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Abstract
Long noncoding RNAs (lncRNAs) have emerged as important effectors of gene
expression, due to their interactions with chromatin regulatory complexes and their implication in
developmental processes such as genomic imprinting, dosage compensation, and maintenance
of pluripotency. However, despite numerous studies suggesting regulatory roles for lncRNAs in
gene expression, there is limited mechanistic insight into how lncRNAs can target and regulate
specific sets of genes.
To better understand the regulatory effects of lncRNAs, I explored factors contributing to
interactions between lncRNAs and specific genomic loci. To this end, I analyzed genomic
binding sites for two highly abundant RNAs, NEAT1 and MALAT1. NEAT1 and MALAT1 bind
hundreds of genomic sites in trans, primarily localizing to active genes. NEAT1 and MALAT1
colocalize to many of these loci, but display distinct gene body binding patterns, suggesting
independent but complementary functions for these RNAs. Mass spectrometry analysis of
lncRNA-associated proteins identified numerous proteins enriched by both lncRNAs, supporting
complementary binding and function. Transcriptional inhibition or stimulation alters genomewide localization of NEAT1, implying that underlying DNA sequence does not target NEAT1 to
chromatin and that localization is instead responsive to the process of transcription.
In addition to examining lncRNAs associated with active genes, I characterized the
impact of lncRNAs on gene repression at specific loci. I focused on a human lncRNA expressed
during neural differentiation, CAT7, whose locus is composed primarily of tandem repeats and is
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proximal to the Polycomb Repressive Complex 1 (PRC1) target genes SHH and MNX1. RNA
immunoprecipitation experiments indicate CAT7 directly interacts with PRC1 in vivo. Loss of the
CAT7 tandem repeats leads to derepression of MNX1 and reduced PRC1 binding to the locus.
Coincident with loss of gene repression, perturbation of CAT7 leads to diminished long-range
genomic contacts between MNX1 and other cis-localized PRC1-bound loci. These results
suggest a role for CAT7 in maintenance of a localized region of gene repression near its site of
transcription. Overall, these studies support a model wherein lncRNAs aid in the organization of
subnuclear domains that coordinate the activation or repression of specific sets of genomic loci.
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Chapter 1
Introduction

Overview
Regulation of gene expression is critical for proper cellular function. Due to the need for
extensive regulation, the cell employs many regulatory factors that ensure the appropriate
timing, location, and amplitude of gene expression. Understanding the regulation of gene
expression is paramount to deciphering how aberrant transcriptional programs arise in human
disease states. A number of cellular factors ensure the fidelity of gene expression by modulating
the structure and composition of chromatin, establishing regions of the genome amenable to
gene activation or reinforcing stable gene repression. Such regulatory factors include complexes
that directly modify histones, alter the position of nucleosomes along DNA, and facilitate
formation of higher order chromatin structures. These processes synergize or antagonize one
another to maintain or modulate gene expression states.
Given the wide range of transcriptional regulators, it is perhaps a bit surprising that the
human genome is pervasively transcribed and gives rise to thousands of transcripts of
uncharacterized function. The majority of these transcripts are classified as long noncoding
RNAs (lncRNAs), operationally defined as RNAs over 200 nucleotides in length that do not
encode proteins. In depth characterization of a selection of these lncRNAs has uncovered a
wealth of fascinating biology, implicating these molecules as key regulators of processes such
as genomic imprinting, dosage compensation, and maintenance of stem cell pluripotency. Many
of these lncRNAs have been suggested to regulate these processes through interaction with
various chromatin-modifying complexes.
In this dissertation, I explore the potential roles of lncRNAs in regulating gene expression
at specific genomic loci. To provide context for these findings, I will review a number of
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mechanisms utilizing noncoding transcription to regulate specific sets of genes. I will highlight
several examples that have served as paradigms for our understanding of the biology of
lncRNAs and their impact on chromatin. Particular emphasis will be given on the interface
between RNA and Polycomb group (PcG) proteins and their respective roles in maintenance of
gene repression.

Regulatory Mechanisms of Long Noncoding RNAs
Given the vast diversity of noncoding transcripts produced in the cell, it is not
unexpected that lncRNAs exert regulatory function through a variety of mechanisms. In this
section, I will highlight several lncRNAs that exemplify a particular mode of regulation. The set of
mechanisms described in this introduction is not exhaustive and focuses on the interplay of
lncRNAs and chromatin-based mechanisms of gene regulation. The relevance of these
mechanisms to PcG protein-mediated gene repression will be reviewed later in this introduction.

Gene regulation by the act of noncoding transcription
In certain cases, the act of transcription itself is responsible for the regulatory effect of a
lncRNA gene. In this scenario, transcription through a lncRNA locus can alter the underlying
chromatin structure, potentially rendering it more or less accessible to DNA-binding transcription
factors or the transcription machinery. Transcription from a strong, upstream promoter could
outcompete or interfere with initiation from downstream promoters. Additionally, progression of
RNA Polymerase through a locus can potentially evict bound regulatory factors or interfere with
the progression of RNA Polymerase initiating from an overlapped promoter. These potential
transcriptional interference mechanisms were observed to occur in a variety of contexts,
including interference between closely linked promoters in Escherichia coli (Adhya and
Gottesman, 1982), interference between long terminal repeats or promoters in retroviruses
2

(Cullen et al., 1984; Emerman and Temin, 1984), and alternate usage of proximal and distal
promoters in the Drosophila Adh gene (Corbin and Maniatis, 1989). Subsequent studies have
revealed the presence of noncoding loci that regulate the expression of nearby or overlapping
genes through transcription interference mechanisms.
One of the earliest identified roles for transcription of a noncoding intergenic RNA gene
in eukaryotic gene regulation was shown for the SER3 gene in Saccharomyces cerevisiae
(Martens et al., 2004). SER3 encodes an enzyme involved in serine catabolism, and its
expression is repressed in nutrient-rich conditions. Despite repression of SER3, the region
upstream of SER3 is actively transcribed into a lncRNA called SER3 regulatory gene 1 (SRG1).
Mutation of the SRG1 TATA sequence ablated transcription of SRG1 and led to upregulated
SER3 expression, implicating SRG1 in maintenance of SER3 repression. In line with this
observation, expression of wild-type SRG1 is significantly reduced in nutrient-poor conditions
and SER3 expression is upregulated (Martens et al., 2005). Transcription of SRG1 leads to
increased nucleosome density over portions of SRG1 and the SER3 promoter (Hainer et al.,
2011). This increased nucleosome density is argued to prevent binding of activators to the
SER3 UAS as well as subsequent SER3 expression. Thus, the act of transcribing an intergenic
lncRNA alters the underlying chromatin structure upstream of a nearby gene to regulate its
expression.
A role for noncoding transcription in gene expression is also observed in mammalian
systems, as seen for the regulation of murine Igf2r imprinting by the lncRNA gene Air.
Expression of Igf2r is regulated by imprinting, as post-implantation expression of Igf2r is
detected from the maternal allele and repressed in the paternal allele (Lerchner and Barlow,
1997; Stöger et al., 1993). Imprinting of Igf2r requires a region in the second intron of Igf2r
containing a CpG island (Stöger et al., 1993). Intriguingly, while maternal alleles show
expression of Igf2r, paternal alleles with repressed Igf2r instead show expression of an
3

antisense RNA transcribed over the Igf2r promoter (Wutz et al., 1997). The intronic region of
Igf2r required for imprinting contains the promoter of this antisense transcript, later renamed
Antisense Igf2r RNA (Air), with the 3’ end mapping roughly 108 kb away in the gene Mas1 (Lyle
et al., 2000). Notably, the Igf2r intronic region is also required for imprinting of two additional
adjacent genes, Slc22a2 and Slc22a3, which are not overlapped by the Air transcript (Zwart et
al., 2001). Truncation of Air lncRNA to 4% of its length by insertion of a polyadenylation signal
ablates imprinting control of Igf2r, Slc22a2, and Slc22a3, indicating a role for Air lncRNA in
regulating these genes (Sleutels et al., 2002). However, more detailed analysis indicates that
truncation of Air to an intermediate length that maintains overlap with the Igf2r promoter could
facilitate imprinting control of Igf2r, consistent with different roles for Air transcriptional overlap
and Air RNA in regulating imprinting of Igf2r versus Slc22a2 and Slc22a3 (Latos et al., 2012). In
support of this model, Air RNA was shown to associate with the Slc22a3 promoter, and this
association correlated with levels of histone H3 lysine 9 trimethylation (H3K9me3), a histone
modification involved in heterochromatin formation (Bannister et al., 2001; Lachner et al., 2001;
Nakayama et al., 2001), at the Slc22a3 promoter (Nagano et al., 2008). Air RNA was shown to
interact with the G9a histone H3K9 methyltransferase and was required for G9a recruitment to
Slc22a3. These results are consistent with alternate roles for Air RNA and its transcription in
control of imprinting and underscore the utility of parallel methods to perturb lncRNAs and the
loci that encode them (Bassett et al., 2014).

Noncoding RNA regulates the formation and activity of protein complexes
The effects of lncRNAs in gene expression extend beyond regulatory roles for the act of
transcription. Noncoding RNAs are critical for the assembly and activity of protein complexes in
numerous cellular processes, exemplified by the role of ribosomal RNA in catalysis of protein
synthesis (Nissen et al., 2000) and the templating function of telomerase RNA component
4

(TERC) in telomere maintenance (Greider and Blackburn, 1989). In this section, I will review the
contributions of lncRNAs to the assembly and function of proteins involved in Drosophila dosage
compensation.
Eukaryotic organisms use a variety of mechanisms to balance the disparity in sex
chromosome dosage between males and females. In Drosophila, females possess two X
chromosomes and males possess one X chromosome. To counteract the difference in sex
chromosome dosage, expression from the X chromosome is upregulated 2-fold in males.
Screens to identify mutants exhibiting male lethality led to the identification of the male-specific
lethal (MSL) genes msl1, msl2, maleless (mle), and msl3 (Belote and Lucchesi, 1980b;
Fukunaga et al., 1975; Uchida et al., 1981), which were shown to regulate expression of genes
on the X chromosome (Belote and Lucchesi, 1980a; Breen and Lucchesi, 1986). Coincident with
upregulated X chromosome expression, the male X chromosome is nearly exclusively enriched
for histone H4 lysine 16 acetylation (H4K16ac) (Turner et al., 1992). This histone modification is
catalyzed by an acetyltransferase encoded by males absent on the first (mof), which acts as an
additional component of the MSL complex (Hilfiker et al., 1997). After assembly, the MSL
complex localizes across the X chromosome and its activity promotes increased transcription
elongation to allow dosage compensation (Larschan et al., 2011).
Biochemical characterization of the MSL complex showed close association of MSL1,
MSL2, and MSL3 through co-immunoprecipitation and fractionation experiments (Copps et al.,
1998; Kelley et al., 1995). However, in these studies MLE was only weakly associated in
complex with MSL1, MSL2, and MSL3. Additional analyses showed that MLE association with
the X chromosome was RNase-sensitive, suggesting a role for RNA in proper function of MLE
and association with other MSL proteins (Richter et al., 1996). This indeed turned out to be the
case, as subsequent work led to the identification of RNA on X 1 and RNA on X 2 (roX1 and
roX2), which play redundant roles in dosage compensation and colocalize with MSL proteins on
5

the X chromosome (Amrein and Axel, 1997; Meller et al., 2000; Meller and Rattner, 2002; Meller
et al., 1997). These RNAs purify as part of the MSL complex, and are required for assembly of
the complex at the roX loci (Meller et al., 2000; Smith et al., 2000). Complete assembly of the
complex requires ATP-dependent RNA helicase activity of MLE, which acts to remodel roX
RNAs to facilitate binding of MSL2 (Maenner et al., 2013). As part of their role in complex
assembly, the roX loci, in addition to a number of other discrete locations on the X chromosome,
serve as chromosome entry sites (CES) for initial binding of MSL to the X chromosome (Kelley
et al., 1999). In the absence of MLE helicase function, only MSL1 and MSL2 localize to the
CESs, underscoring the role of roX RNA remodeling in full complex assembly (Gu et al., 1998;
Lee et al., 1997). After binding of MSL to CESs, the complex subsequently spreads in cis to coat
the X chromosome (Kelley et al., 1999).
Several lines of evidence support a role for roX RNAs, rather than the roX loci
themselves, in facilitating spreading of the MSL complex. Insertion of an autosomal roX
transgene is sufficient to rescue roX null males and direct recruitment of MSL to the X
chromosome in trans (Meller and Rattner, 2002). The ability to operate in trans strongly argues
for a diffusible element, such as an RNA, in regulating MSL spreading. Intriguingly, autosomal
roX transgenes promote spreading of MSL on autosomes in cis at their sites of integration, and
their presence in flies with intact X chromosomal roX loci competes with the endogenous roX
loci for MSL binding (Park et al., 2002). Importantly, this competition is dependent on active
transcription of the transgenic roX locus and does not occur simply due to the presence of the
roX locus DNA. Finally, MSL is observed to localize only to the discrete CESs in roX1 roX2
double mutants, indicating that roX RNAs are required for spreading in cis (Figueiredo et al.,
2014). The ability of roX RNAs to regulate the assembly and targeting of MSL during dosage
compensation exemplifies the importance of noncoding RNAs to the function of select
chromatin-modifying complexes. Later in this introduction, I will discuss a similar role for lncRNA
6

in recruiting and targeting PcG complexes using the lncRNA regulator of mammalian dosage
compensation, Xist, as a paradigm.

Noncoding RNAs localize to subnuclear domains and regulate nuclear organization
Through microscopy-driven studies of the nucleus, it is appreciated that numerous
dense, non-membrane-bound structures form within the nucleus, with differing protein
composition. These nuclear bodies include structures such as Cajal bodies, nuclear speckles,
and paraspeckles and have been proposed to serve as reservoirs or sites of retention for
nuclear proteins (Dundr and Misteli, 2010). A longstanding goal has been to identify the
components of these nuclear bodies and determine which components are critical for their
formation and organization. Early characterization of nuclear organization suggested that RNA
was a component of certain nuclear bodies, such as speckles (also called interchromatin
granule clusters) (Huang et al., 1994). Subsequent studies have identified specific RNAs that
localize to these bodies, and, moreover, that RNA can nucleate their formation (Shevtsov and
Dundr, 2011). To explore the role of lncRNAs in formation of nuclear bodies, I will focus on two
mammalian lncRNAs, NEAT1 and MALAT1, which were initially identified as lncRNA
components of nuclear bodies.
With the goal of finding RNAs that might play a role in scaffolding nuclear bodies, the
abundance of RNAs in nuclear and cytoplasmic fractions was compared using microarrays
(Hutchinson et al., 2007). This screen identified two previously uncharacterized lncRNAs,
NEAT1 and MALAT1 (also called NEAT2), which were significantly enriched in the nuclear RNA
fraction. Both RNAs form punctate foci in the nucleus, and MALAT1 was shown to colocalize
extensively with the splicing factor SC-35, a marker for nuclear speckles (Fu and Maniatis,
1990). NEAT1 localized to the periphery of SC-35 domains, and was subsequently shown to be
necessary for the formation of a distinct nuclear body, the paraspeckle (Clemson et al., 2009).
7

The precise function of these nuclear bodies is not entirely clear. Speckles localize to the
periphery of gene-dense regions and actively transcribed loci (Huang and Spector, 1991;
Shopland et al., 2003). This non-random localization and the high density of splicing factors
localized to these bodies has led to the proposal that nuclear speckles serve as an organizing
hub and reservoir of splicing factors for coordinately expressed sets of genes (Misteli et al.,
1997; Shopland et al., 2003; Smith et al., 1999). Paraspeckles may serve a similar role in
sequestering a variety of RNA-binding proteins, most notably the core paraspeckle components
PSPC1, NONO, and PSF/SFPQ (Fox and Lamond, 2010). Additionally, paraspeckles are
proposed to regulate the retention of transcripts undergoing adenosine-to-inosine editing in a
stress-dependent manner, suggesting that they can dynamically regulate export of particular
RNAs in response to cellular stress (Prasanth et al., 2005).
To better define the roles of MALAT1 in gene regulation and the function of nuclear
speckles, numerous studies have explored the molecular and physiological effects of perturbing
this RNA. Knockdown of MALAT1 led to defects in serine-arginine (SR) splicing factor
localization and phosphorylation, as well as defects in alternative splicing, suggesting that
MALAT1 could regulate the composition of nuclear speckles and their activity in splicing
(Bernard et al., 2010; Tripathi et al., 2010). However, subsequent generation of a Malat1 null
mouse showed no defects in viability, SR protein phosphorylation, nuclear speckle formation, or
splicing, conflicting with the results of transient knockdown (Eißmann et al., 2012; Nakagawa et
al., 2012; Zhang et al., 2012). Malat1 null mice showed defects in expression of genes near the
Malat1 locus, suggesting a cis-regulatory role for Malat1 (Zhang et al., 2012). Subsequent
analysis of a MALAT1 knockout in human lung tumor cells showed defects in tumor formation
and expression of genes involved in metastasis, indicating that MALAT1 does influence gene
expression in some capacity (Gutschner et al., 2013). Similarly, loss of Malat1 in mice leads to
reduced mammary tumor metastasis and defects in expression of genes involved in signaling
8

and metastasis (Arun et al., 2016). While MALAT1 may not be required for formation of nuclear
speckles, it can still interface with components of these nuclear bodies to play cell type-specific
roles in regulating gene expression, particularly in disease states.
Similar efforts have been made to characterize the role of NEAT1 in nuclear organization
and gene expression. In contrast to MALAT1, NEAT1 has a clear role in the assembly of
paraspeckles. Paraspeckles are shown to assemble at the site of NEAT1 transcription, and
NEAT1 is sufficient to nucleate the formation of these nuclear bodies (Mao et al., 2011;
Shevtsov and Dundr, 2011). In line with these observations, Neat1 null mice lack paraspeckles,
confirming the necessity of Neat1 RNA for formation of these nuclear bodies (Nakagawa et al.,
2011). Mice lacking Neat1 are viable, but show defects in mammary gland and corpus luteum
development, suggesting cell type-specific roles for Neat1 RNA during early development
(Nakagawa et al., 2011; Nakagawa et al., 2014; Standaert et al., 2014). NEAT1 may also play a
role in the onset of various cancers, as high NEAT1 expression is correlated with prostate
cancer progression (Chakravarty et al., 2014), and mutations in the NEAT1 promoter are
observed in primary breast cancer samples (Rheinbay et al., 2017). At the molecular level,
NEAT1 has been proposed to sequester proteins within paraspeckles to regulate their
localization to chromatin. The expression level of NEAT1 impacts the localization of the
paraspeckle component PSF/SFPQ to chromatin in response to immune stimulation and
proteasome inhibition (Hirose et al., 2014; Imamura et al., 2014), in line with previous
observations that NEAT1 and paraspeckles may be important in cellular stress responses
(Prasanth et al., 2005).

Polycomb Group Complexes and Maintenance of Gene Repression
A key group of gene expression regulators encompasses the PcG family of proteins.
Originally identified in Drosophila as effectors of homeotic transformation during development
9

(Lewis, 1978), PcG proteins, particularly those comprising the Polycomb Repressive Complexes
1 and 2 (PRC1 and PRC2), have since emerged as critical and conserved regulators of gene
expression in a diverse group of metazoan organisms. Echoing the contributions of PcG
proteins to homeotic transformation in Drosophila, loss of function mutations in numerous PRC1
and PRC2 subunits are embryonic lethal in mice (reviewed in (Surface et al., 2010)). Further
examination of these subunits in pluripotent stem cells indicates that these subunits are critical
for differentiation and repression of developmental lineage regulators (Boyer et al., 2006; Lee et
al., 2006). Notably, the regulatory roles of PRC1 and PRC2 extend beyond mammalian
development, as aberrant function of these complexes has been implicated in numerous human
cancers, such as prostate cancer (reviewed in (Bracken and Helin, 2009)). Defining factors
regulating the activity of these complexes is therefore critical to understand how these
complexes can become deregulated in human disease.

Composition and regulatory activities of mammalian Polycomb Repressive Complexes
Mammalian PRC1 and PRC2 represent a family of complexes with heterogeneous
subunit configurations (Gao et al., 2012), which may be employed in specific genomic contexts.
These complexes regulate gene expression through a variety of mechanisms, including
directing covalent histone modification and altering chromatin architecture to establish a
chromatin state that is refractory to the activity of transcriptional activators. The coordinated
activities of these two complexes are critical for stable repression of genes encoding
developmental regulators in metazoans.
PRC2 consists of the core subunits EED, SUZ12, EZH2, and RbAp46/48 (Cao et al.,
2002; Müller et al., 2002). A minimal PRC2 complex of EZH2, SUZ12, and EED catalyzes
histone H3 lysine 27 trimethylation (H3K27me3) through the EZH2 subunit (Cao and Zhang,
2004), a histone modification strongly correlated with gene repression (Barski et al., 2007).
10

While work in Drosophila has shown that H3K27me3 is a critical histone modification for proper
development and PcG-mediated repression (Pengelly et al., 2013), the role of H3K27me3 in
gene silencing in mammals is more complex. The EED subunit contains an aromatic cage
capable of recognizing and binding H3K27me3, indicating that this mark can promote further
recruitment of PRC2 complexes to chromatin (Margueron et al., 2009). However, H3K27me3 is
dispensable for particular activities of PRC1, such as its ubiquitylation activity and recruitment of
PRC1 to a subset of targets (Schoeftner et al., 2006; Tavares et al., 2012). Interestingly, the
EZH2 paralog EZH1 only weakly catalyzes H3K27 methylation and can compact nucleosomal
templates in vitro, suggesting that alternative PRC2 complexes exert repression through
different mechanisms (Margueron et al., 2008). Additionally, while the most well defined target
of PRC2 methyltransferase activity is histone H3, PRC2 is also known to methylate other nonhistone targets, including GATA4 (He et al., 2012) and JARID2 (Sanulli et al., 2015). Thus, the
role of PRC2 in gene regulation extends beyond its oft-cited role in catalysis of H3K27me3.
PRC2 also associates with a number of accessory factors that alter its enzymatic activity
and promote recruitment of PRC2 to chromatin. One such group of factors includes the
mammalian homologs of Drosophila Polycomblike (PCL), called PHF1, MTF2 (hPCL2), and
PHF19 (hPCL3). PCL homologs have been shown to regulate the methyltransferase activity of
PRC2 and targeting of PRC2 to chromatin (Cao et al., 2008; Sarma et al., 2008). PRC2 also
associates with a DNA-binding protein AEBP2 (Cao et al., 2002), which stimulates PRC2
methyltransferase activity in vitro (Cao and Zhang, 2004) and co-localizes with PRC2 at a
subset of genomic targets (Kim et al., 2009). JARID2 is an additional PRC2 accessory factor
whose depletion impacts global levels of H3K27me3 and PRC2 recruitment (Pasini et al., 2010;
Peng et al., 2009). JARID2 is also capable of binding DNA and RNA (discussed below), serving
as an additional contact point between PRC2 and chromatin substrates.
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PRC1 complexes can be broadly categorized into several families of complex that differ
in subunit composition and activity. All PRC1 complexes contain the subunits RING1A/B and a
Polycomb group RING finger (PCGF) protein. PCGF proteins include NSPC1, MEL18, PCGF3,
BMI1, PCGF5, and MBLR (Simon and Kingston, 2013), and their expression varies among
different cell types. The presence of other PRC1 subunits defines the particular class of PRC1
complex and confers different activities to the complex. Canonical PRC1 complexes contain the
Chromobox (CBX) and Polyhomeotic (PH) subunits, which can be found in a variety of isoforms
whose expression depends on cell type. Canonical PRC1 complexes also co-purify with a
substoichiometric subunit SCML1/2/3 (Levine et al., 2002), the mammalian homolog of the
Drosophila PcG protein Sex Comb on Midleg (Scm). Non-canonical PRC1 complexes are
defined by the presence of RYBP or YAF2, whose inclusion is mutually exclusive with
incorporation of CBX and PH subunits (Gao et al., 2012). Subtypes of non-canonical PRC1
complexes also include a complex called BCOR, containing the BCOR corepressor and
KDM2B/FBXL10 (Gearhart et al., 2006), an additional complex containing L3MBTL2 (Gao et al.,
2012; Trojer et al., 2011), and an AUTS2-containing complex implicated in gene activation (Gao
et al., 2014). PRC1 complexes therefore comprise an intricate family of complexes with diverse
roles in gene regulation.
PRC1 complexes perform numerous activities linked to stable gene repression. PRC1
catalyzes ubiquitylation of histone H2A lysine 119 (H2AK119ub) through the RING1A/B subunit
(Wang et al., 2004). Ubiquitylation activity is predominately carried out by non-canonical PRC1
complexes, as the presence of RYBP greatly stimulates PRC1 in vitro H2A ubiquitylation activity
(Gao et al., 2012). H2AK119ub facilitates targeting of PRC2 to chromatin, suggesting that noncanonical PRC1 complexes may help initiate stable PcG-bound domains (Blackledge et al.,
2014). However, H2AK119ub is dispensable for PRC1-mediated silencing, as Ring1B knockout
mice expressing catalytically inactive Ring1B proceed through early development and largely
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maintain repression of PRC1 targets (Illingworth et al., 2015). Consistent with a role for
targeting, Ring1B and H3K27me3 occupancy levels were reduced at PRC1-bound loci in mice
with catalytically inactive Ring1B (Illingworth et al., 2015). These data suggest that while
H2AK119ub is important for robust maintenance of PRC2 and PRC1 binding, PRC1 exerts other
activities to facilitate gene silencing.
In addition to direct modification of histones, PRC1 complexes are able to physically alter
the structure of chromatin. Addition of purified PRC1 to nucleosomal arrays led to formation of
compacted structures, suggesting a mechanism by which PRC1 could alter chromatin structure
to restrict access of the transcription machinery to DNA (Francis et al., 2004). Compaction
activity is primarily attributed to canonical PRC1 complexes, as the CBX subunit of mammalian
PRC1 is sufficient to promote chromatin compaction in vitro (Grau et al., 2011). Non-canonical
PRC1 has also been reported to promote nucleosomal compaction (Gao et al., 2012), however,
this conclusion was reached using purified non-canonical PRC1 containing trace amounts of
compaction-competent CBX2 (Grau et al., 2011), confounding clear interpretation of these
results. Compaction activity appears to be a critical function of PRC1 in vivo, as mutation of a
charged region of murine Cbx2 necessary for in vitro compaction activity (Grau et al., 2011)
leads to homeotic transformations and de-repression of PRC1-bound loci during mouse
development (Lau et al., 2017). Intriguingly, higher nucleosome density promotes PRC2
methyltransferase activity (Yuan et al., 2012), which could serve as a positive feedback
mechanism to further stimulate methylation of PRC1 targets. Beyond compacting nucleosomal
arrays, canonical PRC1 is also shown to regulate higher order chromatin structure in vivo
through the PH subunit. PH regulates the long-range clustering of PcG-bound loci in Drosophila
(Wani et al., 2016) and mammals (Isono et al., 2013; Kundu et al., 2017), through the SAM
domain (Isono et al., 2013), which can oligomerize in vitro. Loss of PH, and long-range
clustering of PcG targets, leads to de-repression of PcG-bound loci during differentiation (Kundu
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et al., 2017), underscoring the importance of this mode of PRC1-mediated chromatin
organization and repression.

Targeting of Polycomb Repressive Complexes to specific loci
While it is clear that Polycomb complexes regulate gene expression through modulation
of chromatin structure, how these complexes are recruited to specific genomic regions remains
less defined, particularly in mammalian systems. Early studies of the genome-wide localization
of PRC1 and PRC2 subunits in mammalian embryonic stem cells (ESCs) indicated that these
complexes preferentially bind to loci containing high GC content and CpG islands (Ku et al.,
2008). While work in Drosophila has implicated DNA sequences called Polycomb Response
Elements (PREs) in targeting of PcG complexes (Chan et al., 1994; Simon et al., 1993), the
prevalence of PREs as a targeting mechanism in mammalian systems appears more limited. In
mouse, PRE-kr was shown to regulate repression of MafB/Kreisler through targeting of PcG
complexes (Sing et al., 2009). Work in human ESCs led to the identification of a PRE in the
HOXD cluster that promoted gene repression in a PcG protein dependent-manner (Woo et al.,
2010). The dearth of distinct PREs in mammalian systems is indicative of greater complexity in
PcG protein targeting in mammals.
Outside of sequence-dependent targeting of PcG complexes, additional studies have
further defined factors that contribute to recruitment of PRC2 complexes to specific loci. As
mentioned above, PRC2 accessory factors such as PCLs and JARID2 are required for robust
targeting of PRC2 to chromatin. Further dissection of a group of mammalian PREs indicated
that YY1 binding sites were critical for repressive function (Woo et al., 2013). YY1 is the
mammalian homolog of Drosophila Pho, which binds to Drosophila PREs and regulates PcG
protein recruitment at these sites (Klymenko et al., 2006; Oktaba et al., 2008). However, the
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extent of YY1’s function in PcG protein recruitment is less clear, as YY1 localization does not
significantly overlap with genome-wide PRC2-bound loci (Squazzo et al., 2006).
PRC1 recruitment is regulated by a variety of overlapping mechanisms. The observation
that the chromodomain of Polycomb, the Drosophila homolog of mammalian CBX, could bind
trimethylated histone H3K27 suggested a hierarchical mechanism by which PRC1 recruitment
was dependent on PRC2 enzymatic activity (Fischle et al., 2003; Min et al., 2003). However,
work demonstrating localization of PRC1 to genomic loci lacking H3K27me3 challenges this
view and indicates greater complexity in the regulation of PRC1 localization (Tavares et al.,
2012). H2AK119ub occurs independently of PRC2 function, as knockout of Eed fails to deplete
this mark from chromatin despite global loss of H3K27me3 (Tavares et al., 2012). These data
indicate that recruitment of canonical PRC1 complexes is dependent on PRC2 activity, whereas
non-canonical RYBP-containing PRC1 complexes localize independently of H3K27me3.
Intriguingly, PRC2 recruitment is observed to occur subsequent to and is stimulated by
deposition of H2AK119ub (Blackledge et al., 2014; Schoeftner et al., 2006). These data are
consistent with a model of PcG domain establishment wherein non-canonical PRC1 targets
chromatin and ubiquitylates H2AK119, stimulating PRC2 recruitment and H3K27me3
deposition, followed by recruitment of canonical PRC1 complexes capable of chromatin
compaction.
Numerous other factors have been implicated in regulating recruitment of PRC1. Noncanonical PRC1 preferentially targets unmethylated CpG islands through KDM2B, promoting
H2AK119ub at these sites (Farcas et al., 2012; He et al., 2013; Wu et al., 2013). The PRC1
accessory factor SCML2 can regulate PRC1 occupancy in an RNA-binding dependent manner
(Bonasio et al., 2014). PRC1 occupancy is also modulated by various transcription factors,
including REST (Ren and Kerppola, 2011) and Runx1 (Yu et al., 2012), establishing a
mechanism to regulate PRC1 activity at a subset of genomic targets. Overall, targeting of PcG
15

involves interplay of numerous mechanisms that can provide redundancy or site-specific
modulation of gene silencing. Given the observed complexity of targeting, PcG recruitment is
likely tuned by additional mechanisms, including interactions with noncoding RNA, as discussed
below.

LncRNAs as Modulators of Polycomb Group Protein Function
In addition to the contributions of DNA sequence and protein factors, lncRNAs have
emerged as an attractive mechanism for regulating PcG function and localization. In this
section, I will review the contributions of noncoding transcription to PcG protein-mediated gene
repression, regulatory effects of interactions between PcG proteins and RNA, and the ability of
lncRNAs to direct PcG protein recruitment to specific loci.

Noncoding transcription as a “switch” to modulate repressive chromatin states
The observation that particular DNA sequences, such as PREs, can target the
localization of PcG proteins raised the question of how this DNA-encoded repressive activity
could be modulated. The ability of Drosophila PREs to serve as enhancers and recruit activators
in the Trithorax group (TxG) family of proteins (Strutt et al., 1997) further fueled the idea that
PREs could somehow be “switched” from genetic repressors to activators. Early studies in
Drosophila indicated that PREs and their regulated loci are transcriptionally active, raising the
hypothesis that RNA, or the act of transcribing it, could impact the regulatory activity of the
underlying PRE (Bae et al., 2002; Lipshitz et al., 1987; Rank et al., 2002; Schmitt et al., 2005). It
was proposed that transcription through the PRE could evict bound PcG proteins and facilitate a
switch to gene activation (Schmitt et al., 2005). However, careful dissection of the effects of
transcriptional read-through over PREs prompts revision of this long-standing model. Deletion of
a promoter of a noncoding RNA transcribed over the Drosophila bxd PREs had no effect on the
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regulation of Ubx expression (Pease et al., 2013). An additional study found that PcG proteins
remained bound to a transgene containing the bxd PRE despite transcription through the PRE.
While transcriptional activity over the PRE correlated with de-repression of a linked reporter
gene, reporter expression occurred due to the sustained presence of a Gal4 activator bound to
a UAS near the PRE (Erokhin et al., 2015). Thus, the act of transcription alone at this particular
PRE does not appear to displace PcG proteins, and switching requires the sustained presence
of an activator. Analysis of the vg PRE suggested that a directional switch from sense to
antisense transcription over the PRE could modulate its repressive function. In this analysis,
only the antisense RNA transcript was shown to bind and inhibit PRC2 (Herzog et al., 2014).
Switching the activity of a PRE may therefore require a combination of activator recruitment and
PRC2 inhibition by the overlapping transcript.
In mammalian systems, evidence for a noncoding RNA switch in PcG repression was
shown for the human 4q35 locus (Cabianca et al., 2012). This locus contains numerous copies
of the D4Z4 repeat element, which are bound by PcG proteins in wild-type cells, leading to
repression of adjacent loci. A reduced copy number of these repeats is observed in patients with
facioscapulohumeral muscular dystrophy (FSHD), leading to upregulated expression of adjacent
loci. This upregulated expression is linked to production of a noncoding RNA, DBE-T, from the
remaining D4Z4 repeats. shRNA-mediated depletion of DBE-T attenuates upregulation of loci
adjacent to the D4Z4 repeats. This upregulation is driven in part by recruitment of the Trithorax
group protein ASH1L, which directly interacts with the DBE-T transcript. While the reduced copy
number of the D4Z4 repeats may have a more direct contribution to loss of PcG silencing at
4q35, DBE-T RNA does appear to reinforce the switch to an active chromatin state through
ASH1L recruitment. Future work will be required to discern whether DBE-T transcription
antagonizes PcG repression in other cellular contexts, particularly in cells where the full array of
D4Z4 repeats remains intact.
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Although the ability of noncoding transcription to evict PcG proteins remains unclear,
studies from other organisms support a role for noncoding transcription in establishing
repression at a specific locus. A well-defined example of such a switch involves the regulation of
flowering timing in Arabidopsis through vernalization (reviewed in (Hepworth and Dean, 2015)).
Vernalization accelerates the process of flowering in response to extended periods of cold
temperature and involves silencing of an important repressor of flowering, encoded by
FLOWERING LOCUS C (FLC) (Searle et al., 2006). Reduced expression of FLC in response to
cold temperature coincides with expression of an antisense RNA overlapping the FLC locus,
COOLAIR. The full-length COOLAIR RNA appears to be dispensable for silencing of FLC during
vernalization, as mutants truncating the COOLAIR transcript show stable repression of FLC
(Helliwell et al., 2011). COOLAIR RNA, particularly the act of processing it (Liu et al., 2010),
likely acts in parallel to the vernalization process and has been proposed to facilitate activity of
the histone H3 lysine 4 demethylase FLD at the FLC locus (Liu et al., 2007). Production of
COOLAIR RNA therefore is an early step in priming the FLC locus for stable silencing that
occurs during vernalization. As plants become exposed to longer durations of cold temperature,
an additional lncRNA, COLDAIR, is produced from the first intron of FLC. This lncRNA interacts
with PRC2, and depletion of this lncRNA disrupts stable silencing of the FLC locus (Heo and
Sung, 2011). The cold-induced silencing of FLC therefore involves the coordination of multiple
lncRNAs, which act both to facilitate removal of histone modifications associated with active
transcription and targeting of repressive chromatin modifying complexes such as PRC2.

Numerous Polycomb group proteins bind RNA
A model where lncRNAs directly modulate the activity or targeting of PcG complexes
would predict that the RNA interacts with PcG proteins to somehow alter their function. Early
hints that RNA had some interface with PcG-mediated repression included the transcriptional
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activity detected at Drosophila PREs described above, as well as the observation that
perturbation of RNAi components in Drosophila disrupted PcG-mediated silencing and nuclear
clustering (Grimaud et al., 2006; Pal-Bhadra et al., 2002). Additionally, PRC1 and PRC2
subunits were shown to decorate the inactive X chromosome (de Napoles et al., 2004; Plath et
al., 2003; Silva et al., 2003), whose silencing is dependent on the lncRNA Xist (Penny et al.,
1996). To provide further evidence for a direct role for RNA in modulating PcG protein function,
many studies have explored the capacity of PcG proteins to bind RNA in vitro and in vivo.
One of the earliest demonstrations of direct binding between a PcG protein and RNA
was shown for the SOP-2 protein in C. elegans, which can non-specifically bind RNA in vitro
(Zhang et al., 2004). Loss of a region of SOP-2 protein with RNA-binding function leads to
homeotic transformations in C. elegans, as well as defects in forming punctate SOP-2containing nuclear structures, indicating that RNA binding is important for SOP-2 regulatory
function and nuclear organization. While SOP-2 does not possess a clear homolog in other
species, it does contain functional and predicted structural homology to the mammalian PRC1
subunit PH. In vitro binding of the mouse PH homolog Rae28 to RNA is similarly non-specific
and is dependent on the Phenylalanine-Cysteine-Serine (FCS) domain of Rae28. Intriguingly,
insertion of the Rae28 FCS domain into an RNA-binding deficient SOP-2 protein can rescue its
ability to form nuclear foci, suggesting that the FCS domain may play a role in PH-mediated
nuclear organization.
In addition to PH, RNA binding has been shown for other subunits and accessory factors
of PRC1. The chromodomains of the mouse Cbx orthologs Cbx4, Cbx6, Cbx7, and Cbx8 are
capable of binding RNA in vitro (Bernstein et al., 2006), in line with the previously observed
ability of chromodomains to interact with RNA (Akhtar et al., 2000). The chromodomain of CBX7
is also observed to directly interact with the lncRNA ANRIL in vivo to coordinate silencing of the
INK4b/ARF/INK4a locus in cis (Yap et al., 2010). The RING1B subunit of PRC1 was shown to
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associate with Xist RNA in vivo using a method to enrich proteins bound to an RNA of interest
with UV crosslinking, suggesting an ability of RING1B to directly interact with RNA (Minajigi et
al., 2015). The sub-stoichiometric PRC1-associated factor SCML2A can also bind RNA in vitro
with some degree of specificity, and loss of the RNA-binding region of SCML2A impairs its
association with chromatin. Interestingly, loss of the SCML2A RNA-binding region leads to
diffuse nuclear staining, in contrast to the punctate foci formed by wild-type SCML2A (Bonasio
et al., 2014), similar to the behavior shown for RNA-binding deficient SOP-2 (Zhang et al.,
2004). While these studies generally indicate non-specific interactions between PRC1 subunits
and RNA, the specificity of PRC1 binding to an RNA substrate may be altered by posttranslational modification. Methylation of CBX4 is proposed to modulate its ability to interact with
specific RNAs in vitro, as shown for the lncRNAs TUG1 and MALAT1 (Yang et al., 2011).
However, further work is needed to define the effects of CBX4 methylation on binding to a more
diverse complement of RNAs.
The interactions observed between PRC1 subunits and RNA prompted additional
investigation of the ability of PRC2 to bind RNA. Inspired by the observed transcriptional activity
of PREs at the Drosophila HOX gene clusters, transcriptional profiling of the human HOX gene
clusters led to the identification of HOTAIR, a lncRNA transcribed from the HOXC locus and
suggested to regulate HOXD repression in trans. HOTAIR was shown to associate with SUZ12
through RNA immunoprecipitation (Rinn et al., 2007). While the ability of HOTAIR to regulate
gene repression in trans remains contentious (discussed below), the observed binding of
HOTAIR to PRC2 prompted large-scale efforts to identify additional RNA targets of PRC2.
Shortly after identification of HOTAIR, PRC2 was also shown to bind RepA, a short lncRNA
transcribed from the Xist locus (Zhao et al., 2008), as well as the lncRNA Kcnq1ot1, an
imprinted RNA involved in silencing of numerous genes in a 1 Mb region (Pandey et al., 2008).
In addition to being bound by PRC2 complex in vitro, RepA RNA was bound by the Ezh2
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subunit of PRC2, indicating that both it and SUZ12 are core PRC2 components with an ability to
bind RNA (Zhao et al., 2008). Subsequent studies have shown that PRC2 associates with a vast
repertoire of RNAs (Kanhere et al., 2010; Khalil et al., 2009; Zhao et al., 2010), raising the
hypothesis that a broad class of lncRNAs can regulate PRC2 function at the loci from which they
are expressed. However, careful analysis of binding of PRC2 to RNA indicates promiscuous
binding of EZH2 to many RNAs in vitro, including non-physiological RNA targets such as
bacterial RNAs (Davidovich et al., 2013). These observations have prompted further
investigation into factors or genomic contexts that might contribute to physiologically relevant
interactions between PRC2 and RNA.
Despite binding to a large number of RNAs, PRC2 appears to have sequence preference
for guanine-rich RNAs, reduced preference for cytosine- and uracil-rich RNAs, and minimal
association with adenine-rich RNA (Wang et al., 2017). PRC2 may also have structural
preferences, as many RNAs shown to bind to PRC2 are predicted to form tandem stem loops,
like RepA (Zhao et al., 2008) and many PRC2-bound promoter-associated RNAs (Kanhere et
al., 2010). The preference for guanine-rich RNA may also indicate a preference for RNAs
forming G-quadruplex structures (Wang et al., 2017). Additionally, binding of Ezh2 to RNA may
be modulated by post-translation modification. CDK1 phosphorylates Ezh2 at threonine residue
345 during late G2/M phase, and a phosphomimetic substitution at threonine 345 increases its
ability to bind to Hotair RNA in vitro and in vivo (Kaneko et al., 2010). Regulation of PRC2-RNA
interactions also involves accessory proteins that can bind RNA, including JARID2, which has
been suggested to modulate the preference of PRC2 for particular RNA substrates and promote
PRC2 recruitment in an RNA-binding region dependent manner (Kaneko et al., 2014a).
Given the generally non-specific binding preferences shown by PRC1 and PRC2, it is
clear that any proposed interaction between PcG proteins and RNA requires further validation to
discern the regulatory effect of the interaction. In the next sections, I will review proposed
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regulatory roles for RNA in altering the activity of PcG complexes, as well as the ability of
lncRNAs to direct localization of PcG complexes to specific loci.

RNA regulates the activity of Polycomb group proteins
Beyond simply binding to PRC1 and PRC2 subunits, RNA can regulate the enzymatic
activity and stability of these complexes. With respect to PRC2 function, the presence of RNA
inhibits in vitro PRC2 histone methyltransferase activity (Cifuentes-Rojas et al., 2014; Herzog et
al., 2014; Kaneko et al., 2014b). This inhibition was more apparent for polyG RNA compared to
polyA RNA (Kaneko et al., 2014b), in line with the stronger binding affinity observed between
PRC2 and G-rich RNAs relative to RNAs enriched for other nucleobases (Wang et al., 2017).
Given the observed binding of PRC2 to nascent RNAs (Davidovich et al., 2013; Kaneko et al.,
2013; Kanhere et al., 2010), inhibition of PRC2 activity by RNA could provide a mechanism to
prevent deposition of H3K27me3 at actively expressed loci. Consistent with this hypothesis,
truncation of a nascent RNA shown to bind EZH2, Ntn1, led to increased H3K27me3 at the Ntn1
promoter, suggesting loss of nascent RNA-mediated PRC2 inhibition (Kaneko et al., 2014b).
The inhibition of PRC2 methyltransferase activity is proposed to occur through competition
between RNA and nucleosome binding to PRC2 (Beltran et al., 2016). Increasing amounts of
RNA can compete with nucleosomes for binding to PRC2 in vitro, and treatment of mouse ESCs
with RNase A (Beltran et al., 2016) or with transcriptional inhibitors (Riising et al., 2014)
increases binding of PRC2 subunits to chromatin. While these data may be at odds with models
describing the ability of lncRNAs to interact with PRC2 to recruit it to specific loci for stable
repression, the genomic context of the site of recruitment could be key to the outcome of PRC2
binding. The presence of activators and ongoing transcription may help negate the ability of PcG
proteins to establish stable repression, as suggested for EZH2-bound nascent RNAs and
Drosophila PREs. Alternatively, RNA-dependent recruitment of PRC2 to a poorly expressed
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locus may help facilitate eventual stable silencing, as proposed for the lncRNA COLDAIR in
establishing stable FLC silencing.
Relative to the effects of RNA on PRC2 enzymatic activity, the ability of RNA to directly
influence the ubiquitylation activity of PRC1 is less clear. In one case, depletion of the human
lncRNA FAL1 was shown to reduce global levels of histone H2AK119ub and lead to
upregulation of a large number of genes, consistent with a role for this lncRNA in regulating
PRC1 enzymatic function (Hu et al., 2014). However, shRNA-mediated depletion of FAL1 led to
reduced stability of BMI1 protein, a component of ubiquitylation-competent PRC1 complexes
(Gao et al., 2012). The effects of FAL1 on PRC1 activity are therefore likely an indirect
consequence of reduced BMI1 protein levels. RNA may instead be more important for regulating
the non-enzymatic functions of PRC1, as suggested by the defects in nuclear foci formation
shown by RNA-binding deficient SOP-2 and SCML2A, discussed above (Bonasio et al., 2014;
Zhang et al., 2004). Alternatively, RNA may be more critical for targeting PRC1 complexes to
specific loci, as discussed in the next section.

RNA as a targeting mechanism for Polycomb group proteins
The observation that numerous PcG proteins can bind to RNA raised the hypothesis that
RNA can serve as a mechanism to target PcG proteins to specific loci. LncRNAs have been
proposed to recruit PcG proteins in cis, impacting genes encoded on the same chromosomal
allele as the lncRNA locus, or in trans, affecting expression of genes encoded on a different
chromosome. One of the most well studied examples of lncRNA-dependent recruitment of PcG
proteins in cis is the regulation of mammalian dosage compensation. In contrast to Drosophila,
which accomplishes dosage compensation through upregulation of X-linked genes in males,
placental mammals inactivate an X chromosome in females to balance X-linked gene
expression. This model for dosage compensation was supported by early microscopy studies of
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female cells showing a single condensed X chromosome hypothesized to be inactivated (Lyon,
1961; Ohno et al., 1959). Searches for factors contributing to formation of the inactive X led to
the identification of Xist, a lncRNA expressed from the inactive X chromosome (Borsani et al.,
1991; Brockdorff et al., 1991; Brown et al., 1991). The Xist RNA localizes exclusively to the
nucleus and coats the inactive X chromosome (Brockdorff et al., 1992; Brown et al., 1992).
Subsequent genetic ablation of Xist confirmed the requirement of Xist for X inactivation and that
intact Xist was required in cis to promote inactivation (Penny et al., 1996).
While Xist was shown to be necessary for X inactivation, it was unclear what factors
coordinated with Xist to silence the X chromosome, as well as which specific portions of the Xist
transcript were required for silencing. Through analysis of a transgenic Xist deletion series, it
was shown that the 5’ Repeat A region was required for the silencing function of Xist, but not its
ability to spread in cis along the X chromosome, which was regulated by numerous other
regions in the transcript (Wutz et al., 2002). A potential molecular explanation for the silencing
function of Xist arose from the observation that the inactive X was decorated with subunits of
PRC2, and expression of Xist was sufficient to induce H3K27me3 at the inactive X (Plath et al.,
2003; Silva et al., 2003). However, this recruitment did not appear to require the Repeat A
region. These observations conflict with subsequent studies showing direct interaction between
EZH2 and Repeat A (Zhao et al., 2008). It is worth noting that while Xist lacking Repeat A can
still target PRC2 to the inactive X, this recruitment is reduced relative to wild type Xist in
undifferentiated ESCs (Kohlmaier et al., 2004). Xist is also required for localization of PRC1
subunits to the inactive X (de Napoles et al., 2004). The localization of canonical PRC1 subunits
such as Ph to the inactive X is dependent on PRC2 activity, whereas Ring1b and H2AK119ub
can decorate the inactive X in mouse lines lacking Eed (Schoeftner et al., 2006). Consistent with
a requirement for Xist RNA for localization of PRC1 to the inactive X, treatment of cells with
RNase leads to depletion of Cbx7 on the inactive X chromosome (Bernstein et al., 2006).
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Subsequent work has suggested that initial Xist-mediated targeting of PRC1 and PRC2 requires
the activity of non-canonical PRC1 complexes containing PCGF3 and PCGF5, and is dependent
on a portion of Xist containing the F, B, and C repeats (Almeida et al., 2017). The ability of Xist
to direct gene silencing may also involve the activity of other chromatin modifying complexes, as
suggested by the identification of SHARP/SPEN as a direct interactor with Xist. This protein
promotes histone deacetylation on the X chromosome, facilitating Xist-dependent gene
silencing, and requires Repeat A for association with Xist (Chu et al., 2015; McHugh et al.,
2015).
To better understand how Xist spreads in cis along the X chromosome, two studies
mapped the genomic targets of Xist RNA using biotinylated oligonucleotides to isolate Xist and
associated genomic loci (Engreitz et al., 2013; Simon et al., 2013). At the onset of X inactivation,
Xist initially targets gene-dense regions, and subsequently spreads from these discrete loci
(Simon et al., 2013). Notably, the localization of Xist strongly correlates with PRC2 localization,
suggesting that Xist and PRC2 jointly target these regions. In a non-mutually exclusive model
explaining early Xist localization, Xist targeting correlated with the spatial proximity of X
chromosomal sites to the Xist locus (Engreitz et al., 2013). Thus, the conformation of X
chromosome dictates the spread of Xist, which radiates from its site of transcription to target a
subset of loci early in X inactivation. The ability of lncRNAs such as Xist to target spatially
proximal loci is a useful model to explain the regulatory effects of lncRNAs on nearby genomic
loci (Engreitz et al., 2016).
In contrast to the defined examples of PcG protein recruitment by lncRNAs in cis, few
examples of lncRNA-mediated recruitment of PcG proteins in trans have been identified. These
trans sites could potentially be targeted through proximity to the lncRNA locus, similar to the
model suggested to explain initial cis targeting of Xist (Engreitz et al., 2013). Identification of
HOTAIR first suggested that lncRNA-mediated PcG protein silencing could occur in trans (Rinn
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et al., 2007). HOTAIR is transcribed from the HOXC locus; however, HOTAIR knockdown leads
to upregulation of genes in the HOXD locus on a separate chromosome, in addition to loss of
H3K27me3 and SUZ12 occupancy. The ability of HOTAIR to operate in trans remains a
contentious issue. In contrast to these observed effects in human cell lines, murine Hotair
knockouts show no impact on HoxD gene expression and establishment of H3K27me3
(Amândio et al., 2016; Schorderet and Duboule, 2011), suggesting either human-specific roles
for HOTAIR, unaccounted off-target effects of HOTAIR knockdown in human cell lines, or the
presence of other factors that can compensate for loss of Hotair in a mouse knockout. In light of
this conflicting evidence, a clearer role for lncRNA exists in mediating recruitment of PcG
proteins in cis.

Conclusion
LncRNAs interface with chromatin in a variety of ways to act as effectors of gene
expression. Their regulatory effects can range from impacting an overlapping locus to
orchestrating repression of entire chromosomes. A key part of understanding the regulatory
roles of lncRNAs is identifying the loci that are targeted by the RNA for regulation. Moreover, it
is important to understand the factors contributing to the localization of lncRNAs to specific loci,
such as transcriptional activity or spatial proximity. In this dissertation, I explore the genomic
contacts made by lncRNAs and loci that encode them. In chapter 2, I make use of genomic
mapping technologies to identify loci bound by the nuclear body components NEAT1 and
MALAT1. In chapter 3, I explore the role of a low abundance lncRNA, CAT7, in regulating PRC1
function at specific loci during differentiation. Overall, these studies suggest a role for lncRNAs
in organizing local hubs of coordinately expressed genes to regulate their activation or
repression.
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Chapter 2
The long noncoding RNAs NEAT1 and MALAT1 bind active chromatin sites

This chapter is reproduced from “The long noncoding RNAs NEAT1 and MALAT1 bind active
chromatin sites,” Molecular Cell. 2014 September 4; 55(5): 791-802. It has been modified to fit
the formatting guidelines of this dissertation and is used with permission from Elsevier.

Supplemental data for this chapter is found in Appendix B.
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Summary
Mechanistic roles for many lncRNAs are poorly understood in part because their direct
interactions with genomic loci and proteins are difficult to assess. Using a method to purify
endogenous RNAs and their associated factors, we mapped the genomic binding sites for two
highly expressed human lncRNAs, NEAT1 and MALAT1. We show that NEAT1 and MALAT1
localize to hundreds of genomic sites in human cells, primarily over active genes. NEAT1 and
MALAT1 exhibit colocalization to many of these loci, but display distinct gene body binding
patterns at these sites, suggesting independent but complementary functions for these RNAs.
We also identified numerous proteins enriched by both lncRNAs, supporting complementary
binding and function, in addition to unique associated proteins. Transcriptional inhibition or
stimulation alters localization of NEAT1 on active chromatin sites, implying that underlying DNA
sequence does not target NEAT1 to chromatin and that localization responds to cues involved in
the transcription process.

Introduction
Noncoding RNAs (ncRNAs) are critical to multiple cellular processes including the
modulation of chromatin structure (Mattick, 2007). In addition to small regulatory RNAs and
structural RNAs (reviewed in (Sabin et al., 2013; Wan et al., 2011)), long ncRNAs (lncRNAs)
exert regulatory control on gene function through interaction with chromatin-associated proteins
(reviewed in (Brockdorff, 2013; Mercer et al., 2009)). Examples of such RNAs include XIST,
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which mediates X-chromosome inactivation and interacts with Polycomb repressive complex 2
(PRC2) (Zhao et al., 2008), and HOTAIR, which acts as a scaffold for several chromatin
modifying complexes (Tsai et al., 2010).
Recent efforts have annotated over 10,000 human lncRNAs (Derrien et al., 2012;
Engstrom et al., 2006), with a majority of transcripts remaining functionally uncharacterized.
Recently developed technologies, including Capture Hybridization Analysis of RNA Targets
(CHART) (Simon et al., 2011), Chromatin Isolation by RNA Purification (ChIRP) (Chu et al.,
2011), and RNA Affinity Purification (RAP) (Engreitz et al., 2013), allow mechanistic insights into
lncRNA function by identifying putative trans genomic binding sites for endogenous RNAs.
These procedures use biotinylated capture oligonucleotides (COs) that hybridize to an RNA of
interest to isolate RNA-associated DNA or proteins. Determining the genomic binding of
lncRNAs as well as the proteins associated with a given lncRNA using these techniques
provides important information about lncRNA function. Cataloguing genomic binding sites can
determine whether localization is genic and in cis versus trans as well as correlate lncRNA
binding with sequence motifs and other known regulatory elements. RNA binding on chromatin
may be targeted via direct interaction with nucleic acids or via specific protein binding partners.
Thus, identifying proteins that interact with a given lncRNA can identify factors that might confer
function and/or localization. We previously employed CHART to characterize the genomic
binding sites for the roX2 RNA in Drosophila S2 cells and for the Xist lncRNA during Xchromosome inactivation in mouse cells (Simon et al., 2011; Simon et al., 2013).
In this study, we apply CHART to the human lncRNAs NEAT1 (nuclear enriched
abundant transcript 1) and MALAT1 (metastasis-associated lung adenocarcinoma transcript 1).
NEAT1 and MALAT1 encode ~3.7 knt and ~8 knt single-exon lncRNAs that are conserved at
least across placental and therian mammals, respectively (Hutchinson et al., 2007; Ulitsky et al.,
2011). An additional 21.7 knt NEAT1 transcript (NEAT1_v2) has also been described. This
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isoform is transcribed from the same promoter, also localizes to paraspeckles, and may play a
dominant role in NEAT1 function (Nakagawa et al., 2011; Sasaki et al., 2009; Sunwoo et al.,
2009). While the NEAT1 and MALAT1 loci are adjacent to one another in the genome
(approximately 53 kb between the 3’ end of NEAT1_v2 and the transcription start site of
MALAT1 on chromosome 11), the RNAs appear to localize to distinct nuclear subdomains.
MALAT1 localizes to nuclear speckles, which are nuclear bodies enriched for serine and
arginine-rich (SR) splicing factors (Hutchinson et al., 2007). NEAT1 is required for the formation
of paraspeckles (Clemson et al., 2009; Sasaki et al.; Sunwoo et al., 2009), which are nuclear
bodies named for their close proximity to nuclear speckles (Fox et al., 2002). Paraspeckles are
comprised of NEAT1 RNA and multiple proteins including many RNA splicing factors, and have
been implicated in sequestering RNAs that respond to cellular stress (Naganuma et al., 2012).
Nonetheless, paraspeckles appear to perform nonessential or redundant functions in mice
(Nakagawa et al., 2011). While the localization of NEAT1 and MALAT1 has been explored at the
scale of nuclear domains, it remains to be determined whether these RNAs interact with
chromatin at specific sites within the nucleus.
Here, we identify the genomic binding sites for the human NEAT1 and MALAT1 lncRNAs
in human cell lines using CHART-seq. We identify hundreds of trans sites for both NEAT1 and
MALAT1 that almost entirely overlap active gene regions. Both RNA/DNA co-FISH and ChIPseq of the paraspeckle component PSF support the identification of these trans sites. We also
introduce the use of proteomics with CHART-enriched material (CHART-MS) to identify proteins
that associate with NEAT1 and MALAT1 in vivo, identifying previously known and unknown
proteins that associate with NEAT1 and MALAT1. We find that NEAT1 and MALAT1 lncRNAs
co-enrich a number of trans genomic binding sites and protein factors, suggesting potential
redundancy or cooperation between these two lncRNAs in regulating nuclear organization
around nuclear bodies. These two lncRNAs display interesting differences, however. NEAT1
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localizes to transcriptional start sites (TSS) and transcriptional termination sites (TTS), whereas
MALAT1 primarily localizes across gene bodies and near the TTS, suggesting independent but
complementary roles for these RNAs at co-bound sites. NEAT1 localization responds
significantly to changes in transcription, indicating a contact with some component of the
transcription process. CHART shows that these two lncRNAs interact with proteins resident in
nuclear bodies and uniquely target active genic sequences, raising the possibility that NEAT1
and MALAT1 link active genes to nuclear subdomains.

Results
CHART enriches endogenous NEAT1 and MALAT1 RNA
We previously applied COs to study DNA-protein interactions at human telomeres
(Déjardin and Kingston, 2009) and to determine the genomic binding sites of the Drosophila
roX2 and the mouse Xist lncRNA (Simon et al., 2011; Simon et al., 2013). To identify genomic
binding sites for the human lncRNAs NEAT1 and MALAT1 via CHART, we first designed DNAbased COs with a 3’ linker and biotin tag to directly hybridize endogenous RNA transcripts and
facilitate RNA purification with its associated factors (both nucleic acids and proteins). To
identify accessible RNA regions, we employed an RNase H mapping strategy across the
MALAT1 and NEAT1 transcripts isolated from cross-linked nuclear extracts of the human breast
adenocarcinoma cell line MCF-7. We combined this accessibility information with other criteria
including sequence specificity and base content/melting temperatures to design COs. We
previously identified COs for NEAT1 and MALAT1 CHART, yet each condition required multiple
COs (Simon et al., 2011). Here, we identify two independent COs targeting either NEAT1 or
MALAT1. Each of these four COs generated enrichment levels between 1-10% of total input for
RNA (Figure 2.1A, C), similar to CHART RNA enrichment observed for Xist in murine cells
(Simon et al., 2013).
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Figure 2.1: CHART enriches the lncRNAs NEAT1 and MALAT1. (A and B) NEAT1 CHART
enrichment of NEAT1 and MALAT1 RNA (panel A) and DNA (panel B) assessed by qPCR from
MCF-7 cells. n=3 (C and D) MALAT1 CHART enrichment of NEAT1 and MALAT1 RNA (panel
C) and DNA (panel D) assessed by qPCR from MCF-7 cells. n=3 (E) CHART-seq of DNA and
PSF ChIP-seq over chromosome 11. Peaks extending beyond the y-axis are depicted with
hatch marks and annotated with the actual peak height. (F) Co-enrichment of NEAT1 and
MALAT1 RNA and PSF at the NEAT1 and MALAT1 genomic loci. All error bars in A-D represent
s.e.m.
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Figure 2.1 (Continued).
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We determined whether DNA associated with NEAT1 and MALAT1 RNA could be
enriched using single COs in the CHART protocol. DNA-enrichment was first measured at the
gene loci for NEAT1 and MALAT1, as the site of transcription should be captured from crosslinked chromatin extracts via CHART (Simon et al., 2011). Between 0.1 to 1% of input for the
genomic site of transcription was consistently enriched for NEAT1 or MALAT CHART (Figure
2.1B, D). Importantly, CHART-based DNA enrichment is RNA-mediated, as the use of sense
COs (which cannot directly target the RNA but have sequence identity to the DNA locus)
eliminates this signal.
To our surprise, we noticed robust RNA and DNA enrichment of MALAT1 from NEAT1
CHART, and vice versa (MALAT1 CHART enriches for NEAT1 RNA and DNA) (Figure 2.1A-D).
This reciprocal localization is consistent with previous reports suggesting potential co-regulation
of the NEAT1 and MALAT1 gene loci, including Malat1 knockout mice that demonstrate
changes in Neat1 expression (Nakagawa et al., 2012; Zhang et al., 2012).

CHART-seq identifies trans genomic binding sites for NEAT1 and MALAT1
We used the COs characterized above to perform genome-wide mapping of NEAT1 and
MALAT 1 trans binding sites using CHART-seq. We generated approximately 25-40 million
mapped paired-end reads for each of two independent CO conditions for both NEAT1 and
MALAT1. Two independent CO conditions enabled stronger trans site identification by reducing
sequence-based off-target hybridization events from influencing downstream analysis (Chu et
al., 2011). The two independent COs used for NEAT1 and MALAT1 generated similar CHARTseq results, exhibited by a strong Pearson correlation between the two CO conditions (r = 0.753
between NEAT1 CO1 and CO2; r = 0.756 between MALAT1 CO1 and CO2). The NEAT1 and
MALAT1 RNAs bound at numerous sites along chromosome 11 (Figure 2.1E), including
significant enrichment of their genomic site of transcription (Figure 2.1F, note change in y-axis
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Figure 2.2: NEAT1 and MALAT1 localize to actively transcribed genomic loci. (A) Venn
diagram depicting number of NEAT1-specific, MALAT1-specific, and co-enriched CHART-seq
sites. (B) Overlap between gene bodies and CHART-seq binding sites. (C and D) Probability
density distributions of expression levels (RPKM; reads per kb per million) of genes overlapping
MALAT1 peaks (panel C), NEAT1 peaks (panel D), or both (panels C and D). (E-G) Probability
density distributions of input-normalized coverage density for H3K4me3 (panel E), H3K36me3
(panel F), and H3K27me3 (panel G) over a 500 bp window around NEAT1 and MALAT1 peak
maxima. Dotted lines in panels E-G clarify separation between peak maxima that are enriched
(coverage density > 1) or depleted (coverage density < 1) for a particular modification. (H)
Probability density distributions of NEAT1 and MALAT1 peak maxima positions along lengthnormalized gene bodies. (I) CHART-seq enrichment of NEAT1 and MALAT1 and ChIP-seq
enrichment of PSF at the SAP18 genomic locus.
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Figure 2.2 (Continued).
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scale). These results confirmed that NEAT1 CHART enriches the MALAT1 genomic locus, and
reciprocally, MALAT1 CHART enriched the NEAT1 genomic locus. We note that these RNAs
possess little sequence identity, the DNA region between these two gene loci was not
significantly enriched, nor was enrichment observed at other nearby genes, including genes that
produce highly expressed transcripts (Figure 2.1F), leading us to conclude that enrichment is
specific.
To identify putative trans binding sites for NEAT1 and MALAT1 we analyzed sites of
enrichment seen with both COs. We combined SPP-based (Kharchenko et al., 2008) and
MACS-based (Zhang et al., 2008) peak calling approaches to identify 1251 putative NEAT1
binding sites and 670 MALAT1 binding sites (Figure 2.2A). Broad regions of enrichment
detected in our CHART-seq data had an average size of approximately 10 kb (see Appendix B,
Figure B.1). DNA motif analysis using MEME does not support direct RNA-DNA hybridization at
these trans sites as motifs identified within the CHART-enriched material lack sequence identity
to the NEAT1 and MALAT1 transcript (see Appendix B, Figure B.2).
Previously, it was suggested that paraspeckles do not interact with chromatin, as
paraspeckles localized to DAPI-depleted subnuclear domains (Fox et al., 2002). However,
NEAT1 has recently been linked to transcriptional regulation (Hirose et al., 2014; Imamura et al.,
2014). Remarkably, the CHART-seq data revealed that NEAT1 and MALAT1 enriched regions
almost entirely overlap gene bodies (Figure 2.2B), suggesting specificity in the CHART-seq
signal and organizational coupling of nuclear speckles and paraspeckles to active genes. Trans
sites identified by CHART-seq for NEAT1 and MALAT1 conservatively identified 314 sites of coenrichment (Figure 2.2A).
To characterize NEAT1 and MALAT1 interacting loci, we compared binding sites to
previously reported datasets, including gene annotations, gene expression levels, and covalent
histone marks (Consortium, 2004). We found that the sites of enrichment for NEAT1 and
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MALAT1 were associated with expressed genes (Figure 2.2C, D). Interestingly, while the
putative binding sites of NEAT1 and MALAT1 were significantly comprised of expressed genes,
they did not show bias towards only the most abundant transcripts in MCF-7 cells, and a small
proportion of genes overlapping NEAT1 and MALAT1 were not expressed (RPKM = 0, Figure
2.2C, D).
Consistent with localization over transcribed genes, NEAT1 and MALAT1 peaks were
enriched for covalent histone modifications associated with euchromatin and active genes,
including H3K4me3 (note NEAT1 enrichment, Figure 2.2E) and H3K36me3 (note MALAT1
enrichment, Figure 2.2F), but not H3K27me3, a marker of transcriptionally silent genes (Figure
2.2G). Interestingly, two populations of NEAT1 peak maxima were observed: one depleted of
H3K4me3 and one enriched for this modification (Figure 2.2E). This dual population arose due
to localization of NEAT1 at either the TSS or TTS, as NEAT1 peaks within 500 bp of a TSS were
enriched for H3K4me3 and peaks located farther than 500 bp from a TSS were depleted for this
mark (see Appendix B, Figure B.2). We observed MALAT1 peaks highly enriched for
H3K36me3, which is associated with gene bodies, while MALAT1 peaks were not strongly
enriched for the TSS-associated H3K4me3. We conclude that while NEAT1 and MALAT1 are
enriched at many of the same genes, they have different sublocalizations at many of these
sites. Indeed, metagene profiles as well as analysis of regions with maximal NEAT1 binding
showed enrichment over both the TSS and the TTS of genes, while MALAT1 binding maxima
were depleted at the TSS and enriched over the gene body and the TTS (Figure 2.2H), as
exemplified by the SAP18 locus (Figure 2.2I). NEAT1 and MALAT1 showed increased density at
those genes co-enriched by both RNAs, as well as at transcriptionally active genes, while still
maintaining distinct gene body binding patterns (see Appendix B, Figure B.2). Taken together,
these analyses indicate that NEAT1 and MALAT1 bind to specific euchromatic, actively
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Figure 2.3: NEAT1 and MALAT1 localize to genomic sites in trans. (A) NEAT1 and MALAT1
DNA CHART-seq and PSF ChIP-seq over chromosome 17. The HEXIM1 locus is boxed. (B-D)
DNA CHART-seq and PSF ChIP-seq depicting the NEAT1-specific target SP3 (panel B),
colocalization of NEAT1 and MALAT1 RNA at the HEXIM1 locus (panel C), and the MALAT1specific target CALR/RAD23A (panel D). (E and F) qPCR validation of trans sites enriched by
NEAT1 (panel E) and MALAT1 (panel F) DNA CHART in MCF-7 cells. Error bars represent
s.e.m. n=3.
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transcribed regions, and the unique binding characteristics at regions co-bound by NEAT1 and
MALAT1 suggest distinct roles for these RNAs.
NEAT1 and MALAT1 binding sites are distributed throughout the genome (see Appendix
B, Figure B.3A), as seen for a representative autosome, chromosome 17, showing NEAT1 and
MALAT1 binding across the chromosome (Figure 2.3A). Specific examples of trans genomic
binding sites include a NEAT1-specific target SP3 (chromosome 2, Figure 2.3B), a NEAT1 and
MALAT1 co-enriched locus HEXIM1 (chromosome 17, Figure 2.3C), and the MALAT1-specific
CALR and RAD23A loci (chromosome 19, Figure 2.3D). Localization of NEAT1 and MALAT1 to
selected trans genomic binding sites was confirmed by qPCR on CHART-enriched DNA (Figure
2.3E, F) and RNA (see Appendix B, Figure B.3B-C).

Molecular confirmation of NEAT1 binding sites
We used several approaches to confirm that NEAT1 associates with specific gene loci.
We used FISH to image NEAT1 RNA and putative trans genomic sites and inspected cells for
overlap in NEAT1 RNA and candidate DNA signal. We focused these efforts on karyotypicallynormal BJ foreskin fibroblasts to avoid confounding results due to aneuploidy in MCF-7 cells.
CHART qPCR of a set of candidate gene loci in BJ foreskin fibroblasts suggest that these cells
possess similar NEAT1 and MALAT1 binding sites as those identified in MCF-7 (see Appendix
B, Figure B.4A-D). RNA FISH in BJ cells confirmed the punctate, nuclear localization of NEAT1
RNA (Figure 2.4A). We performed RNA/DNA co-FISH and observed a strong correlation (p <
0.05; chi-squared test) between NEAT1 RNA and the MALAT1 genomic locus compared to a
gene-poor region on chromosome 5 showing minimal NEAT1 localization in CHART-seq (see
Appendix B, Figure B.4E), with roughly 90% of MALAT1 DNA loci colocalizing with NEAT1 RNA
(Figure 2.4A and 2.4B). This result supports NEAT1 RNA binding at the MALAT1 genomic
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Figure 2.4: Validation of NEAT1 trans site localization by RNA/DNA co-FISH. (A)
Representative images of NEAT1 RNA colocalization with MALAT1 and MAPK15 DNA, but not
a gene-poor region, determined by RNA/DNA co-FISH. (B and C) Quantification of NEAT1 RNA
colocalization with the MALAT1 locus (panel B) and each allele for trans genomic loci (panel C).
“n” indicates number of DNA loci analyzed. Asterisks indicate a significant (p < 0.05) increase in
NEAT1 colocalization with the particular DNA locus compared to the gene-poor region,
determined by a chi-squared test.
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Figure 2.4 (Continued).
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locus, however, these results may be due to the relatively low resolution of RNA/DNA co-FISH
imaging, as NEAT1 is transcribed approximately 53 kb away from MALAT1.
To validate putative trans site binding of NEAT1, we tested for NEAT1 RNA
colocalization using RNA/DNA co-FISH with several trans genomic sites that were highly
enriched via CHART. We examined five genes with positive association with NEAT1, such as
the MAPK15 locus (Figure 2.4A; see Appendix B, Figure B.4), RPS17 -- a highly expressed
gene with low NEAT1 localization as measured by CHART-seq (see Appendix B, Figure B.4),
and a gene-poor region. We found a statistically significant (p < 0.05, chi-squared test) increase
in NEAT1 colocalization with four of the five sites compared to the gene-poor region (Figure
2.4C). The RPS17 locus also showed putative colocalization with NEAT1, despite low NEAT1
CHART-seq coverage density. This may reflect insufficient sequencing depth in our CHART-seq
experiment or technical limits with interpretation of FISH, as RNA/DNA co-FISH has limited
resolution. Here it is further limited by the high number of paraspeckles per cell, which increases
the possibility of random overlap of RNA/DNA signal, and the lack of information on the dwell
time of lncRNAs at any specific chromatin site (Clark et al., 2012; Mao et al., 2011). Thus, while
RNA/DNA co-FISH supported the mapping of NEAT1 binding sites as determined by CHART,
this analysis was not conclusive.
As another means of validation, we compared the genomic localization of NEAT1 to the
binding sites of a protein known to interact with NEAT1 using ChIP-seq. We chose to examine
PSF (Polypyrimidine-tract-binding protein-associated splicing factor), a paraspeckle component
that associates with NEAT1 (Sasaki et al., 2009). Consistent with our CHART results, PSF
localized to both the NEAT1 and MALAT1 gene loci (Figure 2.1F) and multiple NEAT1 and
MALAT1 trans sites (Figure 2.3B-D; see Appendix B, Figure B.5A-B). PSF binding was
observed at the TSSs of transcribed genes, while inactive genes lacked robust PSF signal
(Figure 2.5A). PSF was enriched most strongly at sites where NEAT1 was bound either alone or
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Figure 2.5: NEAT1 and MALAT1 colocalize with the paraspeckle component, PSF. (A)
Metagene profile of PSF ChIP-seq density over active (RPKM > 1) and inactive (RPKM <= 1)
genes. (B) PSF ChIP-seq coverage centered over NEAT1-specific and MALAT1-specific peak
maxima (“Unique”) and maxima of NEAT1 and MALAT1 peaks that overlap with MALAT1 and
NEAT1 binding sites, respectively (“Shared”).
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in combination with MALAT1, whereas a weaker enrichment of PSF was seen at MALAT1specific binding sites (Figure 2.5B; note that the location of MALAT1 and NEAT1 peaks differ
within ‘shared’ sites so PSF overlap with those maxima are distinct.).
To determine the correlation between PSF and lncRNA density over NEAT1 and
MALAT1 peaks, we plotted CHART-seq and associated PSF ChIP-seq coverage density for
each NEAT1 and MALAT1 peak. We obtained a positive correlation between binding of NEAT1
and PSF at sites where NEAT1 alone was bound (see Appendix B, Figure B.5C, Pearson’s r =
0.49). As expected from the previous observations that PSF marks paraspeckles (Mao et al.,
2011; Naganuma et al., 2012; Sasaki et al., 2009), we observed little correlation between PSF
and MALAT1 binding over regions where MALAT1 was solely bound (see Appendix B, Figure
B.5D, Pearson’s r = 0.24). However, a substantial increase in correlation with PSF binding was
seen when considering only the NEAT1 peaks that overlap with MALAT1 binding sites (see
Appendix B, Figure B.5D, Pearson’s r = 0.40), and similarly, the MALAT1 peaks that intersect
with NEAT1 binding sites (see Appendix B, Figure B.5C, Pearson’s r = 0.51). Similar
correlations at shared sites were observed when comparing PSF density with either MALAT1 or
NEAT1 density over NEAT1 or MALAT1 peaks, respectively (see Appendix B, Figure B.5E, F).
We conclude from these data that NEAT1, MALAT1, and PSF co-occupy many sites in the
genome (Mao et al., 2011; Naganuma et al., 2012; Sasaki et al., 2009).

NEAT1 localization responds to transcription
NEAT1 and MALAT1 localized to highly expressed genes (Figure 2.2C-D), raising the
question as to whether NEAT1 and MALAT1 are responsive to the expression level of these
target genes or whether they localize to their targets regardless of transcriptional status. To
address this issue, we determined the effects of transcriptional inhibition or stimulation on
NEAT1 and MALAT1 localization.
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Figure 2.6: NEAT1 localization is responsive to changes in transcription. (A and B) NEAT1
DNA CHART-seq over the RPS24 locus (panel A) and KMT2E locus (panel B) in cells treated
with DMSO (“Vehicle”) or flavopiridol. (C-D) Probability density distributions of NEAT1 CO1
(panel C) or MALAT1 CO1 (panel D) peak midpoint positions along nearby length-normalized
gene bodies in vehicle or flavopiridol treated MCF-7 cells. (E) NEAT1 DNA CHART-seq over the
estrogen receptor-regulated gene GREB1 in cells treated with ethanol (“Vehicle”) or 17βestradiol (“E2”). (F) Table describing number of CHART-seq peaks identified upon vehicle
treatment and E2 treatment. (G-H) Scatterplots of transcript abundance in cells treated with
vehicle or E2, as measured by GRO-seq (see Experimental Procedures), for genes nearby
vehicle-specific (black) or E2-specific (red) CHART-seq peaks for NEAT1 CO1 (panel G) or
MALAT1 CO1 (panel H). Indicated p-values are calculated using a Wilcoxon signed rank test.
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Figure 2.6 (Continued).
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We treated cells with flavopiridol, a transcription elongation inhibitor that disrupts PTEFb-mediated phosphorylation of serine 2 on the RNA polymerase II C-terminal domain (Pol II
Ser2P) (Chao et al., 2000; Chao and Price, 2001). Cells treated with flavopiridol for 1 hour
displayed decreased levels of Pol II Ser2P compared to the vehicle control, indicating global
depletion of elongating Pol II (see Appendix B, Figure B.6A). Consistent with a reduction in
transcription elongation, we observe decreased enrichment of NEAT1 and MALAT1 RNA within
the NEAT1 and MALAT1 genomic loci and increased enrichment near the TSSs of these genes
(see Appendix B, Figure B.6B-C). We observed alterations in NEAT1 and MALAT1 localization
at trans genomic binding sites, such as the RPS24 locus, which showed a decrease in NEAT1
and MALAT1 binding after treatment with flavopiridol (Figure 2.6A; see Appendix B, Figure
B.6D). This decrease in localization was not due to a reduction in NEAT1 and MALAT1 RNA, as
steady state levels of NEAT1 and MALAT1 were not decreased upon flavopiridol treatment (see
Appendix B, Figure B.6E). In contrast, treatment with flavopiridol also led to increased
localization of NEAT1 at numerous regions, such as the promoter of the KMT2E gene (Figure
2.6B). To analyze these effects genome-wide, we identified regions enriched by NEAT1 and
MALAT1 CHART for vehicle-treated and flavopiridol-treated cells. We selected peaks found in
both biological replicates for each CO condition that were not identified in the corresponding
sense CO CHART-seq. Peaks in the vehicle-treated samples show significant overlap with our
previously defined set of high-confidence CHART-seq peaks (see Appendix B, Figure B.6F),
although they were fewer in number. We generated metagene profiles of NEAT1 and MALAT1
binding sites with respect to RefSeq annotated genes found within 3 kb of the CHART-seq
peaks (Figure 2.6C-D; see Appendix B, Figure B.6G-H). NEAT1 and MALAT1 binding sites in
vehicle-treated cells showed nearly uniform distribution across the gene body (Figure 2.6C-D).
However, upon treatment with flavopiridol, NEAT1 localizes primarily to the TSS (Figure 2.6C),
whereas MALAT1 shows a less striking change in localization (Figure 2.6D). We note that the
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NEAT1 binding profile for vehicle-treated cells does not precisely match the binding profile
obtained from high-confidence NEAT1 binding sites (Figure 2.2H). This is likely due to
differences in sample preparation and depth of coverage, as discussed in Experimental
Procedures. We conclude from these analyses that inhibition of transcription elongation leads to
a distinct change in NEAT1 localization towards transcription initiation sites.
We addressed the converse situation, whether NEAT1 and MALAT1 localization is
responsive to induction of previously repressed genes, by assessing the effects of estrogen
signaling on NEAT1 and MALAT1 localization. Through the activity of estrogen receptors α and
β (ERα and ERβ), treatment of ERα-positive cells with the ligand 17β-estradiol (E2) stimulates a
well-characterized transcriptional response (reviewed in (Cheung and Kraus, 2010)). We treated
ERα-positive MCF-7 cells with E2 for 40 minutes to stimulate widespread alterations in gene
expression (Hah et al., 2011). After stimulation, we observed increased NEAT1 localization, but
minimal increases in MALAT1 localization, at the GREB1 locus (Figure 2.6E; see Appendix B,
Figure B.6I), a previously characterized ERα target that is transcriptionally upregulated upon E2
stimulation (Ghosh et al., 2000; Lin et al., 2004). To obtain a genome-wide view of the effects of
E2 treatment on lncRNA localization, we identified regions enriched in both biological replicates
for each CO condition that were also absent in the corresponding sense control CHART-seq
(Figure 2.6F). A greater number of regions are bound by NEAT1 and MALAT1 upon E2
stimulation, and many of these regions did not overlap regions identified in vehicle treated cells
(Figure 2.6F, “E2-specific peaks”). The transcriptional status of genes found near these E2specific peaks was analyzed using previously generated global run-on sequencing (GRO-seq)
data from MCF-7 cells treated with E2 (Hah et al., 2011). E2-specific NEAT1 targets identified in
each CO condition show increased gene expression upon E2 treatment compared to vehicle
treatment as measured by GRO-seq (Figure 2.6G; see Appendix B, Figure B.6J), while MALAT1
targets showed variable responses to E2 stimulation (Figure 2.6H; see Appendix B, Figure
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B.6K). These results show that NEAT1 localizes to genes upregulated during estrogen signaling
and, together with the flavopiridol data, demonstrate that NEAT1 binding is responsive to the
transcriptional status of genomic targets.

Identification of proteins interacting with NEAT1 and MALAT1
Based upon the mapping results, we were interested in determining whether these two
RNAs might have overlapping specificity in protein binding. We adapted CHART to identify the
full complement of proteins associated with RNAs in vivo by using mass spectrometry (CHARTMS). We first optimized NEAT1 and MALAT1 CHART enrichment for specific proteins known to
associate with either paraspeckles (PSPC1 and PSF) or nuclear speckles (SRSF1) using
immunoblotting of CHART-enriched extracts (Figure 2.7A; see also (Simon et al., 2011)).
Enriched levels of these proteins were between 0.05% to 1% of the total level found in the input
and were significantly enriched compared to histone H3. CHART-mediated protein enrichment is
RNA-dependent, as sense COs fail to detectably enrich these protein factors. We next
performed CHART-MS for NEAT1 and MALAT1 (Figure 2.7B). We cross-referenced the proteins
identified through CHART-MS with 140 proteins identified through proteomic analysis of nuclear
speckles in mouse liver nuclei (Saitoh et al., 2004) and 40 paraspeckle components
characterized through a fluorescence-based screen for proteins colocalizing with PSF
(Naganuma et al., 2012). We restricted our analysis to proteins enriched at least ten-fold over
input and observed numerous known nuclear speckle and paraspeckle components associated
with MALAT1 and NEAT1 (Figure 2.7B). We observed a similar number of nuclear speckle and
paraspeckle components associated with NEAT1 and MALAT1, and many of these proteins are
associated with both RNAs (Figure 2.7C), consistent with the high degree of genomic
colocalization seen for NEAT1 and MALAT1.
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Figure 2.7: CHART enriches proteins associated with NEAT1 and MALAT1 and reveals
mechanistic insights into lncRNA function. (A) Western blot of NEAT1 and MALAT1
CHART-enriched material for the paraspeckle components PSPC1 and PSF, the nuclear
speckle component SRSF1, and a chromatin-associated protein, histone H3. (B) Table
indicating number of known nuclear speckle and paraspeckle proteins enriched ten-fold over
input for the indicated CHART conditions. (C) Venn diagram depicting overlap between proteins
associated with NEAT1 and MALAT1. (D) Western blot of NEAT1 and MALAT1 CHARTenriched material for PURA and ESRP2 protein. (E) Model of NEAT1 and MALAT1 binding to
trans genomic sites. (F) Model depicting preferential localization of NEAT1 RNA at the TSS and
TTS and MALAT1 RNA at the TTS.
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We identified several proteins not previously associated with NEAT1 or MALAT1 (see
Appendix B, Figure B.7). These include several proteins known to bind nucleic acids, such as
PURA and PURB (reviewed in (White et al., 2009)) and RBM12B. Others have known roles in
RNA processing, such as ESRP2 (Warzecha et al., 2009) and SAFB2 (Sergeant et al., 2007).
Another class of proteins enriched by CHART-MS have roles in transcriptional regulation, such
as NCOA5 (Sauvé et al., 2001). The identification of proteins involved in a variety of nuclear
processes by CHART-MS is consistent with previous studies identifying splicing factors, RNA 3’end processing factors, and transcriptional regulators localized to nuclear speckles (reviewed in
(Spector and Lamond, 2011)). We confirmed the specificity of uncharacterized protein
associations with NEAT1 and MALAT1 for two of the novel interacting proteins. Western blotting
of CHART-enriched material confirmed NEAT1 and MALAT1 enrichment of PURA and ESRP2
at levels similar to known paraspeckle and nuclear speckle proteins (Figure 2.7D). We conclude
that NEAT1 and MALAT1 interact with many overlapping proteins, although each also has
unique interactions.

Discussion
Mechanistic studies of the functions of lncRNAs have been limited by the ability to
assess direct targets for these molecules in vivo. We show here that NEAT1 and MALAT1 bind
to hundreds of active genes and that transcriptional activity has a significant influence on
NEAT1 localization. Thus, NEAT1 localization is responsive to transcriptional status, implying an
ability of NEAT1 to take locational cues from either the proteins involved in transcription or from
the newly transcribed RNA. A second finding from these studies is that NEAT1 and MALAT1 colocalize to many genes, although their binding patterns across these genes differ, with NEAT1
binding both the TSSs and TTSs of genes and MALAT1 enriching gene bodies and TTSs. The
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differential binding patterns of NEAT1 and MALAT1 over co-bound sites suggests independent
but synergistic functional roles for these RNAs on co-occupied genes (Figure 2.7E-F).
While previous work has established the nuclear localization of MALAT1 and NEAT1
within nuclear speckles and paraspeckles, respectively, it has been assumed that paraspeckles
do not significantly interact with the genome (Fox et al., 2002). Here, we show that NEAT1 and
MALAT1 indeed associate with discrete genomic locations. MALAT1 has also been shown to
interact with the Polycomb repressive complex 1 (PRC1) subunit CBX4 and may help to
modulate growth-control gene localization in the nucleus, providing supporting evidence that
MALAT1 is localized to chromatin (Yang et al., 2011). As NEAT1 and MALAT1 have relatively
short half-lives, their high turnover rates may indicate these interactions are transient, consistent
with the previously reported dynamic organization of paraspeckles (Clark et al., 2012; Mao et
al., 2011). We found that NEAT1 was re-localized with treatments that altered transcription in a
one-hour time frame, consistent with rapid and dynamic localization of this lncRNA.
We identified a significant number of gene loci co-enriched by both NEAT1 and
MALAT1. Previous work has suggested crosstalk between nuclear speckles and paraspeckles.
In addition to being frequently localized adjacent to one another in the nucleus (Fox et al.,
2002), a number of canonical paraspeckle proteins, such as PSF and p54/nrb, are also found
within nuclear speckles (Saitoh et al., 2004). Analysis of the three-dimensional chromatin
interactions in human cells supports nuclear organization that places the MALAT1 genomic
locus in close proximity to the NEAT1 locus (Jin et al., 2013). Isoforms of NEAT1 have also
been shown to localize to nuclear speckles in HeLa cells upon treatment of cells with inhibitors
of transcription elongation (Sunwoo et al., 2009). These prior studies are further supported by
our CHART-seq and CHART-MS results showing substantial overlap between nuclear speckle
and paraspeckle components associated with NEAT1 and MALAT1. Consistent with a potential
co-regulatory role between NEAT1 and MALAT1, Malat1 knockout mice show variations in
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Neat1 RNA expression depending on the cell type examined (Nakagawa et al., 2012; Zhang et
al., 2012). While functional defects in Malat1 and Neat1 knockout mice are subtle (Eißmann et
al., 2012; Nakagawa et al., 2012; Nakagawa et al., 2011; Zhang et al., 2012), double knockout
mice may reveal important and synergistic roles for these RNAs. In addition, CO design
strategies that distinguish the various isoforms of these lncRNAs may reveal mechanistic
insights for alternately processed forms of NEAT1 and MALAT1.
Some of the conclusions we have reached are based upon adapting the CHART protocol
to identify RNA associated proteins using mass spectrometry (CHART-MS). CHART-MS
represents a useful method to study lncRNAs by identifying proteins that may target lncRNAs to
chromatin or serve independent functions. Alternative methods to probe interactions between
proteins and RNAs include incubation of in vitro-transcribed RNA with nuclear extract or purified
proteins, isolation of RNA through immunoprecipitation of a specific protein (Gilbert et al., 2004;
Ule et al., 2003), and use of RNA aptamers, such as the MS2 tagging system (Zhou et al., 2002)
or streptavidin-binding RNA aptamers (Srisawat and Engelke, 2001), to purify an RNA and
associated proteins. Through CHART, we use biotinylated COs to isolate specific RNAs and
associated proteins cross-linked in vivo without altering the endogenous RNA sequence or
using cell-free extracts that might generate spurious interactions. We identified multiple proteins
known to be present in either nuclear speckles or paraspeckles and implicated several proteins
as uncharacterized components of these nuclear bodies. These data are consistent with a role
for NEAT1 and MALAT1 in nuclear organization around nuclear bodies and establish CHART as
a method to biochemically define DNA and proteins associated with lncRNAs. While NEAT1 and
MALAT1 are highly expressed and therefore biochemically tractable targets for CHART-MS,
further optimization of CHART-MS may be needed to identify proteins associated with lowabundance transcripts.
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We propose, based upon these studies, that nuclear bodies may be organized around
the genes or other genomic loci that they regulate. Previous studies have described dynamic
interactions between nuclear speckles and gene bodies, where speckles may serve as a
concentrated reservoir of splicing factors that shuttle to transcribed genes (Misteli et al., 1997;
Zeng et al., 1997). Speckles frequently localize within the vicinity of actively transcribed genes
undergoing co-transcriptional splicing (Huang and Spector, 1996; Smith et al., 1999). Here, we
show that perturbing transcription, either through inhibition or stimulation, alters the binding of
NEAT1. As NEAT1 localization responds to these changes in transcription, NEAT1 interactions
with chromatin likely depend upon contact with some component of the transcription process
and not due to DNA sequence alone.
Our CHART data demonstrate NEAT1 and MALAT1 binding at active genes. NEAT1 and
MALAT1 could be playing a structural role in the organization of nuclear bodies at highly
transcribed loci, as NEAT1 has been shown to organize paraspeckle formation around its site of
transcription (Clemson et al., 2009; Mao et al., 2011). One possibility, which builds upon
previous theories concerning lncRNAs such as Xist and HOTAIR (Engreitz et al., 2013; Simon
et al., 2013; Tsai et al., 2010), is that NEAT1 and MALAT1 serve as scaffolds that bind proteins
that also interact with components of nuclear speckles and paraspeckles and proteins that
interact directly with the RNA and/or DNA at specific transcribed loci. Thus these lncRNAs could
bridge chromosomal locations to these nuclear structures.
This nuclear organization might have particular disease relevance, as brain tissue
demonstrating frontotemporal lobar degeneration (FTLD) have been found to contain high
transcript levels for both NEAT1 and MALAT1 in TDP43-positive disease-associated inclusions
when compared to healthy tissue (Tollervey et al., 2011). MALAT1 was also identified as a
prognostic marker of non-small cell lung cancer metastasis (Ji et al., 2003) and has been further
characterized as a potential regulator of metastasis-associated genes (Eißmann et al., 2012).
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Further exploration of the effects of aberrant expression of lncRNAs, such as NEAT1 and
MALAT1, will yield critical insight into the function of lncRNAs, their mechanisms of targeting
and function, and their potential effects on gene expression and nuclear organization in human
disease.

Experimental Procedures

Cell culture
MCF-7 (ATCC# HTB-22) and BJ foreskin fibroblast (ATCC# CRL-2522) cells were
cultured using standard techniques. For transcriptional inhibition, MCF-7 cells were treated with
media supplemented with either 1 μM flavopiridol (Cayman Chemical) or an equivalent volume
of DMSO vehicle for 1 hour. After flavopiridol treatment, cells were cross-linked and used to
prepare CHART nuclear extract. For estrogen stimulation, MCF-7 cells were grown in phenol
red-free minimal essential media (Life Technologies) supplemented with 5% charcoal-stripped
fetal bovine serum (Life Technologies), penicillin, streptomycin, and Glutamax (Life
Technologies) for 72 hours. After hormone depletion, cells were treated with either 100 nM 17βestradiol (E2; Sigma) or an equivalent volume of ethanol vehicle for 40 minutes. After hormone
treatment, cells were cross-linked and used to prepare CHART nuclear extract.

Nuclear extract preparation for CHART
Nuclei isolation for 108 MCF-7 and BJ cells was performed as previously described
(Simon et al., 2011). Nuclei were further cross-linked in 3% formaldehyde diluted in PBST for 30
minutes at room temperature. Cross-linked nuclei were washed in PBST and resuspended in
sonication buffer (50 mM HEPES pH 7.5, 75 mM NaCl, 0.5% N-lauroylsarcosine, 0.1% Sodium
deoxycholate, 0.1 mM EGTA, 10 U/mL RNase inhibitor (Promega), 1 mM DTT, EDTA-free
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protease inhibitors (Roche)). Chromatin was sheared using a Covaris S2 instrument with the
following conditions: 10% duty cycle, intensity of 8, 200 cycles per burst, 20 minute program,
4°C, which typically results in shear sizes for DNA between 2 kb and 10 kb.

RNase H mapping
For RNase H mapping reactions, CHART nuclear extracts were diluted 1:4 in NRB buffer
(50 mM HEPES pH 7.5, 75 mM NaCl, 0.2 mM EGTA, 0.02 U/mL RNasin (Promega), 1 mM DTT,
EDTA-free protease inhibitors (Roche)). RNase H mapping reactions using diluted extract were
performed and analyzed as previously described (Simon et al., 2013; Simon et al., 2011). Fold
sensitivity was calculated by the following formula: Fold sensitivity = (2^ (CtRNaseH.oligo – Ctno.oligo))
/ (2^ (CtGAPDH.RNAseH.oligo -CtGAPDH.no.oligo)).

Capture oligonucleotide (CO) design
Capture oligonucleotides 25 nt in length with complementarity to the RNA of interest
were designed based on the RNase H mapping data and further optimized for unique, nonrepetitive sequence characteristics as well as melting temperatures between 55°C-65°C. COs
were synthesized (Integrated DNA Technologies) to incorporate an internal hexa-ethyleneglycol
spacer (iSp18) and a 3’ biotin label with an extended spacer arm (3Bio-TEG). MALAT1 CO1 and
CO2 demonstrated the most specific enrichment for MALAT1 RNA and its site of transcription
and therefore were individually employed for CHART. For NEAT1, CO1 and CO2 were
individually used for specific enrichment of NEAT1 RNA and its site of transcription and were
therefore further optimized for CHART. We note that COs designed for NEAT1 do not
distinguish between the short and long isoforms of NEAT1 RNA.
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CHART
For each CHART reaction, nuclear extract was adjusted to hybridization conditions (final
concentrations: 1.32 M urea, 33 mM HEPES pH 7.5, 800 mM NaCl, 0.33% SDS, 4.95x
Denhardt’s solution, 4.95 mM EDTA, 0.17% N-lauroylsarcosine, 0.03% sodium deoxycholate,
0.03 mM EGTA, 3.63 mM DTT, 10.25 U RNasin (Promega), EDTA-free protease inhibitors
(Roche)) and pre-cleared with ultralink streptavidin resin (Pierce). Optimized amounts of capture
oligonucleotides were added to the extract and hybridized overnight at 20°C with gentle shaking.
Hybridized material was captured with magnetic streptavidin resin (Invitrogen) overnight at room
temperature. Bound material was washed and eluted with RNase H (New England Biolabs) as
previously described (Simon et al., 2011).
To generate material for identifying high-confidence NEAT1 and MALAT1 binding sites
by CHART-seq (described in Figures 2.1-2.3), we pooled eluted material from ten separate
CHART reactions using the same preparation of nuclear extract. Pooled material was subjected
to phenol-chloroform extraction and ethanol precipitation and used for sequencing library
preparation. This scale-up was done with the goal of increasing signal-to-noise for the
sequenced CHART-enriched material to allow greater sensitivity in identifying genomic binding
sites. For each experiment done with transcriptional alterations, we generated NEAT1 and
MALAT1 CHART-seq libraries for E2-treated, flavopiridol-treated, and vehicle-treated cells using
eluted material from a single CHART reaction. While this limited the sensitivity with which we
could identify binding sites and generate binding profiles with respect to gene bodies in each of
these experiments, we were primarily interested in identifying relative changes in NEAT1 and
MALAT1 localization observed in E2-treated and flavopiridol-treated cells compared to the
corresponding vehicle control rather than comprehensively identifying genomic binding sites for
NEAT1 and MALAT1 under these conditions.
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Nucleic acid purification and quantitative PCR
For nucleic acid analysis, CHART-enriched material was incubated with naXLR (final
concentrations: 2 mg/mL Proteinase K (Ambion), 33.3 mM Tris pH 7.2, 0.33% SDS, 16.7 mM
EDTA) at 55°C for 1 hour and 65°C for 1 hour to reverse cross-links. DNA was purified using
QIAGEN columns and RNA was purified using RNA Clean & Concentrator columns (Zymo
Research) according to the manufacturer’s instructions. RNA was reverse-transcribed to cDNA
using a SuperScript VILO cDNA synthesis kit (Life Technologies). Quantitative PCR (qPCR)
analysis utilized iQ SYBR green (Bio-Rad) detection.

Immunoblot analysis
CHART-enriched material was precipitated using trichloroacetic acid and resuspended in
SDS (4.25%), Tris pH 8.8 (529 mM), EDTA (64 mM) and β-mercaptoethanol (1.37 M). Samples
were incubated at 98°C for 30 minutes and 65°C for 2 hours to reverse cross-links. Samples
were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were
incubated with antisera to detect PSF (sc-101137, Santa Cruz Biotechnology), PSPC1 (sc84577, Santa Cruz Biotechnology), SRSF1 (SF2/ASF, ab38017, Abcam), histone H3 (ab1791,
Abcam), PURA (ab79936, Abcam), ESRP2 (PA5-32143, Pierce Biotechnology), Rpb1 CTD
(4H8, Cell Signaling Technology), or RNA polymerase II phosphorylated on serine 2 (ab24758,
Abcam) followed by incubation with HRP-conjugated antisera recognizing rabbit or mouse IgG
(GE Healthcare) or mouse IgM (Upstate), and detection using enhanced chemiluminescence
(Thermo Scientific).

Chromatin immunoprecipitation
Nuclei from 108 MCF-7 cells cross-linked in 1% formaldehyde were isolated and
resuspended in sonication buffer as in CHART extract preparation. Chromatin was sheared
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using a Covaris S2 instrument with the following conditions: 10% duty cycle, intensity of 8, 200
cycles per burst, 5 minute program, 4°C. For immunoprecipitation, 50 μL of Protein A magnetic
beads (New England Biolabs) were resuspended in RIPA buffer (150 mM NaCl, 1% IGEPAL,
0.5% Sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) and incubated overnight at 4°C with
5 μg of PSF antisera (sc-101137, Santa Cruz Biotechnology) or mouse IgG antisera (sc-2025,
Santa Cruz Biotechnology). Antibody-conjugated beads were washed with RIPA buffer and
incubated with 50 μL of sonicated chromatin overnight at 4°C in RIPA buffer. Beads were
washed twice with RIPA buffer supplemented with 100 mM urea and then washed four times
with RIPA buffer. Beads were resuspended in elution buffer (200 mM NaCl, 8 mM HEPES pH
7.5, 50mM Tris pH 7.2, 0.8 mM EDTA, 0.8 mM EGTA, 0.67% SDS, 0.08% N-lauroylsarcosine),
incubated at 55°C for 1 hour with 2 mg/mL Proteinase K (Ambion), and incubated at 65°C
overnight to reverse cross-links. Purified DNA was analyzed using quantitative PCR or used to
construct sequencing libraries.

RNA and DNA FISH
BJ cells grown on a glass coverslip were rinsed with PBS and fixed in 4% formaldehyde
in PBS for 10 minutes at room temperature. Cells were washed 3 times with PBS and
permeabilized in PBS with 0.5% Triton X-100 for 5 minutes on ice. Cells were dehydrated
through a series of ethanol washes and hybridized at 42°C overnight with a digoxigenin-labeled
NEAT1 probe (50% formamide, 2X SSC, 10% dextran sulfate, 1 mg/mL yeast tRNA). Cells were
washed in 50% formamide, 2X SSC at 42°C and then in 2X SSC at room temperature. RNA
FISH signal was detected by incubating FITC-labeled anti-digoxygenin antibody (Roche) in 4X
SSC, 0.1% Tween-20 at 37°C for 1 hour. Cells were fixed again in 4% formaldehyde for 10
minutes and washed in PBS. Cellular RNAs were removed by RNase A (Life Technology) in
PBS at 37°C. After briefly treating in 0.2 N HCl at room temperature, chromosomal DNA was
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denatured in 70% formamide, 2X SSC at 80°C. After dehydration with ethanol, DNA FISH was
performed at 37°C overnight with Cy3 labeled-BAC probes (pre-annealed at 37°C in 50%
formamide, 2X SSC, 10% dextran sulfate, 1 mg/mL COT-1 DNA). Cells were washed in 50%
formamide, 2X SSC at 37°C. Nuclei were counter-stained with Hoechst 33342 (Life
Technologies). Imaging was performed on Nikon 90i microscope equipped with a 60X/1.4 N.A.
VC objective lens, Orca ER camera (Hamamatsu) and Volocity software (Perkin Elmer). All
probes were prepared by nick translation using DNA polymerase I (Promega), DNase I
(Promega), Digoxigenin-dUTP (Roche), or Cy3-dUTP (Enzo Life Sciences). The following BACs
were used for probe generation: NEAT1 (CTD-2591D4), MALAT1 (RP11-472D15), EDF1
(RP11-442G23), HEXIM1 (RP11-666C2), MAPK15 (CTD-3214B14), PUS1 (CTD-2201P13),
SIX5 (CTD-2309N9), RPS17 (CTD-2368N8), gene-poor region (RP11-258O17). To assess
colocalization of NEAT1 RNA and trans loci DNA signal, only 2n cells were included for analysis
and each allele within a cell was considered an independent data point. Colocalization was
quantified using CellProfiler (Kamentsky et al., 2011). Statistical significance of the difference
between NEAT1 localization at a trans site and the gene-poor region was assessed using a chisquared test.

LC-MS/MS and label-free quantification
Trichloroacetic acid (TCA)-precipitated CHART-enriched material was loaded into a 10%
Tricine polyacrylamide gel (Life Technologies) and subjected to electrophoresis until samples
fully entered the resolving portion of the gel. Bands were excised from the gel and subjected to
a modified in-gel trypsin digestion procedure (Shevchenko et al., 1996). Trypsinized fragments
were dried and reconstituted in a 2.5% acetonitrile, 0.1% formic acid solution. Samples were
loaded onto an equilibrated reverse-phase HPLC capillary column packed with 5 μm C18
spherical silica beads to form a gradient (Peng and Gygi, 2001). Peptides were eluted with
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increasing concentrations of solvent B (97.5% acetonitrile, 0.1% formic acid). Eluted peptides
were subjected to electrospray ionization and analyzed using an LTQ Velos ion-trap mass
spectrometer (ThermoFisher). Peptide sequences were determined from the acquired tandem
mass spectra using Sequest (Eng et al., 1994). Label-free quantification was performed by
calculating the normalized spectral index (SIN) (Griffin et al., 2010) for each protein. Proteins
identified by only one peptide in the experimental NEAT1 or MALAT1 capture oligonucleotide
(CO) conditions were removed from our analysis. Fold enrichment values were calculated by
dividing the SIN for proteins in each CHART sample by the corresponding input SIN:

Fold enrichment =

CHART SI N
Input SI N

To calculate fold enrichment values for proteins not detected in the input, their input SIN
values of zero were assigned the lowest overall SIN value observed in the input (which was 2.3 x
10-8), allowing a conservative underestimate of fold enrichment. Proteins listed in Appendix B,
Figure B.7 were identified by filtering proteins identified by CHART-MS with the following criteria:
(1) Identified in both CO conditions. (2) Enriched at least ten-fold over input in both CO
conditions.

Deep Sequencing and bioinformatics analysis
DNA isolated by CHART and ChIP was prepared for Illumina HiSeq-based deep sequencing by
further shearing, end repair, A-tailing, adapter ligation, and limited rounds of PCR amplification
with indexed primers (Bowman et al., 2013; Simon et al., 2011). Paired-end 50 bp CHART and
ChIP-seq reads were aligned using Bowtie (Langmead et al., 2009) followed by processing and
filtering of mapped tags according to the SPP (Kharchenko et al., 2008) workflow. A single-end,
50 bp read biological replicate of the PSF ChIP-seq data was also produced and processed in
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the same manner. Resulting fragments defined by reads (average fragment length ~250-350
bp) were used to calculate positional coverage.
For analysis of CHART-seq and PSF ChIP-seq data from untreated MCF-7 cells,
coverage was normalized by input as nnorm = [(n+1)/(ni+1)] * [Ni/N], where n, ni, N, and Ni are
positional coverage in experiment and input, and total genome coverage in experiment and
input, respectively. All alignments and annotations used the human genome assembly hg19.
CHART-seq peaks of enrichment were called using both the MACS and SPP packages
(Kharchenko et al., 2008; Zhang et al., 2008) For both NEAT1 and MALAT1, CO1 and CO2 data
sets were compared to Input. To generate a set of high-confidence NEAT1 and MALAT1 binding
sites, only regions of enrichment found in both experimental conditions as well as with both
peak-calling programs were kept for further analysis. For SPP, peaks larger than 3 kb with a Zscore equal to or greater than 4 were used for subsequent analysis. For MACS, a p-value cutoff
of 10-10 was used. Peaks located within 1500 kb of each other were combined into a single
peak. Regions of maximal coverage within MALAT1/NEAT1 enriched segments were defined as
500-bp windows with highest total normalized coverage over the window. Motif analysis of
sequences found within CHART-seq peak maxima was performed using MEME-ChIP
(Machanick and Bailey, 2011).
To determine coverage density of histone modifications over CHART-seq peak maxima,
raw ChIP-seq data for histone modifications in MCF-7 cells were obtained from ENCODE
(Consortium, 2004) and processed in the same manner as CHART-seq data from untreated
MCF-7 cells. These normalized coverage files were used to calculate average metagene
profiles, TSS-centered profiles, and coverage density over enriched segments. To assess the
expression levels of genes overlapped by NEAT1 and MALAT1 binding sites, MCF-7 expression
data available via ENCODE were used (Consortium, 2011).
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Genomic regions enriched by PSF ChIP-seq for the paired-end and single-end replicates
were identified using MACS (Zhang et al., 2008) with a p-value cutoff of 10-10. The number of
regions shared between replicate samples was determined using BEDTools (Quinlan and Hall,
2010). To calculate expected values of peak overlap, we generated sets of randomly located
peaks of equivalent length and quantity to the PSF paired-end ChIP-seq peaks. The number of
single-end ChIP-seq peaks that overlapped the permuted set of peaks was calculated for
10,000 random peak sets to generate an expected mean number and standard deviation of
overlapping peaks. A Z-score was calculated by subtracting the expected peak overlap from the
observed peak overlap and dividing by the expected standard deviation.
For analysis of CHART-seq data from flavopiridol, E2, and vehicle (DMSO and ethanol,
respectively) treated MCF-7 cells, coverage was normalized by input subtraction using the SPP
package (Kharchenko et al., 2008) with a 1 kb bandwidth and 500 bp step size. We note that
this normalization method was used for ease of visualization; similar results are obtained with
the normalization method used for CHART-seq data from untreated MCF-7 cells as above. This
altered normalization does not affect the conclusions of the paper, as all subsequent analyses
assessed the localization of binding sites determined using normalization-independent methods.
CHART-seq peaks of enrichment were called using MACS (Zhang et al., 2008) with a p-value
cutoff of 10-5. Peaks found in both biological replicates for each capture oligonucleotide
condition and not identified in the corresponding sense control were identified using BEDTools
(Quinlan and Hall, 2010). BEDOPS (Neph et al., 2012) was used to identify the closest Refseqannotated genes upstream and downstream of each CHART-seq peak. To generate profiles of
CHART-seq peak position with respect to nearby genes, peaks found within 3 kb of a Refseq
annotated gene were selected, and the location of the midpoint of these peaks with respect to a
length-normalized gene body was calculated. Gene set enrichment analysis of genes nearby
ethanol vehicle and E2-specific peaks was performed by assessing enrichment of curated gene
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sets found within the Molecular Signatures Database v4.0 (Subramanian et al., 2005) with a
false discovery rate q-value cutoff of 0.05. To determine the transcript abundance of genes
nearby CHART-seq peaks specifically identified in MCF-7 cells treated with ethanol vehicle or
E2-treated for 40 minutes, we used available GRO-seq data obtained from MCF-7 cells treated
with vehicle or E2 for the same length of time (Hah et al., 2011). GRO-seq reads counts for
each gene were calculated as described previously (Hah et al., 2011). A one-tailed Wilcoxon
signed rank test was used to determine whether genes found near NEAT1 and MALAT1 peaks
showed increased transcript abundance under E2 stimulation compared to vehicle treatment. All
datasets generated for this study are available under GEO accession number GSE58444.
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Chapter 3
The PRC1-associated noncoding RNA CAT7 regulates gene repression through maintaining
local chromatin interactions
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Summary
Maintenance of gene repression is critical for proper development. In metazoan
organisms, this developmentally regulated repression is carried out in by Polycomb Repressive
Complexes 1 and 2 (PRC1 and PRC2). Determining how these complexes are localized to the
genes they repress is critical to understanding how they are misregulated in disease states. In
this study, we characterize the role of long noncoding RNAs in maintenance of PRC1-mediated
gene repression by focusing on CAT7, a lncRNA expressed during neural differentiation. We
show that CAT7 directly interacts with PRC1 in vivo, and perturbation of CAT7 leads to
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upregulated expression and loss of PRC1 binding to the cis-localized gene MNX1. This loss of
gene repression occurs coincidently with a reduction in long-range chromatin interactions
between MNX1 and other nearby PRC1-bound loci. These data are consistent with a model
wherein CAT7 RNA is necessary for the formation of a repressive chromatin domain consisting
of clustered, PRC1-bound loci.

Introduction
A hallmark of development is the exquisite regulation of gene expression, ensuring that
particular sets of genes are expressed or repressed in a specific cell lineage. In metazoan
organisms, the repression of specific genes during development is carried out in part by proteins
in the Polycomb group (PcG) family. Two classes of protein complex formed by PcG proteins
include Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2), which act coordinately to
ensure robust repression of numerous loci encoding developmental regulators (Boyer et al.,
2006; Lee et al., 2006). PRC1 can be further categorized into canonical and non-canonical
complexes, which differ in their subunit composition, biochemical activities, and targeting
mechanisms (Gao et al., 2012). Non-canonical PRC1 containing the RYBP subunit has been
implicated in the catalysis of histone H2A lysine 119 ubiquitylation (H2AK119ub) (Gao et al.,
2012). Canonical PRC1, defined by the presence of Polyhomeotic Homolog (PHC) and
Chromobox (CBX) subunits, can promote clustering of repressed genomic loci in vivo (Isono et
al., 2013; Kundu et al., 2017) and compact nucleosomal arrays in vitro (Francis et al., 2004;
Grau et al., 2011), suggesting mechanisms by which target loci can be coordinately repressed
and rendered less accessible to activators. Disruption of these activities leads to aberrant
derepression of developmental regulators (Isono et al., 2013; Kundu et al., 2017; Lau et al.,
2017) and homeotic transformations in mice (Lau et al., 2017), underscoring the importance of
PRC1-mediated repression.
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Due to the significance of PRC1 to mammalian development, it is critical to understand
how PRC1 is targeted and regulated at specific genomic loci. The hierarchical model of PRC1
targeting is initiated by binding to loci enriched for trimethylated histone H3 lysine 27
(H3K27me3), the histone modification catalyzed by PRC2 (Cao et al., 2002; Müller et al., 2002).
However, this model does not completely explain PRC1 targeting, as non-canonical PRC1
complexes can be targeted to chromatin independently of PRC2 activity (Tavares et al., 2012).
PRC1 can be targeted through recognition of DNA sequence features, including high GC
content (Ku et al., 2008), unmethylated CpG islands (Farcas et al., 2012; He et al., 2013; Wu et
al., 2013), and Polycomb Response Elements (Sing et al., 2009; Woo et al., 2010). PRC1
localization is also regulated by sequence-specific transcription factors, such as Runx1 (Yu et
al., 2012). The presence of these various targeting mechanisms raises the question of whether
additional mechanisms exist to ensure robust targeting by established recruitment pathways or
to recruit PRC1 independently.
As many long noncoding RNAs (lncRNAs) are expressed in a temporal and tissue
specific manner (Djebali et al., 2012), lncRNAs are an attractive candidate to examine as
specific modulators of PRC1 function during development. Several lines of evidence have
previously implicated lncRNAs in the regulation of gene repression by PRC1. Multiple subunits
and accessory factors of PRC1 can bind RNA in vitro, including CBX (Bernstein et al., 2006;
Yap et al., 2010), PHC (Zhang et al., 2004), and the PRC1-associated protein SCML2 (Bonasio
et al., 2014). RNA can regulate PRC1 subunit stability, as shown for the oncogenic lncRNA
FAL1 (Hu et al., 2014). Several lncRNAs regulate recruitment of PRC1 to specific loci,
demonstrated by Xist-mediated recruitment of PRC1 during X-chromosome inactivation (de
Napoles et al., 2004) and targeting of PRC1 to the INK4b/ARF/INK4a locus by the cis-localized
RNA ANRIL (Yap et al., 2010).
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To better understand the contributions of lncRNAs to PRC1-mediated gene repression,
we focused on a set of PRC1-associated lncRNAs identified in HeLa cells for further
characterization (Ray et al., 2016). One of these PRC1-associated lncRNAs, CAT7, is
transcribed from a genomic region containing numerous enhancers regulating expression of the
morphogen SHH (Anderson et al., 2014). The CAT7 locus is also located roughly 500 kb from
the MNX1 locus, which encodes a critical regulator of motor neuron development (Arber et al.,
1999). Human embryonic stem cells (ESCs) treated with siRNAs targeting CAT7 showed loss of
PcG protein binding to MNX1 and upregulation of MNX1 mRNA expression during early neural
differentiation, consistent with a role for CAT7 in mediating PcG protein function at this locus
(Ray et al., 2016). However, it was unclear how CAT7 could specifically regulate the expression
of MNX1 over a long genomic span.
In this work, we sought to further characterize the regulatory interaction between CAT7
RNA, PRC1, and MNX1. We observed direct, in vivo interaction between CAT7 RNA and PRC1.
Using CRISPR/Cas9 genome editing, we deleted a tandemly repeated portion of CAT7 and
observed reduced PRC1 occupancy at MNX1 and upregulated expression of MNX1 mRNA
during neural differentiation in cell lines with the deletion. We defined the regulatory interactions
of the CAT7 locus and nearby PRC1-bound loci using 4C-seq and found that perturbation of
CAT7 regulatory function disrupted long-range clustering of cis-localized PRC1-bound loci.
These findings implicate the CAT7 RNA in maintenance of a localized region of PRC1-mediated
repression during neural differentiation. These results may reflect a general mechanism by
which lncRNAs can interface with PRC1 to regulate genome organization and gene expression
during metazoan development.
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Results
CAT7 RNA is expressed during neural differentiation
To examine the regulatory function of CAT7 during neural differentiation, we used dual
SMAD inhibition (Chambers et al., 2009) to differentiate H9 human ESCs to neural precursor
cells (NPCs). Using this differentiation protocol, we observed a reduction in expression of
POU5F1 mRNA, encoding the pluripotency regulator Oct4, and increased expression of PAX6
mRNA, a marker of primitive neuroectoderm (Zhang et al., 2010) over the course of
differentiation as assessed by RT-qPCR (Figure 3.1A). CAT7 RNA was poorly expressed in
ESCs, but was upregulated after two days of neural differentiation (Figure 3.1B). These data are
consistent with CAT7 RNA exerting regulatory function during the course of neural
differentiation.
To identify PRC1-bound loci that could be regulated by CAT7, we assessed genomewide localization of PRC1 using ChIP-seq. In particular, we sought to identify loci bound by
PRC1 at the onset of CAT7 expression, so we performed ChIP-seq using NPCs differentiated
for two days (d2 NPCs). Given previous evidence indicating that the expression of various
PRC1 subunits changes over the course of differentiation (Morey and Avner, 2004; O'Loghlen et
al., 2012), we first used immunoblot analysis to identify the specific PRC1 subunits expressed
during neural differentiation. We evaluated expression of the Polyhomeotic homologs PHC1 and
PHC2, the Chromobox subunits CBX2, CBX4, CBX7, and CBX8, the Polycomb group finger
protein BMI1, and histone H3 as a loading control (Figure 3.2). Consistent with data from mouse
ESCs, we observed expression of PHC1 and CBX7, and little to no expression of the PHC2,
CBX8, and BMI1 subunits in human ESCs. Expression of PHC2, CBX2, CBX8, and BMI1
increased over the course of neural differentiation, consistent with previous reports documenting
expression of these PRC1 subunits during differentiation (Morey and Avner, 2004; O'Loghlen et
al., 2012). Notably, we detected expression of CBX2 and CBX4 in human ESCs and throughout
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Figure 3.1: CAT7 RNA is expressed during neural differentiation. (A and B) RT-qPCR
assessing expression of POU5F1 (A), PAX6 (A), and CAT7 (B) RNA during differentiation of
embryonic stem cells (ESC) to neural precursor cells (NPC) over 6 days. Values are normalized
to the level of GAPDH expression at the same time point. Reported values represent mean and
standard deviation obtained from 3 biological replicates.
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Figure 3.2: Expression of PRC1 subunits during neural differentiation. Immunoblot
analysis assessing expression of PRC1 subunits during differentiation of embryonic stem cells
(ES) to neural precursor cells (NPC) over 6 days. Histone H3 is probed as a loading control.
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the course of differentiation. While these results contrast with previous observation of
differentiation-specific expression of these subunits in mouse (Morey and Avner, 2004;
O'Loghlen et al., 2012), numerous molecular differences exist between human primed ESCs
and naïve mouse ESCs (Weinberger et al., 2016), complicating the direct extension of results
observed in mouse ESCs to human ESCs. We also observed expression of CBX7 in ESCs and
throughout the neural differentiation time course, despite evidence suggesting ESC-specific
expression of CBX7 in mouse ESCs (Morey and Avner, 2004; O'Loghlen et al., 2012). These
results may reflect an incompletely committed differentiation state during our neural
differentiation time course or potential heterogeneity in CBX subunit expression in the assayed
population of NPCs.
Based on the results of our PRC1 subunit expression profiling, we performed ChIP-seq
in d2 NPCs using antisera enriching the PRC1 subunits RING1B and CBX7, as well as the
histone modifications H3K27me3 and H2AK119ub. We observed localization of PRC1 subunits
to the SHH and MNX1 loci, suggesting that these loci were targets of PRC1 repression in d2
NPCs (Figure 3.3A). Consistent with enrichment of PRC1 subunits at these loci, we did not
detect expression of SHH or MNX1 mRNA in d2 NPCs as assessed by RT-qPCR. SHH mRNA
expression was not detected until day 4 of neural differentiation (Figure 3.3B), and expression of
MNX1 mRNA was not detected until day 3 of neural differentiation (Figure 3.3C). Based on
these data, we conclude that the SHH and MNX1 loci are subject to PRC1-mediated gene
repression at the onset of CAT7 expression and could therefore serve as potential cis-regulatory
targets of CAT7 repressive function. Given the early onset of CAT7 expression relative to SHH
and MNX1, CAT7 may act to tune the expression of SHH and MNX1 to ensure that they are
expressed later in development.
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Figure 3.3: SHH and MNX1 are targets of PRC1-mediated gene repression. (A) Inputnormalized ChIP-seq assessing enrichment of histone H3 lysine 27 trimethylation (H3K27me3),
histone H2A lysine 119 ubiquitylation (H2AK119ub), RING1B, and CBX7 in d2 NPCs. (B and C)
RT-qPCR assessing expression of SHH (B) and MNX1 (C) RNA during differentiation of
embryonic stem cells (ESC) to neural precursor cells (NPC) over 6 days. Values are normalized
to the level of GAPDH expression at the same time point. Reported values represent mean and
standard deviation obtained from 3 biological replicates.
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CAT7 RNA interacts with RING1B in vivo
CAT7 was initially identified through isolation of RNAs associated with the BMI1 subunit
of PRC1 in HeLa cells (Ray et al., 2016). Since these RNAs were isolated using formaldehydecrosslinked material, it was unclear whether BMI1-associated RNAs were directly bound to
PRC1 or indirectly associated through an intermediate protein(s). Moreover, if these BMI1associated RNAs were directly bound to PRC1, the specific subunit(s) of PRC1 making direct
contact with the RNA remained unknown. To determine if CAT7 RNA directly binds to subunits
of PRC1 in vivo, we performed RNA immunoprecipitation (RIP) on UV-crosslinked d2 NPCs
using antisera specific for RING1B and CBX7, two subunits of PRC1 previously implicated to
directly associate with RNA (Bernstein et al., 2006; Minajigi et al., 2015; Yap et al., 2010). We
could not examine association with BMI1, as it is not strongly expressed in d2 NPCs (Figure
3.2). RIP was performed with and without UV crosslinking to further verify that RNA enrichment
was specific and not driven by in-solution protein-nucleic acid interactions. In addition to
assaying enrichment of CAT7 RNA, we also examined enrichment of MALAT1, a highly
abundant nuclear noncoding RNA, to address whether the observed enrichment could be driven
by nonspecific interaction with an abundant RNA. CAT7 RNA was enriched by RING1B
immunoprecipitation in a UV-crosslinking-dependent manner, whereas MALAT1 was not
enriched relative to the uncrosslinked control (Figure 3.4). We observed minimal enrichment of
CAT7 using CBX7 immunoprecipitation. A similar level of enrichment was observed for
MALAT1, suggesting that this enrichment likely represents a non-specific interaction. Based on
these results, we conclude that CAT7 directly interacts with PRC1 in vivo, through the RING1B
subunit.
Current work in the lab investigating in vitro interactions between purified murine PRC1
complex and RNA indicates that PRC1 binds to CAT7 RNA with high affinity. However, as
assessed by EMSA and competition assays, PRC1 binds to additional RNAs, including GFP
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Figure 3.4: Direct interaction between CAT7 and RING1B assessed by UV-RIP. RT-qPCR
of CAT7 and MALAT1 RNA enriched by immunoprecipitation (IP) of RING1B and CBX7 from
nuclear extract prepared from UV-crosslinked (+UV) and uncrosslinked (-UV) d2 NPCs. +UV IP
enrichment is normalized to the amount of RNA obtained by IP with –UV extracts. Reported
values represent mean and standard deviation obtained from 2 biological replicates.
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mRNA, with similarly high affinity, indicating that the in vitro interaction between PRC1 and RNA
does not appear to be specific (A. Plys, unpublished observations). These results may suggest
that additional factors exist in vivo to promote interaction specificity. Alternatively, the interaction
between PRC1 and RNA may be more similar to the interactions observed for PRC2, which has
been shown to bind to a large number of diverse RNAs with high affinity and low specificity
(Cifuentes-Rojas et al., 2014; Davidovich et al., 2013).

The CAT7 tandem repeat region is required for MNX1 repression during neural
differentiation
To better understand the contributions of CAT7 to gene silencing, we generated a
constitutive deletion of a region of the CAT7 RNA with potential regulatory function. Specifically,
we focused on a 1.3 kb stretch of CAT7 consisting of a tandemly repeated sequence with
sequence conservation in zebrafish (Ray et al., 2016). This segment consists of approximately
96 repeats of a 14 nucleotide consensus sequence from nucleotides 133-1411 of the full-length
CAT7 RNA (Figure 3.5A). Given the role of repeat sequences in the biology of other lncRNAs
implicated in gene repression and nuclear organization, such as Xist (Wutz et al., 2002; Zhao et
al., 2008) and Firre (Hacisuleyman et al., 2016), this region was an attractive target for further
study. Using CRISPR-Cas9 genome editing, we generated a homozygous deletion of the
tandem repeat region in H9 ESCs using gRNAs that target protospacer adjacent motif (PAM)
sites upstream and downstream of the CAT7 tandem repeats (Figure 3.5A). We selected two
lines containing a homozygous deletion of the tandem repeat region, del A and del B, for further
characterization. We also characterized two lines, WT A and WT B, with an intact tandem
repeat region to control for phenotypic changes arising from the process of single cell cloning.
PCR genotyping of these lines using primers that flank the deletion site (Figure 3.5A) confirmed
that WT A and WT B, as well as the unmodified parental line H9, produced an 1809 bp amplicon
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Figure 3.5: Loss of the CAT7 tandem repeat region disrupts PRC1-mediated repression
of MNX1. (A) Diagram of the CAT7 locus. Vertical arrowheads indicate sites targeted by
gRNAs. Horizontal arrows indicate locations of primers used to screen candidate lines for
presence of deletion. Numbers indicated position of primers or gRNAs relative to the 5’ end of
CAT7. (B) PCR assessing presence of the CAT7 tandem repeat region in the unmodified H9
hESC line, two wild type clones (WT A and B), and two tandem repeat deletion clones (del A
and B) using primers shown in panel A. (C) RT-qPCR assessing expression of CAT7, MNX1,
and SHH in d2 NPCs derived from the unmodified H9 line, WT A and B clones, and del A and B
clones. Values are normalized to the level of GAPDH expression at the same time point.
Reported values represent mean and standard deviation obtained from at least 3 biological
replicates. (D) ChIP-qPCR assessing percent of input recovered from immunoprecipitation of
RING1B at the MNX1, SHH, and HAND1 loci in wild type (WT) and tandem repeat deletion (del)
d2 NPCs. Reported values represent mean and standard deviation obtained from 3 biological
replicates.
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Figure 3.5 (Continued).
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corresponding to an intact tandem repeat region, while the del A and del B lines produced a
shorter amplicon consistent with loss of the tandem repeat region (Figure 3.5B).
To explore the regulatory effects of the CAT7 tandem repeat region deletion on gene
expression, we isolated RNA from wild type and tandem repeat deletion ESCs differentiated to
d2 NPCs and performed RT-qPCR to examine differences in CAT7, MNX1, and SHH
expression. We observed that steady state levels of CAT7 RNA were similar between wild type
lines and the deletion lines, indicating that loss of the tandem repeat region did not significantly
impact CAT7 transcript production or stability (Figure 3.5C). Compared to the wild type lines, the
NPCs lacking the CAT7 tandem repeat region showed upregulated expression of MNX1 mRNA.
We observed upregulated SHH mRNA expression in the del A line that was not consistently
observed in the del B line, although the overall levels of SHH expression are low relative to
MNX1. These results implicate the CAT7 tandem repeat region in regulating repression of the
cis-localized MNX1 locus during neural differentiation.
To examine whether CAT7 modulates PRC1 recruitment to mediate gene repression at
SHH and MNX1, we performed ChIP qPCR for the PRC1 component RING1B in wild type and
tandem repeat deletion d2 NPCs (Figure 3.5D). For this analysis, we used the WT A and del A
lines. Compared to wild type NPCs, loss of the CAT7 tandem repeat region led to reduced
RING1B recruitment at the cis-localized PRC1-bound loci MNX1 and SHH, but not at a distal
PRC1-bound locus HAND1. This subtle decrease in RING1B localization could reflect a
nuanced role of CAT7 in fine-tuning PRC1 recruitment. These data support a model where
CAT7 regulates repression of MNX1 during neural differentiation through modulating recruitment
of PRC1 to specific loci in cis.
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CAT7 mediates long-range interactions between PRC1-bound loci
Perturbation of CAT7 function through deletion of the tandem repeat region led to
reduced PRC1 occupancy and upregulated expression of MNX1. However, the MNX1 locus is
positioned nearly 500 kb away from the CAT7 locus, so it remained unclear how CAT7 RNA
could exert regulatory function over this genomic distance. Given previous reports of Xist RNA
targeting regions of the X chromosome that are spatially proximal to the Xist locus for repression
(Engreitz et al., 2013), we hypothesized that CAT7 RNA could act at spatially proximal loci to
mediate gene repression. To test this hypothesis, we used 4C-seq to map genomic regions
interacting with the CAT7, SHH, and MNX1 loci in d2 NPCs. We compared interactions
identified in wild type (WT A) and CAT7 tandem repeat region deletion (del A) lines to determine
if any chromosomal interactions observed with 4C-seq were dependent on CAT7 regulatory
function. To identify genomic regions significantly interacting with the viewpoint loci, we first
modeled distance-corrected background interaction frequency in the region surrounding the
viewpoint locus. We then determined which regions showed interaction frequency exceeding the
background model at several Z-score thresholds (see Experimental Procedures for details).
Using this method, we assessed significance at a Z-score threshold of 2 (Figure 3.6; z = 2), as
well as at a more stringent Z-score cutoff of 3 (Figure 3.6; z = 3) to identify higher confidence
interactions with the viewpoint loci.
In wild-type d2 NPCs, the CAT7 locus makes contacts throughout the SHH enhancer
domain (Figure 3.6). These contacts do not appear to be significantly disrupted by loss of the
CAT7 tandem repeat region, suggesting that the genomic structure of the SHH enhancer region
is robust to perturbation of CAT7 function. We observe additional contacts made between CAT7
and regions peripheral to the PRC1-bound MNX1 and CNPY1 genes which are lost when the
tandem repeat region is deleted, supporting a functional role for CAT7 in regulating interactions
between PRC1-bound loci outside of the SHH enhancer region.
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Figure 3.6: Perturbation of CAT7 disrupts long-range interactions between cis-localized
PRC1-bound loci as assessed by 4C-seq. Upper tracks: Input-normalized ChIP-seq
assessing enrichment of H3K27me3 and RING1B in d2 NPCs. Lower tracks: Read-depth
normalized 4C-seq interaction frequency assessed in wild type (WT) or tandem repeat deletion
(del) d2 NPCs using CAT7, SHH, and MNX1 as viewpoint loci. Scale is adjusted to 2000 reads
per million mapped reads to facilitate visualization of low frequency interactions. Significant
interactions are shown below each 4C-seq track, as assessed at a Z-score cutoff of 2 (z = 2)
and 3 (z = 3). Locations of 4C-seq viewpoints are indicated with arrowheads.
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We detected extensive interactions between the SHH locus and the SHH enhancer
region, consistent with previously observed interactions in mouse (Symmons et al., 2016). We
also identified interactions between SHH and other nearby PRC1-bound loci, including MNX1,
CNPY1, EN2, and BLACE, in line with numerous reports detailing clustering of PRC1-bound loci
(Kundu et al., 2017; Schoenfelder et al., 2015). These interactions between SHH and other
PRC1-bound loci are disrupted in the CAT7 tandem repeat deletion line, as we no longer detect
SHH viewpoint interactions with EN2 and CNPY1 at the Z-score cutoff of 2. Similar to the
clustering observed for SHH, we identified long-range interactions between the MNX1 locus and
the PRC1 targets CNPY1 and BLACE at a Z-score cutoff of 3, as well as interactions with SHH
and a PRC1-bound region in the PTPRN2 locus at a reduced Z-score cutoff of 2. As with SHH,
we observe significantly reduced interaction frequency between the MNX1 viewpoint and
BLACE and CNPY1 at a Z-score cutoff of 3 in the CAT7 tandem repeat deletion line. These
results indicate a requirement for the CAT7 tandem repeats in maintaining long-range
interactions between cis-localized PRC1 bound loci.

Discussion
Defining regulatory mechanisms of gene repression is critical to understanding
determination and maintenance of cell identity, as well as how these processes are
misregulated in human disease states. In this work, we explored the contributions of the lncRNA
CAT7 to site-specific regulation of gene repression during neural differentiation. We found that
CAT7 RNA directly interacts with PRC1 in vivo through the RING1B subunit. Loss of the tandem
repeat region of CAT7 impaired PRC1-mediated repression of MNX1, suggesting that these
repeats are important for CAT7 regulatory function. Coincident with disrupted gene repression,
removal of the CAT7 tandem repeat region led to loss of long-range interactions between
PRC1-bound genes localized in cis to the CAT7 locus. Taken together, these results are
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consistent with a model where CAT7 RNA interfaces with PRC1 to mediate repression of MNX1
by maintaining long-range contacts with other PRC1-bound loci in cis (Figure 3.7).
The observed functions of CAT7 in maintaining gene silencing represent one of many
layers of regulatory mechanisms that ensure robust gene repression mediated by PRC1. The
various classes of PRC1 complex are targeted and modulated through interplay of several
mechanisms, including PRC2 methyltransferase activity (Fischle et al., 2003; Min et al., 2003),
interaction with site-specific transcription factors (Yu et al., 2012), and recognition of various
DNA sequence features (Farcas et al., 2012; Ku et al., 2008; Sing et al., 2009; Woo et al., 2010;
Wu et al., 2013). In the context of these numerous, often overlapping, mechanisms of
recruitment, we expect that perturbation of a single lncRNA will have subtle effects on PRC1
function and that these effects are likely to be restricted to a specific subset of PRC1 target loci.
Accounting for the pervasive transcription of lncRNAs (Djebali et al., 2012), there may even be
multiple lncRNAs contributing to PRC1 maintenance in a specific genomic region. The effects of
lncRNAs on PRC1 function may also be restricted to a specific class of PRC1 complex,
particularly given the differing requirements for targeting of canonical and non-canonical PRC1
complexes (Tavares et al., 2012). As our ChIP and UV-RIP experiments indicate regulatory
interactions between CAT7 and RING1B, which is found in both canonical and non-canonical
PRC1 complexes (Gao et al., 2012), we cannot discern which specific PRC1 complex is
regulated by CAT7. In light of the effects observed on long-range chromatin interactions with
CAT7 perturbation, it is tempting to speculate that CAT7 influences the function of canonical
PRC1 complexes containing PHC1 or PHC2, as this PRC1 subunit has been shown to regulate
clustering of PRC1-repressed loci (Isono et al., 2013; Kundu et al., 2017; Wani et al., 2016).
Expansion of our ChIP and UV-RIP experiments to include subunits specific to canonical and
non-canonical PRC1 complexes will help illuminate the role of CAT7 in regulating specific
classes of PRC1.
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Figure 3.7: Model for CAT7-mediated gene repression.
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Through CRISPR/Cas9 genome editing, we identified a role for the tandem repeat region
of CAT7 in regulating PRC1 repressive function. These results support a growing body of
literature detailing regulatory functions for repetitive sequences in RNAs. Notably, the repetitive
regions of Xist have been proposed to mediate the ability of Xist RNA to silence and spread
across the X-chromosome, as suggested for repA (Wutz et al., 2002), and more broadly serve
as sites of interaction with proteins, including subunits of PRC2 (Zhao et al., 2008) and other
RNA-binding proteins (Smola et al., 2016). Through transcribing a repetitive RNA, a cell can
create a high local concentration of a repeated functional sequence element despite low steadystate expression of the full-length RNA. With respect to PRC1-mediated gene repression, we
speculate that production of RNA with repeats that can be bound by PRC1 creates a localized
increase in avidity and promotes PRC1 localization in the vicinity of the RNA. Future work to
support this model will involve deciphering the minimal number of CAT7 repeats required for
association with PRC1 and determining whether altering the number of repeats can lead to
intermediate effects on CAT7-mediated gene repression in vivo.
By mapping chromosomal contacts with 4C-seq, we observe clustering of PRC1-bound
loci proximal to the CAT7 locus, suggesting that CAT7 could coordinately regulate the
expression of a set of specific loci. We observe loss of these contacts when CAT7 is perturbed,
indicating a role for CAT7 lncRNA in establishing the contacts made by these PRC1-bound loci.
Through acting only at spatially proximal PRC1 targets, a lncRNA can contribute to stable
repression of a subset of PRC1-bound loci, providing a mechanism to specifically modulate the
function of a protein complex with diverse genomic targets. We note that this mechanism of
specificity is compatible with non-specific binding of PRC1 to RNA. Specificity in this instance is
ensured by restricted spatial localization of the lncRNA in the nucleus, compartmentalizing a
regulatory interaction to a particular genomic region. Intriguingly, repetitive RNAs can undergo
phase separation in vitro, as recently shown for RNAs containing characteristic repeat
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expansions found in neurological disorders (Jain and Vale, 2017). Formation of a phaseseparated nuclear body by a repetitive RNA, such as CAT7, may further aid in
compartmentalization of PRC1 repressive function. Moreover, many lncRNAs have short halflives and are rapidly turned over (Clark et al., 2012), which could serve as a mechanism to
ensure that particular lncRNAs maintain a high concentration, and subsequently have a
consistent regulatory effect, only at regions proximal to their site of transcription. As other lowabundance RNAs have been shown to regulate the expression of nearby genomic loci (Engreitz
et al., 2016; Wang et al., 2011; Yin et al., 2015), spatial restriction may be a general mechanism
by which lncRNAs modulate the occupancy and activity of chromatin-modifying complexes at
specific loci.

Experimental Procedures

Cell culture
hESCs were cultured in feeder-free conditions using mTeSR1 medium (STEMCELL
Technologies) on tissue culture-treated plates coated with Geltrex (Life Technologies). mTeSR1
medium was exchanged daily. hESCs were regularly passaged for maintenance using 0.5 mM
EDTA-based or 1 mM citrate-based dissociation solutions (Beers et al., 2012; Nie et al., 2014).
hESCs were regularly assessed to be free of mycoplasma contamination using a Universal
Mycoplasma Detection Kit (ATCC).
To differentiate hESCs to neural precursor cells, we used a modified version of dual
SMAD inhibition (Chambers et al., 2009; Ray et al., 2016). Briefly, hESCs were dissociated to
single cells by incubation with TrypLE Express (Life Technologies). Dissociated hESCs were
seeded at a density of 100,000 cells/cm2 onto tissue culture-treated plates coated with Geltrex in
mTeSR1 medium containing 10 μM Y-27632 (ROCK inhibitor; Millipore). After 24 hours,
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mTeSR1 medium was removed, hESCs were washed with phosphate-buffered saline (PBS),
and medium was replaced with neural induction medium supplemented with 10 μM SB431542
(Cayman Chemical), 100 nM LDN193189 (Sigma-Aldrich), and 1 μM retinoic acid (SigmaAldrich). Neural induction medium consists of equal parts DMEM/F12 and Neurobasal media, 1x
Glutamax, 1x Non-essential amino acids, 1x N2 serum replacement, and 1x B27 serum
replacement (all medium components from Life Technologies). Neural induction medium with
supplements was exchanged daily.

CRISPR/Cas9-mediated deletion of CAT7 tandem repeat region
To delete the CAT7 tandem repeat region, we designed gRNAs targeting two PAM sites
flanking the sequence of the tandem repeats. DNA oligonucleotides containing the gRNA
sequences and overhangs for ligation were cloned into BbsI-digested pSpCas9(BB)-2A-Puro
(Addgene plasmid 48139; a gift of Feng Zhang). 2 x 106 hESCs dissociated with TrypLE
Express were transfected with 1 μg of each gRNA-expressing vector and 25 ng of a linear
puromycin marker (Clontech Laboratories) using Human Stem Cell Nucleofector Kit 2 (Lonza)
with program B-16. Transfected hESCs were seeded onto tissue culture-treated plates coated
with Geltrex in mTeSR1 medium containing 10 μM ROCK inhibitor. After 24 hours, media was
exchanged for mTeSR1 without ROCK inhibitor. 48 hours after transfection, mTesR1 media was
replaced with mTesR1 media containing 0.5 μg/mL puromycin. Resistant hESC colonies were
selected in puromycin-containing mTesR1 for 48 hours, and then allowed to expand in mTeSR1
without selection. Media was exchanged daily. Colonies were manually picked under a
dissection microscope.
To screen for deletion of the CAT7 tandem repeat region, genomic DNA was isolated
from candidate lines by incubating cells in lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM EDTA, 10
mM sodium chloride, 0.5% N-lauroylsarcosine [v/v], 40 μg/mL proteinase K) overnight at 65°C
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and purifying DNA by ethanol precipitation. Candidate lines were screened using PCR with Taq
DNA polymerase (New England Biolabs) and primers flanking the CAT7 tandem repeat region.
Homozygous deletion of the CAT7 tandem repeat region was confirmed by observing a reduced
PCR amplicon size as assessed by agarose gel electrophoresis.

RNA isolation and analysis
RNA was isolated from cells by homogenization in TRIzol reagent (Life Technologies).
After homogenization, TRIzol reagent was supplemented with 1/5 volume of chloroform, shaken
vigorously, and centrifuged. The aqueous phase was isolated and further purified using an RNA
Clean and Concentrator kit (Zymo Research) as per manufacturer’s instructions. During
purification, samples were treated with RQ1 RNase-free DNase (Promega). Purified RNA was
converted to cDNA using SuperScript VILO (Invitrogen) as per manufacturer’s instructions. RNA
expression was assessed by quantitative PCR with SYBR Green detection using gene-specific
primers. Reported data represent the mean and standard deviation of at least 3 biological
replicates.

Immunoblot analysis
Whole-cell protein extracts were prepared by lysing cells in radioimmunoprecipitation
assay (RIPA) buffer supplemented with cOmplete EDTA-free protease inhibitor (Roche) and 0.5
U/μL Benzonase nuclease (Millipore). After incubation on ice, lysates were clarified by
centrifugation. Protein extract concentration was determined by Bradford assay. 15 μg of each
protein extract was separated by denaturing polyacrylamide gel electrophoresis and transferred
to PVDF membrane. PVDF membrane was blocked with 5% non-fat milk in PBS with 0.05%
Tween-20 (PBST) and then incubated overnight with primary antisera recognizing the following
proteins: PHC1 (1:1,000 dilution; Active Motif 39723), PHC2 (1:1,000 dilution; Active Motif
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39661), CBX2 (1:10,000 dilution; Abcam ab184968), CBX4 (1:1,000 dilution; Millipore
MAB11012), CBX7 (1:3,000 dilution; Abcam ab21873), CBX8 (1:1,000 dilution; Bethyl
Laboratories A300-882A), BMI1 (1:5,000), histone H3 (1:20,000 dilution; Abcam ab1791).
Membranes were washed with PBST and incubated with HRP-conjugated antisera recognizing
rabbit or mouse IgG (1:50,000 dilution; Jackson ImmunoResearch). Secondary antibody binding
was assessed using enhanced chemiluminescence.

Chromatin immunoprecipitation (ChIP)
Cells were crosslinked in 1% formaldehyde diluted in PBS for 10 minutes at room
temperature. Crosslinking was quenched by addition of glycine to 125 mM final concentration.
Cells were washed with ice-cold PBST, and then resuspended in sucrose buffer (0.3 M sucrose,
1% Triton X-100, 10 mM HEPES pH 7.5, 100 mM potassium acetate, 0.1 mM EGTA, 0.5 mM
spermidine, 0.15 mM spermine, cOmplete EDTA-free protease inhibitor). Cells were lysed by
dounce homogenization, mixed with an equal volume of glycerol buffer (25% glycerol [v/v], 10
mM HEPES pH 7.5, 1 mM EDTA, 0.1 mM EGTA, 100 mM potassium acetate, 0.5 mM
spermidine, 0.15 mM spermine, cOmplete EDTA-free protease inhibitor), and then centrifuged
over a cushion of glycerol buffer to isolate nuclei. Isolated nuclei were resuspended in ChIP lysis
buffer (50 mM Tris-HCl pH 8, 1% sodium dodecyl sulfate, 10 mM EDTA, 1 mM dithiothreitol,
cOmplete EDTA-free protease inhibitor). Chromatin was sheared to 200-500 bp fragments using
a QSonica sonicator at the following settings: 45% amplitude, 20 seconds on-cycle, 40 seconds
off-cycle, 7 minutes total sonication time. Sonicated chromatin was cleared by centrifugation and
then diluted 10-fold in immunoprecipitation dilution buffer (20 mM Tris-HCl pH 8, 150 mM
sodium chloride, 2 mM EDTA, 1% Triton X-100, 1 mM dithiothreitol, cOmplete EDTA-free
protease inhibitor). Protein A Dynabeads (Life Technologies) were prepared for
immunoprecipitation by incubation with 0.5% bovine serum albumin (w/v) in PBS and 5 μg of
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antisera recognizing the following proteins: histone H3 trimethylated at lysine 27 (H3K27me3;
Millipore 07-449), histone H2A ubiquitylated at lysine 119 (H2AK119ub; Cell Signaling
Technologies D27C4), RING1B (Bethyl Laboratories A302-869A), CBX7 (Abcam ab21873). 20
μg of diluted chromatin was added to antisera-bound beads and incubated overnight at 4°C.
Beads were washed for 10 minutes at 4°C with the following buffers in succession:
immunoprecipitation dilution buffer, wash buffer A (50 mM HEPES pH 7.9, 500 mM sodium
chloride, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 1 mM dithiothreitol, cOmplete EDTA-free protease inhibitor), wash buffer B (20 mM TrisHCl pH 8, 1 mM EDTA, 250 mM lithium chloride, 1% NP-40, 0.1% sodium deoxycholate, 1 mM
dithiothreitol, cOmplete EDTA-free protease inhibitor). For immunoprecipitation of H2AK119ub
and CBX7, wash buffer B was adjusted to 0.5% NP-40 and 0.5% sodium deoxycholate. Beads
were briefly washed in TE (10 mM Tris-HCl pH 8, 1 mM EDTA), and then resuspended in elution
buffer (100 mM sodium bicarbonate, 1% sodium dodecyl sulfate). Beads were incubated in
elution buffer at 37°C for 20 minutes. Eluates were supplemented with Tris-HCl pH 6.8 to a final
concentration of 50 mM, sodium chloride to a final concentration of 300 mM, and 1 μg DNasefree RNase (Roche). Eluates were incubated overnight at 65°C and then treated for 2 hours with
proteinase K at 55°C to reverse crosslinks and degrade residual protein. DNA was purified by
phenol-chloroform extraction followed by ethanol precipitation. Enrichment of specific loci by
ChIP was assessed using quantitative PCR with SYBR Green detection. Reported data
represent the mean and standard deviation of 3 biological replicates.
ChIP DNA was prepared for sequencing as previously described (Bowman et al., 2013).
Briefly, ChIP and input DNA was end-repaired with T4 Polynucleotide Kinase, T4 DNA
Polymerase, and Klenow DNA polymerase large fragment in T4 DNA ligase buffer (all reagents
from New England Biolabs). End-repaired DNA was A-tailed with Klenow DNA polymerase exofragment (New England Biolabs) and purified using a 1.8X ratio of Ampure XP SPRI beads
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(Beckman Coulter Genomics). Purified DNA was ligated to Illumina-compatible adapters using
Rapid T4 DNA ligase (Enzymatics), and purified using a 1.6X ratio of SPRI beads. Purified,
adapter-containing DNA was amplified using barcoded primers and Phusion DNA polymerase
(New England Biolabs). Samples were amplified for a number of cycles corresponding to just
after the start of the linear phase of amplification. Barcoded libraries were purified using 0.9X
ratio of SPRI beads and were assessed to be free of primer-adapter dimers using a High
Sensitivity DNA Bioanalyzer kit (Agilent Technologies). Samples were sequenced using an
Illumina HiSeq 2500 using single-end 50 base pair reads.

ChIP-seq data analysis
ChIP-seq reads were aligned to the hg19 genome build with Bowtie2 (version 2.2.4)
(Langmead and Salzberg, 2012) using “’very-sensitive” alignment parameters. Aligned BAM
files were sorted and indexed using Samtools (version 1.3) (Li et al., 2009). Duplicate reads
were removed with Picard (version 2.7.1) using MarkDuplicates with default parameters. Inputnormalized coverage was calculated with deepTools (version 2.4.0) (Ramírez et al., 2016) using
bamCompare with a 50 base pair bin size and default parameters.

RNA immunoprecipitation with UV crosslinking
For each immunoprecipitation, 1 x 107 NPCs differentiated for 2 days were crosslinked in
a Stratalinker 2400 using 0.2 J/cm2 of 254 nm UV light. As a control, uncrosslinked NPCs were
also harvested. Nuclei were isolated from NPCs as for ChIP, except glycerol and sucrose
buffers were additionally supplemented with 1 mM dithiothreitol and 200 U RNasIN ribonuclease
inhibitor (Promega). Nuclei were resuspended in RNA immunoprecipitation lysis buffer (50 mM
Tris-HCl pH 7.5, 100 mM sodium chloride, 1% NP-40, 0.1% sodium dodecyl sulfate, 0.5%
sodium deoxycholate, 1 mM dithiothreitol, cOmplete EDTA-free protease inhibitor, 20 U
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RNasIN). Samples were incubated at 37°C with 0.02 U/μL TURBO DNase (Invitrogen) to
degrade genomic DNA and quenched by addition of EDTA to 10 mM final concentration and
EGTA to 5 mM final concentration. Nuclear extract was cleared of insoluble material by
centrifugation. Protein A Dynabeads (Life Technologies) were prepared for immunoprecipitation
by incubation with 1 mg/mL ultrapure bovine serum albumin (Invitrogen), 10 μg/mL poly(dI:dC)
(Sigma-Aldrich), and 5 μg of antisera recognizing RING1B (Bethyl Laboratories A302-869A) and
CBX7 (Abcam ab21873). Nuclear extract was added to antisera-bound beads and incubated
overnight at 4°C. Beads were washed for 5 minutes at 4°C with the following buffers in
succession: two washes with high salt wash buffer (50 mM Tris-HCl pH 7.5, 500 mM sodium
chloride, 1 mM EDTA, 1% NP-40, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate)
and two washes with RNA immunoprecipitation lysis buffer. Washed beads were resuspended
in elution buffer (100 mM Tris-HCl pH 7.5, 50 mM sodium chloride, 10 mM EDTA, 0.5% sodium
dodecyl sulfate, 1 mg/mL Proteinase K) and incubated at 55°C for 1 hour. RNA was purified
from eluates using an RNA Clean and Concentrator kit (Zymo Research) as per manufacturer’s
instructions. Samples were treated with RQ1 DNase, converted to cDNA, and analyzed using
qPCR with gene-specific primers as described above. We calculated enrichment with each
immunoprecipitation as a percentage of input. Enrichment with UV crosslinked samples (IP
+UV) was then normalized to enrichment obtained from immunoprecipitations without UV
crosslinking (IP -UV). Reported data represent the mean and standard deviation of 2 biological
replicates.

4C-seq
4C-seq was performed essentially as previously described (Splinter et al., 2012). 1 x 107
NPCs differentiated for 2 days were crosslinked in 2% formaldehyde diluted in PBS for 10
minutes at room temperature. Crosslinking was quenched by addition of glycine to 125 mM final
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concentration. Nuclei were isolated as for ChIP. Nuclei were permeabilized by incubation at
37°C for 1 hour with sodium dodecyl sulfate followed by incubation with Triton-X100 for 1 hour
at 37°C. Permeabilized nuclei were incubated overnight at 37°C with 200 U DpnII (New England
Biolabs). Nuclei were diluted into T4 DNA ligase buffer (New England Biolabs) and incubated
overnight at 16°C with 3350 cohesive end units (CEU) of T4 DNA ligase (New England Biolabs).
After ligation, nuclei were subjected to crosslink reversal by incubating at 65°C overnight with
Proteinase K (Life Technologies). Samples were treated with DNase-free RNase (Roche),
extracted with phenol-chloroform, and ethanol precipitated. Samples were incubated overnight
at 37°C with 50 U of Csp6I (Fisher Scientific) for interrogating SHH and MNX1 interactions or
BfaI (New England Biolabs) for interrogating CAT7 interactions. Samples were extracted with
phenol-chloroform and ethanol precipitated to inactivate restriction enzyme. Samples were
diluted into T4 DNA ligase buffer and incubated overnight at 16°C with 6700 CEU of T4 DNA
ligase. Ligated samples were ethanol precipitated and purified using a QIAquick PCR
purification kit (Qiagen). 3.2 μg of each sample was used for inverse PCR with Expand Long
Template polymerase (Roche) and viewpoint-specific primers containing adapters for Illumina
sequencing. Viewpoint primers were selected based on previously established parameters for
4C-seq experiments (van de Werken et al., 2012). PCR reactions were purified using a 0.8X
ratio of Ampure XP SPRI beads (Beckman Coulter Genomics). Samples were sequenced using
an Illumina HiSeq 2500 using single-end 50 base pair reads.

4C-seq data analysis
Viewpoint primer sequences (excluding the DpnII recognition site) were trimmed from
4C-seq reads using Cutadapt (version 1.8.3) (Martin, 2011). Trimmed reads were aligned to the
hg19 genome build with Bowtie2 (version 2.2.4) using “’very-sensitive” alignment parameters.
Aligned BAM files were sorted and indexed using Samtools (version 1.3). Aligned 4C-seq data
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were analyzed for visualization using FourCSeq (Klein et al., 2015). Aligned reads were filtered
to select reads mapping to an in silico restriction fragment map with a mapping quality above
30. For visualization, 4C-seq read counts were normalized to reads per million mapped reads
(RPM) and then smoothed over a window of 5 restriction fragments.
To identify significant interactions between viewpoint fragments and other proximal loci,
we transformed interaction frequencies measured by read count into distance-corrected Zscores (Kundu et al., 2017; Sanyal et al., 2012). We generated a model of background
interaction frequency by first counting reads in 10 kb bins from for all aligned, read-depth
normalized 4C-seq profiles (CAT7, SHH, and MNX1 for WT and del lines for 6 total profiles). For
each bin of distance d from the viewpoint, we grouped all 10 kb bins within a 100 kb window
centered at distance d across all 4C-seq samples, for both sides of each viewpoint, for 12
groups of 10 kb bins in a 100 kb window. We removed the groups with the two highest and
lowest counts and calculated the mean and standard deviation of counts within the 10 kb bins
for the remaining 8 100 kb windows, which served as the background interaction frequency for
distance d. Using this distance-dependent background mean and standard deviation, we
identified significant interactions by calculating a Z-score for each bin using the formula Z = [(Bin
read count) – (Mean read count)]/(Read count standard deviation), and identifying bins
exceeding a Z-score cutoff of 2 or 3.
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Chapter 4
Discussion and perspectives

Spatial proximity as a key determinant of lncRNA target loci
Analyses of lncRNAs such as roX2 and Xist have revealed their ability to spread from
their endogenous locus to target spatially proximal chromatin sites (Engreitz et al., 2013; Kelley
et al., 1999). Coupled with observations that lncRNAs often regulate nearby loci (Engreitz et al.,
2016), exploiting chromosomal conformation may be a strategy broadly used by lncRNAs to
target sets of loci for regulation. Consistent with this hypothesis, NEAT1 and MALAT1 showed
reciprocal localization at their endogenous loci. This localization may provide an explanation for
the cis regulatory effect seen in Malat1 knockout mice (Zhang et al., 2012). Subsequent analysis
of NEAT1 and MALAT1 CHART-seq data showed that binding of NEAT1 and MALAT1 in cis
correlated with chromosomal interactions identified using RNA Polymerase II ChIA-PET (Cai et
al., 2016). Similar to Xist RNA, NEAT1 and MALAT1 target sites that are spatially proximal to
their sites of transcription. As these interactions are identified with ChIA-PET, which includes an
immunoprecipitation step to enrich for RNA polymerase-associated interactions, these
interactions occur at transcriptionally active genes, consistent with the genome-wide association
of NEAT1 and MALAT1 with actively transcribed loci. However, the localization of MALAT1 and
NEAT1 to numerous sites in trans indicates that additional mechanisms guide these lncRNAs to
their genomic targets. Given the close association of these RNAs with numerous splicing
factors, NEAT1 and MALAT1 may target actively transcribed loci through the localization of
splicing factors to these loci. The ability of these lncRNAs to operate in trans may also stem
from their high abundance, allowing them to maintain a high concentration at other regions in
the nucleus despite diffusion from their sites of transcription.
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The regulatory effects of CAT7 RNA also appear to be restricted by spatial proximity.
CAT7 is located within a large topologically associated domain flanked by PRC1-bound loci. 4Cseq data show that the CAT7 locus makes extensive contact throughout this domain, with lowfrequency interactions occurring outside the domain. The contacts made by nearby PRC1bound loci are altered when CAT7 function is perturbed, suggesting that CAT7 RNA acts at
these spatially proximal loci to stabilize interactions. A limitation of this interpretation is the lack
of localization data for CAT7 RNA, as 4C-seq interrogates contacts with the CAT7 locus.
Despite optimization efforts described in Appendix A, identification of genomic binding sites of
low abundance RNAs such as CAT7 remains challenging. Given the low abundance of CAT7
RNA, it is a reasonable assumption that it does not localize extensively to sites beyond those
contacted by its locus, but this remains to be formally demonstrated. RNA FISH may be a useful
avenue to assess the localization of CAT7 and determine whether it is restricted to its site of
transcription.

A role for lncRNA in organizing coordinately regulated genes
Initial observations of the localization of nuclear bodies such as nuclear speckles to
expressed loci led to the hypothesis that they served as sites of organization for coordinately
expressed genes (Shopland et al., 2003; Smith et al., 1999). The observation that NEAT1 and
MALAT1 localize to a set of actively expressed loci suggests that they may also aid in
coordination of gene expression. This is supported by the dynamic localization of NEAT1 RNA
to estrogen receptor targets in response to E2 stimulation, demonstrating that NEAT1
localization occurs at a similar time scale as the activation of these targets. Validation of this
model would require perturbation of NEAT1 and MALAT1 and evaluation of the effects on bound
genomic loci.
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LncRNAs such as CAT7 may also coordinate the repression of PRC1-bound loci through
maintaining clustering of groups of PRC1-repressed loci. A role for RNA in maintaining
clustering of PRC1-bound loci would be consistent with observations that loss of RNA-binding
domains in PcG proteins such as SOP-2 impairs their ability to organize into punctate foci in the
nucleus (Zhang et al., 2004). The involvement of RNA in maintaining or nucleating these
domains is supported by the ability of particular RNAs to promote the formation of other nuclear
bodies (Shevtsov and Dundr, 2011). Intriguingly, RNA can undergo phase separation, which
could further promote the formation of an isolated nuclear domain (Jain and Vale, 2017). With
respect to the ability of CAT7 to organize a local domain of PRC1-repressed loci, further
analysis is needed to assess the gene expression changes that occur at other PRC1-bound loci
proximal to CAT7, such as EN2, to determine if they are co-regulated by CAT7.

Outstanding issues and future questions
While NEAT1 and MALAT1 were shown to localize to numerous loci, the relevance of
this association remains unclear. Efforts to perturb these RNAs through knockdown were met
with limited success. Further exploration of the effects of NEAT1 and MALAT1 depletion on the
expression of their genomic targets will be critical to define biological roles for these RNAs. As
NEAT1 has been shown to sequester splicing factors such as PSF/SFPQ (Hirose et al., 2014;
Imamura et al., 2014), it would be interesting to test whether PSF localization to NEAT1 targets
is altered upon NEAT1 depletion. Given that PSF co-localized extensively with NEAT1 genomewide, sequestration of proteins such as PSF may be a general mechanism used by NEAT1 to
regulate gene expression. Additionally, further work is needed to characterize the set of proteins
found in association with NEAT1 and MALAT1 through CHART-MS. Given the ability of CHARTMS to identify previously characterized binding partners of these RNAs, it is likely that some of
the associated proteins may play a role in the biology of these RNAs and their ability to localize
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to chromatin or nuclear bodies. Interesting candidates to follow up would be matrix-associated
proteins such as SAFB and SAFA/HNRNPU, which have been shown to facilitate localization of
lncRNAs such as Xist and Firre to chromatin (Hacisuleyman et al., 2014; Hasegawa et al.,
2010).
Perturbation of CAT7 shows loss of repression of MNX1. However, loss of PRC1 binding
at MNX1 is modest, suggesting that other mechanisms act in parallel to CAT7 to maintain PRC1
occupancy at this locus. Moving forward, it will be important to assess the recruitment of
additional PRC1 subunits specific to canonical and non-canonical complexes to tease apart
whether recruitment of one class of complex is more impaired relative to the other. Additionally,
combining perturbation of other modes of PRC1 recruitment with a CAT7 loss of function line
could reveal if CAT7 acts in parallel to other pathways to promote PRC1 recruitment. This could
be accomplished through treatment of cells with EZH2 inhibitors to deplete levels of H3K27me3
and impair canonical PRC1 recruitment. Additionally, CAT7 may interface with other nuclear
proteins to regulate gene repression. As impaired CAT7 function led to defects in long-range
chromatin interactions between MNX1 and other PRC1-bound loci, it is tempting to speculate
that CAT7 may coordinate with factors such as CTCF to facilitate these interactions. Consistent
with this hypothesis, CTCF has been shown to interact with numerous RNAs in mouse ESCs
(Kung et al., 2015), as well as with the lncRNA Firre, which has been shown to coordinate
chromosomal interactions between specific loci (Hacisuleyman et al., 2014; Yang et al., 2015).
Further work is needed to optimize mapping technologies like CHART-seq for the study
of low abundance RNAs. A promising avenue for the study of low abundance RNA localization
is the recent development of ChAR-seq, which uses proximity ligation to fuse RNA to
crosslinked genomic loci (Bell et al., 2017). The advantage of this technique is the ability to
assess the localization of many RNAs in parallel, dependent on the depth of sequencing. This
obviates the time-consuming step of optimizing conditions to capture a single RNA using
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hybridization-based techniques. Comprehensive mapping of lncRNAs, such as those associated
with PRC1, could provide additional evidence for a general role for lncRNAs in regulating PRC1
repression. Additionally, it could facilitate an unbiased search for lncRNAs with interesting
regulatory biology by allowing one to focus on all lncRNAs associated with a locus or genomic
feature of interest. The advent of these improved technologies to characterize the regulatory
interactions of lncRNAs will prove to be a critical step forward to unravel the biological roles of
the vast number of lncRNAs in the cell.
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Appendix A
Improved isolation of low-abundance RNA through capture hybridization

Authors
Christopher P. Davis and Robert E. Kingston

Contributions
C.P.D. and R.E.K. designed the project. C.P.D. performed and analyzed all experiments and
wrote the appendix. R.E.K. supervised the work.

Results
Many genome-wide studies assessing the localization of RNAs using oligonucleotide
capture technologies have focused on abundant RNAs, including roX2, Xist, NEAT1, MALAT1,
U1, and 7SK (Engreitz et al., 2013; Flynn et al., 2016; Simon et al., 2013; Simon et al., 2011;
West et al., 2014). These RNAs have been attractive targets as they have expected localization
patterns, such as enrichment of Xist on the X chromosome. Importantly, the abundance of these
RNAs makes them more biochemically tractable, minimizing the impact of non-specific capture
of other RNAs. However, most lncRNAs display far lower abundance, but may still localize to a
limited set of genomic targets. It is therefore critical to determine the limitations of
oligonucleotide capture technologies in identifying genomic targets of low-abundance RNAs, as
well as explore possible improvements to these methods. To assess the ability of CHART to
map binding sites of a low abundance RNA, I attempted to map the localization of the CAT7
lncRNA. CAT7 is a PRC1-associated RNA that regulates the expression of the cis-localized
PRC1 target, MNX1 (Ray et al., 2016). However, as MNX1 is roughly 500 kb from the CAT7
locus, it is unclear how this regulatory function occurs. Assessing whether CAT7 RNA can
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Figure A.1: CHART-seq enrichment of the CAT7 locus. Input normalized CHART-seq
enrichment of the CAT7 locus using CAT7 antisense and sense oligonucleotides.
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directly contact MNX1 in cis using CHART would provide mechanistic insight into the regulatory
function of CAT7. To this end, I performed CHART-seq to map interactions of CAT7 in neural
precursor cells differentiated for 2 days (d2 NPCs), using the previously established CHART
protocol used to map NEAT1 and MALAT1 (West et al., 2014). However, CAT7 CHART showed
poor enrichment of the CAT7 locus (Figure A.1, upper tracks). The CAT7 locus was more
strongly enriched by the sense oligonucleotide controls, suggesting a lack of RNA-dependent
capture. Additionally, CAT7 CHART enriched other loci, such as MALAT1 (Figure A.2, upper
tracks), to a greater extent than the endogenous locus. Due to these observations, the
previously established CHART conditions were deemed unsuitable for mapping CAT7 RNA
interactions.
Given the lack of enrichment with previously established CHART conditions, I explored
the use of alternative hybridization conditions to determine if I could improve the specificity of
CHART. Instead of using urea as a denaturant, I explored the use of ethylene carbonate.
Ethylene carbonate was shown to be a suitable hybridization denaturant for DNA FISH, and
could be used at lower temperature and without blocking repetitive sequences using additives
such as Cot-1 (Matthiesen and Hansen, 2012). These qualities could be useful when applied to
repetitive RNAs such as CAT7. Additionally, the ability to hybridize at lower temperatures could
reduce melting of duplex DNA, minimizing potential hybridization to the sense oligonucleotide
controls. Use of ethylene carbonate as a denaturant improved capture of the CAT7 locus
through CHART, and slightly reduced capture with the sense controls (Figure A.1, lower tracks).
Importantly, use of this alternative denaturant reduced capture of off-target loci, such as
MALAT1 (Figure A.2, lower tracks). However, despite these improvements, convincing
enrichment was not observed elsewhere in the genome beyond the CAT7 locus, including
MNX1 and SHH. This may reflect a technical inability of CHART to capture other RNAassociated targets or a biological lack of CAT7 localization to sites other than its endogenous
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Figure A.2: CHART-seq enrichment of the MALAT1 locus. Input normalized CHART-seq
enrichment of the MALAT1 locus using CAT7 antisense and sense oligonucleotides.
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locus. Application of these conditions to additional RNAs with previously characterized targets
will be useful in determining the extent of improvement for capture of other RNAs.

Experimental Procedures

CHART-seq
CHART-seq was performed essentially as described previously (West et al., 2014). For
experiments using ethylene carbonate as a denaturant, urea was replaced in CHART
hybridization buffer with ethylene carbonate to a final concentration of 15% (v/v). CHART-seq
libraries were constructed as previously described (West et al., 2014) and sequenced using an
Illumina HiSeq 2000 with paired-end 50 base pair reads.
CHART-seq reads were aligned to the hg19 genome using Bowtie with default
parameters. Aligned BAM files were sorted and indexed using Samtools (version 1.3) (Li et al.,
2009). Duplicate reads were removed with Picard (version 2.7.1) using MarkDuplicates with
default parameters. Input-normalized coverage was calculated with deepTools (version 2.4.0)
(Ramírez et al., 2016) using bamCompare with a 100 base pair bin size and default parameters.
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Appendix B
Supplementary information for Chapter 2

Figure B.1: Peak length distributions for CHART-seq. (A) Distribution of peak lengths for
MALAT1 peaks identified through CHART-seq. (B) Distribution of peak lengths for MALAT1
limited to peaks less than 100 kb in length. (C) Distribution of peak lengths for NEAT1 peaks
identified through CHART-seq. (D) Distribution of peak lengths for NEAT1 limited to peaks less
than 100 kb in length.
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Figure B.2: Sequence motifs found within NEAT1 and MALAT1 enriched regions and
NEAT1 and MALAT1 metagene profiles calculated using coverage density. (A and B)
Sequence motifs found in de novo enrichment analysis using MEME-ChIP for the peak maxima
associated with each capture oligonucleotide for NEAT1 (panel A) and MALAT1 (panel B).
Corresponding E-Values are indicated for each motif and, when applicable, transcription factors
associated with similar motifs. Only motifs discovered using MEME with an E-Value less than
1e-20 are displayed. (C and D) Metagene profiles of NEAT1 (panel C) and MALAT1 (panel D)
coverage density for co-bound peaks, MALAT1-specific peaks, NEAT1-specific peaks, and
regions without MALAT1 or NEAT1 peak overlap. The regions beyond the scaled gene body
represent 3 kb upstream of the 5’ end of the gene and 3 kb downstream of the 3’ end of the
gene. (E and F) Metagene profiles of NEAT1 (panel E) and MALAT1 (panel F) coverage density
over active genes (RPKM > 1) and inactive genes (RPKM <= 1). The regions beyond the scaled
gene body represent 3 kb upstream of the 5’ end of the gene and 3 kb downstream of the 3’ end
of the gene. (G and H) Metagene profiles of NEAT1 (panel G) and MALAT1 (panel H) coverage
over active genes (RPKM > 1) and inactive genes (RPKM <= 1) positioned relative to the
transcription start site (TSS). (I and J) Probability density plot showing H3K4 trimethylation
(H3K4me3) coverage density over NEAT1 (panel I) or MALAT1 (panel J) peak maxima within
500 bp of a transcription start site (TSS) and maxima greater than 500 bp from a TSS.
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Figure B.2 (Continued).
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Figure B.3: CHART RT-qPCR for selected trans sites identified through CHART-seq. (A)
Karyogram depicting genome-wide locations of NEAT1, MALAT1, and co-bound trans binding
sites. (B) RT-qPCR detecting RNA enriched by NEAT1 CHART. (C) RT-qPCR detecting RNA
enriched by MALAT1 CHART.
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Figure B.3 (Continued).
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Figure B.4: NEAT1 and MALAT1 DNA CHART qPCR in BJ foreskin fibroblasts and
CHART-seq coverage over loci used in FISH. (A and C) qPCR assessing NEAT1 CHART
enrichment of DNA from BJ foreskin fibroblasts for the NEAT1 and MALAT1 loci (panel A) and
trans sites identified through CHART-seq (panel C). (B and D) qPCR assessing MALAT1
CHART enrichment of DNA from BJ foreskin fibroblasts for the NEAT1 and MALAT1 loci (panel
B) and trans sties identified through CHART-seq (panel D). (E) Quantitation of NEAT1 CO1 and
CO2 MCF-7 CHART-seq coverage density for each locus assayed with NEAT1 RNA/DNA coFISH. (F-M) Input-normalized DNA CHART-seq and PSF ChIP-seq for MALAT1 (panel F),
EDF1 (panel G), HEXIM1 (panel H), MAPK15 (panel I), PUS1 (panel J), SIX5 (panel K), RPS17
(panel L), and the gene-poor region (panel M) used in NEAT1 RNA/DNA co-FISH. The
boundaries of these screenshots encompass the length of the BACs used for DNA FISH probe
synthesis.
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Figure B.4 (Continued).

141

Figure B.5: PSF ChIP-qPCR and scatterplots assessing correlation between CHART-seq
and ChIP-seq. (A) Table summarizing overlap of enriched genomic regions between replicate
PSF ChIP-seq datasets. (B) ChIP qPCR assessing PSF occupancy at the NEAT1 and MALAT1
loci, as well as trans sites identified through CHART-seq. PSF enrichment is calculated relative
to enrichment of DNA by IgG. (C and D) Scatterplots demonstrating correlation between PSF
ChIP-seq density and NEAT1 CHART-seq density over NEAT1 peaks (panel C) and between
PSF ChIP-seq density and MALAT1 CHART-seq density over MALAT1 peaks (panel D).
Pearson’s r is calculated for each scatterplot. (E and F) Scatterplots demonstrating correlation
between PSF ChIP-seq density and MALAT1 CHART-seq density over NEAT1 peaks (panel E)
and between PSF ChIP-seq density and NEAT1 CHART-seq density over MALAT1 peaks
(panel F). Pearson’s r is calculated for each scatterplot.
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Figure B.5 (Continued).
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Figure B.6: Assessment of effects of flavopiridol and E2 treatment on MCF-7 cells. (A)
Western analysis of global levels of phosphorylation of serine 2 on the RNA polymerase II Cterminal domain (Pol II Ser2P), the Rpb1 subunit of RNA polymerase II, and histone H3 as a
loading control for two biological replicates of CHART extracts generated from DMSO vehicletreated or flavopiridol-treated MCF-7 cells. (B and C) NEAT1 and MALAT1 DNA CHART-seq at
the NEAT1 (panel B) and MALAT1 (panel C) loci in vehicle and flavopiridol-treated cells. (D)
MALAT1 DNA CHART-seq over the RPS24 locus in cells treated with vehicle or flavopiridol. (E)
Mean steady state levels of GAPDH, MALAT1, and NEAT1 RNA as measured by RT-qPCR for
vehicle and flavopiridol-treated cells, normalized to RNA levels observed in vehicle-treated cells.
Error bars represent standard deviation for 3 replicate experiments. (F) Table depicting overlap
of NEAT1 and MALAT1 CHART-seq enriched regions with previously called peaks used in
Figure 2.2. To calculate expected values, we generated sets of randomly located peaks of
equivalent length and quantity for NEAT1, MALAT1, and co-bound peaks. The number of
vehicle peaks for each capture oligonucleotide that overlapped these sets of randomly permuted
peaks was calculated for 1,000 random peak sets to generate the expected mean number of
overlapping peaks and standard deviation for each set of peak intersections. Z-scores were
calculated by subtracting the expected peak overlap from the observed peak overlap and
dividing by the expected standard deviation. (G and H) Probability density distributions of
NEAT1 CO2 (panel G) or MALAT1 CO2 (panel H) peak midpoint positions along nearby lengthnormalized gene bodies in vehicle or flavopiridol treated MCF-7 cells. (I) MALAT1 DNA CHARTseq over the estrogen receptor-regulated gene GREB1 in cells treated with ethanol (“Vehicle”)
or 17β-estradiol (“E2”). (J and K) Scatterplots of transcript abundance in cells treated with
vehicle or E2, as measured by GRO-seq (see Experimental Procedures), for genes nearby
vehicle-specific (black) or E2-specific (red) CHART-seq peaks for NEAT1 CO2 (panel J) or
MALAT1 CO2 (panel K). Indicated p-values are calculated using a Wilcoxon signed rank test.
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Figure B.6 (Continued).
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Figure B.7: Proteins enriched ten-fold over input for NEAT1 and MALAT1 capture
oligonucleotides. (A and B) Proteins identified by CHART-MS as enriched at least ten-fold
over input in both capture oligonucleotide conditions for NEAT1 (panel A) and MALAT1 (panel
B), rank-ordered by fold enrichment over input for CO1 (see Experimental Procedures). “S”
denotes annotated nuclear speckle proteins, “P” denotes annotated paraspeckle proteins, and
“PS” denotes proteins found in both nuclear speckles and paraspeckles. An underline indicates
proteins found in both lists of highly enriched proteins for NEAT1 and MALAT1. (C-D) Proteins
identified by CHART-MS as enriched at least ten-fold over input in both sense capture
oligonucleotide conditions for NEAT1 (panel C) and MALAT1 (panel D), rank-ordered by fold
enrichment over input. “S” denotes annotated nuclear speckle proteins, “P” denotes annotated
paraspeckle proteins, and “PS” denotes proteins found in both nuclear speckles and
paraspeckles.
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Figure B.7 (Continued).
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