39) to call significant peaks across each of the replicate sequencing .bam files,
including the input control and antisense control. All peaks were merged with Bedtools
mergeBed54 to obtain the universe of significant peaks across all samples. A .gtf file of significant
peaks, along with the replicate .bam files for each of the samples was used as input for Cuffdiff2
(40) for quantification and differential testing. Cuffdiff2 was run with default parameters with the
addition of the '-no-length-correction' argument to disable length correction. Significant peaks
were called with the Cuffdiff2 test statistic with P < 0.1.
Genome-wide chromosome conformation mapping with Hi-C. We generated a highresolution map of proximity contacts in V6.5 male mouse embryonic stem cells using in situ HiC, sequencing to a depth of >900 million reads (41). To plot proximity contacts anchored at the
Firre genomic locus, we generated normalized contact maps at 30-Kb resolution and summed the
scores from a 30-Kb region centered on the 3' end of the Firrelocus. Correlation between Hi-C
data (normalized contact scores) and RAP-DNA data (RAP-DNA enrichment versus input) was
performed at 10-Kb resolution.

Retroviral overexpression of Firre. The overexpression vector for Firre was made by
modification of the pLenti6.3/TO/V5-DEST (Snap Gene) destination vector. We modified it by
removing the WPRE, the SV40 promoter and the blasticidin-resistance gene, keeping the
GateWay tails the same, to prevent any interference with the lncRNA structure and function. All
the transductions were done as follows: the cells were split into 12-well dishes and resuspended
in medium with 4 ig/mL polybrene. Immediately after, 100 [tL of virus (of the same titer or with
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volume adjustment if not the same titer) was added to each well. The untransduced control was
used to measure the overexpression levels by qRT-PCR.
Cell culture. HEK293 (ATCC, CRL-1573), HeLa (ATCC, CCL-2), mLF (ATCC, CCL-206) and
hLF (ATCC, IMR90) cells were grown in growth medium (described above) at 37 'C at 5% C02.
Male (Novus, NBP1-41162) and female (RIKEN, AESOO10) mouse ESCs were grown in
previously gelatinized (0.2%) dishes with 21 medium containing 125 mL DMEM/F12
(Invitrogen), 83.5 ptL BSA fraction V (50 g/ml relative to DMEM) (Invitrogen, 15260-037, 75
mg/mL), 125 mL Neurobasal medium (Invitrogen, 21103-049), 625 IL of the Ndiff Neuro2
(200x, relative to Neurobasal medium) (Millipore, SCMO 12), 2.5 mL B27 minus vitamin A (50x,
relative to Neurobasal medium) (Invitrogen, 12587-010), 2 pL t-mercaptoethanol, 1 pM
PD0325901 (Stemgent, 04-0006), 3 tM CHIR99021 (Stemgent 04-0004), 25 IL LIF ESGRO
(from Chemicon, ESG1106), 1% pen-strep (Invitrogen, 15140-163), 1% nonessential amino acids
(Invitrogen, 11140-076) and 1% -glutamine (Invitrogen, 25030-164). The plating density of mES
cells was chosen to be 30,000-50,000/cm2.
RNA extraction. RNA extraction was performed by addition of 1 ml of TRIzol to each well of a
six-well plate. 200 tL of chloroform was added, and the mix was centrifuged at 4 'C at 13,000
r.p.m. for 15 min. The aqueous layer was processed on the RNeasy Mini columns (Qiagen, cat.
no. 74104). The RNA was reverse transcribed with the SuperScriptIII First-Strand Synthesis kit.
The cDNA synthesis was performed at 25'C for 5 min, 50'C for lh and 70"C for 15 min. Then
the cDNA (15 ng per well of the 384-well qPCR plate) was added 1:1 to the SYBR and primer mix
(100 nM) for qRT-PCR.
RNA-seq library preparation, sequencing and analysis. 200 ng of extracted RNA from each of
two AFirre and three wild-type JM8A male mouse ES-cell cultures was used as input for the
Illumina TruSeq library preparation kit, accord- ing to the manufacturer's guidelines. Libraries
were individually barcoded, and library size distribution and quality were assayed with a DNA
High-sensitivity Chip on the Agilent Bioanaylzer 2100. Libraries were pooled, and paired-end 35bp fragments were generated on an Illumina MiSeq sequencer to an average depth of 9 million
fragments per sample. Fragments were aligned to the mouse genome (mm9) with Tophat2 (42)
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with default options and the UCSC tran- scriptome as a reference. Aligned reads were quantified
against all mouse UCSC genes with Cuffdiff2 (40) with default options. Significantly differentially
expressed (DE) genes were selected with an FDR of 5%. Because RNA-seq data are
heteroscedastic and not normally distributed, we chose to evaluate pathway enrichment by using
a preranked GSEA analysis. This was conducted by the GSEA tool60 with a list of all genes
ranked by cuffdiff2 test statistic (KO/WT) against the c2.cp.reactome.v4.0.symbols.gmt gene-set
collection (MSigDB, Broad). Gene sets were selected as significantly enriched if the nominal P
value was less than 0.01.
Targeting and generation of conditional AFirre mESCs. To generate ESCs specifically deficient
in Firre, a two-step targeting strategy was used to introduce loxP sites in the 5' and 3' ends of the
Firrelocus. Targeting of only one allele was needed to obtain Firre-deficient ESCs, because Firre
resides on the X chromosome, and male ESCs (JM8) were used. To generate the Firre 3' targeting
construct, we amplified the homology arms, which were then cloned into the pEASY-FLIRT
vector. In this targeting construct, the neo cassette that serves as a selection marker during the
targeting process was flanked by two Frt sites. To generate the Firre 5' targeting construct, we
amplified the homology arms, which were then cloned into the newly generated pEASY-Hygro
vector. In this construct, the hygro cassette that serves as a selection marker during the targeting
process was flanked by two loxP sites.
ES cells were maintained under standard conditions and targeted as previously described (29). In
brief, the vector targeting the 3' end of Firre was electroporated into C57BL/6 ES cells (JM8) and
grown under selection with neomycin. Homologous-recombinant ES cells identified by PCR
analysis were subsequently electroporated with the vector targeting the 5' end of Firreand grown
under selection with hygromycin. Double-targeted ES cells were identified by PCR analysis. To
delete Firre,double-targeted ES cells were electroporated with a Cre recombinase-expressing
plasmid (pGK-Cre-bPA). PCR genotyping was used to identify clones in which Firrehad been
deleted.
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Chapter 6.
Many lncRNAs localize to chromatin in cis based on spatial
proximity

This chapter presents work with contributions from Jesse Engreitz, Klara Sirokman, Michael
Kane, Jenna Haines, Glen Munson, Suhas Rao, Elena Stamenova, Neva Durand, Erez Aiden, Eric
Lander, and Mitchell Guttman.

Abstract: An emerging hypothesis is that many long noncoding RNAs (lncRNAs) recruit or
modulate the activity of chromatin regulatory complexes by localizing to specific sites across the
genome (1-3). While many lncRNAs are reported to affect gene expression and interact with
chromatin regulatory complexes, the specific genomic sites to which lncRNAs localize remain
unknown, raising questions about how lncRNAs might identify their regulatory targets. To
address these questions, we previously developed a method to map lncRNA interactions with
chromatin and demonstrated that the lncRNAs Xist and MalatI use distinct strategies to identify
their localization targets in cis and trans (4, 5). Here, we map the chromatin localization of 10
additional nuclear-localized lncRNAs and show that they localize to chromatin exclusively in cis.
LncRNA-chromatin interactions in cis correlate with the proximity contacts of the lncRNAs'
genomic loci, suggesting that proximity-guided search is a common strategy for specifying
lncRNA localization. Two features of lncRNAs influence the extent to which they spread across
chromatin: intrinsic RNA affinity for chromatin and lncRNA abundance. Importantly, mRNAs
and mRNA introns studied here also interact with chromatin in close spatial proximity to their
genomic loci, indicating that lncRNA interactions with chromatin do not necessarily imply
function. Nevertheless, these localization patterns have important implications for future studies
of lncRNA function: if these lncRNAs do act on chromatin, their regulatory targets likely reside
in close spatial proximity to their genomic loci.
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Introduction
Mammalian genomes encode thousands of intergenic long noncoding RNAs (lncRNAs) (6-10),
many of which participate in diverse biological processes in development and disease (2, 11, 12).
Several well-documented examples support the hypothesis that a subset of these lncRNAs act as
regulators of transcription: for example, the Xist IncRNA directly localizes to the inactive X
chromosome (13) and silences transcription (14) by recruiting regulatory proteins such as
SHARP and HDAC3 (15). Emerging evidence suggests that other lncRNAs may work through
similar mechanisms: many lncRNAs affect gene expression and interact with diverse chromatin
regulatory complexes (1-3). These data suggest a model in which many lncRNAs physically
localize to specific sites in the genome to regulate transcription (1-3), motivating a search for the
regulatory targets of lncRNAs on chromatin.
Efforts to identify the regulatory targets of lncRNAs based on loss-of-function approaches have
led to debate over whether lncRNAs primarily act in cis or in trans with respect to their genomic
loci. We note that although "cis" and "trans" in genetics refer to pairs of homologous
chromosomes, the lncRNA field often uses these terms to distinguish lncRNA action on the same
chromosome relative to its genomic locus (cis) versus any other chromosome in the genome,
including but not limited to the opposite homologous chromosome (trans); here, we use the
latter definitions. Supporting the hypothesis that lncRNAs primarily act in cis, knockdown of 12
IncRNAs in keratinocytes identified 7 that affected the expression of a neighboring gene within
300 kilobases (kb) of the IncRNA's own genomic locus (16). Several of these lncRNAs could
activate gene expression when cloned into a plasmid-based reporter, suggesting that they
function as transcriptional activators in cis. In contrast, knockdown of 137 lncRNAs in mouse
embryonic stem cells significantly impacted gene expression across the genome, but only 8
lncRNA knockdowns affected the expression of neighboring genes within 300 kb (2). This
suggested that many lncRNAs might regulate gene expression in trans rather than in cis.
However, a limitation of these and other similar studies is that knockdown experiments cannot
distinguish between (i) direct effects of a lncRNA localized to a target gene and (ii) indirect,
downstream effects of a lncRNA functioning elsewhere in the genome or cell. Consequently, the
genomic sites that most lncRNAs localize to and regulate remain unknown.
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To address this question, we previously developed a method, RNA Antisense Purification
followed by DNA sequencing (RAP-DNA), to map IncRNA interactions with chromatin
genome-wide (4, 5). Application of this method to abundant lncRNAs such as Xist and Malatl
has led to a more nuanced classification of IncRNA localization patterns, based on two proposed
mechanisms by which lncRNAs may identify their genomic targets. In the first mechanistic
strategy (affinity-based search), lncRNAs diffuse widely throughout the nucleus to search for
high-affinity binding sites, in a manner similar to trans-acting transcription factors. Malati, for
example, localizes to many discrete speckles throughout the nucleus (as observed by in situ
imaging (17)) and interacts with chromatin at thousands of specific sites across the genome (as
observed by RAP-DNA (5, 18)). In the second strategy (proximity-based search), lncRNAs
exploit the spatial architecture of the genome to identify localization targets in close proximity to
their genomic loci, to which they may or may not have particularly high affinity relative to the
rest of the genome. Xist, for example, spreads across the X chromosome by transferring to distal
sites in cis that physically contact the Xist genomic locus in three dimensions (4). Xist can localize
to and silence gene expression in cis even when expressed from an ectopic location on an
autosome (19, 20), suggesting that Xist interactions with chromatin are primarily encoded by
physical location rather than by preferential affinity for X chromosome DNA. These two
mechanisms - affinity-based search and proximity-based search - may roughly correspond to
regulation in trans and cis, respectively, although recent examples highlight that these
distinctions are not absolute: a proximity-based search strategy might involve genes in both cis
and trans that spatially associate with the IncRNA genomic locus (21, 22). Despite these
conceptual advances in understanding lncRNA localization, it remains unclear whether these
search mechanisms are more generally used by the many other lncRNAs implicated in
transcriptional regulation.
Here, we map the chromatin localization of 10 additional IncRNAs in mouse embryonic stem
cells to determine more generally where and how IncRNAs interact with chromatin. We find that
these 10 IncRNAs detectably localize to chromatin exclusively in cis, guided by spatial proximity.
The extent to which IncRNAs spread out from their genomic loci varies between lncRNAs, and
we identify two factors that influence this variation: intrinsic RNA affinity for chromatin and
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absolute RNA abundance. Importantly, however, we find that such interactions are not limited to
lncRNAs: mRNAs and mRNA introns also interact with chromatin in close spatial proximity to
their genomic loci. Further experimental approaches will be necessary to determine whether
these interactions of lncRNAs are functional (see Chapter 7). However, the proximity-guided
localization of these 10 lncRNAs establishes a strong prior for their regulatory targets: if lncRNAs
do in fact regulate transcription, their direct targets likely reside in cis.

A survey of IncRNA-chromatin interactions in embryonic stem cells
We previously defined a set of -150 intergenic lncRNAs in mouse embryonic stem cells based on
an H3K4me3-H3K36me3 chromatin signature and RNA sequencing (23, 24). Many of these
lncRNAs impact specific gene expression programs (as assayed by shRNA-mediated knockdown)
and interact with chromatin regulatory complexes (as assayed by immunopurification of these
complexes), suggesting that some of these lncRNAs regulate transcription (2). To determine
where and how these lncRNAs might localize to chromatin, we set out to map IncRNAchromatin interactions for a subset of candidates.
To nominate lncRNAs that might localize to specific genomic sites, we first measured the
subcellular localization patterns of lncRNAs in mouse embryonic stem cells. To measure the
relative abundance of each lncRNA in cytoplasm, soluble nuclear (nucleoplasm), and chromatin
fractions, we performed cellular fractionation as previously described (5, 25) and sequenced
polyadenylated and total RNA (see Methods). We examined the fractionation profiles of RNAs
with known function and subcellular localization. Transcripts biased most strongly toward the
cytoplasmic fraction included mRNAs like Pou5fl (Oct4) (Figure 1). Classes of transcripts most
strongly represented in the chromatin fraction included pre-mRNA introns as well as lncRNAs
known to be involved in cis regulation and imprinting, such as Tsix (26) and Kcnqlotl (27), as
well as Malati, which is associated with nuclear speckles and interacts with many sites on
genomic DNA (5, 18). These observations suggested that this fractionation approach could
inform the subcellular localization of uncharacterized lncRNAs. Accordingly, we nominated 10
additional lncRNAs that showed a bias toward the nuclear fractions for chromatin-interaction
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mapping. We selected these IncRNAs to span a range of abundance levels (Figure 1): while Tsix
and Malatl are among the most abundant IncRNAs, we wished to test whether less abundant
lncRNAs can also localize to specific sites on chromatin.

LncRNAs and mRNAs interact with chromatin most strongly in cis
To map the genome-wide RNA-chromatin interactions for these nuclear lncRNAs, we purified
each of the lncRNAs from crosslinked nuclear extracts and sequenced the co-purified DNA (see
Methods). As controls for RNA localization, we purified known cis regulators (Xist and Tsix),
known trans regulators (MalatI, Neati, and Ul), and several mRNA controls (Hdac2, Casp2, and
Rbl2), which we expect to localize to chromatin only in the vicinity of their own genomic loci. As
additional controls for some of the IncRNAs, we performed a matched RAP-DNA experiment
with sense-strand probes, which should not capture the IncRNA target but should capture any
off-target sites that result from direct probe-DNA hybridization. Notably, these sense-strand
controls captured significantly less DNA than the antisense-strand experiments and did not show
specific peaks across the genome (see Methods).
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Figure 1. Subcellular fractionation identifies nuclear and chromatin-bound IncRNAs.
Relative abundance of IncRNAs (blue) and mRNAs (gray) in three cellular fractions. For
visualization purposes, 500 random mRNAs are shown. Dots depict measurements from
sequencing of poly(A+) RNA. LncRNAs purified in this study are represented by larger blue
dots.
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We searched for IncRNA interaction sites across the genome using a sliding window analysis,
comparing each RAP-DNA experiment to its sense-strand control and to input DNA (see
Methods). At 10-kb resolution, known trans regulators Malati, NeatI, and Ul localized to
thousands of sites across the genome. Xist and Tsix, in contrast, localized only to the Xchromosome, and purification of three mRNAs did not enrich for regions far from their genomic
loci (Figure 2). Using the same analysis for each of the 10 additional lncRNAs, we observed that
the predominant RAP-DNA signal originated from the IncRNA genomic locus and the
surrounding regions, rather than from sites on other chromosomes (Figure 2). Several of these
purifications also revealed a handful (1 to 12) of significantly enriched sites on different
chromosomes than the IncRNA locus. However, the magnitude of the enrichment at these trans
sites was smaller than interactions in cis: for each of the 10 IncRNAs, RAP-DNA enrichment at
sites within 200 kb of the IncRNA locus was stronger than at any other location in the genome,
including any significant sites in trans. Even Malati, which is known to localize to other sites in
the genome, co-purified chromatin most strongly in the vicinity of its genomic locus (Figure 3).

Despite the predominant signal in cis, we sought to determine if any of the enriched trans sites
represented true IncRNA localization events that might indicate that the IncRNA acts in trans.
We were unable to verify any of these interactions. For example, linc1405 enriched for twelve
nominally significant trans sites. To increase the sensitivity for detecting these sites, we repeated
the RAP-DNA experiments with ten-fold more cells; to improve our ability to rule out artifacts
due to off-target capture, we performed these experiments using two non-overlapping probesets
in a stringently filtered, "even-odd" design (see Methods). Only one of the twelve sites identified
in our initial experiment was significantly enriched in these replicate experiments. Furthermore,
this single site was enriched only in one of the two non-overlapping probesets, and thus is likely
due to off-target capture of DNA or a nascent RNA at that site. Thus, these additional
experiments could not confirm the existence of trans binding sites for linc1405, supporting the
conclusion that these IncRNAs predominantly interact with chromatin in cis.
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Figure 2. RNA-chromatin interaction maps show predominant RNA localization in cis.
Significance of enrichment (RAP-DNA versus input) across the genome in 10-kb windows for
RAP-DNA of 18 transcripts. The y-axis represents Bonferroni-corrected binomial P-values, and
has the same scale across all experiments. Red lines mark the cutoff for genome-wide significance
(p < 10'). Inverted black arrowheads denote the genomic locus encoding each RNA. Right panel
shows the abundance of each transcript in the chromatin fraction in reads per kilobase per
million (RPKM). U1 and Malati abundances are calculated from sequencing of total RNA; all
others are calculated from polyadenylated RNA. No data (N.D.) is reported for the abundance of
Xist because it is not expressed in the cells in which we performed the cellular fractionation
experiments. The ten lncRNAs following Rbl2 are sorted in decreasing order of abundance.
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This finding of predominant cis localization contrasts with recent studies of RNA localization
(31-34), which report thousands of transbinding sites for several mammalian IncRNAs of similar
abundance to the lncRNAs investigated here. Notably, these IncRNAs are several orders of
magnitude less abundant than Malati, which we and others have demonstrated to localize to
thousands of specific sites in trans (5, 18). To investigate the cause of this discrepancy, we
reanalyzed the data from two previous studies that used alternative protocols to map IncRNAchromatin interactions (31, 35). In both studies, the negative control probes targeting LacZ, a
bacterial sequence that does not exist in mammalian genomes, also enriched for thousands of
specific genomic sites. This suggests that the signals identified in these studies may not represent
true RNA-chromatin interactions. Instead, these signals appear to result from direct off-target
capture of DNA: for example, the sequence motif reported to be enriched in the supposed
genomic binding sites of HOTAIR matches the sequence of one of the capture oligos (33). Thus,
the fact that we do not observe significant transbinding sites in our data may be explained by the
highly stringent hybridization conditions used in RAP-DNA, which appear to eliminate most
off-target capture artifacts (see Chapter 2).
While we cannot exclude the possibility that the ten lncRNAs examined here interact
infrequently or at low levels with specific sites in trans, it is clear that these lncRNAs co-purify
most strongly with chromatin in the vicinity of their genomic loci. Accordingly, we examined the
cis localization patterns of these lncRNAs in closer detail.

3-D proximity interactions guide lncRNA and mRNA localization in cis
We examined the cis localization pattern of each RNA to glean the features that guide RNA
interactions with chromatin. The strongest RAP-DNA signal originated from the lncRNA locus
itself, and, in most cases, increased throughout the gene locus toward the 3' end. This pattern
may result from the presence of a longer (and thus easier to hybridize/capture) nascent RNA at
the 3' end of the gene, and may also reflect the higher occupancy of engaged RNA polymerase at
the 3' ends of genes.
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The flanking megabases of each lncRNA were also more highly enriched than any other region in
the genome. This enrichment did not decrease monotonically from the gene locus but rather
showed specific peaks, revealing specific interactions between lncRNAs and their neighboring
genes. For example, linc1405 RAP-DNA strongly enriched for the neighboring gene Eomes, more
so than the intervening 60 kilobases (Figure 3A). Tsix RAP-DNA more strongly enriched for the
topological domain distal to the Tsix genomic locus than the domain proximal (Figure 3B). Even
Malati, which localizes strongly to thousands of sites across the genome (5, 18), showed
strongest RAP-DNA enrichment in the vicinity of its locus on chromosome 3, with focal
enrichment at the neighboring Neati locus (Figure 3C), in agreement with published localization
data for MALATI generated with a different protocol (18). Thus, these lncRNAs preferentially
interact with specific sites in cis that are not entirely determined by linear distance.
Based on our previous study of Xist (4), we wondered whether spatial proximity might guide the
localization of these lncRNAs to specific sites. To test this, we compared the pattern of
localization of each lncRNA to the pattern of proximity-mediated contacts of its genomic locus,
measured through genome-wide chromosome conformation capture (Hi-C) in mouse
embryonic stem cells (see Methods). We found that both lincl405 RAP-DNA and the proximity
contacts of the linc1405 locus showed focal enrichment for the Eomes locus; similarly, both
Malatl RAP-DNA and the proximity contacts of the Malati locus showed focal enrichment for
Neati (Figure 3). For all ten lncRNAs, the lncRNA contacts with chromatin strongly correlated
with the proximity contacts of the lncRNA genomic locus (Pearson's R = 0.45 to 0.95, Figure
4A), similar to our previous observations for Xist (4). Thus, the proximity contacts of the
IncRNA locus likely contribute to the specificity of lncRNA interactions with its neighboring
genomic regions.
Importantly, however, this correlation between RAP-DNA enrichment and proximity contacts is
not unique to lncRNAs. We found that Casp2 and Rbl2 mRNAs showed similar correlations
between RNA localization to chromatin and the proximity contacts of their genomic loci (Figure
4A). As an additional nuclear-localized RNA control, we performed RAP-DNA for the introns of
Nanog, a highly expressed gene in mouse embryonic stem cells. Nanog introns strongly co-
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Figure 3. LncRNAs localize to
specific sites in the vicinity of their
genomic loci. Comparison of RNA
localization (RAP-DNA enrichment
versus input at 10-kb resolution) and
three-dimensional proximity contacts
(Hi-C read counts at 5-kb resolution)
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purified chromatin in pattern that corresponded to the spatial proximity contacts of the Nanog
genomic locus (Figure 4A). Thus, the correlation with 3-D proximity contacts can result from
capture of any nascent or newly produced transcript and does not by itself imply that these RNA
localization patterns represent functional interactions.
Extent of spreading in cis varies between IncRNAs
While both lncRNAs and mRNAs appeared to localize in cis, we wondered whether the
magnitude and breadth of these interactions might vary between RNAs and thus highlight the
potential for functional or mechanistic differences. Indeed, some IncRNAs appeared to enrich
chromatin in cis much more strongly and broadly than others (Figure 4B). To quantify the
extent to which each lncRNA enriched regions outside of its genomic locus, we defined a "linear
spreading distance" metric as the largest continuous region surrounding the IncRNA locus with
>2-fold enrichment in RAP-DNA (see Methods). We note that this metric is intended to estimate
how strongly or frequently different lncRNAs interact with chromatin at a given threedimensional distance; its absolute value is arbitrary and depends on our ability to detect
enrichment. This metric was reproducible ( 7%) for a given IncRNA across replicate
purifications from the same lysate preparation but varied by -50% across different batches (see
Methods); thus, we compared the linear spreading distance between experiments performed in
the same batch of lysate. The IncRNAs with the shortest linear spreading distance, including
linc1552 and linc1587, enriched for chromatin across less than 500 Kb surrounding their
genomic loci. In contrast, linc1468 appeared to spread over four megabases. The three mRNAs
we purified also varied in their linear spreading distance by approximately 2-fold; however direct
comparisons between the mRNA and lncRNA spreading distances were not possible due to
differences in the lysate batch. Thus, different RNAs vary by at least an order of magnitude in the
linear distance over which they appear to spread across chromatin in cis.
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Figure 4. LncRNA localization is guided by spatial proximity. (A) Comparison of RNA
localization and spatial proximity contacts for 11 IncRNAs and 3 mRNAs. Red lines show RAPDNA enrichment versus input across a 4-Mb region centered on each lncRNA locus. Blue lines
show normalized Hi-C read counts summed across the three 5-kb bins centered on the 3' end of
each IncRNA. The scale for Hi-C data is the same for each panel (0 to 100). The scale for RAPDNA is adjusted for each experiment as reported in the red y-axis labels. The Pearson correlation
coefficients (R) compare RAP-DNA enrichment and Hi-C in the region displayed, excluding the
IncRNA locus itself and the 10 kb surrounding the target RNA locus in both directions. The
region to the left of Tugi is truncated because it is encoded close to the proximal end of its
chromosome. (B) Same as (A), except that the RAP-DNA enrichment is scaled the same (0 to 50)
for each experiment to compare absolute enrichment values and localization patterns across
different RNAs. Pink bars under each panel display the linear spreading distance (i.e., the
maximum continuous region across which the target RNA enriches for DNA by a factor of at
least two, calculated in overlapping 100-kb windows).
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Affinity for chromatin influences IncRNA spreading in cis
This observation prompted us to consider multiple features that might control the extent to
which a given IncRNA spreads out from its genomic locus. We reasoned that the following
factors might contribute: (i) the abundance of the IncRNA on chromatin, based on our previous
observations that over-expression of Xist leads to the IncRNA spreading throughout the nucleus
(4); (ii) the affinity of the IncRNA for chromatin, based on lncRNAs like Xist that interact with
broadly localized DNA-bound proteins (36, 37); (iii) transcription-mediated tethering to the
genomic locus of the IncRNA, which has been proposed to guide IncRNA function in cis (3, 38);
and (iv) technical variation in the capture efficiency of different transcripts.
To determine which of these factors control the extent of IncRNA interactions in cis, we
compared each of these factors (or proxies for these factors) with the linear spreading distance.
To represent the total abundance of the IncRNA on chromatin, we used the absolute expression
of the IncRNA in the chromatin fraction. To represent the affinity of a IncRNA for chromatin, we
used the relative expression of the transcript in the chromatin versus nucleoplasm fractions. To
estimate the extent to which a IncRNA might be tethered by RNA polymerase to its endogenous
locus, we used the length of the full transcription unit. Finally, as a proxy for differences in
capture efficiency of nascent transcripts, we used the total amount of RNA sequence targeted by
each capture probeset ("span of capture probes," which depends on both length and repeat
content of the RNA).
We correlated each of these features with the linear spreading distance (Figure 5A). (Because
Malati and Tsix were extreme outliers for many of these metrics - particularly in abundance and
length - we excluded them from the correlation analysis in order to understand the properties of
the less abundant lncRNAs). While absolute IncRNA abundance on chromatin and transcription
length did not significantly correlate with linear spreading distance, two features did (P < 0.01,
Figure 5B): chromatin affinity, as represented by the chromatin versus nucleoplasm ratio
(Pearson's R = -0.76), and the span of the capture probes (R = 0.82). Together, these two features
explained 89% of the variance in the linear spreading metric across these ten IncRNAs.
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While the latter feature likely represents a technical bias inherent to the amount of targetable
sequence, the chromatin versus nucleoplasm ratio represents an intrinsic IncRNA property that
influences linear spreading distance across these ten IncRNAs. The direction of the correlation
indicates that IncRNAs with subcellular localization more biased toward the nucleoplasm spread
farther in cis, while IncRNAs with subcellular localization biased toward chromatin are more
confined to the vicinity of their genomic loci. This suggests that IncRNAs that are less tightly
bound to chromatin (e.g., by interactions with DNA or chromatin-bound proteins) travel farther
from their site of transcription in three dimensions (represented in one dimension by the linear
spreading metric).
While chromatin affinity explained most of the variance in this metric across these ten lncRNAs,
we reasoned that the effects of other features in the model such as absolute IncRNA abundance
might be obscured by the comparison of different lncRNAs at different loci with different
capture reagents. Indeed, we have previously observed that strong over-expression of the Xist
IncRNA can result in Xist spreading throughout the nucleus (as observed by fluorescence in situ
hybridization), whereas at endogenous levels of expression Xist is confined to the X chromosome
(4). Accordingly, we sought to directly test whether IncRNA abundance controls the extent to
which others IncRNAs interact with chromatin in cis.

RNA abundance influences IncRNA spreading in cis
Based on our previous observations of Xist (4), we reasoned that the abundance of a IncRNA on
chromatin should control the frequency at which it contacts chromatin in cis (unless, in theory,
the RNA is so abundant that it saturates any potential contact points). To directly test this
hypothesis, we performed RAP-DNA for lincl405 in 129/Castaneus hybrid mouse embryonic
stem cells, in which linc1405 is expressed -2.4-fold more highly from the 129 chromosome than
from the Castaneus chromosome. Using single nucleotide polymorphisms to distinguish the two
alleles, we found that the extent of linc1405 spreading was -1.8-fold greater on the 129
chromosome (2.8 Mb) than on the Castaneus chromosome (1.7 Mb) (Figure 5C). We further
over-expressed linc1405 from the 129 allele by knocking in a strong promoter, and repeated the
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Figure 5. Features that
influence the extent of IncRNA
spreading in cis. (A) Pearson's
correlation coefficient (R) for
IncRNA features and linear
spreading distance.
(B) Scatterplot for 10 IncRNAs
comparing linear spreading
distance to the ratio between
abundance in chromatin and
nucleoplasmic fractions from
cell fractionation experiments
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(left) and the span of the
capture probes (right).
(C) Allele-specific RAP-DNA
enrichment for linc1405, which
is expressed 2.4-fold higher

from the 129 allele compared to
the Castaneus (Cast) allele in
hybrid mouse embryonic stem
cells. Bar plots on the right

indicate the relative RNA
abundance of the lncRNA
expressed from each allele,
normalized to the Cast allele.
Bars underneath the plot
represent the linear spreading
distance for each allele.
(D) Same as (C), except that a
strong promoter has been
knocked into the linc1405 locus
on the 129 allele, resulting in
strong over-expression of
linc1405 from that allele.
(E) RAP-DNA enrichment for
linc1386 and linc1405 in cells
treated with a transcriptional
inhibitor (flavopiridol) or
DMSO (control) for 1 hour.
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RAP-DNA experiment. Expression of linc1405 from the 129 chromosome increased by -4-fold
in these cells, and the apparent extent of spreading also increased, although not exactly in
proportion to the increase in expression (from 2.8 Mb to 4.2 Mb, Figure 5D). Thus, the
abundance of a lncRNA contributes to the extent over which it interacts with chromatin in cis,
impacting the distance that we can observe the lncRNA to spread out from its locus.

LncRNAs quickly diffuse away from their genomic loci
Our model for proximity-based localization suggests that lncRNAs spreading across chromatin
do not necessarily have strong affinity for sites in close proximity to their loci, and thus
eventually will diffuse away from their genomic loci. To determine the dynamics at which
IncRNAs spread across chromatin, we examined the localization patterns of two lncRNAs
(linc1386 and linc1405) before and after halting cellular transcription with flavopiridol. In cells
treated with flavopiridol for one hour, the RAP-DNA enrichment at each lncRNA genomic locus
was reduced by greater than 80% compared to cells treated with DMSO (control) (Figure 5E).
The linear spreading distances were also substantially reduced upon inhibition of transcription
(8.6 Mb to 0.7 Mb for linc1386 and 4.3 Mb to 2.4 Mb for linc1405). This loss of cis localization
was not fully attributable to a reduction in the total abundances of the two lncRNAs, which
decreased by less than 25%. Thus, the residency of these lncRNAs at their genomic loci has a
half-life of less than 30 minutes; this assumes a complete halt to transcription upon flavopiridol
treatment and thus is likely an overestimate. The rapid decrease in enrichment throughout the
region indicates that these IncRNAs do not have particular affinity for sites in close proximity to
their loci. Thus, continuous IncRNA transcription would be required to maintain high effective
concentrations of the IncRNA at these sites.

Discussion
Many lncRNAs are hypothesized to regulate transcription in cis or in trans, but the genomic sites
to which lncRNAs directly localize remain largely uncharted. Here we show that ten lncRNAs,
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spanning a 100-fold range of expression levels, predominantly localize to chromatin in cis. These
interactions in cis correlate with spatial proximity, similar to previous findings for Xist (4) and
HOTTIP (39), suggesting that chromosome conformation guides the localization specificity of
many IncRNAs. While spatial proximity plays a dominant role in determining the distribution of
lncRNA localization in cis, two additional factors influence the extent to which lncRNAs spread
across chromatin: intrinsic RNA affinity for chromatin (higher affinity limits spreading) and
lncRNA abundance (higher abundance increases spreading). Thus, the spreading of a IncRNA
across chromatin is determined by a combination of the unique spatial architecture of its
genomic locus as well as intrinsic features of the IncRNA itself.
Importantly, we find that RNA localization to chromatin does not necessarily indicate function:
lncRNAs, mRNAs, and mRNA introns all show similar correlations between RNA localization
and the proximity contacts of their genomic loci. Nevertheless, these localization patterns have
important implications for future studies of lncRNA function: if any of these lncRNAs do in fact
function on chromatin, they likely act on regulatory targets in close 'proximity to their genomic
loci. In theory, this proximity-based search strategy might involve genomic targets both in cis
and in trans. For example, Firre contacts specific sites on other chromosomes that colocalize with
a Firre RNA compartment anchored on the Firregenomic locus (22). Other examples, including
the pairing of the two homologous X chromosomes prior to X inactivation (40, 41), suggest that
in specific cases inter-chromosomal interactions may guide lncRNA function in trans (42).
Nonetheless, our data for ten lncRNAs suggest that these interactions in trans are relatively rare.
This view is consistent with available data from genome-wide mapping of proximity contacts
(Hi-C), in which a genomic locus ligates to other sequences on the same chromosome -125 times
more frequently than to sequences on any other given chromosome (43, 44), although notably
the limitations of Hi-C in detecting such interactions, if they exist, remain unknown. Thus, the
principle of proximity-based localization suggests a strong prior for the regulatory targets of
chromatin-associated lncRNAs: if these lncRNAs do in fact regulate chromatin, their direct
targets are likely in cis.
Further work will be necessary to directly assess the functions of these lncRNAs on chromatin
(see Chapter 7). However, some of these lncRNAs have already been reported to regulate gene
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expression in cis. Malatl, which strongly contacts the neighboring Neati locus (Figure 3C),
regulates Neat1 expression upon knockdown with antisense oligos (45) or knockout by insertion
of a gene-trap cassette (46). Lincl547, also known as Haunt (11), has been reported to repress its
neighboring gene Hoxal (47, 48). Tugi knockout in mice affects the expression of multiple
neighboring genes in neural tissues (49). However, these studies use genetic knockout or RNAibased knockdown approaches that cannot distinguish direct effects in cis from indirect effects in
trans. Thus, even for these IncRNAs, further experimental work is needed to determine whether
they directly regulate transcription.
Together with work in previous chapters, these results highlight an intriguing property unique to
lncRNAs as opposed to DNA regulatory elements. While DNA regulatory elements are limited to
a single copy, cis-regulatory RNAs can in theory amplify regulatory signals anchored on a
particular point in the genome. Here we show that the abundance and chromatin affinity of a
lncRNA can determine the physical reach of its localization, potentially enabling titration of both
the strength and distance at which a IncRNA can regulate chromatin. Together, these factors
might control the regulatory reach of IncRNAs from local to global scales (Figure 6). On one end
of this spectrum, low-abundance IncRNAs explore a space restricted to their immediate
neighborhoods, perhaps enabling local regulation similar to DNA enhancers. More abundant
RNAs like Firre and Xist can spread across contact domain boundaries or even entire
chromosomes, enabling spatial amplification of the regulatory signals controlling their
production. Extremely abundant RNAs like Malati can spread throughout the nucleus,
potentially acting as global regulators on chromatin. As such, IncRNAs might serve as spatial
amplifiers of epigenetic signals with a dynamic range extending from very local to global.
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Figure 6. Abundance and chromatin affinity influence IncRNA interactions with chromatin.
LncRNAs can identify their regulatory targets through proximity-guided search (red) or affinityguided search (purple). Low-abundance RNAs such as lincl405 primarily interact with
chromatin in the immediate neighborhood of their genomic loci. Medium-abundance lncRNAs
like Firre or Tsix strongly enrich for chromatin across multiple topological domains. In one
extreme case (Xist), RNA-mediated signal amplification enables regulation of an entire
chromosome. Some very abundant RNAs (e.g., Malatl) can spread throughout the nucleus to
identify localization targets through affinity-mediated search.
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Methods

Cell culture and transcription inhibition. For most RAP experiments, we used V6.5 male
mouse ES cells grown in 2i + LIF on plates precoated with 0.2% gelatin and 3.5 mg/mL laminin.
For Xist RAP-DNA, we used pSM33 male mouse ES cells induced with doxycycline for three
hours to activate Xist expression as previously described (4). For allele-specific mapping of
IncRNA localization, we used FI 129/castaneusfemale mouse ES cells (4). For transcription
inhibition, we treated pSM33s (in the absence of doxycycline) for one hour with 1 mM
flavopiridol or vehicle only (DMSO) as previously described (5).

LncRNA transcript annotations. We used IncRNA annotations and isoforms previously defined
based on RNA sequencing in mouse embryonic stem cells (23). We refined the 5' ends based on
available capped analysis of gene expression (CAGE) data (50). We refined the 3' ends based on
poly(A+) 3'-end sequencing data.

Cellular fractionation. To estimate the relative abundance of IncRNAs in different cellular
compartments, we performed cellular fractionation to isolate chromatin-associated, soluble
nuclear, and cytoplasmic fractions essentially as described (5, 25). Briefly, we first lysed 5 million
cells in 200 [l cold cell lysis buffer (10 mM Tris-HCl pH 7.5, 0.05% IGEPAL CA-630, 150 mM
NaCl), incubating on ice for 5 minutes. We layered the cell lysate over 2.5 volumes of chilled
sucrose cushion (24% sucrose in cell lysis buffer) and centrifuged at 15,000 x g for 10 minutes.
The supernatant from this spin became the cytoplasmic fraction. After washing the pellet of
nuclei with PBS (pH 7.5) + 1 mM EDTA, we resuspended the pellet in 100 [1 of cold glycerol
buffer (20 mM Tris-HCl pH 7.5, 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 0.125 mM PMSF,
50% glycerol) by gently flicking the tube. We added 100 [l of cold nuclei lysis buffer (10 mM
HEPES pH 7.5, 1 mM DTT, 7.5 MgCl 2 , 0.2 mM EDTA, 0.3 M NaCl, 1 M urea, 1% IGEPAL CA630), then vortexed for four seconds. After 2 minutes on ice, we spun the nuclear lysate at 15,000
x g for 2 minutes. This supernatant was collected as the soluble nuclear (nucleoplasm) fraction.
We rinsed the remaining pellet (chromatin fraction) in PBS + 1 mM EDTA, then resuspended
the chromatin in 300 I chromatin DNase buffer (20 mM Tris-HCl pH 7.5, 50 mM KCl, 4 mM
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MgCl 2, 0.5 mM CaCl 2, 2 mM TCEP, 0.5 mM PMSF, 0.4% sodium deoxycholate, 1% IGEPAL CA630, 0.1% N-lauroylsarcosine) plus 15 tl murine RNase inhibitor (NEB) and 30 1l TURBO
DNase (Ambion). The DNase digestion proceeded for 20 minutes at 37'C and was halted by
adding 10 mM EDTA and 5 mM EGTA. Protein was digested with proteinase K for 1 hour at
370 C. RNA was isolated using Zymo RNA Concentrator-25 columns (two columns for the
cytoplasmic fraction).
With this method, nuclear-associated endoplasmic reticulum is known to fractionate with the
nucleoplasm (25), and we observed that nucleolar RNAs fractionated with chromatin (data not
shown).

RNA sequencing and analysis. From each cellular fraction, we sequenced total RNA and

polyadenylated RNA (selected using oligo d(T) 25 magnetic beads, NEB) using a strand-specific
RNA-sequencing protocol for Illumina instruments described previously (5). We first aligned
sequencing reads to highly abundant RNA transcripts, including ribosomal RNAs, snRNAs, and
repetitive elements, as defined by RefSeq and RepeatMasker. A FASTA file containing these
sequences is available at the Gene Expression Omnibus (GSE55914). We aligned all remaining
reads to the mouse transcriptome (RefSeq plus IncRNA annotations) and genome (mm9) using
Tophat (version 2.0.8) and discarded reads with MAPQ < 30. To estimate the abundance of
various RNAs in each subcellular fraction, we calculated the number of reads per kilobase per
million (RPKM) mapping to exons using a custom strand-specific read-counting software; as the
denominator in the RPKM calculation, we used the total number of reads in each library,
including reads aligning to abundant RNA transcripts and reads with MAPQ < 30. The ternary
plot in Figure 1 was produced using the vcd R package.

Probe design and generation. To map RNA-DNA localization, we used the RAP-DNA protocol
with biotinylated DNA capture probes described previously (5). To capture the 165-nt UI
snRNA, we designed three 50-nt single-stranded DNA oligos that did not overlap the Ul
sequence that hybridizes to pre-mRNAs. For all other transcripts, we designed and synthesized a
pool of probes in overlapping 120-nucleotide intervals tiled every 15 bases, filtering out
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sequences that mapped to multiple genomic locations as previously described (4). To capture
Tsix, we used the same probe sequences as Xist, but used alternative primers to generate probes
targeting the opposite strand. We note that this probeset does not cover the entire Tsix
transcript, but only the sequences overlapping Xist. We generated biotinylated ssDNA probes
through PCR of the oligo pool, in vitro transcription, and reverse transcription with a
biotinylated primer.
To test the potential trans sites initially observed for linc1405, we re-designed two nonoverlapping even/odd probesets. These probesets were filtered more stringently than the
algorithm we used previously (4). Specifically, we removed any oligo containing (i) more than
seven bases of a known repetitive element from RepeatMasker; (ii) a stretch of 15 bases in which
12 of the bases are the same (homopolymer repeat); (iii) other low-complexity sequences, defined
as perfect repeat of a 1 to 6 nucleotide sequence for 10 bases (1- and 2-nucleotide repeats), 12
bases (3- and 4-nucleotide repeats), and 18 bases (5- and 6-nucleotide repeats); or (iv) a stretch of
20 nucleotides with greater than 90% GC content. To eliminate additional probes that might
capture non-target sequences, we mapped each probe to the mouse genome using BLAT (version
35, with -minScore=25), and removed probes that matched non-target sequences with at least 30
bases in a span of two times the number of matching bases (i.e., at least 30 matching bases over a
genomic span of 60 bases). To create non-overlapping even/odd probesets, we initially designed
90-nucleotide probes tiled every 15 bases; from the set of probes that passed these filters, we
chose the largest non-overlapping set of probes and assigned alternate probes to the even or odd
probeset.

Sense-strand controls for RAP-DNA. To detect artifacts due to off-target capture of DNAs or
RNAs, we performed control RAP-DNA experiments for seven of the IncRNAs (linc1329,
linc1405, linc1468, linc1517, linc1547, Tugl, Malati, and Neati) using sense-strand probesets
that will not capture the target lncRNA. These control experiments resulted in significantly lower
estimated library complexity compared to antisense-strand experiments. We note that these
sense-strand control probesets do weakly capture genomic DNA at the IncRNA locus; the signal
resulting from sense-strand capture is significantly weaker than the signal resulting from
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antisense-strand capture, suggesting that most of the signal over the genomic locus in the
antisense-strand experiments results from RNA-mediated capture, as we previously reported (4).

RAP-DNA to map RNA-chromatin interactions. We performed RAP-DNA using lysate from 1
to 10 million cells crosslinked with formaldehyde and disuccinimidyl glutarate. Malati, Xist,
Hdac2, and UI RAP-DNA data were reported previously (5). We performed Tsix RAP-DNA
from the same lysate as the Xist experiment. For mapping the localization of the ten additional
lncRNAs and MalatI, we used the same batch of lysate for all samples and repeated a subset
(linc1405 and linc1386) from different lysates for the flavopiridol transcription inhibition
experiment. We purified Malati from each lysate batch as an internal control.
We sequenced and analyzed the RAP-DNA data as previously described (5), with some
modifications related to the sense-strand control experiments. Briefly, we first filtered out reads
mapping to the PCR tags on the capture probes (only for probesets generated from oligo pools).
We aligned remaining reads to the genome (mm9) using Bowtie2, removed duplicate read pairs
with Picard (http://picard.sourceforge.net), and discarded reads with MAPQ < 30. For
subsequent data analysis, we connected read-pairs into fragments defined by the span of the two
reads.
To identify regions of the genome significantly enriched in RAP-DNA versus input, we used a
sliding window approach with 10-kb windows at 2-kb resolution. In each window, we counted
the number of fragments mapping to that window in RAP-DNA and in input and calculated a pvalue using a binomial test parameterized by n (the number of fragments mapping to the window
in RAP-DNA), k (the number of fragments mapping to the window in input), and p (the total
number of fragments in RAP-DNA divided by the sum of the totals for RAP-DNA and input).
We ignored windows containing significant repeat content as previously described (Engreitz et
al., 2013). We also ignored windows where the number of fragments in the input library was
more than 100 times the average across the genome (these windows represented subtelomeric or
other repetitive regions that are not annotated in RepeatMasker). We counted a 10-kb window as
significant if (i) both the RAP-DNA and input libraries contained more than 20 fragments and
(ii) the Bonferroni-corrected p-value was less than 0.001. For a given batch of experiments

226

Chapter 6 - LncRNAs localize to chromatin in cis

(multiple RAP-DNA experiments run in the same sequencing lane), we also filtered out enriched
windows that overlapped with any of the other RNA targets in the same batch; these sites were
sometimes modestly enriched due to barcode bleed-over between samples. Overlapping
significant windows were merged into a single significantly enriched site. For Figure 2, windows
that did not pass these filters were not plotted. For RAP-DNA enrichment figures for specific
genomic sites, signal was interpolated over repeat-masked windows as previously described
(Engreitz et al., 2013).

Genome-wide chromosome conformation mapping with Hi-C. We generated a highresolution map of proximity contacts in V6.5 mouse embryonic stem cells using in situ Hi-C,
sequencing to a depth of >900 million reads (44). To plot proximity contacts anchored at a given
point, we generated normalized contact maps at 5-kb resolution, and then summed the scores
from the three windows centered on the 3' end of each transcript. Correlations between Hi-C
data (normalized contact scores) and RAP-DNA data (RAP-DNA enrichment versus input) were
performed at 10-kb resolution.

Linear spreading distance. For each RAP-DNA experiment, we defined the linear spreading
distance as the maximum continuous region across which the target transcript enriches for DNA
by a factor of at least two. We calculated this metric using a large window size of 100 kb to reduce
noise in the enrichment scores. To examine the reproducibility of this metric, we included
Malatl in each RAP-DNA experiment. Across 3 replicates from the same lysate, the linear
spreading distance of Malati varied

7%. Across replicates from different batches of lysate, the

metric varied by up to 50% due to differences in the exact enrichment values, which can change
depending the distribution of DNA fragment lengths in the input lysate. Accordingly, all
experiments in Figure 3 were performed from the same batch of lysate.

Allele-specific measurements from RNA and DNA sequencing. We developed a computational
pipeline to estimate allele-specific enrichment in RAP-DNA sequencing data and allele-specific
expression from RNA-sequencing data. The embryonic stem cells we used are derived from an
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FI cross between 129 and castaneusmouse strains. We created two separate reference files for the
129 and castaneus haplotypes, starting with the mm9 genome build and layering on singlenucleotide polymorphisms based on whole-genome sequencing of each of the two mouse strains
(51). We aligned DNA- and RNA-sequencing data separately to each of the two haplotypes using
Bowtie or Tophat, respectively. We combined the results of the two alignments using Suspenders
(52), which identifies reads that map specifically to one or the other allele. To estimate allelespecific expression of linc1405 from RNA-sequencing data, we compared the number of
informative exonic reads mapping to the 129 allele versus the castaneus allele. To calculate allelespecific enrichment, allele-informative reads in the RAP-DNA library were compared to alleleinformative reads in the input library as described above.

Over-expression of lincl405. To over-express linc1405 from its endogenous locus, we targeted a
CAG promoter to the transcription start site oflinc1405 (chr9: 118,315,252). We cloned a
targeting construct containing 861- and 487-bp homology arms, the CAG promoter, and a
hygromycin selectable marker expressed from an EFS promoter. We co-transfected 300 ng
targeting construct with 100 ng of Cas9-expressing vector ("PX330-NoGuide") and 100 ng of
sgRNA-expressing vector ("pZB"). To create PX330-NoGuide, we modified PX330 (a gift from
Feng Zhang, Addgene plasmid #44230 (53)) to remove the guideRNA expression cassette. To
clone pZB, we cloned a human U6 promoter and optimized sgRNA sequences (54) into a
minimal vector with an ampicillin-selectable marker and a ColEl replication origin. We
transfected 250,000 mouse embryonic stem cells using the Neon Transfection System
(Invitrogen), using 1 pulse of 40 milliseconds at 1200 V. Correctly targeted cells were selected by
addition of 150 ptg/ml hygromycin to the culture media for 7 days. We picked single colonies and
genotyped by PCR and Sanger sequencing to confirm proper integration and determine the allele
into which the construct integrated. We performed RNA sequencing on the resulting clonal cell
line to measure the allele-specific expression of linc1405.
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Chapter 7.
Neighborhood regulation by lncRNA promoters,
transcription, and splicing

This chapter presents work with contributions from Jesse Engreitz, Jenna Haines, Glen Munson,
Jenny Chen, Elizabeth Perez, Michael Kane, Patrick McDonel, Mitchell Guttman, and Eric
Lander.

Abstract: Mammalian genomes are pervasively transcribed to produce thousands of spliced long
noncoding RNAs (lncRNAs), whose functions remain poorly understood. Because recent
evidence has implicated several specific lncRNA loci in the local regulation of gene expression,
we sought to determine whether such local regulation is a property of many lncRNA loci. We
used genetic manipulations to dissect 12 genomic loci that produce lncRNAs and found that 5 of
these loci influence the expression of a neighboring gene in cis. Surprisingly, however, none of
these effects required the specific lncRNA transcripts themselves and instead involved general
processes associated with their production, including enhancer-like activity of gene promoters,
the process of transcription, and the splicing of the transcript. Interestingly, such effects are not
limited to lncRNA loci: we found similar effects on local gene expression at 4 of 6 protein-coding
loci. These results demonstrate that 'crosstalk' among neighboring genes is a prevalent
phenomenon that can involve multiple mechanisms and cis regulatory signals, including a novel
role for RNA splicing. These mechanisms may explain the function and evolution of some
genomic loci that produce lncRNAs.
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Introduction
Mammalian genomes are pervasively transcribed (1-3), such that RNA may be produced from all
or nearly all of our genomic sequence (4). While some of this pervasive transcription likely
represents "transcriptional noise" (5, 6) resulting from random engagement of RNA polymerase
(7), thousands of genomic loci produce long noncoding RNAs (lncRNAs) that emanate from
defined promoters, have consistent exonic structures, and are expressed in context-specific
patterns (8) governed by precise regulatory programs (9). Together, these features have been
interpreted to indicate that many IncRNAs may have important cellular functions.
Mechanistic studies have demonstrated that a handful of lncRNAs indeed function as cellular
regulators and implicate many other lncRNAs in the regulation of transcription. LncRNAs
involved in X-chromosome inactivation and genomic imprinting, such as Xist and Kcnqlotl,
localize to chromatin in the vicinity of their genomic loci and recruit transcriptional regulatory
complexes to silence the expression of neighboring genes in cis (10, 11). Many other lncRNAs
similarly localize to the nucleus (12-14), interact with chromatin in close proximity to their
genomic loci (Chapter 6), and associate with diverse chromatin regulatory complexes (9, 11, 15).
Together, these observations suggest that a subset of IncRNAs may function as local regulators of
gene expression.
Such local regulatory functions might help explain the observation that lncRNA expression is
often correlated with the expression of nearby genes(13, 14, 16-18). However, such correlations
could alternatively be due to other mechanisms: for example, gene promoters have been
proposed to have dual functions as enhancers (19-24), and the process of transcription per se has
been proposed to contribute to gene regulation by recruiting activating factors or remodeling
nucleosomes (25-29). It has been challenging to identify and distinguish among local functions
mediated by lncRNA promoters, the process of transcription at lncRNA loci, or the RNA
transcripts themselves (30).
Here, we dissect the cis regulatory functions of 12 intergenic lncRNAs with promoters marked by
an H3K4me3 chromatin signature (31). We use CRISPR/Cas9 to knock out the promoters of
these lncRNAs and find that 5 of these loci indeed directly affect the expression of neighboring
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genes, as assayed by allele-specific measurements of gene expression in heterozygous knockout
cells. However, none of these regulatory connections apparently involve the lncRNAs themselves.
Instead, the promoters, the process of transcription, or the splice structures of lncRNAs directly
act to regulate the transcription of neighboring genes through mechanisms that do not involve
the specific lncRNA sequence. Importantly, these regulatory mechanisms are not specific to
lncRNAs. By similarly deleting the promoters of mRNAs, we demonstrate that promoterpromoter connections are a general property of the regulatory architecture controlling
transcription and are largely predictable based on spatial proximity and chromatin environment.
These results reveal local networks of regulatory connections between spatially proximal genes,
both protein-coding and noncoding, and highlight the diversity of mechanistic explanations for
the evolution of noncoding transcription in mammalian genomes.

Results and Discussion
We set out to identify lncRNA loci that participate in local gene regulation and to dissect the
mechanisms that mediate these regulatory effects. To begin, we developed a genetic approach to
distinguish between (i) primary effects on expression of nearby genes resulting from direct local
functions of the lncRNA locus and (ii) secondary effects on nearby genes resulting from indirect
downstream consequences of the lncRNA acting elsewhere in the cell (Figure la, Note S1). We
generated clonal cell lines carrying heterozygous genetic modifications at lncRNA loci and
compared the expression of genes within 1 megabase (neighboring genes) on the cis and trans
alleles (i.e., on the modified and unmodified homologous chromosomes) in the same cells
(Figure 1b). Changes in neighboring gene expression that involve only the cis allele likely result
from local functions, while changes that involve both the cis and trans alleles likely result as
downstream effects of non-local functions (Note Si). We performed genetic modifications in
129/Castaneus FI hybrid mouse embryonic stem cells (mESCs) that contain -1 polymorphic site
every 140 basepairs (bp), enabling us to distinguish the two alleles using RNA sequencing (see
Methods), and we checked for consistency between knockouts on each genetic background to
control for potential haplotype-specific effects (Note Si).
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Figure 1. Many IncRNA and mRNA loci influence the expression of neighboring genes. (a)
Knocking out a gene promoter (black) might affect the expression of a neighboring gene (blue)
through local or non-local functions of the locus. (b) Knockout of the linc1536 IncRNA
promoter. DNA from individual mESC colonies (left) was genotyped to identify 4 homozygous
(-/-) and 5 heterozygous knockouts (+/- and -/+). Allele-specific RNA expression of linc1536
and a neighboring gene, Bend4, is normalized to the average of 81 control clones (+/+). Error
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show allele-specific changes in RNA expression upon knocking out the promoter of the black
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each gene has a different variance in the wild-type controls (not pictured).
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We dissected the cis-regulatoryfunctions of 12 lncRNA loci whose RNA transcripts show
preferential localization to the nucleus and span a range of abundance levels (for selection
criteria, see Methods, Figure 2). For each locus, we co-transfected mESCs with Cas9 and multiple
guide RNAs to delete -600-1000 bp centered on the transcription start site (TSS) (Figure 1b),
reducing the transcript levels of the targeted allele by an average of 94%. To identify loci that
locally regulate gene expression, we looked for allele-specific changes in the expression of genes
that neighbor the knocked-out locus (Note S2, see Methods). In total, 5 of the 12 IncRNA
promoter knockouts significantly affected the expression of a neighboring gene at a false
discovery rate (FDR) of <10%, including both activating and repressive effects (Figure 1c,d, Note
S3). For each locus, only a single neighboring gene showed a significant allele-specific change,
and in each case the affected gene was located immediately adjacent to, and within 5-71 kb of, the
knocked-out promoter (Figure 1c). Thus, a substantial fraction of these lncRNA loci influence
the expression of an immediately neighboring gene.
We considered whether such effects were specific to lncRNA loci, or whether similar effects
might be seen for mRNA loci. We therefore deleted the promoters of 6 protein-coding genes
(Figure 2, see Methods for selection criteria). Interestingly, knockouts for 4 of these proteincoding loci also altered the expression of a neighboring gene in an allele-specific manner (Figure
lc,d), including several reciprocal effects on the expression of neighboring lncRNAs. For
example, knocking out the promoter of Sfmbt2, which itself was affected by promoter knockout
at linc1319, in turn affected the expression of linc1319 (Figure 1d).
These results suggest that both non-coding and coding loci participate in a broader network of
direct regulatory connections to neighboring genes. Such connections might partly explain the
observed correlations in gene expression within local neighborhoods (17, 32-34). The
mechanisms underlying such cis effects in endogenous gene loci remain relatively unexplored
and could in principle involve (i) DNA regulatory elements in gene promoters; (ii) the process of
transcription; or (iii) the RNA transcripts themselves (Figure 3). Relevant to the first possibility,
recent studies have highlighted that gene promoters can act as enhancers in plasmid-based
reporter assays (19-21, 23, 24), frequently contact one another in the nucleus (19), and, in a
handful of loci, appear to directly regulate a neighboring gene (22, 24, 35).
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To begin to distinguish among these possible mechanisms, we inserted early polyadenylation
signals (pAS), 0.5-3 kb downstream of each TSS, that eliminated the production of most of the
RNA while leaving the promoter sequence intact (see Methods). We engineered pAS insertions
that reduced RNA expression at 4 lncRNA loci and 2 mRNA loci (see Note S4 for remaining
loci), and examined their effects on the expression of neighboring genes.
At 5 of 6 loci where promoter deletion affected the expression of a neighboring gene, insertion of
a pAS had no effect. For example, whereas deleting the promoter of the linc1536 locus reduced
by 57% the expression of the adjacent Bend4 gene, insertion of a pAS into the first intron of
linc1536 (-570 bp downstream of the TSS in this -13kb locus) had no effect on Bend4 expression
despite eliminating expression of the spliced linc1536 RNA (>99% reduction in levels of
downstream exons) (Figure 2b). This indicates that the full -2 kb lncRNA is not required for
Bend4 activation. In fact, the shortened -570 bp transcript upstream of the pAS insertion is also
unlikely to be required inasmuch as deep sequencing of the transcriptome revealed very little
RNA derived from the sequence upstream of the pAS insertion (<10% compared to the wild-type
allele) - perhaps because the pAS prevents RNA splicing, which may dramatically reduce
transcriptional activity in the modified locus (37-40). Therefore, the cis effect is likely mediated
by DNA regulatory elements in the -750 bp knocked-out promoter-proximal region.
Similar observations in 2 other lncRNA loci (lincl405, Snhgl7) and 2 mRNA loci (Gpr19,
Slc30a9) (Figure 4a,b) suggest that the promoter-proximal sequences of many genes activate the
expression of a neighbor. Although the promoters in these loci would not be classified as
"enhancers" based on their chromatin state (e.g., H3K4me3/H3K4mel ratios (41)), they are
marked by H3K27ac histone modifications (Figure 4c), bound by mESC transcription factors
(Figure 4d), and are located in close spatial proximity to their neighboring target genes (Figure
4d,e), suggesting that these gene promoters may affect expression of neighboring genes through
mechanisms similar or identical to enhancers (19, 42, 43). We note that the pAS insertion
experiments do not rule out the possibility that these local regulatory effects might involve weak
promoter-proximal transcription, similar to eRNA transcription at enhancers (43).
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While most of the local regulatory effects appeared to be mediated by promoter-proximal DNA
elements, we identified one locus (linc1319) where promoter deletion and pAS insertion both
substantially reduced the expression of a neighboring gene (Sfmbt2) (Figure 5a). To dissect the
regulatory mechanism, we first sought to determine whether the activation of Sfmbt2 is mediated
by a sequence-specific function of the linc1319 RNA transcript or instead by the process of
transcription per se. To test the first possibility, we knocked out each of the 3 downstream exons
and 3 introns. We found that none of these deletions impaired Sfmbt2 activation (Figure 5a). To
the contrary, one of these deletions (removing 19.2 kb from the first intron) unexpectedly led to a
-5-fold up-regulation of linc1319 and a -15-fold increase in Sfmbt2 expression (Figure 5a-b,
Note S5). These observations suggest that the activation of Sfmbt2 does not require unique
sequences or structures in the linc1319 RNA transcript itself and instead may depend on the
amount of transcription in the linc1319 locus. To test this possibility, we engineered pAS
insertions at five different locations in the first exon or intron and found that increasing distance
of the pAS from the linc1319 TSS (+40 bp to +15 kb, Figure 5a) led to increased activation of
Sfmbt2. These data indicate that the lincl319 locus activates Sfmbt2 through a mechanism that
responds to the amount of transcription but does not require specific elements in the mature
linc1319 RNA transcript. For example, the mechanism might involve the recruitment of
transcription-associated factors such as pause release factors or chromatin regulators acting on
the nearby Sfmbt2 promoter (Figure 5c, Note S6).
-

Because promoter-proximal splice sites and the process of splicing can enhance transcription
in some cases by as much as 100-fold (37-40) - we tested whether the splicing of linc1319

affected transcription of lincl319 and Sfmbt2. Upon deleting the 5' splice site of the first intron
of linc1319 (see Methods), we observed a 93% reduction in the levels of chromatin-associated
intronic RNA (a proxy for lincl319 transcription), a 92% reduction in the levels of the mature
linc1319 transcript, and an 85% reduction in Sfmbt2 expression (Figure 5a,b). These data
demonstrate that the presence of the 5' splice site of lincl319 is important for Sfmbt2 activation,
revealing a novel role for splice signals in regulating neighboring genes. One possibility is that
splicing promotes transcriptional activity in the linc1319 locus, which in turn recruits
transcription-associated factors to the Sfmbt2 promoter; these activating factors may include the
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splicing complexes themselves (Figure 5c). We note that in this model the linc1319 RNA
transcript is in fact required for Sfmbt2 activation (splicing involves direct interactions between
the spliceosome and the nascent transcript), yet the mechanism does not appear to depend on
the precise sequence of the RNA beyond the presence of 5' and 3' splice signals.
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Figure 6. Mechanisms for crosstalk between neighboring IncRNAs and mRNAs. Proposals are
based on the pAS insertion experiments and other genetic manipulations (see text). tFor
proposed mechanisms, see Note S3.
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In summary, genetic dissection of 12 lncRNA loci and 6 mRNA loci revealed that both proteincoding and noncoding loci often regulate gene expression in their local neighborhoods through
general mechanisms associated with active transcription (Figure 6). We did not identify any
lncRNA loci in which local effects are mediated by sequence-specific functions of the lncRNA
transcript. Instead, in most of the cases we studied, these effects are mediated by enhancer-like
functions of H3K4me3-marked promoters, blurring the distinction between genomic elements
classified as "enhancers" and "promoters" based on chromatin state (42, 43). As seen at one
locus, the processes of transcription and splicing can also contribute to cis regulatory functions,
perhaps by increasing the local concentration of transcription-associated factors. Notably, other
-

co-transcriptional processes - including pause release, polyadenylation, and termination

involve distinct sets of regulatory factors that can feed back to modulate transcriptional activity
(44-47), suggesting that additional sequence signals associated with transcription might also
contribute to cis effects in some loci. Together, these mechanisms enable local networks of
regulatory connections, or 'crosstalk,' among active genes-including coding and non-coding
loci. This crosstalk may explain in part the previously observed correlations in the expression of
genes within local neighborhoods (14, 17, 32, 33). The properties of these cis regulatory
connections - such as the mechanisms for specificity of regulation or the potential for
cooperative dynamics of gene activation - represent key areas for future investigation.
While these mechanisms are present at both protein-coding and noncoding loci, they have
particularly important implications for understanding the function and evolution of the genomic
loci that produce lncRNAs. In loci where a promoter acts as an enhancer, RNA transcripts may
arise as non-functional byproducts of an active cis regulatory element (24). In loci where cotranscriptional processes have cis regulatory functions, the nascent transcripts themselves might
contribute through mechanisms like splicing that require little RNA-sequence specificity. These
possibilities are particularly intriguing in light of the observation that most lncRNA transcripts
are not conserved across mammalian species (48-51). Indeed, 65% of the 307 lncRNAs expressed
in mESCs are "mouse-specific" (no syntenic transcript found in human, rat, or chimp
pluripotent stem cells, Figure 4a, see Methods) (51), and the evolutionary conservation of these
loci point to some candidates that may have cis regulatory functions independent of the lncRNA
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itself (Figure 7a). As one exemplary category (see Note S7 for others), 11 mouse-specific
lncRNAs appear to have evolved from ancestral regulatory elements: the sequence serving as a
promoter in mouse is adjacent to the same genes in mouse and human and corresponds to a
conserved DNA element marked in human embryonic stem cells by a chromatin signature
associated with enhancers (Figure 7b-d, see Methods). These sequences may have conserved
roles as cis regulatory elements, although not as lncRNA promoters. Because the lncRNA
transcripts in these loci are not conserved, it is possible that some may represent non-functional
byproducts of their promoters (Figure 7e) (24). Alternatively, some of these transcripts might
contribute to cis functions without evolving specific RNA sequences or structures (Figure 7e).
These possible models are distinct (not necessarily mutually exclusive) from those in which
lncRNAs function through sequence-specific RNA domains, and may explain the functions and
evolution of an important subset of noncoding transcripts in mammalian genomes.
While these models are attractive, it is important to note that the existence of these cis regulatory
functions in a locus does not necessarily exclude other functions mediated by the RNA transcript
itself. Indeed, we show that mRNA loci can both regulate neighboring genes in cis and produce
mRNA transcripts, and the conserved Snhg17 locus serves as a host gene for snoRNAs in
addition to activating a neighboring gene through the enhancer-like activity of its promoter.
Similarly, other lncRNA transcripts in loci dissected here may also have functions in trans or in
cellular contexts that we have not characterized. Nevertheless, it is clear that a full accounting of
the functions of noncoding transcription will require further dissection not only of IncRNAs but
also of the molecular mechanisms by which promoters, transcription, and RNA processing
coordinate gene expression in local neighborhoods.
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Note S1. A genetic approach to dissect cis regulatory functions
We developed a genetic loss-of-function approach to dissect the cis regulatory functions of
lncRNA and mRNA loci. Interpreting these loss-of-function experiments critically relies on the
distinction between (i) changes in neighboring-gene expression resulting from direct, local
functions of a gene locus and (ii) changes resulting as downstream consequences of non-local
functions of the gene locus (i.e., the lncRNA or mRNA acting elsewhere in the cell). Importantly,
homozygous knockout or RNA knockdown approaches cannot distinguish between these two
possibilities. For example, RNA knockdown experiments targeting an mRNA often affect the
expression of hundreds to thousands of genes as downstream consequences of loss of protein
function, including by chance some of the dozens of genes within 1 Mb of the mRNA locus (9).
Similarly, some lncRNAs may function in cellular locations far from their sites of transcription
(e.g., in the cytoplasm) and also can have broad effects on gene expression (9). Thus, to identify
and dissect cis regulatory functions, we need to distinguish between effects resulting from local
and non-local functions.
To distinguish between these possibilities, we generated clonal cell lines carrying heterozygous
genetic modifications at a lncRNA locus and compared the expression of nearby genes on the cis
and trans alleles (i.e., on the modified and unmodified homologous chromosomes) in the same
cells. Changes in neighboring gene expression that specifically affect the cis allele likely result
from local functions of the locus, while changes that affect both the cis and trans alleles likely
result as downstream effects of non-local functions. We performed genetic modifications in
129/Castaneus F1 hybrid mouse embryonic stem cells (mESCs), enabling us to distinguish the
two alleles using RNA sequencing of polymorphic sites.
The high frequency of polymorphic sites in 129/Castaneus hybrid cells (1 single nucleotide
polymorphism (SNP) every -140 bp) helps us to distinguish the cis and trans alleles, but the
frequency of SNPs also raises the possibility that some allele-specific changes in neighboringgene expression could result from haplotype-specific responses to non-local functions. For
example, if we were to knock out a gene encoding a transcription factor, we might observe allelespecific changes in the expression of a non-local gene elsewhere in the genome because this gene
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has 129/Castaneus genetic variation in a motif for the transcription factor. To account for this
possibility, we examined knockouts on each of the 129 and Castaneus alleles and checked that
they had consistent effects. Neighboring genes that respond due to local functions of the locus
should show changes on the allele linked to the genetic modification (only in cis). In contrast,
neighboring genes that respond due to haplotype-specific effects of non-local functions should
show consistent changes on a single haplotype, regardless of whether or not it is linked to the
genetic modification (in cis or in trans). Thus, by examining knockouts on both haplotypes, we
can distinguish effects due to local or non-local functions even in hybrid cells.
We note that this allele-specific approach also increases our ability to rule out artificial changes
in gene expression, for example due to off-target effects of the perturbations themselves (CRISPR
or RNA interference) or due to biological or technical variation between clonal cell lines. These
technical sources of variation would most likely result in changes to the cell that are not local to
the targeted locus, and therefore would likely affect the expression of neighboring genes on both
the cis and trans alleles. Thus, by focusing on allele-specific changes in the expression of
neighboring genes, we reduce the possibility that the changes we observe might result either from
non-local functions or from off-target effects.

Note S2. Defining a window of interest for long-range cis regulatory functions
To identify lncRNAs that regulate local gene expression, we sought to design an approach to
measure allele-specific expression of hundreds of genes across hundreds of independent clonal
cell lines. While whole-transcriptome sequencing would be a straightforward approach, it proved
too costly to achieve the sequencing depth necessary to measure allele-specific expression across
hundreds of samples. Accordingly, we developed a hybrid selection approach to enrich for alleleinformative RNA fragments in selected genes close to a knocked-out locus (see Methods for
details on hybrid selection protocol).
For this hybrid selection approach, we chose to examine the allele-specific expression of genes
within 1 Mb of the knocked-out promoter. We chose this distance because most experimentally
tested enhancer-promoter regulation occurs within this linear distance (52), as do the majority of
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proximity-based contacts between active promoters and regulatory elements (53). Furthermore,
most known enhancer-promoter connections, including the few that span distances greater than
1 Mb, occur within the confines of topologically associated domains (TADs) (52), as defined by
chromosome capture conformation assays. For each of the loci chosen here, the mESC TAD(36)
overlapping the knocked out gene is completely contained within the 2-Mb window centered on
the promoter, and in many cases this window includes entire neighboring TADs as well.
Several observations suggest that we did not miss cis regulatory functions that affect genes
outside of this 1 Mb window. First, the maximum distance between a knocked out promoter and
a regulated neighboring promoter is 220 kb (Slc30a9 to Bend4). Second, all of the regulatory
connections we find involve a gene immediately adjacent to the knocked-out locus. Finally, to
experimentally determine whether we might find cis regulatory effects beyond our initial 1-Mb
window, we re-sequenced the full transcriptomes (before hybrid selection) for the promoter
knockouts of 4 IncRNAs (linc1319, linc1405, linc1386, and linc1547), and did not find additional
allele-specific cis regulatory effects outside the initial window.

Note S3. Read-through transcription at the Meg3 and Snhg3 loci
Based on the initial set of 12 1ncRNA loci, we dissected the functions of 5 that showed cis effects.
We note that we identified 2 additional promoter knockouts (Meg3 and Snhg3) that apparently
reduced the expression of a neighboring gene (Figure 8). However, inspection of these loci
revealed that the effects in these loci resulted from read-through transcription that continued
past the annotated 3' end of the knocked-out gene into a second gene downstream on the same
strand. In the Meg3 locus, for example, promoter knockout eliminated the expression of not only
Meg3 but also two downstream lncRNAs (Rian and Mirg). Although currently annotated as
separate genes (1-3, 54), these three IncRNAs appear to originate from a single promoter and
transcript (see Methods, Fig. S3a) (55). In the Snhg3 locus, we found an alternative RNA isoform
that continued past the annotated 3' end of Snhg3 and sometimes spliced into the downstream
RccI mRNA (see Methods, Fig. S3b), likely explaining the reduction in Rccl expression upon
Snhg3 promoter knockout. Indeed, RefSeq annotates a joint SNHG3-RCC1 RNA isoform in the
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corresponding locus in human (56). We did not consider Meg3 and Snhg3 as potential cis
regulators in subsequent analysis, although this phenomenon represents another potential
mechanism for coordinating gene expression within local neighborhoods.
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Figure 8. Read-through transcription at Meg3 and Snhg3 loci. (A) Snhg3 promoter knockout
reduces the levels of Rccl mRNA by 23%. However, sequencing of chromatin-associated RNA
shows that transcription continues past the annotated 3' end of Snhg3 into the downstream RccI
gene (see Methods). This read-through transcription creates a fusion transcript containing exons
of both Snhg3 and RccI, as well as intergenic RNA. We note that this fusion transcript is also
annotated in the syntenic human locus as an alternative isoform of RCC1. (B) Meg3 promoter
knockout eliminates the expression not only of Meg3 but also of two additional lncRNAs
encoded downstream in a tandem orientation (Rian and Mirg). Although these three lncRNAs
are annotated as separate genes, a previous study proposed that they are derived from a single
transcript driven by the Meg3 promoter9 . This is consistent with the presence of continuous
chromatin-associated RNA throughout the locus and a lack of CAGE reads at the 5' ends of Rian
and Mirg3. In Figure 1, we drew the bounds of the Meg3 gene to include the entire locus from 5'
end of Meg3 to the 3' end of Mirg.
i
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Note S4. Proposed mechanisms for cis regulatory effects in Rccl, linc2025, and Sfmbt2 loci
For each gene locus that affected a neighbor upon deleting the promoter, we attempted to insert a
pAS downstream of the promoter. While we successfully obtained functional pAS insertions for
most loci, we did not obtain functional pAS insertions for Rccl, linc2025, and Sfmbt2. For Rccl
and Sfmbt2, we did not obtain clones containing insertions, likely due to inefficiencies in the
specific sgRNAs and/or homology arms used. In the linc2025 locus, we did obtain clones
containing pAS insertions, but the pAS insertions did not fully halt transcription of the IncRNA,
making the results uninformative. For the Rccl locus, we have additional information that helps
to distinguish potential mechanisms. We discuss each of these 3 loci below.
Rccl locus. When we deleted the promoter of RccI, we observed a -18% increase in the
expression of Trnaulap, whose promoter is located -2.4 kb downstream of the endogenous pAS
of Rccl. Thus, in contrast to the enhancer-like functions we describe in other loci, the promoter
of Rccl appears to have a repressive function on its neighboring gene. Although we did not
obtain clones with pAS insertions at the Rccl locus, we did obtain and characterize a promoter
inversion clone in which the promoter-proximal sequences were inverted on the 129 allele (see
Methods), thereby eliminating Rccl expression on that allele while maintaining the presence of
the promoter sequences. This inversion clone provided an alternative approach to distinguish
whether the cis effect on Trnau lap expression requires transcription of Rcc1 or whether the cis
effect depends only on the promoter-proximal sequences. While in promoter deletion clones the
expression of Trnaulap increased in an allele-specific manner, in the promoter inversion clone
Trnaulap expression was unaffected. This suggests that transcription through the Rccl locus and
the Rccl mRNA are dispensable for the effect on Trnaulap. We expect that the most likely
explanation for these observations is that the repressive effect is mediated by the Rccl promoter,
similar to previous reports of "promoter competition" in which two promoters compete for
shared local activating signals such as distal enhancers (57, 58).
Linc2025 locus. When we deleted the promoter of linc2025, we observed a -47% increase in the
expression of Chd2, whose promoter is located -2 kb downstream of the endogenous pAS of
linc2025. To attempt to determine whether this cis effect requires transcription in the linc2025
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locus, we inserted a pAS signal into the first intron using the same strategy as with other IncRNA
loci. However, in the linc2025 locus, even a triple pAS signal cassette (see Methods) did not fully
prevent transcription and production of the mature IncRNA sequence. Specifically, the level of
linc2025 RNA upstream of the pAS was comparable to that of wild-type cells and the level of
linc2025 RNA downstream of the pAS was reduced by at most 60% (data not shown). In these
linc2025 pAS insertion clones, Chd2 expression was unaffected. Because we did not fully
eliminate transcription in the linc2025 locus or expression of the linc2025 RNA, we cannot
definitively assess the mechanism by which deleting the linc2025 promoter affects Chd2
expression. Given our results in the Rccl locus (see above), we speculate that this repressive effect
results from competition between the linc2025 and Chd2 promoters for a shared enhancer.
Sfmbt2 locus. Sfmbt2 has two alternative promoters in mESCs, located 5 kb and 7 kb from the
linc1319 promoter. We deleted the 5'-most promoter of Sfmbt2, which appears based on CAGE
to be the stronger of the two alternative promoters. Deletion of this promoter led to a 70%
reduction in overall Sfmbt2 expression (as measured in the downstream exons) and also reduced
lincl319 expression by 18%. We were unable to obtain pAS insertions downstream of this
promoter, likely due to inefficiencies in the specific sgRNAs or homology arms used for these
experiments. We suspect that the most likely explanation for this cis effect mediated by the
Sfmbt2 locus would involve promoter-proximal DNA regulatory elements, similar to the other
promoters examined.

Note S5. Mechanism for up-regulation of linc1319 upon deletion of intron 1
Upon deleting 19.2 kb from the first intron of lincl319, we unexpectedly observed a -5-fold upregulation of lincl319 (Figure 5a). We suspect that the increase in lincl319 RNA expression
(Figure 5a) and transcription (Figure 5b) results from an increase in splicing efficiency in the
modified locus. Previous studies have shown that splicing can have a dramatic (up to 100-fold)
activating effect on transcriptional activity (37-40), and we show that deleting the 5' splice site in
this locus indeed results in a strong decrease in lincl319 transcription (Figure 5a,b). The
deletion in the first intron of lincl319 leads to a closer juxtaposition of the first splice donor and
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acceptor (separated by 0.5 kb after the deletion compared to 19.7 kb before the deletion), and
may thereby increase splicing-mediated feedback. Regardless of the mechanism for the increase
in linc1319 expression and transcription, the corresponding increase in Sfmbt2 supports the
hypothesis that linc1319 transcription activates Sfmbt2.

Note S6. Mechanisms for how transcription of lincl319 activates Sfmbt2
Many processes associated with transcription and splicing of linc1319 may mediate the effect on
Sfmbt2. We propose that transcription might recruit activating factors such as chromatin
regulators, splicing factors, or pause release factors and increase their local concentration to
activate the Sfmbt2 promoter (Figure 5c), similar to previously proposed mechanisms by which
noncoding transcription might activate a neighboring gene (59-62). We note that this is a
plausible mechanism inasmuch as linc1319 is -5-fold more highly transcribed than Sfmbt2 in
mESCs (polymerase occupancy in gene body as measured by GRO-Seq, see Methods).
Alternatively, rather than recruiting activators, transcription might instead eject repression
factors, for example through a transcriptional interference mechanism (63). We note that we do
not see any evidence for such repressive cis regulatory elements based on chromatin state in the
linc1319 locus, and our genetic modifications suggest that the amount of transcription, rather
than transcription over a specific site in the first intron, determines the level of Sfmbt2 activation.
Further experiments will be required to distinguish between these many possibilities, but it is
clear is that the process of transcription and splicing in this locus determines the level of Sfmbt2,
in a way that does not involve unique elements in the mature linc1319 RNA transcript.

Note S7. Evolutionary conservation of IncRNAs and their promoters
We used evolutionary conservation analysis to explore whether other IncRNA loci might
similarly encode cis regulatory functions independent of their RNA transcripts. To identify
candidates, we searched for loci where the IncRNA promoter is conserved across mammalian
evolution even when the IncRNA transcript itself is not. When we examined the 209 mESC
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IncRNA loci whose transcripts are "mouse-specific" (no syntenic transcript detected in rat,
chimp or human pluripotent stem cells, see Methods) (51), we found that their promoters, as a
whole, showed signatures of sequence constraint (Figure 7a). Most of this signal is driven by the
71 IncRNAs that emerge from bidirectional mRNA promoters (Figure 7a); in these loci, the
promoter clearly has a conserved function in regulating the mRNA that is independent of the
presence of the IncRNA transcript. While some of these divergent lncRNAs may have evolved
neutrally, transcription or splicing in these loci could feed back to regulate the promoter and thus
the expression of the mRNA. Of the remaining 136 loci, 11 appear to have evolved from ancestral
enhancers: the sequence serving as a promoter in mouse is adjacent to the same genes in mouse
and human and corresponds to a conserved DNA element marked in human embryonic stem
cells by a chromatin signature associated with enhancers (Figure 7b-d, see Methods). These
results suggest that these sequences have deeply conserved roles as cis regulatory elements,
although not as IncRNA promoters (Figure 7e). Finally, 59 mouse-specific lncRNAs emerge
from lineage-specific endogenous retroviruses (Figure 7a), which contain their own promoters
and 5' splice sites that drive transcription of sequences downstream of the insertion to produce
noncoding transcripts (64). These classes of retroelements are known to have the capacity to act
as enhancers in mESCs (65), suggesting the potential for cis regulatory function despite their
recent introduction in the mouse lineage. Together, these observations highlight many lncRNA
promoters that are likely to have cis regulatory functions independent of the IncRNA transcripts
themselves, and also suggest that lncRNAs frequently evolve from pre-existing regulatory
elements including promoters and enhancers.
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Methods
Cell lines and cell culture. F1 hybrid 129/Castaneus female mouse embryonic stem cells (gift
from Kathrin Plath) were cultured in serum-free N2B27-based medium (250 ml Neurobasal
media (Gibco), 250 ml DMEM/F12 (Gibco), 5 ml 100x N2 supplement (Gibco), 5 ml 50x B27
supplement (Gibco), 5 ml 200 mM L-Glutamine (Gibco), 3.6 l 2-mercaptoethanol, 50 ig human
leukemia initiation factor (5 x

105

units, EMD Millipore), 7.4 ig Progesterone, 10 mg Bovine

Insulin (Sigma), 350 [pl 7.5% BSA Fraction V (Gibco), supplemented with MEK inhibitor
PD0325901 (50 tl 10 mM, SelleckChem), and GSK3b inhibitor CHIR99021 (150 pil 10 mM,
SelleckChem)). Prior to plating cells, tissue culture dishes were pretreated with PBS + 0.2%
gelatin (Sigma) and 1.75 [tg/ml laminin (Sigma) for 2-10 hours at 37'C. At each passage, cells
were trypsinized for 3-5 minutes in TVP Solution (0.025% trypsin, 1% Chicken Serum (Sigma),
and 1 mM EDTA in PBS pH 7.4) at room temperature. Cells tested negative for mycoplasma
contamination.
Cellular fractionation. To estimate the relative abundance of lncRNAs in different cellular
compartments and to characterize transcriptional activity in lincl319 knockouts, we performed
cellular fractionation to isolate chromatin-associated, soluble nuclear, and cytoplasmic fractions
essentially as described (66). Briefly, we first lysed 5 million cells in 200 tl cold cell lysis buffer
(10 mM Tris-HCl pH 7.5, 0.05% IGEPAL CA-630, 150 mM NaCl), incubating on ice for 5
minutes. We layered the cell lysate over 2.5 volumes of chilled sucrose cushion (24% sucrose in
cell lysis buffer) and centrifuged at 15,000 x g for 10 minutes. The supernatant from this spin
became the cytoplasmic fraction. After washing the pellet of nuclei with PBS (pH 7.5) + 1 mM
EDTA, we resuspended the pellet in 100 [[l of cold glycerol buffer (20 mM Tris-HCl pH 7.5, 75
mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 0.125 mM PMSF, 50% glycerol) by gently flicking the
,

tube. We added 100 1. of cold nuclei lysis buffer (10 mM HEPES pH 7.5, 1 mM DTT, 7.5 MgCl 2
0.2 mM EDTA, 0.3 M NaCl, 1 M urea, 1% IGEPAL CA-630), then vortexed for four seconds.
After 2 minutes on ice, we spun the nuclear lysate at 15,000 x g for 2 minutes. This supernatant
was collected as the soluble nuclear (nucleoplasm) fraction. We rinsed the remaining pellet
(chromatin fraction) in PBS + 1 mM EDTA, then resuspended the chromatin in 300 d
chromatin DNase buffer (20 mM Tris-HCl pH 7.5, 50 mM KCl, 4 mM MgCl 2 , 0.5 mM CaCl 2, 2
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mM TCEP, 0.5 mM PMSF, 0.4% sodium deoxycholate, 1% IGEPAL CA-630, 0.1% Nlauroylsarcosine) plus 15 I murine RNase inhibitor (NEB) and 30 l TURBO DNase (Ambion).
The DNase digestion proceeded for 20 minutes at 37"C and was halted by adding 10 mM EDTA
and 5 mM EGTA. Protein was digested with proteinase K for 1 hour at 37'C. RNA was isolated
using Zymo RNA Concentrator-25 columns (two columns for the cytoplasmic fraction). With
this method, nuclear-associated endoplasmic reticulum is known to fractionate with the
nucleoplasm (66), and we observed that nucleolar RNAs fractionated with chromatin (data not
shown). From each cellular fraction, we sequenced total RNA and polyadenylated RNA (selected
using oligo d(T) 25 magnetic beads, NEB) using a strand-specific RNA-sequencing protocol for
Illumina instruments described previously (67).
Selection criteria for knocked-out IncRNAs. We selected lncRNA loci initially identified and
defined by a chromatin signature of H3K4me3 at promoters and H3K36me3 through gene
bodies (31). We further required that lncRNAs selected for knockout analysis have TSSs, as
defined by capped analysis of gene expression (CAGE), located >5 kb from other genes. To
prioritize intergenic IncRNA loci that may regulate local gene expression, we focused on
lncRNAs that have subcellular localization biased toward the nucleus versus the cytoplasm
(Figure 2). We performed cellular fractionation experiments in V6.5 male mESCs as described
above and sequenced RNA from chromatin-associated, soluble nuclear, and cytoplasmic
fractions (GEO Accession GSE80262). We calculated a relative nuclear-to-cytoplasmic ratio
(chromatin RPKM + soluble nuclear RPKM divided by cytoplasmic RPKM) and focused on
lncRNAs with ratios above the median (1.5): these IncRNAs are preferentially localized to the
nucleus compared to other IncRNAs and mRNAs. We selected nuclear-biased IncRNAs that span
a range of abundance levels (Figure 2). We also included some IncRNAs that are conserved
across mammalian evolution (Snhg3, Snhgl7, Meg3, and linc2025).
Selection criteria for knocked out mRNAs. We selected 6 mRNAs for promoter knockouts
based on the following criteria. We knocked out 2 mRNAs that are moderately expressed and are
not expected to be essential for mESC growth (Diceri and Crlf3). We knocked out 2 mRNAs that
are located adjacent to knocked-out lncRNAs (Sfmbt2 and Rccl), in order to look for reciprocal
regulatory effects between the IncRNA and the affected mRNA. We knocked out 2 mRNAs that
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are located adjacent to a gene that is itself adjacent to a lncRNA (Gprl9 and Slc30a9), in order to
determine whether affected genes are specifically responsive to IncRNA promoters or are
generally responsive to other promoters in the locus. Similar to the IncRNAs selected, the TSSs of
these selected mRNAs are located >5 kb from other genes.
CRISPR sgRNA design. To design single-guide RNAs (sgRNAs), we built custom software to
calculate a specificity score (based on potential off-target sites using the algorithm described at
crispr.mit.edu (68)) and an efficacy score (based on a sequence model for sgRNA efficiency as
previously described (69)) for each 20-nt targeting sequence. We removed guides with specificity
scores <20 or efficacy scores >0.7. To avoid T-rich sequences that result in premature
termination of Pol III-mediated sgRNA transcription, we removed guides with more than 1 "T"
in the 4 bases closest to the seed region, guides with more than 3 consecutive T's, and guides with
more than 8 T's total. We removed guides with homopolymer stretches of 5 or more bases and
guides with GC content <20% or >90%. We removed guides that overlapped a known
129/Castaneus SNP (70). Within a given region, we typtically chose the three remaining guides
with the highest specificity scores.
Promoter deletion guide placement. To knock out a lncRNA or mRNA promoter, we chose 2-3
sgRNAs located in windows 300-500 bp upstream and downstream of the TSS, leading to
deletions of approximately 600-1000 bp surrounding the TSS. We adjusted the precise deletion
boundaries outward if we could not successfully design guides in these regions (e.g., because they
were located in repetitive sequences). We note that we often found that the "wild-type" alleles in
heterozygous knockouts were affected by scars from repair of sgRNA double-stranded breaks.
Accordingly, we adjusted the bounds if necessary to cut outside of the exons of the mRNA or
lncRNA and thus avoid damaging the exonic sequences on the "wild-type" alleles in
heterozygous knockouts. We note that the presence of these scars (and their lack of allele-specific
effects on the expression of neighboring genes) indicate that the cis effects observed upon
deleting promoters are not merely a result of CRISPR-mediated cutting and subsequent DNA
repair.
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Genetic deletions with CRISPR/Cas9. To delete specific sequences, we co-transfected 100 ng of

Cas9-expressing plasmids ("PX330-NoGuide"), 300 ng of a pool of sgRNA-expressing plasmids
("pZB-Sg3"), and 100 ng of a plasmid expressing EGFP and a puromycin selectable marker from
a CAG promoter (pS-pp7-GFPiP). To create PX330-NoGuide, we modified PX330 (gift from
Feng Zhang, Addgene plasmid #44230 (71)) to remove the sgRNA expression cassette. To
generate pZB-Sg3, we cloned a human U6 promoter and optimized sgRNA scaffold sequence
(72) into a minimal vector with an ampicillin-selectable marker and a ColE1 replication origin.
We transfected batches of 250,000 mouse embryonic stem cells using the Neon Transfection
System (Invitrogen), using 1 pulse of 40 milliseconds at 1200 V and plated two batches of cells
(500,000 total) into a 96-well plate in 200 pl media. As an internal control for each set of
transfections, we performed a transfection using 4 guides with no predicted target sites in the
mouse genome.
We verified efficient transfection by examining GFP expression after 24 hours. To select for
transfected cells, we replaced the media 24 hours after transfection with 200 [d 2i + 1 .g/ml
puromycin. One day later, we split the cells into a 10-cm plate with 8 ml of 0.5 g/ml puromycin.
One day later, we replaced the media with 10 ml of 2i with no puromycin. We allowed cells to
grow for 7-8 days, replacing the media every 2-3 days. We hand-picked 88 individual colonies
and 8 control colonies for each transfection in 5 il media, added 20 pl of TVP for -10-20
minutes at 37'C to dissociate the colonies, and then split the colonies into two identical plates.
We grew the cells in these plates for 4-5 days. We harvested one of the plates for DNA and RNA
extraction by removing most of the media and adding 3.5x volume Buffer RLT (Qiagen) and
+

froze the other plate for later recovery in Freezing Media (2i media + 10% fetal bovine serum
10% DMSO).
Genotyping by PCR and sequencing. To genotype each promoter knockout, we extracted

genomic DNA and performed PCR using primers spanning the deleted sequence. We genotyped

each clone by running the PCR products on agarose gels and comparing PCR amplicon sizes to
predicted wild-type and deletion band sizes. We confirmed the sequences of wild-type and
deletion bands by Sanger sequencing or high-throughput sequencing through barcoded
amplicon sequencing on an Illumina MiSeq. Where possible, we used known polymorphic sites
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from 129S1 and Castaneus genomes (70) to determine the haplotype-resolved genotype of each
clone. Based on the genotyping data, we nominated clones for RNA sequencing. We eliminated
clones showing evidence of (i) polyclonal or subclonal mutations or (ii) complex mutations such
as inversion or duplication of the genomic sequence between the sgRNAs.
RNA sequencing libraries. We generated RNA sequencing libraries as previously described (67,
73), with some modifications for high sample throughput. We isolated RNA from harvested

mESCs using RNeasy 96 columns. We enriched for poly(A)+ RNA using oligo d(T) 25 magnetic
beads (NEB) and eluted in 18 [l H 2 0. We fragmented RNA to an average of -150-nt by adding 2
ptl Ambion Fragmentation Buffer and incubating at 70'C for exactly 2.5 minutes. After
transferring quickly to ice, we added 40 pl of a master mix containing 12 iil 5x FNK Buffer (50

mM Tris-HCl pH 7.5, 5 mM MgCl 2, 0.6 mM CaC 2, 50 mM KCl, 10 mM DTT, 0.01% Triton X100), 1 tL Murine RNase Inhibitor (NEB), 3 1iL FastAP Thermosensitive Alkaline Phosphatase
(Thermo Scientific), 3 tL T4 Polynucleotide Kinase (NEB), and 1 1 L TURBO DNase (Life
Technologies). We incubated this reaction for 37"C for 30 minutes, then cleaned the reaction

with MyOne SILANE magnetic beads (74) and eluted in 6 pl of H 20.
We proceeded with the library preparation as previously described (67), with one additional
modification. To simplify the library preparation for many samples, we added unique sample
barcodes (8 nt) during the first adapter ligation (73). We used 12 pools each with 4 barcodes in
order to mitigate differences in the efficiency of ligation for different adapter sequences.
Following the first adapter ligation, we pooled 12 samples together, including up to 9 clones
corresponding to a single target gene as well as 3 control clones, during the first 70% ethanol
wash of the SILANE-bead purification. We performed an extra SILANE purification using the
same beads to remove excess adapter and then proceeded with reverse transcription.
Hybrid selection of RNA sequencing libraries. To measure allele-specific expression for
hundreds of genes in a cost-effective manner, we developed a hybrid selection strategy to enrich
for allele-informative reads at target genes (Figure 9). We designed oligo pools to capture alleleinformative sequences in the ~1600 RNAs located in the genome within 1 Mb of one of the
knockout targets. These target RNAs were divided into two independent pools: #140820 and
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#141203. We used RefSeq RNA annotations for mRNAs and our custom annotations for most
lncRNAs. We identified SNPs that would distinguish the 129S1 and Castaneus genomes (70). We
designed 120-bp capture oligos in the vicinity of each 129/Castaneus polymorphic site, tiling
every 15 bp across either 600 bp (pool #140820) or 240 bp (pool #141203) surrounding the SNP.
We included probes targeting both alleles to minimize differences in capture efficiency between
the two alleles. We filtered capture probe sequences as previously described (74). We included up
to 10 oligo positions per targeted RNA, duplicating probes where necessary to include the
sequences corresponding to each allele. Empirically, this probe design strategy in combination
with the protocol described below enabled assessing allele-specific expression for 84% (611 of
731) of the targeted expressed genes in mESCs (RPKM >= 2) at a sequencing depth of <5 million
reads per sample.
We synthesized pools of 12,000 capture oligos using CustomArray technology. Oligos in each
pool were flanked by unique primers (Left primer sequence: CTTCCTACGAGCAGTTTGCC;
Right primer sequence: AGTTTACGCATTACGGGCAC). After one round of PCR to add a T7
promoter (GGATTCTAATACGACTCACTATAGGG), we generated biotinylated RNA probes
as described previously (8), adding in 20% Biotin-16-UTP (Roche) and 20% Biotin-14-CTP (Life
Technologies) to the in vitro transcription reactions. We generated RNA probes targeting both
strands by incorporating the T7 promoter into either side of the PCR product and performing
two separate in vitro transcription reactions per oligo pool.
To capture the allele-informative regions, we pooled the final, barcoded RNA sequencing
libraries from all samples in the batch and performed a modified version of solution hybrid
selection (75). We first combined 500 ng dsDNA library pool with 1 nmol of Illumina P5 and P7
primer mix in 21 d total. We denatured this mix at 94*C for 10 minutes and transferred
immediately to ice. We added 7.5 d 20x SSPE, 0.5 [l Murine RNase Inhibitor (NEB), and 1 pd of
500 ng/lp biotinylated RNA probe, for a total volume of 30 ptl. We set up at least two reactions
per 10 libraries, including at least one reaction with each strand of probes. We incubated the
hybridization reaction at 65*C for 24-48 hours. For each capture sample, we washed 30 [d
Streptavidin CI MyOne magnetic beads (Invitrogen) in 5x SSPE and aliquoted them into PCR
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Figure 9. Generation of knockout clones and measurement of allele-specific RNA expression.
(A) Overview of knockout protocol. (B) Example locus (linc1536) showing hybrid selection
strategy and results. Compared to standard RNA-Seq (before hybrid selection, top), our hybrid
selection strategy (bottom) provides more allele-informative reads for a given sequencing depth.
Colored bars indicate locations and frequency of SNPs in sequencing reads. (C) Distribution of
allelic expression ratios (number of informative reads mapping to 129S1 allele divided by the
number mapping to the Castaneus allele) across active genes in mESCs. The distribution is
centered on 50%, indicating that our mapping and counting procedures are not biased. A
substantial fraction of genes show skewed expression toward one allele or another, consistent
with previous reports '. (D) Scatterplot of allelic expression ratios for genes with RPKM >= 2
that have more than 100 allele-informative reads across all libraries. Allelic expression ratios are
largely consistent in RNA sequencing data before and after hybrid selection.
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tubes. After removing the wash from the beads, we added the hybridization reaction and mixed
to resuspend the beads. We captured the biotinylated probes by shaking at 65'C for 20 minutes.
We washed the beads twice in 150 pl Low Stringency Wash Buffer (Ix SSPE, 0.1% SDS, 1% NP40, 4 M urea) at 62'C for 3-4 minutes, and twice in 150 pl High Stringency Wash Buffer (0.1x
SSPE, 0.1% SDS, 1% NP-40, 4 M urea). To elute, we removed the final wash and resuspended
beads in 10 pl 100 mM NaOH and heated to 70'C for 10 minutes. To complete the elution, we
added 1 [1 1 M acetic acid and 14 pl NLS Elution Buffer (20 mM Tris-HCl pH 7.5, 10 mM EDTA,
2% N-lauroylsarcosine, 2.5 mM TCEP) and heated to 94 0 C for 4 minutes. While hot, we placed
samples on magnet, removed eluate, and then placed the eluate on ice for at least 30 seconds. We
cleaned the eluates with 20 1 l MyOne SILANE magnetic beads as described (74), using 75 iil RLT
and 61 [1 100% ethanol for the initial precipitation. We eluted in 23 p1 H 20, and used this as
input for a 50 pl NEBNext High Fidelity PCR reaction using 500 pmol each P5 and P7 Illumina
primers (98'C for 30 s; 13 cycles of 98'C for 15 s, 68 0C for 30 s, 72'C for 30s; 72'C for 2 minutes,
4 0C hold). We cleaned the PCR reaction twice with 1x volume Agencourt Ampure XP magnetic
beads and eluted in 20 pl H2 0.

Allele-specific gene expression measurements from RNA sequencing. We sequenced RNA
libraries on an Illumina HiSeq 2500 (Read 1: 38 cycles; Read 2: 30 cycles; Index: 8 cycles). The
first read includes the 8-nt barcode added during the first adapter ligation (see above). Following
processing to separate samples based on the inline barcodes, we filtered out sequencing reads that
aligned to highly abundant RNA transcripts, including ribosomal RNAs, snRNAs, and repetitive
elements, as defined by RefSeq and RepeatMasker. A FASTA file containing these sequences is
available at the Gene Expression Omnibus (GSE55914).
We developed a computational pipeline to estimate allele-specific expression from RNAsequencing data. We created two separate reference files for the 129S1 and Castaneus haplotypes,
starting with the mm9 genome build and layering on SNPs based on whole-genome sequencing
of each of the two mouse strains (70). We aligned RNA-sequencing data separately to each of the
two haplotypes using Tophat (version 2.0.8). We combined the results of the two alignments
using PySuspenders (76), which identifies reads that map specifically to one or the other allele.
We discarded duplicate reads and reads with MAPQ < 30. For each gene, we counted reads that
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mapped to each allele using custom read-counting software and calculated "allelic expression
ratios" for each gene (counts from 129 allele divided by counts from Castaneus allele). The
distribution of allelic expression ratios for all active genes in mESCs was centered on 0.5,
indicating that on average each gene is expressed equally from the 129 and Castaneus alleles
(Figure 9c). This suggests that there is not systematic bias in our mapping procedure toward one
allele or the other.
To validate this approach in the context of our hybrid selection strategy, we compared the allelespecific expression ratios for all genes in the sequencing libraries before and after hybrid
selection. The expression ratios correlated well (R2 = 0.77), with most outliers representing
transcripts with low absolute expression in mESCs (Figure 9d).
RNA-seq data analysis. We processed RNA-sequencing datasets in batches corresponding to
sets of libraries made on the same day with the same hybrid selection probe pool. We removed
samples with fewer than 100,000 non-repetitive, unique, allele-informative reads. For withinbatch quality control, we performed hierarchical clustering on all samples by their allelic
expression ratios and removed the 2-5% of outlier samples, which were largely comprised of
clones that showed monoallelic expression from the X chromosome.
Assessment of gene knockout by expression analysis. The PCR genotyping procedure described
above provided putative genotypes for the cell clones. We confirmed the genotype of cells by
analyzing the allele-specific expression of the knocked out gene in each clone. We required that
clones show >80% reduction of expression of the knocked out gene on the appropriate allele in
order to include the clone in downstream analysis. Incomplete reduction of expression in some
cases appeared to result from use of alternative TSSs that were not included in the deleted
sequence. In other cases, incomplete reduction of expression appeared to result from subclonal
genetic mosaicism within the cell line, which likely resulted from deletions that occurred after
several cell divisions, leading to genetic differences between individual cells in a colony. For
further analysis, we focused on gene loci where we obtained at least 2 heterozygous knockout
clones.
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Identifying significant changes in allele-specific expression. In developing a statistical
approach to identify local, cis effects of these genetic manipulations, we sought to distinguish
local effects of the genetic deletion from downstream effects that result as a consequence of either
IncRNA/mRNA functions elsewhere in the cell, off-target effects, or biological/technical variation
between clonal cell lines (Note Si). Our power to detect these effects varies between different
measured genes (due to their level of expression and availability of SNPs) and between different
knockout targets (due to differences in the numbers of knockout clones analyzed).
To account for these two variables, we developed a statistical approach to empirically estimate
the false discovery rate of allele-specific changes in the expression neighboring genes using
hundreds of genes on other chromosomes as controls. For each gene in the neighborhood of one
of our promoter deletions, we calculated three T-test statistics. First, we calculated a T-test
statistic comparing the average change in expression for each of the knockout alleles (including
both heterozygous and homozygous knockout clones). We calculated a second T-test statistic
comparing the average change in expression for each of the knockout alleles (including both
heterozygous and homozygous knockout clones), normalized to the expression of the gene on
the wild-type allele of the heterozygous clones. Finally, we calculated the allelic expression ratio
in each of the heterozygous knockout and control clones and applied a variance-stabilizing
transformation (arcsin of the square root of the allelic expression ratio), then calculated a third
T-test statistic comparing the heterozygotes to the wild-type control clones. For a given gene,
only samples with at least 20 allele-informative reads were considered, in order to enable accurate
estimates of allele-specific expression. These three tests differ in whether they incorporate
information from homozygous clones and how they normalize between knockout and wild-type
alleles. We required that a gene perform significantly in each of the three tests in order to regard
the gene as significant, as described below. We note that each underlying measure was
approximately normally distributed, with some apparent outliers across hundreds of control
clones; we conservatively included these outliers in calculating each test. We tested for
differences in variation between knockout and control alleles with Levene's test.
Because the distributions are only approximately normal, we assessed the significance of each of
these gene-level statistics by permutation, sampling other cell lines from the same experimental
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batch and randomly assigning them as heterozygous or homozygous knockout clones to match
the distribution of genotypes of the real samples. We calculated an empirical false discovery rate
for the sum of these permutation ranks, testing each of the neighboring genes and using all of the
genes on other chromosomes as the background model. Neighboring genes with FDR < 10% and
a transformed allelic expression ratio >0.03 were considered significant.
Transcriptional read-through for Meg3 and Snhg3. Promoter knockouts of Meg3 and Snhg3
led to reductions in one or more downstream genes oriented in the same direction as the
knockout target gene. We attributed these changes to transcriptional read-through based on the
following evidence (Note S3, Fig. S3). For both Meg3 and Snhg3, we observed evidence for
transcription continuing past the annotated 3' end of the knockout target, through intergenic
regions, and into the downstream gene (as assayed by RNA sequencing of chromatin-associated
RNA). For the Meg3 locus, we did not observe H3K4me3 or CAGE reads at the 5' ends of Rian
and Mirg (downstream of Meg3), indicating that they are not expressed from their own
promoters. In the Snhg3 locus, the downstream affected gene (RccI) is in fact expressed from its
own promoter, but we found evidence for reads splicing from just downstream of Snhg3 into the
first splice acceptor of Rcc1, indicating that at least some fraction of Rccl transcripts begin at the
Snhg3 promoter.
Insertion of polyadenylation signals. To halt transcription, we initially attempted to use a short
49-bp synthetic polyadenylation signal (spA) sequence (77) to minimize the amount of genomic
sequence added (Figure 10a). For a given gene, we designed a guide 0.5-3 kb downstream of the
transcription start site. We designed 200-nt ssDNA oligos including the spA sequence flanked by
75- and 76-bp homologous arms, centered on the sgRNA cut site (-4 bp upstream of the PAM
sequence), and ordered these as ultramers from Integrated DNA Technologies. To knock in
polyadenylation signals, we transfected 100 ng PX330-NoGuide, 100 ng pZB, 100 ng pS-pp7GFPiP, and 100-200 ng of donor ssDNA oligo and followed the selection procedure described for
the promoter knockouts. To genotype these insertions, we used a combination of PCR and highthroughput amplicon sequencing as described above. We identified clones that
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Figure 10. Targeting strategies for pAS insertion. (A) In the first pAS insertion strategy, we

inserted a 49-bp synthetic pAS ("spA") using a single-stranded DNA oligo with 75-bp homology
arms (see Methods). (B) In the second pAS insertion strategy, we cloned a donor plasmid
containing a selection cassette and three different pAS sequences (see Methods). Homology arms
of 300-800 bp were used to integrate the cassette. After isolating clones with successful insertions,
we used a second round of transfections to remove the selection cassette, leaving behind three
tandem pASs. EFS = elongation factor 1 promoter. Puro = puromycin resistance gene (pac).
HSV-tk = herpes simplex virus thymidine kinase.
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had heterozygous insertions of the full 49-bp spA sequence on one allele; we typically observed
that the other allele had a short insertion or deletion, consistent with non-homologous end
joining (NHEJ)-mediated repair. This short pAS sequence (spA) succeeded in halting the
transcription of three RNAs: linc1319 (pAS at +40bp and +0.5 kb in Fig. 3), Gpr19, and linc1536.
However, for other genes, transcription was unaffected despite pAS knock-in, consistent with the
location-dependent efficiency previously observed for this pAS sequence (77).
Accordingly, we built a larger construct containing three polyadenylation signals (p3PA, Figure
10b). The structure of this construct upon insertion into the genome through homologous
recombination is as follows: spA - EFS promoter - Puromycin resistance gene IRES thymidine
kinase - WPRE - SV40 pAS - PGK pAS. We co-transfected 300 ng of this construct with 100 ng

of pZB and 100 ng of PX330-NoGuide, waited three days, and then selected for cells with
integrations with 1 g/mL puromycin for one week. We picked individual colonies and used PCR
to genotype clones, using primers spanning the insertion junctions. We sequenced these PCR
products to determine the allele of insertion. Following genotyping, we expanded clonal cell lines
and transfected with PX330 and a pool four sgRNAs to delete the selection cassette, leaving
behind three tandem pASs. Following selection with 2 g/mL ganciclovir, we again picked
individual colonies, used PCR to confirm loss of the cassette, and sequenced RNA from multiple
clones.
Knockouts of lincl319 exons and introns. To delete each exon and intron of linc1319, we
transfected cells with pools of guides as described for the promoter deletions, using 2 guides on
each side. We assessed the genotype of clonal cell lines as described above for promoter deletions.
To confirm exon knockout from RNA sequencing data, we examined SNPs in each of the exons.
Upon knockout of exon 2, for example, we observed loss of RNA sequencing reads mapping to
exon 2, while reads mapping to other exons were still present. We also identified reads spanning
a new splice junction between exon 1 and exon 3, further confirming that exon 2 was removed
from the mature transcript. For barplots in Fig. 3 measuring linc1319 expression, the values
represent the normalized read counts of the remaining exons that were not deleted in that
experiment. To confirm intron knockout, we used PCR primers spanning the deletion junction
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and sequenced the resulting PCR products. We note that the intron knockouts, by design, do not
affect the sequence of the spliced linc1319 RNA.
5' splice site knockout. To knock out the 5' splice site of lincl319, we co-transfected mESCs as
described above, using a single sgRNA pZB plasmid and 200 ng of ssDNA oligonucleotide donor
for homologous recombination (Figure 11). The oligo was ordered as an ultramer from
Integrated DNA Technologies. We genotyped these insertions through amplicon sequencing
using an Illumina MiSeq.
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Figure 11. Allele-specific expression measurements in 5' splice site knockouts. (A) Schematic
of the 5' end of the linc1319 locus and genotypes of two knockout clones. The 5' splice site is
located 78 bp downstream of the linc1319 transcription start site (in this panel, linc1319 is
transcribed from left to right). One of the alleles from the two clones contains insertion of the
oligo mediated by homologous recombination; the remaining three alleles contain insertions or
deletions resulting from non-homologous end joining repair of sgRNA-mediated double-strand

breaks, some of which also disrupt the 5' splice site. (B) Allele-specific RNA expression for
knockout and control clones.
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Comparing transcription rates of linc1319 and Sfmbt2. To quantitatively compare
transcription rates between the Sfmbt2 and lincl319 loci (Note S6), we assessed occupancy of
elongating polymerase using GRO-Seq data from mouse embryonic stem cells (GEO Accession
GSM1665566) (78). To do this, we calculated the RPKM across each gene body from 1 kb
downstream of the TSS to the 3' end of the annotated transcript.
External ChIP-Seq, RNA-Seq, and DNase HS data. We utilized the following data from
ENCODE (79): H3K4me3, H3K4mel, and CTCF ChIP-Seq in mESCs (ES-Bruce4); DNase
hypersensitivity sequencing in mESCs (E14); H3K4me3, H3K4mel, and CTCF ChIP-Seq and
DNase HS data in H1-hESCs; and RNA-sequencing data in H1-hESCs (nuclear p(A)+, nuclear
total). To assess transcription factor binding to mRNA and lncRNA promoters (Figure 4c), we
examined mESC ChIP-seq peaks available from Kagey et al. at the Gene Expression Omnibus
(GSE22562) (80).
DNA purification for examining proximity contacts. To examine the proximity contacts of the
linc1405 locus, we used the RAP-DNA protocol, which we initially developed in order to map
RNA localization to chromatin, to capture linc1405 DNA (74). Briefly, we crosslinked live cells to
fix endogenous chromatin complexes, then purified a target DNA region using a pool of
oligonucleotides targeting the lincl405 locus. Here, we used probes that are the same strand as
the linc1405 RNA - in this way, we specifically capture the linc1405 DNA and do not directly
capture the linc1405 RNA itself. We mapped the 3-D proximity contacts of the linc1405 locus
through high-throughput sequencing of co-purified DNA and calculated the normalized
enrichment to an input DNA library in 1-kb windows (Figure 4e).
LncRNA transcript annotations. For evolutionary conservation analysis, we used IncRNA
annotations and isoforms previously defined based on RNA sequencing in mouse embryonic
stem cells, combining annotations generated with multiple methods (Scripture (81) and slncky
(51)). We filtered the combined list using slncky (51) to eliminate transcripts predicted to encode
proteins or micropeptides by UCSC, transcripts that partially align to protein-coding genes (e.g.,
pseudogenes or incomplete reconstructions), and species-specific coding gene duplications.
Subsequently we performed several manual curation steps. We examined each isoform using a
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combination of long-read RNA-sequencing data, total chromatin-associated RNA sequencing
data, capped analysis of gene expression (CAGE) data, and poly(A+) 3'-end sequencing data
from mESCs (51, 67, 81, 82). We eliminated transcripts that appeared to result from an extended
3'UTR of an upstream protein-coding transcript. Because the precise 5' ends of transcripts are
imprecisely assigned by based on RNA-sequencing data alone, we re-assigned 5' ends (TSSs)
using a sliding-window approach to find the 10-bp window with the highest number of samestrand CAGE reads within 300-bp of the initial calculated TSS. We additionally manually curated
the TSS of each lncRNA, some of which were incorrectly assigned by more than 300 bp, based on
CAGE and H3K4me3 ChIP-Seq data, and eliminated any where we could not identify the TSS
(e.g., due to unmappable sequence or very low abundance).
Analysis of IncRNA and promoter conservation. To categorize IncRNAs by their conservation
properties and promoter locations, we examined a set of 307 IncRNAs expressed in mESCs as
described above. We assessed the conservation of each lncRNA through a two-step approach. We
first used slncky to look in syntenic locations for evidence of lncRNA transcripts in deep p(A)+
RNA-seq of rat, chimp, and human induced pluripotency stem cells (iPSCs) (51). LncRNAs
called "conserved" by this first filter have substantial evidence based on RNA-seq that allows for
independent reconstruction of the transcript in one or more of these other organisms. We
categorized the remaining IncRNAs by the location of their TSS: 71 IncRNAs originate within
500-bp of an mRNA TSS on the opposite strand ("divergent"); 59 IncRNAs originate within the
long-terminal repeats (LTRs) of endogenous retroelements; and 79 IncRNAs have their
promoters in intergenic regions that do not overlap with LTRs and do not emerge from a
bidirectional mRNA promoter (henceforth, "intergenic").
Because some conserved lncRNAs might be too lowly expressed to assemble a transcript de novo
in a given species, we examined more closely the 79 intergenic IncRNAs that were called "mousespecific" in the initial slncky analysis. We applied a second, more stringent threshold to remove
IncRNAs misclassified as mouse-specific due to low abundance. For each intergenic IncRNA
locus, we used liftOver (83) to map the 10 bp surrounding the mouse TSS (mm9) to the human
genome (hg19) (minMatch=0.1, UCSC chain). 37 of these transcripts did not lift over at this step,
and thus were considered mouse-specific. For the 42 that did lift over, we examined the syntenic
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region for evidence of p(A)+ RNA-seq data from human iPSCs (51) or p(A)+ nuclear-fraction
RNA-seq from hESCs (-100 to +900 bp relative to the TSS), or for evidence of p(A)+ nuclearfraction or whole-cell CAGE from hESCs (-250 to +250 bp relative to the TSS), and removed
from consideration any IncRNAs that showed evidence for RNA-seq or CAGE above a certain
threshold. We chose this threshold based on a set of random intergenic regions, which were
matched to the set of intergenic mouse-specific IncRNAs based on GC content. We eliminated
from consideration the 10 IncRNAs that showed RNA-seq or CAGE signal greater the 9 0 th
percentile of random regions, corresponding to approximately 2 CAGE or RNA-seq reads in the
windows described above. These 10 IncRNAs were added to the "conserved" section of the pie
chart in Fig. 4a. Several of these 10 IncRNAs correspond to substantially shortened, single-exon
p(A)+ transcripts that show minimal overlap with the syntenic exons in mouse; although a
majority of the exonic sequence of these transcripts are not in fact conserved between human and
mouse, we excluded these from consideration as putative mouse-specific IncRNAs.
For the purposes of examining the conservation properties of these intergenic mouse-specific
IncRNAs, we defined a matched set of "enhancer" elements. We first generated a list of
regulatory elements in mESCs using the DNase hotspots called by ENCODE-UW in ES-E14 cells.
As an estimate of the activity of each element, we calculated the density of H3K27ac reads in the
region. From the set of intergenic elements that did not overlap a promoter, IncRNA promoter,
or LTR, we selected a random subset matched to the intergenic IncRNA promoters for H3K27ac
density (binned by 10 reads / bp) and distance to the TSS of the closest active gene (binned by 5
kb). We call these elements "enhancers" because they are marked by DNase hypersensitivity and
H3K27ac but do not overlap a known gene promoter.
We compared the sequence conservation and functional conservation of three classes of
elements: intergenic mouse-specific IncRNAs, matched intergenic enhancer elements, and GCmatched random intergenic elements. First, we computed the rate at which each set maps to
human sequence. We centered each element and used liftOver (--minMatch=0.1) to identify the
syntenic region in the human genome. Elements that did not lift over at this step correspond to
the white segment of the pie charts in Fig. 4 (iii - "did not map"). For elements that did lift over
to human, we next defined the subset that map to putative regulatory elements in human. We
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examined a 500-bp window centered on the lifted over region and counted reads in hESC
DNase-seq data from ENCODE. We defined regions showing DNase HS scores higher than 95%
of the mappable random intergenic regions as putative DNA regulatory elements. We note that
these random intergenic regions include some enhancers - they are matched to lncRNA
promoters for GC content, and thus frequently correspond to regulatory elements (which are
GC-rich) that happen to be active in hESCs. For both intergenic mouse-specific lncRNAs and
enhancers, -33% of elements corresponded to putative DNA regulatory elements in human (Fig.
4d), representing a -6.6-fold enrichment versus the random intergenic controls. To compare
sequence conservation of these classes of elements, we calculated the average SiPhy score (84)
across each 500-bp region surrounding the mouse TSS or the center of the enhancer element,
using the 29 mammals alignment from the mouse perspective (85). We used a two-sided MannWhitney U-test to look for changes in the distributions of SiPhy scores to the set of mappable
random intergenic regions (Fig. 7d - random ii+iii).

Impact of expression level on conservation analysis. Although the set of intergenic mESC
IncRNAs examined above does not show any significant evidence for p(A)+ RNA in the syntenic
locus in human, some of these transcripts may not be detected in human and yet still be truly
conserved. These transcripts might be misclassified as "mouse-specific" lncRNAs for several
reasons, including: (i) low expression level in hESCs and iPSCs such that the IncRNA, by chance,
is not detected based on the depth of sequencing data available; or (ii) the lncRNA is not
expressed in hESCs or iPSCs, but is expressed in a different human cell type and thus may have a
conserved function.
To estimate the false positives resulting from these and other scenarios, we examined the
properties of a set of 853 conserved mRNAs matched to the intergenic "mouse-specific" lncRNAs
based on expression in mESCs. We counted the frequency at which these mRNAs would be
called "not conserved" by the same procedures described above: we applied the nuclear p(A)+
CAGE and RNA-seq filters to eliminate transcripts that show detectable transcription in the 1-kb
region near the TSS. While 87% of the intergenic lncRNAs described above passed these filters
(and thus appeared to be mouse-specific), only 22% of the expression-matched mRNAs passed;
this indicates that the set of 69 mouse-specific intergenic lncRNAs are approximately 3.9-fold
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enriched for human elements that are not transcribed in hESCs. Thus, the mouse-specific
lncRNAs defined above appear to consist largely of transcripts that are not conserved.
We performed the following additional analyses to ensure the robustness of our conclusions
regarding the existence of lncRNAs that evolved from ancestral regulatory elements. First, we
examined the conservation of the first 5' splice sites of this set of lncRNAs. In 7 of these 11 loci,
the "GT" dinucleotide in the first 5' splice site is not conserved, suggesting that a similar spliced
transcript cannot be produced from this locus. Second, we re-performed the entire conservation
-

analysis focusing on the 50% of mESC intergenic IncRNAs with the highest expression levels

these lncRNAs are less likely to be missed in hESCs due to low abundance. We also adjusted our
p(A)+ RNA and CAGE filters to require a complete absence of reads in the corresponding
regions in hESCs and iPSCs. Using these filters, 79% of the intergenic lncRNAs are not
detectably expressed in human cells, representing a -12-fold enrichment over mRNAs matched
for expression level. Therefore we are confident that most of these IncRNAs are correctly
classified as mouse-specific. Of the 30 intergenic IncRNAs called mouse-specific by this more
conservative analysis, 5 do indeed correspond to putative DNA regulatory elements, including
linc1494 (Fig. 4c), representing a >8-fold enrichment versus GC-matched random sequences
(Chi-squared P < 10-10). Thus, our conclusions that some IncRNAs appear to evolve from
ancestral regulatory elements are robust even with stringent thresholds.
Software for data analysis and graphical plots. We used the following software for data analysis
and graphical plots: R Bioconductor (version 3.0) (86), Gviz (version 1.10.11), gplots (version
2.17.0), GenomicRanges (version 1.18.4) (87), rtracklayer (version 1.26.3) (88), BEDTools (89),
and Integrative Genomics Viewer (version 2.3.26) (90).
Data availability. Sequencing data for this study is available at the Gene Expression Omnibus
(GEO Accession GSE80262).
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Chapter 8.
Conclusion and Future Directions

Abstract: Here we synthesize the collective work of this thesis and propose future avenues of
research to illuminate the connections between RNA biology and transcriptional regulation. We
review a model for how some IncRNAs regulate transcription through formation of nuclear
compartments and manipulation of genome architecture, highlighting the unique properties of
RNA compared to protein or DNA. We discuss alternative mechanistic explanations for
pervasive transcription in mammalian genomes, including functions mediated by noncoding
transcription itself. Finally, we propose that gene regulation is organized into local
neighborhoods that correspond to topologically associated domains. Together, these insights
motivate further studies to identify functional RNAs, dissect the roles of RNAs and noncoding
transcription in enhancer function, and define the architecture of cis regulatory elements.
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Synthesis: Insights into RNA biology and genome organization
Together, the work presented in this thesis provides insight into the functions and mechanisms
of lncRNAs and into the architecture of transcriptional regulation. At the outset of this thesis, we
hypothesized that many lncRNAs accomplish their regulatory functions by acting on chromatin.
Through the study of three conserved lncRNAs, we identified multiple strategies by which
lncRNAs can identify their regulatory targets on chromatin and further showed that lncRNAs
can manipulate genome architecture. Yet, when we extended these studies to other IncRNAs,
including many that are not conserved, we found that these other lncRNAs do not appear to
participate in transcriptional regulation according to our original hypothesis. Instead, these
studies revealed a host of other cis regulatory mechanisms - including functions attributable to
the promoters, transcription, and splicing of lncRNAs - that may contribute to the biological
functions of pervasive transcription. Importantly, we found that that the promoters of not only
lncRNAs but also mRNAs also participate in modulating the expression of nearby genes,
revealing a broad network of promoter-promoter regulatory connections that may serve as the
basis for coordinated regulation of gene neighborhoods.
Together, these observations suggest new hypotheses for the functions of lncRNAs and the
architecture of cis regulation. Here, we discuss these insights and propose future avenues of
research to test these emerging models.

Principles of lncRNA localization to chromatin
We initially set out to test the hypothesis that lncRNAs regulate gene expression by interacting
with transcriptional regulators to either recruit or modulate their function at specific DNA target
sites. Indeed, several lncRNAs, most notably Xist, were already known to affect gene expression,
interact with chromatin regulatory complexes, and recruit these complexes to DNA. To
determine the precise locations and mechanisms by which these lncRNAs interact with
chromatin, we developed a general method to purify lncRNAs and identify their interactions
with DNA (Chapter 2). Our studies of several conserved lncRNAs (Xist, MalatI, and Firre) reveal

283

Chapter 8 - Conclusion and Future Directions

two strategies by which lncRNAs identify their genomic targets in the nucleus and showed that
lncRNAs not only regulate transcription but also participate in shaping the three-dimensional
architecture of the genome (Chapters 3-5).
Affinity-based search. In the first potential mechanism by which lncRNAs identify their
genomic targets, lncRNAs diffuse widely throughout the nucleus to search for high-affinity
binding sites in a manner similar to trans-actingtranscription factors. Malati, for example,
localizes to many discrete speckles throughout the nucleus and interacts with chromatin at
thousands of specific sites across the genome (Chapter 4). LncRNAs can attain affinity for their
genomic targets through a variety of mechanisms, including interactions with DNA- or
chromatin-bound proteins (1, 2), interactions with nascent RNAs (Chapter 4), or even in some
cases through direct interactions with DNA itself (3, 4).
Proximity-based search. In the second potential mechanism, lncRNAs exploit the spatial
architecture of the genome to identify localization targets in close proximity to their genomic
loci, to which they may or may not have particularly high affinity relative to the rest of the
genome (Chapter 3). Many lncRNAs exhibit proximity-based patterns of localization to
chromatin in cis (Chapter 6), but we also identify one IncRNA, Firre, that interacts with specific
loci on other chromosomes that spatially associate with the IncRNA's genomic locus (Chapter 5).
Factors intrinsic to lncRNAs - including abundance, affinity for chromatin, and ability to modify
chromatin - determine how lncRNAs use affinity- and proximity-based strategies to identify
their regulatory targets. At one end of this spectrum, low-abundance lncRNAs explore a space
restricted to their own contact domains, enabling local regulation similar to DNA enhancers.
More abundant RNAs, such as Xist and Firre, can spread across contact domain boundaries or
even entire chromosomes, enabling spatial amplification of the regulatory signals controlling
their production. Extremely abundant RNAs like Malatl can spread throughout the nucleus,
potentially acting as global regulators on chromatin. In some cases, lncRNAs can actively
manipulate genome architecture to regulate and identify their targets: Xist requires its silencing
domain to properly spread across the chromosome, and Firre can anchor sites on other
chromosomes to its own RNA compartment. Thus, lncRNAs can manipulate genome
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architecture to form subcompartments in the nucleus at multiple scales, enabling spatial
consolidation and regulation of multiple genes.

How many IncRNAs regulate local gene expression?
Our studies revealed diverse mechanisms by which three conserved lncRNAs interact with and
regulate chromatin. Based on these examples and the global properties of other IncRNAs, we
hypothesized that many IncRNAs might act by similar mechanisms. Ultimately, we did not find
evidence to support this model among 14 additional IncRNAs that we examined. Here we revisit
the evidence that led to this hypothesis and discuss alternative explanations for the existence of
these IncRNAs.
The hypothesis that many IncRNAs function through regulation of local gene expression was
initially suggested by following observations:
(i)

Of the handful of lncRNAs whose molecular mechanisms are well understood, many
do in fact regulate gene expression in cis (e.g., Xist, Kcnqlotl, and others).

(ii)

Many other lncRNAs are spliced, polyadenylated, and expressed from defined
promoters in exquisitely tissue- or context-specific expression patterns (5-7),
suggesting that these IncRNAs do not represent "transcriptional noise" but rather have
cellular functions in specific biological processes.

(iii)

The expression patterns of many lncRNAs correlate with that of their neighboring
mRNAs, albeit not to a greater extent than neighboring mRNA-mRNA gene pairs (8).

(iv)

Many lncRNAs are predominantly found in the nucleus (9-11) and have been reported
to interact with diverse chromatin regulatory complexes (7, 12, 13), although the
functions and specificity of these interactions remain unclear (see Chapter 1).

(v)

With some exceptions, most lncRNAs are expressed at low levels relative to mRNAs
and do not benefit from the signal amplification inherent in protein production. As
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such, their expression levels seem difficult to reconcile with functional mechanisms
requiring them to identify regulatory targets by diffusing throughout the cell.
(vi)

Indeed, we found that most nuclear lncRNAs detectably interact with chromatin
exclusively in the neighborhood of their genomic loci in cis (Chapter 6). The few
lncRNAs we found to interact with chromatin at locations throughout the genome,
such as Malatl and Firre, are among the most abundantly expressed lncRNAs.

Together, these observations led us to hypothesize that if a nuclear, intergenic lncRNA does in
fact have important regulatory functions, these functions likely occur in the vicinity of its
genomic locus. However, we found that none of the 14 nuclear intergenic lncRNAs examined in
Chapter 7 regulate the expression of neighboring genes through mechanisms mediated by the
lncRNA itself. Instead, other features of these genomic loci - including lncRNA promoters,
transcription, and splicing - participate in the regulation of neighboring genes. Thus, we did not
find evidence for these lncRNAs acting as local regulators of transcription. In the following
sections, we consider alternative explanations for the existence of lncRNAs and suggest
approaches to test these potential mechanisms.

Alternative functions and mechanisms for lncRNAs
While we did not find evidence for lncRNAs acting as local regulators of transcription in mESCs,
there are many alternative mechanisms that might explain the existence of these lncRNA
transcripts. These alternative mechanisms can be broadly categorized as functions mediated by
the RNA, functions mediated by the promoter of the IncRNA, and functions mediated by
transcription of the lncRNA (Figure 1).
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Figure 1. Possible functions for IncRNAs and associated transcriptional processes.
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LncRNAs have RNA-mediated functions that do not involve local transcriptional regulation
As discussed in Chapter 1, lncRNAs are a heterogeneous class of molecules, displaying wide
variation in expression levels, repeat content, subcellular localization, and genomic positioning.
This heterogeneity extends to their molecular functions as well (Figure 1A): lncRNAs are known
to participate in a variety of cellular functions besides local regulation of transcription, including
regulation of mRNA stability in the cytoplasm (14, 15) and competitive inhibition of
transcription factors or microRNAs (16, 17). Some lncRNAs might escape the local
neighborhoods of their transcription loci and localize to genomic sites on other chromosomes
(18-22), although our data indicate this may be a rare function restricted to a subset of very
abundant transcripts.
Importantly, if low-abundance lncRNAs indeed have RNA-mediated functions, they likely have
specific strategies for identifying and interacting with their regulatory targets at high enough
frequency to achieve consistent regulatory effects. While local regulation is one compelling
strategy, there are alternative solutions to this problem.
(i)

First, lncRNAs might form complexes with more abundant proteins to accomplish an
enzymatic function (in which the lncRNA is reused). For example, Alu-containing
cytoplasmic lncRNAs can guide the function of Staufen 1 to degrade mRNAs with Alu
elements in their 3' UTRs (14), although whether the lncRNA is reusable in this
process remains unclear.

(ii)

Second, low-abundance lncRNAs with similar sequences might collectively participate
in a given function, increasing the effective concentration of a shared RNA regulatory
element. Using the same example as above, multiple cytoplasmic lncRNAs containing
Alu elements can regulate the same mRNA through Staufen-mediated decay (14).

(iii)

Third, lncRNAs might contain repeated sequence motifs to increase their avidity for
regulatory targets. For example, the circular lncRNA ciRS-7 contains >70 binding sites
for microRNAs in the miR-7 family (17) and Firre contains 12 repeated exons that can
interact with hnRNP-U (19).
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(iv)

Fourth, lncRNAs might act as "switches", forming temporary interactions with target
protein complexes that induce long-lasting allosteric changes. Examples of this
mechanism for cis-acting ncRNAs (23) suggests this could occur for lncRNAs acting
elsewhere in the cell as well. These examples suggest multiple strategies to achieve
consistent regulatory functions despite low copy number.

As a final mechanism, we note that local functions of lncRNAs in the vicinity of their genomic
loci are not necessarily limited to regulation of transcription. Recent evidence implicates RNA in
other processes on chromatin, including regulation of replication timing (24) and class switch
recombination (25).
Together, these examples suggest that there are myriad mechanisms besides local regulation of
transcription by which lncRNA might enact cellular functions.

LncRNAs in mESCs function as local regulators during chromatin state transitions
In Chapter 7, we did not observe IncRNA-mediated effects on the steady-state expression of
neighboring genes in mESCs. Yet, these data do not rule out that these lncRNAs might function
in another cellular context (e.g., differentiation). Indeed, most of the lncRNAs studied to date are
involved in cell fate transitions (including both differentiation and reprogramming) (7, 15, 2629). While this could simply reflect the cellular models currently studied, it is also conceivable
that lncRNAs are particularly important in transitions between chromatin states and not
required for maintenance of steady-state gene expression once new chromatin states are
established. This theory could be tested through differentiation of the knockout clones we
generated in Chapter 7.

The two mechanistic possibilities discussed so far involve variations on the original proposed
model: lncRNAs possess specific RNA elements that interact with regulatory complexes to
accomplish their cellular functions, either in local transcriptional regulation or through some
other process. However, the existence of lncRNAs might be explained by substantially different
mechanistic models that involve functions of lncRNA promoters, functions of co-transcriptional
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processes, or functions that depend on the presence of the lncRNA transcripts themselves but do
not depend on specific RNA sequences.

A role for lncRNA transcription in enhancer activity
One possible explanation for the existence of lncRNAs is that noncoding transcription or even
the transcripts themselves contribute to mediating or modulating the activity of enhancers
(Figure 1B).
In Chapter 7, we show that many promoters of both mRNAs and lncRNAs can affect the
expression of neighboring genes. This contributes to an expanding appreciation that promoters
and enhancers share many architectural and functional characteristics (30), including the ability
to interact with general and sequence-specific transcription factors; recruit RNA polymerase II
and initiate transcription (sometimes in both directions); and, now, regulate the expression of
neighboring genes. We note that this latter property of promoters has been noted in isolated
examples (31-35). However, our study suggests that these regulatory interactions are much more
prevalent than previously thought, consistent with the predictions of a recent study that
identified an extensive network of physical interactions between neighboring promoters (34).
Thus, classifying regulatory elements as "enhancers" and "promoters" may not accurately portray
their architectural and functional commonalities. Here, we will use the terms "promoter activity"
and "enhancer activity" to refer to the quantitative activity of regulatory elements in initiating
transcription and to regulating the expression of neighboring genes, respectively. (Hereafter,
"promoter" will refer to a regulatory element that produces a reasonably abundant
polyadenylated mRNA or lncRNA (high transcriptional activity), and includes both the core
promoter and promoter-proximal sequences; "enhancer" will refer to any other element that
regulates the expression of a neighboring gene.)
A key question raised by these observations is how promoter-proximal sequences mechanistically
achieve their enhancer activity. One possibility is that these promoter-proximal regions operate
by the same mechanisms classically attributed to enhancers: they recruit sequence-specific
transcription factors, loop to neighboring promoters, and activating transcription at the target

290

Chapter 8 - Conclusion and Future Directions

promoter (36). In this model, promoter activity and enhancer activity are independent functions
of a given regulatory element. Perhaps these activities could be individually controlled by distinct
sequence motifs.
Yet, emerging evidence suggests that noncoding transcription or noncoding RNAs themselves
contribute to enhancer activity, suggesting that mechanisms responsible for promoter activity
might contribute to enhancer activity as well. For example, elements with strong transcriptional
activity might recruit different complements of regulatory proteins compared to elements with
weak transcription activity. These might include general transcription factors, pause release
factors, or splicing factors that would contribute to the regulation of neighboring genes.
Alternatively, the noncoding RNAs themselves might participate in the assembly of complexes
that mediate enhancer activity: for example, some eRNAs and lncRNAs have been reported to
interact with the Mediator complex and stabilize physical enhancer-promoter loops (37). A
growing host of transcription factors are reported to interact with RNA, some of which do not
have strong preferences for specific RNA sequences (38-44). Recent work highlights how even
short RNA fragments might interact with transcription factors to stabilize their occupancy at
gene regulatory elements (38).
Together, these observations suggest that aspects of transcriptional initiation, pause release, or
even the mere presence of any RNA sequence might functionally contribute to enhancer activity.
Future work will be required to dissect the relative functional contributions of noncoding
transcription, noncoding RNA, and DNA sequence elements to the enhancer activity of gene
regulatory elements.

Additional functions of transcription in regulating neighboring genes
While in most cases we found that the promoter-proximal sequences are responsible for the
enhancer activity of gene promoters, we found one example (linc1319) where extended
transcriptional elongation was required for regulation of the neighboring gene (Sfmbt2). Indeed,
even halting transcription after 15 kb resulted in a defect in Sfmbt2 expression (see Chapter 7).
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Here we discuss mechanisms related to transcription itself that may be involved in the regulation
of neighboring genes (Figure 1 C).
First, co-transcriptional processes such as RNA splicing and transcription termination feed back
into regulation of transcription initiation (45) and thus might also contribute to the enhancer
activity of a promoter. For example, promoter-proximal 5' splice sites enhance transcription
initiation (46), perhaps through Ul interactions with general transcription factors (47, 48).
Indeed, mutating the first 5' splice site of linc1319 reduces the expression of both linc1319 and
Sfmbt2 (Chapter 7), potentially through this mechanism.
Second, co-transcriptional processes may increase the effective local concentration of co-factors
that could directly regulate the expression of neighboring genes. These may involve splicing
factors and transcription-associated chromatin regulators, which could be recruited by
interactions with RNA polymerase or by nonspecific or promiscuous interactions with the RNA
itself. Indeed, many RNA-binding proteins in serve dual roles in RNA processing and regulation
of transcription (49). Co-transcriptional processes that affect the expression of neighboring genes
might also involve repositioning of the gene locus from inactive to active regions in the nucleus
(50) - effectively increasing the concentration of transcriptional co-factors as discussed above.
Finally, the process of transcription may affect the activity of overlapping regulatory elements.
One documented example is transcriptional interference, in which transcription initiated from
one promoter overlaps and represses a second promoter (51-55). Indeed, we find several
examples where knockout of one gene results in up-regulation of second gene located just
downstream (Chapter 7). While the exact mechanism for this phenomenon remains unclear,
transcription-coupled nucleosome remodeling might change the accessibility of the overlapping
promoter (56). Similar mechanisms might affect other regulatory elements as well. Studies in
Drosophilasuggest that overlapping transcription may regulate the activity of Polycomb response
elements (57-59). Numerous enhancers produce noncoding transcripts that overlap multiple
regulatory elements (60, 61), suggesting a possible mechanism for crosstalk between adjacent
enhancers. Noncoding transcription might also provide an RNA substrate that contributes to the
formation of topological boundaries: the architectural protein CTCF, an important component

292

Chapter 8 - Conclusion and Future Directions

of some topological boundary elements (62), has recently been shown to bind RNA with high
affinity but low specificity (39).
Together, these observations highlight a diversity of mechanisms by which lncRNA
transcription, regardless of the specific RNA sequence, might carry out cis regulatory functions.
New strategies will be required to test how these mechanisms contribute to local regulation of
gene expression.

Some IncRNAs have no RNA-mediated functions
Together, this diversity of regulatory mechanisms attributable to lncRNA promoters or
transcription leads us to propose that many lncRNAs have no sequence-specific functions as
RNAs. Instead, other biochemical processes associated with lncRNA production - including
their promoters, transcription, and splicing - might perform molecular functions that are
evolutionarily constrained. Indeed, we show that all of these processes can affect the expression
of neighboring genes (Chapter 7). Thus, the IncRNA transcripts might be produced as
byproducts of other functionally important - and thus, evolutionarily constrained - processes.
Given these observations, we speculate that some IncRNAs that have bonafide functions as
RNAs evolve through step-wise accumulation of biochemical functions. In a given locus, DNA
enhancers might initially experience selective forces due to their ability to regulate neighboring
genes. Due to the intrinsic abilities of enhancers to initiate transcription (30), these sequences
may gradually acquire the sequence signals necessary to promote strong transcriptional activity,
such as the addition of 5' splice sites and removal of polyadenylation signals (63). Transcription
in the locus, or even the splicing signals themselves, may contribute to regulation of neighboring
genes. These noncoding transcripts, in turn, would provide the raw substrate from which
sequence-specific RNA-mediated functions evolve (64). This hypothesis can be tested through
future studies of the function and evolution of lncRNA promoters, splice sites, overlapping cis
regulatory elements, and RNA secondary structure.
Of course, some lncRNA loci likely have no specific cellular functions, whether related to the
promoter, the process of transcription, or the transcript itself. Instead, many of the tens of
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thousands of loci that produce noncoding RNAs may represent "transcriptional noise" on an
evolutionary time scale. Indeed, several observations suggest that noncoding transcription is an
evolutionarily malleable process. Many species-specific IncRNAs arise through the evolution of
new promoters, including a substantial fraction that emerge from transposable elements like long
terminal repeats (LTRs) (65, 66). Similarly, approximately 40% of protein-coding genes have
gained or lost alternative transcription start sites between human and mouse, suggesting that
these sequences can evolve rapidly (67). Thus, some intergenic lncRNAs arise de novo and may
have no functional impact on the cell.
Together, these observations suggest that a subset of lncRNAs participate in cellular functions
through a diverse array of mechanisms. Some IncRNAs carry out sequence-specific, RNAmediated functions that involve local regulation of transcription or other processes. Some
lncRNAs participate local regulation through mechanisms that do not depend on the RNA
specific sequence. Other lncRNAs are produced as byproducts of other functional processes
involving their promoters or their transcription. Understanding the functions and evolutionary
origins of lncRNA loci will require consideration of all of these mechanistic possibilities.

Organizing principles for genome regulation
In addition to illuminating the functions and mechanisms of lncRNAs, this thesis also provides
insight into the organization of the genome and the architecture of transcriptional regulation by
cis regulatory elements. In particular, our work in Chapter 7 suggests that gene regulation is
locally organized into neighborhoods defined by the linear and spatial architecture of the
genome.
A neighborhood model for gene regulation
Based on our results showing that the promoters of both lncRNAs and mRNAs can regulate one
another, we propose that gene regulation is organized into local neighborhoods, within which
regulatory elements (promoters and enhancers) communicate promiscuously. Some of these
neighborhoods are "quiet" and have just a few (or sometimes no) active regulatory elements.
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Some of neighborhoods are "loud" and have many active genes that collectively contribute to
increasing the activity of the neighborhood. This model predicts that gene regulation in relatively
quiet neighborhoods is more substantially perturbed upon removal of a given regulatory element.
Indeed, we find that deleting individual enhancer-promoters in quiet neighborhoods has
significant impact on the expression of neighboring genes, whereas deleting enhancer-promoters
in loud neighborhoods does not detectably affect nearby genes. While each gene has individually
tunable expression levels determined by its unique complement of cis sequence signals,
neighboring genes collectively contribute to and, in turn, are influenced by the aggregate activity
of the neighborhood.
This neighborhood model is consistent with previous observations about the organization of the
genome and transcriptional regulation. For example, this model predicts that quiet
neighborhoods may be ideal locations for genes that require dynamic, low-level, or contextspecific activation, while loud neighborhoods may be ideal for co-expressed genes with high
activity levels. Indeed, highly and broadly active (housekeeping) genes linearly cluster on
chromosomes, and clusters of neighboring genes often show highly correlated patterns of
expression across different tissues (68, 69). In addition, clusters of co-expressed genes have fewer
rearrangements between mouse and human than expected by chance (70) and neighboring genes
show correlated evolution in gene expression between human and chimp (71), suggesting that
natural selection favors the maintenance of these neighborhood regulatory networks.
This model also predicts that neighborhood activity levels broadly influence the expression of all
genes in the neighborhood. Indeed, previous studies have shown that random integration of
reporter genes into the genome results in orders-of-magnitude variation in reporter expression
that correlates with the median gene expression activity of the region (33, 72). While these
coordinated regulations have been attributed to unidentified cis elements and broad functions of
chromatin structure (73), we show that promoter-proximal sequences contribute to defining this
shared neighborhood activity and demonstrate that endogenous genes within a neighborhood
listen to many regulatory elements.
While this model helps to explain many aspects of gene regulation, the precise mechanisms that
define the "neighborhood" remain unclear. While our study did not have sufficient power to
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distinguish between three-dimensional and strictly linear definitions of neighborhoods, recent
studies strongly suggest that the spatial topology of the genome controls the functional reach of
regulatory elements. Deleting or inverting CTCF boundary elements can predictably alter the
formation of contact domains (74) and also affects enhancer-promoter connectivity (75). In our
study, most of the regulatory connections we observe occur within the bounds of contact
domains, consistent with this model. Although we also find some promoter-promoter regulatory
connections that cross these boundaries (3 of 15 total), this may reflect the varying efficiency of
different boundary elements (74). Thus, these observations are consistent with the hypothesis
that broad architectural features of the genome establish the boundaries between these regulatory
neighborhoods.
At the same time, additional mechanisms clearly control the quantitative expression of individual
genes within a neighborhood, which are not expressed at identical levels and show varying levels
of correlation across cell types. Thus each gene must also respond to unique regulatory signals
that are not necessarily shared with the broader neighborhood. This might be mediated by
mechanisms to create preferential affinity between specific enhancers and promoters (76, 77).
Indeed, neighboring promoters that share common transcription factor motifs are observed to be
preferentially co-regulated compared to promoters that do not share common motifs (34). The
combinatorial interplay between these specificity mechanisms and features of the broader
neighborhood warrants further investigation.
Indeed, the mechanistic underpinnings for the aggregate "activity" of a neighborhood themselves
are unclear. In our study, we used signal H3K27ac as a metric of activity, representing the
abundance of active chromatin in the region. Chromatin state is known to correlate with and, in
some cases, to influence gene activity, and may play an important role in coordinating gene
activity within a neighborhood. Indeed, nuclear subcompartments defined by Hi-C experiments
correspond to specific chromatin states and often show sharp transitions at the boundaries
between topological domains (62, 78, 79). Yet, the mechanisms by which promoters contribute to
neighborhood activity might include other mechanisms not directly linked to chromatin. For
example, promoter-promoter proximity contacts might promote cooperative assembly of
transcription-associated complexes, requiring simultaneous interactions with both DNA
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elements. Alternatively, active transcription initiation at each promoter might increase the local
concentration of RNA polymerase II and other transcriptional co-factors. Ultimately the
aggregate neighborhood activity might involve contributions from all of these mechanisms.
The combinatorial nature of the neighborhood model - in which many promoter-enhancers in
the neighborhood regulate one another - suggests the potential for cooperative regulation.
Cooperativity might occur through many of the mechanisms underlying neighborhood activity
discussed above. For example, promoter-promoter contacts might lead to cooperative
stabilization of complexes. Different gene promoters might recruit different sets of transcription
factors, which themselves might have cooperative functions in activating gene expression.
Control of chromatin state also involves cooperative mechanisms (80): for example, feed-forward
and mutual inhibition mechanisms between Polycomb and Trithorax group proteins create two
opposing chromatin states that are bistable and heritable between cell divisions (81).
These cooperative mechanisms might lead to emergent properties of neighborhood-based gene
networks (Figure 2). At one end of the spectrum, silenced neighborhoods have self-reinforcing
mechanisms for maintaining transcriptional silencing (e.g., heterochromatin). In the middle,
relatively quiet neighborhoods may allow dynamic inducible expression of individual genes. In
this space, cooperative actions by promoter-enhancers might allow rapid activation of an entire
neighborhood, for example during cell state transitions. In highly active neighborhoods,
cooperativity might buffer housekeeping genes against specific regulatory processes that are
intended to change the expression of an individual gene in the neighborhood. We note that our
current results cannot distinguish which promoter-promoter regulatory connections are indeed
cooperative and which might contribute additively to the aggregate neighborhood activity.
Further genetic studies to perturb regulatory elements in combination will be required to test this
hypothesis.
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Figure 2. Cooperative model for neighborhood gene regulation.
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Unique properties of DNA, RNA, and transcription in regulatory neighborhoods
This neighborhood model for gene expression further illuminates the distinct abilities of cis
regulatory DNA elements, noncoding transcription, and noncoding RNAs, each of which has
unique properties with respect to genome organization.
DNA, of course, plays many unique roles in gene regulation. With respect to gene
neighborhoods, DNA sequence elements such as CTCF motifs create boundaries that control the
local topology of intervening DNA sequences. The regulatory reach of DNA enhancers may in
turn be constrained by these topological boundaries.
RNA transcripts, in contrast, have several features that distinguish them from DNA regulators.
First, they provide a potential regulatory mechanism for local signal amplification, providing
regulatory redundancy in a way that DNA enhancers cannot. At the same time, they are
dynamic, enabling rapid titration of these local signals. Finally, in contrast to DNA enhancers
that are constrained by their fixed place in the genomic sequence, RNA regulators can exploit
spatial proximity to transfer to or mediate contacts between different topological domains.
Finally, the process of transcription has an intriguing and unique property in the context of the
spatial organization of the genome: unlike proximity-based DNA-DNA or RNA-DNA contacts,
the processive activity of RNA polymerase is strictly linear with respective the genomic sequence.
Thus, functions that involve RNA polymerization, such as co-transcriptional nucleosome
remodeling, can extend linearly from a particular location in the genome (the promoter). Indeed,
the linear positioning of genes specifies regulatory mechanisms such as transcriptional
interference, whereby transcription modulates the activity of an overlapping regulatory element.
Transcription may also provide a mechanism by which topological boundaries might be
bypassed, allowing unidirectional transfer of regulatory information between adjacent
topological domains. For example, the Xist locus appears to be organized to accomplish this: in
differentiated cells, the Xist promoter resides in an active topological domain that escapes Xchromosome inactivation, while the 3' end of the Xist gene resides in an adjacent, silenced
topological domain. The act of Xist transcription effectively transfers regulatory information
from an active neighborhood into an adjacent silenced neighborhood, crossing a CTCF-mediated
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boundary element in the process. Although other regulatory factors recruited by transcription
can diffuse in three dimensions, RNA polymerization itself provides a uniquely linear
mechanism for gene regulation in the midst of the three-dimensional nucleus.
The properties of DNA, transcription, and RNA suggest that all of these mechanisms have
important yet distinct roles in regulating transcription within gene neighborhoods.

Future directions
In the following sections, we propose several avenues for future research that build upon these
insights to identify functional RNAs, dissect the roles of RNAs and noncoding transcription in
enhancer function, and explore the architecture of transcriptional regulation by cis regulatory
elements.

Identify functional lncRNAs and dissect molecular mechanisms
Our work in this thesis highlights that a significant remaining challenge is to identify the
potentially small subset of lncRNAs that have important functional roles, either in transcriptional
regulation or in other processes, and to prioritize these for detailed mechanistic studies. These
efforts will require high-throughput approaches to identify the potentially small proportion of
interesting candidates. We note that while bonafide functional lncRNAs might represent a small
proportion of the lncRNAs observed in mammalian cells, the absolute number is still likely in the
hundreds to thousands across all cell types. Thus, understanding and dissecting the functions
and mechanisms of lncRNAs remains of great interest.
Here we propose three strategies to identify these elusive functional RNAs: (i) detailed study of
conserved lncRNAs, (ii) high-throughput screens to find lncRNAs that act through a given
mechanism, and (iii) high-throughput screens to find lncRNAs that impact a defined cellular
phenotype.
Dissect the functions of conserved IncRNAs. Recent studies have demonstrated that lncRNAs
evolve rapidly (66, 82, 83): >70% of lncRNAs have no sequence-similar orthologs in species
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separated by >50 million years of evolutionary divergence (66). Yet, hundreds of mammalian
lncRNAs do have sequence-similar orthologs. These conserved lncRNAs often undergo extensive
changes in splicing structures and primary sequence, but contain short patches of sequence
conservation enriched at their promoters and first exons (66). Thus, these studies highlight
hundreds of loci that may be under selection to produce specific functional RNA transcripts.
Identifying the functions of these loci will entail cataloguing lncRNA expression patterns and
establishing cellular or animal models to search for loss-of-function phenotypes. These efforts
will pose the same challenges as investigating proteins of unknown function: the appropriate
cellular systems must be identifed and the cellular function may be difficult to find, in part
because even small cellular effects can confer significant selective advantages. Indeed, efforts to
identify the function of the conserved lncRNA Malati, a transcript that is more abundant than
many mRNAs, have produced three knockout mouse models with no detectable physiological
phenotype (84, 85). Thus, although evolutionary analysis provides a powerful tool to nominate
potentially functional lncRNAs, identifying their functions will be challenging. Furthermore, we
note that conservation of DNA sequence does not necessarily imply conservation of a function
mediated by RNA, and could relate to other evolutionarily constrained molecular functions (e.g.,
enhancer activity) (66).
Identify lncRNAs that regulate transcription guided by spatial proximity. An alternative
approach to identify a subset of functional lncRNAs is to conduct high-throughput screens that
test a given molecular function. For example, one approach would be to build a reporter system
to screen for lncRNAs that affect transcription of a neighboring gene. This system would enable
integration of a lncRNA into defined locations in the genome adjacent to a fluorescent reporter
gene. By controlling lncRNA expression with an doxycycline-inducible promoter, such an assay
could directly distinguish between DNA-mediated functions (i.e., enhancers in the lncRNA
cDNA) and transcription- or RNA-mediated functions; further tests using exogenous RNA
recruitment strategies (94) would be necessary to distinguish between transcription- and RNAmediated mechanisms. Indeed, several IncRNAs including Xist are known to have the capacity to
regulate gene expression guided by spatial proximity and independent of genomic context. Thus,
this landing pad reporter system enables scalable screens to identify lncRNAs with the capacity to
directly regulate gene expression. Similar experiments using synthetic lncRNA mutants will allow
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high-throughput dissection of the primary sequence features and secondary structures that
mediate the ability of these lncRNAs to regulate gene expression.
Identify IncRNAs that affect cellular phenotypes. A third approach to identify functional
lncRNAs, agnostic to molecular mechanism, is to perform high-throughput loss-of-function
screens for lncRNAs that affect a given cellular phenotype. While conceptually straightforward,
new techniques are needed to accomplish these screens. To identify functional RNAs, an ideal
technique would enable targeted and reversible degradation of specific RNAs, including nuclear
and nascent transcripts, with minimal off-target effects. Current tools such as RNA interference
are either difficult to scale, have broad off-target effects, or have poor efficiency in the nucleus
(86). Methods for CRISPR-directed gene repression (CRISPRi) appear to overcome these
limitations of RNAi (87), yet do not immediately distinguish between functional lncRNAs and
lncRNA promoters that double as enhancers for neighboring protein-coding genes (88, 89).
CRISPR-based systems that directly cleave RNA, although not yet demonstrated to function in
mammalian cells (90), provide a promising alternative: these would allow targeted degradation of
endogenous RNAs and, by virtue of using an exogenous nuclease, would allow for engineering of
both the guide RNA and the nuclease to optimize specificity.
Functional lncRNAs identified by these high-throughput approaches can be prioritized for
mechanistic studies. The molecular components that associate with these lncRNAs can be
identified using the biochemical purification techniques described in this thesis (6, 21, 91). Other
emerging methods will enable examination of RNA secondary structure (92), live-cell imaging of
RNA localization (93), and targeted recruitment of RNAs to various locations in the genome
(94). Mechanistic dissection of these individual candidates will eventually accelerate efforts to
globally characterize lncRNAs functions: as we increasingly connect IncRNA functions with
more easily measurable properties (e.g., subcellular localization, conservation pattern, or
secondary structure), we may be able to better predict additional lncRNAs that work through
similar mechanisms. Ultimately these efforts will enable reclassification of lncRNAs based on
mechanistic properties and ultimately reveal the diversity of functions by which lncRNA regulate
transcription and cell state.
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Dissect the transcription- and RNA-mediated functions of enhancers
The approaches described above can identify functional RNAs that conform to a model of
lncRNAs as sequence-specific regulators. Yet, as discussed above, lncRNAs loci might participate
in gene regulation through multiple mechanisms, including functions associated with the process
of transcription itself or with RNA-mediated functions that do not involve specific sequence
elements. A combination of the biochemical techniques described in this thesis and emerging
genetic approaches would enable systematic strategies to test two hypotheses regarding the role
of transcription and noncoding RNA in enhancer functions.
Dissect noncoding RNA interactions with transcription factors. Recent work suggests the
hypothesis that many RNAs help to stabilize or modulate the activity of transcription factors at
enhancers (38, 95, 96). The RNAs responsible for these functions may require specific RNA
sequences, or may represent degenerate functions of many RNA sequences. To test this
hypothesis, we would first define transcription factors that interact with RNA through
purification of enhancer RNAs with RAP followed by mass spectrometry (91). Although the low
abundance of individual enhancer RNAs presents technical challenges, simultaneous purification
of many enhancer RNAs (using a complex pool of capture probes) is a plausible strategy for
overcoming these limitations. Following identification of these transcription factors, UV CLIP
experiments could be used to map interactions between specific proteins and RNAs. The
functions of these interactions could be tested through CRISPR-mediated recruitment (94) or cis
reporter systems, examining effects on transcriptional activity as well as intermediate phenotypes
such as transcription factor binding to DNA, chromatin state, or chromosome conformation.
RNA sequence-based specificity might be gleaned from these protein-RNA interaction maps, and
could be validated through synthetic genetic systems that simultaneously test thousands of
sequence variants (97). These experiments may reveal fundamental RNA-based mechanisms for
transcriptional control that involve an intimate cooperation between DNA-based and RNAbased mechanisms for specifying the functions of transcriptional regulators.
Dissect role of noncoding transcription in mediating enhancer-enhancer crosstalk. Many
lncRNA transcripts overlap other regulatory elements, including both enhancers and promoters.
Our work highlights how the act of transcription at lncRNA loci can regulate the expression of
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neighboring genes (Chapter 7), potentially through transcription-mediated regulation of
overlapping regulatory elements (54, 56, 58, 98). If this model were true, it would provide a
mechanistic basis for how distal regulatory enhancers synergize with or antagonize one another
to regulate gene expression. To test this, mechanistic models could be established through
continued dissection of the linc1319 locus discussed in Chapter 7. Reversible techniques to halt
transcription at specific sites would facilitate this endeavor: while catalytically dead Cas9 can
block transcription when targeted to promoter-proximal sequences (99), alternative approaches
may be necessary to allow it to block transcription at any given point in a transcript. The
generality of these mechanisms could be tested through computational analysis to identify
similar overlapping transcription units and regulatory elements; for example, it may prove
fruitful to examine correlations between noncoding transcription and transcription factor
occupancy of overlapping enhancers. Noncoding transcripts that cross topological boundaries
are also of particular interest. We speculate that antagonistic interactions between cis regulatory
elements mediated by noncoding transcription might provide one mechanistic explanation for
how transcription factors perform either activating or repressive functions depending on
genomic context (100).

Dissect the architecture of transcriptional regulation by cis elements
Transcriptional regulation involves combinatorial control by a variety of cis-acting elements. Our
work highlights that this network of regulatory connections includes not only multiple enhancers
but also neighboring promoters, noncoding transcription, and lncRNAs. An outstanding
question is how these cis-acting elements recognize and regulate specific promoters, which might
involve a combination of biochemical affinity and spatial proximity (77). It is also unknown how
multiple elements interact to quantitatively regulate gene expression. Here we propose three lines
of inquiry to illuminate the architecture of enhancer-promoter interactions. We hypothesize that
the broad spatial organization of the genome (i.e., contact domains) defines the relative
frequency of proximity contacts between various loci. Within these topological constraints,
biochemical affinity specifies functional connections between a promoter and its enhancers.
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Determine how spatial proximity specifies enhancer-promoter connections. Our results
support the hypothesis that the topological organization of the genome plays a critical role in
both guiding and restricting the scope of cis regulatory elements. In our studies, promoters
regulate the expression of neighboring genes in close spatial proximity, rarely crossing
boundaries between contact domains. LncRNAs also localize to chromatin and regulate gene
expression in close spatial proximity to their genomic loci, but in some cases (e.g., Firre), can
spread across these boundary elements. The principles by which spatial proximity guides
enhancer-promoter specificity could be tested through experiments to randomly integrate gene
regulatory elements, lncRNAs, or topological boundary elements into the genome. Following the
selection of individual clonal cell lines, RNA sequencing and Hi-C could be applied to determine
the effects of each insertion on the expression and topology of the neighboring endogenous
genes. Integrating these vectors at 50 random locations per cell would enable examining the
effects of 1,000 distinct insertions through characterization of just 20 clonal cell lines. Direct and
indirect effects on transcription could be distinguished through use of hybrid mouse cell lines.
These experiments would reveal how spatial proximity controls the functional reach of different
regulatory elements.
Determine how biochemical affinity specifies enhancer-promoter connections. In a
biochemical affinity model for enhancer-promoter specificity, enhancers regulate promoters
occupied with biochemically compatible sets of transcription factors (76, 101). Experiments in
the

P-globin locus, for example, have demonstrated how enhancer-promoter

connections can be

reprogrammed by the presence or absence of a single protein: zinc-finger-based recruitment of
the "looping factor" Lbdl to the

p-globin promoter is sufficient to establish loops between the

promoter and a nearby enhancer and to activate transcription (102). Recent studies in Drosophila
support the hypothesis that broad classes of promoters (e.g., housekeeping versus
developmentally regulated) respond to different classes of enhancers (103). To dissect these
principles, massively parallel reporter assays on plasmids or in the genome (97) could be applied
to test thousands of distinct combinations between enhancers and promoters. Broad classes of
compatible enhancers and promoters could be gleaned and associated with the presence/absence
of specific sequence motifs; these rules could be tested through sequence mutagenesis in
subsequent reporter experiments. The molecular basis for these interactions could be determined
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by emerging techniques to characterize the proteins that occupy a given genomic locus (104).
Combined with analysis of enhancer-promoter connections that occur in the genome, these
studies would help to determine how enhancers biochemically recognize specific promoters.
Test whether combinations of regulatory elements synergize to determine gene expression.
Transcriptional regulation integrates a vast array of cues encoded in diverse genomic sites,
including enhancers, promoters, IncRNAs, and other regulatory signals. How these various
mechanisms operate together to govern transcriptional output of a given gene remains unclear.
Are they additive or cooperative? How are these quantitative interactions achieved on a
molecular level? To begin to address these questions, a tractable approach would be to dissect
how multiple enhancers collaborate to regulate the expression of an individual locus. Regulatory
elements that regulate a given gene would be inclusively nominated by chromatin state and
spatial proximity to the target promoter. To test the necessity of each regulatory element in situ,
pooled CRISPR mutagenesis could be applied in combination with a fluorescent reporter in the
target gene locus. The quantitative activity of each regulatory element in isolation could be tested
in synthetic plasmid-based reporter systems. Ultimately, combinations of these regulatory
elements could be synthesized and assembled in reporter systems to test combinatorial control of
distal genetic elements. We hypothesize that if regulatory elements control gene expression in a
synergistic manner, they might recruit distinct sets of factors that operate on different ratelimiting steps in transcription.

Conclusion
Recent advances in genomic technologies have sparked a renaissance in molecular biology and
medicine. Having charted the linear sequence of the genome, we are now beginning to unravel
the mechanisms of genome regulation. These efforts have led to a growing understanding of how
gene expression is coordinated across space and time, and in particular have revealed vast
numbers of noncoding RNA transcripts. Indeed, rather than merely serving as messengers,
RNAs have diverse functional roles in the cell and carry out myriad regulatory functions. While
early studies of classical RNAs highlighted the unique ability of RNA to interface between the

306

Chapter 8 - Conclusion and Future Directions

language of nucleic acids and the language of proteins, recent work, including this thesis,
highlights additional unique properties of RNAs as cellular regulators. These include their
abilities to exploit the proximity of the genome to identify regulatory targets on chromatin and to
organize subcompartments in the nucleus. This work also work highlights how the architecture
of the genome also creates local neighborhoods that influence not only the functions of lncRNAs
but of many cis regulatory activities, including promoter-enhancers and the process of
transcription itself. Each of these activities has its own complement of unique properties that
together coordinate local gene expression. Indeed, these local neighborhoods may establish a
framework for cooperative regulation of the expression of proximal genes. As we continue our
exploration of genome regulation, the road ahead will undoubtedly lead to welcome surprises
that illuminate the functions of the noncoding genome in regulating gene expression and cell
state. Ultimately, fundamental understanding of transcriptional regulation will enable us not only
to marvel at the intricate biochemistry that creates life but also to manipulate the processes that
interpret our genome sequence, galvanizing efforts to develop new treatments for human disease.

307

Chapter 8 - Conclusion and Future Directions

References
1.

M. M. L. Soruco et al., The CLAMP protein links the MSL complex to the X chromosome during
Drosophila dosage compensation. Genes Dev. 27, 1551-1556 (2013).

2.

Y. Hasegawa et al., The matrix protein hnRNP U is required for chromosomal localization of
Xist RNA. Dev Cell. 19, 469-476 (2010).

3.

K.-M. Schmitz, C. Mayer, A. Postepska, I. Grummt, Interaction of noncoding RNA with the
rDNA promoter mediates recruitment of DNMT3b and silencing of rRNA genes. Genes Dev. 24,
2264-2269 (2010).

4.

M. Jinek et al., A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science. 337, 816-821 (2012).

5.

M. Guttman et al., Chromatin signature reveals over a thousand highly conserved large noncoding RNAs in mammals. Nature. 458, 223-227 (2009).

6.

J. M. Engreitz

7.

M. Guttman et al., lincRNAs act in the circuitry controlling pluripotency and differentiation.
Nature. 477, 295-300 (2011).

8.

T. Derrien et al., The GENCODE v7 catalog of human long noncoding RNAs: analysis of their
gene structure, evolution, and expression. Genome Res. 22, 1775-1789 (2012).

9.

J. Cheng et al., Transcriptional

et al., The Xist lncRNA exploits three-dimensional genome architecture to spread
across the X chromosome. Science. 341, 1237973 (2013).

maps of 10 human chromosomes at 5-nucleotide resolution.

Science. 308, 1149-1154 (2005).
10.

P. Kapranov et al., RNA maps reveal new RNA classes and a possible function for pervasive
transcription. Science. 316, 1484-1488 (2007).

11.

M. N. Cabili et al., Integrative annotation of human large intergenic noncoding RNAs reveals
global properties and specific subclasses. Genes Dev. 25, 1915-1927 (2011).

12.

M.-C. Tsai et al., Long noncoding RNA as modular scaffold of histone modification complexes.
Science. 329, 689-693 (2010).

13.

R. R. Pandey et al., Kcnqlotl antisense noncoding RNA mediates lineage-specific transcriptional
silencing through chromatin-level regulation. Mol Cell. 32, 232-246 (2008).

14.

C. Gong, L. E. Maquat, lncRNAs transactivate STAU 1-mediated mRNA decay by duplexing with
3' UTRs via Alu elements. Nature. 470, 284-288 (2011).

15.

M. Kretz et al., Control of somatic tissue differentiation by the long non-coding RNA TINCR.
Nature. 493, 231-235 (2013).

16.

T. Kino, D. E. Hurt, T. Ichijo, N. Nader, G. P. Chrousos, Noncoding RNA gas5 is a growth
arrest- and starvation-associated repressor of the glucocorticoid receptor. Sci Signal. 3, ra8
(2010).

17.

T. B. Hansen et al., Natural RNA circles function as efficient microRNA sponges. Nature. 495,
384-388 (2013).

18.

J. L.

Rinn et al., Functional demarcation of active and silent chromatin domains in human HOX
308

Chapter 8 - Conclusion and Future Directions
loci by noncoding RNAs. Cell. 129, 1311-1323 (2007).
19.

E. Hacisuleyman et al., Topological organization of multichromosomal regions by the long
intergenic noncoding RNA Firre. Nat Struct Mol Biol. 21, 198-206 (2014).

20.

J. A.

21.

J. M. Engreitz

22.

P. G. Maass et al., A misplaced lncRNA causes brachydactyly in humans.
3990-4002 (2012).

23.

X. Wang et al., Induced ncRNAs allosterically modify RNA-binding proteins in cis to inhibit
transcription. Nature. 454, 126-130 (2008).

24.

E. P. Stoffregen, N. Donley, D. Stauffer, L. Smith, M. J. Thayer, An autosomal locus that controls
chromosome-wide replication timing and mono-allelic expression. Hum Mol Genet. 20, 23662378 (2011).

25.

E. Pefanis et al., Noncoding RNA transcription targets AID to divergently transcribed loci in B
cells. Nature. 514, 389-393 (2014).

26.

L. Sun et al., Long noncoding RNAs regulate adipogenesis. Proc Natl Acad Sci U S A. 110, 33873392 (2013).

27.

S. Loewer et al., Large intergenic non-coding RNA-RoR modulates reprogramming of human
induced pluripotent stem cells. Nat Genet. 42, 1113-1117 (2010).

28.

C. A. Klattenhoff et al., Braveheart, a long noncoding RNA required for cardiovascular lineage
commitment. Cell. 152, 570-583 (2013).

29.

J. R. Alvarez-Dominguez

30.

T.-K. Kim, R. Shiekhattar, Architectural and Functional Commonalities between Enhancers and
Promoters. Cell. 162, 948-959 (2015).

31.

J. Banerji,

32.

E. Serfling, A. Libbe, K. Dorsch-Hisler, W. Schaffner, Metal-dependent SV40 viruses containing
inducible enhancers from the upstream region of metallothionein genes. EMBO J. 4, 3851-3859
(1985).

33.

W. Akhtar et al., Chromatin position effects assayed by thousands of reporters integrated in
parallel. Cell. 154, 914-927 (2013).

34.

G. Li et al., Extensive promoter-centered chromatin interactions provide a topological basis for
transcription regulation. Cell. 148, 84-98 (2012).

35.

M. Hampf, M. Gossen, Promoter crosstalk effects on gene expression.
(2007).

36.

G. A. Maston, S. K. Evans, M. R. Green, Transcriptional regulatory elements in the human

West et al., The long noncoding RNAs NEAT
Mol Cell. 55, 791-802 (2014).

1 and MALATI bind active chromatin sites.

et al., RNA-RNA interactions enable specific targeting of noncoding RNAs to
nascent Pre-mRNAs and chromatin sites. Cell. 159, 188-199 (2014).

J Clin Invest. 122,

et al., Global discovery of erythroid long noncoding RNAs reveals
novel regulators of red cell maturation. Blood. 123, 570-581 (2014).

S. Rusconi, W. Schaffner, Expression of a beta-globin gene is enhanced by remote
SV40 DNA sequences. Cell. 27, 299-308 (1981).

309

JMol Biol. 365, 911-920

Chapter 8 - Conclusion and Future Directions
genome. Annu Rev Genomics Hum Genet. 7, 29-59 (2006).
37.

F. Lai et al., Activating RNAs associate with Mediator to enhance chromatin architecture and
transcription. Nature. 494, 497-501 (2013).

38.

A. A. Sigova et al., Transcription factor trapping by RNA in gene regulatory elements. Science
(2015), doi:10. 1126/science.aad3346.

39.

R. Saldafia-Meyer et al., CTCF regulates the human p53 gene through direct interaction with its
natural antisense transcript, Wrap53. Genes Dev. 28, 723-734 (2014).

40.

S. Kaneko et al., Interactions between JARID2 and noncoding RNAs regulate PRC2 recruitment
to chromatin. Mol Cell. 53, 290-300 (2014).

41.

S. Kaneko, J. Son, S. S. Shen, D. Reinberg, R. Bonasio, PRC2 binds active promoters and contacts
nascent RNAs in embryonic stem cells. Nat Struct Mol Biol. 20, 1258-1264 (2013).

42.

C. Davidovich et al., Toward a consensus on the binding specificity and promiscuity of PRC2 for
RNA. Mol Cell. 57, 552-558 (2015).

43.

S.-Y. Ng, G. K. Bogu, B. S. Soh, L. W. Stanton, The Long Noncoding RNA RMST Interacts with
SOX2 to Regulate Neurogenesis. Mol Cell. 51, 349-359 (2013).

44.

R. B. Lanz et al., A steroid receptor coactivator, SRA, functions as an RNA and is present in an
SRC-1 complex. Cell. 97, 17-27 (1999).

45.

N. J. Fuda, M. B. Ardehali, J. T. Lis, Defining mechanisms that regulate RNA polymerase II
transcription in vivo. Nature. 461, 186-192 (2009).

46.

C. K. Damgaard et al., A 5' splice site enhances the recruitment of basal transcription initiation
factors in vivo. Mol Cell. 29, 271-278 (2008).

47.

K. Y. Kwek et al., U1 snRNA associates with TFIIH and regulates transcriptional initiation. Nat.
Struct. Biol. 9, 800-805 (2002).

48.

W. O'Gorman, B. Thomas, K. Y. Kwek, A. Furger, A. Akoulitchev, Analysis of UI small nuclear
RNA interaction with cyclin H. J Biol Chem. 280, 36920-36925 (2005).

49.

A. R. Kornblihtt, M. de la Mata, J. P. Fededa, M. J. Munoz, G. Nogues, Multiple links between
transcription and splicing. RNA. 10, 1489-1498 (2004).

50.

R. Zhao, M. S. Bodnar, D. L. Spector, Nuclear neighborhoods and gene expression. Curr Opin
Genet Dev. 19, 172-179 (2009).

51.

K. E. Shearwin, B. P. Callen,
Genet. 21, 339-345 (2005).

52.

P. A. Latos et al., Airn transcriptional overlap, but not its lncRNA products, induces imprinted
Igf2r silencing. Science. 338, 1469-1472 (2012).

53.

J. A.

54.

C. F. Hongay, P. L. Grisafi, T. Galitski, G. R. Fink, Antisense transcription controls cell fate in
Saccharomyces cerevisiae. Cell. 127, 735-745 (2006).

55.

T. L. Lenstra, A. Coulon, C. C. Chow, D. R. Larson, Single-Molecule Imaging Reveals a Switch

J. B. Egan,

Transcriptional interference--a crash course. Trends

Martens, L. Laprade, F. Winston, Intergenic transcription is required to repress the
Saccharomyces cerevisiae SER3 gene. Nature. 429, 571-574 (2004).

310

Chapter 8 - Conclusion and Future Directions
between Spurious and Functional ncRNA Transcription. Mol Cell (2015),
doi: 10.10 16/j.molcel.2015.09.028.
56.

S. J. Hainer, J. A. Pruneski, R. D. Mitchell, R. M. Monteverde, J. A. Martens, Intergenic
transcription causes repression by directing nucleosome assembly. Genes Dev. 25, 29-40 (2011).

57.

G. Rank, M. Prestel, R. Paro, Transcription through intergenic chromosomal memory elements
of the Drosophila bithorax complex correlates with an epigenetic switch. Mol Cell Biol. 22, 80268034 (2002).

58.

S. Schmitt, M. Prestel, R. Paro, Intergenic transcription through a polycomb group response
element counteracts silencing. Genes Dev. 19, 697-708 (2005).

59.

M. Erokhin et al., Transcriptional read-through is not sufficient to induce an epigenetic switch in
the silencing activity of Polycomb response elements. Proc Natl Acad Sci U S A, 201515276
(2015).

60.

E. Pefanis et al., RNA exosome-regulated long non-coding RNA transcription controls superenhancer activity. Cell. 161, 774-789 (2015).

61.

N. Hah et al., Inflammation-sensitive super enhancers form domains of coordinately regulated
enhancer RNAs. Proc Natl Acad Sci U S A. 112, E297-302 (2015).

62.

S. S. P. Rao et al., A 3D map of the human genome at kilobase resolution reveals principles of
chromatin looping. Cell. 159, 1665-1680 (2014).

63.

X. Wu, P. A. Sharp, Divergent transcription: a driving force for new gene origination? Cell. 155,
990-996 (2013).

64.

R. Bonasio, R. Shiekhattar, Regulation of transcription by long noncoding RNAs. Annu Rev
Genet. 48, 433-455 (2014).

65.

D. Kelley, J. L. Rinn, Transposable elements reveal a stem cell-specific class of long noncoding
RNAs. Genome Biol. 13, R107 (2012).

66.

H. Hezroni et al., Principles of long noncoding RNA evolution derived from direct comparison
of transcriptomes in 17 species. Cell Rep. 11, 1110-1122 (2015).

67.

R. S. Young et al., The frequent evolutionary birth and death of functional promoters in mouse
and human. Genome Res. 25, 1546-1557 (2015).

68.

S. T. Kosak et al., Coordinate gene regulation during hematopoiesis is related to genomic
organization. PLoS Biol. 5, e309 (2007).

69.

A. Purmann et al., Genomic organization of transcriptomes in mammals: Coregulation and
cofunctionality. Genomics. 89, 580-587 (2007).

70.

G. A. C. Singer, A. T. Lloyd, L. B. Huminiecki, K. H. Wolfe, Clusters of co-expressed genes in
mammalian genomes are conserved by natural selection. Mol Biol Evol. 22, 767-775 (2005).

71.

A. T. Ghanbarian, L. D. Hurst, Neighboring Genes Show Correlated Evolution in Gene
Expression. Mol Biol Evol. 32, 1748-1766 (2015).

72.

H. J. Gierman et al., Domain-wide regulation of gene expression in the human genome. Genome
Res. 17, 1286-1295 (2007).

311

Chapter 8 - Conclusion and Future Directions
73.

D. Sproul, N. Gilbert, W. A. Bickmore, The role of chromatin structure in regulating the
expression of clustered genes. Nat Rev Genet. 6, 775-781 (2005).

74.

A. L. Sanborn et al., Chromatin extrusion explains key features of loop and domain formation in
wild-type and engineered genomes. Proc Natl Acad Sci U S A, 201518552 (2015).

75.

Y. Guo et al., CRISPR Inversion of CTCF Sites Alters Genome Topology and
Enhancer/Promoter Function. Cell. 162, 900-910 (2015).

76.

M. Levine, R. Tjian, Transcription regulation and animal diversity. Nature. 424, 147-151 (2003).

77.

J. van Arensbergen,

78.

E. P. Nora et al., Spatial partitioning of the regulatory landscape of the X-inactivation centre.
Nature. 485, 381-385 (2012).

79.

J. R. Dixon et al., Topological

80.

D. Moazed, Mechanisms for the inheritance of chromatin states. Cell. 146, 510-518 (2011).

81.

P. A. Steffen, L. Ringrose, What are memories made of? How Polycomb and Trithorax proteins
mediate epigenetic memory. Nat. Rev. Mol. Cell Biol. 15, 340-356 (2014).

82.

S. Washietl, M. Kellis, M. Garber, Evolutionary dynamics and tissue specificity of human long
noncoding RNAs in six mammals. Genome Res. 24, 616-628 (2014).

83.

A. Necsulea et al., The evolution of lncRNA repertoires and expression patterns in tetrapods.
Nature. 505, 635-640 (2014).

84.

S. Nakagawa et al., Malatl is not an essential component of nuclear speckles in mice. RNA. 18,
1487-1499 (2012).

85.

M. Eitmann et al., Loss of the abundant nuclear non-coding RNA MALATI is compatible with
life and development. RNA Biol. 9, 1076-1087 (2012).

86.

W. G. Kaelin, Molecular biology. Use and abuse of RNAi to study mammalian gene function.
Science. 337, 421-422 (2012).

87.

L. A. Gilbert et al., Genome-Scale CRISPR-Mediated Control of Gene Repression and Activation.
Cell. 159, 647-661 (2014).

88.

N. A. Kearns et al., Functional annotation of native enhancers with a Cas9-histone demethylase
fusion. Nat Methods. 12, 401-403 (2015).

89.

P. I. Thakore et al., Highly specific epigenome editing by CRISPR-Cas9 repressors for silencing
of distal regulatory elements. Nat Methods (2015), doi:10.1038/nmeth.3630.

90.

M. R. O'Connell et al., Programmable RNA recognition and cleavage by CRISPR/Cas9. Nature.
516, 263-266 (2014).

91.

C. A. McHugh et al., The Xist lncRNA interacts directly with SHARP to silence transcription
through HDAC3. Nature. 521, 232-236 (2015).

92.

R. C. Spitale et al., Structural imprints in vivo decode RNA regulatory mechanisms. Nature. 519,
486-490 (2015).

B. van Steensel, H. J. Bussemaker, In search of the determinants of enhancerpromoter interaction specificity. Trends Cell Biol. 24, 695-702 (2014).

domains in mammalian genomes identified by analysis of
chromatin interactions. Nature. 485, 376-380 (2012).

312

Chapter 8 - Conclusion and Future Directions
93.

J. S.

94.

D. M. Shechner, E. Hacisuleyman, S. T. Younger, J. L. Rinn, Multiplexable, locus-specific
targeting of long RNAs with CRISPR-Display. Nat Methods. 12, 664-670 (2015).

95.

U. A. Orom et al., Long noncoding RNAs with enhancer-like function in human cells. Cell. 143,
46-58 (2010).

96.

W. Li et al., Functional roles of enhancer RNAs for oestrogen-dependent transcriptional
activation. Nature. 498, 516-520 (2013).

97.

A. Melnikov et al., Systematic dissection and optimization of inducible enhancers in human cells
using a massively parallel reporter assay. Nat Biotechnol. 30, 271-277 (2012).

98.

V. Pelechano, L. M. Steinmetz, Gene regulation by antisense transcription. Nat Rev Genet. 14,
880-893 (2013).

99.

L. S. Qi et al., Repurposing CRISPR as an RNA-guided platform for sequence-specific control of
gene expression. Cell. 152, 1173-1183 (2013).

100.

F. Spitz, E. E. M. Furlong, Transcription factors: from enhancer binding to developmental
control. Nat Rev Genet. 13, 613-626 (2012).

101.

D. Noordermeer et al., Variegated gene expression caused by cell-specific long-range DNA
interactions. Nat. Cell Biol. 13, 944-951 (2011).

102.

W. Deng et al., Controlling long-range genomic interactions at a native locus by targeted
tethering of a looping factor. Cell. 149, 1233-1244 (2012).

103.

M. A. Zabidi et al., Enhancer-core-promoter specificity separates developmental and
housekeeping gene regulation. Nature. 518, 556-559 (2015).

104.

Z. J. Waldrip et al., A CRISPR-based approach for proteomic analysis of a single genomic locus.
Epigenetics. 9, 1207-1211 (2014).

Paige, K. Y. Wu, S. R. Jaffrey, RNA mimics of green fluorescent protein. Science. 333, 642646 (2011).

313

